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ABSTRACT

The initiation and evolution of the coronal mass ejection, which occurred on 1998 May 2 in NOAA Active
Region 8210, are modeled using a fully three-dimensional, global MHD code. The initial magnetic field for the
model is based on magnetogram data from the Wilcox Solar Observatory, and the solar eruption is initiated by
slowly evolving the boundary conditions until a critical point is reached where the configuration loses equilibrium.

At this time, the field erupts, and a flux rope is ejected that achieves a maximum speed in excess of 1000 km s
The shock that forms in front of the rope reaches a fast-mode Mach number in excess of 4 and a compression ratio
greater than 3 by the time it has traveled a distancg Bf, from the surface. For such values, diffusive shock
acceleration theory predicts a distribution of solar energetic protons with a cutoff energy of about 10 GeV. For this
event, there appears to be no need to introduce an additional acceleration mechanism to account for solar energetic
protons with energies below 10 GeV.

Subject headings. acceleration of particles — MHD — shock waves — solar wind —
Sun: coronal mass ejections (CMEsS) — Sun: magnetic fields

On-line material: mpeg animation

1. INTRODUCTION event observed by the NOASOES9 satellite. A ground-

Coronal mass ejections (CMESs), and the solar energetic par—l(i\(g(a;\éezr]égvﬁs also observed by the CLIMAX neutron monitor

ticle (SEP) events associated with them, constitute one of the A series of intense flares and CMEs, including homologous
major hazards for spacecraft in the inner solar system. Partic-events occurred in NOAA AR 8210 d,uring the period from

ularly important in this regard are the high-energ$Q0 MeV) April through May of 1998 (Warmuth et al. 2000; Wang et al.
Errrc])tons, ZVX)hIr(ri?n c;an b?,[ arc::k(]elerer\]tedt Wfltf:kI‘n aCSMSQOﬁ ﬁ spgn ?]2002). The event we consider took place near the disk center
€ as utes after the onset of the . as been g1 W15), and the CME speed inferred from observations

g:gpporz?jﬂc(eedgﬁy I;else%r?w?;7);ro?:gzgn(et;pégs)ggttgzthz)k::ekst?]apte}crjtir(r:rlmi sing the Large Angle and Spectrometric Coronograph on the
in front of the CME while it is still relatively close to the Sun Solar and Heliospheric Observatory is in excess of 1040 km §

ithin 10 R.). However whether or not such a process is (Pohjolainen et al. 2001). The total magnetic energy estimated
(withi o). However, w not such a p S 1S from the EUV Imaging Telescope dimming volume during the
actually feasible has remained uncertain (Tsurutani et al. 2003),eruption is~2.0 x 10°* ergs (Wang et al. 2002). AR 8210 con-

because of the lack of knowledge about the strength and IO'stituted a classic delta-spot configuration. The main spot in AR

cation of the shock at such an early stage in the evolution of . : ;
< : 8210 had a large negative polarity, and it appeared to rotate
the CME. The prediction of shock properties so soon after the relative to the surrounding magnetic structures. Near the central

onset of the CME requires not only a realistic model of the ¢, ‘ore was a sequence of cancellation events between it and
magnetic field and plasma in the inner corona butalso a realistic, o\ emerging magnetic features of opposite polarity in the
;ggglr?a{shg\getr? ?nggﬂeEirlusrleng;iztt?c%&c}n?:éeeligglémt?n?t&?on surrounding region (Sterling et al. 2001). This emergence and
because most of the previous studies (Antiochos, DeVore &subseque_nt cancellation may have been responsible for triggering
Klimchuk 1999° Amari et al. 2000. 2003 Linker ei al 2001’_ the eruption, since these processes have prewopsly been pro-
' : ' ! ) ' posed by various authors as possible factors leading to an erup-

Roussev et al. 2003a) involve idealized magnetic configura- ion (see Feynman & Martin 1995, Wang & Sheeley 1999, and
tions. However, these do provide some of the essential physicaf_in Forbes, & Isenberg 2001) ’ '

insight needed to understand the nature of solar eruptions. In
this Letter, we extend the previous studies by using the loss-
of-equilibrium mechanism previously used by Amari et al. 2. METHODOLOGY
(1999), among others, within the framework of a global model ] ) ) ]
of the solar magnetic field as it was observed by the Wilcox __The numerical model discussed below starts with a magnetic
Solar Observatory on 1998 May 2. On this day, a CME as- field obtained using the potential field source surface method
sociated with an X1.1/3B flare occurred in NOAA Active Re- (PFSSM; Altschuler et al. 1977). The spherical harmonic co-
gion 8210 at 13:42 UT, which was associated with an SEP efficients in the series are obtained from magnetogram data of
the Wilcox Solar Observatory. They are derived using Car-
* Center for Space Environment Modeling, University of Michigan, 2455 Hay- ”ng.ton maps_for rotations 1935 and 1936, so_that n Fhe Cjom'
ward Street, Ann Arbor, MI 48109; iroussev@umich.edu, igorsok@umich.edu, POSite synoptic map, AR 8210 appears at a heliographic latitude
tamas@umich.edu. of —15° and a longitude of 185 For our expansion order
2 Department of Physics and Institute for the Study of Earth, Ocean, and Space,(nShc — 29)’ the small-scale fields of AR 8210 are underre-

University of New Hampshire, Durham, NH 03824; terry.forbes@unh.edu, . . P
marty.lee@unh.edu. solved. While this does not pose any problem for obtaining a

3 Laboratory for Plasma Astrophysics, Faculty of Engineering, Toyama Uni- felatively realistic model of the magnetic field in the region of
versity, Toyama 930-8555, Japan; sakaijun@eng.toyama-u.ac.jp. the corona where the CME shock forms, it does prevent us
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Fic. 1.—Left: Magnetic field configuration and flow pattern prior to the eruptiort &t230r, ) inytke 0 plight: Curves of the number density and
the fast-wave speeddd curve) as derived along the white line in the left panet at 0. The left panel of this figure is also available as an mpeg animation in
the electronic edition of théstrophysical Journal.

from obtaining an accurate description at the surface within of 2.5 R_. Once the flux rope is formed and starts erupting,
the active region. Because of the low resolution of the field we increase the resolution along the direction of rope propa-
expansion, the central spot of AR 8210, which is observed to gation by adding 25% more cells (total of 3,890,944) through
have a size of2° with a field strength o~—400 G, is spread  four levels of refinement (finest cells of siBel56R, ).

over a region of~2(° with a field strength o~35 G. Fur- The inner boundary conditions describe an “impenetrable” and
thermore, the distribution of positive and negative polarities highly conducting spherical inner body placedRat= R,. Dur-
within the active region is so shifted that it is no longer possible ing the time that the MHD solution is evolved toward a steady
to identify confidently which field structures in the expanded state solar wind, all the velocity components at the surface are
field correspond to the observed structures in the higher res-fixed at zero (solar rotation is not applied), except for a small
olution magnetograms. Therefore, we are not able, in the work positive mass flow through the inner boundary, which is needed
we discuss here, to model the detailed evolution of the field to balance the mass loss caused by the wind. Once a steady state
and flows at the solar surface. The best we can do with thewind flow is established, horizontal boundary motions are ap-
given resolution is to evolve the low-resolution field in a way plied, which stress the magnetic field and build up currents in
that is generally consistent with the motions observed in the the region where the CME occurred. For the magnetic field, line-
high-resolution magnetograms but that is not consistent in de-tied boundary conditions are used so that the field remains frozen
tail. This procedure allows us to initiate a CME in a physically to the plasma, except in the regions where flux cancellation
plausible manner, i.e., one that extracts magnetic energy storeaccurs. The pressure and mass density are fixed at the surface,
in the corona by evolving the field to a point where a loss of and zero-gradient conditions are applied to all the physical var-
equilibrium occurs. (In this simulation, nearly 16% of the mag- iables at the six outer boundaries.

netic energy stored in the corona at the time of eruption is We use the empirical model presented in Roussev et al.
converted into thermal and kinetic energy.) With this in mind, (2003b) to evolve the MHD solution to a steady state solar
we do not claim that we model the actual surface magnetic wind, with a helmet-type streamer belt around the Sun. The
field that is observed for AR 8210 but only that we model the initial magnetic field is calculated from the composite synoptic
coronal magnetic field above it at heights beyond aboigf, 1 map described above using the PFSSM; the source surface is
This is adequate for our purposes since our numerical study isplaced at2.5 R,. Once the steady state is reached=ato,
targeted at reproducing the dynamics of the flux rope and thewe begin inducing transverse motions at the surface localized
shock within the region from 1 t80 R, above the surface. to AR 8210.

As in Roussev et al. (2003a, 2003b), the governing equations Numerical techniques similar to ours have been extensively
of a single-fluid, compressible magnetohydrodynamics (MHD) used in the past to create flux ropes and initiate CMEs in
are solved using the BATS-R-US code. The computations idealized, bipolar (Inhester, Birn, & Hesse 1992; Amari et al.
are performed in a cubic box:—B0< x < 10, —20<y < 20, 1999, 2000, 2003), and multipolar (Antiochos et al. 1999) mag-
—20<z<20) R,, using a nonuniform Cartesian grid. After netic configurations. Far>0, & = (R.,0,¢) , we impose
two levels of uniform initial refinement, we applied seven more shear-type, foot-point motions that are localized along the po-
levels of body-focused refinement to achieve the finest grid larity inversion line (PIL) of AR 8210 and tangential to the
near the Sun. In addition, there are two more levels of refine- solar surface. We choose a velocity profile of the form
ment applied in the vicinity of AR 8210 [centered at

Ro(R 6, ¢) = (R,, —1481, 18434)], in order to better re- sin Jo)R. X R
solve the boundary motions that are applied. The grid structure v (R;t) = v,k RF° (ris/) Ro . Q)
can be seen in Figure 1eft panel) and the accompanying TKlot Ro

mpeg animation. The total number of cells within the com-
putational domain is 3,116,352; the smallest cell size corre- whereFR°(t) = min [t/(157,), 1] (with7, = R /v, and a char-
sponds t04.883 x 10 ° R, while the largest cells have a size acteristic value of the Alfe speed;, = aBg/\uo = 9250 km
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Fic. 2.—Left: Trajectory curves of the flux rope and the shobkué curves) in t
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he planey = 0. The radial velocity of the rope and the shock are shown by

the corresponding black curveRight: Compression ratio of the shock and the proton cutoff energy predicted by diffusive shock acceleration theory. The interior

labels along the left axis indicate the spectral index for the nonrelativistic particle flux used in the theer@:5(X + 2)/(X — 1)

indicate a harder spectrum.

S, vy = 0.0k, FA(R) = exp [H|R = R, [7(2R7)], «(R) =
min [o, (Bx/Bg, > 0)], anda = 0.25. As aboveR, is the radius
vector of the center of the spot, aff] = 0.05R, is a free

The excess magnetic energy that is built in the sheared field
at t = 2205, is 1.311x 10* ergs. (The magnetic energy
summed over the entire domaintat 0 1i55x 10*®  ergs.)

parameter used to set the gradient of the shearing motions awaAs seen in the accompanying mpeg animation, the helmet

from the locatiorR, = (R, —16231, 18434), as prescribed by
a Gaussian madk®. HeR is the radial magnetic field,at
By, is the radial field strength &,, andy andp have their usual
meaning. The velocity profile given by equation (1) describes
concentric vortex motions around the center of the spot of AR
8210. These motions are induced in a linear fashion frem
Otot = 15g, via the ramp-up functiof,>, and are then main-
tained at a constant level 6f0%, upto= 311, . Afterward,
the shearing motions are smoothly diminished over a period of
157,.

The dynamical consequences of flux cancellation are mod-
eled by imposing converging motions (tangential to the solar
surface) toward the PIL of AR 8210 of the kind

) sin (rk /o) (Ro ‘RR RO) , 2)

wk Jo R Ry R..

j— CEC
- UmKCFt Fo R
©

c

whereF°(R) = exp [F|R — R |7(2R?)] and:°(t) = min [t —
2207,|/(157,), 1]. HereR, = (R, ,—19°31, 18359) is the radius
vector of the center of a Gaussian mask, , used to damp t
converging motions away from the location givenRy . Unlike
equation (1), here.(R) = min («, |Bx/Bg|) ; i.e., we consider
both signs ofB; in constructing the velocity profile in space.
The rest of the parameters in equation (2) are the same as i
equation (1). The converging motions are induced in a manner
similar to that of the shearing ones, using a linear ramp-up pre-
scribed byR*, fromt = 2207, tat = 235; , and followed by

a constant level of velocity magnitude 6f0%k, up to=
311s7,. These motions are smoothly diminishedtfor311z,

a period of15z, .

over

3. CME INITIATION AND SHOCK DEVELOPMENT

During the phase of pure shear motiohs 220;, ), the mag-

streamer above AR 8210 evolves quasi-statically to a new equi-
librium. Figure 1 (eft panel) shows that AR 8210 appears as
a quadrupolar-type magnetic configuration.

During the stage of converging motions>(220r, 326, ),
the cancellation of magnetic flux causes the magnetic energy
to start declining, even though the rotation of the spot continues.
The cancellation process (i.e., slow reconnection) leads to the
formation of a flux rope, which increases in both size and twist
with time. The outward force associated with this twist strength-
ens until eventually the overlying field is no longer able to
confine the rope. The loss of confinement appears to happen
catastrophically in much the same manner as occurred in the
simulations of Amari et al. (1999), Linker et al. (2001), and
Roussev et al. (2003a). The sudden force imbalance results in
the outward acceleration of the flux rope over a few Affve
timescales. The resulting trajectory of the flux rope in the
y = 0 plane is shown in the left panel of Figure 2. By the time
the boundary motions are turned off fa& 3267, ), the flux
rope has reached an altitude of nedrlR above the surface.

he\S shown in Figure 2, the radial velocity of the flux rope

increases up to a maximum value ©£190 km s* at about
t = 3657, when the rope has reached a distance of about
~2 R, above the surface. After this time, the speed declines,

dapidly at first, but more slowly later on. The rapid decrease

may be due to the formation of the current sheet, while the

slow decrease is due to the snowplow effect; the mass of the
material swept by the shock is comparable to (or greater than)
that of the ejecta. A three-dimensional view of the eruption at

t = 3827, is shown in Figure 3.

As the CME propagates through the ambient solar wind, a
fast-mode shock forms ahead of it. The shock speed and its
radial distance from the Sun, as measured along the direction
(—0.93, 0,—0.36), are also shown in the left panel of Fig-
ure 2 (see also the shock evolution along the corresponding

netic configuration evolves through a sequence of states closavhite line in the accompanying mpeg animation). As seen in

to equilibrium; this is ensured by the fact that the shear velocity
is only 1% of v, . During this phase, the magnetic energy
monotonically increases (see also Amari et al. 1999, 2003).

Figure 1 ¢ight panel), the fast-wave speed sharply drops to
900 km s* at a distance of about 1.3, followed by another
factor of 6 decrease at . Because of this sharp decrease

. Lower values of the index
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peak value of about 10 GeV within 1 hr of onset when the shock
is still only at a distance of about B,. This implies that the
diffusive shock acceleration mechanism for this event could easily
account for prompt, energetic particles below 10 GeV. The ability
of the shock to produce such high energies in so short a time, by
means of diffusive acceleration, is due to the rapid development
of a high compression ratio-8).

4. CONCLUSIONS

There has been some controversy in recent years about
whether or not diffusive shock acceleration theory can account
for the GeV particles observed early in SEP events (see Bu-
lanov & Sokolov 1984 and the references therein; Kiplinger
1995; Tylka 2001; Reames 2002). The issue has been in doubt
because there are conflicting demands put on the theory by the
prompt appearance of such high-energy particles. To account
for them, the theory requires that a strong shock with a large

Fic. 3.—Three-dimensional view of the eruptiontat 382r, . The solid compression ratio occurs very early on and relatively close to
e o, e A e Tt caon e e oy e e Sun €10, ). However, near the Sun, the amblent Afve
magnitude of )t/he flow velocity, in units of kilomgters per secor?d,?s shown speed is so hlg_h, due to the str_ong magnetic fields there’ that
on a translucent plane given yy= 0  (see color legend to the left; note there & Strong shock is difficult to achieve. From the theoretical per-
are two cycles of the color code through the range of velocities shown). Values Spective, the problem of determining how the shock develops
in excess of 1000 km $are blanked and shown in light gray. The grid structure  with time is further complicated by the absence of any generally
on this plane is also shown as the black frame. The inner sphere correspond%_ccepted theory for how CMEs are triggered. How quickly the

to R = R,; the color code shows the distribution of the radial magnetic field .
in units of gauss (see color legend at the bottom right). Regions with radial shock deveIOpS and Strengthens depends very much on how it

field strength greater than 3 G are blanked and appear in gray. is driven by the erupting fields associated with the CME. By
constructing a fully three-dimensional numerical model, which
so close to the Sun, the velocity of the ejecta quickly becomesincorporates solar magnetic data and a loss-of-equilibrium
supersonic (with respect to the fast-wave speed) locally, form- mechanism, we have been able to determine that a shock can
ing a shock that eventually reaches a compression ratio of abouflevelop close to the Sun sufficiently strong to account for
3.4, as shown in the right panel of Figure 2. This ratio correspondsenergetic particles up to 10 GeV. Whether similar results will
to a fast-mode Mach number of nearly 5. The increasing distanceb€ obtained for other events or other assumptions about the
between the shock and the flux rope occurs because of the coninitiation mechanism remains to be seen. However, if they are,
tinual expansion of the flux rope with time. The right panel of then it would seem likely thatdlffyswe shock acceleration alone
Figure 2 also shows a high-energy cutoff for SEPs predicted onaccounts for the GeV particles in SEP events.
the basis of diffusive shock acceleration theory. The formula,
shown on the right-hand side of the figure, is an upper limitderived  The authors thank S. Antiochos, G. Fisher, J. R. Jokipii, Y.
from formula (6.7) in Axford (1981). This simple estimate, based Liu, B. C. Low, J. Luhmann, M. Velli, and an unknown referee
on a comparison of the acceleration time with the shock wave for their comments. This research work was supported by the
propagation time, overestimates the actual cutoff by a factor of 2 following grants: DoD MURI F49620-01-1-0359, NSF ACI-
or 3, depending on the shock’s strength, the spectral index, andd876943, NSF ATM-0325332, NASA NAG5-9406, 8228,
the angle of the upstream field, among other quantities, and doed40977, and 10852, NSF ATM-0091527, and NSF ATM-
not involve a realistic model of turbulence. The cutoff reaches a 0327512.
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