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ABSTRACT

The coronal magnetic field, computed from synoptic maps of the magnetic field and a potential field source surface
(PFSS) model, reveals special configurations related to the active regions that were associated with most, if not all,
fast halo coronal mass ejections (CMEs) in 2003 October—November. It was shown that these active regions emerged
in an open field area, produced a large open field area after emerging, or sat on a boundary of two open field areas with
the same polarity. This type of boundary is also known as a “plasma sheet.” Such magnetic structures appear to be
favorable for the propagation of the disturbance. MHD simulations were performed here to explore the behavior of
the propagation of the disturbance against these special configurations of the background magnetic field. It is
demonstrated that without the presence of open flux, the speed of the CMEs would have been only 78% of that with
open flux present. It is also found that the CMEs from a heliospheric current sheet have a speed only 67% of the
CMEs’ speed from a plasma sheet, the source boundary with the same polarity.

Subject headings: Sun: activity — Sun: coronal mass ejections (CMEs) — Sun: magnetic fields

1. INTRODUCTION

The solar events in 2003 October—November, with their high
rate of occurrence, extreme energetics, and the significance of the
consequent geospace effects, have attracted much attention in the
solar, space, and geomagnetic communities, leading to an intense
study from fairly wide aspects to understand the events in the
frame of the Sun-Earth connection (see, e.g., Gopalswamy et al.
2005a, 2005b and references therein), as well as the properties
of their solar origins.

Most events in this period initiated from several active regions
(see, e.g., Gopalswamy et al. 2005¢). Special observations were
arranged to observe these active regions. For example, Xu et al.
(2004) and Yang et al. (2004) reported the successful observa-
tion of the October 29 X10 flare in the near-infrared continuum
at 1.56 ym; Metcalf et al. (2005) measured the vector magnetic
field of AR 10486 on the chromosphere, which produced the
October 28 and 29 events. They further found that this region
possessed an unusually large amount of free magnetic energy.

Gopalswamy et al. (2005c) suggested a link between the
extreme characteristics of these events and the properties of the
related active regions. Using statistical results of normal solar
events as a reference, they demonstrated extreme properties of
these events in terms of the coronal mass ejections (CMEs) being
much faster, wider, and more energetic, having a much higher
rate of occurrence of halo CMEs, being highly geoeffective, and
being associated with large solar energetic particle events. They
then showed that these properties “were commensurate with
the size and energy of the associated active regions.” They
finally argued that such properties of active regions appear to
be related to the X-ray flare size. This result is consistent with
several recent studies that have suggested that the accelera-
tions of the flare-related CMEs are probably determined by the
magnitudes of the associated flares and/or the rate of the mag-
netic reconnection during flares (see, e.g., Moon et al. 2002;
Cheng et al. 2003; Zhang et al. 2004; Qiu et al. 2004; Jing et al.
2005).
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To our knowledge, no research has been carried out so far to
analyze in detail the structures of the large-scale solar magnetic
fields involved in these events. Since CMEs are believed to be
related to the large-scale magnetic field but the flares related to
the localized field, interaction between the large-scale and small-
scale fields must occur. In addition, because the eruptions even-
tually propagate into interplanetary space, the magnetic field in
the corona and heliosphere must be involved in the process of
propagation. Therefore, it is reasonable to speculate that while a
flare’s characteristics define the representative speed of a flare-
related CME in the first place, as addressed by many studies men-
tioned above, it is possible that the large-scale field overlying
the flare areas may also work as a secondary factor to influence
the speed when the disturbance propagates. It is thus worthwhile
to characterize the large-scale magnetic fields associated with the
fast halo CMEs in 2003 October—November in particular and
discuss any roles such structures play in shaping the CMEs’ speed,
therefore functioning as an additional factor to ensure a high speed
for the fast CMEs during their propagation. This is the purpose of
this work. The reasons we only choose fast halo CMEs for this
study are that (1) it is difficult to unambiguously identify the roles
of the background fields for the slow CMEs because their low
speeds may be due to the nature of either the flares or the back-
ground fields or a comprehensive effect from both. (It is not likely
that all slow CMEs are caused by background fields possessing
structures that are not favorable for propagation. If a flare already
gives the associated CME a low speed in the first place, this CME
is likely to become a slow CME, even though the background
field favors propagation.) (2) The modeled coronal/heliospheric
fields are more reliable because the solar origins of most halo
CMEs are close to solar disk center, where the magnetic field
measurement is more accurate than that near the limb.

We calculate coronal/heliospheric magnetic fields from syn-
optic maps of the magnetic field based on a potential field source
surface (PFSS) model and use this calculation to analyze the
large-scale magnetic field structures. The PFSS model, proposed
thirty years ago and subsequently used by many researchers,
has been proven to be fairly successful in modeling the large-
scale magnetic field in the corona and heliosphere, determining
the heliospheric current sheets and coronal holes, predicting the
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TABLE 1
Tue Fast HaLo CMEs v 2003 OcTtoBER—NOVEMBER

b

Time* Velocity Flare Location Time
Event CME Date (UT) (km s~ 1) Class (deg) U7 NOAA AR
() @ 3) ) ®) ©) ™) ®)
2003 Oct 21 03:54 1484 10486
2003 Oct 23 08:54 1406 X5.4/1B S21 E88 08:24 10486
2003 Oct 24 02:54 1055 M7.6/IN S19 E72 02:22 10486
2003 Oct 26 06:54 1371 X1.2/3B S15 E44 06:17 10486
2003 Oct 26 17:54 1537 X1.2/IN NO02 W38 17:21 10484
2003 Oct 27 08:30 1322 M2.7/2F NO0O W45 07:46 10484
2003 Oct 28 11:30 2459 X17/4B S16 E08 11:10 10486
2003 Oct 29 20:54 2029 X10/2B S15 W02 20:49 10486
2003 Nov 02 17:30 2598 X8/2B S14 W56 17:25 10486
2003 Nov 04 12:06 1208 C6 . 11:15 10486
2003 Nov 04 19:54 2657 X28/3B S19 W89 19:32 10486
2003 Nov 11 13:54 1315 MI1/SF S03 W6l 13:35 10498
2003 Nov 18 08:50 1660 M4 08:12 10501

% The time when the CME is seen in the LASCO observation.

® Flare start time from Solar-Geophysical Data (2003 October—November).
¢ Determination of this event was from the CME catalog at http://cdaw.gsfc.nasa.gov/CME _list/ generated and maintained by

S. Yashiro and G. Michalek at the Catholic University of America.

solar wind speed and interplanetary magnetic field, and many
other applications (see, e.g., Schatten et al. 1969; Altschuler &
Newkirk 1969; Hoeksema et al. 1982; Wang & Sheeley 1990,
1992; Wang 1993; Arge & Pizzo 2000; Schrijver & DeRosa
2003; Zhao & Webb 2003). In this model, it is assumed that the
magnetic field is potential everywhere between the photosphere
and a spherical source surface. The modeled field matches the
radial component on the photosphere and is forced to become
purely radial on the source surface.

We start, in § 2, with a list of the fast halo (including full and
partial) CMEs in 2003 October—November and then present
the evolution of the active regions during this period. In § 3, the
magnetic field structures computed from the PFSS model are
analyzed in terms of the locations of the fast halo CMEs and the
active regions. MHD simulations are performed in § 4 to study
the characteristics of the disturbance propagation against different
configurations of the background magnetic field. We give our
conclusions in § 5.

2. OBSERVATIONS

Listed in Table 1 are the fast halo CMEs in 2003 October—
November chosen under the following criteria: (1) they are
full or partial halo CMEs, (2) they have a speed greater than
1000 km s~!, and (3) the solar source regions are determined.
All the CMEs except event 12 were from Gopalswamy et al.
(2005c¢). Determination of event 12 was from the CME catalog
generated and maintained by S. Yashiro and G. Michalek at the
Catholic University of America.” Other parameters of the CMEs,
such as time and speed, were also from this catalog. Column (1)
of Table 1 is the event identification number. Columns (2)—(4)
describe the date, time, and speed of the CME, respectively.
Information on related flares is presented in columns (5)—(7).
Column (8) denotes the active region that was identified to be
associated with the CME. It is seen that these fast halo CMEs
were actually associated with four active regions: AR 10484,
10486, 10498, and 10501.

We present in Figure 1 the synoptic maps of the magnetic
field for four successive solar rotations from 2003 August to

2 Available at http://cdaw.gsfc.nasa.gov/CME _list/.
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Fic. 1.—Synoptic maps of the magnetic field for four successive solar ro-
tations. The central meridian passage dates of the maps are, from top to bottom,
September 4, October 1, October 28, and November 25. The magnetic field data
were taken by the Michelson Doppler Imager (MDI) aboard SOHO.
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Fic. 2.—Synoptic maps of the magnetic field and the coronal field structures for the second (/eff) and the third (right) rotations of Fig. 1. The magnetic field data were
taken by the MDI (bottom) and the WSO (middle). The thick black lines in the top panels are the heliospheric current sheet. The colored dots denote open field areas with
positive polarity (blue) and negative polarity (red). The contours represent the magnetic field on the photosphere. The green contours represent the negative and the

black contours the positive magnetic field.

November. The central meridian passage dates of the maps
were, from top to bottom, September 4, October 1, October 28,
and November 25. The magnetic field data were taken by the
Michelson Doppler Imager (MDI) aboard the Solar and Helio-
spheric Observatory (SOHO; Scherrer et al. 1995). The CMEs
in Table 1 occurred in the last two rotations. AR 10484 (third
panel) actually appeared in the previous rotation but with a dif-
ferent active region number (AR 10464) and evolved until the
following rotation (AR 10501). AR 10486 and 10488 emerged
in the third rotation. AR 10498, a small active region, appeared
in the third rotation, too. By reexamining the CMEs in Table 1,
we can see that they were in fact associated with three active
regions: AR 10484 (10501), 10486, and 10498.

3. RESULTS

3.1. AR 10484 (10464, 10501) and the Large-Scale
Magnetic Field

Shown in Figure 2 are the locus of the computed heliospheric
current sheet and the locations of the footpoints of open field
lines that correspond to the locations of coronal holes (fop),
synoptic maps of the magnetic field taken by the Wilcox Solar

Observatory (WSO) at Stanford University (middle), and by the
SOHO MDI (bottom). The computation was done from the
WSO synoptic maps based on the PFSS model. The thick black
lines in the top panels represent the heliospheric current sheet
that separates regions of opposite magnetic polarity; the dots
are the locations of open field line footpoints in positive (blue)
and negative (red ) magnetic field regions. The contours represent
the magnetic field on the photosphere, with green denoting
negative and black denoting positive polarity. The left panels
show the second rotation of Figure 1. AR 10464 has appeared
by then. As a comparison, the data of the first rotation of Figure 1
(before the emergence of AR 10464) are shown on the right. It
is seen that AR 10464 emerged in an open field area.

3.2. AR 10486 and 10488 and the Large-Scale Magnetic Field

The synoptic maps and the coronal field for the third rotation
of Figure 1, when AR 10486 and 10488 have already emerged,
are presented in Figure 3. Compared with the previous rotation
when AR 10486 and 10488 did not appear (Fig. 2, leff), it is clear
that the active regions produced a large open field area after
emerging.
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Fic. 3.—Same as Fig. 2, but for the third rotation of Fig. 1.

It is not surprising that some open magnetic flux emanates
from the active regions. In fact, it has been shown, from observa-
tions and simulations, that open flux can also emerge from active
regions (Levine et al. 1977; Svestka et al. 1977; Levine 1982;
Kojima et al. 1999; Wang & Sheeley 2002; Luhmann et al. 2002;
Neugebauer et al. 2002; Schrijver & DeRosa 2003; Liewer et al.
2004). Having performed simulations of active region emergence
and the photospheric transport processes in the evolution of the
open flux, Wang & Sheeley (2002) further argued that “emerging
active regions act as sources of new open flux.” Our calculation
result agrees with their conclusion.

3.3. AR 10498 and the Large-Scale Magnetic Field

Unlike the active regions discussed in the previous sections,
AR 10498 occurred fairly far from the open field areas. (See
Fig. 4 [leff]. The central meridian of the map denotes the 160°
longitude of the Carrington rotation CR 2009.) In order to study
the active region and the overlying magnetic field, we present
in the right panels of Figure 4 the PFSS calculation in such a
way that the magnetic configuration can be demonstrated in more
detail: The dots in the top panel represent the footpoints of the
open fields on the photosphere. The small bars denote closed
field lines from positive polarity (blue) to negative polarity
(red). The thick black line is the heliospheric current sheet. The
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colored lines in the middle panel represent the magnetic field
lines starting from the boundaries of the open field areas on
the photosphere to the source surface (defined as 2.5 R, by the
PFSS model). These lines actually outline the open field areas
from the solar surface to the source surface. The black line,
again, is the heliospheric current sheet. The bottom panel shows
the distribution of the magnetic field over the source surface.
The colors here correspond to the open field areas on the solar
surface. It is shown that AR 10498 is sitting at the boundary of
two open field areas (Fig. 4, bottom right, blue and green) with
the same polarity.

Such a configuration was first suggested by Hundhausen
(1972) more than two decades ago, was observed by Ulysses
and the Advanced Composition Explorer (ACE; Neugebauer et al.
2002), and was reproduced by Zhao & Webb (2003 ) using a PFSS
model. By examining the Ulysses and ACE data, Neugebauer
etal. (2002) reported the discovery of a boundary “between the
plasmas from neighboring sources with the same polarity.”
Such a same-polarity source boundary is marked by a “plasma
sheet” or ““magnetic hole.”

Neugebauer et al. (2004) further analyzed statistically the
properties of the solar wind streams from such a configuration
and compared them with the slow solar wind around the helio-
spheric current sheet (HCS). It was found that while they have
many features in common, some dynamical properties of the
wind near the same-polarity source boundary related regions
differ from those near the HCS regions: greater minimum speed,
smaller scale size, and lower peak and average density. Such
characteristics of the solar wind from the same-polarity boundary
(e.g., high background solar wind speed and low density) ap-
pear to be in favor of retaining the propagation speed of the
disturbance.

3.4. Summary of the Magnetic Configuration
and the Fast Halo CMEs

It has been demonstrated, from the evolution of the active
regions and modeling the coronal magnetic field, that the active
regions related to most (if not all) 2003 October—November fast
halo CMEs were associated with special configurations of the
magnetic field: The active regions were found to emerge within
an open field area, produce a large open field area after emerg-
ing, or sit at the boundary of two open field areas with the same
polarity.

It is not clear which role such configurations play in CMEs’
initiation, but it is fairly apparent that they form an appropriate
environment for propagation of the eruptions. This seems to
imply that these structures helped at some level to ensure the
high speed of the fast halo CMEs in 2003 October—November.
In the following section, we carry out MHD simulations to ex-
plore the behavior of the propagation under the special structures
of the background magnetic field and to quantitatively examine
the influence of the special configurations.

4. MHD SIMULATION EXPERIMENTS

We carried out MHD simulations to examine how the mag-
netic field structure of the quiet corona influences the first phase
of the CME propagation. The CME propagations were simulated
as the responses of the numerically steady solar corona/wind to
numerical perturbations.

To obtain the sub-Alfvénic steady corona, we first simulated
the time relaxation of the sub-Alfvénic solar corona using the pho-
tospheric magnetic field map shown in the previous sections. The
details of the MHD simulation code were described elsewhere
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FiG. 4.—Lefi: Same as Fig. 2, but with the central meridian at 160° longitude of the Carrington rotation CR 2009. Right: Configuration of the coronal magnetic field
calculated from a PFSS model. The dots in the top panel represent open field areas. The small bars denote closed field lines from positive polarity (blue) to negative
polarity (red). The thick black line is the heliospheric current sheet. The colored lines in the middle panel represent the magnetic field lines starting from the boundaries
of the open field areas on the photosphere to the source surface. The black line, again, is the heliospheric current sheet. The bottom panel shows the distribution of the
magnetic field over the source surface. The colors here denote the corresponding open flux areas on the solar surface shown in the top panel.

(Hayashi 2005). A magnetic field computed from the PFSS
model with the spherical harmonic coefficients up to the fifth
term was used here as the initial and boundary values of the mag-
netic field.

To clarify and simplify the simulated situation, we only gave
the increase of the mass density and pressure as the perturbation.
Such perturbation allows us to avoid the complex process of the
CME initiations, which are not well understood now. For fairness,
the plasma velocity at the perturbation site was calculated so
that the total momentum was preserved.

We chose to trace the flow speed discontinuity as a proxy
for CME propagation because this discontinuity can be clearly
defined. The gap between the density enhancement and the
speed discontinuity is small in the region we examined (less
than 5%—10% in heliocentric distance), and the profiles of their
propagation speeds are quite similar.

We examined five cases, hereafter labeled A, B, C, X, and Y.
For all cases, we used the same parameters except the latitude
and longitude of the perturbation sites. The chosen altitude is
0.46 R, above the solar surface, the region of perturbation is a
sphere with a diameter of 0.4 R, and the total mass and thermal

energy are 8.6 x 10'® gand 5 x 1032 ergs, respectively. The total
thermal energy is of the typical order of the magnetic energy
released during the flare events.

4.1. Propagation of the Perturbations and Open Magnetic Flux

Two tests were performed to examine the behavior of the per-
turbation propagation when the open magnetic flux was present
(like the events related to AR 10464 [10501] and AR 10486
and 10488, as described in §§ 3.1 and 3.2). We put an eruption
in AR 10486 in the third rotation of Figure 1 (see also Fig. 3).
We mark this test as case Y. As a comparison, we put the same
eruption at the same location but in the previous rotation (the
second rotation in Fig. 1, when AR 10486 and 10488 did not
emerge) where no open flux was present (see Fig. 2, right). We
call this test case X.

We plot in Figure 5 the distance of the shock front as a func-
tion of time. The curves marked X and Y represent cases X and
Y. The simulation gives an average CME speed of 596 km s~
for case X and 763 km s~ for case Y. In other words, a CME’s
speed without the open flux present would have been only 78%
of its speed with the open flux present.
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4.2. Propagation of Perturbations along Current Sheet
and Plasma Sheet

The other three tests, cases A, B, and C, were carried out to
investigate the behavior of the perturbation propagation with
the presence of current sheets or plasma sheets. We put three
eruptions in the synoptic map shown in the left panels of Figure 4.
The eruptions in cases A and B are under a heliospheric current
sheet, while the eruption in case C is under a plasma sheet (see
Fig. 6), where AR 10498 was sitting (see also Fig. 4).

The curves marked A, B, and C in Figure 5 represent the
distances of the shocks as a function of time for cases A, B, and
C. The average speeds from the simulations are 506 km s~! for
case A, 509 km s~ for case B, and 755 km s~! for case C. It is
evident that the speeds for cases A and B are much lower than
that for case C (only 67% of the speed for case C).

4.3. Summary of MHD Simulation

The propagations of the coronal disturbances in the post-
CME phase were simulated by giving the numerical density and
temperature enhancement and tracing the response of the solar
corona. The behavior of the propagations has been compared
with different configurations of the magnetic field in the back-
ground. It is demonstrated that when an active region is within
an open flux area (like AR 10464, which emerged in the open
flux area, or AR 10486 and 10488, which produced a large open
flux area after they emerged), the related CMEs are faster than
those without open flux. It is also shown that the propagation of
a disturbance under a plasma sheet could be much faster than
that under a current sheet. Therefore, it is suggested that the
magnetic field configuration in the background, as found in our
PFSS model in the previous sections and simulated here in this
section, is an additional factor that influences coronal distur-
bance propagation.

5. CONCLUSIONS AND DISCUSSION

We have analyzed most (if not all) fast halo CMEs in 2003
October—November in terms of the configuration of the large-
scale magnetic field. The observations and modeling have dem-
onstrated that the large-scale magnetic field associated with
these CMEs possesses special configurations: open magnetic flux

We have also carried out MHD simulations to quantitatively ex-
amine the influence of the special magnetic configurations for the
CMEs’ propagation. The experiments suggest that propagation
with the presence of open flux is faster than that without open
flux present and that CMEs occurring under a plasma sheet
travel much faster than those under a heliospheric current sheet.

Several flare-related CMEs, observed from multiple wave-
lengths by various instruments, have been presented recently to
illustrate their kinematic evolution from the solar surface to the
heliosphere and interplanetary space (e.g., Zhang et al. 2001;
Alexander et al. 2002; Neupert et al. 2001; Moon et al. 2002;
Yurchyshyn 2002; Gallagher et al. 2003; Shanmugaraju et al.
2003). It is evident that those CMEs demonstrated a common
kinematic behavior: first being impulsively accelerated near the
solar surface and then moving outward at fairly constant speeds.
Zhang et al. (2001) further suggested three phases in the CME
kinematic evolution: (1) initial phase, (2) impulsive accelera-
tion phase, and (3) gradual phase. This seems to imply that pro-
cesses near the solar surface play an important role in determining
the speed of a CME. Recently, many pieces of work were pre-
sented to show that the acceleration of a flare-related CME is
probably determined by the magnitudes of the associated flares
and/or the rate of magnetic reconnection during flares (see, e.g.,
Moon et al. 2002; Cheng et al. 2003; Zhang et al. 2004; Qiu et al.
2004; Jing et al. 2005).

While it is likely that the speed of a flare-related CME is
primarily determined by the characteristics of the associated
flare, it is still interesting to investigate the role that the associated
large-scale field plays to shape the kinematic behavior of the
CME. In fact, Chen (1996) has demonstrated the effect of the
overlying field over a modeled flux rope that was erupted due to
injection of the poloidal flux into the system. It is shown in that
work that when the flux rope moved upward after eruption, the
major forces withholding the motion were the Lorentz force
from the toroidal current and the background field and gravity
(Fig. 7 in that paper). Thus, strong closed flux in the background
field may function to slow down the CME or even pull back the
eruptive materials, leading to failure of the eruptions. For ex-
ample, Ji et al. (2003) observed a failed eruption of a filament.
The filament first erupted, causing an M2 class flare, and then
fell back to the solar surface, unable to lead to a CME. They sug-
gested that the eruption failed because the event was not able to
break out of the field crossed over the filament, so those closed
fields pulled the filament back by magnetic tension.

It is thus suggested that configurations of the background
magnetic field such as those illustrated in this paper may have
worked as an additional condition to ensure the high speed of
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the fast halo CMEs in 2003 October—November. It needs to be
pointed out, however, that since we did not examine more cases
for the fast halo CMEs, we cannot reach a general conclusion
that such special configurations are common structures appli-
cable to all fast halo CMEs. A statistical study is needed.
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