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ABSTRACT

We examine the two kinds of major energetic phenomena that occur in the solar atmosphere: eruptive and confined
events. The former describes flares with associated coronal mass ejections (CMEs), while the latter denotes flares
without associated CMEs. We find that about 90% of X-class flares are eruptive, but the remaining 10% are confined.
To probe why the largest energy releases could be either eruptive or confined, we investigate four X-class events from
each of the two types. Both sets of events are selected to have very similar intensities (X1.0 to X3.6) and duration (rise
time under 13 minutes and decay time over 9 minutes) in soft X-ray observations, to reduce any bias due to flare size
on CME occurrence. We find that the occurrence of eruption (or confinement) is sensitive to the displacement of the
location of the energy release, defined as the distance between the flare site and the flux-weighted magnetic center
of the source active region. The displacement is 6—17 Mm for confined events but as large as 22—37 Mm for eruptive
events. This means that confined events occur closer to the magnetic center, while the eruptive events tend to occur
close to the edge of active regions. We use the potential field source-surface model to infer the coronal magnetic field
above the source active regions and calculate the flux ratio of low (< 1.1 Ry) to high (>1.1 R) corona. We find that
the confined events have a lower ratio (<5.7) than the eruptive events (>7.1). These results imply that a stronger
overlying arcade field may prevent energy releases in the low corona from being eruptive, resulting in flares, but

without CMEs.

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

1. INTRODUCTION

Coronal mass ejections (CMESs) and flares are known to be the
two most energetic phenomena that occur in the atmosphere of
the Sun, and they have profound effects on the geospace environ-
ment and human technological systems. In this paper, we intend
to examine the physical origins of CMEs and flares by compar-
atively studying two different kinds of energetic phenomena, both
of which have almost identical flares; however, one is associated
with CMEs and the other is not. Before the advent of direct CME
observations, these two kinds of phenomena were referred to
as eruptive flares and confined flares, respectively (e.g., Svestka
& Cliver 1992). An eruptive flare (also called a dynamic flare)
usually appears as having two ribbons and postflare loops in Ha
imaging observations and is of long duration (e.g., tens of min-
utes up to hours) in soft X-rays, while a confined flare occurs in a
compact region and lasts for only a short period (e.g., minutes).
Following this convention, but without trying to imply a causal
relation between flares and CMEs, hereafter we refer to a flare
associated with an observed CME as an “eruptive event,” and a
flare not associated with a CME as a “confined event.”

It has been suggested based on observations that CMEs and
flares are two different manifestations of the same energy release
process in the corona (e.g., Harrison 1995; Zhang et al. 2001;
Harrison 2003). They do not drive one another but are closely
related. In particular, Zhang et al. (2001, 2004) showed that
the fast acceleration of CMEs in the inner corona coincides
very well in time with the rise (or energy release) phase of the
corresponding soft X-ray flares, strongly implying that both
phenomena are driven by the same process at the same time,
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possibly by magnetic field reconnections. However, this impli-
cation raises another important question, that of under what cir-
cumstances the energy release process in the corona leads to an
eruption, and under what circumstances confinement prevails
during the process. An answer to this question will shed light on
the origin of flares as well as CMEs.

The rate of occurrence of eruptive events depends on the in-
tensity and duration of flares. A statistical study performed by
Kahler et al. (1989) has shown that longer duration flares tend
to be eruptive, while more impulsive flares tend to be confined.
By using CME data from the Solar Maximum Mission (SMM)
and flare data from the Geostationary Operational Environmen-
tal Satellites (GOES') from 1986 to 1987, Harrison (1995) found
that the association ratio of flares with CMEs increases from
about 7% to 100% as the flare class increases from B to X, and
from about 6% to 50% as the flare duration increases from about
1 to 6 hours. Andrews (2003) examined 229 M- and X-class
X-ray flares during 1996—1999 and found that the CME associa-
tion rate, or eruption rate, is 55% for M-class flares and 100% for
X-class flares. With a much lager sample of 1301 X-ray flares,
Yashiro et al. (2005) obtained a similar result, finding the erup-
tion rates of C-, M-, and X-class flares to be 16%—25%, 42%—
55%, and 90%—92%, respectively. Yashiro et al.’s (2005) work
showed that a flare will not necessarily be associated with a CME
even if it is as intense as an X-class flare. Such confined but ex-
tremely energetic events have also been reported by Feynman &
Hundhausen (1994) and Green et al. (2002).

The studies mentioned above indicate the probability of CME
occurrence for a given flare. On the other hand, there is also a
probability of flare occurrence for a given CME. There are CMEs
that may not necessarily be associated with a noticeable X-ray
flare. Zhang et al. (2004) reported an extremely gradually ac-
celerated slow CME without any flare association, implying that
nonflare eruptive events tend to be slowly driven. By combin-
ing coronal data from SMM and 6 hr soft X-ray data from GOES,
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St. Cyr & Webb (1991) reported that about 48% of front-side
CMEs were associated with X-ray events near the minimum of
solar cycle 21. Based on observations with the Solar and He-
liospheric Observatory (SOHO), Wang et al. (2002) studied 132
front-side halo CMEs and found that the association rate of
CMEs with X-ray flares stronger than C class increased from 55%
at solar minimum to 80% near solar maximum. With 197 halo
CME:s identified during 1997—2001, Zhou et al. (2003) concluded
that 88% of CMEs were associated with brightenings in the
extreme-ultraviolet (EUV).

Some attempts have been made to explain the confinement or
the eruptiveness of a solar energetic event in the context of the
configuration of the coronal magnetic field. Green et al. (2002)
analyzed the 2000 September 30 confined event, utilizing mul-
tiwavelength data, and suggested that it involved magnetic re-
connection of two closed loops to form two new closed loops
without any opening of the involved magnetic structure. Nindos
& Andrews (2004) carried out a statistical study of the effect of
magnetic helicity on eruption rate. They found that the coronal
helicity of active regions that produce confined events tends to be
smaller than the helicity of those that produce eruptive events.

In this paper, we approach the eruption-confinement issue in
solar energetic events with a comparative study. We focus on
the most energetic confined events, those that produce X-class
soft X-ray flares but not CMEs. While the majority of X-class
flares are eruptive, a small fraction (about 10%) of them are con-
fined. The magnetic properties of these confined events should
stand out more than those of less energetic confined events. To
make an effective comparison, we select eruptive events with
X-ray properties, in terms of intensity and duration, that are very
similar to those of the selected confined events. The differences
in magnetic configuration between these two sets of events will
most likely reveal the true causes of eruption or confinement.
How we select the events and their basic properties are described
in § 2. Detailed comparative analyses of the two sets of events
are given §§ 3 and 4, which focus on the properties of the
photospheric magnetic field distribution and the extrapolated
coronal magnetic field distribution, respectively. In § 5, we
summarize.

2. SELECTION OF EVENTS AND OBSERVATIONS
2.1. Confined Events: X-Class Flares without CMEs

From 1996 to 2004, there were 104 X-class soft X-ray flares
reported by the NOAA Space Environment Center. The flares are
recorded by high temporal resolution (every 3 s) GOES meas-
urements of the disk-integrated soft X-ray flux in two passbands,
1.0-8.0 A and 0.5-4.0 A. The flare catalog provides the peak
intensity, beginning time, peak time, and ending time of flares.
Based on peak intensity, flares are classified into five categories:
A, B, C, M, and X, in order of increasing strength. An X-class
flare, in the strongest category, is defined by a peak flux in the
1.0-8.0 A band exceeding 10~ W m~2.

To find out whether a flare is associated with a CME or not, we
make use of both the CME observations by the Large Angle and
Spectrometric Coronagraph (LASCO; Brueckner et al. 1995) and
coronal disk observations by the EUV Imaging Telescope (EIT;
Delaboudiniére et al. 1995); both instruments are on board the
SOHO spacecraft. The search process started with the LASCO
CME catalog ( Yashiro et al. 2004)° for an initial quick look. A
flare became a candidate confined event if there was not any
CME whose extrapolated onset was within a 60 minute window

3 The NRL-GSFC-CUA CME catalog at http:/cdaw.gsfc.nasa.gov/CME _list.

centered on the flare onset time. The time of onset of a CME
is calculated by linearly extrapolating the height-time measure-
ment in the outer corona back to the surface of the Sun, which
should provide a first-order approximation of the true onset
time of the CME. Further, we visually examined the sequence
of LASCO and EIT images around the flare time to verify that
indeed there was no CME associated with the flare under study.
One property in common to these confined events is a lack of
EUV dimming in EIT images, even though they do show strong
compact brightenings. Following the compact brightening, there
is no corresponding CME feature that appears in subsequent
LASCO images. This scenario is in sharp contrast to that of
an eruptive event, in which an EIT dimming accompanies the
brightening and, within a few frames, a distinct CME feature ap-
pears in the appropriate position angle in LASCO images. After
applying this process to all of the X-class flares, we found 11
events that are confined; they are listed in Table 1. We note that
events 7—11 occurred within 3 days between 2004 July 15 and
17, and they all originated from the same solar active region
(NOAA AR 10649).

Among the 11 confined X-class flares from 1996 to 2004, the
first four events have been reported on earlier by Yashiro et al.
(2005). The third one was also reported on and studied by Green
etal. (2002). During 1996—-2004, there were in total 104 X-class
flares. Thus, the percentage of confined X-class flares is about
10%. As shown in Table 1, all these confined flares were im-
pulsive. Their rise times do not exceed 13 minutes, except for
event 8 (23 minutes). The decay time does not exceed 10 minutes
for any of the 11 events. The rise and decay times are derived
from the beginning, maximum, and ending times of the flares,
which are defined and compiled by the Space Environment Cen-
ter.* The peak intensity of all these events was below the X2.0
level, except for event 10 (X3.6). Events stronger than X3.6
were found to always be associated with a CME.

Out of the 11 confined events, we were able to select four that
are suitable for further in-depth analysis. These are events 4, 5, 6
and 11. They are suitable because (1) the flare is isolated, which
means that there was no other flare immediately preceding or fol-
lowing, and (2) there is no other coronal dimming or CME erup-
tion in the vicinity of the flare region within a certain period.
Events 1 and 3 were not selected because they were mixed up
with a flare-CME pair from the same source region. In the pres-
ence of an eruptive flare immediately preceding or following a
confined event, we are not certain to what extent the confined
event is related to the earlier or later eruptive one. In order to
make our analysis as “clean” as possible, such events were dis-
carded. Event 2 was also excluded, because its source region is
right behind the western limb, and hence no timely magnetogram
data are available. Events 7 through 11 were all from the same
active region. By overplotting EIT images showing flare loca-
tions on the SOHO Michelson Doppler Imager (MDI) magne-
togram images, we find that these flares essentially occurred at
the same location within the active region. Thus, we chose only
the last event to represent all five. The four confined events se-
lected for further analysis are labeled C; through C in the second
column of Table 1.

2.2. Eruptive Events: X-Class Flares with CMEs

For comparison with the four confined events mentioned
above, a set of four eruptive X-class flares were selected. These
were chosen to have similar properties in X-rays to the confined
events: (1) their rise and decay times are less than 13 minutes, and

4 See http://www.sec.noaa.gov/ftpdir/indices/events/ README.



TABLE 1
ConrINED X-Crass FLARES FROM 1996 To 2004 AND SELECTED ERUPTIVE FLARES

Beginning TR? Tp® NOAA
No. Label Date (UT) (minutes) (minutes) Class Location AR CME ¥/ Width® Comment

Confined Flares

2000 Jun 6 13:30 9.0 7.0 X1.1 N20, E18 9026 e Contained by a preceding and a following M-class flare (Y)
2000 Sep 30 23:13 8.0 7.0 X1.2 NO7, W91 9169 Limb event (G, Y)
e 2001 Apr 2 10:04 10.0 6.0 X1.4 N17, W60 9393 . Contained by a preceding eruptive flare (Y)
C; 2001 Jun 23 04:02 6.0 3.0 X1.2 N10, E23 9511 Y)
C, 2003 Jun 9 21:31 8.0 4.0 X1.7 N12, W33 10374
C; 2004 Feb 26 01:50 13.0 7.0 X1.1 N14, W14 10564
2004 Jul 15 18:15 9.0 4.0 X1.6 S11, E45 10649
2004 Jul 16 01:43 23.0 6.0 X1.3 S11, E41 10649
2004 Jul 16 10:32 9.0 5.0 X1.1 S10, E36 10649
2004 Jul 16 13:49 6.0 6.0 X3.6 S10, E35 10649
Cy 2004 Jul 17 07:51 6.0 2.0 X1.0 S11, E24 10649 . Events 7—11 all from the same AR

Eruptive Flares

| EURRR E, 1998 May 2 13:31 11.0 9.0 X1.1 S15, WIS 8210 936/halo
2 E, 2000 Mar 2 08:20 8.0 3.0 X1.1 S18, W54 8882 776/62°

K TR E; 2000 Nov 24 04:55 7.0 6.0 X2.0 N19, W05 9236 1289/halo
4o E4 2004 Oct 30 11:38 8.0 4.0 X1.2 N13, W25 10691 427/halo

* Rise time of the flare.
® Decay time of the flare.

¢ Apparent speed (km s~!) and angular width of CMEs. Adopted from the online GSFC-NRL-CUA CME catalog. “G” and “Y” in the comment column mean that the corresponding event was reported on by Green
et al. (2002) or Yashiro et al. (2005), respectively.
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(2) their intensities are between X 1.0 and X2.0. Furthermore, their
locations are within 60° in longitude from the solar central me-
ridian, in order to reduce projection effects in the magnetograms.
These flares, which are relatively impulsive, are indeed associated
with CMEs, as shown in LASCO images. These four events are
also listed in Table 1, labeled E; through E,.

An overview of the two sets of events is given in Figure 1. The
top shows the four confined events, and the bottom shows the
four eruptive events. For each event, we show the GOES soft
X-ray flux profile (all for a 2 hr interval), the running-difference
EIT image, and a running-difference LASCO image in the upper,
middle, and lower panels, respectively. It is apparent that the
temporal profiles of the GOES soft X-ray fluxes exhibit no no-
ticeable difference between the two sets of events, because of the
constraint on our selection of events. Moreover, as seen in the
EIT images, the two sets of events are all associated with com-
pact coronal brightening, indicating the occurrence of a flare.
However, for the eruptive flares the accompanying CMEs are
clearly seen in the LASCO images. In contrast, there is no ap-
parent brightening (CME) feature seen in the LASCO images for
the confined events (only one image is shown here to represent
the observed sequence of images, which all indicate an undis-
turbed corona). For the eruptive events, the speeds and angular
widths of the CMEs are also listed in Table 1.

3. MAGNETIC PROPERTIES IN THE PHOTOSPHERE
3.1. Flare Location and Active Region Morphology

To explore what physical factors led to the two similar sets of
flares, all strong and impulsive, having differences in CME pro-
duction, we first study the magnetic properties of their surface
source regions. The SOHO MDI instrument provides observa-
tions of the photospheric magnetic field (the component along
the line of sight) every 96 minutes. The spatial resolution of MDI
magnetograms is about 4” with a plate scale of 2 pixel !, at
which level detailed magnetic features across the source active
regions are reasonably resolved. To reduce the effect of projec-
ting the line-of-sight magnetic field, we have chosen only events
within 60° of the solar central meridian.

For each event, we determined the location of the flare seen
by EIT relative to the magnetic features seen by MDI. We first
aligned the MDI image with the corresponding EIT image. The
differences in timing between MDI and EIT images have been
taken into account. Figure 2 illustrates the alignment for the 2001
June 23 event. The soft X-ray flare began at 04:02 UT and peaked
at 04:09 UT. An EIT 195 A image showing the flare was taken at
04:11 UT. The nearest full-disk MDI image prior to the flare was
taken at 03:11 UT. The MDI magnetogram was rotated to fit the
EIT time and then superposed as contours onto the EIT image. In
the right panel of Figure 2, we display the aligned images; only
the region of interest is shown. Using this method, we are able to
determine the location of the flare, which is just above the neutral
lines seen in the magnetogram.

Figures 3 and 4 show the magnetograms for the four confined
events and the four eruptive events, respectively. The flare sites,
or bright patches seen in EIT images, are marked with red as-
terisks in the images. The magnetogram images have been re-
mapped onto the Carrington coordinates, which reduces the
effect of spherical projection of the image area. The x-axis is
the Carrington longitude in degrees, and the y-axis is the sine
of latitude. The images shown in Figures 3 and 4 are all 30° x
30° square, which usually covers the entire active region producing
the CME or flare of interest. To highlight the magnetic features,
the displayed images have been segmented into three different

levels: strong positive magnetic field (>50 G, white), strong
negative magnetic field (<—50 G, black), and weak field (from
—50 to 50 G, gray). Note that the noise level of an MDI mag-
netogram image is typically about 10 G. As shown in the figures,
an active region naturally segments into many individual pieces.
Those with magnetic flux higher than 10'3> Wb are labeled by a
letter with a number in parentheses indicating the magnetic flux
in units of 10'> Wb.

3.2. Results

We find that there is no apparent difference in terms of total
magnetic flux of the source regions between the confined events
and eruptive events. The total magnetic fluxes, combining both
positive and negative values, are listed in Table 2. The total flux
for confined events varies from about 5 x 10'3 to 36 x 103 Wb,
while for eruptive events it varies from about 11 x 10'3to 24 x
10'3 Wb.

However, there is a noticeable pattern, in that the confined
flares all originate in a location relatively close to the center of the
host active region. Figure 3a shows the confined event of 2001
June 23. There are three relatively large magnetic regions, la-
beled A, B, and C. The flare site is surrounded by regions A and
B. Figure 3b shows the 2003 August 9 confined event. The flare
location is associated with three small negative patches (red as-
terisks) embedded in the large positive piece A. Figure 3¢ shows
the 2004 February 26 confined event. The flare occurred just
above the neutral line between the large positive region A and
the large negative piece B. Figure 3d shows the 2004 July 17 con-
fined event. The flare was located in a complex active region with
a large number of sunspots. It occurred right at the boundary be-
tween pieces C and F. From the view of the entire active region,
C and F were further enclosed by two much larger and stronger
pieces, A and D, whose fluxes were about 10 times larger.

For the eruptive flares, on the other hand, the flare sites were
all relatively far from the center of the magnetic flux distribution.
In other words, they were closer to the edge of the hosting active
region. Figure 4a shows the 1998 May 2 event. The strongest
pair of magnetic pieces are A and D, but the eruptive flare oc-
curred at the neutral line between D and piece C, which is the
smallest among the four labeled regions in the active region.
Figure 45 shows the 2000 March 2 event. Similarly, the strongest
pair of pieces were A and C, but the flare was from the neutral
line between C and piece B, which is the smallest labeled region.
Figure 4c shows the 2000 November 24 event. The flare oc-
curred at the outer edge of the strongest piece, A, which was
neighbored by a very small region with negative flux. Figure 4d
shows the 2004 October 30 event. The flare site was also close
to the edge of the entire active region.

To quantify this observation of different displacements in flare
location, we introduce a flare displacement parameter, which is
defined by the surface distance between the flare site and the
weighted center of the magnetic flux distribution of the host ac-
tive region, or center of magnetic flux (COM) for short. The
COM might be the place that has the most overlying magnetic
flux. The COM is calculated based on the remapped 30° x 30° MDI
images (without segmentation). It is a point across which any
line can split the magnetogram into two flux-balanced halves
and can be formulated asx. = >_; Fixi/>; Fyand y. = >; Fiyif
> F;. The COMs of these events are marked by diamonds in Fig-
ures 3 and 4. With a known COM, it is easy to derive the displace-
ment parameter, which is listed in Table 2. Consistent with the
earlier discussion, it is found that the displacement parameters
for the four confined events are all smaller than 17 Mm, while
for the four eruptive events they are all larger than 22 Mm.
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Fig. 1.—Overview of the four confined (C;—Cy, top) and four eruptive (E;—E,, bottom) flares. For each event, we display the GOES X-ray flux profile (spanning 2 hr)
and running-difference EIT 195 A and LASCO/C2 images in the three panels from top to bottom.
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Fic. 2.—Example showing a flare and its source region. The left image is a full-disk MDI magnetogram taken before the flare’s onset. The right image shows the EIT
image in green-and-white false color; the white patch at the center denotes the flare location. The superposed contours show the magnetogram, with yellow the positive and
blue the negative field.
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and black, respectively. Red asterisks indicate the flare sites, the red diamonds indicate the center of magnetic flux of the active regions, and the blue lines denote the neutral
lines over which the flares occurred. (See text for more details.)
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Fic. 4—Same as Fig. 3, but for the four eruptive events.
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Fic. 6.—Calculated coronal magnetic field of one confined event. The closed field lines are denoted by green and yellow, corresponding to the outward and inward
directions, respectively, and the open field lines are shown in blue. The left image is a top view, while the right image is a side view.

We now consider possible errors in calculating the displace-
ment parameter. The error mainly arises from the uncertainty
in the recorded weak magnetic field around the active regions.
However, in the selected regions of study, which are 30° x 30°,
the highlighted white and black areas contain about 99% of
the total magnetic flux in the region. Therefore, the uncertainty
in the flux is expected to be on the order of 1%. Considering the
formula for the coordinates of the COM given in the previous
paragraph and assuming a typical scale of 100 Mm, the error
in the calculated distance is about 1 Mm. Further, considering
the spatial resolution of MDI of ~1 Mm (varying from ~0.7 Mm
at the central meridian to ~1.4 Mm at a longitude of +60°),
the overall uncertainty should be about £2 Mm. With these con-
siderations, the displacement parameters and their uncertainties
are plotted in Figure 5. The confined events are indicated by di-
amonds, and the eruptive events are indicated by asterisks. The
vertical dashed line, which corresponds to a displacement of
about 19.5 Mm, effectively separates the two sets of events.

4. MAGNETIC PROPERTIES IN THE CORONA
4.1. Method

Having studied the magnetic field distributions in the photo-
sphere, we further look into the magnetic field distributions in the
three-dimensional corona. The magnetic field configuration in

the corona should ultimately determine eruption or confinement,
since the energy releases occur in the corona. There are so far
no direct observations of coronal magnetic fields. We have to uti-
lize certain models to calculate the coronal magnetic field based
on the observed photospheric boundary. In this paper, we apply
the commonly used potential field source-surface (PFSS) model
(e.g., Schatten et al. 1969; Hoeksema et al. 1982). The PFSS
model is thought to be a useful first-order approximation to the
global magnetic field of the solar corona. Nevertheless, we re-
alize that the current-carrying core fields, which are low-lying
and near the magnetic neutral line, are far from the potential
field approximation; these core fields are likely to be the driving
source of any energy release in the corona. Therefore, the use of
the PFSS model in this study is limited to calculating the total
flux of the overlying large-scale coronal field, which is believed
to be closer to a potential approximation. These overlying fields
are thought to constrain the low-lying field from erupting.

A modified MDI magnetic field synoptic chart is used as input
to our PFSS model. The high-resolution charts are created by in-
terpolating data to disk-center resolution, resulting in a 3600 x
1080 pixel map. The X- and Y-axes are linear in Carrington lon-
gitude (0.1° intervals) and sine of latitude, respectively. This high
resolution is useful in creating detailed pictures of the coronal

5 See http://soi.stanford.edu /magnetic/index6.html.
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Fic. 7—Example of an eruptive event, showing the extrapolated magnetic field above the active region.

magnetic field above the source regions of interest. Since an
MDI synoptic chart is created from the magnetogram images over
a ~27 day solar rotation, the charts do not exactly represent the
photospheric magnetic field in the region of interest at the flare/
CME time. The details of the source region may be different
because of the evolution of the photospheric magnetic field. To
mitigate this problem, we use the MDI daily magnetogram to
update the original synoptic chart. The process is to remap the
snapshot magnetogram image prior to flare occurrence to the
Carrington grid and then slice out the region of interest, 30° in
longitude and 60° in latitude. This sliced-out region replaces the
corresponding portion in the original synoptic chart.

Since the PFSS model makes use of a spherical harmonic se-
ries expansion, we realize that high-resolution data require a
high-order expansion in order to produce a consistent result.
We calculate the spherical harmonic coefficients to as high
as 225th order for the input 3600 x 1080 boundary image. We
find that at this order we can obtain the best match between the
calculated photospheric magnetic field and the input synoptic
chart. The mean value of the difference between them is less
than 0.5 G, and the standard deviation is generally <15 G for
solar minimum and <25 G for solar maximum, which are com-
parable to the noise level of MDI magnetograms. This means that
we can effectively reproduce the observed photospheric mag-
netic field with the 225th-order PFSS model. With spherical
harmonic coefficients known, it is relatively straightforward to
calculate the magnetic field in the three-dimensional volume of
the corona.

4.2. Results

Figures 6 and 7 show the extrapolated coronal magnetic field
lines for one confined event (2004 July 17) and one eruptive
event (2004 October 30), respectively. In each figure, the left
panel shows the field lines viewed from above, and the right
panel shows the field lines viewed from the side by rotating the
left panel’s view 60° into the page. The green and yellow colors
denote closed field lines, with green indicating the loop part of
the outward magnetic field (positive magnetic polarity at the
footpoints) and yellow the inward field (negative magnetic po-
larity at the footpoints); blue indicates open field lines. These two
examples show that the location of the confined flare, which is
near the center of the active region, is covered by a large tuft of
overlying magnetic loop arcades, while the location of the erup-
tive flare, which is near the edge of the active region, has rela-
tively few directly overlying loop arcades. In particular, for the
eruptive event the nearby positive and negative magnetic field
lines seem to connect divergently with other regions, instead of
forming a loop arcade of their own.

To quantify the strength of the overlying field, we calculate the
total magnetic flux across the plane with the x-direction ex-
tending along the neutral line and the y-direction vertically along
the radial direction. The thick blue lines on the photospheric
surface in Figures 3 and 4 indicate the neutral lines used in the
calculation. The length of the neutral lines is determined, as it
encompasses the major part of the eruption region. The overlying
magnetic field flux then is normalized to the length of the neutral
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TABLE 3
MacNETIC FLUx PER UNIT LENGTH OVERLYING THE NEUTRAL LINES

Fi total F low F high
Event Date (101 Wb Mm~Y) (101 Wb Mm™!) (10" Wb Mm™')  Fiow/Fhign
Confined Flares
2001 Jun 23 0.40 0.34 0.06 5.67
2003 Jun 9 0.83 0.61 0.22 2.77
2004 Feb 26 1.27 1.08 0.19 5.68
2004 Jul 17 1.19 0.73 0.46 1.59
Eruptive Flares
1998 May 2 1.34 1.22 0.12 10.17
2000 Mar 2 1.17 1.06 0.11 9.64
2000 Nov 24 1.14 1.03 0.1 9.36
2004 Oct 30 0.73 0.64 0.09 7.11

line. The normalized overlying magnetic flux thus obtained is a
better quantity to use for comparison between different events,
because this parameter is not sensitive to the exact length of the
neutral lines selected, which may vary significantly from event to
event.

Such calculated magnetic fluxes for the eight events are listed
in Table 3. In calculating the flux, we do not consider the direc-
tion in which the field lines cross over the neutral line. The rel-
ative uncertainty of the calculated magnetic flux can be estimated
as op/By, where op is the uncertainty in the calculated magnetic
field strength in the corona and By is the magnetic field strength
in the active regions at the photosphere. Considering that op is
about 15-25 G, the standard deviation mentioned above, and
By is usually hundreds of gauss, we infer that the uncertainty in
the overlying magnetic flux is about 10%. This estimate should
be true in the case that the coronal magnetic field is correctly
obtained by our extrapolation method. If the extrapolated field
largely deviates from the real situation, the uncertainty will prob-
ably be slightly different.

The total overlying flux, Fio, in the height range from 1.0 to
1.5 R, is given in the third column of Table 3. It seems that there
is no systematic difference between the confined events and erup-
tive events. The value for the confined events varies from 0.40 x
10'%to 1.27 x 10'© Wb Mm™', and that for the eruptive events
varies from 0.73 x 10'% to 1.34 x 10'© Wb Mm~".

We further calculate the flux in two different height ranges,
the lower flux from 1.0 to 1.1 R, and the higher flux from 1.1 to
1.5 Rs. A commonly accepted scenario is that the lower flux
should correspond to the inner sheared core field (or a full-
fledged flux rope if a filament is present), which tends to move
out, while the outer flux is the large-scale overlying arcade,
which tends to constrain the inner flux from erupting. Note that
the choice of 1.1 R, which corresponds to a height of about
70 Mm above the surface, is rather arbitrary. However, slight
changes to this number will not affect the overall results that
we reach. The magnetic flux in the low corona, Fioy, and that in
the high corona, Fy,gp, are listed in the fourth and fifth columns
of Table 3, respectively.

There is a trend that the low-corona flux for the eruptive events
is generally larger than that for the confined events. Three out of
the four eruptive events have a low-corona overlying flux that
is more than 1.0 x 10'° Wb Mm~', while three out of the four
confined events have flux less than 1.0 x 10! Wb Mm~!. On the
other hand, the high-corona flux for the eruptive events seems to
be smaller than that for the confined events. Three confined events

have high-corona flux greater than 0.15 x 10’ Wb Mm™!,
while all four eruptive events have this flux less than 0.15 x
10" Wb Mm~".

We further calculate the flux ratio R = Fiow/Fhign. This quan-
tity is independent of the normalization. It may serve as an index
of how weak the constraint on the inner eruptive field is. Inter-
estingly, the flux ratios for the two sets of events fall into two
distinct groups. For the confined events, R varies from 1.59 to
5.68, while for the eruptive events, the value of R is larger, from
7.11 to 10.17. The value of 6.5 may be used as a boundary sep-
arating the two sets of events. This value probably implies a
threshold for confinement or eruptiveness. That is to say, if the
flux ratio is less than 6.5, a flare is likely to be confined; other-
wise, eruptive. The higher the ratio, the stronger the possibility
of a coronal energy release’s being eruptive.

5. SUMMARY AND DISCUSSION

In summary, among the 104 X-class flares that occurred dur-
ing 1996-2004, we found that a total of 11 (~10%) are confined
flares without associated CMEs, and all the others (~90%) are
eruptive flares associated with CMEs. Four suitable confined
flares were selected to make a comparative study with four erup-
tive flares that are similar in X-ray intensity and duration to those
confined events. We have carefully studied the magnetic prop-
erties of these events both in the photosphere and in the corona.
The following results are obtained:

1. In the photosphere, we cannot find a difference in the total
magnetic flux in the surface source regions between the two sets
of events. However, there is an apparent difference in the dis-
placement parameter, which we define as the surface distance
between the flare site and the center of the magnetic flux distri-
bution. For the confined events, the displacement ranges from 6
to 17 Mm, while for the eruptive events it is from 22 to 37 Mm.
This result implies that for an energy release occurring in the
center of an active region, it is more difficult to have a complete
open eruption, resulting in a flare without a CME. On the other
hand, an energy release that occurs away from the magnetic cen-
ter has a higher probability of producing an eruption, resulting
in both flares and CMEs. Whether an eruption can occur or not
may be strongly constrained by the overlying large-scale coronal
magnetic field. The overlying coronal magnetic field should be
strongest and also longest along the vertical direction over the
center of an active region. On the other hand, the overlying con-
straining field should be weaker if the source lies away from the
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center. This scenario is further supported by our study of the
coronal magnetic field.

2. Calculation of the coronal magnetic field shows that the
ratio of the magnetic flux in the low corona to that in the high
corona is systematically larger for the eruptive events than for the
confined events. The magnetic flux ratio for the confined events
varies from 1.6 to 5.7, while the ratio for the eruptive events lies
between 7.1 and 10.2. However, there is no evident difference
between the two sets of events in the total magnetic flux strad-
dling the neutral lines, and there is only a weak trend indicating
a systematic difference in the low- and high-corona magnetic
fluxes. This low-to-high coronal magnetic flux ratio serves as
a proxy for the strength of the inner core magnetic field, which
may play an eruptive role, relative to the strength of the overly-
ing large-scale coronal magnetic field, which may play a con-
straining role to prevent eruptions. The lower this ratio, the
more difficult it is for an energy release in the low corona to be
eruptive.

There are a variety of theoretical models of the initiation mech-
anism of CMEs and the energy release of flares (e.g., Sturrock
1989; Chen 1989; van Ballegooijen & Martens 1989; Forbes &
Isenberg 1991; Moore & Roumeliotis 1992; Low & Smith 1993;
Miki¢ & Linker 1994; Antiochos et al. 1999; Lin & Forbes
2000). These models differ in preeruption magnetic configura-
tions, trigger processes, or where magnetic reconnection occurs.
Nevertheless, in almost all these models the magnetic configu-
ration involves two magnetic regimes; one is the core field in the
inner corona close to the neutral line, and the other is the large-
scale overlying, or background, field. The core field is treated as
highly sheared or as a full-fledged flux rope; in either case, the
core field stores free energy for release. On the other hand, the
overlying field is regarded as potential and considered to be
the main constraining force preventing the underlying core field
from eruption or escape. Torok & Kliem (2005) and Kliem &
Torok (2006) recently pointed out that the decrease of the over-
lying field with height is a main factor in deciding whether the
kink instability (in their twisted flux rope model) leads to a con-
fined event or a CME. On the other hand, Mandrini et al. (2005)

reported the smallest CME event ever observed up to 2005, in
which the CME originated from a very small source region, a
tiny dipole, and developed into a very small magnetic cloud.
They suggested that the ejection of tiny flux ropes is possible.
Therefore, it is reasonable to argue that the issue of whether an
energy release in the corona is eruptive or confined is sensitive
to the balance between the inner core field and the outer over-
lying field. Our observational results seem to be consistent with
this scenario.

This study is only a preliminary step to investigate the con-
finement and/or eruptiveness of solar flares, or coronal energy
releases in general. However, it demonstrates that the distribu-
tion of magnetic field both in the photosphere and in the corona
may effectively provide a clue to the possible nature of an en-
ergetic event, whether a flare, a CME, or both. To further eval-
uate the effectiveness of this methodology, a more robust study
involving more events is needed.
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