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ABSTRACT

X-ray plasma ejections often occurred around the impulsive phases of solar flares and have been well
observed by the SXT aboard Yohkoh. Though the X-ray plasma ejections show various morphological
shapes, there has been no attempt at classifying the morphological groups for a large sample of the
X-ray plasma ejections. In this study, we have classified 137 X-ray plasma ejections according to their
shape for the first time. Our classification criteria are as follows: (1) a loop type shows ejecting plasma
with the shape of loops, (2) a spray type has a continuous stream of plasma without showing any typical
shape, (3) a jet type shows collimated motions of plasma, (4) a confined ejection shows limited motions
of plasma near a flaring site. As a result, we classified the flare-associated X-ray plasma ejections
into five groups as follows: loop-type (60 events), spray-type (40 events), jet-type (11 events), confined
ejection (18 events), and others (8 events). As an illustration, we presented time sequence images
of several typical events to discuss their morphological characteristics, speed, CME association, and
magnetic fleld configuration. We found that the jet-type events tend to have higher speeds and better
association with CMEs than those of the loop-type events. It is also found that the CME association
(11/11) of the jet-type events is much higher than that (5/18) of the confined ejections. These facts
imply that the physical characteristics of the X-ray plasma ejections are closely associated with magnetic
field configurations near the reconnection regions.
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I. INTRODUCTION

Many flare-associated X-ray plasma ejections have
been observed by the Soft X-ray Telescope (SXT:
Tsuneta et al. 1991) aboard Yohkoh since 1991 (Shi-
bata et al. 1995; Ohyama & Shibata 1996). They usu-
ally occurred around the impulsive phase of flare and
especially, simultaneously with the peak time of hard
X-ray flare (Kim et al. 2004, Paper I). They have often
been found to be associated with long duration event
(LDE) flares (Svestka et al. 1995) as well as compact
impulsive flares (Tsuneta 1997; Nitta 1996; Ohyama et
al. 1997).

Morphologically, they showed various shapes such as
expanding loops, detached plasmoids, and so on. Since
the first report on the flare-associated X-ray plasma
ejection by Shibata et al. (1995), only a few individ-
ual plasma ejections having plasmoid-like or loop-like
shape were analyzed and discussed in detail. Ohyama
& Shibata (1997) described an X-ray plasma ejection
associated with the 1993 November 11 C9.7 flare. Since
the plasma ejection occurred on or behind the east solar
limb and observed before the onset of impulsive phase
of the flare, the morphological evolutions and physical
conditions were well investigated without being affected
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by the bright flare loop. The shape of the ejecta was
a loop before the start of ejection and then it looked
like detached plasmoids. The ejected material showed
a slow rising motion in the preplare phase and sudden
acceleration coincident with the eruptive phase of the
flare. Ohyama & Shibata (1998) also examined an X-
ray plasma ejection having the morphological feature
of plasmoid and expanding loop. This plasma ejection
was associated with an impulsive flare on 1992 October
5. In this case, the ejected material started to rise be-
fore the main peak of the hard X-ray emission, although
its initial altitude was not known because it was hid-
den by the bright flare loop in the early phase. The
ejected material was accelerated during the impulsive
phase with the speed from 250 to 500 km s—!.

In our previous study (Paper I), we identified 137 X-
ray plasma ejections from 279 limb flares for two years
(1999 April - 2001 March) in order to examine their
association with coronal mass ejections (CMEs). As a
result, we presented a comprehensive list of 137 X-ray
plasma ejections. The speed of X-ray plasma ejections
ranges from 10 to 1300 km s~! and the mean speed is
about 230 km s~*. Most of X-ray plasma ejections have
relatively slow speeds below 200 km s™%. We also found
that the X-ray plasma ejections are highly associated
with the CMEs and the expanding features of X-ray
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plasma ejections do not seem to be coincident with the
CME fronts.

This paper is the second paper in a series of papers
studying X-ray plasma ejections. In this paper, we clas-
sify the morphological shape of 137 X-ray plasma ejec-
tions. The identified X-ray plasma ejections showed
various morphological shapes. Since the morphology of
X-ray plasma ejections would be affected by the mag-
netic topology of the flaring site, there may be many
different physical characteristics among morphological
groups. To our knowledge, this study is the first at-
tempt at classifying the morphological types of X-ray
plasma ejections using such a large sample of X-ray
plasma ejection data.

The paper is organized as follows. ‘The observations
and analysis methods are summarized in Section II and
the results are described in Section III. Finally, we sum-
marize and discuss our results in Section IV.

II. OBSERVATIONS

The SXT, which is sensitive in the range 1-2 KeV,
takes full frame images (FFIs) or partial frame images
(PFIs) through various wavebands according to observ-
ing mode of the spacecraft. The SXT has two observing
modes: flare mode and quiet mode. In quiet mode, i.e.,
when the Sun is quiet, whole-Sun images are taken to-
gether with up to four bright active regions which are
monitored at a moderate telemetry rate. In flare mode,
when a flare occurs, the observation is concentrated on
the brightest region by taking PFIs with up to 0.5 s
time resolution. In this case the interval between SXT
images is determined by the number of PFIs in the ob-
serving region. For a single PFI the image cadence is
2 s at high telemetry rate. FFIs are taken using the
full CCD frame with a temporal resolution from a few
minutes to several hours. PFls are taken using a se-
lected part of the CCD frame with an image repetition
time of 10-20 s for the observation of fast ejections like
X-ray jets. PFIs have the size of 64 x 64 pixels with
a field of view of 2.6'x 2.6" and the pixel resolution of
2.46"” (full-resolution images). In addition, PFIs have
half-resolution (2 x 2 pixel summation) and quarter-
resolution (4 x 4) images, whose fields of view are 5.2’ x
5.2" and 10.4’x 10.4', respectively.

We consider 279 limb flares ( > 60°) observed by
all flare mode data from 1999 April to 2001 March.
We inspected whether there exist X-ray plasma ejec-
tions associated with the flares or not. Our identifica-
tion procedure is as follows. First, we made movie files
from the processed images using the standard Yohkoh
analysis routine (sxt_prep.pro) which inctudes the pro-
cedures to subtract the dark current and the stray light,
and to register images. Second, we took a look at half
and quarter resolution movies to identify the motions of
hot plasma ejecta near the impulsive phase of the flares.
Third, for the events without plasma ejections, we in-
spected full resolution movies. Some ejections (mostly
confined ejections) do not show any eruptive motions

in half and quarter resolution images but they show
ejection features in full resolution images. From these
inspections, we identified X-ray plasma ejections only
when the motions of X-ray plasma are evident by visual
inspection. For these events, the brightness contrast
between ejecting plasma and background is found to be
in the range from 50% for faint ejections to 600% for
well-identified ejections. As a result, we identified 137
X-ray plasma ejections and their event times. Their
detailed information is summarized in the Table 1 of
Paper 1.

IIT. MORPHOLOGICAL EVOLUTION OF IN-
DIVIDUAL EVENTS

We divided 137 identified X-ray plasma ejections
into 5 groups such as loop-type, spray-type, jet-type,
confined ejection, and others. Our classification cri-
teria are as follows: (1) a loop type shows ejecting
plasma with the shape of loops, (2) a spray type has
a continuous stream of plasma without showing any
typical shape, (3) a jet type shows collimated motions
of plasma, and (4) a confined ejection shows limited
motions of plasma near a flaring site, which is usually
seen in only the full-resolution flare mode movie. In
this section, we present the typical examples for each
group and describe their morphological evolution and
other characteristics such as speed and magnetic con-
figuration.

(a) Loop-Type

Figure 1 shows an example of the loop-type X-ray
plasma ejection. This plasma ejection is associated
with a M2.4 X-ray flare that occurred on 1999 July
25. This LDE (long duration event, over 1 hour) flare
started at 13:08 UT and ended at 14:17 UT. The X-
ray flux of the flare came to its peak value at 13:38
UT. The figure shows the temporal evolution of X-ray
structures above the flare site. Above the well devel-
oped arcade structure, we can see the loop-like X-ray
plasma ejection. Diffuse loops were continuously ex-
panded outward until they went out of the SXT field
of view. When the flare mode observation started, the
X-ray expanding loops were already located at 1.2 so-
lar radii, implying that the X-ray plasma started to rise
before the start time of the soft X-ray flare. This argu-
ment is independently supported by the fact that there
was a slow rising motion of X-ray plasmas in three FFIs
long before the onset of the flare. We estimated eject-
ing speeds of the X-ray plasma ejection from FFIs in
the preflare phase and PFIs after the flare onset. In the
preflare phase, the X-ray structure has a speed at ~20
km s~!, while in the main phase, the speed increases
up to over 300 km s~ 1.

Out of 137 X-ray plasma ejections, 60 events are in-
cluded in this type and 77% (46/60) of the loop-type X-
ray plasma ejections are associated with CMEs. Their
speeds range from 50 to 750 km s~! with the mean
speed of 255 km s~ 1.



STUDY OF FLARE-ASSOCIATED X-RAY PLASMA EJECTIONS II.

Fig. 1.— A loop-type X-ray plasma ejection occurred on 1999 July 25. It looks
like continuous outward expansion of X-ray plasma loop itself.

3:04:14UT 18:04:52UT

18:05:10UT

Fig. 2.— An example of spray-type X-ray plasma ejection that occurred on 1999
May 9.
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Fig. 3.— A jet-type X-ray plasma ejection associated with C3.7 limb flare
occurred on 2000 October 26.

Fig. 4.— Another jet-type X-ray plasma ejection associated with a C3.9 limb
flare that occurred on 1999 May 17.
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Fig. 5.— Half and full resolution images (upper panel) of the X-ray plasma
ejection of the same event as Figure 4 and a related magnetic field configuration
(lower panel). A central box of the upper left image corresponds to the field of
view (2.6 x2.6') of the upper right image. The magnetic field configuration (lower
panel) based on interacting loops was originally suggested by Hanaoka (2000).
The reconnection region of the two loops is the source of high energy electrons
and thermal plasma flows, such as jets and surges.
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Fig. 6.— An example of confined ejection.

(b) Spray-Type

Figure 2 shows an example of spray-type X-ray
plasma ejections. This event was associated with a
M7.6 LDE flare that occurred at the north-west limb.
The flare started at 17:53 UT on 1999 May 9 and
reached its peak flux at 18:07 UT. The flare mode ob-
servation of this flare started at 18:04 UT. This does
not include the impulsive phase of flare. For this type of
plasma ejections, we could not see any loop structures
related to plasma motion. It just looked like a continu-
ous stream of material without showing any structures
such as loops and jets. The speeds of spray-type X-ray
plasma, ejections have a relatively wide range, 20-900
km s~!. Their mean value is 242 km s~!
similar to that of loop-type events. For this type of
X-ray plasma ejections, 70% of the events (28/40) are
associated with the CMEs.

(¢) Jet-Type

Figure 3 shows a jet-type X-ray plasma ejection that
was associated with a C3.7 limb flare. It started at
05:00 UT and came to its peak flux at 05:17 UT. The
plasma ejection had a relatively high speed (~360 km
s~1). Like other jet-type plasma ejections, this event
also showed collimated motions along the loops.

Figure 4 shows another jet-type X-ray plasma ejec-
tion that occurred on 1999 May 17. In this event,
the associated flare is a C3.9 SDE (short duration
event, less than 1 hour) flare. It started at 03:39 UT
and came to its peak flux at 03:45 UT. Unlike Fig-
ure 3, the plasma ejection started from one footpoint
of large overlying loop and flowed along the magnetic
field structure. Figure 5 shows X-ray plasma loops (up-
per panel) of the same event as Figure 4 and a related
magnetic field configuration (lower panel). A central
box of the upper left image corresponds to a field of
view (2.6'x2.6") of the full-resolution image seen in the
upper right image of Figure 5. As seen in the upper

, which is -

two figures of Figure 5, we can see a large overlying
loop (upper left image) and a small emerging loop (up-
per right image), which is quite similar to the magnetic
field configuration (lower panel of Figure 5) suggested
by Hanaoka (2000) in which the magnetic reconnection
occurred at the interaction region between overlying
loop and emerging loop.

We also note that all jet-type X-ray plasma ejections
(11 events) have their associated CMEs. The mean
speed of these events is estimated to be 417 km s™,
which is relatively larger than those of other types of
events. These two facts seem to be related to magnetic
field structures near the reconnection regions.

(d) . Confined Ejection

There are three kinds of images in Yohkoh flare mode
observation such as full, half, and quarter-resolution
images as described in Section II. The confined X-
ray plasma ejections could not be identified in half or
quarter-resolution images but in full-resolution images
only with the smallest field of view (2.6'x2.6") of the
flare mode data. Figure 6 shows a confined-type plasma
ejection. Its size is about 10 Mm, which is quite small
relative to those of others. The X-ray plasma ejection
was associated with a C4.6 X-ray flare that occurred on
1999 November 6. As seen in the figure, it was ejected
to the north-east limb and had ejecting structures. This
event was not associated with any coronal mass ejec-
tions. The speed of the confined ejection ranges from
50 to 310 km s~ with the mean speed of 152 km s™!.
Their speeds are relatively low relative to those of other
types. It is also noted that their CME association is
estimated to be 28 % (5/18), which is the lowest value
among the all groups.
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TABLE 1.
MORPHOLOGICAL CLASSIFICATION OF FLARE-ASSOCIATED X-RAY PLASMA EJECTIONS AND THEIR
CHARACTERISTICS.
Morphological Class Loop-type  Spray-type Jet-type Confined Ejection Others
No. of Events 60 40 11 18 8
CME Association T7%(46/60) 70%(28/40) 100%(11/11) 28%(5/18) 62.5%(5/8)
Speed Range (km s™1) 50-750 20-900 200-1000 50-310 10-270
Mean Speed (km s™1) 255 242 417 152 116

IV. SUMMARY AND DISCUSSION

In this paper, we have classified the 137 X-ray
plasma ejections into five groups according to their
shape: loop-type (60 events), spray-type (40 events),
jet-type (11 events), confined ejection (18 events), and
others (8 events). This is the first trial to classify the
X-ray plasma ejections using a large sample of data.
Table 1 summarizes their basic characteristics such as
CME association, speed range and mean speed. It is
noted that most of the events (73 %, 100/137) are cate-
gorized into loop-type or spray-type. Their associations
with CMEs are about 70 ~ 80 %.

The classification may depend on individual subjec-
tivity or classification criteria. In our classification, the
major difference between the loop-type and jet-type
ejections is whether the plasma motions are along (jet-
type) or across (loop-type) the magnetic field structure.
We note two major differences : jet-type events tend to
have higher speeds and better association with CMEs.
It is also noted that while the jet type events have the
highest association with CMEs, the confined ejections
have the lowest association. These facts imply that
the physcial characteristics of the X-ray plasma ejec-
tions such as speed and CME associations, be associ-
ated with magnetic field configurations near the field
reconnection regions.

We are examining several physical characteristics of
X-ray plasma ejections such as kinematic properties,
related X-ray waves, and their associations with other
solar activities. The results will be appeared in a series
of papers.

ACKNOWLEDGEMENTS

This work has been supported by the MOST grants
(M1-0104-00-0059, M1-0336-00-0011, M1-0336-00-0013,
and M1-0407-00-0001) of the Korean government. Yohkoh
is a project of the ISAS, Japan, with substantial partic-
ipation from other institutions within Japan and with
important contributions from the research groups in
the US and the UK under the support of NASA and
SERC.

REFERENCES

Hanaoka, Y. 2000, Radio and X-ray Observations of Double
Loop Flares, Adv. Space Res., 26(3), 453

Kim, Y.-H., Moon, Y.-J., Cho, K. -8., & Park, Y. D. 2004,
Study of Flare-Associated X-ray Plasma Ejections: I.
Their Associations with CMEs, ApJ, in press (Paper I)

Nitta, N. 1996, A Study of Major Flares Observed by
Yohkoh, in ASP conf. ser. 111, Magnetic Reconnection
in the Solar Atmosphere, ed. Bentley, R. D. & Mariska,
J. T. (San Francisco: ASP), 156

Ohyama, M. & Shibata, K. 1996, X-ray Plasma Ejections
in an Eruptive Flare, in Magnetodynamic Phenomena in
the Solar Atmosphere, ed. Y. Uchida, T. Kosugi, & H.
S. Hudson (Dordrecht: Kluwer), 525

Ohyama, M, & Shibata, K. 1997, Preflare Heating and Mass
Motion in a Solar Flare Associated with Hot Plasma
Ejection: 1993 November 11 C9.7 Flare, PASJ, 49, 249

Ohyama, M, & Shibata, K. 1998, X-ray Plasma Ejection
Associated with an Impulsive Flare on 1992 October 5:
Physical Conditions of X-ray Plasma Ejection, ApJ, 499,
934

Ohyama, M., Shibata, K., Yokoyama, T., & Shimojo, M.
1997, X-ray Plasma Ejections and Jets from Solar Com-
pact Flares Observed with the YOHKOH Soft X-ray
Telescope, Adv. Space Res., 19, 1849

Shibata, K., Masuda, S., Shimojo, M., Hara, H., Yokoyama,
T., Tsuneta, S., Kosugi, T., & Ogawara, Y. 1995, Hot-
Plasma Ejections Associated with Compact-Loop Solar
Flares, ApJ, 451, L83

Svestka, Z., Farnik, F, Hudson, H., Uchida, Y., Hick, P., &
Lemel, J. R. 1995, Large-Scale Active Coronal Phenom-
ena in Yohkoh SXT Images: I. Post-Flare Giant Arches
Rising with Constant Speed, Sol. Phys., 161, 331

Tsuneta, S. 1997, Moving Plasmoid and Formation of the
Neutral Sheet in a Solar Flare, ApJ, 483, 507

Tsuneta, S., Acton, L., Bruner, M., Lemen, J., Brown, W.,
Caravalho, R., Catura, R., Freeland, S., Jurcevich, B.,
& Owens, J. 1991, The Soft X-ray Telescope for the
SOLAR-A Mission, Sol. Phys., 136, 37



