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Do X-ray plasma ejections accelerate Coronal Mass Ejections?
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Abstract. The X1.2 flare occurred on 23 April 1998 approximately 13° behind the eastern solar limb. Its C2.0 precursor is
identified as a rapidly expanding system of magnetic loops that was well-observed by Yohkoh. Basic parameters of this ejection
are estimated based on images from the SXT telescope. The evolution of the X-ray ejection is compared to a sequence of
CME images obtained by the LASCO coronagraph onboard SOHO. Evidence that the X-ray ejection is responsible for an
additional acceleration of the CME is presented. A possible scenario of the event is suggested.
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1. Introduction

It has been generally accepted that coronal mass ejections
(CMEs) and flares are two different manifestations of the same
magnetic process in the solar corona. The relationship between
CME:s and flares has been a subject of comprehensive studies
for many years.

The most common classification scheme of CMEs includes
two principal types: flare-associated and non-flare-associated
(e.g. MacQueen & Fisher 1983; Kahler 1992; Sheeley et al.
1999; St.Cyr et al. 2000; Svestka 2001; Andrews & Howard
2001; Wu et al. 2001; Moon et al. 2002). CMEs of the
first, less frequent type are usually brighter, larger and faster
(500-1000 kms™!) than of the second type (400—600 kms™).
They are formed and accelerated lower in the corona and cor-
relate better with type II and type IV radio bursts than the
second type. Moreover, flare-associated events decelerate af-
ter their initial acceleration, non-flare-associated ones do not.
Finally, flare-associated CMEs are more likely to produce
shocks at 1 AU.

A CME onset is rather poorly understood. Any stud-
ies of this phase need to incorporate observations made in
other wavebands than the optical range, preferably in UV-
or X-rays, to search for signatures of a CME onset. For
flare-associated events the chronology excludes flares as CME
drivers. However, very often the time of the projected onset of a
CME agrees with the occurrence of a flare precursor (Harrison
1986).

The Japanese satellite Yohkoh offered new possibilities to
investigate in X-rays the direct signatures of a CME onset.
Among such signatures there are flare-associated ejections of
hot plasma, which are frequently observed in the Soft X-ray
Telescope (SXT) images (Shibata et al. 1995; Tsuneta 1997;
Ohyama & Shibata 1997, 1998; Kundu et al. 2001). This
ejected, X-ray emitting plasma (X-ray ejection) usually takes
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the form of a blob-like feature (plasmoid) or a loop system. Its
acceleration to apparent velocities of 50-500 km s~! occurs just
before or at about the onset of the impulsive phase of the flare.

The first attempt at correlating the X-ray ejections with the
CMEs was made by Nitta & Akiyama (1999). They found that
if no CME was detected around the flare time, the flare was
not accompanied by an X-ray ejection. They also found that
for the majority of events, the estimated CME onset time was
close to the time of the X-ray ejection. However, they conclude
that “the role of the plasma ejection in a CME is not clear and
should be investigated in more detailed studies.”

X-ray ejections are distinctly fainter and located somewhat
higher in the corona than flares. On the other hand, the exposure
time and the position of the field of view of the SXT images are
automatically adjusted based on the location and the signal of
the brightest pixel. In consequence, X-ray ejections have poor
statistics and are located close to the borders of images. Thus,
it is difficult to make a detailed analysis of the X-ray ejections
without a special treatment.

In this paper a behind-the-limb flare has been chosen. Due
to the previous expansion, the flare came into view from be-
hind the solar limb but its occurrence was preceded by an
X-ray ejection which expanded faster. In consequence, for sev-
eral minutes the X-ray ejection was seen on SXT images alone,
without the presence of the brighter flare. The analysis of the
X-ray ejection is presented in Sect. 2.1 and the evolution of the
corresponding CME is shown in Sect. 2.2. The results are dis-
cussed in Sect. 3 and a possible scenario of the whole event is
suggested in Sect. 4.

2. Observations
2.1. X-ray ejection

The GOES class X1.2 flare of 23 April 1998 occurred in NOAA
Active Region 8210 about 13° behind the eastern solar limb
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Fig. 1. The GOES light curves for the X1.2 flare of 23 April 1998.
Its C2.0 precursor at about 05:32 UT is clearly seen. The upper curve
shows the emission in the 1-8 A band, the lower curve shows the
emission in the 0.5-4 A band. Time intervals shown by the hatched
areas indicate times when Yohkoh data were unavailable because of
satellite night-time.

(Sato 2001). This flare was preceded by a GOES class C2.0
precursor which had its maximum at about 05:32 UT (Fig. 1).
Both events (the flare and its precursor) were well-observed by
the Yohkoh satellite in the quiet mode and the flare mode before
and after 05:29:20 UT, respectively.

Some light curves made in the higher energies (the Bragg
Crystal Spectrometer, BCS, — four channels; the Hard X-ray
Telescope, HXT, — channel L) also show the presence of this
precursor (Fig. 2). However, some differences are seen de-
pending on energy. First, the maximum time is systemati-
cally earlier for the higher energies. Second, an additional
peak is visible about 05:29:30 UT in the HXT(L) channel
and in the BCS Fe XXV and Fe XXVI channels. Third, in
these channels an increase of signal above the background be-
gins about 05:28 UT, whereas at the lower energies (e.g. the
BCS Ca XIX and S XV channels) we observe the systematic
increase of signal much earlier.

Several soft X-ray images derived by the SXT, illustrating
the evolution of the NOAA AR 8210 before the X1.2 flare,
are presented in Fig. 3. We see an extended magnetic structure
which protrudes above the eastern solar limb 15°-20° south off
the equator. The evolution of two brightest features, A and B,
was very slow in contrast to the rapidly expanding X-ray ejec-
tion. The ejection became visible in the image at 05:28:34 UT
and in the later images it took the form of a rising system of
semicircular loops. The passage of the X-ray ejection has dis-
tinctly squeezed feature A but it did not change feature B. After
05:36 UT the X-ray ejection faded. One minute later the top of
a flaring arcade appeared outside the solar limb and its emis-
sion completely dominated the total active region emission.

Some intensity changes in the area between expand-
ing loops and the solar limb were observed. This sug-
gests a 3D-geometry of the X-ray ejection rather than
a 2D-geometry. In the case of a hemishell geometry the bright
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Fig. 2. The light curves of the C2.0 precursor obtained in four channels
of the BCS, in the channel L of the HXT, and in two channels of the
GOES are shown. The fluxes are in ctss™!, ctss™! SC™!, and W m™2 x
10° units, for the BCS, HXT, and GOES, respectively.

loop-like structure is an effect of the accumulation of emission
throughout a longer distance in the line-of-sight direction. In
this paper the bright boundary of the hemishell will be called
the front and the volume below the front — the interior (see
Fig. 3).

To examine the suggestion of a 3D-geometry of the X-ray
ejection, we estimated the intensity ratio normalized per pixel,
R, between the front and the interior of the hemishell. We as-
sumed the hemishell thickness to be equal to the height differ-
ence, h| — hy, between the leading and the trailing edge of the
front. We assumed also that the hemishell is filled uniformly
with the X-ray emitting plasma. According to the following
formula

/hl/h2+1
R=|——
hilhy =1’

the calculated values of the intensity ratio were in the
range 2.3-2.7 during the X-ray ejection evolution. The
same parameter obtained from the SXT images was in the
range 1.4-1.6.

The difference between the values of the ratio R for the
hemishell model and for the observations may suggest that the
actual thickness of the hemishell was greater than the thickness
of the bright boundary observed in the SXT images (see Eq. (1),
in which an increment of 4 /h, causes a drop of R). An alter-
native explanation of this difference are inhomogeneities in the
distribution of the X-ray emitting plasma inside the hemishell.

In Fig. 4 the light curves of individual features seen in Fig. 3
are presented. The boundaries of the features were determined
as follows: for feature A as the place where the intensity is
equal to 30% of the maximum intensity in the feature, for the
X-ray ejection as the place between the leading edge and the
solar limb. Feature B fell within the latter boundary, hence its
contribution to the light curve of the X-ray ejection is included.
Intensity changes of the extended magnetic structure above the
X-ray ejection and feature A are described by the light curve
called the remainder. It is the result of the subtraction of the

ey
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Fig. 3. A sequence of SXT HN AlMg images illustrating the evolution of the X-ray ejection. The continuous curve represents the solar eastern
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Fig.4. The SXT(AIMg) light curves of individual features seen in
Fig. 3. See text for explanation.

intensities of the X-ray ejection and of features A and B from
the light curve of the total images.

The presence of the maximum in the fotal light curve
(Fig. 4) and in the light curves seen in Fig. 2 proves that the

C2.0 precursor occurred in the NOAA AR 8210. The compari-
son between light curves in Fig. 4 allows us to identify the pre-
cursor as the X-ray ejection. Other parts of this active region
(the light curves feature A and remainder) showed only a slow,
continuous increase of intensity followed by a steeper drop.
The comparison between Figs. 3 and 4 shows that the inten-
sity drop began in a particular part of the active region 2—3 min
before the X-ray ejection front reached this place. This may
suggest the presence of a perturbation accompanying the X-ray
ejection which preceded the X-ray ejection front.

In Fig. 4 the maximum of the fotal light curve occurs about
two minutes earlier than the maximum of the X-ray ejection
brightness. This difference can be explained recalling that two
processes had an influence on the time profile of the precursor.
First, the increase of emission from recently heated plasma in
the X-ray ejection. Second, the decrease of emission as a re-
sult of partial removing of plasma from the magnetic structures
which were present in the active region earlier, caused by the
perturbation accompanying the X-ray ejection.

To determine more detailed properties of the investigated
X-ray ejection, its dynamics has been studied first. Time
changes of the maximal height above the chromosphere for the
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Fig. 5. A plot representing the expansion of the leading (stars) and the
trailing edge (boxes) of the X-ray ejection. The least-squares fit to data
and example values of velocity are also shown.

leading (stars) and for the trailing edge (squares) of the X-ray
ejection front are shown in Fig. 5. The height of the occulta-
tion by the solar limb was estimated to be about 1.7 x 10* km.
The best least-square polynomial fit to the data is also plotted.
A constant acceleration was found. The obtained values were
about 0.95 km s~2 and 0.44 km s~2 for the leading and the trail-
ing edge of the X-ray ejection front, respectively. The velocity
increased from 20 kms~! to 350 kms~' and from 50 kms~! to
200 kms~! for the leading and the trailing edge of the X-ray
ejection front, respectively.

In the next step, temperature and emission measure maps
were calculated using the SXT observations with filters AIMg
and Al12. The only images obtained with these two filters and
the pixel size 479 x 479 (so-called Half Normal resolution,
HN) had a field of view large enough to include the whole
X-ray ejection. Other available observations include more im-
ages with better (2745 x 2”45) spatial resolution (so-called Full
Normal, FN), but smaller field of view that included only the
northern part of the X-ray ejection. The selected images were
time-interpolated and their saturated pixels were replaced with
the equivalent pixels from the FN images with a shorter expo-
sure time.

In Fig. 6 three representative temperature maps of the
NOAA AR 8210 are presented, the first one before the X-ray
ejection and the next two during the X-ray ejection. We see two
sources where the hottest plasma is concentrated: above fea-
ture A and in the front of the X-ray ejection. The first source
was present before the X-ray ejection and during its propa-
gation did not change significantly. The second source under-
went dynamical changes reflecting the rapid expansion of the
X-ray ejection. Local islands of the higher temperature seen at
05:33:08 UT have a minor statistical importance.

Despite the similar temperature values in both
sources (Fig. 6), we suggest that the hot thermal plasma
(15-40 MK) registered in the higher-energy bands — HXT(L),
BCS(Fe xxv1), and BCS(Fe XXV) in Fig. 2 — came from the
front of the X-ray ejection. First, the broad-band SXT filters
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are not very sensitive to the hot plasma (e.g. Jakimiec et al.
1998). Second, the source above feature A was present before
05:28 UT when no emission in the higher-energy bands was
observed. This kind of emission was detectable after 05:28 UT
when the X-ray ejection became visible.

The hot plasma distribution obtained from the SXT images
agrees with data from other Yohkoh instruments. Temperature
values obtained as from the fit to Ca XIX and S XV spectra are
typical (10-12 MK), whereas Fe XXV spectra showed very high
(30-40 MK) temperatures. Thus, the Fe XXV spectra, which
indicate a hotter plasma, recorded the very hot plasma from the
X-ray ejection front. The Ca XIX and S XV spectra registered
an emission mix of this hotter plasma and the cooler plasma
which was located above feature A.

Several HXT images obtained in channel L are of rather
poor quality because of a low statistic of counts and the motion
of the X-ray ejection. They show undersampled or very diffuse
hard X-ray sources comprising all of the X-ray ejection with
its surrounding area. The recent work by Hudson et al. (2001)
confirms that the X-ray ejection can be an evident source of the
hard X-ray emission.

A more complete temperature evolution for individual parts
of the NOAA AR 8210 is presented in Fig. 7. In order to limit
statistical fluctuations, spatially-averaged values were calcu-
lated. Temperatures of the X-ray ejection were obtained in two
ways: together with feature B when these structures were along
the line of sight, and separately when the front of the X-ray
ejection passed feature B. This is the reason for a discontinuity
of the “crossed” curve about 05:31 UT. After that time the sep-
arate temperatures for the front and for the interior of the X-ray
ejection are plotted.

We see that any evident temperature increase in the
NOAA AR 8210 before the main X1.2 flare was connected
with the X-ray ejection. A strong jump is visible about
05:29 UT and two minutes later the plasma in the X-ray ejec-
tion reached the maximum temperature of 8.2 MK. We also see
that the hot plasma was concentrated in the front of the X-ray
ejection. The interior was evidently cooler. The temperature in-
crease between 05:18-05:22 UT was probably caused by a for-
mation of feature B which remained static later on. Also fea-
ture A showed a stable temperature (~7.5 MK) until 05:32 UT,
followed by a steeper drop. The temperature values from the
ratio of SXT filters Bel119 and All2, available for a northern
part of the X-ray ejection front, were in the range 11.1-8.4 MK
for the period 05:30-05:36 UT.

To obtain other physical parameters of the X-ray ejection
we estimated a lower and upper limit of the X-ray ejection
volume assuming a hemishell and a hemisphere geometry, re-
spectively. In the first case, the thickness of the hemishell was
assumed to be equal to the distance between the leading and
the trailing edge of the X-ray ejection front (Fig. 5). In the
second case, the hemisphere radius was assumed to be equal
to the actual height (above the chromosphere) of the leading
edge of the X-ray ejection. In both cases we should remember
that a fraction of the X-ray ejection was occulted by the solar
limb. Both limits of the visible volume of the X-ray ejection,

Vit and V", as well as both limits of the total volume, Vi
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and Vi, are listed in Table 1 together with temperature, 7,
and emission measure, EM.
The remaining parameters presented in Table 1 were calcu-

lated in the standard way:

— electron density, n, = (EM/ Viis) /2, where EM is emission
measure;

— electron pressure, p. = nckgT, where kg is the Boltzmann
constant;

— mass, M = nemp Vo, Wwhere my, is the proton mass.

The calculated values of the above described parameters allow
us to investigate a detailed energy balance of the X-ray ejection.

Following Webb et al. (1980) and Ohyama & Shibata (1997)
the following formula was used:

Erl ® E + Exin + Eg + Epaq + Ec [erg s_l] 2)
where E is the rate of the energy release, Ey, = 3nckgT Vi
is the total thermal energy content, Eyjy, = O.5Mv§r0m is the
kinetic energy (vgone — from Fig. 5), |Eg| = Mgohgon is the
gravitational energy (geo — acceleration of solar surface grav-
ity, hgont — from Fig. 5), Enq = ngA(T)Vlot is the energy
loss rate due to radiation (A(T) — the radiative loss function
~4 x 1072 ergs™'em?), E. = koT3>>SL7! is the energy loss
rate due to conduction (ko = 10 ® erg s™' cm™ K33, § — area
of a contact with the chromosphere, L — characteristic path of
conduction!). Energy rates, Ew, Exin, and Eg, in Eq. (2) were
calculated as follows:

b= Et+1)—-E®
T

3)

where 7 is the time interval between two consecutive
SXT images.

The time evolution of individual energy rates estimated for
the X-ray ejection is plotted in Fig. 8. Each energy rate is rep-
resented by two curves which limit the most probable area of
actual values. At the beginning of the X-ray ejection, most of
the released energy is spent on increasing the thermal energy
content. Later, the kinetic energy and the gravitational energy
increase and become comparable with the thermal energy con-
tent. The energy loss rate due to radiation is omitted in Fig. 8
because of its marginal importance in the energy balance of the
X-ray ejection (S2 x 10% ergs™).

U It has been assumed that the S/L ratio values were the same as
for a loop having a radius and thickness equal to the radius and the
thickness of the bright boundary of the X-ray ejection.



1138

Table 1. Values of parameters characterizing the X-ray ejection.
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Time Tempe- Emission Visible Total Electron Electron Mass, M
rature, T measure, EM volume, Vs volume, Vi density, n. pressure, pe

uT [10° K] [10* cm™3] [10%° cm’] [10% cm?] [10° cm™] [dyncm™2] [10' g]
05:29:28¢ 7.8 1.7 0.37-0.67 0.78-1.1 1.6-2.1 1.7-2.3 2.8-2.9
05:29:46° 7.8 2.0 0.37-0.69 0.78-1.2 1.7-2.3 1.8-2.5 3.0-33
05:30:06* 7.9 2.3 0.38-0.71 0.78-1.2 1.8-2.4 1.9-2.7 3.1-35
05:30:28¢ 7.9 2.6 0.40-0.76 0.79-1.3 1.8-2.6 2.0-2.8 3.3-39
05:30:50¢ 7.9 2.9 0.44-0.85 0.84-1.4 1.8-2.6 2.0-2.8 3.6-43
05:31:14 8.2 2.7 0.51-0.99 0.94-1.6 1.7-2.3 1.9-2.6 3.6-4.4
05:31:36 8.1 2.9 0.62-1.2 1.1-1.9 1.6-2.2 1.8-2.4 3.9-49
05:32:00 7.9 3.0 0.78-1.5 1.3-2.3 1.4-2.0 1.6-2.2 4.2-5.5
05:32:22 7.9 33 0.99-1.8 1.6-2.8 1.4-1.8 1.5-2.0 4.8-6.3
05:32:46 7.8 34 1.3-2.4 2.0-3.5 1.2-1.6 1.3-1.7 5.4-7.0
05:33:08 7.7 3.6 1.7-3.0 2.644 1.1-1.5 1.2-1.5 6.1-8.0
05:33:32 7.6 3.8 2.3-4.0 3.3-5.6 0.98-1.3 1.0-1.3 7.1-9.2
05:33:54 7.6 3.7 3.1-5.1 4.3-7.1 0.85-1.1 0.88-1.1 7.8-10.0
05:34:18 7.4 3.8 4.2-6.8 5.7-9.2 0.75-0.95 0.76-0.97 9.0-11.4
05:34:40 7.3 3.6 5.6-8.7 7.3-11.6 0.64-0.80 0.64-0.80 9.7-12.3
05:35:04 7.1 3.3 7.5-11.5 9.7-15.0 0.53-0.66 0.52-0.65 10.6-13.3
05:35:26 7.0 2.9 9.9-14.8 12.4-18.9 0.45-0.55 0.43-0.53 11.3-14.0
05:35:50 7.0 2.6 13.2-19.3 16.2-24.2 0.36-0.44 0.35-0.43 11.9-14.7

¢ The signal from feature B was included. Actual temperature values should be somewhat higher, whereas actual values of emission measure,

electron density, electron pressure and mass should be somewhat lower.

b The signal from the part of the X-ray ejection that runs away outside the HN field of view was added from the SXT QN AlMg images

(so-called Quarter Normal resolution, QN — pixel size 978 x 9”8).
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Fig. 8. The time evolution of individual energy rates estimated for the
X-ray ejection. See text for explanation.

The total energy released to feed the X-ray ejection was
estimated to be in the range 3-4 x 10°° erg for the period
05:28-05:36 UT and 1-2 x 103! erg for the whole duration (see
Sect. 2.2). Comparing it to the typical total energy (~10°? erg)
for an X-class flare (e.g. Somov 1992), we see that this is a
quite important quantity in the total energy budget of the flare.

2.2. Coronal mass ejection

A sequence of images of the CME which developed on the east-
ern solar limb on 23 April 1998 has been obtained by the Large
Angle Spectroscopic Coronagraph (LASCO) onboard the Solar
and Heliospheric Observatory (SOHO) mission. According to
St. Cyr’s CME list 1998 on the SOHO/LASCO Web site 2 this
CME started at 05:27 UT and was classified as a halo event.
Running-difference images made by C2 and C3 coronagraphs
illustrating the CME evolution are presented in Fig. 9. We see
that the angular extension of this CME was about 100°-120° in
the early phase of its evolution and the NOAA AR 8210 had a
central situation in comparison with the CME.

Temporal comparison between the X-ray ejection and the
CME proves that the X-ray could not initiate the CME. One
minute before the first indication of the X-ray ejection, the front
of the CME was observed far above the solar surface, at a dis-
tance of about 2.8 R.

Images made by the LASCO/C1 coronagraph and by the
Extreme Ultraviolet Imaging Telescope (EIT) also onboard
SOHO show that some magnetic processes which preceded
the CME formation began in the NOAA AR 8210 immedi-
ately after 04:00 UT. Running difference images presented in
Fig. 10 show a progressive dimming in the NOAA AR 8210
which is commonly treated as the CME formation signature

2 http://cdaw.gsfc.nasa.gov/CME_list
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Fig. 9. Running-difference images of LASCO/C2 (upper three panels) and LASCO/C3 (lower three panels), which show th
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halo CME on 23 April 1998. Time is indicated at the top of each panel. The white circle in each panel indicates the solar limb (1.0 Ry).

(e.g. Hudson et al. 1996). In the EITA195 A (Fe X11) images
the volume of emission depletion did not form a regular front,
however, this may be caused by the relatively narrow field of
view of this instrument. In the LASCO/C1 images made in the
green line of Fe XIV at 5303 A a regular bubble is seen which
expanded both radially and laterally.

Figure 11 shows the variation of height with time (dashed
line) of the CME observed with three LASCO coronagraphs.
The height of the CME at a given snapshot image is defined by
radial distance of the leading edge along the central direction.
The uncertainty of the CME height is estimated to be about
0.01, 0.1, and 0.5 R for C1, C2, and C3, respectively. In the
images made at 05:14 UT and 06:27 UT the CME front has
moved outside the instrument field of view, thus the symbols
denote then the lower approximation of the height.

The variation of the CME speed in the radial direction is
presented in Fig. 12. The velocity is derived by using the height
difference between the images at the given time and the previ-
ous image, thus, it is the average velocity during the period
between two adjacent observations. Since the CME undergoes
fast velocity changes and due to a lack of a sufficient number of
measurements, the polynomial fitting method is not applicable
here. The uncertainty of velocity is caused by the uncertainty
in measuring the CME height.

Figure 12 shows that the CME underwent two phases of
a rapid acceleration. The first phase occurred somewhere
between 04:51-05:27 UT, the second one somewhere between
05:55-06:44 UT. The average acceleration was estimated to
be about 0.17 kms~2, and 0.14 kms~2 for the first and the
second phase, respectively. Because of the poor time sam-
pling of the LASCO observations these values are probably
underestimated.

3. Discussion

Zhang et al. (2001) found that the kinetic evolution of flare-
associated CMEs can be described in a three-phase scenario:
the initiation phase, impulsive acceleration phase, and propaga-
tion phase. The CME:s are initiated at the height of 1.3-1.5 R
and accelerated up to the height of 3.7-4.7 Rs. In the impul-
sive acceleration phase the average acceleration is in the range
of 100-500 ms~2.

The velocity-time profile of the investigated CME (Fig. 12)
shows a more complex appearance. It can be divided into:
the initiation phase before 04:51 UT, the first impulsive accel-
eration phase between 04:51-05:27 UT, the first propagation
phase between 05:27-05:55 UT, a second impulsive accelera-
tion phase between 05:55-06:44 UT, and a second propagation
phase after 06:44 UT. The impulsive acceleration phases
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S 0514 UT —

Fig. 10. Running-difference images of EIT 4195 A (upper three panels) and LASCO/C115303 A (lower three panels), which show the early
evolution of the halo CME on 23 April 1998. Time is indicated at the top of each panel. The white circle in each panel indicates the solar limb

(1.0 Ro).

occurred when the CME front heights were somewhere be-
tween 1.7-3.1 Ry, and between 4.5-9.0 R, for the first and
second phase, respectively.

We can speculate that, if there were no second impulsive
acceleration phase, the CME on 23 April 1998 would be clas-
sified as non-flare-associated due to its moderate velocity be-
low 600 kms~! after the first impulsive acceleration phase and
the lack of association with any flare (see Fig. 1). The CME
reached a velocity of about 1000 kms~! thanks to the second
impulsive acceleration phase which occurred unusually high in
the corona in comparison with the results obtained by Zhang
et al. (2001) for other flare-associated events.

We will show that the second impulsive acceleration phase
of the CME could have been caused by the X-ray ejection as-
sociated with the X1.2-flare. In Fig. 11, the position of the
CME front after the first impulsive acceleration phase is ex-
trapolated (straight solid lines) assuming a constant velocity of
580 + 40 kms~!, the same as that obtained from the position
changes of the CME front between LASCO/C2 images taken
at 05:27 and 05:55 UT. Moreover, the position of the X-ray
ejection front was extrapolated (parabolic curves) assuming
constant accelerations of 0.95 kms~2 and 0.44 kms~2 for the

leading and the trailing edge, respectively. These values were
obtained from a least-square polynomial fit to the SXT data
(Fig. 5).

The intersection of these two extrapolated curves in Fig. 11,
which can be interpreted as a collision of the X-ray ejection
and the CME front, occurred at the height of (5.3 + 0.1) R
at about 06:10-06:12 UT; i.e. this occurred during the second
impulsive acceleration phase of the CME (Fig. 12). Thus, a hy-
pothesis that the X-ray ejection caused the second impulsive
acceleration phase should be seriously considered.

This hypothesis is to some extend supported by other in-
dependent observations, such as the metric type II radio bursts
detected with the radio spectrograph of the Astrophysikalisches
Institut Potsdam. It has been generally accepted that this kind
of radiation is a radio signature of coronal MHD-shock waves
(Uchida 1960). Recently some X-ray ejections have been iden-
tified as the drivers of coronal shock waves (Gopalswamy et al.
1997; Klein et al. 1999; Gopalswamy et al. 2001).

According to the event catalog?, type II radio bursts
were observed at the frequency range between 170-40 MHz

3 http://www.aip.de/People/AKlassen
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Fig.11. Height-time plot (dashed line) of the CME front on
23 April 1998. The CME heights were measured in LASCO im-
ages. Different symbols: asterisks, triangles, and squares denote C1,
C2, and C3 images, respectively. The parabolas represent the position
of the leading and the trailing edge of the X-ray ejection observed
(Fig. 5) and extrapolated under assumption of their constant acceler-
ation 0.95 kms~2, and 0.44 kms~2, respectively. Three straight lines
coming out from the point at 05:55 UT represent an extrapolated posi-
tion of the CME front under assumption of the constant velocity 540,
580, and 620 kms~!, respectively. The estimated height of the X-ray
ejection front from type II radio bursts is marked with crosses. The
suggested place of the collision between the fronts of the CME and
the X-ray ejection is marked by the arrow and additionally blown-up
in the insert (upper left corner).
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Fig.12. Velocity-time profile of the CME front on 23 April 1998.
Two phases of impulsive acceleration are seen: the first some-
where between 04:51-05:27 UT, the second somewhere between
05:55-06:44 UT.

starting from 05:41 UT until 06:13 UT. Both fundamental and
harmonic emission bands were seen.

The observed frequency in a dynamic radio spectrum can
be related to a position in the solar corona as long as the den-
sity distribution in the corona is known. Following Classen
& Aurass (2002), a four-fold Newkirk (1961) model was as-
sumed. On this basis, the height of MHD-shock waves was es-
timated. Their leading edge was at about 1.3 Ry at 05:41 UT
(the fundamental emission at 170 MHz) and their trailing edge
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was at about 2.9 R, at 06:13 UT (the harmonic emission
at 40 MHz) — see the crosses in Fig. 11. (At 06:13 UT the
leading edge of the MHD shock wave was far outside the fre-
quency range monitored by the Potsdam radio spectrograph.)
The position of MHD-shock waves agrees very well with the
extrapolated position of the X-ray ejection front. In this way
we obtained an independent proof that the X-ray ejection front
did not change its acceleration after it faded in the SXT images.

The postulated collision between the X-ray ejection front
and the CME front can be used for an independent estima-
tion of the CME mass. In the calculation we took the mass
of the X-ray ejection determined from SXT data, 1.2-1.5 X
10" g (Table 1). We used the following values of velocity:
2350 kms~!, 580 kms™', and 1000 kms~! for the X-ray ejec-
tion front before the collision, for the CME front before the
collision, and for the CME front after the collision, respec-
tively. The first value was extrapolated under the assumption
of a constant acceleration of 0.95 kms~2. The last two values
were taken from Fig. 12. Assuming momentum conservation
we determined the CME mass to be in the range 3.8-4.8 x
10'3 g and the total mass of the X-ray ejection and the CME
to be in the range 5.0-6.3 x 10'> g. The obtained values agree
very well with other estimations of CME masses (e.g. Vourlidas
et al. 2002).

4. A possible scenario of the event

A magnetic process leading to the opening of previously closed
field lines along a zero line of the longitudinal magnetic field
(§vestka 2001) started on 23 April 1998 in the NOAA AR 8210
immediately after 04:00 UT. The signatures of such a process
are: the increase in the GOES light curves (Fig. 1) and the
dimming observed in the EITA195 A image (see upper, left
panel in Fig. 10). A trigger which destabilized the magnetic
structure might be an emerging magnetic flux. The evidence
of such a process was seen many times during the passage of
the NOAA AR 8210 across the solar disc (e.g. Kotomanski &
Jakimiec 2002).

The CME was formed not later than at 04:37 UT with a
front at a height of about 1.7 Ry (see bottom, left panel in
Fig. 10). The time interval of a slow expansion of the CME
lasted at least until 04:51 UT. The next LASCO/C1 image (bot-
tom, middle panel in Fig. 10) shows an evident increase of the
expansion rate. The CME expanded both radially and laterally.
By comparing with the LASCO/C2 image (upper, left panel in
Fig. 9) it is possible to establish a time interval of strong ac-
celeration of the CME. This lasted between 04:51-05:27 UT,
no longer than 36 min. After this phase the CME front reached
a height of 3.1 R and expanded with approximately constant
velocity of about 580 kms™!.

Such a development, including a low formation height, im-
pulsive and strong acceleration and a high speed relatively
close to the solar surface, is typical for flare-associated CMEs.
On the other hand, no flare was detected before 05:32 UT (see
Fig. 1). We will try to explain this discrepancy later.

A further evolution of the magnetic field in the
NOAA AR 8210 caused the flare. The reconnection of mag-
netic lines began no later than 05:28 UT, because from this
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moment the signatures of hot plasma became visible (Fig. 2).
If we extrapolate the height-time plot for the X-ray ejection
(Fig. 5), we obtain a reconnection point at a height of about 3 x
10* km, i.e. above the solar limb. However, another possibil-
ity is that the reconnection occurred behind the solar limb (i.e.
much closer to the solar surface), and at 05:28 UT the X-ray
ejection became visible above the solar limb. In this case the
reconnection occurred several minutes earlier.

The consequence of the reconnection process was the X-ray
ejection propagating upward from the reconnection point (e.g.
Yokoyama & Shibata 2001). Below the reconnection point a
sudden development of MHD turbulence occurred, in which
a large amount of plasma was efficiently heated and a huge
number of electrons was accelerated to high energies (Jakimiec
et al. 1998).

The X-ray ejection took the form of a rapidly expand-
ing system of magnetic loops. At the early stage of evolution
the hot plasma was found in the X-ray ejection front (Figs. 2
and 6). The X-ray ejection expanded with a constant accel-
eration, larger for the leading edge of the front and smaller
for the trailing edge, 0.95 kms~2 and 0.44 kms~2, respectively
(Fig. 5).

The top of the flaring arcade came into view above the solar
limb at 05:37 UT (Fig. 3). Thanks to the specific configuration,
the flare emission did not dominate the emission of the X-ray
ejection. Consequently, this allowed us to identify the X-ray
ejection as the precursor of the main flare (Fig. 4).

After 05:36 UT, when the X-ray ejection front faded and
left the field of view of the SXT telescope, it seems that the
X-ray ejection still expanded with the same acceleration. This
suggestion is confirmed by the type II radio burst observations
(Fig. 11). If this interpretation is correct it means that in our
event coronal MHD-shock waves were driven by the X-ray
ejection as piston. Thus, this is an example of the class 3 of
metric type II burst excitation in the classification of Classen &
Aurass (2002).

A further expansion with the same acceleration should re-
sult in a collision of the X-ray ejection front with a much slower
CME front. Such an interaction probably happened, because
between the LASCO/C2 images at 05:55 UT and 06:27 UT
(Fig. 9) the expansion of the CME front evidently acceler-
ated. In Fig. 11 the extrapolations of the positions of the X-ray
ejection front and the CME front intersect each other at about
06:11 UT. After 06:44 UT the CME front velocity did not in-
crease. On the contrary, some signatures of a deceleration were
seen (Fig. 12).

Estimates of the X-ray ejection mass, 1.2-1.5 x 10 g, and
of the total energy released to drive the X-ray ejection, 1-2 X
103! erg, prove that this ejection was sufficiently massive and
energetic to cause the observed acceleration of the CME front.
Also the CME mass estimate obtained under the assumption of
momentum conservation seems to be acceptable.

What were the reasons for the impulsive acceleration of the
CME between 04:51 and 05:27 UT, when no flare occurred?
We suggest that a reconnection process in the NOAA AR 8210
began before 05:28 UT, when the flare started. Recurrent signa-
tures of magnetic activity in the low corona are seen in the EIT
and LASCO/C1 images (Fig. 10) made between the CME
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formation (not later than 04:37 UT) and the occurrence of
X-ray ejection (05:28 UT).

Moreover, cusp-like details above the feature A are seen
in Fig. 3. After the X-ray ejection expanded, their number in-
creased from 3 to 4. If they were formed in the same way as the
latest cusp, this means that at least three other X-ray ejections
were formed before the ejection which started at 05:28 UT.
They could accelerate the CME front in the same way as we de-
scribed earlier. Unfortunately, the propagation of earlier X-ray
ejections was not observed by Yohkoh due to the satellite night.

One flare can produce more X-ray ejections at different
times and locations (Nitta & Akiyama 1999). Some features
observed during the evolution of the X1.2 flare investigated
in this paper can also be interpreted as signatures of further
X-ray ejections, e.g., the hard X-ray source E recorded by Sato
(2001).

If such analogies can justify the hypothesis of the occur-
rence of many X-ray ejections in the NOAA AR 8210 on
23 April 1998, it means that this active region probably un-
derwent a stage of quasi-stationary evolution before reach-
ing a critical point at which violent magnetic activity caused
the flare.

5. Conclusions

In this paper the analysis of a complex event, including a CME,
an X-ray ejection, and a flare, has been presented. This event
occurred in the NOAA AR 8210 on 23 April 1998. The obser-
vations from Yohkoh and SOHO (LASCO and EIT) have been
used. Basic conclusions can be summarized as follows:

1. The X-ray ejections associated with behind-the-limb flares
can be analysed with better quality than the events for
which the emission of X-ray ejections is dominated by flare
emission.

2. In the soft X-ray light curves, the X-ray ejection is the pre-
cursor of the main flare.

3. The X-ray ejection front contains a very hot thermal
plasma.

4. The X-ray ejection is responsible for an additional acceler-
ation of the CME.

5. An interaction between the X-ray ejection and the CME
has been used to develop a new method of the CME mass
estimation.

The hypothesis that the X-ray ejections are responsible for an
additional acceleration of the CMEs looks exciting, however,
this is only a single example and a confirmation for more events
is needed.
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