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ABSTRACT
By using Y ohkoh soft X-ray images, vector magnetograms, and Ha Ðltergrams, the brightening event

that occurred on 1994 May 18 has been studied in detail. It occurred in a nearly potential large-scale
magnetic conÐguration as shown by the comparison between the magnetic extrapolation (linear force-
free Ðeld) and the large-scale soft X-ray loops. This event is related to the emergence of a new magnetic
Ñux of about 3 ] 1020 Mx. The impulsive enhancement of the emerging Ñux occurs about 20 minutes
before the peaks of the Ha and soft X-ray brightening and lasts for about 10 minutes. This brightening
may be a signature of reconnection taking place between the preexisting nonpotential loops and the new
emerging small loops. The magnetic energy provided by reconnection is likely to be stored in the non-
potential loops and the emerging Ñux as implied by the vector magnetograms. By using the electron
temperature and the electron density of the brightening event derived from the analysis of the Y ohkoh
data, an energy budget has been estimated. The result indicates that the energy needed can be reason-
ably provided by magnetic reconnection.
Subject headings : Sun: activity È Sun: magnetic Ðelds È Sun: X-rays, gamma rays

1. INTRODUCTION

It is widely accepted that solar Ñares frequently occur in
active regions of high magnetic shear (Hagyard et al. 1984)
and complex magnetic topology (Mandrini et al. 1991).
Nevertheless, we are still far from complete understanding
of the detailed mechanism of energy build up and release.
However, as major Ñares are generally too complicated to
study, some small-scale Ñaring events, such as microÑares
and brightening events, can o†er a better opportunity to
understand the energy build up and release process. Recent
high-resolution data makes the detailed study of small-scale
Ñaring events possible and reliable. Thus, the study of small-
scale Ñaring events is of importance in understanding the
essential physical process.

In active regions where the magnetic topology is complex
and the magnetic Ðeld is sheared, Ñares and Ñaring activities
are known to be triggered by the motion and/or the emer-
gence of magnetic Ñux. Such evolving magnetic Ðelds can
interact with the preexisting ones, and magnetic energy can
be released there by magnetic reconnection (Heyvaerts &
Hagyard 1991 ; Tsuneta et al. 1992). Depending on the
amount of energy and on the magnetic topology involved,
these processes lead to di†erent dynamic phenomena such
as Ñares, microÑares, or X-ray bright points et(De� moulin
al. 1992 ; Shimizu et al. 1992 ; Schmieder et al. 1996, 1997 ;
van Driel-Gezstelyi et al. 1996 ; Benz et al. 1997) and surges
or jets (Shibata et al. 1992 ; Schmieder et al. 1995).

It has recently been shown that Ñares can occur in
regions where the overall magnetic Ðeld is nearly potential,
despite the fact that, in such regions, large-scale magnetic
reconnection cannot occur as there is no large-scale free
magnetic energy. Leka et al. (1996) have shown that a newly
emerging magnetic Ðeld can be more sheared than the
preexisting ambient Ðeld, showing that such locally sheared

Ðelds could provide magnetic free energy that can be rel-
eased in the corona by reconnection. A short-lived bright-
ening event, which was close to an active region (Active
Region 7722) but relatively isolated from other activity, was
observed on 1994 May 18 with the multiwavelength data.
Emerging Ñux was observed by Huairou station, which led
to the brightening of small X-ray loops and Ha Ñaring
points. In ° 2 we describe the observations obtained at
Huairou (active region magnetograms), at Kitt Peak (full-
disk magnetograms), in Mitaka (Ha Ðltergrams), in Nanjing
(white light), and with Y ohkoh/SXT (soft X-ray images). An
extrapolation of the photospheric magnetic Ðeld is
described in ° 3, where a comparison between extrapolated
magnetic Ðeld lines and soft X-ray loops is given. In ° 4 we
analyze the data. ° 5 presents a discussion, and ° 6 gives a
brief conclusion. With this multiwavelength study it is pos-
sible to estimate the energy budget, to determine the mag-
netic topology in order to understand whether the
assumption of a reconnection model is consistent with the
observations.

2. OBSERVATIONAL DATA

In May 1994, an active region, AR 7722, appeared on the
solar disk at Carrington coordinates N8 L122. As it passed
across the solar disk, a large sunspot with twin umbrae
formed and became the most important sunspot on the
solar disk. This brightening event, located in the southeast
part of the sunspot, was observed on May 18 at N7.9 W4.4.
The brightening was observed in soft X-ray and also in Ha
at about 03 :52 UT and disappeared after 04 :50 UT (Fig. 1).
Note that the scales of Ha and soft X-ray images are di†er-
ent (see the legend of Fig. 1). The coalignment of Ha and
soft X-ray is shown in Figure 2.

The Y ohkoh soft X-ray telescope (SXT; Tsuneta et al.
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FIG. 1.ÈTemporal evolution of the brightening event observed in (bottom panel) the soft X-ray by Y ohkoh/SXT and (top panel) in the Ha line on 1994
May 18. The brightening events are located southeast of the large sunspot. The Ðeld of view of the soft X-ray images is 128 ] 128 pixels (313@@] 313@@). The
Ðeld of view of the Ha images is 120@@] 109@@. North is up and east is to the left.

1991) obtained soft X-ray images (using the Al 0.1 km, Al 12
km, and AlMg Ðlters) for both the active region and the
whole solar disk, which were recorded with 128] 128
pixels and 512] 512 pixels, respectively. The pixel size of
partial frame images is Some SXT images near2A.45 ] 2A.45.
the maximum of the brightening are saturated. We did not
use these saturation images to evaluate the variation of the
relative intensities of the brightening nor to obtain the elec-
tron temperature and the emission measure. Vector mag-
netic Ðeld and sunspot observations were made at the
Huairou Station of Beijing Astronomical Observatory of
China. A CCD with 512] 512 pixels was used to cover a
Ðeld of view of (Zhang & Ai 1986). There are316A.6 ] 217A.6
eight magnetograms, including Ðve chromospheric (using

hydrogen Hb j4861.34) and three photospheric ones (Fe I

j5324). Ha Ðltergrams were obtained with 512 ] 480 pixels
covering a Ðeld of view of 345@@] 323@@ at the National
Astronomical Observatory of Japan (Sakurai et al. 1992).
Since the Ha images were recorded on a video disk with a
constant sensitivity, the evolution of the brightening can be
analyzed. Eighteen frames for the May 18 event were digi-
tized (including images taken at Ha line center and at
Ha ^ 0.6 The daily solar full-disk picture was drawn atA� ).
the solar tower of Nanjing University (see Huang et al. 1995
for a description of the instrumentation), giving the posi-
tions and the shapes of sunspots. The diameter of the solar
image is 19.8 cm. The full-disk magnetograms were taken
from Kitt Peak. All observational data are listed in detail in

TABLE 1

LIST OF OBSERVATIONAL DATA

Pixel Size
Wavelength Instrument (arcsec) Day Observation

Magnetograms . . . . . . magnetograph (Huairou) D0.5 May 18 three local photospheric vector magnetograms :
03 :57, 04 :42, 05 :57 UT

Magnetograms . . . . . . magnetograph (Huairou) D0.5 May 18 Ðve chromospheric magnetograms :
04 :09 :05, 04 :12 :53, 04 :15 :43, 04 :19 :48, 04 :23 :18 UT

Magnetograms . . . . . . magnetograph (Kitt Peak) 1 May 17 full disk : 15 :47 UT
Soft X-ray . . . . . . . . . . . Yohkoh/SXT 2.45 May 18 full disk : 03 :47È04 :48 UT
Soft X-ray . . . . . . . . . . . Yohkoh/SXT 2.45 May 18 partial frame : 03 :47È04 :47 UT
Ha Ðltergrams . . . . . . flare telescope (Mitaka) 0.67 May 18 03 :52È04 :46 Ut
White light . . . . . . . . . . solar tower (Nanjing University) . . . May 16È19 one every day (sunspot positions)
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FIG. 2.ÈLarge-scale view comparison of the magnetic conÐguration obtained with a linear force-free Ðeld extrapolation of the Kitt Peak magnetogram
(May 17, 15 :47 UT) of AR 7722 with observations. (a) Soft X-ray image taken on May 18 at 04 :35 :31 UT with Y ohkoh/SXT and (c) corresponding magnetic
Ðeld lines for a \ [6.3] 10~3 Mm~1. Isocontours of 50, 200, 600, 1000, and 2000 G for the photospheric vertical Ðeld (solid lines) and respective negative
values (dashed lines) are shown. (b) Corresponding Ha image from Mitaka on May 18 at 04 :36 :37 UT. North is up and east is to the left.

Table 1. No substantial radio emission was detected.
Y ohkoh HXT also did not register any hard X-ray emission.

3. EXTRAPOLATION OF THE PHOTOSPHERIC

MAGNETIC FIELD

In this section, we derive the large-scale (whole active
region) and the small-scale (around the brightening region)
magnetic conÐguration in order to Ðnd the magnetic
environment in which the Ñux emergence occurred. This is
realized by comparing extrapolated magnetic Ðeld lines to
soft X-ray loops.

Using a magnetogram, our aim is to extrapolate the
photospheric longitudinal Ðeld to the corona. In order(B

l
)

to Ðnd the large-scale magnetic environment, we chose to
use one of the full-disk magnetograms produced by Kitt
Peak. We could easily coalign the full-disk magnetogram
and the Y ohkoh/SXT full-frame image and select a box

(500] 500 Mm) to compare the extrapolated magnetic Ðeld
lines and the soft X-ray loops.

In the solar upper atmosphere, the force-free Ðeld
assumption is well satisÐed, so the Ðeld can be described by
the following equation :

$ Â B \ aB . (1)

We used a linear approximation, where a is a constant.
Then the solution of equation (1) can be expressed as a
combination of harmonics for the magnetic Ðeld. The
extrapolation method is derived from the one described by
Alissandrakis (1981). We used a Cartesian system of coordi-
nates, where z refers to the height and (x, y) to the photo-
spheric plane at z\ 0. Knowing the component of theB

zÐeld constrains the two other components. Taking into
account the fact that the studied region is near the disk
center, we suppose that the longitudinal photospheric Ðeld
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FIG. 2.ÈContinued

is vertical. Such an assumption corresponds mainly to
neglecting the curvature of the sun in the selected box,
which leads to an error of 2 Mm at the edges of the box. The
di†erences between imposing and and more details onB

z
B
lthis method can be found in et al. (1996).De� moulin

For a given value of a, we obtained the three components
of B everywhere in the computational box. In order to Ðt
the soft X-ray loops with a sample of extrapolated Ðeld
lines, we need to Ðnd the value of a or equivalently the
average shear in the active region. In order to do so, we
extrapolated the photospheric Ðeld with a given a and drew
a number of Ðeld lines. Making some variations on the a
value, which is a free parameter in our extrapolation code,
we found a relatively good match between the high-altitude
X-ray loops and the computed Ðeld lines for one value (see
Figs. 2a and 2c). This value of a is not signiÐcantly di†erent
from zero, implying that the large-scale magnetic Ðeld is
nearly a potential one.

Figure 3 shows the superposition of the partial soft X-ray
images (top : at 03 :54 :23 UT, near the onset of the bright-
ening ; bottom: at 04 :42 :21 UT, after the maximum of the
brightening), the magnetograms (Huairou data ; top, at
03 :57 :44 UT; bottom, at 04 :42 :30 UT), and the extrapo-

lated potential magnetic Ðeld lines (at the height of small
X-ray loops, D109 cm) around the brightening region. It is
especially interesting to note that before the brightening, the
small X-ray loops were not oriented along the potential
Ðeld lines although the large-scale magnetic Ðeld is nearly a
potential one (Fig. 3, top), and the brightening appears in
these nonpotential loops. However, after the maximum of
the brightening, the small loops became oriented more or
less along the potential Ðeld lines (Fig. 3, bottom). This fact
implies that the nonpotential energy was released to heat
the plasma as indicated by the enhanced soft X-ray emission
during the brightening event.

4. ANALYSIS OF THE DATA

4.1. Coalignment
The locations of the brightenings have been obtained by

using the full-disk SXT and white-light images. Then we
used the sunspot images to determine the necessary param-
eters (rotation angle, scale ratio for data reduction, etc.) for
the coalignment of the soft X-ray images, the Huairou mag-
netograms, and the Ha Ðltergrams (Fig. 2). The precision of
the coalignment is estimated to be D3A. For direct compari-
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FIG. 2.ÈContinued

son, we projected the soft X-ray images and Ha images onto
the magnetograms and found that the bright points of soft
X-ray and Ha are located in the middle of the three points
marked A, B, and C in Figures 4 and 5.

4.2. Emerging Magnetic Flux
In order to understand the cause of the brightening, a

detailed study of the small-scale emerging Ñux is necessary.
Eight magnetograms have been analyzed ; Ðve of them are
chromospheric ones, and three are photospheric vector
magnetograms. Since the absolute calibration of the
chromospheric magnetogram is questionable, we only
analyzed the relative variation of the chromospheric mag-
netic Ñux. Figures 4 and 5 show two vector magnetograms
of the photosphere and three longitudinal magnetograms of
the chromosphere, respectively. It can be seen in Figure 4
that the amplitude of the transverse magnetic Ðeld is of the
same order as the longitudinal magnetic Ðeld. Moreover, it
is obvious that the direction of the transverse Ðeld rotates
by 30¡È40¡ during the interval 03 :57È05 :57 UT in the
middle part of the triangle ABC, which is larger than the
uncertainty (about 15¡È20¡). From Figure 4 the magnetic

Ñux of the photosphere at each of the points A and B has
been found to be about 3 ] 1020 Mx at 03 :57 UT (the
magnetic Ñux had an average uncertainty of 10%).

The relative variations of the chromospheric magnetic
Ñux at the points A and B have been measured (Fig. 5). By
use of the images taken at Ha line center, Ha relative inten-
sities averaged over 5] 8 pixels around the brightest point
have been measured. The relative error in the measurement
was estimated to be less than 2%È3%. Using the light-curve
procedure in the Y ohkoh software, we have also obtained
the soft X-ray relative intensity of the brightening region in
a box of 3 ] 4 pixels around the brightest point. Figure 6
gives the temporal evolution of the Ha and soft X-ray rela-
tive intensities for the event. The relative variation of the
chromospheric magnetic Ñux is also plotted in Figure 6. It
can be seen that the peaks of the Ha and soft X-ray bright-
enings appeared almost at the same time. The precision of
the cotemporal behavior is estimated to be within ^40 s. It
can also be seen that the emerging Ñux increases about 20
minutes before the peak of the Ha and soft X-ray bright-
ening. The duration of the event (midpoint of rise to mid-
point of decline) is estimated to be about 10 minutes.



No. 1, 2000 Ha AND SOFT X-RAY BRIGHTENING EVENTS 487

FIG. 3.ÈSuperposition of the soft X-ray images (gray scale, top : at
03 :54 :23 UT; bottom: at 04 :42 :21 UT) and the photospheric longitudinal
magnetograms (contours are the same as in Fig. 2 ; dashed lines correspond
to negative polarity and solid lines to positive polarity) around the emerg-
ing Ñux region at (top) 03 :57 :44 UT and (bottom) 04 :42 :30 UT, as well as
the extrapolated potential magnetic Ðeld lines (solid lines linking the posi-
tive and negative polarities). The Ðeld of view is 64] 64 pixels. North is up
and east is to the left.

4.3. Determination of andT
e

n
e

The SXT aboard Y ohkoh provided partial-frame images
during the period of the event. The partial-frame images
were coaligned and organized to form two parallel data
cubes, one with a thin Ðlter (Al 0.1 km) and one with a thick
Ðlter (AlMg). The sensitivity of the Ðlters allows one to
determine a temperature in a range between 106 and 107 K
with an accuracy of about ^10% (Hara et al. 1992). With
the Ðlter-ratio method, both the electron temperature T

eand the emission measure EM as a function of time were
determined for a selected box, which is 3] 4 pixels around
the soft X-ray brightest point. We obtained a mean electron
temperature K, with a maximum temperatureT

e
\ 5 ] 106

around 8 ] 106 K, and EMD 5 ] 1045 cm~3. Assuming
that the thickness d along the line of sight, being equal to
the width of the measured box, equals 6 ] 108 cm, the
volume of the X-ray emission at the brightest point can be
estimated as *V \ *S ] d, where *S is the size of the mea-
sured box. We have *S \ 3 ] 1017 cm2. Thus, the electron
density can be obtained as n

e
\ (EM/*V )1@2D 5 ] 109

cm~3.
Comparing these values to those corresponding to the

long stable loops overlying the central part of the active
region (see Fang et al. 1997), we found that in the bright-T

eening event is higher K) than that at the top(T
e
\ 5 ] 106

of the stable loops, which is about 3 ] 106 K. The electron
density is the same as that at the top of the stable loops.

5. DISCUSSION

As mentioned above, using the Ðlter-ratio method, we
determined the temperature and the emission measure of
the brightening event. For the following discussion we use
an electron temperature of about 5 ] 106 K and an electron
density of 5 ] 109 cm~3 to give a rough estimate of the
energy loss of the small soft X-ray loops, which is related to
the brightening. The energy loss of the loops is mainly due
to radiative cooling and heat conduction. The radiative
cooling rate is given by (Nagai 1980)

FIG. 4.ÈPhotospheric vector magnetograms around the emerging magnetic Ñux region bounded by points A, B, and C at (left) 03 :57 UT and (right) 05 :57
UT. Pixel size is The transverse Ðeld magnitude is represented by the length of vectors without arrows and the longitudinal Ðeld by the1A.86] 1A.70.
contours : dashed lines correspond to negative polarity and solid lines to positive polarity.
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FIG. 5.ÈChromospheric longitudinal magnetograms around the emerging magnetic Ñux region at (left) 04 :09 :05, (middle) 04 :15 :43, and (right) 04 :23 :18
UT. The pixel size is the same as in Fig. 4.

R\ n
e
nH f (T )B n

e
2 f (T ) , (2)

and

log f (T )\ [0.604 log T [ 18.333, (106K \ T \ 107K) ,

(3)

where and are the hydrogen and electron densities,nH n
erespectively. Thus, RB 1 ] 10~3 ergs cm~3 s~1. The

energy loss from the chromosphere cannot be measured
because the Ha intensity is a relative one. Thus, the energy
loss by radiation is a lower limit. The energy loss due to
heat conduction can be roughly estimated by

$ Æ q \ $ Æ (C0 T 5@2$T )B
C0 T 7@2
(L /2)2 , (4)

where and L is the length of the loopC0\ 10~6 (S‹ vestka
1987). Assuming that the loops are semicircular with two
footpoints separated by a distance of 1.4 ] 109 cm as mea-
sured on the soft X-ray images, we Ðnd the length of each
loop to be about 2 ] 109 cm. Using equation (4), we get

FIG. 6.ÈTemporal evolution of the relative intensities of soft X-ray
(solid line) and Ha line center (dashed line) for the brightening event on
1994 May 18. The relative variations of chromospheric magnetic Ñux at the
points A (squares) and B (crosses) are also given. The arrow indicates the
peak time of the emerging Ñux.

$ Æ q B 2.8] 10~1 ergs cm~3 s~1. Then the radiative
cooling at the coronal level is negligible, and the total
energy loss rate would be R] $ Æ q B 2.8] 10~1 ergs
cm~3 s~1. The section of the small loop is supposed to be
constant and is estimated to be 3.8 ] 1016 cm2 from the
kernel diameter of the small loop. Then the volume of the
loop is D7.6] 1025 cm3. Thus, the total energy loss rate
would be 2.1] 1025 ergs s~1. If we take the duration of the
brightening to be about 10 minutes, the total energy loss of
the X-ray brightening is about 1.3 ] 1028 ergs.

What is the cause of the brightening? Here we propose a
scenario based on the above observations and estimate how
much energy could be provided. According to overlapping
X-rays, Ha brightening points, and the magnetogram, we
found that the brightening points were located above the
middle of the region bounded by the three points marked A,
B, and C (see Fig. 4 or Fig. 5). Figure 3 demonstrates that
the preexisting loops are nonpotential. In Figure 5 the
enhancement of the chromospheric magnetic Ñux at the
footpoints can also be seen. All these facts imply that
the brightening of the Ha and soft X-ray may be caused
by the reconnection between the preexisting nonpotential
loops and the small emerging loops.

Let us roughly test this scenario. We suppose that all the
magnetic Ðeld is annihilated and only one-half of the
released energy is o†ered to heat the plasma. The rate of
the energy release provided by the reconnection can be
estimated as

dW
dt

\ l2v B2
8n

, (5)

where l is the length and the width of the reconnection
region, v the inÑow speed, and B the magnetic Ðeld in the
reconnection region. If we take the extrapolated potential
Ðeld at the height of the small X-ray loops (D109 cm) as the
one in the reconnection region, then B is around 100 G. It is
generally assumed that the magnetic Ñux tubes are com-
pletely di†used in the corona, so the Ðlling factor is not so
important for estimating the magnetic Ðeld intensity in the
corona. Thus, the value of 100 G is to some extent a
““ mean ÏÏ value. We take l \ 1.5] 108 cm, t \ 103 s, and
B\ 100 G as the characteristic values ; then the Alfve� n
velocity cm s~1. As the maximum dimen-VA \ 2.5] 108
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sionless annihilation rate (see Petschek 1964) is about 0.1È
0.01, so we take Thus, the total energy heatingv\ 0.05VA.
the plasma and provided by the reconnection would be
5 ] 1025 ergs s~1. Thus, the magnetic reconnection is likely
to provide enough power to explain the estimated energy
loss.

6. CONCLUSION

The conclusions of this paper can be brieÑy summarized
as follows.

1. From the linear force-free Ðeld extrapolation of the
photospheric Ðeld based on a Kitt Peak magnetogram, we
deduce that the magnetic Ðeld of AR 7722 is almost poten-
tial because large-scale Ðeld lines computed in potential
conÐguration closely match the large soft X-ray loops (Fig.
2). However, the small-scale X-ray loops around the bright-
ening region are not oriented along the potential Ðeld lines
before the brightening (Fig. 3, top).

2. From the location of the brightenings (Fig. 2) the
brightening events seem to be related to the new emerging
Ñux. The energy of the events seems to come from the recon-
nection between the new emerging loops and the preexisting
small X-ray loops, which were nonpotential.

3. The new emerging magnetic Ñux at the footpoints of
the small loops increases in strength about 20 minutes
before the intensity peaks of the Ha and soft X-ray bright-
ening. It lasts about 600 s. The photospheric magnetic Ñux
at the footpoints of the small loops is about 3 ] 1020 Mx.

4. The brightenings of the Ha and soft X-ray reach their
maximum at almost the same time with an accuracy of
about ^40 s.

5. Using the Ðlter-ratio method, we determined the tem-
perature and the electron density for the brightening events :

K, and cm~3.T
e
\ 58 ] 106 n

e
\ 5 ] 109

6. We found an order of magnitude agreement between
the energy loss from the soft X-ray brightening by radiative
and conductive processes (^1028È1029 ergs), and the
energy could be provided by the reconnection.
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