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ABSTRACT

From a comparison of the Solar and Heliospheric Observatory SUMER spectral data and atime series of Big
Bear Solar Observatory magnetograms, we present observational clues to the physical origin of transition region
explosive events. First, explosive events rarely occur in the interior of strong magnetic flux concentrations but
rather are preferentially found in regions with weak and mixed polarity fluxes that display magnetic neutral lines.
Second, the mgjority of explosive events happen during the “cancellation” of photospheric magnetic flux. Third,
there is a strong tendency for explosive events to occur repeatedly, as bursts, while local photospheric magnetic
flux continuously decreases because of cancellation. These results strongly support the idea that transition region
explosive events are a manifestation of magnetic reconnection occurring in the quiet Sun. Furthermore, one may
infer from the third result that the explosive events represent repetitive fast magnetic reconnectionsin thetransition
region, which are initiated by slow magnetic reconnections occurring beneath.

Subject headings. Sun: magnetic fields— Sun: transition region— Sun:; UV radiation

1. INTRODUCTION

Transition region explosive events were discovered in ob-
servations made with the high-resolution telescope and spec-
trograph (HRTS) (Brueckner & Bartoe 1983; Dere, Bartoe, &
Brueckner 1989). Since then, explosive events were considered
to be a manifestation of magnetic reconnection occurring in
the quiet Sun (Parker 1988; Porter & Dere 1991; Dere et d.
1991; Dere 1994; Innes et a. 1997). Dere et al. (1991) noted
that the Doppler velocities found in explosive events are com-
parable to the Alfvén speed, which would be expected if mag-
netic reconnection played a significant role. Quite recently,
Innes et a. (1997) showed that the time variation and spatial
structure of explosive events are consistent with the bidirec-
tional plasma jets produced by magnetic reconnection. A com-
parison between photospheric magnetograms and UV datawas
first made by Porter & Dere (1991). They found that explosive
events occur in the solar magnetic network lanes, but away
from the larger concentrations of magnetic flux in the network.
Based on further studies of the comparison between magne-
tograms and UV data, Dere et a. (1991) and Dere (1994)
identified explosive events with the magnetic reconnection that
occurs during the cancellation of photospheric magnetic flux.

We anticipate that a better understanding of the physical
process giving rise to explosive events would come from
studying the one-to-one correspondence between transition re-
gion explosive events and photospheric magnetic flux changes
beneath. Because of the weak and variable nature of the pho-
tospheric magnetic field involved in transition region explosive
events, such a study requires a time series of magnetograph
observations with high spatial resolution, high sensitivity, and
good time resolution. To our knowledge, the only study of this
kind was performed by the coordinated observations between
the seventh HRTS rocket and the Big Bear Solar Observatory.
A few examples of explosive events occurring near the regions
displaying changes in photospheric magnetic field were found
in that observation, but many explosive events could not be
associated with any observable magnetic flux change (Dere
1994). Therefore, a more detailed observationa study was re-
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quired to reveal the true degree of the correlation between
transition region explosive events and specific photospheric
magnetic field configurations.

In this Letter, we present observational evidence that explo-
sive events are strongly correlated with magnetic flux cancel-
lation. Our study is based on joint observations of the Solar
Ultraviolet Measurement of Emitted Radiation (SUMER) spec-
trograph on board the Solar and Heliospheric Observatory
(SOHO) and the Big Bear Solar Observatory (BBSO) video-
magnetograph. The high sensitivity and good time resolution
capabilities of BBSO deep magnetograph observations are es-
pecially suited for our purpose, as has been demonstrated by
the past works on the quiet-Sun magnetic field, including net-
work fields (Wang 1988), intranetwork fields (Wang et al. 1995,
1996), and flux cancellation (Livi, Wang, & Martin 1985; Mar-
tin, Livi, & Wang 1985). This study is one in a series of co-
ordinated observational studies between SOHO and BBSO be-
ing done under thetitle of Ho jets and UV jets (SOHO JOP51).
Thejoint observationsinclude the SOHO instruments SUMER,
CDS (Corona Diagnostics Spectrometer), EIT (Extreme-ultra-
violet Imaging Telescope), and the BBSO magnetograph and
Hao filtergraph. The present study is confined to an analysis of
data obtained by two instruments: SUMER and the BBSO mag-
netograph. The analysis on datafrom the other instrumentswill
be reported in forthcoming publications.

2. OBSERVATIONS AND DATA PROCESSING

Joint observations between SOHO and BBSO were per-
formed from 16:00 to 20:30 UT on 1997 August 26. At the
start of observations, the center of the field of view was|ocated
at SOHO solar disk coordinates X = 264" (west) and Y =
340" (north). The characteristics and performance of the
SUMER spectrograph were described by Wilhelm et al. (1995,
1997) and Lemaire et a. (1997). Its spatia resolution is 1”
across and 1’5 aong the dlit direction. The spectral resolution
of SUMER has been examined in detail previously (Chae,
Schilhle, & Lemaire 1998a). The observations reported here
have been taken with the B detector of SUMER, which pro-
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vided an FWHM spectral resolution of 130 mA (note that due
to the off-axis position of the B detector with respect to the
grating normal, the resolution is dlightly inferior to the A de-
tector, which attained 100 mA). Initially, we used a 300" long
dlit, then a 120" short dlit was used to reduce the total amount
of light on the detector. The Si 1v line at 1402.77 A was se-
lected, and with the dlit at a fixed position, exposures of 30 s
duration were repeated. A time sequence of some Si 1v spec-
trograms is illustrated in Figure 1 (Plate L7). Because we do
not correct for solar rotation, solar features seen through the
dlit of 1" width pass through the field of view from east to west
in 420 s. Thus, during a time period shorter than 420 s, we
can study the evolution of explosive events as illustrated in
Figure 1. On the other hand, during the 4.5 hr duration of
observations, the dit scans the solar features from the west to
the east so that the sequence becomes a raster scan sequence
that covers an effective field of view having a width of about
40". Thisfact allows usto construct the Si 1v spectroheliogram,
as seen in Figure 2 (Plate L8). Each spectral image was cor-
rected for flat-field pattern and geometric distortion following
the method described by Chae, Yun, & Poland (1998b).

Transition region explosive events are characterized by the
very broad line profiles (see Fig. 1). Even though the line
profiles of explosive events are usualy far from Gaussian, a
Gaussian fit, nevertheless, can give us a good measure of the
line width. Thus, for easy identification of explosive events,
we first fitted the Si 1v line profile at every spatial point of
sizel” x 1" in agiven area with a single Gaussian in order to
get a measure of the line width at each point. It is well known
that the measured line widths of most transition region lines
exceed those expected from the instrumental broadening and
thermal broadening. The excess widths are usually attributed
to the existence of unresolved mass motion (nonthermal mo-
tion). We estimated the most probable speed of nonthermal
motion, &, at each point in the observing area by using the
formula

£ = V0l — (Ve + ()7, @

where v, = V20,c/\ is a velocity measure of the measured
line width o,, and c is the speed of light. The values in the
angle brackets denote the spatial averages. It is assumed that
the spatial average of the nonthermal velocity (¢£) in our ob-
serving area is the same as the reported value of 23 km s™*
(Chae et al. 19984). This formula has the advantage that we
need not know the specific values of instrumental and thermal
widths that should be corrected from the measured width. Fi-
nally, we identified explosive events with those of £ > 45 km
s !, which is 5 ¢ above the spatial average.

The synthesis of the spectroheliogram was done by making
use of the natural scan achieved by the drift due to solar ro-
tation. The observing time of each spectrogram was converted
to the SOHO disk coordinate X defined at 16:00 UT. We used
0’5 as the pixel scale in the X-direction. By integrating all the
counts measured at the same pixel, we ultimately obtained the
synthesized Si 1v spectroheliogram illustrated in Figure 2.

A BBSO deep magnetogram of the same region with afield
of view of 270" x 220" was taken by integrating 4096 frames
of Stokes | and Stokes V images every 3—4 minutes. The field
strength calibration was done following Varsik (1995). Therms
noise level was determined by comparing two successive mag-
netograms, and it was found to be 2.5 G. The seeing was fairly
good. The FWHM spatial resolution of magnetograms was
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determined to be 2" from the power spectrum of an integrated
Stokes | image (Chae 1996). An example of a time series of
magnetograms is given in Figure 3 (Plate L9). Since photo-
spheric magnetic fluxes underwent many changes during the
4.5 hr duration required for the SUMER raster scan using solar
rotation, it is meaningless to compare the synthesized Si 1v
spectroheliogram with a magnetogram obtained at a specific
time. Therefore, we have constructed a synthesized magneto-
gram from the whole set of magnetograms taken every 34
minutes following the same principle that was used in the syn-
thesis of the Si 1v spectroheliogram. To ensure the smoothness
of the synthesized magnetogram, the magnetic flux density at
each position was averaged over the 30 minute period around
the time when the SUMER dlit crossed the flux’ s position. This
kind of smoothing might have suppressed weak, transient mag-
netic features whose lifetimes are much smaller than 30
minutes, but the smoothing reduced the noise level of the syn-
thesized magnetograms down to about 0.8 G. Our synthesized
magnetogram is presented in Figure 2.

We have co-aligned the Si 1v spectroheliogram and the syn-
thesized magnetogram by making use of the common network
features that appear as bright emissionsin the spectroheliogram
and as strong magnetic fluxes in the magnetograms. The set
of the best co-aligned images is presented in Figure 2, and
some of the common network features we used are marked by
squares over the images. We have found from experiments that
there exists a noticeable disagreement between the morpho-
logical patterns of the two images when one of the imagesis
displaced more than 2" with respect to the other image. Thus,
the accuracy of our co-registration is estimated to be about 2".

3. RESULTS

We identified 163 explosive events from the Si 1v spectro-
grams, which yields an estimated birthrate of 1 x 107%°
cm 2 st or 560 s * for the whole Sun. This estimate is very
close to the birthrate of 600 s™* from Dere et al. (1989). A
typical example of our Si v A1402 spectrograms, showing the
time evolution of explosive events, is presented in Figure 1.
There we find that two explosive events occur successively in
the same region. The spatial extent of these eventsis about 2"
(1500 km). The first event lasts for 3 minutes and reaches its
peak at around 17:05:49 UT. It has the maximum Doppler shift
of about 120 km s at both the red and the blue wings. The
second one is a little weaker than the first and reaches its peak
at 17:07:49 UT. The repetitive nature of explosive events at
the same place turns out to be an important characteristic. This
is examined in detail later in this section.

Figure 2 shows the Si 1v spectroheliogram synthesized from
SUMER spectrograms obtained from 16:00 to 20:30 UT and
the BBSO synthesized magnetogram constructed from al the
magnetograms obtained during the same time interval. The
location of each identified explosive event is marked by a cross
on both images. The Si 1v spectroheliogram shows that explo-
sive events tend to occur away from bright network regions.
Many of them are found near the edges of the network regions
that have intermediate-level intensities. Some are found in the
darker cells and show dlightly enhanced emissions compared
with the local background. A comparison of the Si v spectro-
heliogram and the magnetogram reveals that bright UV-
emitting regions correspond to strong flux regions that may be
either unipolar or bipolar. The magnetogram shows that ex-
plosive events rarely happen near the centers of strong flux
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TABLE 1

FREQUENCY DISTRIBUTION OF 163 OBSERVED EXPLOSIVE EVENTS IN
SPECIFIC MAGNETIC FIELD CONFIGURATIONS

Field Configuration N, Neagom™ Neil(95%)  Nio(99%)  N,;:,(99.99%)
Interiors of strong flux concentrations ...... 34 74 64° 59° 49°
Mixed polarity regions ...................... 129 89 99° 104° 113°
Total 163 163

# The number of specific configurations obtained from 163 randomly distributed events.

® The critical numbers N, in this row were determined from the condition P (N < N,,) = p, where p
is 0.05, 0.01, and 0.0001, respectively, in each case of confidence levels.

¢ The critical numbers N, in this row were determined from the condition P (N > N,,) = p, where p
is 0.05, 0.01, and 0.0001, respectively, in each case of confidence levels.

concentrations, whereas they frequently occur around the bor-
ders of flux concentrations or near the magnetic neutral lines.

We present a statistical argument to elucidate this tendency.
First of al, we classify the magnetic field configurations into
two groups. (1) interiors of strong flux concentrations and
(2) mixed polarity regions. Mixed polarity regions may aso
be referred to as magnetic neutral line regions because magnetic
neutral lines exist wherever two opposite polarity fluxes en-
counter each other. If a point whose neighborhood contains
only the same polarity fluxes, then we say that the point belongs
to the interior of a strong flux concentration. Otherwise, the
point is considered to belong to a mixed polarity region. For
practical purposes, we defined the neighborhood of a point by
the surrounding points within a distance of 2'5, which is com-
parable to the probable error of 2" in the co-alignment of the
two images and the typical spatial extent of explosive events,
2"-3". Next we counted the number of explosive eventsin each
kind of magnetic configuration. As seen from Table 1, among
thetotal of 163 identified explosive events, 129 events occurred
in the mixed polarity regions, and the other 34 events were
located in the interiors of strong flux concentrations. For com-
parison, we have also examined the number distribution of 163
imaginary explosive events whose locations are randomly dis-
tributed over the observing region. In this case, 89 events were
found to be in mixed polarity regions and 74 events in the
interiors of strong flux concentrations. We see that the observed
number distribution seems far from being random since the
observed frequency of explosive events occurring in the in-
teriors of strong flux concentrations, 34, is much smaller than
the corresponding random frequency of 74. To show that this
difference is statisticaly significant, we have estimated three
critical numbers that can be compared with the observed num-
ber when the uncertainties posed by the statistical fluctuation
with 95%, 99%, and 99.99% confidence levels are considered.
Based on the result from the random distribution, we see that
the probability that a single random event is found in the in-
teriors of flux concentrations is 74/163 = 0.45. Therefore, the
probability distribution of the number of random events found
in the interiors of flux concentrations among a total of 163
random events has a mean of 163 x 0.45 and a standard de-
viation of (163 x 0.45 x 0.55)”2. As seen from the table, the
observed frequency 34 is dtill smaller than the critical fre-
guencies 64, 59, and 49, each of which was estimated with the
confidence levels of 95%, 99%, and 99.99%, respectively. This
demonstrates that the finding that explosive events rarely hap-
pen in the interiors of strong flux concentrations is not due to
a dtatistical fluctuation but is rea. In the same way, the table
shows that the trend for explosive events to be preferentially
found in mixed polarity regionsisalso real. Thisresult suggests
that explosive events result from the interaction of opposite
polarity fluxes—possibly magnetic cancellation.

Now we present evidence that explosive events are asso-
ciated with magnetic flux cancellation. Figure 3 shows the tem-
pora change of the magnetic field configuration of the sub-
region indicated by the box P in Figure 2. The field of view
of this subregion is25” x 25”. Thisregion is characterized by
the existence of mixed polarity network fields that undergo
rapid time variations. As seen from the figure, a number of
explosive events occurred around 17:03:34 near the positive
magnetic element indicated by the arrow. The time sequence
of spectrograms shown in Figure 1 presents a couple of events
among the marked explosive events. It is clear from the figure
that the positive flux was decreasing with time during the period
of the explosive events. Furthermore, a careful examination of
the negative fluxes surrounding the positive flux element re-
vesals that they were also decreasing during the same period.
Therefore, positive and negative fluxes appear to cancel. This
kind of apparent mutual loss of magnetic flux in closely spaced
features of opposite polarity is defined as magnetic cancellation
(Martin et al. 1985). It should be noted that magnetic cancel-
lation is a term introduced for phenomenological descriptions
and that canceled flux does not necessarily mean the flux lost
viamagnetic diffusion. The physical interpretation of magnetic
cancellation will be reviewed briefly in the next section, along
with the discussion on the significance of our results. The flux
of the positive magnetic element that was estimated to be
5 x 10Y Mx at 16:22:05 decreased to 2 x 10* Mx later at
17:43:00, from which the rate of flux loss due to magnetic
cancellation is roughly estimated to be 6 x 10" Mx s*. The
explosive events that occur in association with magnetic can-
cellation are quite numerous. We found that at least 103 events
among the total of 163 events occurred during magnetic can-
cellation. This result is consistent with the previous result that
the explosive events are preferentially found in mixed polarity
regions.

It appears that a single event of photospheric magnetic flux
cancellation can produce numerous explosive events since the
timescale of the magnetic flux change, estimated to be on the
order of 1 hr, is much longer than the explosive event lifetime
of afew minutes. The two explosive eventsillustrated in Figure
1 occurred during the decrease of the positive magnetic flux
specified in Figure 3. And as can be seen from Figure 2, there
is a strong tendency for explosive events to occur as burstsin
specific regions. Figure 4 clearly demonstrates this. In the fig-
ure, we plotted the maximum Si v nonthermal velocity £ in
the R region of Figure 2 as a function of time. We find that
this region was undergoing flux cancellation during the ob-
serving time. For reference, we also plotted the nonthermal
velocity at a normal region without magnetic cancellation.
Peaks in ¢ greater than 45 km s have been identified with
single explosive events. The figure clearly illustrates that a
number of explosive events occur intermittently and as bursts
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FiG. 4—Transition region nonthermal velocity at a flux-canceling region as
a function of time (solid curve). For reference, the nonthermal velocity at a
normal region without flux cancellation is plotted as a dotted curve.

during the photospheric magnetic cancellation. This tendency
suggests that the explosive events that appear to last long may
not be single events but a succession of explosive events that
are unresolved. We found that 130 events among the total of
163 events occurred as bursts.

4. DISCUSSION

From a comparison of SUMER spectrograph dataand BBSO
deep magnetograms, we have obtained observationa results
that shed light on the physical origin of transition region ex-
plosive events. First, explosive events are rarely found in the
interiors of strong flux concentrations. Rather, they occur pref-
erentially in mixed polarity regions or near magnetic neutral
lines. Among a total of 163 events, 34 belong to the interiors
of strong flux concentrations and 129 to mixed polarity regions.
Thisresult confirmsthe previouswork of Porter & Dere (1991).
Second, the majority of the explosive events are associated
with magnetic flux cancellation. At least 103 among 163 events
occurred during magnetic cancellation. Finaly, thereisastrong
tendency for explosive events to occur repeatedly and in bursts
in a specific region undergoing magnetic cancellation.
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The fact that explosive events tend to occur during magnetic
flux cancellation is strong observational evidence for the mag-
netic reconnection being the origin of explosive events. There
have been different physical interpretations of observed mag-
netic flux cancellation, such asthe pure submergence of asingle
flux loop (Parker 1987) or an emergence of a U-type flux loop
(Spruit, Title, & van Ballegooijen 1987), but it is now widely
accepted as being a manifestation of magnetic reconnection.
According to this interpretation, the magnetic cancellation isa
result of the submergence of reconnected field lines whose
footpoints were originally not connected to each other. This
interpretation was confirmed by Wang & Shi (1993). They
show, based on transverse field measurements, that al the
events of flux cancellation appear at the interface of two to-
pologically separated magnetic loops.

Our finding that a number of explosive events, each with a
timescale of a few minutes, occur repeatedly in a region dis-
playing magnetic flux cancellation, which has a timescale on
the order of 1 hr, sheds more light on the relation between the
physical processes giving rise to explosive events and magnetic
flux cancellation. This may support Wang & Shi’s (1993) idea
of a two-step magnetic reconnection originally proposed for
the explanation of flare-associated magnetic flux changesin an
active region. They suggested that magnetic cancellation rep-
resents the first step of reconnection, a slow reconnection aris-
ing from the finite resistivity of the lower atmosphere, whereas
flare energy release (or an explosive event in the quiet Sun)
comes from the second-step reconnection, i.e., the fast recon-
nection higher in the corona. According to them, the slow
reconnection takes place continuously, while the fast recon-
nection can occur eruptively only when some critical state has
been achieved. Our observations are consistent with this ex-
pected behavior. It is aso noted that the spatial and temporal
characteristics of explosive events are quite consistent with the
flow pattern expected from a region where a fast magnetic
reconnection occurs (Innes et al. 1997).
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Fig. 3—A time series of magnetograms showing the magnetic flux changes and explosive events. The tick interval is 50(3600 km). The brighter features are
positive (north) polarity magnetic fluxes, and the darker features are negative (south) polarity fluxes. The gray-scale discontinuities represent the apparent flux
density levelsof 5 3, 9, 27, and 54 G. The vertical dashed line in each magnetogram is the SUMER dlit position at each observing time. The locations of explosive
events are marked by crosses. With respect to the observing time of each magnetogram, the explosive events located at the |eft side of the vertical line are future
events, and those at the right side are past events. The positive magnetic flux indicated by the arrow is decreasing with time.
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