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ABSTRACT

We analyzed multi-wavelength observations of three surges with a recurrent period of about 70 min in H,, EUV, and soft X-ray, which
occurred in the quiet-sun region on 2000 November 3. These homologous surges were associated with small flares at the same base,
but their exact footpoints were spatially separated from the flare. Each surge consisted of a cool H, component and a hot, EUV or soft
X-ray component, which showed different evolutions not only in space but also in time. The EUV jets had slightly converging shapes,
underwent more complicate development, showed clearly twisting structures, and appeared to open to space. The H, surges, however,
were smaller and only traced the edges of the jets. They always occurred later than the jets but had dark EUV counterparts appearing
in the bright jets. These surge activities were closely associated with two emerging bipoles and their driven flux cancellations at the
base region, and were consistent with the magnetic reconnection surge model. The possible cause of the delay between the surges and
jets, of the dark structures in the jets are discussed, along with the possible role of flux cancellations in generation of these surges.
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1. Introduction

Jet-like dynamical phenomena in the solar atmosphere, i.e., cool
or hot mass ejections, such as H, surges (Roy 1973a), EUV, and
X-ray jets (Schmahl 1981; Shibata et al. 1992a) have been ob-
served at many wavelengths and studied for many years. The
H, surges were straight or slightly curved mass ejections stretch-
ing out and away from small flare-like brightenings at footpoints
in the chromosphere into coronal heights, which moved upward
at 20-200 km s~!, reached heights of up to 200 000 km, and typi-
cally lasted for 10-20 min (Roy 1973a; Bruzek & Durrant 1977).
They can be seen as dark features on the solar disk and usu-
ally showed a strong trend to recurrence. X-ray jets were discov-
ered by Soft X-ray Telescope (SXT) (Tsuneta et al. 1991) aboard
YOHKOH as transitory X-ray enhancement with apparent colli-
mated motion. These jets are always associated with microflares
or subflares occurring in X-ray bright points, emerging flux re-
gions, or active regions, and their observational characteristics
have been described in detail by Shimojo et al. (1996).

Many early observations showed that H, surges were often
correlated with EUV and X-ray emissions around their bases and
that cool and hot mass ejections can be coexistent phenomena;
i.e., cool and hot components can be simultaneously observed
in a plasma ejection event (Rust et al. 1977; Schmahl 1981;
Schmieder et al. 1988; Svestka et al. 1990; Schmieder et al.
1994). Such an association was further confirmed by the recent
observations from YOHKOH/SXT and Transition Region and
Coronal Explorer (TRACE; Handy et al. 1999) (Shibata et al.
1992a; Shimojo et al. 1996; Canfield et al. 1996; Alexander &
Fletcher 1999; Chae et al. 1999; Asai et al. 2001; Kim et al.
2001; Yshimura et al. 2003; Liu & Kurokawa 2004). However,
the detailed temporal and spatial relationships between the
cool and hot ejections were not well-established. Simultaneous
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multi-wavelength observations of jet-like events with high reso-
lution are needed to understand such relationships better.

Surge activities were often associated with certain types of
magnetic activity around their bases in the photosphere, such
as satellite polarity (Rust 1968), evolving magnetic features
(Roy 1973), moving magnetic bipoles (Canfield et al. 1996).
Kurokawa & Kawai (1993) found that H, surges were often
observed at the very early stage in some emerging flux regions
(EFRs) and recurred for many hours. Therefore, they conclude
that magnetic reconnection between a newly emerging flux and
a preexisting magnetic field was the essential mechanism of H,
surge production. Shimojo et al. (1998) also report that most
X-ray jets favor regions of evolving magnetic flux (increasing or
decreasing) and occur at the mixed polarity regions in the periph-
ery of sunspots. More recently, Chae et al. (1999), Yoshimura
et al. (2003), and Liu & Kurokawa (2004) show that surges and
jets are closely correlated with magnetic flux cancellations at
their footpoints, forced by the newly emerging flux with a pre-
existing ambient field. These observations support the magnetic
reconnection surge model (Rust 1968; Roy 1973a; Shibata et al.
1992a; Schmieder et al. 1995; Canfield et al. 1996, and the ref-
erences therein). Shibata et al. (1992a), Yohoyama & Shibata
(1995), and Yohoyama & Shibata (1996) show in their two-
dimensional MHD numerical simulations that magnetic recon-
nection between emerging magnetic fluxes and preexisting fields
actually produce adjacent hot (X-ray) and cold (H, ) plasma ejec-
tions simultaneously. Detailed investigations of the magnetic
field evolution during surges will provide an insight into the re-
connection model and could help in understanding the genera-
tion mechanism of surges.

On 2000 November 3, three surge activities repeatedly
occurred in the quiet-sun to the north of NOAA AR 9213
(NO3WO05), and the first jet was preliminarily reported by
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David McKenzie in SXT science Nugget of 10 November 2000.
In our paper, we present H,, EUV, soft X-ray, and photosphere
magnetic field observations of the three surges at length. We
show that these surges were an obvious result of the cancel-
lation between emerging bipoles and the preexisting magnetic
field. We further show that these observations may serve as evi-
dence of the magnetic reconnection in the course of these surges.
For convenience, we use the traditional term “surge”, and “jet”
refers to the cool and hot plasma ejections throughout this paper.

2. Observations

The observations used in the present study include:

1. Full-disk H, images from the global H, five-station net-
work (Steinegger et al. 2000). The stations are Big Bear
Solar Observatory (BBSO) in the USA, Kanzelhohe Solar
Observatory in Austria, Catania Astrophysical Observatory
in Italy, Yunnan Astronomical Observatory and the Huairou
Solar Observing Station in China. The observations at BBSO
covered the three surges well. The cadence was 1 min, and
the pixel size of the H, images is roughly 1/, which yields a
spatial resolution of 2.

2. TRACE Fe IX/X 171 A (1 x 10° K) images with a cadence
of 1 min and a pixel size of 0”5 (Handy et al. 1999).

3. SXT full-disk soft X-ray images in the wavelength range of
3-50 A (2-4x 10° K) with a varying cadence and a pixel
resolution of 4.9” (Tsuneta et al. 1991).

4. High-resolution longitudinal magnetograms and continuum
intensity images with a cadence of 1 min and a pixel size
of 07625 from the Michelson Doppler Imager (MDI) on-
board the Solar and Heliospeheric Observatory (SOHO)
(Scherrer et al. 1995). On 2000 November 3, MDI observa-
tions in high-resolution mode started at 16:37 UT when the
first surge was in process. The full-disk MDI magnetograms
with a spatial resolution of 2” per pixel and a cadence of
96 min are also examined.

5. Full-disk Fe XII 195 A images from the Extreme-ultraviolet
Images Telescope on SOHO (SOHO/EIT) with a cadence of
12 min and a pixel size of 2.6” (Delaboudiniére et al. 1995).

3. H, surges and EUV jets

From 16:30 to 19:00 UT on 2000 November 3, three major
surges recurred with a period of about 70 min in the quiet-sun
region to the north of NOAA AR 9213 (NO3WO05). Figures 1a,
1b, and 1c present H, image, soft X-ray image, and a MDI mag-
netogram of the surge region, respectively, and Fig. 1d shows
their general appearances in EIT 195 A observations. It is clear
that all of these surges were ejected from the same site, which
showed up as a bright plage patch in the H, image and as mixed
polarities region in MDI magnetogram. Below we show that new
flux emergences and flux cancellations occurred in this region.

3.1. Morphologic evolution

Figures 2—4 respectively show the morphologic evolutions of the
first, second, and third surges in BBSO H,, TRACE 171 A, or
SXT soft X-ray. While all of these surges were well covered
by BBSO H, observations, only the first surge was observed
by YOHKOH/SXT, and the early stage of the first jet and the
ending stage of the second jet were lost in EUV due to data gaps
from 16:17to 16:36 UT and from 17:53 to 18:12 UT for TRACE
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Fig. 1. The appearance of the surge region in BBSO H,, image a), SXT
soft X-ray image b), MDI magnetogram c), and the three recurrent jets
in EIT 195 A images d). The field of view (FOV) is 500” x 640”. The
black window in the magnetogram indicates the FOV of Fig. 6, and the
areas in the Box1, Box2, and Box3 represent the FOVs in Figs. 24,
respectively.

observations. These plasma eruptions had the most obvious ap-
pearances in 171 A images. They were nearly straight, mainly
bright features with embedding dark structures. Like situations
found in the H, surge by Kurokawa & Kawai (1993) and in soft
X-ray jets by Shibata et al. (1994), they showed triangular shapes
and slightly curved to the west. In the H, images, these surges
showed as slightly curved dark features with a smaller dimension
than in EUV. The first jet also showed as a bright line structure
in SXT soft X-ray, which was already visible at 16:37 UT after
a YOHKOH night and showed the nearly same timing, location,
and appearance as the 171 A jet. It is noted that an early EUV jet
spurted out from the same base before 16:16 UT (see the images
at 16:10 and 16:15 UT in Fig. 2b), but we do not know whether
this jet was the early stage of the first jet due to the data gap of
about 20 min in TRACE observations after 16:17 UT. Therefore,
the first jet started before 16:37 UT, but its precise start time
was unknown. As noticed by McKenzie in the SXT nugget-type
report, these jets seem to eject outward along preexisting open
field lines, so were open to space. When the clumpy plasma was
channeled and moved outward along the open field lines, the jet
paths changed shape and some helical and twisting structures
were observed.

3.2. Relationship between jets and flares

As a fairly common characteristic of jets, these plasma ejec-
tions were all accompanied by small flares, i.e., subflares or mi-
croflares, at the same base. The small flares were obvious in H,
and 171 A for the three jets, and also in soft X-ray for the first jet.
The H, light curves in the area containing these small flares (in-
dicated by the white box in H, image in Fig. 1 and black boxes
in Figs. 2-4) are measured and plotted in Fig. 5a. We see that the
H, emission enhancements peaked at around 16:37, 17:45, and
18:52 UT, and that there were corresponding small fluctuations
in GOES soft X-ray flux (also shown in Fig. 5a) relative to the
smooth background flux. In soft X-ray, the small flare during the
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Fig.2. BBSO H, a), TRACE 171 A b), and YOHKOH soft X-ray ¢) images showing the evolution of the first surge. The FOV in a) and b),
indicated by the Box1 in Fig. 1, is 145” x 250”. The FOV in ¢) is 280" x 440", and the area in the white box shows the FOV in a) and b).

first jet was a bright patch without an obvious substructure. In
171 A, however, the brightenings in the base region of all three
jets clearly consisted of two parts separated by EUV emission
gaps. One was the exact footpoints of the jets, and the other the
loop-like brightenings of the small flares. Such disconnectivity
suggests that the jets were spatially separated from the bright
flare loops. Similar situations in X-ray jets were also discussed
by Shibata et al. (1994), Shimojo et al. (1996), and Canfield et al.
(1996). More interestingly, the two-part EUV brightenings at the
base region had obvious chromospheric counterparts, which can
be easily distinguished as two bright patches in H, images. In

Figs. 24, the gaps between the two brightening parts are indi-
cated by the black arrows in the 171 A images at 16:45, 17:45,
and 18:47 UT, and in H, images at 16:45, 17:49, 18:47 UT,
respectively.

3.3. Relationship between jets and surges

A more striking characteristic of the three plasma ejections,
however, is that the occurrence and appearances of the H, dark
surges (the cool components) were clearly different from the
EUV or soft X-ray bright jets (the hot components), not only
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Fig.3. BBSO H, a) and TRACE 171 A b) images showing the evolution of the second surge. The FOV, indicated by the Box2 in Fig. 1, is

130" x 220”.

119 47:43 i :38|
Fig.4. BBSO H,, a) and TRACE 171 A b) images showing the evolution of the third surge. The FOV, indicated by the Box3 in Fig. 1, is 130" 220"

in space but also in time. In the first event, the EUV jet started
to occur before 16:37 UT, reached the maximum length of
2.21 x 10° km at around 16:43 UT, then quickly faded away
and completely disappeared after about 16:53 UT. The H,, surge,
however, first appeared by 16:40 UT, and reached the maximum
length of 6.64 x 10* km at around 16:58 UT when the EUV jet
had disappeared. Moreover, the paths of the hot and cool com-
ponents were possibly along different field lines. In Fig. 2, the
H, surge near its maximum phase was superposed on the 171 A
image at 16:42. It is clear that the H, surge was shorter and thin-
ner than the bright 171 A jet and only traced its western edge.
After the occurrence of the H, surge, its EUV counterpart was
a region with weak darkening (indicated by the white arrows)
as compared with the earlier 171 A images. During the second
and third events, the H, surges and the EUV jets showed sim-
ilar spatial and temporal relationships. In Fig. 3 for the second
event, the H, surge with the maximum length at 18:00 UT was
superposed on the EUV image at 17:49 UT. The spatial differ-
ence between the H, surge and bright EUV jet is clear. In this
case, however, it is noted that the H, surge was cospatial with a
preexisting dark EUV structure (indicated by the white arrows)

D
L

“ (> % fg
; | ¢ Z;' “‘; f ‘} |
_ 1 —

/ G | P
55:00 >/:106] 9:31 ( 3:21

inside the bright jet. At the beginning of the third H,, surge, a
bright EUV structure appeared at the site of the surge (indicated
by the white arrows) and then became a dim region by 18:59 UT.
The H, surge reached its greatest length of 4.57 x 10* km at
18:59 UT and was very small compared to the 171 A jet, which
ejected out of the field of view (FOV) of TRACE after 18:53 UT.
In Fig. 4, the H, surge at 18:59 UT was superposed on the EUV
image at the same time. Again, the H, surge was located at the
bright western edge of the 171 A jet. In Table 1, the temporal
relationship between the cool and hot components of the three
surges is summarized. In Fig. 5b, the projected lengths of the
three surges and jets in H, and EUV or soft X-ray are plotted.
Since the EUV jets during the first and third events were ejected
out of the TRACE FOV, the lengths of the first jet we measured
according to the SXT observations; and for the third event, only
the lengths of the 171 A jet inside the TRACE FOV are given.
For all of three events, the cool components obviously showed
different temporal behavior from their hot counterparts. The first
appearances and the maximum length phase of the cool compo-
nents were later than that of their hot counterparts, and the delay
intervals of the maximum length phase between the hot and cool
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Fig. 5. a) H, light curves as the function of time in the area containing
the three small flares (solid line), which are computed from the intensity,
integrated and normalized over the area, and time profiles of GOES-8
soft X-ray in the energy channel of 1-8 A (dashed line), which are dis-
played in an arbitrary unit to fit in the panel. b) Projected lengths of the
surges in H, (solid line) and of the jets in EUV or soft X-ray (dashed
line). ¢) Changes in the positive magnetic flux in the black box in Fig. 6.
The solid vertical bars indicate the maximum times of the three small
flares.

components were 15, 10, and 6 min for the first, second, and
third surges, respectively. The hot components appeared around
the peak times of the associated small flares, while the cool com-
ponents appeared after the peak times, which is consistent with
the result of Schmieder et al. (1995). It is noted that, however,
all of the H,, surges had corresponding EUV dim region or dark
structures.

4. Magnetic flux emergence and cancellation

Figure 6 shows the evolution of longitudinal magnetic fields in
the surge foot region in the photosphere. By carefully examining
high-resolution and full-disk MDI magnetograms, three conspic-
uously emerging bipoles were identified around a preexisting
positive magnetic patch, “P”, in this region, and their preced-
ing (positive) and following (negative) poles were labeled as
“pl”, “p2”,“p3”, “nl”, “n2”, and “n3”, respectively. As a normal
phenomenon associated with emerging bipole, the positive and
negative poles showed a separating motion after their first emer-
gences. The nl first appeared at 03:12 UT, and the pl emerged
close to the P with same polarity and then separated from it. Due
to the n1 emergence preceding the surges by about 13 hours and
due to the lack of direct interaction between the nl and the P,
it seems that the p1-nl bipole emergence was not directly asso-
ciated with the surges we studied here. The p2 and n2 showed
their earliest signals as small magnetic patches at around 08:03
and 12:51 UT, respectively. Different from the nl emergence,
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the n2 directly popped out from a positive flux background of
the P. Due to the spreading motion, it was then driven to collide
and cancel with the P.

Such flux cancellation obviously persisted throughout the
journey of the bipole emergence until the n2 completely dis-
appeared at about 23:00 UT. As a result, the area and the flux
of the n2 were smaller than that of the p2 all along so the p2
eventually showed up as a pore (see the MDI intensity image at
23:30 UT) while the n2 did not. It is possible that this bipole
emerged symmetrically and simultaneously, but the n2 had no
sooner presented then it cancelled with the P, which led to its
first appearance being later than that of the p2. Therefore, it
seems that we can reasonably take 08:03 UT as the start time
of the p2-n2 bipole emergence. Since the flux cancellation con-
tinued throughout the duration of the surge activities, we be-
lieve that the n2-p2 bipole emergence and the forced flux can-
cellation were closely related to these surges. The third bipole
was smaller than the first and second bipoles. Its two poles, the
p3 and n3, first appeared simultaneously at around 17:30 UT.
Similar to the n2, the n3 emerged to the west of the P and was
then forced to collide and cancel with the P due to the spreading
motion. The flux cancellation between the n3 and P was clearly
manifested by making a comparison between the magnetograms
at 17:32 and 23:30 UT. We see that a positive tongue of the P
was gradually eroded and became smooth by 23:30 UT (indi-
cated by the arrows in the two magnetograms). Since the n3-p3
bipole emerged after the end of the first surge but just before the
start of the second surge, we believe that this emergence and its
driven flux cancellation were closely associated with the second
and third surges.

As a result of continuous flux cancellation with both the n2
and n3, flux in the P was substantially lost. This can be directly
seen from its decreasing area in a series of MDI magnetograms.
In Fig. 6, it is seen that the EUV flares and jets were very close
to the P, showing a close association between the jet activities
and the flux cancellation. The changes in the positive flux in
an area containing the P from 12:00 to 23:00 UT were mea-
sured and plotted in Fig. 5c. It is clear that the flux in P con-
tinuously decreased, from 2.45 to 1.25 X 1020 Mx between 12:00
and 23:00 UT with an average flux-loss rate of 3.0x 10" Mx s~!.
From 16:37 to 19:00 UT during which the surges occurred, how-
ever, the flux decreased from 1.95 to 1.5 x 102 Mx. This gives
a higher average flux-loss rate of 5.2 x 10> Mx ™!, implying a
relatively quick flux cancellation in the course of the surge activ-
ities. Thus, it seems that the second and third emerging bipoles
and their driven flux cancellation played a central role in produc-
ing the surge activities.

5. Conclusions and discussions

By means of BBSO H,, TRACE EUYV, and SXT soft X-ray ob-
servations, as well as MDI magnetograms, the morphologic, and
dynamic characteristics of the three surge activities were de-
scribed, and the associated evolution of photosphere magnetic
field examined. Our main results are summarized as the follow-
ing points. (1) The three surges occurred intermittently with a
recurrent period of about 70 min. They originated in the same
base and seem to be open to space. Each surge was accompa-
nied by a small flare, but its exact footpoint was spatially sepa-
rated by voids from the associated flare. (2) The EUV jets un-
derwent more complicate development and had more structures
than the H, surges. They showed helical and twisting structures
and had slightly converging shapes, while the H, surges were
smaller and only traced their edges. The appearances of the hot
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Table 1. Temporal relationship between the cool and hot components of the three surges.

Events First event Second event Third event
Hot Cool Hot Cool Hot Cool
Lifetime (Min) >16 ~34 >13 ~19 ~10 ~10
First Appearance (UT)  before 16:37 16:40 17:39 17:50 18:45 18:53
Delay interval (Min) >3 ~11 ~8
Maximum Length 16:43 UT 16:58 UT 17:50 UT 18:00 UT 18:53 UT 18:59 UT
(10* km) 22.10 6.64 9.61 9.03 13.25 4.57
Delay interval (Min) ~15 ~10 ~6
Subflare maximum 16:37 UT 17:45 UT 18:52 UT

and cool components were not simultaneous. The cool compo-
nents always occurred later than the hot components, and were
associated with weak dim area or dark structures in the hot com-
ponents. (3) These surges clearly resulted from the two distinctly
emerging bipoles and their forced flux cancellations around the
base region before and during the surge activities.

Many aspects of these observations can be explained by
magnetic reconnection between the preexisting open fields and
the newly emerging fields. Flux cancellation driven by the
emerging bipoles can be considered as a slow reconnection in
the lower atmosphere (Wang & Shi 1993; Jiang & Wang 2000,
2001). The occurrence of the associated small flare and the
converging shapes of the EUV jets, as well as the gaps be-
tween their footpoints and the loop-like flare brightenings, can
be regarded as evidence of magnetic reconnection in these jets
(Shibata 1998). The twisting structures in the EUV jets can
also be attributed to the relaxation of a stored twist as a re-
sult of reconnection between closed twisted new flux tubes and
untwisted surrounding coronal field (Shibata & Uchida 1986;

Fig. 6. MDI magnetograms showing the evolu-
tion of magnetic field around the base region
of the surges. To aid matching, the last frame
presents an MDI intensity image, and the out-
lines of the H, surges and the EUV jets (in-
cluding the small flares) in the three events are
superposed as black and white contours, re-
spectively. The black box indicates the area in
which the changes of the positive flux are mea-
sured and plotted in Fig. 5c. The positive and
negative poles of the three emerging bipoles are
denoted as “pl”, “p2”, “p3”, “nl”, “n2”, and
“n3”. The FOV, indicated by the black box in
Fig. 1, is 100” x 100”.

Schmieder et al. 1995; Canfield et al. 1996). The coexisting, but
different, paths of the cool and hot components were consistent
with the 2D MHD numerical simulations of the reconnection
model of Yohoyama & Shibata (1996), in which both cool and
hot plasma can be ejected along separate magnetic fields and
must be dynamically connected to each other.

During surge activities, delay in the peak emission of hot
and cool plasma were not uncommon. Schmieder et al. (1994)
find a delay of 3—4 min between cool and hot plasma emission,
and Alexander & Fletcher (1999) show that the maximum ex-
tent time of an X-ray jet precede that of in EUV by 5 min and
they explain such a delay being caused by the cooling of the ear-
lier, hotter jet material. In the case studied here, the H, surges
were observed before as bright structures in EUV in the first
and third events; thus, we could conclude that their appearances
were the results of cooling hot plasma, and the cooling time
was about 615 min as mentioned in Sect. 3.3. It is well known
that the coronal emission of the jet is absorbed by the Lyman
continuum of helium (Mein et al. 2001; Schmieder et al. 2004,
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Anzer & Heinzel 2005). In the bright EUV jet during the second
events, we clearly see that dark structures appear at the location
of a future surge. It means that the cool material still exists, but
its optical thickness is not enough to be visible in H,, or the spa-
tial resolution of TRACE EUV observations is better than that
of H, on the ground. That we see dark absorbed structures in the
EUYV jets means that these cool structures are located between
the coronal emission and the observer, and the EUV jets are less
inclined than the surges to the observer.

The new flux emergences and the forced flux cancellations
contain the key elements that are needed to produce these surge
activities. Chae (1999) propose a two-step reconnection model,
in which flux cancellation is the direct result of slow magnetic
reconnection in the lower atmosphere. More recently, Fletcher
et al. (2001) in their three-dimensional potential field model
demonstrate that small-scale flux cancellation in the photosphere
can cause field lines to open at a different location that the can-
cellation so lead to TRACE ejecta. We think that these mod-
els contain the basic aspects of a surge mechanism that can tie
together the slow flux cancellation in the photosphere with the
quick surge activities in the chromosphere and corona. In our
case, the recurrent period of the homologous jets was only about
70 min. As noticed by Kim et al. (2001), this is much shorter than
that of homologous flares, thus helicity injection by emerging
flux or self-helicity generation by reconnection of small-scale
flux tubes is possibly important in producing these homologous
jets. Finally, we would like to point out that an extended study is
needed to examine the occurrence of surge at the very early stage
of new flux emergences by means of round-the-clock observa-
tions, such as H, data from the five-station global H, network.
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