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ABSTRACT

Transition region explosive events have long been suggested as direct signatures of magnetic reconnection in the
solar atmosphere. In seeking further observational evidence to support this interpretation, we study the relation between
explosive events and the evolution of the solar magnetic field as seen in line-of-sight photospheric magnetograms. We
find that about 38% of events show changes of the magnetic structure in the photosphere at the location of an explosive
event over a time period of 1 hr. We also discuss potential ambiguities in the analysis of high-sensitivity magnetograms.

Subject headings: Sun: magnetic fields — Sun: photosphere — Sun: transition region

1. INTRODUCTION

Explosive events (EEs) are defined by strong transient en-
hancements of the wings of spectral lines that form at transi-
tion region (TR) temperatures. They were first observed with
the rocket-borne High Resolution Telescope and Spectrograph
(HRTS) flown by the Naval Research Laboratory (Brueckner &
Bartoe 1983; Dere et al. 1984). The physical properties of EEs
as derived from the HRTS flights are described in Dere (1994,
their Table 1): timescales between 20 and 200 s (with an average
of 60 s), spatial scales of around 1500 km (=2"), and velocities
of about 100 km s~!. They are best seen in TR emission lines
produced at temperatures of 2 x 10* to 2 x 10 K. Spatial maps
derived from raster sequences showed that EEs can be found all
over the quiet Sun, including at the limb and in coronal holes.
Wing enhancements were not always symmetric; sometimes only
a red or blue wing was present, often having a spatial offset of
1”7-2" along the slit.

More recent studies have analyzed spectra from the Solar Ultra-
violet Measurements of Emitted Radiation (SUMER; Wilhelm
et al. 1995) instrument onboard the Solar and Heliospheric
Observatory (SOHO). Pérez & Doyle (2000) summarize the
properties of EEs derived from SUMER spectra, based on a small
sample of eight events. Earlier HRTS results are largely con-
firmed, with some variations due to the different characteristics of
the SUMER instrument (see also Teriaca et al. 2004). For instance,
lifetimes are longer, probably due to the longer exposure times
needed by SUMER, while sizes are larger (4”—14") due to the
lower spatial resolution of SUMER compared to HRTS.

Part of the interest in the study of EEs stems from the idea
that they could be an important indicator of heating and/or ac-
celeration processes in the upper solar atmosphere. To determine
the origin of EEs and evaluate their contribution to the mass and
energy flux in the solar atmosphere, one must address the question
of their relationship with the magnetic field topology. Porter &
Dere (1991) found that most EEs are located near the magnetic
network, which was confirmed later, e.g., by Moses et al. (1994)
and Chae et al. (1998). The TR line emission of EEs is usually
fainter than the enhanced emission that corresponds to the mag-
netic network. This is one of the important differences between
EEs and other small-scale transients of the solar TR and corona.
For example, coronal and X-ray-bright points are found directly
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within the bright network and exhibit enhanced X-ray and EUV
emission, with sizes of about 10”-40" and lifetimes between
several hours and 1-2 days. They consist of small-scale arcades
of loops connecting opposite polarities of small magnetic bipoles
(e.g., Sheeley & Golub 1979; Habbal 1992; Webb et al. 1993;
Madjarska et al. 2003). In contrast, EEs are usually not seen in
coronal lines, but are limited to lines at TR temperatures.

Another TR phenomenon which was discovered with Cor-
onal Diagnostic Spectrometer (CDS) on SOHO are the so-called
blinkers (e.g., Harrison 1997; Bewsher et al. 2002). They are best
observed in transition region lines such as O 1v 1554 (1.6 x 10° K)
and O v 1629 (2.5 x 105 K). These events are characterized by
an intensity enhancement factor of about 1.2—2.7 and a duration
of around 1-40 minutes (although some of the longer ones seem
to be composed of short-duration elementary blinkers, according
to Brooks et al. 2004). Like EEs, blinkers do not appear to have
any detectable coronal or chromospheric signatures. Bewsher
et al. (2002) found that most blinkers are located above regions
of strong flux, the magnetic network.

The relationship between EEs and TR blinkers has been ex-
amined in several studies. Based on a statistical analysis, Brkovi¢
& Peter (2004) concluded that explosive events and blinkers are
independent phenomena. Bewsher et al. (2005) raise doubts as
to a link between them, and their probability analysis shows that
such a link is very unlikely. Madjarska & Doyle (2003) described
the main characteristics of both EEs and blinkers that imply that
they are more likely two separate phenomena not directly related
to or triggering each other. On the other hand, Chae et al. (2000)
have put forth the idea that blinkers “consist of many small-scale
and short-lived SUMER unit brightening events having sizes and
durations that are very comparable to those of explosive events.”
They attribute the difference in spectral characteristics of blinkers
and EEs to different magnetic geometries involved in the under-
lying reconnection. This controversy clearly underscores the im-
portance of studying the magnetic field structure of EEs and other
small-scale TR phenomena.

The basic mechanism proposed for the formation of EEs is
magnetic reconnection taking place near the magnetic network.
Dere etal. (1991, their Fig. 2) illustrates this in a schematic way.
Patches of bipolar magnetic flux emerge in the interiors of the
supergranular cells and are swept to the boundaries by the super-
granular flow. If a network element has the opposite polarity, the
flux will eventually come close enough for reconnection to occur.
The intense wing broadening of the spectral lines is thought to
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be due to plasma that is accelerated in the reconnection process
(Innes et al. 1997). In this scenario the EEs are therefore con-
sidered to be a direct consequence of magnetic reconnection in
the TR.

From the spatial distribution of EEs superposed on a map that
displays the chromospheric network it can be seen that EEs not
only seem to avoid the magnetic network, but are also rarely
located in the centers of supergranular cells (e.g., Porter & Dere
1991). The work of Porter & Dere (1991) was limited to a com-
parison of EE locations with single magnetograms taken at the
time of the HRTS flights. Therefore, the temporal evolution of
the magnetic field could not be addressed.

Some of the early observations with HRTS showed some as-
sociations of EEs with emerging flux regions, as in the case of
HRTS-6 (Dere et al. 1991). For the HRTS-7 flight magnetograms
from several ground-based observatories were available. In one
case an EE was found to be connected to a small emerging bipole
that later merged with a preexisting patch of nearby flux (Dere &
Martin 1994). Many more EEs were found in quiet-Sun regions,
but no simultaneous magnetic field measurements were avail-
able. Therefore, the case for interpreting EEs as evidence for
reconnection during magnetic flux emergence has been largely
circumstantial.

A detailed account of the magnetic field evolution in con-
nection with EEs is given by Chae et al. (1998). They compared
SUMER EEs with deep magnetograms taken at Big Bear Solar
Observatory (BBSO). They found that EEs are located near the
magnetic network (in agreement with Porter & Dere 1991). Out
of a total of 163 EEs in their spectroheliogram, 103 are at a lo-
cation of flux cancellation. Section 4 discusses their results in
more detail.

More recently, Madjarska & Doyle (2003) used data from
SUMER, CDS, and BBSO and were unable to associate EEs with
any particular magnetic field pattern. On the other hand, they
found that blinkers are associated with bipolar magnetic regions,
although they found no flux cancellation or changes in total flux
for blinkers.

A different approach to a closely related topic was presented by
Sanchez Almeida et al. (2007). Their work illustrated an attempt
to find footpoints of quiet-Sun TR loops using G-band-bright
points. These are used as proxies for photospheric magnetic field
concentrations which may anchor and guide the TR structures.
They also identified several EEs in their SUMER data, but found a
tendency that EEs avoided G-band-bright points. As explained in
our standard scenario above, we consider EEs are the direct sig-
nature of reconnection taking place in the TR. On the other hand,
Tarbell et al. (2000) proposed reconnection in the photosphere,
which leads to shocks and shock interaction that accelerate the
plasma at TR temperatures. Sanchez Almeida et al. (2007) argued
that, if G-band-bright points are footpoints of loops undergoing
reconnection, then the fact that the EEs do not coincide with them
indicates that the site of TR plasma acceleration is far from the
photospheric footpoints.

The purpose of the current study is to identify signatures of
EEs in the underlying photospheric magnetic field and to illu-
minate the role of magnetic reconnection in the formation of
EEs. The following section describes the observations and basic
data analysis. Section 3 shows the results of our combined data,
and § 4 discusses the magnetic field evolution.

2. OBSERVATIONS AND DATA PROCESSING

In our analysis we combine data from two instruments on-
board SOHO. Until recently the SUMER instrument was the

only instrument in operation that was able to identify EEs by
their spectral signature. The Michelson Doppler Imager (MDI;
Scherrer etal. 1995) can continuously map a large disk fraction
of photospheric magnetic field with moderate to good spatial
resolution over many hours. The data have been taken on 1999
November 7, they have been taken strictly simultaneously, and
cospatiality is ensured by the data processing. With this combi-
nation of instruments we have the opportunity to study the re-
lation of EEs and the underlying magnetic field in unprecedented
detail.

2.1. SUMER

The SUMER instrument onboard SOHO was designed to ob-
serve spectral lines in the range from around 500 to 1610 A. This
study employs data obtained in the scanning mode in order to
allow coalignment of the SUMER data with the MDI magneto-
grams. SUMER was taking data around 1550 A, which covered
two C 1v lines (41548 and 41550, formation temperature 1 x
10° K), a Sin line (11533, 1.8 x 10* K), and a Ne v line (1770
in the second order, 6.3 x 10° K). Figure 1 shows an example
of a C 1v spectrum, including several spectral profiles of EEs.
Exposure times were 150 s, and SUMER performed 60 raster
steps each of 3” (nominally). This scan was repeated 3 times.
Only the first scan and part of the second had cotemporal MDI
data and are considered in this analysis. Spatial sampling along
the SUMER slit corresponds to approximately 1” pixel ~!.

Basic data processing of the raw SUMER spectra includes
decompression, flat-fielding, and geometrical corrections. We
note that the destretching algorithm that is available with the
public software uses preflight calibration data and does not work
perfectly. Residual image distortions are still present and are worst
at the edges of the detector. Finally, we fit the line profiles with a
single Gaussian to obtain integrated intensity, central wavelength,
and width of the spectral lines.

The characteristic signature of an EE is enhanced emission in
the wings of the spectral line. We developed the following algo-
rithm to identify such wing enhancements. We first determine the
continuum in a nearby wavelength range and the root mean square
(rms) of the continuum /,,,,;. We then smooth the spectra in wave-
length and determine the location of the maximum emission in the
C1v 11548 line. We exclude locations where the maximum of the
emission is less than 10 x /., and where the continuum is less
than 1. Thus, the algorithm avoids very weak profiles that mostly
consist of noise. We note that these criteria automatically remove
most locations in the centers of network cells. Therefore our al-
gorithm is biased against finding EEs in cell centers.

Finally, we calculate the average intensity between 70 and
130 km s~ (5 spectral pixels) to the red and blue of the line center.
If this value is larger than 0.3 times the maximum intensity of
the line, the line profile will be flagged as a potential EE. In the
last step, the flagged spectra are displayed and the final deter-
mination is done visually.

Our algorithm is designed to reject moderately enhanced
(less than 30% of the line maximum) and moderately broadened
(velocities <70 km s~') line profiles. While such profiles exist,
they are generally not included in our analysis. In the case of
rather weak lines the 30% criterion removes profiles where the
wing enhancements are also near the noise level. On the other
hand, we found several cases where the central component of
the line was very strong and a very clear wing enhancement
was present, but the 30% criterion was not fulfilled due to the
brightness of the central component. We have added these lo-
cations to our sample of EEs by hand.
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Fic. 1.—Example of C 1v spectra at 1548 and 1550 A (lef?); the white arrows point out the location of the EEs in this particular slit position. The line plots show the
line profiles at the indicated arrow positions; the solid line represents the EE profile, and the dashed line represents a profile averaged along the slit.

In agreement with the known size of EEs, characteristic wing
enhancements are often found in more than 1 pixel along the slit
and sometimes also in neighboring scan positions. If an event
covers several pixels, all adjacent pixels are counted as one single
event.

2.2. MDI

We use magnetograms and Dopplergrams that were taken in
the high-resolution (HR) mode of MDI. These data have a spatial
sampling of 0.6” pixel~!, and one set of observables is obtained
every minute.

The data used in this study are available from the MDI World
Wid Web archive, and have been processed to the 1.8 level. Raw
data from the spacecraft have first been calibrated into physical
units of the observable and time and location of the observation.
Descriptive and ancillary data have been added and finally level
1.8 processing went on to provide time-dependent corrections for
plate scale, zero offset, sensitivity, and cosmic rays. We checked
the sequences for missing images and used linear interpolation
from adjacent ones to fill data gaps.

It takes 30 s to measure the five filter locations in the Ni1 16768
line from which magnetograms, Dopplergrams and intensity
images are derived. According to Scherrer et al. (1995), a single
longitudinal magnetogram has a 1 o noise level of 20 Mx cm—2.
At least part of the noise in the magnetograms can be attributed

to cross-talk of the velocity signal into the magnetic signal (e.g.,
Settele et al. 2002). During the time MDI needs to measure the
five filter positions (30 s), the spectral line is also shifted in
wavelength due to the photospheric velocity field. The magnetic
signal is calculated from differences of filtergrams in the two
polarization states, and the Doppler shift introduces such differ-
ences over the exposure time.

We carry out a three-dimensional Fourier transformation of
our quiet-Sun MDI magnetogram sequences. In the resulting k-w
diagram variations with characteristic timescales of 2—5 minutes
are present which are due to wave motions. To remove the effect
of oscillations in our magnetograms, we apply a subsonic Fourier
filter with a cutoff phase velocity of vy, = 3 kms™ I Close inspec-
tion of the filtered magnetogram sequences reveals the presence
of fluctuations on granular scales. As we expect the changes in
magnetic flux associated with EEs to be small, we refrain from
additional spatial and/or temporal averaging.

To determine the noise in the filtered magnetograms, we follow
the method of Hagenaar (2001) and Parnell (2002). A histogram
of the magnetic flux of various selected regions was fit with a
Gaussian centered on the zero value. From this analysis we derive
avalue of B = 9 Mx cm™2 as the 1 o noise level. We disregard
all flux between these values by setting it to zero.

We apply the same analysis procedure to the MDI Doppler-
grams. The rms of the Doppler fluctuations of a filtered data cube
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Fic. 2.—Example of a SUMER scan. Left: Image of continuum intensity around 1535 A. Center: The peak intensity of C v 11548. The yellow areas are locations of EEs,
identified by strong wing enhancements in the C 1v line. Right: Magnetogram composed of a slice through the MDI three-dimensional data cube, following the SUMER scan.

is around 150 m s~!, with a peak-to-peak amplitude of about
+600 ms~!.

2.3. Combining SUMER and MDI Data

Because EEs have very small spatial scales, proper co-alignment
of SUMER with MDI is critical. Both the SUMER scan and
MDI magnetograms have to be scaled to the same size and then
cross-correlated. The fact that SUMER is scanning while MDI
takes a series of snapshots complicates the analysis further due
to the evolution of the solar structures.

SUMER scanning is carried out either from east to west or
from west to east. Depending on whether or not the scan is in the
sense of the Sun’s rotation, the observed field of view (FOV) is
either smaller or larger. The smallest scan step that can be carried
out with the scanning mechanism is 0.38”, so a complete scan step
of 3" requires eight elementary steps. After 1997 the scanning
mechanism has been unreliable and sometimes elementary steps
are not carried out. We begin by adopting the nominal 3” step size
and add/subtract the solar rotation to determine the size of the
SUMER scan. For the co-alignment we use the continuum emis-
sion near the C 1v 11548 line, which represents emission from the
chromosphere. Simply overlaying the SUMER continuum map on
the MDI magnetograms is inadequate because of inaccuracies in
the SUMER destretching and the variable step size of the SUMER
scan. Instead we apply the following two-step procedure. First we
cross-correlate the complete scan with the magnetogram, choos-
ing a spatial scaling factor that gives the optimal match. Then,
we select a smaller 15 x 25" FOV around each EE location and
calculate the cross-correlation again. For each event the quality
of the cross-correlation of the subfields is visually checked; if
spatial distortions are clearly present, the event is rejected.

A spatial offset between the location of the EE and of the flux
changes can be due to uncertainties in the spatial scaling (especially
in the scan direction), residual errors in the spatial cross-correlation,
and the fact that the photospheric magnetic signal originates from
a different height than the EE. Taking all of these effects into ac-
count, we search for magnetic flux changes in a radius of about
6" (10 MDI HR pixels) around the location of the SUMER EE. We
then study the evolution of the magnetic flux starting 30 minutes
before and lasting until 30 minutes after the time of the EE.

Figure 2 gives an overview of one of the scans. Abscissa x is
along the scanning direction, while the SUMER slit was oriented

along the ordinate y. The left image shows the continuum intensity
around 1535 A. The bright structures outline the magnetic net-
work in an area near disk center. A comparison with full disk EIT
coronal images shows that the scans were taken inside a coronal
hole. The central image shows the peak intensity of the C v 41548
line, with the highlighted areas indicating locations of EEs. The
right image shows a magnetogram composed of a slice through
the MDI three-dimensional data cube, similar to the SUMER scan.

3. RESULTS

Figure 3 presents several examples of magnetic flux changes
observed at the locations of EEs. The images are saturated at
B = 430 Mx cm 2. In each example the left image is a magneto-
gram taken 30 minutes before the EE took place, the central image
shows the distribution of magnetic flux at the time of the EE,
which is located at the center of the FOV (indicated by the white
cross), and the right image is the magnetogram taken 30 minutes
after the EE.2

The following description of the magnetic flux evolution refers
to the complete movies, where Figure 3 only shows snapshots
for each case. An example of flux cancellation can be seen in the
top row of Figure 3. Near the center of the FOV there is a large
patch of white-polarity flux with a small piece of black-polarity
flux next to it. Just to the north there is a large black-polarity
patch with a small white-polarity area on its east side. In both
places the minority polarity moves toward the larger magnetic
patch and slowly disappears. Both areas of canceling flux lie
within our 6” radius around the EE location.

The second row of Figure 3 shows another example of flux
cancellation: again, a very small patch of one (black) polarity
approaches a larger patch of the other (whife) polarity and com-
pletely vanishes by the end of the 1 hr sequence.

The third row Figure 3 illustrates an example of flux emergence
at the EE site. Although there is a bipole present near the center
of the FOV at the beginning of the sequence, a second small
bipole appears subsequently. The new bipole eventually becomes
clearly visible in the right image at the end of the 1 hr period.

The fourth row shows complex flux changes: during the first
half an hour a small bipole emerges, which cancels again in the

2 Movies of these and several other events can be found at http://wwwsolar
.nrl.navy.mil/~muglach/ee.html.
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Fic. 3.—Examples of magnetic flux evolution at the location of an EE; images are saturated at B = +30 Mx cm ™. Lefi: A magnetogram taken 30 minutes before the
EE took place. Center: A magnetogram at the time of the EE, with the EE being located in the center of the FOV (white cross). Right: A magnetogram taken 30 minutes
after the EE. The two top rows show flux cancellation, the third row flux emergence, and the fourth row complex flux changes; in the bottom row there are no flux changes.
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TABLE 1
MacNETIC FLUXx CHANGES OBSERVED DURING EXPLOSIVE EVENTS

FLux CHANGES

LocaTioN Emergence Cancellation Complex All Flux Changes® No Fux CHaNGEs” ToraL NUMBER
Explosive events .........cccceveveeneencnne. 3 7 4 14(38) 23(62) 37
Random locations ...........cccceeveervenenne. 2 1 1 4(11) 33(89) 37

# Numbers in parentheses are percentages.

second half an hour. Finally the bottom row is a typical example
where we do not find any flux changes around the EE site.

Table 1 summarizes our results. Out of a total of 37 EEs we find
that 14 (38%) show flux changes in a time interval of 1 hr around
the time of the EE. We have three cases of flux emergence, seven
cases of flux cancellation and four complex cases with both emer-
gence and cancellation taking place within our 6” radius of the
EE location. For 23 EEs (62%) we could not identify any sig-
nificant flux changes. In the second line of Table 1 we show the
distribution of flux changes at randomly selected locations in
the SUMER scans. Only four (11%) of the random locations show
flux changes similar to the ones we find at EE locations.

Visual inspection of the MDI Dopplergram sequences did not
reveal any signatures we might expect in connection with the re-
structuring of the magnetic field.

4. DISCUSSION

All of our SUMER observations were taken in very quiet
regions. Comparing the observed FOV with EIT EUV images,
we find that the observations were taken in a coronal hole. There-
fore, the observed MDI flux densities are very low. As can be seen
from Figure 2, EEs are usually located near, but not directly inside,
the bright network (although a couple of exceptions can be found).
While the flux density of the network is between 100 Mx cm™>
and several hundred Mx cm™2, values of the canceling/emerging
flux are between 20 Mx cm ™2 and less than 100 Mx cm 2.

The sizes of the flux patches are also very small (a few arc-
seconds): usually just small bipoles or one small unipolar patch
of flux canceling with a larger network fragment. The duration
of'the flux changes cannot be determined as our 1 hr time window
generally includes only part of the process. Because we only see
snapshots of EEs in our SUMER data, such an investigation
would require continuous observations at a given location.

From Table 1 we can see that the number of EE sites with flux
changes clearly exceeds the number of random locations that
show flux changes. Therefore, we believe that the flux changes we
find are not just accidental occurrences. The ratio of flux can-
cellation to flux emergence is 7:3. This is very close to the ratio
of about 2: 1 found by Webb et al. (1993) studying the corre-
spondence between X-ray-bright points and evolving magnetic
features in the quiet Sun, and Harvey (1985) for He 1 dark points.
As explained in § 1, X-ray-bright points emit at higher temper-
atures, are larger, and have longer lifetimes than EEs. The flux
involved is also stronger than what we measure in EEs. Never-
theless, both studies give about the same ratio. Webb et al. also
find several cases of both emerging and canceling flux, corre-
sponding to what we call complex. In summary, we find several
similarities between our results and the results of Webb et al.
with regard to their magnetic field data, although we do not
consider EEs smaller versions of X-ray-bright points. Webb et al.
(1993) also found that there were many more flux cancellation
sites than X-ray-bright points. We can speculate that one of the
reasons might be that, to produce X-ray bright points reconnection

has to occur in the corona, while reconnection taking place in the
TR will produce EEs. In case the reconnection happens in even
lower layers, e.g., in the photosphere, we would still measure flux
cancellation, but neither EEs nor X-ray bright points.

To properly interpret the MDI magnetograms we need to un-
derstand how the flux densities are derived. The quantity that an
imaging magnetograph measures is the circular polarization or
Stokes V. Based on the longitudinal Zeeman effect this Stokes
signal is interpreted as originating from a magnetic field per-
meating the plasma that the spectral lines originates from (e.g.,
Stenflo 1994, Lites 2000). In a filtergraph Stokes V is usually
measured in the wing of a spectral line, where the polarization
signal is largest. In case of MDI the polarization is measured at
several wing locations (Scherrer et al. 1995). A number of as-
sumptions are made in converting the resulting signal to a mag-
netic field. Only the component of the magnetic field vector B
along the line of sight produces circular polarization (the com-
ponent in the plane perpendicular to the line-of-sight produces
linear polarization, Stokes Q and U, which are not measured). If
one observes at disk center and the direction of the magnetic field
vector is radial, then the LOS component can be equal to the actual
field strength. Whenever the inclination angle between the field
vector B and the line of sight () changes, however, so will the
measured polarization signal.

We would like to add that the assumption that the polarization
signal is proportional to the magnetic field strength is valid only
in the so-called weak-field regime, that is, when the Zeeman
splitting is small compared to the Doppler width of the spectral
line. This regime depends on the spectral line and usually breaks
down at high field strengths like in a sunspot.

Another parameter that influences Stokes V' is the magnetic
filling factor (FF). If one assumes a simple two-component model
of the magnetic field, then the pixel under consideration con-
tains contributions from both a magnetized and an unmagnetized
atmosphere. In the conversion of the MDI polarization signal it
is assumed that the observed pixel is completely permeated with
magnetic field of constant strength (FF = 1). But a field that is,
e.g., twice as strong but only covers half the area of the spatial
resolution element will give the same polarization signal. Since
the filling factor cannot be determined with filtergrams, the quan-
tity that MDI delivers is a line-of-sight magnetic flux density,
not a field strength |B|. From full Stokes polarimetry we know
that only sunspot umbrae have FF = 1. For the quiet Sun, one
has to differentiate between the magnetic network and inter-
network. Network (and plage regions) are known to consist of
magnetic elements with field strengths of about 1500 G and sizes
of around 100 km (<0.2"). Filling factors for these regions range
from FF = 0.05 in quiet network up to 0.24—0.40 in plage regions
(e.g., Stenflo 1973; Muglach & Solanki 1992; Martinez Pillet et al.
1997; Bellot Rubio et al. 2000).

The topology of the internetwork field is controversial. De-
pending on the assumed model and the spectral lines used, fields
with moderate field strength around several dozens to hundreds of
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G can be found, or again kG fields with very small filling factors
(see, e.g., recent works from Martinez Gonzalez et al. 2006, 2008;
Socas-Navarro et al. 2008). New observations with the spectro-
polarimeter onboard the Hinode satellite with higher sensitivity
and no interference from atmospheric seeing will provide new
input into this unresolved issue. First results on internetwork fields
from Hinode can be found, e.g., in Orozco Suarez et al. (2007),
Lites et al. (2008), and de Wijn et al. (2008).

The MDI movies show fluctuations of small flux densities on
very short temporal and spatial scales. These flux densities are
above B = +9 Mx cm 2, which is our 1 ¢ noise level. Most of
these fluctuations are probably caused by changes in inclination
~ due to the swaying of the field lines in the granular velocity
field, perhaps in addition to changes in FF as the field lines are
shuffled together by the granules. As these fluctuations take place
all over the observed field, we think that they are unrelated to EEs,
or one would find a lot more EEs along the slit. The flux changes
we consider significant for EEs involve somewhat larger flux
patches that are persistent over more than one granular lifetime.
We think that due to these rather conservative criteria, we do not
find flux changes for the majority of our EEs. In addition, the mag-
netic sensitivity and spatial resolution of MDI are very limited.
We hope that future observations from ground and especially from
space (e.g., from Hinode SOT) will improve these statistics and
contribute to our understanding of small-scale photospheric dy-
namics reflected in magnetograms.

Visual inspection of the Dopplergram sequences did not reveal
any velocity signatures we would expect in connection with the
restructuring of the magnetic field. If flux emergence is really
connected to flux elements moving from subphotospheric layers
upward into the photosphere and higher layers, eventually leading
to reconnection with preexisting flux in the TR, one would ex-
pect to see upflows in connection with flux emergence. Or if
flux submerges as a consequence of flux cancellation, one would
expect to see downflows at the location of the canceling flux
(under the assumption that the reconnected loop is actually pulled
under the surface). After p-mode filtering the Doppler velocity
field shows fluctuations of the order of £600 m s—! due to gran-
ular and supergranular flows. Beyond these fluctuations, however,
no clear signature of, e.g., downflows can be found at flux cancel-
lation sites. However, the MDI Dopplergram signal is dominated
by the nonmagnetic part of the atmosphere within the observed
pixel, while the magnetic field covers probably only a small frac-
tion of the area. A better way to investigate this question would be
to measure Stokes V profiles and search for velocity signatures in
the Stokes V zero-crossing (e.g., Muglach & Solanki 1992), which
reflects Doppler shifts originating exclusively from the magnetic
part of the atmosphere. Increasing the spatial resolution should
also increase the likelyhood of detecting velocity signatures.

Asmentioned in § 1, Chae et al. (1998) also compared SUMER
EEs with line-of-sight magnetograms taken at BBSO. They
found that about 64% of their EEs occurred during magnetic
flux cancellation, while they did not mention any flux emergence.
Their result differs considerably from our statistics and hence
deserves closer inspection. The SUMER spectra that they an-
alyzed were taken in a sit-and-stare mode of the spectrograph.
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Therefore, due to the lack of solar rotation compensation, solar
structures moved through the 1” slit in about 420 s. During the
4.5 hr of their observing run, SUMER covered a region of about
40” from which they construct a spectroheliogram that is com-
pared with the magnetograms. They explained their method of
identifying EEs in the SUMER spectra, but did not provide in-
formation on how EEs were counted in their analysis.

Their Figure 1 shows the recurrence of an EE in a sequence
of exposures, but it is unclear whether this would be considered
to be one or two EEs in their statistics. This lack of information
complicates an actual comparison of the respective results. The
magnetograph data in their Figure 2 suggests that there are just
two locations of flux cancellation, but it is unclear how many
EEs were actually assigned to them. In contrast, our SUMER
data represent snapshots of the TR with no information about
the evolution of the EEs, whose lifetimes are comparable with our
exposure times and sizes similar to the step size of the scan.

Unlike Chae et al. (1998), we also find flux emergence and
complex flux changes in connection with EEs. Therefore, we pro-
pose that what we see is a signature of reconnection related to a
change in magnetic topology of the small-scale magnetic field
of quiet-Sun regions. This is a more general concept than flux
cancellation.

A number of modeling efforts have been reported (e.g., Karpen
et al. 1998; Sarro et al. 1998; Roussev & Galsgaard 2002; Chen
& Priest 2006). Chen & Priest (2006) model EEs under the in-
fluence of 5 minute p-mode oscillations, trying to reproduce the
recurrence rate of 5 minutes reported by Ning et al. (2004). They
do get a 5 minute modulation in their synthetic TR line, but the
modulation is present in the central component of the line whereas
no enhanced line wings are present. Some of the simulations of
Roussev & Galsgaard (2002), on the other hand, reproduce the
line wing enhancements of their TR lines very well (see, e.g.,
their Fig. 5), but also produce wing enhancements in the coronal
line Ne vir 4770, which are usually not observed (most of the
EEs in our sample are observed in C v 411548 and also include
simultaneous observations of Ne vin A770). One of the chal-
lenges for modeling seems to be the fact that EEs are observed
in TR lines, but not in coronal lines. The reconnection scenario
therefore has to produce appropriate acceleration of sufficient
plasma (not just heating) at TR temperatures, without heating
and accelerating the plasma to coronal temperatures. Up to now
modeling efforts are still too simplified to allow a detailed com-
parison with observations. We hope that the results of our detailed
study of the photospheric field evolution will provide valuable
input into future models.
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