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Abstract

We study point-like explosive events (EE), characterized by emission in the far wings of
spectral lines, in a quiet region near the South Pole, using Interface Region Imaging Spec-
trograph (IRIS) spectra at two slit positions, slit-jaw (SJ) observations, and Atmospheric
Imaging Assembly (AIA) images. The events were best visible in SiIV spectra; they were
weak in SJs, occasionally visible in 1600 A and 304 A AIA images, and invisible in higher
temperature AIA images. We identified EEs from position—time images in the far wings of
the Si1V lines and measured their distance from the limb. A Gaussian model of the height
distribution showed that EEs occur in a narrow (0.9”) height range, centered at 3.2” above
the continuum limb at 2832.0 A. On the disk, we found that they occur in network bound-
aries. Further, we studied the line profiles of two bright EEs above the limb and one on the
disk. We found that what appears as broad-band emission is actually a superposition of 2—3
narrow-band Gaussian components with well-separated line profiles, indicating that mate-
rial is expelled towards and/or away from the observer in discrete episodes in time and in
space. The expelled plasma accelerates quickly, reaching line-of-sight (LOS) velocities up
to 90 kms~'. Overall, the motion was practically along the LOS, as the velocity on the plane
of the sky was small. In some cases, tilted spectra were observed that could be interpreted
in terms of rotating motions of up to 30 kms~!. We did not find any strong absorption fea-
tures in the wing of the Si1V lines, although in one case, a very weak absorption feature was
detected. No motions indicative of jets were detected in SJ or AIA images. Reconnection in
an asymmetric magnetic-field geometry, in the middle or near the top of small loops, is a
plausible explanation of their observational characteristics.
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1. Introduction

Short duration, small-scale brightenings are ubiquitous in the quiet Sun, readily observed in
spectral lines and continua in the microwave, mm, UV, EUV, and X-ray wavelength ranges
(e.g. Vaiana et al., 1973; Habbal and Withbroe, 1981; Brueckner and Bartoe, 1983; Kundu
et al., 1994; Innes et al., 1997; Benz and Krucker, 1999; Dara et al., 2001; Peter et al.,
2014; Innes et al., 2015; Nindos et al., 2020; Judge, 2021). They are known by a large
variety of names: coronal bright points (Vaiana et al., 1973; for a review see Madjarska,
2019), brightenings, transient phenomena, explosive events (Brueckner and Bartoe, 1983),
miniflares, microflares, nanoflares, UV bursts (for a review see Young et al., 2018), IRIS
bombs (Peter et al., 2014), campfires (Berghmans et al., 2021), and so on. However, it is
not clear that all these names correspond to different phenomena or are manifestations of
similar phenomena observed with instruments of different capabilities and/or in different
atmospheric layers. It is even less clear whether they involve different physical processes,
as they are all commonly attributed to magnetic reconnection.

These phenomena are characterized by their small size (a few arcseconds) and short
duration (a few minutes) and span a large energy range, from that of small flares down to
that of the hypothetical nanoflares proposed by Parker (1988), and are suspected of having
a bearing on the heating of the chromosphere and the corona (see, e.g., Klimchuk, 2006;
Carlsson, De Pontieu, and Hansteen, 2019; also Section 7 in Alissandrakis, 2020). Here we
will use the term explosive events (EE), in its generic sense, to emphasize both their transient
and explosive (rather than gradual rise and fall) nature. This does not imply that we consider
all reported events to be of the same nature, as a detailed examination of this issue is outside
the scope of the present work.

The Interface Region Imaging Spectrograph (IRIS: De Pontieu et al., 2014) has pro-
vided a wealth of information on the chromosphere—corona transition region (TR), including
events with very broad line profiles and with absorption components often superposed (e.g.
Peter et al., 2014; Huang et al., 2014; Tian et al., 2016; Alissandrakis et al., 2017; Young
et al., 2018; Chen et al., 2019; Madjarska et al., 2022). Chen et al. (2019) reported EEs on
the solar disk, mostly associated with quiet-Sun network jets and classified them in four
groups, according to their line profiles: enhanced in both wings, with two peaks of compa-
rable intensity, enhanced in the blue wing, and enhanced in the red wing. They interpreted
them in terms of bi-directional reconnection with upward and/or downward flows.

In spite of the extensive work on such phenomena, we have little observational evidence
on their height in the solar atmosphere. In a recent work, Kleint and Panos (2022) made an
extensive analysis of events with broad line profiles observed by IRIS, but they excluded
events that did not contain absorption blends in Si1V and did not find any events in pure
quiet-Sun observations or above the limb. Tavabi, Koutchmy, and Golub (2015) reported
an event beyond the limb, at a height of about 1 Mm. More recently, Tavabi, Zeighami,
and Heydari (2022) studied two IRIS “sit and stare” data sets near the limb and reported
that some spectral-line profiles showed enhancements in blue or red wings, while others
showed enhancements in both wings. Indirect evidence about the height was provided by
Peter et al. (2014), who suggested that their events formed deep in the atmosphere based
on the absorption features, which they interpreted in terms of absorption by cold material;
this interpretation was contested by Judge (2015), who pointed out that UV radiation can-
not easily escape from the photosphere and suggested that these events form in the low-mid
chromosphere or above. A more realistic interpretation of the absorption features was pre-
sented by Alissandrakis et al. (2017) for a two-loop interaction event; they attributed these
features to absorption by a higher-lying, descending loop, approaching the already activated
lower-lying loop in the process of their interaction.
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In a previous work (Alissandrakis et al., 2018, hereafter Article I), we analyzed IRIS
spectral and slit-jaw observations of a quiet region near the South Pole. We provided average
profiles of strong and weak spectral lines, radial variations of bulk spectral parameters, as
well as formation heights. We also compared the Mg I1 k and h line profiles beyond the limb
with non-LTE model computations and estimated values of the physical parameters. In this
work, we use the same data set to investigate the properties of EEs near and beyond the
limb. In Section 2, we provide a short description of the observations, and in Section 3, we
present an overview of an event beyond the limb. Our measurements of the position of EEs
and the derived distribution with height are presented in Section 4 and detailed analysis of
three events in Section 5. We study the temporal evolution of EEs in Section 6, their motion
on the plane of the sky in Section 7, and summarize findings and discuss conclusions in
Section 8.

2. Observations and Data Reduction

The IRIS observations we used are described in detail in Article I. They were obtained near
the South Pole on 24 February 2014 from 11:05 to 12:45 UT (OBSID 3800259459) in a
region where no coronal hole was present. The spectrograph slit was oriented in the NS
(north—south) direction, about 8” west of the South Pole. Every 9.5 seconds the position of
the slit alternated between two locations, 2" apart; we will refer to the position nearest to the
Pole as position 1 and to the other slit position as position 2. With a cadence of 19 seconds,
318 spectra were taken at each slit position during the 100 minute long observing sequence.
The slit extended from ~ 50” inside the disk (i« = 0.32) to ~ 65” beyond the limb, providing
a good coverage of structures both near and above the limb.

Spectra were recorded in seven windows, four in the FUV (far UV) range (from 1332 to
1358 A and from 1389 to 1407 A) and three in the NUV (near UV) range (from 2783 to 2834
A), covering the C 1 doublet at 1335 A, the O1and C1 lines near 1353 A, the Si1v doublet
near 1400 A, and the Mg 11 h and k lines near 2800 A, as well as two narrow spectral regions
in the red wing of Mg1I h line. In our data set, the sampling step in the direction of the
dispersion was 0.025 A, which corresponds to 5.4 kms™! in the FUV band and 2.7 kms™!
in the NUV band of IRIS; we note that the resolution of the spectrograph is 0.026 A and
0.053 A, respectively (De Pontieu et al., 2014). Along the slit, the sampling step was 0.17”,
which is about two times smaller than the effective spatial resolution of IRIS (= 0.4”). The
width of the slit was 0.33” and the exposure time 8 seconds.

Slit-jaw (SJ) images were obtained in the 1400 A wavelength band, with a spectral width
of 55 A, which includes the Si1Vv lines and in the 2796 A band (Mg 11 k line) with a width
of 4 A. The effective field of view was 114" x 122", the sampling step 0.17”, the cadence 19
seconds and the exposure time 8 seconds. The 1400 A images were taken when the slit was
at position 1, and the 2796 A images when the slit was at position 2; this makes a total of
318 images at each wavelength.

For better visibility of the solar features, the slit was removed from the SJ images using
the temporal and spatial average of its intensity profile; the removal was very efficient, as can
be seen in the figures of the following sections. The measured full width at half maximum
(FWHM) of the slit was 0.9” in the 2796 A SJs and 0.6” in the 1400 A SJs, larger than the
nominal value quoted above; the distance between the two slit positions, measured by cross
correlation, was 0.9”, rather than the nominal 2”. The cross correlation of the SJ images
with the Atmospheric Imaging Assembly (AIA) 1600 A images revealed a slow position
drift with a period comparable to the duration of the observing run and an amplitude of 0.9”
perpendicular to the slit and 0.3” parallel to the slit; moreover, we found that the slit was
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IRIS spectra of EE1 at slit position 1; 24 Feb 2014 Int
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Figure 1 Spectra of an explosive event beyond the limb (EE1) in the Mg 11 k line, the Si1v 1393.79 A line,
and the C1I doublet. Positions (y) are measured with respect to the south limb. Az the right, plots of the
integrated intensity in arbitrary units as a function of position along the slit, for Mg11 k, Si1v, and C11, are
given for reference. The position range is the same as in the spectra.

IRIS Slit-Jaw and AlA images for EE1; 24 Feb 2014 Int
y" 11:09:20 2796 A 11:09:30 1400 A

-1000

Position (") Position (")

Figure 2 Slit-jaw and AIA images during the explosive event of Figure 1. Top row: IRIS SJ images in the
2796 and the 1400 A bands. Bottom row: AIA images in the 1600 and 304 A bands. The time-averaged in-
tensity has been subtracted from the 2796, 1400, and 1600 A images, to enhance the visibility of the features.
Positions are measured from the disk center and solar south is up. The white arc marks the photospheric limb.
The arrows point to the explosive event.

tilted by —0.75° with respect to the NS direction. All these corrections were applied to the
SJ images used in this work.

We used level 2 data from the IRIS site, which are properly oriented and corrected for
dark current and flat field. Still, further corrections were necessary for pointing and jitter,
stray light and absolute calibration, described in Article I and in the previous paragraph. Hot
pixels were rather scarce; when it was deemed necessary, they were removed by comparing
each image with the previous and the next one. The position of the limb was determined
from the inflection point of the center-to-limb intensity variation at the brightest point of
the IRIS photospheric spectrum, at 2832.0 A, and was applied to all spectra and ST images
using the fiducial mark. The zero of the line-of-sight (LOS) velocity was determined from
the average of the Si IV peak positions over the entire field of view. Our full Si 1V data set is
presented in the accompanying movie described in Appendix.

3. Overview of a Limb Event

In order to illustrate the observational characteristics of EEs, we present in Figure 1 spectra
of an event (EE1) observed 4.5” above the south limb in the Mg 11, Si 1v, and C 11 lines. It was
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Intensity as a function of time and position, averaged over both Si IV lines and two slit positions; integration width 50 km/s. 24 Feb 2014 Int
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Figure 3 Intensity as a function of time and distance from the limb at line center, at £100 kms—! from
the center of the SiIV lines, their sum and their difference. Blue-shifted features are bright in the difference
image. Red ellipses mark trains of EEs.

best seen in SiI1v and was rather weak in Mg I1. It was strongly blue-shifted, with emission
detectable beyond —120 kms~', and its spectrum was inclined. The intensity, integrated
over the spectrum, for the same lines, is plotted at the right of the figure; it shows clearly the
event in Si1v and C1I and less so in the Mg II k line. We note that this and other EEs had no
effect on the lower-temperature lines accessible by IRIS.

The corresponding SJ 2796 and 1400 A images are shown in Figure 2, together with AIA
images in the 1600 and 304 A bands. We note that the EE is visible as a weak bright feature
in the 1400 and 304 A images (arrows), but it is invisible in the 2796 A image, as well as in
the 1600 A image. The lack of emission in the 2796 A image probably indicates that the EE
is behind the optically thick spicule forest, and this also explains its weak visibility in the
Mg 11 spectra.

4. Detection of Explosive Events and Their Height Distribution

From the example presented in Figure 1 above, it is obvious that the far wings of the Si1v
lines (beyond £50 kms~!) are the most suitable for the detection of EEs (see also the ac-
companying movie, which shows a plethora of such events). Thus, for their detection, we
created images of spectral intensity as a function of time and position by integrating the
intensity over 50 kms~! wide spectral windows, centered at —100 kms~' and 100 kms~!
from the core of the SiIV lines; this velocity range was chosen in order to be at a safe dis-
tance from the line center. In order to reduce noise, we averaged over both lines of the Si1v
doublet, at 1393.79 and 1402.80 A.

The resulting blue- and red-wing images, averaged over the two lines of the Si1v doublet
and over the spectra taken at the two slit positions, are shown in Figure 3, together with line-
center images and images of their sum and difference. We note a significant concentration
of EEs beyond the limb going as high as 10", as well as at some positions on the disk, e.g.,
near —5” and —32”, at the location of network structures.

Our next step was to write a simple algorithm for the detection of the EEs and the mea-
surement of their location on the images of Figure 3. The intensity of the detected EEs was
above the 4 o level. Their locations are drawn in the left panel of Figure 4 for the sum of
both Si1v lines and both slit positions, where 960 EEs are plotted. The right panel of the
same figure shows the histogram of their distance from the limb, which verifies our previous
statement about the concentration of EEs beyond the limb and at particular locations on the
disk.
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Figure 4 Location of explosive events. Left: Position of events detected in the sum of Si1v images and both
slit positions, as a function of time and distance from the limb. Right: Histogram of the distances from the

limb.
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As the measured distribution of EE positions reflects both the actual height distribution

of the events and projection effects, we modeled the observed distribution by assuming a

Gaussian height distribution [ f (z)] with an average height # and full width at half maximum
w:

@ = foexpl=In16(z = W)*/w’],  z>0

(H
which gives the observed distribution, F(d):
lo

Fd)= f)de

2

where d is the distance from the limb, projected on the plane of sky, £ is along the line of
sight, and the integration goes to [y = oo beyond the limb and stops at the z = 0 on the disk.

The best fit is displayed in Figure 5, where the model distribution has been smoothed to
match the bin size of the observations (1”). It shows that EEs occur within a narrow height
range (w = 0.9”) around /& = 3.2”. We note that if our events are of the same nature as those
reported by Peter et al. (2014), the deduced average height is contrary to their suggestion
that they form deep in the atmosphere.

In addition to the positions, the images in Figure 3 provide other important information
on explosive events. The wing images show blue/red asymmetries and reveal some instances
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Trains of explosive events; 24 Feb 2014 Int
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Figure 6 Trains of disk explosive events in the blue and red wings of the SiIV lines.

Spectra of IRIS explosive event, average of both Si IV lines; 24 Feb 2014
y" 11:08:32 11:09:29 11:09:48
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Figure 7 A temporal sequence of SiIV spectra for the first EE at slit position 1, plotted in a line-of-sight
velocity scale. Both lines of the Si1v doublet are averaged to reduce noise. The gray scale is the same for all
panels.

with consecutive explosive events (trains), marked with red ellipses in Figure 3 and shown
in detail in Figure 6. The latter, lasting up to about 18 minutes, consist of many events at
about the same position. Repeating EEs have been reported in the past (Chae et al., 1998;
Ning, Innes, and Solanki, 2004; Doyle, Popescu, and Taroyan, 2006); periodicities were
detected in some cases, interpreted in terms of reconnection modulated by p-mode waves by
Chen and Priest (2006). In our case, no obvious periodic behavior was found. Interestingly,
the trains shown in panels 2 and 7, as well as in panels 3 and 8, appeared in the red wing
only, whereas the one in panels 4 and 9 emitted in the blue wing only, thus affirming the
asymmetry mentioned above. We will come back to both of these issues below.

5. Detailed Study of Three Explosive Events
5.1. The EE Around 11:09:30 UT (EE1)

The evolution of the EE presented in Figure 1 is given in Figure 7 for the average of the Si1v
doublet spectra. It lasted about three minutes, spanned ~ 1” around the average height of
4.5" and showed tilted spectra, like the disk event studied by Alissandrakis et al. (2017). The
spectra were fitted with the sum of two Gaussian components and representative profiles are
shown in Figure 8, separately for the two lines and for their average; the original profiles are
in black, the fit in red dashed lines, and the residuals in blue.
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Figure 8 Examples of Gaussmn fit of Si1v line proﬁles at 11:09:29 UT. In this and following figures, the
intensity is in units of 1012 ergcm 25 lglem™

Fit of Si IV spectra; 24 Feb 2014 11:09:29 1403 A Int
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Figure 9 Examples of Gaussian fit of SiIVv line profiles at 11:09:29 UT: Original spectrum, spectrum with
background subtracted, fit, and residuals, all plotted with the same gray scale.

We note that the fit is quite good (see also the images in Figure 9), with the blue-shifted
EE component well separated from the central component, which comes from the bulk of
spicule emission. We further note that some spectra of the stronger Silv line, at 1394 A,
show a slight central reversal. The temporal average of such profiles was found in Article I
to be slightly flat-topped beyond the limb, with a weak minimum at the core. If both lines
were optically thin and with the same source function, their intensity ratio should have been
equal to two, which is the ratio of their strength. This is not the case (see Figure 8), and
we computed their optical depth [7] from the intensity ratio; we obtained 7 ~ 1.25 for the
weaker line (1403 A) for the main component and 0.2 to 0.6 for the blue-shifted component;
the former is consistent with the value of 7 = 1.5 reported in Article I for the weaker line at
a height of 2 to 4” above the limb.

The peak intensity, LOS velocity, and FWHM of the profiles for some spectra, derived
from the Gaussian fit, as a function of distance from the limb, are plotted in Figure 10. Al-
though the profile of the EE may be partly obscured by the background emission (see panels
3 -6 in Figure 7), the parameters of the EE are well determined when the two profiles are
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Figure 10 Profile parameters as a function of distance from the limb, derived from Gaussian fit, at various
times. Blue lines are for the EE component, black for the main component. Full lines are spline curves through
the measured values.

well separated, as in the cases shown in Figure 8. However, when the two profiles over-
lap to a large extent and/or the EE is weak, there can be some cross-talk between the two
components.

We note that the parameters of the background component (black lines) are fairly stable,
with a LOS velocity near zero and a slow decrease in peak intensity as a function of distance,
reflecting the overall decrease in intensity with height. The two components had comparable
spectral FWHM, of the order of 50 kms~!. The EE component (blue lines) shows a blue
shift of up to ~ —90 kms~!, with a gradient of about 60 kms~! (arcsec)™!. Interpreted in
terms of rotation around an axis perpendicular to the slit, this gives a rotation velocity of
~ 30 kms~! for a 1” wide feature.

From the above analysis, we conclude that we are dealing with two features, well sep-
arated in most spectra. One is the blue-shifted EE, and the other is the unshifted spicular
background, which changes little during the event.
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Figure 11 Top: Spectra of the explosive event near the limb around 12:37:46 UT at slit position 1. At the
right, plots of the integrated intensity in arbitrary units as a function of position along the slit are given for
reference. The position range is the same as in the spectra. Bottom: Slit-jaw and AIA images of the same
event. The time-averaged intensity has been subtracted from the 2796, 1400, and 1600 A images.

5.2. The EE Around 12:37:46 UT (EE2)

Spectra of a second EE, which also occurred beyond-the-limb, are presented in the top panel
of Figure 11, in the Mg11, Si1v, and C1I lines. Its projected height was 1”7, lower than that
of the EE discussed in the previous section; moreover, its profile appears more symmetric,
with wing emission extending quite far from the line center. The bottom panels of the figure
show slit-jaw and AIA images; this time the event is visible in the 2796 A and 1400 A Si1v
IRIS bands, as well as in the 1600 A AIA band, but not in 304 A.

The temporal evolution is shown in the spectral sequence of Figure 12 for the Si1v 1394
A line. The event started with a strong blue shift (panel 2), then a red-shifted component
appeared with a slight tilt. Subsequently, both components grew in intensity (panels 4 —5);
then, between panels 5 and 6, a slight position shift occurred, probably, indicative of a sec-
ond reconnection event, and gradually a noticeable spectral tilt of opposite sense developed
(panels 9 —10). While the event was fading (panels 15— 16), another event started (panels
17— 18), practically at the same location. Thus the evolution was more complex than that of
the first EE. We further note that the intensity near the line center did not increase apprecia-
bly during the event, indicating that EE emission in this part of the spectrum was blocked
by the foreground plasma; this effect could also explain the absence of emission in the 304
A band.

A notable detail is the very weak and narrow (FWHM= 9 kms~!) absorption feature
near ~ —57 kms~!, marked by the vertical lines in panels 9— 12 of Figure 12; the feature
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Spectra of IRIS 2nd explosive event in Si IV; 24 Feb 2014 1394 A Int
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Figure 12 A temporal sequence of spectra in the 1394 A Si1v line, for the second explosive event (EE2).
The vertical lines in panels 9 — 12 mark the absorption feature discussed in the text. The gray scale is the same
for all panels.
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Figure 13 Examples of Gaussian fit of SiIV line profiles at 12:37:45 UT (panel 9 in Figure 12) for the second
explosive event.

probably also exists in panel 5. As this feature does not appear in the 1403 A line of the
Si1v doublet, it is probably not related to the explosive event; as the projected position of
the EE is very close to the limb, it could be due to absorption by the foreground plasma in a
line formed in the low chromosphere. A possible candidate is the low-temperature Fe 1T line
at 1393.50 A (—62 kms~' from the Si1v 1393.79 A line).

A detailed line profile analysis of this event is not as straight-forward as it was for the
first event. Examples of Gaussian fits of profiles are presented in Figure 13, for the spectrum
at 12:37:45 UT (panel 9 in Figure 12). At y = 0.60”, three Gaussians were used for the
fit, representing the background plasma, the blue, and the red components. Higher up, the
red component faded, and at y = 1.44” only two Gaussians were employed. Although at
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Figure 14 Parameters derived from the Gaussian fit of SiIVv line profiles at 12:37:45 UT for the second
explosive event as a function of distance from the limb.

y =0.60" and at y = 1.44” the peaks were fairly well separated, this was not the case at
y = 1.14”, where the profile appears flat-topped; this effect could induce some cross-talk
among the parameters derived from the fit of the three components. Apart from that, the fit
appears to be as good as that of the first event (Figure 8).

The intensity, the LOS velocity, and the FWHM of the three components as a function
of position are plotted in Figure 14. The intensity and velocity plots show well the spa-
tial and velocity separation of the two shifted components. The red-shifted component dis-
plays a small velocity gradient, of about —20 kms~! (arcsec)™!, a factor of three lower than
the gradient of EE1. The gradient of the blue-shifted component, which was located 0.4”
higher than the red (panel 9 of Figure 12), was smaller and in the opposite sense — about
12 kms™' (arcsec)™!. We note that if the blue- and red-wing components were considered
as part of the same line profile, the difference in their location and LOS velocities would
give the impression of a spectral tilt of about 200 km s~! (arcsec) ™.

An important remark is that all three components have similar line widths. This indicates
that the observed large line width is not a real effect, but the result of a mere superposition
of three independent structures: the background plasma, the blue, and the red component.

As in the case of the first event, the optical depth derived from the SiIv line ratio is
smaller than that of the background component, of the order of 1.2 and 2, respectively.

5.3. An EE on the Disk (EE3)

It will be interesting to check if explosive events on the disk have the same observational
characteristics as those above the limb; thus, in this section, we will briefly describe the
strongest disk event that occurred 31.4” inside the limb (u = 0.25) and was part of the train
shown in the right column of Figure 6. Spectra of this event (EE3) in the Mg 11 (2796 A),
Si1v (1394 A), and C11 (1336 A) lines at slit position 1 and at the time of its peak are
presented in the top panel of Figure 15, while SJ and AIA images are shown in the lower
panels of the same figure. The spectra show strong emission in Silv, weaker in C1I, and
very weak in Mg 1L The event is detectable in the 1400 A and 304 A images and barely
visible in the 2796 A and 1600 A images; we note that in the 304 A image, the event is
shifted towards the limb, a consequence of the fact that the emission in this spectral band
forms higher than in the others (Alissandrakis, 2019).

Although the Si1v profile appears symmetric in the spectra in Figure 15, a closer look at
its spectral temporal evolution (Figure 16) reveals that this is not the case. As in the case of
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IRIS spectra of EE3 at slit position 1; 24 Feb 2014 Int
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Figure 15 An explosive event on the disk. 7op: Spectra at 12:39:58 UT at slit position 1. The fiducial mark is
at —32.6”. At the right, plots of the integrated intensity in arbitraty units as a function of position along the
slit are given for reference. The position range is the same as in the spectra. Bottom: Slit-jaw and AIA images
of the same event. The time-averaged intensity has been subtracted from the 2796, 1400, and 1600 A images.

the second limb event, a blue component appeared first (panel 2), followed by a red com-
ponent (panel 7), about three minutes later. The blue component decayed first, about two
minutes before the red. As for the Si1v doublet line ratios, they are close to two, all compo-
nents being optically thin. Thus the main difference between this disk EE and those beyond
the limb described previously is the smaller optical depth of the background component.

6. Temporal Evolution

Although the temporal evolution of the explosive events can be followed in the spectral se-
quences shown in Figures 7, 12, and 16, it is better visible in images of the spectral intensity
as a function of LOS velocity and time (spectral cuts), presented in this section for both slit
positions. Such images reveal the multiplicity of the events and can be used to measure the
acceleration of the plasma.

The first explosive event (left column in Figure 17) was the simplest of the three, with a
single blue-shifted component, in addition to the chromospheric (spicular) background. The
peak intensity and the LOS velocity derived from the Gaussian fit of the line profiles, for the
cut at 4.45” above the limb (panel 7 of Figure 17, left), are plotted as a function of time in
the bottom panel of the middle column of the figure, together with the intensity integrated
over the entire spectral feature. The top panel of the middle column of the same figure
shows the corresponding cut, this time displayed as a function of time and LOS velocity,
i.e., transposed with respect to the display in panel 7 and with an expanded time scale.
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Figure 17 Cuts of Si1V spectra for the first EE at both slit positions. Left: Cuts at various heights above the

limb. The gray scale is the same for all panels. Middle and right, top: Expanded and rotated view of the cut at
y =4.5" atslit positions 1 and 2, respectively. Middle and right, bottom: Integrated intensity, peak intensity,
and LOS velocity as a function of time, at slit positions 1 and 2, respectively. The time segments are 7 minutes
long in the plots and 15 minutes long in the cuts. Vertical lines in the cuts mark the temporal range of the

plots.

As previously mentioned, the chromospheric component was fairly stable during the

event, whereas the EE itself (blue component) had a LOS velocity of —50 kms™

! when
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Figure 18 Cuts of Si IV spectra for the second EE at both slit positions. Left: Cuts at various heights above the
limb. The gray scale is the same for all panels. Middle and right, top: Expanded and rotated view of the cut at
vy =0.9" atslit positions 1 and 2, respectively. Middle and right, bottom: Integrated intensity, peak intensity,
and LOS velocity as a function of time, at slit positions 1 and 2, respectively. The temporal segments are 7
minutes long in the plots and 15 minutes long in the cuts. Vertical lines in the cuts mark the temporal range
of the plots.

first detected and accelerated to —80 kms~! two spectra (39 seconds) later, implying an
acceleration of 0.80 4= 0.04 km s 2. It is interesting that EE1 also showed some evidence of
acceleration at slit position 2 (Figure 17, bottom right), although it was hardly detectable
there; we note that the slit position 1 was near the edge of the event (see the figure in the
Appendix) and slit position 2 was further away. The event lasted for about 2 minutes, and
during its decay phase the plasma decelerated.

The spectral cuts for the second explosive event (Figure 18) reveal multiple temporal
components at slit position 1, two blue-shifted and two red-shifted, together with the stable
chromospheric component. In its rising phase, the first blue component showed an acceler-
ating LOS velocity of 0.42 4 0.06 kms~2. At the second position of the slit, EE2 did not
have any detectable red component, but did show four blue-shifted components.

EE3 (Figure 19) was the most complex event of all three, with multiple blue- and red-
shifted components at slit position 1. Here the chromospheric background was weak, as we
are on the disk, and more variable than in the case of the limb events. It is thus possible that
some of the intensity variations near the line center were associated with impulsive episodes;
such episodes might be obscured by the background chromospheric emission in limb events.
The appearance of the event at slit position 2 was very different, with the components seen
at slit position 1 very weak and a new component appearing around 12:37 UT (upper pan-
els, middle, and right columns, in Figure 19). This particular component showed emission
around the line center, as well as in the wings; still, the line profiles of this feature are well
fitted with three Gaussian sources, much better than with a single broad-band source.

The complexity of the event does not allow any reliable measurement of acceleration.
Still, in some cases, wing emission with a LOS velocity of about 60 km s~ appeared sud-
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Figure 19 Cuts of Si1V spectra for the third EE at both slit positions. Left: Cuts at various heights above
the limb. The gray scale is the same for all panels. Middle and right, top: Expanded and rotated view of
the cut at y = —31.8” at slit positions 1 and 2, respectively. Middle and right, bottom: Integrated intensity,
peak intensity, and LOS velocity as a function of time, at slit positions 1 and 2, respectively. The temporal
segments are 7 minutes long in the plots and 15 minutes long in the cuts. Vertical lines in the cuts mark the
temporal range of the plots.

denly, between two consecutive spectra; this puts a lower limit of about 3 kms™2 to the
acceleration.

7. Motions on the Plane of the Sky

Concise information about the structure and evolution of the EEs on the plane of the sky can
be obtained from cuts of the intensity as a function of time and position. Such cuts through
the center of the three EEs studied here, in the EW (perpendicular to the slit) and NS (along
the slit) directions, are shown in Figure 20; SJ images were used for the EW cuts, spectra
for the NS cuts.

The first thing to notice is that there is no indication of structures reminiscent of jets,
which were reported to be associated with EEs in some previous works (e.g. Chen et al.,
2019). The second remark is that EEs are practically stationary during their lifetime. Their
velocity on the plane of sky was of the order of 5 kms™!, much smaller than the LOS
velocity; this shows that the motions detected in the spectra were well collimated with the
line of sight.

8. Summary and Conclusions

Our investigation of explosive events near and beyond the limb from IRIS data focused on
two issues: the measurement of their height above the photosphere and the detailed analysis
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Figure 20 Structure and time evolution of the three EEs studied in detail. The fop row shows images of
intensity as a function of time and position along EW SJ image cuts (perpendicular to the slit) at 1400 A,
through the center of the events. The slit has been removed as described in Section 2. The bottom row shows
the spectral intensity along the slit (NS direction) integrated over wavelength. X is measured from the central
meridian, and Y is measured from the S limb.

of Si1V line profiles of two limb and one disk event. We used the same data set as in Article
I, with some additional corrections for SJ images: we removed the slit and measured its
width on the images (0.9” for 2795 A and 0.6”for 1400 A), the distance between the two
slit positions (0.9”), the image drift along and perpendicular to the slit and its orientation
with respect to the NS direction (—0.75°). Although our data sample a very narrow part of
the solar disk, the length of the region along the slit is more than 200 Mm, covering both
network and internetwork regions; beyond the limb, the line of sight crosses about 140 Mm
at a projected distance of 5”, assuming an average chromospheric height of 10”; therefore,
our results are representative of the quiet Sun.

As reported in previous works, our explosive events are characterized by extended emis-
sion in the wings of the Si1v, C1I, and MgII lines, well beyond the average line width.
They are best seen in the SiIv doublet, which apparently reflects the fact that the formation
height and temperature of the EEs match better those of these particular lines; moreover, the
absence of strong central reversal facilitates the interpretation of their line profiles.

EEs are easily identified in images of the intensity as a function of time and position, in
the blue and red wings of the spectral lines. We developed an algorithm for their detection
in such images and measured their distance from the continuum limb (at 2832.0 A). Their
distribution shows a strong peak just above the limb and some peaks on the disk, associated
with chromospheric network structures; assuming a Gaussian distribution of their heights,
we found that they form in a narrow (0.9”) height range, 3.2” above the photospheric limb.
If our events are of the same nature as those reported by Peter et al. (2014), this result goes
against their suggestion that they form deep in the atmosphere.

In the detailed analysis of two limb (EE1 and EE2) and one disk event (EE3), we used
both spectra and images from IRIS and AIA. The events were weak in the 1400 A SJs and
even more so in the 2796 A SJs and would have gone unnoticed were they not detected in
the spectra; they were hardly detectable in AIA 1600 A and 304 A images and invisible in
higher-temperature ATIA bands. Along the slit, the EEs extended over 1 to 1.5”, reflecting
their vertical extent; their extent perpendicular to the slit, measured in SJ images, was 1 to
2", reflecting their horizontal size.

All spectral line profiles were well fitted with Gaussian components. This is in agreement
with the profiles published by Peter et al. (2014) and some profiles in the Kleint and Panos
(2022) collection and in disagreement with profiles published by Alissandrakis et al. (2017),
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Chen et al. (2019), and some other profiles in the Kleint and Panos (2022) collection, which
were irregular or triangular in shape. We further note that the SiIv line profile of our disk
event is morphologically similar to the IRIS Bomb 1 profile of Peter et al. (2014). The
question of the origin of the profiles of different form warrants further investigation; we
note, however, that EEs in our quiet-Sun data set are not as strong nor as wide as some
active region events reported in the past (e.g. Peter et al., 2014; Alissandrakis et al., 2017).

An important finding is that what at first sight appears as broad-band emission is actually
a superposition of 2 —3 narrow-band components, with well-separated, though partly over-
lapping, line profiles. In all cases studied, the background (line center) component coexisted
with blue-shifted (EE1), or blue and red-shifted components; the wing components peaked
around 5090 km s~! and had widths comparable to that of the line-center component. The
central component did not show any significant spatial or temporal variation in the limb
events, as well as in the disk event EE3 at slit position 1, whereas it followed the temporal
variations of the wing components in EE3 at slit position 2; in the case of the limb events,
variations of the central component could be obscured by the spicule forest in front of the
events (see discussion on optical depth below).

A very weak narrow-band absorption feature was detected in the spectra of EE2 near
A~ —57 kms~!, which might be due to absorption by the foreground plasma in the low
chromosphere. However, we did not find any strong absorption features in the wing of the
Si1V lines, as reported in previous studies.

An interesting result is that the LOS velocity of the blue-wing component of EE1 de-
creased with height, with a gradient of about 60 km s~! (arcsec) ™!, giving a tilt to the spec-
tra; a lower gradient of about —24 kms~! (arcsec) ™' was measured in the red component of
EE2. These values are above the range of =15 km s~! (arcsec) ™! measured by Alissandrakis
(1973) for spicules with a slit parallel to the limb. Such gradients could be interpreted in
terms of rotation around an axis perpendicular to the slit, in which case the rotation veloc-
ity for EE1 would be about 30 km s~! for a 1” wide feature; this is about one-third to half
of its LOS velocity. In turn, the rotation might be an indication of untwisting of a twisted
magnetic-flux tube.

We measured the optical depth from the intensity ratio of the Si1v doublet, at 1394 A
and 1403 A, assuming the same value for the source function of both lines and taking into
account that the former is twice as strong as the latter. For limb events and for the central
(background) component, we obtained t ~ 1.25 for the weaker line (1403 A), consistent
with T = 1.5 reported in Article I for this line at a height of 2 to 4” above the limb. On the
disk (EE3), the central component was optically thin, with the line ratio close to 2, again
consistent with Article I. The wing components had small, but measurable, optical depth,
in the range of 0.2 —1.2; they were thus less opaque than the central component beyond the
limb and more opaque than the central component on the disk.

The analysis of the spectral temporal sequence showed that the components of explosive
events are discrete, both in space and in time, with EE2 and EE3 having multiple temporal
components, with a total duration of about 5 and 7 minutes, respectively, whereas individual
episodes and EE1 lasted for about 2 min. More trains of repeating EEs, lasting up to 18
minutes, were detected in position—time images in the line wings (c.f. Chae et al., 1998). In
two cases, we were able to measure the acceleration of the wing components and obtained
values of 0.80 4 0.04 km s~2 and 0.42 £ 0.06 km s~2; in other cases, wing emission with a
LOS velocity of about 60 km s~! appeared suddenly, between two consecutive spectra; with
a cadence of 19 s, this puts a lower limit of about 3 km s~2 on the acceleration.

The overall picture that comes out of our analysis is that in the course of EEs, which occur
in network boundaries and at an average height of 3.2”, material is expelled towards and/or
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away from the observer in discrete episodes in time and in space (c.f. Chen et al., 2019;
Tavabi, Zeighami, and Heydari, 2022). The expelled plasma accelerates quickly, reaching
LOS velocities up to 90 kms~!, sometimes showing rotating motions of up to 30 kms™';
in EEs with projected position close to the limb, the foreground plasma in the low chromo-
sphere may produce narrow-band absorption features. Interestingly, no motions indicative
of jets were detected in SJ or AIA images. On the plane of the sky, the EEs were practically
stationary; their velocity was much less than the LOS velocity, showing that their motion
was practically along the line of sight.

Our study showed that the mass motion must have a significant component parallel to
the solar surface (along the line-of-sight), as we are at, or very close to the limb. Hence
reconnection, a prime candidate for the origin of explosive events (see the review of Young
et al., 2018 for a discussion of possible scenarios) must have occurred in highly inclined flux
tubes, e.g., in the middle or near the top of small loops. Multiplicity in time is probably due
to discrete reconnection events in the same or neighboring loops. Profiles with peaks in one
wing only can be attributed to asymmetric magnetic field geometry; indeed, if a gradient
along the field direction is present in a bidirectional flow, the velocity of the plasma and the
intensity of the emission will be stronger at the side of stronger magnetic field.

We further note that, for limb events, the plasma must be accelerated to a minimum ve-
locity, vmin in order that its emission avoids obscuration by the spicule forest. For a constant
acceleration [a] this will take a time ¢ = vy, /a in which a distance s = vrznin cos6/2a will
be traversed on the plane of sky, 6 being the inclination of the flow direction with respect
to the vertical. This effect will not produce a time difference in the detection of the wing
emission but will result to a position shift of 2s, giving the impression of two discrete events
rather than one. With vy, = 50 kms™!, a = 3 kms~2 (see above), and 6 = 45°, we obtain
a position shift of 1.2”, well above the IRIS resolution. This effect may explain the position
shift between the components of EE2 (panel 9 in Figure 12), which could both originate
from the same reconnection region.

This work has revealed new properties of explosive events in the quiet Sun, in particular,
their height, the existence of substantial motions parallel to the solar surface, and their multi-
component nature. More extensive studies near the limb will help in better establishing their
characteristics and their origin.

Appendix: Animation of Our Si1v 1394 A Data Set

Figure 21 shows a frame from the accompanying movie of Si1v 1394 A spectra and 1400
ASI images used in this work. The SJ images (middle column) were taken at the same time
as the spectra at slit position 1 (left column). The spectra at slit position 2 (right column),
located 0.9” west (left in the figure) of slit position 1, were taken at the same time as the
2796 A SJs (not shown).

We note that, in addition to the explosive events, many other interesting features are
visible in the SJs, such as the loop in the figure, another flat loop around 12:19 UT and
several jets.

Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1007/s11207-023-02111-y.
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Figure 21 A frame of the accompanying movie during EE1. Top row: Spectrum at slit position 1 (left), SJ
image (center) and spectrum at slit position 2 (right). Bottom row: Same, with the time average subtracted.
The dashed horizontal line marks the position of the continuum limb, the vertical lines mark the integration
range of the position—time images discussed in Section 4. Solar south is up.
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