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ABSTRACT

The quiet solar corona consists of myriads of loop-like features, with magnetic fields originating from network and internetwork
regions on the solar surface. The continuous interaction between these different magnetic patches leads to transient brightenings or
bursts that might contribute to the heating of the solar atmosphere. The literature on a variety of such burst phenomena in the solar
atmosphere is rich. However, it remains unclear whether such transients, which are mostly observed in the extreme ultraviolet (EUV),
play a significant role in atmospheric heating. We revisit the open question of these bursts as a prelude to the new high-resolution EUV
imagery expected from the recently launched Solar Orbiter. We use EUV image sequences recorded by the Atmospheric Imaging
Assembly (AIA) on board the Solar Dynamics Observatory (SDO) to investigate statistical properties of the bursts. We detect the
bursts in the 171 A filter images of AIA in an automated way through a pixel-wise analysis by imposing different intensity thresholds.
By exploiting the high cadence (12 s) of the AIA observations, we find that the distribution of lifetimes of these events peaks at about
120 s. However, a significant number of events also have lifetimes shorter than 60 s. The sizes of the detected bursts are limited by the
spatial resolution, which indicates that a larger number of events might be hidden in the AIA data. We estimate that about 100 new
bursts appear per second on the whole Sun. The detected bursts have nanoflare-like energies of 10%* erg per event. Based on this, we
estimate that at least 100 times more events of a similar nature would be required to account for the energy that is required to heat the
corona. When AIA observations are considered alone, the EUV bursts discussed here therefore play no significant role in the coronal
heating of the quiet Sun. If the coronal heating of the quiet Sun is mainly bursty, then the high-resolution EUV observations from
Solar Orbiter may be able to reduce the deficit in the number of EUV bursts seen with SDO/AIA at least partly by detecting more

such events.
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1. Introduction

Coronal emission from hot plasma in the quiet Sun outside active
regions is mostly observed in the form of a diffuse background
that is loosely related to the magnetic concentrations in the chro-
mospheric network. Impulsive behavior on timescales shorter
than typical cooling times of the plasma is also found, however,
which is indicative of transient heating of the gas to tempera-
tures of 1 MK or more. This is best visible in extreme-ultraviolet
(EUV) emission. On scales of over 10 Mm, coronal bright points
exhibit flaring activity (Krucker et al. 1997), which might sub-
sequently explode as the underlying photospheric magnetic flux
converges (Priest et al. 1994), and launch the hot plasma jets that
are observed in soft X-ray images (Moore et al. 2018; Madjarska
2019). These explosive events are indeed common throughout
different layers of the quiet-Sun atmosphere. The well-studied
transition region explosive events that were first observed in
HRTS' data are most widely known (Brueckner & Bartoe 1983;
Dere et al. 1989; Dere 1994). These events are typically charac-
terized by their spectroscopic features, such as broad emission
line profiles or separate components in the blue and red wing
(from ion species such as C1V and SiIv, which form at about

! The High Resolution Telescope and Spectrograph.

0.1 MK), which are indicative of bidirectional plasma jets orig-
inating from magnetic reconnection (Innes et al. 1997). These
transition region explosive events have a spatial scale of 1 Mm
to 2 Mm, and it is estimated that there are about 600 new events
per second on the Sun (Dere 1994), with no clear signatures in
coronal spectroscopic diagnostics (Teriaca et al. 2002).

In addition to flaring coronal bright points and transition
region explosive events, a variety of quiet-Sun transient events
have been documented in the literature. Blinkers (Harrison
1997), EUV transients (Berghmans et al. 1998), and micro-
and nanoflares or microevents (Krucker & Benz 1998; Parnell
& Jupp 2000; Aschwanden et al. 2000a,b; Benz & Krucker
2002) have been extensively studied using SOHO? and TRACE?
observations. This diverse classification might arise because dif-
ferent diagnostics (spectroscopic vs. imagery), different instru-
ments, and different methods of event detection were employed
(Harrison et al. 2003). Many of these different classes might be
identical or at least based on the same physical processes.

Based on event occurrence rates and energy distributions
from these observations, Aschwanden et al. (2000b) argued that

2 The Solar and Heliospheric Observatory.
3 The Transition Region and Coronal Explorer.
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Fig. 1. Solar corona. Full-disk composite maps of the solar corona observed with the three EUV filters on SDO/AIA. In both panels, the shaded
blue, green, and red regions represent plasma emission detected with the 171 A (maximum 250DNs™'), 193 A (maximum 250 DNs™!), and
211 A (maximum 75 DN s~!) filters, respectively. The white boxes in both panels mark the quiet-Sun regions we analyzed (the field of view is

614” x 614”). Solar north is up. See Sect. 2 for details.

micro- and nanoflares are insufficient to balance the quiet-Sun
energy losses. These earlier observations of coronal brighten-
ings were limited by either spatial resolution or cadence of
observations, however. For example, although TRACE had a
high angular resolution of about 1”, the datasets used to detect
micro- and nanoflares had a cadence of only 100 s or longer (see
Aschwanden et al. 2000a; Parnell & Jupp 2000). The SOHO
Extreme ultraviolet Imaging Telescope observations used to
detect transients had a moderate angular resolution of 5" with a
cadence of 60s. These observations would have missed smaller
events at shorter timescales similar to transition region explosive
events with average lifetimes of 60 s (Dere 1994).

The EUV images observed with the Atmospheric Imaging
Assembly (AIA; Lemen et al. 2012) onboard the Solar Dynam-
ics Observatory (SDO; Pesnell et al. 2012) have a spatial resolu-
tion of about 1.4” and are recorded at a higher cadence of 12s.
The AIA EUV observations are therefore better suited for inves-
tigating small-scale quiet-Sun coronal brightenings and bursts
that might evolve on timescales of about 60s. Recently, Joulin
et al. (2016) used SDO/AIA data to investigate the properties
of coronal brightenings. However, they used 120 s cadence data
(comparable to that of the TRACE observations). This resulted
in the detection of events with a duration of at least 240 s (Fig. 5
in Joulin et al. 2016).

In this study, we revisit EUV bursts and take advantage of
the 12 s high-cadence EUV imagery produced by the SDO/AIA.
Our empbhasis lies on the properties of small-scale short-duration
EUV bursts that have likely been missed by earlier studies. The
event statistics we present might be of interest to gain further
insights into EUV bursts that will be observed with the recently
launched Solar Orbiter (Miiller et al. 2020).

2. Observations and data processing

To study the statistical properties of EUV bursts in the quiet-Sun
corona, we used data recorded in six EUV filters of SDO/AIA
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(94 A, 131 A, 171 A, 193 A, 211 A, and 335 A). Furthermore, to
verify the consistency of our results, we used two datasets. The
first dataset is a 30-min time sequence of EUV images recorded
in the six EUV filters, starting at 19:00 UT on 2011 January
25. The second dataset is also a 30-min time sequence of EUV
images obtained with these filters, starting at 23:00 UT on 2017
March 21.

We obtained the full-disk level-1 SDO/AIA data from the
Joint Science Operations Center*. These default level-1 data are
among other calibration steps corrected for cosmic-ray hits that
manifest themselves as sharp local intensity enhancements and
are mostly confined to isolated pixels on the image (Boerner
et al. 2012). Because our focus is on EUV bursts, which may
also exhibit sharp intensity enhancement in space and time, we
re-spiked the level-1 AIA data using the aia_respike proce-
dure that is available in the SDO Solarsoft library. Next, these
images were coregistered and normalized to their exposure times
with the aia_prep procedure. These AIA image sequences have
a time cadence of 12s and a spatial sampling of 0.6” pixel™'.
Representative full-disk coronal images from these datasets are
displayed in Fig. 1.

The images were then tracked to remove solar rotation.
There are small nearly constant spatial offsets (smaller than 1”)
across different AIA filters in the resulting data. To correct for
these nearly constant cross-filter offsets, we first extracted large
cutouts (2048 pixels x 2048 pixels; centered at the disk center)
from each of the six AIA EUV filters from the respective snap-
shots that are cotemporal with the images displayed in Fig. 1.
We then determined the cross-filter spatial offsets with respect
to the 171 A image using a cross-correlation technique. These
shifts (different for each filter and independent of time) were
then applied to the time sequences of the respective filters. This
means that each filter time sequence was shifted by only a con-
stant amount with respect to the 171 A image sequence, ignoring

4 http://jsoc.stanford.edu/
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any minor time-dependence (this is justified because the cross-
filter alignment prior to cross-correlation is already better than
the spatial resolution of AIA)>. To aid discussion, we call these
calibrated and processed AIA image sequences the level-2 data
product.

In the next step, we cleaned the level-2 data by remov-
ing sharp intensity peaks that were identified in the temporal
domain. We achieved this by conducting a pixel-by-pixel analy-
sis in two steps separately for each of the six AIA filter level-2
image sequences. In the first step, we identified peaks in inten-
sity for a given filter that exceeded the mean intensity com-
puted from the time series at each pixel by more than 5. We
then compared the intensity of each of the identified peaks with
that from the preceding and subsequent snapshots in the time
series. When the two intensities next in time to the peak inten-
sity did not exceed the mean intensity by more than 20, the
peak is quite sharp and spike-like. This means that the identi-
fied spike is very likely caused by a cosmic-ray hit. In this case,
we replaced the peak intensity with the average of the inten-
sities from next-in-time steps at that pixel. In the second step,
we repeated this process on this newly de-spiked time series by
lowering the peak intensity threshold. We recalculated the mean
intensity at a given pixel. Then we replaced all intensity peaks
that exceeded the newly calculated mean intensity by 40 with
the average of the intensities from next-in-time steps at that pixel
if they did not exceed the mean intensity by 2o~ This double
de-spiking removed all sharp intensity spikes in the time series
that are likely due to cosmic rays. From these cleaned images
we considered the time series of a large enough field of view
(1024 pixels x 1024 pixels ~ 614" x 614"") for further analy-
sis. With respect to the solar disk center at (0”,0”), the field of
view of the 2011 dataset is centered at (—307.2"",307.2”") and the
2017 data are centered at (307.2”, -307.2"") (the regions marked
by the white boxes in Fig. 1). In Sect. 3.1 we describe the method
we used to identify EUV bursts.

To qualitatively investigate the properties of the magnetic
fields at the solar surface that underlie the EUV bursts, we
complemented AIA observations with the line-of-sight magnetic
field maps obtained with the Helioseismic and Magnetic Imager
(HMI; Scherrer et al. 2012) on board the SDO. These were
also processed with the aia_prep procedure. These processed
HMI data have a time cadence of 45s and an image scale of
0.6” pixel .

The time period of the 2017 dataset overlaps the UV observa-
tions of the chromosphere and transition region that are recorded
with the Interface Region Imaging Spectrograph (IRIS; De
Pontieu et al. 2014). IRIS observed a field of view of about
33” x 130" centered at (431", —453"") on the solar disk in a 96-
step dense-raster mode between 2017 March 21 23:02 UT and
2017 March 22 02:26 UT. The raster step in the scan direction is
0.35”, with a 2-pixel spatial binning and sampling of 0.33"”along
the slit. The exposure time per slit position is 30 s. The spectral
resolution in the far-UV is about 25 mA. We used level-2 IRIS
data® to examine the spectral properties of EUV bursts, in par-
ticular with the Si1v 1394 A line, which forms in the transition
region at temperatures of about 80 kK.

To give an overview of the data, in Fig. 2 we display sample
AIA and HMI maps of the two datasets we analyzed. Although
a large fraction of the analyzed field of view is covered by a

> Whenever interpolation is required to better reconstruct the input
image, a cubic convolution method (with its parameter set to —0.5) was
employed.

6 Available at https://iris.lmsal.com/

coronal hole (northwest quadrant of the top right panel in Fig. 2)
in the 2017 dataset, we did not distinguish it from a quiet-Sun
corona in the remaining analysis (see the discussion at the end
of Sect. 3.2).

3. EUV bursts in the quiet-Sun corona

EUYV bursts appear as compact small-scale (a few arcsec) bright-
enings in the quiet-Sun corona. While some of the bursts can
be identified visually, we resorted to an automatic detection of
these features in the time series by imposing intensity thresh-
olds to retrieve their statistical properties (e.g., lifetime, occu-
pied area, and number of events). We describe our method of
detecting EUV bursts and present the main findings.

3.1. Detection

We used the clean twice de-spiked level-2 AIA 171 A image
sequence data product (see Sect. 2 for details) to identify the
EUYV bursts. In our definition, EUV bursts are intensity enhance-
ments above a certain imposed threshold in the temporal domain.
We first identified peaks in the time series at each pixel. We
set the threshold to be 40~ above the mean intensity of the time
series at that pixel. The second of the de-spiking steps described
in Sect. 2 replaces any sharp intensity spike in the time series
above this threshold with the average intensity from adjacent
time steps. The newly identified peaks above the threshold are
therefore not as sharp. Furthermore, to ensure that the identi-
fied peaks are of solar origin, we imposed another condition:
the EUV intensity recorded during at least one of the adjacent
time steps (either preceding or following peak) must be greater
than 20~ above the mean intensity of the time series at that pixel.
Unlike sharp peaks caused by cosmic-ray hits, this condition
means we identify only those intensity peaks that are temporally
resolved in two or more exposures in the time series by exhibit-
ing either gradual increase and or decrease in intensity. More-
over, because the duration of the time series is finite, there could
be boundary effects when we follow the evolution of EUV bursts
that occur close to the beginning or end of the time series. To mit-
igate this, we did not take any peaks into account that occurred
within 2min from the start or end of the time series. With a
cadence of 12s, this corresponds to ten AIA snapshots. This
pixel-by-pixel analysis of the burst identification also ensures
that any persistent bright regions (e.g., coronal bright points) are
excluded, unless they exhibit 40 intensity enhancements above
the local mean. For a given valid 40~ peak, we then analyzed the
intensity of the adjacent eight pixels. When the intensity of any
of the pixels that were connected to the central peak exceeded the
mean at that pixel by 307, but remained lower than 40 at the same
time as the previously described valid peak, we also flagged this
connected pixel to be a part of the burst.

3.2. Statistical properties

We first deduced the pixel-wise lifetime of the burst. From the
time step of an identified valid peak, we followed the time series
forward and backward in time until before the instance when the
intensity first fell below the 1o level above the mean intensity
of that time series at that pixel (see illustration in Fig. 3). In this
way, we built a 171 A time series that was populated only by
bursts over the field of view of 1024 pixels x 1024 pixels, that
is, the (614”)? field of view of interest. A given snapshot there-
fore includes multiple pixels that capture different stages of the
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Fig. 2. Overview of the quiet-Sun coronal regions we analyzed and the underlying surface magnetic fields. A closer view of the coronal regions,
outlined by white boxes in Fig. 1, is presented in the fop panels. The field of view is 614" x 614”. The red contours outline spatial locations
of EUV bursts in the respective panels at that instance. The bottom panels show the line-of-sight magnetic field maps observed with SDO/HMI
in grayscale. They are cotemporal with respect to the top panels, which are overlaid with red contours. The maps are saturated at +50 G. The
dark shaded regions represent south or negative-polarity magnetic field patches, and the light shaded regions represent north or positive-polarity
magnetic field patches. The blue and green contours cover positive- and negative-polarity magnetic patches, respectively, with flux densities above

50 G. See Sects. 2, 3.1, and 3.2 for details.

evolution of multiple bursts. The red contours in the top panels of
Fig. 2 outline pixels with intensities that satisfy our EUV burst
criteria. When overlaid on the HMI magnetograms, the bursts
are apparently closely clustered in the vicinity of strong mag-
netic patches (bounded by blue and green contours) that form the
solar magnetic network (bottom panels of Fig. 2). This compari-
son and findings are qualitatively similar to earlier observations:
transition region explosive events tend to occur closer to network
magnetic fields (e.g., Dere 1994).

These bursts are impulsive in nature. In Figs. 4 and 5 we
plot examples of eight bursts that exhibit a variety of impulsive
behavior. The duration or lifetime of the burst as identified by
applying our method on AIA 171 A data is marked with two
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dotted lines. The time series of these bursts frequently appear to
exhibit complex profiles with a superposition of multiple impul-
sive events, each lasting roughly 60 s. However, other cases show
a simple impulsive profile with a rapid monotonic rise and fall
in intensity (e.g., Fig. 5c). Nevertheless, a common feature of
all the bursts is that they display a sudden intensity enhance-
ment that exceeds the background intensity by several times,
and that after the burst, intensity returns to its local pre-event
level. Their lifetime is about 100s (see below). In addition, as
shown in Figs. 4 and 5, the detected bursts were also observed
in AIA 193 A filter and typically displayed a similar temporal
variability. Compared to the events detected in TRACE observa-
tions, which displayed smoother emission curves with intensity
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Fig. 3. Illustration of a detected EUV burst. The solid curve represents
the AIA 171 A intensity, /, as a function of time at a given pixel in the
image sequence. The horizontal dotted lines from top to bottom are four,
two, and one times the standard deviation of the light curve (o) above
the mean intensity, (/). The open diamond marks the peak that exceeds
(I) + 407. In this case, the intensity at the next time step after the peak
is greater than () + 207. The light curve is therefore flagged as a valid
EUYV burst signal according to our criteria in Sect. 3.1. Following the
light curve forward and backward in time from the peak, the lifetime is
defined as the duration between two instances when the signal is still
greater than (/) + 1o (i.e., the length of time that is bounded by the two
vertical dotted lines).
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Fig. 4. Temporal evolution of the quiet-Sun EUV bursts. The time series
of four EUV bursts detected in the 2011 dataset are plotted. The light
curves show the plasma emission as a function of time at a given spatial
pixel over a 30-min period in that dataset (black shows 171 A, and red
represents 193 A). The spatial location of the respective light curve is
outlined by a green box in the corresponding panel in Fig. 7. The solar
X and Y coordinates in arcsec are also quoted. The solid vertical line
identifies the peak of the 171 A light curve, and the two dotted vertical
lines mark the duration of the burst. See Sect. 3.2 for details.

variations over timescales of 500 s (Fig. 6 in Aschwanden et al.
2000b), the bursts we studied are more impulsive.

The probability density function (PDF) of the lifetimes of the
bursts deduced with the pixel-wise analysis is shown in Fig. 6a.
By our definition, events with the shortest duration will live for at
least 36 s (the AIA EUV image cadence is 12 s). Although these
short-duration events form a large fraction of the detected events,
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Fig. 5. Same as Fig. 4, but plotted for four bursts detected in the 2017
dataset (see also Fig. 8).

the peak of the distribution is at a longer timescale of about 120 s.
This indicates that the evolution of the majority of the bursts is
already temporally resolved with the available AIA cadence of
12s. As a next step, we counted the number of burst pixels in
each snapshot of the time series to compute the area coverage of
these events on the Sun (i.e., the area covered by each event was
measured as a function of time throughout its lifetime). Because
we conducted a pixel-wise analysis, two events separated with a
gap of one pixel may likely belong to the same solar structure. To
this end, we used the morph_close function in IDL to fill any
gaps or holes of up to one pixel between closely spaced events
in every snapshot. These results in terms of the percentage of the
area that is covered by the bursts on the Sun are plotted sepa-
rately for the 2011 (solid) and 2017 (dashed) datasets in Fig. 6c.
Both show consistent results: at any given moment in time, the
bursts occupy only 0.1%-0.15% of the area on the Sun.

We then computed the PDF of the area of the burst events.
The area PDF shows a power-law-like behavior with an almost
linear decrease in the number of events with the increase in area
in the log-log plot (Fig. 6b). One key finding is that the peak of
the area PDF is at the spatial sampling limit of AIA (i.e., one
pixel with a side length of 0.6”; 1” ~ 725km near the center
of the solar disk). A part of this unresolved population might
be explained because the area of an event changes. As we mea-
sure the area of an event throughout its lifetime, it is possible
that the event first covers one AIA pixel, then grows, and finally
decreases again to one pixel. Additionally, some events might
cover just one AIA pixel throughout their lifetimes. In either
case, this indicates that most of the EUV bursts are unresolved
by AIA. That the area PDF does not show a clear peak, unlike
the distribution of lifetimes, further suggests that smaller events
that are not detected by AIA are more common in the solar
corona. Deducing the lifetimes of isolated events that cover just
one AIA pixel throughout their evolution could provide informa-
tion on the optimal spatial resolution and temporal cadence that
would be necessary to probe such features. In Fig. 6a we plot the
PDF of the lifetimes we computed from events that cover only
a single AIA pixel (blue histogram). The lifetime PDF of these
unresolved events is very similar to that of the complete sample,
suggesting that bursts might show a similar temporal evolution
even at smaller spatial scales.
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Fig. 6. Statistical properties of the quiet-Sun EUV bursts observed with
the AIA 171 A filter. Panels a, b: PDF of the lifetime and area of
the detected EUV bursts by combining cases from the 2011 and 2017
datasets. In panel a the blue histogram shows the PDF of the lifetime of
isolated bursts. Panels ¢, d: percentage area coverage of the bursts and
the number of events at a given time in the solar corona separately for
the two datasets as a function of time. See Sect. 3.2 for details.

Furthermore, we also plot the number of events (after filling
the gaps) in a given snapshot as a function of time in Fig. 6d.
Based on our analysis, we estimate that there are about 12 000—
13000 EUV bursts at some stage in their evolution in the quiet-
Sun corona at any given instance. Similar to the time series of
the area coverage, the number of structures we estimate in both
datasets is consistent. When we assume a burst lifetime of 120's,
the event birth rate is about 100s~!. This is on the same order of
magnitude as the birthrate of transition region explosive events
(Dere 1994; Harrison et al. 2003).

Compared to the quiet-Sun corona, EUV emission is fainter
than coronal hole regions. This lower emission generally results
from the presence of large-scale open magnetic structures that
allow plasma to easily expand outward. In the 2017 dataset, a
significant area of the analyzed field of view is covered by a
coronal hole (northwest quadrant of the top right panel in Fig. 2).
However, the analyzed EUV bursts are uniformly distributed
throughout the field of view, and there is no clear distinction
between quiet-Sun and coronal holes in this regard. Although
not shown, we found no difference between the lifetime distri-
butions of bursts in either dataset, likely because the analyzed
events are more local and are probably not affected by the large-
scale open magnetic fields in the coronal holes. Furthermore, the
number of events and the area coverage we present in Fig. 6
from the 2011 and 2017 datasets is comparable. We therefore
suggest that quiet-Sun and coronal holes are not clearly distinct
with respect to EUV bursts. We also obtained statistically simi-
lar results for bursts detected in the AIA 193 A and 211 A filters
(see Appendix A).

3.3. Emission characteristics

Spatially resolved EUV bursts (i.e., those that span more than
two AIA pixels) appear as compact blobs in multiple AIA filters
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(top segments in Figs. 7 and 8). Some of them also show flame-
like extension connected to a bright central core (e.g., Figs. 7a
and 8a,b). Their spatial structuring is similar to that of the IRIS
UV bursts that have been observed in solar active regions (Peter
et al. 2014; Young et al. 2018). However, the main difference is
that while the IRIS active region UV bursts are rarely seen in the
EUV images’, the bursts studied here (by definition) do appear
in ATA diagnostics.

To deduce the thermal characteristics of these bursts, we cal-
culated the differential emission measure (DEM) at that spa-
tial location and time of the AIA 171 A peak (the location is
marked with green boxes in the upper segments of panels a
and b of Figs. 7 and 8). If these EUV bursts are related to
explosive events, plasma at transition region temperatures below
1 MK will contribute to the emission. If present, emission from
cooler plasma will be recorded by the AIA 131 A filter, which
has its (lower temperature) response peak around log;7(K) of
5.5. Although the bursts may also emit at even lower tempera-
tures, the response of the AIA filters drops significantly below
log1oT(K) of 5.5. At the higher end, the bursts may be heated
to quiet-Sun coronal temperatures of 1 to 2MK. The DEMs
are therefore computed over the temperature range of log;o7 (K)
5.5-6.3 using emission from all the six AIA EUV channels at
the time when the AIA 171 A emission peaked.

We employed two independent methods to calculate to
DEMs, and they essentially yield the same results: a regularized
inversion technique (method-I; Hannah & Kontar 2012), and
a sparse inversion technique (method-II; Cheung et al. 2015).
The input parameters passed to these methods are presented in
Appendix B. The results are displayed in the bottom segments
of Figs. 7 and 8. In six out of the eight cases, the DEMs show
a double-peaked structure with a stronger contribution to the
emission from temperatures around log;o7(K) 5.6-5.8, corre-
sponding to the transition region (solid curves). The secondary
component peaks around log;o7(K) 6.1. In two cases (Figs. 7¢
and 8d), the DEM distribution is consistent with only one broad
component. We compared these burst DEMs with the DEM
derived by Brooks et al. (2009) of a quiet-Sun region using Hin-
ode observations (dashed curves in Figs. 7 and 8). The Hinode
quiet-Sun DEM has a single peak above 1 MK with a broad tail
toward the lower temperatures and a steep negative slope toward
higher temperatures, which is also the case for some quiet-Sun
coronal bright points (e.g., Chitta et al. 2013). In comparison,
the bursts show a clear enhancement in the emission from lower
temperatures below 1 MK. At higher temperatures above 1 MK,
however, the DEM shapes vary. In particular, except for two
cases (Figs. 7c and 8c), there is a clear difference between the
DEM shapes above 1 MK in the remaining examples. Either the
DEM peaks above 1 MK are at slightly higher temperatures than
the quiet-Sun DEM, and/or the magnitude of the DEM is larger
at higher temperatures. This tentatively indicates the presence
of hotter coronal plasma (i.e., >1 MK) in at least some of the
bursts. Overall, our DEM analysis shows that the bursts have a
broad temperature distribution.

We can estimate the thermal energy content of the burst
through the volumetric emission measure, EM. This is defined
through EM = f n*dV ~ fn?>V, where n is the electron
number density, V' is the volume under consideration, and f is

7 A few observations of active region UV bursts and quiet-Sun explo-
sive events have been reported in both IRIS and multiple AIA EUV
filter diagnostics (e.g., Huang et al. 2014; Gupta & Tripathi 2015;
Guglielmino et al. 2018).
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Fig. 7. Spatial morphology and emission measure distribution of the selected EUV bursts. The top segment of each panel shows maps covering the
burst in five of the six AIA EUV filters (in inverted color), and the lower right tile presents the cotemporal HMI line-of-sight magnetic field map,
saturated at +30 G. The field of view is about 11.4” x 11.4”. The AIA 171 A and 193 A time series from the green box regions are plotted in the
respective panels in Figs. 4a—d. The spatial coordinates of the green box are listed at the left side of the top segment. The bottom segment in each
panel is a plot of the DEM as a function of temperature derived using a regularized inversion technique (solid black; method-I; Hannah & Kontar
2012) and a sparse inversion technique (solid blue; method-II; Cheung et al. 2015) by combining the AIA EUV emission in the green box regions
from the six filters. The vertical black bars are the 1o errors in DEMs, and the horizontal black bars are associated with the energy resolution of
the regularized inversion technique. The dashed curve is the quiet-Sun DEM profile based on Hinode observations (Brooks et al. 2009), available
in the CHIANTI atomic database (Dere et al. 1997, 2019). The emission-weighted temperature of the plasma (in MK) and thermal energy content
of the burst (in erg) are quoted. The time stamp corresponds to the snapshots in the top segment (same as the peak time identified with the vertical
line in Fig. 4). These bursts are detected in the 2011 dataset. See Sect. 3.3 for details.

the filling factor of the emitting volume. The thermal energy plasma is assumed to be a cube with a side length of one AIA
content is given through Ey, = 3NkgT, where kg is the pixel. Because the displayed bursts clearly extend over one AIA
Boltzmann constant, T is the plasma temperature, and N = nV  pixel, we further assumed that f = 1. The emission-weighted
is the total number of electrons in the volume. With the emis- temperatures of these eight bursts is in the range of 0.8 MK to
sion measure we can now express the thermal energy content as 1 MK, and the resulting thermal energy is in the range of 10> erg
Ew = 3kg T(EM-V/f)'/2. The plasma temperature is assumed to 10% erg (Figs. 7 and 8). For all of the detected events in the
to be equal to the emission-weighted temperature, and the EM 2011 and 2017 datasets, we calculated the emission-weighted
is obtained by integrating the DEM over temperature over an temperature and the thermal energy (derived from DEMs based
area covered by one AIA pixel. The volume, V, of the emitting on method-I) of each burst at its peak assuming f = 1. The
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Fig. 8. Same as Fig. 7, but plotted for the four bursts in the 2017 dataset. The AIA 171 A and 193 A time series from the green box regions are
plotted in the corresponding panels in Figs. Sa—d. See Sect. 3.3 for details.

respective PDFs are plotted in Fig. 9. The emission-weighted
temperature spans from 0.6 MK to 1.6 MK with a clear peak
around 1 MK. The thermal energy of the bursts is in the range
of 10?3 erg to 10** erg, with a peak around 4 x 10% erg®. This
energy content is only a lower limit for the total energy put into
the burst because during the heating, energy will be lost, for
example, through heat conduction and other processes. Overall,
these energies are comparable to the energy of typical nanoflares
(Parker 1988). Based on the statistical properties presented in
Fig. 6 and the thermal energy analysis in Fig. 9, we define EUV
bursts as compact nanoflare events covering an area smaller than
10 Mm? with lifetimes of about 100 s, and with an energy content
of about 10**erg. We exclude any persistently bright features
(e.g., coronal bright points) in our definition of EUV bursts.

8 Similar to other statistical properties, we found no systematic differ-
ence between the distribution of the energy content of bursts in the 2011
and 2017 datasets.
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4. Discussion

Observations with AIA do not (directly) contain information of
the plasma flows. Therefore we employed spectra taken with
IRIS during the time of the dataset from 2017. The burst in
Fig. 8a is captured with the IRIS slit and thus offers a probe
into plasma flows at the time of the event. In Fig. 10 we show
IRIS Si1v spectral profiles from three regions, one at the core
(solid black curve), and a pair from the two sides of the core
(blue and red curves). The spectral profile from the central core
region displays two peaks at £90kms~!, consistent with bidi-
rectional plasma jets produced at the site of magnetic recon-
nection (Innes et al. 1997; Peter et al. 2014). At one side of
the core in the extended flame-like segment, IRIS recorded a
—90km s~! blueshifted SiIV spectral profile, suggesting plasma
upflow. At the other side, the spectral profile is redshifted by
+90kms~!, indicative of plasma downflows. In comparison to
an active region UV burst discussed in Peter et al. (2014) (dashed
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Fig. 9. Temperature and thermal energy distributions of EUV bursts.
PDFs of emission-weighted temperature (panel a) and thermal energy
content (panel b) derived at the peak of all detected bursts in the 2011
and 2017 datasets are plotted.

curve in Fig. 10), the EUV burst in this case radiated an intensity
that was an order of magnitude lower. However, the speed of the
bidirectional jets in both cases is almost similar and comparable
to the outflow speeds in transition region explosive events (Dere
1994).

Observations and numerical models show that chromo-
spheric and transition region UV bursts in active regions are trig-
gered when patches of opposite magnetic polarities connected
through a U-type field configuration cancel as they approach
each other at the solar surface (e.g., Peter et al. 2014; Young
et al. 2018; Hansteen et al. 2019), similar to photospheric Eller-
man bombs (Georgoulis et al. 2002). Bursts like this are also trig-
gered in a fan-spine magnetic configuration created by patches
of minor magnetic polarity embedded in regions with stronger
magnetic fields of opposite polarity (e.g., Chitta et al. 2017a;
Peter et al. 2019). Nevertheless, a key aspect in both these config-
urations is the release of magnetic energy through interaction of
opposite-polarity magnetic fields (e.g., Priest et al. 2018). How-
ever, although the signature of magnetic reconnection as evident
from bidirectional jets is clear, the EUV burst in Fig. 10 directly
overlies an apparent unipolar magnetic field region of positive
polarity with no clear signatures of the adjacent interacting neg-
ative polarity magnetic field (see the HMI map in Fig. 8a). It is
possible that a small-scale weak opposite-polarity magnetic ele-
ment is present, but remained undetected in HMI observations as
a result of a combination of the moderate spatial resolution and
sensitivity of the instrument (e.g., Chitta et al. 2017b, 2019). It is
also possible that the burst is triggered by a component magnetic
reconnection within the unipolar magnetic patch.

In addition, the DEMs are consistent with a broad temper-
ature distribution in the bursts with contribution from transi-
tion region plasma (below 1 MK) to a large part and to a lesser
degree, likely also some from coronal plasma (above 1MK).
Spectroscopic observations are necessary to determine the ther-
mal characteristics of these bursts. IRIS samples plasma mostly
at or below 0.1 MK and is therefore not suitable for coronal
diagnostics, although Guglielmino et al. (2019) detected Fe X1I
emission forming at coronal temperatures with IRIS in a singu-
lar case of an active region UV burst that was more energetic
(due to stronger magnetic fields) than the bursts studied here.
Using observations from SUMER on board SOHO, Teriaca et al.
(2002) previously found no coronal counterparts of explosive
events. Their sample was limited to only three cases, however. In
principle, the EUV imaging spectrometer (EIS) on Hinode could
be used for such a study, in particular because of its high sensi-
tivity in Fe XII near 195 A. However, the spatial resolution of
EIS is significantly lower than that of AIA, and thus EIS would

N(B)
-1.0 -0.5 0.0 0.5 1.0
5 : : . . .
4r : 1
171 A Silv1394 A

IRIS Si IV intensity (10" erg cm”s™ sr' A")

0 VAM}MA_ A/ WA

-200 -100 0 100
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Fig. 10. Spectral profiles emergent from a burst. The solid black, blue,
and red curves represent SilVv 1394 A spectral profiles as a function of
Doppler velocity, recorded by IRIS at the site of an EUV burst observed
with SDO/AIA. Here 0kms™' corresponds to the rest wavelength of
1393.755 A. The associated maps of the EUV burst are displayed in the
inset. The left tile in the inset is the same as in Fig. 8a. The right tile
in the inset is the SiTv 1394 A raster map in inverted colors (integrated
over +200kms™"), covering the EUV burst. The white, blue, and red
symbols mark the position of the spatial pixels we used to extract the
black, blue, and red spectral profiles, respectively. For comparison, the
dashed black curve is the Si1v 1394 A spectral profile emergent from an
active region UV-burst (labeled 1) discussed in Peter et al. (2014). The
profile is scaled by a factor of 0.02. The strong dip in the dashed Si1v
profile around —100km s~ is the NilI absorption profile. See Sect. 4
for details.

only capture the (fewer) larger events. A future study should be
conducted to determine how EIS can help to settle this problem.

A remaining key question is the role of these bursts in quiet-
Sun coronal heating. Through the statistics of bursts presented in
Fig. 6, that is, the area coverage and number of events, it is clear
that these events are not pervasive enough to account for energy
losses from the quiet-Sun corona as a whole, even when we
assume that some of them do reach million Kelvin temperatures.
The energy loss from the quiet-Sun corona is about 10% ergs!
(Withbroe & Noyes 1977). Typically, the energy content of
these bursts will follow a power-law-like distribution (e.g.,
Aschwanden et al. 2000b). To obtain a simple estimate of the
number of such events that are required to balance the quiet-
Sun coronal energy losses, we assume that all the bursts detected
here are nanoflares, with a total energy output of 10?* erg during
their lifetime (see Figs. 7-9). Based on the peak of the lifetime
distribution (Fig. 6a), the bursts supply energy to the quiet-Sun
corona at a rate of about 10*? ergs~'. This means that at any
given moment in time, there should be about 10° such events on
the Sun. From Fig. 6d, we estimate that there are only 10* events
at any moment in time on the Sun. The number of detected events
is therefore at least 100 times lower than what is required to sup-
port coronal energy requirements.

Although the energy content of many of the bursts we
see is comparable to that of nanoflares, they are not spatially
resolved in the AIA observations. Here we can expect signifi-
cant progress from the recently launched Solar Orbiter mission

A159, page 9 of 11


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202039969&pdf_id=9
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202039969&pdf_id=10

A&A 647, A159 (2021)

(Miiller et al. 2020). In the context of our study, the Extreme
Ultraviolet Imager (EUI; Rochus et al. 2020), the Polarimet-
ric and Helioseismic Imager (PHI; Solanki et al. 2020), and
the SPectral Imaging of the Coronal Environment (SPICE;
SPICE Consortium 2020) are of particular interest. During the
nominal mission phase, the first perihelion in March 2022 will
bring the spacecraft as close as about 0.3 astronomical units. At
this distance, the spatial resolution of EUI will correspond to
about 0.3” as seen from Earth orbit. With this it will provide
images with the highest resolution that were ever taken of the
solar corona, significantly better than AIA, and slightly better
than the data from the two 5-min rocket flights of the High-
Resolution Coronal Imager (Hi-C; Rachmeler et al. 2019). With
matching spatial resolution, the measurements of the magnetic
field vector in the photosphere by PHI will provide information
on the magnetic driver of the bursts. With its coverage of spec-
tral lines from 10* K to well above 10° K, SPICE will provide
the thermal structure of these events, but at significantly lower
spatial resolution.

The remote-sensing instruments of Solar Orbiter have so far
provided only commissioning data. Some of these are of high
quality, however, as announced in an ESA press release’. In par-
ticular, the so-called campfires found by EUI (Berghmans et al.
2021) might be related to the events we investigated in our study.
We wonder whether these campfires are similar in nature to the
events we studied here. Clearly, both are brightenings in the
EUV near 171 A (one channel of EUI is centered around 174 A).
It would be interesting to speculate if their nature is similar to the
reconnection driven jets attributed to the transition region explo-
sive events (Dere 1994; Innes et al. 1997), but now extended
to higher temperatures. This would at least be suggested by our
analysis of the emission measure that is enhanced at coronal tem-
peratures in most of the events we studied (see Figs. 7 and 8 and
Sect. 3.3). Future co-observations between EUI and AIA will
allow for a detailed comparison with the campfires reported by
EUL

5. Conclusions

Based on our estimates, we conclude that these bursts are not
sufficient to power the corona. This is broadly consistent with
earlier results (e.g., Aschwanden et al. 2000b; Joulin et al. 2016),
although we used AIA data with a higher cadence for the event
detection. The quiet-Sun coronal heating may not burst-like,
and perhaps it is largely driven by magnetohydrodynamic waves
(e.g., Mclntosh et al. 2011). We did not investigate whether and
how bursts might affect coronal features away from the central
region, that is, the detected event. The question remains whether
they also power connected loops in a quasi-steady manner, or
if they might drive waves. For example, in Fig. 2, the question
also remains whether the bursts that are detected at the foot-
point regions of coronal bright points play any role in power-
ing the overlying loops. This is very similar to the existence of
reconnection-driven UV bursts at the footpoints of hotter loop
systems over S MK in the cores of active regions (Chitta et al.
2018, 2020), but at lower temperatures of 1 MK. It remains to be
seen whether EUI detects more if not all of the missing bursts
(or in the terminology of the ESA press release, the campfires).
The combination of EUI, SPICE, and PHI on Solar Orbiter will
provide us with new opportunities to address the nature of the
bursts seen in the quiet Sun and their role in heating the corona
in general.

% https://sci.esa.int/web/solar-orbiter/-/solar-
orbiter-s-first-images-reveal-campfires-on-the-sun
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Appendix A: Stgtistics of !EUV bursts detected in
the AIA 193 A and 211 A filters
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Fig. A.1. Statistical properties of the quiet-Sun EUV bursts observed with the AIA 193 A and 211 A filters. Same as Fig. 6, but plotted for bursts
detected in the AIA 193 A filter (panels a—d) and in the AIA 211 A filter (panels e—h). In panel c, the solid line is multiplied by 1.5. To facilitate
comparison of the statistics in different filters, the scales of the vertical axes in the respective panels are fixed to be the same as in Fig. 6. See

Sect. 3 and Appendix A for details.

In the main text, we discussed various properties of the EUV
bursts detected in the AIA 171 A filter. However, some bursts
may be detected with filters that respond to hotter plasma (e.g.,
AIA 193 A and 211 A filters) and are not present in the AIA
171 A filter, which responds to emission from relatively cooler
plasma and vice versa. To this end, we also applied our burst
detection algorithm (Sect. 3) to the AIA 193 A and 211 A filters
and derived their statistical properties (lifetime, area coverage,
and number of events). These results are displayed in Fig. A.1.
These properties are generally consistent in the three filters (see
also Fig. 6). This suggests that these bursts are all captured by
the three filters, whose responses overlap around 1 MK, which
is also consistent with our DEM analysis, which shows a peak
of emission-weighted temperature at 1 MK. In principle, a simi-
lar analysis might be applied to the other three AIA EUV filters,
which are centered around 94 IOA, 131 A, and 335A. However,
their response in quiet-Sun regions is dominated by noise, there-
fore they are not suitable for such an analysis.

Appendix B: Input parameters to DEM analysis

We used two methods to calculate DEMs: a regularized inver-
sion technique (method-I; Hannah & Kontar 2012) and a

sparse inversion technique (method-II; Cheung et al. 2015).
Here we briefly describe the input parameters that were passed

to these methods to compute DEMs. For both methods, the
time-dependent AIA response functions are calculated by set-

ting the keywords evenorm, chiantifix, and noblend to
1. The uncertainties in AIA EUV intensities are calculated

using the aia_bp_estimate_error procedure available in
IDL/solarsoft.

In method-I, we used the regularization tweak parameter set
to 1, and the regularization multiplying factor set to 1.5. No ini-

tial guess solution is used. The AIA uncertainties are multiplied
by a factor 1.2 to aid the method to arrive at a positive solution.

Furthermore, internally, the method uses the regularization mul-
tiplying factor to increase the tweak parameter in each iteration
and tries to arrive at a positive solution.

In method-II, we used a tolerance factor set to 1.2. Internally,

this factor is used by the method as a multiplication factor to the
AIA uncertainties. This tolerance factor is adaptively increased
by the method to arrive at a positive solution. The basis functions

are Dirac-delta functions plus Gaussians with three bases sigmas
(as defined in the method) of 0.125 in log;oT.
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