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Summary. — Magnetic reconnection is a fundamental physical process that is
thought to occur in a variety of astrophysical environments, appearing to be re-
sponsible for sudden energy release phenomena. A plethora of small-scale energetic
events have been discovered in the solar atmosphere, most of them linked to magnetic
reconnection episodes. Here, we report on the late phases of a reconnection event,
which led to the appearance of a long-lasting ultraviolet burst with coronal signa-
tures, observed during flux emergence in the plage of an active region. In particular,
we study the final jet ejections and violent eruptions, resembling mini-CMEs.

1. – Introduction

Our understanding of the solar magnetism has improved over the last years thanks to
high-resolution observations and numerical models. It is widely accepted that a dynamo
action occurring in the Sun generates magnetic fields by converting kinetic energy into
magnetic energy [1]. This mechanism leads to the formation of magnetic flux tubes or
flux ropes that are embedded in the convective zone, which can buoyantly rise through
the outer solar interior [2, 3]. As a consequence, the magnetic field emerges into the
solar surface and permeates the solar atmosphere, giving rise to a plethora of magnetic
structures. The above-described process is known as magnetic flux emergence.

Emerging flux regions (EFRs) define the totality of observable phenomena from the
photosphere to the corona due to magnetic flux emergence through the solar atmo-
sphere [4]. EFRs range over several spatial and time scales, from large-scale flux con-
centrations, like active regions (ARs) consisting of sunspots with their umbrae and
penumbrae [5], evolving along several weeks, to small-scale, sub-arcseconds(1) flux
patches observed in the quiet Sun [6], at the limit of current observational capabilities,
characterized by a short-term evolution (minutes). It is still unclear if these small-scale

(1) 1′′ = 725 km on the solar disk.
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solar features are the result of global or local dynamos and if they play a role in the
coronal heating problem.

Long-duration, seeing-free observing sequences provided by satellites like the
Hinode [7] and the Solar Dynamics Observatory (SDO, [8]) have shown that small-
size EFRs populate the solar surface at every instant. During the past decade, this
investigation also benefited from observations of the photosphere taken by the Imaging
Magnetograph eXperiment (IMaX, [9]) aboard the Sunrise observatory [10-12]. Thanks
to its high spatial resolution (< 0.′′3) and polarimetric sensitivity, IMaX provided new
information about the evolution of small-scale magnetic features, enriching the picture
of the dynamic processes that occur in EFRs and providing evidence for emergence of
small loops and flux sheets [13-16] and spatially resolved magnetic flux tubes [17,18].

However, observations provided by the Sunrise Filter Imager [19] instrument, which
were simultaneous and cospatial to the IMaX measurements, allowed only the middle
cromospheric level to be explored by using Ca II H filtergrams. Therefore, only limited
information could be obtained about the interaction of small-scale EFRs and their role
in energizing the upper atmospheric layers of the Sun, investigating the chromospheric
response to flux emergence [20] and flux cancellation [21].

The recent advent of the Interface Region Imaging Spectrograph (IRIS, [22]) satellite
has further extended our insight into the phenomena that occur in the solar atmosphere
—upper chromosphere and transition region— in response to flux emergence events.
Indeed, IRIS multi-wavelength ultraviolet (UV) observations revealed unexpected com-
plexity at these atmospheric levels. Taking advantage of a spatial resolution (≈ 0.′′35) in
the UV similar to that achieved by IMaX in the photosphere, IRIS shed light on a number
of the small-scale energy release episodes, such as explosive events [23-25] and penumbral
jets and brightenings [26-30]. In this context, UV bursts have been observed [31]. These
are transient events (about 5 minutes) that show in UV spectra an increase of about
a factor of 100–1000 in intensity and plasma flows of 100–200 km s−1. They occur on
spatial scales of ∼ 0.5 Mm and are thought to take place at low atmospheric heights.
The properties of UV bursts have been assessed by [32], gathering the results coming
from several observational studies [31, 33-39].

These phenomena appear to be caused by small-scale magnetic reconnection episodes.
Magnetic reconnection is a fundamental plasma physics process that occurs at the bound-
ary layer between opposite polarity magnetic domains. It is able to rearrange the field
topology, converting magnetic energy to thermal energy, kinetic energy and particle ac-
celeration [40]. In the Sun, the large-scale manifestation of reconnection is represented
by flares [41]. At small scale, it is recognized in the presence at the photospheric level
of opposite magnetic polarities that come into contact and cancel with each other, with
concurrence of transient brightening and jet-like ejections in the upper layers [42].

In particular, reconnection may occur when EFRs interact with the overlying, pre-
existing field lines, triggering high-temperature localized emission and driving high-speed
plasma flows [43]. Such a scenario has been reported in detailed high-resolution multi-
wavelength observations of small-scale EFRs, analyzing the chromospheric and coronal
phenomena taking place at the emergence sites [20, 44-52].

Numerical simulations of magnetic flux emergence in the solar atmosphere support
this scenario. Since the early calculations [53], models show that small-scale energy
release episodes occur ubiquitously in the emergence sites, as a result of magnetic recon-
nection, either due to the interaction of the emerging magnetic flux with the pre-existing
ambient field [54-61] or to the self-interaction of the bipolar EFRs [62]. Magnetic re-
connection can supply enough energy to heat and accelerate the plasma in a complex



SMALL-SCALE MAGNETIC RECONNECTION DURING FLUX EMERGENCE ETC. 3

three-dimensional geometry. The energetics of the process is linked to the relative orien-
tation between the emerging and pre-existing field lines [63].

Despite these advances in our knowledge about interactions between EFRs and am-
bient magnetic fields, there are still some open questions. In particular, we do not
understand why small-energy release phenomena are not always observed in the EFRs.

Here, we present an analysis based on joint observations performed by the IRIS and
SDO satellites, showing the evolution of an EFR embedded in the plage of the following
polarity of AR NOAA 12529 [64,65]. This study revealed the phenomena occurring in the
upper atmosphere during the photospheric evolution of the EFR, observing long-lasting
intensity enhancements, similar to UV bursts, with simultaneous plasma ejections.

2. – Observations

The EFR analyzed in this work was observed in the plage field of the following polarity
of AR NOAA 12529 (see the solid box in fig. 1). This AR, appeared on the solar
disk during April 2016, was characterized by a β-type magnetic configuration, i.e., a
bipolar configuration except for the umbral filament observed in the leading sunspot
with opposite polarity (see fig. 1, [66, 67]). Between April 13 and 14 it approached the
central solar meridian, being located at heliocentric angle μ ≈ 0.96.

The IRIS satellite acquired three different data sets during the EFR evolution. In our
study, we analyzed the observing sequence acquired between 22:34:43 UT on April 13 and
01:55:29 UT on April 14, consisting of six large dense 64-step raster scans. UV spectra
were acquired in seven spectral ranges, which include, at increasing formation heights
from the chromosphere up to the corona, the O I 1355.6 Å, Mg II h and k, C II 1334.5
and 1335.7 Å, Si IV 1394 and 1402 Å, and Fe XII 1349.4 Å lines. The exposure time was
30 s until exposure 10 in the second raster, then the automatic exposure control reduced
it to 9 s for the near-UV channel and to 18 s for the far-UV channels, respectively. Such
relatively long exposure times ensured a good signal-to-noise ratio for faint lines as well.

Fig. 1. – AR NOAA 12529 as seen in the SDO/HMI magnetogram at 23:59:25 UT, during the
IRIS observations. The solid box frames the portion of the FoV where the EFR appears. The
dashed box indicates the area covered by the IRIS slit during the six large dense 64-step rasters.
Here and in the following figures, solar North is at the top, West is to the right.
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Each scan had a 0.′′33 step size and a 31.5 s step cadence, with a pixel size of 0.′′35 along
the y-direction. The cadence for an entire raster scan was about 33 min, covering a FoV
of 22.′′2 × 128.′′4, as indicated in fig. 1 (dashed box). Simultaneously, Slit-Jaw Images
(SJIs) were acquired in the 2796 and 1400 Å passbands, with temperature formation
of about 104 K and 6.5 × 104 K, respectively. These SJIs have a cadence of 63 s for
consecutive frames in each passband, covering a field of view (FoV) of 143.′′7 × 128.′′4.
For further details about this data set and its analysis, we refer the reader to [64,65].

We used photospheric observations from the SDO satellite to determine the context
of IRIS observations. These data are full-disk continuum filtergrams and line-of-sight
(LoS) magnetograms taken by the Helioseismic and Magnetic Imager (HMI, [68]) along
the Fe 1 6173 Å line, with a spatial resolution of 1′′ and a cadence of 45 s. Images
from the 131, 193, 171, 304, and 1600 Å filters acquired by the Atmospheric Imaging
Assembly (AIA, [69]) were also considered in the present work. These EUV/UV data
have a cadence of 12/24 s, respectively, and an image spatial scale of about 0.′′6 per pixel.

We aligned SDO/HMI continuum filtergrams to SDO/AIA data, which are already
aligned between them, considering the different pixel size. Cross-correlation techniques
were applied to align simultaneous IRIS and SDO observations, using the cospatial sub-
FoV between the SDO/HMI continuum filtergrams and the integrated radiance in the
IRIS 2832 Å band for each IRIS scan as a reference. The accuracy of the alignment is
±0.′′5, a value that is comparable to the pixel size of SDO/HMI data.

3. – Results

Figure 1 displays that the EFR emerged in the trailing polarity of AR NOAA 12529,
in a magnetic environment characterized by a unipolar configuration.

The sequence acquired by SDO/HMI, relative to the photospheric evolution of the
EFR, indicates that before the emergence there was a pore at the center of the subFoV
marked with a solid box in fig. 1, corresponding to a flux patch with positive polarity.
This pore started to shrink when the corresponding positive flux patch got in contact
with the emerging negative polarity of the EFR, decreasing in size as long as the new flux
was emerging. Eventually, the pore disappeared and a new pore appeared, formed by
the accumulation of newly emerged negative polarity flux brought by the EFR (see [64]
for more details).

IRIS observations show repeated brightness enhancements in the EFR site. We clearly
see a compact UV burst near the center of these images, within the subFoV where the
EFR appeared (fig. 2, top panels). The UV burst, with a size of about 5′′ × 5′′, was
observed throughout the IRIS observing sequence (more than three hours), appearing to
consist of many transient and very dynamic sub-structures.

Light curves derived from the EUV/UV SDO/AIA data (193 Å and 1600 Å) and from
IRIS SJIs in the 1400 Å passband were also computed, as shown in fig. 2 (bottom panel).
For this analysis, we considered the common sub-FoV between the area scanned by the
IRIS slit and the region where the EFR appeared in the SDO/HMI magnetograms. The
largest variation in brightness occurred in the IRIS 1400 Å passband, which shows a
strong increase during the third IRIS scan, followed by a peak and subsequent bursty
behaviour. However, intensity enhancements are also seen in the 1600 Å and 193 Å
SDO/AIA channels at the beginning of the third IRIS scan. Then, the 1600 Å intensity
shows a smooth decrease until the end of the IRIS observations, while the 193 Å channel
exhibits a more bursty trend. Indeed, SDO/AIA filtergrams show coronal brightening at
the location of the UV burst throughout the IRIS observations (see [64,65]).
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Fig. 2. – Top panels: IRIS SJI 1400 Å and 2796 Å co-temporal images relevant to the third
raster scan of the analyzed sequence. The solid box marks the area scanned by IRIS, cospatial
to the region where the EFR appears (solid box in fig. 1). The dashed line box indicates relevant
to the eruption analyzed in fig. 3. Bottom panel: light curves as obtained from the SDO/AIA
1600 Å and 193 Å images and IRIS SJI 1400 Å in the above-mentioned region of flux emergence,
indicated with a solid box. The grey-shaded area indicates the time interval of the IRIS rasters,
specifying start and end times with dashed vertical lines. The trend of the negative magnetic
flux in the EFR is also plotted (black thick line).

For comparison, the plot in fig. 2 (bottom panel) also displays the amount of negative
magnetic flux emerging in the EFR (black thick line). Brightness enhancements occurred
during the increase phase of the negative emerging flux. We notice that major intensity
peaks took place a few minutes after steeper magnetic flux increments.

Plasma ejections also occurred during the evolution of the EFR. Several surge-like
events are observed at chromospheric level, appearing as dark filamentary elongating
structures, up to maximum length of ≈ 20Mm. Jet-like dark features departing from
the EUV brightening site are also seen in the simultaneous SDO/AIA images [64].

In addition, we studied the surge activity above the chromospheric arch filament
system overlying the EFR using radiance maps deduced for the Si IV 1402 Å and Mg II k
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2986.3 Å lines. Surges were detected in the Si IV 1402 Å line for the first time, likely
owing to the effect of nonequilibrium ionization [61]. Comparing the UV emission in the
blue and red wings of each line, we found that there are differences in the location of
the emitting regions between the wings. This asymmetry can be explained taking into
account the LoS effects: the ejected plasma, previously showing a blueshift, later falls
back down, thus being redshifted, as suggested by numerical experiments [59-61].

The analysis of IRIS UV spectra suggests the occurrence of heating of dense plasma in
the low solar atmosphere, up to ≈ 105 K, as well as indicates the presence of bi-directional
high-speed flows with velocity up to ±150 km s−1 at the location of the UV burst.

Line profiles relevant to the UV burst core show typical blueshifts of about 50 km s−1,
but also exhibit multi-peaked non-Gaussian profiles pointing to unresolved plasma com-
ponents with different velocity in the same pixel. Line widths reach values of about
±150 km s−1, indicating the presence of high-speed flows along opposite directions. The
absence of emission in the O IV 1401.2 Å line is highly suggestive of a plasma density
larger than 1012 cm−3 and, together with the presence of the Mg II 2799 Å core triplet
emission, implies that the reconnection event occurs at low chromospheric level.

A further characteristic observed in the UV burst core is the unexpected behaviour
of the relative ratio between the intensities O I 1355.6 Å and C I 1355.8 Å lines. The
latter is a factor of two stronger than the O I line, as usually observed during flares. This
might be caused by electron density increase, but theoretical confirmation is needed.

Interestingly, the detection of a signal above the background in the forbidden Fe XII

1349 Å, with temperature formation of log T [K] ≈ 6.2, reveals that plasma in the
reconnection site is heated up to temperatures of this order of magnitude [65]. This
might explain the brightening seen in the SDO/AIA coronal channels, cospatial to the
UV burst, as being due to plasma heated up to coronal temperatures.

Therefore, the UV burst occurs somewhere in the low atmosphere, and the reconnec-
tion involves all the solar atmospheric layers. The location of the reconnection site and
the magnetic topology are likely responsible for the observed eruptive phenomena.

The preliminary results of the late evolution of the EFR reveal an even more dramatic
scenario, with violent eruptions and flaring.

A few minutes after the end of IRIS observations, a sudden intensity peak is observed
in the SDO/AIA light curves, being simultaneous in all of the EUV/UV channels (see,
e.g., fig. 2, bottom panel). The X-ray flux measured by the GOES satellite indicates that
at 01:56 UT a flare of class B7.4 occurred.

Figure 3 illustrates the development of the eruption that is observed soon after the
peak of the B7.4 flare. The panels of fig. 3 show SDO/AIA filtergrams at decreasing
temperature formation heights, from the corona (131 Å) down to the chromosphere/upper
photosphere (304 Å and 1600 Å). The formation of a circular flare ribbon is clearly
detected (see fig. 3, second and third rows). This occurs in a fan-spine magnetic topology
due to the presence parasitic polarities [70, 71], as is the case in our observations, with
the negative emerging polarity of the EFR embedded in the unipolar positive-polarity
field of the plage of the trailing polarity of AR NOAA 12529.

Furthermore, a few minutes after the occurrence of the eruption, coronal plasma
appears to undergo catastrophic cooling (see fig. 3, fifth and sixth rows). This process
is characterized by a rapid fall in coronal temperature, with a subsequent change in the
coronal density leading to the formation of cool condensations. As a result, a previously
emitting structure suddenly darkens and dense blobs fall down to the lower atmosphere.

These findings are reminiscent of the results obtained in numerical experiments of
flux emergence, which show the launching of a hot and fast coronal jet followed by
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Fig. 3. – Sequence of SDO/AIA filtergrams showing the evolution at different atmospheric
heights of the eruption occurring after the B7.4 flare at 01:56 UT on April 14, with a ≈ 1.5 min-
utes cadence. SDO/AIA filtergrams are shown at decreasing temperature formation heights.

several violent eruptions during the decay phase, resembling mini-CMEs [72]. These
reconnection events can be followed by radiative thermal instability causing catastrophic
cooling [73].

The characterization of these events occurring during the late emergence phases will
be the subject of a follow-up paper, currently in preparation.



8 S. L. GUGLIELMINO

Fig. 4. – Synoptic view of the EFR area at different atmospheric layers from simultaneous multi-
wavelength measurements of IRIS, SDO/HMI and SDO/AIA, acquired during the third IRIS
scan. The overplotted contours on the LoS magnetogram refer to the Si IV 1402 Å radiance.
Potential targets for observations using remote-sensing instruments aboard the SolO spacecraft
are indicated.

4. – Conclusions

In this work, we have found evidence for a small-scale EFR showing a significant
impact in the upper atmospheric layers.

Photospheric observations indicate that cancellation of pre-existing flux occurs as a
consequence of flux emergence in a unipolar plage. A pre-existing pore, with positive
polarity, slowly vanishes being replaced by a new pore characterized by opposite polarity,
formed by the piling up of the negative emerging flux. Recurrent chromospheric bright-
ening and a UV burst, with counterparts in the corona, are simultaneously observed
throughout the flux emergence process. High-speed plasma flows are recognized in the
signature of surge/jet-like activity both in images and spectra. At the late phases of flux
emergence, eruption and flaring occur, with a fan-spine topology.

These findings suggest that the interplay between emerging fields and other flux
systems triggers energy release phenomena through small-scale magnetic reconnection
episodes taking place in the low chromosphere.

A significant advance in our understanding of magnetic reconnection during flux emer-
gence will be possible with upcoming high-resolution, multi-wavelength observations per-
formed by the Solar Orbiter (SolO, [74]) space mission. In fig. 4 we display a synoptic
view of the event studied in this work as a suggestion for future observations. Arrows
indicate the target for the remote-sensing instruments of the Solar Orbiter spacecraft
that can be potentially involved in the investigation of these small-scale reconnection
events. SolO/PHI [75] will provide photospheric continuum images and magnetograms,
while simultaneous SolO/EUI [76] and SolO/SPICE [77] observations will allow us to
obtain imaging and spectroscopic information for the chromosphere and corona.
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537 (2012) A21.
[16] Guglielmino S. L., Mart́ınez Pillet V., Ruiz Cobo B. et al., Astrophys. J., 896

(2020) 62.
[17] Lagg A., Solanki S. K., Riethmüller T. L. et al., Astrophys. J. Lett., 723 (2010)

L164.
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