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ABSTRACT

We investigate the thermal, kinematic and magnetic structure of small-scale heating events in an
emerging flux region (EFR). We use high-resolution multi-line observations (including Ca II 8542 A,
Ca II K, and Fe I 6301 A line pair) of an EFR located close to the disk center from the CRISP
and CHROMIS instruments at the Swedish 1-m Solar Telescope. We perform non-LTE inversions of
multiple spectral lines to infer the temperature, velocity, and magnetic field structure of the heating
events. Additionally, we use the data-driven Coronal Global Evolutionary Model to simulate the
evolution of the 3D magnetic field configuration above the events and understand their dynamics.
Furthermore, we analyze the differential emission measure to gain insights into the heating of the
coronal plasma in the EFR. Our analysis reveals the presence of numerous small-scale heating events
in the EFR, primarily located at polarity inversion lines of bipolar structures. These events not only
heat the lower atmosphere but also significantly heat the corona. The data-driven simulations, along
with the observed enhancement of currents and Poynting flux. suggest that magnetic reconnection in
the lower atmosphere is likely responsible for the observed heating at these sites.

Keywords: Sun: magnetic fields — Sun: chromosphere

1. INTRODUCTION

leading to magnetic reconnection. This reconnection

Emerging flux regions (EFRs), which are commonly
found on the solar surface, are formed when flux tubes
rise from the convection zone to the solar surface due to
magnetic buoyancy or Parker instability (Parker 1955).
A wide range of solar activities occurs when the emerg-
ing field lines rise and pass through different layers of the
solar atmosphere (Chou 1993; Cheung & Isobe 2014).
Therefore, EFRs play an important role in understand-
ing the interplay between different layers of the solar
atmosphere.

The magnetic field can emerge anywhere on the so-
lar surface at various spatial scales (Parnell et al. 2009;
Otsuji et al. 2011). Typically, during the emergence
of field lines, two main patches with opposite polarities
move apart from each other, and multiple small-scale
magnetic bipolar regions appear between them in the
photosphere. Moreover, the magnetic field associated
with these bipolar regions rises and interacts with pre-
existing magnetic field in the chromosphere or corona,

process gives rise to various heating events such as Eller-
man bombs, UV bursts, transient brightenings, chromo-
spheric jets, or flares. Such scenario of EFR has been
seen in various observations (Shimizu et al. 2002; Peter
et al. 2014; Vissers et al. 2015; Chitta et al. 2017; Tori-
umi et al. 2017; Guglielmino et al. 2018; Leenaarts et al.
2018; Tiwari et al. 2019; Yadav et al. 2019; Ortiz et al.
2020; Moore et al. 2022; Tiwari et al. 2022; Rouppe van
der Voort et al. 2023) and numerical simulations (Che-
ung et al. 2008; Danilovic 2017; Hansteen et al. 2019).
To understand small-scale heating events, several
mechanisms have been proposed (e.g., MHD wave and
magnetic heating, see Narain & Ulmschneider 1990;
Priest et al. 2018 and references therein). However,
the process by which energy is transported from the
photosphere to the higher layers during the emergence
of small-scale bipolar regions in EFRs remains unclear
(Withbroe & Noyes 1977; Narain & Ulmschneider 1990).
Recently, Priest et al. 2018 proposed a theoretical model


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang

songyongliang


songyongliang



2

for chromospheric and coronal heating by considering a
bipolar converging region. They demonstrated that two
opposite-polarity regions having equal magnetic flux,
situated below horizontal magnetic field, will undergo
magnetic reconnection driven by flux cancellation if
their separation is smaller than the flux interaction dis-
tance (Longcope 1998). The energy released during the
magnetic reconnection can then heat the chromosphere
and corona located above.

The magnetic field plays a crucial role in explaining
the observed heating events in different layers. Recent
observations have also shown that magnetic flux cancel-
lation in the photosphere, both in quiet-Sun regions and
EFRs, is associated with intense brightening observed
in the chromosphere and corona (Gosi¢ et al. 2018;
Leenaarts et al. 2018; Tiwari et al. 2019; Diaz Baso et al.
2021; Muglach 2021; Panesar et al. 2021; Kaithakkal
et al. 2023). Although extensive studies have been con-
ducted on the bipolar regions within EFRs in the pho-
tosphere, utilizing data from various ground-and-space
based telescopes, simultaneous investigations involving
photospheric and chromospheric vector magnetograms
are still rare due to limited chromospheric observations.
Recently, utilizing multi-line spectropolarimetric obser-
vations of an EFR, Leenaarts et al. 2018, demonstrated
a correlation between the Ca II K intensity and the hori-
zontal field strength in the chromosphere. Furthermore,
for the same EFR, Diaz Baso et al. 2021 found that
the radiative losses in the chromosphere can reach up to
160 kW m~2 at the reconnection site.

In this study, we present an analysis of small-scale
bipolar regions within EFR to understand their thermal,
kinematic, and magnetic structure. We also investigate
their impact on the chromospheric and coronal heat-
ing. To achieve this, we employ a combination of multi-
line spectropolarimetric observations in the photosphere
and chromosphere, co-aligned coronal images, and data-
driven simulations to elucidate the field topology above
the bipolar regions. Non-local thermodynamic equilib-
rium inversions of multiple spectral lines, including the
Fe I 6301 A line pair, Ca II 8542 A, and Ca II K, are
utilized to derive the stratification of physical parame-
ters such as temperature, line-of-sight velocity, magnetic
field, and micro-turbulent velocity. These derived pa-
rameters are then employed to investigate the signatures
of magnetic reconnection at different heights. Addition-
ally, we estimate the physical quantities described in the
heating model proposed by Priest et al. 2018.

Section 2 describe our observations. Sections 3 and 4
present our analysis and results. The obtained results
are discussed in Section 5, and summarized in Section 6.

2. OBSERVATIONS
2.1. Target and Data Reduction

We use observations of the active region (AR) NOAA
12593, located close to disk center (p=1.0), recorded
between 09:31 and 09:57 UT on September 19, 2016,
with the CRisp Imaging SpectroPolarimeter (CRISP;
Scharmer et al. 2008) and the CHROMospheric Imaging
Spectrometer (CHROMIS; Scharmer 2017) instruments
at the Swedish Solar Telescope (SST; Scharmer et al.
2003).

The CRISP simultaneously recorded full spectropo-
larimetric data in the Ca II 8542 A and Fe I 6301 A line
pair. The Ca II 8542 A line scans consisted of 21 wave-
length positions spanning a range of 1.7 A around line
center, with steps of 0.765 A in the inner wings and
two wavelength positions at +1.7 A relative to line cen-
ter. The Fe I 6301 A spectral line was scanned with
nine equidistant wavelength positions spanning a range
of 0.19 A around line center, whereas the Fe I 6302 A
was scanned with seven equidistant wavelength positions
spanning a range of 0.28 A around line center. The
CRISP data were obtained with a cadence of 36.6 s.

The CHROMIS recorded Ca II K intensity profiles
at 39 wavelength positions spanning a range of 1.33 A
around line center, with 37 evenly spaced steps of 0.038A
in the inner wings and two wavelength positions at
+1.33 A relative to the line center. In addition to this,
one point in the continuum at 4000 A was also observed
with the CHROMIS instrument.

The CRISP data were reduced using the CRISPRED
(de la Cruz Rodriguez et al. 2015) post-processing
pipeline,  which includes image reconstruction
through multi-object multi-frame blind deconvolution
(MOMFBD; van Noort et al. 2005) and removal of small-
scale seeing-induced deformations. The CHROMIS
data were reduced using the CHROMISRED pipeline
(Lofdahl et al. 2021). The CRISP data were aligned with
the CHROMIS data and resampled to the CHROMIS
pixel scale of 0.0375”. As the CRISP data were ob-
tained with a lower cadence, we interpolated the CRISP
data to the CHROMIS cadence using nearest-neighbor
interpolation. For all data, the intensity calibration was
performed with the quiet Sun data located close to the
disk center after taking into account the limb darkening,
whereas the absolute wavelengths were calibrated with
the atlas profiles given by Neckel & Labs (1984). This
AR is also analyzed by Leenaarts et al. 2018 and Diaz
Baso et al. 2021.

During our analysis, we also utilized ultraviolet (UV)
and extreme ultraviolet (EUV) images observed by
the Atmosphere Imaging Assembly (ATA; Lemen et al.
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Figure 1. Overview of emerging flux region (EFR). Left and middle panels: HMI continuum image (left) and LOS magnetogram

(middle) saturated at 1000 G, where black and white colors indicate negative and positive polarities, respectively. The orange
box outlines the FOV of SST. Right panel: The temporal evolution of positive and negative magnetic fluxes in the EFR are
indicated by solid and dashed black line, respectively. The vertical gray line marks the time of the SST observation.

2012), as well as full-disk continuum images and vector
magnetograms from the Helioseismic and Magnetic Im-
ager (HMI; Scherrer et al. 2012) aboard the Solar Dy-
namic Observatory (SDO; Pesnell et al. (2012)). The
ATA takes full-disk images in seven EUV bands with a
cadence of 12 sec and in two UV bands at 1600 A and
1700 A with a cadence of 24 sec. The spatial scale of
ATA images is 0.6"per pixel. All ATA and HMI images
were corrected using the standard solar software (SSW)
routines (e.g., aia_prep.pro and hmi_prep.pro). Fi-
nally, all ATA, HMI, CRISP, and CHROMIS data were
co-aligned through image cross-correlation.

2.2. Overview of Observations

Figure 1 shows an overview of the AR 12593 that
started emerging on September 18, 2016 around 04:00
UT. In order to study the history of the AR, we calcu-
lated the magnetic flux evolution in the FOV using the
magnetic parameters obtained from the Space-weather
HMI Active Region Patch (SHARP, Bobra et al. 2014).
The calculated magnetic flux for positive and negative
polarities, using the B, component of the magnetic field
strength, are depicted in Fig. 1. During the flux emer-
gence period, the flux of either polarity has increased
up to ~10%! Mx. Furthermore, the peak flux emergence
rate for the AR is 2.2x10'7 Mx s~!. As shown in the
Fig. 1 the SST observations were performed as the emer-
gence of AR 12593 was ending.

The SST recorded FOV closer to the negative polarity
of the EFR including regions having bipolar structures
as shown in Fig. 2, that we refer to as mixed polarity re-
gions. During our observations, brightening events were
noticed in different SDO/AIA filtergrams mainly close
to these mixed polarity regions highlighted by blue and
red contours. The intense brightening in Ca II 8542,
Ca 1T K and ATA images also indicates that the region
located above the mixed polarity region is heated signif-
icantly.

3. METHODS AND DATA ANALYSIS
3.1. Inversion of the Spectropolarimetric Data

The physical parameters such as magnetic field vector
and line-of-sight (LOS) velocity were inferred by invert-
ing the photospheric spectral line Fe I 6301 A using a
Milne-Eddington SPIN code (Yadav et al. 2017). Then
we resolved the 180° azimuthal ambiguity using the au-
tomated ambiguity resolution code (Leka et al. 2014),
which is based on the minimum energy method (Met-
calf 1994). Furthermore, we employed a spatially regu-
larized Weak Field Approximation (WFA; Morosin et al.
2020) method to infer the LOS magnetic field from the
Ca 1T 8542 observations. The linear polarization signal
was not sufficient to infer the magnetic field vector in
the chromosphere using the Ca II 8542 line.

To estimate the stratification of the physical parame-
ters such as temperature, magnetic field, LOS velocity,
and microturbulent velocity, we inverted the Stokes pro-
files of Fe I 6301 line pair, Ca IT 8542 and Ca IT K line
simultaneously using the multi-line inversion STiC code
de la Cruz Rodriguez (2019). We inverted all four Stokes
parameters in the Fe I 6173 A and Ca II 8542 A lines,
but only Stokes [ in the Ca I K line. The STiC inversion
code is built around a modified version of the RH code
(Uitenbroek 2001) in order to derive the atomic popu-
lations by assuming statistical equilibrium and a plane-
parallel geometry. The equation of state is borrowed
from the Spectroscopy Made Easy (SME) computer code
described in Piskunov & Valenti (2017). The radiative
transport equation is solved using cubic Bezier solvers
(de la Cruz Rodriguez & Piskunov 2013). During inver-
sion, we considered the Ca II 8542 A line in non-LTE
conditions, under the assumption of complete frequency
redistribution, while the Ca II K line was synthesized in
non-LTE conditions with partial redistribution effects of
scattered photons (Leenaarts et al. 2012).
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Figure 2. Overview of SST and SDO observations taken on 2016-09-19. Panel a: continuum intensity at Fe I 6302 A super-

imposed on the HMI continuum intensity; Panel b: Line-of-sight magnetic field inferred from the Milne-Eddington inversion of
the Fe I 6301 line pair superimposed over HMI magnetogram; Panels ¢ and d: chromospheric intensity maps, observed with
the CRISP and CHROMIS instruments at the SST; Panels e—i: ATA images observed in different channels. The blue and red
contours indicates negative and positive polarity at the level of 800 G in the photosphere. Solar north is up.

3.2. Differential Emission Measure

We perform the Differential Emission Measure (DEM)
analysis of ATA/SDO data to investigate the temper-
ature distribution of the plasma. The DEM analysis
involves solving an inverse problem: inferring the tem-
perature distribution of the plasma from the observed
intensities. The measured intensity (1)) for a given AIA
channel can be expressed as

I\ = /KA(T)DEM(T)dT, (1)
where K (T') refers to the response function of the cor-

responding ATA channel. We utilized the regularized in-
version code developed by Hannah & Kontar 2012 to de-

rive the DEM maps from the aligned ATA channels. We
employed six EUV channels (94, 131, 171, 193, 211, and
355 A) of the ATA instrument aboard the SDO. These
specific wavelength channels are sensitive to emissions
originating from different ionization states of various el-
ements, providing a wide temperature coverage.

3.3. Data-driven Simulation of the AR 12593

To understand the evolution of the 3D magnetic field
configuration above the AR, we performed a data-
driven simulation using the Coronal Global Evolution-
ary Model (CGEM; Hoeksema et al. 2020). The CGEM
uses a time sequence of electric field maps derived
from photospheric vector magnetograms and Doppler-
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Figure 3. Time and slit plots of magnetic field and Ca II K intensity. Top panel: The photospheric (left) and chromospheric
(middle) Bros, and Ca II K wavelength summed intensity (right). Three bottom panels: Temporal evolution of photospheric
and chromospheric Bros, and Ca II K wavelength summed intensity across four slits highlighted in the top panels. In each
panels the black contours refer to the enhanced intensity in the Ca II K line.

grams, to derive a time-dependent, magnetogrictional
nonpotential model for the magnetic field. The photo-
spheric magnetic fields and Doppler elocity are obtained
from the HMI/SDO, whereas the electric field patches
are computed using the “PDFI” inversion method
(Kazachenko et al. 2014; Fisher et al. 2020) in the pho-
tosphere. For the vector magnetogram we utilized the
JSOC SHARP number 6764 of AR 12593. We perform
simulations of the EFR from September 19, 2016 (06:00
UT) to September 20 2016 (11:00 UT), covering the full

time domain of SST observations. The simulations are
performed in a 3D domain of 672x372x336 grid points
with a grid spacing of 0”.5, which is similar to the spatial
resolution of SDO/HMI. We set the simulation output
time step to 24 seconds, which is less than the cadence of
SST/CRISP spectropolarimetric observations. The spa-
tial and temporal cadence in the simulation is enough
to investigate the magnetic field topology of the bipolar
regions, which generally have size of more than an arcsec
in our observations.
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Figure 4. Temporal evolution of a bipolar region across the L2 slit shown in Fig. 3. The top two panels show the Bros in
the photosphere and the chromosphere. Middle panel shows the wavelength summed intensity of Ca II K line. The bottom two
panels show the horizontal magnetic field (B) in the photosphere and total linear polarization (TLP) in the chromosphere.
The green and cyan contours indicate the locations of strong (700 G) By, (Fe 6173 A) and Ca II K intensity, respectively.

4. RESULTS

4.1. Mized Polarity Region in the Photosphere and the
Chromosphere

From the high-resolution observations of the EFR, in
Figure 3 several small-scale mixed-polarity regions can
be clearly identified both in the photosphere and the
chromosphere. Strong patches of the line-of-sight mag-
netic field (Bros) located in the photosphere can also
be noticed in the chromosphere, but with a reduced
strength of the magnetic field. Additionally, Brog in
the chromosphere covers a larger area compared to the
photosphere, where they are located in small and com-
pact regions.

Near the mixed-polarity region, we also observed a
significant intensity enhancement in the Ca II lines, as
shown in Figure 3. Additionally, as demonstrated in
Fig.2, we observe intensity enhancement in all channels
of ATA. Such enhancement suggests that a significant
amount of energy is released due to magnetic flux can-
cellation leading to magnetic reconnection in the lower
atmosphere, which can heat plasma at different heights.

In Figure 3, Brog in the photosphere and the chro-
mosphere are derived using the ME inversion and the
WFA, respectively. The time-distance diagram taken

across the selected slits, passing through the mixed po-
larity regions, showed that in certain instances (L2 and
L3), the location of increased intensity (in the Ca II K
line) was situated over the polarity inversion line (PIL)
of the mixed polarity regions. At this location, By,og de-
creased in both the photosphere and the chromosphere.
However, in other cases (.1 and L4), intensity enhance-
ment was not observed directly above the PIL, but was
instead observed slightly away from it. We note that
the slit width is of pixel-size and may not capture the
brightening location at all position.

The Stokes Q and U signals in the Ca II 8542 A
are weak throughout the FOV, except the locations of
pores. To estimate a proxy for linear polarization in the
chromosphere, we generated the total linear polarization
(TLP) maps, using a methodology similar to that em-
ployed by Leenaarts et al. (2018). The TLP maps are
computed as Y., 1/Q7 + UZ, where the summation of
Stokes @ and U profiles is performed over all wavelength
positions. Such TLP maps provide qualitative informa-
tion about the horizontal component of magnetic field, a
stronger TLP means stronger horizontal magnetic field.

Figure 4 demonstrates the temporal evolution of a
mixed polarity region covering the L2 slit highlighted
in Figure 3. The maps illustrate that the intensity en-
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Figure 5. Same as Figure 4, but for a region across the L1 slit shown in Fig. 3.

hancement in the Ca II K line lies on the PIL. Although
the brightness varies with time, it remains near or on the
PIL throughout the time domain of the SST. Addition-
ally, magnetic flux cancellation is observed in both the
photospheric and chromospheric LOS magnetic fields.
In the chromosphere, high TLP observed at the loca-
tion of Ca II K brightening, which is also reported by
Leenaarts et al. (2018).

For the second bipolar region (covering L1 slit), we
find significant horizontal magnetic field (By,) near the
PIL in the photosphere (see Fig. 5). This observation
indicates that the magnetic field lines tend to become
more horizontal in the vicinity of the PIL. The bright-
ening in Ca II K intensity reveals a loop-like structure
connecting regions of opposite polarity. Additionally,
the temporal evolution analysis of this region shows a
reduction in By, within the photosphere. However, there
is no corresponding change in the TLP of the chromo-
sphere. Similar to Figure 4, strong patches of TLP in
the chromosphere noticed at the Ca II K brightening
sites. This observation suggests that small-scale loops
located at the PIL may be disappearing due to mag-
netic flux cancellation, resulting in the submergence of
reconnected smaller loops.

4.2. Differential Emission Measure Analysis Over
Bipolar regions

For the DEM analysis, we considered a temperature
range spanning from log;p T = 5.7 to 7.6 [K]. Figure
6 illustrates the integrated DEM in various tempera-
ture bins, revealing a noticeable increase in tempera-
ture (above 1 MK) near a bipolar region. The elec-
tron density, n., is calculated as y/EM/l, where the
E M is the integrated DEM over a temperature range of
logip T = 6.1 to 6.5, and [ is the LOS length scale of
the emission. We have adopted the value of [ as 1 Mm,
which is also assumed by Park 2020 for a converging
bipolar region. This choice leads to an electron den-
sity of ~ 0.5x10° cm™3, which is typically observed in
active regions (Aschwanden & Acton 2001). Then we
estimated the thermal energy flux from this region as
By, = 3nckyT13, that turn out to be 4.5x10%3 ergs s—!
(4.5x107 ergs cm~2 s71) with T=2.2 MK, which is suf-
ficient to power the local corona (Withbroe & Noyes
1977).

The temporal evolution of DEM and Ca II K intensity
across a black vertical slit indicated in Figure 6 is illus-
trated in Figure 7. The figure shows co-temporal and
co-spatial enhancements in both the DEM and Ca 11 K
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intensity. Brightening in Ca II K persists throughout the
SST time domain, but the DEM does not show signifi-
cant emission after ~ 12 minutes. Furthermore, the fig-
ure demonstrates that heating persists for a longer dura-
tion in the chromosphere compared to the corona along
the selected slit. This observation suggests that the en-
ergy released during flux cancellation results in temper-
ature enhancement both in the chromosphere and in the
corona.

4.3. Stratification of Physical Parameters using
non-LTE Inversion.

As discussed in the section, 3, we inferred the physical
parameters, such as temperature, magnetic field, LOS
velocity, and microturbulent velocity, by inverting multi-
ple lines (Fe 16301 A line pair, Ca I1 K, and Ca II 8542A)
simultaneously using the STiC code. We obtained the
stratification of the parameters as a function of the log-
arithm of the optical depth scale at 500 nm (log7sgp).
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Table 1. Number of nodes used for the temperature, LOS
velocity (Vios), turbulent velocity (Viwb), LOS magnetic
field (By), horizontal magnetic field (B1), and azimuth (¢)
during each cycle of the inversion.

Parameters Cycle 1 Cycle 2 Cycle 3
T 7 9 10
Vvios 2 4 6
Viurb 1 3 4
By 1 2 3
B 1 2 3
) 1 1 1

We inverted all pixels along the selected slits passing
through bipolar regions, the location of these slits can
be seen in Figure 3. The inversion of pixels on the slits
were performed using three different cycles (see Table

1). We note that the uncertainties in the parameters in-
crease in higher layers ( logrsgg < —4.5) as the observed
chromospheric lines (Ca IT K, and Ca IT 8542A) are not
sensitive to those regions (Leenaarts et al. 2018; Yadav
et al. 2021). As an example the observed and best fit of
the selected pixels marked in Figure 8 are demonstrated
in the appendix (Figure 12).

The stratification and temporal evolution of physical
parameters, such as temperature, LOS velocity, LOS
magnetic field, and microturbulent velocity, obtained
along the slits at selected optical depths are shown in
Figure 8 (for L2-1.4 slits see Figures 13-15 in the ap-
pendix). Notably, there is a remarkable similarity be-
tween the LOS magnetic field obtained from the non-
LTE inversion and the WFA both in the photosphere
and the chromosphere. In all slits, the LOS magnetic
field decreases as a function of optical depth, which
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is expected as gas pressure decreases several orders of
magnitude from the photosphere to the chromosphere,
whereas magnetic pressure decays more slowly (Wiegel-
mann et al. 2014). Therefore, the magnetic field tends
to become more room-filling and weaker in the chromo-
sphere. Additionally, the stratification in temperature
exhibits an enhancement in the deeper layers (noticed
logms00 < —2). At the logrso0 = —3, the temperature
reaches up to 8 kK. These temperature enhancements
are located close to the mixed polarity regions. More-
over, at the heated locations strong gradient in the LOS
velocity is clearly visible. Moreover, the microturbulent
velocity, ranges from 0 to 10 km s~!, normally shows en-
hancement at the location of strong velocity gradients
and heated layers. The simultaneous presence of tem-
perature enhancement and strong upflows and down-
flows suggests that magnetic energy is being released
in the lower atmosphere due to magnetic reconnection,
such scenario is also noticed in simulation at the site of
reconnection (Hansteen et al. 2019; Tiwari et al. 2022).

4.4. Magnetic Field Topology Above Bipolar Regions

To investigate the topology of the magnetic field above
the bipolar regions, we reconstructed the 3D magnetic
field lines as described in Section 3.3. While the SST
observed a negative polarity patch of the EFR, we con-
sidered both polarity patches from HMI magnetograms
to ensure the simulation satisfied the flux-balance con-
dition. We analyzed the magnetic field topology over a
specific region (including L1 and L2 slits) that exhibited
strong intensity in the chromospheric lines. This region
is clearly seen in both SST/CRISP and SDO/HMI mag-

netograms. We note that the SST observations have
better spatial resolution compared to HMI, allowing us
to clearly identify small-scale bipolar regions, which are
not clearly visible in the HMI magnetograms.

As an example the obtained field configuration in the
EFR is demonstrated in Figure 9. For visualization
purpose, different field lines are highlighted by differ-
ent colors. It shows that longer loops connect strong
polarity locations as indicated by the orange lines in the
left panel. It also shows that loops with shorter heights
(< 3 Mm) are located above a mixed polarity regions
that consists of two bipolar regions. These opposite po-
larity patches are also associated with the serpentine
field lines, normally observed in an EFR (Pariat et al.
2004; Tian et al. 2018; Yadav et al. 2019). The simula-
tion illustrates that the magnetic field configuration are
complex, where field lines originating from one bipolar
region connect to the nearby regions.

We also observed a strong presence of currents (J =
V x B), located (< 3 Mm) near the PIL of the bipo-
lar region (see Figure 9). These locations of intense
current are typically considered as possible locations
for magnetic field reconfiguration or magnetic reconnec-
tion. The region displaying strong currents also exhibits
significant intensity enhancement in the chromospheric
spectral lines and ATA images (see Figure 2). Further-
more, the presence of strong upflows and downflows, as
inferred from the non-LTE inversion, suggests that mag-
netic reconnection likely occurred at this location. Ad-
ditionally, the presence of dips in certain field lines (cyan
colored lines) indicates that they have formed or rear-
ranged after a magnetic reconnection event. This con-
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Figure 10. Temporal evolution of physical quantities for a bipolar region shown in Fig 5. Left panel: The unsigned magnetic flux
in the photosphere and chromosphere is represented by a solid blue and orange line, respectively. Middle panel: The temporal
evolution of interaction distance (do), separation between two opposite polarity (d), and the height of magnetic reconnection
separator (Zs). Right panel: The total rate of magnetic field energy releases as heat, dW/dt.

figuration bears similarity to the heating model based
on reconnection proposed by Priest et al. (2018), which
is discussed in the following section 4.5.

4.5. Heating Model of a Converging Bipolar Region

Recently, a series of papers proposed a theoretical
model to explain chromospheric and coronal heating us-
ing magnetic reconnection driven by flux cancellation
(Priest et al. 2018; Syntelis et al. 2019; Syntelis & Priest
2020). They demonstrated that if two opposite-polarity
regions, separated by a distance d and having magnetic
flux +£F, situated below horizontal magnetic field By,
will undergo reconnection if d is smaller than the flux
interaction distance, dy (Longcope 1998). The flux in-
teraction distance can be expressed as follows:

do = \/z 2)

They also derived the location of a semicircular sepa-
rator in the upper atmosphere, where the magnetic field
vanishes. This location is given by the following expres-

sion:
Zy =\ d23dy® — a2 (3)

Furthermore, in the case of magnetic reconnection, the
total rate of magnetic energy released as heat is given
by,

dw 27 vy B
T — 048 =080 p2
dt 3 p «

Mo [1 — (d/do)*/?]
(d/do)*
(4)
where S; is the Poynting flux, vy is converging speed of
flux at the photosphere, M 49 and « are Alfvén Mach
number and constant. The derivation of above equa-
tions are given in Priest et al. 2018. We calculated the
above equation for a bipolar region by adopting o = 0.1
and My = 0.1 (Priest 2014; Priest et al. 2018). These
values are also adopted by Park 2020 to investigate a

small-scale magnetic flux cancellation event in a quiet-
Sun region.

The physical quantities such as F, d, vy, and By can
be derived from observations. As an example, for a bipo-
lar patch shown in Figure 5, we estimate F' as half of
the total unsigned magnetic flux of the patch in the pho-
tosphere. We note that the theoretical model considers
equal negative and positive flux, in our case the flux is
different in opposite polarity patches. To determine d,
we use the magnetic flux-weighted centroid position of
the opposite polarity (similar approach adopted by Ya-
dav & Kazachenko 2023). Furthermore, the converging
speed is estimated from the temporal evolution of d. To
determine By, we utilize the 3D magnetic field obtained
from CGEM modeling. We take the average of the hor-
izontal magnetic field, above the selected FOV, within
the height range of 10 to 15 Mm, which yield a value of
50 G. Subsequently, with these obtained values we can
estimate Eqgs. 2—4.

The temporal evolution of the parameters obtained for
the selected patch (see Figure 5) is shown in 10. The
figure demonstrates that the magnetic flux decreases
(~ 106 Mx s71) as a function of time due to flux cancel-
lation. Consequently, the separation between opposite-
polarity patches also decreases with a converging speed
of 0.4 Km s~!. During the SST observations, dy for
this particular region stays around 4.5 Mm. We also
note that d value is always less than the interaction dis-
tance. This implies that this region can have magnetic
reconnection in the atmosphere. The estimated height
of magnetic reconnection separator, Z,, is between 2 to
3 Mm, which is also in agreement with the location of
strong vertical current obtained from the CGEM simu-
lation.

The magnetic energy released as heat during recon-
nection, dW/dt, varies from 8 to 11 x 1026 ergs s=! or
~3x 10° ergs cm~2 s~! within the selected FOV. This
value is two orders of magnitude larger than the thermal
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Figure 11. The vertical Poynting flux (S.) in the photosphere (left panel) and the evolution of average S, (right panel) in a

black box shown in the left panel.

energy estimated from the DEM approach, which only
considers coronal losses. Typically, the chromospheric
energy losses tend to exceed coronal losses significantly
(Withbroe & Noyes 1977).

4.6. The Photospheric Poynting flux

To estimate the upward transport of magnetic en-
ergy, we estimated the vertical Poynting flux as (Welsch
2015),

S, = [v.B} — (vp - Bp)B.]4n, (5)

where v, and vy, are the vertical and horizontal com-
ponent of the velocity. Bj and B, are the horizontal
and vertical component of magnetic field. We obtain
the vertical velocity, v,, and the magnetic field vector,
(B, By, B.), by inverting the Fe I 6301 A line pair, ob-
tained from the SST/CRISP, using ME approach in the
photosphere (see Sect. 3). The horizontal components
of velocity in the photosphere, v, and v,, are deter-
mined using the FLCT method (Fisher & Welsch 2008)
with Bz component of magnetic field obtained from the
SST/CRISP.

Figure 11 shows the estimated S, over the observed
FOV. The black box shown in the figure indicates the lo-
cation where intense brightening is observed in the chro-
mospheric lines and coronal images. The temporal evo-
lution of S, in this region demonstrates that the positive
value varies around ~5x 108 ergs cm? s™!, which is suffi-
cient to heat the local chromosphere and corona (With-
broe & Noyes 1977). We also note that the estimated
energy release from the theoretically derived equation
(Eg. 4) is ~ 3 x 10? ergs cm? s~!, whereas the Poynt-
ing flux (Eq. 5) is around ~ 5 x 10® ergs cm? s™1 (see
Fig 11), which is lower by a factor of six. Moreover, the
fluctuations in the temporal behavior of S, demonstrate
oscillatory patterns that could potentially be attributed
to the five-minute oscillations occurring in the photo-
sphere (Ulrich 1970).

5. DISCUSSION

In our study, we investigated the thermal, kinematic,
and magnetic structures of small-scale bipolar regions
present in the vicinity of an EFR, and their impact on
chromospheric and coronal heating. To achieve this,
we utilized multi-line spectropolarimetric observations
of an EFR located at the disk center. The observations
were performed simultaneously in the Ca II 8542 A,
Ca II K, and Fe I 6301 A lines using the CRISP and
CHROMIS instruments at the SST. By combining these
high-resolution, multi-line observations, we infer the
stratification of physical parameters such as tempera-
ture, magnetic field, LOS velocity, and micro-turbulent
velocity across selected regions using the STiC, a non-
LTE multi-line inversion code.

Additionally, we used co-aligned ATA images to under-
stand the thermal distribution in the corona above bipo-
lar events using DEM approach. Furthermore, we per-
formed a data-driven magneto-frictional simulation to
understand the magnetic field topology of these events.
We also investigated how the total rate of magnetic en-
ergy released via magnetic reconnection resulting from
flux cancellation contributes to chromospheric and coro-
nal heating using cancellation nanoflare model.

Our observations demonstrated that the temporal evo-
lution of a converging bipolar event, leading to flux can-
cellation at the rate of ~ 10'® Mx s~!, not only re-
sulted in significant brightening in the chromospheric
lines (such as Ca II 8542 A and Ca II K), but also in
the transition region and coronal images observed by
ATA. Magnetic reconnection, driven by the flux cancel-
lation, produced detectable signatures in the chromo-
spheric spectral lines, which exhibited complex asym-
metric shapes attributed to intense heating and veloc-
ity gradients. These shapes can be attributed to the
occurrence of magnetic reconnections within the lower
solar atmosphere. The non-LTE inverted model atmo-



sphere provided clear evidence of heating and strong up-
flows/downflows at various layers above bipolar regions.

For the selected pixels passing through bipolar re-
gions, the stratification and temporal evolution of tem-
perature show that the temperature in the lower chro-
mosphere (e.g., logrs00 ~ —2; in case of slit L2 shown
in Figure 8) raised up to ~8 kK. Such temperature en-
hancement are also observed in flares (Kuridze et al.
2017; Yadav et al. 2021). The location of heating does
not always lie on the polarity inversion line (PIL) but
is situated close to it. This could be attributed to
the 3D nature of reconnection or the presence of ser-
pentine structures in the magnetic field lines within
the EFR. Furthermore, at these locations the LOS ve-
locity exhibit both upflows (blueshift) and downflows
(redshift). Typically, the upflows (~10 km s~!) are
observed in the higher layers whereas the downflows
(~10 km s~1!) are seen in the deeper layers. Such flows
can be clearly identified in the spectral profiles of se-
lected pixels demonstrated in Figure 12. In some cases,
the upflows/downflows can reach upto ~20 km s~ (see
profiles shown in Figures 12-15). The presence of in-
creased temperature and strong bidirectional flows pro-
vides evidence of a reconnection event in the lower solar
atmosphere.

We compared our observations with a cancellation
nanoflare model given by Priest et al. 2018. According
to this model, two converging bipolar regions on the pho-
tosphere will reconnect, if their separation is below the
interaction distance (dp), and thus can heat the upper
atmosphere. We observationally derived dy, magnetic
reconnection separator (Z), and the rate of magnetic
field energy released as heat (dW/dt). In our selected
bipolar region, we find that their separation is always
less than dg, and the field lines associated with them are
likely to reconnect somewhere in the chromosphere. The
estimated, Z; value that tells the location of magnetic
reconnection is around 2.5-3 Mm. This height range is
also in agreement with the location of total vertical cur-
rents derived from the data-driven simulation.

The estimated released energy dW/dt in the selected
region is approximately ~3x 10° ergs cm~2 s~!. This
value is roughly six times more than the energy flow es-
timated using the Poynting flux (see Eq. 5). This differ-
ence could be due to the simplistic assumption of a bipo-
lar structure consisting of two opposite polarity sources
with equal flux in the theoretical derivation. However,
in reality, the photospheric structure is much more com-
plex. Our observations demonstrate the presence of two
bipolar regions with different flux in each polarity. Un-
like the theoretical model proposed by Priest et al. 2018,
the field lines obtained from data-driven simulations re-
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veal connections to nearby opposite field locations. The
theoretical heating model based on reconnection may
need to incorporate multiple bipolar structures to accu-
rately simulate real observations and explain the various
aspects of heating caused by reconnection in the lower
solar atmosphere.

6. CONCLUSION

Our study provides valuable insights into the thermal,
kinematic, and magnetic structures of small-scale bipo-
lar regions in a flux emerging region and their influence
on chromospheric and coronal heating. Utilizing multi-
line spectropolarimetric observations, non-LTE inver-
sions, co-aligned AIA images, and data-driven magneto-
frictional simulations, we found that converging bipolar
events, resulting in flux cancellation and magnetic re-
connection, led to significant chromospheric brightening
and complex spectral signatures. This resulted in sig-
nificant heating and velocity gradients in the lower solar
atmosphere. The observed temperature enhancement,
upflows, and downflows retrieved from non-LTE inver-
sion also suggest that the magnetic reconnection is oc-
curing in the lower solar atmosphere, specially around
the temperature minimum and above it. The released
magnetic energy from flux cancellation was shown to
sufficiently heat the local chromosphere and corona.

We note that the spectropolarimetric signals in the
Ca II 8542 A line were inadequate for deriving the hor-
izontal magnetic field in the chromosphere. To fully
understand the magnetic field changes associated with
magnetic reconnection and heating mechanisms, it is
critical to obtain sufficient linear polarization signals in
both the photosphere and chromosphere. State-of-the-
art instruments and new generation solar telescopes like
the Daniel K. Inouye Solar Telescope (DKIST; Tritschler
et al. 2015) and the European Solar Telescope (EST;
Matthews et al. 2016) will be instrumental in achieving
this goal.
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APPENDIX

A. FITTING OF OBSERVED PROFILES AND RETRIEVED MODEL ATMOSPHERE

Figure 12 shows the observed and best-fit profiles of the selected pixels using STiC code, which are indicated by cross
symbols in Figure 8. Each pixel’s profile is represented by a different color that matches the corresponding marked
pixel.

Figures 13 — 15 depict the stratification and temporal evolution in physical parameters, such as temperature, LOS
velocity, LOS magnetic field, and microturbulent velocity. These parameters are derived along the slits (L2, L3,
and L4) highlighted in Figure 3. Additionally, the observed and best fitted profiles, along with the retrieved model
atmosphere, are demonstrated as examples for selected pixels (indicated by cross symbols).
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Figure 12. Fitting of observed Stokes profiles and retrieved model atmosphere. Top panel: Observed (dotted lines) and best
fit (solid colored lines) profiles of pixels located at different positions of L1 slit, where the color correspond to the colored cross

symbols marked in Figure 8. Bottom panels: The retrieved stratification of physical parameters obtained after fitting observed
Stokes profile.
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Figure 13. Temporal evolution and stratification of physical parameters obtained from non-LTE inversion for the L2 slit

highlighted in Figure 3. The fitting of observed Stokes profiles and retrieved parameters at the location of colored cross symbols
are shown in the bottom panels.
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Figure 14.

Same as Figure 13, but for L3 slit.
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