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ABSTRACT

Coronal loops are building blocks of solar active regions. However, their formation mech-
anism is still not well understood. Here we present direct observational evidence for the for-
mation of coronal loops through magnetic reconnection as new magnetic fluxes emerge into
the solar atmosphere. Extreme-ultraviolet observations of the Atmospheric Imaging Assem-
bly (AIA) onboard the Solar Dynamics Observatory (SDO) clearly show the newly formed
loops following magnetic reconnection within a plasma sheet. Formation of the loops is also
seen in the Hα line-core images taken by the New Vacuum Solar Telescope. Observations
from the Helioseismic and Magnetic Imager onboard SDO show that a positive-polarity flux
concentration moves towards a negative-polarity one with a speed of ∼0.4 km s−1 before the
formation of coronal loops. During the loop formation process, we found signatures of flux
cancellation and subsequent enhancement of the transverse field between the two polarities.
The three-dimensional magnetic field structure reconstructed through a magnetohydrostatic
model shows field lines consistent with the loops in AIA images. Numerous bright blobs with
an average width of 1.37 Mm appear intermittently in the plasma sheet and move upward with
a projected velocity of ∼114 km s−1. The temperature, emission measure and density of these
blobs are about 3 MK, 2.0×1028 cm−5 and 1.2×1010 cm−3, respectively. A power spectral
analysis of these blobs indicates that the observed reconnection is likely not dominated by a
turbulent process. We have also identified flows with a velocity of 20 to 50 km s−1 towards
the footpoints of the newly formed coronal loops.
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1. INTRODUCTION

As bright structures confining heated plasma and
outlining the magnetic field topology, plasma loops
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in the upper solar atmosphere have been frequently
studied and they can be classified into three groups
based on their temperatures, i.e. cool, warm and
hot loops (Reale 2014). Cool loops with a tem-
perature of 0.1–1 MK could be observed in ultra-
violet (UV) spectral lines or narrow-band images,
and they have been intensively explored recently
based on the Interface Region Imaging Spectro-
graph (IRIS, De Pontieu et al. 2014) observations
(e.g., Huang et al. 2015). Warm loops consist
of plasma at a temperature of around 1–2 MK,
and they are well observed by extreme ultraviolet
(EUV) imagers and spectrographs (e.g., Lenz et al.
1999; Xie et al. 2017). Loops with a temperature
higher than 2 MK are defined as hot loops, which
are typically observed in some spectral lines with a
high formation temperature and filters with a high-
temperature response, often at the wavelengths of
soft X-ray, EUV and UV (e.g., Winebarger et al.
2011). Both hot and warm loops may be called
coronal loops.

Since coronal loops are building blocks of so-
lar active regions (ARs), it is important to un-
derstand how they are formed. However, despite
intensive investigations on the plasma properties
of quiescent coronal loops, their formation pro-
cess has rarely been studied and thus the forma-
tion mechanism is not well understood. There are
only a few studies on the formation of quiescent
coronal loops in the literature. Mok et al. (2008)
simulated the formation of coronal loops using a
class of plasma heating models. They found that
thermal instability could lead to the dynamic for-
mation of coronal loops that are roughly consis-
tent with EUV observations if the plasma is suf-
ficiently heated. Chen et al. (2014) presented a
model for the formation of coronal loops in an
emerging AR, where the loop formation is trig-
gered by an increase in the upward-directed Poynt-
ing flux at the loop footpoints as a result of the
advection of the photospheric magnetic field. The
relationship between impulsive coronal heating in
ARs and magnetic field evolution at the solar sur-

face was investigated by Chitta et al. (2018) and
Chitta et al. (2020). They found that the energy re-
leased through interactions between the opposite
magnetic polarities in the photosphere could be
responsible for the coronal emission in the cores
of ARs. Tripathi (2021) studied the formation of
some transient loops with a temperature of log
(T/K) = 6.65–6.95 in the core of AR 11890. They
conjectured that these transient loops might form
through magnetic reconnection. With the help
of coronal magnetic field extrapolation, He et al.
(2010) found that a magnetic reconnection pro-
cess between converging magnetic fluxes lead to
reconfiguration of the coronal magnetic field and
enhanced soft X-ray emission in the reconnected
coronal loop. In addition, investigating the forma-
tion process of quiescent coronal loops may help
us understand various physical processes involved
in flux emergence. For instance, there are sugges-
tions that coronal loops could result from the rise
of undulatory flux tubes whose dipped lower parts
emerge to the corona after magnetic reconnection
(Pariat et al. 2004).

Here we present direct observational evidence
for the formation of coronal loops through mag-
netic reconnection as new magnetic fluxes emerge
to the solar atmosphere. Several observational
signatures of magnetic reconnection have been
detected from multi-wavelength observations and
photospheric magnetograms. We describe our ob-
servations in Section 2, present the analysis results
in Section 3, discuss the results in Section 4 and
summarize our findings in Section 5.

2. OBSERVATIONS

The target of interest is an emerging AR with
a NOAA number of 12778. The main data an-
alyzed in this study were taken from 03:00 UT
to 09:00 UT on 2020 October 26, by the At-
mospheric Imaging Assembly (AIA, Lemen et al.
2012) and the Helioseismic and Magnetic Imager
(HMI, Schou et al. 2012) onboard the Solar Dy-
namics Observatory (SDO, Pesnell et al. 2012).
We used the images taken in the UV channel of
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Figure 1. Images of the HMI LOS magnetic field (a), NVST Hα line core (b), AIA 171 Å (c) and AIA 211 Å (d)
taken at 06:53 UT. The white dotted line marks the approximate location of the newly formed overlying loops. The
red dotted line and blue arrows in (b) indicate some dark threads that are located close to the top part of these loops.
The red arrows indicate a pair of bright ribbons that correspond to the footpoints of the newly formed small loops
underneath the plasma sheet. The red and blue contours in (c) represent positive and negative magnetic fluxes with
the levels of ± 300 G, respectively. The black lines in (c) outline the geometry of the reconnection region. The cyan
box in (c) marks the field-of-view of the 171 Å image sequence in (e1)–(e4), which shows the formation process of
quiescent coronal loops during the second episode. The arrows in (e2) – (e4) mark several newly formed coronal
loops. An animation of this figure is available, showing the formation process of coronal loops. It includes the images
of the HMI LOS magnetic field, NVST Hα line core, AIA 171 Å and AIA 211 Å, and covers 82 minutes starting at
05:49 UT with a cadence of 12 s.
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1600 Å and the EUV channels of 171 Å, 193 Å,
211 Å, 131 Å, 335 Å and 94 Å of AIA to study the
formation of coronal loops and the associated re-
connection process. The pixel size of the AIA
images is 0.6

′′

, while the cadences are 24 s for
the UV channel and 12 s for the EUV channels.
To investigate the evolution of the magnetic field
topology during the reconnection process, we used
the line-of-sight (LOS) and the full-disk disam-
biguated vector magnetic field data (‘hmi.B 720s’
data series, Hoeksema et al. 2014) taken by HMI.
The pixel size of the magnetograms is 0.5

′′

, and
the cadences are 45 s and 720 s for the LOS mag-
netograms and the vector magnetograms, respec-
tively. The Very Fast Inversion of Stokes Vec-
tor (Borrero et al. 2011) has been performed for
the full-disk vector magnetic field. After that,
the azimuth angle of the magnetic field is de-
termined by a minimum energy method (Metcalf
1994; Leka et al. 2009).

Chromospheric images of Hα line core, taken
by the ground-based New Vacuum Solar Tele-
scope (NVST, Liu et al. 2014; Yan et al. 2020)
from 03:25 UT to 08:58 UT on 2020 October 26,
were also used to examine dynamics of the rela-
tively cool plasma during the loop formation pro-
cess. These images have a cadence of ∼10 s and a
pixel size of 0.165

′′

. Standard calibration and re-
construction for the NVST images have been ap-
plied (Xiang et al. 2016).

3. RESULTS

Figure 1 presents an overview of the observed
AR at 06:53 UT during its emerging phase. The
LOS magnetogram shown in Fig. 1 (a) reveals two
large flux concentrations with opposite polarities
and numerous smaller ones between them. Many
fine filamentary structures connecting these mag-
netic fluxes can be seen from the Hα line core im-
age (Fig. 1 (b)). The coronal emission is dominated
by bright plasma loops, as observed in the channels
of AIA 171 Å and 211 Å.

3.1. Formation of coronal loops

From the associated animation of Fig. 1, we
can see a bundle of coronal loops form dur-
ing the period of 06:00 UT to 07:10 UT. Two
episodes of loop formation can be seen during
06:00 UT−06:19 UT and 06:41 UT−07:10 UT, re-
spectively. The image sequence presented in
Fig. 1(e1)–(e4) show the formation of coronal
loops during the second episode. These newly
formed loops are clearly visible in the AIA 304 Å,
171 Å, 193 Å and 211 Å passbands, and are less
obvious in 335 Å and 131 Å. Due to the dynamic
nature and low contrast with respect to the strong
background coronal emission, these loops cannot
be easily identified from still images. So in Fig. 1
we used a white dotted curve to indicate the ap-
proximate location of these loops. A bright lane,
presumably a plasma sheet, appears below the
newly formed coronal loops. Numerous bright
plasma blobs were found to move upward along
the plasma sheet during the two episodes. The
plasma sheet can be clearly identified from all AIA
EUV channels, especially the 304 Å, 171 Å, 193 Å
and 211 Å channels, while no counterpart appears
in the AIA 1600 Å passband.

Above (i.e. to the north) the plasma sheet, sev-
eral segments of enhanced EUV emission appear
as the plasma blobs move upward, delineating
the top part of the newly formed coronal loops.
The loop tops appear as dark threads in the Hα
core images, and are indicated by the blue arrows
in Fig. 1 (b). These segments of plasma clearly
move downwards to the legs and footpoints of the
newly formed coronal loops. In addition to these
large, newly formed coronal loops, an ensemble
of bright, small loop-like structures also appear si-
multaneously below the plasma sheet, as seen from
the AIA EUV images. In the meantime, the Hα
core images reveal some dark fibrils connecting
two bright ribbons, as denoted by the two red ar-
rows in Fig. 1 (b). On some occasions, a cusp-like
structure can be seen at one or two ends of the
plasma sheet (Fig. 1 (c)&(d)).
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Figure 2. Evolution of the photospheric magnetic field. (a) LOS magnetogram observed at 06:18:27 UT, saturated
at ± 300 G. (b) Temporal evolution of the positive (blue), negative (red) and unsigned (black) magnetic fluxes within
the red rectangle in (a) as well as the averaged transverse field strength (green) within the green rectangle in (a). (c)
Time-distance image of the LOS magnetic field for the slice (I–J) marked by the red line in (a). The white solid
line indicates the trajectory of the positive polarity, and the corresponding speed is also shown. (d) Sequence of the
photospheric vector magnetogram for the region of the blue rectangle in (a). The observation times (T1–T5) of the
five magnetograms are indicated by the diamonds in (c). The background images show the magnitude of the radial
component (Br) of the field. The directions and colors of the arrows indicate the directions and magnitudes of the
transverse magnetic field (>100 G), respectively. (e1)–(e5) Sequence of the Hα line core images. The arrows indicate
the pair of bright ribbons that correspond to the footpoints of the newly formed small loops. The red and blue contours
represent positive and negative magnetic fluxes with the levels of ± 300 G, respectively.
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The footpoints of the newly formed coronal
loops are located in or around the two large flux
concentrations, while the small, newly formed
loops are rooted in a region with opposite mag-
netic polarities around the location of solar x= 45

′′

and solar y= -387
′′

. Before and during the forma-
tion process of the overlying coronal loops, another
two groups of loops/fibrils (see in AIA 171, 211 Å
and Hα core, side loops thereafter) exist to the east
and west of the plasma sheet. The dynamic evo-
lution of the loop configuration, the plasma sheet,
the moving plasma blobs and the opposite mag-
netic polarities mentioned above suggest that the
overlying coronal loops are likely formed through
magnetic reconnection between the two side loops.

3.2. Magnetic field evolution and geometry of

magnetic reconnection

To further confirm that the coronal loops are
formed through magnetic reconnection, we have
analyzed the magnetic field data in detail. From
the HMI LOS magnetograms, we can see that
AR 12778 appears first around 01:00 UT on 2020
October 24. Roughly two days later, two large flux
concentrations form. At this time the magnetic
fluxes within the AR still keep emerging and the
two flux concentrations also keep growing. During
the process of flux emergence, two small patches
with opposite magnetic polarities tend to move to-
wards each other and meet around the location of
solar x= 45

′′

and solar y= -387
′′

(see Fig. 2 (a)) at
about 04:00 UT on 2020 October 26. Before 2020
October 26, the negative and positive polarities
move with a speed of 0.2 km s−1 and 0.4 km s−1, re-
spectively.

The two approaching magnetic patches are high-
lighted by the red rectangle in Fig. 2(a). Before
06:00 UT on 2020 October 26, the magnetic fluxes
of these two patches are more or less stable. How-
ever, an obvious signature of flux cancellation be-
tween the two patches can be seen from the HMI
LOS magnetograms (see the associated animation
of Fig. 1) after 06:00 UT, suggesting the occur-
rence of magnetic reconnection in the low atmo-

sphere (e.g., Wang & Shi 1993; Tian et al. 2018a;
Yang et al. 2018). Fig. 2 (b) shows a similar de-
creasing trend in the positive, negative and un-
signed magnetic fluxes. During the period of
06:00 UT-07:10 UT, when the formation of coro-
nal loops is observed, the unsigned magnetic flux
decreases from 2.3×1020 Mx to 1.2×1020 Mx, with
an average cancellation rate of ∼1020 Mx hr−1.

We put one slice I-J (marked by the red hori-
zontal line in Fig. 2 (a)) across the two opposite-
polarity magnetic patches, and present the time-
distance image for the slice in Fig. 2 (c). During
the period of ∼05:00 UT to 06:00 UT, the negative-
polarity patch is nearly stationary, while the pos-
itive one moves further towards the negative flux
with a speed of ∼0.4 km s−1. Fig. 2 (d) shows the
temporal evolution of the vector magnetic field.
After 06:00 UT, flux cancellation is clearly seen
from the LOS magnetograms. The transverse field
around the interface of the two polarities is weak
and shows different directions at the time T1. Start-
ing from the time T2, a transverse field point-
ing from the positive polarity to the negative one
is built. As new coronal loops are sequentially
formed, i.e., at times T3 and T4, the transverse
field is enhanced by ∼260 G. At time T5, the for-
mation of new coronal loops ceases. As a result,
the transverse field becomes weaker and there is
no uniform direction again. The green curve in
Fig. 2 (b) clearly shows this trend of enhanced and
then reduced transverse field.

Our observations of the converging opposite
magnetic polarities, the subsequent flux cancella-
tion and simultaneous enhancement of the trans-
verse field between the two polarities indicate that
the coronal loops are formed through magnetic re-
connection. No sign of the plasma sheet is present
in the AIA UV channels, indicates that the recon-
nection might occur in the corona. As mentioned
in section 3.1 and shown in Fig. 2 (e2)–(e4), the
chromospheric Hα core images show some dark,
thin fibrils below the plasma sheet and connect-
ing the two bright ribbons. After the formation of
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Figure 3. Magnetic field lines in the MHS model. Results based on photospheric magnetograms taken at 05:48 UT
and 06:36 UT are shown in the left and right panels, respectively. The top and side views are presented in the top and
bottom rows, respectively. The red/blue field lines in the left panels and the green lines in the right panels are traced
from the same positions. The background images show the HMI LOS magnetograms.

coronal loops, these dark fibrils and bright ribbons
disappear around 07:40 UT (see Fig. 2 (e5)), indi-
cating submergence of the small loops.

We also reconstructed the three-dimensional
magnetic field topology through a magne-
tohydrostatic (MHS) model developped by
Zhu & Wiegelmann (2018, 2019). The vector
magnetograms taken by HMI at 05:48 UT and
06:36 UT (before and after the first episode of re-
connection) were used as inputs of the model. The
magnetic field lines at the two different times are
shown in Fig. 3. A comparison between field lines
at these two instances suggests that magnetic re-
connection between the red and blue field lines
lead to the formation of the green field lines. The
red/blue lines and green lines correspond to the
side loops and newly formed coronal loops in AIA
EUV images, respectively.

3.3. Plasma flows resulting from the magnetic

reconnection

Plasma flows resulting from the magnetic re-
connection can be seen in most EUV channels of
AIA and Hα line core (see the associated anima-
tion of Fig. 1). Discrete bright blobs generated by
the reconnection move upward along the plasma

sheet. In the meantime, obvious plasma flows
move downward from the top part of the newly
formed coronal loops to their legs and footpoints
. We put three slices (marked by the cyan lines C–
D, E–F and G–H in Fig 4 (a)) at the locations of
the plasma sheet and loop legs to track the flows
observed in the AIA 171 Å channel. The time-
distance image for slice C–D is shown in Fig 4 (b),
where we can see numerous tracks of blobs in
the plasma sheet. As an example, the projected
speeds of four blobs were estimated as the slopes
of the four blue lines marked in Fig 4 (b), which
are 80, 73, 93 and 80 km s−1, respectively. From
this time-distance image, we can also see that the
length of the plasma sheet varies with time. The
tracks of plasma flows along the legs of the newly
formed coronal loops are shown in Fig 4 (c)–(d).
The flows move downward along the western legs
with a speed of ∼40 km s−1, while fewer flows are
seen to move along the eastern legs with a speed of
less than 30 km s−1.

We have identified 23 well isolated blobs in the
plasma sheet from the AIA 171 Å images. Two ex-
amples are indicated by the red arrows in Fig. 5 (a).
To derive the size of each blob, we put a line that is
perpendicular to the plasma sheet across the blob,
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Figure 4. Flows resulting from the reconnection. (a) An AIA 171 Å image taken at 06:53:45 UT. Three cyan lines
C–D, E–F and G–H indicate locations of the plasma sheet and the two legs of the newly formed coronal loops,
respectively. The time-distance images of AIA 171 Å for slices C–D, E–F and G–H are shown in (b), (c) and (d),
respectively. The blue lines mark the tracks of plasma motions, and the numbers are the projected speeds of the flows
in the unit of km s−1. The two red dashed lines in (c) indicate the time and location corresponding to Fig. 7(a) and
(c), respectively.

e.g., the black line I–J in Fig 5 (a), and plot the
AIA 171 Å intensity along the line. Then we ap-
plied a single-Gaussian fit to the intensity profile,
and the full-width-at-half-maximum (FWHM) was
taken as the blob size. Fig 5 (b) shows one exam-
ple of the intensity profile and the fitting result.
The distributions of the size and projected veloc-
ity for these identified blobs are shown in Fig 5 (c)
and (d). The blob velocity is mostly in the range of
60 to 160 km s−1, with an average of 114 km s−1.
The blob size is 1.37±0.42 Mm.

With observations in the AIA 94 Å, 131 Å,
171 Å, 193 Å, 211 Å and 335 Å channels, we per-
formed a differential emission measure (DEM,

see Cheung et al. 2015; Su et al. 2018; Xue et al.
2020a; Samanta et al. 2021) analysis to investi-
gate plasma properties in the reconnection re-
gion. The results are shown in Fig. 6. Sim-
ilar to Kazachenko & Hudson (2020), we show
the temporal evolution of the DEM of the plasma
sheet in Fig. 6 (b). The DEM of the plasma
sheet appears to peak in the temperature range
of log (T/K) = 6.40−6.55. The peak tempera-
ture shows no obvious variation from 05:55 UT
to 07:12 UT (Fig. 6 (b)). By integrating a DEM
curve over the temperature range of log (T/K) =
6.40−6.55, we obtained a total emission measure
(EM). The spatial distribution of the total EM is
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Figure 5. Velocities and sizes of plasma blobs in the plasma sheet. (a) An AIA 171 Å image taken at 06:53:45 UT.
(b) AIA 171 Å intensity along slice I–J shown in (a). The black and green curves indicate the original intensity profile
and the Gaussian fit. (c) and (d) Distributions of the projected velocity and size for the identified plasma blobs.

presented in Fig. 6 (c), where we can see enhanced
EM in the reconnection region. A similar tem-
poral variation was found in the light curves of
AIA 171 Å intensity and total EM in the plasma
sheet (Fig. 6 (d)). Peaks in the total EM curve gen-
erally correspond to the passage of plasma blobs.
The blobs have a typical EM of 2.0×1028 cm−5.
Taking the average size of the blob (1.37 Mm) as
the LOS integration length, the electron density
was estimated to be 1.2×1010 cm−3.

We also applied the fast Fourier transform (FFT)
analysis to the AIA 171 Å emission in the plasma
sheet. As an example, Fig. 7 (a) presents a power
spectrum of the intensity profile in the spatial fre-
quency domain after FFT. It reveals a power-law
distribution with a spectral index (α) of -0.94. We
calculated α for the same position in every image
taken from 05:55 UT to 07:12 UT, and present the
distribution of α in Fig. 7 (a). We also applied FFT
to the time series of AIA 171 Å intensity at differ-

ent positions along the plasma sheet. One exam-
ple power spectrum and the distribution of spec-
tral index are shown in Fig. 7 (c) and Fig. 7 (d), re-
spectively. We found that the α values are mostly
larger than -1.1 and distinctly different from -1.67,
a spectral index expected in the scenario of tur-
bulent magnetic reconnection (Bárta et al. 2011;
Shen et al. 2011).

4. DISCUSSION

A combination of the magnetic field extrapo-
lation and EUV observations suggests that the
plasma sheet is located between two sets of side
loops. Since the magnetic field lines have different
polarities between the two approaching side loops,
electric current would be built at their interface.
This suggests that the bright plasma sheet is likely
a current sheet or contains a current sheet, which
can also be observed at different spatial scales (e.g.,
Tian et al. 2014; Yang et al. 2015; Xue et al. 2018;
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Figure 6. DEM analysis for the reconnection region. (a) An AIA 171 Å image taken at 06:09:45 UT. (b) Evolution
of the DEM averaged over the region outlined by the black box in (a). (c) Map of total EM in the temperature range
of log (T/K) = 6.40−6.55. (d) Light curves of AIA 171 Å intensity (yellow) and total EM (black) averaged over the
region outlined by the black box in (a).

Figure 7. Power spectral analysis for the plasma sheet. (a) Power spectrum of the intensity profile along the red
vertical line in Fig. 4 (c) in the spatial frequency domain. The fitting spectral index α is -0.94 in the range of
0.13−1.60 Mm−1. (b) Distribution of α for the power spectra in spatial frequency domain. (c) Same as (a) but for
the time series along the red horizontal line in Fig. 4 (c) and in the temporal frequency domain. The fitting spectral
index α in the frequency range of 0.44−39.81 mHz is -0.92. (d) Distribution of α for the power spectra in temporal
frequency domain.
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Yan et al. 2018; Li et al. 2018). The thickness of
the plasma sheet is ∼1.4 Mm, which is comparable
to the thickness of the plasma sheet in a small C1.6
flare (Tian et al. 2014) and in two chromospheric
reconnection events (Yang et al. 2015; Xue et al.
2018). It is much smaller than the typical thickness
of current sheets measured at a distance of ∼1.5 so-
lar radii or beyond during coronal mass ejections
(CMEs, e.g., Lin et al. 2009). This thickness is
apparently much larger than the proton gyroradius
(orders of 100 meters) in the corona, the expected
reconnection thickness of a current sheet based on
laboratory measurements. It was suggested that
plasmoid instability may play a critical role in
broadening the CME current sheets (e.g., Lin et al.
2009). The blob-like features observed here are
likely manifestations of plasmoids, and thus the
large thickness of the plasma sheet or current
sheet might be caused by a similar process. Such
blobs are frequently seen in numerical simula-
tions of magnetic reconnection involving plasmoid
instability in the non-flaring solar atmosphere
(e.g., Ni et al. 2015, 2020, 2021; Peter et al. 2019).
We noticed that similar moving blob-like fea-
tures within current sheets or along newly formed
loops have been previously reported from obser-
vations of flares (e.g., Takasao et al. 2012, 2016;
Tian et al. 2014; Cheng et al. 2018; Huang et al.
2018; Gou et al. 2019; Mishra et al. 2020), fila-
ment eruptions (e.g., Li et al. 2016; Chen et al.
2019a; Xue et al. 2020b), chromospheric jets (e.g.,
Yan et al. 2015) and coronal jets (e.g., Zhang & Ni
2019). To the best of our knowledge, this is the first
time that plasma blobs are identified during the for-
mation of quiescent coronal loops. The sizes and
velocities of our identified plasma blobs are of the
same order of those in these flare and jet observa-
tions.

The power spectral analysis reveals a spectral
index that is obviously different from -1.67, a
value found in a large-scale CME current sheet
(Cheng et al. 2018). Fan et al. (2018) found that
the spectral index of velocity fluctuation can

change from larger than -0.5 to about -1.5 dur-
ing the occurrence of CMEs, implying a rapid
development of turbulence after the CME onset.
Our observed spectral indexes of about -1 indi-
cate that the fluctuations fall in the energy contain-
ing range outside the inertial range with cascad-
ing process in the traditional turbulence scenario
(Verscharen et al. 2019). The observed power-law
spectrum (∼f−1) suggests that the occurrence of re-
connection events is randomly intermittent instead
of driven by the turbulence with nonlinear interac-
tions between vortices (Yang et al. 2020; Hou et al.
2021). Assuming that the reconnection inflow
speed can be approximated as half of the converg-
ing speed and taking a typical speed of the plasma
blobs as the outflow speed, we can roughly esti-
mate the reconnection rate as 0.2/100=0.002. This
reconnection rate is one to two orders of magnitude
lower than those inferred from many other recon-
nection observations in the solar atmosphere (e.g.,
Su et al. 2013; Tian et al. 2014; Xue et al. 2016).
However, it still lies at the lower end of the possible
range of reconnection rate estimated by Sun et al.
(2015).

The approaching opposite-polarity magnetic
fluxes and subsequent flux cancellation, the for-
mation of overlying coronal loops above the
plasma sheet, the enhancement of the trans-
verse magnetic field, together with the sub-
mergence/disappearance of the small low-lying
loops/fibrils beneath the sheet suggest a typical
magnetic reconnection process between two sets of
magnetic loops. Considering the fact that the ob-
served process occurs in an emerging AR, it is very
likely that the two reconnecting loops correspond
to two segments of an undulatory magnetic flux
tube rooted in the two large flux concentrations
in AR 12778. The middle part of the undulatory
tube is likely dipped under the photosphere, and
thus has a U-shape. Such a magnetic field struc-
ture is called a bald patch. The intersections be-
tween the U-shape field lines and the photosphere
correspond to the two small converging opposite-



12 Hou et al.

polarity magnetic patches. When the two patches
are pushed together, a current sheet develops at
their interface and magnetic reconnection occurs.
In this case, large-scale overlying magnetic loops
and small low-lying loops are produced, which ap-
pear as the rising, newly formed coronal loops and
submerging small loops/fibrils, respectively.

Such a process is similar to the scenario sug-
gested by Pariat et al. (2004). They performed
a topological analysis for the emerging AR 8844,
and found that many Ellerman bombs (EBs,
Ellerman 1917) and bald patches were con-
nected by a series of flux tubes. Based on
this finding, they suggested that coronal loops
could result from the rise of undulatory flux
tubes whose dipped lower parts emerge to the
corona after magnetic reconnection. With obser-
vations of the Interface Region Imaging Spectra-
graph (IRIS, De Pontieu et al. 2014), Peter et al.
(2014) identified four UV bursts (UBs) and sug-
gested that they might be produced by mag-
netic reconnection in U-shape structures dur-
ing flux emergence in the lower solar atmo-
sphere. Subsequent studies revealed that these
UBs indeed mostly occur in emerging flux regions
(e.g., Vissers et al. 2015; Tian et al. 2016, 2018b;
Nelson et al. 2016; Young et al. 2018; Chen et al.
2019c) and that some of them are indeed associ-
ated with U-shape magnetic field structures (e.g.,
Grubecka et al. 2016; Zhao et al. 2017; Tian et al.
2018a; Chen et al. 2019b; Song et al. 2020). The
difference is that EBs and UBs are more likely
related to magnetic reconnection occurring in the
lower-atmosphere part of the U-shape structures,
whereas the reconnection in our observations ap-
pears to occur in a relatively higher part (possibly
the lower corona) of the U-shape structures. We
noticed that a similar process has been theoreti-
cally and numerically investigated by Priest et al.
(2018) and Syntelis & Priest (2020), respectively.

The formation process of coronal loops in our
observations appears to be different from that in
the numerical simulations of Chen et al. (2014).

In this 3D MHD model, magnetic flux tubes ex-
pand into the corona during flux emergence. They
found that the formation of million-degree coronal
loops is triggered by an increase of the upward-
directed Poynting flux at the loop footpoints due
to the advection of the magnetic field in the pho-
tosphere. Ohmic heating associated with the coro-
nal currents induced by the braided magnetic field
lines leads to the formation of the high-temperature
loops. In this model, the magnetic flux tubes al-
ready exist in the corona before the formation of
the million-degree coronal loops. On the contrary,
in our observations the magnetic reconnection pro-
duces overlying field lines and heated plasma at-
tached to these field lines, which then rise up to
higher layers and appear as newly formed coronal
loops. Such a process appears to be similar to the
scenario proposed by He et al. (2010).

5. SUMMARY

From EUV observations of SDO/AIA and Hα
line core observations of NVST, we have identi-
fied direct observational evidence for the forma-
tion of coronal loops through magnetic reconnec-
tion as new magnetic fluxes rise into the upper so-
lar atmosphere. The reconnection occurs within
a plasma sheet at the interface of two approach-
ing loop-like structures. Converging motions of
opposite-polarity magnetic fluxes and the subse-
quent flux cancellation are clearly observed from
photospheric magnetograms. The reconnection
results in the formation of overlying loops with
typical coronal temperatures and low-lying small
loops/fibrils above and below the plasma sheet, re-
spectively. In the meantime, the transverse mag-
netic field in the photosphere is enhanced. After
reconnection, the transverse field becomes weaker
and the fibrils disappear, indicating the submer-
gence of the low-lying loops.

The EUV observations have revealed the pres-
ence of numerous bright plasma blobs in the
plasma sheet. These blobs have an average width
of 1.37 Mm, and they appear intermittently in the
plasma sheet and move upward with projected ve-
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locities of ∼114 km s−1. Through a DEM analy-
sis, the temperature, emission measure and den-
sity of the blobs have been found to be about
3 MK, 2.0×1028 cm−5 and 1.2×1010 cm−3, respec-
tively. We have performed a power spectral anal-
ysis for these blobs, and found a spectral index
that is distinctly different from the expected one
in a turbulent reconnection scenario. In addition,
we have also found plasma flows with speeds of
20 to 50 km s−1towards the footpoints of the newly
formed coronal loops.
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