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1.  Introduction 

2.  Coronal condensation (CC) facilitated by 
magnetic reconnection (MR) between open and 
closed magnetic structures (Li+ 2018a, 2018b, 2019, 

2020, 2021a, 2021b, 2021c, Chen+ 2022) 

3.  Summary 

Outline	



p  CC of cool plasma out of the hot corona is widely investigated, best seen at the solar limb. (see reviews in 

Antolin 2020 and Antolin & Froment 2021, and references therein) 

p  CC is based on the thermal properties of the plasma alone. Only the loss of thermal equilibrium between 
heat input, heat conduction, and radiative losses causes the plasma to cool catastrophically. (Müller+ 2003, 

Xia & Keppens 2016, et al.) 

p  CC is independent of the (evolution of the) coronal magnetic field.  

p  Solar activities, closely associated with CC, include the prominence and coronal rain (CR). 

1. Introduction	
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Figure 1 | SDO observations of a quiet Sun filament and the context
filaments, coronal loops and magnetic fields. a–c, AIA 304 Å (a) and
211 Å (b) images, and an HMI LOS magnetogram (c). The green rectangle in
a denotes the FOV in Fig. 2a–c. FE and FS in a denote two nearby filaments.
The ellipses in b and c enclose the footpoints of the loops L1. The yellow,
blue and cyan dotted lines in a and c separately indicate the original
filament and two newly reconnected filaments F1 and F2.

eastwards with a mean speed of 4.8± 0.5 km s�1. It then quickly
erupts with a speed of 43.3± 1 km s�1 and an acceleration of
10.7± 1m s�2, and is dispersed into many parallel dark threads
L3 along the spine when viewed from above (see Fig. 2a and
Supplementary Fig. 4). The other part of the filament erupts
(marked by pink solid arrows in Supplementary Figs 1 and 3). Two
flare ribbons (white arrows in Fig. 2b) and post-flare loops (see
Supplementary Movies 1 and 4) appear underneath the erupting
filament, in agreement with the classical flare models5,6.

However, no increase of X-ray flux is observed. This indicates
that no significant flare is associated with the filament eruption,
as found in earlier observations of other related phenomena25.
This may be the reason why the following reconnection between
the erupting filament and its nearby coronal loops can be clearly
recognized: it is not simply dominated by the regular emission of
flaring plasma. The southwestern part of the filament does not
erupt owing to the constraint of the overlying coronal loops (see
Fig. 1b). The eruption of the northeastern part of the filament is also
observed by STEREO-B/EUVI simultaneously (see Supplementary
Figs 1 and 3, and Supplementary Movie 2).
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Figure 2 | Magnetic reconnection between the filament and the nearby
coronal loops. a–f, AIA 335 Å (a–c) and 171 Å (d–f) images. g,h, Normalized
light curves of AIA UV channels (wavelengths in Å given with the plots) in
the yellow circles marked g and ellipses marked h in b and c. Thus, the light
curves show the evolution of the footpoints of L2, F1 and F2. The red
rectangle in a shows the FOV in d–f, and Fig. 4a,b. The red and pink dotted
lines in b and e indicate the filament threads L3 and the loops L2,
respectively. The pink dashed lines in c,e and f indicate F1 and F2. The green
solid arrows in b and e mark the current sheets, the two white arrows in b
mark two flare ribbons, the pink and black arrows in c and d indicate the
propagation of the southern footpoints of F1 and a plasmoid, respectively,
and the red solid arrows in d and e indicate the plasmoids.

During the eruption, the filament L3 encounters nearby coronal
loops L2 and interacts with them, forming an X-type configuration
with sheet-type and cusp-shaped structures at the interfaces
(see the red and pink dotted lines in Fig. 2b). This X-type
configuration is suggestive of magnetic reconnection3. The sheets
in Fig. 2b (green arrow) indicate the positions of current sheets1–6,10,
which are the dissipation regions of magnetic energy during
the reconnection process. The X-type loop structure is mainly
observed in the channels of AIA that show hotter plasma, for
example, at 335Å and 211Å. However, only the filament part of
the X-structure is visible in the cooler channels of AIA, such as
193Å (⇠1.5MK), 171Å (⇠0.9MK), 131Å (⇠0.6MK), or 304Å
(⇠0.05MK). Simultaneous brightenings in eight EUV and UV
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From ∼19:40 UT, another condensation, enclosed by a pink
ellipse in Figure 15(f), appears in the dips of loops L1, position
D2 (see Figure 15(b); see the pink ellipses in Figures 15(b) and

(d)). It falls down repeatedly along both legs of loops L4, paths
P1 and P2 (see Figures 15(b) and (h)), similar to the previous
condensation in Figures 15(e) and (g). The condensation

Figure 15. Coronal condensations caused by MR between loops observed by SDO late on 2012 January 19. (a) and (b) AIA 171 Å, (c) and (d) 131 Å, and (e)–(h)
304 Åimages. The green and pink ellipses separately in (a), (c), and (e), and (b), (d), and (f) enclose the condensations in (e) and (f). Positions D1 and D2 and the pink
and green arrows P1 and P2 in (a) and (b) mark the regions where the condensations happen and the falling paths of condensations, respectively. The white boxes in
(a), (c), and (e) mark the regions for the light curves of the AIA 171 Å, 131 Å, and 304 Åchannels displayed in Figure 16(b) with the red, green, and blue lines,
respectively. The blue box AB in (g) shows the position of the time slice of the AIA 304 Åimages displayed in Figure 16(a). The cyan arrow in (g) denotes the
direction of movement of the condensation. The FOV is marked by the blue box in Figure 2(a), and the AIA images here are rotated counterclockwise at an angle of
42°. See Appendix B for details.
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MR	

p  MR shows the reconfiguration of magnetic field geometry.  

p  It is used to explain the rapid release of magnetic energy, and its conversion to other forms, e.g., thermal and 
kinetic. (Priest & Forbes 2000, Lin & Forbes 2000) 



Formation of Prominences	
p  Prominence formation includes the formation of (1) magnetic structure and (2) mass of prominences, 

respectively. 

p  MR causes a helical magnetic structure with numerous dips of prominences. (Pneuman 1983, van Ballegooijen & 

Martens 1989, et al.) 

p  CC of hot plasma trapped in the helices forms the mass of prominences. (Pneuman 1983, Xia+ 2014, et al.) 

Pneuman (1983) 



Coronal Cloud Prominences	
p  Coronal cloud prominences, also referred to as “Coronal spiders” and “funnel prominences”. (Liu+ 2012, Vial & 

Engvold 2015) 

p  They differ from the common, channel prominences in several aspects, and disappear from drainage along 
curved trajectories resembling CR. 

p  The formation process is not fully understood. 

Vail & Engvold (2015) 



Two Types of CR	

Thermal conduction front/beamed nonthermal particles 
=> chromospheric evaporation  

=> thermal non-equlibrium => CC => CR 

p  Both CRs occur along magnetically-closed field lines；	
p  Magnetic field evolution and thermal evolution are treated separately for both formation 

mechanisms of the prominences and CRs.	
n  The magnetic and thermal evolution has to be treated together and cannot be separated, even in the 

case of catastrophic cooling. (Li+ 2018a, 2018b, 2019, 2020, 2021a, 2021b, 2021c, Chen+ 2022) 

corresponding wavelengths of the absorption needs to be
minimal. While these may be questionable in the present case
(a catastrophically cooling plasma could be out of ionization
equilibrium if the cooling timescale is shorter than the
ionization and recombination timescales; also, as shown
previously, we have a strong degree of density inhomogeneity
within the rain) the results of the applied technique can
nonetheless provide important density constraints and clues on
the state of the plasma. Here we do this for a large clump
producing enhanced EUV darkening, similar to that shown in
Figures 4 and 5, but we postpone a full investigation on
densities to future work. In Figure 12 we plot the L function,
defined in (Landi & Reale 2013, formula 9), which, at
temperature of absorption is equal to the hydrogen column
density. Our case is similar to their special case 2 (Section 3.2
in their paper). The background emission is measured at the
same locations where the EUV darkenings are observed but at
times where no Hα clumps are observed (we take a few time
steps prior and after the passage of the clump, and then take the
average of the two). The EUV intensities are taken over the
trajectory of the clump, seen as darkened streaks in an x t−
plot. In the calculation of L we further assume a helium
abundance of 5%. In Figure 12 we can see that the region of

intersection of all curves is concentrated in Tlog 4.4 4.6abs = −
and Llog 18.1 18.7= − cm−2 (where Tabs is the temperature of
maximum absorption). Assuming axi-symmetry along the
direction of propagation, the LOS depth across the clump is
then roughly equal to the clump’s width. The clump’s width in
the EUV filters is 2. 8″ , although it cannot be determined with
precision due to the poor spatial resolution of AIA. The clump
in Hα has a maximum width of 0. 6″ (with an average of 0. 4″ ).
From the results of data set 2, it is likely that the larger widths
in EUV are mostly an effect of the lack of resolution (which
would smear out the width a factor proportional to AIA’s PSF).
We therefore assume an EUV width 1.5–2 times larger than the
Hα width, leading to a width of roughly 700 km. This leads to
an electron density of 1.8–7.1 × 1010 cm−3, where the scatter is
most likely due to the presence of inhomogeneities within the
clump. This is supported by the fact that the spectral width of
the clump in Hα indicates a temperature of 5500± 500 K,
suggesting a multi-temperature structure, and possibly a higher
density. Assuming a constant pressure within the clump the
core density can then be up to 2.5 1011× cm−3.

4.4. Clumpy Versus Continuous

As the clumps fall further down toward the sunspot in data
set 1 they become absorption features in the wing of Hα while
they gradually become bright toward line center (see Figures 4
and 5). These distinctive features allowus to trace them down
to chromospheric levels, just before impact. Similarly as
previously done for coronal heights we define two cuts at
chromospheric heights roughly perpendicular to the clumps
trajectories, F1 and F2, corresponding to loops 1 and 2,
respectively. Both C and F pairs are plotted in dashed curves in
Figure 5. As in Animations 3 and 4 for C1 and C2,
Animations5 and 6 show the detection of rain clumps across
F1 and F2, respectively (in red the FWHM of the fit to the
clump’s width). These animations indicate that the C1 clumps
fall either into the umbra or toward the closer edge of the
sunspot (projection effects do not allow us to firmly pinpoint
the location of the fall) and the C2 clumps seem to fall mainly
toward the far edge of the sunspot. Tracing of coronal rain
clumps to such low heights has never been achieved before and
is possible here thanks to the high falling speeds of the clumps
(which produces the dark absorption features in the wing of
Hα) and to the high spatial and temporal resolution of CRISP.
Indeed, the total velocities (taking into account projected and
Doppler velocities) vary between 80 and 120 km s−1 for both
loops.
Due to the increase of projection effects at low heights, the

high speed of the clumps and the seeing effects (which do not
alway provide clear subsequent images), it is not possible in
most cases to specify the start and end for a clump at low
heights, and therefore provide a robust determination of clump
lengths. It is therefore possible that two subsequent detections
at the same location correspond to the same clump. Also, it is
highly likely that many of the clumps detected at heights C are
detected again at heights F. However, since we are more
interested in regarding the rain as a flow rather than a discrete
set of condensations (especially because their morphology can
change dramatically as they fall), for our statistical analysis we
consider that all clumps are different (and for the lengths we
give an approximate value determined visually). Since there are
many clumps that fail to be detected by the algorithm (due to

Figure 10. Composite image of the rain event in data set 2 combining Hinode/
SOT in Ca II H (in red), IRIS/SJI 1400 (in green), and IRIS/SJI 1330 (in blue).

(An animation of this figure is available.)
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Flare-driven post-flare CR Non-flare driven active region CR 
Heating at/around the loop endpoints  

=> chromospheric evaporation  
=> thermal instability => CC => CR 

Antolin+ (2015) 



MR between open and closed structures, and CC as a coronal cloud prominence (Li+ 2018a, ApJ, 864, L4)	

2.1 MR-CC between Open and Closed Structures	

Along the red line AB in Figure 1(b), a time-slice of AIA
171Åimages is made, and displayed in Figure 2(a). It indicates
that the loops L1 move slowly with mean speeds of 2–7 km s−1,
and accelerations of 0.1–0.8 m s−2. Moreover, several fine
structures of loops L1 are detected, marked by the green arrows in
Figure 2(a). Along the blue line CD in Figure 1(c), another time-
slice of AIA 171Åimages is made, and shown in Figure 2(b).
The retractions of the newly reconnected loops L3 and L4,
marked by green and cyan dotted lines in Figure 2(b), are detected
away from the MR region between loops L1 and L2, with mean
speeds of ∼2 km s−1 and ∼10 km s−1, respectively. Moreover,
the loops L4 move backward, perturbed by the neighboring

filament eruption, with a mean speed of 4 km s−1, denoted by the
blue dotted line in Figure 2(b).
In the blue rectangle, enclosing the dip region of loops L1, in

Figure 1(b), the light curve of the AIA 171Åchannel is
calculated, and displayed in Figure 2(a) as a blue line. It
increases first, reaches the peak at ∼05:40 UT, and then
decreases slowly, concurrent with the downward motion of
loops L1 and the MR between loops L1 and L2.

3.2. Coronal Condensation

Along with the downward motion of the dip of AIA
171Åloops L1, see Figures 3(a)–(c), a bright emission appears

Figure 3. Evolution of the condensation from ∼1 MK to below 0.1 MK. AIA 171 Å(a)–(c), 131 Å(d)–(f), and 304 Å(g)–(i) images. The yellow rectangles in (e) and
(i) mark the regions for the light curves of the AIA 131 Åand 304 Åchannels as displayed in Figure 2(a) by the green and red lines, respectively. The red and green
ellipses in (b), (e), and (h) enclose the condensation of coronal plasma in (h).
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CC and Its Downflows As CR	

Blue, green, and red lightcurves show the cooling 
and CC of coronal plasma.	

Downflows of CC as CR	



Schematic Diagrams of MR-CC	

formed, and they would resemble the prominence formation
models (Pneuman 1983; Kaneko & Yokoyama 2015). How-
ever, the condensation remains for only a short time, and then
rains down to the chromosphere when the dips are broken by
the successive MR. In this Letter, we show that the MR and the
condensation cannot be treated separately, but that plasma
condensation naturally arises during the MR process.
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data. The work is supported by the National Foundations of
China (11673034, 11533008, 11790304, and 11773039), and
Key Programs of the Chinese Academy of Sciences (QYZDJ-
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Union’s Horizon 2020 Research and Innovation Programme
under the Marie Sklodowska-Curie grant agreement No.
707837. This project supported by the Specialized Research
Fund for Shandong Provincial Key Laboratory.
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Figure 6. Schematic diagrams of the MR and coronal condensation. In (a)–(c),
the gray thick lines denote the solar limb. The green, blue, and green-blue lines
separately show the magnetic field lines of loops L1, L2, L3, and L4, whose
directions are marked by the red arrows. In (a), the green arrow denotes the dip
of loops L1 and also the moving direction. In (b) and (c), the purple stars show
the MR between loops L1 and L2. The green, yellow, and red patches indicate
the AIA 171 Å, 131 Å, and 304 Åplasma, respectively.
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n  MR thus plays an important role in the mass cycle of coronal plasma.  
n  A new and alternative mechanism for the formation of CR along open field 

lines through MR is suggested, away from those along closed field lines. 
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n  Disturbances, originating from the MR region, propagate upward across the dip region of loops L1 (Li+ 2018b, 

ApJ, 868, L33).  

After the appearance, the disturbances propagate away from the
reconnection region and upward across the higher-lying loops.
Along the propagating direction AB in the green rectangle in
Figure 1(b), a time slice of AIA 171Åimages is made and
displayed in Figure 3(a). The green dotted line outlines the
downward motion of loops L1, with speeds of 2–9 km s−1. The
steep, recurrent stripes show the propagating disturbances
across the loops L1. The stripe, marked by red plus symbols, is
chosen to display measurements of the beginning time and
propagating speed of disturbances. The chosen disturbance
appears from ∼05:29:12 UT, denoted by the pink triangle in
Figure 3(a). The intensities of the AIA 171Åchannel at
different positions along the disturbance, marked by the red
plus symbols in Figure 3(a), are plotted in Figure 3(b) as black
plus symbols. The pink curves in Figure 3(b) show the single
Gaussian profiles to the plus symbols. The blue diamonds mark
peak positions of the single Gaussian profiles, with 12 s error
bars. The red line shows the linear fit to the diamonds,
indicating the disturbance propagates at a constant speed of
165 km s−1. Each of the disturbances propagates with a nearly
constant speed.

A histogram of the speeds of disturbances is displayed in
Figure 3(c). The speeds range from 135 to 265 km s−1 with a
mean value of 200 km s−1. Two peaks are identified at 150 and
210 km s−1, respectively. The temporal evolution of the speeds
is illustrated in Figure 4 by black plus symbols. The purple
diamonds, ranging in 150–230 km s−1 with a mean value of
200 km s−1, represent the mean speeds averaged in 30 minutes.
The pink vertical lines denote the speed amplitudes, with a
mean value of 30 km s−1 in the range of 15–45 km s−1. The
mean speed remains almost constant at ∼230 km s−1, then
decreases from ∼04:00 UT, and reaches the valley of
∼150 km s−1 at ∼06:00 UT. Thereafter, it increases slowly,
and goes back to ∼220 km s−1 at ∼09:00 UT.

In the propagating path of disturbances, denoted by green
rectangles in Figures 1(b)–(d), light curves of the AIA 171,

131, and 304Åchannels are measured and showed in Figure 4
as red, green, and blue curves, respectively. All of the light
curves increase first, reach the peaks, and then decrease slowly.
However, they peak at different times. The AIA 171Å light
curve peaks at 05:45 UT, but the 131 (304) Å light curve peaks
at 06:05 (06:30) UT, 20 (45) minutes later. Because there is no
associated bright emission observed in AIA channels showing
higher-temperature plasma, e.g., 193, 211, 335, and 94Å, the
enhancement in the AIA 131Å light curve should originate from
cooler (∼0.6 MK) plasma rather than from hotter (∼10 MK)
regions. The AIA 171, 131, and 304Ålight curves thus clearly
represent the cooling and condensation process of hotter plasma
in the MD of loops L1 (see the online animated version of
Figures 1(b)–(d)). The plasma cools down from ∼0.9 MK, the
characteristic temperature of AIA 171Åchannel, to ∼0.6 MK, the
characteristic temperature of AIA 131Åchannel, in ∼20 minutes,
and then to ∼0.05 MK, the characteristic temperature of AIA
304Åchannel, in another ∼25 minutes. Figure 4 indicates that the
temporal evolution of the disturbance speeds anti-correlates with
the AIA 131 and 304Ålight curves. This means that the speed
decreases during the condensation process. The smaller and larger
peaks of the histogram of speeds in Figure 3(c) thus correspond to
the disturbances within and without the condensation process,
respectively.
The disturbances recurrently originate from the reconnection

region. Along the blue dashed line in Figure 3(a), the intensity
profile of the AIA 171Åchannel, spatially averaged over 3
pixels, is calculated and shown in Figure 5(a) as a black curve.
We detrend the intensity profile by subtracting its smoothed
intensity profile, denoted by a red curve in Figure 5(a), using a
6 minute boxcar, and display the residual intensity profile in
Figure 5(b) as a blue curve. The detrended intensity profile in
Figure 5(b) clearly shows the periodic variations of the
intensity. We employ the wavelet-analysis technique of
Torrence & Compo (1998) to retrieve the periodicity in the
intensity variations. The standard “wavelet.pro” routine in the

Figure 2. Disturbances propagating from the reconnection region upward across the higher-lying loops. AIA 171 Åfiltered (a) and running difference (b) images, with
the same FOV as in Figures 1(b)–(d). An animation is available. It covers 5 hr starting at 03:30 UT and the video duration is 63 s.

(An animation of this figure is available.)
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B	

A	

2.2 Quasi-periodic Fast Propagating Magnetoacoustic Waves during MR-CC 



SSW package, where the “Morlet” function is chosen as the
mother function, is applied to the detrended intensity profile
with time cadence of 0.2 minutes and time duration of
420 minutes. The wavelet power spectrum and global wavelet
power spectrum are separately displayed in Figures 5(c) and
(d). Here, the confidence levels and global confidence levels are
calculated employing the routine “wave_signif.pro” in the
SSW package. A significant power with periods in the range of
2.5–7 minutes with a peak period at 4 minutes is evidently
identified, lasting for almost 7 hr in Figure 5(c). More than 110

cycles are identified during the 7 hr, and no obvious drift of the
periods is detected.

4. Summary and Discussion

Employing AIA multi-wavelength images taken on 2012
January 19, we investigated the reconnection between loops L1
and L2, as well as the coronal condensations in the MD of
loops L1. During the reconnection, disturbances originating
from the reconnection region are detected. They propagate
upward across the MD of loops L1 with a mean speed of

Figure 3. Measurements of the parameters of disturbances. (a) Time slice of AIA 171 Åimages along the AB direction in the green rectangle in Figure 1(b).
(b) Intensities (black plus symbols) of the AIA 171 Åchannel at positions marked by red plus symbols along the disturbance in (a). (c) Histogram of the speeds of
disturbances. In (a), the green dotted line outlines the downward motion of loops L1 at a mean speed of 4 km s−1. The blue dashed line shows the position for the
intensity profile of the AIA 171 Åchannel displayed in Figure 5(a) by the black curve. The pink triangle marks the beginning time of the disturbance. In (b), the pink
curves represent the single Gaussian profiles to the intensities. The blue diamonds and lines mark the peak positions and their error bars of the single Gaussian profiles.
The red line shows the linear fit to the peak positions.
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Propagating Disturbances 

n  The disturbances represent the fast-propagating magnetoacoustic waves. 
n  Magnetic energy is mainly converted into wave energy by MR. 

indicates that there is no significant (detectable) nonthermal
emission during the reconnection.

The waves are generated with a peak period of 4 minutes in
the range of 2.5–7 minutes. These periods are consistent with
the main periods of QFPM waves in Liu et al. (2011) and
Kumar et al. (2017), but larger than those in Shen & Liu
(2012); Yuan et al. (2013), and Nisticò et al. (2014) during
flares. The QFPM waves and their associated flares are thought
to originate from a common source, i.e., the reconnection
releasing magnetic energy quasi-periodically during flares
(Ofman et al. 2011; Shen & Liu 2012). However, no
reconnection process is detected in those flares. In this Letter,
no flare is observed during the reconnection. The QFPM waves
directly associated with the reconnection rather than the flare
are hence identified.

The QFPM waves originating from reconnection have been
theoretically investigated. A steady inflow of magnetic flux,
e.g., the successive downward motion of the L1 loops, toward
the reconnection region could result in the repetitive and even
periodic reconnection (McLaughlin et al. 2009; Murray et al.
2009). As the periodicity of waves, i.e., 4 minute peak period,
is the same as that of the chromospheric oscillations, the
reconnection may also be modulated by the periodic MHD
oscillations (Chen & Priest 2006; Liu et al. 2011). Moreover,
plasmoids and reconnection outflows produced in the current
sheets during reconnection are theoretically suggested as the
exciters of QFPM waves (Yang et al. 2015; Takasao &
Shibata 2016; Jelínek et al. 2017). However, no plasmoid is
observed here during the reconnection. More observations and
theoretical studies are still needed to understand the physical

cause of QFPM waves and their general role in coronal
condensations in non-flaring regions.
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Periods=2.5-7 minutes; 
Peak period=4 minutes 



2.3 Repeated MR-CC Events 

n  From the same magnetic structure system, in 5 days, 15 similar MR-CC events occur repeatedly. 
n  Coronal cloud prominences thus form. 

n  The CC remains for 30 min to 15 hr, and then rain down to the chromosphere as CR. (Li+ 2019, ApJ, 884, 34) 
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Figure C1. Coronal condensation caused by MR between loops observed by SDO early on January 20, 2012. AIA 171 Å (a),
131 Å (b), and 304 Å (c)-(d) images. The green ellipses in (a)-(c) enclose the condensation in (c). Position D1, and the
cyan arrow P2 in (a) mark the region where the condensation happens, and the falling path of condensation,
respectively. The red and green boxes AB and CD in (a) and (d) separately mark the positions of the time slices of AIA
171 Å and 304 Å images displayed in Figures C2(a) and (b). The pink boxes in (a)-(c) show the regions for the light curves
of the AIA 171 Å, 131 Å, and 304 Å channels displayed in Figure C2(c) by the red, green, and blue lines, respectively. The
FOV is denoted by the pink box in Figure 2(a), and the AIA images here are rotated counter-clockwise by an angle of 43◦. An
animation is available. It covers 6.5 hr starting at 03:00 UT on January 20, 2012 and the video duration is 1 min. See Section
C in the Appendix for details. (An animation of this figure is available.)
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Figure C3. Coronal condensations caused by MR between loops observed by SDO late on January 20, 2012. AIA 171 Å (a)-(c),
131 Å (d)-(f), and 304 Å (g)-(l) images. The red, green, pink, and cyan ellipses in (a), (c), (d), (f), (g), (h), (j), and (k) enclose
the condensations in (g), (h), (j), and (k), respectively. Positions D2, and the purple arrows P2 in (a) and (c) mark the
regions where the condensations happen, and the falling paths of condensations, respectively. The pink, red, and
green boxes in (a), (d), and (g), (b), (e), and (h), and (c), (f), and (k) separately enclose the regions for the light curves of the
AIA 171 Å, 131 Å, and 304 Å channels showed in Figures C4(c), (d), and (e) by the red, green, and blue lines. The green and
blue boxes AB and CD in (b) and (i) mark the positions of the time slices of AIA 171 Å and 304 Å images displayed in Figures
C4(a) and (b). The FOV is denoted by the pink box in Figure 2(a), and the AIA images here are rotated counter-clockwise by
an angle of 43◦. An animation is available. It covers 17.5 hr starting at 09:30 UT on January 20, 2012 and the video duration
is 1 min. See Section C in the Appendix for details. (An animation of this figure is available.)

An Example: The 6th Event on 2012 January 20 
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Table D1. Other similar events of coronal con-

densations caused by MR between loops above

the solar limb in January 2012

Number Date Time (UT) Position

1 January 1 00:30 N20 E90

2 January 1 18:36 S05 W90

3 January 1 19:10 N30 W90

4 January 1 20:30 S10 W90

5 January 2 00:30 S05 W90

6 January 2 04:05 N30 E90

7 January 2 09:05 N20 E90

8 January 2 14:00 S05 W90

9 January 3 01:30 N20 E90

10 January 3 11:10 N00 E90

11 January 3 13:55 S20 E90

12 January 4 04:20 N20 E90

13 January 4 15:05 S15 E90

14 January 4 18:10 S10 W90

15 January 5 00:30 N10 W90

16 January 5 07:40 S10 W90

17 January 5 09:06 S05 W90

18 January 5 14:10 S05 W90

19 January 6 05:02 N05 W90

20 January 6 08:38 S10 W90

21 January 6 13:40 S05 W90

22* January 7 02:44 S10 W90

23 January 7 05:25 S20 W90

24 January 7 13:24 S05 W90

25 January 7 17:14 N40 W90

26 January 7 19:59 S10 W90

27 January 8 01:40 S10 W90

28 January 8 11:30 S40 W90

29 January 9 03:35 S40 W90

30 January 9 07:40 S30 W90

31 January 10 05:30 N40 E90

32 January 10 07:26 N40 E90

33 January 10 10:18 S10 E90

34 January 10 14:08 S10 E90

35* January 10 14:40 N40 E90

36 January 10 22:30 N60 W90

37 January 11 03:20 N60 W90

38* January 11 12:18 N30 W90

39 January 11 21:33 S15 W90

40 January 12 11:58 N40 W90

41 January 12 17:05 S10 W90

42 January 13 00:43 N40 W90

43 January 13 11:58 S05 W90

44 January 14 00:00 N40 W90

45 January 14 21:47 N49 E90

46 January 15 10:18 N40 E90

47 January 15 22:31 S10 E90

48 January 16 22:30 N10 E90

Table D1 continued on next page
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Table D1 (continued)

Number Date Time (UT) Position

49 January 17 11:30 S30 E90

50 January 17 22:02 S50 W90

51 January 18 05:45 S50 W90

52 January 19 13:40 S20 W90

53 January 19 18:10 S10 E90

54 January 20 10:18 S10 E90

55 January 20 10:46 N05 E90

56 January 20 15:48 S20 W90

57 January 21 03:50 N05 E90

58 January 21 05:30 S20 W90

59 January 21 11:30 S10 E90

60 January 22 03:50 N40 E90

61 January 22 16:17 S10 E90

62 January 22 15:05 S20 W90

63 January 23 11:26 S20 W90

64 January 23 12:52 N60 W90

65 January 23 17:25 N20 W90

66 January 24 12:56 S10 W90

67 January 24 17:44 N05 E90

68 January 25 21:47 N80 E90

69 January 26 06:43 N20 W90

70 January 27 15:46 S10 E90

71 January 28 23:14 N40 E90

72 January 28 23:44 N15 W90

73 January 29 05:14 N45 E90

74 January 29 08:14 S20 E90

75 January 29 08:44 N10 W90

76 January 30 01:20 S55 E90

77 January 30 19:29 N02 E90

78 January 31 02:00 N20 W90

79 January 31 02:45 N60 E90

∗The events displayed in Figure D1.

Note—The third column shows the time when the loops
L1 and coronal condensations are simultaneously ob-
served in AIA 171 Å and 304 Å images, respectively.
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Figure 1. General information of the IRIS and context SDO/AIA observations. An AIA 171 Å image on 2013 October 19.
The green rectangle shows the field of view (FOV) of IRIS 1400 Å SJIs. The blue and red rectangles separately indicate the
FOVs of Figure 2(a) and Figures 5(a)-(b), 6, 8(a), and 9(a). See Section 2 for details.

2.4 Chromospheric CR Originating from MR-CC	

General information of CR event (green rectangle shows the FOV of IRIS SJIs) (Li+, 2020, ApJ, 905, 26)	



IRIS CR Event 
Coronal rain initiated by magnetic reconnection 11

Figure 2. Coronal rain observed by IRIS. (a) An IRIS SJI at 1400 Å (North is top) and (b) the time-slice of IRIS 1400 Å SJIs
along the AB direction in the green box in (a). The pink rectangle in (a) denotes the FOV of Figure 4. The blue squares and
diamonds in (a) separately mark the positions of northern and southern parts of the coronal rain scanned by the IRIS slit. The
cyan dotted line in (b) indicates a speed of 40 km s−1 that corresponds to the motion of the coronal rain. The FOV of (a) is
denoted by the blue rectangle in Figure 1. An animation of the unannotated IRIS 1400 Å SJIs (panel (a)) is available online. It
covers 3 hr for the six raster scans starting at 23:59:51 UT on 2013 October 18, and the video cadence is 31.4 s for each raster
scan. See Section 3.1 for details. (An animation of this figure is available.)

The animation (left) and time slice (right) show the CR. 



Spectral Information of the IRIS CR 
Coronal rain initiated by magnetic reconnection 11

Figure 4. Spectral information of the coronal rain observed by IRIS. Maps of intensity (a1)-(a2), Doppler shift (b1)-(b2), and
line width (c1)-(c2) of Si IV (1394 Å) (a1)-(c1) and Mg II k (2796 Å) (a2)-(c2) lines for the third IRIS raster scan. Same as
in Figure 2(a), the blue box and diamond signs separately indicate the positions of northern and southern parts of the coronal
rain, which is enclosed by the blue dash-dotted lines. The FOV is denoted by the pink rectangle in Figure 2(a). See Section 3.1
for details.

12 Li et al.

Figure 3. Sample spectral profiles of the coronal rain observed by IRIS. (a) Si IV (1394 Å) and (b) Mg II k (2796 Å) line
profiles of the coronal rain marked by the upper-left blue square in Figure 2(a). The diamonds (with the bars) show the observed
spectra, and the red lines display the single-Gaussian fits to the spectra. The vertical dotted lines mark zero Doppler shift. The
parameters denoted by the numbers in the plots show the peak intensity, Doppler shift (VD), and Gaussian line width (LW) of
the fits. See Section 3.1 for details.

Coronal plasma cools 
further down to ~0.01 MK 
(Mg II k at 2796 Å). 



MR-CC Observed by AIA 
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Figure 5. Temporal evolution of magnetic reconnection between coronal loops observed by SDO/AIA. (a)-(b) AIA 171 Å images
and (c)-(d) time-slices of AIA 171 Å images along the CD and EF directions in the blue and green rectangles in (a) and (b),
respectively. The red dotted lines in (c) indicate the downward motions of loops L1. The green dotted and dashed lines in (d)
separately indicate the retraction of the newly reconnected loops L3 and L4 away from the reconnection region between loops
L1 and L2. The speeds of these loops are denoted by the numbers in (c) and (d). The FOV of (a)-(b) is indicated by the red
rectangle in Figure 1. See Section 3.2 for details.

Coronal rain initiated by magnetic reconnection 15

Figure 6. Cooling and condensations of coronal plasma observed by AIA. (a1)-(a4) AIA 171 Å, (b1)-(b4) 131 Å, and (c1)-(c4)
304 Å images. The green ellipses in (a1)-(c1), (a2)-(c2), (a3)-(c3), and (a4)-(c4) separately enclose the condensations in (c1),
(c2), (c3), and (c4). The blue rectangles in (a1)-(c1), (a2)-(c2), (a3)-(c3), and (a4)-(c4) show the regions for the light curves
of the AIA 171 Å, 131 Å, and 304 Å channels as displayed in Figures 7(a), (b), (c), and (d) by red, green, and blue lines,
respectively. The FOV is denoted by the red rectangle in Figure 1. An animation of the unannotated SDO/AIA images is
available. It covers 27 hr starting from 10:00 UT on 2013 October 18, with a cadence of 1 min. See Section 3.2 for details. (An
animation of this figure is available.)

MR (left) and CC (right) 



Spatial-temporal Relation between MR-CC and IRIS CR 
Coronal rain initiated by magnetic reconnection 19

Figure 9. Spatial and temporal relation between the coronal rains observed by IRIS and AIA. (a) A composite of AIA 171
Å (green), 304 Å (blue), and IRIS 1400 Å slit-jaw (red) images. (b) Light curves of the AIA 304 Å (blue) and IRIS 1400 Å (red)
channels in the black rectangle in (a). Same as in Figure 1, the blue rectangle in (a) indicates the FOV of Figure 2(a). The FOV
of (a) is denoted by the red rectangle in Figure 1. An animation of the unannotated composite images (panel (a)) is available.
It covers 3 hr for the six IRIS raster scans starting at 23:59:51 UT on 2013 October 18, and the video cadence is 31.4 s for each
raster scan. See Section 3.3 for details. (An animation of this figure is available.)

n  IRIS CR originates 
from MR-CC. 

n The new and 
alternative formation 
mechanism for CR by 
interchange MR is 
suggested to explain 
some CR events in 
transition region and 
chromospheric lines. 
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Figure 1. Positions of the STEREO A and B and SDO satellites at 00:14 UT on 2011 July 15. The angles between these
three satellites are denoted by the numbers in the plot. The dotted circle represents the Earth orbit at 1 AU. East and West
separately show the east and west directions in the field of view (FOV) of SDO. The red diamond marks the general location
of coronal loops we studied. See Section 2 for details.
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2.5 On-disk MR-CC Events	
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Figure 2. General information of the loops observed by STEREO A and B and SDO. (a) STEREO/EUVI B and (b) A and
(c) SDO/AIA 171 Å images, and (d) a SDO/HMI LOS magnetogram. The red, green, and blue rectangles in (a), (b), and (c)
denote the FOVs of Figures 3(a)-(b), 3(c)-(d), and 5, respectively. See Sections 3.1 and 3.2 for details.
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Figure 3. Coronal condensations triggered by magnetic reconnection between loops observed by STEREO A and B. (a (c))-(b
(d)) EUVI B (A) 171 Å and 304 Å images. Here, the EUVI B and A 171 Å images in (a) and (c) have been enhanced using
the MGN technique. The red rectangle AB in (a) and the green box CD in (b) separately mark the positions of the time slices
of EUVI B 171 Å and 304 Å images as displayed in Figures 4(a) and (b). The purple rectangles in (a)-(b) mark the regions for
the light curves of the EUVI B 171 Å and 304 Å channels as shown in Figure 4(c) by the blue and purple squares and lines.
The blue rectangle in (c) enclose the region for the EUVI A 171 Å light curve as displayed by the green diamonds and line in
Figure 4(c). The FOVs of (a)-(b) and (c)-(d) are denoted separately by the red and green rectangles in Figures 2(a) and (b).
An animation of the unannotated EUVI images is available. It covers ∼2 days starting at 00:07 UT on 2011 July 14, and the
video durations vary from 30 s to 4.3 hr. See Section 3.1 for details. (An animation of this figure is available.)

Müller, D. A. N., Hansteen, V. H., & Peter, H. 2003, A&A,

411, 605

Müller, D. A. N., Peter, H., & Hansteen, V. H. 2004, A&A,

424, 289
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Figure 5. Coronal condensations triggered by magnetic reconnection between loops observed by SDO. (a)-(b) AIA 171 Å,
(c)-(d) 131 Å, and (e)-(f) 304 Å images, and (g)-(h) HMI LOS magnetograms. Here, the AIA 304 Å images in (e)-(f) are
enhanced employing the MGN technique. The blue circles and ellipses separately enclose the endpoints of loops L1 and L3.
The blue solid arrows in (a) and (c) mark the bright emission, and the green solid arrows in (e)-(f) denote the condensations.
The cyan dotted lines in (e) and (g) represent the filament underneath the loops L1. The cyan rectangle in (e) shows the FOV
of Figures 6(a)-(b). The blue rectangles in (b), (d), and (f) mark the regions for the light curves of the AIA 171 Å, 131 Å, and
304 Å channels as displayed in Figure 7 by the red, green, and blue lines. The FOV is denoted by the blue rectangle in Figure
2(c). An animation of the unannotated SDO observations is available. It covers 16 hr starting at 13:00 UT on 2011 July 14,
and the video duration is 1 minute. See Section 3.2 for details. (An animation of this figure is available.)

Yan, X. L., Yang, L. H., Xue, Z. K., et al. 2018, ApJL, 853,

L18

Yang, B., Yang, J., Bi, Y., et al. 2018, ApJ, 861, 135

n  On-disk MR-CC events are identified. Bright emission appears in AIA 171 and 131 Å images, MR-CC shows dark 
absorption feature on the disk. 
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Table 1: General information of the coronal rain events from previous studies.

No. References Date Source Coordinate Position Observations Original SDO Revised

region FM FM

1 Li et al. (2021a) 2011.07.14 Near S40 W02 On-disk SDO; FM-II-2 Yes -

-07.15 AR 11250 Off-limb STEREO

2 Kumar et al. (2021) 2015.04.20 Plage N07 E90 Off-limb SDO FM-II-1; Yes -

2015.04.21 AR 12333 N20 E90 FM-II-2

2015.01.09 AR 12261 S11 E90

3 Li et al. (2020) 2013.10.18 Quiet Sun S45 E90 Off-limb SDO; FM-II-2 Yes -

-10.19 IRIS

4 Ishikawa et al. (2020) 2014.04.24 AR 12042 N22 W32 On-disk SDO; IRIS FM-II-1 Yes -

5 Froment et al. (2020) 2017.08.28 AR 12674 N10 E90 Off-limb SDO; FM-II-1 Yes FM-II-1

-08.30 SST

6 Li et al. (2019) 2012.01.16 Quiet Sun N50 W90 Off-limb SDO; FM-II-2 Yes -

-01.20 STEREO

7 Kohutova et al. (2019) 2015.12.09 AR 12468 S13 E90 Off-limb SDO; IRIS FM-II-1 Yes FM-II-1

8 Mason et al. (2019) 2015.04.16 Sharp 5437 N00 W90 Off-limb SDO FM-II-1; Yes -

2015.05.04 AR 12333 N22 W90 FM-II-2

2016.02.27 AR 12488 N04 W90

9 Vashalomidze et al. (2019) 2011.10.06 Near N40 E90 Off-limb SDO FM-II-1 Yes FM-II-1

-10.07 AR 11312

10 Li et al. (2018a,b) 2012.01.19 Quiet Sun N50 W90 Off-limb SDO FM-II-2 Yes -

11 Schad (2017, 2018) 2015.12.09 AR 12468 S00 E90 Off-limb SDO; FM-II-1 Yes FM-II-1;

IRIS; DST FM-II-2

12 Auchère et al. (2018) 2012.07.23 AR 11532 S00 E90 Off-limb SDO FM-II-1 Yes FM-II-1;

-07.25 FM-II-2

13 Lacatus et al. (2017) 2015.03.11 AR 12297 S10 E20 On-disk SDO; IRIS FM-I Yes -

14 Verwichte & Kohutova (2017) 2014.08.27 AR 12141 N20 W90 Off-limb SDO; IRIS; FM-II-1 Yes FM-II-1

Hinode

15 Verwichte et al. (2017) 2012.04.16 AR 11461 N17 W90 Off-limb Hinode FM-II-1 Yes FM-II-1

16 Scullion et al. (2016, 2014) 2012.07.02 AR 11515 S17 E14 On-disk SDO; SST FM-II-1 Yes -

2012.07.01 AR 11515 S20 E23 On-disk SDO; FM-I Yes -

2011.09.24 AR 11302 N10 E60 SST

17 Kohutova & Verwichte (2016) 2014.08.25 Near S13 E90 Off-limb SDO; IRIS; FM-II-1 Yes FM-II-1

AR12151 Hinode

18 Reeves et al. (2015) 2014.05.01 AR 12044 S20 W90 Off-limb SDO; IRIS - Yes FM-II-2

19 Antolin et al. (2015) 2010.06.26 AR 11084 S20 E72 Off-limb SST; SDO FM-II-1 Yes FM-II-1

2013.11.29 AR 11903 S15 W90 Off-limb SDO; IRIS;

Hinode

20 Vashalomidze et al. (2015) 2012.02.22 AR 11420 N10 E90 Off-limb SDO; FM-II-1 Yes FM-II-2

STEREO

21 Liu et al. (2015) 2014.05.09 AR 12051 S17 W90 Off-limb SDO; IRIS FM-II-1 Yes FM-II-1

22 Ahn et al. (2014) 2011.09.29 AR 11305 N12 E14 On-disk SDO; NST; FM-II-1 Yes -

STEREO

23 Liu et al. (2012) 2010.11.26 AR 11126 S32 W90 Off-limb SDO - Yes FM-II-2

14 L. P. Li et al.

Table 1: (Continued)

No. Reference Date Source Coordinate Position Observations Original SDO Revised

region FM FM

24 Antolin et al. (2012) 2008.06.10 AR 10998 S07 E63 On-disk SST FM-II-1 No -

2008.06.11 AR 10998 S09 E46

2010.06.27 AR 11084 S19 E65 On-disk SST FM-II-1 Yes

2010.06.28 AR 11084 S19 E45

2010.07.06 AR 11084 S19 W60

25 Antolin & Rouppe van der Voort (2012) 2009.05.10 AR 11017 N18 E90 Off-limb SST; FM-II-1 No -

Hinode

26 Kamio et al. (2011) 2010.10.31 AR 11117 N20 W90 Off-limb SDO FM-II-1 Yes FM-II-2

2010.11.05 AR 11120 N38 W09 On-disk SDO; FM-II-1 Yes -

Hinode

27 Antolin et al. (2010); 2006.11.09 AR 10921 S06 W80 Off-limb Hinode FM-II-1 No -

Antolin & Verwichte (2011)

28 Zhang & Li (2009) 2007.05.10 Quiet Sun S02 E90 Off-limb STEREO; FM-II-1 No -

Hinode

29 O’Shea et al. (2007) 2003.03.21 AR 10314 S13 W90 Off-limb TRACE; FM-II-1 No -

SOHO

30 De Groof et al. (2004, 2005); 2001.07.11 AR 9538 N17 E90 Off-limb SOHO; FM-II-1 No -

Müller et al. (2005) BBSO

31 Brosius (2003) 2001.06.15 AR 9502 S26 E48 On-disk SOHO FM-I No -

32 Schrijver (2001) 2000.05.26 AR 9004 N11 W83 Off-limb TRACE FM-II-1 No -

1999.05.29 AR 8531 N17 E90

Notes: In columns 8 and 10, the FM-I denotes the FM for flare-driven coronal rain, and the FM-II-1 and FM-II-2 represent the FM

for quiescent coronal rain separately along the closed and open field lines. The dashed lines in column 8 show that no FM for coronal

rain was clearly provided, and those in column 10 indicate that the coronal rain events are not revisited. See Section 3 for more details.
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n  4 FM-I; 28 FM-II-1; 7 FM-II-2. (Li+, 2021b, RAA, 21, 

255) 

2.6 Revisiting The Formation Mechanism of CR from Previous Studies	



Results	

p  The CR events occurred before the launch of the SDO are not revisited.  

p  The on-disk CR events are not revisited.  

p  The quiescent CR events that have been identified to occur along open structures and the flare-driven 

CR events are not revisited.  

 

n  At last, 15 CR events, mostly suggested to form along non-flaring AR closed loops due to thermal 

nonequilibrium, are selected to recheck their formation mechanism. 

n  After investigating the evolution of these 15 CR events and their magnetic fields and context coronal 

structures, we find that 6 of 15 events could be totally or partially explained by the formation 

mechanism for quiescent CR along open structures facilitated by interchange MR. 



An Example: MR-CC event on 2014 May 1 

MR (upper-left), CC (right), and magnetic fields (lower-left) in a fan-spine active region (Mason+ 2019) 	
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Fig. 2: The coronal rain event on 2010 November 26 (Liu et al. 2012) observed by SDO. (a1) and (a2)

SDO/AIA 171 Å, (b1) and (b2) 131 Å, and (c1) and (c2) 304 Å images, and (d1) and (d2) their composites.

An animation of the unannotated AIA images is available online. It covers 8 hr starting at 02:30 UT on 2010

November 26, with a time cadence of 1 minute. See Section 3.1 for details. (An animation of this figure is

available.)

Fig. 3: Similar to Fig. 1, but for the coronal rain event on 2014 May 1 (Reeves et al. 2015). An animation of

the unannotated AIA 171 Å images is available online. It covers 1 hr starting at 00:00 UT on 2014 May 1,

with a time cadence of 1 minute. See Section 3.2 for details. (An animation of this figure is available.)
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Fig. 4: Similar to Fig. 2, but for the coronal rain event on 2014 May 1 (Reeves et al. 2015). The blue ellipses

in (a1)-(c1) enclose the condensation of coronal plasma in (c1). Same as in Fig. 3, the blue and green dotted

lines in (a3) separately outline the reconnecting and newly reconnected closed and open structures L2 and

L1, and L4 and L3. In (c3), the AIA 304 Å image in the blue rectangle is enlarged in the green rectangle, and

has been enhanced using the MGN technique. The cyan dotted line in the green rectangle in (c3) outlines

the coronal rain falling along the newly reconnected closed loops L4. An animation of the unannotated AIA

images is available online. It covers 6 hr starting at 20:00 UT on 2014 April 30, with a time cadence of 1

minute. See Section 3.2 for details. (An animation of this figure is available.)

Li, L. P., Peter, H., Chitta, L. P., et al. 2020, ApJ, 905, 26 2, 3, 4, 5, 6, 10, 11, 12, 13

Li, L. P., Peter, H., Chitta, L. P., et al. 2021a, ApJ, 910, 82 2, 3, 4, 5, 6, 10, 12, 13

Li, L. P., Peter, H., Chitta, L. P., et al. 2021b, ApJ, 908, 213 7

Li, L. P., & Zhang, J. 2009, ApJ, 690, 347 2

Li, L. P., Zhang, J., Peter, H., et al. 2018a, ApJ, 864, L4 2, 3, 4, 5, 6, 7, 9, 12, 13

Li, L. P., Zhang, J., Peter, H., et al. 2018b, ApJ, 868, L33 3, 4, 5, 6, 12, 13

Liu, W., Berger, T. E., & Low, B. C. 2012, ApJ, 745, L21 5, 6, 13, 15, 16

Liu, W., De Pontieu, B., Vial, J. C., et al. 2015, ApJ, 803, 85 13

18 L. P. Li et al.

Fig. 5: On-disk magnetic fields and context coronal structures observed by SDO on April 26 of the coronal

rain event on May 1 (Reeves et al. 2015), 2014. (a) A SDO/HMI LOS magnetogram, and (b) an AIA 211

Å image. Here, the AIA 211 Å image in (b) has been enhanced using the MGN technique. The blue and

green contours in (a) and (b) enclose the negative and positive magnetic fields at the footpoints of AR loops,

respectively. The cyan solid arrows in (b) denote the loops connecting the negative magnetic fields and the

positive ones that are located to the south. See Section 3.2 for details.
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In this active region, Reeves et 

al. (2015) studied the filament 

eruption and the MR between 

filament and open structures. 
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Fig. 1. Overview of the region-of-interest. (a) HMI continuum image of NOAA AR 12740. The rectangles outlined by the blue, black, green, and
red lines indicate the field-of-views (FOVs) of spectral observations for IRIS rasters 1-2, 3, 4 and 5, respectively. (b) Positions of the STEREO-A
spacecraft in the ecliptic plane at 05:30 UT on 2019 May 8. The target region was simultaneously observed by the STEREO-A and SDO from
two perspectives. (c) An image of IRIS raster scan at Mg ii k 2803.43 Å. The vertical white line indicates the IRIS slit location. (d)-(g) IRIS
spectra along the slit shown in (c). The green horizontal lines mark the location of the sunspot. The two white arrows in (g) indicate the downflow
components of the Mg ii lines. An animation of this figure is available online.

or tower prominence structures (e.g., Liu et al. 2014; Antolin et
al. 2021; Zhou et al. 2021) that flow towards the sunspot region
along overlying large-scale coronal loops (as marked in Figure 5
(b2)). A third type is continuous rain flows originating from a
newly-formed magnetic dip region (as marked in Figure 5 (b))
during Raster 5. Note that a portion of large-scale horizontal
mass flows seem to continuously inject cool material into this
newly-formed dip region.

Magnetic dips are region of upward concavity appearing
upon field lines, in which the cold condensation can settle in and
grow in size. Thus, the appearance of magnetic dips is thought
to be important for the formation and maintenance of promi-
nences/filaments (e.g., Liu et al. 2012; Vial & Engvold 2015;
Chen et al. 2018a). From Fig. 6 and its associated online ani-
mation, we can that a clear coronal condensation process occurs
at the dip region of our interest. This process can be identified
from the EUVI 304 Å, 195 Å, and 171 Å images. The low-
cadence (2 hr) EUVI 171 Å images appear to suggest that the dip
forms during the period of 16:06 UT�18:09 UT. Thanks to the
higher-cadence EUVI 195 Å (5 min) and 304 Å (10 min) obser-
vations, we confirm that the dip first appears at 16:45:30 UT in

the EUVI 195 Å passband (see Fig. 6 (e4)), and evident conden-
sation starts subsequently at 16:56:15 UT (see Fig. 6 (e3)). This
timing suggests the formation of the dip as a possible precur-
sor of the onset of coronal condensation in the nearby region. As
cool materials gradually fill the dip region, continuous rain flows
drain towards the sunspot along high-lying magnetic structures
at about 18:46:15 UT. In the meantime, the dip region experi-
ences a downward motion, temporarily manifesting as one of
the tower or pillar prominence feet (as marked by cyan arrows in
Figs. 5 (a4) and (b4)), which supports that some vertical feet of
prominences may consist of piling-up magnetic dips (e.g., Liu et
al. 2012; Shen et al. 2015). Subsequently, the cool materials also
drain along a set of newly-formed magnetic arches linking the
site below the dip region to the sunspot region around 20:46:15
UT, implying the generation of new loops through reconnection
between the dip region and the lower-lying magnetic field. This
is similar to the coronal condensation phenomena reported by
Li et al. (2018) and Srivastava et al. (2019), in which reconnec-
tion seems to take part in. Figure 6 (f) shows that the EUVI 195
Å (⇠1.6 MK), 171 Å (⇠0.8 MK), and 304 Å (⇠0.08 MK) light
curves in the dip region peak at 17:58 UT, 18:09 UT, and 19:15
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Fig. 4. Sunspot supersonic downflows (SSDs) detected during IRIS Raster 5 and their associated coronal rain events. (a) An IRIS SJI 1400 Å
image. The vertical lines indicate the four slit positions of the 4-step raster scans. SSDs were best detected at the last slit position (the black line).
(b1)-(b3) Temporal evolution of the Si iv 1403 Å, O iv 1401 Å and Mg ii 2796 Å line profiles averaged within the section marked by the green
line shown in (a). The time-averaged spectra are also plotted in the right, and the Doppler shifts of the primary and downflow components are
given. The horizontal dotted lines indicate the wavelengths corresponding to the peak intensities of the two components. (c) The corresponding
coronal rain event in an EUVI 304 Å image from a di↵erent perspective. The (magnetic) dip region is marked by the blue plus sign. (d) Space-time
diagram of EUVI 304 Å intensity for the trajectory “S1" shown in panel (c). The period of the IRIS 4-step rasters is marked by the green solid line
at the bottom. In (a) and (c), the cyan plus signs mark the same heliocentric position after considering the solar rotation, and the yellow dashed
line is the north 11.9 deg altitude line.

as in flares, UV bursts, or Ellerman bombs (e.g., Peter et al. 2014;
Vissers et al. 2015; Tian et al. 2015, 2016). According to the for-
ward modelling results of Pereira et al. (2015), the core-to-wing
ratio of the Mg ii triplet lines is well correlated to the temperature
increase. In the bright dot, the core-to-wing ratio of Mg ii triplet,
reaches up to 4, indicating a temperature increase by ⇠1500 K in
the lower chromosphere (Pereira et al. 2015).

Assuming that SSDs fall downwards into the umbra along
one flux tube and the bright dot occurs at its endpoint, we can
roughly estimate the thermal and kinetic energy flux that pass
through the bright dot. According to (Vernazza et al. 1981), we
assume that the initial chromospheric temperature of the umbra
is around 6.0�7.0 kK in H↵ passbands. If the bright dot in the
umbra undergoes a temperature increase by ⇠1500 K, its tem-
perature (TH↵ ) should reach up to 7.5�8.5 kK. As a result, the
thermal energy flux in the bright dot ( 3

2 nekBTH↵ · vSSD) can be
estimated as 3.9�4.4 ⇥105 erg cm�2 s�1, where kB is Boltzmann

constant and ne is the average density of SSDs (⇠ 1010.4 cm�3).
On the other hand, the kinetic energy flux of SSDs ( 1

2�mv2
SSD)

along the flux tube can be derived as 1.9�3.4⇥107 erg cm�2 s�1,
which is two orders of magnitude higher than the thermal energy
flux in the bright dot. This suggests that a small portion of the re-
leased kinetic energy from SSDs (or falling coronal rain) is suf-
ficient enough to cause these dot-like localized chromospheric
brightenings.

4. Discussion

4.1. Downflow speeds in different spectral lines

In Section 3.2., our spectral analysis reveals that the falling coro-
nal rain flows show almost the same speeds (⇠95 km s�1) in the
O iv 1400/1401 Å and Si iv 1403 Å lines, but demonstrate a
higher speed (⇠135 km s�1) in the Mg ii 2796 Å line. This re-
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Supersonic downflows observed by IRIS (Chen+ 2022, A&A, 659, A107) 	
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Fig. 6. Coronal condensation observed by STEREO-A/EUVI during IRIS Raster 5. (a) 304 Å, (b) 171 Å, (c) 195 Å, and (d) their composite
images. These images are rotated counterclockwise by an angle of 70 deg. The solar disk and the FOV of these images are shown as the white
circle and the green rectangle, respectively. The black rectangle in (d) denotes the FOV of (e). (e) four selected close-in snapshots showing the
evolution of the (magnetic) dip region at the onset of coronal condensation. White arrows mark the dip and associated condensation. (f) Temporal
evolution of the 195 Å (blue), 171 Å (green), and 304 Å (red) intensities integrated over the white box shown in panel (b). The vertical blue, green,
and red dotted lines mark the peak times of the three light curves, respectively. An animation of this figure is available online.

field strength along the sunspot plumes decreases by about 14
times from the chromosphere up to the TR, due to the magnetic
flux conservation.

4.2. Sunspot supersonic downflows: bursty or quasi-steady

It has been long hypothesized that SSDs have an association with
coronal rain or prominence material, due to their coronal origin
and chromospheric properties. However, the existence of long
duration SSD events (over several hours in some cases) and their
sometimes steady spectral character question this hypothesis.
For instance, Straus et al. (2015) argued that the well-known in-
termittency of coronal rain is inconsistent with the stable spectral
nature of such long-lived steady SSDs. To date, despite that sev-
eral previous observations have demonstrated that bursty SSDs
result from impulsive coronal rain (Kleint et al. 2014; Ishikawa
et al. 2020), the long-lived steady SSDs have rarely be attributed
to coronal rain.

In our observations, almost all the identified SSDs appear at
the footpoints of sunspot plumes and are temporally associated
with episodes of coronal rain. Interestingly, the coronal-rain-
induced SSDs we detected in the 5th raster of IRIS (as shown
in Figs. 4 (b1)-(b3)) appear as a secondary redshifted emission
peak, which remains relatively stable between 18:55 UT to 19:30
UT in both TR lines and Mg ii k. Such long-lived and stable spec-

tral character is very similar to that in (Tian et al. 2014; Straus
et al. 2015). Hence, our current results provide strong evidence
that steady SSDs can also be induced by falling coronal rain
flows. We also notice that in a coronal-rain related SSD event in
(Ishikawa et al. 2020), falling rain flows simultaneously result in
steady SSD spectra in TR lines and bursty SSD spectra in chro-
mospheric lines. These observations together support the view
that both bursty and steady SSDs have a common origin: flows
of condensation forming above sunspots due to TNE and/or ther-
mal instability (Antolin 2020).

It is worth noting that in Figs. 4 and 6, condensed materi-
als first accumulate as a transient prominence in a newly-formed
magnetic dip region and thus form a mass reservoir available to
feed a continuous and less-clumpy rain flow. Hence, the pres-
ence of magnetic dips should provide a desirable condition for
the formation of steady SSDs (see also Schad et al. 2021). More-
over, given that the coronal rain flows persistently drain into the
sunspot along di↵erent trajectories in funnel-like magnetic struc-
tures (sunspot plumes), the funnel e↵ect of this magnetic ge-
ometry may further reshape the less-clumpy rain at the coronal
height into a more elongated and stream-like one when reach-
ing the lower atmosphere (Antolin et al. 2015), leading to quasi-
steady redshifted spectral features. In addition, for our case, it
is likely that the di↵erence of the times when two falling blobs
in the rain reach the sunspot is smaller than the sampling ca-
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Fig. 7. On-disk coronal condensation observed by AIA. (a) 211 Å, (b) 193 Å, (c) 171 Å, (d) 131 Å, and (e) 304 Å images. The green dashed
ellipses in (a) and (b) mark the location of the condensation; the red dots in (c) and (d) denote the location of a magetic dip region. (f) Normalized
light curves of the AIA 211 Å (purple), 193 Å (green), 171 Å (brown), 131 Å (cyan), and 304 Å (grey) channels in the red box shown in panel (d).
(g) Space-time diagrams of AIA 193 Å and 171 Å intensities for the trajectory “S2" shown in panel (c). The white dotted line in (g1) represents a
parabolic fit to the track of one coronal rain flow, and the red dash lines indicate the dip region. An animation of this figure is available online.
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Fig. 8. Causal relationship between enhanced localized heating of the chromosphere and coronal rain flows in region B. (a) AIA 304 Å image. At
its right bottom corner, an NVST H↵ image shows the enhanced localized heating of the chromosphere in sunspot. (b) Space-time diagram of AIA
304 Å intensity for the trajectory “Slit A" shown in panel (a). (c) Space-time diagram of NVST H↵ intensity for the trajectory “Slit B" shown in
the H↵ image in panel (a) . The yellow vertical dashed lines in panels (b) and (c) represent the start time (03:31 UT) of the bright dot appearance.
The yellow plus signs in panel (a) and (b) denote the position of the bright dot.

dence of the IRIS slit, which is about half minute in Raster 5
(for the last slit position). This, together with the long exposure
time (7.9 s), ensures that each exposure of IRIS can capture at
least one falling blob. Consequently, the redshifted component is
present in all exposures of IRIS. Therefore, we suggest that in the
sunspot atmosphere, the appearance of steady or bursty SSDs is
not only regulated by its magnetic field topology, but their detec-

tion also depends on the sensitivity and time resolution of IRIS
raster scans.
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n  Spatial and temporal relationship between the CR by MR-CC and the supersonic downflows shows that the 
supersonic downflows originate from the MR-CC.	



dips then form in the former. Coronal plasma surrounding the
dips converges into the dips, resulting in the enhancement
of plasma density in the dips. Triggered by the density
enhancement, thermal instability occurs, and rapid cooling and
condensation of plasma take place in the dips. Cool condensa-
tion in magnetic dips indicates the formation of a filament
(Pneuman 1983; Karpen et al. 2001; Mackay et al. 2010).
Along with the successive reconnection, the part of open
structures, supporting the filament, take part in the reconnection
with the lower-lying loops. Without support from the under-
lying structures, the filament falls to the surface as coronal rain.
It thus represents the transient filament. Moreover, repeated
formations of the transient filament facilitated by repeated
reconnection were reported, indicating that formation of the
transient filament, and the subsequent coronal rain, along open
structures facilitated by reconnection is common in the corona
(Li et al. 2019, 2020, 2021a).

On 2014 August 27, SDO recorded the active region (AR)
12151 in the southern hemisphere; see a Helioseismic and
Magnetic Imager (HMI; Schou et al. 2012) line-of-sight (LOS)
magnetogram in Figure 1(c). In this AR, a sigmoid was formed in
the east; see an AIA 171Å image in Figure 1(a). Subsequently, a
filament appeared in the sigmoid; see AIA 304Å and Kanzelhöhe
observatory (KSO) Hα images separately in Figures 1(b) and (d).
In this Letter, we investigate the formation of the sigmoid and the
subsequent formation of the filament. Our results suggest that the
sigmoid is formed through reconnection between two sets of
loops, and the filament is formed via cooling and condensation of

plasma in the newly reconnected sigmoid. The observations are
described in Section 2. The results and a summary and discussion
are shown in Sections 3 and 4, respectively.

2. Observations

SDO/AIA is a set of normal-incidence imaging telescopes,
acquiring solar atmospheric images in 10 wavelength channels.
Different AIA channels show plasma at different temperatures,
e.g., 94Å peaks at∼7.2 MK (Fe XVII), 335Å peaks at∼2.5 MK
(Fe XVI), 211Å peaks at ∼1.9 MK (Fe XIV), 193Å peaks at
∼1.5 MK (Fe XII), 171Å peaks at ∼0.9 MK (Fe IX),
131Å peaks at ∼0.6 MK (Fe VIII) and ∼10 MK (Fe XXI), and
304Å peaks at ∼0.05 MK (He II). Among them, the
94Å channel is contaminated by warm (mostly around 1 MK)
plasma that also contributes to this channel from the 193 and
171Å channels (Boerner et al. 2012; Li et al. 2015). In this
Letter, we employ AIA 94, 335, 211, 193, 171, 131, and
304Å images, with spatial sampling and time cadence of
0 6 pixel−1 and 12 s, to study the formation of the sigmoid
and the subsequent filament. To better show the evolution, the
AIA images are enhanced by using the Multiscale Gaussian
Normalization (MGN) technique (Morgan & Druckmüller 2014).
Hα images with spatial sampling of 1″ pixel−1, provided by the
KSO, University of Graz, Austria, are utilized to analyze the
evolution of the filament. HMI LOS magnetograms on board the
SDO, with a time cadence of 45 s and a spatial sampling of
0 5 pixel−1, are used to investigate the evolution of associated
photospheric magnetic fields.

Figure 1. General information of the sigmoid and the subsequent filament. (a) SDO/AIA 171 and (b) 304 Å images, (c) SDO/HMI LOS magnetogram, and (d) KSO
Hα image. Here, the AIA images in (a) and (b) have been enhanced using the MGN technique. The blue dotted lines outline the sigmoid and the subsequent filament.
The blue rectangle in (a) denotes the field of view (FOV) of Figures 2, 3, and 4(a)–(b). See Section 3 for details.
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3. Results

AR 12151 was observed by the SDO at heliographic
coordinates S08 E23 on 2014 August 27, containing a leading
sunspot with positive magnetic fields, P1, and the trailing
negative magnetic fields, N1, located to the southeast; see
Figure 1(c). To the east of the AR, positive and negative
magnetic fields, P2 and N2, are detected; see Figure 1(c). From
∼06:30 UT, a sigmoid appeared in AIA 171Å images, outlined
by the blue dotted line in Figure 1(a). It connects the positive
and negative magnetic fields, P1 and N2; see the blue dotted
line in Figure 1(c). From ∼07:00 UT, a filament in the sigmoid
formed in AIA 304Å images; see Figure 1(b). Part of this
filament is also observed in Hα images; see Figure 1(d).

Before the sigmoid occurred in Figure 1(a), two sets of loops,
L1 and L2, separately connecting the positive and negative
magnetic fields P1 and N1, and P2 and N2, are identified; see
Figure 2(a). More loops L1 then appeared, and extended toward
the east; see Figure 2(b). A bright sheet-like structure formed at

the interface of loops L1 and L2, marked by a red solid arrow in
Figure 2(b). Brightenings occurred at the eastern footpoints of
loops L2, rooting at the negative magnetic fields N2, and then
moved upward along the loops, marked by blue solid arrows in
Figures 2(b) and (c). The loops L1, indicated by a cyan solid
arrow in Figure 2(c), disappeared, revealing the background
below, denoted by a green solid arrow in Figure 2(d).
Subsequently, a longer higher-lying twisted sigmoid formed, with
a length of ∼240 Mm, connecting the positive and negative
magnetic fields, P1 and N2; see Figure 1(c) and green and cyan
circles in Figure 2(d). Several threads of the sigmoid are
identified, with a width of ∼2.4Mm; see Figure 2(d). Simulta-
neously, a set of lower-lying shorter loops, L3, connecting the
positive and negative magnetic fields, P2 and N1, appeared; see
Figure 2(d). Subsequently, more threads formed along the
sigmoid, see the animation of Figure 3. All the results support
that the sigmoid is formed via reconnection between loops L1
and L2.

Figure 2. Formation of the sigmoid by reconnection between two sets of loops. (a)–(d) AIA 171 Å images enhanced using the MGN technique. (e) EM and (f)
temperature maps obtained using the DEM analysis. The green and blue contours in (a) enclose positive and negative magnetic fields at the endpoints of loops L1 and
L2, respectively. The blue solid arrows in (b) and (c) mark brightenings at the eastern endpoints of loops L2. The red solid arrow in (b) shows a bright sheet-like
structure. The cyan and green solid arrows in (c) and (d) separately illustrate the loops L1, and the underlying background after their disappearance. The cyan and
green circles in (c)–(f) enclose two endpoints of the sigmoid. The pink lines in (d)–(f) enclose a region of mass injection into the sigmoid from the eastern endpoint. In
(e), the white rectangle shows the FOV of the lower-left insets. The white solid arrows in (e) and (f) mark the sheet-like structure. The FOV is displayed by the blue
rectangle in Figure 1(a). See Section 3 for details.
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Using six AIA EUV channels, including 94, 335, 211, 193,
171, and 131Å, we analyze the evolution of emission measure
(EM) and temperature of the studied loops. Here, we employ the
differential EM (DEM) analysis using “xrt_dem_iterative2.pro”
(Weber et al. 2004; Cheng et al. 2012). Figures 2(e) and (f)
display the EM and temperature maps at 06:00 UT, respectively.
In these figures, enhancements of the EM and temperature,
marked by white solid arrows, are identified at the interface of
loops L1 and L2 from∼05:13 UT, where reconnection, lasting for
more than 2 hr, occurred to heat the plasma. The EM and
temperature also increased at both endpoints of the sigmoid
(regions enclosed by cyan and green circles) from ∼05:15 UT.

Moreover, we found that the region near the eastern endpoint
exhibited increase in EM (region enclosed by pink lines; see the
insets in Figure 2(e)). At the same time, we did not observe a
similar development or expansion of region with increasing EM at
the site of reconnection. This provides evidence for the injection
of material into the sigmoid from the eastern endpoint after the
reconnection.
The sigmoid first appeared in AIA 335Å images from ∼05:35

UT, and then appeared sequentially in AIA 211, 193, 94, 171, and
131Å images; see Figures 3(a)–(f). In AIA 304Å images, dark
condensations formed in the sigmoid since ∼06:40 UT; see
Figure 3(g). Cooling and condensation of plasma in the sigmoid

Figure 3. Formation of the filament by cooling and condensation of plasma inside the sigmoid. (a)–(g) AIA 335, 211, 193, 94, 171, 131, and 304 Å images enhanced
using the MGN technique, and (h) HMI LOS magnetogram. The red and green circles enclose two endpoints of the sigmoid and the subsequent filament. The blue
rectangle in (c) marks the region for the light curves of the AIA EUV channels as shown in Figure 4(d). The red and green rectangles in (e) separately enclose the
region for the DEM curve in Figure 4(c), and the location where the background emission is measured. An animation of the unannotated SDO observations is
available. It covers ∼9.5 hr starting at 04:30 UT, with a time cadence of 1 minute. The FOV is displayed by the blue rectangle in Figure 1(a). See Section 3 for details.
(An animation of this figure is available.)
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are thus clearly identified. Condensations in the sigmoid indicate
the formation of a filament, rooting at the positive and negative
magnetic fields, P1 and N2, denoted by red and green circles
in Figure 3. Those condensations then flow to the filament
endpoints, with speeds of 50–80 km s−1. From ∼07:10 UT, more
condensations formed in the left part of the sigmoid;
see Figure 4(a). They also move to the filament endpoints
bidirectionally; see Figure 4(b). The filament remains stable for
over a day, and part of it appears in Hα images; see Figure 1(d).

In the blue rectangle in Figure 3(c), light curves of the AIA
335, 211, 193, 94, 171, 131, and 304Å channels are calculated,
and displayed in Figure 4(d). Here, the original, rather than the
enhanced, AIA images are employed. As condensations in AIA
304Å images show dark absorption features, the inverse of the
AIA 304Å light curve is used. Intensity increases in all the AIA
EUV light curves, reaches its peak separately at ∼05:57 (335Å),
∼06:20 (211Å), ∼06:31 (193Å), ∼06:36 (94Å), ∼06:50

(171Å), ∼06:54 (131Å), and ∼07:40 UT (304Å), and then
decreases; see the dotted lines in Figure 4(d). This also shows the
cooling process of the sigmoid evidently. Before the peak of the
AIA 335Å light curve, no peak is identified in the AIA 94
(131)Å light curve. The channel that would otherwise be sensitive
to hotter plasma under flaring conditions reaches the peak after
that of the AIA 193 (171) Å light curve. Thus, the sigmoid in the
AIA 94 and 131Å channels, see Figures 3(d) and (f), is indicative
of a warm plasma feature. The sigmoid is heated up to ∼2.5 MK,
the characteristic temperature of the AIA 335Å channel, via
reconnection. It then cools down sequentially to ∼1.9 MK, the
characteristic temperature of the AIA 211Å channel, in 23
minutes; to ∼1.5 MK, the characteristic temperature of the AIA
193Å channel, in 34 minutes; to ∼0.9 MK, the characteristic
temperature of the AIA 171Å channel, in 53 minutes; to
∼0.6 MK, the lower characteristic temperature of the AIA

Figure 4. Temporal evolution of the sigmoid and the subsequent filament. (a) and (b) AIA 211 Å images enhanced using the MGN technique. (c) DEM curve for a
sigmoid region enclosed by the red rectangle in Figure 3(e). (d) Light curves of the AIA EUV channels in the blue rectangle in Figure 3(c). Here, the inverse of the
AIA 304 Å light curve is displayed. In (c), the black line is the best-fit DEM distribution, and the red, green, and blue rectangles represent the regions containing 50%,
51%–80%, and 81%–95% of the Monte Carlo solutions, respectively. The dotted lines in (d) separately mark the peaks of the AIA EUV light curves. The FOV of (a)
and (b) is displayed by the blue rectangle in Figure 1(a). See Section 3 for details.
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3. Summary 
n  A new and alternative formation mechanism for CR facilitated by MR between open and closed magnetic 

structures is proposed (Li+ 2018a, ApJL, 864, L4). 

n  Magnetic energy is mainly converted to wave energy by MR (Li+ 2018b, ApJL, 868, L33). 

n  Repeated MR-CC events are identified, suggesting that they are common phenomena in the solar corona (Li+ 

2019, ApJ, 884, 34). 

n  CR formation mechanism by MR-CC can be used to explain some CR events with curved loop trajectories in 
the  chromospheric and transition region channels (Li+ 2020, ApJ, 905, 26; Li+ 2021b, RAA, 21, 255). 

n  On-disk MR-CC events are investigated (Li+ 2021a, ApJ, 910, 82). 

n  MR-CC can be used to explain the supersonic downflows above the sunspot (Chen+ 2022, A&A, 659, A107). 

n  Filament formed by tether-cutting MR between loops and CC of chromospheric evaporated hot plasma are 
reported (Li+ 2021c, ApJL, 919, L21).  

Thank you! 


