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Revisiting the formation mechanism for coronal rain from previous studies
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Abstract Solar coronal rain is classified generally into two categmrflare-driven and quiescent coronal
rain. The latter is observed to form along both closed andhapagnetic field structures. Recently, we
proposed that some of the quiescent coronal rain evenestdeitin the transition region and chromospheric
diagnostics, along loop-like paths could be explained leyftrmation mechanism for quiescent coronal
rain facilitated by interchange magnetic reconnectionvbeh open and closed field lines. In this study,
we revisited 38 coronal rain reports from the literaturerfithese earlier works, we picked 15 quiescent
coronal rain events out of the solar limb, mostly suggestedctur in active region closed loops due to
thermal nonequilibrium, to scrutinize their formation rhanism. Employing the extreme ultravioletimages
and line-of-sight magnetograms, the evolution of the quéascoronal rain events and their magnetic fields
and context coronal structures is examined. We find thatsimprising 40%, of the 15 quiescent coronal
rain events could be totally or partially interpreted by themation mechanism for quiescent coronal rain
along open structures facilitated by interchange recaimrecT he results suggest that the quiescent coronal
rain facilitated by interchange reconnection between @pehclosed field lines deserves more attention.

Key words: plasmas — instabilities — Sun: corona — Sun: UV radiation —gmnedic reconnection —
Sun: magnetic fields

1 INTRODUCTION Coronal rain is mostly observed out of the solar
limb as plasma emission in chromospheric lines, e.g., H
Solar coronal rain is a well-known and commonly and Ca Il H, and transition region lines, e.g., Si IV, or
observed phenomenon in the solar atmosphgobijjver ~ usually appears on the disk as absorption in chromospheric
2001 Antolin etal. 2012 Scullion etal. 2014 Lietal. lines and extreme ultraviolet (EUV) wavelength channels
2019 2020. It is a most intriguing feature due to (De Groofetal. 20042005 Antolinetal. 2010 2012
its link to coronal heating and magnetic fields, and2019. It is a multithermal structure with temperatures
has been widely investigated (see a reviewAintolin ~ ranging from the chromospheric (a few “K) up to
202Q and references therein). Coronal rain was firstransition region £10° K) temperatures, that generally
discovered in the 1970Kawaguchi 1970Leroy 1973,  represents plasma cooling from even higher temperatures
and defined observationally as coet¥0* K) and dense of over a million Kelvin @Antolin 2020. Coronal rain
(10'°—10'! cm~3) blob-like material that forms in the hot blobs have lengths in the range from a few hundred
(a few MK) corona on a timescale of minutes, and therkm to 1-20 Mm, with peak number values of 0.7-1Mm
falls to the solar surface along curved loop-like paths(Antolin & Rouppe van der Voort 2032 and widths of
(Antolin & Rouppe van der Voort 2032 It hence plays 150-300km Antolin etal. 2013. The material falls to
a fundamental role in the mass cycle between the hothe surface with speeds ranging from a few 10 to a few
tenuous corona and cool, dense chromospheiret@l.  100kms™, with the peak at 80-100km$ (Schrijver
201822019 202Q 2021a Kohutova et al. 2019 2001 Zhang & Li 2009 Antolin & Rouppe van der Voort
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2012. The downward acceleration is less than or aroungKohutova et al. 2019 Same as the flare-driven coronal
100ms?, almost a third of the gravitational value rain, the quiescent coronal rain here forms along closed
(Schrijver 2001 De Groof et al. 200¢ For this observed magnetic field lines. However, different from the flare-
lack in acceleration, one possible explanation is that theriven coronal rain, the quiescent coronal rain is a
gas pressure restructures the downstream of coronal raiacurring (Quasi-periodic) phenomenon with an occurrence
(Oliver et al. 2014Antolin 2020. interval of several hourgAntolin & Rouppe van der Voort
Depending on its relation with the flare, coronal rain2012 Kohutova & Verwichte 2016Auchere et al. 2018
is classified generally into two categories: flare-drivenFromentetal. 2020 This periodicity of quiescent coro-
and quiescent coronal raimigtolin 2020. In addition, Nnal rain may be caused by thermal nonequilibrium
according to the magnetic field structures in which it(Auchere etal. 20L& romentetal. 2020
forms (Lietal. 2020 20213, quiescent coronal rain is , )
sorted into two kinds: one takes place along the non-flaring Repently, a new.IIZM for qwgscent coronal rain alopg
active region (AR) closed coronal loopSdhrijver 2001 open field lines facﬂﬁated by interchange reconnection
Antolin et al. 2010, and the other occurs along the open(Iabeled as FM-11-2 in Tabld)_ was p_roposedm etal.
magnetic structures in both quiet Sun regiohset al. 20183. Inthis FM, the curved higher-lying open struc_tures
20184 and ARs Mason et al. 2019 For these three kinds move dpwn toward the surfacet anq reconnect Wlth the
of coronal rain, different formation mechanisms (FMS)Iower-Iymg closed loops, resulting in the formation of

have been widely investigated (e.ddller et al. 2003 a magnetic dip in the former. The newly reconnected
2004 Scullion etal. 20142016 Lietal. 2018a 2019 closed loops and open structures then appear, and retract

2029 2021a Mason et al. 2019ntolin 2020 away from the reco.nnectlor? reglon.. The coronal plasma
surrounding the dip of higher-lying open structures

converges into the dip, leading to the enhancement of
plasma density in the dip. Triggered by the density
- . . enhancement, thermal instability occurs, and cooling and
rain (labeled as FM-1 in Tabl@), the thermal conduction condensation of hot coronal plasma take place in the dip.

front and beamed nonthermal particles, produced during prominence thus formsAfitiochos & Klimchuk 1991
the flare, heat the chromospheric material quickly, leading,, - o 4 2015 Chen etal. 2020 and then facilitates

to chromqspherlc evaporation and_ then the greatearl speedup of the reconnection. Due to the successive
mass loading of the post-flare loopsi & Zhang 2009 reconnection, the condensation falls to the surface along

Zhang etal. 2016Lietal. 2017 Tian & Chen 2018 At 4o legs of newly reconnected closed loops and higher-

the top of post-flare loops, when radiative losses excee@,ing open structures as quiescent coronal rainef al.
heating input, thermal instability occur$drker 1953 20182

Field 1965. Due to thermal instability, the hot evaporated
plasma cools and condenses quickly. The cool plasma N associated flare and nonthermal emission is
condensation then falls to the surface, under the effect Qfgiected during the long-term reconnection process. Most
gravity, along the post-flare loops as flare-driven coronajs the magnetic energy may be converted into wave
rain (Scullion et al. 20142018. energy by reconnection as quasi-periodic fast propagating
For the FM of quiescent coronal rain along AR magnetoacoustic waved.i(tal. 2018). The repeated
closed loops (labeled as FM-II-1 in Taklg (Muller etal.  condensation and subsequent coronal rain events along
2003 20049, the heating events, concentrated at (n-open structures facilitated by interchange reconnection
ear) the loop footpoints, result in the chromospherionvere recently reported_{et al. 2019. Such events are
evaporation and direct mass ejections into the loopsbserved with a mean occurrence interval 06.6 hr
(Patsourakos & Klimchuk 200Q&.i et al. 2015. The loops  (Li et al. 202Q. Different from the periodicity of quiescent
hence become hotter and denser quickly, and then coabronal rain along AR closed loops, this repetition of
and condense rapidly due to thermal nonequilibriunguiescentcoronal rain along open structures may be caused
(Antolin etal. 2010. Subsequently, under the effect of by interchange reconnection between open and closed
gravity, the cool condensation falls from the coronastructures Kasonetal. 2019 Lietal. 202Q 20213.
to the surface along one or both legs of the loop€Employing the data from Solar Dynamics Observatory
as quiescent coronal rainAfitolin 2020. Moreover, (SDO;Pesnell et al. 20)2and Solar TErrestrial RElations
along a coronal loop, formation of quiescent coro-Observatory (STEREQKaiser et al. 200BA and B from
nal rain that may be triggered by impulsive heatingdifferent observing angles, the quiescent coronal rain
associated with magnetic reconnection was reportedvents facilitated by interchange reconnection along open

The flare-driven coronal rain frequently appears in
post-flare loopsHrosius 2003Scullion et al. 201420186
Lacatus et al. 2007 For the FM of flare-driven coronal



L.-P. Li et al.: Revisiting Coronal Rain 255-3

structures both on the disk and above the limb wer& METHOD AND OBSERVATIONS
analyzed i et al. 20213
Making use of NASAs Astrophysics Data System

The quiescent coronal rain events along open struchtt ps:// ui . adsabs. harvard. edu), we search
tures facilitated by interchange reconnection take placéor the refereed papers that analyzed coronal rain events
in quiet Sun regions L{etal. 2018z, 2019 202q fromthe years 2000 to 2021, with the key word of coronal
20213. Employing the AR observations, ubiquitous rain. Employing the JHelioviewer softwardller et al.
quiescent coronal rain in the commonly occurring coronaP017, we revisit the evolution of coronal rain events
magnetic topology of a large embedded bipole verystudied inthese papers, and investigate the context corona
near a coronal hole boundary, named raining null poinftructures and magnetic fields and their evolution, to
topologies (RNPT), was presenteMdson etal. 2019 recheck the FM for coronal rain.
Kumar et al. 202}l The rain forms both within the legs In this work, we employ only the SDO/AIA 171,
of closed loops inside the separatrix dome and null31 and 304 images, with a time cadence of 12s and
and at the null and open outer spines, which may bépatial sampling of 0/6 pixel~!, to study the evolution
caused separately by thermal nonequilibrium or/and vi®f the coronal rain events and their context coronal
interchange reconnectioM@son et al. 2019 The FM for ~ structures. Due to their lower time cadences and spatial
quiescent coronal rain along open field lines facilitateds@amplings, EUV images from the Solar and Heliospheric
by interchange reconnection between open and close@bservatory (SOHO) and STEREO are not used. Different

structures I(i et al. 20183 is then further supported by AIA wavelength channels show plasma with different
Mason et al(2019. characteristic temperatures, e.g., B/ {Fe IX) peaks at

~0.9 MK, 1314 (Fe VIl and Fe XXI) peaks at-0.6 MK

Using images and spectra from the Interface Regioand ~10MK and 3044 (He 1) peaks at~0.05MK.
Imaging Spectrograph (IRIe Pontieu et al. 2004we  Helioseismic and Magnetic Imager (HMBchou et al.
analyzed a quiescent coronal rain event along curved loo2012 line-of-sight (LOS) magnetograms on board the
like paths applying transition region and chromosphericSDO, with a time cadence of 45s and spatial sampling
diagnostics I et al. 2020, which would usually fit the of 0.5” pixel~!, and AIA 211A images are employed
framework of heating-condensation cycles due to thermdb analyze the evolution of magnetic fields associated
nonequilibrium in closed loops. However, combining thewith the coronal rain events and their context coronal
observations of IRIS and Atmospheric Imaging Assemblystructures. Here, in order to better examine the evolution
(AIA; Lemen etal. 20120n board the SDO, we found of the coronal rain events and their context coronal
that the IRIS coronal rain actually corresponds to thestructures, some AIA 171, 304 and 2Alimages, e.g.,
downflows of condensation facilitated by interchangein Figuresl, 3-5, 7-9 and12, have been enhanced using
reconnection between open and closed structliiest @l.  the Multiscale Gaussian Normalization (MGN) technique
2020. This suggests that some of the quiescent corongMorgan & Druckmiiller 201%
rain events with curved loop-like paths emitting in
chromospheric and transition region lines could bez REsSULTS
explained by the FM for quiescent coronal rain along open
structures facilitated by interchange reconnection. For the coronal rain previously studied, 38 refereed papers

are selected; see column 2 in Tafiléor details. Among

Observations of coronal rain, including the flare-them, the papers investigating the same coronal rain events
driven and quiescent coronal rain, have been widelyare merged into the same rows; see Nos. 10, 11, 16, 27
analyzed previously (e.gSchrijver 2001 Antolinetal. and 30 in Tablel for examples. In total, there are 32
2012 Scullionetal. 2014 Lietal. 2019 2020. Could rows of papers as listed in Table From these papers,
some of these events, originally interpreted to occur alongeneral information on the analyzed coronal rain events is
AR closed loops, be explained by the FM for quiescenbbtained. In Tablel, column 3 lists the dates of coronal
coronal rain facilitated by interchange reconnection glon rain events, and columns 4 and 5 respectively reveal
open structures? To answer this question, we revisit thegde source regions of coronal rain and their heliographic
coronal rain events to check their FM by investigating thecoordinates. Column 6 signifies whether the coronal rain
evolution of magnetic fields and context coronal structuresoccurred on the disk or out of the limb. The on-disk coronal
The method and observations are described in Seétion rain events are studied in nine papers, including the flare-
The results and a summary and discussion are presenteddriven coronal rain (Nos. 13, 16 and 31), and the quiescent
Sections3 and4, respectively. coronal rain along closed loops (Nos. 4, 16, 22, 24 and
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Table1 General Information on the Coronal Rain Events from Previdtudies
No. Reference Date Source  Coordinate Position Observatiniginal SDO Revised
region FM FM
1) 2 3 () 5) 6 ) (8 9 (19
1 Li et al. (20219 2011.07.14 Near S40 W02 On-disk SDO; FM-1I-2  Yes -
-07.15 AR 11250 Off-limb  STEREO
2 Kumar et al.(2021) 2015.04.20 Plage NO7 E90  Off-limb SDO FM-1I-1;  Yes -
2015.04.21 AR 12333 N20 E90 FM-11-2
2015.01.09 AR 12261 S11E90
3 Lietal. (2020 2013.10.18 QuietSun S45E90 Off-limb SDO; FM-II-2  Yes -
-10.19 IRIS
4 Ishikawa et al(2020 2014.04.24 AR 12042 N22W32 On-disk SDO;IRIS FM-II-1 Yes -
5 Froment et al(2020 2017.08.28 AR 12674 N10E90 Off-limb SDO; FM-1I-1  Yes FMaI
-08.30 SST
6 Lietal. (2019 2012.01.16 Quiet Sun N50 W90 Off-limb SDO; FM-1I-2  Yes -
-01.20 STEREO
7 Kohutova et al(2019 2015.12.09 AR 12468 S13E90 Off-imb SDO;IRIS FM-II-1 Yes MHI-1
Mason et al(2019 2015.04.16 Sharp 5437 NOO W90 Off-limb SDO FM-II-1;  Yes -
2015.05.04 AR 12333 N22 W90 FM-11-2
2016.02.27 AR 12488 NO04 W90
9 Vashalomidze et a(2019 2011.10.06 Near N40 E90  Off-limb SDO FM-1I-1  Yes FM-II-1
-10.07 AR 11312
10 Li et al. (2018ab) 2012.01.19 Quiet Sun N50 W90 Off-limb SDO FM-1I-2  Yes -
11 Schad(2017 2018 2015.12.09 AR 12468 S00E90 Off-limb SDO; FM-II-1  Yes FMij
IRIS; DST FM-11-2
12 Auchere et al(2018 2012.07.23 AR 11532 S00E90 Off-limb SDO FM-1I-1 Yes FMilj-
-07.25 FM-11-2
13 Lacatus et al(2017) 2015.03.11 AR 12297 S10E20 On-disk SDO;IRIS FM-I Yes -
14 Verwichte & Kohutova(2017) 2014.08.27 AR 12141 N20W90 Off-imb SDO;IRIS; FM-II-1  YesFM-II-1
Hinode
15 Verwichte et al(2017) 2012.04.16 AR 11461 N17 W90 Off-limb Hinode FM-II-1  Yes HM1
16 Scullion et al.(2016 2014 2012.07.02 AR 11515 S17E14 On-disk SDO;SST FM-lI-1 Yes
2012.07.01 AR 11515 S20E23 On-disk SDO; FM-I Yes -
2011.09.24 AR 11302 N10E60 SST
17 Kohutova & Verwichte(2016 2014.08.25 Near S13E90 Off-limb SDO;IRIS; FM-lI-1  Yes HMt
AR12151 Hinode
18 Reeves et al2015 2014.05.01 AR 12044 S20W90 Off-imb SDO; IRIS - Yes FM-II-2
19 Antolin et al.(2015 2010.06.26 AR 11084 S20E72 Off-imb SST,SDO FM-IlI-1 Yes M
2013.11.29 AR 11903 S15W90 Off-imb SDO; IRIS;
Hinode
20 Vashalomidze et a(2019 2012.02.22 AR 11420 N10E90 Off-limb SDO; FM-1I-1  Yes FMal
STEREO
21 Liuetal. (2019 2014.05.09 AR 12051 S17W90 Off-imb SDO;IRIS FM-II-1 Yes MHAI-1
22 Ahn et al.(2014) 2011.09.29 AR 11305 NI12E14 On-disk SDO;NST; FM-lI-1 Yes -
STEREO
23 Liuetal. (2012 2010.11.26 AR 11126 S32W90 Off-limb SDO - Yes FM-II-2
24 Antolin et al.(2012 2008.06.10 AR 10998 S07 E63 On-disk SST FM-1I-1  No -
2008.06.11 AR 10998 S09 E46
2010.06.27 AR 11084 S19E65 On-disk SST FM-1I-1  Yes
2010.06.28 AR 11084 S19 E45
2010.07.06 AR 11084 S19 W60
25 Antolin & Rouppe van der Voor2012 2009.05.10 AR 11017 N18E90 Off-limb SST; FM-1I-1  No -
Hinode
26 Kamio et al.(2011) 2010.10.31 AR 11117 N20W90 Off-limb SDO FM-1I-1  Yes FM2I-
2010.11.05 AR 11120 N38WO09 On-disk SDO; FM-II-1  Yes -
Hinode
27 Antolin et al.(2010); 2006.11.09 AR 10921 S06 W80 Off-limb Hinode FM-1I-1  No -

Antolin & Verwichte (2011)
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Table 1 Continued.

No. Reference Date Source  Coordinate Position Observationginal SDO Revised
region FM FM

1) 2 3 () 5) (6) ) (8 9 19

28 Zhang & Li (2009 2007.05.10 QuietSun SO2E90 Off-imb STEREO; FM-l-1 No
Hinode

29 O’Shea et al(2007) 2003.03.21 AR 10314 S13W90 Off-limb TRACE; FM-II-1  No
SOHO

30 De Groof et al(2004 2005; 2001.07.11 AR 9538 N17E90 Off-limb SOHO; FM-II-1  No

Miiller et al.(2005 BBSO
31 Brosius(2003 2001.06.15 AR 9502 S26 E48 On-disk SOHO FM-I No
32 Schrijver(200]) 2000.05.26 AR 9004 N11Ww83 Off-limb TRACE FM-1I-1  No

1999.05.29 AR 8531 N17 E90

In Columns (8) and (10), the FM-I signifies the FM for flareven coronal rain, and the FM-II-1 and FM-II-2 represent tihé fér
quiescent coronal rain respectively along the closed aed &ipld lines. The dashes in Col. (8) indicate that no FM faonal rain was
clearly provided, and those in Col. (10) indicate that thenal rain events are not revisited. See S&fbr more details.

26) and open structures (No. 1), respectively. Moreoverain events are thus not revisited either. Additionallg th
both the on-disk and off-limb coronal rain events werequiescent coronal rain events that have been identified to
investigated inKamio et al.(2011) andLietal. (20213;  occur along open structures as well as the flare-driven
see Nos. 1 and 16 in Tableé. Column 7 shows the coronal rain events are also not revisited. At last, 15
observations that were employed to study the coronal rainoronal rain events, mostly suggested to form along non-
events; see respective papers for more detalils. flaring AR closed loops due to thermal nonequilibrium, are
Column 8 of Tablel indicates the original FM for selected to recheck their FM; see Nos. 5, 7, 9, 11, 12,

coronal rain proposed in the papers. Here, FM-I signifiesm’ 15, 17__21' 23 and 26 in Table Among them two
the FM for flare-driven coronal rain, and FM-II-1 and FM- coronal rain events were studied Amtolin et al. (2013,

[I-2 mean the FM for quiescent coronal rain respectivelySee No. 19 in Tabld. After |nvest|gat|ng_ the e"o"_‘“o_”
along the closed and open field lines: see Sectidor of these 15 coronal rain events and their magnetic fields

more details. IrScullion et al.(2014, both the quiescent and context coronal structures, we find that six events
coronal rain along non-flaring AR closed loops and flare-COUIOI be totally or partially explained by the FM for

driven coronal rain were analyzed: see No. 16 in Tdble quiescent coronal rain along open structures facilitated b

Two kinds of quiescent coronal rains respectively along théntgrchange reconnection; see Nos. 11, 12, 18, 20, 23 and
AR inner closed loops and outer open spines were reporte%l6 in Tablel.

in Mason et al(2019 andKumar et al.(2027), see Nos. 2 )

and 8 in Tablel. In the 38 papers, the flare-driven coronal3-1 Coronal Rain Event on 2010 November 26

rain events were investigated in four papdgosius 2003 |, Liuetal. (2012, condensation of coronal plasma

Scullion et al. 20142016 Lacatus etal. 20)7 see NOS.  |o4ing to the formation of a prominence at magnetic dips
13, 16, and 31 in Tabld. The quiescent coronal rain t 5 yransequatorial loop system, connecting the positive

ev_ents along open structures were studied in seven pap%Fﬁiling polarity of AR 11126 in the south and the diffuse
(Lietal. 2018zb, 2019 202Q 2021a Mason et ?l' 2019 negative polarity in the north, on 2010 November 26
Kumar et al. 202J; see Nos. 1-3, 6, 8 and 10 in Tgtjle ~was presented. In the south of the transequatorial loop,
and those along closed loops were analyzed widely i} ~oronal rain event at the dips of the AR loops was
28 papers; see Tablefor more details. Furthermore, the detected; see No. 23 in Table It slid downward along
FM for coronal rain was not clearly provided itiu et al. the underlying loops with curved pathiig et al. 2013.
(2019 and Reeves et al(2013; see Nos. 18 and 23 in 1he coronal rain event here took place in the non-flaring
Tablel. AR loops. Its FM was, however, not clearly proposed.

The coronal rain events, that occurred before the Examining AIA 171, 131, and 304 images, we
launch of SDO in February 2010, have no associated AlAevisit the evolution of the coronal rain eventlifu et al.
observation. They are therefore not revisited in this study(2012 and its context coronal structures. A set of higher-
Column 9 of Tablel indicates whether the studied coronal lying curved open structures, rooted in AR 11126 and
rain events have associated SDO observations. Moreovéabeled as L1 in Figurel(a), is observed in the AIA
the context coronal structures of coronal rain are diffiult  171A channel. The structures move down toward the
observe on the disk_( et al. 20213. The on-disk coronal surface, and reconnect with the lower-lying closed loops
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Fig.1 Magnetic reconnection between open and closed structdréseccoronal rain event on 2010 November 26
(Liu et al. 2012. (a) and (b) AIA 171A images that have been enhanced applying the MGN technidueblue dotted
lines in (a) outline the higher-lying open structures L1 and lodyémg closed loops L2. Thereen dotted lines in (b)
sepa}rately outline the newly reconnected open structudesnd closed loops L4. An animation of the unannotated AIA
171A images is available online. It covers 4 hr starting at 02:B0on 2010 November 26, with a time cadence of 1
minute. See SecB8.1 for details. (The animation is availablelatt p: / / ww. r aa- j our nal . or g/ docs/ Supp/
nms4932ani mati onl. np4.)
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Fig.2 The coronal rain event on 2010 November Rhi(et al. 2012 observed by SDO. (al) and (a2) SDO/AIA 1K1
(b1) and (b2) 134, (cl) and (c2) 3044 images, and (d1) and (d2) their composites. An animatiothefunannotated
AIA images is available online. It covers 8 hr starting at3UT on 2010 November 26, with a time cadence of 1
minute. See SecB.1 for details. (The animation is availablelatt p: / / ww. r aa- j our nal . or g/ docs/ Supp/
ns4932ani mat i on2. np4.)

that are located in the quiet Sun region to the north oin the dip, bright emission sequentially appears in AlA
AR 11126, denoted by L2 in Figur&(a). The newly 171 and 131A images; see Figurg(al) and (bl). Here,
reconnected closed loops L4 and open structures L3 forrihe AlA 131A emission shows plasma with the lower

in the process, outlined by the green dotted lines ircharacteristic temperature-Q.6 MK) of the AIA 131A
Figure 1(b); see the online animated version of Figdre channel, as no associated emission is detected in the AIA
During the reconnection process, a magnetic dip form&igher temperature channels, such as 94, 335, 211 and
in the higher-lying open structures L1; see Fig@tal).


http://www.raa-journal.org/docs/Supp/ms4932animation1.mp4
http://www.raa-journal.org/docs/Supp/ms4932animation1.mp4
http://www.raa-journal.org/docs/Supp/ms4932animation2.mp4
http://www.raa-journal.org/docs/Supp/ms4932animation2.mp4
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Fig.3 Sirr°1ilar to Fig.1, but for the coronal rain event on 2014 MayRegves et al. 20)5An animation of the unannotated
AIA 171 A images is available online. It covers 1 hr starting at 0000on 2014 May 1, with a time cadence of 1
minute. See Sec8.2 for details. (The animation is availablelatt p: / / ww. r aa- j our nal . or g/ docs/ Supp/
ns4932ani mat i on3. np4.)

193A. Cooling of coronal plasma hence happens in the digdield. Prior to the prominence eruption, a coronal rain
of higher-lying open structures L1. event was observed in the IRIS 137&05Iit-jaw and AlA
Thereafter, bright condensation forms in the dip 0f304 A images, forming a dome shape over the eruption
open structures L1 in AIA 304 images; see Figurg(cl).  Site; see No. 18 in Tablé. The dome-shaped structure
Figure 2(d1) displays the composite of AIA 171, 131 was proposed to be reminiscent of a fan-spine null point
and 3047 images, illustrating the spatial relation among magnetic field configuration. The FM for coronal rain was,
the AIA 171A structures, 13R emission and 304  however, not discussed.
condensation. Along with the successive reconnection, the We revisit the evolution of the coronal rain event
condensation falls toward the surface along legs of thén Reeves et al(2019 and its context coronal structures
newly reconnected closed loops L4 and the higher-lyingitilizing AIA 171, 131 and 304A images. In AIA 171
open structures L1 as coronal rain; see Fig2(e2)—(d2) Aimages, the higher-lying curved open structures, denoted
and the online animated version of Fig@eé\o associated by L1 in Figure3(a), are detected. They move downward
flare is detected during the reconnection and condensatida the surface, and reconnect with the lower-lying closed
process. The coronal rain thus belongs to quiescent coron@ops L2, with the formation of a magnetic dip in the
rain. The evolution of the coronal rain event and its contexformer; see the online animated version of Figue
coronal structures, i.e., the higher-lying open structureThe newly reconnected open structures L3 and closed
L1 and lower-lying closed loops L2, is identical to that loops L4 then form, outlined by the green dotted lines
in Lietal. (2018gb, 2019 202Q 20213. Therefore, we in Figure 3(b). Two sets of closed loops L2 and L4, two
suggest that the coronal rain eventlilu etal. (2012  sets of open structures L1 and L3, and their evolution
could be explained by the FM for quiescent coronal rainndicate a fan-spine null point magnetic field configuration
facilitated by interchange reconnection between open anaf the AR; see Figuré(a3). Bright emission appears in

closed structures. AIA 171 and 131A images sequentially; see Figutéal)
and (b1), and coronal condensations then take place in
3.2 Coronal Rain Event on 2014 May 1 AIA 304 A images at the north edge of the dip of

higher-lying open structures L1; enclosed by the blue
Employing IRIS and AIA observationsReeves etal. ellipses in Figure4(al)—(cl). This indicates the cooling
(2015 examined a small prominence eruption on 2014and condensation process of coronal plasma in the dip. The
May 1. They found evidence of reconnection betweercondensations fall to the surface northward along the leg
the erupting prominence magnetic field and the overlyingf open structures L1 as coronal rain, and move southward
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Fig.4 Similar to Fig.2, but for the coronal rain event on 2014 MayReves et al. 20)5Theblue ellipsesin (al)—(cl)
enclose the condensation of coronal plasma in (c1). SanmeRag.i3, theblue andgreen dotted lines in (a3) respectively
outlir°1e the reconnecting and newly reconnected closed pad structures L2 and L1, and L4 and L3. In (c3), the AIA
304 A image in theblue rectangle is enlarged in th@reen 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@anected closed
loops L4. An animation of the unannotated AlIA images is al#é online. It covers 6 hr starting at 20:00 UT on 2014
April 30, with a time cadence of 1 minute. See S&tP for details. (The animation is available latt p: / / vwwv.
raa- j ournal . org/ docs/ Supp/ ns4932ani mat i on4. np4.)

into the dip along the structures L1 due to the motion 0f2014 April 26, when they were located on the disk. The
dip of structures L1 toward the surface; see Figd(@®2)— negative magnetic fields, enclosed by the blue contours
(d2). Along with the successive reconnection, they alsan Figure 5(a), surrounded by the positive magnetic
propagate along both legs of the newly reconnected closdiklds, outlined by the green contours in Figl@), are
loops L4 to the surface as coronal rain, outlined by thadentified. Here, most of the positive magnetic fields are
cyan dotted line in Figurd(c3); see the online animated located to the west and north of the negative ones, and
version of Figured. Even though the coronal rain event several small positive magnetic field concentrations are
occurs in the AR, all the results are almost the same a®cated to the east and south. This supports the existence
those inLi et al. (20183, in which quiescent coronal rainis of a fan-spine null point magnetic field configuration of
facilitated by interchange reconnection between open anithe AR at coronal heightsHpu et al. 2019 Shen et al.
closed structures. 2019 Lietal. 2021, as depicted in AlA images; see
Figure 4(a3). The open structures L1 are rooted in the

Using HMI LOS magnetograms, we investigate the di i tic fields. located to th h
long-term evolution of magnetic fields associated withSurrounding positive _magne iche S ocated 1o the nor
of the central negative ones. A simultaneous AlA 211

the reconnection structures in the several days before

the coronal rain event on 2014 May 1, and notice thafA‘ image in Figures(b) illustrates the AR closed loops,

the reconnection structures are rooted in AR 12044(_:onnectlng the central negative and surrounding positive

Figure 5(a) displays the magnetic fields of the AR on magnetic fields marked respectively by blue and green
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Fig.5 On-disk magnetic fields and context coronal structuresrobsdoy SDO on April 26 of the coronal rain event on
May 1 (Reeves etal. 20)52014. (a) An SDO/HMI LOS magnetogram, and (b) an AIA 251]mage. Here, the AIA
211A image in (b) has been enhanced applying the MGN technigebllie andgreen contoursin (a) and (b) enclose
the negative and positive magnetic fields at the footpoihsloops, respectively. Theyan solid arrows in (b) signify
the loops connecting the negative magnetic fields with trsétige ones that are located to the south. See Se2for

details.
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Fig.6 Similar to Fig.2, but for the coronal rain event on 2010 October &arfio et al. 2011 An animation of the
unannotated AIA images is available online. It cover3.3 hr starting at 09:45 UT on 2010 October 31, with a time
cadence of 1 minute. See Se8t3 for details. (The animation is available lat t p: / / ww. r aa- j our nal . or g/

docs/ Supp/ ns84932ani nat i on6. np4.)

contours. It affirms that the negative magnetic fieldsmagnetic fields and the positive ones that are located
mostly connect with the positive magnetic fields locatedto the south, are signified by the cyan solid arrows in
to the west and north, and rarely connect with thosd-igure5(b). To the north of the AR, a coronal hole with
located to the south. The loops, connecting the negativpositive magnetic fields alone is detected; see Fig(lng
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Fig.7 Similar to Fig.5, but for the on-disk magnetic fields and context coronalcstmes on October 27 of the coronal
rain event on 2010 October 3Kgmio et al. 201). See Sect3.3for details.
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Fig.8 Similar to Fig.2, but for the coronal rain event on 2012 February ¥ashalomidze et al. 20}5In (a2), the
AIA 171 A image in theblue rectangle is enlarged in thereen rectangle, and has been enhanced applying the MGN
technique. Thgreen dotted linein thegreen rectanglein (a2) outlines the newly reconnected closed loops. An ation

of the unannotated AIA images is available online. It coehs starting at 00:00 UT on 2012 February 21, with a time
cadence of 1 minute. See Se8t4 for details. (The animation is available latt p: / / www. r aa- j our nal . or g/
docs/ Supp/ ns4932ani mat i on8. np4.)

The whole magnetic field configuration, including the Reeves et al(2015 hence forms along outer open spines

embedded bipole and its nearby coronal hole, is consistefdacilitated by interchange reconnection.

with the RNPT inMason et al(2019. Moreover, evidence

of interchange reconnection at the null point between 3 coronal Rain Event on 2010 October 31

the outer open spines and inner closed loops, suggested

in Mason et al.(2019, is clearly found; see the online |, kamio et al. (2013, the temporal evolution of loops

animated version of Figur8. The coronal rain event in i, AR 11117 out of the northwest limb on 2010 October
31 was studied utilizing AIA EUV images. Coronal
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Fig.9 Similar to Fig.5, but for the on-disk magnetic fields and context coronalcstmes on February 25 of the coronal
rain event on February 2¥éshalomidze et al. 20152012. See SecB.4for details.
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Fig.10 Similar to Fig.2, but for the coronal rain event on 2012 July 2u¢here et al. 2018 An animation of the
unannotated AIA images is available online. It containgdat two time periods that cover 3.5 and 2 hr starting at 08:00
and 16:00 UT on 2012 July 24, respectively, with a time cadaid minute. See Se@&.5for details. (The animation is
available aht t p: / / www. r aa- j our nal . or g/ docs/ Supp/ n84932ani mat i on10. np4.)

condensation took place occasionally in the AR loopsnull point magnetic field structure located in AR 11117
and flowed downward to the loop footpoints as coronais observed; see Figuréal). Bright emission appears
rain; see No. 26 in Tabld. It was interpreted in the sequentially in the AIA 171 and 13R channels; see
framework of evaporation-condensation cycles due td-igure 6(al) and (bl). Thereafter, coronal condensation
thermal nonequilibrium, as quasi-periodic upflows fromhappens along the open outer spines, and flows downward
the loop footpoints in the AIA hot channel, e.g., 183 to the surface along the fan surface as quiescent coronal
were detected just after the coronal raika(io etal. rain in the AIA 304A channel; see Figurg(cl) and (c2)
2011. and the online animated version of Fig:eCooling and

Employing AIA 171, 131 and 304 images, we revisit condensation of coronal plasma is evidently identified.

the evolution of the coronal rain event Kamio et al. The long-term evolution of magnetic fields in AR
(2010 and its context coronal structures. A fan-spinel1117 in several days before the coronal rain event on 2010


http://www.raa-journal.org/docs/Supp/ms4932animation10.mp4

255-12 L.-P. Li et al.: Revisiting Coronal Rain

Solar Y (arcsec)

| | | | | |

W W [ 1Y) — —-
(o [=] n [=] n [=]
o o o o o o

-1200 -1100 -1000
Solar X (arcsec)

Fig.11 Similar to Fig.2, but for the coronal rain event on 2015 DecembeS8h@ad 201,72018. An animation of
the unannotated AIA images is available online. It covers Starting at 13:00 UT on 2015 December 9, with a time
cadence of 1 minute. See Se8t6 for details. (The animation is available lat t p: / / ww. r aa- j our nal . or g/
docs/ Supp/ ns4932ani mati onll. np4.)
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Fig.12 Similar to Fig.5, but for the on-disk magnetic fields and context coronakstmes on December 14 of the coronal
rain event on 2015 DecemberSdhad 201,/2018. See Sect3.6for details.

October 31 is investigated using HMI LOS magnetogramskigure7(b) as blue and green contours respectively. Under
On 2010 October 27, the AR magnetic fields on the diskhe fan surface, inner closed loops connecting the central
are displayed in Figur&(a). Central negative magnetic negative and surrounding positive magnetic fields, outline
fields and their surrounding positive ones, marked byespectively by blue and green contours in Figi(t®), are
blue and green contours in Figuréa) respectively, are clearly detected. More (less) loops connect the negative
identified. The embedded bipole constitutes a fan-spineagnetic fields and the positive ones located to the east
null point magnetic field configuration, as displayed in(west). Moreover, a dark region, located to the east of AR,
AlA images; see Figuré. The open outer spines L1 in is identified, showing a coronal hole with only positive
Figure 6 are rooted in the surrounding positive magneticmagnetic fields; see Figuré Similar to Section3.2, an
fields that are located to the east of the central negativembedded bipole and its nearby coronal hole constitute
ones. A simultaneous AIA 218 image is illustrated the RNPT that was proposed Mason et al(2019. The

in Figure 7(b). We overlay the central negative and coronal rain event itKamio et al.(201]) is thus facilitated
surrounding positive magnetic fields in Figuréa) on
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by interchange reconnection between the outer open spinésatures a simultaneous AlA 214 image, in which the

and inner closed loops at the null point. green and blue contours outline the positive and negative
magnetic fields at the loop footpoints, respectively. Glbse
3.4 Coronal Rain Event on 2012 February 22 loops connecting the positive and negative magnetic fields

) . ) are detected; see Figudgb). A coronal hole, with negative
Using AIA 171 and 304 images, Vashalomidze etal. magnetic fields alone, is located to the west of the plage

(2019 studied the temporal evolution of a coronal loop inregion; see Figur®. The magnetic fields and coronal

which coronal rain took place in AR 11420 out of the easlyyctyres of the plage and their nearby coronal hole seem
limb on 2012 February 22; see No. 20 in TalleThey (5 he consistent with those in fig 2 bfason et al(2019

found that the loop disappeared in the AIA IXEthannel ¢ \yere suggested to show fan-spine null point magnetic
and appeared in the AIA 30%channel more than one hour |4 topology. However, different from Sectios2 and
later. The rapid cooling of the loop was therefore observed3_3 the embedded bipole is hardly identified in the plage
The catastrophic cooling due to thermal nonequilibriumregion_ The coronal rain event ivashalomidze et al.
was accompanied by the formation of coronal rain ini301g occurring along open structures may be facilitated
the shape of falling cold blobs along the loop, and was, interchange reconnection between open and closed
suggested to be responsible for the coronal rain formationyi ,ctures in the quiet Sun region, as suggestdd @ al.

However, some blobs of coronal rain occurred below the(20185). Some coronal rain blobs occurring below the
cooling loop. They could be a result of an independenEoo”ng loop then could be easily explained.
heating-condensation cycle occurring in the lower-lying

loop that was unrelated to the higher-lying cooling 100p, 0r3 5 =oronal Rain Event on 2012 July 24
may fall along the newly reconnected loop that was formed
through reconnectiorMashalomidze et al. 2015 In Auchére et al.(2018, the long-term evolution of a
The evolution of the coronal rain event in system of large transequatorial loops and coronal rain
Vashalomidze et al. (2019 and its context coronal in the loops above the east limb during 2012 July 23—
structures is revisited by considering AIA 171, 131 and25 was analyzed employing AIA EUV images; see No.
304A images. A set of curved open structures is observed? in Tablel. The periodic coronal rain was co-spatial
in AIA 171A images, lasting for a long time; see L1 and was in phase with the periodic intensity pulsations
in Figure 8(al) and (a2). They move downward to the of transequatorial loops. They were suggested to be two
surface, and reconnect with the lower-lying closed loopsmanifestations of the same physical process: evaporation-
The newly reconnected closed loops, outlined by a greenondensation cycles resulting from a state of thermal
dotted line in the green rectangle in FiguBéa2), and nonequilibrium Auchere et al. 2013
open structures then form; see the online animated version Using AIA 171, 131 and 304 images, we revisit the
of Figure 8. Bright emission appears sequentially in AIA evolution of the coronal rain event Auchére et al(2018
171 and 13134 images; see Figur8(al)—(a2) and (b1)— and its context coronal structures, and find a set of curved
(b2). Magnetic dips form in the open structures L1; seeopen structures located in the south of the transequatorial
Figure8(al) and (a2), in which bright condensations occuroops in the AIA 171A channel; see L1 in Figurg0al).
in AIA 304 A images; see Figuré(c1). The condensations The open structures L1 move down toward the surface,
fall toward the surface along the leg of open structures LIand form magnetic dips; see the online animated version
and/or the north leg of the newly reconnected closed loopef Figure10. In the dips, bright emission appears in AIA
as quiescent coronal rain; see Fig8(e2). 171 and 134 images sequentially; see Figut§al) and
We investigate the evolution of associated magneti¢bl). In the AIA 304A channel, condensations of coronal
fields in several days after the coronal rain event on 201plasma subsequently happen in the dips, and fall to the
February 22, employing the HMI LOS magnetograms. Thesurface along the leg of open structures L1 as quiescent
magnetic fields on 2012 February 25, when they wereoronalrain; see FigurE)(c1). Cooling and condensations
located on the disk, are displayed in Figs@). They of coronal plasma are clearly identified along the open
belong actually to a plage region, a few days later classifiedtructures.
as AR 11426, rather than the AR 11420, that was located If we would consider the AIA 3042 observations
on the west limb. In the plage region, positive and negativesolely, the coronal rain seems to form totally in the
magnetic fields are observed, enclosed separately by tliransequatorial closed loops due to thermal nonequilib-
green and blue contours in Figu@). The open structures rium. However, combining the evolution of coronal rain
L1 are rooted in the east of the negative magnetic fields thatnd its context coronal structures, we notice that part
are located to the north of the positive ones. Figet® of the coronal rain appears along the open structures
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L1, that are superimposed on the transequatorial closetiagnetic fields, located to the south of the central negative
loops; see Figurd 0. Recently, employing observations ones. A simultaneous AIA 21A image is illustrated in
of the SDO and STEREO from different viewing angles,Figurel2(b). Closed loops, connecting the central negative
Lietal. (2019 suggested that the downward motion of and surrounding positive magnetic fields, see the blue and
higher-lying open structures, in which quiescent coronafireen contours in Figurg2(b), under the fan surface are
rain occurs, represents the reconnection process betwemltentified. A coronal hole, with only positive magnetic
the higher-lying open structures and lower-lying closedields, is located to the southwest of the AR. Similar to
loops, even though the whole reconnection magnetiSections3.2and3.3 the fan-spine null point topology and
structure is not totally detected. We hence propose thats nearby coronal hole constitute the RNP™Mason et al.
part of the coronal rain event iAuchere etal.(2018§  (2019. The coronal rain along open structures L1 is hence
corresponds to the downflows of condensations facilitatefacilitated by interchange reconnection at the null point
by interchange reconnection between open and closdebtween the outer open spines and inner closed loops. It
structures. Moreover, another similar coronal rain events superimposed on the coronal rain originating from the
along the open structures L1 took place late on 2012 Julyransequatorial closed loops. Similar to Sect®s, we
24; see Figuré0(a2)—(d2) and the online animated versionpropose that part of the coronal rain evensichad(2017,
of Figure 10. The coronal rain along open structures2018 could be explained by the coronal rain FM along
therefore occurs repeatedly, similar to those reportedpen structures facilitated by interchange reconnection.
previously inLi et al. (2019 202Q 20213.

4 SUMMARY AND DISCUSSION

3.6 Coronal Rain Event on 2015 December 9 . )
Employing NASA's Astrophysics Data System, 38 refer-

Schad(2017 201§ investigated the evolution of loops in eed papers, analyzing the coronal rain events previously
AR 12468, that was located on the southeast limb, witlfrom 2000 to 2021, are selected; see SecBomong
transequatorial linkage to a distributed plage region & th them, four papers studied the flare-driven coronal rain,
northern hemisphere on 2015 December 9. Coronal raiand 28 and seven papers investigated the quiescent coronal
originating from the transequatorial loops and from therain respectively along the closed and open field lines;
magnetic structures above the AR was evidently detectedee Tablel. After 2010, 15 off-limb quiescent coronal
see No. 11 in Tabld. Similar results toAuchére etal. rain events, mostly suggested to take place due to thermal
(2018 are obtained; see Sectidh5, in Schad (2017  nonequilibriumalong AR closed loops, are chosen to revis-
2018. it the FM for coronal rain; see Secti@ Using AIA 171,

The long-term evolution of the coronal rain event in 131, 304 and 21R images and HMI LOS magnetograms
Schad(2017 2018 and its context coronal structures is on board the SDO, we investigate the evolution of the
revisited, using AIA 171, 131 and 30& images. In the coronal rain events and their magnetic fields and context
south of the transequatorial loops, a set of curved opeooronal structures. Among the 15 quiescent coronal rain
structures is identified in AIA 17A images, denoted by events, six cases could be totally/partially explained by
L1 in Figurell(al). They move down toward the surface.the FM for quiescent coronal rain along open structures
In the AIA 171 and 131A channels, bright emission facilitated by interchange reconnection.
sequentially appears; see Figur(al) and (bl). In the Some of the quiescent coronal rain events, explained
AIA 304 A channel, coronal condensations then take placegriginally by thermal nonequilibrium in closed loops
and fall along the leg of open structures L1 as quiescerdriven by footpoint-concentrated heating events, could
coronal rain; see Figurél(cl) and (c2). These results be interpreted by thermal instability facilitated by in-
indicate the cooling and condensations of coronal plasmgrchange reconnection between open and closed struc-
along the open structures. tures. Recently, employing IRIS and AIA observations,

The long-term evolution of magnetic fields associatedi et al. (2020 found that some of the coronal rain
with the open structures L1 in several days after thesvents in transition region and chromospheric lines along
coronal rain event on 2015 December 9 is analyzedcurved loop-like paths correspond to the downflows of
Figure 12(a) displays the magnetic fields of the AR coronal condensations along open structures facilitated
on 2015 December 14, when the AR was located oy interchange reconnection. In this study, 6 of 15,
the disk. Central negative magnetic fields surrounded bgomprising 40%, selected quiescent coronal rain events
positive ones, enclosed respectively by blue and greeaut of the limb, originally explained mostly in the
contours, are observed, indicating a fan-spine null poinframework of evaporation-condensation cycles due to
topology. The open structures L1 are rooted in the positivéhermal nonequilibrium along the AR closed loops, in fact,
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form totally and/or partially along the open structures;understanding their FMs, more efforts are needed in the
see Section8.1-3.6. As the 15 quiescent coronal rain future.
events revisited here take place generally in the ARs,
and lots of quiescent coronal rain events along opemcknowledgements The authors thank the anonymous
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