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A B S T R A C T 

We report on the properties of coronal loop foot-point heating with observations at the highest resolution, from the CRisp 

Imaging Spectro-Polarimeter located at the Swedish 1-m Solar Telescope and co-aligned NASA Solar Dynamics Observatory 

observations, of Type II spicules in the chromosphere and their signatures in the extreme ultraviolet (EUV) corona. Here, we 
address one important issue, as to why there is not al w ays a one-to-one correspondence, between Type II spicules and hot coronal 
plasma signatures, i.e. beyond TR temperatures. We do not detect any difference in their spectral properties in a quiet Sun region 

compared to a region dominated by coronal loops. On the other hand, the number density close to the foot-points in the active 
region is found to be an order of magnitude higher than in the quiet Sun case. A differential emission measure analysis reveals a 
peak at ∼5 × 10 

5 K of the order of 10 

22 cm 

−5 K 

−1 . Using this result as a constraint, we conduct numerical simulations and show 

that with an energy input of 1.25 × 10 

24 erg (corresponding to ∼10 RBEs contributing to the burst) we manage to reproduce the 
observ ation very closely. Ho we ver, simulation runs with lower thermal energy input do not reproduce the synthetic AIA 171 Å
signatures, indicating that there is a critical number of spicules required in order to account for the AIA 171 Å signatures in the 
simulation. Furthermore, the higher energy (1.25 × 10 

24 erg) simulations reproduce catastrophic cooling with a cycle duration 

of ∼5 h, matching a periodicity we observe in the EUV observations. 

K ey words: Sun: acti vity – Sun: chromosphere – Sun: corona – Software: simulations – Software: data analysis – Line: profiles. 
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 I N T RO D U C T I O N  

he pre v ailing theories for the heating of coronal acti v e re gions
nclude magnetohydrodynamic waves and magnetic reconnection via 
ano-flaring or braiding motions in the foot-points of flux tubes, plus
ass loading via spicule activity (Cirtain et al. 2013 ; Sri v astav a et al.

017 ; Mart ́ınez-Sykora et al. 2018 ; Vilangot Nhalil et al. 2020 ). Type
I spicules mo v e faster (50 to 150 km s −1 ) and have shorter lifetimes
10 to 150 s) compared to Type I spicules (De Pontieu et al. 2007a ).
nlike Type I spicules they disappear without evidence for down- 

alling material as seen in H α. Ho we v er, the y do show a falling phase
n observations taken with IRIS and AIA filters (Pereira et al. 2014 ;
kogsrud et al. 2015 ). Furthermore, they are also considered as a
otential candidate for coronal heating. Various MHD wave modes 
re also observed in spicules and can contribute to the heating of
he corona. De Pontieu et al. ( 2007b ) suggested that the transverse
scillation of a spicule with respect to its axis is associated with
 E-mail: nived.vilangot.nhalil@armagh.ac.uk (VNN); 
amon.scullion@northumbria.ac.uk (ES); gerry.doyle@armagh.ac.uk 
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lfv ́en waves. Shetye et al. ( 2016 ) reported the presence of torsional
otions in spicules while Sri v astav a et al. ( 2017 ) suggested that

hese motions can be interpreted as torsional Alfv ́en waves that
re associated with high-frequenc y driv ers transferring energy into 
he corona. This energy input is sufficient to heat the corona to

illion degrees. Ho we ver, the processes by which these waves are
enerated and dissipated are unclear. Antolin et al. ( 2018 ) showed
hat the observed motions could also be explained by kink waves
hat trigger the Kelvin–Helmholtz instability (KHI). In this case, the 
HI allows the dissipation of the wave energy through the generated

urbulence. Observations with high spatio-temporal resolution are 
herefore required to understand the properties of spicules in great 
etail and discern the heating mechanisms. Rouppe van der Voort 
t al. ( 2015 ) looked at rapid blue- or red-shifted excursions (RBEs
r RREs) and suggested that at least part of the diffuse halo around
etwork regions can be attributed to Type II spicules. On the other
and, Klimchuk ( 2012 ) suggested that only a small fraction of the
ot plasma can be supplied by spicules. 
The spicule thermal energy is often calculated assuming a Type II
ass density of 3 × 10 −10 kg m 

−3 , a volume based on a cylindrical
eometry with a radius of 100 km and the spicule’s chromospheric
ength as 10 000 km. Considering that the chromosphere is hydrogen
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Figure 1. AIA 171 Å EUV channel image of the target region. The black 
box represents the FOV of the SST observation. The white box bounds the 
region of interest, which includes coronal loops and quiet Sun. 
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1 The data underlying this article were provided by the solar physics group at 
RoCS (University of Oslo) with different aspects reported by Scullion et al. 
( 2015 ). 
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ominated (90 per cent), the number of electrons is approximately
qual to the number of protons. Taking the spicule proton mass,
nd an upper chromosphere temperature of T ∼15 000 K, a thermal
nergy of 1.8 × 10 23 erg can be derived. Assuming a spicule velocity
f 50 km s −1 , the derived kinetic energy is 1.2 × 10 24 erg. Others
av e deriv ed different energy estimates, e.g. De Pontieu et al. ( 2009 )
erived an energy of 10 23 erg for Type II spicules, while Klimchuk
 2012 ) derived 8 × 10 22 erg based on an emission measure (EM)
istribution. Mamedov et al. ( 2016 ) discussed several possibilities
or energy input due to both classical and Type II spicules, which
n some instances are an order of magnitude larger than the abo v e
alues. In a recent work, Samanta et al. ( 2019 ) performed an order-
f-magnitude estimate of the kinetic energy of spicules (1.2 × 10 23 

rg), and the maximum available magnetic energy (2.5 × 10 25 erg) at
he foot-points of spicules based on H α spectral scans and magnetic
eld data from the Goode Solar Telescope. 
Most of these are upper limits as it assumes 100 per cent of the

nergy is converted to heat; using a lower limit of 10–20 per cent
nergy conv ersion giv es between 10 22 erg and a maximum of 10 23 

rg for the spicule thermal energy. 
Type II spicules are omnipresent and carry a large amount of
agnetic energy (Liu et al. 2019 ). Some are found to have on-

isc counterparts and are observed as rapid blue-shifted excursions
RBEs). Sekse et al. ( 2013b ) used a high cadence data set and found
hat the RBE lifetime ranges from 5 to 60 s and their transverse
elocities may reach up to 55 km s −1 . Data from the Interface
egion Imaging Spectrograph indicate increased line broadening,

uggesting that they are heated to at least transition region temper-
tures (Henriques et al. 2016 ). The formation process of Type II
picules is thought to affect the upper atmosphere via flows, waves,
nd shocks. In some instances, they are related to red-blue line
symmetries in UV data, and/or to propagating coronal disturbances
Mart ́ınez-Sykora et al. 2018 ). Yurch ysh yn, Abramenko & Goode
 2013 ) reported that the occurrence of packets of Type II spicules is
enerally correlated with the appearance of new, mixed or unipolar
elds in close proximity to network fields. Samanta et al. ( 2019 )
bserved spicules emerging within minutes of the appearance of
pposite-polarity magnetic flux around dominant-polarity magnetic
eld concentrations showing heating of the adjacent corona. 
In Section 2, we present observations of RBEs from the Swedish

olar Telescope (SST) coupled with simultaneous data from the Solar
ynamics Observatory (SDO). The observed region included both

oop foot-points and a region devoid of warm loops. In Section 3,
e discuss the detection and tracing of the RBEs, while the results

re outlined in Section 4. In Section 5, we outline simulations of
mpulsive heating in a coronal loop. Section 6 discusses the simulated
oronal condensation and implications for coronal heating. 

 OBSERVATIONS  A N D  DATA  R E D U C T I O N  

Risp Imaging Spectro-Polarimeter (CRISP) is an imaging spectro-
olarimeter that includes a dual Fabry–P ́erot interferometer (FPI;
charmer 2006 ). During the observations, CRISP was set to cycle
ontinuously through 41 line positions from 6561.28 Å ( −1.72 Å
rom line centre) in the H α blue wing through line centre to 6564.72

( + 1.72 Å from line centre) in the red wing, in equidistant steps
f 85 m Å. We used 8 exposures per wavelength position. For H α

563 Å, the transmission full width at half-maximum of CRISP is
6 m Å and the pre-filter is 4.9 Å. By applying the Multi-Object
ulti-Frame Blind Deconvolution (MOMFBD: van Noort, Rouppe

an der Voort & L ̈ofdahl 2005 ) image restoration technique, the time
eries images are corrected for residual atmospheric distortions that
NRAS 509, 5523–5537 (2022) 
ere not corrected by the adaptive optics system. We refer to van
oort & Rouppe van der Voort ( 2008 ), Lin, Engvold & Rouppe van
er Voort ( 2012 ), Sekse et al. ( 2013b ), and Scullion et al. ( 2015 ), for
ore details on the post MOMFBD processing applied to the data

nder investigation. The fully processed data were analysed further
ith CRISPEX, a code for analysis of multidimensional data cubes

Vissers & Rouppe van der Voort 2012 ). The pixel size of the H α

mages is 0.0592 arcsec, providing approximately 10 times more
esolving power than that of the SDO/AIA images (0.6 arcsec per
ixel). 
The standard SolarSoft reduction pipeline is applied to the raw

DO/AIA images (Lemen et al. 2012 ). SDO/AIA observes the
un in eight different temperature channels with an uninterrupted
adence of 12 s. The AIA standard reduction uses the following
tages, namely, decompression and reversion, dead-time correction,
ocal gain correction, flat-field correction, cosmic ray removal, and
ot pixel correction. To achieve sub-AIA pixel accuracy in the
o-alignment of AIA with CRISP narrow-band images we cross-
orrelate photospheric bright points in the simultaneous CRISP
ide-band images and AIA continuum ( ∼5000 K) and EUV 171
coincident images. 
An o v erview of the field of view (FOV) of the CRISP observation

s presented in Fig. 1 . The observations 1 were carried out very close
o the limb in the emerging active region NOAA 11084. In Fig. 2 ,
e show the H α blue wing image of the target region observed
y CRISP on 27 June 11:01 UT . The CRISP observation started at
0:58:54 UT on 2010 June 27 and continued till 11:30:01 UT . During
his period, CRISP recorded 208 images of the target region in each
ine position with a cadence of ∼9.02 s. 

The white box o v erlaid on Fig. 2 bounds the region of interest
n this study, which contains dark spicular structures protruding

art/stab3277_f1.eps
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Figure 2. CRISP observation of H α at 6562.3 Å ( −0.7 Å from line centre). 
The white box represents the FOV selected for detecting the RBEs (region 
of interest). The small blue box represents the region used for obtaining the 
reference H α profile. 

o  

v  

1
c
n
i
r  

d  

T
s
a

 

R  

w  

a  

s
T
i  

c  

i
o  

t

3

3

W

i  

t

t  

s
f  

Figure 3. Panel (a) : AIA 171 Å image of the FOV selected for the detection 
of RBEs. Panel (b): Corresponding H α blue wing image. The white line 
separates the region that contain the coronal loop foot-points (R1) and the 
region that does not contain any loops (R2). The pixel scale of the SST is 
a factor of 10 better than AIA. The black lines mark the location of large 
spicule in panels (a) and (b). 
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utwards from the solar surface. In Fig. 3 , we present the detailed
iew of the white box plotted in Fig. 2 and the corresponding AIA
71 Å image. Co-aligned AIA 171 Å images of the region of interest 
an be segmented into two distinct regions based on the intensity, 
amely R1 and R2 as labelled in Fig. 3 . The corresponding AIA 171 Å
mages reveal that region R1 contains coronal loop foot-points while 
egion R2 does not for over a 20 h interval (we should note that R2
oes contain coronal emission, although not as intense as in R1).
his particular FOV provides us with an excellent opportunity to 
tudy whether RBEs affect the coronal loops. This region is cropped 
nd investigated in great detail in the remaining sections. 

From the H α blue wing images, it is clear that regions R1 and
2 both contain RBEs. RBEs appear as a broadening in the blue
ing of H α with an unaffected red wing, therefore they appear as
 dark structure in the blue wing images. Hydrogen lines are very
ensitive to thermal broadening because of the lower atomic mass. 
he thermal broadening can also appear as dark absorbing features 

n the H α blue wing and red wing images. Therefore, one must be
areful while detecting RBEs or RREs. In order to detect the RBEs
n these observations, we developed an automated algorithm based 
n the residual method. The details of the algorithm are provided in
he next section. 

 R B E  DETECTION  A N D  T R AC K I N G  

.1 RBE detection 

e have undertaken the following steps for the detection of RBEs: 

(i) The spectra are normalized with respect to the continuum 

ntensity. A reference profile for the H α line is obtained by averaging
he spectrum in a quiet Sun region, see the blue box in Fig. 2 . 

(ii) Once the reference profile is calculated, the code scans through 
he normalized H α profile of each pixel in the selected FOV and
ubtracts the reference profile from it. This gives a residual profile 
or each pixel in the FOV. In most cases, the residual profile will have
wo peaks; one in the blue wing and the other in the red wing due to
he effects of line broadening. 

(iii) The code then calculates separately in the blue and red wing
he peak value and the wavelength corresponding to the peak by
tting a single Gaussian to the residual profile. By manual inspection,
e defined the RBEs as the pixels with a residual peak above 0.4

corresponding to 13 σ ) in the blue wing. Similarly, the RREs are the
ixels with a residual peak abo v e 0.4 in the red wing. If we have
eaks that are abo v e 0.4 in both the wings, the corresponding pixel
s considered as due to broadening. We also tried values lower than
.4, but this did not affect the number of RBEs in R1 compared to
2. 

In Fig. 4 , we plot the Doppler velocity map for the selected
egion for the first frame in the time series. The Doppler shift was
ound by subtracting the line core wavelength from the wavelength 
orresponding to the residual peak. Since our observations were 
aken very close to the limb, the differential rotation of the Sun can
ffect the velocity measurement. In order to correct for this effect, we
alculated the speed of rotation at the latitude corresponding to the
bservation and subtracted this velocity from the observed Doppler 
 elocity. The blue re gion in the v elocity map represents the RBEs
hile the red region represents the RREs. The white pixels in the map

s where the peak of the residual is less than 0.4 in both wings. The
lack pixels show the location of strong broadening. The Doppler 
ap reveals that there are many more RBEs in region R1 than in
2 . The next step is to obtain and compare the number of RBEs in

egions R1 and R2. 
MNRAS 509, 5523–5537 (2022) 

art/stab3277_f2.eps
art/stab3277_f3.eps


5526 V. N. Nived et al. 

Figure 4. Doppler map of RBEs and RREs. The black line separated the 
regions R1 and R2. The blue region in the velocity map represents the RBEs 
while the red region represents the RREs. The black pixels show the location 
of strong broadening. 

Figure 5. Map of peak value of residual in the blue wing. Bright regions 
represent the location of RBEs. The yellow line depicts the horizontal slit 
chosen for the tracking of RBEs. 

3

T  

r  

o  

t  

t  

p  

t  

e  

R  

a  

t  

h  

b

 

f  

e  

i  

c  

p  

o
 

p  

i  

a
 

l  

t  

b  

t  

c  

c  

a  

e  

w  

s
 

R  

c  

d  

w

4

4

T  

s  

R  

l  

t  

r  

p  

i  

t  

t  

i  

r  

o  

r  

F  

R
 

t  

w  

B  

o  

i  

R  

t  

a  

m  

a  

i  

r  

d  

i  

v  

R  

a  

s

4

N  

i  

m  

t  

m  

M

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/509/4/5523/6427370 by U
niversity of N

orthum
bria user on 11 January 2022
.2 Tracking RBEs 

he main aim of this paper is to study the statistics of RBEs in
egions R1 and R2. In order to do this, we need to track the location
f individual RBEs and their evolution as a function of time. For
his analysis, we used the peak residual map which is created from
he peak of the residual profile in the blue wing. An example of a
eak residual map is shown in Fig. 5 . The bright region is where
he broadening in the blue wing is stronger. Therefore, the local
nhancement in the brightness can be considered as the location of the
BEs. The tracking of the RBEs is carried out along a horizontal slit
t y-location ∼5 Mm as shown in Fig. 5 . This location corresponds
o the location of the highest number of RBEs detected along the
orizontal slit. The main steps of the tracking algorithm are explained
elow. 

(i) The tracking algorithm searches through the horizontal slit
or the local enhancement in the peak residual value. A local
nhancement is defined as the region with a continuous increase
n residual peak in at least 5 neighbouring pixels, followed by a
ontinuous reduction in residual peak in at least 5 neighbouring
ixels; i.e. we select the location of the brightest point as the location
f the RBE. 
(ii) Once the local maximum is identified, the code fits a Gaussian

rofile to the local maximum and calculates the position of the RBEs
n sub spatial resolution. We repeat this process for each time-step
nd track the evolution of the RBEs in space and time. 

(iii) Since the RBEs undergo sideways (horizontal) motions, the
ocation of the RBEs may change significantly from one time step
NRAS 509, 5523–5537 (2022) 
o the next. We imposed a condition that the horizontal shift should
e less than 4 pixels in two consecutive frames. This means that if
he difference in the horizontal position is less than 4 pixels in two
onsecutive frames corresponding to a shift of up to 20 km s −1 , the
ode assumes that the RBE seen in the next frame is the same RBE
s seen in the previous frame. We checked using only 2 pixels that
quates to a shift of only 10 km s −1 . Such a value would mean that
e miss the high-velocity e vents. The disadv antage is that we fail to

eparate nearby RBEs. Overall, 4 pixels is a better choice. 
(iv) Finally, we applied a condition that the minimum lifetime of

BEs should be at least three time-steps. After applying all these
onditions, a time-distance plot for RBEs is obtained. The time-
istance plot can be used to calculate the horizontal mo v ement as
ell as the lifetime of the RBEs. 

 RESULTS  

.1 Number density 

he results obtained by following the RBE tracking scheme are
hown in Fig. 6 . In panel (a), we o v erplot the time-distance plot for
BEs on an AIA 171 Å time-distance map obtained from the same

ocation. The blue dots in panel (a) represent the RBEs detected along
he horizontal slit at y pix = 115 (see Section 3.2 abo v e). The red line
epresents the boundary between the quiet Sun and the loop foot-
oint region in the AIA 171 Å channel. From the time-distance plot,
t is clear that the number of RBEs in the bright region is larger than in
he region of lower brightness. This is further confirmed by plotting
he histograms representing the number density of events as shown
n panel (b). The bin size of the histogram is ∼2.1 Mm. Our analysis
eveals that the loop foot-point region R1 contains on average a factor
f 3 more RBEs than in the quiet Sun region (see Table 1 ). Ho we ver,
egion R1 also contains quiet Sun plasma. Looking at panel (b) in
ig. 6 , we see some locations in R1 which has a factor of 7–9 more
BEs than in region R2. 
The length of the blue dots in the time-distance plot represents

he lifetime of the RBEs. These blue dots are not strictly vertical
hich implies that the RBEs are undergoing horizontal motion.
ased on this, we obtained the lifetime for each RBE and carried
ut a comparison between regions R1 and R2. The results are shown
n Fig. 7 . Panels (a) and (b) present the lifetime histogram for regions
1 and R2, respectively. By comparing these two plots, it is clear that

he lifetime of RBEs in regions R1 and R2 is similar. Ho we ver, there
re very few long-lived events in region R1. Next, we investigated the
aximum value of the transv erse v elocities of RBEs in regions R1

nd R2. Histograms for the maximum transverse velocities of RBEs
n regions R1 and R2 are presented in panels (c) and (d) of Fig. 7 ,
especti vely. As sho wn in panels (c) and (d), there is no significant
ifference in the maximum value of the transv erse v elocities of RBEs
n regions R1 and R2. Finally, we calculated the average Doppler
elocities of RBEs over their lifetime and compared them in regions
1 and R2. The results are shown in Fig. 8 . The results show that the
verage Doppler velocities of RBEs in regions R1 and R2 are also
imilar with a peak Doppler velocity at ∼30 km s −1 . 

.2 Swaying motion 

e xt, we inv estigate the properties of the swaying motion of RBEs
n the quiet Sun and the regions of the loop foot-points. The swaying
otion can be identified from the time-distance plot by estimating

he number of times an RBE reversed the direction of its horizontal
otion. By manually inspecting the time-distance plot, we calculated

art/stab3277_f4.eps
art/stab3277_f5.eps
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Figure 6. Statistics of RBEs in regions R1 and R2. Panel (a): Time-distance 
plot of the RBEs (blue dots) detected along the horizontal slit at y-location 
∼5 Mm o v erlaid on AIA 171 Å time-distance map. Panel (b): Histogram for 
the number of RBEs as a function of horizontal location. The red line in both 
panels separates regions R1 from R2. There is a higher number of RBEs in 
region R1 compared to R2. 

Table 1. RBEs statistics for R1 And R2. 

Region 

Properties R1 R2 
Number/arcsec 7.11 2.81 
Lifetime (s) 82 ± 59 64 ± 36 
Transverse amplitude (km s −1 ) 12.3 ± 4.3 12.3 ± 4.0 
Doppler velocity (km s −1 ) − 30.7 ± 1.3 − 30.7 ± 1.0 
No: of direction change. 2 1 
Inte grated transv erse displacement (km) 435 ± 316 345 ± 201 
Maximum transverse displacement (km) 197 ± 108 197 ± 96 

t  

i
m  

H  

(  

R  

Figure 7. Panel (a): Distribution of lifetime of the RBEs in the loop foot- 
point region (R1) in the AIA 171 Å channel. Panel (b): Distribution of lifetime 
of the RBEs in the quieter region (R2) in the AIA 171 Å channel. Panel (c): 
Distribution of maximum transv erse v elocities in the plane-of-the-sky of the 
RBEs detected in the loop foot-point region (R1). Panel (d): Distribution of 
maximum transverse velocities of the RBEs in the less intense region (R2). 

Figure 8. Panel (a): Distribution of average Doppler velocity in region R1. 
Panel (b): Distribution of average Doppler velocity in region R2. The RBEs 
reverse its direction of horizontal motion (swaying) multiple times during its 
lifetime. The distribution of the number of direction reversals for the RBEs 
detected in R1 and R2 is shown in panels (c) and (d), respectively. 
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he number of sways for 200 RBEs. No smoothing is performed when
nspecting the time-distance track of RBEs. Moreo v er, RBE should 

o v e back-and-forth at least one pixel to be considered as a sway.
istograms for the number of sways of the RBEs are plotted in panels

c) and (d) of Fig. 8 . From the histograms, it is evident that most of the
BEs in R1 and R2 sway 1–2 times during their lifetime. RBEs with
MNRAS 509, 5523–5537 (2022) 
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Figure 9. Panel (a): Lifetime of RBEs as a function of its number of sways in 
re gion R1. P anel (b): Lifetime of RBEs as a function of its number of sways 
in re gion R2. P anel (c): Inte grated transv erse displacement trav elled by RBEs 
as a function of its number of sways for re gion R1. P anel (d): Inte grated 
transverse displacement travelled by RBEs as a function of its number of 
sways for region R2. Panels (e) and (f) show the histograms of the integrated 
transverse displacement of the RBEs in regions R1 and R2 in one sway. Panels 
(g) and (h) show the histograms of the maximum transverse displacement for 
the RBEs in regions R1 and R2. 
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Figure 10. The time evolution of the number of RBEs o v erplotted on 
detrended AIA 171 Å (red) light curve. 
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ero sways, indicating the linear motion, are present in both R1 and
2 regions. In Fig. 9 , panels (a) and (b) we plot the lifetime of RBEs
s a function of the number of sways it underwent. As expected, the
umber of sways increases with the lifetime of RBEs in regions R1
nd R2. Next, we looked at the integrated transverse displacement
ravelled by the RBEs as a function of the number of sways. The
esults are presented in panels (c) and (d). The integrated transverse
isplacement is calculated by adding the absolute value of each
ransverse displacement underwent by an RBE during its lifetime. In
oth regions, there is a clear linear relationship between the number
f sways the RBEs underwent and the horizontal distance it travelled.
istograms of the inte grated transv erse displacement for the RBEs

n regions R1 and R2 are presented in panels (e) and (f), respectively.
he distribution peaks at ∼300 km in both regions. Finally, we also
btained the maximum transverse displacement, which is the distance
etween the two e xtreme transv erse positions, and are presented in
anels (g) and (h). Similar to Sekse, Rouppe van der Voort & De
ontieu ( 2013a ), the maximum transverse displacement obtained
ere is smaller than the inte grated transv erse displacement. This is
xpected since the RBEs are undergoing swaying motion. 
NRAS 509, 5523–5537 (2022) 
.3 Lifetimes, RBE motions 

 study of the properties of the RBEs such as lifetime, Doppler
elocity, horizontal motion, swaying motion reveals that they are
ndistinguishable between regions R1 and R2. Therefore, we confirm
hat the only parameter that differentiates regions R1 and R2 is the
umber density of RBEs. There is a larger number of RBEs in the
oop foot-point region of the AIA 171 Å channel image compared to
he quiet Sun region. 

.4 Heating and periodic oscillations 

he role of RBEs in the heating of these coronal loops can be
nvestigated by searching for heating signatures in AIA channels.

e first detected RBEs in region R1 as explained in Sections 3.1 and
.2, using multiple slits at positions ranging from y pix = 120 (5.1
m) to y pix = 140 (6 Mm). We calculate the median, maximum,

nd average value of the number of RBEs observed in a region
etween 120 and 140 vertical pixels in the SST image to obtain the
pproximate number of RBEs. The time evolution of the median,
aximum and average number of RBEs in the selected range shows

imilar behaviour. 
To check the effect of activity variation of RBEs in the upper

tmosphere, we then calculated the intensity averaged along a
orizontal slit in AIA 171 and 193 Å channel images in region R1.
here is an increase in the RBE number density at a similar location
s a local brightening in the AIA 171 Å. During the reduced RBE
ctivities, the light curve also shows a reduction in intensity. The
IA 171 Å is more strongly correlated to RBE activities than AIA
93 Å. Since there is a time delay in the AIA response, we performed
he correlation analysis for two separate intervals. In the first interval
etween 0 to 14 min, the Pearson correlation coefficient between the
IA 171 Å light curve and RBE activity is 0.62, while for AIA 193 Å

he correlation coefficient is −0.09. In the second interval, between
4 to 30 min the Pearson correlation coefficient for AIA 171 and
93 Å is 0.72, –0.48, respectively. In Fig. 10 , we compare the time
 volution of RBE acti vity with a detrended AIA 171 Å light curve.
ntil 14 min, there is a clear correlation between an enhancement in

he RBE number density and the AIA 171 Å intensity with a Pearson
orrelation coefficient of 0.64. Similar to the previous analysis, we
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Figure 11. Left-hand panel: Panel (a): The time evolution of RBE numbers from 7 to 30 min, where the time starts at 10:58:54 UT on 2010 June 27. Panel (b): 
Local power spectrum. The thick dotted line marks the location of maximum po wer. Panel (c): Global po wer with the 95 per cent confidence lev el o v erplotted. 
The peak at 4.55 min is abo v e this significance lev el. P anel (d): The solid line shows the significance level obtained from randomization while the dash–dotted 
line marks the 95 per cent significance level. Right-hand panel; the equivalent plot for the AIA 171 Å data o v er the time interval of 0 to 30 min. 
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ee a time delay of 2 min in the detrended light curve for the interval
etween 14 to 32 min. This time delay is calculated by the shift
n time which maximizes the correlation coefficient between both 
urves. The correlation coefficient for the second interval is 0.72. 
his may suggest that the energy input from RBEs is significant 
nough to heat the plasma to AIA 171 Å temperatures, i.e. Log 10 T
 5.8. To check this better, we use a wavelet analysis. 
The detection of periodic oscillations and an e v aluation of their

ignificance is a challenging task. The analysis of periodic signals 
hat we carried out in this work represents a synergy of different

ethods: (i) a wavelet analysis (Torrence & Compo 1998 ) using the
orlet wavelet, with and without detrending, (ii) A Fourier transform 

ethod with confidence level estimated from the best fit to the power
pectra. It should be noted here that due to the intrinsic non-stationary
roperties of periodic oscillations (i.e. short lifetime, modulation 
f the oscillation amplitude and/or period) their oscillation energy 
ften gets re-distributed across a number of Fourier harmonics, thus 
owering the statistical significance of periodic oscillations in the 
ourier analysis, e.g. Nakariakov et al. ( 2019 ). 
The main advantage of the wavelet analysis o v er the Fourier

ransform is that it can provide the variation of the dominant period as
 function of time. The results of the wavelet analysis for the average
umber of RBEs is presented in the left-hand panels of Fig. 11 . The
op panel shows the change in RBE number o v er the time interval
f 7 to 30 min, where the data start at 10:58:54 UT on 2010 June
7. This is where the periodic variation is strongest. The local and
lobal power spectrum is shown in the bottom left, right-hand panel,
especti vely. The global po wer spectrum is calculated by averaging
he local power o v er time. The cross-hatched region in the local
ower spectrum map represents the cone of influence (COI) where 
dge effects become important. The COI determines the maximum 

alue of period that can be obtained from the wavelet analysis and it
s shown as a horizontal line in the global power spectrum plot. For
he AIA 171 Å data, detrending was performed to bring out the local
ariation in intensity by subtracting the background from the original 
ight curve, see the right-hand panels of Fig. 11 . The background was
alculated by smoothing the light curv e o v er sev eral time-steps, we
elected ( ∼480 s) which means that any detected period abo v e this
alue was discarded. The background-subtracted light curve is shown 
n the top right panel. 

The wavelet analysis based reveals similar periodicities for the 
BE number density/occurrence frequency and the corresponding 
MNRAS 509, 5523–5537 (2022) 
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Figure 12. Left-hand panel: Panel (a): Detrended AIA 171 Å intensity of 
the loop foot-point region over a ∼27 h interval. Panel (b): Local power 
spectrum. Panel (c): Global power with the 95 per cent confidence level 
o v erplotted. Right-hand panel: P anel (d): The solid line shows the significance 
level obtained from randomization while the dash–dotted line marks the 
95 per cent significance level. 
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ariations in the AIA 171 Å light curve with values of ∼4.55 min
nd ∼5.10 min as shown in Fig. 11 . The significance level for the
BE number density and the AIA 171 Å flux is abo v e 95 per cent. The
ottom panels of Fig. 11 present the significance level obtained from
he Fisher randomization procedure (Linnell Nemec & Nemec 1985 ).
he advantage of the randomization procedure is that the derived
ignificance level is independent of the underlying noise model. The
olid line in panels (d) and (h) is given by (1 − p) × 100 per cent .
ere, the p -value is the probability that there is no periodicity in

he data, which is given by the fraction of permutation that has a
ower greater than or equal to the peak power of the original time
eries. The derived significance value remains around the 100 per cent
evel for all of the time, therefore the periodicity can be considered 
s real. 

The Torrence & Compo ( 1998 ) code assumes red noise for the
ackground noise model, which is a good approximation for a coronal
ime series with a power-la w inde x of −2 (Auch ̀ere et al. 2016 ).
o we ver, observ ations suggest that the power-law exponent varies
etween –1.72 and –4.95 (Inglis, Ireland & Dominique 2015 ; Ireland,
cAteer & Inglis 2015 ). Therefore, the red noise model could lead

o an erroneous estimation of the confidence lev el. To o v ercome this
roblem, we follow the code provided in Auch ̀ere et al. ( 2016 ), which
stimate the 95 per cent global confidence level based on the best fit
o the Fourier power spectra. Here, we fit the data using two different
odels as shown in equations (1) and (2). 

 ( ν) = Aνs + C (1) 

 ( ν) = Aνs + BK( ν, ρ, κ) + C, (2) 

here P is the power and ν is the frequency. The K ( ν, ρ, κ) in
quation (2) is the kappa function. In model 1 (equation 1), we
ssume that the power spectra can be fitted with a simple power law
nd a constant background (white noise). In model 2 (equation 2),
he background power spectra are fitted with an additional kappa
unction. 

To obtain the periodicity in the activities of the RBEs, we
erformed the abo v e wav elet analysis on the time evolution of the
ean, median, and maximum number of RBEs in the selected height

ange. We then performed a similar analysis on the time evolution of
he AIA 171 Å intensities to identify whether a periodicity existed.
 linear detrending was performed on the AIA 171 Å data to bring
ut the local variations. 
The wavelet analysis based on the Auch ̀ere et al. ( 2016 ) code

btains similar periodicities in the RBE number density and in the
orresponding AIA 171 Å intensity. The periodicity obtained from
he Fourier power spectra is the same for the time evolution of the
ean, median, and maximum number of RBEs: ∼4.45 min and they

re well abo v e the 95 per cent confidence level. The periodicity
erived from the time-averaged wavelet spectrum for the mean,
edian, and maximum number of RBEs are 4.54, 4.54, 4.17 min,

espectiv ely. F or the detrended AIA 171 Å light curve, the Fourier
ower spectra peaks at 5.20 min while the time-averaged wavelet
pectra peaks at 5.09 min. The peak in the Fourier spectrum is slightly
elow the 95 per cent confidence level while the peak in the time-
 veraged wa velet spectrum is above the 95 per cent confidence level.

In addition, we have also searched the AIA 171 Å data for evidence
f long-term periods, Fig. 12 shows evidence for a period of 4.6 h,
e return to this in the Discussion section in relation to coronal

ondensation. 
NRAS 509, 5523–5537 (2022) 
.5 Obser v ed regularized AIA DEM distribution 

o interpret the temperature contributions in the AIA FOV for each
UV channel in the coronal loop foot-point location where the
picules are sourced, we applied a differential emission measure
DEM) using the generalized regularized inversion procedure, as
eveloped by Hannah & Kontar ( 2012 ). The DEM ( ξ ( T )) quantifies
he amount of plasma emitting within a certain temperature range
nd relates to the electron density of the plasma ( n e ) as ξ ( T ) =
 

2 
e d V / d T , where V is a volume element that will be determined from

he pixel area of the EM maps and an estimate of the atmospheric
olumn depth. 

Hannah & Kontar ( 2012 ) constructed a model-independent reg-
larization algorithm that makes use of general constraints on the
 v erall form of the DEM versus temperature distribution. Assuming
ptically thin emission in thermal equilibrium, the DEM is related to
he observed data set g i (observed intensity per AIA spectral channel
 per pixel) as 

 i = 

∫ 
T 

K i ξ ( T )d T + δg i , (3) 

here δg i is the associated error on g i and K i is the temperature
esponse function (for AIA in this case). This ill-posed inversion
roblem needs to be stabilized. To do so the algorithm introduces
xtra information by way of a smoothness condition on the AIA
esponse function. By making a prior assumption of the smoothness
actor and inverting the data with regularization (Tihonov 1963 ), the
lgorithm can reliably infer physically meaningful features, which
re otherwise unreco v erable from other model-dependent approaches
uch as forward fitting (refer to Kontar et al. 2004 for more
nformation). This method has the added advantage of providing
rrors on the temperature bins through estimation of confidence
evels when directly calculating the derivatives and then smoothing
o a solution to return the DEM. The regularized inversion directly
olves the minimization problem, relating the data set to the expected
HIANTI (Dere et al. 1997 ; Landi et al. 1999 ) DEM model. We refer

o Hannah & Kontar ( 2012 ) for a full description of the method which
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Figure 13. SDO AIA regularized DEM for bright loop R1 section. The light-blue line represents the model spectrum. 
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as been applied in many cases involving activ e re gion coronal loop
ystems observed with AIA. To derive the DEM, we consider the 
ocation of the brightest pixel in the AIA 171 Å channel, which is
ocated at the bright coronal loop section further along the loop leg
bo v e the path of the spicules. Then, we averaged the intensities of
 pixels (3 × 3) centring on the brightest one. 
It is clear from Fig. 13 that the DEM peaks at 1.6 × 10 22 cm 

−5 K 

−1 ,
t Log 10 T = 5.7 ( ∼5.1 × 10 5 K), i.e. within the peak of the AIA 171 Å
ass-band. There is a smaller contribution from higher temperature 
hannels, arising from the fact that there will be a multithermal line-
f-sight contribution, within this FOV abo v e the activ e re gion close
o the limb. 

 C O RO NA L  L O O P  SIMULATIONS  

imulations of coronal loop hydrodynamics were performed using 
RGOS, a 1D hydrodynamic code that solves the standard set of

quations for mass, momentum, and plasma energy conservation for 
 fully ionized hydrogen plasma with a fully adaptive-grid package 
ARAMESH (Antiochos et al. 1999 ; MacNeice et al. 2000 ). The
ode uses a fully adaptive-mesh-refinement (AMR) grid, that is, 
he spatial resolution of the grid cells varies to adequately resolve 
he computational domain where higher spatial resolution is needed. 
pecifically, the refinement/derefinement of the grid is performed 
ased on the density gradient within a block of grid cells: if the
ensity varies by at least 25 per cent in the block, then that block
s refined (each cell of the block is split into two subcells); if the
ariation is less than 5 per cent then the block is derefined. This
ully adaptive grid is necessary to adequately resolve thin regions of
he computational domain where steep density and/or temperature 
radients could possibly occur (see e.g. Antiochos et al. 1999 ). 
The code is based on the geometry of an arched loop with a total

ength L = 200 Mm and an apex height above the chromosphere of
 ≈ 8 Mm as described in Karpen et al. ( 2001 ) and Spadaro et al.
 2003 ). The loop foot-points include a 60 Mm thick chromosphere
cting as a mass reservoir, with a temperature set to T = 3 × 10 4 K.
ence, the full coronal section of the loop is initially L i = 80 Mm

ong, which is typical of activ e-re gion loops observ ed, for instance,
y TRACE (see e.g. Aschwanden, Nightingale & Alexander 2000 ). 
The only boundary conditions imposed in the simulations are at the 

wo endpoints (rigid wall, fixed temperature), which are located many 
ravitational scale heights deep in the chromosphere to minimize 
heir effect on the simulated plasma evolution in the corona. The
emperature in the chromospheric part of the loop is kept constant
hroughout the run by forcing the radiative loss coefficient to vanish
or T ≤ 29 500 K and by limiting the density used in calculating the
osses to 6 × 10 11 cm 

−3 (see also Spadaro et al. 2003 ). 
An initial equilibrium state must be achieved before applying 

dditional impulsive heating to the foot-points of the loop. Failure to
o this causes the loops to cool to a level where the loops become
nsustainable. This is done by supplying a spatially uniform and 
emporally constant background heating of 2 × 10 −5 erg cm 

−3 s −1 to
he whole loop. The chosen heating rate results in an equilibrium state
ith an apex temperature of about 750 000 K according to the Rosner,
ucker & Vaiana ( 1978 ) scaling law at the end of the relaxation phase.
he background heating is maintained in the chromospheric part of 

he loop throughout the simulation, but it is switched off in the corona
hen additional impulsive heating is supplied, i.e. the heating rate 

s only applied in the chromospheric segments of the loop (0–65
m) and not in the loop segment which we simulate. Therefore, in

he simulations, there is no background heating being applied in the
oronal loop segment for any of the time stamps we report on in all of
he runs. The additional impulsive heating function is modelled using 
 Maxwellian temporal component and an exponentially decaying 
patial component with a scale length of 10 Mm in the corona (for
urther detail, see Susino et al. 2010 ). 

Since we take, by definition, the top of the chromosphere as the
evel at which the plasma drops below 30 000 K, the exact position
f the top of the chromosphere ( s = ±L i /2 from the top of the loop
t the beginning of the simulation, s being the curvilinear coordinate
long the loop) changes during the calculation with the plasma filling
r e v acuating the loop. Hence, during the simulation, we find a ne w
osition for the top of the chromosphere s = ±L f /2 and, consequently,
 ne w v alue of the height of the loop ape x abo v e the T = 3 × 10 4 K
evel. A change in height of the chromosphere is clearly seen in
ig. 14 . For the higher energy run, the top of the chromosphere is

ocated at a height of ∼62 Mm, while for the lower energy run the
op of the chromosphere is at ∼70 Mm. 

The objective of this study is to simulate the coronal response due
o different energy inputs close to the loop foot-points, to investigate
he evolution of the loop temperature and density, and in turn explore
he modelled DEM for a hypothetical RBE to compare with the
MNRAS 509, 5523–5537 (2022) 
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Figure 14. Loop-leg properties from all simulations after loop relaxation 
(after 20 792 s), for 150 s cadence and 60 s bursts, plus 300 s cadence and 
60 s bursts in all energy bands (thick line is lowest energy and thinner line is 
for higher energies). 

Table 2. Simulation properties. 

Burst 
lifetime 

Driver scale 
length 

Pulse 
cadence 

Energy per 
pulse 

Loop 
length Class 

(s) (Mm) (s) (erg) (Mm) 

60 10 150 1.25 × 10 22 200 Steady 
60 10 150 5.25 × 10 22 200 Steady 
60 10 150 1.25 × 10 23 200 Steady 
60 10 150 5.25 × 10 23 200 Steady 
60 10 150 1.25 × 10 24 200 Condensation 

60 10 300 1.25 × 10 22 200 Steady 
60 10 300 5.25 × 10 22 200 Steady 
60 10 300 1.25 × 10 23 200 Steady 
60 10 300 5.25 × 10 23 200 Steady 
60 10 300 1.25 × 10 24 200 Condensation 
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Figure 15. Solid lines : Simulated DEM taken from simulated properties near 
the loop-leg after 20 792 s for two different energy input. Dashed line : SDO 

AIA response function for 171 Å channel for comparison. 
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bservations. We can increase the thermal energy contribution to the
otal energy input as a means to explore the expected loop response
oncurrent with the bright loop section (R1) compared with the dark
oop section (R2), i.e. where we observe up to 10 times more RBEs
er 60 s interval. For this, we have designed a series of simulations
anging from 10 per cent of an RBE thermal energy up to the energy
qui v alent to 10 RBEs where we take the thermal energy for one
BE as 1.2 × 10 23 erg, as derived earlier and in line with numerous
revious studies. 
After the loop has settled in an initial steady state with negligible

lasma velocities (after ∼6.1 × 10 4 s from the start of the simulation),
e turn on an impulsive heating consisting of a sequence of identical

nergy pulses injected into the loop foot-points at a constant cadence.
he pulses have a fixed duration of 60 s, and the total energy provided
er pulse ranges from 10 22 to 10 24 erg. To check the effects of
ulse cadence on the evolution of the coronal loop, we considered
wo different pulse cadence times of 150 and 300 s (see Table 2 ).
urthermore, to reflect the observed evidence that real coronal loops
re not symmetric, we also considered an imbalance between the
eating rates provided at the two foot-points of the loop, the heating
t the right foot-point being 75 per cent of that at the left one.
he energy range was chosen to explore the scenario, whereby only
0 per cent of the RBE thermal energy is converted into heating
NRAS 509, 5523–5537 (2022) 
orresponding to 1.25 × 10 22 erg in a 60 s burst, and the scenario,
hereby 10 times the RBE thermal energy is converted into heating

orresponding to 1.25 × 10 24 erg. Most of the lower energy runs
ettle into a quasi-static equilibrium state . The temperature of the
oop did not show any significant variation between 10 4 to 2 × 10 4 s.
or the runs that show condensations, the cycle repeats with a period
f 5.2 h. 
Fig. 14 shows the output of the simulations and provides the

emperature and density variations along the loop for the 150
nd 300 s cadence runs. First, we can report that the maximum
emperature along the loop leg does not exceed 0.5 MK up to and
ncluding 1.2 × 10 23 erg, for both 150 and 300 s simulations. One
BE energy input (1.2 × 10 23 erg) cannot account for the observed
IA 171 Å emission signatures unless there is a large contribution

nto that pass-band from temperatures lower than 0.5 MK plasma
which could be possible given the broad pass-band of the filter). As
hown by Vanninathan et al. ( 2012 ), the emission at this temperature
omes in part from transition region lines plus a low-temperature tail
f Fe IX 171 Å. For the highest energy run in each series, the emission
eaks at 0.8 MK in agreement with the AIA 171 Å filter. Only the
.2 × 10 23 erg and 1.2 × 10 24 erg simulations (equi v alent to there
eing between 4–9 RBEs per 60 s burst), could possibly account for
he strong emission signatures in the loop in R1. 

In Fig. 15 , we show the DEM following the integration of simu-
ated loop densities o v er the full temperature structure corresponding
o the 60–80 Mm loop-leg section after 20 792 s of temporal
volution. The DEMs are shown for two different energy inputs
orresponding to 1.25 × 10 23 erg and 1.25 × 10 24 erg, in comparison
ith the response function of the AIA 171 Å filter. Note the DEM

or the 1.25 × 10 23 erg simulation (in both 150 and 300 s runs)
s not sufficient for explaining the observed EMs, although, can
ontribute to the pass-band of the AIA 171 Å channel, with a marginal
 v erlap due to plasma with temperatures in the range 2–4.2 × 10 5 K.
o we ver, only the simulations with 1.25 × 10 24 erg (corresponding

o ∼9–10 RBEs contributing to a burst) manage to reproduce a DEM
eak at 0.8 MK of the order of 1 × 10 22 cm 

−5 K 

−1 , matching the
bservation very closely. The 5.25 × 10 23 erg runs (corresponding to
4–5 RBEs per burst) can achieve 0.5 MK, but the resulting DEMs

eak at less than 10 22 cm 

−5 K 

−1 . 
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Figure 16. Column 1 : Temperature evolution of simulated loop for an energy input of 5.25 × 10 23 erg per pulse. Over 5.27 h from the start of the foot-point 
driver becoming steady. Column 2 : Temperature evolution for 1.25 × 10 24 o v er the same duration e xpressing signatures of catastrophic cooling near the loop-top 
and flo w to wards the foot-point. Column 3 : Electron density e volution for 5.25 × 10 23 erg/pulse, same as in Column 1. Column 4 : Electron density evolution 
for 1.25 × 10 24 o v er the same duration expressing signatures of localized condensation near the loop-top followed by flow towards the foot-point. 
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In Fig. 16 , we show the electron temperature and density evolution
 v er a 5.27 h interv al, re vealing the onset of catastrophic cooling
ear the simulated loop-top only in the 1.25 × 10 24 erg run and
ot in the 5.25 × 10 23 erg run. Table 2 indicates which simula-
ions evolve with a thermal instability establishing itself (labelled 
Condensation’) and those that do not undergo thermal instability 
labelled ‘Steady’). The rapid cooling signatures followed by a 
ocalized density increase is followed by mass flo w to wards the
MNRAS 509, 5523–5537 (2022) 
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Figure 17. The evolution of the mass flows along the loop o v er the 5.27 h 
duration of the condensation event. 
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pposing right-side loop foot-point, with respect to the left-side
oop foot-point experiencing the higher energy input. Coronal loops
re generally considered asymmetric in nature. Pressure difference
nduced by the asymmetric heating is responsible for the mo v ement
f cool blobs towards the less heated foot-points. In conclusion,
nly the 1.25 × 10 24 erg simulations (in both 150 and 300 s
uns) presented here provide sufficient coronal loop temperature and
ensity structures that compare closely with the observed loops.
urthermore, only the 1.25 × 10 24 erg simulations result in loops

hat achieve the criteria for thermal instability, leading to mass
ondensations and mass drainage, thereby completing the mass-
ycling between the chromosphere and corona. Due to the inability
f the loop to attain a thermal equilibrium under the specific foot-
oint heating conditions, there is a thermal non-equilibrium. We see
 time-scale of 5.27 h in the simulations from the onset of foot-point
nergy input to the drainage back to the opposing foot-point, which
nderwent a further three cycles during the full time range of the
imulation. 

In Fig. 17 , we show the velocity evolution of the mass flows across
he full length of the loop o v er the 5.27 h duration of the condensation
vent. Throughout the mass cycle, there is a predominant net positive
elocity flow (i.e. from the left foot-point to the right foot-point) that
eaches a maximum of 19 km s −1 , when the mass drainage occurs.
he velocity flows imply motion in the direction of the coronal

ain, i.e. from the loop top towards the less heated foot-point on the
ight, as can be seen from Fig. 16 . Ho we ver, relati vely large positi ve
ows > 10 km s −1 appear throughout the loop after 17 231 s, which

ndicates that a global response of the loop during the condensation
vent (which otherwise appears to be highly localized near the loop-
op when considering only the temperature and density changes).
he strong flows which are present along the full length of the loop,

esult from the strong gradients of pressure that the loop responds
o. As reported previously, e.g. M ̈uller, Hansteen & Peter ( 2003 ),
fter the mass flows reach the rightmost foot-point we can also
etect a rebound shock (with net ne gativ e v elocities of 3–4 km s −1 )
etween 19 008 and 20 792 s that drives mass back towards the loop-
op resulting in an oscillation of the entire loop structure. For an
nergy input of 1.25 × 10 24 erg, we see a 5.27 h periodicity in the
ccurrence of the coronal condensation; with a higher energy input
he periodicity decreases, as reported in similar simulations, e.g.
usino et al. ( 2010 ), with respect to hot loop conditions. 
NRAS 509, 5523–5537 (2022) 
 DI SCUSSI ON  

e use high-resolution observations of Type II spicules obtained
ith CRISP/SST and investigate their contribution to coronal loop

oot-point heating. Type II spicules have been suggested to be a
ajor supplier of mass and energy to the corona. After they fade
ith minor traces of down falling material (such as when observed

n H α), they continue to evolve in AIA (He II 304 Å) and IRIS (Si IV
400 Å, Mg II k) channels and falls back to the surface (Pereira et al.
014 ; Skogsrud et al. 2015 ). A rare case of Type-II spicule has been
bserved by Pereira et al. ( 2014 ), which shows falling material in Ca

I H filtergram several minutes after the disappearance. These studies
uggest that the rapid disappearance of the Type II spicules are indeed
ssociated with heating, at least to transition region temperatures. 

RBEs are the disc counterparts of Type II spicules (Langangen
t al. 2008 ). In H α and Ca II 8542 Å observations, they appear as
 broadening in the blue wing with an unaffected red wing. Here,
e detected such blueward asymmetries using the residual profile
ethod following Rouppe van der Voort et al. ( 2009 ). The lifetime

f the detected RBEs ranges from 30 to ∼200 s. The lower cut-off
rises due to the minimum lifetime condition applied to a v oid false
etection. Pereira, De Pontieu & Carlsson ( 2012 ) studied the Type
I spicule in an activ e re gion using Hinode Ca II H filtergrams and
ound lifetimes to be 60 to 380 s with a mean value of ∼150 s.
sing an extremely high-cadence data (0.88 s), Sekse et al. ( 2013a )

ound RBEs with a lifetime of 5 to 60 s in a quiet Sun region.
alues of Doppler velocities obtained here match with the range
f velocities measured in previous studies of quiet Sun regions.
ote that Doppler measurement is biased by the steep gradient in

he line wing and cannot be regarded as solid line-of-sight velocity
easurement. For RBEs studied in Sekse et al. ( 2013b ), the Doppler

elocity distribution peaks at ∼26 km s −1 while in Rouppe van
er Voort et al. ( 2009 ) the peak is at ∼33 km s −1 . Transverse
roperties of the RBEs obtained here are also in agreement with
revious studies. Similar to De Pontieu et al. ( 2007b ), the maximum
ransv erse v elocity peaks at ∼15 km s −1 . Ho we ver, we do not see
ransv erse v elocities abo v e 20 km s −1 . This is due to the constraint
pplied to differentiate between closely spaced RBEs. The integrated
ransverse displacement of RBEs detected here is larger than the
aximum transverse displacement, which implies that the RBEs

re undergoing swaying motion. The number of sways obtained
y manual inspection reveal that the significant number of RBEs
ndergo 1–2 sways during their lifetime and it is slightly larger
ompared to Sekse et al. ( 2013a ). 

Although we do not see any difference in the spectral properties of
ype II in a quiet Sun region and in foot-points of hot coronal loops,
e find a significant difference, as much as a factor of 10, in their
umber density/occurrence frequency. Looking at the time evolution
ia a wavelet analysis we detect a 5 min periodicity in both the RBE
umber density and the AIA 171 Å intensity. Our observational
ndings are compared with model simulations of coronal loops
erformed with a 1D hydrodynamic code that solves the standard set
f equations for mass, momentum, and plasma energy conservation.
The adopted code simulates the evolution of the loop in response

o a localized impulsive heating at the loop foot-points, with the
im of reproducing the plasma parameters and DEM derived from
IA 171 Å observations. The simulations with an energy input of
.25 × 10 24 erg (corresponding to ∼9–10 RBEs contributing to a
urst) manage to reproduce a DEM peak at 0.8MK of the order of
 × 10 22 cm 

−5 K 

−1 , matching the observation very closely. 
In one case – for 1.25 × 10 24 er g ener gy input at the foot-point
the simulated loop undergoes thermal non-equilibrium (TNE) and
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hermal instability. As shown by, e.g. Antiochos et al. ( 1999 ), Spadaro
t al. ( 2003 ), and Susino et al. ( 2010 ), the occurrence of thermal
nstability, known as catastrophic cooling, during the loop evolution 
nd the formation of plasma condensations, is a consequence of the 
oss of energy balance between the heating provided at the loop 
oot-points and the radiative losses at the loop top. 

Catastrophic cooling is triggered when the e v aporation of chro- 
ospheric plasma caused by the energy supply at the foot-points is

trong enough to cause a substantial increase of the density at the loop
op. If the heating is steady or impulsive with a pulse cadence well
elow the characteristic radiative cooling time of the loop, the plasma 
njected at the loop top has no possibility to drain back: it becomes

ore and more cool as radiative losses become more efficient, and 
 condensation – i.e. a blob of cool plasma – forms. Eventually, the 
ondensation f alls tow ards one of the loop legs under the action of
he gravitational force and the gas pressure gradient force. Note that 
he radiative losses in the solar transition region and corona depend 
trongly on the plasma density – they are indeed proportional to 
he square of the density – and slightly on the temperature – they 
eak around 0.1 MK and then decrease for higher temperatures, see 
.g. Cook et al. ( 1989 ). TNE is a consequence of having a strong
ocalization of the heating towards the foot-points, combined with 
 high occurrence frequency of the heating events compared to the 
adiative cooling time, and the loop is forced to undergo cycles of
eating (e v aporation) and cooling (condensation), kno wn as TNE
ycles (or limit cycles). During the cooling stage of the TNE cycle,
hermal instability can set in locally, leading to the generation of con-
ensations, which appear as coronal rain (Antolin, Vissers & Rouppe 
an der Voort 2012 ). See Antolin ( 2020 ) and Klimchuk ( 2019 ) for a
iscussion on the difference between TNE and thermal instability. 
The simulations presented in this work hav e e xplored a range

f energies (from 1.25 × 10 22 to 1.25 × 10 24 erg per pulse) that
ield loop temperatures at the top between ∼0.3 and 0.8 MK, and
ensities below 10 9 cm 

−3 . In these conditions, the characteristic 
adiative cooling time evaluated using the formulation of Serio et al. 
 1991 ) is al w ays longer than 1700 s (for T < 0.8 MK), implying that
he considered cadence times (150 and 300 s) are al w ays shorter than

1/5 of the cooling time. This situation is similar to that explored
n some simulations presented by Susino et al. ( 2010 ) (see e.g. their
un no: 9 in Table 1 ). The evolution of the loop with the higher
nergy input considered in this work (1.25 × 10 24 erg per pulse, 
orresponding to 9–10 RBEs per 60 s burst) is nearly the same as
hat reported by those authors for similar ener gies (10 24 er g) and
ulse cadence ∼1/4 the estimated cooling time. 
Impulsive heating localized at the loop foot-points with such 

adences results in the formation of a thermal instability along 
he loop. The thermal instability gives rise to plasma conden- 
ation near the loop top, and subsequent drainage back to the 
oot-point, opposing that where the energy burst is released, due 
o the lower gas pressure at the non-heated foot-point. For the 
imulation with pulse cadence of 150 s, the condensation cy- 
le has a total duration of 5.27 h. This is in agreement with
he observed period of 4.6 h present in the AIA data, see 
ig. 12 . 
It should be noted that our numerical investigation is limited to 

D and does not include several factors that could strongly modify 
he TNE onset and its periodicity. For instance, the heating scale 
ength, while justified to some extent by the spicule length, is a
actor that is very hard to accurately estimate. A reduction of this
arameter leads to a significant reduction of the TNE cycle (Froment 
t al. 2018 ). Similarly, the loop’s cross-sectional area expansion 
nd detailed temporal occurrence and energy release of the heating 
vents may alter the TNE evolution (Johnston et al. 2019 ). The match
etween the obtained TNE cycle periodicity and that observed should 
e therefore taken with caution. 
Note that for 1.25 × 10 24 erg, the average density achieved at the

oop top just before the onset of the condensation cycle is a factor of
2 lower than that achieved in the corresponding simulation reported 

y Susino et al. ( 2010 ) ( ∼8 × 10 8 versus ∼2 × 10 9 cm 

−3 ). For lower
nergy inputs, the plasma density at the loop top is even lower – up
o a factor of ∼5 for the loop with the minimum energy input – and
his most likely prevents the onset of thermal instability, even if the
emporal characteristics of the heating regime do not change with 
espect to the simulation with the higher energy input. This yields in
urn a ‘steady’ evolution of the loop, with a slow fluctuation of both
lasma temperature and density inside the loop. 
This slo w e volution is not able to reproduce the DEM derived for

he AIA 171 Å emission band. Only in the case of thermal instability
nd consequent plasma condensation and drainage is a satisfactory 
eproduction of the ‘observed’ DEM is obtained. In this case, the
EM distribution derived from the simulation outcome is able to 
ualitatively fit the peak of the DEM reconstructed from AIA 171 Å
bservations, in terms of magnitude and temperature location. This 
s an indication that Type II spicules associated with at least 4 RBE
er 60 s burst could be responsible for the heating of coronal loops. 

It is worth noting that, ho we ver, as pointed out by Susino
t al. ( 2010 ), the DEM is actually insensitive to the occurrence of
hermal instability, because the sequence of plasma e v aporation, 
ondensation, and draining does not ef fecti vely redistribute the 
lasma o v er the temperature, condensation, and draining. The 
ppearance of the DEM peak around log T � 5.8 for the simulation
ith an energy of 1.25 × 10 24 erg per pulse is a consequence of
 heating regime with pulse cadence time shorter than the plasma
ooling time and energy deposition sufficient to trigger e v aporation
f chromospheric plasma to nearly coronal temperatures observable 
n the 171 Å band-pass of AIA. 

On the other hand, the condensation-drainage-e v aporation cycle 
hat completes the mass cycle between the chromosphere and corona, 
an possibly account for the mass flows observed in coronal rain
Martens & Kuin 1983 ). The heated loop is expected to be detected
rst in the hotter EUV spectral lines, for example in AIA 131 and
11 Å channels. Afterwards, when the loop becomes cool and denser, 
t may become visible in cooler lines such as those sampled in the
IA 171 Å channel (Viall & Klimchuk 2016 ). In the TNE scenario,

he heating events are concentrated towards the loop foot-points. 
f sufficient energy is injected, chromospheric e v aporation should 
ollow. S ¸ahin et al. ( 2019 ) observed tw o w arm coronal loops in AIA
71 Å images. One of these loops was observed to be filled with
lasma, after which the entire loop becomes visible in AIA 171 Å
efore disappearing and reappearing again. This observation supports 
he energy and heat injection (via magnetic reconnection). Li et al.
 2020 ) also show bright emission seen in the loop foot-point in AIA
31 Å and 304 Å images, which corresponds to cool coronal plasma 
mission from almost 1 MK as seen in AIA 171 Å to 0.1 MK in
IA 304 Å. In this case, the cold plasma condensations occur. These

ondensations flow towards the surface of the Sun along the loop
egs, as coronal rain. 

 C O N C L U S I O N S  

sing simultaneous ground and space-based data along with 1D loop 
imulation we study the contribution of RBEs in heating coronal 
oops. The result of this work is summarized as follows. 
MNRAS 509, 5523–5537 (2022) 
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(i) Coronal regions dominated by hot EUV loops have a significant
igher number density of RBEs compared to a nearby quiet Sun
egion. 

(ii) Properties of RBEs such as lifetime, transverse amplitude,
oppler v elocity, inte grated and maximum transv erse v elocity,
umber of directional changes are similar in both the quiet Sun
nd hot EUV loop region. 

(iii) The time evolution of the RBE activity is correlated with the
IA 171 Å light curve. Furthermore, a wavelet analysis reveals that

he time evolution of the number of RBEs matches a 5 min oscillation
s seen in the AIA data. 

(iv) Using 1D hydrodynamic loop simulation with an energy input
f 1.25 × 10 24 erg (corresponding to 10 RBE thermal energy) at
he loop foot-point, we generate hot coronal emission matching the
bserved AIA 171 Å emission. 
(v) Ho we ver, for simulation runs with reduced energy input, say

.25 × 10 22 − 1.25 × 10 23 erg, fails to reproduce the synthetic AIA
71 Å signature. 
(vi) This indicates that there is a loop mass loading requirement

due to a high rate of spicules occurrences at the foot-point of the
oops) to account for the AIA 171 Å signature according to both the
bservations and simulations reported here. 
(vii) The higher energy run of 1.25 × 10 24 erg also produces a

ondensation cycle with a periodicity of ∼5 h in agreement with a
.6 h periodicity observed in the AIA 171 Å data. 

Our study suggests that the thermal energy associated with RBEs
ould be responsible for the heating of coronal loops. 
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