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ABSTRACT

Decayless kink oscillations are ubiquitously observed in active region coronal loops with an almost constant amplitude for several
cycles. Decayless kink oscillations of coronal loops triggered by coronal rain have been analysed, but the impact of coronal rain
formation in an already oscillating loop is unclear. As kink oscillations can help diagnose the local plasma conditions, it is important
to understand how these are affected by coronal rain phenomena. In this study, we present the analysis of an event of coronal rain that
occurred on 25 April 2014 and was simultaneously observed by Slit-Jaw Imager (SJI) onboard Interface Region Imaging Spectrograph
(IRIS) and Atmospheric Imaging Assembly (AIA) onboard Solar Dynamic Observatory (SDO). The oscillation properties of the
coronal loop in AIA are investigated before and after the appearance of coronal rain in SJI. We find signatures of decayless oscillations
before and after coronal rain at similar positions to those during coronal rain. The individual cases show a greater amplitude and period
during coronal rain. The mean period is increased by 1.3 times during coronal rain, while the average amplitude is increased by 2
times during rain, in agreement with the expected density increase from coronal rain. The existence of the oscillations in the same
loop at the time of no coronal rain indicates the presence of a footpoint driver. The properties of the observed oscillations during
coronal rain can result from the combined contribution of coronal rain and a footpoint driver. The oscillation amplitude associated
with coronal rain is approximated to be 0.14 Mm. The properties of decayless oscillations are considerably affected by coronal rain,
and without prior knowledge of coronal rain in the loop, a significant discrepancy can arise from coronal seismology with respect to
the true values.
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1. Introduction

Coronal loops are building blocks of the solar corona, and dense
confined plasma gives rise to their brightness (Reale 2010). The
non-thermal velocities, along with up-flows, have been observed
near footpoints of the active region coronal loops, suggesting
footpoint heating (Doschek et al. 2007, Hara et al. 2008). Ther-
mal conduction distributes the footpoint heating to the chro-
mosphere, which heats the plasma, leading to chromospheric
evaporation. The density increases in the corona, which ends up
being thermally imbalanced, with radiative cooling dominating
the heating and driving the loop into a state of thermal non-
equilibrium (TNE) cycle, which is a global state of a coronal
loop (for a detailed review of the TNE cycle, please refer An-
tolin 2020 and Antolin & Froment 2022). During cooling, ther-
mal instability (TI) can set in at a specific density and tempera-
ture value. Due to this process, the loop apex cools down catas-
trophically to chromospheric and transition region temperatures,
forming plasma clumps within a few minutes. These clumps fall
along the loop, guided by the magnetic field lines, and are known
as coronal rain. The first reports of coronal rain date back to the
1970s (Kawaguchi 1970, Leroy 1972), although McMath & Pet-
tit (1938) provide the description of a phenomenon that strongly
resembles coronal rain. When seen on the limb, the coronal rain
clumps appear as bright features in the chromospheric lines such
as Hα (De Groof et al. 2004, De Groof et al. 2005), Ca II H

(Antolin et al. 2010, Antolin & Verwichte 2011) or transition
region lines such as He II, Si IV(De Groof et al. 2005, An-
tolin et al. 2015). They appear as dark structures when observed
on-disk (Antolin et al. 2012). They fall towards the solar sur-
face with acceleration less than free-fall gravitation acceleration,
and numerical simulations indicated increased pressure gradient
downstream of the rain to be one of the reasons (Müller et al.
2004, Antolin et al. 2010, Oliver et al. 2014). Earlier, coronal
rain was considered a sporadic phenomenon with frequency in
days (Schrijver 2001), but recent estimates of occurrence times
using high-resolution observations with the Swedish 1-m Solar
Telescope showed that coronal rain is a common phenomenon of
active regions (Antolin & Rouppe van der Voort 2012). More re-
cently, a strong link between coronal rain and the phenomenon of
long-period intensity pulsations has been established (Auchère
et al. 2018). The latter corresponds to highly periodic EUV pul-
sations observed along coherent structures (such as loops) last-
ing several days (Auchère et al. 2014, Froment et al. 2015), now
understood as the manifestation of TNE cycles in loops (Fro-
ment et al. 2017, 2018, Pelouze et al. 2022). Coronal rain can,
therefore, be recurrent in the same loop bundle with a timescale
of hours. The density of coronal rain clumps varies between
1010 − 1012cm−3 (Antolin et al. 2015) and, on average, have
widths of hundreds of km and lengths reaching up to a few Mm.
The formation of coronal rain carries important observable fea-
tures in the extreme ultraviolet (EUV). As the rain forms, due to
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flux freezing, magnetically enhanced strands strongly emitting
in the UV and EUV can form, linked to the condensation-corona
transition region (CCTR) at the boundaries of the rain. Further-
more, significant compression can occur downstream from the
rain, leading to strongly variable plume-like structures (Antolin
et al. 2022).

Coronal loop oscillations are powerful tools for diagnos-
ing coronal parameters through magnetohydrodynamic (MHD)
seismology. Transverse oscillations in coronal loops have been
interpreted as fast MHD kink waves (Edwin & Roberts 1983,
Roberts et al. 1984). Transition Region and Coronal Explorer
(TRACE) observed the earliest transverse oscillations of coronal
loops in EUV wavelengths (Aschwanden et al. 1999, Schrijver
et al. 1999, Nakariakov et al. 1999). Coronal rain, prominences,
and similar chromospheric flows occurring in the corona have
also been used as tracers of transverse MHD waves (Okamoto
et al. 2007, Ofman & Wang 2008, Antolin & Verwichte 2011,
Kohutova & Verwichte 2016, Verwichte et al. 2017, Verwichte
& Kohutova 2017). Furthermore, the ultra-long period oscilla-
tions (10-30 hr), interpreted in terms of MHD waves, have been
observed in filaments (Foullon et al. 2004, 2009). The first iden-
tification of transverse oscillations in coronal rain was performed
by Antolin & Verwichte (2011) using the Hinode/ Solar Optical
Telescope. These oscillations have amplitudes below 500 km and
periods in the range of 100 to 200 s. The oscillations were inter-
preted as the first harmonic of the standing kink MHD mode be-
cause the amplitude of oscillations was maximum at midway be-
tween the loop apex and footpoint. Coronal loops have been seen
to exhibit persistent low-amplitude oscillations that show no ap-
parent decay over multiple periods, known as decayless kink os-
cillations. They are frequent features in the solar corona (An-
finogentov et al. 2015; Gao et al. 2022; Shrivastav et al. 2024).
The study of Kohutova & Verwichte (2016) revealed the small
amplitude, persistent transverse oscillations of coronal rain with
an average period of 3.4 minutes and amplitude lying between
0.2-0.4 Mm.

Verwichte & Kohutova (2017) reported the first observation
of excitation of kink oscillations by coronal rain. The study in-
dicated that the oscillations become apparent as condensation
forms due to the significant coronal rain mass. Kohutova & Ver-
wichte (2017) performed a 2.5 dimensional numerical MHD
simulation of a coronal loop by introducing low temperature,
high-density condensed mass at the loop top. The loop was dis-
placed downwards, setting up the transverse oscillation. The
study showed that the amplitude of the excited transverse os-
cillations increases with rain mass compared to the total loop
mass. This study also revealed that as the rain blobs fall towards
the loop leg, the period of kink oscillations decreases due to the
temporally varying average density of the loop. The generation
of transverse MHD waves by coronal rain was first studied ana-
lytically by Verwichte et al. (2017). They presented a mechani-
cal model of coronal rain in which the role of the ponderomotive
force arising from the transverse oscillations on the kinematics
of rain blobs was investigated. It was found that the low ampli-
tudes of transverse oscillations previously seen in rain events are
not enough to account for the reduced downward acceleration.
The model indicated that the amplitude of excited transverse os-
cillations due to the rain would depend on various parameters
and be affected by the time scales of rain formation. Although
kink oscillations and coronal rain are common phenomena in
active region loops, the cause-and-effect relationship is unclear.
For instance, although coronal rain can excite transverse MHD
oscillations, it is not clear how common this process is in the
solar corona. We present the observations of transverse oscilla-

tions accompanied by coronal rain and simultaneously observed
by the Slit-Jaw Imager (SJI) and Atmospheric Imaging Assembly
(AIA). We applied the motion magnification technique to mag-
nify transverse oscillations in the AIA channels, which allowed
us to detect and compare the properties of oscillations before,
during, and after coronal rain.

The paper is arranged as follows: Section 2 covers the details
of observation and data. In Section 3, we present the method-
ology, individual cases of oscillations before and after coronal
rain, and a comparison of the average properties of oscillations.
In Section 4, we summarised the work and discussed the possible
scenarios leading to the observed results.

2. Observational data

We studied coronal rain observed by the Slit-Jaw Imager(SJI)
onboard Interface Region Imaging Spectrograph (IRIS; De Pon-
tieu et al. 2014) at the north-east limb on April 25, 2014. IRIS
started observing the region around 00:39 UT and observed the
event in two passbands, 1400 (far-UV) and 2796 (near-UV). The
emission in the SJI 1400 passband is contributed by Si IV emis-
sion lines that form at the transition region temperature of about
63000 K, whereas the SJI 2796 passband is dominated by Mg
II K line core that forms at the chromospheric temperature of
about 10000 K. The dataset has a pixel scale of 0.166′′ pixel−1

and a cadence of 18.7 s. IRIS observations are centered around
[x,y]=[957′′,229′′].

The event is also observed by Atmospheric Imaging Assem-
bly (AIA; Lemen et al. 2012) on board Solar Dynamic Obser-
vatory (SDO; Pesnell et al. 2012). AIA takes full-disk, nearly
simultaneous observation of the Sun in seven EUV narrow-band
filters. AIA has a pixel-scale of 0.6′′ pixel−1 and a cadence of 12
s. AIA data is de-rotated, co-aligned, and brought to the same
pixel scale using aia_prep.pro. Coronal rain condensations are
spotted in AIA 304, dominated by He II (304 Å) emission at ap-
proximately equal to 50,000 K. The loop system was best visible
in the AIA 171 passband (dominated by Fe IX 171.09 Å emis-
sion at 0.7 MK) compared to other AIA channels. Thus, we use
304 and 171 passband images to analyse this event.

Figure 1(a) shows the AIA 171 intensity image processed us-
ing Multi-Gaussian Normalization (MGN) technique (Morgan &
Druckmüller 2014) at 03:15 UT. The green rectangle represents
the field of view (FOV) observed by SJI, and Figure 1(b) shows
a zoomed view of the same FOV with the loop system observed
in AIA 171. Panels (c)-(e) in Figure 1 show the coronal rain in
SJI 1400, 2796 and AIA 304, respectively. A radial gradient fil-
ter similar to a normalizing radial graded filter (Morgan et al.
2006) is applied to SJI 2796, 1400, and AIA 304 intensity images
to enhance off-limb intensity. AIA 171 intensity images look
fuzzy due to the diffused background and foreground emission
(DelZanna & Mason 2003, Viall & Klimchuk 2013) produced in
an active-region coronal loop system with a peak temperature of
about 1.5 MK (Subramanian et al. 2014, Brooks 2019). Although
it is difficult to segregate adjacent loops and their strands, we at-
tempt to separate the loops with diffused emission using unsharp
masking to identify oscillating strands, as shown in Figure 2(b).
The images are convolved with a Gaussian kernel to remove the
noise and then subtracted from the original to identify and en-
hance edges. AIA and SJI channels are aligned by matching the
off-limb features in the near-simultaneous images of SJI 1400
and AIA 304.

Additionally, we utilize data from the Extreme Ultraviolet
Imager (EUVI; Wuelser et al. 2004) onboard the Solar Terrestrial
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Fig. 1. (a) Full disk intensity image of the Sun in AIA 171 processed using MGN technique. The small green box highlights the event location and
FOV of SJI. (b) Zoomed view of the green box in AIA 171 Å with the loop system. (c)-(e) SJI 1400, 2796, and AIA 304 (radial gradient filtered)
images approximately at the same time. The presence of coronal rain in the loops can be seen. The cyan lines mark the position of artificial slits
chosen for generating space-time maps. Slit 8 overlaps the position of a smaller loop. An animation associated with the figure is available.

Relations Observatory (STEREO; Kaiser et al. 2008). The EUVI
captures full disk images of the Sun in four passbands, with a
pixel scale of 1.6 ′′ pixel−1. For our analysis, we rely on the
171 Å images to estimate the three-dimensional geometry of the
loop. During the observation period, EUVI 171 provided only
two images.

3. Analysis and results

3.1. Space-Time (x-t) maps

We placed eight artificial slits over two coronal loops at different
positions to capture oscillations before, during, and after coro-
nal rain. Figure 1(b)-(e) shows the position of slits as cyan lines
orthogonal to the loop in different passbands. Slits 1 to 7 are
placed on the larger loop, while the second loop hosting slit 8 is
smaller. These artificial slits are five pixels wide, and intensity is

averaged across the artificial slit to increase the signal-to-noise
ratio. Figure 3(a) shows the x-t maps for slit 1 in SJI 1400, and
it is evident that different blobs are subjected to transverse oscil-
lations. These x-t maps also indicate that these oscillations are
decayless, and we did not observe any eruption or flare near the
loop system for about 3 hours before the start of IRIS obser-
vation. It is important to highlight that the rain blobs observed
between 02:50-02:56 UT in Figure 3(a) are oscillating in phase,
indicating the potential existence of standing kink oscillations.

To determine oscillation parameters, we estimate the oscillat-
ing thread centre by fitting a Gaussian function over the distance
along the slit at each time step. The centres of best-fit Gaussian
are overplotted with a “plus" sign over time distance maps (see
Figure 3b). We fitted the oscillations using the following rela-
tion.

A(t) = A0 + A1exp
( t
τ

)
sin

(
2πt

P + kt
+ ϕ

)
+ A2t. (1)
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Fig. 2. The left panel shows the AIA 171 intensity image of the small green box shown in Figure 1. The fuzziness of emission is clearly visible.
The right panel shows the unsharp masked inverted image of the same FOV in which loop edges are enhanced.

Fig. 3. (a) x-t maps of Slit 1 near the apex of the loops in SJI 1400 shown in Figure 1. The negative intensity is shown in each map. These x-t
maps show that the different rain clumps oscillate in phase at varying positions of the slits. The decay-less nature of transverse oscillations is also
visible in the x-t maps. (b) The plus signs are centres of the threads over-plotted with the obtained sinusoidal fits, represented by red curves. The
oscillation properties are derived using sinusoidal fits.

Where A0 is the mean position, A1 is displacement amplitude, P
is time period, ϕ is the phase, A2 is a constant parameter for lin-
ear trend, k is a coefficient for the linear increase or decrease in
the period of oscillations and τ provides damping or growth time
scale. We use the Levenberg-Marquardt least-squares minimiza-
tion to obtain fitting parameters. The obtained fits for slit 1 are
plotted with the centres in Figure 3(b). We employ the width of
the fitted Gaussian as uncertainty on the position of the loop. The
amplitude and period are also supplemented with errors obtained
after sinusoidal fitting. The parameters of the fitted oscillations
are provided in Table 1.

3.2. Motion magnification

We find oscillations with an average amplitude less than 1 Mm
in SJI 1400 and 2796 x-t maps. It was challenging to find oscilla-
tions at the same spatial positions in AIA channels as these am-
plitudes are comparable to the pixel resolution of AIA. Anfino-

gentov et al. (2015) showed that low amplitude decayless oscilla-
tions are common features in solar corona with average displace-
ment amplitude less than a pixel size of AIA. To enhance the
transverse motions in AIA observations, we use the motion mag-
nification (Anfinogentov & Nakariakov 2016) technique, which
magnifies transverse oscillation amplitudes while preserving the
oscillation periods. This technique was previously used for the
identification of second harmonics of decayless kink oscillations
(Duckenfield et al. 2018), coronal seismology of quiet Sun using
decayless kink oscillations (Anfinogentov & Nakariakov 2019),
investigation of transverse oscillations linked to flares (Mandal
et al. 2021) and identification of decayless oscillations in coronal
bright points (Gao et al. 2022). In this work, we use a magnifica-
tion factor of 7 as it is found optimal to identify the oscillations.
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Fig. 4. (a) AIA 171 x-t map of Slit 8 for the time before, during, and after coronal rain. The blue vertical lines indicate the time interval when
coronal rain was present in the SJI 2796 passband. The x-t maps for AIA channels are produced after motion magnification. These xt-maps are
inverted in intensity. (b) the x-t map of Slit 8 in SJI 2796. The amplification in amplitude is clearly visible, and oscillation is fitted with the red
curve.

Fig. 5. (a) AIA 171 x-t map of Slit 3 for the time during and after coronal rain. The two vertical blue lines represent the time span from the first
appearance of coronal rain until it reaches the footpoint of the loop in the SJI 2796 channel. (b)-(c) The oscillation captured in SJI 2796 and AIA
304 for the same slit when coronal rain appeared. The x-t maps for AIA channels are produced after motion magnification. All xt-maps are inverted
in intensity.

3.3. Individual cases of oscillations before and after coronal
rain

3.3.1. Oscillations in the smaller loop

We use the motion magnification algorithm to capture oscilla-
tions before and after coronal rain. Figure 4(a) shows x-t maps,Article number, page 5 of 12
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Fig. 6. (a)-(c) depict the location of the curved slit, traced along the rain blobs in AIA 304, SJI 2796, and along the loop in AIA 171, aiming to
detect the presence of rain blobs. The slit’s placement is determined based on the trajectory of rain blobs observed in SJI 2796 images. (d)-(f)
illustrate the x-t maps associated with the curved slit in AIA 304, SJI 2796, and AIA 171. The black line in the x-t maps represents the estimated
position of slit 3 on the curved slit. Around 03:20 UT, the descending rain in EUV absorption is traced by the red dashed line in the AIA 171 x-t
map. The line is displayed with an offset to clearly identify the rain features in EUV absorption. The blue dashed line in AIA 304 and SJI 2796
corresponds to the red dashed line in AIA 171.

generated after motion magnification, corresponding to slit 8 on
the smaller loop in AIA 171. The x-t maps are presented in in-
verted intensity, so dark features correspond to emission. Two
blue vertical lines in Figure 4(a) correspond to the time of the
start and end of the coronal rain as observed from SJI 2796. The
SJI 2796 x-t map shows the signature of oscillations between 4
and 6 Mm. The oscillation observed in slit 8 in Figure 4(b) shows
amplitude amplification in time. We fitted this growing ampli-
tude oscillation using equation 1 in Wang et al. (2012), which

is overplotted in red. The oscillation amplitude and period are
computed as 0.11±0.01 Mm and 2.1±0.01 minutes, respectively.
The growth time scale, tg, for oscillation, is 695s. The increase in
the amplitude is estimated from ratio A1,t1/A1,t0 = e(t1−t0)/tg =2.1,
where t0 and t1 are start and end time of observed oscillation.
If we trace back to the similar location in the AIA 171 pass-
band in Figure 4(a), we see an oscillation, O1, between 02:35-
02:41 UT with an amplitude of 0.09±0.01 Mm and a period of
1.7±0.04 minutes. We confirm the presence of oscillation signa-
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Fig. 7. The curves representing the oscillations observed in slit 3 during rain are shown for both SJI 2796 and AIA 304. The SJI 2796 oscillation
amplitude is scaled by a factor of 7 to facilitate a more meaningful comparison. The phase difference between these oscillations is negligible.

Fig. 8. All identified oscillations across various channels are plotted on a single timeline with slit distance in the y-axis. The oscillations from
different slits are randomly distributed along the slit. The blue dashed lines mark the time interval during which coronal rain is observed in the SJI
channels.

tures around 03:12 UT (, i.e., during the coronal rain) in the AIA
304 channel between 4 to 6 Mm. The oscillating blob is not fitted
for AIA 304 because it does not have a clear contrast relative to
the background. During coronal rain, we detected the oscillation
labelled as O2 in emission from 5 to 7 Mm in the AIA 171 xt
map. This can be a possible signature of coronal rain oscillation
in CCTR emission.

The coronal rain is observed in SJI 2796 between 03:02 and
03:24 UT. Just after 03:24 UT, we see an oscillation, O3, at
about 4 Mm in AIA 171. The estimated amplitude and period
are 0.07±0.01 Mm and 1.9±0.02 minutes, respectively. We do
not see a clear signature of oscillations after 03:30 UT in AIA
171. The diffused background and foreground and overlapping
loops can make it challenging to capture oscillations after motion
magnification. The decrease or increase in emission in a partic-
ular passband due to the thermal evolution of the loop top can
also be the cause of the fading nature of these oscillations. The
thermal evolution for the loop top is not discussed for the smaller
loop, as the emission in cooler channels was affected by coronal
rain in a foreground loop.

3.3.2. Oscillations in the bigger loop

Figure 6(a)-(c) displays the location of the curved slit in AIA
304, SJI 2796, and AIA 171 intensity images taken along the
larger loop. Panels (d)-(f) in Figure 6 depict the corresponding
x-t maps for the curved slit, with the black dashed line indicating
the location of slit 3 on the curved slit. Rain blob signatures are

observed near the loop top in AIA 304 and SJI 2796 x-t maps af-
ter 02:55 UT. These maps reveal the position of rain blobs along
the loop, reaching the bottom of the loop around 03:25 UT. No-
tably, there is no evidence of rain in the loop between 02:27 and
02:55 UT, as observed in AIA 304 and SJI 2796 x-t maps. This
suggests that rain occurred only between 02:55 and 03:25 in the
bigger loop. AIA 171 x-t map shows the coronal rain signature
in EUV absorption around 03:20 UT, indicated by the dashed red
line (see Figure 6(f)). The line is shifted in the time axis to view
the rain in absorption clearly. The corresponding positions of the
red line in AIA 304 and SJI 2796 are indicated by blue lines.

Figure 5(a)-(c) shows the x-t maps for slit 3 on the bigger
loop in which the x-t maps of AIA 171 and 304 are made after
motion magnification. AIA 171 x-t map of slit 3 shows the de-
tected oscillation, O1, around 02:30 UT, while the coronal rain
started after 02:55 UT. The oscillation has amplitude and pe-
riod of 0.08±0.02 Mm and 2.6±0.02 minutes, respectively. The
oscillation captured by AIA 304 has amplitude and period of
0.16±0.01 Mm and 3.8±0.09 minutes, respectively, though it is
0.22±0.04 Mm and 3.9±0.03 minutes for oscillation captured
by SJI 2796. However, when we plot the oscillations detected in
slit 3 using SJI 2796 and AIA 304 channels on the same timeline
and position along the slit, we find that they line up and have
similar phases (see Figure 7). Furthermore, their mean positions
along the slit are close to each other, suggesting that these os-
cillations are essentially identical. The oscillations during coro-
nal rain are seen in AIA 304, and SJI 2796 persisted till 03:17
UT (Figure 5(b)-(c)). We found evidence of oscillations at simi-
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lar positions in AIA 171 x-t maps after coronal rain in different
slits. Figure 5(a) shows the oscillation, O4, in the AIA 171 x-t
map after 03:25 UT at a spatial position close to that detected in
SJI 2796 and AIA 304 x-t maps. The oscillation detected in AIA
171 after coronal rain has an amplitude of 0.09±0.01 Mm and a
period of 2.4±0.02 minutes.

Fig. 9. SJI 2796 x-t map of slit 1. The amplitude and period of oscilla-
tion captured in the x-t map decay with time.

From 03:15 to 03:25 UT, we detect oscillations, O2 in ab-
sorption, and O3 in emission in AIA 171 x-t maps (Figure 4(a)).
These oscillations could be attributed to EUV absorption and
CCTR emission originating from rain blobs, as we also observe
rain oscillations during this time interval in the SJI 1400 channel
with similar amplitude and period (see Figure 8).

Figure 8 presents a compilation of all detected oscillations
in SJI and AIA channels within slits 1 to 7, focusing on the big-
ger loop. The oscillations are arbitrarily shifted along the slit
distance for clarity. Within this timeline, two blue dashed lines
delineate the time frame during which coronal rain is visible in
SJI images. Notably, oscillations detected across various slits ex-
hibit in-phase behaviour before, during, and after the occurrence
of coronal rain, indicating their standing nature. Furthermore, no
evidence of propagating waves is discerned before or after the
coronal rain in AIA 171 x − t maps.

We find several oscillations before and after coronal rain to
be decayless. However, as discussed in section 3.3.1, we observe
a case of amplification during coronal rain. Apart from that, we
also observed an oscillation with decreasing period and displace-
ment amplitude during coronal rain in slit 1 of the x-t map of SJI
2796 (Figure 9). A similar nature of oscillations during coro-
nal rain has been observed previously by Verwichte & Kohutova
2017.

The individual cases shown here indicate that the amplitude
and period are lower before coronal rain, as seen in AIA 171
x-t maps. It is higher during coronal rain, as observed in AIA
304 and SJI channels. During coronal rain, we observe a case
of damping and also a case of amplification. We also find lower
amplitude and period after coronal rain in AIA 171.

3.4. Effect of the thermal evolution of the bigger loop on the
appearance of oscillations

AIA 171 x-t map in Figure 5(a) shows that oscillations are not
present between 02:38-03:15 UT, while the oscillations are vis-
ible between 03:00-03:17 UT in AIA 304 and SJI 2796 (Figure
5(b)-(c)). To investigate the impact of the thermal evolution of
the loop on the appearance of oscillations in x-t maps, we placed
a curved box surrounding the loop top on the bigger loop (left
panel of Figure 10). The average normalized counts in the box

are plotted with time for different channels in the right panel. The
emission is significant in AIA 304 and SJI 2796 channels when
oscillations are visible in the x-t maps for both. The green box
shows the time between two maximums in AIA 171 normalized
counts. The AIA 171 emission decreases after 02:32 UT, which
can be a possible signature of cooling. The AIA 171 emission
is lower between 02:32 and 03:14 UT, which is a similar range
when oscillations are not present in the AIA 171 x-t map. This
suggests that the thermal evolution of the loop can also affect the
appearance of oscillations.

3.5. Comparison of average oscillations properties during,
before, and after coronal rain

We discussed individual cases of transverse oscillations captured
before and after coronal rain in bigger and smaller loops at slit 3
and slit 8. Now, we consider the average properties of decayless
oscillations captured in AIA 171 before and after coronal rain.
Coronal rain is clearly observable in SJI 1400, 2796, and AIA
304, and oscillations during rain in both absorption and emis-
sion are identified in AIA 171. Consequently, we study the av-
erage properties of oscillations during coronal rain using these
passbands. The left panel of Figure 11 shows the amplitude of
oscillations captured by SJI 1400, 2796, and AIA 304 and 171
during rain. We find oscillations captured in these channels have
amplitudes ranging from 43 to 415 km with an average of 187
km. Previous studies indicated amplitudes during coronal rain to
be below 500 km(Antolin & Verwichte 2011) and in the range
of 200-400 km (Kohutova & Verwichte 2016). The right panel
of Figure 11 shows the distribution of oscillation amplitudes de-
tected in AIA 171 before and after coronal rain in every slit
position at similar locations as observed during rain. The am-
plitudes have a range of 45 to 164 km with a mean of 94 km.
Such low amplitudes are earlier reported in various active-region
loops (Anfinogentov et al. 2015, Mandal et al. 2021, Zhong et al.
2022). Thus, on average, oscillations during coronal rain have 2
times larger amplitudes than those before and after coronal rain.

When we look at the distribution of period in Figure 12, it
has a range of 1.4 to 4.6 minutes for oscillations detected dur-
ing rain in SJI 1400, 2796, AIA 304 and 171 passband with a
mean of 2.9 minutes, in agreement with earlier reported periods
in the range of 1.4 to 3.3 minutes in coronal rain clumps (An-
tolin & Verwichte 2011). In contrast, the periods range from 1.7
to 2.9 minutes, with a mean of 2.3 minutes for oscillations cap-
tured in the AIA 171 passband before and after rain. Thus, on
average, oscillations during coronal rain have 1.3 times larger
periods than those before and after coronal rain. The average
amplitude and period before coronal rain, calculated from AIA
171, are 93±28 km and 2.4 ±0.4 minutes, respectively, while it
is 94±34 km and 2.2±0.2 minutes after coronal rain.

We observe coronal rain oscillations in EUV absorption and
possible signatures of the same in CCTR emission during coro-
nal rain in AIA 171 x-t maps. The average amplitude of these
oscillations is 90±31 km, and the average period is 2.5±0.2 min-
utes. The average amplitudes and periods are smaller compared
to the average properties calculated from AIA 304 and SJI x-t
maps. The oscillations in AIA 171 x-t maps during rain for slit 3
(O2 and O3 in Figure 5) correspond to a time interval in which
rain blobs started descending from the loop top to the footpoint.
The oscillation period and amplitude can decrease during this in-
terval, as observed previously in Verwichte & Kohutova (2017).
However, the periodic shift in the amplitude and period was not
observed in AIA 304 x-t maps, as seen in the SJI 2796 x-t map
of slit 1 (Figure 9). This could be due to the lower resolution
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Fig. 10. The left panel shows the cyan box enclosing the loop top at which slit 3 was placed. The right panel shows the temporal evolution of the
intensity summed over the cyan box in four passbands. The green box shows the time interval between the maximum of the counts observed in
AIA 171.
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of AIA compared to SJI. The underestimation of displacement
amplitudes compared to its actual value could be up to 20%
after motion magnification (Gao et al. 2022). This could also
be a plausible explanation for the lower amplitude in AIA 304
x-t maps during coronal rain found in slit 3. To quantitatively

confirm this, we reduced the resolution of SJI 2796 images to
match AIA and performed motion magnification. After magnifi-
cation, we analysed the oscillation in slit 3 and obtained a period
identical to AIA 304. However, the amplitude is estimated to be
0.14±0.02 Mm for SJI 2796 oscillation, while it is 0.16±0.01
Mm for AIA 304, as discussed in section 3.3.2. The amplitudes,
considering their error bars, are quite similar.

3.6. Calculation of loop geometry

We estimate the 3D geometry of the bigger loop where slits 1
to 7 are positioned, and it is clearly visible in AIA images. We
utilize the data from EUVI-A/STEREO located at 156.5° Stony-
hurst longitude. The lower resolution of EUVI compared to AIA
makes it difficult to identify the specific loop in EUVI-A im-
ages. However, the similarity between structures seen in AIA and
EUVI-A is exploited to distinguish the loop in EUVI-A. Figure
13(a)-(b) shows the region observed from two viewpoints (e.g.
AIA and EUVI-A). We apply the MGN filter in both images to
distinguish between loops better. We perform the stereoscopic
triangulation using a python-based GUI tool (Nisticò 2023). The
loop fitting is performed using Principal Component Analysis
(PCA) (Nisticò et al. 2013; Nisticò 2023). The red points in Fig-
ure 13(a)-(b) represent the tie-points used for 3D reconstruction.

Figure 13(c)-(e) presents the projection of the 3d points in
blue, calculated after triangulation, in the different orientations
of the Heliocentric Earth Equatorial (HEEQ) coordinates sys-
tem. The fitted loop is overplotted in red dashed curves. The
loop is elliptical in shape with major and minor radii of 0.047
and 0.025 R⊙, respectively. The loop length is estimated to be
140 Mm. The PCA fitting also provides normal to the loop plane,
which can be used to estimate the inclination angle of the loop
(Nisticò et al. 2013). The inclination angle of the loop is found
to be 36° which is a crucial parameter to obtain rain mass. We
consider an error of 10% in loop length and 10° in inclination
angle.
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4. Discussion and conclusions

In this paper, we explore the effect of coronal rain on already
present transverse oscillations in coronal loops observed by the
AIA and SJI on April 25, 2014. The analysis of oscillations using
SJI suggests oscillation amplitudes below 1 Mm during coronal
rain, motivating us to use the motion magnification technique to
capture oscillations in the AIA passbands. We take eight artifi-
cial slits in two coronal loops to generate x-t maps for before,
during, and after coronal rain. The individual cases presented in
this study show the signature of transverse oscillation at the same
spatial positions before and after coronal rain in AIA 171. The
individual cases show an increase in period and amplitude dur-
ing coronal rain. The average amplitude during coronal rain is
found to be 2.3 times larger than before and after coronal rain.
The average period is found to be 1.3 times larger during coronal
rain.
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Fig. 13. Panels (a)-(b) shows the region of interests as viewed by AIA
171 and EUVI-A 171. The images are processed using the MGN filter.
The red points lie on the epipolar line and are used for 3D reconstruc-
tion. Panels (c)-(e) present the projections of the reconstructed loop in
three different planes in the HEEQ coordinate system. The red dashed
line indicates the fitted loop. The red and blue arrows show the minor
and major axis of the fitted loop, while the green arrow indicates the
normal to the loop plane.

Verwichte & Kohutova (2017) confirmed the presence of
coronal rain oscillation as soon as rain appeared in SJI channels.
They also pointed out the presence of oscillations in an overlying
loop in AIA 171 and 193 passbands. The periods in the overlying
loop were similar, but amplitudes were larger than those found
during coronal rain in the lower loop. The overlying loop was
oscillating about 10 arcsec (7 Mm) above the lower loop. The
oscillations were not present after coronal rain in AIA 171 or
193 (see figure 7 of Verwichte & Kohutova 2017). However, we
see about a 1 Mm spatial difference in oscillations before, dur-
ing, and after coronal rain in a few slits, which is only 8 Mm
in length. The motion magnification allows us to quantify the
oscillations having amplitude lower than the resolution of AIA,
which was not the case for Verwichte & Kohutova (2017).

We observe a larger mean period during coronal rain. The
loop will be denser during coronal rain than prior and will be

largely evacuated after coronal rain. In the long wavelength
limit, kink speed will be equal to phase speed and inversely pro-
portional to the period of oscillation (Nakariakov & Verwichte
2005). The kink speed will decrease during coronal rain due to
an increase in density, and eventually, the period of oscillation
will be larger. Analytical studies and numerical simulations of
transverse oscillations in a cooling coronal loop revealed that the
period decreases in a cooling coronal loop with time (Ruderman
2011, Magyar et al. 2015). The plasma cooling changes the den-
sity variation along the loop and produces flows from the loop
top to the footpoints. Kohutova & Verwichte (2017) pointed out
using numerical simulation that as the condensations reach the
loop legs from the loop top, the amplitude and period decrease
and are converted into low amplitude, short period transverse os-
cillations. The decrease in the amplitude and period, seen after
coronal rain, can be due to the rearrangement of loop plasma on
a small time scale in the whole loop.

We can gain information on density changes due to rain using
period variation. For kink oscillations, the square of the period
will be proportional to the internal loop density for the constant
magnetic field and outside density. Taking a crude assumption
that the variation in density is simultaneous at each position of
the loop (Verwichte & Kohutova 2017), we can write the follow-
ing relation,

ρd/ρb = (Pd/Pb)2 & ρa/ρd = (Pa/Pd)2 (2)

where ρ and P denote the internal density and period. The sub-
scripts a, b, and d denote the after, before, and during coronal
rain scenarios. If we consider the period for oscillations detected
in slit 3, which is near the loop top on the bigger loop (Figure
1), then ρd/ρb = 2.25 which means 125% increase in the inter-
nal density in the formation of coronal rain. However, it should
be noted that this formula is applicable for density variation oc-
curring in the whole loop, while in coronal rain, there is a re-
distribution of mass and an increase in the density near the loop
apex. Now, ρa/ρd = 0.38. If we consider a constant volume of
the loop, then approximately 60% of rain mass is drained from
the loop due to falling coronal rain.

Assuming that the observed amplitude during coronal rain is
solely excited by coronal rain, we can calculate the rain mass
fraction present during coronal rain using equation 39 of Ver-
wichte et al. (2017). Using oscillation parameters for oscillation
detected in slit 3, loop length and inclination angle obtained af-
ter 3d reconstruction, we find the value of rain mass fraction
to be 0.41+0.17

−0.14. We observe that no coronal rain is present in
the loop when oscillations are observed before and after coro-
nal rain in AIA 171 (see Figure 6). This indicates that the os-
cillations seen in AIA 171 before and after rain are not excited
by coronal rain. It is suggested in numerical models and simu-
lations that decayless oscillations can be triggered by footpoint
drivers (Nakariakov et al. 2016; Karampelas et al. 2017, 2019;
Afanasyev et al. 2020). Considering the footpoint driver being
present all the time, the oscillations observed before and after
coronal rain might result from footpoint driving. During rain,
the observed oscillation properties could be influenced by two
drivers: coronal rain and footpoint driving. The amplitude of os-
cillations can either increase or decrease due to coronal rain, de-
pending on whether the two drivers are in phase or out of phase.

The amplitude during the coronal rain is larger than before,
and given the small observed amplitudes of the oscillations, we
can obtain the amplitude specifically associated with rain by sub-
tracting the amplitude resulting from footpoint driving from the
overall amplitude during the rain, taking into account the linear
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regime. In the context of slit 3 on the bigger loop, the ampli-
tude attributable to footpoint driving is 0.08 Mm, detected from
oscillation O1 in Figure 5, while the amplitude during rain, con-
sidering the oscillation from SJI, amounts to 0.22 Mm. Conse-
quently, the amplitude of oscillations solely attributed to rain is
calculated as 0.14 Mm.

For the second loop (slit 8), the pre-rain amplitude is 0.09
Mm, obtained from oscillation O1 in Figure 4. The initial ampli-
tude during rain is 0.11 Mm, which grows by 2.1 times due to
rain formation, resulting in the final amplitude being 0.23 Mm.
Assuming the amplitude before rain is a consequence of foot-
point driving, the amplitude specifically due to rain is found to
be 0.14 Mm, which is comparable to the amplitude of previously
observed decayless oscillations (Anfinogentov et al. 2015).

We observe signatures of oscillations in AIA 171 during rain,
potentially resulting from CCTR emission (Figure 5). This im-
plies that the amplitude of rain-driven oscillations can indeed be
detected using AIA 171 alone, owing to the significant intensity
produced by CCTR. If the analysis relies solely on AIA 171,
there is a risk of incorrectly using the observed rain-driven oscil-
lations in MHD seismology. The assumption of a coronal density
that is lower than the actual value during rain would lead to an
inaccurate estimation of local conditions in the loop. Assuming
a rain density of 1010 cm−3, the calculated magnetic field value
from MHD seismology will be

√
10 times larger compared to

the value obtained using a coronal density of 109 cm−3, with the
density ratio considered to be zero.

The results shown in this paper provide evidence of decay-
less oscillation before and after coronal rain at similar spatial
positions. We conclude that increased density due to coronal
rain formation can alter the period of already present transverse
oscillations in coronal loops. Our study indicates that the con-
tribution to the observed oscillation properties during rain can
be attributed to coronal rain and footpoint driving. To check the
broad applicability of our results, we need more studies of coro-
nal rain with transverse oscillations and numerical simulations
of the same.
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Table 1. Details of slits and parameters of oscillations

Channel Slit Start Time (UT) End Time (UT) A1 (km) P (mins) τ (mins) k

SJI 1400 S1 2:49:05 2:55:37 328 ± 14 2.9 ± 0.05 - -
S1 3:02:47 3:09:39 237 ± 9 3.6 ± 0.04 - -
S1 3:03:44 3:09:01 297 ± 10 2.6 ± 0.02 - -
S1 2:52:49 2:56:52 241 ± 8 3.2 ± 0.06 - -
S1 3:19:00 3:23:40 143 ± 7 2.2 ± 0.03 - -
S2 2:51:34 2:56:52 243 ± 5 2.7 ± 0.02 - -
S2 3:09:57 3:14:38 196 ± 7 3.1 ± 0.04 - -
S2 2:56:33 3:02:47 415 ± 10 3.6 ± 0.03 - -
S3 2:52:49 2:58:26 219 ± 6 2.7 ± 0.02 - -
S4 2:51:53 2:55:56 199 ± 6 2.8 ± 0.08 - -
S4 2:56:52 3:00:37 315 ± 12 2.1 ± 0.04 - -
S5 3:17:45 3:22:25 265 ± 9 3.6 ± 0.09 - -
S5 3:08:05 3:12:27 323 ± 21 3.3 ± 0.14 - -
S7 3:06:51 3:10:35 394 ± 14 2.2 ± 0.02 - -

SJI 2796 S1 3:01:23 3:18:32 348 ± 19 6.1 ± 0.09 -13.9 -0.14
S2 3:02:19 3:11:40 211 ± 6 4.6 ± 0.03 - -
S3 2:54:32 2:59:50 142 ± 4 2.3 ± 0.02 - -
S3 3:05:26 3:16:02 223 ± 3 3.9 ± 0.01 - -
S4 3:10:07 3:15:44 214 ± 6 3.0 ± 0.02 - -
S8 3:02:19 3:11:03 111 ± 10 2.1 ± 0.01 11.6 0.02

AIA 304 S1 3:04:55 3:09:43 227 ± 4 2.7 ± 0.02 - -
S2 3:05:43 3:11:43 152 ± 4 3.6 ± 0.03 - -
S3 3:07:43 3:17:07 155 ± 5 3.8 ± 0.09 - -
S4 3:09:43 3:15:43 138 ± 3 3.6 ± 0.03 - -
S5 3:02:43 3:07:19 140 ± 8 1.8 ± 0.02 - -
S5 3:13:43 3:18:07 114 ± 3 3 ± 0.05 - -
S6 3:05:43 3:09:07 212 ± 6 2.8 ± 0.05 - -
S6 3:15:07 3:18:43 107 ± 3 2.5 ± 0.04 - -

AIA 171 S1 2:28:23 2:35:59 85 ± 3 2.7 ± 0.01 - -
S2 2:30:23 2:34:47 131 ± 5 2.6 ± 0.02 - -
S3 2:30:47 2:36:11 84 ± 3 2.6 ± 0.02 - -
S3 3:16:11 3:22:23 135 ± 3 2.4 ± 0.01 - -
S3 3:15:47 3:23:23 79 ± 2 2.9 ± 0.02 - -
S3 3:27:47 3:34:47 88 ± 6 2.4 ± 0.02 - -
S4 2:28:59 2:36:11 84 ± 2 2.9 ± 0.01 - -
S4 3:17:23 3:23:23 121 ± 2 2.5 ± 0.01 - -
S4 3:16:47 3:23:23 80 ± 2 2.5 ± 0.01 - -
S4 3:27:47 3:32:23 66 ± 4 2.3 ± 0.01 - -
S5 2:27:47 2:34:59 129 ± 2 2.6 ± 0.01 - -
S5 3:16:47 3:23:23 87 ± 2 2.4 ± 0.01 - -
S5 3:17:59 3:23:23 61 ± 2 2.5 ± 0.02 - -
S6 3:15:47 3:22:59 63 ± 1 2.2 ± 0.01 - -
S6 3:17:59 3:23:23 43 ± 1 2.4 ± 0.02 - -
S7 3:33:23 3:40:11 125 ± 3 2.4 ± 0.01 - -
S7 3:16:59 3:20:35 62 ± 1 1.9 ± 0.01 - -
S8 2:38:23 2:43:35 45 ± 2 2 ± 0.01 - -
S8 2:36:23 2:40:11 88 ± 8 1.7 ± 0.04 - -
S8 3:15:35 3:21:35 85 ± 3 1.7 ± 0.01 - -
S8 3:23:59 3:28:35 72 ± 8 1.9 ± 0.02 - -
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