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Abstract5

We studied the transverse oscillations in hot coronal loops of an active region NOAA 126736

located at the west limb. Loop oscillations were associated with a plasmoid ejection from7

the same area. During the rising phase of the plasmoid, a magnetic flux tube was seen to be8

rising and bending towards the loop system that erupted before the plasmoid ejection. In9

addition to the plasmoid ejection, a large coronal mass ejection (CME) and a X8.2 flare was10

observed in the same active region for several hours (∼ 7 hours). A follow-up shock wave11

from the flare site after the plasmoid ejection was possibly triggered by sudden momentum12

transfer towards the solar disc. It was found to be propagating across the entire solar disc13

with an average speed of ∼ 1290 km s−1. The combined effects of the erupting flux tube,14

plasmoid ejection and the shock wave perturbed the loops from their equilibrium and set15

them in oscillations. We found different oscillations of fundamental mode in loops, fast16

decaying (with a period of 7.20 minutes and a damping time of ∼ 16.00 minutes) and slow17

decaying (with a period of ∼ 5.75 minutes and a damping time of ∼ 30.78 minutes). The18

two different oscillations could be due to different loop lengths and plasma densities. These19

loops were found to be oscillating with a phase difference of ∼ 33 degrees. This could be20

due to varying times of their excitation, possibly caused by the flux tube’s eruption and the21

plasmoid ejection.22

Keywords: Corona, Structures; Flares, Pre-Flare Phenomena; Flares, Waves; Waves, Mag-23

netohydrodynamic; Waves, Shock24

1. Introduction25

Coronal loops are closed magnetic structures in the form of loops embedded into the coronal26

plasma. They are rooted in the interior below the photosphere and are affected by the27

dynamics of the interior plasma and the activities in the atmosphere. However, it is still a28

mystery what drives them to be vertically standing against the strong solar gravity. They29

are found to be swaying during energetic activities such as flares, Coronal Mass Ejections30

(CMEs), etc.31

Solar flares are the results of the magnetic reconnection—tangling, crossing and reorga-32

nization of magnetic field lines (Shibata, 1996) in which the magnetic energy is transformed33

to the kinetic energy of rapidly moving CMEs, particle acceleration and thermal energy34

to heat the plasma (Yokoyama et al., 2001). A pre-flare can also trigger a large flare on a35
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stable flux tube which destabilize the ropes (Nindos et al., 2015; Mitra and Joshi, 2019)36

and can initiate waves and oscillations in coronal loops. Standing kink mode oscillations37

may be produced through interactions of contracting loops with underlying loops (Russell,38

Simões, and Fletcher, 2015), ejection of jets or plasmoids from the flaring site (Zimovets and39

Nakariakov, 2015), and eruption of filament or flux rope. They can also generate a shock40

waves by sudden deposition of the energy at flare site. However, the excitation mechanism41

of the coronal loop oscillations is still debatable.42

Flare induced transverse coronal loop oscillations were initially reported by Aschwanden43

et al. (1999) using observations provided by the Transition Region and Coronal Explorer44

(TRACE), and later on using the observations provided by the Atmospheric Imaging As-45

sembly (AIA) onboard Solar Dynamic Observatory (SDO) (Aschwanden and Schrijver,46

2011), and by some other researchers (Nakariakov et al., 2021). They found the period47

of oscillations to be around 6.3minutes with a quality factor ≫ 4, in vertically polarized48

mode. The oscillation period is proportional to the length of the loops with exponential49

damping (Goddard et al., 2016). These oscillations attenuate gradually after a few periods50

of oscillation due to different damping processes such as dissipative damping (Nakariakov51

et al., 1999), phase mixing (Heyvaerts and Priest, 1983), resonant absorption (Hollweg and52

Yang, 1988), cooling of plasma (White and Verwichte, 2012; White, Verwichte, and Foullon,53

2013) and mode coupling (Pascoe et al., 2012). However, the damping mechanism of the54

loop oscillations is not yet fully understood.55

Most of reported coronal loop oscillations are fast asymmetric kink oscillations (Nakari-56

akov and Verwichte, 2005). The kink mode oscillations are classified into two types: high57

amplitude with decaying oscillations and low amplitude with decay-less oscillations (Nakari-58

akov et al., 1999; Anfinogentov, Nisticò, and Nakariakov, 2013; Nisticò, Nakariakov, and59

Verwichte, 2013). These oscillations are generally periodic displacements of coronal loops60

and are in the fundamental mode of oscillations (Nakariakov et al., 1999; Jain, Maurya,61

and Hindman, 2015). In some events, the harmonics are also reported (Moortel and Brady,62

2007; Doorsselaere, Nakariakov, and Verwichte, 2007; White and Verwichte, 2012). These63

oscillations can be used to study the physical properties of the coronal plasma.64

The information of coronal magnetic field is essential as it provides understanding of65

solar activities in its atmosphere. But we have not yet succeed in the direct measurement of66

coronal magnetic field with available methodology. Coronal waves and oscillations provide us67

an indirect method to diagnose the plasma properties similar to the helioseismology for the68

solar interior. They can be used to estimate the physical parameters of the solar corona, such69

as internal Alfvén speed, magnetic field strength and density structures of coronal loops. For70

more details about the recent reports on the observations and theoretical modelling of coronal71

oscillations, the reader may refer to a recent review article by Nakariakov et al. (2021).72

This paper analyses the properties of transverse coronal loops excited by a rising flux73

tube and plasmoid ejections. We estimated the kink speed and the magnetic field in the74

coronal loops. Section 2 provides a detailed description of the observational data used. The75

analysis and results are presented in Section 3. Finally, the summary and discussions are76

given in Section 4.77

2. Observational Data78

For this study, we used the observations provided by the SDO/AIA, specifically, the extreme79

ultraviolet (EUV) 171 Å intensity images of 10 September 2017 during 15:00UT to 17:00UT.80

The EUV 171Å intensity images show emissions mainly in Fe IX from the solar plasma81

at the upper transition region and quiet corona at temperature, T = 0.63MK (O’Dwyer82

et al., 2010; Lemen et al., 2011). These observations are taken with a pixel resolution of83

0′′.6 and a temporal resolution of 12 s. To study the flare energetics in X-rays, we have84

also utilized the observations provided by the Geosynchronous Operational Environmental85

Satellites (GOES) in the 0.5 − 4Å and 1 − 8Å wavelength bands. Flare associated CME86

is analyzed using the data obtained from the C2 and C3 coronagraphs of the Large Angle87

and Spectrometric Coronograph (LASCO) (Brueckner et al., 1995) onboard the Solar and88

Heliospheric Observatory (SOHO).89



Coronal waves and oscillations

Figure 1. A sample of the SDO/AIA 171Å intensity images (top row) and the SDO/HMI magnetograms
(bottom row) covering the active region NOAA 12673 and associated coronal loops. In panel (c), the small
box ‘F’ marks the flare site, and the box ‘S’ represents the coronal loops that are considered for the oscillation
studies.

3. Analysis and Results90

The results of our analysis are shown in Figures 1 - 11.91

3.1. The Active Region and the Oscillating Coronal Loops92

The active region NOAA 12673 emerged in the far-side of the solar disc, and it was first93

observed as a simple sunspot region at the west limb around at a south latitude of 8 degree94

on 28 August 2017. It evolved to a complex active region on 9-10 September 2017 while95

crossing the disc near the west limb (see Figure 1). It has produced several energetic flares,96

such as 38 C-class, 20 M-class and 2 X-class, during crossing the disc from the east to west97

limb. The line-of-sight magnetic fields in the active region on and before the day of the98

initiation of an X8.2 flare (10 September 2017) are shown in Figure 1 (bottom panel). On99

10 September, in the magnetogram (panel d), most of the active region area is on the far-side100

of the solar disc, which forbade us to analyze the activity related changes in the magnetic101

fields at the photosphere. However, the coronal loops associated with the active region can102

be seen in the AIA’s EUV observations, such as 171 Å intensity images (panel c), because103

of their heights above the photosphere.104

The oscillating coronal loops (marked by the box ‘S’) are located southward from the105

flare site (labeled by ‘F’). These coronal loops were almost visible in all AIA passband such106

as 171 Å, 211 Å, 193 Å and 131 Å, weakly in 335 Å and 94 Å(see Figure 2), which indicates107
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Figure 2. Observations of coronal loops in different SDO/AIA channels.

that the loops have a temperature distribution of 0.3 to 2MK and most of them are warm108

loops. They seem to be inclined towards the south from the vertical. A careful analysis of109

magentograms taken a few days before the flare and EUV images showed that footpoints110

of these loops are rooted in the same active region. This region have a mixed magnetic111

polarities. A dominant-negative(positive) polarity region is found to be located northern112

(southern) side of the active region center. There are diffused magnetic fields with opposite113

polarities in the nearby regions. There are no other active regions in its neighbouring areas.114

The coronal loops marked by the box ‘S’ are the part of this active region. One of the foot115

points of these loops are located near the centre of the active region and the other in the116

diffused magnetic polarity regions in the southern areas. The X8.2 flare is seen in the region117

marked by ‘F’, and a plasmoid ejection is found to be rising vertically from it.118

3.2. Pre-flare, Plasmoid Ejections and the onset of the Loop Oscillations119

Figure 3 shows the normalized flare intensity profile in the AIA EUV 171Å from the flare120

site ‘F’ (marked by a small box in the Figure 1c) and the normalized integrated GOES soft121

X-ray fluxes in the wavelength bands 0.5− 4.0 Å. The AIA intensity curve shows two peaks,122

one at 15:45:33UT and the other at 16:07:21UT. The first peak corresponds to a small flare123

(say pre-flare) and the second corresponds to a large flare X8.2 (say main flare). In the AIA124

171 Å, the pref-flare started at 15:39UT and ended at 15:50UT. But the pre-flare emissions125

are not observed in the GOES X-ray flux profile. The main flare intensity enhances in the126

AIA 171 Å just after the pre-flare while in GOES X-ray it started at 15:45UT, i.e., during127

the pre-flare seen in the AIA 171Å. The main flare peak time in GOES occurs at 16:03:17UT,128

i.e., ∼5 minutes before the peak timing of the flare in AIA 171Å. The main flare intensity129

in AIA 171Å ended nearly at 23:00UT, i.e., it lasted for several hours (∼ 7 hours), while130

it decayed much faster in GOES X-rays. The long decay phase in AIA 171 Å emissions is131

caused by heating of the coronal loops at higher altitudes above the flare site (see Figure 4i).132

For a detailed analysis of activities associated changes in the magnetic field configurations,133

we have plotted a sample of AIA 171Å intensity images in the Figure 4. This shows rising134
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Figure 3. Relationship between flare induced shocks and associated CME. The dashed black curve shows
the shock wave front position along the slit ‘6’ direction (see Figure 7(a)). The dotted blue curve marks the
CME’s height from the solar surface. The normalized profiles of SDO/AIA 171Å intensity (solid red curve)
and GOES X-ray flux (dashed-dotted magenta) are plotted for reference.

of a plasmoid, bending of flux tubes and occurrence of the main flare. In AIA 131Å (see135

Figure 2f), we observed that a magnetic flux rope starts rising at 15:40:18UT and undergoes136

an impulsive acceleration phase around at 15:46:56UT. But in the AIA 171Å intensity137

images, we observed magnetic flux rope (MFR) associated with the pre-flare that rises at138

15:49:45UT with a filament. It grew rapidly and triggered a fast eruption. That is, we only139

observed the acceleration phase of the MFR in the AIA 171Å intensity images. During the140

pre-flare time, a small loop labeled with number ‘2’ whose one of the footpoints is in the141

flare site starts to expand southward at 15:41:21UT.142

At the flare site ‘F’, we also found a small C1-class flare at 15:23:21UT that triggered143

a small oscillations in the coronal loop marked by number ‘5’ (Figure 4a) at 15:31:45UT.144

This loop detached from the footpoint at 15:37:45UT and disappeared from the flare site145

at 15:39:33UT. There after the pre-flare brightening was observed. It seems that the pre-146

flare triggered magnetic re-connections in other field lines that leads to the main flare at147

15:52:09UT.148

To understand the relation between the flare and the oscillations of coronal loops, we149

have computed the space-time intensity maps along the reference lines AB and QP (see150

Figure 4b) and are shown in the Figure 5. Top panel shows the energetic activities such151

as flare, plasmoid ejection, etc. The bottom panel shows the perturbation in loops that152

triggered the transverse oscillations. During the pre-flare’s end phase the plasma at higher153

altitude seems to be heated by the flare energy. This may also be due to re-connection of154

the field lines at higher atmosphere that resulted into the initiation of main flare. The pre-155

flare brightening at higher altitude disappeared around at 15:52UT and the upward motion156

of a plasmoid was observed. That ejected around at 15:56UT and pushed the field lines157

downward. We can also clearly see some flux tubes’s rising during the plasmoid ejection.158

From the Figure 5, it is evident that the bending of the coronal loops happened during the159

rising time of the plasmoid from a nearby northern region.160

In the equilibrium position of the loop, the inward magnetic tension force is balanced by161

the outward magnetic pressure gradient. When reorganization of magnetic field lines happen,162

it can release magnetic energy to the nearby places. This causes a reduction in the magnetic163

pressure in that area. Here, the rapid plasmoid ejection starts to form at 15:49:45UT and164

resulted momentum transfer to the place where coronal loop ‘2’ is located. Then the restoring165

magnetic tension comes to an action to balance the change in magnetic pressure and the166

loop have to move accordingly. We observed it as the bending of the loop ‘2’ that suppressed167
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Figure 4. Image mosaic of the SDO/AIA 171Å intensity of the solar atmosphere covering the active region
coronal loops. The flare position is marked by the letter ‘F’. The white solid curve with red crosses labeled
with number ‘1’ represents a coronal loop that is used for the oscillation studies. The green line AB in the
panel (b) illustrates the reference line along which a space time-map, associated with the plasmoid ejection
(marked by the arrow 3), is computed and shown in the Figure (5a). Similarly, the solid line QP represents
the reference position for analysing the transverse oscillations of coronal loop (see Figure 5b). The blue
dotted curve in the panels, (a) - (g), represents the position of the coronal loop concerning the reference
position marked by the horizontal (yellow) and the vertical (blue) lines. The violet arrow in panel (i) shows
a system of post flare loops and their brightening at higher altitudes during the decay phase of the main
flare.

the loop ‘1’ to down till 16:25:09UT (see Figure 4 c – g). Hence, the oscillations of large168

loops were initiated by the energy transported during the plasmoid formation and ejection169

from the flare site (Figure 5).170
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(a)

(b)

Figure 5. Association of the plasmoid ejection and the onset of loop oscillations. (a) Space-time map of
the SDO/AIA 171Å intensity along the slit AB (see Figure 4b). (b) Similar to the panel (a) but along the
slit QP (see Figure 4b). The vertical lines mark the timing of the plasmoid’s start, the main flare’s start and
the maximum perturbation of coronal loops (from the left to the right).

Figure 6. Transverse oscillations of the coronal loop ‘1’ (see Figure 4), where red up and down arrows
represent the oscillating direction. The red arrow pointing towards down shows that the perturbation comes
from the top of the loop.

171
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Figure 6 is used to illustrate the oscillations in the coronal loops. We think that the172

magnetic pressure force increased in loop ‘1’ due to the suppression from top of the loop173

which is marked with red arrow. Then the restoring magnetic tension came to an action to174

reduce the excess pressure force by moving the loop ‘1’ to upward and initiated oscillations in175

the loops. The loops are in kink oscillations but they appear to be moving radially up-down176

due to projection effects.177
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Figure 7. (a) Full disc AIA 171 Å intensity map, where white solid lines mark the slit positions for shock
wave analysis. (b) The space-time intensity map along the slit-6, where the overlying white dashed curve
represent the shock front position. (c) Least square quadratic fits the shock front position as shown in the
panel (b).

3.3. Shock Waves and Coronal Mass Ejections178

We observed a shock wave propagating away from the flare site. They propagated mostly179

towards the southward and part of it reflecting towards the north. To study the shock180

waves propagation across the disc and their role in the triggering of loop oscillations, we181

considered 8 slits along the direction of their propagation from the point of their initiation,182

see Figure 7(a). Further, to illustrated the wave propagation, we constructed a space-time183

intensity map along the slit-6 as the wave is seen in the bottom part of the solar disc.184

Thus the computed shock wave map is shown in the middle panel (b) of the Figure 7. The185

overlying white dashed curve marks the wavefront position. The shock wave starts around186

at 15:58UT along slit-6 direction. We calculate the shock wave propagating speed along the187

slit-6 from the space-time map with a quadratic fits to the wavefront positions as shown in188

the right panel (c). We found the speed of the shock wave ∼ 1290 km s−1 with acceleration189

of ∼ 1.2 km s−2.190

The shock wave first seen nearly at 15:54:00UT in the impulsive phase of the flare and191

increases its velocity during the propagation. However, they might have started earlier as192

the flare site is hidden at the west limb. Hence, from the Figure 5, it seems that shock wave193

suppressed the coronal loops southward from the equilibrium and initiated oscillations.194

Figure 8. Intensity images of the Sun observed by SDO/AIA and SOHO/LASCO/C2 during start (a),
peak (b) and propagation (c) times of the CME associated with the X8.2.



Coronal waves and oscillations

The SOHO/LASCO observations showed an halo CME associated with the main flare195

(see Figure 8), which first appeared around at 16:00UT in C2 field of view (panel (a)),196

having a position angle of 263 degree and angular width of 360 degree. This CME is found197

to be moving with a speed of 3163 km s−1 and an acceleration of 232.0ms−2 (see Figure 3).198

Gopalswamy et al. (2018) found that this CME was one of the highest eruption in the SOHO199

era with ground level enhancement (GLE) and solar energetic particle (SEP) events.200

The relationship between the flare, CME and the shock wave’s occurrence are shown in201

the Figure 3. The CME first appeared nearly at 16:00UT, i.e., along with the shock wave202

and after a few minutes of the main flare’s starts seen in AIA 171Å and GOES X-ray fluxes.203

The impulsive acceleration phase of the CME merged with the rising phase of the main flare.204

In its propagation phase, the CME speed increases.205

Figure 9: An SDO/AIA 171Å in-
tensity image overlaid with
marked coronal loops L1 (solid
curve) and L2 (dashed curve) at
15:00:10UT. F1 and F2 marked
the footpoints of the coronal loops.
The line segments 0 – 21 mark
the slit positions perpendicular
to the loop L1 that are used to
compute the space-time intensity
maps as shown in the Figure 10.
Cyan and green points represent
the positions of loops L1 and L2,
respectively at 15:56:10UT

F
1

F
2

3.4. Transverse Oscillations of Coronal Loops206

To analyse the properties of the transverse oscillations of coronal loops, we identified distinct207

loops in the AIA 171 Å intensity images and selected two oscillating loops named as L1 and208

L2 (see Figure 9) with sufficient quality for time-series analysis. Further to find the changes209

in the loop position as function of space and time, we took 22 slits across loops as shown in210

the Figure 9. Then space-time intensity maps for all slits were computed by combining the211

intensity values along different slits as a function of time. Thus the space-time intensity maps212

for 10 chosen positions are shown in the Figure 10. The amplitude of loop oscillations across213

all the slits and for all the loops decreases with time. We searched for a clear oscillatory214

patterns in coronal loops by analysing the space-time maps where at least three to four cycles215

of loop oscillations were seen. Thus we considered two loops marked by L1 and L2 as shown216

in the space-time map for the slit number 10. The time-series of the loop displacements were217

extracted from the space-time maps by following the loop intensity as a function of time.218

Thus the loop positions as a function of time are plotted in the top panel of the Figure 11219

for the loop L1 (left) and L2 (right). Further to find the oscillations properties in the loops,220

we subtracted a linear trend for L1 and a quadratic trend for L2 from the time series, and221

the final time series is shown in the middle panels of the Figure 11. We determined the222

oscillation parameters by fitting an exponential damping cosine function of the form,223

d(t) = A cos

(

2πt

P
+ φ

)

e−t/τ , (1)



Safna et. al.

Figure 10. Space-time maps of AIA 171 Å intensity along 10 different slit positions (slit-5 to slit-18) across
the L1 and L2 loops as shown in Figure 9. The cyan and green arrow marks the position of the loops, L1

and L2 in the space-time maps for the slit-10.

where, A is the amplitude, τ is the damping time, P is the period of oscillation and φ is224

the phase. We find that the damp fit does not precisely fit the loop positions. Therefore,225

to estimate more accurate the oscillation period, we compute the Fourier power spectra of226

the loop oscillation time-series as shown in the bottom panel of the Figure 11. We repeated227

this calculations for the 9 slit positions (8 to 15 & 18) for both the loops L1 and L2. The228

oscillation parameters obtained from the fit and Fourier spectra are listed in the Table 1229

and 2 for the loops L1 and L2, respectively.230

We find that the loop L1 oscillates with a significantly larger amplitude than the loop231

L2 which is also evident from their power spectra as shown in the Figure 11(bottom row).232

The average period of oscillations of the loop L1 is found to be 5.75 ± 0.47minutes with233
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Figure 11. Transverse oscillations of coronal loops L1 (left) and L2 (right) across the slit-10. (Top row)
The crosses correspond to the loop positions estimated from the space-time maps. (Middle row) Time series
of the loop positions after subtracting a low degree polynomial. The solid curve represents the damp fit
(Equation 1), (Bottom row) Fourier power spectra of the time series shown in the middle panel.

a damping time of τ = 30.78 ± 11.54minutes while the average period of the loop L2 is234

found to be P = 7.20 ± 0.31minutes with a damping time of τ = 16.00 ± 5.90minutes.235

That is, the loop L2 oscillates with a significantly larger period than the loop L1 but with236

a shorter damping time and amplitude. The single peak in the power spectra of both the237

loops provides evidence that the oscillations are in fundamental mode.238

Further to confirm the fundamental mode of oscillations in a coronal loop, we analysed239

the cross-spectra and the cross-phases in different times series obtained from different slits240

for the same loop (see Figure 12). The point of intersection between a line from the peak241

of cross-spectrum and curve of the phase-spectrum is taken as the phase difference of two242

points along the loop. The phase differences along the loop between slits determine whether243

the oscillations are in-phase. We did not find significant phase difference in slit positions of244

a loop. This confirmed that both the loops are oscillating in fundamental modes. However,245

these loops were found to be oscillating in different phases. The phase difference between246

the two loop was found to be around 33o.247

We estimated the kink speed, Alfvén speed and the magnetic field by finding the loop248

length and the period of oscillations. The length of a coronal loop can be estimated more249

accurately by comparing their observations from two different viewpoints, e.g., using one250

observation from an Extreme Ultraviolet Imager (EUVI)/Solar Terrestrial Relations Ob-251

servatory (STEREO) and the other from SDO/AIA or both from STEREO A & B. This252

method gives more accurate length of the loop instead of a projected image on the plane of253

site. But, for this event, the oscillating loops are only seen in SDO/AIA observations and254

not in the STEREO/EUVI channels. Therefore, we cannot estimate the 3D loop geometry255

by the above said approach. We manually marked red cross points along the selected loop as256
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Table 1. Oscillations parameters of the coronal loop L1 along different slit directions.

S.N. Slit No. Amplitude Period from
damp-fit

Damping time Peak frequency Period from
power spectra

N (Mm) P1(minute) τ(minute) f(mHz) P2(minute)

1 8 11.12 5.97 54.86 2.49 6.70

2 9 13.08 6.08 28.18 2.69 6.20

3 10 13.64 5.85 29.48 2.69 6.20

4 11 11.18 5.55 30.41 2.87 5.80

5 12 11.82 5.12 14.58 3.09 5.40

6 13 11.14 5.30 21.67 3.09 5.40

7 14 9.64 5.16 37.84 3.12 5.33

8 15 12.70 5.55 19.70 3.14 5.30

9 18 3.56 6.17 40.34 3.06 5.44

10.88±2.83 5.64±0.37 30.78±11.54 2.92±0.22 5.75±0.47

Table 2. Oscillation parameters of the loop L2 along different slit directions.

S.N. Slit No. Amplitude Period from
damp-fit

Damping time Peak frequency Period from
power spectra

N (Mm) P1(minute) τ(minute) f(mHz) P2(minute)

1 8 6.30 7.47 17.98 2.42 6.90

2 9 7.10 7.50 18.02 2.40 7.00

3 10 10.12 7.33 26.87 2.41 7.00

4 11 12.02 7.36 12.18 2.28 7.30

5 12 16.44 7.20 9.00 2.28 7.30

6 13 14.84 7.40 11.87 2.45 6.80

7 14 16.32 7.55 7.61 2.38 7.00

8 15 13.81 7.44 18.82 2.45 6.80

9 18 5.24 9.42 21.40 1.92 8.70

11.35±4.10 7.63±0.64 16.00±5.90 2.33±0.16 7.20±0.31

shown in Figure 9 and an approximate loop length is determined by numerical integration.257

The errors on the loop length measurement is mainly due to the projection effect. Thus the258

estimated lengths of the coronal loops are listed in the Table 3. Previous studied showed that259

period of oscillations are proportional to the length of a loop (e.g., Goddard and Nakariakov,260

2016). But, we find that the smaller loop L2 oscillates with a more extended period than261

the loop L1. This could be due to error in the measurements of loop lengths.262

For a fundamental mode of oscillation, the longitudinal phase speed can be expressed in263

terms of the period of kink oscillation (P ) and the loop length (Roberts, Edwin, and Benz,264

1984; Verwichte et al., 2009),265

Vph =
2L

P
. (2)

Further, from the MHD wave theory, the fast kink standing waves are strongly dispersive266

with real wave number k and frequency ω. The phase speed of a fast kink mode, in the267

long wavelength (k ≪ 1) and zero plasma -β limit, equals to the kink speed Ck (Edwin and268

Roberts, 1983). In the thin tube approximation of kink mode oscillations, Ck can also be269

represented (Roberts, Edwin, and Benz, 1984) as,270

Ck = VA0

√

2

1 + ρex/ρin
, (3)
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Figure 12. Cross-power spectra (solid curve) and the phase difference (dotted curve) profiles obtained from
times series of the loop oscillations across the slits 8 & 11 (top row), 8 & 13 (middle row) and 8 & 18 (bottom
row) for the coronal loops L1 (left column) and L2 (right column). For slits’ positions, see Figure 9. The
asterisks symbol ‘*’ on the phase-profile marks the phase difference (δφ) between two time series.

which is related with the internal Alfvén speed VA0 and the internal (ρin) and external (ρex)271

plasma densities of the loop. The Alfvén speed is defined in terms of magnetic field and the272

density of the loop. Considering uniform magnetic field and the Equation 3, kink speed can273

be written as,274

Ck = B

√

2

µ0(ρin + ρex)
, (4)

where, B is the magnetic field strength in the loop and µ0 is the permeability of free space.275

Assuming that the density ratio ρex/ρin ≈ 0.1 (Nakariakov et al., 1999), the Alfvén speed276

ranges between,277

2L√
2P

≤ VA0 ≤
2L

P
, (5)

and hence the magnetic field in the coronal loop can be expressed as,278

B = VA0

√

4πµcmpne, (6)
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where, µc = 1.27 is the mean molecular weight in the corona, mp is the proton mass. The279

electron density ne in the coronal plasma can be taken as (7 − 10) × 109 cm−3 (Sun et al.,280

2013). Then the range of magnetic field can be expressed (Verwichte et al., 2009; White and281

Verwichte, 2012; Nakariakov and Ofman, 2001) as,282

2L√
2P

√
µcmpne ≤ B ≤

2L

P

√
µcmpne (7)

Using above equations, and the oscillation properties of coronal loops, we can estimate283

the Alfvén’s speed and the magnetic field in the coronal loops. Thus, computed values for284

the two loops are listed in the Table 3. The order of magnetic fields in the coronal loops285

seems to reasonable.286

Table 3. Oscillation parameters, the magnetic fields and the Alfvén’s speed in the
coronal loops

Loop Period Length Kink speed Alfvén speed Magnetic field

P (minute) (Mm) (kms−1) (kms−1) (G)

L1 5.75±0.47 193 4052.32±335.33 3005.28±248.69 14.26±1.69

L2 7.20±0.31 160 2680.60±191.17 1987.99±141.78 9.58±1.35

4. Summary and Conclusions287

Using the EUV intensity observations of solar corona, we analysed the transverse oscillations288

in the coronal loops of an active region that was located at the west limb of the solar disc.289

The active region was found to be a complex areas with mixed magnetic polarities. One of290

the footpoints of coronal loops were found to be anchored in the active region center and291

the other in the near by diffused polarity regions.292

The initiation of the loop oscillations is found to be triggered by a plamoid erruption that293

was followed by a pre-flare which initiated reconnection of field lines leading to a large X8.2294

class flare. During the pre-flare, a flux rope was found to be rising slowly then expanded295

and finally undergoes acceleration phase. The magnetic field lines seem to be reconnected296

during its expansion phase and a flare brightening was observed. This flux rope is found to297

be associated with the formation of a plasmoid. During the ejection of the plasmoid, the298

coronal loop interacts with the nearby loops and initiated oscillation before the impulsive299

phase of the main flare. We analysed the oscillation properties in two distinct coronal loops300

and computed the coronal magnetic fields.301

We found that the loops oscillated with average periods of 5.75minutes and 7.20minutes,302

with average damping times of 30.78minutes and 16.00minutes, respectively. In the Fourier303

power spectra of the loop oscillation, we found a single peak that depicts the oscillation to304

be in the fundamental mode. Further from the phase analysis between two successive slit305

directions along a single loop, we confirm that different parts of the loop oscillate in the same306

phase. But the two loops are found to be oscillating with a phase difference of ∼ 33o. This307

could be due to different triggering times for their oscillations. The length of loops measured308

as L1 = 193Mm and L2 = 160Mm. Generally, the period of oscillation is proportional to309

the length of the oscillating loop (Aschwanden and Boerner, 2011). Here the contrast could310

be due to error in the length measurement mainly caused by projection effect. Using the311

period of oscillations and loop lengths, we estimated the kink speed, Alfvén speed and hence312

the magnetic field associated with the oscillating loops. Thus the estimated magnetic fields313

in the coronal loops are found to be ∼ 40G and ∼ 26G, respectively.314

We observed flare induced shock wave propagating across the solar disc with an average315

speed of 1290 km s−1 and an acceleration of about 1.2 km s−2. These waves cover the entire316

solar disc and also stroked with the upper atmospheric layers. Initially, they traveled towards317

the southern polar regions and reflected on the disc. Other researchers have also reported318
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earlier (Seaton and Darnel, 2018; Liu et al., 2018) that it is the first observation of a truly319

global EUV wave with SDO/AIA observations. From the SOHO/LASCO CME catalog,320

we also found that the main flare is accompanied with a fast propagating halo CME.321

Gopalswamy et al. (2018) reported that this CME was the highest eruption in the SOHO era322

with ground level enhancement (GLE) and solar energetic particle (SEP) event. We found323

that the flare generated shocks and associated CME started during the impulsive phase of324

the main Flare.325

There are three possible source of the perturbations that leads to the oscillations in the326

coronal loops: (1) rising plasmoid increases in size due to reduction of density and pushed the327

coronal loop field lines from their equilibrium positions, (2) One of the flux tube suppressed328

the other loops to perturbed maximum amplitude oscillations, and (3) shock wave generated329

at the time of plasmoid ejection. It would be interesting to analyse such events on the solar330

disc and compare the magnetic field obtained from other methods such as extrapolations.331
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Anfinogentov, S., Nisticò, G., Nakariakov, V.M.: 2013, Decay-less kink oscillations in coronal loops. Astron.339

Astrophys. 560, A107. DOI.340

Aschwanden, M.J., Boerner, P.: 2011, Solar coronal loop studies with the atmospheric imaging assembly. i.341

cross-sectional temperature structure. Astrophys. J. 732(2), 81. DOI.342

Aschwanden, M.J., Schrijver, C.J.: 2011, Coronal loop oscillations observed with atmospheric imaging343

assembly—kink mode with cross-sectional and density oscillations. Astrophys. J. 736(2), 102. DOI.344

Aschwanden, M.J., Fletcher, L., Schrijver, C.J., Alexander, D.: 1999, Coronal loop oscillations observed with345

the transition region and coronal explorer. Astrophys. J. 520(2), 880. DOI.346

Brueckner, G.E., Howard, R.A., Koomen, M.J., Korendyke, C.M., Michels, D.J., Moses, J.D., Socker, D.G.,347

Dere, K.P., Lamy, P.L., Llebaria, A., Bout, M.V., Schwenn, R., Simnett, G.M., Bedford, D.K., Eyles,348

C.J.: 1995, The large angle spectroscopic coronagraph (LASCO). Solar Phys. 162(1-2), 357. DOI.349

Doorsselaere, T.V., Nakariakov, V.M., Verwichte, E.: 2007, Coronal loop seismology using multiple transverse350

loop oscillation harmonics. Astron. Astrophys. 473(3), 959. DOI.351

Edwin, P.M., Roberts, B.: 1983, Wave propagation in a magnetic cylinder. Solar Phys. 88(1-2). DOI.352

Goddard, C.R., Nakariakov, V.M.: 2016, Dependence of kink oscillation damping on the amplitude. Astron.353

Astrophys. 590, L5. DOI.354
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Gopalswamy, N., Yashiro, S., Mäkelä, P., Xie, H., Akiyama, S., Monstein, C.: 2018, Extreme kinematics of357

the 2017 september 10 solar eruption and the spectral characteristics of the associated energetic particles.358

Astrophys. J. 863(2), L39. DOI.359

Heyvaerts, J., Priest, E.R.: 1983, Coronal heating by phase-mixed shear Alfven waves. Astron. Astrophys.360

117, 220. ADS.361

Hollweg, J.V., Yang, G.: 1988, Resonance absorption of compressible magnetohydrodynamic waves at thin362

“surfaces”. J. Geophys. Res. 93(A6), 5423. DOI.363

Jain, R., Maurya, R.A., Hindman, B.W.: 2015, Fundamental-mode oscillations of two coronal loops within364

a solar magnetic arcade. Astrophys. J. 804(1), L19. DOI.365

Lemen, J.R., Title, A.M., Akin, D.J., Boerner, P.F., Chou, C., Drake, J.F., Duncan, D.W., Edwards, C.G.,366

Friedlaender, F.M., Heyman, G.F., Hurlburt, N.E., Katz, N.L., Kushner, G.D., Levay, M., Lindgren,367

R.W., Mathur, D.P., McFeaters, E.L., Mitchell, S., Rehse, R.A., Schrijver, C.J., Springer, L.A., Stern,368

R.A., Tarbell, T.D., Wuelser, J.-P., Wolfson, C.J., Yanari, C., Bookbinder, J.A., Cheimets, P.N., Caldwell,369

D., Deluca, E.E., Gates, R., Golub, L., Park, S., Podgorski, W.A., Bush, R.I., Scherrer, P.H., Gummin,370

M.A., Smith, P., Auker, G., Jerram, P., Pool, P., Soufli, R., Windt, D.L., Beardsley, S., Clapp, M., Lang,371

J., Waltham, N.: 2011, The atmospheric imaging assembly (AIA) on the solar dynamics observatory372

(SDO). Solar Phys. 275(1-2), 17. DOI.373

Liu, W., Jin, M., Downs, C., Ofman, L., Cheung, M.C.M., Nitta, N.V.: 2018, A truly global extreme374

ultraviolet wave from the SOL2017-09-10 x8.2+ solar flare-coronal mass ejection. Astrophys. J. 864(2),375

L24. DOI.376

Mitra, P.K., Joshi, B.: 2019, Preflare processes, flux rope activation, large-scale eruption, and associated377

x-class flare from the active region NOAA 11875. Astrophys. J. 884(1), 46. DOI.378

Moortel, I.D., Brady, C.S.: 2007, Observation of higher harmonic coronal loop oscillations. Astrophys. J.379

664(2), 1210. DOI.380

Nakariakov, V.M., Ofman, L.: 2001, Determination of the coronal magnetic field by coronal loop oscillations.381

Astron. Astrophys. 372(3), L53. DOI.382

https://doi.org/10.1051/0004-6361/201322094
https://doi.org/10.1088/0004-637x/732/2/81
https://doi.org/10.1088/0004-637x/736/2/102
https://doi.org/10.1086/307502
https://doi.org/10.1007/bf00733434
https://doi.org/10.1051/0004-6361:20077783
https://doi.org/10.1007/bf00196186
https://doi.org/10.1051/0004-6361/201628718
https://doi.org/10.1051/0004-6361/201527341
https://doi.org/10.3847/2041-8213/aad86c
https://ui.adsabs.harvard.edu/abs/1983A&A...117..220H
https://doi.org/10.1029/ja093ia06p05423
https://doi.org/10.1088/2041-8205/804/1/l19
https://doi.org/10.1007/s11207-011-9776-8
https://doi.org/10.3847/2041-8213/aad77b
https://doi.org/10.3847/1538-4357/ab3a96
https://doi.org/10.1086/518830
https://doi.org/10.1051/0004-6361:20010607


Safna et. al.

Nakariakov, V.M., Verwichte, E.: 2005, Coronal waves and oscillations. Liv. Rev. Solar Phys. 2. DOI.383

Nakariakov, V.M., Ofman, L., DeLuca, E.E., Roberts, B., Davila, J.M.: 1999, TRACE observation of damped384

coronal loop oscillations: Implications for coronal heating. Science 285(5429), 862. DOI.385

Nakariakov, V.M., Anfinogentov, S.A., Antolin, P., Jain, R., Kolotkov, D.Y., Kupriyanova, E.G., Li, D.,386
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