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Abstract

:

We study the loop oscillations after a solar flare on 19 January 2023, in the active region N11E40 3196, which is well observed by the SDO/AIA. After tracing the loop position and fitting, we find that the loop oscillations have a period between 3 and 9 min at various locations, such as from the leg to the top or from the inner to the outer loop. Their oscillating amplitudes decrease with time. Two loops display the position oscillation simultaneously with their brightness oscillation. After the analysis of the differential emission measure (DEM), we find that two of their loop position oscillations resulted from the plasma density fluctuation. Meanwhile, it is interesting that the brightness of these two position oscillations displays a typical period of about 4 min, similar to that of the position oscillation. This is possible due to both the plasma density and temperature fluctuation there. Our findings provide the physical clues for studying and understanding the mechanism of the loop position and brightness oscillations.
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1. Introduction


The corona is located in the upper atmosphere of the Sun, and it is filled with various thermal plasma and magnetic structures, such as the corona loops, which are often bright in the active regions (ARs), coronal holes, and some quiet regions [1,2], with a length typically ranging from several hundred kilometers to several hundred megameters, with a width as thin as 100 km [3]. The temperature of the plasma in the loops is on the order of megakelvins [4,5,6]. Therefore, the corona loops can be easily observed in the extreme ultraviolet (EUV) and soft X-ray (SXR) bands due to the high brightness through the thermal mechanism. The coronal loops often display transverse oscillations, which are usually related to magnetohydrodynamic (MHD) waves in the corona [7]. The observed transverse oscillations are usually divided into two types: decaying oscillations and decayless oscillations. The characteristics of decaying oscillations are a large-scale amplitude (≫1 Mm) and a quick decay within several oscillating periods [8,9,10], while decayless oscillations typically exhibit a small-scale amplitude (<1 Mm) and can persist for several oscillating periods or even more [11,12,13].



Theoretically, the loop oscillations are thought to be the kink mode. The decaying oscillation is generally believed to be triggered by solar eruptive activities, such as solar flares, coronal jets, magnetic flux ropes, and so on [14,15,16,17,18]. The observed periods of this oscillation range from a few minutes to several tens of minutes, and the decaying time is roughly equivalent to several oscillating periods [10,19]. On the contrary, decayless kink oscillations have been proven to be ubiquitous in the corona, indicating that they are not significantly related to solar eruptive activity [11,20,21,22]. Their oscillation periods range from tens of seconds to hundreds of seconds [23,24,25]. However, there are some conjectures about the driving mechanism of decayless oscillations [13], such as the magnetic arcade model [26], the Kelvin–Helmholtz (KH) vortex model [27], the self-oscillation model [21], the footprint-harmonic-driven model [28], the steady-flow-driven model [29], and the random-motion-driven model [30,31]. But, the harmonic-footprint-driven model and the KH vortex model have been clearly excluded, while others require observational validation. Kink oscillation is a common and interesting phenomenon in the solar atmosphere, which is related to coronal heating problems [32] and coronal plasma diagnostics [33,34]. Specifically, kink oscillations are used to estimate the coronal magnetic field [35], density stratification [36,37], the variation of the magnetic field along the loop [38,39], and information about fine structures [37,40].



The observed oscillations emit the trajectories of the thermal plasma filled in the loops, and the kink oscillations are closely related to the properties and activities of the hot plasma. The differential emission measure (DEM) diagnostic can study the plasma and energy in coronal loops through different spectroscopic lines or narrowband filters in a set of extreme ultraviolet (EUV) or soft X-ray (SXR) images. The DEM describes the distribution of the temperature and density of the hot plasma. DEM analysis can be used to estimate other parameters, such as the plasma density, thermal X-ray flux, thermal energy, and emission measure (EM)-weighted temperatures. Therefore, it can better study the oscillation properties, propagation modes, coronal loop structures, and so on. The Atmospheric Imaging Assembly (AIA) onboard the Solar Dynamics Observatory (SDO) [41,42,43] provides excellent temperature coverage, spatial resolution, cadence, and data quality for EUV imaging observations of the coronal loops. The multi-wavelength and wide temperature capability demonstrated by the SDO/AIA makes it an ideal choice for constructing DEM models in different regions of coronal loops.



In this work, we explore a series of coronal loop oscillations caused by flare eruptions. After fitting the oscillating signal, we estimate the basic parameters of the oscillation and diagnose the parameters of the coronal loop. Then, we perform DEM analysis on two of the oscillations to explore their physical properties. From the time–distance graph, we found that they were oscillations that deviated from the equilibrium position of the loop. At the same time, we integrate the bright area along the trajectory of the loop to explore whether there is a relationship between its brightness oscillation and position oscillation. Finally, a brief summary and discussion is given.




2. Observations and Measurements


On 19 January 2023, there were two solar flares that subsequently took place at AR NOAA 13196. The first event was an M1.7-class flare, which started at 10:06 UT, reached its peak at 10:12 UT, and ended at 10:19 UT. The second one was an M1.0-class flare, which started at 10:25 UT, reached its peak at 10:27 UT, and ended at 10:45 UT. During the first event, there was also a violent jet. Both flares and the jet were well detected by the SDO/AIA at nine wavelengths.



Figure 1 gives the AIA 171 Å images of the beginning, peak, and end of the first M1.7 flare. The spatial sampling was 0.6 arcsec. At the beginning, there is a group of coronal loops clearly seen at 171 Å in Figure 1a, and they are stable. When the first flare erupts, a large amount of hot material is injected into the footpoint, and then, it rapidly propagates along the corona loop. The loops display the displacement from the original equilibrium, which results in the oscillation. In order to better analyze the oscillations in the coronal loop, we outline six artificial slits at various positions of the coronal loop, and the width of these slits was 1.8″ (3 pixels), as marked by S1, S2, S3, S4, S5, and S6 in Figure 1b.



Figure 2a shows the GOES SXR light curves at 1–8 Å and 0.5–4 Å. Figure 2b shows the time–distance map of slit S1. The loops display the transverse oscillations and four visible oscillations detected and marked by 1, 2, 3, and 4 in four distinct threads, which form the loop from 10:00 UT to 11:00 UT. The oscillation position of the coronal loop is usually determined by the Gaussian fitting method [25,44], but here, due to the numerous overlapping loops in the time–distance map, this method is not very suitable [10,11]. Therefore, we manually selected points along the brightness edge to determine the position of the oscillation [45], as shown by the red plus sign (‘+’). They have a period of 3–6 min for various oscillations. Their oscillating amplitudes are decreasing with time, which evidences that they are decaying oscillations.



Figure 1b shows six slits at different positions of the coronal loop: S1–S5 are perpendicular, while S6 is parallel to the loop system, to facilitate the observation of the oscillation in the loop. Figure 3a–e show the time–distance maps of S2–S6. The red dashed lines represent the starts of two flares. The same as S1, it is clearly seen that many oscillations are overlapping and intersecting in slits S2–S5. We trace several oscillations that are located at the edges and are more pronounced in slits S1–S5. From Figure 3, it can be seen that these oscillations last for several periods and exhibit decaying kink oscillations. Due to the different lengths of the inner and outer loops, the oscillation of the inner loop begins before that of the outer loop. The red arrow in Figure 3 points from the trough of the inner loop oscillation to the trough of the outer loop oscillation. Its slope represents the speed at which the oscillation propagates from the inner loop to the outer loop. This also indicates that the phase of oscillations between different loops is not strictly the same, but there is a certain phase difference. Figure 3e shows a time–distance map along the loop marked by S6, in which a longitudinal oscillation parallel with the loop appears to be observed. Interestingly, we found that the oscillation in S6 has opposite phases from the other oscillations. At the beginning of the flare eruption, the coronal loop undergoes a severe contraction, causing strong disturbances in the middle loop. Figure 3e shows that the oscillation along S6 is similar as that along S1–S5. However, our observation does not show any relationship between them. Apart from this, there are no other obvious oscillation signals. Figure 3f shows the time–distance map along the direction of the jet, with the red arrow indicating the velocity of about 441 km/s. It is clear that all the loop oscillations are triggered by the first M1.7 flare. But, oscillation 11 seems to occur at the same time as the jet, which indicates the possibility that oscillation 11 is triggered by the jet. However, it is interesting that they are not affected by the second M1.0 flare eruption.




3. Data Analysis and Results


3.1. Position Oscillations in Coronal Loops


From the online animation, after the first M1.7 flare’s eruption, the coronal loop exhibits highly dynamic behavior, and the oscillations spread throughout the entire loop system. Figure 3 shows that the oscillations cross and overlap with each other due to a series of overlapping loop structures in the plots. In total, 12 individual oscillations were detected and marked by the numbers 1–12. We found that these oscillation behaviors basically have a decay trend, and some oscillations have obvious drifting motion along the slits. Therefore, we used a sine function with a decaying term and a linear trend to fit the loop oscillation [8,10,46], as shown in Equation (1):


  A  ( t )  =  A m  sin  (   2 π  P   ( t −  t 0  )  + ϕ )  ·  e  −   t −  t 0   τ    + k  ( t −  t 0  )  +  A 0  ,  



(1)




where   A m   represents the initial displacement amplitude, P and  ϕ  represent the oscillation period and initial phase,  τ  represents the decay time,   t 0   represents the start time of the oscillations,   k ( t −  t 0  )   represents the drifting motion of the oscillation in the sky plane, where k represents its drifting velocity, and   A 0   represents the initial position of the oscillation in the loop. These fitting parameters, as well as the duration of our measurements of 12 individual oscillations are listed in Table 1. The result fit by this function is plotted by the blue curves in Figure 2b and Figure 3a–e, which matches well with the manually identified oscillation. Previous studies of large-amplitude rapidly decaying kink oscillations have shown that both an exponential damping model and a generalized model (consisting of Gaussian and exponential damping patterns) fit observed damping profiles sufficiently well. However, it has recently been shown theoretically that the transition from the decaying regime to the decayless regime could be characterized by a superexponential damping model. Zhong et al. [47] studied ten oscillations and found that, in 7 out of 10 analyzed oscillations, the preferential damping model is the superexponential one. Our study is similar as the superexponential damping mode to study the decaying oscillations, but the latter describes the oscillations decay quickly. As noted earlier, the amplitudes are decreasing with time, and the velocity amplitude   v m   can be determined by taking the derivative of the displacement amplitude [45], while the velocity amplitude is projected on the plane of the sky. For example,    v m  =   2 π  A m   P    as listed in Table 1 with an average of    v m  = 50   km/s for these 12 oscillations. The 12 individual oscillations have different oscillation periods. The fitting results show that they are oscillating almost in the same phase and with an average period of about 5.8 min. The period is between 3.08 and 9.10 min, which is a typical value of kink mode oscillation. Basically, the oscillation period of the outer loop is longer than that of the inner loop [48], which is also because the length of the outer loop is usually longer than that of the inner loop. The linear dependence of the oscillation period on the loop length allows one to estimate the kink wave speed, which for the fundamental harmonic is    C k  = 2 L / P  . By changing the position of the kink velocity and period to obtain   P = 2 L /  C k   , therefore, there are different periods for loops of different lengths, and their slopes remain unchanged, which is equivalent to having the same kink velocity in a loop system. In addition, due to the flare that triggers the transverse oscillation erupting near the southern footpoint of the coronal loop, the displacement amplitude of the oscillation near the southern footpoint (such as S4) is greater than that of the oscillation far away from the flare area (such as S1 and S2). But, from Figure 1b, it can be seen that slit S5 is located near the footpoint on the side of the flare, where the plasma is denser and the magnetic field is strong. The disturbance caused by the flare erupting in the loop near the footpoint is smaller. When the disturbance spreads to the area far away from the footpoint to the top of the loop, the loops are relatively loose and the disturbance is easily amplified.




3.2. DEM Analysis


From the observations, we further conducted differential emission measurement (DEM) analysis of the oscillation loop system. In this study, the improved sparse inversion code [49] developed by Su et al. [50] was applied to determine the DEM (T) distribution at each pixel, which was calculated from the SDO/AIA image data of six EUV passbands, namely AIA 94 Å, 131 Å, 171 Å, 193 Å, 211 Å, and 335 Å. Their uncertainty was estimated based on 100 Monte Carlo (MC) simulations of each pixel, i.e., 3 δ  ( δ  refers to the standard deviation of the 100 MC simulations).



Figure 4 shows the DEM curves of the central position of slit S1, as shown in Figure 1c marked by the red point ‘p’ at 10:18:57 UT, the end time of the flare, with an error bar of double the standard deviation. This position is far from the flare region. It displays the temperature distribution of the DEM. It can be seen that there are two distinct peaks at log T = 5.9 (0.79 MK) corresponding to the temperature of the coronal loop in 171 Å and 6.2 (1.58 MK). We also give the average EM and T in Figure 4. The shaded area is the integral range of the temperature, as shown in Figure 5(a2), which corresponds to the temperature range, ranging from log T = 5.6 to 6.0 (from 0.3 MK to 1.0 MK).



As shown in Figure 5(a1,a2), they are the time–distance maps of the emission measure (EM) and temperature (T) along slit S1, respectively. For the AIA passbands, the emission is optically thin. The EM presents the influence of both the column depth of the emitting volume, i.e., along the line-of-sight, and the plasma density. If the length of the loop system along the line-of-sight would be constant in time and space, then an EM map could present the distribution of the plasma density, with higher material density in a brighter EM and lower material density in a small EM. Similarly, in the temperature map, the bright areas have higher temperatures and the dark areas have lower temperatures. In the EM map, some oscillatory signals can be barely seen, namely the edges of high-density and low-density areas, as well as the center of brighter areas. We draw the fit oscillation trajectory from the time–distance map in Figure 2b on the EM map, as shown by the red line, and it can be observed that the oscillation trajectory is very similar to the change in material density in the loop, indicating that this decaying transverse oscillation is precisely caused by the displacement of the loops. The flare eruption injects hot and high-speed plasma from the footpoint into the coronal loop, which propagates along the coronal loop, causing a brief change in the material density and displacement in the loop. This also explains the phenomenon of the significant decay of these oscillations after a few periods. When the material eruption finishes, the coronal loop tends to stabilize, the material density does not change significantly, and the oscillation phenomenon disappears. In the temperature map, the oscillation trajectory is also drawn in the graph, as shown by the green line. It can be seen that the change in temperature is not as obvious as the oscillation. In the coronal loop, the temperature distribution is relatively uniform, and there is not much change overall.




3.3. Brightness Oscillations


In Figure 2b, we notice that the loop brightness changes with time, as well as the position oscillation, especially for the oscillations 2, 3, and 4. Figure 2c gives the three light curves (red, blue, and brown) of their brightness at 171 Å. The brightness at each time is integrated in a region with a fixed width of 3.6 arcsec around the L2, L3, and L4 oscillating trajectories. Figure 5 gives an example of the brightness integration of L2 and L3 at 10:15:36 UT. The two peaks are the maximum brightness of L2 and L3 in Figure 2b. Two regions of dotted lines, as shown in Figure 6, represent the integration width, and the lines with red and blue color are the integrated brightness of L2 and L3 at 10:15:36 UT, respectively. The integration regions shift their positions with the L2 and L3 oscillations. Both L2 and L3 show their brightness oscillating, especially from 10:10 to 10:36 UT, which is the same as the intervals of loop position oscillations 2 and 3. In addition, it seems that there is no apparent change in the brightness of oscillation 4 in Figure 2b, but when we perform a light curve along the oscillation trajectory, we find that its brightness seems to have a certain periodicity, as shown in Figure 2c. Actually, except for the oscillation 2, 3, and 4, we do not find significant brightness oscillations in other individual position oscillations. In order to detect the L2 brightness oscillating period, we used the original brightness subtracted from the gradual component, as shown in Figure 2c by the black line, which is smoothed by 25 points. Then, we obtain the brightness oscillations of L2, as shown by the purple line from 10:10 to 10:36 UT. Figure 2d shows the global wavelet spectra, and the typical period is about 4 min, which is similar to that of the L2 position oscillation.



It is an interesting question how the brightness oscillation occurs. It is possibly due to the plasma density fluctuation or the temperature oscillations in the loops. Figure 5(b1,b2) show the integration curves along the oscillation trajectories 2 and 3. The width of the integration region is 3.6 arcsec. To better demonstrate the oscillation properties of the integration curve, the integration region of 2 is moved downwards three pixels along the oscillation center, and the integration region of 3 is moved upwards 1.8 arcsec along the oscillation center. The selected time range is from 10:11 UT to 10:40 UT. Oscillation 2 was selected for the analysis here, and the black curve represents its gradual component. After taking the logarithm of the vertical axis DEM, it can be seen that oscillation 2 has an oscillation in the EM as well. In the integral curve of the temperature in Figure 5(b2), it can be seen that the temperature changes between   6.5 ×  10 5    K and   8.5 ×  10 5    K, and we used the original brightness (red) subtracted from the gradual component (black), which is smoothed by 13 points. The result obtained is a clearer oscillation signal. Finally, oscillation 2 of the DEM and temperature curves was subjected to the wavelet transform to obtain the wavelet power spectra, as shown in Figure 5(c1,c2). A period of about four minutes can also be observed from them, which is similar to the period observed in Figure 2d and the fit period, confirming the relationship between the oscillation and changes in the material density.





4. Discussions and Conclusions


We studied the decaying transverse oscillation at different threads in the coronal loop using images captured by the SDO/AIA at 171 Åand also observed two flare eruptions occurring at the footpoint on the southern side of the coronal loop. The observed coronal loop oscillations are basically transverse, and most of them last for at least two periods, with the significant decay of the displacement amplitude. The initial displacement amplitude is basically 1–10 Mm and rapidly decays within a few periods, which is very similar to previous findings on coronal loop decaying oscillations [8,10,19,46]. The period and displacement amplitude of the oscillations also confirms that the transverse oscillations found in the coronal loop are decaying kink waves. A M1.7 flare was observed near the southern foot of the coronal loop. From the time–distance diagrams in Figure 3, it can be seen that the oscillation occurred a few minutes after the flare eruption, which also confirms that such a large solar flare induced the decaying and transverse oscillation of the coronal loop. This is also similar to previous observations, for example decaying oscillations are usually driven by solar activities such as solar flares, EUV waves, or coronal rain. But, actually, in the vast majority of detected cases, decaying kink oscillations are excited by the coronal eruptions behind these activities.



The observed decaying oscillation period in the coronal loop is between 3 and 9 min. Based on the fitting results of the oscillation trajectory, we found that oscillations 1 and 4 have decay times of 1027 min and 551 min, respectively. Compared to their oscillation periods of a few minutes, they can almost be considered as decayless oscillations. Moreover, both oscillations start later than the other oscillations and appear at the beginning and end of the second flare, respectively. At present, the mechanism of decayless oscillations is not clear, and we speculate that these two oscillations may be related to the eruption of the second flare. So, when calculating the ratio of the decay time to the oscillation period here, we only used data from oscillations with a significant decay, and the average ratio of the decaying time to the oscillation period was about 2.6, indicating that the decaying period was two or three oscillation periods. Generally speaking, the transverse oscillation of the entire coronal loop was considered as a kink mode wave. Based on the obtained oscillation period, assuming that the coronal loop where the oscillation was located was a semicircle, the distance between the two footpoints was measured. Using the half circumference formula of the circle, the loop length can be calculated to be about 122 Mm. Then, we can use Formulas (2)–(4) to diagnose the coronal seismology [48,51,52,53,54,55,56]:


   c k  =   2 L  P   



(2)






   v A  =  c k  ·    1 +  n e  /  n i   2    



(3)






  B ≈  c k     1 +  ρ e  /  ρ i   2      μ 0   μ ˜   ρ i     



(4)







Here,   c k   represents the kink speed and L and P represent the loop length and oscillation period. Here, we used the period of oscillation 2 in slit S1 to calculate    c k  = 1037   km/s.   v A   and B represent the Alfvén speed and magnetic field strength in the loop system, respectively. Assuming the ratio of the number density    n e  /  n i  = 0.1   [35], we can calculate the Alfvén speed    v A  = 769   km/s.   μ 0  (  ≈ 4 π ×  10  − 7     N A−2), and    μ ˜   ( ≈ 1.27 )    represents the vacuum permeability and average molecular weight in the corona, respectively. ‘N’ is the force unit of Newtons, and ‘A’ is the current unit of Amperes in the International System of Units. Assuming an internal plasma density    ρ i  = 1.67 ×  10  − 12     kg m−3 and the density contrast (   ρ e  /  ρ i   ) to be equal to 1/3, the magnetic field in the coronal loop can be estimated to be about 13.8 G based on these data.



Much research has been conducted on the kink oscillation in the coronal loops, and many possible mechanisms have been proposed. Zimovets et al. [14] showed that the most probable mechanism for exciting the kink oscillations of coronal loops is the initial displacement of the loops from their equilibria by an eruption of some unstable plasma configuration, such as a flux rope or a system (arcade) of magnetic loops, or by a plasma ejection from a nearby flare site, rather than a blast shock wave excited by a flare. By using the DEM analysis, we found that the DEM displays a similar oscillating behavior, especially for position oscillations 2 and 3. This fact indicates that the thermal plasma is frozen in the loops and oscillates together with them. Interestingly, we found that the brightness of the loop exhibits oscillation similar to its position oscillation. The brightness oscillation has a period of 4.5 min, close to the period of the position oscillation of about 4.18 min. The DEM analysis shows that both the EM and temperature display the oscillations with a similar period. This finding suggests that the loop brightness oscillation could result from the plasma density and temperature fluctuation.



As noted earlier, the EM is assumed only to dependent on the plasma density, while the column depth along the line-of-sight (LOS) is stable. From our observation, we cannot rule out the effect of the column depth, which could affect the loop oscillation. Some studies suggest that the transverse oscillations found in the coronal loop are caused by the modulation of the emission intensity and the DEM by the variation of the column depth along the line-of-sight. Verwichte et al. [57] studied the transverse loop oscillation observed by STEREO and the Extreme Ultraviolet Imager (EUVI), and the plane of wave polarization was found from the comparison with a simulated loop model and showed that the oscillation is a fundamental horizontally polarized fast magnetoacoustic kink mode. They observed the clear intensity variations associated with the transverse loop oscillations, and they were shown to be caused by the effect of line-of-sight integration; the wave period they found was 10–11 min. White et al. [58] performed a detailed analysis including an analysis of the displacement time series and intensity variations and compared the EUVI and AIA data to estimate the 3D loop geometry. Time series analysis revealed periods between 1.7 and 10 min and damping times between 2.9 and 13 min. Cooper et al. [59] suggested that the kink modes of solar coronal structures, perturbing the loop in the direction along the line-of-sight (LOS), can be observed as emission intensity disturbances propagating along the loop provided the angle between the LOS and the structure is not ninety degrees. The effect is based on the change of the column depth of the loop (along the LOS) by the wave. It is an interesting direction to view disturbances in the coronal loop from the variation of the column depth along the line-of-sight, which can help us better understand the structure of oscillations in the coronal loop. More observational research is also needed to reveal the essence of the oscillations.
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Figure 1. (a–c) Flare images at AIA 171 Å. Corresponding to the start, peak, and end of the first flare, respectively. 
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Figure 2. (a) The GOES soft X-ray flux between 10:00 UT and 11:00 UT. (b) The time–distance map of slit S1. The red dashed lines represent the start times of the two flares. The red arrow points from the inner loop to the outer loop, and the four oscillations are determined and fit by manually selecting points. (c) The light curves along three oscillations L2 (red), L3 (blue), and L4 (brown, multiplied by 2.5), with a time range of 10:11 to 10:40 UT. The black curve represents the smooth component of L2, and the purple curve represents the result obtained by subtracting the smoothed component from the original light curve of L2. (d) The global wavelet spectrum of the purple curve. 
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Figure 3. (a–f) Time–distance map of slits S2 to S6 and the jet; the vertical red dotted line labels the onset of the flare. The red plus sign is manually obtained along the oscillation edge position, and the blue curve is a sine fitting of the oscillation; their key parameters are listed in Table 1. The red arrow represents the oscillation propagating outward along the inner loop, and its slope represents the speed of propagation. 
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Figure 4. The DEM curves of the central position of slit S1 as shown in Figure 1c marked by the red point ‘p’ at 10:18:57 UT, the end time of the flare. The error bars have twice the standard deviation, and the average EM and T are shown in the graph. The shaded area is the integration range for the temperature, from log (T) = 5.6 to 6.0. 
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Figure 5. (a1,a2) Time–distance maps of the EM and temperature T. The vertical red dashed lines represent the start times of the two flare eruptions, and the red and green lines represent the fit oscillation trajectory. (b1,b2) represent the integration curves along oscillation trajectories 2 and 3, while the black curve represents the gradual component in the time range of 10:11 UT to 10:40 UT. (c1,c2) The power spectrum obtained by the wavelet transform from the rapidly varying component of oscillation curve L2. 
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Figure 6. Intensity along slit S1 at 10:15:36 UT. The two peaks are the maximum brightness of L2 and L3 in Figure 2b. The lines with red and blue color represent the integration width of 3.6 arcsec to obtain the total intensity (in Figure 2c) at 10:15:36 UT. 
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Table 1. Key parameters (period, initial displacement amplitude, decay time, velocity amplitude, initial phase, and duration) measured in the oscillating loops at six slits.
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	Slit
	Loops
	P (min)
	   A m    (Mm)
	  τ   (min)
	   v m    (km/s)
	  ϕ   (min)
	Duration (min)





	S1
	1
	5.79
	0.84
	1027.70
	15.17
	1.62
	9.91



	
	2
	3.93
	1.30
	11.98
	34.65
	1.95
	27.33



	
	3
	4.18
	1.33
	15.61
	33.30
	0.87
	19.55



	
	4
	3.08
	0.58
	551.09
	19.65
	1.13
	14.49



	S2
	5
	5.43
	1.56
	19.37
	30.16
	1.45
	18.82



	S3
	6
	8.03
	3.20
	10.55
	41.70
	1.79
	20.82



	
	7
	4.91
	1.94
	6.31
	41.50
	1.04
	15.89



	S4
	8
	7.04
	5.34
	11.85
	79.44
	1.56
	19.42



	
	9
	9.10
	6.65
	13.62
	76.49
	2.26
	23.47



	S5
	10
	7.91
	1.21
	20.19
	16.08
	1.76
	11.77



	
	11
	4.43
	1.06
	21.96
	25.05
	0.74
	16.62



	S6
	12
	7.41
	8.79
	10.50
	124.29
	1.47
	22.94
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