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Abstract

Context. The energy flux of kink waves in coronal loops has been estimated in previous studies. Recent numerical simulations have revealed that kink oscillations can induce a Kelvin-Helmholtz Instability (KHI) in magnetic flux tubes. This non-linear process breaks the assumptions that have typically been included in previous eigenmode analyses. Therefore, the current analytical expressions of energy flux need to be re-examined.

Aims. In the present work, we aim to compare our numerical energy flux with previous analytical formulae and establish modifications to the estimation of the energy flux of kink waves in coronal loops.

Methods. Working within the framework of ideal magnetohydrodynamics (MHD), we conducted three-dimensional (3D) simulations of kink oscillations in coronal cylinders. Forward models were also employed to translate our numerical results into observables using the FoMo code.

Results. We find that the previous estimation of the energy flux of kink waves is reasonable up to the point before the KHI is fully developed. However, as small vortices develop, the energy flux derived from the analytical formula becomes smaller than the total Poynting flux calculated from our numerical results. Furthermore, when degrading the original numerical resolution to match a realistic instrumental resolution, for instance, the Extreme Ultraviolet Imager (EUI) on board the Solar Orbiter (SO), the energy flux becomes much smaller than the numerical value.

Conclusions. The energy flux calculated from the analytical formula should be modified by multiplying it by a factor of about 2. When it comes to the energy flux estimation based on SO/EUI observations, this factor should be between about 3 and 4.
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1. Introduction
Kink waves and oscillations have been frequently reported in solar coronal loops (see e.g., Nakariakov et al. 2021, for a recent review). The energy carried by these waves is of great importance, since it may be associated with the coronal heating problem (e.g., Van Doorsselaere et al. 2020). In transversely structured loops, it is generally believed that the damping of kink oscillations and waves depends on mechanisms such as resonant absorption (e.g., Goossens et al. 2011) and mode coupling (e.g., Pascoe et al. 2010), respectively. Through these processes, azimuthal local Alfvén waves can be induced and, following a phase mixing process (e.g., Heyvaerts & Priest 1983; Browning & Priest 1984; Guo et al. 2019b), the Kelvin-Helmholtz instability (KHI) can be enhanced. The development of transverse wave-induced KH vortices has been confirmed by recent numerical progress (e.g., Terradas et al. 2008; Antolin et al. 2014; Magyar & Van Doorsselaere 2016; Howson et al. 2017a,b). Thus, wave energy dissipation can occur at these small scales (e.g., Karampelas et al. 2017, 2019a,b; Guo et al. 2019a,b, 2023; Shi et al. 2021).
An essential issue is to calculate the energy content of kink waves in the corona. Goossens et al. (2009, 2012) pointed out that kink waves have an Alfvénic property in a thin tube (TT) limit, which is a good approximation for coronal loops that usually exhibit a large aspect ratio. This means that we need to be careful when estimating the energy flux in kink waves since they are different from bulk Alfvén waves (Van Doorsselaere et al. 2008), which are usually considered when computing wave energy in previous observations (e.g., Tomczyk et al. 2007; McIntosh et al. 2011). A detailed energy description of kink Alfvénic waves has been given by Goossens et al. (2013). The spatial variation in the energy of kink Alfvénic waves leads to a significant overestimate of the energy flux compared with previous consideration of bulk Alfvén waves. Van Doorsselaere et al. (2014) further extended this work by considering a volumetric filling factor in a bundle of magnetic flux tubes. They obtained the following expression for the average energy flux of kink waves:
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where f is the filling factor and ρi (ρe) represents the internal (external) loop density. Also, Pobs (ξobs) is the observational wave period (displacement) and vgr represents the group speed. This formula has been used, for example, in Gao et al. (2022) to calculate the total energy of decayless kink oscillations recently observed by the Atmospheric Imaging Assembly (AIA, Lemen et al. 2012). It has also been used in Petrova et al. (2023), Shrivastav et al. (2023), and Li & Long (2023) to calculate the energy flux of kink waves observed by the Extreme Ultraviolet Imager (EUI, Rochus et al. 2020) on board the Solar Orbiter (SO, Müller 2020).
The analytical expressions of energy flux obtained by Goossens et al. (2013) and Van Doorsselaere et al. (2014) need to be modified when considering kink oscillations associated with turbulent structures induced by the KHI. As demonstrated in, for instance, Guo et al. (2020), resonant absorption and phase mixing are ideal linear processes. The eigenmode analyses conducted in Goossens et al. (2013) and Van Doorsselaere et al. (2014) still remain in this linear regime with some assumptions, such as pressureless MHD and a piecewise constant density distribution in the transverse direction. In the nonlinear regime, however, the development of the transverse wave-induced small scales extends the resonant layer from a loop boundary to almost the whole cross-section of the loop (e.g., Karampelas et al. 2017; Guo et al. 2019b), challenging the reliability of the piecewise constant density profile. Magyar & Van Doorsselaere (2016) also found that the dynamics of transverse oscillating coronal loops deviate from linear damping theory due to the development of the KHI. In addition, the consideration of non-zero plasma β in coronal loops enables the analysis of internal energy, which makes a significant contribution to the total energy. The energy carried by kink waves has been calculated in non-zero plasma β studies by, for instance, Geeraerts (2022), Yuan et al. (2023).
Given the importance of energy flux calculation in future studies, especially in observational studies, it is essential to modify the current formula (1). In this paper, we conduct a numerical simulation to mimic the decayless kink oscillations reported in coronal loops and we compare the numerical Poynting flux with the energy flux deduced from Eq. (1). The current formula is modified to make it more reasonable for computing the total energy flux in the nonlinear regime. Section 2 describes our numerical model, including the equilibrium and numerical setup. In Sect. 3, we present the numerical results and forward modelling results, along with the modification of formula in Eq. (1). Section 4 summarizes our findings, ending with some concluding remarks.
2. Model description
We considered a similar three-dimensional model as in Guo et al. (2019b). The magnetic flux tube is density enhanced and embedded in a uniform background corona. The magnetic field is directed along the z-direction. The density profile is given by:
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with
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The internal density is ρi = 2.5 × 10−15 g cm−3 and the density ratio is ρi/ρe = 3. The parameter b = 8 gives the width of the inhomogeneous layer l ≈ 0.4R, with R = 1 Mm being the radius of the tube. The loop length, L, is set to be 150 Mm. The temperature is 1 MK throughout the entire computational domain. To maintain the magnetostatic balance, the magnetic field has a slight variation from internal Bi = 50 G to external Be = 50.07 G.
We employed the PLUTO code (Mignone et al. 2007) to solve the time-dependent MHD equations. A parabolic spatial scheme is used for reconstruction, and the numerical fluxes are computed by a Roe Riemann solver. A Runge-Kutta method was used for time marching. The whole computational domain is [−8,8] Mm × [−8,8] Mm × [0,150] Mm. A uniform grid of 100 points was adopted in the z-direction. In the x- and y-directions, 256 stretched grid cells were adopted, respectively. The highest resolution is 20 km in |x, y|≤2 Mm.
The boundary conditions were specified as follows. All components of the velocity at z = L are set to zero, meaning that this loop end is fixed. The remaining variables there have zero gradients. Regarding the z = 0 plane, the z-component of the velocity is set to be antisymmetric, while vx, vy are described by a continuous, dipole-like driver (e.g., Pascoe et al. 2010; Karampelas et al. 2017). This driver is used to excite decayless kink oscillations in the loop. In the internal loop region (r < R), the time-dependent velocity is
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where v0 = 4 km s−1 is the amplitude of the driver. The period Pk = 87 s, corresponding to the eigenperiod of the fundamental kink mode (Edwin & Roberts 1983). In the outside loop region, the driver is spatially dependent. It takes the form:
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where
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Here, x′ is the displacement of the driver to follow the motion of the footpoint. Similar setups can be found in, for instance, Karampelas et al. (2017), Guo et al. (2019b), Pelouze et al. (2023).
3. Results
The detailed dynamical evolution of the footpoint-driven loop has been extensively discussed in previous works from the literature (e.g., Karampelas et al. 2017, 2019b; Guo et al. 2019a,b). Figure 1 illustrates a snapshot of the density structure after the KHI is fully developed. The loop apex cut shows that the small-scale structures extend over almost the entire loop cross-section. The increasing velocity around the vortices indicates the onset of resonant azimuthal Alfvén waves in the boundary layer. Compared with previous linear models (e.g., Guo et al. 2020), the current resonance layer is distorted and distributed over a larger region of the loop. Therefore, the wave energy that is enhanced in a resonant layer is now spread over the loop cross-section. A previous work conducted by Goossens et al. (2013) concluded that most of the wave energy is confined to the boundary layer, regardless of whether it is a thick boundary layer or a thin boundary (TB) limit. Here, we extend this conclusion by stating that most of the wave energy is confined from the boundary towards the loop centre due to the extension of the KHI eddies across the magnetic field. To clearly show this cross-field effect, the predominantly z-directed magnetic field is presented in the left panel of Fig. 1.
	[image: thumbnail]	Fig. 1. Snapshot of the isosurface of density showing the loop structure at t = 980 s. The velocity field is represented by blue arrows. Magnetic field lines are overplotted in the left panel. The loop apex cross-cut is shown on the right.



Now, we take this study a further step to examine the energy flux in the current loop model. Since the energy flux given by Van Doorsselaere et al. (2014) is the spatially averaged total energy flux in a loop system, we can thus calculate the input energy flux in the current numerical model for a direct comparison. Before proceeding, it should be noted that the input energy equals the total energy changes in a numerical model. As previously demonstrated in Guo et al. (2019b), Karampelas et al. (2019a), the simulation maintains an energy balance. Therefore, the input energy flux is equivalent to the total energy flux changes in the loop. We compute the input energy flux by considering the Poynting flux at the driven footpoint. The spatially averaged Poynting flux is given by
[image: thumbnail](7)
where A represents the surface area of |x|≤2.83R, |y|≤2.83R. S = E × B/μ0 is the Poynting flux, and dA represents the normal surface vector. Figure 2 shows this input energy flux as solid black curves. We note that this energy flux curve starts from zero, although it may not be clearly visible due to the rapid excitation of the kink oscillation in the loop. We can see that the energy flux increases over time – before about 600 s, and then saturation is achieved after around 750 s, indicating that the KHI is fully developed. This scenario has been discussed in, for instance, Karampelas et al. (2019a) and Guo et al. (2019b).
	[image: thumbnail]	Fig. 2. Energy flux changes in the numerical model and forward model. (a) Energy flux obtained from the numerical results given by Eq. (7) (black line), analytical results given by Eq. (1) (red line), and the energy flux calculated using Eq. (1) with the synthetic displacement in Fig. 3b (blue line). (b) Scatter plots of the energy flux when t > tc. The horizontal axis represents the analytical (red) and synthetic EUI (blue) energy flux, while the vertical axis shows the numerical energy flux. Dashed lines illustrate the linear fits of the data, and their slopes correspond to the factors α and αeui.



We move on to examine the analytical expression in Eq. (1) for the energy flux. As mentioned in Van Doorsselaere et al. (2014), this formula is valid when the filling factor, f, is less than 0.1. Therefore, we chose a computational region of [ − 2.83R, 2.83R]×[−2.83R, 2.83R]×[0, 150R], which gives a filling factor of f = 0.1. This corresponds to the second configuration of a loop system shown in Fig. 2 in Van Doorsselaere et al. (2014). The period, Pobs, is the period of our driver, while the displacement, ξobs, is the observed transverse displacement of the loop. In the following numerical data analysis, we use the displacement of the centre of mass of the loop. The group speed, vgr, is chosen to be the kink speed under the assumption of a long wavelength approximation for a typical coronal loop. The kink speed, ck, is a density-weighted average value (Edwin & Roberts 1983) given by
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where vAi (vAe) represents the internal (external) Alfvén speed. Then, the analytical energy flux computed from Eq. (1) is illustrated in Fig. 2, shown as red lines.
We then compared the numerical energy flux with the analytical results in Fig. 2. When the kink oscillation is not formed, the displacement of the centre of mass is minimal. Therefore, the two curves show different behavior for the initial period. The two curves match well before the KHI is fully developed, indicating that the analytical expression in Eq. (1) is a good description of the energy flux in the linear regime. The deviation is probably caused by the simple transverse density profile considered in the eigenmode analysis. However, when the system enters the nonlinear regime, the formula fails to accurately describe the total energy flux. In this case, a factor of about 1.77 needs to be added to Eq. (1) in order to accurately describe the total energy flux in the nonlinear regime. Therefore, we modify Eq. (1) to obtain:
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where α = 1.77 ± 0.01 and tc ∼ 750 s, which indicates the onset time of the KHI. The factor α is the slope of the linear fit of the scatter plots of the numerical energy flux versus the analytical results at each instant when t > tc, as shown in Fig. 2b. The Pearson correlation coefficients are 0.9931 and 0.9903 for the two different fits, respectively.
The parameter α may vary for different numerical setups. However, it is impossible to exhaust all the related parameters. Here, we conducted a parametric survey by changing the amplitude of the footpoint driver to v0 = 6 km s−1. Then, following the above-described procedure, we find α = 2.19 ± 0.02. The factor α is slightly increased for this larger v0 run, due to the larger energy input which leads to a more turbulent loop cross-section, where more energy is confined to the extended resonant layers.
A natural question may arise regarding how we can modify this formula to suit observational analyses. To obtain an observational displacement, we forward-modeled the numerical results using the FoMo code (Van Doorsselaere et al. 2016). To make a comparison with the newest instruments, such as the SO/EUI, we chose the Fe IX 17.1 nm emission line. A similar consideration can be found in Petrova et al. (2023). The numerical results are translated into observables. Figure 3 shows the normalized intensity at the loop apex with a line of sight (LoS) along the y-direction. With this LoS angle, we can observe the largest displacement of the loop in the x-direction. Figure 3a presents the time-distance map with the original numerical resolution. As discussed in Guo et al. (2019b), small structures appear after about four oscillating periods. Following a similar procedure described in Chen et al. (2021), Gao et al. (2022), we degraded the numerical resolution to that of the EUI/HRI at 17.4 nm, which was chosen to have a pixel size of 200 km and a time cadence of 2 s, according to Petrova et al. (2023). The degraded time distance map is shown in Fig. 3b. Although the small structures can not be resolved, we can clearly see the decayless oscillation. The dashed line in Fig. 3b shows the central position of the loop, which can be taken as the observed transverse displacement by EUI.
	[image: thumbnail]	Fig. 3. Forward-models for the numerical simulation. Upper panel (a) shows the time–distance map of the normalized intensities with the full numerical resolution at the loop apex with a LoS angle along the y-direction. Lower panel (b) shows a degraded resolution result comparable to SO/EUI. The dashed line represents the oscillation profile of the intensities, obtained by calculating the centre of gravity of the intensity in panel (b).



Figure 2 also shows a comparison among the numerical results, the energy flux derived analytically, and the energy flux estimated using the observed displacement by EUI. We can see that the energy flux calculated from the observed displacement in the forward model is much smaller than the real total energy flux in the numerical simulation. Although the resolution of EUI is one of the highest among current EUV imaging instruments, the displacement it observes is still smaller than the real displacement of the loop shown in the simulation with a higher resolution. Therefore, we modified Eq. (1) for the EUI observations as follows:
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where αeui = 3.46 ± 0.03. For a footpoint driver with an amplitude of v0 = 6 km s−1, αeui = 4.08 ± 0.196. We stress again that Pobs is the observed period of the kink oscillation, ξobs is the displacement obtained from the time–distance map made by forward modelling, and vgr is approximately equivalent to the phase speed, which can be calculated using the loop length and the observed period.
4. Discussion and concluding remarks
We performed a 3D MHD simulation to study delay-less kink oscillations in a magnetic flux tube. The aim is to compare the energy flux with an analytical expression given by Van Doorsselaere et al. (2014) and to identify modifications to this formula to obtain a more accurate estimation of energy flux in transversely oscillating coronal loops. Forward models were also obtained to mimic SO/EUI observations. The analytical formula for the estimation of energy flux has also been modified for real observations. Our main findings can be summarized as follows.

	
The energy flux formula derived by Van Doorsselaere et al. (2014) is reasonable before the transverse wave-induced KHI is fully developed, that is, in the linear regime.



	
The analytical formula underestimates the energy flux as the KHI eddies extend the resonance layer across the magnetic field from the loop boundary towards the loop center. Therefore, the formula needs to be modified when the KHI is fully developed. In numerical simulations, the modified expression for the total energy flux is given by:
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where α = 1.77 ± 0.01 (α = 2.19 ± 0.02) for a driver of v0 = 4 km s−1 (v0 = 6 km s−1), tc is the onset time of the KHI, f represents the filling factor of a loop, ρi (ρe) represents the internal (external) loop density, Pobs (ξobs) is the observational wave period (displacement), and vgr represents the group speed.



	
For the SO/EUI observations, the energy flux of kink waves becomes much smaller when employing the previous energy flux computing formula. Therefore, it should also be modified when using the SO/EUI observational data to calculate the energy flux Fk. The updated formula is given by
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where αeui = 3.46 ± 0.03 (αeui = 4.08 ± 0.196) for a driver of v0 = 4 km s−1 (v0 = 6 km s−1).




The modified expressions for both numerical and forward modelling results reveal that the formula given by Van Doorsselaere et al. (2014) underestimates the total energy flux in a transversely oscillating loop with the appearance of the KHI. For previous EUI observations, Petrova et al. (2023), for instance, the energy flux of kink oscillations should be 6.89 kW m−2 (22.59 kW m−2) for the shorter (longer) frequency oscillations if Eq. (10) is considered. This means that the energy flux of the high-frequency kink oscillations reported before can be comparable to the total energy losses (∼10 kW m−2, Withbroe & Noyes 1977) in the active region corona.
In addition, we also degraded the original forward modelling results to roughly match the resolution of SDO/AIA at 17.1 nm, which has a spatial resolution of 1.2 arcsec and a time cadence of 12 s. A similar procedure can be found in (Guo et al. 2019b). Then we can obtain αaia = 3.65 ± 0.09. Note that the value of αaia is slightly larger than αeui due to the lower resolution of AIA. In previous numerical simulations by Karampelas et al. (2019b), there is no clear correlation between the amplitude of kink oscillation observed by AIA and the input energy from a footpoint driver. This probably indicates that the oscillating amplitudes captured by imaging instruments hide a possibly large input energy flux. In the current work, from a different quantitative perspective for each individual simulation, we stress that the energy flux should be larger than analytical expectations. Given the results of Karampelas et al. (2019b) and the current work, we can conclude that the energy flux of kink oscillations in coronal loops is underestimated by the imaging observations.
Apart from varying the amplitude of the velocity driver, we also conducted a higher resolution run. In this case, we increased the highest resolution to 14.8 km in the domain of |x, y|≤2 Mm. We obtained a slightly increased value of α = 1.94 ± 0.009, compared with the original value of α. It is known that changes in energy flux are sensitive to the energy dissipation within the system (e.g., Klimchuk 2015; Prokopyszyn et al. 2019; Howson 2022). However, before the full development of the energy cascading process, the growth of KHI is still closely related to numerical resistivity (e.g., Guo et al. 2019a). Consequently, a smaller numerical resistivity in the higher-resolution run results in a nearly 2% decrease in energy flux. Meanwhile, the higher resolution leads to a slight decrease in the averaged transverse displacement, as finer scales are captured in the new run. Therefore, it is understandable that the value of α becomes slightly greater.
We note that the resonant driver used in the current simulation may seem artificial. To achieve an efficient energy flux, a driver with an eigenfrequency is a common choice. However, from a more realistic perspective, the use of a broadband driver has been discussed, for instance, by Afanasyev et al. (2019), Pagano et al. (2020), Howson & De Moortel (2023). In this case, the resonant component of the broadband driver can be selected by the loop, thus facilitating efficient energy injection. Nevertheless, regardless of the form of the driver employed, the qualitative results of the current study are not expected to change.

Acknowledgments
The authors acknowledge the funding from the European Research Council (ERC) under the European Unions Horizon 2020 research and innovation program (grant agreement No. 724326). TVD was also supported by the C1 grant TRACEspace of Internal Funds KU Leuven and a Senior Research Project (G088021N) of the FWO Vlaanderen. Y.G. acknowledges the support from the China Scholarship Council (CSC) under file No. 202206010018.

References
	
Afanasyev, A., Karampelas, K., & Van Doorsselaere, T. 2019, ApJ, 876, 100
[See]
	
Antolin, P., Yokoyama, T., & Van Doorsselaere, T. 2014, ApJ, 787, L22
[See]
	
Browning, P. K., & Priest, E. R. 1984, A&A, 131, 283
[See]
	
Chen, Y., Li, W., Tian, H., et al. 2021, ApJ, 920, 116
[See]
	
Edwin, P. M., & Roberts, B. 1983, Sol. Phys., 88, 179
[See]
	
Gao, Y., Tian, H., Van Doorsselaere, T., & Chen, Y. 2022, ApJ, 930, 55
[See]
	
Geeraerts, M. 2022, PhD Thesis, KU Leuven
[See]
	
Goossens, M., Erdélyi, R., & Ruderman, M. S. 2011, Space Sci. Rev., 158, 289
[See]
	
Goossens, M., Andries, J., Soler, R., et al. 2012, ApJ, 753, 111
[See]
	
Goossens, M., Terradas, J., Andries, J., Arregui, I., & Ballester, J. L. 2009, A&A, 503, 213
[See]
	
Goossens, M., Van Doorsselaere, T., Soler, R., & Verth, G. 2013, ApJ, 768, 191
[See]
	
Guo, M., Van Doorsselaere, T., Karampelas, K., & Li, B. 2019a, ApJ, 883, 20
[See]
	
Guo, M., Van Doorsselaere, T., Karampelas, K., et al. 2019b, ApJ, 870, 55
[See]
	
Guo, M., Li, B., & Van Doorsselaere, T. 2020, ApJ, 904, 116
[See]
	
Guo, M., Duckenfield, T., Van Doorsselaere, T., et al. 2023, ApJ, 949, L1
[See]
	
Heyvaerts, J., & Priest, E. R. 1983, A&A, 117, 220
[See]
	
Howson, T. 2022, Symmetry, 14, 384
[See]
	
Howson, T., & De Moortel, I. 2023, Physics, 5, 140
[See]
	
Howson, T. A., De Moortel, I., & Antolin, P. 2017a, A&A, 607, A77
[See]
	
Howson, T. A., De Moortel, I., & Antolin, P. 2017b, A&A, 602, A74
[See]
	
Karampelas, K., Van Doorsselaere, T., & Antolin, P. 2017, A&A, 604, A130
[See]
	
Karampelas, K., Van Doorsselaere, T., & Guo, M. 2019a, A&A, 623, A53
[See]
	
Karampelas, K., Van Doorsselaere, T., Pascoe, D. J., Guo, M., & Antolin, P. 2019b, Front. Astron. Space Sci., 6, 38
[See]
	
Klimchuk, J. A. 2015, Philos. Trans. R. Soc. London Ser. A, 373, 20140256
[See]
	
Lemen, J. R., Title, A. M., Akin, D. J., et al. 2012, Sol. Phys., 275, 17
[See]
	
Li, D., & Long, D. M. 2023, ApJ, 944, 8
[See]
	
Magyar, N., & Van Doorsselaere, T. 2016, A&A, 595, A81
[See]
	
McIntosh, S. W., de Pontieu, B., Carlsson, M., et al. 2011, Nature, 475, 477
[See]
	
Mignone, A., Bodo, G., Massaglia, S., et al. 2007, ApJS, 170, 228
[See]
	
Müller, D., St Cyr, O. C., Zouganelis, I., et al. 2020, A&A, 642, A1
[See]
	
Nakariakov, V. M., Anfinogentov, S. A., Antolin, P., et al. 2021, Space Sci. Rev., 217, 73
[See]
	
Pagano, P., De Moortel, I., & Morton, R. J. 2020, A&A, 643, A73
[See]
	
Pascoe, D. J., Wright, A. N., & De Moortel, I. 2010, ApJ, 711, 990
[See]
	
Pelouze, G., Van Doorsselaere, T., Karampelas, K., Riedl, J. M., & Duckenfield, T. 2023, A&A, 672, A105
[See]
	
Petrova, E., Magyar, N., Van Doorsselaere, T., & Berghmans, D. 2023, ApJ, 946, 36
[See]
	
Prokopyszyn, A. P. K., Hood, A. W., & De Moortel, I. 2019, A&A, 624, A90
[See]
	
Rochus, P., Auchère, F., Berghmans, D., et al. 2020, A&A, 642, A8
[See]
	
Shi, M., Van Doorsselaere, T., Guo, M., et al. 2021, ApJ, 908, 233
[See]
	
Shrivastav, A. K., Pant, V., Berghmans, D., et al. 2023, A&A, submitted [arXiv:2304.13554]
[See]
	
Terradas, J., Andries, J., Goossens, M., et al. 2008, ApJ, 687, L115
[See]
	
Tomczyk, S., McIntosh, S. W., Keil, S. L., et al. 2007, Science, 317, 1192
[See]
	
Van Doorsselaere, T., Nakariakov, V. M., & Verwichte, E. 2008, ApJ, 676, L73
[See]
	
Van Doorsselaere, T., Gijsen, S. E., Andries, J., & Verth, G. 2014, ApJ, 795, 18
[See]
	
Van Doorsselaere, T., Antolin, P., Yuan, D., Reznikova, V., & Magyar, N. 2016, Front. Astron. Space Sci., 3, 4
[See]
	
Van Doorsselaere, T., Srivastava, A. K., Antolin, P., et al. 2020, Space Sci. Rev., 216, 140
[See]
	
Withbroe, G. L., & Noyes, R. W. 1977, ARA&A, 15, 363
[See]
	
Yuan, D., Fu, L., Cao, W., et al. 2023, Nat. Astron.
[See]


All Figures
	[image: thumbnail]	Fig. 1. Snapshot of the isosurface of density showing the loop structure at t = 980 s. The velocity field is represented by blue arrows. Magnetic field lines are overplotted in the left panel. The loop apex cross-cut is shown on the right.
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	[image: thumbnail]	Fig. 2. Energy flux changes in the numerical model and forward model. (a) Energy flux obtained from the numerical results given by Eq. (7) (black line), analytical results given by Eq. (1) (red line), and the energy flux calculated using Eq. (1) with the synthetic displacement in Fig. 3b (blue line). (b) Scatter plots of the energy flux when t > tc. The horizontal axis represents the analytical (red) and synthetic EUI (blue) energy flux, while the vertical axis shows the numerical energy flux. Dashed lines illustrate the linear fits of the data, and their slopes correspond to the factors α and αeui.
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	[image: thumbnail]	Fig. 3. Forward-models for the numerical simulation. Upper panel (a) shows the time–distance map of the normalized intensities with the full numerical resolution at the loop apex with a LoS angle along the y-direction. Lower panel (b) shows a degraded resolution result comparable to SO/EUI. The dashed line represents the oscillation profile of the intensities, obtained by calculating the centre of gravity of the intensity in panel (b).
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        Energy flux changes in the numerical model and forward model. (a) Energy flux obtained from the numerical results given by Eq. (7) (black line), analytical results given by Eq. (1) (red line), and the energy flux calculated using Eq. (1) with the synthetic displacement in Fig. 3b (blue line). (b) Scatter plots of the energy flux when t > tc. The horizontal axis represents the analytical (red) and synthetic EUI (blue) energy flux, while the vertical axis shows the numerical energy flux. Dashed lines illustrate the linear fits of the data, and their slopes correspond to the factors α and αeui.
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        Forward-models for the numerical simulation. Upper panel (a) shows the time–distance map of the normalized intensities with the full numerical resolution at the loop apex with a LoS angle along the y-direction. Lower panel (b) shows a degraded resolution result comparable to SO/EUI. The dashed line represents the oscillation profile of the intensities, obtained by calculating the centre of gravity of the intensity in panel (b).
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