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Abstract

Context. In previous work, we studied a prominence which appeared like a tornado in a movie made from 193 Å filtergrams obtained with the Atmospheric Imaging Assembly (AIA) imager aboard the Solar Dynamics Observatory (SDO). The observations in Hα obtained simultaneously during two consecutive sequences of one hour with the Multi-channel Subtractive Double Pass Spectrograph (MSDP) operating at the solar tower in Meudon showed that the cool plasma inside the tornado was not rotating around its vertical axis. Furthermore, the evolution of the Dopplershift pattern suggested the existence of oscillations of periods close to the time-span of each sequence.

Aims. The aim of the present work is to assemble the two sequences of Hα observations as a full data set lasting two hours to confirm the existence of oscillations, and determine their nature.

Methods. After having coaligned the Doppler maps of the two sequences, we use a Scargle periodogram analysis and cosine fitting to compute the periods and the phase of the oscillations in the full data set.

Results. Our analysis confirms the existence of oscillations with periods between 40 and 80 min. In the Dopplershift maps, we identify large areas with strong spectral power. In two of them, the oscillations of individual pixels are in phase. However, in the top area of the prominence, the phase is varying slowly, suggesting wave propagation.

Conclusions. We conclude that the prominence does not oscillate as a whole structure but exhibits different areas with their own oscillation periods and characteristics: standing or propagating waves. We discuss the nature of the standing oscillations and the propagating waves. These can be interpreted in terms of gravito-acoustic modes and magnetosonic waves, respectively.
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⋆ Movie attached to Fig. 2 is available at https://www.aanda.org



1. Introduction
The Solar Dynamics Observatory (SDO; Pesnell et al. 2012) spacecraft, thanks to its high-spatial- and temporal-resolution Atmospheric Imaging Assembly imager (AIA; Lemen et al. 2012), has evidenced the strong dynamic nature of solar prominences, for example high flows in quasi-vertical structures, rising bubbles, and rotating, tornado-like structures (Dudík et al. 2012; Orozco Suárez et al. 2012; Wedemeyer et al. 2013; Berger 2014; Su et al. 2014; Levens et al. 2015). Using the Hinode Extreme ultraviolet Imaging Spectrometer (EIS; Culhane et al. 2007), rotation in tornado-like prominences has been suggested from Dopplergrams obtained in the 195 Å and 185 Å lines (Su et al. 2014; Levens et al. 2015). These two lines are formed at coronal temperatures (log T > 6), and thus these measurements concerned mainly the envelope or prominence-corona transition region. It is therefore important to also analyse the behaviour of the cool plasma inside tornadoes.
Spectro-polarimetric observations of tornadoes are rare because of the long exposure time needed to scan the whole structure with a slit (around 20 min to 1 h). This problem is exacerbated with lines formed at low temperature. Tornadoes have been observed in optical wavelength range in He I 10830 Å with the Tenerife Infrared Polarimeter (TIP) operating at the Vacuum Tower Telescope (VTT) (e.g. Orozco Suárez et al. 2012; Martínez González et al. 2016), in the He I D3 line by the Télescope Héliographique pour l’Etude du Magnétisme et des Instabilités Solaires (THEMIS, the French telescope in the Canary Islands), and in Hα at the Meudon solar tower (Schmieder et al. 2017). The cadence of the acquisition of the data at the VTT and in THEMIS is too slow to follow the fast evolution of the Dopplershift pattern in the whole structure. Martínez González et al. (2016) used the scanning mode and obtained four consecutive spectro-polarimetric scans in four hours. They could not find any coherent behaviour between the two successive scans and concluded that if rotation exists it must be intermittent and last less than one hour. This can be explained by the paper of Schmieder et al. (2017). These authors reported observations of a tornado obtained with the Multi-channel Subtractive Double Pass spectrograph (MSDP) operating at the Meudon solar tower. The MSDP has the capability to observe a FOV in nine wavelengths along the Hα profile simultaneously. With this instrument, Dopplershift maps have been registered with a cadence of two per minute, making it possible to follow the fast evolution of the Dopplershift pattern. Therefore the authors were able to show that large blueshift cells become large redshift cells in a quasi periodic manner.
Using data provided by the Hinode/SOT spectrometer working in the Hα line and by the Interface Region Imaging Spectrograph (IRIS; De Pontieu et al. 2014) working in the doublet of Mg II, Kucera et al. (2018) reported observations of tornadoes. These authors also found that there were Doppler shifts at certain times and locations. The Doppler shifts were however transitory and localised and could be the result of oscillations or motions of particular features along the line of sight. On the other hand, Yang et al. (2018) analysed two tornadoes in Mg II lines with a very narrow FOV and observed blueshifts and redshifts adjacent to each other over a timescale of two and a half hours. They interpreted this as evidence that the tornadoes were rotating. The narrow FOV however covered only a part of the tornado, and it is not clear whether or not this FOV was representative of all the structure motions.
On the theoretical side, Luna et al. (2015) presented an MHD model based on a vertical cylinder with a vertical field along its central axis, and a helical field at the periphery; it is difficult to model such a structure and obtain the corresponding Stokes parameters. However, polarimetric measurements from THEMIS did not indicate the existence of vertical structures. THEMIS has been observing prominences during several international campaigns with the MulTi-Raies (MTR) mode (López Ariste et al. 2000). More than 200 prominences have been observed in the He I D3 line. Both statistics (López Ariste 2015) and case studies have been published (Schmieder et al. 2013, 2014). The main result was that the magnetic field is mainly horizontal in prominences. Recently, the magnetic field of several tornado-like structures has been analysed and the histograms of the inclination of the magnetic field showed a dominant horizontal component of the field and two secondary peaks which have been interpreted up to now as the presence of microturbulence and not a vertical magnetic field (Schmieder et al. 2015; Levens et al. 2016b).
Several authors consider tornadoes to be the legs of prominences (Wedemeyer et al. 2013; Levens et al. 2016a). Many static models consider legs or barbs of prominences to be the accumulation of dips (Aulanier & Demoulin 1998; Dudík et al. 2008; Heinzel & Anzer 1999; Mackay et al. 2010; Gunár et al. 2018). Simulations of filament formation by condensation confirm that cool plasma would be located in the dips of magnetic field lines (Antiochos et al. 1999; Karpen et al. 2001; Luna et al. 2012a; Xia et al. 2014).
Waves and oscillations are very common in solar prominences and have been reported for many years (see review by Arregui et al. 2018). Several tornado studies interpreted the Doppler signatures and the apparent motions as oscillations instead of true rotations. Panasenco et al. (2014) explained the motions detected in AIA as a combination of horizontal oscillations and counterstreaming flows. These motions give the impression of apparent rotation in the plane-of-the-sky (POS). Mghebrishvili et al. (2015) observed a tornado during the eruption of the prominence. The authors suggested that the observed motions could be explained as kink oscillations in a vertical tube. In the model of these latter authors, the tube is the heavy prominence mass suspended in the horizontal dips of a quadrupolar magnetic structure. Schmieder et al. (2017) reported Doppler measurements in a tornado structure and concluded that the observed motions resulted from the combination of horizontal oscillations with the global motion of the prominence associated with a parasitic polarity close to the prominence footpoint. In all cases the motions can be associated with quasi-hourly oscillations that are very common in solar prominences (see, e.g. Luna et al. 2018). In the current work, we revisit the work of Schmieder et al. (2017) in an attempt to disentangle the proper motions of the filament from the periodic motions associated with the oscillations.
In this paper we select a tornado observed in the 193 Å filter of SDO/AIA on September 24, 2013. The rotation of this prominence can be visualised in the SDO/AIA 193 Å movies1. We revisit the observations of the prominence obtained at the Meudon solar tower with the MSDP and already analysed in Paper I (Schmieder et al. 2017). Section 2 presents the data and Sect. 3 introduces the Scargle method compared to the cosine fit to analyse the oscillations. We derive the characteristics of the oscillations: period, amplitude, phase, and propagation. Finally we discuss the possible modes of the propagating waves (Sect. 4). We find two large areas in the prominence with standing waves compatible with gravito-acoustic oscillations. In addition, a third region shows propagating waves emanating from one of the oscillating regions. These waves are consistent with magnetosonic modes propagating in the vertical direction.
2. Hα data
The present tornado-like structure was observed as a filament a few days before in the survey image of Meudon (Schmieder et al. 2014).
2.1. MSDP observations
Time sequences of Hα MSDP observations obtained at the Meudon Solar Tower on September 24, 2013, have already been analysed for different purposes (Schmieder et al. 2014; Heinzel et al. 2015). In these two former papers only the quiet part of the prominence located in the northern part of the FOV was under study; this was also in the FOV of IRIS. The southern part of the prominence was analysed later and classified as an AIA tornado (Paper I). Here we focus our study on the Hα data of the tornado structure located in the south and indicated by a white box in Fig. 1. Two sequences of observations with a cadence of two images per minute were obtained and last approximatively 1 hour each: from 12:06 UT to 12:53 UT and from 13:04 UT to 14:02 UT.
	[image: thumbnail]	Fig. 1.
Prominence observed on September 24, 2013, at 12:22 UT with the MSDP operating on the solar tower in Meudon and with SDO/AIA. Top panel: Hα intensity, middle panel: Hα Dopplershift map, bottom panel: AIA 193 Å image. The white box indicates the “tornado” (approximate FOV of Fig. 2).




2.2. Dopplershifts
MSDP observations consist of nine images obtained in nine channels of 465 arcsec × 60 arcsec. The wavelength step corresponding to the same solar point in two consecutive channels is 0.3 Å. Calibrations and line profiles were obtained from the usual MSDP software (Mein 1991).
The zero Dopplershift is determined using a mean value across the full prominence available in the FOV, including the upper part of the observed region (Fig. 1). Indeed, taking average values across the solar disc would not take into account, in particular, the departures between telluric line effects on absorption and emission profiles.
The scattering effects are corrected as follows. The intensity of prominence profiles is negligible in the extreme channels 1 and 9 of the MSDP. These channels can be used in each pixel of the prominence to estimate the far wings of the scattered light coming from the solar disc. A simple normalization of the disc spectrum then allows to estimate the full scattered light profile. Because the limb is not parallel to the direction of dispersion in the spectrograph, some additional uncorrected scattered light may occur in points close to the limb, but this should not affect the computation of oscillations appreciably.
To estimate error bars for velocities, we can distinguish two kinds of errors. The first one is the data noise from CCD pixels. In Paper I, we obtained estimates from 0.2 to 0.3 km s−1 by using noise effects in intensity measurements and departures from velocities observed in neighbouring points. The second one concerns errors due to interpolation of line profiles. They depend mainly on slow drifts of the prominence in the FOV during time sequences, and result in stochastic wavelength drifts in each solar point. A comparison between cubic and Gaussian interpolations was used in Paper I to get estimates. The result was 0.3 km s−1. Error bars due to both kinds of errors can be estimated at ±0.5 km s−1.
3. Oscillations
We focus the study on the Dopplershifts computed in the tornado shown in the white box in Fig. 1. In Paper I each sequence was considered independently because of the gap of 15 min between them. The periodicity of the oscillations that were reported by looking at the variation of the Dopplershift in individual pixels was close to the time interval of each sequence (around 60 min). Here we add the two sequences using a 2D Fourier correlation function and obtain one data cube of Dopplershift maps for a time-span of two hours. Based on the oscillatory behaviour of each sequence taken individually, the use of Scargle periodograms, which compute the period of oscillations in the case of unevenly spaced data with gaps, is appropriate.
3.1. Method
From the series of Dopplergrams (see Fig. 2a) we calculated the evolution of the Doppler velocity for each pixel in the field of view (FOV) independently. The top panel of Fig. 3 shows the Doppler velocity in one pixel example. We fit each individual pixel signal by a cosine curve, plus a second-order polynomial function to detrend the proper motions of the prominence. The bottom panel of Fig. 3 presents the detrended signal, clearly showing the oscillatory behaviour. This trend function filters out motions associated with oscillation periods longer than the sequence duration and reduces instrumental effects like thermal dilatation of the spectrograph devices. Figure 4 shows the detrended Doppler velocities in four selected pixels and their respective periodograms. The selected pixels are shown in Fig. 2h. We verified that the detrending has no substantial influence throughout the FOV.
	[image: thumbnail]	Fig. 2.
Oscillatory features of the tornado prominence (the FOV is shown in Fig. 1 inside the white box). Panel a: snapshot of the Dopplergram movie at 12:30 UT. Panel b: example of the fitted Dopplergram at 12:30 UT. Panel c: period value from periodogram analysis. Panel d: period value from cosine curve approximation. Panel e: amplitude value from cosine curve approximation. Panel f: phase from cosine curve approximation (note that phase -π is equal to π radians); (panel g) Spectral power from periodogram analysis; white line limits areas with FAP = 1%, red line limits areas with a spectral power higher than 32, which is also overplotted in all panels with black, white, or red lines. A1, A2, and A3 indicate areas where the mean oscillatory parameters presented in Table 1 are calculated. Panel h: Hα intensity image with the positions of selected pixels taken as samples of Doppler signal shown in Fig. 4. Colour-bars give units of distribution of parameters. We note that 1 pixel = 0.25 arcsec. The temporal evolution of the Doppler maps in panels a and b is available in a movie online.




	[image: thumbnail]	Fig. 3.
Example of Doppler velocity signal for pixel A with fitted parabola (top panel). The signal with subtracted parabola is presented in the bottom panel. The error bar is ±0.5 km s−1. The gap in the data is between the two sequences observed by the MSDP.




Subsequently, for all pixels, we calculate the Scargle periodogram (Scargle 1982) which allows the identification of periodic signals in unevenly spaced data with gaps. Another method to deal with this kind of data is the discrete Fourier transform (DFT; Kurtz 1985; Deeming 1975). A DFT however has two disadvantages: high noise in a periodogram and spectral leakage. Scargle’s formula suppresses these effects by introducing a new definition of the periodogram:
[image: thumbnail]
where Xj are data points observed at times tj for {j = 1, 2, …, N0}, τ is defined by
[image: thumbnail]
and ω is calculated for the so-called natural set of frequencies:
[image: thumbnail]
Additionally Scargle (1982) defines the false-alarm probability (FAP):
[image: thumbnail]
where N = N0/2. With this definition, P(FAP) gives a power level of such a value that the periodogram peak above P(FAP) is caused by pure noise only with a probability equal to the FAP. The FAP may be interpreted as a confidence level equal to 1 − FAP.
We constructed a map of periods corresponding to the maximum peak in the periodograms calculated with the Scargle formula in the observed prominence (Fig. 2c). This map shows large areas with the same or a similar period. The range of periods is mainly between 40 and 80 min. Figure 2g presents the distribution of the maximum spectral power for individual pixels, showing that in almost the whole observed prominence, the FAP level is below 1%. For all pixels we then fitted a cosine function (solid lines in left panels of Fig. 4):
[image: thumbnail]
	[image: thumbnail]	Fig. 4.
Left panel: doppler signal for the selected pixels marked in Fig. 2h and (right panel) corresponding Scargle periodograms of the signal. (+) symbols correspond to data, solid line to a cosine fit. Dashed line represents FAP = 1%, dotted line represents FAP = 5%. On the left panels, the P value gives the period of the fitted cosine curve in minutes. The error bar is equal ±0.5 km s−1.




where A is amplitude, P is period, ϕ is phase shift. We used a procedure mpfit, which performs robust non-linear least squares curve fitting (Markwardt et al. 2009). We limited the range of periods to 40–80 min because this range covers the most prominent periods. From the cosine curve fitting we derived a set of parameters: A, P, and ϕ, as immediately above. The spatial distribution of these parameters is shown respectively in Figs. 2d–f. Having a continuous variation of Doppler signal (from curve fitting) for all pixels, we constructed the 2D time evolution of the fitted functions. One 2D map for a particular time may be treated as a “fitted” or “approximated” Dopplergram. The time evolution of raw and “fitted” Dopplergrams is presented in the animation available online.
3.2. Results
We discuss the results presented in the seven panels of Fig. 2 in the frame of defining the nature of the oscillations. Panels a and b are snapshots of the movie showing the raw Dopplershifts and the fitted Doppler shifts, respectively, for one time, panel c shows the Scargle periodogram, panel d shows the period from cosine fitting, panels e, f, g present the amplitude, the phase, and the spectral power from the cosine fitting, and panel h shows the Hα intensity.
3.2.1. Periods
We detect oscillatory motions with periods between 5 and 80 min (Fig. 2c). The shorter periods (5 to 40 min) have a local significance level of around 99%; they last only two to four times their periods and are visible in small areas. It would be interesting to find out where and when they occur, but this is beyond the scope of this study. Here, we concentrate our work on the long periods between 40 and 80 min which were already detected in Paper I. We find that the prominence does not oscillate as a block at these long periods. We identify four main oscillatory areas with a high spectral power (see Fig. 2g and Table 1). We select these four areas with high spectral power and overplot their contours on all the panels of Fig. 2. For each area, we calculate the mean value of the oscillatory parameters (see Table 1). The value of the spectral power in relative units is around 40. The mean oscillation period for areas A1 and A2 is close to 65 min with the two methods (Scargle and cosine fit methods). For area A3 we obtain a value of 45 min. We exclude area A4 from further analysis because of the non-uniform pattern in period, amplitude, and phase distribution, which is a hint of the bad fit of the cosine curve due to high noise. Additionally, the periods calculated using the two methods are significantly different. We may note that a similar period value of 65 min is commonly observed for longitudinal oscillations in prominences (Luna et al. 2018). In areas A1, A2, and A3, the period is nearly uniform (Fig. 2c). The mean amplitude of the oscillations is between 0.70 km s−1 and 1.43 km s−1, values larger than the estimation of the error bars. However, higher amplitude values are present in the selected areas, reaching locally 3 km s−1 (Fig. 2e). We notice another region with even higher amplitude located near the pixel coordinates (x = 40, y = 150), but the signal has a relatively low spectral power value and is too small to be treated as an oscillating feature.
Table 1.

Mean oscillatory parameters calculated for areas with the highest spectral power (see Fig. 2).


3.2.2. Phase
Fitted phase is presented in Fig. 2f. In areas A2 and A3 at the bottom of the prominence the phase has the same value in each area.
Additionally, in each of these two regions the period values are very similar (see Figs. 2c and d), and the spectral power reaches local peaks (see Fig. 2g).
On the contrary, in area A1 the period and amplitude are similar but the phase does not have a uniform value; it shows a continuous transition between −π and 0 radians. This may be interpreted as the passage of a wavefront of a MHD wave (Schmieder et al. 2013; Ofman et al. 2015). The colour gradient gives the direction of the propagation of the wave in the POS. This is clearly visible in the animation of the Fig. 2b available online.
3.2.3. Wave propagation
For a more detailed study of the wave propagation, we constructed a time-distance diagram. In Fig. 5 we present a Doppler snapshot with a superimposed path, along which we calculate the time-distance diagram (Fig. 6).
	[image: thumbnail]	Fig. 5.
Dopplergram snapshot rotated for convenience with superimposed path (colour points) used to calculate time-distance diagram (see Fig. 6). The colours of the points correspond to plots in the Fig. 7.




	[image: thumbnail]	Fig. 6.
Time-distance diagrams calculated along the path presented in Fig. 5. Left panel: detrended data; the white horizontal spaces are due to the lack of data. Right panel: as in left panel but gaps are interpolated by cosine fit with the assumption of the oscillatory trend of the data. Black lines mark positions of the same phase used to calculate the phase velocity. Numbers above lines give the calculated phase velocity at these positions.




Let us first comment on the accuracy of the data. By comparing Fig. 3 of Paper I and our Fig. 5 we see that the direction of the path of the latter is close to the direction of constant wavelengths in the MSDP channels. This implies that the mean velocity errors due to interpolation are similar along the path in Fig. 5, the latter being used to calculate the velocities in Fig. 6.
Three different patterns in the time-distance diagram can be distinguished in Fig. 6. The first pattern is from 0 to ∼7000 km along the path from left to right (represented by red to yellow points) and corresponds to the area A2. There is a small phase shift in A2 associated to a possible wave propagation in the right panel of the figure. However, looking at the left panel, we clearly see a blue and red pattern associated to standing modes. The small phase shifts could be associated to a possible artifact of the method used. For this reason we interpret the periodic motions in A2 as rigid oscillations. The oscillations are mainly in phase, which is visible in Fig. 7, where variations of the Doppler velocity for the selected pixels along the path are presented. Curves with red to yellow colours correspond to area A2. The second feature is from ∼8000 to ∼17 000 km and corresponds to area A1 and its surroundings. The oscillations are propagating along the path – this is visible in Fig. 7 from the coloured curves (from green to purple) which are consecutively shifted in phase. From the calculation of the position of the same phase (see Fig. 6), we estimate the phase velocity in this area to be 4.8 ± 1.2 km s−1. We must keep in mind that this value is only a lower limit because of projection effects. AIA 193 and AIA 304 movies2, where the whole prominence system was visible as a long filament on the solar disc, show that two or three days before September 24, the filament structure had a C shape and the analysed region was located in the meridional part of the system. This suggests that the analysed prominence is seen edge-on. This allows us to conclude that the real phase velocity is not much higher than calculated. The last pattern is visible from ∼19 000 to ∼22 000 km and can be treated as a standing wave, but it does not correspond to any area with high spectral power (see Fig. 2g).
	[image: thumbnail]	Fig. 7.
Time variation of the Doppler velocity along the selected path. The colours correspond to positions along the path shown in Fig. 5.




	[image: thumbnail]	Fig. 8.
Oscillations of the areas with maximum power spectrum. The error bars of the data are of the order of 0.5 km s−1; solid line – cosine fit.




4. Discussion and conclusion
A tornado-like prominence (exhibiting apparent rotational motions in AIA 193 Å movie) was followed for two hours at the Meudon Solar Tower with the MSDP spectrograph in Hα. A partial analysis of the same data was presented in Paper I. We study again the spatial variation of the Hα Doppler shifts in the prominence in order to see if we can detect a rotation motion in the cool plasma (104 K).
As in Paper I we do not find any sign of tornado-like rotation, which means that no systematic red- or blue-shift pattern is present in opposite sides of the prominence vertical axis over large periods of time, as reported by Su et al. (2014), Levens et al. (2015), and Yang et al. (2018) from the analysis of EIS and IRIS observations of different tornadoes.
In this work, we confirm the presence of oscillatory motions with periods between 40 and 80 min already identified in Paper I. We extend the analysis by using the Scargle periodogram method and find that the prominence does not oscillate at the same frequency as a block. We identify three main oscillatory areas, A1, A2, and A3, which are disconnected. The oscillations are coherent inside areas A2 and A3. In area A1 the phase changes in a continuous way suggesting a propagating wave.
With the MSDP we have information on the 2D oscillating pattern and we avoid detecting false oscillations caused by slit shift in slit-spectrographs (Balthasar et al. 1993; Zapiór et al. 2015).
The oscillations in regions A2 and A3 can be interpreted as normal modes of the prominence structure where a large part of the structure oscillates coherently. Several works considered the normal modes of prominences, modelling them as a plasma slab supported in a horizontal magnetic field (e.g., Joarder & Roberts 1992, 1993; Oliver et al. 1993). These latter authors found MHD modes of vibration of the prominence with periods of around one hour with horizontal velocities, in agreement with our observations. All of these modes are internal slow modes. In these modes the period is dictated essentially by the phase speed and the width of the prominence plasma slab. More recently, Luna & Karpen (2012) and Luna et al. (2012b) found that longitudinal oscillations are strongly influenced by the curvature of the magnetic field. The resulting generalised modes are called gravito-acoustic modes or pendulum modes. The authors found that in prominence conditions the gravity projected along the field lines dominates over the gas-pressure gradients as the restoring force. The period of the oscillations depends exclusively on the radius of curvature of the dipped field lines, R. Recent 2D and 3D numerical simulations have found that the horizontal and hourly oscillations are in agreement with the pendulum model (Luna et al. 2016; Zhou et al. 2018) and this mode is excited after an external perturbation. We can apply the pendulum model expression (Luna & Karpen 2012; Luna et al. 2012b),
[image: thumbnail](1)
in the three regions with clear oscillations using the periods shown in Table 1, that is A2–A4. In this expression, g is the gravitational acceleration at the solar surface. We obtain radii of 104, 53, and 103 Mm respectively, calculated using periods from the cosine fit of the table. In Schmieder et al. (2017) we argued that the pendulum model requires a very rigid magnetic field. However, in light of the recent realistic 3D numerical simulations by Zhou et al. (2018), we do not find a reason to reject this model.
In region A1, a propagating wave is observed with a phase speed between 4.9 and 7.3 km s−1 and a period of approximately 62 min. This is similar to the observation by Terradas et al. (2002) in a limb prominence. However, these authors found a complex pattern of wave propagation in a large portion of the prominence. This contrasts with our observation where the propagation is almost vertical. Vertical propagation of waves has already been observed by Schmieder et al. (2013), but with much smaller periods of a few minutes associated to magnetosonic waves. The restoring force in these waves is the gas and magnetic pressure gradients perpendicular to the magnetic field. The authors suggested that the waves were driven by photospheric or chromospheric oscillations (see also Ofman et al. 2015). Mashnich et al. (2009a,b) studied simultaneous Doppler velocities in filaments and the photosphere underneath, finding quasi-hourly oscillations in both with good spatial correlation. This suggests that it is possible to drive quasi-hourly oscillations in prominences from below.
Alternatively to wave propagation, the observed motions can also be interpreted in terms of standing waves or oscillations. Kaneko et al. (2015) found that the Alfvén- and/or slow-continuum in prominence structures can create the illusion of wave propagation across the magnetic field. This phenomenon can be erroneously interpreted as fast magnetosonic waves. The motion is apparent because there is no propagation of energy across magnetic surfaces. These apparent waves have been called superslow waves. Luna et al. (2016) studied longitudinal oscillations associated with the gravito-acoustic modes and the authors found a similar behaviour with horizontal oscillations giving the impression of a vertical propagation. This phenomenon is associated with oscillations along the magnetic field where the characteristic oscillation periods depend on the parameters of each field line. In these oscillations, the characteristic periods form a continuum with smooth variations in a prominence structure. In this situation, the plasma in each field line oscillates with its own period producing phase differences that give the impression of propagation perpendicular to the magnetic field. Raes et al. (2017) studied observationally superslow oscillations detected in a filament. Combining the observations with different models they performed seismology with superslow oscillations for the first time. They found an apparent wave velocity of 4–14 km s−1 and periods of 59–76 min similar to our observations. The authors used the pendulum model of Luna & Karpen (2012) in a simplified structure to show that it is possible to obtain information on magnetic field structure using superslow waves and determine the radius of curvature of field lines that support the prominence but also the position of the centre of the flux rope. However, according to the calculations of Raes et al. (2017), the phase speed decreases with time, which contradicts our findings.
In this work, we demonstrate that rotational movements in prominence tornadoes are apparent. These motions are consistent with prominence oscillations. The oscillations have a complex spatial distribution with three different regions showing a strong spectral power. In regions A2 and A3 we find standing quasi-hourly oscillations consistent with slow normal modes or with gravito-acoustic mode. In contrast, propagating waves are found in A1 travelling in the vertical direction. A possible explanation is that A2 drives the waves in A1 in some kind of wave leakage. Our observations are very similar to those of Terradas et al. (2002) who found large areas in the prominence with standing waves and areas with propagating waves. The authors found that the propagating waves were generated in a narrow region with standing waves. In our region A1, the waves propagate in the vertical direction, almost perpendicular to the typically horizontal prominence magnetic field. These waves can be interpreted in terms of magnetosonic waves. New long time series observations with the MSDP and other imaging spectrographs (e.g. Fabry-Pérot type) should be done to study how frequently this kind of oscillation in prominences is detected.


1 Available on https://helioviewer.org.


2 Available on https://helioviewer.org.
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Mean oscillatory parameters calculated for areas with the highest spectral power (see Fig. 2).
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	[image: thumbnail]	Fig. 1.
Prominence observed on September 24, 2013, at 12:22 UT with the MSDP operating on the solar tower in Meudon and with SDO/AIA. Top panel: Hα intensity, middle panel: Hα Dopplershift map, bottom panel: AIA 193 Å image. The white box indicates the “tornado” (approximate FOV of Fig. 2).
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	[image: thumbnail]	Fig. 2.
Oscillatory features of the tornado prominence (the FOV is shown in Fig. 1 inside the white box). Panel a: snapshot of the Dopplergram movie at 12:30 UT. Panel b: example of the fitted Dopplergram at 12:30 UT. Panel c: period value from periodogram analysis. Panel d: period value from cosine curve approximation. Panel e: amplitude value from cosine curve approximation. Panel f: phase from cosine curve approximation (note that phase -π is equal to π radians); (panel g) Spectral power from periodogram analysis; white line limits areas with FAP = 1%, red line limits areas with a spectral power higher than 32, which is also overplotted in all panels with black, white, or red lines. A1, A2, and A3 indicate areas where the mean oscillatory parameters presented in Table 1 are calculated. Panel h: Hα intensity image with the positions of selected pixels taken as samples of Doppler signal shown in Fig. 4. Colour-bars give units of distribution of parameters. We note that 1 pixel = 0.25 arcsec. The temporal evolution of the Doppler maps in panels a and b is available in a movie online.
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	[image: thumbnail]	Fig. 3.
Example of Doppler velocity signal for pixel A with fitted parabola (top panel). The signal with subtracted parabola is presented in the bottom panel. The error bar is ±0.5 km s−1. The gap in the data is between the two sequences observed by the MSDP.

In the text



	[image: thumbnail]	Fig. 4.
Left panel: doppler signal for the selected pixels marked in Fig. 2h and (right panel) corresponding Scargle periodograms of the signal. (+) symbols correspond to data, solid line to a cosine fit. Dashed line represents FAP = 1%, dotted line represents FAP = 5%. On the left panels, the P value gives the period of the fitted cosine curve in minutes. The error bar is equal ±0.5 km s−1.
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	[image: thumbnail]	Fig. 5.
Dopplergram snapshot rotated for convenience with superimposed path (colour points) used to calculate time-distance diagram (see Fig. 6). The colours of the points correspond to plots in the Fig. 7.

In the text



	[image: thumbnail]	Fig. 6.
Time-distance diagrams calculated along the path presented in Fig. 5. Left panel: detrended data; the white horizontal spaces are due to the lack of data. Right panel: as in left panel but gaps are interpolated by cosine fit with the assumption of the oscillatory trend of the data. Black lines mark positions of the same phase used to calculate the phase velocity. Numbers above lines give the calculated phase velocity at these positions.
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	[image: thumbnail]	Fig. 7.
Time variation of the Doppler velocity along the selected path. The colours correspond to positions along the path shown in Fig. 5.
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	[image: thumbnail]	Fig. 8.
Oscillations of the areas with maximum power spectrum. The error bars of the data are of the order of 0.5 km s−1; solid line – cosine fit.
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Prominence observed on September 24, 2013, at 12:22 UT with the MSDP operating on the solar tower in Meudon and with SDO/AIA. Top panel: Hα intensity, middle panel: Hα Dopplershift map, bottom panel: AIA 193 Å image. The white box indicates the “tornado” (approximate FOV of Fig. 2).



    

  
    
      Fig. 2. 
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Oscillatory features of the tornado prominence (the FOV is shown in Fig. 1 inside the white box). Panel a: snapshot of the Dopplergram movie at 12:30 UT. Panel b: example of the fitted Dopplergram at 12:30 UT. Panel c: period value from periodogram analysis. Panel d: period value from cosine curve approximation. Panel e: amplitude value from cosine curve approximation. Panel f: phase from cosine curve approximation (note that phase -π is equal to π radians); (panel g) Spectral power from periodogram analysis; white line limits areas with FAP = 1%, red line limits areas with a spectral power higher than 32, which is also overplotted in all panels with black, white, or red lines. A1, A2, and A3 indicate areas where the mean oscillatory parameters presented in Table 1 are calculated. Panel h: Hα intensity image with the positions of selected pixels taken as samples of Doppler signal shown in Fig. 4. Colour-bars give units of distribution of parameters. We note that 1 pixel = 0.25 arcsec. The temporal evolution of the Doppler maps in panels a and b is available in a movie online.



    

  
    
      Fig. 3. 
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Example of Doppler velocity signal for pixel A with fitted parabola (top panel). The signal with subtracted parabola is presented in the bottom panel. The error bar is ±0.5 km s−1. The gap in the data is between the two sequences observed by the MSDP.



    

  
    
      Fig. 4. 
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Left panel: doppler signal for the selected pixels marked in Fig. 2h and (right panel) corresponding Scargle periodograms of the signal. (+) symbols correspond to data, solid line to a cosine fit. Dashed line represents FAP = 1%, dotted line represents FAP = 5%. On the left panels, the P value gives the period of the fitted cosine curve in minutes. The error bar is equal ±0.5 km s−1.



    

  
    Table 1. 

Mean oscillatory parameters calculated for areas with the highest spectral power (see Fig. 2).




	Area
	A1
	A2
	A3
	A4





	Coordinates (pxl)
	(130,90)
	(74,100)
	(60,70)
	(70,40)



	Spectral power (rel. units)
	48.50
	41.13
	40.45
	39.57



	Amplitude (km s−1)
	1.33
	1.43
	0.70
	0.32



	Period (Scargle) (min)
	62.68
	64.98
	45.07
	84.19



	Period (Cosine fit) (min)
	62.31
	64.44
	45.98
	64.20
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Dopplergram snapshot rotated for convenience with superimposed path (colour points) used to calculate time-distance diagram (see Fig. 6). The colours of the points correspond to plots in the Fig. 7.
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Time-distance diagrams calculated along the path presented in Fig. 5. Left panel: detrended data; the white horizontal spaces are due to the lack of data. Right panel: as in left panel but gaps are interpolated by cosine fit with the assumption of the oscillatory trend of the data. Black lines mark positions of the same phase used to calculate the phase velocity. Numbers above lines give the calculated phase velocity at these positions.



    

  
    
      Fig. 7. 
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Time variation of the Doppler velocity along the selected path. The colours correspond to positions along the path shown in Fig. 5.



    

  
    
      Fig. 8. 
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Oscillations of the areas with maximum power spectrum. The error bars of the data are of the order of 0.5 km s−1; solid line – cosine fit.
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