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ABSTRACT

Context. The dynamical nature of fine structures in prominences remains an open issue, including rotating flows in tornado-
prominences. While the Atmospheric Imaging Assembly (AIA) imager aboard the Solar Dynamics Observatory (SDO) allowed
us to follow the global structure of a tornado-like prominence during five hours, the Interface Region Imaging Spectrograph (IRIS),
and the Multi subtractive Double pass spectrograph (MSDP) permitted to obtain plasma diagnostics of its fine structures.

Aims. We aim to address two questions. Is the observed plasma rotation conceptually acceptable in a flux rope magnetic support
configuration with dips? How is the plasma density distributed in the tornado-like prominence?

Methods. We calculated line-of-sight velocities and non-thermal line widths using Gaussian fitting for Mg 1 lines and bisector method
for Ha line. We determined the electron density from Mg line integrated intensities and profile fitting methods using 1D NLTE
radiative transfer theory models.

Results. The global structure of the prominence observed in He, and Mgn h and k lines fits with a magnetic field structure configu-
ration with dips. Coherent Dopplershifts in red- and blue-shifted areas observed in both lines were detected along rapidly-changing
vertical and horizontal structures. However, the tornado at the top of the prominence consists of multiple-fine threads with oppo-
site flows suggesting counter streaming flows rather than rotation. Surprisingly we found that the electron density at the top of the
prominence could be larger (10'" cm™) than in the inner part of the prominence.

Conclusions. We suggest that the tornado is in a formation state with cooling of hot plasma in a first phase, and following that, a
phase of leakage of the formed blobs with large transverse flows of material along long loops extended away of the UV prominence
top. The existence of such long magnetic field lines on both sides of the prominence would avoid the tornado-like prominence to

really turn around its axis.

Key words. Sun: filaments,prominences — Sun: chromosphere — Sun: corona — Sun: UV radiation — techniques: spectroscopic

1. Introduction

Solar prominences are dense and cool plasma structures (10* K)
embedded in the hot solar corona (10° K). In chromospheric
lines such as Hea, prominences observed on the solar disk ap-
pear as darker structures than the surrounding; these structures
are called filaments. They lie over magnetic-polarity inversion
lines of the radial component of the photospheric magnetic field
(see Mackay et al. 2010 for a review). It is accepted that promi-
nence plasma is supported in dips of magnetic field lines either
forming an arcade or a flux rope where pressure tension balances
the gravitational force (Aulanier & Démoulin 1998; van Balle-
gooijen 2004; Dudik et al. 2008). Multi-wavelength analysis and
magnetic field extrapolations provide us the magnetic field topol-
ogy of large-scale structure of solar prominences (Mackay et al.
(2010)).

The formation of prominences is still an open issue. Different
mechanisms suggested by observations or theory have been pro-
posed such as levitation (Okamoto et al. 2010), injection (Ma-
gara 2007) or condensation (Mackay et al. 2010). The mecha-

nism of prominence formation by condensation of plasma in the
dips of the magnetic field has been well developed since the pa-
per of Karpen et al. (2001) where they showed that heating the
plasma at the feet of loops generates condensation at the top.
Many models and numerical simulations are able to reproduce
fine structures of prominences by using this mechanism in 1D
models and further on in 3D models. The result of these simu-
lations mimic the observations of the Atmospheric Imaging As-
sembly (AIA) aboard the Solar Dynamics Observatory (SDO)
(Karpen et al. 2001; Luna et al. 2012; Xia et al. 2014). Another
approach to prove the existence of dips was proposed by Gunar
& Mackay (2015, 2016); Gunar et al. (2018). Their technique at-
tempts to recreate a 3D visualisation of He observations. It starts
from a 3D magnetic model, provided by simulation or extrapola-
tion, and adds the exchange of emission between the threads us-
ing radiative transfer. Their results consisted of the prominence
as viewed from different angles, allowing them to directly re-
trieve all the possible shapes of the simulated prominence from
any angle.
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However, all of these models are based on the existence of
dips. On the other hand Claes et al. (2020) focussed on hydro-
dynamics, creating mini thread-like features through non-linear
thermal instability which do not strictly outline magnetic field
structures. This instability creates blobs which, after the phase
of formation, follow magnetic field lines. This could explain the
fragmentation of threads in prominences and high microturbue-
lence found in active prominence. In some aspects, this can be
taken into account for interpreting prominence plasma during the
stage of formation.

The determination of plasma properties is an essential com-
ponent for our understanding of solar prominences, and provides
important constraints on the scenarios attempting to explain their
characteristics and appearance (see Labrosse et al. 2010 for a
review). Chromospheric lines such as hydrogen and Mgn h&k
lines give good diagnostics of prominence plasma.

Prominences have long been observed in Ha emission. Ha
is an optically thin line and provides information through the
prominence along the line of sight (Wiik et al. 1992). Radia-
tive transfer codes have been developed in the 90s and provide
different characteristics of the hydrogen lines (Lyman, Balmer
and Paschen lines — see Gouttebroze et al. 1993) which can
be directly compared with observations (Schmieder et al. 1991,
1999). More recently, a new series of models in 2D configura-
tions were used to interpret the dynamics of multiple threads ob-
served in hydrogen lines (Gundr et al. 2007, 2008).

With the launch of the Interface Region Imaging Spectro-
graph (IRIS; De Pontieu et al. (2014)) in 2013, observations of
Mg 1 lines are now at our disposal. The resonance lines of Mg,
h (2803.5A) and k (2796.4A), present self-reversed profiles on
the solar disc. Their emission along the line profile represents
the physical conditions of the plasma at different temperatures
in the solar atmosphere. For example, along Mg k, the k1 min-
imum is formed in the lower chromosphere; the k2 peaks are
formed in the middle chromosphere; and the k3 self-reversal in
the upper chromosphere (Leenaarts et al. 2013a,b). Neverthe-
less, in prominences, Mg h and k often exhibit single peaked
line profiles (Levens et al. 2016; Ruan et al. 2018). This allows
us to fit the profiles with a Gaussian profile. However, in other
observed prominences, wide Mg profiles showing two peaks
have been interpreted as multiple components corresponding to
multiple structures crossing the line of sight and they are differ-
ent than self-reversal lines observed at the solar disk (Schmieder
et al. 2014; Ruan et al. 2018).

The radiative transfer behind the formation of these Mgu
profiles has recently been studied by Heinzel et al. (2014, 2015);
Jejcic et al. (2018); Levens & Labrosse (2019). Electron den-
sity and optical thickness were deduced from observations of the
FWHM, integrated intensities of He and Mg in prominences
(Ruan et al. 2018). The core of Mg is optically thick and the
emission comes from the surface layers of prominences while
the wings are optically thinner and the emission here encapsu-
lates that of all of the structures along the line of sight. There-
fore, Dopplershifts measured in the Mg wings could be similar
to those calculated in Ha, as shown by Ruan et al. (2018).

The use of the term tornado to describe the shape and
motion of rotating Hae prominences was introduced by Pettit
(1932). Nowadays, the high temporal and spatial resolutions of
SDO/AIA can be exploited to observe tornado-like prominences.
These tornadoes are reported in a few papers as helical structures
visible in AIA movies (Li et al. 2016; Su et al. 2014). With spec-
trographs (such as the Extreme-ultraviolet Imaging Spectrome-
ter (EIS - Culhane et al. (2007)) aboard Hinode, the Interface
Region Imaging Spectrograph (De Pontieu et al. 2014, IRIS) or
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from ground-based observatories) such motions were observed
as blueshift on one side, and redshift on the other side of vertical
columns in prominences. This suggests twisted magnetic struc-
tures or tornadoes (Orozco Sudrez et al. 2012; Su et al. 2014,
Levens et al. 2016; Yang et al. 2018).

The tornado model of Luna et al. (2015) attempted to create a
scenario where the prominence plasma is supported in a twisted
magnetic field. However, rotation of prominence columns re-
ported in ATA movies could correspond to an incorrect interpre-
tation. Schmieder et al. (2017b) determined the true trajectory
of an apparent helical prominence by reconstructing the veloc-
ity vectors of plasma blobs along the helical structure with IRIS
data. These vectors with Dopplershifts equal to 50 km s~! or
more and transverse flows of only 5 km s~! indicated that the
structure was not helical but consisted of an horizontal magnetic
field parallel to the solar disc. The apparent helical structure was
due to perspective effect.

Dopplershift patterns can also be misleading if the field of
view does not cover the entire rotating structure or if the tempo-
ral resolution is not fine enough. Using IRIS spectral data, Yang
et al. (2018) presented a pattern of blue and redshifted velocities
along the slit of the instrument, suggesting rotation around the
axis of the prominence. However, it is difficult to confirm this
rotating motion due to the small signal to noise ratio of the ob-
servation. Schmieder et al. (2017a) derived Dopplershift maps
from He observations of a tornado-prominence observed with
the Multi subtractive Double pass spectrograph (MSDP) (Mein
1991) and demonstrated that the Dopplershift pattern evolved
rapidly even though large areas of the prominence displayed
coherent constant velocities with blue and red shifts. They did
not confirm the rotation of the structure. Tornado-like structures
observed over prominences as they cross the limb remain enig-
matic.

A simultaneous multi-instrumental observation campaign
comprising of IRIS, Hinode, the MSDP spectrograph (operating
at the Meudon solar tower (MST)), SDO/AIA and other obser-
vatories focussed on a solar prominence which had manifested
on the south-west (S51) solar limb on the 19th April 2018. This
prominence corresponds to one anchorage-footpoint of a long
east-west filament visible in Ha on 16 April, with dark equidis-
tant bushes along its axis (data in BASS2000.com).

This prominence is very active with a tornado-like structure
at its top. This joint observation provides a good opportunity to
address several questions. Is the rotating motion real or is it an
apparent motion? How is the global magnetic configuration of a
tornado? What is the nature of the plasma in tornado-like promi-
nences?

In this paper, we present the data used in this study (Sect. 2);
the large-scale evolution of the prominence in multiple temper-
atures (Sect. 3); with a focus on the dynamics of the tornado-
like prominence and its global magnetic configuration (Sect. 4).
Then, we present the analysis of its plasma parameters using Ha
and Mg lines and comparison with 1D radiative transfer mod-
els (Sect. 5). In Sect. 6, we discuss the results of the flows in
the frame of magnetic support configuration. The high electron
density of the plasma found at the top of the prominence could
correspond to a dynamical phase of formation of the tornado-line
prominence.
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2. Instruments
2.1. IRIS

The Interface Region Imaging Spectrograph (De Pontieu
et al. 2014, IRIS) is a space-based multi-channel imaging-
spectrograph. IRIS provides observations in two far ultra violet
channels (FUV, 1332-1358A and 1390-1406A) and a near ul-
tra violet channel (NUV, 2785-2835A). These channels include
strong chromospheric (Mg, C II) and transition region (Si IV)
lines. Context pertaining to the position and surroundings of the
slit can be found via observations from the Slit Jaw Imager (SJI)
with three filters centred on 1330A, 1400;\, and 2796 A respec-
tively. The FUV filters have a bandpass of 54A, and the NUV
4A.

We focus on the simultaneous Mg raster and SJI 2796 A
observations of the prominence obtained on 19 April 2018 be-
tween 14:13 UT and 19:15 UT. We mainly use the raster data
of the Mg lines to provide the plasma diagnostics (intensity,
Doppler velocity, and FWHM). We did not use the Cm and Si1v
data because of the artifact of the aperture of the telescope which
masks partly the field of view (Wiilser et al. 2018). Eighteen very
large coarse 32-step rasters were recorded during the five hours
of observations. It took 16 minutes to perform one raster scan.
During this time, eight SJIs were obtained (see an example in
Fig. 1a). The SJIs allowed us to study the fast transverse dynam-
ics of the prominence material.

The details of the IRIS observations are summarised in Ta-
ble 1. The data were downloaded from the IRIS database!. We
used IRIS level-2 data corrected for the dark current, flat field
and geometric distortion (De Pontieu et al. 2014).

IRIS had a clockwise satellite rotation angle of 51 degrees,
such that the solar limb was parallel to the y-axis of the instru-
ment. We adopt this rotation angle for the co-alignment with the
other instruments (AIA and MSDP). We note that it is easier to
rotate AIA images than IRIS spectra data to minimise the influ-
ence of the rotation for the plasma diagnostics.

2.2. MSDP

To study the Ha line, we use the observations obtained with
the MSDP spectrograph operating in the Meudon solar tower at
the Paris Observatory. The observations were obtained between
12:05 UT and 16:35 UT with sequences lasting 15 minutes each
and an exposure time of 160 ms. The observations consisted of
individual bands, each of them covers a field of view of about
370 arcsec x 60 arcsec with a pixel size approximately equal
to 0.5 arcsec. Five adjacent bands recorded in 30s allowed to
recover an image of the full field of view (370 arcsec x 270 arc-
sec) after processing the data with the MSDP software (Mein
1977, 1991; Mein et al. 2001). Our prominence was only cov-
ered by two individual bands, one covering the main part of
the prominence and the other band the top. Each band is recon-
structed from elementary spectral images of the entrance win-
dow (open slit) of the spectrograph obtained along a wavelength
range +0.7A. The scattered light was reduced by subtracting
line profiles recorded outside the Sun in the close vicinity of the
prominence. This method takes advantage of the fact that wave-
lengths are almost constant along lines perpendicular to the dis-
persion.

Our work focuses on the last sequence between 16:21 UT
and 16:35 UT which corresponds to an active phase of the promi-

' https://iris.lmsal.com/search/.

nence. The intensity in Ha line centre allows us to see the whole
prominence and the bright pattern of the chromosphere which is
very useful for co-alignment with the other instruments (Fig. 1b).
In this panel, we did not correct the mean brightening between
the bands to show the discontinuity between them. This high-
lights the rotation angle of ~ 30 degrees between the direction
of the band and the limb. For the further analysis, we used the Ho
maps with corrected intensity. Intensity and Dopplershift in each
pixel in the prominence were computed in the range He + 0.3
A (Fig. 1c and Fig. 2b). We will discuss in detail how we pro-
ceed for the co-alignment of MSDP and IRIS observations. Ta-
ble 1 summarises the details of the MSDP data. The MSDP
Meudon observations of the prominence in He line are stored
in the archive (LESIAO0S8) of the Paris Observatory in Meudon.

2.3. SDO/AIA

To study the spatio-temporal dynamics of the prominence with
high-resolution, we use data obtained by the space-based mis-
sion Solar Dynamics Observatory (SDO; Pesnell et al. 2012).
The Atmospheric Imaging Assembly (SDO/AIA; Lemen et al.
2012) instrument on-board SDO provides full-disc images that
cover the solar atmosphere from the photosphere to the corona.
The seven EUV channels (e.g. AIA 304 A, AIA 171 A, AIA 193
A) provide observations with a nominal spatial resolution of 1.2
arcsec. (pixel size 0.6 arcsec) and a temporal scale of 12 sec.
In our analysis, we use the AIA data obtained in the same time
interval as the IRIS data.

We use AIA 304 A filter where the main emission comes
from the He 1t line at 303.78 A formed by scattering of photons
on ionised helium at a temperature of log 7 = 4.7 (Labrosse et al.
2010). Furthermore, there is a number of lines formed at coronal
temperatures in the bandpass of 304 A (Dere et al. 1997; Landi
et al. 2012). However, they weakly affect the emission of cool
prominences.

We also studied AIA 171 A and AIA 193 A images, formed
at temperatures of log7 = 5.8 and log7T = 6.1 respectively.
In these wavelengths, the cool plasma in the corona absorbs the
background coronal emission and is visible in absorption. This
was discovered by observations of the fine structures of a fila-
ment with the SST telescope (Scharmer et al. 2003) when com-
pared with a TRACE image at 171 A (Schmieder et al. 2004).
Prominences are well observed in the two filters of AIA 171 A
and 193 A as absorption structures. In ATA 304 A, prominences
show a completely difference appearance, because they are seen
in emission.

We use pre-processed SDO/AIA data, provided by the Joint
Science Operations Center (JSOC? that correspond to level-1.5.
The SDO/AIA data exported from JSOC were mutually co-
aligned with a high spatial accuracy.

3. Evolution of the large-scale prominence in
different temperatures

The MSDP, IRIS, and AIA instruments provide a view of the
prominence in multiple temperatures. Due to opacity and dif-
ferent ionisation temperature effects the prominence shape ob-
served in each wavelength is different, revealing different struc-
tures.

2 http://jsoc.stanford.edu.
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Fig. 1. Prominence observed by IRIS and the MSDP at the south-west limb of the Sun on 2018 April 19. The panels show: (a) slit-jaw image of
the Mg line (SJI 2796), (b) Ha intensity in the line centre observed by MSDP showing the solar disk used to co-align MSDP and IRIS maps
, (c) Ha = 0.3 A intensity observed by MSDP. The dashed lines in the panel (a) marks the field of view of the IRIS raster.

Table 1. Details of IRIS, MSDP and SDO/AIA observations made on 19 April 2018.

Instrument  Observation time  Spectroscopic measurements Imaging
Pointing: 633"; -753"
Field-of-view (FOV): 62"x175" FOV: 167"x175"
Observation repetition: 18 Image numbers 144
14:13-19:15 Steps: 32
IRIS UT Step cadence: 314s
Raster cadence: 1.005 s
Spatial pixel size: 0.33" Spatial pixel size: 0.167"
Line Mguk, Mg h Mg u (SJI 2796)
FOV: 370"x270"
. . Observation repetition: 300
MSDP 12'0%_%6'35 Time resolution: 30 sec
Spatial pixel size: 0.5"
Line Ho
FOV 600"x600"
14:13-19:15 Time resolution 12 sec
SDO/AIA uT Spatial pixel size  0.6"
Line Hell (AIA 304 A)
Table 2. Properties of observed spectral lines.
Instrument Wavelength [A] Line/Band log T [K] Atmospheric regime
2796 Mgu k 3.6-3.9  Chromosphere
IRIS 2803 Mguh 3.6-3.9  Chromosphere
Mguk -peak 3.9 Upper chromosphere
MSDP Ha 3.9 Upper chromosphere
304 Hen 4.7 Upper chromosphere, TR
SDO/AIA 171 Fe 1x 5.9 Upper TR
193 Fexm, Fexxiv 6.1 -7.3 Corona

3.1. Ha, Mg and AlA 304 prominence

The global shape of the prominence observed in He and in IRIS
SIT 2796 A is very different (Fig. la and Fig. 2a). In He, the
prominence consists mainly of two narrow and low columns
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with weak emission loops joining the column to the solar surface
(Fig. 1c, Fig. 2a) while the IRIS prominence has a wide base of

100 arcsec. parallel to the y-axis and a height of about 50 arcsec.
(37500 km). The top of IRIS prominence is narrower with one
or two horns depending on the time. A prominence with such
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an appearance was discussed in Wang et al. (2016). The differ-
ences in apparent morphology of prominences observed in dif-
ferent chromospheric lines have been discussed in the past. The
optical thickness of the Mgu h or k line is ~100 times greater
than that of Ho (Ruan et al. 2019). This explains why all the low
density structures can be better seen in Mg 1 (Heinzel et al. 2015;
Levens et al. 2016). Due to contrast issues, it is not possible to
visualize the low emission structures in Ha.

The prominence in He is defined with 'Mask-Ha’ (see
Sect. 4.7). Dopplershift and FWHM can be computed in all the
area limited by this mask. The area of the computed Doppler-
shifts corresponds to a large part of the IRIS prominence (Fig. 1
panel a, Fig. 2 panel b).

The IRIS SJI 2796 A movie (Moviel) shows tremendous
moving features during the five hours of observing time. Dur-
ing this time the global structure of the prominence rises slowly
(< 3 km s7!). The different periods of activity suggest the need
for deeper analysis. In the IRIS SJI movie, we see major changes
at the top of the prominence. The evolution of the prominence is
shown in six panels in Fig. 3. At the beginning of the observation
(14:15 UT) we observe long narrow loops joining the top of the
prominence to the solar surface.

Between 15:45 and 17:30 UT the top appears as a relatively
narrow column which displays some twisted motions. After turn-
ing to the North and South, around 17:30 UT material from the
top detaches, untwists and unwinds to ultimately expand in a
horizontal direction. Then, between 17:56 to 18:18 UT the ma-
terial falls following long loops towards the southern limb.

We estimated the transverse flows along these loops to be
less than 7 km s~!.

The dynamics of the prominence in AIA 304 movie
(Movie2) has a similar behaviour to the prominence in the IRIS
SJ12796 A movie but with less contrast (Fig. 4). The fine struc-
tures, particularly at the top of the prominence, are not well ob-
served. Their morphology changes rapidly and can only be re-
solved with the high spatial resolution of IRIS.

The AIA 304 filter contains the Hen 303.78 A line which
is strongly affected by opacity effects, similar to the Mg lines.
Prominences observed in this line look completely different from
how they are seen in Ha but similar to what is seen in IRIS SJI
2796. The optical thickness of Hem 303.78 A is between 102
and 10 (Levens et al. 2016). This implies that we mainly ob-
serve the structures located at the front of the prominence. This
allows us to observe weakly emitting structures not visible in Ho
(Ruan et al. 2018) resulting in a more extended appearance of the
prominence similar to what is seen in the IRIS SJI.

3.2. AIA prominence in 171 A and 193 A

In the SDO/AIA 171 A and 193 A images, the prominence ab-
sorbs the background coronal emission and appears as a dark
column located in the centre of the prominence, oriented perpen-
dicularly to the solar limb (Figs. 5 and 6). This absorption struc-
ture corresponds to the similarly shaped brightest region in the
Ha MSDP image in Fig. 1 (b, c). The signal in AIA 171 is dom-
inated by the Feix 171 A line formed typically at log7 = 5.9.
However, this line is also sensitive to plasma at a lower tem-
perature of log 7 < 5.6 in the prominence-to-corona transition
region (Parenti et al. 2012). This is responsible for the diffuse
emission surrounding the central absorption column, and the il-
lumination of the extended loops joining the limb in the south
and the loops surrounding the cavity. The SDO/AIA 193 chan-
nel emission is multi-thermal (log 7 = 6.1 — 7.3) and consists of

contributions of several coronal lines of Fe xi and Fe xx1v. In this
channel, the prominence is visible purely in absorption from the
hydrogen and helium continuum opacity. The optical thickness
of the continua at these wavelengths is comparable to the opti-
cal thickness of the Ha line which is around unity (Schmieder
et al. 2004; Anzer & Heinzel 2005). In the area surrounding the
dark column, smaller columns are visible (Fig. 5). These wispy
structures are less extended than in ATA 304 and are located in-
side the contour of the IRIS prominence. In the ATIA 193 movie
(Movie4), the top of the dark absorption column is seen to oscil-
late and change shape giving the impression of some twist.

In the AIA 171 movie (Movie3), a part of a loop is seen sur-
rounding the cavity (Fig. 6). At 15:01 UT a bright point is seen
in the middle of the cavity. Is this bright point due to reconnec-
tion leading to activity in the prominence? It is not directly re-
lated to accelerated motions, and no emission is detected in the
X-ray telescope (XRT) images onboard the Hinode solar tele-
scope (Golub et al. 2007). Later, more extended loops join the
main body of the prominence to the solar surface. The top of the
prominence becomes elongated in an orientation parallel to the
limb, with material flowing towards the north and south. This
gives also the impression of rotating structures.

4. Tornado-prominence dynamics

From the eighteen IRIS rasters obtained between 14:13 UT and
19:15 UT, we analysed the 3D dynamics of the activity in the
prominence with a particular focus on the top which appears
similar to a tornado at different times. The eighteen rasters in-
clude 32 spectra of Mgn h and k (Table 1). Of these spectra, 28
cover the prominence, while the first four spectra are on the disk
or at the limb including spicules. Figure 7 shows an example of
the Mg u k spectra through the prominence with a reconstructed
map obtained using the integrated intensity of Mg k.

4.1. Mg : Wavelength calibration method

To analyse the IRIS data, we first calibrated in wavelength the
Mg spectra. We assumed that the average velocity of the pho-
tospheric line Ni12799.474 Ais equal to zero. A mean spectral
profile of Ni1 was created for the whole slit position located on
the solar disk (first slit position). Using a spline interpolation, we
computed the Ni1 peak position.

We confirmed this calibration by computing an average spec-
tral profile of the Mg 1 k line over the disk. The wavelength value
of dip of the mean spectral Mg n k profile is consistent with the
nominal rest wavelength of the Mg i k line at 2796.35 A (Pereira
et al. 2013) and confirmed the Ni1 calibration result.

4.2. Mgu: Gaussian fitting method

The observed Mg spectra generally have no central reversal.
Therefore a Gaussian fitting procedure may be applied to retrieve
the total intensity, full-width at half-maximum (FWHM), and
Dopplershift. To avoid noise, we fitted with a single Gaussian
profile, Mg i1 k profiles when the peak amplitude was three times
larger than the standard deviation of the background continuum
intensity. The background continuum intensity was defined in
the waveband of 5.09A centered at 2811.23A.

To calculate velocity (v) with the Doppler effect, we used the
following formula:

V= C/lobserved - /lemitted (1)

/lemilted
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Fig. 2. Prominence diagnostic based on the MSDP observation. (a) Ha intensity at the line centre, (b) Doppler velocity, (c) FWHM. The contours
present the He prominence defined as Mask-Ha (see Sect. 4.7). The blue vertical lines, in panel (a), are the two selected slit positions (A, B) used
for analysing the profiles (Fig. A.3, Fig. A.5) and used for plasma parameter diagnostic (Table 3). The small horizontal lines are the positions

corresponding to the profiles A1-A15 and B1-B11.

where c-speed of light, Aypserveq-Wavelength observed by IRIS,
Aemirtea-wavelength emitted by plasma (theoretical wavelength).

We used the fitting parameters to determine the position of
the line centre and the corresponding total intensity, FWHM, and
Doppler shift. Figure 8 shows an example of these three quanti-
ties for raster 8.

4.3. Mg n: Quantile method

An alternative method to the Gaussian fitting is the quantile
method (Kerr et al. 2015; Ruan et al. 2018). We applied the quan-
tile method only for raster points where the peak intensity of the
Mg k line was at least three times larger than the standard de-
viation of the background continuum. The quantile method in-
volves calculating the cumulative distribution function of the in-
tensity of individual line profiles in a wavelength range. Based
on the cumulative histogram of intensity, we calculated the 0.12,
0.5 and 0.88 quantile (percentil) parameters (respectively QI,
Q2, Q3) considering a wavelength range of 2.04A centered on
2796.46A (this is the same wavelength interval as in the Gaus-
sian fitting method). Based on the position of the line centre

(peak), we created a map of peak intensity (EI\Q,[;;SZ"). Again using
the Eq. 1 as in Sect. 4.2, we calculate the Doppler velocity. Then,
we calculated FWHM as the wavelength distance between 0.12
(Q1) and 0.88 (Q3) quantile. The Gaussian and quantile methods

give comparable results (Fig. 11).

Article number, page 6 of 30

4.4. Evolution of the tornado-prominence viewed in IRIS
raster

The movies (Moviel, Movie5) allow us to follow the evolution
of the tornado in 3D with the associated Dopplershifts at a ca-
dence of 16 min. This is a relatively low cadence for an active
prominence. Figure 9 and 10 summarise the main behaviour of
the tornado plasma with intensity and simultaneous Dopplershift
maps.

At the beginning of the observations around 14:13 UT we
see long alternating blue and redshifted loops which join the top
of the prominence to the disk. Between 15:27 and 16:27 UT the
top of the prominence extends to higher altitudes and exhibits
changes in Dopplershift with blue/red areas aligned perpendic-
ularly to the limb. Around 16:07 UT, 16:35 UT to 16:52 UT a
vertical pillar like a tornado is observed and is seen to rapidly de-
velop. In the rasters 7, 8 and 9 (16:11 to 17:00 UT) redshifts and
adjacent blueshifts are observed along the vertical pillar, sim-
ulating a tornado. At the end of raster 13 (around 17:53 UT),
large flows with trajectories more or less parallel to the limb are
observed from the top of the prominence ejecting blueshifted
material towards the North and redshifted material towards the
South. Finally, the material moving along long the loops, joining
the top of the prominence to the south limb, mostly shows red-
shifts. This flow is found to be moving away from the observer
(18:41 UT, raster 17).
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Fig. 3. Spatio-temporal evolution of the prominence intensity in Mg n slit-jaw 2796 A images obtained by IRIS between 14:15 UT to 17:53 UT.
The dashed vertical lines mark the IRIS raster field of view. The blue box in panel (d) define the FOV used for detailed study of the velocity

distribution (Fig. 11).

The temporal evolution is available as an online movie (Moviel).

4.5. Co-alignment IRIS and MSDP data

A two step procedure to co-align IRIS raster and MSDP data
was undertaken. First, we reduced the IRIS SJI 2796 A images
resolution to the pixel size of MSDP (0.5 arcsec.). Then, we used
a cross-correlation method to co-align an IRIS SJI image with a

MSDP intensity map of He at line center. The co-alignment was
done with the solar disk using the structures of the network. We
obtained a precision of alignment better than 1 arcsec between
IRIS SJI and MSDP image.

In the second step, we co-aligned IRIS SJI 2796 A images
with IRIS raster data. To achieve this, we used the IRIS raster
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Fig. 4. Spatio-temporal evolution of the AIA 304 A intensity observed between 14:15 UT to 17:53 UT. The vertical dashed lines mark the IRIS
raster field of view. The overlaid contour corresponds to the contour of the IRIS SJI 2796, level=1. The temporal evolution is available as an online

movie (Movie2).

integrated intensity maps in the Mg k line and reduce the SJI
resolution to the raster image. Then, we used the fiducial as a
spatial reference in the rasters and a cross-correlation method to
align the SJI and raster image. A cross-correlation method was
applied in the full field of view of the Mg k raster intensity
image. Due to fast evolution of the prominence we chose the
last SJI image obtained during the rastering process which cor-
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responds better to the prominence, the first one corresponds to
the disk and the low part of the prominence. The accuracy of the
co-alignment is better than 2 arcsec. The result is shown in Fig. 1
(a,b,©)
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Fig. 5. Spatio-temporal evolution of the AIA 171 A intensity observed between 14:15 UT to 17:53 UT. The vertical dashed lines mark the IRIS
raster field of view. We note the presence of the cavity and long extended bright loop in (a), a bright point in (b). The cavity is visible in all the
panels and the dark twisted column is surrounded with emission. The temporal evolution is available as an online movie (Movie3).

4.6. Ha Dopplershifts

In each pixel of the MSDP prominence field of view a Ha pro-
file is retrieved and Dopplershifts were computed with a bisector
method. Ha profiles in prominences are relatively narrow com-
pared to profiles on the disk, but they are broader than synthetic
profiles obtained by radiative transfer codes Ruan et al. (2018,

2019). The Dopplershifts were determined as following: we con-
sider the blue and the red points in a Ha profile distant of 0.6 A
and having the same intensity. The shift of the middle of the
wavelength interval compared to the rest value represents the
Dopplershift of the pixel. The zero velocity was obtained by as-
suming that the sum of all the velocities in the prominence is
null. Doppler shift maps are obtained every 30 seconds (see an
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Fig. 6. Spatio-temporal evolution of the AIA 193 A intensity observed between 14:15 UT to 17:53 UT. The vertical dashed lines mark the IRIS
raster field of view. The overlaid contour corresponds to the contour of the IRIS SJI 2796, level=1. The dark features (columns and fuzzy dark

material) observed in the prominence correspond to the prominence observed in Ha. The temporal evolution is available as an online movie
(Movie4).

example in Fig. 2b) and in the Appendix A (Fig. A.1). Large 4.7. Mask definition for Mg prominence
sections of the prominence are seen to have coherent velocities.

This has been previously discussed in earlier works Schmieder L0 compare the spatio-temporal evolution and physical proper-
et al. (2010); Ruan et al. (2018)). ties of the prominence viewed in He and Mg 11, we used the IRIS

raster data and MSDP observations. We created a mask to re-
move the solar disk and the background due to scattered light
and noise. First, we defined the position of the solar limb. Based
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Fig. 7. Prominence spectra of raster 8. In the first row, the left panel presents the reconstructed map using the integrated intensity of Mgn k line,
the five following panels are the spectra along the slit in positions 10 to 14, the second row in positions 15 to 20, in the bottom row in positions 21
to 26. In the upper left panel, the dotted dashed vertical lines represent the extreme slit positions (10 and 26) for which the spectra are shown in
this figure. The dotted vertical lines are the two selected slit positions used for analysing the profiles and used for plasma parameter diagnostic. In
panels of the spectra, the vertical dashed blue line corresponds to the rest velocity. In the panel at 16:34:10 UT (slit position 12) the horizontal lines
are the positions corresponding to the profiles A1-A15 drawn in Fig.A.2 (Appendix A). In panel at 16:39:55 UT (slit position 23) the horizontal
lines limit the domain where the profiles (B1-B11) are shown in Fig. A.4 (Appendix A). The unit of the y-axis is in pixel (0.33 arcsec).
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Fig. 8. Prominence reconstructed maps based on the IRIS spectra of Mg k line (raster 8); (a) integrated intensity of Mgu k line, (b) Doppler
velocity, and (¢) width (FWHM) of Mg k line profile obtained by fitting the profiles with a single Gaussian function. The inner contour line
(around x = 10 arcsec) corresponds to the solar surface defined as the level 0.6 A of the FWHM of Mg u k line; the outer contour corresponds to
Mask-Ha based on MSDP observation (see Mask-Ha in Fig. 2). This new contour defined by (Mask-Ha - pixels on the disk)
will be used for the statistics of Mg 11 parameters in and out the Ha prominence (see Sect. 4.7). The blue dotted lines, in the panel
(a), are the two selected slit positions (A, B) used for analysing the profiles (Fig. A.2, Fig. A.4 in Appendix A) and used for plasma
parameter diagnostic (Table 3).

on the FWHM map of Mg, we defined a solar surface as the
level 0.6 A of FWHM of Mg k line. In Fig. 8, the inner con-
tour line (around x = 10 arcsec) corresponds to the solar surface.
All points with FWHM larger than 0.6 A (the left side from the
contour line) belongs to the solar disk.

The outer edge of the mask corresponds to the contour of the
prominence in the Ha intensity map defined from MSDP obser-
vation (Mask-Ha).

The mask is obtained directly from Ha profiles in each pixel.
Profile intensities need to be much larger than noise, so a param-
eter M is defined as the difference between the intensity in line-
centre and the average intensity in wings at + 0.6 A and -0.6 A.
When this parameter is too low (here M lower than 10 in camera
arbitrary units), the pixel is declared out of the prominence. This
value is small as compared with the M-values exceeding 250 in
the brightest parts of prominence. However we see that possible
fluctuations due to noise from pixel to pixel do not appear in ve-
locity maps (Fig.2b), even in the weak parts of the prominence,
close to the mask.

Therefore, the Mg prominence is defined as the region be-
tween the solar limb (left line in Fig. 8) and the outer edge of
prominence (right contour in Fig. 8).
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Fig. 9. Sample of integrated intensity maps in Mg k line, each map being reconstructed from the 32 spectra of one raster, showing the evolution
of the tornado at the top and the long loops connecting with the limb between 14:15 UT to 18:41 UT (rasters 1, 5, 7, 8, 9, 10, 13, 17).

4.8. Comparison of Ha and Mg Dopplershifts and FWHM (Fig. 7). We note that these enhancements are coherent over a

The spectral analysis of the Mg lines shows alternating red

and blue enhancements in the wings as one moves along the slit Article number, page 13 of 30
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Fig. 10. Doppler velocity maps (Gaussian fitting) in Mg k line computed from the spectra of the rasters observed by IRIS between 14:15 UT to
18:41 UT (rasters 1, 5, 7, 8, 9, 10, 13, 17). The temporal evolution is available as an online movie (Movie5).

distance of a few arcsec along the slit. The structures along the The histograms of the Doppler velocities for He and Mg
slit are narrower at the top of the prominence. k show that the Dopplershifts of both lines are of the same or-
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der of magnitude, however the Dopplershifts in Mg can reach
30 kms~! in a few pixels (Fig. 11). We note that the histogram of
the He Doppler velocities shows more blueshifted points com-
pared to the histogram of the Doppler velocities of the Mg 11 lines
which show more redshifted points. This difference is intrinsic to
the definition of the rest velocities. For Ho we compute the rest
velocity using the mean value of all the velocities in the promi-
nence. For wavelength calibration of Mg 11 lines we used the pho-
tospheric line Ni1 (see Sect. 4.1). The Mg 1 histogram has been
done for raster 8 which has been obtained during 16 min while
the Ha dopplergram is obtained in less than 30 sec.

The FWHM of the Mg k line is computed via Gaussian fit-
ting and the quantile method. The two results are in agreement
with a FWHM between 0.2 to 1 A (Fig. 11). With the quan-
tile method we show that a fraction of profiles are asymmetric,
meaning that their velocities in reality are higher than the com-
puted ones (Fig. 11). This effect is also discussed in Peat et al.
(2021) (A&A submitted).

Figure 12 (a, b, ¢, d) shows the probability density functions
for Mg 1 k line in the prominence inside and outside the He con-
tour respectively. In Fig. 12 (a), we note that the integrated inten-
sity is roughly proportional to the width of the Mg line profile,
with this correlation plateauing for medium width profiles for
a large range of integrated intensities. High integrated intensi-
ties correspond to wide profiles with a FWHM reaching 0.8 A.
In Fig. 12 (c) there exists a weak correlation. Weak intensities
are observed with profiles of any width but more profiles with
a FWHM of 0.2 A have a weak intensity. For the Mgu promi-
nence inside the Ha contour, there are no large Dopplershifts.
The maximum Dopplershift is around 10 km s~!. Out of the Ha
contour the narrow profiles exhibit large Dopplershifts of + 25
km s~!. For Ha profiles, there is a correlation between intensity
and FWHM. Therefore, relativey narrow profiles (0.6 A) have
a lower intensity than wider profiles (1 A) (Fig. 12 panels (e)).
In panel (f) we note that narrow profiles have Dopplershifts be-
tween +5 km s™!, very few points reach a higher velocity. This
demonstrates that wide Ha profiles are created by the integration
of multiple emitting structures with different velocities along the
line of sight. This results in wide line profiles. Broad Ha pro-
files are the signature of the integration of many threads along
the LOS.

4.9. Magnetic field configuration

The Dopplershift maps in Fig. 10 clearly show blue/red shift
zones parallel to a vertical axis at the top of the prominence
(see between 16:11 and 16:27 UT). This suggests twist and ro-
tation. The prominence, when viewed in intensity, has a very
classical global morphology with one or two horns at the top
(Fig. 9). However, if we zoom in on the top or look at the IRIS
SJI movie we see distinctly horizontal substructures in the top of
the vertical column. These are particularly apparent when ma-
terial escapes from one of the sides of the top of the promi-
nence (Fig. 13 bottom panels). This allows us to conclude that
the magnetic configuration of this prominence is similar to clas-
sical prominences defined by a flux rope (Aulanier & Démoulin
1998; Aulanier & Schmieder 2002; van Ballegooijen 2004). Flux
rope is commonly represented by twisted magnetic field lines,
found by linear force free field extrapolation (Fig. 13 top pan-
els). Filaments are supported by such a flux rope (FR) overlaid
by arcades. The idea is that the plasma is located in the dips of
the FR and represents the filament viewed in Ha. The magnetic
field lines have been obtained for an other filament as it was

crossing the limb by Aulanier & Schmieder (2002) (Fig. 13 left
top panel). Above the limb when only the dips are drawn, we
see two horns with a pile up of horizontal fine structures like the
fine structures in our prominence (right top panel). This kind of
interpretation has been confirmed by the models of Gunar et al.
(2018) which include radiative transfer. Gunar et al. (2018) could
mimic a real prominence viewed from the top and the side with
horizontal dips.

MHD view of a prominence does not consider the plasma in
the prominence itself. With IRIS spectroscopy, we explored the
characteristics of the plasma loading the dips.

5. Plasma characteristics from observations and
theory

To analyse the plasma characteristics of the prominence using
Mg 11 lines we choose two slit positions in the Mg 11 prominence:
the main body (slit 12, 16:34 UT) and the top (slit 23, 16:39
UT) representative of the physical state of the prominence (Fig. 8
panel a vertical dashed lines). Similar positions are selected in
the Ha image with the coordinates x= 24 and 46 arcsec (Fig. 2
panel a).

5.1. Mg integrated intensity, Dopplershifts, FWHM

Figures 14 and 15 (a, b, c) show the integrated intensity in erg
s~! em™2 sr™!; the Dopplershifts in km s~!; and the FWHM in
A respectively for the Mg k line along the slits 12 and 23 re-
spectively. The prominence is located along the y-axis between
pixels 250 and 400 which corresponds to a width of around 50
arcsec. at a height of 20 arcsec. Structures of high intensity are
observed along the slit reaching 5 to 6 x 10* erg s™! cm™2 sr™!
while the width of the top along slit 23 is narrower, around 33
arcsec. with a mean maximum integrated intensity of 2 x 10* erg
s~! ecm™2 sr7!. The raster spectra in Fig. 7 shows pile-ups of nar-
row structures (around 2000 km) with the smallest reaching one
or two pixels (dimension of the order of 250 km to 500 km). In
Figs. 14 and 15 the Dopplershifts range between -5 to 15 km s~!
with three main structures of 25 to 35 pixels (8 to 10 arcsec.) in
the main part of the prominence whereas the top has narrow ve-
locity structures of around 1.5 to 2 arcsec. The FWHM is 0.3 A
at the edge of the prominence but reaches 0.4 A in the top and
0.5 A in the body. The Dopplershift structure include many fine
structures with coherent velocities as shown in Fig. 10.

5.2. Mg and Ha profiles

Along the two slits we choose individual pixels with a step of
one arcsec. at the top (slit 23) (B1-B11) where the structures
look narrow and a step of 5 arcsec. in the main body (slit 12)
(A1-Al5). Table 3 summarises the characteristics of these pro-
files. This table allows us to compare these quantitative values
with the theoretical values of synthetic profiles obtained from
the radiative transfer models of Levens & Labrosse (2019).

The Mgu and He profiles from the top of the prominence
(B1-B11) at 16:25 UT can be seen in Figs. A.4 and A.5 (in Ap-
pendix A). The profiles from the main part of the prominence
(A1-A15) can be seen in the Appendix A (Figs. A.2 and A.3).
The Mg k profile intensity peaks reach 8 to 12 x 10* erg cm™
s™' sr™! A=!in the body (points A1 to A15) and 5 to 10x 10* erg
em™2 57! sr™! A1 in the top (points B1-B11). The mean ratio
between the integrated intensities of Mgu k versus Mgm h is
around 1.4 for our sample of points (between 1.38 and 1.55 with

Article number, page 15 of 30



A&A proofs: manuscript no. aa

2018-04-19T16:27:53

— Mgll k (G fit
15F— Mgll k Equaaurftislel)) 1
— Ha
S 10 ]
o2
)
o
5 - -
0
-30 -20 -10 O 10 20 30
Velocity[km/s]
2018-04-19T16:27:53
12F — Gaussian method
=— Quantile method
10F E
50 '
5 of ]
o
4F ]
2F 3
0 . . h
00 02 04 06, 08 10
FWHMJA]

2018-04-19T16:27:53

— Mgll k (G fit
15— Mgll k ql?:r?tﬁel)) 1
s 10f -
IS4
)
o
5 - -
0
-30 -20 -10 O 10 20 30
Velocity[km/s]
2018-04-19T16:27:53
—— Quantile method J
: s -
& 6 .
4 ]
2 -
0 . .
0.0 0.2 04 0.6 0.8 1.0

Profile asymmetry

Fig. 11. Histograms of Doppler velocities for He and Mg k lines inside the He prominence (left top panel) and in the whole Mg prominence
(right top panel), FWHM for Mg k line and asymmetry of the Mgu k line computed with the quantile method. Ha prominence corresponds to
pixels enclosed by the contour in Fig. 2 panel a and y-range from 60 to 137 arcsec; The whole Mgu k prominence is enclosed in the blue box
presented in Fig. 3. The histograms are based only on the spectral profiles with an intensity larger than the noise.

an exceptional value of 1.76). This value is typical of promi-
nences (Levens et al. 2016; Ruan et al. 2018).

Figures A.3 and A.5 show a set of example MSDP promi-
nence profiles at 16:25 UT from the main part (A1-A15) and the
top part (B1-B11) respectively. The profiles are mostly seen to be
wide with a FWHM between 0.653 A and 0.911 A (see Table 3)

The profiles at the top are narrower than in the body because
the LOS could cross less structures. In the main body the LOS
crosses many structures, each of them having different velocities,
resulting in the broadening of the line profiles. The Ha profiles
are all wide between 0.5 to 0.8 A. This results in a larger FWHM
than those predicted by 1D models. Single structures cannot be
resolved with the spatial resolution of the MSDP spectrograph.
The He line is usually considered as an optically thin line, mean-
ing that many structures are integrated along the LOS (Wiik et al.
1992). However, the Her line may be also optically thick in some
cases. The observed FWHM can be larger than this predicted by
1D models for various reasons, especially unresolved structures
or optically thick structures with a high speed gradient.

5.3. Interpretation with a 1D radiative transfer code

Levens & Labrosse (2019) developed a one-dimensional non-
LTE radiative transfer code to understand how physical con-
ditions inside a prominence slab influence shapes and prop-
erties of emergent Mg line profiles. This code includes two
types of model atmospheres: isothermal and isobaric; and with
a prominence-corona-transition-region (PCTR). Using this code
they computed a grid of 1007 models, 755 of which contain a
PCTR. Mg 11 spectra were computed to demonstrate the influence
of the physical parameters of the prominence on the emergent
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spectra (e.g temperature and geometric thickness). In particular
they obtained good correlations between the Mg k line inten-
sities and the intensities of hydrogen lines, and emission mea-
sure.Prominence parameters can be retrieved from comparing
these synthetic profiles with observations. Mg is ionised for a
temperature higher than Ty,,x = 30000 K. Therefore most promi-
nences emitting in Mg 1 lines are cold (T< T,,,.), low-pressure,
and optically thick structures. Their results agree with previous
studies (Heinzel et al. 2014, 2015; Jejcic et al. 2018).

5.4. Correlation between Mg and Ha lines and emission
measure

First, we used the global results obtained with the grids of mod-
els concerning the integrated intensities of Mgu (E(Mgm)) and
He (E(Ha)) and the emission measure (EM). The gas pressure
is an input parameter, so it changes depending on the model. The
graphs in Fig. 17 contains all 1007 models of the grid. The in-
puts of the pressure range from 0.1 to 1 dyne cm™2. Assumptions
on the geometrical thickness and temperature of the structures
were made, restricting it to thicknesses of 1000 to 5000 km and
temperatures from 6000 K to 20 000 K, with a constant micro-
turbulence equal to 5 km s~

Figure 17 (top panel) shows the variation of E(Mgu) ver-
sus E(Ha) obtained with this sample of theoretical models. The
observational points of Table 3 have been included in the fig-
ure.We found a generally good agreement with the theoretical
points which means that the co-alignment of the spectra (IRIS
and MSDP) have been done correctly. Figure 17 (middle and
bottom panels) shows the correlation between E(Mgn k) and
EM; and E(Ha) and EM. We can get an approximate value of
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(a) (b)

16:33 UT

Fig. 13. (a) Reconstructed filament with flux rope field lines (red lines) overlaid by arcades (green lines). These field lines are obtained from a
LMHD extrapolation of an observed photospheric magnetogram for a different prominence. (b) Dips in the magnetic field lines (green lines).
(adapted from Aulanier & Schmieder (2002)). Bottom panels: Zoom on the tornado-like structure showing pile-up of fine horizontal structures.
similarly to the green lines in (b).

EM corresponding to the observations. The values of E(Mgu
k), EMgu h) and E(He) in Table 3 concern the top and the
main part of the prominence. We separated the main body in two
parts, the edge of the prominence, and the central part of the
prominence. Two sets of horizontal lines, in green and blue re-
spectively, were drawn bounding the extrema of these regions,
whereas the extrema of the top part are bound by orange lines.

From Fig. 17 (middle) the edge and top are found to have
log(EM) of between 22.1 and 23.8. From Fig. 17 (bottom) they
are found to have a log(EM) of 22.5 to 23.5. For the body, Fig. 17
(middle) gives a log(EM) of 23 to 24.2 and Fig. 17 (bottom)
gives a log(EM) of 23.5 to 24.4. The agreement between these
values is satisfactory. The EM is slightly higher for He than for
Mg

If we estimate that the edge or top of the prominence have a
geometrical thickness (D) of less than 3000 km, then the values
for log(EM) plateau and the uncertainty becomes large for the
electron density (3 x 10° — 3 x 10! cm™3). For the central part
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Fig. 14. Prominence body characteristics: (fop panels from left to right) Mg u k observed integrated intensity, Dopplershift, FWHM along slit 12,
(bottom panels from left to right) NLTE model results along slit 12: mean electron density, 7(Mgn k), 7(H ). The grey areas correspond to pixels
where the observed profiles in Mg cannot be fit correctly with the grid of profiles derived by the NLTE radiative transfer code. The red arrows
indicate the points which are in Table 4.
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Fig. 15. Prominence tornado characteristics: (top panels from left to right) observed integrated intensity, Dopplershift, FWHM along slit 12,
(bottom panels from left to right) NLTE model results along slit 12: mean electron density, 7(Mgn k), 7(H ). The grey areas correspond to pixels
where the observed profiles in Mg cannot be fit correctly with the grid of profiles derived by the NLTE radiative transfer code. The red arrows
indicated the points which are in Table 4.

of the prominence, where D around 3000 km, the uncertainty is two classic shapes of Mgn h&k profiles (reversed and single
less. The estimate of electron density is around 10'® + 0.3 x 10'©  peaked). They argue that matching a line profile by comparing
cm™. the integrated intensities and FWHM of the synthesized profiles
to that of the observations is not enough to take into account
the two possible kinds of line profiles. They instead compare
the computed and observed line profiles point by point in wave-

We use the recent results of Peat et al. (2021) (A&A submitted) length space. I.t is computatiqnally faster to vectorise and ﬁt th.e
derived from the synthesized profiles obtained with their large w.ho%ebrasFer 1(1.e all of the pixels) at once rather than doing it
data base of models. Their computed line profiles include the pixel by pixel.

5.5. Observed and synthesized profiles
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Fig. 16. Theoretical results of the NLTE radiative transfer code using the fitting profile method: (left panel) pixels where the fitting is satisfactory,
(middle panel) electron density map, (right panel) intensity in Ha according to the models.

At its heart, the procedure is an RMS (root mean square)
minimisation routine. The code will always find a fit that it be-
lieves to best, regardless of what data it is given. But Peat et al.
(2021) (A&A submitted) introduce a test to quantify the level of
agreement between the observed profile and the best-fit, com-
puted profile. This leads to the use of two filters (applied ad hoc
in the routine) — a prominence filter and a bad fit filter. The for-
mer filters out noise and the solar limb, leaving only prominence
material, and the latter filters bad fits (i.e. pixels where the agree-
ment between the best modelled profile and the observed profile
is not high enough). These two filters have to work together as
"good fits” are found in the noise by the simple metric used by
the bad fit filter (an RMS cutoff). The ’best fit’ found in the noise
is usually a low intensity, single peaked, low FWHM profile. The
RMS here is below that of the RMS cutoff because the noise it-
self is so low that the RMS is low even although the fit is bad.

High intensity profiles are fitted with a mix of double and sin-
gle peaks, depending on the profile we are fitting to. The best fits
are actually from high intensity single peaks and low FWHM. In
Fig. 16 (left panel) we present the map of the points where the
best fits are obtained. We note that there are at the edge of the
Mg 11 prominence.

5.6. Electron density and optical thickness

The electron density map has been computed with the Levens
and Labrosse radiative transfer code for all the pixels even with
a relative low weight for the pixels where the best fit was not
found (Fig. 16 middle panel). Using the good co-alignment be-
tween the MSDP maps and IRIS rasters, we show an He inten-
sity map with a superimposed electron density map (Fig. 16 right
panel). The red contour limits the Ha prominence (hell brown).
By comparing maps in right and left panels we note that the Ha
prominence corresponds nearly to points where the fit of Mgn
lines was not correct due to their complex profiles.
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In order to get parameter quantitative values concerning the
prominence and its top we analysed the theoretical results ob-
tained for the two selected slit positions for example mean elec-
tron density, optical thickness of Mg k, and optical thickness
of Ha (Figs. 14 and 15 - bottom panels from left to right and
Table 3). For these pixels we compare the values of the ratio be-
tween the Mg IT k and h integrated intensities computed with the
models and observed. It is globally in agreement except for some
values exceeding typical ratio values for prominence for exam-
ple around 1.4 (Fig. 18). Profiles of the Mg u h line show similar
shapes as Mg k profiles (not shown in the paper). The gaps in
the data are filtered points that the filter found to not be promi-
nence material. In a first step, we analysed the electron density
inside the Ha prominence, in a second time the pixel in the Mgt
prominence but out the He prominence.

— Electron density for pixels inside He prominence

The Mgu k profiles of the central part of the prominence
have a wide FWHM and a complex profile (Figs. A.2 and
A4 in Appendix A), therefore they could not be fitted by
any synthesized profile (Table 3).

All synthesized profiles have a FWHM less than 0.3 A. As
we see in Figs. 14 and 15 panels (c) the FWHM exceeds this
threshold and is colored in grey. This means that the fit was
qualified as ’bad’ and the results from the non-LTE radia-
tive transfer code are not reliable in these pixels. A good fit
is mainly possible at the edges and top of the prominence.
Figure 16 illustrates this well. Due to the ill-matched pro-
files, we cannot use the code to deduce the electron density
in the thick part of the prominence spatially correlated with
the Ha prominence. Only the first method based on corre-
lations (Sect. 5.4) can be used to derive ranges of possible
values of the electron density.

With the fitting profile method we retrieved similar results
as with the statistical method for the mean electron density.
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(middle panel): Correlation between integrated intensity and EM for Mg i k, (bottom panel) for Ha. The horizontal lines correspond to the extreme
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However, if we concentrate on a few pixels where the fit-
ting was selected to be *good’ we obtain the following re-
sults (see Table 4). In the top the electron density is between
1.8 x 10° and 2.66 x 10'° cm™3. At the edge of the central
part of the prominence we have only two values 3.7 x 10°
and 1.66 x 10'° cm™3. The electron density is small (less

than 10'° cm™?) in models with a transition region containing
plasma at high temperatures. The profiles obtained in pixels
at the top or edge of prominences are fitted either by isother-
mal or PCTR models. In the isothermal models, the electron
density in the edge of the prominence is higher (> 10'° cm~3)
than in PCTR models. Points A3 and B2, which are located
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at the edge of the prominence, have the highest electron den-
sity values (1.66 and 2.68 x 10'° cm™3) compared to points
which are closer to the central part of the prominence. For a
given geometrical thickness the electron density should com-
monly decrease to the edge of a prominence. An increase in
electron density can be achieved by an enhanced ionisation
in this region due to strong irradiation from the coronal envi-
ronment. The radiation does not fully penetrate into deeper
layers of the prominence therefore the ionisation degree and
electron density can be lower in the inner parts contrary to
previous concepts (Engvold et al. 1990).
— Electron density for pixels out the He prominence

The behaviour of increase of the electron density at the
top (tornado-like) is confirmed where pixels out of the Ha
prominence are analysed with the fitting method (Fig. 15
pixel C at x= 345). Such pixels have Mg 1 line profiles with
a very low intensity which are well fitted with synthesized
profiles obtained with PCTR models leading to very high
electron density reaching 10'' cm™ and a high temperature
larger than 20 000 K. Few pixels as pixel C (shown in Ta-
ble 4) have those characteristics. Such higher density com-
pared to the inner prominence density is unusual and will
be discussed in the following section. Such possibility was
already mentioned in a previous work (Wiik et al. 1992).

The optical thickness of Mg lines have two extreme values
so that Ty Values is equal to low values around 2 or 3 or high
values between 23 and 32, g, k between the double 1.1 and 63
according to the model solution. The low values correspond to
pixels at the edge where the plasma is hot (around 23 700 K),
while the high 7 values correspond to isothermal models. For
PCTR models the temperature is high, Mg II becomes a very
thin line, this may explain the low optical thickness in that case,
otherwise the optical thickness of the order of 30 to 60 is typical
in prominences (Levens et al. 2016). In any case the mean pres-
sure is always between 0.01 and 0.05 dyne cm~2 which are low
values.

6. Discussion and conclusion

We present the data concerning a tornado-like prominence ob-
served on April, 19, 2018 with three instruments (SDO/AIA,
IRIS, MST/MSDP). The top of the prominence is active and
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shows twist and rotation in AIA 171 and IRIS SJI 2796 movies,
suggesting evidence for a tornado.

We analysed carefully the evolution of the prominence in-
tensity and velocity using IRIS spectra and SJIs. The SJIs show
that the top of the prominence consisted of horizontal fine struc-
tures where material was going away or towards the sky plane
alternatively. We noted the formation of blobs at the top which
escape along long field lines with large transverse velocities.
We mentioned the similarity of this prominence with previ-
ous LFFF magnetic extrapolations obtained for different promi-
nences (Aulanier & Schmieder 2002). In their extrapolation long
twisted field lines are part of a flux rope simulating the promi-
nence surrounded by arcades. The prominence is represented
by the dips in the field lines. We suggest that the leakeage of
the blobs occur along the flux rope magnetic field lines or ar-
cades. With such a configuration it is difficult to infer that the
tornado could really turn on itself. Therefore, the Dopplershifts
derived from the spectra of IRIS showing adjacent blue and red-
shifts in vertical areas at the top would be interpreted as counter-
streaming flows and not rotation.

The second part of the paper concerns the plasma character-
istics in the prominence and its top. The results are unexpected
and need a discussion.

Plasma parameters have been obtained by using the results
of a NLTE radiative transfer code (Levens & Labrosse 2019).
We adopted two methods, the first method is using statistics data
based on two observables e.g. integrated intensity and FWHM
of Mg and He lines in each pixel, the second method is based
on the fitting of Mgm h and k line profiles with synthesised pro-
files using the radiative transfer code. The first method has al-
ready been used in previous studies of prominences (Wiik et al.
1992; Heinzel et al. 2015; Jej¢i€ et al. 2018; Ruan et al. 2019).
From the theory we found the variation of the integrated inten-
sity of Mgu and He lines according to the emission measure
(EM). Then we could estimate the electron density according to
assumptions on temperature and geometrical thickness. Electron
density increases with the geometrical thickness and decreases
with temperature. With an assumption of narrower geometri-
cal thickness (D), for the low integrated intensity domain (log
E(Mgn k)=4-4.5), all the curves are overlapping. Therefore we
have no precise solutions in the top of the prominence.

For higher integrated intensities we found an electron density
value around 10'° + 0.3 x 10'° cm™3. Such intensities are found
in the main part of the prominence.

The second method based on fitting profiles was much more
powerful, principally for the top of the prominence. We con-
centrated on the narrower profiles at the top and at the edge of
the prominence with low intensity, part which is not visible in
Ha. We found that the electron density in the top could reach
10'! cm=3. This value is larger than the value for the inner part
of the prominence (10'® cm~3) using prominence-corona tran-
sition - region (PCTR) models. We explained this to be due to
large ionisation at the edge leading to very high electron density
(Peat et al. (2021) (A&A submitted)). These points are located at
the top of the prominence.

The plasma in these points would be in an ionisation phase
due to radiation and this would justify the high electron den-
sity with still a high temperature. It could concern the forma-
tion by condensation and heating of the plasma in the top (Luna
et al. 2012; Claes et al. 2020). Claes et al. (2020) found at small
scales a strong fragmentation during the formation of promi-
nence plasma which may correspond to the fine structures at the
top of our prominence. In a first phase, this material would ap-
pear as flowing over the spine of the prominence. This would
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Table 3. Characteristics of Mg k and h line profiles of IRIS raster 8 (slit 12 at 16:34:10 UT and slit 23 at 16:39:55 UT) and simultaneous Ha line
profiles obtained with the MSDP.

IRIS (Mg ) MSDP (Ha)
Number Time Y EMguk) EMguh) R(k/h) Velocity FWHM | E(Ha)? Velocity FWHM
[UT] [px] [kms™'] A [kms™'] A
Al 16:34:10 254 1.27 0.92 138  -4.84 0.37 2.91 -1.298  0.675
A2 16:34:10 263 1.78 1.25 142 -5.85 0.35 3.90 -1.453  0.707
A3 16:34:10 271 2.28 1.64 139  6.12 0.35 3.42 2322 0.676
A4 16:34:10 280 3.68 2.63 140  6.56 0.44 3.83 25942 0.702
A5 16:34:10 289 3.09 2.13 145 643 0.4 4.22 -4.812  0.764
A6 16:34:10 297 3.64 2.59 140 4.1 0.49 3.23 55293 0.693
A7 16:34:10 305 4.02 2.80 144  -1.78 0.5 3.93 -5.345  0.794
A8 16:34:10 315 4.60 3.21 143 -9.07 0.51 6.96 -3.516 0.778
A9 16:34:10 323 4.63 3.27 142 -1263 05 11.85 -0.860  0.832
A10 16:34:10 332 3.98 2.80 142 111 0.46 11.35 -0.738 0911
All 16:34:10 340 3.40 2.49 .37  0.73 0.43 8.67 0.554 0.825
Al2 16:34:10 349 4.56 3.10 147  -1.67 0.53 5.58 -2.881 0.753
Al13 16:34:10 357 4.67 3.34 140  -8.16 0.44 5.38 -3.695  0.718
Al4 16:34:10 366 4.57 3.27 140  -4.29 0.36 4.78 4453 0734
Al5 16:34:10 374 3.98 2.88 138  -1.02 0.32 3.44 -6.202  0.773
Bl 16:39:55 291 1.85 1.25 148 0.89 0.24 0.89 -1.469  0.688
B2 16:39:55 294 2.04 1.44 142 241 0.28 0.95 -1.812  0.775
B3 16:39:55 296 2.07 1.45 142 557 0.34 1.16 0.264 0.788
B4 16:39:55 298 2.41 1.37 1.76  7.44 0.34 1.29 0.402 0.775
B5 16:39:55 299 2.05 1.32 155 792 0.35 1.61 -1.423  0.788
B6 16:39:55 301 1.85 1.27 145  6.77 0.32 1.71 -0.493  0.737
B7 16:39:55 303 1.79 1.26 142 4.62 0.32 1.60 -0.055  0.735
B8 16:39:55 304 1.96 1.37 143 272 0.35 1.57 1.918 0.758
B9 16:39:55 305 2.18 1.47 148 257 0.39 1.49 3.068 0.775
B10 16:39:55 308 2.73 1.97 139  7.64 0.49 1.11 5.386 0.653
Bl1 16:39:55 309 2.92 2.09 140  9.63 0.51 1.02 5.564 0.738

Notes.

@ Integrated intensity of Mgu k line between 2795.49 A and 2797.53A in erg sr™! s™' cm™2 x 10*
® Integrated intensity of Mg h line between 2802.57A and 2804.61A in erg st s™' em™2 x 10*
© Ratio between E(Mgu k) and E(Mgu h)

@ Integrated intensity of Ha line in erg sr™' s™' cm™2x 10%.

Table 4. Plasma parameters of the prominence in raster 8 from NLTE radiative transfer models.

Number slit pixel Ne 7(Mgunh) tMguk) T P FWHMk FWHMh 7 (Ha)
10" cm™3 K dynecm? A A

Al 12 254  0.38 0.6 1.1 23793 0.02 0.38 0.39 0.0022
A3 12 271 1.66 32 63 6000 0.05 0.37 0.34 0.40
Bl 23 291 0.84 23 45 6000 0.02 0.24 0.23 0.21
B2 23 294 268 34 68 6000 0.01 0.28 0.27 0.51
B5 23 299  0.18 3.6 7.1 18178 0.01 0.38 0.33 0.01
B6 23 301 0.84 23 45 6000 0.02 0.33 0.31 0.21
B7 23 303 0.23 2.1 4.1 15000 0.01 0.34 0.32 0.0034
B8 23 304 0.23 2.1 4.1 15000 0.01 0.36 0.33 0.0034
C 23 345 945 40000 0.42 0.40
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Appendix A: Ha and Mg Il line profiles from MSDP
and IRIS observations

The MSDP observations cover the time interval of the IRIS ob-
servations with some gaps. In the paper we concentrated our
study on one time. Here we present four other Her intensity and
Doppler maps showing the fast evolution of the velocities versus
time (Fig. A.1). The dopplershifts (blue and red areas) are com-
parable with the IRIS maps (Fig. 10). In the paper we show in
Table 3 the fitting details of the Mg u k and He line profiles cor-
responding to IRIS raster 8 slit 12 (the main body of the promi-
nence) and slit 23 in the tornado (top of the prominence). The
correspondence of slits 12 and 23 as lines A (1-15) and B (1-
11) are presented respectively in Figs. 2 and 8 for the two lines.
Line profiles along the slit 12 (A) of raster 8 ( main body of the
prominence) are shown for Mg k and Ha line respectively in
Figs. A.2 and A.3; line profiles in the top of prominence (slit 23
-line B) in raster 8 are shown in Figs. A.4 and A.5. IRIS broad
profiles with a flat top or reversal could not be fitted with synthe-
sized profiles of the NLTE models.
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Fig. A.1. MSDP Dopplergrams for different times: intensity and Dopplershifts at He + 0.3 A. Blue/red are for blue/redshift. Yellow and green
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Dopplershift maps.
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Fig. A.2. IRIS Mg line profiles along slit x=24 arcsec. (slit=12) crossing the prominence at 16:34:10 UT at 15 selected positions indicated in the
panel title and corresponding to pixels along the vertical left line in Fig. 8 (a) and to Table 3 (A1-A15). The unit of the x-axis is A, the units for
intensity are indicated on the left in 10* erg cm™2 s™' sr™! A1, and on the right in 107 erg cm™2 s~! sr™! Hz™!.
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Fig. A.3. Example MSDP prominence profiles in the main part at 16:25 UT. Intensities are in 107 erg s™! cm™ sr™! Hz™!, and wavelength on the
x-axis is in A. In the right corner are indicated the velocity in m/s at Ho +0.3 A, below is the integrated intensity in erg sr™! s™! cm™2 divided by
100, and on the last raw the FWHM in mA. In the left corner, the number of the pixel corresponds to points A1-Al15 to pixels along the vertical A
line in Fig. 2 (a) and in Table 3.
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Fig. A.4. IRIS Mg line profiles along slit at x = 46 arcsec crossing the prominence at 16:39:45 UT in 11 selected positions indicated in the panel
title and corresponding to pixels along the vertical right line in Fig. 8 (a) and to Table 3 (B1-B11). The unit of the x-axis is A, the units for intensity
are indicated on the left in 10* erg cm™ s™' sr™! A~!, and on the right in 107 erg em™2 s™! sr™! Hz™!.
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Fig. A.5. Example MSDP prominence profiles in the top at 16:25 UT. Intensities are in 107 erg s™' cm™2 sr™! Hz™!, and the unit of the x-axis is
in A. In the right corner are indicated the velocity in m/s at Ho +0.3 A, below is the integrated intensity in erg sr™! s™! cm~2 divided by 100, and
on the last raw the FWHM in mA. In the left corner, the number of the pixel at the top corresponds to points B1-B11 in pixels along the vertical B
line in Fig. 2 (a) and in Table 3.
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