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A fast-filament eruption observed in the Hα spectral line
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ABSTRACT

Context. Solar filament eruptions usually appear to occur in association with the sudden explosive release of magnetic energy accu-
mulated in long-lived arched magnetic structures. It is the released energy that occasionally drives fast-filament eruptions that can be
source regions of coronal mass ejections. A quantitative analysis of high-speed filament eruptions is thus essential to help elucidate
the formation and early acceleration of coronal mass ejections.
Aims. The goal of this paper is to investigate the dynamic processes of a fast-filament eruption by using unprecedented high-resolution
full-disk Hα imaging spectroscopy observations.
Methods. The whole process of the eruption was captured in a wide spectral window of the Hα line (±9.0 Å), which allowed the
detection of highly Doppler-shifted plasma. Applying the “cloud model” and obtaining two-dimensional optical thickness spectra we
derive the Doppler velocity, the true eruption profiles (height, velocity, and acceleration), and the trajectory of the filament eruption
in 3D space.
Results. The Doppler velocity maps show that the filament was predominantly blue-shifted. During the main and final process of
the eruption, strongly blue-shifted materials are manifested traveling with velocities exceeding 250 km s−1. The spectral analysis
further revealed that the erupting filament is made of multiple components, some of which were Doppler-shifted approximately
to −300 km s−1. It is found that the filament eruption attains a maximum true velocity and acceleration of about 600 km s−1 and
2.5 km s−2, respectively, and its propagation direction deviates from the radial direction. On the other hand, downflows manifested as
red-shifted plasma close to the footpoints of the erupting filament move with velocities 45−125 km s−1. We interpret these red-shifted
signatures as draining material, and therefore mass loss of the filament that has implications for the dynamic and the acceleration
process of the eruption. Furthermore, we have estimated the total mass of the Hα filament resulting in ∼5.4 × 1015g.

Key words. Sun: chromosphere – Sun: filaments, prominences – Sun: coronal mass ejections (CMEs) – Techniques: imaging
spectroscopy – Radiative transfer

1. Introduction

Solar filaments which are seen as dark elongated structures
against the bright solar disk or prominences when projected
above the solar limb as bright standing-up strands, are dense
and cool “magnetic clouds” immersed in the chromosphere and
hot corona. They are best observed in cool spectral lines such
as hydrogen and helium that originate at chromospheric temper-
atures. This indicates that filaments are made of relatively low
temperature (∼104 K) and high density (∼1011 cm−3) plasma,
that is, about two orders of magnitude cooler and denser than
the surrounding tenuous coronal environment. Depending on the
morphology, dynamic properties, and their relative location on
the solar disk, solar filaments are generally classified into three
categories: quiescent, intermediate, and active region filaments
(Mackay et al. 2010; Engvold 2015, and references therein).

Because quiescent filaments form along the magnetic po-
larity inversion line and are confined only in some specific re-
gions of the solar atmosphere (Martin et al. 1994; Tandberg-
⋆ Corresponding author.

Hanssen 1995), it is believed that they are sustained in equilib-
rium against gravity by the horizontal component of the ambi-
ent magnetic field and are thermally shielded from the encom-
passing hot corona (Tandberg-Hanssen 1970, 1995; Engvold
2015; Hillier 2018). This means that any change or reconfigu-
ration of the magnetic field harboring a filament may lead to the
loss of equilibrium and the eventual eruption of the filament. On
the other hand, mass unloading or mass draining has also been
pointed out as an important factor that could induce the loss of
equilibrium and subsequent eruption of filaments. Observational
evidence of mass unloading before a filament eruption was pre-
sented in early works (e.g. Seaton et al. 2011; Huang et al. 2014;
Li et al. 2017; Jenkins et al. 2018; Doyle et al. 2019), and quite
recently analytical and numerical studies were also conducted
(e.g. Vršnak 2019; Tsap et al. 2019; Fan 2020). Accordingly, it
is reasonable to believe that mass drainage that could appear dur-
ing filament and prominence eruptions may also exert influences
on the acceleration process.

In many cases observations have revealed that during the
pre-eruption stage, filaments exhibit signs of activation followed
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by a slow rise and a gentle expansion, thereafter, at a certain
point when the filament enters an eruption stage it experiences
a drastic transition from slow to fast expansion (e.g. Kahler et
al. 1988). Particularly, in the latter stage the system becomes
very dynamic where a large amount of the filament material is
strongly accelerated upward to velocities over 100 km s−1. Fila-
ment eruptions can be accompanied by solar flares and coronal
mass ejections (CME), but interestingly most of the erupting fil-
aments are directly associated with the occurrence of CMEs (e.g.
Gilbert et al. 2000; Forbes et al. 2006; Gopalswamy 2015, and
references therein). Therefore, understanding the initiation and
acceleration processes of filament and prominence eruptions can
provide reliable clues on the formation, development, and how
the CMEs are launched. In this respect, we can mention new
results about eruptive events and CMEs reported by Russano
et al. (2024) based on observations of the Metis coronagraph
(Antonucci et al. 2020) onboard the Solar Orbiter (Müller et al.
2020).

Several works have dealt with the problem of acceleration of
filament eruptions trying to elucidate qualitatively the govern-
ing physical processes involved in the eruptions (e.g. Gilbert et
al. 2000; Vršnak 2001; Gallagher et al. 2003; Török & Kliem
2005; Williams et al. 2005; Schrijver et al. 2008; Cheng et al.
2020, and references therein). In these works the authors used
different fitting models, such as linear, non-linear, or composite
models to replicate the eruption profiles inferred from observa-
tions. Although in most case studies the main acceleration phase
could be satisfactorily characterized with exponential forms, it
has been found that polynomial and power-law functions can
also yield confidence results (Priest & Forbes 2002; Schrijver
et al. 2008). It is thus clear that different driving processes are at
work during the eruptions, which also means that the mechanism
responsible for filament eruptions may vary from event to event.
We leave the theoretical aspects of filament eruptions and results
of numerical modeling to Cabezas et al. (2024) (in preparation,
hereafter Paper II).

Quantifying the real magnitude of filaments and prominence
eruptions requires an accurate determination of the actual prop-
agation speed. However, at present most of the studies still make
use of the projected motion in the plane-of-sky as the main pa-
rameter, and in some cases assumptions are imposed to esti-
mate the true motion of the erupting material paying no attention
to the line-of-sight component (i.e. directed towards the Earth).
Therefore, caution should be taken because quite often it is used
only the plane-of-sky component to draw conclusions, and also
adopted in the majority of models to predict the propagation of
CMEs. Although, we should make a distinction between erup-
tions occurring on-disk and off-limb (or at the solar limb). If an
off-limb eruption has a strong radial velocity component, then
its actual propagation speed could be constrained mainly by its
apparent motion in the plane-of-sky. However, the situation of
on-disk eruptions requires appropriate treatments because they
can be strongly affected by the line-of-sight component.

The difficulties in deriving the true motion of erupting fila-
ments and prominences rely mainly on the limited spectral win-
dow of conventional instruments, the small field of view in the
case of large-aperture telescopes, and the scanning time across
the full-disk image in the case of spectrographs. These limita-
tions prevent the detection of large Doppler-shifted plasma and
to track the whole evolution of the eruption. Here it is worth
mentioning the work by Li et al. (2005), who based on Hα spec-
troscopic observations reported an extreme blue-shift of a fila-
ment eruption exceeding 480 km s−1, and the calculated true ve-
locity of the eruption was ∼700 km s−1. Similarly, Penn (2000)

presented observations of a filament eruption and showed that
the He I line (10830 Å) was strongly blue-shifted to velocities
200 − 300 km s−1. Recently, Liu et al. (2015) and Zhang et al.
(2019) also found large Doppler-shifted prominence eruptions in
spectroscopic observations. On the other hand, some efforts have
been made to recover the true velocity and 3-dimensional trajec-
tory of filament and prominence eruptions employing spectro-
scopic observations (Zapiór & Rudawy 2010, 2012; Schmieder
et al. 2017; Sakaue et al. 2018) and multiwavelength imaging
observations (Morimoto & Kurokawa 2003; Chae et al. 2006;
Cabezas et al. 2017; Gutierrez et al. 2021). Alternatively, there
are few reports in which by combining observations from differ-
ent perspectives (stereoscopy) the velocity components of fila-
ment and prominence eruptions could be estimated (e.g. Bempo-
rad 2009; Li et al. 2010; Bemporad et al. 2011; Rees-Crockford
et al. 2020; Janvier et al. 2023; Russano et al. 2024), although
this kind of observations are still very sporadic.

In this paper, we report on a remarkable fast-filament erup-
tion detected in a broad range of the Hα spectral profile by
the Solar Dynamics Doppler Imager (SDDI; Ichimoto et al.
2017) onboard the Solar Magnetic Activity Research Telescope
(SMART; UeNo et al. 2004). This novel observing system that
provides high-resolution full-disk filtergrams in a wide spectral
window of the Hα line is particularly suitable for performing
imaging spectroscopy analysis of filament and prominence erup-
tions that may emerge from any location of the solar disk. Here
we focus on the different aspects of the filament eruption with
particular emphasis on the detection of highly Doppler-shifted
plasma, the time development of the true velocity and accelera-
tion profiles, and the trajectory of the eruption. Numerical mod-
eling for the filament eruption is presented in Paper II of this
series. Initial results based on SDDI observations can be found
in Seki et al. (2017, 2019), where the increase in the amplitude
of the Doppler velocity is discussed as a possible precursor of
filament eruptions. Sun-as-a-star analysis of the SDDI Hα spec-
tra was performed for a number of events by Otsu et al. (2022),
and a statistical analysis of flare energies and mass ejections has
been conducted by Kotani et al. (2023) recently.

2. Observations

2.1. The Solar Dynamics Doppler Imager (SDDI)

The Solar Magnetic Activity Research Telescope (SMART) lo-
cated at the Hida Observatory of Kyoto University consists of
four refractive telescopes (e.g. UeNo et al. 2004; Ishii et al.
2013; Nagata et al. 2014; Kawate et al. 2016). SMART/T1 tele-
scope designed to map full-disk solar images in the Hα line
had an observing system covering a short set of wavelengths
(±1.2 Å) around the line center (6562.8 Å), which only permit-
ted detections of relatively small Doppler velocity of filament
and prominence eruptions. Since 2016, the observing system of
SMART/T1 has been upgraded with a new Hα imaging instru-
ment named Solar Dynamics Doppler Imager (SDDI: Ichimoto
et al. 2017). This unique instrument consisting of a Lyot type
birefringent tunable filter incorporates liquid-crystal variable re-
tarders and is capable of recording successively high-resolution
full-disk solar images at 73 positions (wavelengths) of the Hα
spectral profile, spanning −9 to +9 Å from the line center with a
wavelength step of 0.25 Å. This characteristic makes the SDDI a
relevant instrument that allows to perform not only imaging anal-
ysis but also spectroscopy diagnostics of flares and high-speed
mass motions with large Doppler velocities (±400 km s−1), and
the precise derivation of the velocity vectors in 3D space. The
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spatial sampling and time cadence of SDDI is ∼1′′.23 pixel−1 and
12 s (for the 73 wavelengths, 15 s before July 2018), respectively,
and the field of view covered by the detector of the high-speed
CMOS camera is 2520 × 2520 arcsec2.

Before proceeding with the analysis of the filament presented
in this paper, we performed standard data calibration by applying
dark-current subtraction and flat-field gain corrections. Here it is
important to mention that because the flat-pattern is wavelength-
dependent of the tunable filter, we implemented individual flat-
field images for each of the SDDI 73 spectral images follow-
ing the method of Kuhn-Lin-Loranz (Kuhn et al. 1991), see also
Ichimoto et al. (2017).

2.2. Overview of the event

On 2017 April 23, SDDI detected a filament eruption that oc-
curred in association with a B-class solar flare at the helio-
graphic coordinates N16 E41 (X = −605′′, Y = 335′′), near
NOAA active region 12652. The filament eruption produced a
narrow fast CME traveling with a plane-of-sky velocity of about
955 km s−1.1 The whole process of the filament eruption was
captured by SDDI in the full set of wavelengths with a time ca-
dence of 15 seconds. Figure 1 shows a full-disk solar image in
the Hα line taken at 05:10:36 UT, where the white box encloses
the filament that lies on a quiescent region. In the bottom panel
we present the SDDI Hα spectral profile of a quiet-sun region
(X = −580′′, Y = 148′′) corresponding to the intensity emerg-
ing at µ ≈ 0.78 (cosine of the heliocentric angle). The Atlas solar
spectrum (Kurucz et al. 1984) normalized to the continuum level
is also shown, as well as the convolution of the Atlas spectrum
with the SDDI filter transmission profile. Also, it is plotted an
example of a strongly blue-shifted spectral profile obtained from
the lateral part of the filament eruption at 05:44:50 UT.

Signatures of activation and slow-rising of the filament are
observed approximately from 05:10 to 05:25 UT. By 05:30 UT,
an arc-shaped structure already formed and started to grow
rapidly becoming these characteristics more noticeable in the
blue wing of Hα (e.g. 0.25–2.0 Å). The growing up and rapid ex-
pansion of the filament lasted for a few minutes, then at around
05:37 UT the filament apex is fragmented and a large amount of
the erupting material is expelled into the outer space (see Fig. 2
and the associated animation). What is interesting but not sur-
prising is that the footpoints of the filament remained rooted to
the solar surface and the material contained in the filament legs
exhibited signs of untwisting motions. During the late phase of
the eruption, that is, from 05:50 UT onward, fragments of the
ejected filament fall back onto the solar surface but a great por-
tion persists ascending, later on, the filament simply fades out
and disappears from the Hα images around 06:24 UT. The dis-
appearance of the filament in the Hα line suggests that the mate-
rial possibly reached high altitudes of the solar atmosphere, also
because in the course of the eruption both the increase of the
temperature and the diminution of the density contribute to the
ionization (cf. Athay & Illing 1986), the hot ascending plasma is
no longer visible in cool spectral lines like Hα.

A time series of the filament eruption captured by SDDI is
presented in Fig. 2. The images are Dopplergrams resulting from
the difference between mean-intensity maps recorded in the blue
and red wings of the Hα line, that is, blue minus red mean-
intensity maps in the wavelengths range: Hα ± (0.25:2.0 Å),
Hα± (2.25:4.0 Å), Hα± (4.25:6.0 Å), and Hα± (6.25:8.0 Å), re-
spectively. The Dopplergrams illustrate the overall evolution of

1 https:/cdaw.gsfc.nasa.gov/CME_list

the filament eruption wherein the material directed towards the
Earth is observed as dark structures (blueshift), while the compo-
nent moving in the opposite direction is seen as bright structures
(redshift). From 05:41 UT onward, highly blue-shifted material
can be identified even at very far-wing wavelengths (6.25:8.0 Å)
which are indicated by the red arrows (see also the animation).
This suggests that the broken parts of the filament are ejected ex-
ceeding a line-of-sight velocity of about 285 km s−1. A detailed
analysis of the highly blue-shifted filament material caused by
the eruption is carried out in Sects. 3.2 and 3.3. Figure 2 (panel
at 05:37:47 UT) also shows the positions of the artificial slits
(S1, S2) used to make the time-distance diagrams, and the green
dashed-line outlines the apparent length of the arc-shaped erupt-
ing filament (∼1.8 × 1010 cm). In the second column of Fig. 2
(panel at 05:41:42 UT) the orange arched line depicts the fila-
ment footpoint separation (∼1.6 × 1010 cm). The footpoint sep-
aration and the filament apex height are important parameters
used to characterize the stability and acceleration process of
arched magnetic flux ropes (e.g. Chen 1989; Vršnak 1990;
Cargill et al. 1994; Olmedo & Zhang 2010, see also Paper II).
Selected blue- and red-shifted spectral profiles obtained from
specific regions of the erupting filament are also shown in the
bottom panels of Fig. 2. Here we remark the profile red-shifted
to 1.0 − 2.75 Å (second column) observed at the filament foot-
point. This red-shifted signature could be related to downflows
or material precipitating down to the solar surface. Details of the
detected red-shifted features are discussed in Sect. 4.

3. Analysis and Results

3.1. Dynamical evolution and apparent motion

In Sect. 2.2 we mentioned that by 05:30 UT the formed arc-
shaped filament exhibited a rapid ascending motion leading to
the eruption. The dynamical evolution of the filament can be bet-
ter visualized as intensity variation in the multiwavelength time-
distance diagrams made from Hα imaging spectroscopy obser-
vations. Results of the multiwavelength time-distance diagrams
obtained along the filament apex (slit S1), namely, the leading
part of the eruption, are presented in Fig. 3. Here it is important
to mention that vertical axes of Fig. 3 denote to the apparent ver-
tical distance in the plane-of-sky measured along the artificial slit
from the initial position of the filament apex. In principle the dia-
grams allow to trace the apparent motion of the erupting filament
in the plane-of-sky. However, because SDDI records filtergrams
at multiple positions on both sides of the Hα line, the obtained
diagrams also provide insights of the line-of-sight component.
From the figure it is evident that depending on the wavelength
range at which the time-distance plots are performed, particu-
lar characteristics of the erupting material are distinguished. In
the diagram Hα ± (0.25:2.0 Å), the slow-ascending, the onset,
and the main phase of the eruption are observed. At more far-
wing wavelengths, that is, in the diagrams Hα± (2.25:4.0 Å) and
Hα ± (4.25:6.0 Å), the fast components of the eruption become
visible at greater distances. Figure 3 (d) shows a composite time-
distance diagram resulting from the combination of the diagrams
shown in panels (a), (b) and (c), that is including observations
in the range Hα ± (0.25:6.0 Å). The composite diagram illus-
trates the complete picture of the eruption and demonstrate that
as the eruption develops not only the filament apparent motion
(plane-of-sky velocity) increases as a function of distance and
time, but also the line-of-sight velocity. Particularly during the
late phase, the erupting filament exhibits a large line-of-sight ve-
locity. Additionally, an exponential model fitting applied to the
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Fig. 1. Panel (a): solar disk in the Hα line (6562.8 Å) captured by the Solar Dynamics Doppler Imager (SDDI) shortly before the filament eruption.
The white box encloses the studied filament and outlines the FOV of the images presented in Fig. 2, and the small red box (50′′ × 50′′) surrounds a
quiet-sun region from which the spectral profile is obtained and plotted in panel (b) by the red curve. The slit S1 is positioned in the direction of the
leading part of the eruption (filament apex), whereas the slit S2 is used to track the lateral part of the eruption. Panel (b): Atlas solar spectrum of
the Hα line (gray normalized to the continuum level) and convolution of the Atlas spectrum with the SDDI filter transmission profile (black). The
quiet-sun SDDI spectral profile (see above and panel a) at µ ≈ 0.78 is also shown (red dots with spline interpolation), and an example of a strongly
blue-shifted profile (blue dots with spline interpolation) from the lateral part of the filament eruption at 05:44:50 UT (see Fig. 2). In the SDDI
spectral profiles each dot represents the wavelength offset λs from the line center λ0 (6562.8 Å) at which SDDI performs regular observations.

measured positions along the erupting feature in the plane-of-sky
is overlaid on the composite diagram. This is to highlight that the
evolution of the filament eruption approximates to an exponen-
tial function. The measured positions are also used to estimate
the plane-of-sky velocity of the eruption, which in combination
with the line-of-sight velocity (see Sect. 3.4), allows us to derive
the true eruption profiles of the filament (velocity, height, and
acceleration).

For comparison, time-distance diagrams are also obtained
from He ii (304 Å) images taken by the Atmospheric Imaging

Assembly (AIA: Lemen et al. 2012) onboard the Solar Dynam-
ics Observatory (Pesnell et al. 2012). Figure 4 shows the fila-
ment eruption in the He ii line, where on the map captured at
05:42:05 UT (panel a) it is depicted the slit S1 (same as for
Hα) from which we extracted the intensity variation. In the He ii
time-distance diagram (panel b) the eruption appears much more
complex where two main branches become visible, one evolving
ahead (filament apex) while the other lagging behind. In the dia-
gram the yellow dotted-line represents the fitting of the measured
points along the leading part of the eruption in the plane-of-sky,
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−800′′−700′′−600′′−500′′

200′′

300′′

400′′

−9 −6 −3 0 3 6 9

0.50

0.75

1.00

λs − λ0 (Å)
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the Dopplergrams presented in each column of the upper panels. (An animation of this figure is available)
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while the red dashed-line is the fitting result presented in the Hα
time-distance diagram (see Fig. 3). Here we note that the slow-
rise and main phase of the eruption in the He ii diagram is well
fitted with an exponential function, whereas the late phase with
a quadratic polynomial form. By comparing the evolution of the
filament eruption in the Hα and He ii diagrams, we find that the
erupting features evolve quasi-identically, although the material
seen in He ii attains a greater distance (∼320 Mm) and is visi-
ble for a more extended period. In Hα the maximum apparent
distance attained by the eruption (filament apex) is ∼170 Mm,
this happens at 05:41 UT instance at which the erupting material
practically becomes invisible in the Hα diagram (see Fig. 3). On
the other hand, the filament eruption also exhibits signs of un-
winding (untwisting) motions. As shown in panel (c) of Fig. 4
such a manifestation is more pronounced during the main and
fast-ascending phases of the eruption. In the following we will
focus on these two phases of the filament eruption, that is, the
period in which the eruption is well observed in Hα. This is
also because we aim to calculate the true eruption profiles us-
ing imaging spectroscopy observations (see Sect. 3.4).

3.2. Doppler velocity based on the “cloud model"

The classical “cloud model” introduced by Beckers (1964) is an
effective tool to derive the physical properties of filaments and
prominences, as well as of fine structures in the solar chromo-
sphere. In the model such structures are considered as plasma
“clouds" located above the solar surface, which absorb and scat-
ter the incident radiation coming from the solar surface behind.
The process in which the incident radiation passes through and
emerges from the cloud structure is well described by the radia-
tive transfer equation. The simplified form of the solution of the
radiative transfer equation is:

I(∆λ) = I0(∆λ)e−τ(∆λ) + S (1 − e−τ(∆λ)), (1)

where I(∆λ) represents the observed intensity, I0(∆λ) the back-
ground incident radiation, τ(∆λ) the optical thickness, and S the
source function. Equation (1) arises from the assumption that the
cloud structure is fully isolated from the underlying surface, the
source function, Doppler width, and the absorption coefficient
are constant along the line-of-sight (see Tziotziou 2007; Heinzel
2015, for comprehensive reviews). From Eq. (1) the contrast

profile C(∆λ) is defined as:

C(∆λ) =
I(∆λ) − I0(∆λ)

I0(∆λ)
=

(
S

I0(∆λ)
− 1

)
(1 − e−τ(∆λ)). (2)

Note that the variables on the left side of Eq. (2) can indepen-
dently be determined from the observations. Furthermore, for
practical reasons it is assumed that the optical thickness of the
cloud follows a Gaussian profile:

τ(∆λ) = τ0e
−

(
∆λ−∆λlos
∆λD

)2

, (3)

here τ0 is the optical thickness at the line center, ∆λ = λ − λ0 is
the wavelength displacement from the Hα line core λ0, ∆λD the
Doppler width, and ∆λlos = λ0υlos/c is the Doppler shift of the
line due to the line-of-sight motion of the cloud υlos being c the
speed of light.

Applying the above definitions to the SDDI imaging spec-
troscopy data, we obtained a series of two-dimensional physical

properties of the filament eruption including the Doppler shift
relative to the line center. From the Doppler shift we directly
derived Doppler velocity maps that are presented in Fig. 5. Fol-
lowing the convention, negative Doppler velocity corresponds
to blueshift (towards the observer), while positive Doppler ve-
locity to redshift (away from the observer). The velocity maps
illustrate in great detail the Doppler characteristics of the fila-
ment eruption, where the color-code highlights the velocity dis-
tribution of the plasma contained in the ejecta, that is, red- and
blue-shifted patterns in relation to the observer. During the initial
phase of the eruption, from 05:20 to 05:34 UT (see the associ-
ated animation), it is noted a moderated increase of the Doppler
velocity (blueshift) up to several tens of kilometers per second.
Subsequently, there is a drastic increment in the velocity due
to the strong blue-shifted plasma. The most remarkable change
in the filament configuration and its velocity is visualized from
05:38:17 UT, time when the filament apex is fragmented and
the material that is being erupted starts to exhibit red- and par-
ticularly highly blue-shifted characteristics. During this period,
which corresponds to the main phase of the eruption, a great
amount of the filament material is launched with a line-of-sight
velocity larger than −100 km s−1. Red-shifted structures also ap-
pear predominantly in the filament upper leg, which suggests
that downflows are manifested as the filament expands upward.
Shortly after, from 05:42 to 05:49 UT blob-like structures are
ejected even with larger velocities, most of the blobs approach-
ing −300 km s−1 (see the animation of Fig. 5). The characteris-
tics of large Doppler velocity detected during the filament erup-
tion are further investigated in the next section.

3.3. Spectral diagnostic and multiple velocity components

Here we investigate the spectral characteristics of the filament
eruption focusing on the highly Doppler-shifted material de-
tected at the apex and the lateral part of the eruption. To this end,
we take advantage of the SDDI high-resolution full-disk spec-
tral images that allow us to obtain two-dimensional spectra and
profiles from any given position and extent on the solar disk.

In order to get a more physically meaningful quantity from
our observation, we rewrite Eq. (2) as:

τ(∆λ) = − ln
(
1 +

I(∆λ) − I0(∆λ)
I0(∆λ) − S

)
. (4)

Thus, using Eq. (4) the optical thickness can be calculated. Ex-
cept for the source function S all quantities in Eq. (4) can be
inferred from the observation. We use two-dimensional spectra
as inputs for I0(∆λ) and I(∆λ) obtained along the slits S1 (fil-
ament apex) and S2 (lateral part of the eruption), respectively.
Post-eruption spectra at 06:10:03 UT along the corresponding
slits are considered as background radiation I0(∆λ), and we set
S = 0.1 expressed in units of the disk-center continuum inten-
sity around the Hα line (4.077 × 10−5 erg s−1 cm−2 sr−2 Hz−1). It
should be mentioned that increasing or decreasing S in Eq. (4)
produces minimal effect in the final result, for instance, only a
small variation in the amplitude if one calculates optical thick-
ness profiles (see discussion Sect. 4.2). In this way, we computed
two-dimensional optical thickness spectra in which the erupting
material can be traced more effectively in space (slit), time (t),
and wavelength (∆λ). Furthermore, we applied deconvolution to
the optical thickness spectra with the theoretical transmission
profile of the Lyot filter to recover the true optical thickness pro-
files. Thereafter, we reconstructed a series of optical thickness
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Fig. 3. Multiwavelength time-distance diagrams of the filament eruption obtained along the slit S1 (filament apex). The vertical axes denote the
apparent vertical distance in the plane-of-sky measured from the initial position of the filament apex. Panels (a), (b), and (c) show different char-
acteristics of the eruption that become more evident at specific wavelengths. At Hα±(0.25:2.0 Å) the slow-rising phase and the initial acceleration
are observed, at Hα±(2.25:4.0 Å) the main phase and fast acceleration are manifested, and at Hα±(4.25:6.0 Å) the fastest-ascending phase is
visible. Panel (d) is a composite time-distance diagram, which helps to visualize the complete picture of the eruption and demonstrates that the
line-of-sight velocity of the erupting filament also increases as a function of distance and time. The inset color-bar depicts the corresponding
line-of-sight velocity of the wavelength range indicated in panels (a), (b), and (c). The dashed line is the fitting of an exponential function to the
selected points along the erupting feature in the plane-of-sky.
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Fig. 4. Panel (a): filament eruption captured by AIA at 304 Å that is dominated by the He ii emission. The straight line labeled S1 outlines the
artificial slit positioned along the filament apex (same as for Hα in Fig. 2). The curved cyan line depicts the filament footpoints separation, while
the ‘×’ symbols outline the erupting material. Panel (b): time-distance diagram extracted from the slit S1. The diagram shows a complex eruption,
wherein at around 05:38 UT the erupting material splits into two main branches. The yellow dotted profile is the fitting curve applied to the selected
positions along the erupting feature in the plane-of-sky, while the red dashed plot is the fitting curve applied to Hα data shown in Fig. 3. Panel (c):
running difference time-distance diagram showing the apparent unwinding motion of the erupting filament (see the text). As in Fig. 3, the vertical
axis of panels (b) and (c) denote the apparent vertical distance in the plane-of-sky from the initial position of the filament apex. For context, the
soft X-ray light curve of the B-class flare is also plotted in panel (d). The temporal evolution of the profiles in panel (b) suggests that the eruption
of the filament started before the soft X-ray flux enhancement.
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Fig. 5. Velocity maps based on the “cloud model” illustrating the Doppler characteristics of the filament eruption (blue colors toward the Earth).
Shortly after the filament disruption, which happens at around 05:38 UT, a large amount of the filament material is launched with velocities of
about −100 km s−1 (blue-shifted). Red-shifted structures corresponding to the material moving in opposite direction are also observed close to the
footpoints of the erupting filament. This suggests that downflows are driven during the eruption and could be related to the mass loss (see the text).
In the latter phase of the eruption, blob-like structures traveling with velocities exceeding −250 km s−1 also can be identified. (An animation of
this figure is available)

spectra (distance along the slit and ∆λ) by assembling the de-
convolved profiles.

Examples of two-dimensional optical thickness resulting
from deconvolution are presented in Figs. 6 and 7 (upper pan-
els) for the slits S1 and S2, respectively. In the optical thick-
ness spectra the erupting material is observed as dark elongated
structures departing from the line center (see the associated ani-

mations). These characteristics indicate that the eruption is made
up predominantly of blue-shifted plasma. In the course of time,
the dark structures become faint which suggests that the erupting
material reached high altitudes of the solar atmosphere, it started
to get ionized due to the temperature enhancement and/or den-
sity reduction. Because in the two-dimensional spectral image
the highly blue-shifted plasma can be tracked more effectively,
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optical thickness profiles are obtained at three positions across
the erupting material, namely, fast (leading), main (core), and
slow (following) components (Figs. 6, 7 lower panels). The pro-
files help to visualize more characteristics of the erupting mate-
rial, for example, the profiles have no symmetric shapes nor sin-
gle peaks. In addition to the main blue-shifted peak, there exist
multiple peaks or sub-components that are manifested exhibiting
different behaviors during the filament eruption.

We further characterize the optical thickness profiles with
multiple Gaussian fits by employing Eq. (3) as a model fitting.
The Doppler width in Eq. (3) is related to the mass of the hydro-
gen atom mH ≃ 1.67 × 10−24 g and the unknown kinetic temper-
ature T and micro-turbulent velocity ξ due to the non-thermal
motions. Given that the Doppler velocity υlos is a measurable
quantity from our observation and assuming that the temperature
of the erupting filament (cloud) is about T ≈ 104 K, we created
synthetic optical thickness profiles by applying the model fitting.
The fitting results provide us with better estimates of the model
coefficients, such as the peak velocity υpeak, the optical thickness
at the line center τ0, and ξ for each synthetic profile. The combi-
nation of the synthetic profiles yields the composite fitting curves
for the observed optical thickness profiles. In Fig. 8 we present
selected optical thickness profiles of the filament eruption (apex
and the lateral part) along with the fitting results of the mul-
tiple Gaussian model. It is also shown the individual synthetic
profiles to highlight the multi-component characteristics of the
filament eruption. The profiles clearly show that the erupting fil-
ament has a main peak velocity and multiple sub-components,
some profiles exhibit strong blueshift denoting the presence of
large Doppler velocity. This means that during the eruption there
exists a main bulk moving with an average velocity determined
by the peak of the distribution and the other sub-components or
unresolved structures moving ahead and behind the main bulk
with distinct velocities. The multiple peaks that appear in the
profiles could be related to the presence of internal motions in-
side the erupting filament (see discussion in Sect. 4).

3.4. Velocity distribution and true eruption profiles

The optical thickness profiles described in the previous section
are also used to infer the distribution of the line-of-sight veloc-
ity. Because the optical thickness is a function of wavelength
τ(∆λ), it can conveniently be expressed in terms of velocity.
Figure 9 presents the distribution and time-variation of the op-
tical thickness profiles corresponding to the fast and main com-
ponents at the apex of the erupting filament. By fast and main
components we mean the profiles obtained from the leading and
the central part of the erupting feature identified in a series of
the deconvolved two-dimensional optical thickness spectra (e.g.
Fig. 6). In Fig. 9 the concentrated points seen as enhanced re-
gions correspond to the highest peaks of the optical thickness
profiles. The distribution plots illustrate that during the initial
period highest values of the optical thickness are congregated,
on average, below −10 km s−1, indicating a small Doppler shift.
From 05:25 UT the peak values of the optical thickness are blue-
shifted to relatively large velocities, and after 05:35 UT the peaks
of the optical thickness start to get shifted even to larger ve-
locities and some peaks approaching −300 km s−1 in the latter
phase. Starting from 05:37 UT onward, it can be seen large ve-
locity dispersion, suggesting the existence of multi-components
that are predominantly manifested during the final episode of the
filament eruption. Figure A.1 presents the optical thickness dis-
tribution of the lateral part of the filament eruption also obtained
from a sequence of two-dimensional spectra as shown in Fig. 7.

Given the optical thickness distribution, we calculate the
line-of-sight velocity profiles of the fast and main components
by approximately tracking at each time step the central part of
the congregated optical thickness peaks. We note that in the op-
tical thickness distribution (Fig. 9) evidence of larger Doppler
shifts does exist, identified as weak enhancements at far dis-
tances from the central part. In our analysis we consider the
derived velocity profiles as representative line-of-sight compo-
nents υlos, which in combination with the plane-of-sky compo-
nent υpos obtained nearly at the same location along the slit S1,
the true velocity at the apex of the erupting filament is calculated

as υtrue =

√
υ2

los + υ
2
pos. By integrating and differentiating the

velocity profiles we calculate the true height and acceleration
profiles, respectively. It is noteworthy here that the true height
refers to the actual propagation distance of the filament eruption
measured along the slit S1 from the initial position of the fil-
ament apex. Figure 10 presents the true eruption profiles of the
fast (h f , υ f , a f ) and main (hm, υm, am) components. The eruption
profiles show interesting characteristics of the filament dynam-
ics, for example, a large propagation distance, high propagation
speed, and fast acceleration. These aspects make the filament
eruption under study a relevant phenomenon that is not often ob-
served. Comparing the velocity and acceleration profiles of the
main and fast components, we observe that they evolve almost
identically during the initial and ascending phase of the eruption
until about 05:35 UT. Subsequently, the profiles deviate from
each other, that is, the fast component accelerates impulsively
while the main component experiences a gradual increase and
then it steeply drops. These findings are further investigated by
performing numerical simulations in Paper II of this series.

3.5. Propagation direction of the filament

The propagation direction of the filament eruption in 3D space is
examined here by considering the velocity vectors derived from
our observation. Figure 11 shows a schematic representation of
the Sun, where (êx, êy, êz) defines the right-handed Cartesian co-
ordinate system (observer’s reference frame) with the axes cen-
tered at the Sun’s center and orthogonal to each other. The êz axis
is aligned with the line-of-sight direction, while êx and êy span
the plane-of-sky with êx pointing towards the solar West and êy
towards the solar North. The vector OF denotes the position of
the filament before its eruption, Θ = 16 deg and Φ = −41 deg
are the heliographic latitude and longitude of F, respectively. On
the other hand, an instantaneous position of the erupting filament
is denoted by P and its velocity components in the plane-of-sky
υpos and in the line-of-sight υlos, and the true velocity υtrue are
represented by the gray arrows. The propagation direction of the
eruption relative to the Sun-Earth line is given by the angle δ,
while ϑ is the angle that the eruption makes with the local solar
normal ên (see below). Based on the geometric relations these
angles are given by: tan δ = υpos

υlos
and cosϑ = ên · êtrue, where

êtrue refers to the unit vector parallel and in the direction of the
true velocity.

To calculate the three-dimensional trajectory of the filament
eruption with respect to the solar surface, we define a local co-
ordinate system (local reference frame) determined by the unit
vectors (êΦ, êΘ, ên) fixed at point F (see Fig. 11). Here ên is a
normal vector perpendicular to the plane tangential to the solar
surface and, êΦ and êΘ are tangent vectors directed toward the
solar West and North, respectively. The unit vectors (êΦ, êΘ, ên)
are calculated as follows. From the geometry the position vector
OF is written as:
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Fig. 6. Upper panels: optical thickness spectra of the filament apex (slit S1) extracted from the SDDI Hα filtergrams (see Fig. 2). We applied
deconvolution to recover the instrumental broadening in our observations (see the text). In the two-dimensional spectra, the erupting filament is
visible as dark elongated structures extending upward from the central part of the spectra. The horizontal green, black, and red lines are used to
track the fast (leading), main (core), and slow (following) components of the eruption, respectively. We note that the negative values in the optical
thickness spectra are related to some errors (bias) in the estimates arising from the noise in the data. Lower panels: optical thickness profiles
obtained from the horizontal lines shown in the upper panels. The profiles show different characteristics of the erupting material, for example,
multiple peaks and large Doppler shifts. (An animation of this figure is available)

OF = R cosΘ sinΦêx + R sinΘêy + R cosΘ cosΦêz, (5)

where R represents the solar radius. Since the position vector OF
is parallel to the unit vector ên, meaning that both are perpendic-
ular to the tangential plane at point F, we find that ên =

OF
|OF| .

Moreover, from the geometrical relations and calculating the
cross-product, êΦ and êΘ can be easily derived. Therefore, the
unit vectors belonging to the local reference frame are given by:

êΦ = cosΦêx − sinΦêz, (6)

êΘ = − sinΘ sinΦêx + cosΘêy − sinΘ cosΦêz, (7)

ên = cosΘ sinΦêx + sinΘêy + cosΘ cosΦêz. (8)

Next, we define the position vector of the erupting filament with
respect to point F to describe the trajectory of the eruption. This
vector can be written in terms of the observer’s and the local
reference frames, respectively, as:

FP = X(t)êx + Y(t)êy + Z(t)êz, (9)

FP = α(t)êΦ + β(t)êΘ + γ(t)ên, (10)

where (X(t),Y(t),Z(t)) refer to the coordinates in the observer’s
reference frame, while (α(t), β(t), γ(t)) the coordinates in the lo-
cal reference frame. We can relate Eqs. (9) and (10) through the
following transformation matrix equation:αβ
γ


t

=

 cosΦ 0 − sinΦ
− sinΘ sinΦ cosΘ − sinΘ cosΦ
cosΘ sinΦ sinΘ cosΘ cosΦ


X(t)
Y(t)
Z(t)

 . (11)

Equation (11) allows the conversion of the observer’s coordinate
into the local coordinate system. We note that X(t) and Y(t) are
the positions of the filament apex in the plane-of-sky, while it is
very close to the slit S1 as a result. Z(t) is obtained from the time
integral of υlos(t) profile of the apex main component.

The trajectory of the filament eruption (apex) calculated with
Eq. (11) is presented in Fig. 12. Panels (a) and (b) show differ-
ent perspectives of the 3D space, which reveal that the filament
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Fig. 7. Same as in Fig. 6 but for the lateral part of the filament eruption that crosses the slit S2 (see Fig.2). What is remarkable here is the detection
of strongly blue-shifted plasma contained in the filament. Again, the optical thickness profiles help to visualize in more detail the characteristics
of the fast, main, and slow components of the erupting material. (An animation of this figure is available)

propagates making a pronounced angle with the local vertical
(γ-axis) and travels more or less inclined towards the solar sur-
face (see also the associated animation). Panel (b) shows that
during the initial process of the eruption (05:10–05:25 UT), the
filament experiences small variations in its propagation direc-
tion, thereafter, the filament gradually recovers its ascending mo-
tion but proceeds maintaining a relatively large inclination angle
with respect to the local vertical. These findings demonstrate that
the studied filament erupted following a non-radial direction and
markedly deviated from the local vertical direction. Cabezas et
al. (2017), using multiwavelength imaging observation in the Hα
line, also reported on a filament that erupted nearly horizontally
exhibiting variations of the inclination angle.

4. Discussion

4.1. Fast-filament eruption

The filament eruption introduced in this paper occurred in
a spotless region associated with a weak B-class solar flare.
The derived maximum true velocity 600 km s−1 and accelera-
tion 2.5 km s−2 are considerably larger than the commonly re-
ported in previous works. This kind of observation represents
a challenge for interpreting and modeling because the common
thought is that active region filaments are subject to experi-
ence fast acceleration. Focusing on the Doppler velocity, Li et
al. (2005) reported on a complex filament eruption in the Hα

line blue-shifted over 400 km s−1. Similarly, Kleint et al. (2015)
investigated a fast-filament eruption observed in transition re-
gion spectral lines and obtained a maximum Doppler velocity
of about 600 km s−1. The common aspect of the two mentioned
fast eruptions is that both originated from complex active regions
and were associated with X-class flares. According to the gen-
eral picture, solar eruptions predominantly occur in magnetically
complex active regions and the accumulated magnetic energy as-
sociated with non-potential fields constitutes the primary source
to power the eruptions. The studied filament eruption, however,
cannot adequately be explained with the above standard view.

If, however, we consider the unwinding characteristics of
the filament eruption that was revealed by the observation (see
Fig. 4, also the associated animation of Fig. 2), we can hy-
pothesize that the filament was strongly twisted during the pre-
eruption stage. Theoretical models of solar eruptions also invoke
that the twisting mechanism can be a source of energy injec-
tion (Sakurai 1976), and highly twisted flux ropes rise much
faster releasing a large amount of energy (e.g. Amari et al. 2003;
Williams et al. 2005). For example, Nishida et al. (2013) by
performing a three-dimensional MHD simulation showed that
strongly twisted flux rope experiences high ejection speed al-
lowing a rapid acceleration. On the other hand, Kurokawa et al.
(1987) examined a high-speed filament eruption in which un-
winding and rotation characteristics were observed in Hα filter-
grams and concluded that the eruption process can be explained
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Fig. 8. Selected optical thickness profiles of the fast and main components at the apex (top panels) and lateral part (bottom panels) of the filament
eruption, respectively. The time of the profiles are nearly the same as the two-dimensional spectra shown in Figs. 6 and 7. The colored profiles
highlight the sub-components resulting from the Gaussian fitting model, while the solid gray profiles are composite fitting results by combining
the multiple sub-components. It is also shown the peak velocity υpeak (km s−1) of the composite profiles and the estimated micro-turbulent velocity
ξ (km s−1) of each sub-component (see the text).

with the magnetic twist model proposed by Shibata & Uchida
(1986). It has been also shown by Moore et al. (1988) that the

expansion and unwinding of the field lines in and around the
erupting filaments are directly related to the release of magnetic
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Fig. 9. Distribution of the optical thickness profiles obtained from the filament apex. Panel (a) shows the distribution of the fast component, while
panel (b) the distribution of the main component. The fast and main components refer to the measurements obtained from the leading and the
central part of the erupting feature, respectively, detected in the optical thickness spectra (see the text). The enhanced regions correspond to the
multiple peaks of the profiles which are Doppler-shifted to large velocities during the filament eruption. The blue profiles are the line-of-sight
velocity υlos of the fast and main components calculated by tracking the enhanced regions. For comparison, it is also plotted the plane-of-sky
velocity profile υpos (black) calculated from the time-distance diagrams presented in Fig. 3.

energy, which can supply enough power to drive the eruptions.
Therefore, we argue that the high-speed of the studied filament
eruption can be a consequence of the initially strong twist and
the release of a considerable amount of accumulated energy (see
Sect. 4.3). Here it is important to note that other mechanisms
such as magnetic reconnection also could have contributed, be-
cause it was found that mass acceleration and the reconnection
rate are well correlated (e.g. Qiu et al. 2004; Lynch et al. 2008).

4.2. Doppler-shifted components and velocity distribution

The Hα optical thickness profiles revealed that the erupting fil-
ament is made of multiple sub-components that are manifested
showing discrete peaks in the profiles (see Fig. 8). As the erup-
tion develops, between 05:32 – 05:37 UT the main peak (main
bulk) of the fast (leading) and main (core) components at the fil-
ament apex (upper panels in Fig. 8) are blue-shifted from about
−30 to −145 km s−1 and from −36 to −102 km s−1, respectively.
Similarly at the lateral part of the erupting filament (lower pan-
els in Fig. 8), between 05:41 – 05:44 UT, the main peak of the
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Fig. 10. True eruption profiles (height, velocity, and acceleration) of the
filament apex fast and main components. We note that the profiles in
panel (a) show the actual propagation distance of the filament eruption
measured from the initial position of the filament apex (see the text).
The eruption profiles reveal that the filament attains a large propagation
distance (panel a), high propagation speed (panel b), and fast accelera-
tion (panel c). Of note regarding the velocity and acceleration profiles
is that the fast and main components evolve identically until 05:35 UT,
thereafter the profiles deviate from each other, that is, one accelerates
impulsively while the other undergoes a rapid diminution.

fast (leading) and main (core) components are blue-shifted from
about −72 to −265 km s−1 and from −70 to −184 km s−1, re-
spectively. The abrupt change in the velocity mentioned above
happened exceptionally fast, within ∼5 minutes. In the mean-
time, some sub-components that appear ahead of the main bulk
are shifted even to much higher velocities, for example to nearly

−400 km s−1 at 05:36:44 (apex fast) and 05:44:19 UT (lat-
eral fast). The profiles of the sub-components are rather nar-
row than the profiles of the main bulk, and their correspond-
ing micro-turbulent velocities ξ inferred from the model fitting
(see Sect. 3.3) differ from each other. We note that in some
cases the fitting results yield large micro-turbulent velocities be-
yond those expected for quiescent filaments and prominences
(e.g. Molowny-Horas et al. 1999; Schwartz et al. 2019; Okada
et al. 2020; Yamasaki et al. 2023), even over the estimates of
previous studies for the case of eruptive events (e.g. Labrosse
& McGlinchey 2011; Heinzel et al. 2016; Zhang et al. 2019).
One must note, however, that in the case of filament and promi-
nence eruptions significant non-thermal motions should be ex-
pected due to more turbulent plasma that could broaden the pro-
files. Regarding our observation, we argue that the pronounced
turbulent velocity could occur because of the filament fast ex-
pansion and the superposition of unresolved structures moving
with distinct velocities. On the other hand, as it is also noted in
Figs. 9 and A.1 the line-of-sight velocity distribution is greatly
enhanced in the late phase of the eruption and the presence of
sub-components becomes more conspicuous. Wang et al. (2022)
also reported enhancements of the line-of-sight velocity distri-
bution of an erupting filament, but only up to about −22 km s−1.

The characteristics described above indicate that complex
plasma motions originate as a consequence of the fast eruption,
leading the individual blob-like structures to expand rapidly with
random velocities. These findings also suggest that large veloc-
ity dispersion is manifested during the main and final episodes
of the eruption which could be related to the internal motions. A
likely explanation for the appearance of the sub-components or
blobs moving with distinct velocities is that internal structures
existed in the filament body before the eruption, and the filament
disruption allowed these confined structures to escape and flow
abruptly with large velocities. These characteristics are also well
observed in the Doppler velocity maps (see Fig. 5 and the anima-
tion) where most of the sub-components or blob-like structures
are ejected with supersonic velocities. Although we cannot con-
firm in our data the existence of internal structures in the filament
body before its eruption, previous high-resolution observations
showed evidence of complex internal structures right before the
filament eruptions (e.g. Sasso, et al. 2011; Schwartz et al. 2019),
and also manifestations of internal motions in the spectral pro-
files during a filament eruption (Penn 2000).

Another aspect that we would like to mention here concerns
the fixed source function adopted to calculate the optical thick-
ness of the filament eruption in Sect. 3.3. It has been shown by
Heinzel & Rompolt (1987) that for prominence-like structures
located at greater heights above the solar surface and moving
with large vertical velocities, the Hα source function can sub-
stantially change due to the so-called Doppler brightening ef-
fect (DBE). In other words, there is a velocity effect on the
Hα line source function (cf. Heinzel et al. 1999). To evaluate
quantitatively the influence of DBE on our fast-moving fila-
ment, we consider the height and velocity presented in Fig. 10
and calculate the source function following Heinzel (2015)
and Heinzel et al. (2015). In the case of filaments seen in ab-
sorption against the background solar disk, the source function
is mostly controlled by the photon scattering, so one can ap-
proximate S ≈ WI0, where W is the geometrical dilution fac-
tor that decreases with increasing height, and I0 is the incident
radiation expressed in terms of the central depression of the
Hα line 0.17 multiplied by the disk-center continuum intensity
4.077 × 10−5 erg s−1 cm−2 sr−1 Hz−1 (see David 1961; Heinzel
et al. 1999). Focusing on the main phase of the eruption (see
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Fig. 10), at 05:35 UT the filament is traveling with a velocity
of about 150 km s−1 located at a height of 5 × 104 km. For this
height, we find that the intensity of the incident radiation illumi-
nating the moving cloud (filament) is diluted by a factor of 0.32
(see Eq. (7) in Heinzel et al. 2015). In addition, for the height
and velocity mentioned previously, DBE approaches a factor of
about 1.85 (see Fig. 11 in Heinzel & Rompolt 1987). Therefore,
the source function influenced by DBE and normalized to the
continuum level is S = 0.1. This result is the same as our as-
sumed value in Sect. 3.3. We note that our choice of consider-
ing the results given in Fig. 11 of Heinzel & Rompolt (1987) is
also because the computation was done for the case of a large
micro-turbulent velocity, such as we found in our observation.
To summarize, if DBE is neglected when calculating the source
function, the result obtained above is reduced by a factor of two,
and if large DBE factors (and thus large velocities) are included
in the computation, the source function is moderately enhanced.
However, as already mentioned in Sect. 3.3 our results of the op-
tical thickness obtained with Eq. (4) are not very sensitive to the
variation of the source function, even though if the source func-
tion varies, the determination of the Doppler-shifted plasma in
the optical thickness spectra and thus the velocity, quantity that
is our primary focus, is not affected.

4.3. Filament mass

Filament mass is an important physical quantity for considera-
tions related to its formation, stability and dynamics. Here we
discuss on the probable total mass contained in the studied fila-
ment and provide a quantitative estimate. We take into account
the filament geometry and the line center optical thickness τ0
calculated with the fitting model in Sect. 3.3, as well as the
non-LTE theoretical relations given in Heinzel et al. (1994). If
we approximate the filament body to a cylindrically symmet-
ric flux tube, the filament length and the diameter of its corre-
sponding cross-sectional area at 05:37:47 UT (see first column
of Fig. 2) are ∼1.8 × 1010 cm and ∼1.3 × 109 cm, respectively.
At this time the optical thickness of the filament apex main com-
ponent is τ0 ≃ 0.13 (see Fig. 8). On the other hand, the fila-
ment density can be calculated with ρm = 1.4mHnH , where mH
represents the mass of the hydrogen atom and nH is the num-
ber density of the hydrogen including neutral atoms and pro-
tons (cf. Heinzel et al. 2003). Using the correlation-plots given
in Figs. 5, 8, and 23 of Heinzel et al. (1994), for log(τ0) ≃ 0.13
we get the line integrated emission log(EHα) ≃ 5.0, the elec-
tron density log(ne) ≃ 11.0, and then the total hydrogen density
log(nH) ≃ 10.9, respectively. With the calculated nH the fila-
ment density is ρm ≃ 2.12 × 10−13 g cm−3. Finally, considering
the geometry and the dimensions given above the filament mass
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is ∼5.4 × 1015 g. This result indicates that the studied filament
is rather a relatively massive erupting structure. Grechnev et al.
(2014) investigated a filament eruption in the Hα line which ex-
hibited similar morphological characteristics to our filament and
obtained a filament mass comparable to our result.

Furthermore, taking into account the estimated filament mass
we can also gain insights about the energy involved in the erup-
tion. Considering the scaling relations between mass ejection
and flare energy given in Fig. 6 (b) of Kotani et al. (2023), we
can argue that the total flare energy associated with the filament
eruption could be of the order of ∼1031erg. If we compare our
estimated filament mass and the associated flare energy with the
results shown in Fig. 3 of Namekata et al. (2021) for the case
of solar filament eruptions, we can see that our values lie above
the results of previous studies. In Paper II, we provide further
discussions about the filament total mass and the associated en-
ergetics.

4.4. Downflows driven by the filament eruption

We have identified intermittent downflows as red-shifted plasma
close to the footpoints of the erupting filament whose corre-
sponding velocities range from 45 to 125 km s−1 (see lower
panels of Fig 2). Our interpretation is that the observed red-
shifted signatures are caused by plasma flows along the fila-
ment legs that are precipitating down to the solar surface. The
downward-moving plasma represents drainage of the filament
material, which evidently has direct consequences on the dy-
namics of the filament. The downflow velocity we found is larger
than in previous studies. For example, Doyle et al. (2019) using
Hα ± 1.38 Å observations found downflows along the legs of an
erupting filament red-shifted up to 45 km s−1. Guo et al. (2023)
also detected downward plasma flows during a filament eruption

red-shifted to about 20 km s−1. These authors concluded that the
red-shifted plasma was due to mass draining towards the solar
surface. The large velocity we detected in our data is simply be-
cause the spectral coverage of our instrument is sufficient enough
to capture high-speed structures associated with the filament
eruption. Relatively large velocity of mass drainage in erupting
filaments was also reported. Dai et al. (2021) found velocities in
the range of 35 − 85 km s−1 of draining material, although these
measurements were obtained based on the projected motion in
the plane-of-sky. We conclude that the observed downflows that
appear during the filament eruption constitute mass loss of the
filament that might have contributed to the triggering of the fast
acceleration. A model of an expanding magnetic loop that in-
corporates the temporal variation of the Hα spectrum was de-
veloped by Ikuta & Shibata (2024) recently. This model can be
suitable to describe the appearance of downflows in erupting fil-
aments, such as we found in our observation. Alternatively, the
red-shifted plasma flows detected close to the footpoints of the
filament eruption could be further enhanced due to the expansion
and helical motions of the erupting material (Otsu & Asai 2024).

4.5. Implication for models

One of the important results of this work was the detection of
highly Doppler-shifted plasma that accompanied the filament
eruption. The large blue-shifted plasma (see Figs. 5, 9) indicates
that the filament material was launched into the outer space hav-
ing a significant line-of-sight component. This result is a clear
example that the actual velocity and propagation direction of fil-
ament eruptions could be greatly influenced by the line-of-sight
component and the fact of not including it in the computations
would certainly yield inaccurate results. This is also an impor-
tant issue for modeling solar eruptions. Since in our current un-
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derstanding erupting filaments and prominences form part of the
flux rope embedded in the CMEs core (e.g. Shibata & Magara
2011; Webb 2015; Heinzel et al. 2016; Wood et al. 2016; Chen
2017; Green et al. 2018, and references therein), models attempt-
ing to predict the early propagation of CMEs will have to include
as initial boundary conditions accurate estimates taking into ac-
count the contributions of all velocity components (e.g. tree-
dimensional velocity field). Another important point to mention
here is that filaments and prominences do not always erupt in
radial direction or perpendicular to the solar surface, such as as-
sumed in many models. This is a subject of great importance
that is not often discussed. As shown in Fig. 12 (see also Fig. 6
in Cabezas et al. 2017), filaments can significantly deviate from
the radial direction. In the case of the studied filament, we spec-
ulate that the erupting material possibly experienced a change in
its rise direction when interacting with the overlying asymmetric
magnetic field and its surroundings. Other case studies showing
that the trajectory of erupting prominences is generally not in
the radial direction were presented by Zapiór & Rudawy (2010)
and Zapiór & Mártinez-Gómez (2016). Indeed, the change in the
propagation direction of filament and prominence eruptions may
also have implications for the initial trajectory of CMEs (e.g.
Lugaz et al. 2011; Kliem et al. 2012; Guo et al. 2023), which we
do not address in this article.

On the other hand, the derived maximum true velocity and
acceleration (Fig. 10) may have been even much larger. As
shown in Fig. 4 (b), in the He ii line the filament continues
ascending to greater distances even after it has disappeared in
Hα. However, we cannot confirm the actual velocity of the erup-
tion beyond 05:40 UT because of the lack of spectroscopy ob-
servations in spectral lines other than Hα. Looking at the time-
distance profile (yellow plot) we suggest that during the final
stage of the eruption the filament apparently underwent a dras-
tic diminution in the velocity, meaning that the main accelera-
tion process occurred earlier than 05:40 UT, that is, the period at
which the event is well observed in Hα. Hence, the true eruption
profiles obtained solely based on Hα data are adequate to explain
most characteristics of the studied filament eruption. Neverthe-
less, it would be advantageous to have simultaneous full-disk
imaging spectroscopy observations in various spectral lines, for
instance, Hα and He i (10830 Å), which could provide a bet-
ter picture of erupting filaments at different heights of the solar
atmosphere, also it would be beneficial for modeling.

Last, numerical modeling will certainly be important to
deepen our understanding of the physics behind the fast erup-
tions. For example, how much energy is necessary to power the
studied fast-filament eruption? What about the action of the driv-
ing forces? And how does the mass loss influence the accelera-
tion process of the filament? In Paper II of this series we address
these questions and provide quantitative estimates.

5. Conclusions

In this paper, we have investigated a fast-filament eruption that
occurred on 2017 April 23. We used Hα imaging spectroscopy
observations provided by SMART/SDDI, which allowed us to
characterize the whole eruption process in detail. Results of
the “cloud model” fitting and spectral diagnostics revealed that
the filament was ejected with a line-of-sight velocity exceed-
ing −250 km s−1. This is an important finding and demonstrates
that high-resolution full-disk imaging spectroscopy observations
are essential to detect high-speed mass motions ejected from
the Sun that potentially could impact the space environment at

Earth. Most existing solar instruments generally miss large line-
of-sight velocities of filament and prominence eruptions, partly
due to the limited spectral coverage or small field of view.

The spectral analysis showed that the erupting filament is
composed of multiple sub-components moving with discrete ve-
locities. This suggests that internal complex structures existed
before the filament eruption. Detailed sub-arcsecond resolution
observations are necessary to reach conclusions on the relation
between the sub-components and the detected large velocity. On
the other hand, the distribution of the optical thickness profiles
allowed us to apply a different approach to calculate the line-
of-sight velocity profiles, enabling us to derive the true velocity
and acceleration profiles of the filament eruption. This alterna-
tive method may be suitable for obtaining time velocity profiles
of filament and prominence eruptions captured in spectroscopic
observations. Moreover, thanks to the velocity vectors it was also
possible to reveal that the filament erupted making a pronounced
angle with the local vertical direction.

Finally, in the context of space weather, it is crucial the
continuous monitoring of potential source regions on the so-
lar disk and build procedures to accurately infer their physi-
cal properties (e.g. absolute velocity and propagation direction).
The collected and inferred information can eventually be used
as initial conditions to predict, for example, the initial propa-
gation of solar eruption and Earth-directed CMEs. In line with
the above statements, the Astronomical Observatory of Kyoto
University is leading and promoting the Continuous H-Alpha
Imaging Network (CHAIN; UeNo et al. 2007) project aiming to
obtain continuously synoptic Doppler maps and to provide the
three-dimensional velocity field of filament/prominence erup-
tions and associated events (e.g. Cabezas et al. 2017, 2019; Seki
et al. 2019; Gutierrez et al. 2021). Currently, three instruments
of the CHAIN project are in operation at three strategic locations
around the globe, SMART/SDDI at Hida Observatory (Japan),
and two Flare Monitoring Telescopes, one located at San Luis
Gonzaga National University (Ica, Peru) and the other at King
Saud University (Saudi Arabia). It is also important to men-
tion that several efforts are going in the same direction, such as
the next-generation GONG network (Pevtsov et al. 2022), the
project of Synoptic Solar Observations at NAOJ (Hanaoka et al.
2020), and the recently launched space mission Chinese H-alpha
solar explorer (CHASE; Li et al. 2022).
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Appendix A: Distribution of the optical thickness at
the lateral part of the filament eruption
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Fig. A.1. Same as in Fig. 9 but for the lateral part of the filament erup-
tion (main and fast components). The distribution plots in panel (a)
clearly show that the erupting material is blue-shifted to velocities of
about −300 km s−1.
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