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Abstract In this paper, we report the multiwavelength observations of an
erupting prominence and the associated coronal mass ejection (CME) on 13
May 2013. The event occurs behind the western limb in the field of view of
the Atmospheric Imaging Assembly (AIA) on board the Solar Dynamics Ob-
servatory (SDO) spacecraft. The prominence is supported by a highly twisted
magnetic flux rope and shows rapid rotation in the counterclockwise direction
during the rising motion. The rotation of the prominence lasts for ∼47 minutes.
The average period, angular speed, and linear speed are ∼806 s, ∼0.46 rad
min−1, and ∼355 km s−1, respectively. The total twist angle reaches ∼7π, which
is considerably larger than the threshold for kink instability. Writhing motion
during 17:42−17:46 UT is clearly observed by SWAP in 174 Å and Extreme-
UltraViolet Imager (EUVI) on board the behind Solar Terrestrial Relations
Observatory (STEREO) spacecraft in 304 Å after reaching an apparent height
of ∼405 Mm. Therefore, the prominence eruption is most probably triggered
by kink instability. A pair of conjugate flare ribbons and post-flare loops are
created and observed by STA/EUVI. The onset time of writhing motion is
consistent with the commencement of the impulsive phase of the related flare.
The 3D morphology and positions of the associated CME are derived using
the graduated cylindrical shell (GCS) modeling. The kinetic evolution of the
reconstructed CME is divided into a slow-rise phase (∼330 km s−1) and a fast-
rise phase (∼1005 km s−1) by the writhing motion. The edge-on angular width of
the CME is a constant (60◦), while the face-on angular width increases from 96◦

to 114◦, indicating a lateral expansion. The latitude of the CME source region
decreases slightly from ∼18◦ to ∼13◦, implying an equatorward deflection during
propagation.
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1. Introduction

Prominences are cool and dense plasmas suspended in the solar atmosphere
(Labrosse et al., 2010; Mackay et al., 2010; Parenti, 2014; Chen, Xu, and Ding,
2020). The materials are formed at magnetic dips due to levitation from below
the photosphere (Lites, 2005), direct mass injection (Wang et al., 2019), and
catastrophic condensation as a result of thermal instability of evaporated hot
plasmas from the chromosphere (Xia et al., 2011; Luna, Karpen, and DeVore,
2012; Zhou et al., 2014; Guo et al., 2021). Two types of magnetic configura-
tions are believed to provide upward tension force to balance the gravity of
prominences: sheared arcades (Kippenhahn and Schlüter, 1957; Zhang et al.,
2015) and twisted flux ropes (Kuperus and Raadu, 1974; Low and Hundhausen,
1995; Shibata et al., 1995; Rust and Kumar, 1996; Guo et al., 2022). Liu et al.
(2012) proposed the scenario of double-decker structures where one flux rope is
on top of another flux rope (Hou et al., 2018) or a sheared arcade (Awasthi,
Liu, and Wang, 2019). Both of them share a common polarity inversion line
(PIL). According to their locations on the solar disk, prominences are divided
into quiescent, active region, and intermediate types. Prominences appear not
only in Hα (Chae et al., 2008; Zhang et al., 2022a) and Ca iiH (Berger et al.,
2008; Zhang et al., 2012) wavelengths, but also in ultraviolet (UV) and extreme-
ultraviolet (EUV) wavelengths (Zou et al., 2019). Prominences are also named
filaments consisting of ultrafine dark threads on the disk (Wang et al., 2015,
2018).

Eruptions of small-scale filaments (minifilaments) can lead to blowout coronal
jets (Moore et al., 2010; Hong et al., 2013; Li et al., 2015; Sterling et al., 2015;
Zhang et al., 2016; Wyper, DeVore, and Antiochos, 2018; Panesar et al., 2022).
However, eruptions of large-scale filaments are capable of producing solar flares
and coronal mass ejections (CMEs; Chen, 2011; Georgoulis, Nindos, and Zhang,
2019), which are frequently accompanied by EUV waves and coronal dimmings
(Thompson et al., 1998; Shen and Liu, 2012; Zhang et al., 2022b). The triggering
mechanisms of filament eruptions include magnetic flux emergence (Chen and
Shibata, 2000), catastrophic loss of equilibrium of a magnetic flux rope (Lin
and Forbes, 2000), tether-cutting of magnetic sheared arcades (Moore et al.,
2001; Xue et al., 2017), breakout model (Antiochos, DeVore, and Klimchuk,
1999; Chen et al., 2016), ideal kink instability (Kliem, Titov, and Török, 2004;
Török, Kliem, and Titov, 2004; Fan and Gibson, 2003; Fan, 2005; Török and
Kliem, 2005), and torus instability (Kliem and Török, 2006). The total twist of
a helical flux tube is expressed as (Hood and Priest, 1981; Shen et al., 2011b):

Φ =
LBφ(r)

rBz(r)
, (1)

where L and r are the total length and radius of the tube, Bφ(r) and Bz(r)
denote the azimuthal and axial components of the magnetic field. The number
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of turns over the tube length is (Srivastava et al., 2010; Liu et al., 2016; Jing
et al., 2018):

Tw =
1

4π

∫
L

∇×B ·B
B2

dl =
Φ

2π
. (2)

The critical values of Φc for kink instability ranges from 2.5π to 3.5π under
different circumstances (Hood and Priest, 1981; Török and Kliem, 2003; Török,
Kliem, and Titov, 2004; Kliem, Török, and Thompson, 2012). Observational
evidences of helical kink instability are substantial in failed eruptions (e.g., Ji
et al., 2003; Alexander, Liu, and Gilbert, 2006; Liu, Alexander, and Gilbert,
2007; Liu and Alexander, 2009; Guo et al., 2010; Amari et al., 2018), partial
eruptions (Tripathi et al., 2013), and successful eruptions (e.g., Williams et al.,
2005; Cho et al., 2009; Kumar et al., 2012; Cheng et al., 2014a; Vemareddy,
Gopalswamy, and Ravindra, 2017). The total twist is reported to be between
3.6π and 12π, part of which is converted into writhe during eruption (Gilbert,
Alexander, and Liu, 2007; Török, Berger, and Kliem, 2010). The sense of twist
should be the same as the writhe (Rust and LaBonte, 2005). Therefore, rapid
rotation of filament legs or spines is frequently observed (Green et al., 2007; Liu,
Alexander, and Gilbert, 2007; Bemporad, Mierla, and Tripathi, 2011; Kliem,
Török, and Thompson, 2012; Su and van Ballegooijen, 2013; Yan et al., 2014a).

As mentioned above, filament eruptions could drive CMEs. The kinematic
and morphological evolutions of CMEs in the three-dimensional (3D) space is
essential for a precise determination of the arrival times of halo CMEs (Liu
et al., 2010). To this end, various kinds of cone models were proposed assuming
an ice-cream shape and a constant speed of a CME (e.g., Howard et al., 1982;
Zhao, Plunkett, and Liu, 2002; Micha lek, Gopalswamy, and Yashiro, 2003; Xie,
Ofman, and Lawrence, 2004; Xue, Wang, and Dou, 2005). These models have
achieved great success in reconstructing the 3D morphology and tracking the
propagation of earthward CMEs in the corona and interplanetary space. Re-
cently, Zhang (2021) put forward a revised cone model to explain non-radial
prominence eruptions. The model is gratifyingly applied to tracking the 3D
evolution of a halo CME due to the non-radial eruption of a flux rope on 21
June 2011 (Zhang, 2022). Considering the flux-rope nature of CMEs (Cremades
and Bothmer, 2004; Krall and St. Cyr, 2006), a new technique was developed to
model the flux-rope like CMEs by using the graduated cylindrical shell (GCS)
model (Thernisien, Howard, and Vourlidas, 2006; Thernisien, Vourlidas, and
Howard, 2009; Thernisien, 2011). This model is mainly characterized by three
geometric parameters (α, h, and κ) and three positioning parameters (φ, θ, and
γ), which will be described in detail in Sect. 3.2. This technique has widely been
used to investigate the geometrical and kinematic evolutions of CMEs viewed
from two or three perspectives (Mierla et al., 2009; Liu et al., 2018; Cremades,
Iglesias, and Merenda, 2020; Gou et al., 2020; Majumdar et al., 2020; Majumdar,
Patel, and Pant, 2022).

Cheng et al. (2013) studied the eruptions of two successive magnetic flux
ropes as a result of ideal torus instability and performed 3D reconstructions of
the associated CMEs using GCS modeling. Furthermore, Cheng et al. (2014b)
tracked the evolution of a magnetic flux rope from the inner to the outer corona
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and found that the impulsive acceleration phase of the flux rope is caused by the
torus instability. The 3D morphology of the associated CME was also obtained
using GCS modeling. So far, 3D reconstructions of CMEs caused by the eruption
of flux ropes due to kink instability have rarely been reported. In this paper, we
carry out a detailed investigation of the rapid rotation of an erupting quiescent
prominence and the associated CME occurring in the northern hemisphere on
13 May 2013. The prominence originates from the farside near the western limb,
and the rotation is found to result from kink instability. Meanwhile, we carry out
a 3D reconstruction of the associated CME using the GCS modeling. The paper
is organized as follows. We describe the data analysis in Section 2. The results
are presented in Section 3 and compared with previous findings in Section 4.
Finally, a brief summary is given in Section 5.

2. Data Analysis

The prominence eruption was observed by the Atmospheric Imaging Assembly
(AIA; Lemen et al., 2012) on board the Solar Dynamics Observatory (SDO;
Pesnell, Thompson, and Chamberlin, 2012) spacecraft. SDO/AIA takes full-disk
images in seven EUV wavelengths (94, 131, 171, 193, 211, 304, 335 Å) and two
UV wavelengths (1600 and 1700 Å). The AIA level 1 data were calibrated using
the standard Solar Software (SSW) program aia prep.pro. The prominence was
also observed in 174 Å (log T ≈ 5.8) by the Sun Watcher using Active Pixel
System detector and image processing (SWAP; Berghmans et al., 2006; Seaton
et al., 2013) on board the PROBA 2 spacecraft with a larger field of view (FOV)
than AIA.

The event was simultaneously captured by the ahead and behind Solar Terres-
trial Relations Observatory (STEREO; Kaiser et al., 2008) spacecraft from two
perspectives. Figure 1 shows the positions of the Earth, Ahead (A), and Behind
(B) STEREO spacecraft on 13 May 2013. The separation angles of STEREO-
A and STEREO-B with the Earth were ∼136◦ and ∼142◦ (Gou et al., 2020).
Consequently, the large prominence close to the western limb in the FOV of
AIA appeared as a prominence close to the eastern limb in the FOV of behind
Extreme-UltraViolet Imager (EUVI; Wuelser et al., 2004) of the Sun Earth
Connection Coronal and Heliospheric Investigation (SECCHI; Howard et al.,
2008) and appeared as a long filament in the FOV of ahead EUVI. This provides
a unique opportunity to study the prominence eruption from three perspectives
simultaneously (Cheng et al., 2014b). EUVI takes full-disk images out to 1.7R�
in 171, 195, 284, and 304 Å. The images were calibrated using the SSW program
secchi prep.pro.

The associated CME was observed by the Large Angle Spectroscopic Corona-
graph (LASCO; Brueckner et al., 1995) on board SOHO spacecraft and recorded
by the CDAW CME catalogue1. The LASCO-C2 and LASCO-C3 white light
(WL) coronagraphs have FOVs of 2−6R� and 4−30R�, respectively. The CME

1http://cdaw.gsfc.nasa.gov/CME list
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Table 1. Description of the observational parameters.

Instrument λ Time Cadence Pixel Size

[Å] [UT] [s] [′′]

AIA 171, 304 13:30 – 18:30 12 0.6

SWAP 174 17:09 – 17:51 130 3.2

STA/EUVI 195 13:30 – 20:30 300 1.6

STA/EUVI 304 13:30 – 20:30 600 1.6

STA/EUVI 284 13:30 – 20:30 7200 1.6

STB/EUVI 304 13:30 – 20:30 600 1.6

COR1 WL 17:15 – 18:20 900 14.7

COR2 WL 17:30 – 20:00 900 14.7

LASCO/C2 WL 17:24 – 19:36 720 11.4

LASCO/C3 WL 18:18 – 19:54 720 56.0

GOES 0.5 – 4 15:00 – 18:00 2.05 ...

GOES 1 – 8 15:00 – 18:00 2.05 ...

Figure 1. Positions of the Earth, Ahead (A), and Behind (B) STEREO spacecrafts at 00:55
UT on 13 May 2013.

was also detected by the COR1 and COR2 coronagraphs on board STEREO-A

and STEREO-B, which enables 3D reconstruction using the GCS modeling. Soft

X-ray (SXR) light curves of the Sun in 1−8 Å and 0.5−4 Å were recorded by

the Geostationary Operational Environmental Satellite (GOES) spacecraft. The

observational parameters are listed in Table 1.
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Figure 2. Selected 171 Å (top panels) and 304 Å (bottom panels) images observed by
SDO/AIA during the prominence eruption, respectively. In panel (b1), the curved slice S1
is used to investigate the rapid rotation and drift motion. In panel (b3), the straight slice S4 is
used to investigate the rising motion. An animation of this figure is available in the Electronic
Supplementary Material (anim1.mp4).

3. Results

3.1. Prominence Eruption and the associated CME

In Figure 2, the top and bottom panels show 171 Å and 304 Å images observed by
SDO/AIA (see also online animation anim1.mp4). The prominence rises from the
farside and appears above the western limb. Rapid rotation of the prominence
body is obvious during prominence eruption (16:34−17:21 UT). Figure 3 shows
eight snapshots of the prominence during 16:38−17:21 UT. In panel (b), the
white dashed line across the prominence is used to measure the width (D) of
prominence, being ∼45.6 Mm. Assuming a cylindrical shape of the prominence,
the radius is ∼22.8 Mm.

The online movie (anim1.mp4) indicates that the direction of rotation is
counterclockwise viewed from above. Figure 4 shows snapshots of the promi-
nence observed by AIA in 304 Å. We tracked some of the bright features in
the foreground during rotation, which are marked with blue and white circles.
It is clear that the prominence is rotating counterclockwise. Contrary to the
rotating jets whose axes are almost static (e.g., Curdt and Tian, 2011; Shen
et al., 2011b; Chen, Zhang, and Ma, 2012; Hong et al., 2013; Schmieder et al.,
2013; Zhang and Ji, 2014), the prominence rises and drifts southwestward during
rotation. To investigate the rotation in detail, we choose a curved slice (S1)
across the leg in Figure 2(b1). The time-slice diagram of S1 in 304 Å is dis-
played in Figure 5(a). The sinusoidal patterns (light blue dots) in the inset
indicate rapid rotation during 16:34−17:21 UT (Okamoto, Liu, and Tsuneta,
2016). Therefore, the rotation lasts for ∼47 minutes. The seven green arrows
point to the bright features that appear periodically. The corresponding 304 Å
images at these moments are displayed in Figure 3. The average period (P )

SOLA: ms.tex; 2 February 2023; 1:36; p. 6
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the green arrow indicates the counterclockwise direction of rotation viewed
from above. The white dashed line is used to measure the width (45.6 Mm)
of prominence.

Figure 3. Snapshots of the rotating prominence observed by AIA in 304 Å during 16:38−17:21
UT. In panel (b),

Figure 4. Snapshots of the prominence observed by AIA in 304 Å. The circles denote the
trajectories of bright features in the foreground during the rotation. On top of each panel, the
time in blue corresponds to the observing time of the EUV image.

is calculated to be ∼806 s, and the corresponding angular speed (ω) is ∼0.46
rad min−1. Considering the width of the prominence in Figure 3(b), the linear
speed is v = ωD/2 ≈ 355 km s−1. The total angle of rotation reaches ∼7π, which
significantly exceeds the critical twist for kink instability (Hood and Priest, 1981;
Török and Kliem, 2003; Török, Kliem, and Titov, 2004). Accordingly, the rapid
rotation is indicative of untwisting motion of a highly twisted prominence. In
Figure 5(a), the yellow arrow denotes the turning point (∼17:42 UT) when the
direction of drift reverses, which implies the writhing motion (Fan and Gibson,
2003; Török and Kliem, 2005; Liu, Alexander, and Gilbert, 2007). It should be
noted that rotation in the clockwise direction near the footpoint of prominence
is observed during 17:40−18:05 UT. Such reversal of direction of prominence
rotation has been reported by Thompson, Kliem, and Török (2012) and Song
et al. (2018). This short period of rotation is not considered when calculating
the total twist of the prominence.

SOLA: ms.tex; 2 February 2023; 1:36; p. 7
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The values of total twist (Φ = 7π), average angular speed (ω = 0.46 rad min−1)
and period (P = 806 s) are labeled. (b) Time-slice diagram of S2 in STB/EUVI
304 Å. (c) Time-slice diagram of S3 in STA/EUVI 195 Å. (d) Time-slice diagram
of S4 in AIA 304 Å.

Figure 5. (a) Time-slice diagram of S1 in AIA 304 Å. s = 0 and s = 500′′ represent the
northeast and southwest endpoints of S1, respectively. The white arrows indicate the start
and end times of prominence rotation, which lasts for ∼47 minutes. The green arrows point
to the bright features. The yellow arrow denotes the turning point when the direction of drift
reverses. The inset shows an enlarged view of the time-slice diagram during rotation. The light
blue dots outline the sinusoidal patterns.

SOLA: ms.tex; 2 February 2023; 1:36; p. 8



Rapid rotation of an erupting prominence and the associated CME

Figure 6. Base-difference images of the erupting prominence observed by SWAP in 174 Å.
The FOV is 800′′ × 800′′. The yellow arrows point to the prominence. An animation of this
figure is available in the Electronic Supplementary Material (anim2.mp4).

To investigate the rising motion of the prominence, we choose a straight slice
(S4) in Figure 2(b3). The time-slice diagram of S4 in 304 Å is displayed in
Figure 5(d). The prominence undergoes a prolonged slow rise phase and a fast
rise phase. The fast rise starts from ∼16:50 UT until 17:30 UT when the upper
part escapes the FOV of AIA to drive a CME.

The eruption was captured by SWAP in 174 Å with a larger FOV. Fig-
ure 6 shows a series of base-difference images (see also the online animation
anim2.mp4). The prominence, which is indicated by the arrows, starts to rise
at ∼17:09 UT, accompanied by southwestward drift until ∼17:42 UT (panels
(a-i)). Afterward, the direction of drift reverses, suggesting the writhing motion
(panels (j-l)).

As mentioned in Sect. 1, the twin STEREO spacecraft observed the event
from two perspectives. Figure 7 shows a series of 304 Å images observed by
STB/EUVI (see also the online animation anim3.mp4). The prominence, which
is indicated by the white arrow, elevates slowly from ∼17:00 UT and experiences
a clear writhing motion around 17:46 UT with an “inverted γ” shape, which is
indicated by the green arrow in panel (f). The top of the prominence when kink
instability takes place at 17:46:42 UT is ∼405 Mm (0.58R�) above the solar
limb. Using triangulation method, the true height is estimated to be ∼488 Mm
(0.70R�). Afterward, the prominence continues to rise and escapes the FOV
of STB/EUVI (panels (g-h)). To investigate the height evolution, a straight
slice (S2) is selected in panel (e). The time-slice diagram of S2 is plotted in
Figure 5(b). The height evolution is also characterized by a slow rise phase
and a fast rise phase, which are in agreement with the trend in AIA 304 Å
(Figure 5(d)).

The bright prominence manifests itself as a dark filament in the FOV of
STA/EUVI. Figure 8 shows 195 Å images observed by STA/EUVI. The filament
starts to rise at ∼17:00 UT until ∼17:35 UT when the spine of filament becomes
undistinguishable (panel (e)). The southwest footpoint of the filament drifts and
generates a hooklike dimming region close to an equatorial coronal hole (Wang
et al., 2017; Aulanier and Dud́ık, 2019; Lörinč́ık et al., 2021). The eruption
generates a pair of bright flare ribbons (R1 and R2), which undergo separation.

Figure 9 shows 304 and 284 Å images observed by STA/EUVI. The evolution
of filament and flare ribbons in 304 Å is analogous to that in 195 Å. The bright

SOLA: ms.tex; 2 February 2023; 1:36; p. 9
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Figure 7. EUV 304 Å images of the erupting prominence observed by STB/EUVI. In panel
(e), a straight slice (S2) is used to investigate the height evolution of prominence. In panel (f),
the green arrow indicates the writhe of prominence. An animation of this figure is available in
the Electronic Supplementary Material (anim3.mp4).

Figure 8. EUV 195 Å images of the rising filament observed by STA/EUVI. The arrows point
to the dark filament, bright flare ribbons (R1 and R2), hooklike dimming, and an equatorial
coronal hole (CH).

post flare loops connecting the ribbons are captured in 284 Å (log T ≈ 6.3) in
panel (h). In panel (g), two representative boxes (3′′× 3′′) at the conjugate flare
ribbons are selected. The normalized total intensities of the boxes are plotted
in Figure 10(a-b). The EUV intensities increase from ∼17:30 UT and peak at
18:00−18:20 UT followed by a gradual decay. The blue dashed line denotes the
onset time (∼17:42 UT) of kink instability, which is consistent with the beginning
of the flare impulsive phase. For comparison, the SXR light curves in 1−8 Å
and 0.5−4 Å during 15:00−18:00 UT are plotted with red and cyan lines in
Figure 10(c). The huge enhancements of SXR emission starting at 15:48 UT and
peaking at 16:05 UT originate from the X2.8 class flare in NOAA active region
11748 close to the eastern limb (Gou et al., 2020). There is no SXR response
of the flare ribbons observed in 304 Å by STA/EUVI, meaning that the flare
completely occurred at the farside.
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Figure 9. EUV 304 and 284 Å images of the rising filament observed by STA/EUVI. The
arrows point to the dark filament, bright flare ribbons (R1 and R2), and post flare loops. In
panel (g), two blue boxes are used to calculate the total intensities of R1 and R2.

Table 2. Parameters of the CME observed by the WL corona-
graphs on board LASCO, STB, and STA. For comparison, the
values of AW and V from the GCS modeling are listed in the last
column.

Spacecraft LASCO STB STA GCS

Instrument C2, C3 COR1, COR2 COR1, COR2 −

t0 (UT) 17:24 17:10 17:25 −
PA (◦) ∼288 ∼72 ∼74 −
AW (◦) ∼82 ∼77 ∼82 ∼114

V (km s−1) ∼844 ∼762 ∼837 ∼1005

As mentioned in Sect. 1, the eruption drives a fast CME. The running-
difference images of the CME observed by LASCO-C2 are displayed in Figure 11.
The CME first appears at t0 =17:24 UT and rises up in the northwest direction,
showing a typical three-part structure: a bright leading edge, a dark cavity, and
a bright core (panels (c-d)). The core is widely believed to consist of an erupting
prominence, which is presented in Figure 2 (Liu, Alexander, and Gilbert, 2007;
Song, Li, and Chen, 2022). The CME propagates further until 20:06 UT in the
FOV of LASCO-C3 (Figure 12), and the height evolution is drawn with blue
diamonds in Figure 10(d). The fitted linear speed (V ) is ∼844 km s−1. The
parameters, including t0, position angle (PA), final angular width (AW), and V
of the CME observed by LASCO, are listed in the second column of Table 2.

Likewise, the running-difference images of the CME in the FOV of COR1
and COR2 on board STB are displayed in Figure 13 and Figure 14, respectively.
The CME first appears at 17:10 UT with the same three-part morphology and
propagates in the northeast direction until 20:09 UT at a speed of ∼762 km s−1

(see the third column of Table 2). The running-difference images of the CME
in the FOV of COR1 and COR2 on board STA are displayed in Figure 15 and
Figure 16, respectively. The CME first appears at 17:25 UT and propagates in
the northeast direction until 20:24 UT at a speed of ∼837 km s−1 (see the fourth

SOLA: ms.tex; 2 February 2023; 1:36; p. 11
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Figure 10. (a-b) Normalized total intensities of the flare ribbons (R1 and R2). The blue
dashed line denotes the onset time (∼17:42 UT) of kink instability. (c) SXR light curves during
15:00−18:00 UT. (d) Height evolutions of the CME LE observed by LASCO (blue diamonds),
STA (red triangles), and STB (green crosses), respectively. The corresponding linear speeds
are labeled.

column of Table 2). The WL intensities of CME get too weak to be identified

after 20:30 UT. After checking the WL images of the CME carefully, we conclude

that the CME is not a Cartwheel CME, which carries away a part of the twist and

consequently shows highly visible rotation around the line of sight (Thompson,

Kliem, and Török, 2012; Pant et al., 2018).
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core

LE

core

Figure 11. Running-difference images of the CME observed by LASCO-C2. The green arrows
indicate the CME leading edge (LE) and core.

Figure 12. Running-difference images of the CME observed by LASCO-C3. The green arrows
indicate the CME leading edge (LE).

3.2. 3D Reconstruction of the CME using GCS modeling

Simultaneous observations of the CME enable us to perform a 3D reconstruc-
tion of the CME. Although the CME LE shows a nearly symmetric bubble in
the FOVs of LASCO and STB, it looks raised and irregular in the FOV of
STA/COR2, which is unsuitable for cone models (Micha lek, Gopalswamy, and
Yashiro, 2003; Zhang, 2021). Considering the helical structure and rapid rotation
of the prominence (Figures 2 and 3), it is concluded that the CME is driven by
a highly twisted magnetic flux rope. Naturally, we turn to the GCS modeling
(Thernisien, Howard, and Vourlidas, 2006). The GCS, resembling a croissant,
is composed of two conical “legs” with angular separation of 2α and a circular
annulus of varying radius:

a(r) = κr, (3)

where r is the distance from the Sun center to a point at the outer edge of the
shell, and κ is the CME aspect ratio. Each leg has a height of h and half angle

SOLA: ms.tex; 2 February 2023; 1:36; p. 13
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(a) (b) (c)

(d) (e) (f)

LE

core

Figure 13. Running-difference images of the CME observed by STB/COR1. The orange
arrows indicate the CME leading edge (LE) and core.

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 14. Running-difference images of the CME observed by STB/COR2. The green arrows
indicate the CME leading edge (LE).

Figure 15. Running-difference images of the CME observed by STA/COR1. The orange
arrows indicate the CME leading edge (LE) and core.
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Figure 16. Running-difference images of the CME observed by STA/COR2. The green arrows
indicate the CME leading edge (LE).

of δ (Thernisien, 2011):

κ = sin δ. (4)

Two auxiliary parameters are:

b = h/ cosα, (5)

ρ = h tanα. (6)

Accordingly, the heliocentric height of the LE is:

hLE =
b+ ρ

1− κ
=

h

1− κ
(

1

cosα
+ tanα). (7)

The edge-on and face-on angular widths are:

ωEO = 2δ, (8)

ωFO = 2(α+ δ) = 2α+ ωEO. (9)

The source region of the CME has a Carrington longitude φ and a latitude θ. The
tilt angle of the PIL is denoted by γ. Since the eruption of large-scale prominence
occurs at the farside, the value of φ is changed repeatedly and eventually set to
be 91◦. The value of θ changes slightly to derive a better fitting, although it
should be fixed if the CME does not experience a deflection (see Figure 19(c)).
The value of γ = 45◦ is roughly determined from the STA/EUVI images in
Figure 9. The value of κ is set to be 0.5 (δ = 30◦) after many trials. As the CME
expands laterally, the value of α increases.

To perform GCS modeling, we use WL images of the CME observed by
LASCO and STA. Considering the inconsistency in time cadence between the
two spacecrafts, we first use images, preferably at the same time. Figure 17
shows a series of images of the CME observed by LASCO and STA during
17:24−19:54 UT. The reconstructed GCS models are projected with red-violet

SOLA: ms.tex; 2 February 2023; 1:36; p. 15



Zhou et al.

Figure 17. Selected WL images of the CME observed by LASCO and STA almost si-
multaneously, which are overlaid with reconstructed GCS models (red-violet and blue-green
dots).

Figure 18. Selected WL images of the CME observed by LASCO (a-b) and STA (c-f), which
are overlaid with reconstructed GCS models (red-violet and blue-green dots).

and blue-green dots, respectively. It is clear that the GCS models fit well with
the observations. The leading edges of the CME are perfectly consistent with
those of GCS models. Time evolutions of the height (h), face-on angular width
(ωFO), edge-on angular width (ωEO), 2α, and θ are plotted in Figure 19. For
those not simultaneously observed by LASCO and STA, we use WL images
from one perspective for reconstruction. Figure 18 shows a series of images of
the CME observed by LASCO (a-b) and STA (c-f), which are overlaid with the
GCS models (red-violet and blue-green dots), indicating that the fittings are still
satisfactory.

The results of fittings are plotted in Figure 19. The separation angle of the
legs (red triangles in panel (c)) and the face-on angular width (cyan squares in
panel (b)) increase sharply from ∼17:24 UT to ∼17:36 UT, implying a quick lat-
eral expansion (Patsourakos, Vourlidas, and Stenborg, 2010; Cremades, Iglesias,
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and Merenda, 2020; Majumdar et al., 2020; Majumdar, Patel, and Pant, 2022).
Afterwards, the two parameters increase gradually until ∼18:24 UT and nearly
keep constant (54◦ and 114◦). The maximum of ωFO is larger than the apparent
widths of CME in each coronagraph (see Table 2). The final ratio ωFO

ωEO
is equal to

1.9, which is consistent with the value reported by Krall and St. Cyr (2006) and
the average value (1.84±0.37) of the 12 events reported by Cremades, Iglesias,
and Merenda (2020). Recently, Majumdar, Patel, and Pant (2022) investigated
the rapid initial acceleration and width expansion of five CMEs at lower heights
using the GCS modeling. It is found that the face-on widths expand faster than
the edge-on widths (see their Fig. 3), which is in agreement with our finding.
The latitude θ decreases slightly from 18◦ at 18:00 UT to 13◦ at 18:24 UT,
suggesting an equatorward deflection during propagation (Byrne et al., 2010;
Gui et al., 2011; Shen et al., 2011a; Liu et al., 2018; Majumdar et al., 2020).

The leg height h increases from ∼638 Mm at 17:24 UT to ∼3081 Mm at 19:54
UT, and the leading edge height hLE increases from ∼2.5R� to ∼14.5R�. The
final speed (∼1005 km s−1) in 3D is greater than the apparent speeds of CME
in each coronagraph (see Figure 19(a) and Table 2). Although the CME is fast
and wide enough, which is capable of driving an interplanetary shock (Morosan
et al., 2019; Zhang et al., 2022b), no type II radio burst was detected by the
ground-based radio stations2. This is probably due to that the CME originates
from the farside and propagates away from the Earth.

In Figure 20, the 3D view of the Sun (colored dots) and reconstructed GCS
(blue dots) at 19:54 UT from perspectives of SOHO/LASCO (a), STA/COR1
(b), and solar north (c) are presented (see also the online animation anim4.mp4).

4. Discussion

Prominences are rich in dynamics, such as large-amplitude oscillations (Zhang
et al., 2012; Kucera et al., 2022), upflows and downflows (Berger et al., 2008).
Rotations are also ubiquitous, not only in magnetized tornados (Pettit, 1943;
Su et al., 2012, 2014; Wedemeyer-Böhm et al., 2012; Luna, Moreno-Insertis, and
Priest, 2015; Yang et al., 2018) but also in erupting prominences (Thompson,
2011; Thompson, Kliem, and Török, 2012; Liu et al., 2015; Song et al., 2018).
Interestingly, the direction of prominence rotation may reverse during the as-
cending phase (Thompson, Kliem, and Török, 2012; Song et al., 2018). There are
at least three reasons for rotation in erupting prominences. The first is ideal kink
instability when the magnetic twist exceeds the threshold (Yan et al., 2014a,b).
The second is twist transfer during magnetic reconnection between a highly
twisted prominence and less twisted coronal loops (Shibata and Uchida, 1986;
Kurokawa et al., 1987; Li et al., 2016; Okamoto, Liu, and Tsuneta, 2016; Xue
et al., 2016; Yan et al., 2020). The third is the roll effect if a filament erupts non-
radially (Martin, 2003; Panasenco and Martin, 2008; Panasenco et al., 2013).
The top of the filament ribbon bends toward or away from the observer. As

2https://www.e-callisto.org
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Figure 19. Time evolutions of the leg height (h), leading ledge height (hLE), face-on angular
width (ωFO), edge-on angular width (ωEO), angular separation (2α) of the legs, and latitude
(θ). The left dot-dashed line denotes the onset time (17:42 UT) of the writhing motion. The
right dot-dashed line denotes the time (18:24 UT) when 2α and ωFO reach the maxima. In
panel (a), the linear speeds before and after 17:42 UT are labeled.

(a) (b) (c)viewpoint from SOHO/LASCO viewpoint from STA/COR1

top view

Figure 20. Viewpoints of the Sun (colored dots) and reconstructed GCS (blue dots) from
SOHO/LASCO (a), STA/COR1 (b), and solar north at 19:54 UT, respectively. An animation
of this figure is available in the Electronic Supplementary Material (anim4.mp4).
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Table 3. Comparison between the ideal kink instability and roll effect.

kink instability roll effect

shape of filament twisted flux rope ribbon-like

initiation pre-stored twist bending at the top

chirality of two legs same opposite

rotation directions of two legs same opposite

writhing motion yes no

a consequence, the rolling motion propagates down the two legs of filaments
simultaneously, generating significant twists in the legs with opposite chirality.
That is to say, the two legs rotate in opposite directions (see Fig. 2 in Panasenco
et al. (2013)). Specifically, dextral filaments have a rolling motion toward the
observer, which is accompanied by counterclockwise (clockwise) rotation at the
left (right) leg, respectively. Sinistral filaments have a rolling motion away from
the observer, which is accompanied by counterclockwise (clockwise) rotation at
the right (left) leg (see Fig. 4 in Panasenco and Martin (2008)). In Table 3, we
compare the ideal kink instability with roll effect in detail, which are different
at least in five aspects, including the shape of filament, initiation, chirality and
rotation directions of two legs, and writhing motion.

In our study, the rising prominence keeps rotating in the counterclockwise
direction for ∼47 minutes with an average period of ∼806 s (Figure 5). The total
angle of rotation reaches 7π, which is significantly higher than the threshold
of kink instability. Besides, writhing motion is obviously observed by SWAP
(Figure 6) and STB/EUVI (Figure 7) during 17:42−17:46 UT. The onset time
of writhing is coincident with the commencement of the impulsive phase of the
associated flare (Figure 10). Moreover, the kinematic evolution of the CME is
divided into two phases using GCS modeling (Figure 19(a)). The CME speeds
up from ∼330 km s−1 to ∼1000 km s−1 after the writhing motion. Hence, the
prominence eruption is most probably triggered by kink instability.

Using the spectroscopic observations of two tornadoes by the Interface Region
Imaging Spectrograph (IRIS; De Pontieu et al., 2014) in Mg ii k 2796 Å and Si
iv 1393 Å, Yang et al. (2018) found coherent and stable redshifts and blueshifts
across the tornado axes lasting for ≥2.5 hr, which is explained by rotating cool
plasmas with temperatures of 0.01−0.1 MK along a relatively stable helical mag-
netic structure. Panasenco, Martin, and Velli (2014) concluded that the apparent
tornado-like prominences result either from counterstreaming and oscillations or
from the projection on the plane of the sky of plasma motion instead of a real
vortical motion around an axis (Wedemeyer-Böhm et al., 2012). In our study,
the eruptive prominence is not a quasi-static tornado at all. The combination
of counterclockwise rotation at the leg and the writhing motion during eruption
provides clear evidence for untwisting motion of a twisted flux rope as a result
of kink instability. The cool plasmas observed in 304 Å are frozen in the field
lines, rather than streaming downward along the lines (see Figure 4).

The 3D reconstruction with GCS modeling is successful in tracking the po-
sitions and configuration of CMEs, which is very helpful for space weather
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prediction. In previous works, the modelings focus on CMEs originating from
the frontside observed from Earth (Cheng et al., 2013, 2014b). However, simul-
taneous observations of CMEs from multiple viewpoints enable us to perform 3D
reconstruction of CMEs originating from the farside. In our study, the promi-
nence rises from behind the western limb and undergoes a long slow-rise phase
during 13:30−16:30 UT followed by a fast rise. The related flare ribbons and
post-flare loops are only visible in the EUV images observed by STA/EUVI,
and no enhancements in SXR emissions are detected by GOES. The adoption of
φ = 91◦ gives satisfactory fittings (Figures 17 and 18). It should be emphasized
that the quiescent filament is very long (Figures 8 and 9), so that the determi-
nation of φ has an uncertainty (e.g., ∼1◦). In addition, synthetic WL images of
the CME are unavailable since the density parameters (Ne, σtrailing, σleading)
are not taken into account (Thernisien, Howard, and Vourlidas, 2006). In the
future, applications of the GCS modeling will be extended by using images of
coronagraphs working in WL and UV wavelengths, such as the Metis (Antonucci
et al., 2020) and Heliospheric Imager (SoloHI; Howard et al., 2020) on board
Solar Orbiter (Müller et al., 2020) and the Lyman-alpha Solar Telescope (LST;
Li et al., 2019) on board the Advanced Space-based Solar Observatory (ASO-S;
Gan et al., 2019) launched on 9 October 2022.

5. Summary

In this paper, we report the multiwavelength observations of an erupting promi-
nence and the associated CME on 13 May 2013. The event occurs behind the
western limb in the FOV of SDO/AIA. The main results are summarized as
follows:

1. The prominence is supported by a highly twisted magnetic flux rope and shows
rapid rotation in the counterclockwise direction during the rising motion. The
rotation of the prominence lasts for ∼47 minutes. The average period, angular
speed, and linear speed are ∼806 s, ∼0.46 rad min−1, and ∼355 km s−1,
respectively. The total twist angle reaches ∼7π, which is considerably larger
than the threshold for kink instability. Writhing motion during 17:42−17:46
UT is clearly observed by SWAP in 174 Å and STB/EUVI in 304 Å after
reaching an apparent height of ∼405 Mm. Therefore, the prominence eruption
is most probably triggered by kink instability. A pair of conjugate flare ribbons
and post flare loops are created and observed by STA/EUVI. The onset time
of writhing motion is consistent with the commencement of the impulsive
phase of the related flare.

2. The 3D morphology and positions of the associated CME are derived using
the GCS modeling. The kinetic evolution of the reconstructed CME is divided
into a slow-rise phase (∼330 km s−1) and a fast-rise phase (∼1005 km s−1)
by the writhing motion. The edge-on angular width of the CME is a constant
(60◦), while the face-on angular width increases from 96◦ to 114◦, indicating
a lateral expansion. The latitude of the CME source region decreases slightly
from ∼18◦ to ∼13◦, implying an equatorward deflection during propagation.
To the best of our knowledge, this is the first 3D reconstruction of a CME
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caused by the eruption of a flux rope due to kink instability. More case studies
are required to perform in-depth investigations of their evolutions.
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H.A.S., Temmer, M., Dissauer, K., Vršnak, B., Wang, Y.: 2020, Solar Flare-CME Coupling
throughout Two Acceleration Phases of a Fast CME. Astrophys. J. Lett. 897, L36. DOI.
ADS.

Green, L.M., Kliem, B., Török, T., van Driel-Gesztelyi, L., Attrill, G.D.R.: 2007, Transient
Coronal Sigmoids and Rotating Erupting Flux Ropes. Solar Phys. 246, 365. DOI. ADS.

Gui, B., Shen, C., Wang, Y., Ye, P., Liu, J., Wang, S., Zhao, X.: 2011, Quantitative Analysis
of CME Deflections in the Corona. Solar Phys. 271, 111. DOI. ADS.

Guo, J.H., Zhou, Y.H., Guo, Y., Ni, Y.W., Karpen, J.T., Chen, P.F.: 2021, Formation and
Characteristics of Filament Threads in Double-dipped Magnetic Flux Tubes. Astrophys.
J. 920, 131. DOI. ADS.

Guo, J.H., Ni, Y.W., Zhou, Y.H., Guo, Y., Schmieder, B., Chen, P.F.: 2022, Prominence fine
structures in weakly twisted and highly twisted magnetic flux ropes. Astron. Astrophys.
667, A89. DOI. ADS.

Guo, Y., Ding, M.D., Schmieder, B., Li, H., Török, T., Wiegelmann, T.: 2010, Driving Mech-
anism and Onset Condition of a Confined Eruption. Astrophys. J. Lett. 725, L38. DOI.
ADS.

Hong, J.-C., Jiang, Y.-C., Yang, J.-Y., Zheng, R.-S., Bi, Y., Li, H.-D., Yang, B., Yang, D.:
2013, Twist in a polar blowout jet. Research in Astronomy and Astrophysics 13, 253. DOI.
ADS.

Hood, A.W., Priest, E.R.: 1981, Critical conditions for magnetic instabilities in force-free
coronal loops. Geophysical and Astrophysical Fluid Dynamics 17, 297. DOI. ADS.

Hou, Y.J., Zhang, J., Li, T., Yang, S.H., Li, X.H.: 2018, Eruption of a multi-flux-rope system
in solar active region 12673 leading to the two largest flares in Solar Cycle 24. Astron.
Astrophys. 619, A100. DOI. ADS.

Howard, R.A., Michels, D.J., Sheeley, J. N. R., Koomen, M.J.: 1982, The observation of a
coronal transient directed at Earth. Astrophys. J. Lett. 263, L101. DOI. ADS.

Howard, R.A., Moses, J.D., Vourlidas, A., Newmark, J.S., Socker, D.G., Plunkett, S.P., Ko-
rendyke, C.M., Cook, J.W., Hurley, A., Davila, J.M., Thompson, W.T., St Cyr, O.C.,
Mentzell, E., Mehalick, K., Lemen, J.R., Wuelser, J.P., Duncan, D.W., Tarbell, T.D.,
Wolfson, C.J., Moore, A., Harrison, R.A., Waltham, N.R., Lang, J., Davis, C.J., Eyles,
C.J., Mapson-Menard, H., Simnett, G.M., Halain, J.P., Defise, J.M., Mazy, E., Rochus, P.,
Mercier, R., Ravet, M.F., Delmotte, F., Auchere, F., Delaboudiniere, J.P., Bothmer, V.,
Deutsch, W., Wang, D., Rich, N., Cooper, S., Stephens, V., Maahs, G., Baugh, R., Mc-
Mullin, D., Carter, T.: 2008, Sun Earth Connection Coronal and Heliospheric Investigation
(SECCHI). Space Sci. Rev. 136, 67. DOI. ADS.

Howard, R.A., Vourlidas, A., Colaninno, R.C., Korendyke, C.M., Plunkett, S.P., Carter, M.T.,
Wang, D., Rich, N., Lynch, S., Thurn, A., Socker, D.G., Thernisien, A.F., Chua, D., Linton,
M.G., Koss, S., Tun-Beltran, S., Dennison, H., Stenborg, G., McMullin, D.R., Hunt, T.,
Baugh, R., Clifford, G., Keller, D., Janesick, J.R., Tower, J., Grygon, M., Farkas, R.,
Hagood, R., Eisenhauer, K., Uhl, A., Yerushalmi, S., Smith, L., Liewer, P.C., Velli, M.C.,
Linker, J., Bothmer, V., Rochus, P., Halain, J.-P., Lamy, P.L., Auchère, F., Harrison, R.A.,
Rouillard, A., Patsourakos, S., St. Cyr, O.C., Gilbert, H., Maldonado, H., Mariano, C.,
Cerullo, J.: 2020, The Solar Orbiter Heliospheric Imager (SoloHI). Astron. Astrophys.
642, A13. DOI. ADS.

Ji, H., Wang, H., Schmahl, E.J., Moon, Y.-J., Jiang, Y.: 2003, Observations of the Failed
Eruption of a Filament. Astrophys. J. Lett. 595, L135. DOI. ADS.

Jing, J., Liu, C., Lee, J., Ji, H., Liu, N., Xu, Y., Wang, H.: 2018, Statistical Analysis of Torus
and Kink Instabilities in Solar Eruptions. Astrophys. J. 864, 138. DOI. ADS.

Kaiser, M.L., Kucera, T.A., Davila, J.M., St. Cyr, O.C., Guhathakurta, M., Christian, E.:
2008, The STEREO Mission: An Introduction. Space Sci. Rev. 136, 5. DOI. ADS.
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