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Transverse oscillation of prominence and filament induced by an EUV wave from the farside of the Sun
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ABSTRACT

In this paper, we report our multi-angle observations of the transverse oscillation of a prominence and a filament
induced by an EUV wave originating from the farside of the Sun on 2014 September 1. The prominence oscillation
was simultaneously observed by both Atmospheric Imaging Assembly (AIA) onboard the Solar Dynamics Observatory
(SDO) spacecraft and Extreme-UltraViolet Imager (EUVI) onboard the Behind Solar Terrestrial Relations Observatory
(STEREO) spacecraft. The speed of the shock travelling in the interplanetary space exceeds that of the EUV wave,
and the coronal dimming area experiences minimal growth. This indicates that the shock wave is driven by the CME
while the EUV wave freely propagates after the lateral motion of the CME flanks has stopped. The observed oscillation
direction of the prominence, determined through three-dimensional reconstruction, further supports this point. Moreover,
The detailed investigation of the oscillations in the prominence and filament induced by the EUV wave reveals initial
amplitudes of 16.08 and 2.15 Mm, periods of 1769 and 1863 s, damping time scales of 2640 and 1259 s, and damping
ratios of 1.49 and 0.68, respectively. The radial component of magnetic field, as derived from the prominence and
filament oscillation measurements, was estimated to be 5.4 G and 4.1 G, respectively. In turn, utilizing the onset times
of both the prominence and filament oscillation, the average speeds of the EUV wave are determined to be 498 km s

and 451 km s~!, respectively.
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1. INTRODUCTION

Solar prominences are often observed as bright elongated
emission against the dark background at the solar limb in
chromospheric and coronal lines (Tandberg-Hanssen 1995;
Martin 1998; Labrosse et al. 2010; Chen et al. 2020). They
characterise dark features, called filaments, on the disk be-
cause they absorb intense solar atmospheric radiation. De-
pending on the location where a filament is formed, they can
generally be divided into three types: active region filaments
(AFs) (Yan et al. 2015), quiescent filament (QFs) (Heinzel
et al. 2008) and intermediate filament (IFs). The promi-
nence and filament are the same entities and we use the term
“prominence” throughout the paper.

Prominences are rich in dynamics, in which their large-
amplitude oscillations induced by EUV waves in association
with remote flaring activities has been a hot topic of research
(Wills-Davey & Attrill 2009; Gallagher & Long 2011; Pat-
sourakos & Vourlidas 2012; Liu & Ofman 2014; Warmuth
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2015; Chen 2016). When the EUV wave was first discov-
ered, it was also referred to as the EIT wave, named after the
observing telescope Extreme-ultraviolet Imaging Telescope
(EIT; Delaboudiniere et al. 1995) onboard the Solar and He-
liospheric Observatory (SOHO). They are observed as bright
wavelike fronts propagating across most of the solar disk in
SOHOJEIT running-difference images if the coronal mag-
netic structure is simple (Thompson et al. 1998). They occur
following flare/coronal mass ejection (CME), accompanied
by extending dimming region behind them (Thompson et al.
2000). Initially, EUV waves were explained naturally to be
the coronal counterparts of chromospheric Moreton waves,
that is coronal fast-mode (shock) waves (Moreton 1960;
Uchida 1968, 1974; Thompson et al. 2000; Wang 2000; Wu
et al. 2001; Ofman & Thompson 2002). However, many
EUYV waves exhibit properties distinct from those of Moreton
waves (Eto et al. 2002; Zhang et al. 2011), giving rise to var-
ious conjectures about their physical nature (Warmuth et al.
2001; Vrinak et al. 2002; Tripathi & Raouafi 2007; Warmuth
2007; Wills-Davey & Attrill 2009; Gallagher & Long 2011).
Currently, a small fraction of events has demonstrated the
presence of two components in EUV waves, one fast and
one slow(Chen & Wu 2011; Shen & Liu 2012a; Shen et al.
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Figure 1. (a and b) Images of STEREO-B 195 A at 11:00 UT and 304 A at 00:56 UT on 2014 September 1, respectively. The location of AR
12158 is labelled in each panel, as well as the flare and the prominence. (c) Image of AIA 304 A at 11:00 UT. The subfigures in the panel show
an enlarged view of the prominence, identical to that in STEREO-B images, as well as a filament on the disk, respectively. Three slices, S1,
S2 and S3, are utilized to plot the time-distance diagram for the prominence oscillation, while F is for the filament. (d) Position of the Earth,
Ahead (A), and Behind (B) STEREO spacecraft at 11:17 UT on 2014 September 1. An animation of the EUVI 195 A and AIA 304 A images,
available in the online Journal, illustrates the global evolution of the EUV wave from the STEREO-B perspective and provides a close-up view

of the prominence oscillation from Earth’s perspective.

2014a), while the majority of events have not exhibited this
feature.

Large amplitude prominence oscillations caused by EUV
waves are often observed (Eto et al. 2002; Okamoto et al.
2004). Specifically, prominence oscillations can be further
classified into longitudinal and transverse oscillations. Lon-
gitudinal oscillations refer to the oscillatory motion of promi-
nence material along the guiding toroidal magnetic field, with
most events not exceeding 20° (Jing et al. 2003; Li & Zhang
2012; Luna & Karpen 2012; Zhang et al. 2012; Luna et al.
2014; Dai et al. 2021). However, recent studies have also

reported longitudinal oscillations exceeding 20° (Shen et al.
2019; Tan et al. 2023). In contrast, transverse oscillations oc-
cur in the direction perpendicular to the spine (Hyder 1966;
Ramsey & Smith 1966; Kleczek & Kuperus 1969; Shen et al.
2014a). Recently, the physical nature of prominence oscilla-
tions, such as triggering mechanisms, restoring forces, and
damping mechanisms, has been effectively investigated us-
ing state-of-the-art magnetohydrodynamics (MHD) numeri-
cal simulations (Terradas et al. 2013, 2015; Zhang et al. 2013;
Lunaetal. 2016; Zhou et al. 2017, 2018; Devi et al. 2022; Li-
akh et al. 2023).
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Figure 2. (a) Original image of the prominence from EUVI 304 A
at 11:16 UT on 2014 September 1. The colored lines are employed
to enhance the image in the radial-filter technique, as described in
Section 2. (b) The enhanced image after using the radial-filter tech-
nique. The yellow line represents the contour of intensity threshold
set at 2.8 times the average pixel intensity of the enhanced image,
and the plus symbol represent the centroid of the prominence by us-
ing the contour.

Until now, oscillations in prominence and filament induced
by EUV waves originating from the farside of the Sun have
not been comprehensively investigated. In this study, we ana-
lyzed the prominence and filament oscillation associated with
a farside EUV wave on 2014 September 1. The prominence
was simultaneously observed by the Behind Solar Terrestrial
Relations Observatory (STEREO-B, hereafter STB; Kaiser
et al. 2008) spacecraft and the Solar Dynamics Observatory
(SDO; Pesnell et al. 2012), while the flare was only observed
by STB and the filament was exclusively observed by SDO.
We found that the EUV wave freely propagated once the lat-
eral motion of the CME flanks stopped. In contrast, the shock
wave in the interplanetary space is all driven by the CME, and
its speed exceeds that of the EUV wave. The speeds of the
EUV wave reaching the prominence and filament were cal-
culated to be 498 km s~! and 451 km s~!, respectively. Fur-
thermore, the unprecedented time and spatial resolution of
multi-wavelength EUV data recorded with SDO/AIA enable
us to accurately determine the parameter of the prominence
and filament oscillation, thereby the surrounding magnetic
field strength can be estimated.

Data analysis is described in detail in Section 2. Results
are shown in Section 3. The discussion and summary are
given in Section 4 and Section 5.

2. DATA ANALYSIS

The two panels in the first row of Figure 1 show the 195
and 304 A images of Extreme-UltraViolet Imager (EUVI;
Wuelser et al. 2004) of the Sun Earth Connection Coro-
nal and Heliospheric Investigation (SECCHI; Howard et al.
2008) on board the STB on 2014 September 1, where AR
12158 is labelled. EUVI takes full-disk images out to 1.7 R,
with a spatial resolution of 3”2 in 171, 195, 284, and 304
A. The 195 and 304 A images have time cadences of 5 and
10 minutes, respectively. The flare with obvious intensity

enhancement is marked with an arrow. We have no way of
knowing the magnitude of the flare from Soft X-ray (SXR)
light curves in this period recorded by the Geostationary
Operational Environmental Satellite (GOES) spacecraft, be-
cause it occurred on the farside of the Sun as shown by panel
(d).

The red contour of the prominence in panel (a) is derived
from panel (b). In our case, the intensity at the top of the
prominence is lower than the background intensity close to
the solar surface in the EUVI 304 A. Therefore, it is not fea-
sible to obtain the profile of the prominence by simply select-
ing an intensity threshold and plotting a contour. Instead, the
radial-filter technique is applied to enhance the emission of
the prominence, as demonstrated by Figure 2. Specifically,
in the pixel coordinates, a series of concentric circles are se-
lected and labelled 1 to 100 from lowest (close to the solar
surface) to highest (close to the top of the prominence) as
shown by the colored lines in Figure 2(a). The intensity val-
ues of the EUVI 304 A in each concentric circle are then mul-
tiplied by the number of that concentric circle. In this way,
the intensity at the top of the prominence has been enhanced
while that of the background close to the solar surface atten-
uated, so the contour of the prominence can be well drawn as
depicted by Figure 2(b).

The prominence has also been recorded by the Atmo-
spheric Imaging Assembly (AIA; Lemen et al. 2012) on
board the SDO. AIA took full-disk images in seven EUV
(94, 131, 171, 193, 211, 304, and 335 A) and two UV (1600
and 1700 A) wavelengths. The AIA level_1 data with a time
cadence of 12 s and a spatial resolution of 1”2 were cali-
brated using the standard program aia_prep.pro in the So-
lar Software (SSW). The related CME was simultaneously
observed by the Large Angle and Spectrometric Coronagraph
(LASCO; Brueckner et al. 1995) on board the SOHO space-
craft and the COR1 white-light (WL) coronagraph on board
the STB. The separation angle between the STB and Earth
was ~161° as shown in Figure 1(d). The radio dynamic spec-
tra associated with the flare and CME-driven shock was ob-
tained from the BLENSW ground-based station belonging to
the e-Callisto' network.

3. RESULTS

The NOAA active region (AR) 12158 is energetic as it pro-
duced many flares during 2014 September 8 to 18 on the vis-
ible disk. The flare we studied also originated from this AR
on 2014 September 1, but on the farside of the Sun as shown
in Figure 3. It should also be a high-energy one, because the
flare was accompanied by a halo CME shown in Figure 5. In
addition, the images of EUVI 195 and 304 A during flaring
time suffered from strong snow-like interference (see the on-

!http://www.e-callisto.org
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Figure 3. Detailed feature of atmospheric disturbances in the EUVI 195 A images subtracted with the image at 10:50:56 UT, except for panel
(e) in the EUVI 304 A image subtracted with the image at 10:46:49 UT. The dashed lines depict the wavefront in panel (c), (d) and (e). An
expanding dome is observed in panel (c) and is indicated by an arrow. Prominence is outlined in each image using the radial-filter technique
described in Figure 2. There is also a stationary front to the southeast of the disk as the wave front swept by, indicated by a yellow arrow. An
animation of the EUVI 304 A and 195 A subtracted images is accessible in the online journal, unveiling additional details in the evolutionary

process of the EUV wave.

line animation in Figure 1), probably caused by high-energy
particles that hit the image sensor at that time.

Successive base-difference images of EUVI are drawn in
Figure 3. All of these images were subtracted from the base
image at about 10:50 UT, showing the detailed features of
coronal disturbances. The EUV wave (visible increase front)
was first observed at 11:05 UT in panel (c) and then propa-
gated nearly half of the disk along all directions. However,
it did not show an isotropic feature. Specifically, the front is
mainly visible to the north of the flare, and a small indenta-
tion appeared in its propagation path, which may have been
caused by a small AR in that area (see the online animation
in Figure 3). In addition, a stationary front appeared in the
southeast of the flare, where a magnetic interface structure
existed before the eruption. Therefore, this stationary bright-
ening is a result of the propagating disturbance acting on the
structure. However, it can still be observed that a subtle front
was passing through the interface in the difference movie (see
the online animation in Figure 3), which demonstrates the na-
ture of the wave.

The dimming appeared near the AR at the same time, while
the EUV wave started outside the dimming area, similarly
as reported by Eto et al. (2002); Thompson et al. (1999). It
can be observed that the dimming exhibited limited expan-
sion compared to the wave front. This observation suggests
the scenario that the coronal dimming region maps the CME

footprint on the solar lower layer, while the EUV wave is a
wave driven by the associated CME (Patsourakos & Vourli-
das 2009; Mubhr et al. 2010; Temmer et al. 2011; Shen & Liu
2012a). We can also identify an expanding dome in panel
(c), similar to that reported by Asai et al. (2012). The dome
is recorded at a only single moment, indicating that its speed
must exceed that of the wave front. This reveals that the dome
was propelled by the CME, whereas in the lateral direction,
the wave is freely propagating as soon as the lateral expan-
sion of the CME flanks has stopped (Veronig et al. 2010).

Significant propagating disturbance was also observed in
the EUVI 304 A image in panel () and the online animation
(Figure 3). Considering the similar kinematics to that in the
195 A images, we propose that the observed wave signature
in the 304 A passband is mainly contributed by the coronal
Si XTI line rather than the chromospheric He II lines (Shen &
Liu 2012b).

The EUV wave induced oscillations in both a prominence
and a filament. Due to the limited time resolution of the
EUVI data and indistinct EUV Wave signals in AIA Data, it
is inappropriate to calculate the speed by stacking the time-
distance diagram. Instead, the average velocity of the wave
can be estimated by determining the position of the flare,
the prominence and the filament. The position of the fil-
ament (the position of the slice F, see Figure 1(c) ) in the
earth-based point is easily discerned (N33E9). Consider-
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Figure 4. The position of the flare, prominence and filament in the coordinate system from the earth-based vantage point, respectively. The red
curve is the result of the 3D reconstruction of the prominence using the AIA and EUVI 304 A image pair at 11:16 UT.

ing the angle between STB and Earth with respect to the
Sun, the location of the flare from the Earth’s perspective
were calculated as (N26E126) (ignoring the solar axial tilt).
Applying the three-dimensional (3D) reconstruction program
scc_measure.pro in the SSW software, the center coordi-
nate of the prominence is obtained as (N45E75), as shown in
Figure 4. Assuming a propagation altitude of 1.1Ry(the ra-
dius of the Sun, about 695500 km) for the EUV wave, the co-
efficient is sourced from the height of the prominence in the
3D reconstruction. Therefore, the distances from the flare to
the prominence and filament can be determined as 605 Mm
and 1351 Mm, respectively.

The initiation time of the flare recorded by EUVI was
10:55:56 UT (see Figure 3), while the onset times of the
prominence oscillation and filament oscillation observed by
AIA were 11:16:09 UT and 11:45:57 UT, respectively (de-
tailed discussion to ensue). Consequently, the average speeds
of the EUV wave reaching the prominence and filament can
be determined as 498 km s~ and 451 km s~!, respectively,
with no significant velocity attenuation (assuming the EUV
wave originated from the flare site, although their actual
source might be at some distance away from the flare cen-
ter, such as the edge of the dimming region (Thompson et al.
1999; Eto et al. 2002), this seemingly has limited influence
for the calculations).

A halo CME was also produced by the flare as shown in
Figure 5, which was first observed by STB/COR1 at 11:05:48
UT. It should be noted that in this moment, the prominence
had not yet exhibited oscillatory motion. This indicates that
the disturbance propagated faster in the direction of inter-
planetary space than along the solar surface. STB/CORI,
LASCO/C2 and C3 all observed the shock associated with
the CME, as indicated by the yellow arrows in Figure 5. The
speed of CME is 1901 km s~! recorded by the CDAW cat-
alog > where CMEs are recognized manually, 650 km s~
the CACTus website® where CMEs are identified automati-
cally (Yashiro et al. 2008). Figure 6 illustrates the calculation
employed by the two websites for the CME velocity determi-
nation. It can be observed that the CDAW catalog involves
tracking the fastest direction of CME propagation, whereas
the CACTus website averages the velocities across different
propagating directions of the CME. Simultaneously, we also
tracked the propagation of the shock (the yellow cross sym-
bols in Figure 5(b4), representing wavefronts in different im-
ages), which exhibited a linear velocity of approximately §14

kms~!.

2 http://cdaw.gsfc.nasa.gov/CME _list
3 http://sidc.oma.be/cactus/scan
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Figure 5. LASCO/C2 (top), LASCO/C3 (middle) and STB/CORI (bottom) difference images showing the halo CME associated with the flare
that occurred on the farside of the Sun on 2014 September 1. Yellow arrows point to the shock associated with the CME. Panel (b2) presents
the two tracking angles: 64 ° for the CME in Figure 6(a) and 155 ° for the shock, both measured from north (the vertical line).
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Figure 6. (a) The time-distance diagram of the CME generated by the flare, as recorded by the CDAW catalog, with a tracking angle of 64 °
(as shown in Figure 5(b4)). (b) The velocity distribution of the CME tracked at different angles by the CACTus website.

A flare-related type III and CME-related type II radio burst quency of 10 ~ 80 MHz, which is displayed in Figure 7.
was detected by the e-Callisto/ BLENSW station in the fre-



TRANSVERSE OSCILLATION OF PROMINENCE AND FILAMENT INDUCED BY AN EUV WAVE FROM THE FARSIDE OF THE SUN 7

Y
\

[ ! 4 4
) ‘r&‘ 4 i 5
it B - iTypell radio burst

[
’
’

/
" Type I radio burst /

e-callisto BLENSW §
11:04 11:08 11:12 11:16 11:20 11:24 11:28
Start Time (01—Sep—14 11:03:00)

Figure 7. Radio dynamic spectra recorded by the e-
Callisto/BLENSW station in the frequency of 10 ~ 80 MHz. The
type III radio burst occurred from 11:05 UT to 11:10 UT, while the
type II radio burst occurred from 11:14 UT to 11:27 UT.

The flare was estimated to occur in 10:55 UT as shown in
Figure 3. Subsequently, the time interval for the Type III
radio burst was recorded between 11:05 UT and 11:10 UT,
which are thought to be created by plasma emissions of flare-
accelerated non-thermal electron beams propagating outward
along open field (Krucker et al. 2011; Masson et al. 2013;
Zhang et al. 2015; Wyper et al. 2018). The existence of
open magnetic field lines is confirmed by the Potential Field
Source Surface (PFSS) extrapolation, as illustrated by the
purple lines in Figure 8. The type II radio burst occurred
immediately after the type III burst, lasting from 11:14 UT to
11:27 UT, which are associated with the shock waves driven
by the fast CME (Ontiveros & Vourlidas 2009; Zucca et al.
2018; Mancuso et al. 2019).

(a) Viewpoint from STB (b) Viewpoint from SDO|
A
Open field Ll
N Open field

Vi

2014-Sep-01 06:04 UT

2014-Sep-01 06:04 UT

Figure 8. PFSS extrapolations from the STB (a) and AIA (b) per-
spectives at 06:04 UT on 2014 September 1, displays white lines
indicating the closed magnetic field lines, and purple lines repre-
senting the open magnetic field lines. The AR where the flare oc-
curred is marked in the figure.

The eruptive event on the solar backside resulted in the os-
cillation of a prominence and a filament on the solar disk,
sequentially. As the prominence was observed simultane-
ously by both AIA and EUVI, a 3D reconstruction was per-
formed, as illustrated in Figure 4. Specifically, the oscilla-
tion direction can be also determined through the reconstruc-
tion, as depicted in Figure 9. During the period from 11:16
UT (red segment) to 11:26 UT (green segment), a distinc-

tive pattern emerges in the prominence’s motion, featuring
a simultaneous downward vertical motion (panel (a)) and a
rightward horizontal motion (panel (b)). Subsequently, from
11:36 UT (blue segment) to 11:46 UT (yellow segment), the
prominence underwent simultaneous upward vertical motion
(panel (a)) and leftward horizontal motion (panel (b)). It in-
dicates a transverse oscillation. Moreover, the direction of
the oscillation can be calculated as an angle of ~63° to the
local photosphere plane.

— 11:16 UT (a)
— 11:26 UT
— 11:36 UT

11:46 UT

— 11:16 UT

— 11:226 UT
— 11:36 UT
11:46 UT

Figure 9. 3D reconstruction of the prominence from two distinct
vantage points (along the solar limb in panel (a) and perpendicular
to the solar surface in panel (b)).

To investigate the kinematics of the prominence, we se-
lected three artificial slices in Figure 1(c): SO, S1 and S2,
which were equidistantly aligned with the direction of verti-
cal oscillatory component. All the slices are 10" in width.
Time-distance diagrams are displayed in Figure 10. The os-
cillation occurred at 11:15:33 UT and gradually ceased to
oscillate around 13:00:00 UT, lasting for about three cycles.
The four green points in panel (b2) represent the displace-
ment of the prominence centroid obtained from the EUVI
304 A images using the radial-filter technique as detailed in
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Figure 10. Time-distance diagrams of slit SO, S1 and S2 in Figure 1, showing the prominence oscillation. The dashed lines are fittings of the
prominence oscillation by using Equation 1, with the white color indicating a valid fit, while the red color indicates an invalid fit. The four green
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Figure 11. Time-distance diagram of slit F, showing the oscillation
of the filament. The onset time of the oscillation was 11:45:57 UT.
The dashed lines are fittings of the oscillation by using Equation 1.
An online animation of the AIA 171 A data illustrates the oscillation
process of the filament. This data is utilized to generate the time-
distance diagram using slit F, as depicted in Figure 1(c).

Section 2. These instances also correspond to the four tem-
poral points when 3D reconstruction was conducted in Fig-
ure 9..

The standard program mpfit.pro in the SSW is applied
to determine the parameter of the oscillation by using the fol-
lowing fitting function:

2t f
A®) = Ao sin(% + O)et + bt + yo. (1)

where Ay, P, ® and 7 represent the initial amplitude,
period, initial phase and damping time scale, respectively.
bt + yo represent a linear term of the equilibrium position of
the prominence. These parameters obtained are listed in Ta-
ble 1. The initial amplitudes (Ag) range from 14.76 to 18.40
Mm, with an average of 16.08 Mm. The initial heights (yo)
fall within the range of 38.56 to 62.05 Mm, with an average
of 52.38 Mm. The periods (P) and damping time scales (1)
span from 1644 to 1882 seconds and 2545 to 2907 seconds,
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with mean values of 1769 seconds and 2640 seconds, respec-
tively. The calculated damping ratios (7/P) range from 1.35
to 1.68, with an average of 1.49. The initial phases varies be-
tween 4.02 and 5.04 radians, with a mean value of 4.45 radi-
ans, suggesting oscillation in phase as a rigid body. It should
be noticed that the oscillation process is not well fitted by the
function until after about 11:30 UT, when the prominence
first reaches its height minimum. One possible reason is that
the prominence is not in equilibrium prior to the contact with
the EUV wave. Upon the onset of the downward oscillation
of the prominence, it manifested a motion with a approxi-
mately uniform velocity. Consequently, we performed a lin-
ear fitting on this process (as indicated by the white straight
segment in Figure 10), yielding velocities ranging from ap-
proximately -24.91 to -28.93 km s~!, with an average veloc-
ity of around 27 km s~!, directed towards the solar surface.

The filament exhibits faint transverse oscillations in the
AlA field of view, approximately over one cycle, as depicted
in the online animation associated with Figure 11. Due to the
exclusive observation by AIA, 3D reconstruction is not feasi-
ble. Therefore, the selected slice F for analysis are shown in
Figure 1(c), and the resulting time-distance diagram is shown
in Figure 11 (We chose AIA 171 A data because where oscil-
latory motion is more pronounced). Similarly, we employed
equation 1 to fit the result, and the obtained parameters are
presented in the Table 2.

4. DISCUSSION
4.1. EUV wave

The EUV wave investigated in this study was generated by
CME occurring on the farside of the Sun and thus was ob-
served by STB. The EUV wave propagated in all directions
but was obstructed when encountering magnetic structures.
Specifically, to the southeast of the flare site, there existed an
elongated magnetic structure. As the EUV wave interacted
with this structure, it generated a standing wave. In addition,
a subtle wave passing through the magnetic structure can be
observed in the base-difference movie, affirming the funda-
mental wave nature.

Owing to the limited time cadence of the EUVTI in this pe-
riod (5 minutes for 195 A and 10 minutes for 304 A), the
properties of the EUV waves can not be investigated in de-
tail. Alternatively, by determining the positions of the flare,
prominence, and filament, we calculated the linear speed of
the EUV wave. The speed of the EUV wave reaching the
prominence was 498 km s~!, while reaching the filament, it
was 451 km s~!. This is in accordance with the speed char-
acteristics of EUV waves (Asai et al. 2012; Takahashi et al.
2015). Interestingly, even after covering such a long distance
(605 Mm to 1351 Mm), the speed of the EUV wave did not
significantly decrease. In the upward direction, the CME at-
tained a maximum speed of 1901 km s~!, with a average

speed of 650 km s~!, and the velocity of the driven shock
wave also reached 814 km s~!'. On the other hand, the coro-
nal dimming got darker but with only little (or no) further
expansion. These observational phenomena indicate that the
upward shock is driven by the CME, whereas in the lateral
direction, the wave freely propagates once the lateral expan-
sion of the CME flanks stops (Veronig et al. 2010; Shen &
Liu 2012a). The occurrence of a type II radio burst further
confirms the fast-mode nature of the EUV wave.

4.2. The oscillation of the prominence and filament

The prominence oscillation was simultaneously observed
by both STB and SDO, which is unlikely to have commenced
oscillation from an equilibrium state, as its initial trajectory
did not align with subsequent motion that can be adequately
fit by a single sinusoidal function. This dual perspective
enables us to perform a 3D reconstruction to the filament.
As shown in Figure 9, the prominence exhibits simultane-
ous horizontal and vertical oscillations, indicative of trans-
verse oscillations. This implies that the normal vector of the
wave is inclined downward toward the prominence (Taka-
hashi et al. 2015; Zheng et al. 2023; Dai et al. 2023), which
appears to provide strong support for discussion on the prop-
erties of EUV wave above (can also see the Figure 9 in Shen
et al. (2014b)).

The main restoring force of prominence oscillation is gen-
erally attributed to magnetic tension by using a slab model
(Diaz et al. 2001; Zhang & Ji 2018; Zhou et al. 2018).
Considering that the periods of oscillation at different posi-
tions are approximately equal (see Table 1), we believe that
the prominence experienced a global transverse oscillation
of fast kink mode (Zhou et al. 2016). The magnetic field
strength of the prominence can be roughly estimated as fol-
lows (Hyder 1966):

B% = 71'/)1,1'(%(47r2P_2 + 7_2). 2)

where B,, p,, and ry represent the radial component of mag-
netic field, density, and scale height of the prominence, re-
spectively. P and 7 are the period and damping time scale of
the oscillation. ry is approximately 4.3 x 10° cm based on
the 3D reconstruction. By taking the average values of the
measured period and decay time as 1769 s and 2640 s (see
Table 1), respectively, and assuming p, = 4 X 1071* g cm™,
we can estimate B, to be 5.4 G. Likewise, the radial mag-
netic field of the filament can also be calculated, yielding an
estimate of 4.1 G. It is close to the values reported in previ-
ous papers (Hyder 1966; Shen et al. 2014a, 2017; Zhang &
Ji 2018; Dai et al. 2023).

5. SUMMARY

In this paper, we report our multi-angle observations of the
transverse oscillation of a prominence and a filament sequen-
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Table 1. Fitted Parameters of the Prominence Oscillation.

passband Ay P ) T b Yo 7/P
A (Mm) () (rad) (s) (kms™) (Mm)
171 (S0) 16.78 1881.80 5.04 2544.67 0.93 62.05 1.35
171 (S1) 14.92 1704.12 4.27 2587.68 -0.02 54.25 1.52
171 (S2) 14.76 1730.92 4.36 2907.49 -2.60 43.73 1.68
304 (S0) 15.53 1846.10 4.02 2645.27 1.30 61.32 1.43
304 (S1) 16.08 1807.26 4.54 2584.54 -0.45 54.39 1.43
304 (S2) 18.40 1643.82 4.46 2564.08 -0.02 38.56 1.56
Average 16.08 1769.00 4.45 2639.96 -0.14 52.38 1.49

Table 2. Fitted Parameters of the filament Oscillation.

passband Ao P () T b Yo T/P
(&) (Mm) (s) (rad) (s) (kms™) (Mm)
171 (F) 2.15 1862.57 1.84 1258.59 1.16 14.30 0.68

tially, which were induced by an EUV wave on 2014 Septem-
ber 1. The main results are summarized as follows:

1. The upward shock was propelled by the CME, whereas

in the lateral direction, the EUV wave freely propa-
gated upon the expansion of the CME flanks stopped,
which can be supported by the coronal dimming re-
gion with little (or no) expansion. The EUV wave
propagated over such an extended distance (605 Mm
to 1351 Mm) with minimal speed reduction (498 km
s7! to 451 km s~!). Moreover, the occurrence of type
II radio bursts further confirmed the EUV wave as a
fast-mode shock.

. The EUV wave induced oscillations in both a promi-

nence and a filament, sequentially. 3D reconstruction
reveals that the prominence exhibits both vertical and
horizontal oscillations, suggesting a downward incli-

nation of the normal vector of the EUV wave. The an-
gle to the local photosphere plane can be further calcu-
lated to be approximately 63°. This is consistent with
the velocity characteristics of the EUV wave discussed
above. The oscillations of the prominence and filament
also allow for the determination of their radial mag-
netic field strengths, approximated at 5.4 G and 4.1 G,
respectively.

STEREO/SECCHI data are provided by a consortium of US,
UK, Germany, Belgium, and France. SDO is a mission of
NASA’s Living With a Star Program. AIA and HMI data are
courtesy of the NASA/SDO science teams. The e-Callisto
data are courtesy of the Institute for Data Science FHNW
Brugg/Windisch, Switzerland. This work is supported by
the National Key R&D Program of China 2021 YFA 1600500
(2021YFA1600502), NSFC under grant 12373065, and Yun-
nan Key Laboratory of Solar Physics and Space Science un-
der the number YNSPCC202206.
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