RAA 2016 Vol. 16 No. 11, 167 (10pp) doi: 10.1088/1674-4527/16/11/167
(© 2016 National Astronomical Observatories, CAS and IOP Publishing Ltd.

http://www.raa-journal.org  http://iopscience.iop.org/raa

Research in
Astronomy and
Astrophysics

Damped large amplitude oscillations in a solar prominence and a bundle of

coronal loops

Quan-Hao Zhang', Yu-Ming Wang!-2, Rui Liu''3, Cheng-Long Shen!:?, Min Zhang!*°, Ting-Yu Gou'*,
Jia-Jia Liu!, Kai Liu', Zhen-Jun Zhou'* and Shui Walng1

1

CAS Key Laboratory of Geospace Environment, Department of Geophysics and Planetary Sciences, University of

Science and Technology of China, Hefei 230026, China; zhanggh @mail.ustc.edu.cn, ymwang @ustc.edu.cn

China, Hefei 230026, China

Synergetic Innovation Center of Quantum Information & Quantum Physics, University of Science and Technology of

3 Collaborative Innovation Center of Astronautical Science and Technology, Hefei 230026, China
Mengcheng National Geophysical Observatory, School of Earth and Space Sciences, University of Science and

Technology of China, Hefei 230026, China

® Department of Mathematics and Physics, Anhui Jianzhu University, Hefei 230601, China

Received 2016 March 13; accepted 2016 June 27

Abstract We investigate the evolutions of two prominences (P1, P2) and two bundles of coronal loops
(L1, L2), observed with SDO/AIA near the east solar limb on 2012 September 22. It is found that there
were large-amplitude oscillations in P1 and L1 but no detectable motions in P2 and L2. These transverse
oscillations were triggered by a large-scale coronal wave, originating from a large flare in a remote active
region behind the solar limb. By carefully comparing the locations and heights of these oscillating and
non-oscillating structures, we conclude that the propagating height of the wave is between 50 Mm and
130 Mm. The wave energy deposited in the oscillating prominence and coronal loops is at least of the order
of 102® erg. Furthermore, local magnetic field strength and Alfvén speeds are derived from the oscillating
periods and damping time scales, which are extracted from the time series of the oscillations. It is demon-
strated that oscillations can be used in not only coronal seismology, but also to reveal the properties of the

wave.
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1 INTRODUCTION

Prominence (filament) oscillations have been observed for
a long time (e.g. Kleczek & Kuperus 1969). They are
classified into two groups based on their velocity ampli-
tudes: large-amplitude oscillations with velocity amplitude
>20 km s~ ! (Tripathi et al. 2009) and small-amplitude os-
cillations with velocity amplitude 2-3 km s~! (Oliver &
Ballester 2002; Arregui et al. 2012). In earlier observa-
tions, large-amplitude oscillations were caused by Moreton
waves (Gilbert et al. 2008; Liu et al. 2013), coronal waves
(Okamoto et al. 2004; Hershaw et al. 2011; Liu et al. 2012)
and nearby flares or jets (Vrs$nak et al. 2007; Li & Zhang
2012). The recent observation by Zhang et al. (2014) re-
vealed that rising chromospheric fibrils merged with a
prominence and triggered the prominence to oscillate in
large amplitude. This process, which is named “flux feed-
ing,” is also a possible trigger of large-amplitude oscilla-
tions. So far, there are few observations of large-amplitude
oscillations in prominences triggered by waves. With the

method of prominence seismology, local physical parame-
ters, such as magnetic field strength, can be extracted from
the properties of the oscillations (Isobe & Tripathi 2006;
Vr$nak et al. 2007; Oliver 2009). By analyzing the oscilla-
tion of a prominence during its slow rise phase, Isobe et al.
(2007) concluded that prominence seismology based on
large-amplitude oscillation can also be a diagnostic tool for
stability and the eruption mechanism of the prominence.

Oscillations are also found in coronal loops. Damped
oscillations in coronal loops were first discovered by
the EUV telescope on board the Transition Region and
Coronal Explorer (TRACE) spacecraft (Aschwanden et al.
1999; Nakariakov et al. 1999), and then further discussed
by Schrijver et al. (2002) and Aschwanden et al. (2002).
Nakariakov et al. (1999) concluded that all parts of the
loop oscillated transversely and in phase, indicating a kink
global standing mode of the loop. There are several damp-
ing mechanisms for kink oscillations in coronal loops, such
as footpoint or side energy leakage (Schrijver & Brown
2000), phase mixing (Heyvaerts & Priest 1983; Roberts
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2000) and resonant absorption (Ruderman & Roberts
2002; Ruderman 2005). It is still an open question as to
which mechanisms are working in the damping process.
Physical parameters of the oscillations, e.g. periods and
damping times, can be used to obtain indirect informa-
tion on the conditions of the plasma and magnetic field in
coronal loops (Nakariakov & Ofman 2001; Goossens et al.
2002; Arregui et al. 2007).

Large-scale coronal waves were first observed
by the Extreme ultraviolet Imaging Telescope (EIT;
Delaboudiniere et al. 1995) on board the Solar and
Heliospheric Observatory (SOHO; Thompson et al. 1999),
and hence are also called “EIT waves.” In some papers,
coronal waves are also introduced as “EUV waves,” cor-
responding to the same phenomena. Coronal waves are
commonly interpreted as fast magnetosonic waves (Wang
2000; Ofman & Thompson 2002), which are always as-
sociated with a flare, usually propagating from the flare
site isotropically at a typical speed of 200—500 km s~*
(Nakariakov & Verwichte 2005). The properties of the
wave vary during propagation because of the interaction
with coronal magnetic structures (Ofman & Thompson
2002; Gopalswamy et al. 2009; Veronig et al. 2010).
Studies of coronal waves have shed light on fundamental
physical problems in solar physics, such as acceleration of
the fast solar wind (Cranmer et al. 2007) and the mecha-
nism of coronal heating (Heyvaerts & Priest 1983). There
are close relationships between coronal waves and oscilla-
tions of coronal structures. On one hand, a coronal wave is
a possible trigger of the oscillations (Hershaw et al. 2011;
Kumar et al. 2013), and on the other hand the oscillating
parameters reveal the physical properties of both the wave
and the oscillating structures (Gilbert et al. 2008).

In this paper, we study the oscillations of a prominence
and a bundle of coronal loops associated with the coro-
nal wave generated by a large flare. The different parame-
ters of the oscillating and non-oscillating structures reveal
the propagation properties of the coronal wave. In the fol-
lowing sections, we establish the locations of the relevant
prominences and coronal loops through multi-spacecraft
observations (Sect. 3.1) to investigate the interaction be-
tween the wave and magnetic structures (Sect. 3.2), cal-
culate the oscillating properties of the oscillating struc-
tures (Sect. 3.3), and estimate the local magnetic field
strength and Alfvén speed from the oscillating properties
(Sect. 3.4). By comparing the locations of the structures,
we roughly estimate the propagating height of the wave
(Sect. 3.5). Finally, a discussion and conclusion are given
in Section 4.

2 INSTRUMENT AND DATA

The prominences and the coronal loops were observed
off the east limb in EUV by the Atmospheric Imaging
Assembly (AIA; Lemen et al. 2012) on board the Solar
Dynamics Observatory (SDO;, Pesnell et al. 2012). Images
taken by the Extreme Ultraviolet Imager (EUVI; Wuelser
et al. 2004), which is part of the Sun Earth Connection
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Table 1 Geometrical Parameters

D Mm)* H Mm) L (Mm)**  Oscillate or not
Pl 490%%%, 130 220 Y
P2 550139, 50 80 N
L1 360179, 210 220 Y
L2 930750 200 320 N

* The superscripts and subscripts correspond to the spatial
range of the structures.

*## [ is the estimated length of the parts that can be recon-
structed in 3D.

Coronal and Heliospheric Investigation (SECCHI; Howard
et al. 2008) imaging package on board the Solar
TErrestrial RElations Observatory (STEREO; Kaiser et al.
2008), are utilized to investigate the propagation of the
coronal wave. The prominences appeared as dark filaments
in the field of view (FOV) of STEREO’s ‘Behind’ space-
craft (STB). Two prominences and two bundles of magnetic
coronal loops are analyzed in this paper.

3 OBSERVATIONS
3.1 3D Reconstruction of the Structures

Figure 1 illustrates the locations of the relevant promi-
nences and loops from the perspectives of both the SDO
and STEREO satellites, the positions of which are shown
by the inset in Figure 1(b). Figure 1(a) is the running ratio
image of EUVI 304 A observations, and Figure 1(b) is the
original AIA 304 A image. There are two prominences lo-
cated at almost the same region in Figure 1(a), apparently
intersecting with each other (also see the animation accom-
panying Fig. 1), but in fact they are suspended at different
heights, as shown in Figure 1(b). The higher prominence,
spreading along the direction from northeast to southwest
in Figure 1(a), is labeled as ‘P1, and the lower promi-
nence, generally in the east-to-west direction but turning
northward at its west end, is labeled as ‘P2.” P1 and P2
can be clearly recognized in the animation accompanying
Figure 1. Figure 1(c) and 1(d) are the linearly scaled 171 A
original images from EUVI and AIA, respectively. There
is a bundle of coronal loops appearing as a bright dome,
which is labeled as ‘L2.” Different scalings are used in dif-
ferent regions in Figure 1(c), so as to clearly reveal differ-
ent parts of L2. Figure 1(e) is the running difference image
of EUVI 195 A observations, and Figure 1(f) is the running
difference of AIA 193 A images. Another bundle of coro-
nal loops is observed here, called ‘L1’ hereafter. It appears
as a dark arch in Figure 1(e) and 1(f), as pointed out by the
red arrow. L1 is nearer to the flare site than L2. Different
from L2, only after the onset of the flare and the passage of
a coronal wave would L1 be visible in the FOV of STB (see
the animation accompanying Fig. 1), resulting from the os-
cillating motions triggered by the wave (see Sect. 3.3).
Observations from different perspectives make it pos-
sible to build 3D reconstructions of these structures. Here
we use SCC_MEASURE in the Solar Software package
to analyze the 3D geometric properties of the structures.
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Fig.1 The locations of the prominences and coronal loops analyzed in this paper. The left panels are images taken by STB/EUVI and
the right panels are taken by SDO/AIA. The white curves in the left panels denote the solar limb as seen by SDO. Panel (a) is the
running ratio image of EUVI 304 A observations; panel (b) is the AIA 304 A original image, and the inset plots the positions of the
STEREO spacecrafts (blue dots) relative to the Sun (yellow dot) and the Earth (green dot) in the plane of Earth’s orbit, with STEREO-A
ahead of, and STB behind, the Earth. Panels (c) and (d) are the scaled 171 A original images from EUVI and AIA, respectively. In panel
(c), in order to clearly show the profile of L2, different scalings are used in different regions. Panel (e) is the running difference image
of EUVI 195 A observations, and panel (f) is that of AIA 193 A. The prominences and the loops are marked as P1, P2, L1 and L2. The
solid black lines in the bottom left panel trace the region covering both P1 and L1, whose center is located at the flare site.

The results are shown in Figure 2, where the reconstructed
points of P1, P2 and L1 are marked by blue cross sym-
bols, cyan cross symbols and red pluses, respectively. The
geometric parameters of these relevant structures, obtained
from the 3D reconstructions, are tabulated in Table 1: D is
the mean distance from the flare site, with the superscripts
and subscripts indicating the spatial ranges of the struc-
tures, H is the maximum 3D height and L is the estimated
3D length of the structures, which is calculated by sum-
ming the 3D distances of neighboring reconstructed points
by SCC_.MEASURE. It should be noted that L only repre-
sents the length of the parts of the structures that could be
clearly recognized in the FOVs of both SDO and STEREO.
Obviously, the estimated L is the lower limit of the actual
length. The white curves in the left panels trace the solar
limb as seen by SDO. It is obvious that P1, P2 and L2 were
located near or to the west of (in front of) the solar limb
in SDO, indicating that most parts of P1, P2 and L2 could
be tracked in the 3D reconstruction. The coronal loops L1,
however, were located more distant from the solar limb in

SDO. As aresult, some lower parts of L1 were occulted by
the solar disk from the perspective of SDO, which explains
that its visible part in SDO has a minimum 3D height of
88 Mm. For comparison, the minimum tracked 3D heights
of P1, P2 and L2 are only 15, 20 and 6 Mm, respectively.
Therefore, the calculated length from the 3D reconstruc-
tion for L1 is far from accurate; although the calculated
lengths for P1, P2 and L2 are also underestimated, the de-
viations should not be large.

3.2 Overview of the Event

A big flare erupted at about 03:00 UT on 2012 September
22, corresponding to the vertical solid lines in Figure 3(d)-
3(h). The flare generated a large-scale coronal wave, trig-
gering the oscillations of prominence P1 and coronal loops
L1 (also see the animation accompanying Fig. 3). The
wave front can be tracked in the EUVI 195 A running dif-
ference image, as marked by the white cross symbols in
Figure 3(e). Figure 3(f) and 3(h) is the space-time stack
























