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Abstract

Solar extreme-ultraviolet (EUV) waves generally refer to large-scale disturbances propagating outward from sites
of solar eruptions in EUV imaging observations. Using the recent observations from the Atmospheric Imaging
Assembly on board the Solar Dynamics Observatory, we report a quasiperiodic wave train propagating outward at
an average speed of ~308 kms™'. At least five wave fronts can be clearly identified with the period being ~120 s.
These wave fronts originate from the coronal loop expansion, which propagates with an apparent speed of
~95 km sfl, about 3 times slower than the wave train. In the absence of a strong lateral expansion, these
observational results might be explained by the theoretical model of Chen et al., which predicted that EUV waves
may have two components: a faster component that is a fast-mode magnetoacoustic wave or shock wave and a
slower apparent front formed as a result of successive stretching of closed magnetic field lines. In this scenario, the
wave train and the successive loop expansion we observed likely correspond to the fast and slow components in
the model, respectively.

Unified Astronomy Thesaurus concepts: Solar coronal mass ejections (310); Solar flares (1496); Solar oscillations

(1515); Solar coronal waves (1995)

Supporting material: animation

1. Introduction

Large-scale propagating disturbances in the solar corona
were discovered by the Extreme-Ultraviolet Imaging Telescope
(EIT) on board the Solar and Heliospheric Observatory, and
termed “EIT waves” or “extreme-ultraviolet (EUV) waves”
(Moses et al. 1997; Thompson et al. 1998). EUV waves propa-
gating out from the eruption site at a speed of 50-1500km s’
(Thompson & Myers 2009; Nitta et al. 2013), and are usually
accompanied by coronal mass ejections (CMEs; e.g., Biesecker
et al. 2002; Chen 2009; Nitta et al. 2013; Liu et al. 2018). It
was revealed recently that small-scale events, such as surges,
jets, minifilaments, and mini-CMEs, may also drive EUV
waves (e.g., Zheng et al. 2011, 2012; Shen et al. 2017). EUV
waves are often found to propagate at nearly constant speeds or
with decelerations (e.g., Warmuth et al. 2004; Long et al.
2008). In general, EUV waves are best seen as intensity enhan-
cements in 193 and 211 A passbands. A statistical investigation
showed that among 138 events, 17% appear as bright wave
fronts and 41% appear as dark wave fronts in the 171 A
passband (Nitta et al. 2013).

Theoretical models of EUV waves can be classified into three
groups: wave, nonwave, and hybrid models. Wave models
interpret EUV waves as true waves, most commonly as fast-
mode magnetohydrodynamic (MHD) waves or shocks (e.g.,
Thompson et al. 1999; Wang 2000; Warmuth et al. 2001), and
sometimes as slow-mode solitons (Wills-Davey et al. 2007),
magnetoacoustic surface gravity waves (Ballai et al. 2011), or
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slow-mode waves and velocity vortices surrounding CMEs
(Wang et al. 2009). The discovery of stationary EUV wave front
challenged the wave model (Delannée 2000). Nonwave models
interpret EUV waves as current shells between erupting mag-
netic field and the unperturbed magnetic field (Delannée 2000;
Podladchikova & Berghmans 2005; Delannée et al. 2008), CME
bubble projection (Aschwanden 2009; Ma et al. 2009), or
successive reconnection fronts (Attrill et al. 2007). However, the
observed reflections, refractions and transmissions of EUV
waves (e.g., Gopalswamy et al. 2009; Olmedo et al. 2012; Shen
et al. 2013; Zhou et al. 2022) strongly favor the wave models. In
particular, some observations showed the cospatiality of coronal
EUYV waves and chromospheric Moreton waves (e.g., Warmuth
et al. 2001; Eto et al. 2002; Okamoto et al. 2004; Asai et al.
2012; Shen & Liu 2012; Long et al. 2019; Shen et al. 2019; Hou
et al. 2022), which indicates some EUV waves are indeed fast-
mode waves, rather than nonwaves. To reconcile all these discre-
pancies, Chen et al. (2002, 2005) proposed a hybrid model, i.e.,
there are two types of EUV waves, a faster component and a
slower component. The fast-component EUV wave is a fast-
mode MHD wave (or shock wave) whose footpoints would
sweep the chromosphere so as to generate a Moreton wave, and
the slow-component EUV wave is apparent propagation that is
generated by successive magnetic field line stretching. Further-
more, as demonstrated and illustrated in Figures 3—4 of Chen
et al. (2002), each front of the slow-component EUV wave, as
the magnetic field line stretches, is also a perturbation source,
which would drive a fast-mode wave propagating ahead of the
slow component of the EUV wave. That is to say, there should
exist a wave train starting from the slow-component EUV wave
front but following the fast-component EUV wave front, though
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Figure 1. AIA 171 A image at 02:18:57 UT (a), and running-difference images at 02:12:09 UT (b) and 02:23:57 UT (c). Slices A—B and C-D were used to obtain the
time—distance diagrams shown in Figure 2. Slice A-B was also chosen to obtain the intensity variations shown in Figure 3. The dashed rectangle indicates the field of
view of Figure 4(a). The arrows in (b) and (c) indicate the loop expansion and the multiple wave fronts, respectively. An animation of the AIA 171 A and running-
difference images is available in the online journal. The animated version shows these images proceeding from 2:00 to 2:35 UT. An annotation highlights the location

of the wave train in the running-difference images.

(An animation of this figure is available.)

their intensity is generally much fainter than the two components
of EUV waves.

While the quasiperiodic wave train behind the fast-comp-
onent EUV wave was clearly revealed in Shen et al. (2019) and
Zhou et al. (2022), the wave train starting from the slow-
component EUV wave was discovered by Liu et al. (2012),
although the authors claimed that the wave train starts from the
CME frontal loop, without explicitly stating that the wave train
starts from the slow-component EUV wave. Besides, it is still
controversial about the physical process determining the period
of the wave train. Liu et al. (2012) and Zhou et al. (2022) found
that the wave train shares the same period as the flare emission,
whereas Shen et al. (2019) claimed that the period of the wave
train is the same as that the untwisting motion of the erupting
filament. Collecting more events is crucial in verifying the
source of wave train and what determines the period of the
wave train. In this Letter, we report another EUV wave train
event, which propagates across coronal loops. The observations
and results are presented in Section 2, which are discussed
in Section 3. Finally, we briefly summarize our results in
Section 4.

2. Observations and Results

On 2021 November 2, an M1.7-class flare, which peaked at
~02:44 UT, occurred in NOAA active region (AR) 12891 at
N16°E09° on the Sun. The flare was associated with a halo
CME. An EUV wave event was detected in association with
the flare. Among the 10 channels of the Atmospheric Imaging
Assembly (AIA; Lemen et al. 2012) on board the Solar
Dynamic Observatory (SDO), only the 171 A (dominated by
emission from Fe IX, sensitive to the ~0.8 MK plasma) channel
clearly reveals the multiple wave fronts, whereas the coronal
loop stretching process can be seen in not only the 171 A
channel but also other channels like 193 A (Fe X1, ~1.6 MK)
and 211 A (Fe X1V, ~2.0 MK). These full-disk EUV images
have a spatial resolution of ~1”5 and a cadence of 12s.

Figure 1 presents an overview of the flare in the 171 A
channel at 02:18:57 UT. During the early phase of the flare, we

can see high-reaching overlying loops above the flare region.
For the sake of convenience, the coronal loop footpoints
located near the eastern flare ribbon are labeled as east
footpoints, and the other as west footpoints. These overlying
loops appear to be sequentially stretched up since ~02:04 UT
(see the online animation), resulting in an apparent “EUV
wave” phenomenon. A rough estimate yields a propagation
speed of ~95kms~'. Such a large velocity indicates that the
loop expansion is more likely CME-driven rather than driven
by magnetic flux emergence, which causes a speed of 20 km
s~ ! or smaller. Interestingly, AIA also observed another type of
EUV wave in 171 A around the west footpoints of the coronal
loops. Starting from ~02:13 UT, we see quasiperiodic
propagating disturbances with alternative bright and dark
fronts across the loop legs in the running-difference images
(see the online animation), similar to those discovered by Liu
et al. (2012). We can identify at least five distinct wave fronts
sweeping across the loop legs around the west footpoints.

We utilized AIA 171 A  running-difference images
(At=245) to study the propagation characteristics of the
EUV waves. Figures 1(b) and (c) display selected AIA 171 A
running-difference images. From panel (b), we can see that the
fronts of loop expansion due to the loop stretching have a
semicircular shape. From ~02:04 UT to ~02:18 UT, the
associated disturbance propagates from the loop top to the loop
legs around the west footpoints. The intensity enhancement is
about 13% relative to the background. When the disturbance
arrives at the west footpoints at ~02:13 UT, multiple cross-
loop wave fronts appear. Multiple bright—dark interlaced fronts
with a similar shape can be clearly identified from the running-
difference image sequence (see the online animation), and one
pair of them is presented in Figure 1(c). Their intensity
variations are about 25%, consistent with the typical intensity
perturbations of EUV waves (e.g., Warmuth 2015). The AIA
observation also shows that the starting position of each wave
front is exactly at the location of each stretched loop leg around
the west footpoints, which indicates that the origin of the
multiple wave fronts is directly related to the loop stretching.
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We selected the slices marked as the blue dashed lines in
Figures 1(a) and (c) to create time—distance diagrams, which
are shown in Figure 2. The vertical stripes in Figure 2(a)
indicate that there is no intensity disturbance propagating along
the coronal loops when the multiple wave fronts were detected.
This behavior suggests that the waves sweep across the loops,
rather than propagate along the loops. Some weak inclined
features before the appearance of these vertical stripes likely
result from sweeping across the loops by the propagating
waves. At leave five fast wave fronts with a similar
morphology and speed can be clearly identified in
Figure 2(b). Such highly similar features indicate that they
are likely homologous wave trains and have a high probability
of being triggered by the same process. Each green line
indicates a motion with a slight acceleration projected in the
plane of sky. We thus applied a second-order polynomial fitting
to each green line. The initial and final propagating speeds of
these multiple wave fronts were found to be 280+ 33 and
330 +27kms ™, with an average speed of 308 +29km s~ '. It
should be noted that the speed is for the identified wave
propagation across the loop legs rather than outwards away
from the AR source. The period of the multiple wave fronts
was found to be ~120 s. All the starting points of these wave
fronts in Figure 2(b) form an envelope, which propagates away
from the eruption site as indicated by the cyan dashed line.
Such an apparent wave pattern continues to 02:38 UT even
after the quasiperiodic wave train is not visible anymore. From
the image sequence (see the online animation), we found that
this envelope actually corresponds to the successively stretched

02:18
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02:30
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Figure 2. Time—distance diagrams of AIA 171 A running-difference images for the slice A-B (a) and slice C-D (b) in Figure 1. The green and cyan dashed lines in (b)
indicate the propagation of the multiple wave fronts and the envelope, respectively. Speeds of the propagating features are printed in the figure.

bright loop legs around the west footpoints. We used a curved
line to mark this envelope, which yielded an apparent speed of
about 95 & 8 kms~'. This means that the driving source of the
quasiperiodic fast wave fronts moves at a speed of ~95kms ™.
As we mentioned above, the multiple fast wave fronts appear
to be alternatively bright and dark in the 171 A running-
difference images, which have been seen in previous observa-
tions (e.g., Veronig et al. 2011; Li et al. 2012; Yang et al. 2013;
Hou et al. 2022). The multiple wave fronts cannot be easily
identified in other EUV channels. However, there are some
weak wave front-like perturbations in 193 A and 211 A near
slice A—B in Figure 1(a). Therefore, rather than trying to
display quasiperiodic wave train in other channels, we picked
up slice A—B where the wave fronts go through to make light
curves in three EUV channels. Figure 3(a) shows their
normalized light curves. To eliminate the impact of the
background evolution, we produced running-difference light
curves, and the result is presented in Figure 3(b). We can see
significant oscillations in 171 A, which represent the alterna-
tively bright and dark wave fronts. Similarly, the intensity
oscillations are discernable in the 193 and 211 A channels as
well. In particular, we found that around the time when the
intensity of 171 A reaches its minimum, the intensities of 193
and 211 A reach their maxima. This anticorrelation indicates
that the plasma at the wave front is heated from 1g(7/K) =~ 5.9
to 1g(T/K) ~ 6.2, possibly due to compression (e.g., Wills-
Davey & Thompson 1999; Li et al. 2012; Hou et al. 2022).
To examine the magnetic field configuration of the flare
region, we reconstructed the three-dimensional coronal
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Figure 3. Variations of the intensities averaged over slice A-B in Figure 1(a). Normalized intensity variations (a) and normalized running difference of the intensity

(b) in the 171, 193, and 211 A channels (smoothed over 1 minute interval).
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Figure 4. Magnetic field structure in the flare region. Panel (a) shows the linear force-free field extrapolation result of AR 12887 at ~05:30 UT. The blue and red lines
represent the overlying large-scale coronal loops and the postflare loops, respectively. Panels (b) and (c) are schematic representations of the evolution of magnetic
field structures. The plus and minus signs represent different magnetic polarities. The red thick lines between the positive and negative polarities correspond to the
erupting filament. The dashed lines and semitransparent solid lines represent the positions after and before the perturbation, respectively. The cyan wavy lines in

panels (b) and (c) indicate multiple wave fronts.

magnetic field through a linear force-free field model described
in Nakagawa & Raadu (1972) and Alissandrakis (1981). The
extrapolation was based on the photospheric line-of-sight
magnetogram taken by the Magnetic Imager (HMI; Scherrer
et al. 2012) on board SDO. The HMI magnetogram has a
spatial resolution of 1”. We choose the time at ~05:30 UT
(after the flare) to obtain the position of relatively low postflare
loops. Using a trial-and-error method similar to Chen et al.
(2018), we found that an « value of —27"Mm™! can achieve a
good match between the extrapolated field lines and loop
features in EUV images. Selected field lines are shown in
Figure 4(a). We can see the high-reaching overlying loops
above the low-lying postflare loops, indicating that the
stretching of the overlying coronal loops is presumably

triggered by a rising filament (observed in AIA 304 A around
00:00 UT, not shown here) above the postflare loops.

3. Discussions

Multiple wave fronts are sometimes observed as quasiper-
iodic fast-mode propagating (QFP) waves in CME/flare
eruptions. Some of them emanate from the flaring sites inside
CME:s (e.g., Liuet al. 2011; Li et al. 2018; Ofman & Liu 2018).
These QFP waves tend to be narrow in the angular span and
often weak, e.g., with an intensity enhancement of about 1%-—
8% (Liu et al. 2011; Shen et al. 2022). They are believed to be
generated by the pressure pulses in flaring loops, propagating
along the fan-like large-scale magnetic field. Correspondingly,
these QFP waves have a period almost identical to that of the
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flare light curve. On the other hand, Liu et al. (2012)
discovered another type of QFP waves, which emanate from
the CME frontal loop. These QFP wave fronts tend to be
broader in the angular span and are brighter, e.g., with an
intensity enhancement up to >20%. The nature of these broad
QFP wave train is still controversial.

Some authors claimed that these broad QFP waves originate
from the flares (Liu et al. 2012; Zhou et al. 2022). On the other
hand, Shen et al. (2019) revealed that the QFP wave train
immediately follows the fast-component EUV wave with the
homogeneous shape. Since both slow-component and fast-
component EUV waves are believed to be generated by CMEs
(Chen et al. 2002), Shen et al. (2019) tended to support that the
QFP waves are related to filament eruption. More importantly,
they found that the QFP wave shares the common periodicity
with the untwisting motion of the erupting filament, which
reinforces the CME as the driving source. A similar conclusion
was made by Miao et al. (2019), who found that the flare
associated with a QFP wave train has no periodic pulsations. In
this paper, we analyzed a QFP wave event associated with a
halo CME and an M1.7-class flare. Unlike the narrow QFP
waves channeled along open magnetic field with an EUV
enhancement of 1%—-8%, the QFP waves studied in this paper
propagate across field lines, and their associated intensity
enhancement is much larger. While the QFP waves propagate
outward with a speed of 308 + 29 km s~ ', the starting positions
of all the wave fronts form a wavelike pattern propagating out
with a speed of 95kms™'. Such a wavelike pattern continues
even after the QFP waves vanish. According to the hybrid
model proposed by Chen et al. (2002, 2005), as a CME erupts,
all the overlying magnetic field lines would be stretched up.
Two types of EUV waves would be generated consequently: a
piston-driven wave or shock wave propagates in the forefront,
and an apparent wave propagates behind, which is generated
via successive stretching of the magnetic field lines overlying
the CME bubble. The two types of waves are often called fast-
component and slow-component EUV waves. According to
their model, the fast-component EUV wave, as a fast-mode
MHD wave, should be ~3 times faster than the slow-
component EUV wave if the stretching magnetic field lines
are concentric semicircles. In real observations, the magnetic
field lines overlying the filament deviate from concentric
semicircles, resulting the speed ratio in the range of ~2—4.
Furthermore, both their simulation results and the schematic
sketch in Chen et al. (2002) pointed out that each front of the
slow-component EUV wave is a source of perturbation, and
would drive a fast-mode MHD wave, and the fast-component
EUV wave or shock is simply the strongest leading front
among the wave train. Our observations appear to fit into this
hybrid model: the starting points of the QFP wave fronts form a
wavelike pattern, corresponding to the slow-component EUV
wave in the hybrid model, and the apparent speed of the slow-
component EUV wave, i.e., 95km s_l, is roughly 3 times
slower than the fast-mode MHD wave speed, 308 +29 kms ™.
Similarly, the speed of the QFP waves in Liu et al. (2012) is
also 2—4 times faster than the lateral expanding velocity of the
CME frontal loop. According to Chen (2009), CME frontal
loops are cospatial with the slow-component EUV wave. In this
sense, the QFP wave speed is also 2—4 times faster than the
slow-component EUV wave in Liu et al. (2012). This low
speed, together with the weak intensity disturbance, suggests
that the lateral expansion of the CME volume as often assumed
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in the “wave” scenario (Patsourakos & Vourlidas 2012) is very
weak. This is further seconded by the fact that no type II radio
burst was observed in this event. In the absence of a strong
lateral expansion, the Chen et al. (2002) scenario is favored
(Nitta et al. 2014). Therefore, we tend to believe that the broad
QFP waves, as discovered by Liu et al. (2012) and investigated
in this paper, might be driven by the magnetic field line
stretching as predicted by Chen et al. (2002, 2005).

The period of QFP waves might also disclose the nature of
QFP waves. Liu et al. (2012) found that the QFP waves
propagating northward have a period of 128s, and the QFP
waves propagating southward have a period of 212s. These
periods are similar to the periods of the flare pulsations, which
are in the range of 2-3.5 minutes. Therefore, they concluded
that the QFP waves originate from the flare site. The distinct
periods of the northward and southward QFP waves provoke us
to rethink the casual relationship between QFP waves and
flares. It is more reasonable to see the QFP waves have the
compound periods of the flares if the QFP waves originate from
the flare site. The fact that the flare pulsations have the
combined periods of the QFP waves reminds us of the opposite
possibility that the QFP waves have a feedback to the erupting
filament, which modulates the underlying magnetic reconnec-
tion in turn. The argument can be applied to the event in Zhou
et al. (2022) as well. We checked the soft X-ray and EUV data
in our event, and did not find any significant period that is close
to the period of the quasiperiodic wave fronts. Therefore, the
QFP wave train is not related to flare pulsations in this event.

More importantly, we found in this paper that the bright QFP
wave fronts always started from the bright legs of coronal
loops. We can therefore envisage such a paradigm for the fast-
mode MHD waves associated with filament eruptions accord-
ing to the hybrid model of Chen et al. (2002): If a CME
eruption is in the background with relatively uniform magnetic
and thermal structures, only the piston-driven shock wave
would be seen (e.g., Thompson et al. 1998; Liu et al. 2010;
Cheng et al. 2011; Veronig et al. 2011; Yang et al. 2013;
Kumar & Innes 2015). However, if the background magnetic
and/or thermal structures are strongly nonuniform, e.g., those
with discrete dense coronal loops, the stretching of a dense
coronal loop would drive a fast-mode MHD wave with a
distinct amplitude compared to the neighboring fast-mode
MHD wave. As a result, a quasiperiodic wave train is formed.
In this paradigm, the period of the QFP waves is actually
determined by the separation of the dense coronal loops along
the path of the QFP waves.

Based on the magnetic field extrapolation result shown in
Figure 4(a), we present a cartoon scenario to better explain the
whole process in Figures 4(b) and (c). During the impulsive
phase of the flare, as the filament rises, the field lines overlying
the filament are pushed to stretch up. The perturbation will
propagate out with the phase velocity of fast-mode waves,
while the deformation itself will be transferred to the outer field
lines from the loop top to the legs. Each deformation or
stretching in the west loop legs triggers a fast-mode wave.
Therefore, the successive stretching of the magnetic field lines
and the consequent fast-mode waves correspond to the
nonwave slow-component and the fast-component EUV waves,
respectively. The essence of this scenario is the same as that of
Chen et al. (2002). The update to their magnetic field line
stretching model is that the background atmosphere is strongly
inhomogeneous, with high-density plasma frozen in the blue
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solid lines. Once a field line with high-density plasma is
stretched up, a stronger fast-mode wave front is produced.

The speed of the QFP wave in our paper, ~308kms ',
appears to be at the lower end of typical coronal fast-mode
MHD waves, and is also smaller than the speed of 775kms ™"
in the model of Chen et al. (2002). This relatively small speed
probably cannot be explained by the projection effect, since the
region of our event is close to the disk center. In this case the
disturbances near the footpoints propagate almost along the
surface of the Sun with a small projection effect, so the speeds
of the multiple wave fronts should be close to the true fast-
mode magnetoacoustic wave speed. The low value is probably
due to the high plasma density since the waves were detected
near the footpoints of the coronal loops. In fact, the density and
magnetic field strength are strongly inhomogeneous in the
corona, resulting in very different Alfvén speeds in different
regions. The 308kms ' speed is still within the normal
coronal Alfvén speed range (e.g., Yang et al. 2020a, 2020b).
The apparent propagating speed (~95 km s~ ') associated with
the envelope in Figure 2(b) is about one-third of the fast wave
speed, which is also consistent with the model of Chen et al.
(2002).

4. Summary

Several events of multiple EUV wave fronts have been
previously reported (Liu et al. 2010; Kumar et al. 2017; Shen
et al. 2018; Zhou et al. 2022). However, most of these
observations only revealed multifront fast waves without a
slow nonwave component. Similar to Liu et al. (2012), we
observed an EUV wave event with multiple wave fronts, which
is characterized by quasiperiodic wave fronts with a speed of
~300km s~ " across legs of coronal loops. At least five wave
fronts can be clearly identified and the period is ~120 s. The
origin sites of successive wave fronts are sequentially
displaced, forming an apparent motion with a speed of
~95kms~'. The multiple wave fronts are characterized by
darkenings in AIA 171 A and brightenings in AIA 193 and
211 A, indicating plasma heating from 1g(7/K) ~ 5.9 to 1g(T/
K) =~ 6.2 at the wave front.

Our observational results might be explained by the
theoretical model of Chen et al. (2002), which implied multiple
fast-mode wave fronts driven by the successive stretching of
coronal loops during solar eruptions. The propagation of the
slow-component EUV wave, which is nonwave in nature, is
due to the apparent motion resulting from the successive loop
stretching, whose speed is about one-third of the fast wave
speed as predicted by the model. According to the data analysis
in this paper and their theoretical model, we propose that the
period of the quasiperiodic waves is determined by the
separation of the high-density coronal loops along the path of
the wave propagation, rather than the flare pulsations.
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