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ABSTRACT

We select and investigate six global solar extreme ultraviolet (EUV) wave events
using data from the Solar Dynamics Observatory (SDO) and the Solar and Heliospheric
Observatory (SOHO). These eruptions are all on the limb but recorded as halo coronal
mass ejections (CMEs) because the CME-driven shocks have expanded laterally to
the opposite side. With the limb observations avoiding the projection effect, we have
measured the inclination and speed of the EUV wavefront from 1.05 to 1.25 R⊙. We also
investigate the coupling and connection of the EUV wavefront with the CME boundary
and the CME-driven shock, respectively. The major findings in the six events are: (1)
the forward inclination of the primary and coronal-hole transmitted EUV wavefronts
is estimated, respectively, and the origins of these inclinations and their effects on
the estimate of actual wavefront speed are investigated; (2) the wavefront speed can
be elevated by loop systems near the coronal base, and the average speed in the low
corona has no clear correlation with the lateral expansion of the CME-driven shock in
the high corona; (3) the fast magnetosonic Mach number of the wavefront is larger than
unity from the coronal base; (4) the EUV wavefront is coupled with the CME driver
throughout the propagation in two events; (5) after the EUV wavefront vanishes, the
CME-driven shock continues traveling on the opposite side and disconnects from the
EUV wavefront in four events. These results and their implications are discussed, which
provide insight into the properties of global EUV waves.

Keywords: Solar extreme ultraviolet emission; Solar coronal mass ejection shocks; Solar
coronal waves; Solar storm
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1. INTRODUCTION

A solar extreme-ultraviolet (EUV) wave is an
eruption-triggered intensity disturbance propa-
gating in the corona, which was first reported
by Thompson et al. (1998) in the observations
of the Extreme-ultraviolet Imaging Telescope
(EIT, Delaboudinière et al. 1995) on board
the Solar and Heliospheric Observatory (SOHO,
Domingo et al. 1995). Alongside fast-mode
magnetohydrodynamics (MHD) wave models
(e.g., Moses et al. 1997; Wang 2000; Grechnev
et al. 2011; Temmer et al. 2011; Zhao et al.
2011), some EUV waves are explained by non-
wave models (e.g., Chen et al. 2005; Attrill
et al. 2007; Delannée et al. 2008) or by a soliton
(Wills-Davey et al. 2007). When an EUV wave
travels in all directions to a large distance com-
parable to the solar radius, it is called a large-
scale or global EUV wave. A combined view
incorporating both wave and non-wave compo-
nents is more favored to interpret a global EUV
wave. The wave component is a leading fast-
mode wave or shock, which is driven by a lat-
erally expanding coronal mass ejection (CME)
(the non-wave part; see Chen et al. 2002; Kien-
reich et al. 2009; Liu et al. 2010; Ma et al. 2011;
Cheng et al. 2012; Dai et al. 2012; Olmedo et al.
2012; Shen et al. 2013; Liberatore et al. 2023;
and reviews by Patsourakos & Vourlidas 2012;
Warmuth 2015; Chen 2016; Long et al. 2017).
This combined interpretation is also applicable
to a small-scale EUV wave (Shen et al. 2017) as
well as to some quasi-periodic fast-propagating
EUV waves (e.g., Sun et al. 2022; Zhou et al.
2024a). Combining the coronal plasma param-
eters and the kinematics, the Mach number of
an EUV wavefront and its associated shock can
be estimated (e.g., Warmuth & Mann 2005; Ma
et al. 2011; Grechnev et al. 2011; Cunha-Silva
et al. 2018), which provides insight into under-
standing the acceleration and release of ener-
getic particles (e.g., Rouillard et al. 2012; Park

et al. 2013; Lario et al. 2016; Kouloumvakos
et al. 2016; Zhu et al. 2018).
The outermost of EUV waves in the initial

stage often has a three-dimensional (3D) dome-
like shape, which can extend to a consider-
able height above the solar surface (e.g., Pat-
sourakos & Vourlidas 2009; Veronig et al. 2010;
Li et al. 2012; Cunha-Silva et al. 2018; Downs
et al. 2021; Mann & Veronig 2023). The EUV
wavefront heights are measured to be mostly in
the range of 60–100 Mm (e.g., Kienreich et al.
2009; Patsourakos et al. 2009; Shen & Liu 2012),
which may vary during the propagation (e.g.,
Delannée et al. 2014; Podladchikova et al. 2019)
or is dependent on the observation passband
(e.g., Hou et al. 2022). Stereoscopic analysis
based on multiple-viewpoint imaging has been
applied to determine the height (e.g., Kienreich
et al. 2009; Patsourakos et al. 2009; Delannée
et al. 2014; Podladchikova et al. 2019). Due
to the effects of projection or line-of-sight in-
tegration, estimate of the height of the EUV
wavefront is still challenging, which can also af-
fect the measurement of the wavefront kinemat-
ics (Kienreich et al. 2009; Downs et al. 2021).
Models and observations suggest that the 3D
EUV wavefront in the corona is forward inclined
in the propagation direction (e.g., Uchida 1968;
Afanasyev & Uralov 2011; Liu et al. 2012, 2018;
Hou et al. 2022). The actual speed direction of
an EUV wavefront is perpendicular to the wave-
front, and is toward the solar surface in the low
corona. Therefore, the actual wavefront speed is
smaller than the observed apparent speed. The
wavefront inclination angle can hardly be de-
termined without limb observations even from
multiple perspectives. Investigations of EUV
waves started on the solar limb are necessary
to obtain the actual kinematics of EUV waves.
An EUV wave may decouple from the driv-

ing CME when the lateral expansion of the
CME decelerates or ceases, after which the lead-
ing wave component travels freely (e.g., Co-
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hen et al. 2009; Patsourakos & Vourlidas 2009;
Cheng et al. 2012; Dai et al. 2012; Liberatore
et al. 2023). The wave component is often a
diffuse bright front followed by the bright CME
boundary (e.g., Cohen et al. 2009; Cheng et al.
2012; Dai et al. 2012) or by the expanding dim-
ming CME bubble (Patsourakos & Vourlidas
2009). The decoupling usually occurs during
the propagation, which means that before fad-
ing out the EUV wavefront travels a distance
greater than the lateral width of the CME. For a
large-scale CME that expands to a broad angu-
lar width, it is still unknown whether the CME
and EUV wavefront are coupled throughout the
wavefront propagation.
A CME-driven shock observed in white light

in the outer corona is often connected with an
EUV wave, as a footprint of the shock in the
low corona (e.g., Veronig et al. 2010; Cheng
et al. 2012; Kwon et al. 2014; Zhu et al. 2018;
Liu et al. 2019c). This connection indicates the
shock nature of the corresponding EUV wave
and the global geometry of the shock. Most so-
lar type II radio bursts are signatures of CME-
driven shocks (e.g., Uchida 1960; Mann et al.
1995; Claßen & Aurass 2002; Liu et al. 2009;
Cho et al. 2011; Kumari et al. 2023), and some
are attributed to non-CME generated coronal
shocks (e.g., Magdalenić et al. 2010; Su et al.
2015; Hou et al. 2023). For a CME-driven
shock, a type II radio burst can be used to infer
the shock’s propagation properties (e.g., Reiner
et al. 2007; Liu et al. 2008, 2013; Cremades
et al. 2015; Hu et al. 2016; Zhao et al. 2019).
A CME-driven shock can propagate laterally to
the other side of the Sun opposite the erup-
tion site, which has been observed with white
light in the outer corona (Kwon et al. 2014; Liu
et al. 2017; Hu et al. 2019). Henceforth, for
the sake of brevity, we refer to a “CME-driven
shock observed in white light” as a “white-light
shock”. In the contribution of the transmis-
sion of two polar coronal holes, the EUV wave

on 2017 September 10 travels all over the so-
lar sphere and reaches the opposite side of the
eruption (e.g., Liu et al. 2018; Hu et al. 2019),
which is unique. Although the eruption is on the
west limb, the CME manifests as a halo because
the bubble of the white-light shock encloses the
Sun (similar to cases in Kwon et al. 2014). The
wavefront of this EUV wave, throughout the
propagation, is continuously spatially connected
with the white-light shock even on the oppo-
site side. However, in common events where
the CME-driven shock propagates to the oppo-
site side without the transmission of large-scale
coronal holes, the connection between the EUV
wave and the white-light shock on the opposite
side is still elusive.
In this work, we will select and investigate six

global EUV wave events which are all triggered
by eruptions on the solar limb. The associated
CMEs are all recorded as halos because their
white-light shocks have propagated to the other
side of the Sun opposite the eruption site. This
work aims to comprehensively study (1) the lo-
cal morphology and (2) kinematics of global
EUV waves in the low corona, as well as (3)
the coupling with the expanding CME and (4)
connection with the CME-driven shocks. Ob-
servations of limb events can avoid the projec-
tion effect, which makes it simpler to obtain the
inclination and kinematics of the EUV wave-
front. Limb observations are also effective to
determine the CME boundary, the EUV wave-
front, and the CME-driven white-light shock,
which is helpful to discern the decoupling of the
EUV wavefront from the CME, as well as the
connection between the EUV wavefront and the
white-light shock. The data, event selection,
and the overview of the events are presented in
Section 2. The analysis results are provided in
Section 3 and are discussed in Section 4. The
conclusions are remarked in Section 5.
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Table 1. List of six EUV wave events associated with halo CMEs

Event Number Location Flare Side Inclination Speed Shock Exp. CH?

(YYYY-MM-DD) (◦) (◦) (km s−1)

(1) (2) (3) (4) (5) (6) (7) (8)

2011-09-22 N09E89 X1.4 Southward 64±3 333±18 1526±75 No

2013-05-13 N11E90 X1.7 Northward — 451±15 811±49 No

2013-11-07 S11W97 M1.8 Southward 65±2 336±6 680±33 No

2015-05-05 N15E80 X2.7 Northward 66±1 (38±5) 362±21 823±40 Yes

2017-09-10 S09W92 X8.2 Southward 75±4 (38±1) 772±85 1930±202 Yes

2020-11-29 S23E97 M4.4 Northward 61±1 468±15 1527±122 No

Note—Column (4) indicates which side of the EUV wavefront is investigated. Column (5) lists
the average inclination angles of the primary wavefront, whose average range is marked by the
two vertical dotted lines in panel (a) of Figures 2, 4 – 7; in the brackets are the average inclination
angles of the transmitted wavefronts (see the text), of which the average range is given by the
two vertical dashed lines in panel (a) of Figures 5 and 6; the uncertainty is the standard error of
the mean. Column (6) gives the average speed of the primary wavefront, which is from averaging
over the time span denoted by the horizontal solid line in panel (a) of Figures 2 – 7 and then over
altitudes of 1.05 – 1.25 R⊙. Column (7) provides the lateral-expansion speed of the CME-driven
shock fitted with the ellipsoid model (see the text). Column (8) indicates whether the EUV
wave is transmitted by a coronal hole (CH) on the limb during the propagation.

2. DATA AND EVENTS

All six selected EUV events are associated
with halo CMEs recorded in the SOHO/LASCO
CME catalog (Gopalswamy et al. 2009b), which
are all initiated by eruptions on the solar limb
from the view of the Earth. Because high-
cadence data are better to acquire the kine-
matics of EUV waves, especially for those fast
ones (Long et al. 2008; Patsourakos & Vourlidas
2012; Nitta et al. 2013; Downs et al. 2021), we
use data of the Atmospheric Imaging Assembly
(AIA, Lemen et al. 2012) on board the Solar Dy-
namics Observatory (SDO, Pesnell et al. 2012)
with a cadence of 12 seconds. Although the
EUV wave is prominent in running-difference
images of AIA 211, 193, and 171 Å, the 211
Å images are chosen because they have a rel-
atively better feature of the EUV wavefront in
our events. Below are the selection criteria for
the events to be studied: (1) Only halo CMEs

with a total width of 360◦ noted in the CME cat-
alog are selected, which means that each CME-
driven shock has propagated to the other side
opposite the eruption site; (2) Events with erup-
tion sites at heliographic longitudes between 80◦

and 100◦ are considered to be limb events in this
study; (3) On the limb an EUV wave has south-
ward and northward wavefronts, of which the
wavefront with a larger propagation distance is
chosen for investigation in each event; (4) If
both the southward and northward wavefronts
are too diffuse to be identified or have a prop-
agation distance less than 60◦ from the erup-
tion site in the position angle, the corresponding
events are also excluded. With these criteria, six
events have been selected from dozens of events
from 2011 September to 2020 November, and
are listed in Table 1. Most of these limb events
are remarkable and have been studied in prolific
literatures. Below in this section we will give an
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overview for each event, and the detailed results
will be presented in the following sections.
The 2011 September 22 EUV wave event:

This event is associated with an X1.4 flare
peaked at 11:01 UT on 2011 September 22 at
N09E89 in active region (AR) 11302 on the
east limb. The southward EUV wavefront is in-
cluded as a sample in our study, which is marked
in Column (4) of Table 1. The flare and the evo-
lution of the erupting flux rope have been stud-
ied with observations of multiple wavelengths
(e.g., Akimov et al. 2014; Zhang et al. 2023).
A shock is formed by the lateral expansion of
the CME, which is signified by type II radio
bursts (e.g., Carley et al. 2013; Zucca et al.
2014) and by intensive flux of solar energetic
particles (SEP) (e.g., Gopalswamy et al. 2014).
The 2013 May 13 EUV wave event: This event

is accompanied by an X1.7 flare peaked at 02:17
UT on 2013 May 13 at N11E90 in AR 11748 on
the east limb. The more prominent northward
EUV wavefront is selected for our study. High
intensity of SEP is observed in this event (e.g.,
Gopalswamy et al. 2014; Park et al. 2015; As-
chwanden et al. 2017), and type II radio bursts
associated with this eruption are also detected
(e.g., Richardson et al. 2014; Share et al. 2018).
These suggest that a CME-driven shock is pro-
duced by this eruption.
The 2013 November 7 EUV wave event: This

event is associated with an M1.8 flare peaked
at 00:02 UT on 2013 November 7 in AR 11890.
The southward wavefront is taken into analysis
for our study. The eruption site is at S11W97
slightly behind the west limb, which indicates
that the actual flare intensity is probably higher
than the observed. A short duration of type II
radio burst was detected around 00:30 UT by
the Wind spacecraft (Bougeret et al. 1995) and
by both the twin STEREO spacecraft (Bougeret
et al. 2008) (the data are not shown here), which
provides evidence of a CME-driven shock in this
event.

The 2015 May 5 EUV wave event: This event
is along with an X2.7 flare peaked at 22:11 UT
on 2015 May 5 in AR 12339 (Milligan et al.
2020; Zimovets et al. 2022), which also has a
white-light flare (Namekata et al. 2017). The
eruption is at N15E80 on the east limb, which
is related to a CME-driven shock associated
with type II radio bursts (Johri & Manoharan
2016). The northward wavefront is more promi-
nent and is selected for our study.
The 2017 September 10 EUV wave event:

This is a star textbook event, which has been
studied in numerous publications. The eruption
is at S09W92 in AR 12673 on the west limb,
associated with an X8.2 flare peaked at 16:06
UT on 2017 September 10. The flare has been
investigated by ground- and space-based instru-
ments at multiple wavelengths (e.g., Seaton &
Darnel 2018; Omodei et al. 2018; Gary et al.
2018; Hayes et al. 2019; Zhao et al. 2021). Tur-
bulent magnetic reconnections are observed in
an extended current sheet, which are studied
in a plethora of observations or models (e.g.,
Yan et al. 2018; Li et al. 2018; Cheng et al.
2018; French et al. 2019; Chen et al. 2020; Yu
et al. 2020). The CME and its driven shock are
both of spectacular speed and scale (e.g., Gopal-
swamy et al. 2018; Veronig et al. 2018; Hu et al.
2019; Liu et al. 2019c; Yang et al. 2021). The
CME-driven shock is also related to type II ra-
dio bursts and contributes to the acceleration of
energetic particles (e.g., Zhao et al. 2018; Gopal-
swamy et al. 2018; Morosan et al. 2019; Zhu
et al. 2021; de Koning et al. 2022). A series of
interplanetary sequences of this event have been
observed (e.g., Lee et al. 2018; Cramer et al.
2020; Ding et al. 2020; Kocharov et al. 2020).
The EUV wave is currently the only known one
that travels all over the solar sphere in the con-
tribution of the transmission of two polar coro-
nal holes (Liu et al. 2018; Hu et al. 2019). In
this study, we will investigate the local geom-
etry and kinematics of the EUV wavefront in
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the low corona, as well as the connection with
the associated CME and white-light shock. The
southward wavefront is analyzed because it is
more prominent than the northward wavefront
in AIA 211 Å images.
The 2020 November 29 EUV wave event: This

event is accompanied by an M4.4 flare peaked at
13:11 UT on 2020 November 29 in AR 12790,
which triggers the first widespread SEP event
of solar cycle 25 detected by multiple recently
launched spacecraft (e.g., Cohen et al. 2021;
Kollhoff et al. 2021; Fu et al. 2022). A white-
light CME-driven shock and its associated type
II radio burst are also observed (e.g., Kollhoff
et al. 2021; Chen et al. 2022; Nieves-Chinchilla
et al. 2022). The flare is at S23E97 on the east
limb, which is partially occulted, similar to the
2013 November 7 event, and the actual flare in-
tensity is also possibly higher than the observed.
As noted in Table 1, the northward wavefront
is selected for our study.
All the six EUV wave events are initiated on

the solar limb, but are all observed as full halo
CMEs, where the 360◦ “halo” is contributed by
the white-light CME-driven shock that propa-
gates to the opposite side in the corona. We
will reveal the inclination and kinematics of the
EUV wavefronts in the low corona, and discuss
the coupling with the expanding CMEs and the
connection with the white-light shocks in the
following sections.

3. ANALYSIS AND RESULTS

3.1. Inclination of the Wavefront

The local morphology of the EUV wavefronts
in the low corona on the solar limb is clearly
shown in Figure 1. Obvious inclination of the
primary wavefronts is observed for five of the
six events, except for the 2013 May 13 event.
Figure 1 (a)–(e) illustrate a typical frame of the
EUV wavefront for the five events, respectively.
The dashed-circles mark the altitudes from 1.05
to 1.25 R⊙ with a step of 0.05 R⊙, where time-

distance profiles in position angles (measured
counterclockwise from the solar North) are ex-
tracted. The time-distance profiles for each
event are shown in panel (a) of Figures 2–7. If
a wavefront is forward inclined, the wavefront
at a larger altitude is ahead of that at a smaller
altitude, i.e., has a larger distance in the time-
distance profile. The time period during which
the inclination is observed is indicated by the
two vertical dotted lines in panel (a) of Figures
2–7. For each time in the period, the EUV wave-
front is determined by a linear fit of the points
at the five altitudes from 1.05 to 1.25 R⊙. For
the 2013 November 7 and 2020 November 29
events, the point at 1.25 R⊙ is excluded from
the fit because the position angle at 1.25 R⊙ is
very close to that at 1.20 R⊙ (see panel (a) of
Figures 4 and 7) indicating the wavefront above
1.20 R⊙ is not notably inclined. In this study,
the inclination angle is defined as the acute an-
gle between the fitted wavefront and the tangent
at the average position angle for each time. The
average inclination angle is calculated over the
time period indicated in panel (a) of Figures 2–7
(except Figure 3 because wavefront inclination
is not obvious for the 2013 May 13 event). The
average inclination angles for the five events are
given in Column (5) of Table 1 and are denoted
in Figure 1(a)–(e).
There is a coronal hole at the north pole for

the 2015 May 5 event, which transmits the EUV
wave. The EUV wavefront in the coronal hole
can only be observed at lower altitudes of 1.05
and 1.10 R⊙. As displayed in Figure 5(a), at
the two altitudes inside the coronal hole, the
distance between the two time-distance profiles
becomes larger, indicating that the wavefront
is more inclined than the primary wavefront.
The inclination angle is estimated, although
with only two points at the two altitudes, us-
ing a linear fit mentioned above. Then we get
the average inclination angle of the transmitted
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Figure 1. Still running-difference EUV images of SDO/AIA 211 Å for five of the selected six events except
the 2013 May 13 event. (a)–(e) show clear inclination of the primary wavefront. (f) displays the forward
inclination of the transmitted wavefront in the 2017 September 10 event. The angles in units of degrees are
the average inclination angles of the wavefronts over specified time periods (see the note of Table 1 and the
text). The cyan diamonds mark the eruption sites. The dashed-circles denote the heights from 1.05 to 1.25
R⊙ with an increment of 0.05 R⊙.
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Figure 2. Time-distance profiles in position angles (measured in degrees counterclockwise from to the solar
North) ((a)) and kinematics ((b)–(f)) of the EUV wavefront, with an interval of 1 minute at altitudes from
1.05 to 1.25 R⊙ for the 2011 September 22 event. In panel (a), the two vertical dotted lines indicate the time
period during which the inclination angle is measured and averaged; the horizontal solid line marks the time
span used to calculate the average speed in Column (6) of Table 1 and Figure 8; the horizontal dashed line
denotes the position angle of the source region of the EUV wave (i.e., the eruption site). In panels (b)–(f),
the solid curve represents the apparent wavefront speed (vw) that is the multiplication of the derivative of
the time-distance profile in (a) (converted to radians) and the corresponding altitude, where the derivative
is computed by the DERIV.pro function in the Interactive Data Language (IDL); the cyan solid curve is the
actual speed calculated by multiplying the apparent speed with the sine of the inclination angle; the green
dash-dotted curve indicates the fast magnetosonic speed (vfms) given by an MHD model at each altitude
(see the text); the black and cyan curves are the fast magnetosonic Mach number (Mfms = vw/vfms) scaled
by the right axis, corresponding to the apparent and actual wavefront speeds, respectively; the pink text
labels the approximate Universal Time for each closest data point.

wavefront for the 2015 May 5 event, which is
38± 5◦and is given in Column (5) of Table 1.

For the famous 2017 September 10 event, the
EUV wave is transmitted by the two polar
coronal holes (Hu et al. 2019), and the south-
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Figure 3. Similar to Figure 2, but for the 2013 May 13 event. The difference from Figure 2 is that there
are no types of lines related to the wavefront inclination.

ward wavefront is investigated. Inside the south
polar coronal hole, the wavefront is more ob-
scured than outside and has a very high appar-
ent speed (see Figure 6 and Section 3.2). The
position angles in the time-distance profiles of
the wavefront have larger uncertainty, and thus
the wavefront inclination angle is not calculated
inside the coronal hole. However, after the EUV
wave has left the coronal hole and has trav-
eled to the other side of the Sun, the wavefront
becomes relatively clearer and has a lower ap-
parent speed. Figure 1(f) presents a running-
difference image of the transmitted wavefront

after it leaves the coronal hole. The transmit-
ted wavefront is detected at 3 altitudes from
1.05 to 1.15 R⊙ (see Figure 6(a)), and the aver-
age inclination angle outside the coronal hole is
estimated to be 38± 1◦(noted in Column (5) of
Table 1 and in Figure 1(f)).
For five of the six selected EUV wave events,

wavefront inclination in the low corona is clearly
observed, and the inclination angle of coronal-
hole transmitted wavefronts of two events is es-
timated for the first time. As indicated in Col-
umn (5) of Table 1, the inclination angles of
primary wavefronts for four events are around
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Figure 4. Similar to Figure 2, but for the 2013 November 7 event.

60◦, while the 2017 September 10 event has a
larger inclination angle of 75 ± 4◦. The incli-
nation angles of the coronal-hole transmitted
wavefronts of the 2015 May 5 and 2017 Septem-
ber 10 events are both around 38◦. We note
that the 2017 September 10 event has the most
intense flare, but the flares of the 2013 Novem-
ber 7 and 2020 November 29 events are partially
occulted (as the eruption sites are slightly be-
hind the limb). So the actual flare energy of the
events can hardly be compared. Therefore, it is
unclear whether the relatively larger inclination
angle (i.e., being less inclined) of the primary

wavefront for the 2017 September 10 event is
related to its observed strong flare intensity.
Assume that the 3D geometry of the EUV

wavefront is generally symmetrical with respect
to the solar meridian plane, and thus the ob-
served wavefront on the limb is approximately
in the same meridian plane as the eruption site.
If the eruption site deviates by a small angle α
from the meridian plane of the limb (i.e., the
longitude of 90◦), the observed altitude of the
wavefront at the solar equator in the EUV im-
ages equals the actual altitude multiplied by
cosα. In this study, for all the selected events,
the angle α between the longitudes of the erup-
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Figure 5. Similar to Figure 2, but for the 2015 May 5 event. The additional thick dotted line (horizontal
in panel (a) and vertical in panels (b)–(f)) marks the approximate position of the boundary of a north polar
coronal hole, from where the EUV wave is transmitted. The two vertical dotted lines in panel (a) indicate
the time period in which the inclination angle of the transmitted wavefront is estimated and averaged (see
Table 1 and the text).

tion site and the limb is below 10◦, and the rel-
ative deviation of the actual altitude from the
observed altitude is 1 − cosα ≲ 1.5%. This
deviation decreases with the latitude, which is
even smaller for wavefronts far from the equa-
tor. This tiny deviation applies equally to all
altitudes, and does not significantly affect the
determination of the inclination angle and espe-
cially of its average. The effect of the deviation
on the estimate of the speed and its average in
the following Section 3.2 is also negligible.

3.2. Kinematics of the Wavefront

The apparent speeds of the EUV wavefront
at altitudes from 1.05 to 1.25 R⊙ for each event
are from the derivative of the time-distance pro-
files. The time-distance profiles in this study
are from the visually determined leading edge
of the wavefront. The speed derived from vi-
sual investigation is consistent with that from
a Gaussian fit of the wavefront intensity profile
(Downs et al. 2021). The wavefront speeds (vw)
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Figure 6. Similar to Figure 2, but for the 2017 September 10 event. The additional thick dotted lines
(horizontal in panel (a) and vertical in panels (b)–(f)) indicate the boundaries of a south polar coronal hole
where the EUV wave is transmitted. The two vertical dotted lines in panel (a) mark the time period where
the inclination angle is measured and averaged for the wavefront after being transmitted by the coronal hole.

are plotted with solid curves in panels (b)–(f) of
Figures 2–7, which are then compared with the
fast magnetosonic speed (vfms) at each altitude.
The fast magnetosonic speed is obtained from
the output of the Magnetohydrodynamic Algo-
rithm outside a Sphere (MAS) 3D coronal MHD
simulation provided by the Predictive Science

Inc.1. The fast magnetosonic Mach number,
Mfms = vw/vfms, is calculated and plotted with
dashed curves in panels (b)–(f) of Figures 2–7.
The speeds vw are averaged over the time span
specified by the horizontal solid line in panel (a)

1 The MHD output data are available from https://www.
predsci.com/mhdweb/data access.php. The model op-
tion for the output used in this study is “Thermo-
dynamic with Heating Model 2”. Descriptions of
the model can be found at https://www.predsci.com/
corona/model desc.html (accessed 2024 September 9).

https://www.predsci.com/mhdweb/data_access.php
https://www.predsci.com/mhdweb/data_access.php
https://www.predsci.com/corona/model_desc.html
https://www.predsci.com/corona/model_desc.html
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Figure 7. Similar to Figure 2, but for the 2020 November 29 event.

of Figures 2–7, and then averaged over the five
altitudes. The twice averaged speeds are given
in Column (6) of Table 1. The details of the
kinematics of the EUV wavefronts in the low
corona for the selected six events are presented
below.
For the 2011 September 22 event, as shown in

Figure 2, the speed at each altitude generally
does not vary significantly with distance in po-
sition angle. From the start to position angle
∼125◦, the wavefront is moving in a high fast-
magnetosonic-speed region (probably a small
narrow coronal hole as seen in AIA 211 Å im-
ages but not given here), and the wavefront

speed is below 400 km s−1. Therefore, the Mach
number is relatively low, below 1. After leav-
ing the high-speed region, the Mach number
increases to above 1 for the wavefront at alti-
tudes 1.05 – 1.15 R⊙. For the altitudes 1.20
and 1.25 R⊙, the wavefront again enters another
high fast-magnetosonic-speed region caused by
the boundary of another coronal hole at the
south pole (also visible in AIA 211 Å images
but not presented here). This makes the Mach
number at 1.20 and 1.25 R⊙ below 1 through-
out the propagation. As displayed in Figure
2(a) and discussed in Section 3.1, between 10:44
and 10:52 UT, the wavefront is forward in-
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clined. The actual speed is in the direction
perpendicular to the wavefront, which should
be smaller than the apparent speed when the
wavefront is forward inclined. The actual speed
can be estimated by the apparent speed multi-
plied by the sine of the inclination angle. For
the 2011 September 22 event, the inclination
angle is 64 ± 3◦, which means that the actual
speed could be ∼ 10% lower than the apparent
speed when the wavefront is forward inclined
(sin(64◦) ≈ 0.9). The actual speed and its cor-
responding Mach number are plotted with cyan
curves in panels (b)–(f) of Figure 2.
For the 2013 May 13 event, the EUV wave

starts at a high speed above 600 km s−1 at all
altitudes, which can be seen in Figure 3. At
altitudes 1.05 and 1.1 R⊙, the speed rapidly de-
creases to ∼300 km s−1 around 02:18 UT near
position angle 35◦. Then the speed starts to in-
crease near position angle 30◦ and reaches above
400 km s−1 around position angle 15◦, which
may be caused by local loop systems at lower
altitudes (similar to Dai et al. 2012). A group
of low-corona loops near position angle 20◦ are
obtained using a potential-field source-surface
(PFSS) model and are roughly consistent with
a coronal cavity in AIA 211 Å. These are pre-
sented in Figure 10(a)–(b) in Appendix A. Af-
ter passing position angle 20◦, the wavefront is
only visible at altitudes 1.05 and 1.10 R⊙. Near
position angle 0◦ around 02:36 UT, the wave-
front at the two altitudes decelerates to below
200 km s−1 and eventually disappears. This is
possibly due to a coronal hole at the north pole,
which can halt the propagation of an EUV wave
(e.g., Thompson et al. 1998). The polar coronal
hole cannot be identified in the AIA images, but
it is consistent with the increased fast magne-
tosonic speed given by the MHD model (see the
green dash-dotted curves in Figure 3). Because
of the low fast magnetosonic speed, the Mach
numbers at all altitudes are above 2 before the

EUV wave reaches the coronal hole. No clear
wavefront inclination is observed for this event.
For the 2013 November 7 event, the speeds

have a decreasing trend and show larger fluc-
tuations at lower altitudes (see Figure 4). The
bump in the speed profiles near position angle
215◦ could possibly again be induced by a local
loop system. The profile of fast magnetosonic
speed there also has a small bulge, which is pos-
sibly the indication of the local loop system.
A set of loops in the low corona on the limb
are derived by the PFSS model, which are pos-
sibly associated with two prominences in AIA
304 Å. These are displayed and detailed in Fig-
ure 10(c)–(d) in Appendix A. After the bump
in the speed profile, the speed at all altitudes
decreases gradually to below the fast magne-
tosonic speed near position angle 190◦. The
green dash-dotted curve in Figure 4 shows that
the EUV wavefront is leaving its active region
of a relatively high fast magnetosonic speed.
During most of the travel, the Mach number
is above 1.5, which means that the wavefront
for this event is a shock. Considering the incli-
nation angle of 65± 2◦, the actual speed is also
∼ 10% lower than the apparent speed in the
time span specified by the two vertical dotted
lines in Figure 4(a).
For the 2015 May 5 event, the speed profiles

are shown in Figure 5, showing a notable decel-
eration in the initial stage. Near position an-
gle 10◦ close to the north pole, the EUV wave-
front encounters a coronal hole and the wave-
front at lower altitudes is transmitted by the
coronal hole. However, the fast magnetosonic
speed inside the coronal hole near the north
pole (for position angle smaller than 10◦) de-
rived from the MHD model is not as high as ex-
pected for a coronal hole. This could be due to
the large measurement uncertainty of magnetic
fields in the polar region. A rapid deceleration
of the wavefront at altitudes 1.20 and 1.25 R⊙ is
observed, which also indicates the existence of
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the coronal hole. As shown in Figure 5(e)–(f),
the deceleration occurs a little earlier before the
wavefront reaches position angle 10◦. It is pos-
sibly because the magnetic fields of a coronal
hole are diverging, which induces a larger angu-
lar width of the coronal hole at higher altitudes
(Altschuler et al. 1972; Kopp & Holzer 1976).
The transmitted wavefronts in the coronal hole
are discernible only at 1.05 and 1.10 R⊙, which
has a significantly increased speed. The inclina-
tion angle of 38±5◦ is much smaller than that of
the primary wavefront (66± 1◦, see Column (5)
of Table 1). This means that the actual speed of
the wavefront in the coronal hole can be ∼ 40%
lower than the apparent speed. As indicated by
the cyan curves in Figure 5(b)–(c), the actual
speed calculated by taking into account the in-
clination is comparable to the speed of the pri-
mary wavefront before entering the coronal hole.
The primary wavefront is also forward inclined,
and the actual speed can also be ∼ 10% lower
than the apparent speed. Before entering the
coronal hole, the Mach number is mostly above
1.5 at all altitudes. However, the Mach number
inside the coronal hole is not given in Figure
5 because of the inconsistent fast magnetosonic
speed from the MAS MHD model.
For the notable global 2017 September 10

event, the transmission of the EUV wavefront
by two polar coronal holes has been reported
in previous researches (e.g., Liu et al. 2018;
Hu et al. 2019). Before entering the south po-
lar coronal hole, the wavefront speed increases
with the altitude from ∼600 km s−1 to ∼1000
km s−1 (see Figure 6(b)–(f)). From the in-
bound boundary of the coronal hole (near posi-
tion angle 210◦), only the wavefront at altitudes
of 1.05–1.15 R⊙ is visible. Inside the coronal
hole, the apparent wavefront speed is very high,
and ranges from ∼1000 km s−1 to even ∼3000
km s−1, which is comparable to the estimate of
Liu et al. (2018). After leaving the south polar
coronal hole, the wavefront undergoes a gradual

deceleration before it collides with the wavefront
transmitted by the north polar coronal hole (see
Hu et al. 2019). Behind the outbound bound-
ary of the south polar coronal hole (near posi-
tion angle 140◦), the apparent wavefront speed
is still ∼ 700 km s−1 and the Mach number can
be nearly 3 (see Figure 6(b)–(d)). Considering
the inclination angle of 38±1◦ for the transmit-
ted wavefront, the actual speed can be below
500 km s−1 and the Mach number can be below
2 (see the cyan curves in Figure 6(b)–(d)). In-
side the coronal hole the inclination angle is not
estimated because the wavefront is too diffuse to
obtain a reliable angle with visible inspection.
If we assume the inclination angle is the same
as the transmitted wavefront behind the coro-
nal hole, the actual wavefront speed inside the
coronal hole can also be ∼ 40% lower than the
apparent speed. In the initial stage, the inclina-
tion angle of the primary wavefront is 75 ± 4◦,
which means the wavefront is less inclined than
those of other events and the actual speed is
approximately equal to the apparent speed.
For the 2020 November 29 event, the wave-

front speed profiles are displayed in Figure 7.
There is a bump in the speed profiles at 1.05
and 1.10 R⊙ near position angle 65◦, which spa-
tially corresponds to the increase of fast mag-
netosonic speed at the lower altitudes (see the
dash-dotted curves in Figure 7(b)–(c)). Simi-
lar to the speed profile bumps in the 2013 May
13 and 2013 November 7 events, the speed in-
crease is also possibly attributed to a local loop
system. The local loop system is possibly asso-
ciated with a coronal bright point with bipolar
magnetic fields near latitude 25◦, which is illus-
trated in Figure 10(e)–(f) in Appendix A. Near
position angle 40◦, the EUV wavefront at alti-
tudes above 1.1 R⊙ vanishes, and the wavefront
speed at 1.05 R⊙ is slightly elevated along with
the MHD-derived fast magnetosonic speed (see
Figure 7(b)). As shown in Figure 10(e)–(f) in
Appendix A, a small filament is observed near
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position angle 35◦ in SDO/AIA 211 Å images,
indicating another loop system that is similar
to the coronal cavity with a high characteristic
speed in Liu et al. (2012). This loop system
may be the reason that the wavefront speed is
elevated at 1.05 R⊙ after passing position angle
35◦. The Mach number varies from 1.5 to 2.5
during most of the propagation. In the initial
stage, the average inclination angle of the pri-
mary wavefront is 61± 1◦, which indicates that
the actual speed is ∼ 10% lower than the ap-
parent speed, like the 2011 September 22, 2013
November 7, and 2015 May 5 events.
The speed of the EUV wavefront is averaged

at each altitude for all the events, over the time
span marked with the horizontal solid line in
panel (a) of Figures 2–7. The averaging time
span is determined by the requirement that the
wavefront must be observed at all five altitudes.
In the averaging, the apparent speeds of the
inclined wavefronts are replaced with the ac-
tual speeds by removing the effect of inclination.
The average speeds vEUV of the six events are
shown in Figure 8(a), where the dashed curve
represents the mean value of all the events. The
average speeds of five events are in the range of
300–500 km s−1, but for the 2017 September 10
event the average speed increases with the alti-
tude from ∼ 600 to ∼ 1000 km s−1. The large
average speed for the 2017 September 10 event
indicates the extremely rapid lateral expansion
of the CME reported in previous studies (e.g.,
Liu et al. 2018; Veronig et al. 2018).
The fast magnetosonic Mach number (Mfms)

of the wavefronts for the six events is also
averaged in the same way as the speed, and
is plotted in Figure 8(b). The average Mfms

for all events is ∼ 1.7 as indicated by the
dashed curve. For the 2017 September 10 event,
Mfms ≈ 3 is outstandingly large at all the al-
titudes, which is in accordance with the high
speed of the wavefront. For the 2011 Septem-
ber 22 event, the average Mfms, especially at

higher altitudes, is very low and below 1, which
is because the wavefront is traveling in a high
fast-magnetosonic-speed region (see the dash-
dotted curves in Figure 2(b)–(f)). For the other
four events, the average Mfms is in a range of
∼ 1.2–∼ 2.1. Generally the average vEUV and
Mfms of the four events do not vary significantly
with the altitude in the low corona from 1.05 to
1.25 R⊙.
The speed vEUV is then averaged over all the

altitudes for each event, and the average is
noted as uEUV in Figure 8(c). In Figure 8(c)
vWL is the average speed of the lateral expan-
sion of the white-light CME-driven shock. The
lateral expansion speed is fitted with an ellip-
soid model developed by Kwon et al. (2014).
This ellipsoid model has seven free parameters:
the height, longitude, and latitude of the ellip-
soid center; the three semi-principal axes; and
the rotation angle of the ellipsoid. More details
of the model can be found in Kwon et al. (2014).
For the 2017 September 10 and 2020 November
29 events, the lateral expansion speeds of the
CME-driven shocks are adopted from the re-
sults using the same model in Liu et al. (2019c)
and Chen et al. (2022), respectively. For the
other four events, the two semi-principal axes
perpendicular to the radial direction are set to
equal and the longitude is set to that of the
solar limb, which reduces three free parame-
ters (one semi-principal axis, the rotation an-
gle, and the longitude). In this condition, the
SOHO/LASCO observation from one viewpoint
is enough to fit the shock speed with the ellip-
soid model. The lateral expansion speed of the
white-light shock is measured at the vertex of
the principal axis perpendicular to the radial
direction in the ellipsoid model. The average
speed of the shock (vWL) is compared with the
average speed of the EUV wavefront (uEUV) in
Figure 8(c), and no obvious correlation is found
between the two average speeds. Because the
CME and its driven shock appear in LASCO C2
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in the later stage of the EUV wavefront propa-
gation, there are no more than two C2 images
in the time span during which the average speed
of the EUV wavefront is calculated. Therefore,
the average speeds of the EUV wavefront (uEUV)
and the white-light shock (vWL) are not from
the same time interval. This may be part of the
reason why the two average speeds are not well
correlated, as will be discussed in Section 4.2.

3.3. Coupling of the CME Boundary and the
EUV Wave

In the combined interpretation of an EUV
wave, the wave component decouples from the
CME driver (i.e., the non-wave component) be-
fore the EUV wave fades out, after which the
wave component propagates freely. The separa-
tion of the EUV wavefront and the CME bound-
ary, demonstrating the decoupling, has been ob-
served in a plethora of events (e.g., Patsourakos
& Vourlidas 2009; Cheng et al. 2012; Dai et al.
2012; Liberatore et al. 2023). This means that
the angular distance between the two compo-
nents should be notable, when they are observed
on the solar limb. The position angle where the
EUV wavefront disappears at all altitudes from
1.05 to 1.25 R⊙ is marked by the cyan line in
Figure 9. The maximum travel angular distance
of the EUV wavefront from the eruption site is
estimated and given in Column (3) of Table 2.
The position angle of the CME boundary cor-
responding to the EUV wavefront is also esti-
mated in the running-difference SOHO/LASCO
C2 image around the time when the wavefront
disappears, which is marked by the thick pink
dashed line in Figure 9. The angular distance
from the eruption site to the CME boundary is
presented in Column (4) of Table 2. The differ-
ence between the two distances, which is equal
to the angle between the cyan line and the thick
pink dashed line in Figure 9, is given in Column
(6) of Table 2.
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Figure 8. (a) and (b) Average speed (vEUV) and
average fast magnetosonic Mach number (Mfms) of
the EUV wavefronts at altitudes from 1.05 to 1.25
R⊙; the dashed curve represents the mean value
of all the events at these altitudes; the average
time span is marked by the horizontal solid line in
panel (a) of Figure 2–7 for each event, respectively.
(c) The average speed (uEUV) of the EUV wave-
fronts compared with the lateral expansion speed
of white-light CME-driven shocks (vWL); uEUV is
the averaged the speeds in panel (a) over all the five
altitudes for each event, which is also listed in Col-
umn (6) of Table 1; the average lateral-expansion
speed vWL is from the fit of the ellipsoid model (see
the text) and is also given in Column (7) of Table
1; the dashed line is a one-to-one visual guide.

For the 2011 September 22 and 2013 Novem-
ber 7 events, we can see the angular distance be-
tween the EUV wavefront and the CME bound-
ary is close to zero (see Column (6) of Table 2),
which suggests that the two features are cou-
pled until the EUV wave fades out. For the
other four events, the angular distance between
the EUV wavefront and the CME boundary is
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Figure 9. Angular distances of the EUV wavefront, CME boundary, and white-light shock flank for the six
events ((a)–(f)). Each panel contains a composite of running-difference images of SOHO/LASCO C2 and
SDO/AIA 211 Å. The C2 time is overlaid on the image, and the AIA time is around when the EUV wave
disappears. The white line marks the position angle of the eruption site, which is given in Column (2) of
Table 2. The cyan line indicates the position angle where the EUV wavefront vanishes at all altitudes, from
which the maximum travel distance of the EUV wavefront is obtained (see Column (3) of Table 2). The
thick pink dashed line denotes the position angle of the CME boundary at the inner edge of the field of
view (FOV) of LASCO C2 around the time when the EUV wave disappears, and the corresponding angular
distance to the eruption site is given in Column (4) of Table 2. The pink solid line marks the position
angle of the white-light shock flank at the inner edge of LASCO C2 FOV when the shock flank reaches
its maximum distance from the eruption site (also provided in Column (5) of Table 2). The cyan arc and
the corresponding text indicate the angular distance between the cyan line and the pink solid line. The
pink arrow points to the white-light shock flank, which shows that the shock has laterally expanded to the
opposite side with a maximum distance larger than 90◦. The cyan arrow in panel (f) indicates the southward
shock flank interacting with a streamer.

larger than 30◦, which will be discussed sepa-
rately below.
For the 2013 May 13 event, the CME bound-

ary is around position angle 29◦ (see Column (4)
of Table 2) and is 39◦ behind the EUV wavefront
when the wavefront disappears. As discussed in

Section 3.2 and shown in Figure 3, around po-
sition angle 30◦ the wavefront speed increases
possibly because of local loop systems in the
lower corona, from which the EUV wavefront
decouples from the CME driver. This is similar
to the case in Dai et al. (2012) where the CME
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Table 2. Travel distance of EUV wave, CME boundary, and white-light shock flank

Event Number Site EUV CME WL EUV-CME EUV-WL

(YYYY-MM-DD) (All units are in degrees of position angle)

(1) (2) (3) (4) (5) (6) (7)

2011-09-22 81 62 (143) 59 (140) 169 (250) 3 −107

2013-05-13 79 89 (350) 50 (29) 190 (249) 39 −101

2013-11-07 259 76 (183) 76 (183) 152 (107) 0 −76

2015-05-05 75 88 (347) 59 (16) 160 (275) 29 −72

2017-09-10 262 174 (88) 74 (188) 173 (89) 100 1

2020-11-29 113 89 (24) 64 (49) 118 (−5) 25 −29

Note—Column (2) is the position angle of the eruption site. Column (3) gives the
maximum angular travel distance of the EUV wavefront from the eruption site in
position angle. Column (4) provides the angular distance of the CME boundary
at the inner edge of SOHO/LASCO C2 field of view around when the EUV wave
disappears. Column (5) is the maximum angular distance of the white-light shock
flank observed by LASCO C2. Numbers in the parentheses of Columns (3)–(5)
are the position angles corresponding to the distances, which are also marked with
cyan, thick pink dashed, and pink solid lines in Figure 9, respectively. Column (6)
is from Columns (3) minus (4), and Column (7) is from Columns (3) minus (5).
The position angles of the CME boundary and the shock flank are determined by
visual inspection and may have an uncertainty of 3◦.

boundary slows down and decouples from the
EUV wavefront at a loop system.
For the 2015 May 5 event, the CME bound-

ary is near position angle 16◦ and is 29◦ behind
the EUV wavefront when the wavefront at 1.05
R⊙ fades out. Around position angle 10◦ there
is a coronal hole which can halt the expansion
of the CME (e.g., Chen 2009) but transmits the
EUV wave in the low corona (see Figure 5). At
the higher altitudes (1.15–1.25 R⊙), the wave-
front decelerates before it reaches position angle
10◦, which could be because the coronal hole has
diverging magnetic fields and has a larger an-
gular width at the higher altitudes (Altschuler
et al. 1972; Kopp & Holzer 1976). Before the
EUV wavefront encounters the coronal hole, the
Mach number is above 1.5 and even above 2,
which suggests that the wavefront is not free

and is possibly continuously driven by the ex-
panding CME. The CME boundary loops can-
not enter the coronal hole, and thus the EUV
wavefront decouples from the CME and propa-
gates freely inside the coronal hole. As denoted
in Figure 9(d) and Column (6) of Table 2, the
CME boundary is 29◦ behind when the EUV
wavefront vanishes.
For the 2017 September 10 event, the CME

boundary is first observed near the south polar
coronal hole around 16:12 UT when the EUV
wavefront has already been transmitted to the
other side of the coronal hole (see Figure 6).
The EUV wavefront travels a short distance be-
fore reaching the coronal hole, and has a large
Mach number above 3. It is in the early stage
of the CME expansion, where the fast expand-
ing CME is driving and coupled with the EUV
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wavefront. The CME boundary is halted at the
inbound boundary of the coronal hole while the
decoupled EUV wavefront is transmitted to the
opposite side of the Sun. This results in a 100◦

large angular distance between them (see Figure
9(e) and Column (6) of Table 2).
For the 2020 November 29 event, as discussed

in Section 3.2 and shown in Figure 7, after the
EUV wavefront reaches position angle 40◦, the
wavefront at altitudes above 1.05 R⊙ vanishes.
Only the wavefront at 1.05 R⊙ reaches posi-
tion angle 24◦, which is 25◦ ahead of the CME
boundary (see Figure 9(f) and Column (6) of
Table 2). Due to a data gap, the CME is first
observed by SOHO/LASCO C2 around 13:23
UT with its boundary ∼10◦ behind the EUV
wavefront, when the wavefront has faded out
above 1.1 R⊙ but is still visible at 1.05 R⊙. This
suggests that the CME decouples from the EUV
wavefront before the wavefront fades out at all
altitudes.
Due to the large cadence of the

SOHO/LASCO C2 images, it is not possi-
ble to track the CME boundary during the
whole propagation of the EUV wavefront. For
the 2011 September 22 and 2013 November 7
events, the angular distance between the EUV
wavefront and the CME boundary is approxi-
mately zero, when the wavefront fades out at
all altitudes. Although the white-light CME
structure below 2 R⊙ cannot be observed by
SOHO/LASCO C2, the CME boundary is al-
most radial as illustrated in Figure 9 and can
extend straight downward to below 2 R⊙. This
is consistent with that the legs or the overly-
ing loops of the CME boundary are stretched
to straight during the rising and expansion
of a CME structure. It is indicated that the
EUV wavefront is still coupled with the CME
boundary when the wavefront vanishes. This
suggests during the whole propagation, the
EUV wavefront is not propagating freely but is
continuously driven by the expanding CME.

3.4. Connection between the EUV Wavefront
and the CME-driven Shock

A CME-driven shock is a 3D structure that
can be observed in white light in the high
corona, which connects to the EUV wavefront in
the low corona after decoupling from the CME
driver (e.g., Veronig et al. 2010; Cheng et al.
2012; Kwon et al. 2014; Zhu et al. 2018). At-
tributed to the transmission of coronal holes,
the EUV wavefront for the 2017 September 10
event can travel simultaneously with the white-
light shock on the solar limb to the other side
of the Sun, during which the white-light shock
is “incurvated” to the low corona and continu-
ously connected with the EUV wavefront (Hu
et al. 2019). This connection is also indicated
by the cyan and pink solid lines in Figure 9(e),
which shows that the angular distance between
the EUV wavefront and the shock flank is, ∼1◦,
close to zero (see Column (7) of Table 2). How-
ever, for the 2011 September 22, 2013 May 13,
2013 November 7, and 2015 May 5 events, the
shock continues to expand laterally after the
EUV wavefront fades out at all altitudes, which
results in a notable angular distance larger than
70◦ between the two features. As indicated in
Figure 9(a)–(d) and Column (7) of Table 2, the
white-light shock flank is ∼107◦, ∼101◦, ∼76◦,
and ∼72◦ ahead of the EUV wavefront for the
above four events, respectively. For the 2020
November 29 event, the EUV wavefront and the
CME-driven shock are both asymmetric. The
northward shock flank, corresponding to the an-
alyzed EUV wavefront, is faint, and its angular
position is roughly estimated to be only ∼29◦

ahead of the EUV wavefront. However, as in-
dicated by the cyan arrow in Figure 9(f), the
southward shock flank has traveled a large dis-
tance, which could be more than 90◦ from the
final position angle of the southward EUV wave-
front. Because the southward EUV wavefront
for this event is visible for only a short range, it
is not selected for analysis here.
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The white-light CME-driven shocks in the
corona for all the events have expanded later-
ally to the side opposite the eruption site on
the solar limb. For the unique 2017 September
10 event, the EUV wave is transmitted by the
polar coronal holes and is connected with the
white-light shock on the opposite side (Hu et al.
2019). For the other five events, the EUV wave-
front travels for a distance no larger than 90◦

(see Column (3) of Table 2), and the white-light
shock flank is still traveling after the EUV wave-
front has vanished at all altitudes. As noted in
Column (7) of Table 2, the white-light shock
flank in the later stage is more than 70◦ away
from the final position angle of the EUV wave-
front. The position angle of the shock flank is
estimated at ∼2 R⊙ in the SOHO/LASCO C2
running-difference images, which cannot be ge-
ometrically linked by a straight line to the EUV
wavefront at ∼1 R⊙. This implies that the EUV
wavefront is unlikely connected to the white-
light shock flank for the five events, and is no
longer the footprint of the shock after the shock
has propagated to the opposite side.

4. DISCUSSIONS

Based on the imaging observations of
SDO/AIA 211 Å and SOHO/LASCO C2, we
have investigated the EUV wavefronts in the
low corona for six selected EUV wave events.
The inclination, speed, coupling with the CME,
and spatial connection with the shock have been
analyzed, which are summarized and discussed
below in this section.

4.1. Inclination of the Primary and
Transmitted Wavefronts

The inclination of the primary EUV wave-
front is evident on the solar limb in the initial
propagation stage for five of the six events (see
Figure 1). The wavefront inclination is con-
sidered a natural result of the increasing fast
magnetosonic speed with the altitude in the low
corona, which is applicable to freely propagat-

ing EUV waves (e.g., Uchida 1968; Warmuth
et al. 2004; Afanasyev & Uralov 2011; Kwon
& Vourlidas 2017; Mann & Veronig 2023). In
our events, the inclination of the EUV wave-
front occurs in the early stage, in which the
CME structure is rapidly expanding and is still
coupled with the EUV wavefront. This means
that the inclination of the EUV wavefront illus-
trates the forward inclined loops at the bound-
ary of the expanding CME. If the inclination
is caused by the fast magnetosonic speed in-
creasing with the altitude, the inclination angle,
defined in this study, should decrease with dis-
tance according to models (e.g., Uchida 1968;
Afanasyev & Uralov 2011; Kwon & Vourlidas
2017). This suggests that the separation be-
tween the time-distance profiles, as displayed
in panel (a) of Figure 2, 4–7, should also in-
crease with time. However, except for the 2017
September 10 event, this increase is not seen in
the time-distance profiles. For the 2017 Septem-
ber 10 event, the inclination is only observed
briefly in the early stage of the propagation,
when the CME is still rapidly expanding and
is coupled with the EUV wavefront. The incli-
nation angle of the primary wavefront for the
five events ranges in 61◦–75◦ (see Column (5)
of Table 1), which reflects the geometry of the
forward inclined loops at the boundary of the
expanding CME. The geometry may be related
to a few factors, such as the initial magnetic
configuration of the erupted flux rope and the
source region; the eruption direction when the
CME has a non-radial motion in the corona
(e.g., Möstl et al. 2015; Wang et al. 2015; Hu
et al. 2017; Wang et al. 2020), for which the
loops on the propagation path may be more in-
clined toward the solar surface; and the height
of the magnetic reconnection that triggers the
eruption (i.e., near the eruption site the CME
boundary loops expanded by a higher eruption
might be more inclined).
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After being transmitted by a coronal hole, the
wavefront becomes more forward-inclined with
the average inclination angle reduced to 38◦,
which is observed for the 2015 May 5 and 2017
September 10 events. After entering the coro-
nal hole, the EUV wavefront is visible only at
lower altitudes below 1.15 R⊙ (see panel (a) of
Figures 5–6). The wavefront has already decou-
pled from the CME driver and becomes freely
propagating because a CME structure cannot
enter a coronal hole (e.g., Gopalswamy et al.
2009a; Liu et al. 2019b; Sahade et al. 2020).
The inclination angle behind the coronal-hole

boundary is smaller than that of the primary
wavefront coupled with the CME driver, which
can be attributed to the increase of the fast
magnetosonic speed with the altitude in the
low corona. The inclination of a freely prop-
agating EUV wavefront has also been observed
in previous studies (e.g., Liu et al. 2012; Hou
et al. 2022), where the inclination angle (above
50◦) is larger than that of the transmitted EUV
wavefront in our study (∼ 38◦). In our study
the travel distance of the inclined transmitted
wavefront is larger than 700 Mm, which is much
larger than those (<300 Mm) in Liu et al. (2012)
and Hou et al. (2022). The smaller inclination
angle could be attributed to that the angle de-
creases with the travel distance as a result of the
fast magnetosonic speed increasing with the al-
titude in the low corona. This is also possibly
because the fast magnetosonic speed inside the
coronal hole increases more rapidly with the al-
titude in the low corona than outside the coro-
nal hole (see the vfms increasing with altitudes
in the coronal hole in Figure 6), which signifi-
cantly increases the refraction and enlarges the
inclination of the EUV wavefront.
The inclination of the EUV wavefront can

significantly affect the measurement of the ac-
tual wavefront speed. The speed at an altitude
is measured from the apparent motion of the
wavefront, and the actual speed direction is per-

pendicular to the local wavefront. If the wave-
front is forward inclined, the propagation direc-
tion is toward the solar surface. Thus, the ac-
tual speed is the apparent speed multiplied by
the sine of the inclination angle, where the in-
clination angle is defined in Section 3.1 and is
schematized in Figure 1. For the primary wave-
front as discussed above, the inclination angle
is in the range of 61◦–75◦, whose effect on the
estimate of the actual speed is around 10% and
can be negligible. However, for the wavefront
transmitted by coronal holes in the 2015 May 5
and 2017 September 10 events, the inclination
angle is as small as 38◦ and the actual speed can
be ∼ 40% lower than the apparent speed. The
effect of the inclination of the transmitted wave-
front on the estimate of the actual speed and
Mach number is considerable. For the 2015 May
5 event as shown in Figure 5(b)–(c), the wave-
front speed inside the coronal hole multiplied by
the sine of the inclination angle becomes com-
parable to that outside the coronal hole. For
the 2017 September 10 event as shown in Fig-
ure 6(b)–(d), considering the inclination angle
the Mach number of the transmitted wavefront
is modified from ∼3 to below 2, which is more
reasonable for a freely propagating EUV wave-
front behind a coronal hole.

4.2. The Speed of the EUV Wavefront and its
Comparison with the Shock Lateral Speed

With observations on the limb and exclud-
ing the projection effect, it is observed that the
kinematics of EUV wavefronts is not uniform at
different altitudes. For the 2013 May 13, 2013
November 7, and 2020 November 29 events, the
speeds at the low altitudes are locally elevated
and are different from those at the higher al-
titudes, which is possibly caused by local loop
systems (see Section 3.2 and Appendix A). Be-
sides the elevation of wavefront speed by loops
(e.g., Dai et al. 2012; Liu et al. 2012; Hu et al.
2019), an EUV wave can also manifest a di-
versity of phenomena when it encounters dif-
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ferent coronal structures, for example, reflec-
tion by coronal holes (e.g., Gopalswamy et al.
2009c; Li et al. 2012; Shen & Liu 2012; Zhou
et al. 2022a), refraction or transmission by ac-
tive regions or coronal holes (e.g., Veronig et al.
2006; Olmedo et al. 2012; Shen et al. 2013; Liu
et al. 2018, 2019a), and interference after be-
ing transmitted by a coronal hole with a proper
shape (e.g., Zhou et al. 2022b, 2024b). How-
ever, it was not noticed before that the speed
is altered locally at only lower altitudes devi-
ating from the speed at the higher altitudes,
which may induce distortion in the EUV wave-
front. If an EUV wavefront is crossing loop sys-
tems on the solar disk and is observed from a
single viewpoint, it will be difficult to obtain
the actual speed and to distinguish the wave-
front at different altitudes. Additionally, the
fast magnetosonic speed increases with the al-
titude in the low corona, which leads to higher
speeds at higher altitudes as well as the wave-
front inclination (e.g., Warmuth et al. 2004;
Afanasyev & Uralov 2011; Downs et al. 2021).
These add more difficulty to estimating the ac-
tual speed of an on-disk EUV wavefront from
single-viewpoint observations and to using the
speed in local coronal seismology.
At altitudes 1.05–1.25 R⊙, the average speeds

of the primary EUV wavefronts are generally in
the range of 300–500 km s−1, and their corre-
sponding fast magnetosonic Mach numbers are
in the range of 1.2–2.1 (see Figure 8(a)–(b)),
where the exceptions are the 2017 September
10 and 2011 September 22 events. For the 2011
September 22 event, because the EUV wave-
front is traveling in a region of high fast mag-
netosonic speed, the Mach number is below 1
at higher altitudes. For the 2017 September
10 event, both the average speed and the Mach
number are much higher than those of the other
events, which are also consistent with those de-
rived from the MHD simulation of Yang et al.
(2021). Excluding the two exceptions, the Mach

numbers are above 1 at altitudes 1.05–1.25 R⊙,
which means that the EUV wavefront is a shock
even at the coronal base from the initial stage
when the wavefront is coupled with the expand-
ing CME. The Mach number is calculated us-
ing the fast magnetosonic speed given by the
MAS MHD simulation, which is based on non-
real-time data on the solar limb and could have
larger uncertainty. However, the average Mach
numbers at different altitudes are still a useful
parameter to indicate the shock formation.
The average speed of the lateral expansion of

the CME-driven shock has been estimated us-
ing an ellipsoid model, which shows no obvious
correlation with the average speed of the EUV
wavefront (see Figure 8(c)). The lateral expan-
sion speed of the shock is measured at the ver-
tex of the principal axis of the ellipsoid model,
which is perpendicular to the radial direction.
The measurement is based on the white-light
images of the shock in the high corona, when the
primary EUV wavefront has already started to
fade out (although the EUV wave in the 2017
September 10 event is transmitted by coronal
holes and propagates for a long time, the pri-
mary EUV wave travels for only a short time
during which the wavefront speed is calculated).
The EUV wavefront is an indicator of the early-
stage expansion of the shock in the low corona,
which is coupled with the CME for the events
in this study. The EUV wavefront speed is
measured in the early stage in the low corona
and the shock speed is measured in the later
stage in the high corona, which may explain the
weak correlation between the two speeds. This
may be similar to the low correlation between
the EUV wavefront speed and the CME radial
speed reported in previous studies (e.g., Nitta
et al. 2013; Muhr et al. 2014). In addition, in-
ferred from the fact that the CME has a limit
width and the shock has propagated to the op-
posite side of the Sun (see Figure 9), in the high
corona the CME ceases its lateral expansion and
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decouples from its driven shock. In contrast, the
EUV wavefront speed is measured in the early
stage when the wavefront is still coupled with
the CME. This may also weaken the correlation
between the speeds of the EUV wavefront and
the shock lateral expansion.

4.3. Continuous Coupling of the EUV
Wavefront and the CME boundary

The interpretation combining the wave and
non-wave components of an EUV wave has be-
come more popular, which is supported by the
observations of the decoupling of the EUV wave-
front and the CME driver (e.g., Patsourakos
& Vourlidas 2009; Cheng et al. 2012; Libera-
tore et al. 2023). As detailed in Section 3.3,
for the 2011 September 22 and 2013 Novem-
ber 7 events, around the time when the EUV
wavefront fades out at all altitudes, the CME
boundary is observed simultaneously at a sim-
ilar position angle where the EUV wavefront
vanishes (see Column (6) of Table 2). This in-
dicates that the EUV wavefront is coupled with
the CME boundary loops for the whole prop-
agation. These two events are different from
the other four events in which the EUV wave-
front decouples either before or when encoun-
tering a local loop system or coronal hole. For
the two events on 2011 September 22 and 2013
November 7, in the path of the EUV wavefront
propagation there is also a local loop system
in the low corona. However, both the EUV
wavefront and expanding CME structure tra-
verse the loop system and are coupled until the
wavefront disappears. During the lateral expan-
sion of the CME, the boundary loops in the
low corona become more inclined and eventu-
ally lie on the solar surface, while the loops are
stretched straight in the high corona (e.g., above
2 R⊙ as displayed in Figure 9). As a result, the
CME extends laterally to as large as the travel
distance of the EUV wavefront. The two events
suggest that an EUV wavefront can be contin-
uously driven by the expanding CME and not

be free during the whole propagation. For the
first time, we observe the continuous coupling
of an EUV wavefront with the associated CME
throughout the entire wavefront travel. In this
condition, the speed of the EUV wavefront is
closely related to the lateral expansion of the
CME but not to the fast magnetosonic speed,
which should be used with caution in coronal
seismology.

4.4. Connection with the EUV Wavefront and
the Geometry of the CME-driven Shock

Except for the 2017 September 10 and 2020
November 29 events, after the EUV wavefront
has faded out, the CME-driven shock contin-
ues propagating to the opposite side of the Sun,
which results in a large angular distance (> 70◦)
between the shock flank and the EUV wave-
front. With the angular distance > 70◦, ge-
ometrically the shock flank at ∼2 R⊙ cannot
be linked to the EUV wavefront at ∼1 R⊙ by a
straight line. Considering that the shock flank is
convex and bulges to the propagation direction
(indicated by the arrow in Figure 9), when the
shock flank is on the opposite side of the Sun, it
can no longer connect with the EUV wavefront.
As suggested by models in which the fast mag-
netosonic speed increases with the altitude in
the low corona (e.g., Uchida 1968; Afanasyev &
Uralov 2011; Kwon & Vourlidas 2017; Mann &
Veronig 2023), the inclination angle of a wave-
front in the low corona should decrease with the
travel distance. At a proper distance the incli-
nation angle is reduced to nearly zero, so the
low-corona wavefront crashes onto the solar sur-
face and eventually dissipates. At the beginning
a CME-driven shock is usually a closed dome
that is connected to the EUV wavefront as the
footprint (e.g., Patsourakos & Vourlidas 2009;
Veronig et al. 2010; Li et al. 2012; Cunha-Silva
et al. 2018; Mann & Veronig 2023), and in the
late stage the shock has a sphere-like envelope
(e.g., Kwon & Vourlidas 2017; Liu et al. 2017;
Zhu et al. 2021). In this study, after the EUV
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wavefront has vanished and the shock flank has
traveled to the side opposite the eruption site,
the shock in the low corona dissipates and the
closure of the sphere-like shock bubble begins to
collapse. This illustrates the final geometry of a
large-scale CME-driven shock when it has trav-
eled to the opposite side and has disconnected
from the corresponding EUV wavefront. The fi-
nal angular width of the CME-driven shock is
obviously larger than that of the EUV wave-
front. This is different from the unique 2017
September 10 event, where the shock is trans-
mitted by polar coronal holes and is connected
with the EUV wavefront throughout the propa-
gation (Hu et al. 2019). Additionally, as shown
in Figure 9, all the shock flanks are far ahead of
the CME boundaries, which means that the lat-
erally expanding shocks are freely propagating
on the opposite side and are no longer being
driven by their CMEs. A CME-driven shock
plays a key role in the longitudinal distribution
of energetic particles (e.g., Rouillard et al. 2012;
Park et al. 2013; Lario et al. 2016; Kouloum-
vakos et al. 2016; Zhu et al. 2018). Unveiling the
geometry of a global CME-driven shock that has
traveled to the other side of the Sun contributes
to the understanding of the release and distri-
bution of energetic particles in the heliosphere.

5. CONCLUSIONS

We have selected and investigated six global
EUV wave events associated with eruptions on
the solar limb (listed in Table 1). The erup-
tions are observed from the view of the Earth
as halo CMEs because the CME-driven shocks
have laterally propagated to the other side op-
posite the eruption site. The local morphology
and kinematics of the EUV wavefront in the
low corona from 1.05 to 1.25 R⊙ have been an-
alyzed. By comparing the angular distance be-
tween the EUV wavefront and the CME bound-
ary around the time when the wavefront fades
out, the coupling of the EUV wavefront and
the CME driver has been discussed. After the

shock has propagated to the opposite side with
a large angular distance ahead of the position
angle where the EUV wavefront vanished, the
CME-driven shock disconnects from the EUV
wavefront, which is observed in four events. The
key findings of this study are remarked as fol-
lows:

1. The forward inclination of the primary
EUV wavefront is observed in the early
stage of the propagation for five of the six
events, and the inclination angle ranges
from 61◦ to 75◦. The inclination is at-
tributed to the local geometry of the for-
ward inclined loops of the boundary of the
expanding CME in the low corona, be-
cause the CME is coupled with the EUV
wavefront in the early stage.

2. The inclination angle of the EUV wave-
front transmitted by coronal holes in two
events is estimated to be ∼38◦ for the first
time. The inclination can be explained
by the increasing fast magnetosonic speed
with the altitude in the low corona, given
that the wavefront transmitted by a coro-
nal hole is freely propagating.

3. The large inclination angle of the trans-
mitted wavefront can significantly affect
the estimate of the actual speed which is
perpendicular to the wavefront. This ef-
fect is up to ∼ 40% and should be con-
sidered in the measurement of the actual
speed.

4. The wavefront speed can be elevated by a
local loop system at lower altitudes below
1.15 R⊙ in three of the six events, which
results in distortion of the wavefront in
the low corona. In addition to the wave-
front inclination, this could make it dif-
ficult to estimate the actual speed of an
on-disk EUV wavefront from single view-
point observations.
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5. The average fast magnetosonic Mach
numbers are in the range of 1.2–2.1 at alti-
tudes from 1.05 to 1.25 R⊙ for four of the
six events, and their corresponding aver-
age speeds are generally in the range of
300–500 km s−1. The Mach number larger
than unity indicates that the EUV wave-
front is a shock even at the coronal base in
the initial stage and is still coupled with
the CME.

6. The average speed of the EUV wavefront
has no obvious correlation with the aver-
age speed of the lateral expansion of the
CME-driven shock. This may be because
the EUV wavefront speed is measured in
the early stage in the low corona while
the shock speed is estimated in the later
stage in the high corona. Additionally, in
the early stage the EUV wavefront is still
coupled with the expanding CME and in
the late stage the shock has already de-
coupled from the CME driver.

7. The EUV wavefront can be coupled with
and driven by the CME during the en-
tire propagation, which is observed in two
of the six events. This suggests that the
speed of the EUV wavefront is closely re-
lated to the lateral expansion of the CME,
and thus the speed should be used cau-
tiously in coronal seismology.

8. In four of the six events, after the CME-
driven shock has propagated to the oppo-
site side of the Sun, it can be > 70◦ away

from the position angle where the EUV
wavefront vanishes, which suggests that
the shock is no longer connected with the
EUV wavefront, losing its footprint in the
low corona. After a long-distance prop-
agation, the EUV wavefront in the low
corona eventually crashes and dissipates
on the solar surface.
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APPENDIX

A. LOCAL LOOPS IN THE LOW CORONA

Figure 10 shows the SDO/AIA images for the 2013 May 13, 2013 November 7, and 2020 November
29 events, which are taken just before the onset of the corresponding flare. These images illustrate the
local loop systems in the low corona that elevate the EUV wavefront speed as discussed in Sections

https://www.predsci.com/mhdweb/data_access.php
https://www.predsci.com/mhdweb/data_access.php
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Figure 10. Cropped SDO/AIA images for the 2013 May 13 ((a)–(b)), 2013 November 7 ((c)–(d)), and 2020
November 29 ((e)–(f)) events. In the left panels are AIA 211 Å images, where the corona is enhanced using
the SolarSoftWare routine aia rfilter (see http://aia.cfa.harvard.edu/rfilter.shtml for details), and the cyan
curves represent PFSS-extrapolated closed magnetic field lines by the pfss package in SolarSoftWare (see
https://www.lmsal.com/∼derosa/pfsspack/). In (b) and (f) are the same images as in their corresponding
left panels, but the contrast is adjusted to highlight the coronal features. In (d) is an AIA 304 Å image
corresponding to the 211 Å image in (c). The arrow in (b) points to a plausible coronal cavity indicating
the PFSS-extrapolated loops in (a). The arrows in (d) indicate two prominences (filaments) possibly in
the PFSS-derived loop system in (c). The white arrows in (f) mark two small diffuse bright features
corresponding to the PFSS-extrapolated loops near position angle 65◦ in (e); the black arrow in (f) denotes
a small prominence possibly related to the loops near position angle 36◦ in (e). The inset overlaid in (f) is
an AIA 211 Å image on December 4 taken after the limb near position angle 65◦ rotates to on-disk, which
is superimposed with contours of positive (cyan) and negative (red) 20 Gauss line-of-sight magnetic fields
from SDO/HMI (Schou et al. 2012). The ticks on the solar limb scale the position angle in degrees.

http://aia.cfa.harvard.edu/rfilter.shtml
https://www.lmsal.com/~derosa/pfsspack/
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3.2 and 4.2. The displayed magnetic field lines in Figure 10 are extrapolated with a potential-field
source-surface (PFSS) model.
For the 2013 May 13 event, as shown in Figure 3, the wavefront speed is elevated between position

angles 10◦ and 20◦. In the range of the position angle, a possible coronal cavity can be seen in the
AIA 211 Å image in Figure 10(b), which may indicate a loop system (like Liu et al. 2012; Gibson
2018). As shown in Figure 10(a), the PFSS model indeed reveals a loop system in the low corona
that is consistent with the cavity. However, the position-angle range of the PFSS-extrapolated loops
does not correspond to the range of the 211 Å cavity, where no closed magnetic field lines are
obtained below a position angle ∼15◦. This may be due to (1) the magnetogram data on the solar
limb used by the PFSS model are not real-time and are taken more than 10 days ago, and (2) the
observational uncertainty of magnetogram data in the polar regions impedes the determination of
the actual magnetic field structures.
For the 2013 November 7 event, as displayed in Figure 4, the wavefront speed is locally elevated

near position angle 215◦. A group of closed magnetic field lines are extrapolated near the position by
the PFSS model, and are spatially coincident with two small prominences, as illustrated in Figure
10(c)–(d). A prominence (filament) is a cool, dense structure with twisted magnetic field lines, which
is usually embedded in overlying magnetic loops (see the review by Gibson 2018).
For the 2020 November 29 event, as shown in Figure 7, the wavefront speed at low altitudes increases

near position angle 65◦. A set of closed magnetic field loops are produced by the PFSS model near
this position, which is illustrated in Figure 10(e). In the contrast-enhanced AIA 211 Å image in
Figure 10(f), there are two small diffuse bright structures corresponding to the PFSS-extrapolated
loops, which suggests these loops are from a bright point with bipolar magnetic fields (refer to a
review by Madjarska 2019). After the east solar limb rotates to on-disk five days later, we indeed
see a bright point with bipolar magnetic fields in the corresponding region (see the inset AIA 211 Å
image in Figure 10(f)). There is a small prominence indicated by the black arrow in Figure 10(f),
which is probably below another set of loops corresponding to the PFSS-extrapolated closed field
lines between position angles 30◦ and 40◦ in Figure 10(e). The feature in the enhanced corona above
the prominence in the 211 Å image also exhibits a loop-like structure, although the height is not as
large as that of the PFSS-extrapolated loops. These loops may explain the increased MHD-derived
fast magnetosonic speed at position angles below 40◦ as shown in Figure 7 in Section 3.2.
The PFSS-extrapolated loops displayed in Figure 10 are selected by limiting the start points of

the field lines to be within a small range of longitudes on the limb and of latitudes where the EUV
wavefront speed is elevated in the low corona for each of the three events. The maximum height of
the field lines is not limited in the selection, but the extrapolated loops are all in the low corona.
Although the magnetogram data on the limb used by the PFSS model cannot be acquired in real-
time, the extrapolated low-corona loops are consistent with the low-corona elevation of the wavefront
speed as discussed in Section 3.2 and 4.2.
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