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ABSTRACT

We present the first unambiguous detection of quasi-periodic wave trains within the broad pulse of a global EUV
wave (so-called EIT wave) occurring on the limb. These wave trains, running ahead of the lateral coronal mass
ejection (CME) front of 2—4 times slower, coherently travel to distances =R /2 along the solar surface, with
initial velocities up to 1400 kms~! decelerating to ~650kms~'. The rapid expansion of the CME initiated at an
elevated height of 110 Mm produces a strong downward and lateral compression, which may play an important
role in driving the primary EUV wave and shaping its front forwardly inclined toward the solar surface. The wave
trains have a dominant 2 minute periodicity that matches the X-ray flare pulsations, suggesting a causal connection.
The arrival of the leading EUV wave front at increasing distances produces an uninterrupted chain sequence of
deflections and/or transverse (likely fast kink mode) oscillations of local structures, including a flux-rope coronal
cavity and its embedded filament with delayed onsets consistent with the wave travel time at an elevated (by ~50%)
velocity within it. This suggests that the EUV wave penetrates through a topological separatrix surface into the
cavity, unexpected from CME-caused magnetic reconfiguration. These observations, when taken together, provide
compelling evidence of the fast-mode MHD wave nature of the primary (outer) fast component of a global EUV
wave, running ahead of the secondary (inner) slow component of CME-caused restructuring.
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1. INTRODUCTION

Waves or traveling disturbances on global scales in the
magnetized solar atmosphere have been a subject of intensive
study over the past half century, partly because of their possible
roles in transporting energy and diagnostic potential in inferring
physical conditions on the Sun via coronal seismology (Uchida
1970; Roberts et al. 1984; Aschwanden 2004; Nakariakov &
Verwichte 2005).

1.1. Global EUV (“EIT”’) Waves

One of the most spectacular traveling disturbances in the
corona is expanding extreme-ultraviolet (EUV) enhancements
across a large fraction of the solar disk, discovered by the
Solar and Heliospheric Observatory (SOHO) EUV Imaging
Telescope (EIT) and often called “EIT waves” (Moses et al.
1997; Thompson et al. 1998) or global EUV waves, which
we adopt in this paper (or “EUV waves” for short). Their
counterparts were also imaged at other wavelengths, including
soft X-rays (Khan & Aurass 2002; Narukage et al. 2002) and
radio emission (Warmuth et al. 2004; White & Thompson 2005).
Traveling disturbances in the chromosphere were detected in Hoe
(Moreton 1960; Uchida 1968; Balasubramaniam et al. 2010) and
He1 210803 lines (Vrsnak et al. 2002; Gilbert & Holzer 2004).

Global coronal seismology using large-scale EUV waves
(Ballai 2007), compared with local seismology using loop
oscillations, has been little explored because of their poorly
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understood origin and nature. Proposed mechanisms include
fast-mode magnetohydrodynamic (MHD) waves as the coro-
nal counterpart of chromospheric Moreton waves (Thompson
et al. 1999; Wills-Davey & Thompson 1999; Wang 2000; Wu
et al. 2001; Warmuth et al. 2001; Ofman & Thompson 2002;
Grechnev et al. 2011a, 2011b) and coronal mass ejection (CME)
produced current shells or successive restructuring of field lines
(Delannée 2000; Delannée et al. 2008; Chen et al. 2002, 2005,
2011; Attrill et al. 2007; Dai et al. 2010). Fast modes, for exam-
ple, as the only MHD waves that can propagate perpendicular
to magnetic fields, can readily explain the semi-circular shape
of global EUV waves and their observed reflection from coro-
nal holes and refraction around active regions (Thompson &
Myers 2009; Gopalswamy et al. 2009; Schmidt & Ofman 2010;
Li et al. 2012b; Olmedo et al. 2012; Kienreich et al. 2012).
Details of relevant observations and models can be found in
recent reviews (Warmuth 2007, 2011; VrSnak & Cliver 2008;
Wills-Davey & Attrill 2009; Gallagher & Long 2011; Zhukov
2011; Chen 201 1; Patsourakos & Vourlidas 2012).

Early observations of global EUV waves were limited by
instrumental capacities, particularly the low cadence of EIT
(12—-18 minutes) and the small field of view (FOV) of the Tran-
sition Region and Coronal Explorer (TRACE). These constraints
were alleviated by the STEREO/EUV Imagers (EUVI; Wuelser
et al. 2004) from two vantage points at improved cadence of
150 s, occasionally 75 s (e.g., Veronig et al. 2008, 2010; Pat-
sourakos & Vourlidas 2009; Ma et al. 2009; Temmer et al.
2011; Mubhr et al. 2011; Long et al. 2011b; Zhao et al. 2011;
Li et al. 2012a). The more recent Solar Dynamics Observa-
tory (SDO; Pesnell et al. 2012) Atmospheric Imaging Assembly
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Figure 1. Schematic synopsis of the 2010 September 8-9 global EUV wave
event, showing quasi-periodic wave trains running ahead of (green) and behind
(red) the CME front (blue). The former is part of the broader EUV wave
pulse that travels through a flux-rope coronal cavity, instigating its kink mode
oscillations. The CME is initiated at an elevated height and produces a downward
and lateral compression, driving the low-corona EUV wave. The wave trains
behind the CME originate at the flare kernel, propagate along a narrow funnel,
and terminate at the CME front.

(A color version of this figure is available in the online journal.)

(AIA; Lemen et al. 2012) observes the full corona at seven
EUV wavelengths, covering a wide range of temperatures, at
high cadence of 12 s and resolution of 1”75. These capabilities
have allowed us to study the kinematics and thermal structures
of EUV waves in unprecedented detail (e.g., Liu et al. 2010;
Chen & Wu 2011; Schrijver et al. 2011) and continue to shape a
better understanding of this phenomenon, as we will see in the
example presented here.

1.2. Introduction to This Study

Observations to date have generally shown a single, diffuse
front in primary EUV waves (e.g., Wills-Davey et al. 2007).
We report here the first unambiguous detection of multiple,
quasi-periodic wave trains within a broad EUV wave pulse,
as shown in the schematic of Figure 1. These wave trains,
comprising fronts forwardly inclined toward the solar surface,
are repeatedly launched ahead of the lateral CME front with a
2 minute periodicity and travel at velocities up to ~1400km s~!
(see Figure 5 and Section 3.2). We will show that the initial CME
expansion produces a strong downward compression, previously
unnoticed, which may play an important role in driving the EUV
wave (see Section 3.1).

Filament oscillations (Okamoto et al. 2004; Hershaw et al.
2011; Tripathi et al. 2009) and loop deflections (Wills-Davey
& Thompson 1999; Patsourakos & Vourlidas 2009; Liu et al.
2010; Aschwanden & Schrijver 2011) triggered by global EUV
waves or Moreton waves have been observed at lower cadence
or less favorable viewing angles (e.g., on the disk). AIA’s high
cadence allowed us to see, for the first time, an uninterrupted
chain sequence of deflections and/or oscillations of various
coronal structures above the limb, at increasing distances on the
path of the global EUV wave. In particular, the wave travels
across a topological separatrix surface into a coronal cavity

LIU ET AL.

(0) GOES X-ray Flux (C3.3 Flare) '
N 1.0-8.0 A (1.6-12.4 keV)
1075k HY 0.5-4.0 A (3.1-24.8 keV)

Flux (W m™2)
S
4

10°° -ll- E

= SK(b) GOES Flux Time Derivative 3

o a4k ih (1.0-8.0 A) x 1 ——3

b F ]

€ b Sy (0.5-4.0 A) x 5 ]
3F G E

,.; t — [A| < Impulsive Phase 1

bo2p | :

2

@

o

x

2

[

| I: H T T T T T ~+

[ (c) CME :Front Heliocentric Position q_""

[ +7 i
_.2or H Vpmox (km{s): 99070 /+,+’ b
2 [ I a (km/s*): -0.019£0.005  * ]
~ F [ <v> (km/s): 82040 ¢ LASCO C3 +
8 el P * LASCO C2 % A
c 15F . + AIA 193 A x
2 0 R g 1

- < 74 . .

K r U . Zoomed View of Boxed Region 1
£ 101 S +726 T T T T T 1
c F H 5 24 F Vrmox (km{s): 240420 *
g [ - +¥ € 2.2fa (km/s%): 0.7+0.06 ]
L I R 7 g 20fF ]
T f‘* g 18f ]
T 5 . S 650+30 km/s 3 E

= CI 1 R ;

[ =% 1AE L o Vg =930£507 1

ol ._!_ . 23:00 23:05 23:10 23:15 23:20 23:25 23:30)
23:0 00:00 01:00 02:00 03:00 04:00

Time (since 2010/09/08 22:30:00)

Figure 2. (a) GOES soft X-ray fluxes and (b) their time derivatives (smoothed
with a 2 minute box car) for the C3.3 flare. (c) Heliocentric positions of the CME
front detected by SOHO/LASCO C3 (plus signs) and C2 (asterisks) and AIA
(blue crosses, reproduced from Figure 12(h)). The inset is an enlarged view of the
boxed region during the flare impulsive phase when the CME acceleration and
global EUV wave take place. Red broken lines are parabolic fits to the LASCO
and AIA data labeled with fitted accelerations a and maximum velocities Vmax.
The green curve is the horizontal position of the northward global EUV wave
front in the low corona, taken from Figure 10(a), which travels faster than the
early CME.

(A color version of this figure is available in the online journal.)

hosting a filament at an elevated velocity and instigates its bodily
oscillations (see Figure 6 and Section 4).

These new observations, when taken together, point to the true
wave nature of the primary EUV wave. We organize this paper
as follows. After an observational overview of the event under
study in Section 2, we focus in Section 3 on the global EUV
wave containing quasi-periodic wave trains running ahead of the
CME, followed by Section 4 on successive structural oscillations
on the wave path. In Section 5, we compare these wave trains
with those in a coronal funnel behind the CME (Liu et al. 2011b)
and flare pulsations. We conclude this paper with Section 6,
followed by four Appendixes for our analysis techniques, the
kinematics and temperature and height dependence of the EUV
wave, and the early expansion of the CME and its role in wave
generation.

2. OVERVIEW OF OBSERVATIONS

This event was observed by SDO/AIA on 2010 September
8-9 in the NOAA active region (AR) 11105 on the northwest
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Figure 3. AIA images at 171 (red, top) and 193 A (green, bottom), with original on the left (see movies 1A and 1B) and running difference on the right (see movie 1C
for 193 A). The dashed lines indicate radial cuts RO-R 14 from the eruption center (a), azimuthal cuts AO-A3 (b), and vertical cuts VO-V11 (f) defined in Appendix A.
Note EUV wave trains ahead of the CME front and oscillatory brightenings and darkenings anti-correlated at the two wavelengths. The four brackets in (f) marks the
FOV of the enlarged inset at 211 A (blue; see movie 1D) showing the coronal cavity and polar coronal hole.

(Animations and a color version of this figure are available in the online journal.)

limb. Around 22:40 UT (see movies 1A and 1B), the active re-
gion core starts gradual bulging, accompanied by the activation
of a prominence that appears dark in EUV. At about 23:05 UT,
the bulging evolves into a rapid expansion and leads to a CME
expulsion. Simultaneously, the prominence erupts and unfolds
itself, exhibiting unwinding twists (described for other events
by, e.g., Liu et al. 2009b, 2009a, 201 1a; Thompson et al. 2012).

A C3.3 class flare occurs at 23:00 UT, according to the
GOES 1-8 A soft X-ray flux, peaks at 23:33 UT, and then

Table 1

Event Timeline (2010 September 8-9)
22:40 AR core starts gradual bulging
23:05 Onset of rapid CME expansion
23:05-23:30 Flare impulsive phase
23:10-23:22 Flare X-ray pulsations (2 minute period)
23:11/23:14 Global EUV wave generated at 110 Mm to

the north/south of the eruption center

23:11-23:23/ Quasi-periodic wave trains launched ahead of CME
23:14-23:26 at 110 Mm to the north/south of the eruption center
23:11-23:29 QFP wave trains launched from flare kernel behind CME
23:15-02:00+ Coronal cavity/filament oscillations

undergoes a slow decay for several hours (see Figure 2). RHESSI
had a nighttime data gap during the flare. We thus use the
spike of the GOES flux time derivative to define the impulsive
phase, 23:05-23:30 UT. It is during this phase that a variety of
phenomena, including the rapid CME acceleration (Zhang et al.
2001; Temmer et al. 2008) and the generation of the global EUV
wave and quasi-periodic wave trains, take place.

By 23:10 UT, a dome-shaped CME front, identified as a
bright rim surrounding a dimming region (e.g., Thompson et al.
2000a), has become evident in running difference images (see
Figure 3). A few minutes later, a comparably weak intensity
front appears in the low corona ahead of the CME flanks to the
north and south. This weak, broad pulse, identified as a global
EUYV wave, contains quasi-periodic wave trains and propagates
about 2—4 times faster than the lateral expansion of the CME.
The northward EUV wave travels through a coronal cavity until
itreaches the polar coronal hole boundary, instigating oscillatory
brightenings. Behind the CME, additional quasi-periodic wave
trains (Liu et al. 201 1b) emanate from the flare along a funnel of
coronal loops and fade away while approaching the CME front.

Major milestones of the event are listed in Table 1. We
employed space—time diagrams, as detailed in Appendix A, to
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analyze various features, using four sets of narrow cuts (slits)
shown in Figures 3 and 7. These cuts essentially form a user-
defined coordinate system to sample images from complement-
ing perspectives. The eruption center is defined at a height of
49" (1” = 0.731 Mm, Ry = 952”) above the brightest flare
kernel at N20°6 on the limb.

3. GLOBAL EUV WAVE CONTAINING QUASI-PERIODIC
WAVE TRAINS

Figure 4 gives an overview of the global EUV wave seen
in space—time diagrams from azimuthal cuts AO and A3. The
general properties of the wave are examined in Appendix B.
Here we summarize the key result.

1. Temperature variations (Appendix Bl). In general, the
EUV wave appears as a broad stripe of darkening at 171 A
and brightening at 193 and 211 A, indicating prompt heating
of plasma from 0.8 to 2.0 MK followed by restoring cooling,
likely caused by adiabatic compression and subsequent
rarefaction.

2. Kinematics (Appendix B2). Measured at 193 A on the
lowest cut AO at height 7 = 38", the leading front of the
EUV wave travels with general deceleration at an average
velocity of 650 & 30 km s~ to the north and ~50% slower
at 370 = 20kms~! to the south. We use such velocities to
characterize the global EUV wave because the 193 A wave
generally signals the first arrival of the disturbance and no
systematic height dependence of the wave velocity has been
found.

3. Height dependence (Appendix B3). There is a clear trend
of delayed arrival of the EUV wave at lower heights in the
low corona (& < 220 Mm) near the eruption. This indicates
a wave front forwardly inclined toward the coronal base.

3.1. EUV Wave Generation and Decoupling from CME

To probe the origin of the EUV wave, let us examine
the enlarged space—time diagrams from all azimuthal cuts
in Figure 5. The base ratio (top row) best shows the broad
global EUV wave and post-CME dimming, while the running
ratio (middle row) highlights fast varying features, such as
the expanding CME/loops and quasi-periodic wave trains (see
Section 3.2).

On the lowest cut A0, the global EUV wave is first detected
some 5o = 150" = 110 Mm away to the north and south of
the eruption center, but at different times. The northward wave
appears at 23:11:20 UT, 6 minutes after the common onset of
the fast CME expansion and flare impulsive phase, as described
in Appendix C. By that time, the CME front to the north near
the vertical direction has reached >210kms~!. The southward
wave is generated 3 minutes later at the outermost edge of some
low-lying loops rapidly pushing downward (Figures 12(m) and
(n)). Within the distance sy, no systematic emission change can
be related to either the EUV wave or the CME expansion.

On higher cuts A1-A3 (Figure 5), while the EUV wave
signal decreases, loop expansion due to the upwardly growing
CME becomes increasingly evident. On cuts A2 and A3, the
EUV wave can be traced further back in distance to near the
eruption center and back in time as the successive onsets of
the CME’s rapid lateral expansion. This suggests that the EUV
wave could be the continuation into the quiet-Sun region of the
same disturbance signaling the fast expansion (cf. differential
expansions in other events; Schrijver et al. 2008, 2011).
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Figure 4. Base ratio space-time diagrams at 171 (red), 193 (green), and 211 A
(blue) from selected azimuthal cuts AO and A3 defined in Figure 3(b). The
distance is measured along each cut in the counterclockwise direction from
the eruption center shown in Figure 3(a). Distances shown here are normalized
to that on the lowest cut A0 to represent the azimuthal (latitudinal) position,
a convention taken throughout this paper, while velocity measurements were
based on the original distances. The dotted lines are linear fits to the global EUV
wave front, labeled with fitted velocities (in kms~!). The horizontal dashed lines
delineate the boundaries within each cut of the coronal cavity and polar coronal
hole, best seen as dark areas in the 211 A inset of Figure 3. The cross and plus
signs on the right indicate the azimuthal positions of the vertical cuts defined in
Figure 3(f) and of the temporal intensity profiles shown in Figure 9, respectively.

(A color version of this figure is available in the online journal.)

This rapid CME expansion may play a key role in driving the
EUV wave, as described in Appendix C. It involves a sizable
volume of roughly the active region of rag = 110 Mm in radius
and originates at its center of a height 7y = 110 Mm above
the photosphere. Below this height, the CME expansion has a
significant downward component, while the lateral expansion
is negligibly slow and spatially confined (see Figure 12 and
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(A color version of this figure is available in the online journal.)
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movie 1C). Above this height, as shown in Figures 5(c) and (d),
the lateral CME expansion experiences an acceleration phase
with ¢ = (0.18 4+ 0.01)—(0.58 + 0.04) kms~2 and maximum
velocities (150 & 10)—(300 £ 30)kms~', followed by a com-
parable deceleration. This makes the CME flanks quickly fall
behind the global EUV wave that is 2—4 times faster, consistent
with recently reported CME—wave decouplings (Patsourakos &
Vourlidas 2009; Kienreich et al. 2009; Cheng et al. 2012).

The 110 Mm distance of the initial EUV wave from the erup-
tion center is comparable to those of other EUV waves (e.g.,
Veronig et al. 2008; Liu et al. 2010) and Moreton waves or
type II bursts (Warmuth et al. 2004; Muhr et al. 2010), sug-
gesting a spatially extended rather than a point-like source
region. Whether the EUV wave represents an MHD wave or
CME-caused restructuring, such a considerable distance, in
general, is required for the velocity and volume of the ex-
panding CME (as the disturbance driver) to grow, in order to
build up sufficient compression to the ambient corona to pro-
duce detectable emission changes. In addition, the associated
6-9 minute delay (cf. 1-2 minutes; Vr$nak et al. 1995) seems
reasonable for a piston-driven, nonlinear wave to steepen into
a shock (Mann 1995; VrSnak & Luli¢ 2000; Bain et al. 2012),
because it is on the same order of the predicted shock formation
time (Zic et al. 2008, see, e.g., their Figure 6(a)) by applying
relevant control parameters from our measurements.

3.2. Quasi-periodic Wave Trains ahead of CME

The quasi-periodic wave trains ahead of the CME appear as
successive arc-shaped pulses in the low corona in running differ-
ence images (see Figures 3(h) and (i), movie 1C). They are best
seen in running-ratio space—time diagrams (Figure 5, middle)
as fine-structure, narrow stripes of alternating brightening and
darkening, within the broader pulse of the global EUV wave
seen in base ratio (top). The northward wave train is partic-
ularly evident, including coherent pulses traveling some 500"
(ZRo/2) away. The first pulse in each direction is located at
the leading front of the global wave, appearing at s = 150"
from the eruption center ahead of the CME flank, followed by
subsequent pulses originating from about the same location.
Each pulse has the same wavelength dependence as the overall
global wave noted above (see Appendix B1), indicating plasma
heating.

The sharpness of these narrow pulses allowed us to trace
detailed kinematics better than the diffuse front of the global
EUV wave. We selected the most pronounced pulse from cuts
A0 and A1 in each direction, i.e., the second in the north and the
first in the south. We then fitted their space—time positions with
a piecewise linear function, as shown in red in Figures 5(e) and
(f), shifted by —5 minutes to allow the original data visible.
On cut AQ, the velocities within the first 1-2 minutes are
1420 £+ 110 and 500 + 50kms~" in the north and south,
respectively, and then drop by ~50% to the average velocities
of the diffuse wave front shown in panel (a). For the northward
pulse, there is an additional velocity change upon its arrival at
the coronal cavity, in which it travels at 980 £ 90 km s~1, about
50% faster than the 620 + 40kms~! velocity outside, followed
by a drop back to this level upon its exit from the cavity’s far
side. Such non-monotonic velocity variations resemble those in
other EUV waves under different circumstances (Zhukov et al.
2009; Li et al. 2012b). A similar behavior occurs on cut A1, but
we found no systematic height dependence of the wave velocity.

The height distribution of the quasi-periodic wave trains can
be seen in running-ratio space—time diagrams from vertical cuts
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V8 (northward) and V4 (southward), as shown in Figures 5(i)
and (j). These waves are prominent in the low corona i <
150" ~ 110Mm, and their signals rapidly fall with height.
At least five pulses (stripes), uniformly spaced in time by
about 2 minutes (128 s), can be identified in each direction.
These stripes have negative slopes, indicating delayed arrival at
progressively lower heights and wave fronts forwardly inclined
toward the solar surface, same as the overall global EUV wave
noted above (see Appendix B3). To the south, the shallower
slope is consistent with the lower propagation velocity and thus
longer delays. The sudden change of slope from negative to
positive at 23:35 UT is a possible indication of reflection of the
wave at the coronal base.

The arrival time of the second pulse from cut V8, for example,
is plotted against height (y-axis) in Figure 5(k) and fitted with a
parabolic function (solid line), indicating a delay of 53 s over a
height range of 98”. As detailed in Appendix B3, we backtracked
in time this delayed arrival to reconstruct the wave front seen
in the running difference movie 1C that is, however, difficult
to identify in stills. The result is shown in red in panel (1).
Its forward inclination angle from the local vertical is shown
in blue in panel (k), which increases with decreasing height,
ranging from 17° at h = 98" to 42° at the coronal base.

4. SEQUENTIAL OSCILLATIONS ON WAVE PATH

As mentioned earlier, upon the arrival of the global EUV wave
at increasing distances, local coronal structures are sequentially
deflected, setting off transverse oscillations, which are best seen
as sinusoidal stripes in enlarged base-ratio space—time diagrams
(Figure 6). In running-ratio diagrams (Figures 5, middle), they
appear as numerous shallow-sloped, narrow stripes superim-
posed on the steep, broad pulse of the global EUV wave, as
noted in an earlier event (Liu et al. 2010, see their Figure 5(d)).
We found oscillations lasting up to 6 hr in a variety of struc-
tures, including the northern polar coronal hole boundary, with
velocity amplitudes of 827 kms~' and periods ranging from
12 minutes in short loops to 80 minutes in large-scale loops. We
expect to use such high-resolution measurements as seismolog-
ical tools in the future to infer physical conditions and damping
mechanisms (e.g., Ofman & Aschwanden 2002; Ofman 2009;
White & Verwichte 2012; Wang et al. 2012). Here we focus on
the best manifestation of such oscillations in the coronal cavity
to shed light on the nature of the EUV wave.

4.1. Oscillations of the Coronal Cavity

We selected three dark filament threads (labeled Osc. 0,
1, and 2) embedded in the coronal cavity as tracers of its
oscillations seen in Figure 6. We obtained the space-time
position s(¢) at the center of each thread, using its width as the
spatial uncertainty. s(¢) was smoothed to approximate the slowly
drifting equilibrium position seq(f), which was then removed to
obtain the net oscillatory displacement As(?) = s(f) — Seq(?),
as shown in Figure 6(d). We fitted As(¢) with a damped sine
function, As(¢) = A exp[—(¢t —1)/ta] sin[27(t —ty)/ P], shown
as the red solid line, where A is the initial amplitude at ¢ = #y, Pis
the period, and 74 is the e-folding damping time. These filament
threads, although located at different positions, have fitted
parameters in a narrow range, indicating a coherence consistent
with the bodily oscillations of the entire cavity. The average
parameters are (74) = (119 £ 14) minutes, (P) = (27.6 &+
0.1) minutes, and (A) = 372+071 = (2.3£0.1) Mm, giving an
initial velocity amplitude (v) = (2 A/P) = (8.840.4)kms~'.
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Figure 6. (a) and (b) 193 A base ratio space—time diagrams along azimuthal
cuts AO and A1 to the north of the eruption, showing an uninterrupted sequence
of transverse oscillations set off by the arrival of the global EUV wave at
increasing distances. (c¢) Zoomed view of (a) showing filament oscillations
within the coronal cavity, fitted with damped sine functions in (d). Note in (c)
the delayed onsets of oscillations at greater distances in agreement with the
EUYV wave travel time at the measured velocity.

(A color version of this figure is available in the online journal.)
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The onsets of oscillations within the cavity farther away
from the eruption are delayed in time. For example, Osc. 2 at
As = 58" = 42 Mm from Osc. 0 is delayed by At = 44 s. This
translates to a velocity of As/At = 970kms~!, in agreement
with the elevated velocity of the wave trains within the cavity
found earlier (see Figure 5(e)).

As detailed in Appendix D, we estimated the energies of the
cavity oscillations and global EUV wave to be 10?7 and 107 erg,
respectively, significantly lower than the 103! erg kinetic energy
of the CME. The transverse oscillations of the cavity are likely
fast kink modes. Its magnetic field was thus estimated via
coronal seismology to be on the order of ~6 G with a pitch
angle of ~70°, suggestive of a highly twisted flux rope.

5. COMPARING TWO TYPES OF QUASI-PERIODIC
WAVE TRAINS

We now examine the quasi-periodic wave trains within the
funnel behind the CME and flare pulsations to help understand
the wave trains in the global EUV wave ahead of the CME
presented in Section 3.2.

5.1. QFP Wave Trains in Funnel behind CME

Figure 7 (top panels, see movies 2A and 2B) shows the
quasi-periodic wave trains behind the CME as successive arc-
shaped intensity variations on the 1%—5% level, traveling along
a funnel of coronal loops rooted at the flare kernel and curved
toward the south. No significant signals can be detected in
channels other than 171 A, suggesting that the responsible
plasma is likely near this channel’s peak response temperature
of 0.8 MK. In space-time diagrams (bottom panels), these
waves are steep, recurrent stripes behind the bright CME front.
Parabolic fits (dotted lines) to a prominent wave pulse in
different directions indicate large decelerations of 3—4 km s2,
with initial velocities at so = 150” from the flare kernel of
(1020 + 130)—(1240 & 160)kms~!, which are comparable to
those of the northward quasi-periodic waves ahead of the CME,
but twice those of the southward waves (see Figure 5(e)).

We identify the wave trains in the funnel as quasi-periodic fast
propagating (QFP) waves recently discovered by AIA (Liu et al.
2010, 2011b; Shen & Liu 2012) and confirmed as fast-mode
magnetosonic waves in three-dimensional MHD simulations
(Ofman et al. 2011). The new characteristics found here are
the rapid deceleration and disappearance while approaching the
CME front, which will be discussed in Section 6.2.

5.2. Fourier Analysis of Wave Trains behind/ahead
of CME and Flare Pulsations

We now apply Fourier analysis to the quasi-periodic waves
both ahead of and behind the CME front and compare them
with flare pulsations. From each of the space—time diagrams
shown in Figure 8 (left), we extracted a data cube from the
dashed box in which the wave signals are prominent. We then
obtained its Fourier power (k—w diagram) in the domain of
temporal frequency v and spatial wavenumber k, as shown
in the middle. Each k—w diagram displays a bright ridge
that represents the dispersion relation of the wave averaged
over the extracted duration. Within a selected region enclosed
by the dashed lines around the ridge, the (v, k) positions
of bright pixels above a threshold (10% of the maximum),
weighted by the power, were fitted with a linear function.
These fits (passing through the origin), as marked by the two
cross signs on the sides, indicate average phase velocities of
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Figure 7. QFP wave trains seen at 171 A in the funnel rooted at the flare kernel behind the CME front. Top: running-ratio images (see movies 2A for original and
2B for running difference). The dashed (dot-dashed) lines mark the curved cuts CO-C2 (azimuthal cuts AO—A3). Bottom: running-ratio space—time diagrams from
selected azimuthal cut A3 and curved cuts C1 and C2. Overlaid dotted lines are parabolic fits to a single wave front seen in the respective cuts, labeled with fitted

deceleration @ and initial velocity vy at a reference distance of sy = 150" (plus sign).

(Animations and a color version of this figure are available in the online journal.)

vph = 890 £ 250, 670 £ 140, —380 &= 140 km s~! which agree
with the corresponding velocities measured in the space—time
diagrams (see Figures 5 and 7). Here the +/— signs denote the
propagation direction and the uncertainties imply scatter due to
temporal variations.

By averaging Fourier power over wave number k within
the selected regions, we obtained the frequency distributions
of these waves (Figures 8, right). Prominent peaks were fitted
with Gaussians to find the corresponding frequencies (periods)
and their 1o uncertainties. As a general trend, the QFP waves
behind the CME front are preferentially distributed at high
frequencies, with the highest peak (marked by an asterisk)
located at v = 21 &+ 1 mHz (P = 47 £ 25), while the waves
ahead of the CME are concentrated at low frequencies, with the
highest peaks at 128 £ 18 and 212 & 24 s for the north- and
southward waves, respectively. The second-highest peak of the
southward waves is at 159 + 27 s, similar to the highest peak
of the northward waves. We thus refer to both with a 2 minute
periodicity. Such periodicities can also be visually identified in
the space—time domain on the left.

In an earlier event (Liu et al. 2011b), a 3 minute period was
found in both the QFP waves in a funnel and X-ray and UV flare

pulsations (Ofman & Sui 2006; Nakariakov & Melnikov 2009;
Sych et al. 2009). We searched for such a common periodicity
in this event. Because of no hard X-ray coverage and limb oc-
cultation of UV ribbons here, we used the time derivative of the
GOES 0.5-4 A soft X-ray flux as a proxy of hard X-rays, assum-
ing the Neupert (1968) effect at work (Veronig et al. 2005; Liu
et al. 2006; Ning & Cao 2010). As shown in Figure 8(d), there
are clear pulsations superimposed on a slower variation shown
in red, which was then removed to give a detrended light curve
shown in blue. We extracted the detrended data within the inter-
val defined by the dashed box, covering most of the impulsive
phase, and obtained its Fourier power (panel (1)). The power is
primarily distributed within 3-23 mHz, with concentration at
low frequencies or long periods (2-3.5 minutes). This trend is
similar to that of the EUV waves ahead of the CME (panels (j)
and (k)) but differs from that of the QFP waves behind the CME
with stronger power at high frequencies (panel (i)). In particular,
the prominent flare period of 143 4+ 16 agrees, within uncer-
tainties, with the 2 minute periodicity of the waves ahead of
the CME. The wavelet power (panel (h)) of the flare light curve
shows a peak of such pulsations, five of which, marked by the
vertical dotted lines, can be identified in panel (d). On the other
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(A color version of this figure is available in the online journal.)

hand, despite their different general trends, the flare pulsations
and the waves behind the CME share some common frequencies
within their broad distributions, including a prominent peak at
21 &1 mHz or 47 £+ 2.

We now return to the space—time domain to further explore
the connections between the flare pulsations and the two groups
of quasi-periodic EUV waves. In each space—time diagram of

Figure 8 (left), we located the onset times of the first identified
flare pulsation at the origin (s = 0, the flare kernel) and of
the quasi-periodic waves at the distance of the near edge of
the dashed box. We then connected the two positions with a
straight dotted line, followed by parallel lines corresponding to
the rest of the five pulsations at the 143 s period. Interestingly,
these slanted lines translate to velocities of 1460, 1350, and
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Table 2
General Properties of Phenomena Involved in the Event

Phenomena v (kms™") Period  E (erg)
CME Lateral 150-300  Vertical 990 103!
Flare 2 minutes

Wave Trains (WTs) ahead of CME (Global EUV Wave): 10?8
(1) Northward Init. 1420 Ave. 650 In Cav.980 2 minutes
(2) Southward 500 370 2 minutes
WTs behind CME 1020-1240 47 s
Cavity Osc. 9 28 minutes 10?7

490km s~ that agree with the initial velocities of the respective
wave trains noted earlier (see Figures 5 and 7). In addition, for
the northward wave train ahead of the CME, the slanted lines
closely trace the first two pulses and match the onsets of the
rest of the five pulses at the edge of the box. For the southward
waves, such a close match is less evident, but the duration of
these flare pulsations extrapolated to the box edge overlaps with
that of the quasi-periodic waves there. Implications of these
coincidences will be discussed in Section 6.3.

6. CONCLUDING REMARKS
6.1. Summary

We have presented detailed analysis of a global EUV wave
containing quasi-periodic wave trains ahead of the CME front,
focusing on three interrelated aspects: the generation of the EUV
wave and its decoupling from the CME, sequential structural
oscillations (particularly of the coronal cavity) triggered by
the wave, and a comparison of these wave trains with those
behind the CME front and with flare pulsations. We summarize
the general properties of various phenomena in Table 2 and
recapitulate below our findings, the first two being reported for
the first time.

1. Quasi-periodic wave trains® within the broad global EUV
wave pulse travel ahead of the lateral CME front coherently
to > R/2 along the solar surface. Their initial velocity
of 1420 + 110kms~! (500 & 50kms~") to the north
(south) of the eruption decelerates to their average velocity
~50% slower. Their dominant 2 minute period agrees with
that of the X-ray flare pulsations. These wave trains are
spatially confined to the low corona 4 < 110 Mm, similar
to the heights of global EUV waves seen by STEREO
(Patsourakos et al. 2009; Kienreich et al. 2009). Their
arrival is delayed at lower heights by up to three minutes,
indicating wave fronts being forwardly inclined toward the
coronal base (see Figures 5 and 8, Section 3.2), while we
found no systematic height dependence of the wave velocity
(Figure 10).

2. Sequential transverse oscillations and deflections of local
structures, upon the arrival of the global EUV wave at
increasing distances, form an uninterrupted chain reaction.
The best manifestation is the (likely fast kink mode)
oscillations of the coronal cavity and its embedded filament,
with a 28 minute period and 9kms~! velocity amplitude.
The delayed oscillation onsets across the cavity agree with
the travel time of the EUV wave at an elevated velocity of
~980km s~! within it. The estimated energies of the cavity

6 Such wave trains were somewhat discernible in an earlier STEREO event at
a lower cadence of 75 s but were not analyzed (Patsourakos et al. 2010a, see
their Figure 11).
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oscillations and global EUV wave are 10?7 and 10% erg,
respectively, 10°~10* times lower than the 103! erg kinetic
energy of the CME (Figure 6, Section 4).

3. At low altitudes 7 < 110Mm, the global EUV wave is
first detected at so = 110 Mm to the north and south of the
eruption center, 6-9 minutes after the coincidental onset
of the rapid CME expansion and flare impulsive phase. At
higher altitudes, the EUV wave can be traced further back
in distance to near the eruption center and back in time as
the successive onsets of rapid loop expansions involved in
the CME (Figure 5 and Section 3.1).

4. The fast expansion of the CME, with a significant down-
ward component, involves a sizable volume of about the
active region of 110 Mm in radius with its center at an ele-
vated height of 110 Mm (Figure 12 and Appendix C). Neg-
ligibly slow near the coronal base, the lateral expansion
grows with height, reaching 150-300 kms~! and then de-
celerating, falling behind the global EUV wave of 2—4 times
faster (Figure 5).

5. The broad global EUV wave and its narrow quasi-periodic
pulses appear as darkening at 171 A and brightening at 193
and 211 A, with the maximum intensity variations being
generally delayed from 193 to 211 and 171 A, suggestive of
heating from typically 0.8 to 2.0 MK followed by restoring
cooling (Figures 4 and 9, Appendix B1).

6. There are additional QFP wave trains (fast magnetosonic;
Liu et al. 2011b; Ofman et al. 2011) of a shorter, dominant
period of 47 &2 s, traveling at 1000—-1200 km s~! along the
coronal funnel rooted at the flare kernel behind the CME
front, near which they abruptly disappear (Figure 7 and
Section 5.1).

6.2. Proposed Physical Picture

We propose the following physical picture, as shown earlier
in Figure 1, to tie together these observations. After a gradual
rise and bulging of the active region of radius rag = 150" =
110 Mm, a rapid expansion, likely driven by a Lorentz force,
initiates near its center located at a height rar above the
photosphere. Within minutes, this expansion soon involves
the entire active region of a significant volume and becomes
sufficiently fast (>200kms™"), leading to a CME expulsion
(Patsourakos et al. 2010b). An EUV wave is then generated
in the low corona at the outer edge of the expanding CME,
so = 110Mm from the eruption center. This distance and the
6-9 minute delay allow the CME expansion to grow and build
up sufficient compression to the ambient corona or allow a
nonlinear wave to steepen into a shock.

Initially centered at a significant height of 110 Mm, the
expanding CME volume naturally produces the sphere-like
shape of the early EUV wave front. The elevated lateral
expansion and underlying chromosphere of extremely high
density, essentially serving as a hard floor, compose an angled
formation. Compared with the upward expansion into the
open corona, this formation produces a compression to the
surrounding low corona at an enhanced efficiency. This is
similar to a piston in a semi-enclosed volume and may play
an important role in driving the low-corona portion of the
EUV wave that is forwardly inclined to the solar surface. The
downward component of the compression’ may cause on-disk

7 As a possibility yet to be validated, such a downward compression could be
physically similar to recently proposed Lorentz transients (Fisher et al. 2012)

in flares that generate photospheric magnetic field changes (Wang & Liu 2010;
Sun et al. 2012) and even sunquakes (Zharkov et al. 2011; Hudson et al. 2012).
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redshifts in EUV waves (Harra et al. 2011; Veronig et al.
2011) and magnetic transients in Moreton waves (Kosovichev &
Zharkova 1999). Such compression can explain the preferential
height distribution of the EUV wave in the low corona and can
produce density enhancements and adiabatic heating (Schrijver
etal. 2011; Downs et al. 2012), which are likely responsible for
the observed emission variations, perhaps together with other
heating mechanisms. This adds to the importance of the lateral
(versus vertical) CME expansion in EUV wave generation
(Pomoell et al. 2008; Temmer et al. 2009).

As the CME expands and its center rises, the ambient corona
parts to allow the CME expulsion into the heliosphere. Its
lateral expansion at increasing heights then slows down and
halts, partly because of the resistance of the ambience by a
Lorentz restoring force. This produces a dimming region of a
limited spatial extent. However, the EUV wave proceeds at the
local fast-mode velocity to the rest of the corona, leading to
the spatial decoupling from its initial driver, the CME. The
periodicity (2 minutes) and coherence over great distances
(Z R /2) of the wave trains within the broad global EUV wave
pulse clearly indicate their true wave nature. Their velocities of
300-1400km s~! are also within the expected range of coronal
fast-mode speeds. If the simulated “coronal Moreton waves”
(Chen et al. 2002, 2005) repeatedly launched and running ahead
of the CME flanks are real, our result provides the first observa-
tional evidence of such waves. As such, global EUV waves can
no longer be considered as single-pulse disturbances as previous
low-resolution observations indicated (Wills-Davey et al. 2007).

As the EUV wave propagates outward in all directions, the
ambient coronal loops are sequentially displaced at increasing
distances, with delays in agreement with wave travel times.
These loops generally overshoot and start fast kink mode
oscillations, again, driven by a Lorentz restoring force produced
by the displaced magnetic field. These oscillations, signaling
the first response to the arrival of the traveling disturbance, are
another manifestation of its fast-mode wave nature that is the
propagation of a perturbation at the highest velocity supported
by the medium. The initial loop displacement takes place in the
direction of the EUV wave propagation, further supporting its
true wave nature (see, e.g., Figure 7 of Patsourakos & Vourlidas
2012). These oscillating loops do not participate in the CME
expulsion but are only passively perturbed, while maintaining
their topological integrity largely unchanged. They are thus not
the footprint of a CME (cf. Attrill et al. 2007).

Upon arrival at the coronal cavity, the global wave front and
subsequent quasi-periodic wave train continue to travel into it
and exit from its far side. Their velocities within the cavity being
50% higher than outside indicate higher Alfvén and fast-mode
speeds, expected from the lower plasma density and higher
magnetic field strength in a flux-rope cavity (Gibson et al.
2010; Berger et al. 2011). In other words, the same disturbance
travels into the cavity at velocities modified according to the
local fast-mode speed. (If the wave were to bypass the cavity
in front of or behind it in projection, one would not expect
such a velocity change.) This also implies that this disturbance
must have penetrated through a topological separatrix surface
that separates the flux rope, as a distinct flux system, from the
surrounding corona. This contradicts the prediction that a CME-
caused apparent wave cannot travel across such a surface (Chen
etal. 2002; Delannée et al. 2007). The EUV wave does, however,
stop at the polar coronal hole boundary, another separatrix
surface, as observed before (Thompson & Myers 2009). This is
likely because of the strong reflection due to the large gradient
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of the wave speeds there (Schmidt & Ofman 2010). The lack of
reflection signature at the coronal cavity may suggest a relatively
small wave speed gradient and thus a large transmission (versus
reflection) coefficient, which requires further investigation.

The QFP wave trains traveling along the coronal fun-
nel likely originate from the flare, as previously found (Liu
et al. 2011b), but with some different frequency distributions.
They are spatially confined within the CME bubble, which
may have produced a favorable condition for their generation
and/or detection. Their sudden termination at the CME front
is likely due to damping generated by the discontinuity there
that rapidly dissipates these waves and/or due to increased dis-
persion associated with the decrease of the fast-mode speed
with height, as predicted in three-dimensional MHD simulations
(Ofman et al. 2011).

6.3. Discussion

The forward inclination of the early EUV wave front in the
low corona has important implications (e.g., Grechnev et al.
2011b). An observational consequence is a delayed arrival
by, e.g., tens of seconds to minutes, of its chromospheric
counterpart, a Moreton wave, as indicated in recent preliminary
results (White et al. 2011). While the early-stage EUV wave
front is primarily shaped by its driver, as the wave travels
farther away, the propagation effect will become increasingly
influential. If the EUV wave is a true MHD wave, refraction can
deflect its ray trajectory away from regions of high wave speeds
toward regions of low wave speeds (Uchida 1968; Afanasyev &
Uralov 2011). Therefore, the shape and temporal evolution of the
EUV wave front have a seismological potential (Ballai 2007) to
infer the spatial distribution of the fast-mode and Alfvén speeds
and thus the coronal magnetic field strength.

The common periodicities of the quasi-periodic waves
(especially those ahead of the CME) and flare pulsations and the
consistent extrapolated velocities (see Section 5.2) point to the
possibility that a cyclic disturbance, likely a fast-mode MHD
wave, originates from the flare site (cf. Chen 2006) and modu-
lates the EUV waves both ahead of and behind the CME. The
different physical environments in which these waves propagate
may further modify their relative amplitudes by, e.g., a combi-
nation of phase velocity variations and wave dispersion, giv-
ing rise to their different observed frequency distributions. We
also note that no clear wave signatures can be identified within
~150” (100”) from the eruption center for the waves ahead
of (behind) the CME front. We speculate this being caused by
the line-of-sight integration of other more dominant features
near the eruption and/or by disturbance amplitudes below the
instrument sensitivity in the early stage. Another possibility
for such common periodicities is fast kink mode oscillations
of loops in the peripheral of the active region instigated by
the CME eruption. In this case, the period P = 2I/(Ncy)
for the fundamental mode (N = 1) gives the loop length
| = Pcr/2 = (2 minutes) x (1 Mm s’l)/2 ~ 60 Mm, which is
reasonable for large active region loops and comparable to the
height range (~110 Mm, Figure 5(i)) of the low-corona wave
trains. However, despite our best efforts, we could not iden-
tify such loop oscillations in AIA data. Alternatively, if these
oscillations are not free, linear kink modes, but are driven or
nonlinear, their periodicities would be determined by the driver
or nonlinearity, not by the loop length. These aspects require
further investigation with three-dimensional MHD models.

Recent observations (Harra & Sterling 2003; Zhukov &
Auchere 2004; Kienreich et al. 2009; Patsourakos & Vourlidas
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Figure 9. Base ratio temporal profiles of emission intensity from azimuthal cuts at selected positions shown in Figure 4 (plus signs there). The general trend of
darkening at 171 A and brightening at 193 and 211 A indicates heating in the EUV wave pulse ahead of the CME.

(A color version of this figure is available in the online journal.)

2009; Chen & Wu 2011; Cheng et al. 2012) and simulations
(Chen et al. 2002, 2005; Cohen et al. 2009; Downs et al. 2011,
2012) have led to a converged view about the multifaceted na-
ture of global EUV waves. That is, a primary (outer) fast-mode
MHD wave/shock, sometimes associated with an Hoe Moreton
wave (Thompson et al. 2000b; Asai et al. 2012), travels gener-
ally ahead of a secondary (inner) slow disturbance related to
the CME-caused coronal restructuring. Along the lines of recent
suggestions (e.g., Downs et al. 2011; Schrijver et al. 2011), we
propose that this wave /non-wave hybrid mechanism is a general
rule, rather than an exception. Under specific physical and obser-
vational circumstances, this general underlying mechanism may
have different manifestations, depending on which component
has the dominant observational signature. Taking the EUV wave
reported by Liu et al. (2010) as an example, the low-cadence,
low-sensitivity SOHO/EIT could miss the leading faint, diffuse
wave component of 240kms~! and only capture the trailing
strong, sharp non-wave fronts as slow as 80 kms~!. This could
cause a bias in the broad velocity distribution of 50-700 km s~!
obtained from EIT (Thompson & Myers 2009), the lower end
of which is incompatible with fast-mode waves. Likewise, if an
expanding CME drives a fast-mode wave or shock, depending
on whether the stand-off distance between the wave and CME
front can be spatially resolved by the instrument, one could de-
tect both or only one component. When a separatrix surface lies
in the way, the CME-caused slow component could stop, while
the fast-mode component would proceed forward. As such, the
single term “EIT waves” may have historically included a vari-
ety of physically distinct phenomena (Warmuth & Mann 2011).

To date, SDO/AIA has observed a variety of EUV waves,
including those generated by mini-CMEs, emerging flux (Zheng
et al. 2011, 2012), and “coronal cyclones” (Zhang & Liu
2011), as well as Kelvin—Helmbholtz instability waves produced
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by velocity shear at CME flanks (see Ofman & Thompson
2010, 2011 for the first AIA EUV wave event reported by
Liu et al. 2010; cf. Foullon et al. 2011 for a later event).
These new observations, together with those presented here,
add to the multitude of the EUV wave phenomenon specifically
and CME/flare eruptions in general. A latest study of a large
sample of >>100 global EUV waves observed by both SDO/AIA
and STEREO/EUVI has revealed an average wave velocity of
700kms~! (N. Nitta et al. 2012, in preparation). This is a strong
indication that the primary EUV disturbance is a fast-mode
MHD wave, a conclusion supported by many recent studies
(e.g., Asai et al. 2012) and particularly the quasi-periodic wave
trains ahead of the CME discovered here. The origin of their
periodicity will be a subject of future investigation.

This work is supported by NASA SDO/AIA contract
NNGO4EAOOC to LMSAL, W.L. and L.O. by NASA grant
NNX11AO68G, and L.O. by NASA grant NNX09AG10G. We
thank Cooper Downs, Spiros Patsourakos, P. F. Chen, and Keiji
Hayashi for useful discussions and the referee for constructive
comments that helped improve this paper. The SOHO/LASCO
CME catalog is generated and maintained at the CDAW Data
Center by NASA and The Catholic University of America in
cooperation with the Naval Research Laboratory.

APPENDIX A
TECHNICAL DETAILS OF DATA ANALYSIS

As shown in Figures 3 and 7, we selected four complementing
sets of narrow cuts (slits) for space—time analysis: (1) 15 radial
cuts Ri (i =0, ..., 14) of 10” wide starting from the eruption
center (h = 49" above the limb at N20°6), which serve to track
the early expansion of the CME and the generation of the EUV
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Figure 10. (a)—(d) Positions of the north- and southward 193 A EUV wave fronts obtained from azimuthal space—time diagrams as in Figure 4. The sign of the
southward distance is reversed. Overlaid dashed lines are parabolic (blue) and linear (red) fits, labeled with fitted parameters. The horizontal dotted line denotes the
position where the velocity vy from parabolic fits is evaluated. (e) Height distribution of velocities from linear fits to wave fronts on different azimuthal cuts at 171,
193, and 211 A. (f) Same as (e) but for velocities scaled onto the lowest cut A0, equivalent to angular velocities in the azimuthal direction with respect to the disk center.

(A color version of this figure is available in the online journal.)

wave; (2) four azimuthal cuts Ai that are 20"-30" wide with
centers located at heights of & = 38", 88", 168", 258" and
serve to track propagation at constant heights above the limb;
(3) 12 vertical cuts Vi of 20” wide starting at the limb, which
serve to provide height-dependent arrival times of propagating
disturbances, with cut V6 located at the eruption center, cut
VO within the coronal cavity, and cut V11 at the coronal hole
boundary; and (4) three curved cuts Ci of 20” wide along the
funnel in which the QFP waves propagate.

Each space-time diagram was obtained by composing one-
dimensional image profiles at different times along a cut. To
achieve desired color scaling suitable for different features, we
further applied base or running difference by subtracting an ini-
tial or immediately previous image profile, or likewise, applied
base or running ratio, equivalent to differencing logarithmic
profiles. We used mouse-clicks to track a moving/propagating
feature whose positional uncertainties, depending on its sharp-
ness, are typically no more than a few to ~10".

Bear in mind that velocities measured this way are projected
velocities on the plane of sky captured within the cut. They
can deviate from the true plane-of-sky velocities by a factor
of 1/cos@, if the cut is at an angle 6 from the direction of
propagation normal to an intensity front. Significant deviations,
however, only occur for large angle misalignments, say, a factor
of two overestimate for & = 60°. Because this event occurs
on the limb, we expect that such projection effects are rather
small. The selection of complementing cuts above can also help
minimize this potential bias.

STEREO A, 82° ahead of the Earth, provides complemen-
tary information at a 2.5 minute cadence of the CME-EUV
wave decoupling, consistent with our and earlier results (e.g.,
Patsourakos et al. 2009). We thus chose to focus on new AIA ob-
servations here, but future studies using higher cadence STEREO
data may help constrain the three-dimensional geometry of
quasi-periodic wave trains.

APPENDIX B
GENERAL PROPERTIES OF GLOBAL EUV WAVE
B.1. Temperature Dependence: Heating and Cooling

The general trend of darkening at 171 A and brightening at
193 and 211 A at the EUV wave front, followed by a recovery
in the opposite direction, as shown in Figure 4, indicates
heating and subsequent cooling. Qualitatively similar behaviors
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were observed by TRACE and STEREO/EUVI (Wills-Davey
& Thompson 1999; Dai et al. 2010) and SDO/AIA (Liu et al.
2010; Long et al. 201 1a; Schrijver et al. 2011).

We further take horizontal slices at selected positions from
Figure 4 (plus signs there) and show the resulting intensity
profiles in Figure 9. The large variations near the eruption
(panels (k) and (1)) are due to the erupting material and
subsequent dimming, while the remaining, moderate variations
result from the global EUV wave. In particular, the CME front in
panel (k) appears as a sharp enhancement in all three channels,
suggesting an expected density increase. Immediately ahead of
itis a dip at 171 A and a shoulder at 193 and 211 A, indicating
a heated sheath surrounding the CME front.

Within the EUV wave pulse (e.g., panel (n)), it usually takes
several to 20 minutes to reach the maximum intensity variation at
each wavelength, followed by a comparable or longer recovery
1ast1ng up to tens of minutes. The maximum 193 A enhancement
is about 5%-10% above the pre-event level, while the maximum
211 A enhancement and 171 A reduction are about two times
larger on the 10%-20% level and delayed by a few minutes
from the 193 A maximum (Liu et al. 2010; Ma et al. 2011).
This indicates prompt plasma heating within minutes across
the characteristic temperatures of the 171, 193, and 211 A
channels, from 0.8 MK to 1.6 MK and then 2.0 MK, respectively
(O’Dwyer et al. 2010; Boerner et al. 2012; cf. Kozarev et al.
2011). The subsequent recovery after the maximum toward the
pre-event level is a cooling phase. Such emission variations
were largely reproduced in MHD simulations and ascribed
to heating by initial compression followed by cooling by
restoring rarefaction in an adiabatic process associated with
a compressible wave (Downs et al. 2012).

This general trend is evident in the quiet Sun to the south of the
eruption. To the north, it is complicated by organized structures,
such as the coronal cavity/filament and polar coronal hole
boundary producing oscillatory intensity variations (panels (d)
and (e)).

B.2. Kinematics and General Deceleration

To measure the velocity of the global EUV wave front,
we visually identified the initial intensity change, regardless
of brightening or darkening, at each distance in base-ratio
space—time diagrams (e.g., Figure 4) obtained from azimuthal
cuts shown in Figure 3(b). We have also tested automated
methods (e.g., see Liu et al. 2010; Long et al. 2011b), but
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(A color version of this figure is available in the online journal.)

all failed to consistently detect the wave front because of the
complex intensity variations, as shown in Figure 9. Yet, the
visual detection, with acceptable uncertainties, yielded the most
consistent result.

The resultlng EUV wave front positions versus time are
shown in Figure 10 for the 193 A channel, as an example,
and fitted with linear (red dashed) and parabolic (blue dashed)
functions. In general, both functions fit the data nearly equally

14

LIU ET AL.

193 A Radial Cuts, North of South of Vertical (Run.Ratio)

“Onset: Impulsive Phase,
Rapid CME Expansion

Fotowed by Cocietions
/5): 220430 b e

: 0.1320.02 -
(h) V6. (8=0°)

: ”-u-(
. @ (km/s
(c) R7. (8=18°)

Distonce (orcsec = 0.731 Mm)

450£30
0.5410,05

Distance (orcsec)

127020
0.5520.04

0.16£0.05

Distonce (orcsec) Distonce (orcsec)

Distance (orcsec)

!90¢2o
(e) R12 (a—§1°) m:oot (|) R2

t70t2b ‘I' ik
0.0920.01 920100
: 1.82£0.56

Distonce (orcsec)

550160
0.5720.16

(f) R13 (8 9.(L)

(™) Ri '(a=—..91°)

E’ \ Low e'lutudn
EUV Way

g Train a: R
s 43070 S
§ -3.82£0.35
2 380430
=] -0.31:0.06

N (g =(n) RO (8=—101“)

23:00 23:12 23:24 23.00 23:12 23:24
Time (UT since 2010/09/08 22:55:00) Time (UT)

0) CME Front Acceleration from Parabolic Fits
T E

oo
o~

0.5F

cooo
- N WD

acceleration (km/s%2)

100 50 0 -50
Angle from Vertical (degree; Counter—Clockwise > 0)

Figure 12. (a)-(n) Running-ratio space-time diagrams at 193 A from selected
radial cuts Ri and vertical cut V6 shown in Figures 3(a) and (f). Distance is
measured from the eruption center located at a height of 49” on V6. Note the
acceleration of the CME front and follow-up loops at high altitudes and the
generation of the EUV wave at low altitudes. The red dotted and dashed lines
are parabolic fits to the CME and EUV wave fronts, respectively, labeled with
the fitted acceleration (in kms~2) and maximum velocity (in km s~ ie., the
initial velocity for deceleration or the final velocity at s = 370", top distance of
the plot, for acceleration). The vertical white dotted line marks the onset of the
rapid CME expansion and the flare impulsive phase at 23:05 UT. (o) The bottom
panel shows the angular distribution of the CME acceleration measured from
these cuts. The angle is measured from the local vertical in the counterclockwise
direction.

(A color version of this figure is available in the online journal.)



THE ASTROPHYSICAL JOURNAL, 753:52 (17pp), 2012 July 1

well within uncertainties, but parabolic fits yield slightly smaller
x? values and indicate decelerations up to —0.88 £0.17 km s
(except for the acceleration in panel (a)). At the lowest cut
A0 (height & = 38”), linear fits give an average velocity of
650 4+ 30kms~! for the northward wave and ~50% slower
at 370 & 20kms~! for the southward wave. This north—south
asymmetry generally holds at different heights. There is a weak
increase of the velocity with height, but not significant beyond
uncertainties.

The EUV wave velocities measured at different wavelengths
show substantial scatter (Figure 10(e) and (f)), consistent with
those found by Long et al. (2008, 2011a), but their identified
trend of higher velocities in cooler lines is not present here. At
a given height, the velocity generally decreases from 193 to 211
and 171 A, likely due to the delay of the same trend noted in
Appendix B1.

B.3. Height Dependence and Forwardly Inclined Wave Fronts

The height dependence of the EUV wave can be examined
through its arrival at vertical cuts defined in Figure 3(f). As
shown in the resulting space—time diagrams of Figure 11, not
far from the eruption (top three rows), a general pattern, similar
across different AIA channels, is as follows. In the low corona
(h < 300" = 220Mm), the initial intensity variation forms
a stripe of a negative slope, indicating that the arrival of the
disturbance at the vertical cut first occurs at a high altitude
and then progresses toward lower altitudes; in the high corona
(h 2 300”), the trend is opposite. For example, over a height
range of 200", the downward progression at cut V3 (south of the
eruption) results in a 3 minute delay, translating to an apparent
vertical velocity of —760 kms~!, while the upward progression
at cut V7 (north of the eruption) produces a 4.5 minute delay and
an apparent velocity of 540 kms~!. This pattern means that the
leading front of the EUV wave near the eruption has a sphere-
like shape (Veronig et al. 2010; Selwa et al. 2012): viewed from
the eruption center, the front is upwardly concave in the high
corona and forwardly inclined toward the solar surface in the
low corona, as further discussed in Section 6.

The delayed arrival at the vertical cut V8 shown in Figure 5(k),
for example, can be used to reconstruct the corresponding wave
front. For each height &, we first interpolated the azimuthal wave
velocity v(h) from those average velocities measured on cuts
A0-A3 at different heights (see Figure 10). We then obtained the
azimuthal distance traveled from the actual arrival time ¢(h) to a
reference arrival time of #(0) = 23:16:55 UT at the coronal base
(h = 0), As(h) = [t(0) — t(h)]v(h). This distance was added to
the azimuthal position s, (/) of this vertical cut measured from
the eruption center to obtain the position of the instantaneous
wave front at #(0), s(h) = scu(h) + As(h). Repeating this for
all heights and then transforming the azimuthal positions back
to the Cartesian coordinates gave the resulting wave front, as
shown in red in Figure 5(1).

APPENDIX C
CME KINEMATICS AND EARLY EXPANSION

Figure 12 shows the expansion in different directions of
coronal loops involved in the CME, as captured in radial cuts
defined in Figure 3(a). Strong acceleration (¢ > 0.4kms™2)
only occurs within an angular range —50° < 6 < 70° of
the local vertical at the eruption center (panel (0)). In this
range, the CME experiences a two-phase, slow to fast expansion
(Sterling & Moore 2005), the transition of which occurs at
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23:05 UT, the beginning of the flare impulsive phase. The
early phase has an acceleration <0.1kms™? and maximum
velocity ~100kms~' (panel (a)). The largest acceleration of
0.70 & 0.06 km s~ in the late-phase takes place in the vertical
direction (panel (h)), reaching 240420 km s~ at the edge of the
AIA FOV. Comparable acceleration possibly continues into the
SOHO/LASCO FOV (1.5-30 R), as shown by the dotted
line in the inset of Figure 2(c). The CME then decelerates at
a = —0.019 £ 0.005 km s~ with initial and average velocities
Of Uax = 990+70km s~ and (v) = 820+40kms~!, according
to the CME catalog (https://cdaw.gsfc.nasa.gov/CME_list).

Beyond the angular range of —50° < 6 < 70°, the CME
acceleration remains below 0.3kms™2, with no two-phase
distinction but a north-south asymmetry. To the north of the
vertical, the expanding loops gradually slow down and/or
fade away (panel (e)). This first occurs at the lowest cut and
progresses toward cuts at greater heights, as indicated by the
short yellow arrows. To the south, the early slow expansion is
absent, but a sudden brightening caused by a rapid downward
expansion of some loops (see movie 1C), indicated by the short
orange arrows, takes place sequentially from cut R4 to RO. It
is at the outermost edge of this brightening near the coronal
base, so = 150" = 110Mm from the eruption center, that
the southward global EUV wave is launched at 23:14:20 UT
(panels (m) and (n)). Its northward counterpart is first detected
at a similar distance 3 minutes earlier.

We note in panel (h) that, in the vertical direction, some loops
at the eruption center are pushed downward from an initial
height of iy = 150" (with the 49” height of the origin of the cut
included), followed by transverse oscillations. In lateral direc-
tions, at the onset of the rapid CME expansion (vertical dotted
line), all participating loops are also located approximately be-
yond a distance sp = 110Mm from the eruption center. This
indicates that the rapid expansion involves the entire active re-
gion of rag = 110Mm in radius and originates at its center
of height iy = 110Mm. These observations imply that this
expansion, with a significant downward component, may play
a key role in driving the EUV wave (see more discussion in
Section 6.2).

APPENDIX D

ESTIMATES OF EUV WAVE ENERGY AND CAVITY
MAGNETIC FIELD

We can utilize the oscillations of the coronal cavity to estimate
the energy budget of the global EUV wave (see, e.g., Ballai
et al. 2005) and the cavity magnetic field strength, i.e., by
coronal seismology. These are order-of-magnitude estimates
with comparable uncertainties.

The cavity has a diameter D¢,y = 135” = 99 Mm measured
on azimuthal cut A2 in Figure 5(c). Its embedded filament,
likely underneath the axis of the flux rope running along its full
length (e.g., Low & Hundhausen 1995), has been quite stable
for a week before this event. It was best seen a few days earlier
(say, September 4, at http://www.solarmonitor.org), located at
N50° on the disk, spanning a longitude range of 35° and a
length of L., = 273 Mm. Assuming that cavity is a cylinder
of such a dimension, its volume is Viay = 77(Deay/2)* Leay. We
adopt an average electron density of n, = 1 x 10°cm™ of
the tenuous cavity and its dense filament combined (Vésquez
et al. 2009) and thus p = n.m, = 1.7 x 1075 gem™3. Its
total mass is Mmeyy = PVeaw = 3.5 x 10'° g, comparable to a
typical CME mass (Aschwanden et al. 2009). Now, taking a
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velocity amplitude of voe = 9km s~!, we obtain the kinetic

energy of the cavity of Ey cay = MeayV2./2 ~ 2 x 10* erg and

energy per unit length along its axis of e cay = Ek cav/Lcay- We
further assume that such an energy is uniformly distributed in
space at the same projected distance from the eruption center,
s = 450" = 329 Mm, measured on cut A2 (Figure 5(c)), as a
consequence of a surface-like wave in the low corona. Then, the
global EUV wave energy is Eyy = €t cay(2775) ~ 1 x 10%8 erg.
Both energies are 3—4 orders of magnitude smaller than the
kinetic energy Ercme ~ 1 x 103! erg of the CME, assumed
at the same mass as the cavity moving at 820 km s~ measured
by SOHO/LASCO. This wave energy is, however, 100 times
greater than that of another EUV wave and of a typical nanoflare
(Ballai et al. 2005).

These transverse oscillations are likely fast kink modes. In
this case, the period for the Nth harmonics is P = 2I/(Ncy),
where [ is the loop length and ¢ ~ v4 ~ v/ is the kink speed
in low-$ plasma with a loop density of the same order of the
surrounding plasma (v4 and v being the Alfvén and fast-mode
speeds, respectively). Using the measured average period of
27.6 minutes for the fundamental mode N = 1 and assuming
cr = 980kms~', we have | = Pc;/2 ~ 800Mm ~ 3L,
where L., = 273Mm is the cavity’s axial length measured
above. This gives a pitch angle of 8 = arccos(L¢y/l) =
arccos(1/3) ~ 70°, implying an expected, highly twisted flux
rope (Carter & Erdélyi 2008). If we adopt a typical density of
n, = 2 x 108cm™3 (p = nem, = 3 x 10’16gcm’3; from
Schmit & Gibson 2011) for the coronal cavity, we obtain a
magnetic field strength of B = vs/4mwp ~ 6G.
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