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Abstract Until now, there is no consensus on the origin of coronal shock waves.

Questions also remain about the patterns that govern the propagation of the pre-

sumably related disturbances observed in the extreme ultraviolet (EUV waves).

We present arguments in favor of the initial excitation of the waves by the

impulsive acceleration of erupting structures. We consider two puzzling events

that have been known thanks to the efforts of different research teams. Using

recent findings and our methods, we aim to figure out what might actually have

happened in these challenging events. In the first event, the expansion of the

coronal mass ejection (CME) was determined by gravity starting from the low

corona. The previous analysis led the authors to a conclusion about the flare-

related origin of the associated shock wave. We also consider another event, in

which an EUV wave had a strange kinematics. This was one of the weakest

flares accompanied by EUV waves. Both of these challenging events have been

reconciled in terms of an impulsively-excited piston shock.
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1. Introduction

The existence of shock waves propagating in the solar corona and interplanetary
space is generally accepted. Shock waves in the lower corona are manifested in
metric Type-II radio bursts and near-surface disturbances that travel more or less
rapidly over large distances (comparable to the solar radius) and can be observed
in different spectral ranges such as the Hα line (Moreton waves: Moreton, 1960;
Uchida, 1968, 1974; Warmuth et al., 2004a,b; Balasubramaniam, Pevtsov, and
Neidig, 2007), the extreme ultraviolet (EUV waves or EIT waves: Moses et al.,
1997; Thompson et al., 1998, 1999; Warmuth et al., 2001; Warmuth, 2010), and
others (Vršnak et al., 2002; Hudson et al., 2003; White and Thompson, 2005;
Warmuth, Mann, and Aurass, 2005; Warmuth, 2007, 2015). At longer distances,
shock waves are manifested in Type-II emissions of the decametric to hectometric
ranges (Cane and Erickson, 2005; Bougeret et al., 2008), while their traces appear
in coronagraph white-light images as faint halos surrounding fast coronal mass
ejections (CMEs) and deflections and kinks of coronal rays (e.g. Uralova and
Uralov, 1994; Vourlidas et al., 2003; Gopalswamy et al., 2009; Feng et al., 2012,
2013; Shen et al., 2013). Shock waves propagating farther in the interplanetary
space are manifested in the kilometric Type-II emission and are detected in situ
from discontinuities in plasma parameters and magnetic field by sensors of space
missions at different locations in the heliosphere even well beyond the Earth’s
orbit (e.g. Luhmann et al., 2008; Liu et al., 2008; Echer, 2019).

Shock waves generated in solar storms can be associated with space-weather
disturbances. Shocks driven by fast interplanetary CMEs (ICMEs) mark sudden
commencements of geomagnetic disturbances, though they alone are unlikely to
produce intense geomagnetic storms (Echer et al., 2008). The role of shock waves
in the acceleration of protons and heavier ions, at least to low and moderate
energies, is widely accepted (Klein and Trottet, 2001; Dierckxsens et al., 2015;
Trottet et al., 2015). Moreover, a number of researchers consider the shocks as the
only accelerator of heavy particles that appear in the interplanetary space (e.g.
Kahler, 2001; Reames, 2013; Gopalswamy et al., 2014; Cliver, 2016). Near-Earth
proton enhancements pose hazard to equipment and astronauts on spacecraft
and to crew members and passengers of transcontinental flights that enter high
latitudes, due to secondary particles produced in interactions of solar protons
with the Earth’s atmosphere (e.g. Veselovsky et al., 2004). To find out under
what conditions shock waves accelerate particles, it is important to know their
development and evolution (see, e.g., Reames, 2009; Gopalswamy et al., 2012).

Although the shock-wave excitation mechanisms have been known for several
decades, observational limitations make it difficult to reliably determine which
of them is responsible for the appearance of a coronal shock in a particular event
(see, e.g., the review by Vršnak and Cliver, 2008). This has made the origin of
shock waves controversial. Based on the supposed analogy between a solar flare
and a thermal explosion, the first concept related shock-wave excitation to flares
(Moreton, 1960; Uchida, 1968, 1974). Next, Hirayama (1974) have proposed
that a shock wave is generated by a rising prominence, whose eruption is caused
by a current instability. Further, in situ measurements of shocks ahead of fast
ICMEs favored the initial bow-shock excitation by the outer surface of a CME
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when its speed becomes super-Alfvénic (e.g. Cliver et al., 2004; Reames, 2009;
Gopalswamy et al., 2009, 2013; Rouillard et al., 2016). Cane (1984) and Cane
and Erickson (2005) have raised concern about a possible distinction between
coronal and interplanetary shock waves. Conversely, Kalaivani et al. (2021) have
concluded that Type-II emissions often continue from meters to kilometers.

The character of the shock-wave excitation and their subsequent evolution
contain essential information about solar sporadic phenomena. Clarification of
responsibility for the shock-wave appearance of an impulsive or quasi-stationary
process and its specific driver can shed light on different classes of flares and
eruptions, the CME formation processes, and relationships between CMEs and
their progenitors. These aspects of studies of shock waves complement their
space-weather impact and other applications outlined by Warmuth (2007, 2015).

Some studies propose different shock-excitation scenarios (e.g. Nindos et al.,
2011; Eselevich, Eselevich, and Zimovets, 2013; Eselevich et al., 2015; Su et al.,
2015; Rouillard et al., 2016). The presence of a shock and a fast CME is often
postulated as the initial bow-shock appearance. Flare generation of blast waves
is also advocated (Magdalenić et al., 2008, 2010, 2012; Kumar and Innes, 2013,
2015; Kumar, Innes, and Cho, 2016; Eselevich, Eselevich, and Zimovets, 2019).

Case studies of several eruptive flares have led Grechnev et al. (2011a, 2013,
2016, 2018a,b) to a conclusion that shock waves initially appear as piston shocks
impulsively excited by erupting filaments, as Hirayama (1974) proposed. Bain
et al. (2012) and Zimovets et al. (2012) made similar conclusions. Then, the
piston shock transforms either into a bow shock, if the CME is fast, or into a
blast wave, if the CME is slow or absent (Zimovets et al., 2012; Grechnev et al.,
2015, 2017). In the blast-wave regime without the energy supply from a piston,
the shock wave decays soon and becomes a weak magnetosonic disturbance.

Invoking theoretical considerations, these studies have shown that the shock-
excitation by the flare pressure pulse meets difficulties, while the bow-shock
excitation is possible only in the regime of the supersonic plasma flow around
the wave driver. An example is the uniform motion at a supersonic speed of a
constant-shape body in a homogeneous gas. Here the velocities of the bow shock
and the body are equal and the mass of gas between them does not change.
However, during the early eruption, the extrusion of plasma surrounding the
expanding structure dominates over the plasma flow around it. The wave driver
is a quasi-spherical magnetic piston. The plasma mass between its surface and
the wave front rapidly increases. The piston accelerates impulsively, while the
relation between its maximum speed and the fast-mode speed [Vfast] does not
affect the character of the appearing piston shock. For these reasons, the piston
shock appears earlier than the bow shock. The plasma speed behind the piston
shock is subsonic and not supersonic (Landau and Lifshitz, 1987), as required
for the bow-shock appearance. This makes it impossible for the bow shock to
form soon behind the piston shock. The situation can change after some time,
when the plasma flow around the piston becomes significant and the distance
between the decelerating piston shock and piston decreases. The piston shock
gradually transforms into a bow shock, if the piston is fast enough.

Uralov, Grechnev, and Ivanukin (2019) developed a common theoretical de-
scription of the impulsive piston-shock excitation, its propagation inside an
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emerging CME, and further ahead of it. The conflict between this concept and
the conclusions of the studies mentioned raises the question of whether different
shock-excitation mechanisms are implemented or the observations addressed in
these studies can be reconciled in terms of an impulsively-excited piston shock.

The possibility of transforming a piston shock into a bow shock can hide
its prime cause. It is also hidden for a shock wave that, being initially an
impulsively-excited piston shock, “detaches” from the piston, which has switched
to deceleration, and propagates away, resembling a blast wave. The kinematics
of such waves of ample intensity can be described by the relations of the point-
explosion theory or by the methods of nonlinear acoustics, if the wave intensity
is low (Afanasyev and Uralov, 2011; Afanasyev, Uralov, and Grechnev, 2013).

The shock-wave regime can be identified from in-situ measurements from the
plasma density distribution behind the shock, but it is more difficult to rec-
ognize it from remote observations. For this purpose, kinematic measurements,
comparison and relative timing of the observed shock-wave signatures with each
other and with expectations for a piston shock, and other indications are used.

Wave-like coronal disturbances, including shock waves, also appear as EUV
waves. Efforts by a number of researchers have shown that EUV waves are due
to different phenomena (Biesecker et al., 2002; Zhukov and Auchère, 2004; War-
muth, 2007, 2010, 2015; Warmuth and Mann, 2011; Chen, 2011; Gallagher and
Long, 2011; Patsourakos and Vourlidas, 2012). These are: i) magnetosonic waves
(and shock waves), ii) compressed plasma layers on top of erupting structures,
and iii) field-line-stretching effect (Chen et al., 2002; Chen, Fang, and Shibata,
2005). Different phenomena can coexist in one event (Chen and Wu, 2011;
Grechnev et al., 2011b). EUV waves provide information about the disturbances
produced in solar events, but the difference in the processes causing them with
the similarity of manifestations complicates their interpretation.

Observational capabilities have greatly improved in the last 15 years. The twin
Solar-Terrestrial Relations Observatory (STEREO: Kaiser et al., 2008) with the
Sun Earth Connection Coronal and Heliospheric Investigation instrument suite
(SECCHI: Howard et al., 2008) in 2006 started observing the Sun from differ-
ent vantage points with an enhanced imaging rate. The Atmospheric Imaging

Assembly (AIA: Lemen et al., 2012) on board the Solar Dynamics Observatory

(SDO: Pesnell, Thompson, and Chamberlin, 2012) since 2010 observes the Sun
with a high spatial and temporal resolution. The advanced observations and
modeling (e.g. Žic et al., 2008; Lulić et al., 2013; Liu and Ofman, 2014; and
listed above) provide new insight on EUV waves and the shock-wave evolution.
However, there is still no complete clarity and consensus on these issues. The
questions raised by studies of challenging events remain unanswered.

Our two companion articles address a few challenging events, all of which were
studied previously, and reconcile their observations in terms of an impulsively-
excited piston shock. We find out what actually occurred in these events and
reveal their interesting aspects that were not detected so far. The present article
(hereafter Article I) addresses two events with strange kinematics. Article II
(Grechnev et al., 2022) addresses four CME-less events that were presented as
candidates for different shock-excitation scenarios.

Section 2 discusses the shock-excitation scenarios and presents analytic de-
scriptions of the propagation of an impulsively-excited piston shock and the
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trajectories of Type-II bursts. Section 3 analyzes the event, in which strange
kinematics reconstructed for the CME led the authors to the conclusion that a
shock wave was excited by a flare. Section 4 addresses another event, in which
odd kinematics of an EUV wave led the authors to the idea of a complex rise
of an erupting filament. We reveal two magnetosonic EUV waves in this event.
Section 5 summarizes the results and outlines their implications.

2. Basic Considerations and Methodical Issues

2.1. Typical Shock-Wave Histories

Its is widely accepted that a typical driver of an eruption is a flux rope, whose
main poloidal flux is formed due to magnetic reconnection that also produces
a flare (Inhester, Birn, and Hesse, 1992; Qiu et al., 2007; Longcope and Bev-
eridge, 2007; Vršnak, 2016). A probable flux-rope progenitor is a filament (promi-
nence), whose magnetohydrodynamic (MHD) instability leads to the eruption
(Hirayama, 1974; Uralov et al., 2002; Grechnev et al., 2006a). The rising filament
forces overlying magnetic structures to expand, including the separatrix surface
between them and the streamer above. The expanding separatrix surface piles
up plasma that makes up an increasing compressed layer above the flux-rope
progenitor, which transforms into a flux rope.

A sharp expansion of the erupting filament causes a strong MHD disturbance
formed as a simple wave. Propagating omnidirectionally, it enters the regions,
where the fast-mode speed steeply decreases from its high value above an active
region. The leading wave packets slow down, while the next ones arrive. The
disturbance undergoes jamming, its profile is steepened, and the shock disconti-
nuity is rapidly formed. Afanasyev, Uralov, and Grechnev (2013) estimated the
shock formation time to be 102 seconds for an acceleration of the driver (erupting
filament) of 1 km s−2 that can be shorter for a stronger acceleration. A piston
shock (Vršnak and Cliver, 2008) is impulsively excited inside a developing CME,
propagates outward, and appears ahead of expanding structures. The initial
speed of the piston shock is high, being determined by the fast-mode speed
above the parent active region, and exceeds the speed of the driver. This chain
of events was observed by Grechnev et al. (2016) and addressed theoretically by
Uralov, Grechnev, and Ivanukin (2019).

As the latter study shows, such a shock gains energy from the piston expand-
ing behind it that determines their self-similarity for some time. On the other
hand, the piston gains energy due to the work of the forces responsible for the
MHD instability during the eruption. Shortly after the acceleration stage, the
piston only spends energy to overcome gravity and to extrude the plasma from
the volume that it occupied previously. At this stage, the piston+piston-shock
system does not gain additional energy. Due to the conservation of the energy
integral in the volume where the movement occurs, the situation resembles a
decelerating gas-dynamic blast wave produced by a point explosion (Grechnev
et al., 2008). If the CME is fast, then eventually, when the plasma extrusion
regime is replaced by the plasma flow around the CME, then the piston shock is
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transformed into a bow shock. Otherwise, the piston shock decays into a weak
disturbance, if the CME is slow or absent (e.g. Grechnev et al., 2015, 2018a).

One might expect that a bow shock initially appears ahead of a gradually
accelerating CME initiated by the eruption of a quiescent prominence away
from active regions. Nevertheless, Grechnev and Kuzmenko (2020) revealed the
impulsive-piston scenario in such an event. We are aware of the only candidate
event for the initial bow-shock excitation (Fainshtein and Egorov, 2019).

2.2. Quantitative Description of the Shock Propagation

The piston-shock evolution described in Section 2.1 clarifies a quantitative de-
scription of its kinematics presented by Grechnev et al. (2008). The formation
of a compressed layer surrounding the erupting structures considerably changes
the plasma density distribution near the eruption region before the onset of the
piston shock relative to static conditions. The situation is well described by the
power-law model of the density distribution (Grechnev et al., 2008, 2011a):

n(x) = n0(x/h0)
−δ (1)

where x is the distance from the wave source located not high above the solar
surface, n0 is the density at a distance h0 = 100Mm that is close to the scale
height, and the density falloff exponent [δ] is generally direction-dependent. The
argument in standard density models is the heliocentric distance [r] measured
in solar radii. In the radial direction, with n0 = 4.1 × 108 cm−3, δ = 2.6, and
x ≈ (r − 1)R⊙ being the height above the photosphere, the power-law model is
close to the equatorial Saito model (Saito et al., 1970) at distances x > 0.4R⊙,
differing from it within ±30%. At lower altitudes, the power-law model provides
higher densities, reflecting a compressed layer growing during the eruption.

The piston spends energy to pile up and extrude plasma, supporting the
piston shock. After the acceleration phase the piston slows down that determines
deceleration of the piston shock, as in the case of a freely propagating blast wave:

x(t) ∝ (t− t0)
2/(5−δ), (2)

where t0 is the wave onset time. This equation is convenient to use in the form

x(t) = x1[(t− t0)/(t1 − t0)]
2/(5−δ), (3)

where x1 is the distance between the wave source and its front at time t1.
The wave onset time is temporally close to the peak of the acceleration pulse,

which can precede a hard X-ray (HXR) or microwave burst by up to two minutes
(e.g. Grechnev et al., 2013, 2015, 2016). Miklenic, Veronig, and Vršnak (2009)
found a similar relation between the magnetic-flux change rate and HXR in some
events. The density-falloff exponent [δ] determines the convexity of the distance–
time plot, being typically between 2.5 and 2.9 for the radial motion away from
the Sun and around 2.0 for EUV waves propagating along the solar surface.
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2.3. Flare-Generated Blast Wave

Historically, the first hypothesis was the excitation of a blast wave by a pulse of
thermal pressure of the flare plasma. The flare-related shock origin seems prefer-
able if its exciter exhibits impulsive properties (e.g. the case of a Moreton wave:
Moreton, 1960; Uchida, 1968, 1974), or if the estimated kinematic characteristics
of the shock wave and CME differ significantly from each other, and especially
if a CME is absent. However, the role of the flare pressure in the shock-wave
excitation is unlikely (Grechnev et al., 2011a, 2015) for the following reasons:

i) Soft X-ray (SXR) images of hot flare structures show stable sources that do
not expand dramatically to cause a strong disturbance that could become
a shock wave. Motions of coronal loops observed in the extreme ultraviolet
(EUV) are caused either by a CME or by a disturbance that appeared
outside these loops or below them. However, EUV observations do not reveal
sharp own motions of flare loops, in contrast to erupting structures.

ii) The plasma density and temperature in flare loops are manifested in their
SXR emission that is recorded by the Geostationary Operational Environ-

mental Satellites (GOES). The SXR emission is intrinsically gradual, being
similar to the indefinite integral of the corresponding HXR burst (the Ne-
upert effect: Neupert, 1968) that resembles the acceleration of an erupting
structure (Temmer et al., 2008, 2010; Grechnev et al., 2013, 2015, 2016),
which produces an MHD disturbance. Conversely, the plasma pressure in
flare loops estimated from GOES SXR fluxes increases gradually.

iii) The plasma pressure in flare loops cannot considerably exceed the magnetic
pressure, being compensated by the dynamic pressure of the reconnection
outflow. The increase in the volume of flare loops is basically insufficient to
produce a noticeable MHD outward disturbance. For example, if the plasma
pressure in a flare loop becomes comparable with the magnetic pressure
(β ≈ 1) or even extremely high (β ≈ 10), the effect is as small as an increase
in each of its three dimensions by a factor of (β+1)1/4 (see Grechnev et al.,
2006b for details). Moreover, an inherent property of emerging flare loops
is not expansion, but contraction along with the reconnection outflow.

Let us nevertheless assume the possibility of a sharp plasma-pressure increase
in flaring structures. We firstly discuss the possibility to generate short and
weak shock waves directly by the flare current sheet. The impulsive phase of
reconnection that leads to its tearing is accompanied not only by the acceleration
of charged particles, generation of plasma flows and turbulence. At the place of
the tearing, impulsive plasma heating and its explosive expansion also occur
(Bogdanov et al., 1984). Since the energy of such an explosion is difficult to
estimate, one can instead compare the characteristic size of the high-pressure
zone with the size of fine structures in the current sheet, such as magnetic islands.

For an approximate solution to the linear problem on the decay of a volumetric
pressure pulse, we define the region of an excessive pressure [P ] as a ball of radius
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r0. At a sufficient distance [r] from the current sheet, the pressure perturbation
would be a blast N-wave of duration 2r0/Vfast and amplitude (P/2)(r0/r). Since
r0 is a characteristic size of a fine structure in the current sheet, i.e. a small
value, so the length of the blast wave is very small and its amplitude dies out
not far from its origin. Such “microscopic” shock waves are beyond our scope.

Flare structures not involved in the eruption are tied to magnetic topological
elements in the flare region and change location quite smoothly. The generation
of a wave disturbance by such structures should be considered in terms of the
monopole mechanism (Uralov, Grechnev, and Ivanukin, 2019). The disturbance
intensity is determined by the rate of change in the volume of a given structure.

We qualitatively use the solution to the linear problem of the sound-wave
radiation by a pulsating sphere of radius r0. The polars of the group and phase
velocities of the fast magnetic sound in the corona above active regions (plasma
β ≪ 1) are equal circles, as for ordinary sound. The sound speed [cs] in Equa-
tion 4 adopted from Lependin (1978) can be replaced with Vfast. When (kr)2 ≫ 1
approaching the wave zone, the amplitude u of the harmonic component of the
plasma velocity in the disturbance caused by the pulsating sphere is

u = u0

[

kr0/
(

1 + (kr0)
2
)1/2

]

(r/r0), (4)

where u0 is the amplitude of the Fourier component of the speed of the pulsating
surface and k = ω/Vfast = 2π/λ is the wave number. In the low-frequency range,
where (kr0)

2 = (2πr0/λ)
2 ≪ 1, it follows from Equation 4 that

u = a0r
2
0/ (rVfast) . (5)

Here a0 = ωu0 is the amplitude of the Fourier component of the acceleration
of the pulsating surface. It follows from Equation 5 that the amplitudes of
large-scale disturbances, λ > 2πr0, are entirely determined by the area and
acceleration of the emitter surface and not by its speed. In turn, 4πa0r

2
0 =

d2W/dt2 ≡ Ẅ , where W is the volume of the pulsating sphere. The relation
u ∝ Ẅ in the approximation (kr0)

2 ≪ 1 holds regardless of the shape of the
body with volume W and size r0 (Landau and Lifshitz, 1987). We therefore
have come to the conclusion that the generation of strong wave disturbances is
associated exactly with the maximum-acceleration phase of erupting structures.

Equation 5 also holds for kr0 = 1, when the wavelength is equal to the
emitter perimeter. Here, the

√
2 factor appears in the denominator of Equation 5.

Expressing acceleration a0 vs. the displacement amplitude ξ0 = a0/ω
2, we get

u = Vfast(2πr0/λ)
2(ξ0/r). (6)

If the characteristic size [λ] of the wave is comparable with the emitter perimeter
2πr0, then the wave amplitude at a distance r from the emitter is

u = Vfast(ξ0/r). (7)

For filament eruptions from active regions, the typical displacement [ξ0] in
Equation 7 is comparable to the size r0 of erupting structures at the end of
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the impulsive acceleration, ξ0/r0 ≈ 1. The amplitude of the plasma velocity
in the resulting wave is comparable with Vfast at this time. A question arises
of how large are radial displacements [ξ0] of the surfaces of flare arcades. One
can assume an extreme possibility when ξ0 is comparable to the diameter [d] of
the arcade loops, or is comparable to the thickness [D] of the quasi-separatrix
surface bound with the current sheet that comprises the arcade. The value of
D is comparable to the thickness of expanding flare ribbons. It is convenient to
represent Equation 7 as u = Vfast(ξ0/r0)(r0/r), where ξ0 is equal to either d or
D, and r0 is the characteristic size of the arcade. Unlike the previous example,
here ξ0/r0 ≪ 1 and the generation of an intense wave is impossible.

All of these circumstances prevent the flare-generation of blast waves and
explain the statistical independence of the EUV wave occurrence on the flare
size (Long et al., 2017). They also explain why shock waves are not observed
in association with confined flares, which are not accompanied by any kind of
eruption or rapid expansion of coronal structures (e.g. Thalmann et al., 2015).

2.4. Type-II Bursts

To produce a narrow-band harmonic Type-II emission, its source should be com-
pact. This is possible if it is located in a narrow structure such a coronal streamer
(Uralova and Uralov, 1994; Reiner et al., 2003; Mancuso and Raymond, 2004);
otherwise, a drifting continuum is expected (Knock and Cairns, 2005). When
crossing a streamer, the shock causes in its current sheet a flare-like process that
runs along the streamer and produces the Type-II emission. Its source can be
located either in a remote streamer(s) hit by an oblique or quasi-perpendicular
shock or in the streamer above the parent active region hit by a quasi-parallel
shock. The former situation with a compact meter-wave source at a shock flank
seems to be typical (Feng et al., 2013; Chen et al., 2014; Alissandrakis et al.,
2021). In the less frequent latter case, the Type-II source is located ahead of the
CME (Bain et al., 2012; Zimovets et al., 2012; Grechnev et al., 2014). In either
situation, a Type-II burst can only start when the shock reaches a streamer.

To analyze Type-II bursts, we plot their expected trajectories on top of the
dynamic spectrum and, by adjusting their parameters, fit them to Type-II bands.
To calculate their trajectories, we choose a reference point on a band visible on
the dynamic spectrum that has a harmonic number [Nref ] (1 or 2) at a frequency
fref and time t1. We find the density from the plasma frequency

f = 9× 103n1/2, (8)

and use the density model described by Equation 1. With a starting estimate of
δ, the plasma density in the Type-II source is n1 = [fref(t1)N

−1
ref /(9× 103)]2 and

its height at t1 is x1 = h0 (n0/n1)
1/δ. The height–time plot is calculated from

Equation 3 and the density variation is n(t) = n0 [x(t)/h0]
−δ. The trajectory

of the fundamental-emission band is ffund(t) = 9 × 103[n(t)]1/2 and that of the
and harmonic band is fharm(t) = 2ffund(t). By adjusting δ and t0 in sequential
attempts, we approach the best-fit trajectories (Grechnev et al., 2011a). The
uncertainty of t0 is typically about ±30 seconds. The wave onset time [t0] should

SOLA: shock_c1_R2.tex; 15 June 2022; 19:22; p. 9



V.V. Grechnev et al.

be close to the estimate from the images of the eruption observed around this
time. The estimate of δ may differ from the measurements of the wave propa-
gation in images due to different plasma-density distributions in the streamer
and surrounding corona, as well as different propagation directions. A constant
density multiplier does not affect the Type-II trajectory, and the spectrum can
be reconciled with measured heights by adjusting n0, as usually done.

3. Event 1: Shock Wave Associated with a “Ballistic” CME

An unusual 24 December 1996 event (C2.1 GOES importance) was presented by
Magdalenić et al. (2008, 2010). Figure 1 summarizes the observational indications
revealed by the authors mainly from data of the Extreme-Ultraviolet Imaging

Telescope (EIT: Delaboudinière et al., 1995), the Large Angle Spectroscopic

Coronagraph (LASCO: Brueckner et al., 1995), both on board the Solar and

Heliospheric Observatory (SOHO: Domingo, Fleck, and Poland, 1995).
The SOHO/EIT difference image in Figure 1a shows a suggestion of a rising

CME as a faint loop-like structure within the yellow-dashed ellipse. Figure 1b
shows the SXR flare emission. The CME height–time plot (black) in Figure 1c
combines measurements from EIT, LASCO-C1, and -C2 observations. We used
LASCO-C2 data from the online CME catalog of the Coordinated Data Analysis

Workshop (CDAW) (cdaw.gsfc.nasa.gov/CME list/: Yashiro et al., 2004), while
Magdalenić et al. (2008) got similar results from their own measurements. Fig-
ure 1c also shows the derivative of the GOES 0.5–4 Å flux (blue) in comparison
with an apparent CME acceleration (green triangle). The event produced a shock
wave, as evidenced by a Type-II burst observed within the shaded interval.

The shock speed estimated by the authors from the Type-II burst and the
images of its source was ≈ 1100km s−1, whereas the CME speed they estimated
around the Type-II onset was as low as ≈ 110km s−1 (the oblique dash-dotted
line in Figure 1c). The mismatch rules out the bow-shock excitation. Mag-
dalenić et al. (2010) compared these results to the analytical model developed
by Žic et al. (2008) of the shock-wave formation by an impulsively expanding
three-dimensional piston. The modeling showed that with the acceleration phase
denoted by the green triangle in Figure 1c (and down to five minutes) and the
CME speed increasing up to 250km s−1 in this interval (with an average speed
being close to the estimated 110km s−1), the shock-formation time was as long
as 37 (down to 18) minutes. With these parameters, the shock could not appear
as early as the Type-II burst started. The authors concluded that the CME was
unlikely to be the driver of the shock wave and came to its flare-related origin.

We will try to figure out what happened in this unusual event. First of all, the
CME kinematics presented in Figure 1c looks strange for the following reasons:

i) The sudden transition from gradual acceleration to deceleration is incompre-
hensible. The CME may slow down due to a collision with something, but no
images support this assumption. Another reason for the CME slowing down
could be reconnection between its magnetic structure and the environment,
but no signs of this are observed in X-rays.

SOLA: shock_c1_R2.tex; 15 June 2022; 19:22; p. 10



Kinematic Challenges to Impulsive Piston-Shock Excitation

0.9 1.0 1.1 1.2 1.3

-0.4

-0.2

0.0

0.2

0.4

13:02:21-12:45:01

EITa

T
yp

e 
II

13:00 13:15 13:30 13:45 14:00 14:15 14:30 14:45
0

1

2

3

4

110 km/s

H
ei

gh
t 

Apparent CME acceleration

UTC

C2

C2

C2 C2

EIT EIT C1

c

-5

0

5

10
-1

0  W
 m

-2
 s

-1

d/dt(GOES 0.5-4 A)

        
10-9

10-8

10-7

10-6 GOES-9

S
X

R
 fl

ux
 [W

 m
-2
]

b

1-8 A

0.5-4 A

10-9

A

B

C

Figure 1. Overview of the 24 December 1996 event according to the findings of Magdalenić
et al. (2008, 2010). a) Indication of the CME appearance at 13:02:21 in the SOHO/EIT 195 Å
difference image (dark loop-like features within the yellow-dashed ellipse). The axes show the
distances from solar disk center in solar radii. b) SXR fluxes recorded in two GOES-9 channels.
c) CME height–time plot (black) based on measurements from EIT (triangles), LASCO-C1
(slanted cross), and LASCO-C2 (asterisks) along with a derivative of the 0.5–4 Å flux (blue)
and apparent CME acceleration (green triangle). The first EIT point corresponds to panel
a, as the arrow indicates. The shading denotes the interval of the Type-II burst. The oblique
dash-dotted line corresponds to the speed of 110 km s−1 estimated by Magdalenić et al. (2010).

ii) Although Maričić et al. (2007) reported some events with a considerable
mismatch between the CME acceleration phase and the rise phase of the
SXR emission, this situation is unusual and requires special investigation.

The strange shape of the CME height–time plot is determined by the first EIT
point at 13:02 (all times henceforth are referred to UTC ). We investigate the
situation using the variance analysis (Nindos et al., 2002; Grechnev, 2003). The
variance (or standard deviation) is calculated along each pixel in the data cube.
Variable objects appear on the variance map as bright features. Figures 2a and 2b
show the negatives of the variance maps computed from EIT image sets observed
before the eruption and after it. The eruption itself is clearly visible in Figures 2c
(EIT) and 2d (LASCO-C1). Comparison of the features inside the yellow-dashed
ellipses in Figures 2a and 2b does not reveal any significant changes from 12:12
through 13:02. Hence, the loop-like feature visible in Figure 1a was most likely
due to minor motions of nearly static coronal loops.

To find the probable onset time of the shock wave, we consider the Type-
II burst recorded by the spectrographs of the Astrophysical Institute Potsdam
(AIP) that is shown in Figure 3. The blue-dashed trajectories plotted on top
of the dynamic spectrum were calculated using the technique described in Sec-
tion 2.4 with δ = 2.60 and the wave onset time t0 =13:04:40, whose probable
uncertainty is within ±1 minute. The second, weaker Type-II burst may be
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Figure 3. Type II burst recorded on 24 December 1996 by the AIP spectrographs (adapted
from Magdalenić et al., 2008) along with the blue-dashed trajectories calculated for an
impulsively excited piston shock with an onset time t0 =13:04:40 and δ = 2.60.

associated with the passage of a reflected wave, but it is difficult to determine
its cause due to insufficient data. The second Type-II burst does not affect the
estimated wave onset time, which practically falls into the flare impulse phase
(cf. the derivative of the 0.5 – 4 Å flux in Figure 1c). This result is consistent
with the conclusions of Magdalenić et al. (2008, 2010).

To elucidate the subsequent evolution of the CME and shock wave, we con-
sider their manifestations in white-light images produced by LASCO. Figure 4
presents the CME body and wave traces observed in LASCO-C2 and -C3 images.
A nice finding of Magdalenić et al. (2008) is the wave manifestation in the
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deflection of a coronal ray visible in running-difference images (e.g. the north-
ernmost bright feature in Figures 4b and 4c). The CME body was well behind
the wave front, but it is difficult to reliably identify them in the same images. We
therefore consider two image sets. Heavily contrasted running-difference images
in Figures 4a–4f (upper row) reveal the wave traces. Figures 4m and 4n on the
right show two C3 images, where they are still detectable. Moderately contrasted
non-subtracted images in Figures 4g–4l (lower row) present the helical CME
body. A southern extended bright feature is another coronal ray, as comparison
of the two rows indicates. The blue arcs outline the leading edge of the CME
body and the green arcs outline the wave manifestations in the deflections of
coronal rays. The radii of the arcs were calculated analytically based on initial
manual estimates; the parameters of the fit were adjusted in sequential attempts.

The kinematics of the wave front was calculated using the technique described
in Section 2.2 from Equation 3. We used the wave onset time t0 =13:04:40
estimated from the Type-II burst and adjusted δ iteratively. The slanted crosses
(same in both rows) represent the measurements from the online CDAW CME
catalog (cdaw.gsfc.nasa.gov/CME list/). The bright features measured in this
event were located between the wave front and CME body.

To follow the expansion of the CME body, we combined the speed–time
dependencies of the initial impulsive Gaussian acceleration and the subsequent
self-similar expansion that resulted from a joint action of magnetic forces, plasma
pressure, and gravity (Low, 1982; Uralov, Grechnev, and Hudson, 2005). The
formulas for the self-similar kinematics can be found in Grechnev et al. (2014).

We required for the initial phase: i) The initial CME speed is zero and its final
speed at the end of the acceleration phase noticeably exceeds the speed at 1R⊙

estimated in the CDAW CME catalog from the second-order fit (340 kms−1) to
ensure deceleration of the CME in LASCO images. ii) The rise of the speed–time
plot resembles the rise of the SXR flux (Zhang et al., 2001; Maričić et al., 2007).
iii) The acceleration pulse resembles the microwave burst and the derivative of
the SXR flux and can lead them by up to two minutes (Temmer et al., 2008,
2010; Grechnev et al., 2013, 2015, 2016). The subsequent self-similar motion
was calculated by adjusting its parameters to match the decelerating CME
expansion in LASCO images. After combining the speeds calculated for the
initial acceleration phase and subsequent self-similar expansion, the temporal
dependencies for the distance and acceleration were computed by numerically
integrating and differentiating the resulting speed–time dependence, respectively.
The parameters of the fitting dependencies were finally refined in this way.

Figure 5 presents the reconstructed kinematic plots for the CME and wave.We
ignored the EIT data point at 13:02 that is most likely spurious. The kinematic
plots do not exhibit any peculiarities. Figure 5a shows the distance–time plots for
the CME body and wave along with the measurements from the CME catalog.
The origins of the CME and wave are at solar limb. The open circles in Figure 5a
correspond to the green arcs outlining the wave traces in Figure 4 and the squares
correspond to the blue arcs outlining the CME body. The pink dot represents the
height of the Type-II source at 164MHz estimated by Magdalenić et al. (2008,
2010). The dash-dotted line indicates the wave onset time.

SOLA: shock_c1_R2.tex; 15 June 2022; 19:22; p. 13



V
.V

.
G
rech

n
ev

et
a
l.

     

-3

-2

-1

0

1

2

13:28:00

a C2

     

 

 

 

 

 

 

W
ave

R
ope

13:57:17

b

     

 

 

 

 

 

 

14:18:04

c

     

 

 

 

 

 

 

14:47:22

d

     

 

 

 

 

 

 

15:08:05

e

     

 

 

 

 

 

 

15:58:06

f

2 3 4 5 6

-3

-2

-1

0

1

2

13:28:00

g

2 3 4 5 6

 

 

 

 

 

 R
ope

W
ave

13:57:17

h

2 3 4 5 6

 

 

 

 

 

 

14:18:04

i

2 3 4 5 6

 

 

 

 

 

 

14:47:22

j

2 3 4 5 6

 

 

 

 

 

 

15:08:05

k

2 3 4 5 6

 

 

 

 

 

 

15:58:06

l     

-4

-2

0

2

4

14:29:59

m C3

4 6 8 10

-4

-2

0

2

4

15:19:58

n

Heliocentric distance 

Figure 4. CME body and wave trace observed in LASCO images on 24 December 1996: a–f) wave trace in enhanced-contrast C2 running-difference
images; g–l) CME body in non-subtracted C2 images; m, n) wave trace in enhanced-contrast C3 running-difference images. The blue arcs denoted
“Rope” outline the clearly visible part of the flux-rope CME body. The green arcs denoted “Wave” outline the wave trace. The slanted crosses represent
the measurements from the CME catalog where they are available (four left pairs of C2 images and the lower C3 image). The axes show the distances
from solar disk center measured in solar radii.

S
O
L
A
:

s
h
o
c
k
_
c
1
_
R
2
.
t
e
x
;

1
5

J
u
n
e

2
0
2
2
;

1
9
:
2
2
;

p
.

1
4



Kinematic Challenges to Impulsive Piston-Shock Excitation

To match the wave traces in Figure 4, we used δ = 2.79 that is slightly
different from δ = 2.60 found for the Type-II burst. The difference can be due to
different propagation directions of the projected shock-wave traces in Figure 4
and the actual Type-II source, which could be located in an off-plane streamer.

Figure 5b presents the speed–time plots for the CME body and shock wave
along with the 0.5–4 Å GOES flux. The shading indicates when the Type-II
burst was observed. The wave speed at its onset was 800 kms−1, i.e. lower, but
comparable with 1100km s−1 estimated by Magdalenić et al. (2010) in a complex
way. The CME speed at the shock onset time was 580 kms−1, i.e. about twice
as high as the maximum speed of 250 km s−1 of the impulsive piston considered
by Magdalenić et al. (2010) in their modeling.

Figure 5c presents the acceleration–time plot of the CME body in comparison
with the derivative of the SXR flux. The inset (Figure 5d) shows its expanded ini-
tial part and a microwave burst at 2.7GHz (Sagamore Hill) that is noisy because
of the low flux and insufficient sensitivity of the radiometer. The acceleration
pulse is similar to both the SXR-flux derivative and the microwave burst. The
half-height duration of the acceleration pulse is 2.3 minutes, i.e. about half the
minimum duration of five minutes considered by Magdalenić et al. (2010) in their
modeling. The acceleration pulse up to 4.5 km s−2 is followed by deceleration
up to −500m s−2 that has a long decreasing tail. For comparison, Figure 5d

also shows the plasma pressure variations (pink) p = 2kT (EM/V )
1/2

(with [k]
being the Boltzmann constant) estimated from the temperature [T ] and emission
measure [EM], which were calculated from the SXR GOES fluxes. The unknown
volume [V ] of the SXR-emitting source was assumed to be invariable. As the
plot demonstrates, at the moment of the shock-wave onset, the pressure just
started to rise and increased more smoothly than the sharp acceleration pulse.

The estimates of the acceleration, its duration, and CME speed at the end of
the acceleration phase are all within the ranges that are expected and actually
observed in flare-associated eruptions (e.g. Green et al., 2018; Grechnev et al.,
2013, 2016, 2019). With these parameters and the acceleration peak time around
13:05, the appearance of an impulsively-excited piston shock at about 13:09 is
not challenging even in the approximation adopted in the Žic et al. (2008) model.

Interestingly, the decreasing CME speed corresponds to a free-fall (“ballistic”)
motion of a body governed by gravitational deceleration. From the potential plus
kinetic energy conservation it follows that

v21 − v22 = 2GM⊙ (1/r1 − 1/r2) , (9)

where vi is the speed of the body at a distance ri, G is the gravitational constant,
and M⊙ is the mass of the Sun. For the CME distance and speed at the end of
the plot in Figure 5 (16:00:00), we estimate v2 = 217km s−1 at r2 = 5.61R⊙. For
an earlier time of 13:20:00 (close to the LASCO-C1 observation), we estimate
from our fit v1 = 451 km s−1 at r1 = 1.72R⊙. For a purely free-fall motion, the
CME speed at this distance v1G = 449km s−1 practically coincides with our fit.
Even as low as in the low corona, the CME moved in the free-fall regime.

The wave-to-CME speed ratio at the deceleration stage was nearly constant
at least until the end of the Type-II burst; i.e. the expansion was close to being
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Figure 5. Reconstructed kinematics of the CME body (blue) and wave (green) in the 24
December 1996 event. a) Distance–time plots based on our measurements (black symbols). The
pink dot represents the position of the Type-II source according to Magdalenić et al. (2008,
2010). The brown symbols represent the measurements from the CME catalog. b) Velocity—
time plots along with the GOES-9 flux in the 0.5–4 Å channel (red). The shading indicates
the interval when the Type-II burst was observed. c) Acceleration–time plot along with a
derivative of the 0.5–4 Å GOES-9 flux (red). d) The inset shows an expanded initial part of
the acceleration pulse in comparison with a microwave flux at 2.7GHz (green) and plasma
pressure computed from GOES-9 data (pink, arbitrary units). The vertical dash-dotted line in
all panels marks the probable wave onset time t0 =13:04:40.

self-similar. This is typical of piston shocks (Uralov, Grechnev, and Ivanukin,
2019), as opposed to blast waves. Then the wave speed decreased, approaching
the fast-mode speed in the environment (cf. the model by Mann et al., 2003).
The shock decayed that led to the termination of the Type-II burst.

To summarize, revisiting the challenging 24 December 1996 event revealed ob-
servational problems that made it difficult to understand what actually happened
in this event. Those are in particular the deceptive EIT observation at 13:02 and
complications in the separation of CME and wave signatures in LASCO images.
Our analysis confirms the conclusions of Magdalenić et al. (2008, 2010) that the
shock wave in this event was impulsively excited and it was not a bow shock. The
shock wave really resembled a hypothetical flare-generated decelerating blast
wave; however, the delayed smooth increase in the flare pressure and nearly
self-similar expansion of the shock wave and the CME body are incompatible
with this assumption. The reconstructed kinematics of the CME body and the

SOLA: shock_c1_R2.tex; 15 June 2022; 19:22; p. 16



Kinematic Challenges to Impulsive Piston-Shock Excitation

EUVI 195 A 17:30 17:45 18:00 18:15
0

100

200

300

400

D
is

ta
nc

e 
[M

m
]

171 

195 

a b

Figure 6. Overview of the 8 December 2007 event as considered by Zhukov, Rodriguez, and de
Patoul (2009) (adapted from their figures). a) A part of the STEREO-A/EUVI 195 Å difference
image with a faint bright EUV wave and the great circle (white) on the solar surface, along
which the distances were measured. The black arc denotes solar limb. b) Distance–time plot
of the EUV wave propagation measured from the EUVI 195 Å (red symbols) and 171 Å (blue
symbols) images along the great circle shown in panel a.

shock wave removes the contradiction between the apparent manifestations that
mimic a flare blast wave and the theoretical difficulties faced by this hypothesis
(Section 2.3). The kinematic characteristics fully correspond to a piston shock
impulsively excited by a sharply accelerating CME or its internal structure.

4. Event 2: EUV Disturbances with Challenging Kinematics

Zhukov, Rodriguez, and de Patoul (2009) presented an intriguing event observed
by the STEREO’s Extreme Ultraviolet Imager (EUVI) on 8 December 2007. The
event occurred in a plage region without sunspots 10977 located at S06W26 as
seen from the Earth’s direction, at S07W47 for STEREO-B, and at S06W04 for
STEREO-A. Most likely, there was no Type-II burst, while a Type-III burst was
recorded from 16 to 0.1MHz starting at 17:15 (swaves.gsfc.nasa.gov/).

Zhukov, Rodriguez, and de Patoul (2009) revealed in this event EUV distur-
bances with challenging kinematics shown in Figure 6. The authors concluded
that these disturbances were not of a wave nature, being instead due to changes
in magnetic fields caused by the CME eruption. To explain the strange shape
of the distance–time plot, they proposed that the erupting system temporarily
slowed down and nearly stopped at a certain height and then completely erupted.
Warmuth and Mann (2011) also stated that the characteristics of this event were
markedly different from other events that they considered.

The presence of two increasing parts in the distance–time plot (except for the
last 195 Å point), one starting around 17:20 and the other after 17:55, suggest
that two successive eruptions occurred in this region. This guess is confirmed
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Figure 7. Two consecutive magnetosonic EUV waves revealed from STEREO-A/EUVI 195 Å
difference images on 8 December 2007. The yellow and blue ellipses represent the wave fronts
calculated for an isotropic wave propagation. The thick-solid ellipses outline the observed EUV
waves and the thin-dashed ellipses represent their expected positions afterwards. The white
circle denotes solar limb.

by the STEREO A+B COR1RD movie for that day at cdaw.gsfc.nasa.gov/stereo/
daily movies/. Indeed, the images from the inner STEREO-B/COR1 coronagraph
show above region 10977 a narrow spray-like ejection at 17:45 and 18:05; and
then, starting at 18:35, a broader and brighter, well-structured CME appeared.

Using these indications, we revealed two faster, weaker EUV disturbances
in STEREO-A/EUVI difference images in the 195 Å channel that is more sen-
sitive to EUV waves than the lower-temperature 171 Å channel. Figure 7 and
the 2007-12-08 EUVI wave.mpg movie in the Electronic Supplementary Material
present the two EUV waves along with the ellipses calculated using Equation 3
for their expected propagation in an isotropic corona. The yellow ellipse with
t01 =17:18:00 outlines the first EUV wave and the blue ellipse with t02 =17:43:00
outlines the second EUV wave. The apparent “contraction” of the EUV bright-
ening between Figures 7b and 7c is due to the appearance of the second EUV
wave, while the first, broader EUV wave disappeared.

Given the known times [t01] and [t02] of the presumable eruptions that excited
the EUV waves, it is possible to reconstruct the height–time plots for the two
mass ejections observed by STEREO-B/COR1. The thin-gray symbols and bars
in Figure 8 represent our measurements with uncertainties. The first spray-
like ejection visible in two images looks like dispersed remnants of an eruptive
filament that disintegrated in reconnection with surrounding magnetic fields.
Being not united by a common magnetic field, the remnants scattered, lost
brightness, and disappeared in the third COR1 image. We measured for the
spray-like ejection the height of its thick middle part rather than the leading
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Figure 8. Height–time plots of two mass ejections observed by STEREO-B/COR1 on 8 De-
cember 2007. The symbols and bars represent our measurements with uncertainties (thin-gray)
and those corrected to the radial direction (thick-black). The solid curve for the spray corre-
sponds to the free-fall motion (Equation 9). The solid curve for the CME is a second-order fit
of the measurements. The vertical dotted lines mark the onset times of the two EUV waves.

edge. Because this ejection is expected to move in the free-fall regime as long as
it is not confined by tops of loops, its kinematics should refer to real distances
from the Sun’s center rather than to their plane-of-the-sky projections.

The real heliocentric distance [r] was found as r = robs/ sin θ, where [robs] is
the observed projection and θ ≈ 50◦ is the angle with a vertex in the Sun’s center
between the line of sight and the axis of the ejection. The corrected height-time
measurements for both ejections are shown in Figure 8 with thick-black symbols;
for the second ejection (CME) we measured the leading edge of its bright frontal
structure. The initial heights of 20Mm were assumed in both cases.

The height–time plot of the spray-like ejection was calculated for the free-fall
motion with an initial speed of 590km s−1 at 20Mm. Its onset time is close to
that of the Type-III burst. The height–time plot of the CME is the second-
order fit of the measurements that is easier to use than the self-similar fit. The
difference between the trajectories that the two methods provide is < 2% within
the range shown in Figure 8. The initial speed of the CME was 320–340km s−1.
The trajectories of the two mass ejections confirm their association with the
eruptions that produced the two EUV waves. To reach the initial speed, an
impulsive acceleration is required. After that, both ejections only decelerated.

To find the possible sources of the fast EUV waves, Figure 9 shows STEREO-
A/EUVI 171 Å images. The 2007-12-08 EUVI 171 eruptions.mpg movie in the
Electronic Supplementary Material shows them in more detail. Figure 9a presents
a dark filament. The green contour outlines its southern part R1. The filament
got brighter in Figure 9b, erupted and became a twisted feature in Figure 9c
that could be either an expanding flux rope or its transformation into a jet in
reconnection with the surrounding magnetic field, which looks more likely. The
eruption produced wave-like disturbances that caused the motions of coronal
loops visible in the movie. Figure 9d shows the situation between the two erup-
tions. Manifestations of the second eruption are inconspicuous. Motions of faint
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features indicated by the arrows in Figure 9e are detectable between 17:38 and
17:48. After 17:53, the post-eruption arcade visible in Figure 9f developed.

Figure 10 shows the temporal relations between the eruptions and EUV
disturbances. The temporal profiles of the average brightness of characteristic
features R1, R2, and R3 in Figure 10a were computed from the STEREO-
A/EUVI 171 Å images, in which solar rotation was compensated for. Figure 10b
presents SXR GOES fluxes. Figure 10c shows the distance–time plots of the two
EUV waves, whose onset times [t01] and [t02] are denoted by the vertical dotted
lines, and Figure 10d shows their speed–time plots.

Figure 10a indicates two distinct eruptions. The first EUV wave appeared
during the first eruption that did not manifest in soft X-rays, as Figure 10b
shows. The first part of the whole event until about 17:40 was one of the weakest
events, in which an EUV wave was detected (cf. Nitta et al., 2013). The first
eruption was followed by the development of dimming. Then, the next eruption
occurred and produced the second EUV wave at about 17:43. After the second
eruption, an arcade developed, whose SXR emission was as low as A8.3. The
marginal GOES importance of the event was apparently determined by very
weak magnetic fields in the source region without sunspots.

The symbols in Figure 10c represent the Zhukov, Rodriguez, and de Patoul
(2009) data. The curves represent our measurements of the two fast EUV waves
(Figure 7). The onset times of the first fast EUV wave and the slower EUV
disturbance found by the authors practically coincide. The first EUV wave visible
in Figures 7a and 7b ran far ahead with a speed decreasing from about 210 to
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Figure 10. Temporal profiles characterizing the two eruptions and EUV disturbances in the
8 December 2007 event. a) Average brightness over the contoured regions in Figure 9 plotted
with the corresponding colors. b) Soft X-ray fluxes in two GOES channels. The 0.5–4 Å flux
is magnified by a factor of ten. c) Distance–time plots of the two magnetosonic EUV waves
presented in Figure 7 in comparison with the measurements of Zhukov, Rodriguez, and de
Patoul (2009) presented in Figure 6b. d) Speed–time plots of the two magnetosonic EUV
waves. The dashed portions of the plots in panels c and d are not observed.

160km s−1 at the corresponding times (Figure 10d). The speed of the slower
disturbance estimated by the authors in this interval was as low as 20–30km s−1.
The second EUV wave appeared well before the second increase in the distance–
time plot measured by the authors; nevertheless, the two measurements are close
to each other between 18:08 and 18:18. The last measurement in 195 Å that looks
as an outlier may be a late signature of the passage of the first EUV wave.

To understand the relationship between the Zhukov, Rodriguez, and de Patoul
(2009) and our measurements, Figure 11 presents a set of EUVI 171 Å difference
images along with the yellow and blue ellipses corresponding to the outermost
manifestations of the two fast EUV waves shown in Figure 7. The short green
arcs represent the measurements of the authors along the white great circle.

The dimming around the eruption site is elongated in the SSE–NNW direc-
tion. The dimmed region in Figures 11a and 11b is surrounded by a relatively
bright border, whose outermost edges are close to the yellow ellipse that outlines
the first fast EUV wave. Then, the dimming and the border slowly expand in
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Figure 11. EUV disturbances in STEREO-A/EUVI 171 Å difference images in the 8 Decem-
ber 2007 event. The yellow and blue ellipses outline the fast EUV waves (same as in Figure 7.)
The short green arcs represent the Zhukov, Rodriguez, and de Patoul (2009) measurements
along a great circle (white line, same as in Figure 6a). The black arc denotes the limb.

Figures 11c and 11d, while the border becomes faint. The expected position of
the first fast EUV wave at that time is far ahead. The measurements of Zhukov,
Rodriguez, and de Patoul (2009) refer to a sector of the enhanced-brightness

border in the NNE direction, where its size is smaller than in the NNW direction.
We agree with the authors that the slow EUV disturbance they identified

after the first eruption was not of a wave nature. The brighter border of the
dimming could indeed be due to the field-line-stretching effect, i.e. an increase

in the column emission measure caused by the convergence of the legs of loops
stretched by the eruption (Chen et al., 2002; Chen, Fang, and Shibata, 2005;
Chen and Wu, 2011). However, heating not excluded by Zhukov, Rodriguez, and
de Patoul (2009) was unlikely implicated in the brightening visible in the 171 Å

channel that is sensitive to radiation from plasma with a temperature of ≈ 1MK.
Conversely, the two fast EUV waves that we detected were most likely asso-

ciated with true MHD waves with dome-shaped fronts, whose lower parts were
tilted toward the solar surface (Hudson et al., 2003; Grechnev et al., 2011a). A

probable cause of an EUV-wave brightening here is an increase in the column
emission measure of coronal structures compressed from above by the wave front.
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Both fast EUV waves initially were elongated (Figures 7a and 7d); their domes
were laterally-flattened ellipsoids that may be due to their exciters and the fast-
mode speed distribution. The second EUV wave observed for a longer time later
became symmetric (Figures 7e and 7f), suggesting that its dome approached a
spheroid. A faint brightening visible in 171 Å (Figures 11f–11h) roughly corre-
sponds to the second fast EUV wave, whose shape gradually changed between
17:55 and 18:10. This interval corresponds to the second increase in the distance–
time measurements made by Zhukov, Rodriguez, and de Patoul (2009) that are
shown in Figures 6b and 10c. These measurements correspond to the second fast
EUV wave between 18:08 and 18:18, when it became more or less symmetric.

In summary, the intriguing distance–time plot of Zhukov, Rodriguez, and de
Patoul (2009) was the result of two successive eruptions, each of which produced
a fast MHD wave and field-line-stretching effect. The measurements were related
to the latter effect after the first eruption and to an MHD wave after the second.

The kinematics of fast EUV waves indicate that the responsible MHD waves
were impulsively excited and clearly not by flares. The first eruption was im-
pulsive; its height–time plot and the maximum speed were similar to those in
Event 1 (Figure 5, Section 3). The CME caused by the second eruption was too
slow to produce a bow shock and its lateral expansion was still slower. In the
absence of a Type-II burst, it is difficult to judge if the MHD waves were shock
waves or large-amplitude simple waves. The presence of a shock is guaranteed by
the presence of a Type-II burst, but its absence does not guarantee the absence
of a shock. We do not exclude that shocks were short-lived, and then died out.

5. Concluding Remarks

The two events that we considered demonstrate how complex and perplexing
observations can be. Thanks to efforts of Magdalenić et al. (2008, 2010) and
Zhukov, Rodriguez, and de Patoul (2009), one has learned about these intriguing
events and ideas proposed by the authors to address observational challenges.
Revisiting these events has revealed their additional interesting aspects. Our
analysis has been facilitated by the use of analytical methods, especially those
described in Section 2, and led to the following outcome.

Besides the challenging kinematics and despite conspicuous differences, the
events had some similarities. All of the three ejections, which were revealed,
impulsively accelerated at the initial stage and only decelerated afterwards. They
impulsively excited fast MHD waves, although it is not clear whether or not
shocks were formed in the second event, which was extremely weak.

Our consideration of the 24 December 1996 event seems to shed light on other
events that Magdalenić et al. (2010) presented as the cases of flare-generated
shock waves. The ejections in three out of four these events decelerated, similar
to the 24 December 1996 CME. The slightly accelerating (1.7m s−2) jet-like
ejection in the fourth event (9 July 2002) also initially impulsively accelerated.
We agree with the authors that the shock waves in these events were excited
impulsively and were not bow shocks; however, their flare-related origin is also
unlikely. The authors obtained negative results in the modeling of the piston
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shock possibly because they underestimated the maximum speeds of the ejections
and overestimated the acceleration durations. Also, comparison of the images of
a CME and a Type-II source may be complicated by its off-plane position.

The course of the 8 December 2007 event with two successive eruptions that
we identified from additional observations looks simpler than the complex rise
of an erupting structure, as Zhukov, Rodriguez, and de Patoul (2009) suggested.
Eruptions with non-monotonic velocity variations are sometimes really observed,
but this was not the case here. The involvement of diverse processes with a similar
outcome caused complications that were difficult to untangle. This very weak
event also demonstrated the impulsive-piston excitation of a fast MHD wave.

The expansion of the CME in Event 1 and the spray-like ejection in Event 2
was governed by gravity. Since acceleration rather than velocity is decisive for
the impulsive shock excitation, a piston shock can appear even if the speed of an
ejection is insufficient to produce a CME. Such events are discussed in Article II.
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Magdalenić, J., Marqué, C., Zhukov, A.N., Vršnak, B., Veronig, A.: 2012, Flare-generated Type
II burst without associated coronal mass ejection. Astrophys. J. 746, 152. DOI. ADS.

Mancuso, S., Raymond, J.C.: 2004, Coronal transients and metric Type II radio bursts. I.
Effects of geometry. Astron. Astrophys. 413, 363. DOI. ADS.

Mann, G., Klassen, A., Aurass, H., Classen, H.-T.: 2003, Formation and development of shock
waves in the solar corona and the near-Sun interplanetary space. Astron. Astrophys. 400,
329. DOI. ADS.
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Warmuth, A., Vršnak, B., Aurass, H., Hanslmeier, A.: 2001, Evolution of two EIT/Hα Moreton
waves. Astrophys. J. Lett. 560, L105. DOI. ADS.
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