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a b s t r a c t

‘‘EIT waves’’ are large-scale bright fronts observed propagating in the solar corona in association with

coronal mass ejections (CMEs). An overview of the observed properties of large-scale wave-like fronts in

the solar atmosphere (Moreton waves, EIT waves and similar phenomena observed in other wavelengths)

is presented. The models proposed to explain these phenomena are reviewed. A particular emphasis is put

on the recent EIT wave observations made by the STEREO (Solar–TErrestrial RElations Observatory)

mission launched in October 2006. New key observational results and their implications for EIT wave

models are discussed. It is concluded that no single model can account for the large variety of observed EIT

wave properties. Prospects for future investigations of this complex phenomenon are outlined.

& 2011 Elsevier Ltd. All rights reserved.
1. Historical introduction

Transient solar phenomena occur on a variety of spatial scales. It
may be considered surprising that it was not the large-scale but the
small-scale transient phenomena (sunspot and faculae evolution,
granules, spicules, flares, etc.) that were discovered first. These
phenomena are relatively easy to detect in observations of the
photosphere and chromosphere. However, due to the high density
of the photosphere and chromosphere, it is difficult to produce
large-scale disturbances in these layers. As we now know, at large
scales the corona is more variable than the lower layers of the solar
atmosphere, but observations of the corona are difficult (e.g. Golub
and Pasachoff, 2010). This is especially true for regular observations
over long periods that are needed to catch relatively rare and
transient eruptive solar phenomena.

Solar prominences were discovered a long time ago using solar
eclipse observations. They were usually found to be limited in size.
However, since the observations of giant prominence eruptions
have been made (e.g. Pettit, 1919), it became clear that transient
phenomena in the solar atmosphere can occur at a large scale
(comparable to the solar radius). The discovery of type II bursts in
dynamic radio spectra of the Sun (Wild and McCready, 1950) was
another indication of large-scale disturbances in the solar corona
(e.g. Nelson and Melrose, 1985), although the large-scale nature of
type II radio bursts became clear only later, after interferometric
observations (Weiss and Sheridan, 1962; Weiss, 1963) and radio
imaging of their sources (Wild et al., 1968; Kai and McLean, 1968)
were made. The first intrinsically large-scale transient phenomenon
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discovered in the images of the solar atmosphere was Moreton
wave (Moreton, 1960; Moreton and Ramsey, 1960). As it will be
shown below, the link between EIT waves (that are the subject of the
present review) and Moreton waves is still controversial. Never-
theless, very similar models are often applied to explain these two
phenomena. It is thus instructive to start with a description of
observations and modeling of Moreton waves.

Moreton waves are dark arc-shaped large-scale fronts propa-
gating in the solar chromosphere as observed in the center and
wings of the Ha line at 6563 Å (e.g. Moreton, 1960; Eto et al., 2002;
Warmuth et al., 2004a). The speed of Moreton waves can reach 800-
1000 km s�1 and even larger (Moreton and Ramsey, 1960; Athay
and Moreton, 1961). Moreton waves are observed to propagate up
to 5�105 km from the flare site in a limited angular sector (e.g.
Moreton, 1964), although a global propagation in all directions can
sometimes be observed as well (Pick et al., 2005; Muhr et al., 2010).
Sometimes the propagation of Moreton waves can be inferred from
a sudden oscillation of a distant filament (e.g. Moreton and Ramsey,
1960; Moreton, 1964; Dodson and Hedeman, 1964; Smith and
Harvey, 1971; Eto et al., 2002; Gilbert et al., 2008). Another key
property of Moreton wave fronts is their visibility in the Ha line
wings. The front detected in the blue wing of the line propagates
immediately behind the front detected in the red wing (Moreton,
1964; Dodson and Hedeman, 1964; Eto et al., 2002). This implies
that the chromosphere locally moves downward and then upward
(at a speed of around 10 km s�1) as the wave front propagates
through it.

It can be easily seen that such a fast disturbance can hardly be
explained by the propagation of a wave in the chromosphere.
Indeed, taking typical chromospheric parameters (temperature
T ¼ 104 K, electron number density ne ¼ 5� 1010 cm�3, magnetic
field B¼ 10 G), the sound speed is then cs ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gkT=mp

p
� 12 km s�1

and the Alfvén speed vA ¼ B=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pmpne

p
� 100 km s�1 (k is the
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Fig. 1. Several representative paths of fast magnetosonic wave packets (dashed lines)

propagating in the solar corona as calculated by Uchida (1968). The circle of a radius

z¼ 1:0 centered at z¼ 0 is the solar surface. Solid lines represent corresponding wave

fronts. The source of the wave is located at z¼ 1:0, y¼ 03 . Note that the wave packets

are deflected downward (towards the solar surface). From Uchida (1968).

1 EIT waves were briefly mentioned in earlier works by Moses et al. (1997) and

Dere et al. (1997a), but the work by Thompson et al. (1998) was the first to present a

detailed analysis of the EIT wave phenomenon.
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Boltzmann constant, g¼ 5=3 is the ratio of specific heats and mp is
the proton mass). These values are at least an order of magnitude
lower than the observed speeds. The occurrence of a very fast shock
(with the Alfvén-Mach number MA � 10) seems unlikely as the
observed large distances of the wave propagation contradict the
expected quick dissipation of such a shock (Uchida, 1968). This led
to Meyer (1968) and Uchida (1968) conjecturing that the wave
actually propagates in the corona, but produces the observed
Moreton wave signatures as it encounters the chromosphere.
Indeed, taking typical values for the coronal density (around
n¼ 108 cm�3) and temperature (around T ¼ 106 K), and assuming
a coronal magnetic field of around B¼ 5 G, the sound and Alfvén
speeds are then cs � 120 and vA � 1000 km s�1, respectively. Unlike
the propagation of the Alfvén and slow magnetosonic waves, which
strongly depends on the direction of the ambient magnetic field,
fast magnetosonic (or fast-mode) waves propagate in all directions
with respect to the magnetic field at a speed given by the following
equation:

v2
f ¼

1

2
v2

Aþc2
s þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðv2

Aþc2
s Þ

2
�4v2

Ac2
s cos2 y

q� �
, ð1Þ

where y is the angle between the direction of the wave propa-
gation and the ambient magnetic field. A coronal medium with a
low plasma beta is usually assumed (b¼ 8pp=B2 � c2

s =v2
A51,

where p is the plasma pressure). It can be seen that in such a
low-beta plasma the fast magnetosonic speed is of the order of the
Alfvén speed.

Uchida (1968) solved linearized magnetohydrodynamic (MHD)
equations and presented a detailed model of a fast magnetosonic
wave propagating in the spherically symmetric corona with the
radial magnetic field. Uchida’s model adopted the short-wave-
length, or WKB (Wentzel–Kramers–Brillouin) approximation
assuming that coronal parameters do not change at the scale
comparable to the wavelength. This approximation allowed Uchida
(1968) to consider the problem in a similar way to that of
geometrical acoustics (see e.g. Blokhintsev, 1981), so this approach
can be called ‘‘geometrical magnetoacoustics’’. The wave propa-
gates in the medium with inhomogeneous distribution of the
characteristic speed (in this case, the fast magnetosonic speed), so
its raypaths are curved as the wave is refracted away from high-
Alfvén speed regions. In the configuration described by Uchida
(1968), the wave packets are refracted downward and eventually
reach the surface, producing the down-up swing of the chromo-
sphere in agreement with observations (Fig. 1).

Later, the model by Uchida (1968) was extended to more
realistic configurations of coronal plasma and magnetic field
parameters (Uchida et al., 1973). The narrow angular span of the
Moreton wave propagation was explained via the reflection of the
wave packets from the regions of high Alfvén speed (Uchida, 1970).
Finally, a fast magnetosonic wave may steepen to form a shock
wave. This shock may—under certain conditions—produce a radio
type II burst (see e.g. Nelson and Melrose, 1985). Early imaging
observations of type II source positions roughly agreed with
locations where the fast magnetosonic wave was expected to be
shocked due to local minima of the coronal Alfvén speed (Uchida,
1974). Observational data confirm a high association between type
II bursts and Moreton waves (e.g. Smith and Harvey, 1971; Harvey
et al., 1974; Thompson et al., 2000b; Warmuth et al., 2004b;
Warmuth, 2010).

The works by Uchida (1968, 1970) represent a prediction of the
existence of large-scale coronal fast magnetosonic waves. Imaging
observations of type II burst sources allowed us to make early tests
of this prediction, with some success. Another test of this prediction
was made when routine high-cadence observations of the solar
corona became available in the 1990s with the advent of the
Yohkoh and SOHO missions.
2. Pre-STEREO observations of EIT waves

The first years of coronal observations made by the Yohkoh Soft
X-ray Telescope (SXT, see Tsuneta et al., 1991) did not result in
detection of large-scale coronal waves. However, the observations
made by the Extreme-ultraviolet Imaging Telescope (EIT, see
Delaboudini�ere et al., 1995) onboard the Solar and Heliospheric
Observatory (SOHO) produced a drastically different result. Coronal
images taken in the 195 Å extreme-ultraviolet (EUV) bandpass
dominated by the Fe XII emission line (peak formation temperature
around 1.5 MK) showed the occurrence of large-scale wave-like
events (Thompson et al., 1998, 1999), see Fig. 2. As the waves
were discovered in the EIT data, they were named ‘‘EIT waves’’.1

For earlier reviews of EIT waves, see e.g. Zhukov (2004), Warmuth
(2007), Wills-Davey and Attrill (2009) and Gallagher and Long (2010).
2.1. Interpreting EIT images

The interpretation of data taken by an EUV imager like SOHO/EIT
will be briefly described in this section. The intensity of a coronal
collisionally excited optically thin spectral line can be written as
follows (e.g. Phillips et al., 2008):

Il ¼

Z
h

GðT ,neÞn
2
e dh, ð2Þ



Fig. 2. Typical EIT wave event observed by SOHO/EIT on May 12, 1997 in the Fe XII (195 Å) bandpass. Running difference images (the previous image is subtracted from the

current image) are shown to increase the visibility of the weak wave front. All times are UT.
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where Il is the line intensity, GðT,neÞ is the contribution function
(that depends on the atomic parameters and elemental abun-
dances), and the integration is made along the line of sight
coordinate h. A useful quantity c¼

R
hn2

e dh is called the emission
measure. The intensity measured by a wide bandpass EUV imager
like SOHO/EIT can then be obtained as an integral of the spectrum
(containing many spectral lines) with the weighting factor corre-
sponding to the spectral bandpass response (with a typical width of
the order of 10 Å). The interpretation of the EUV imager data is thus
complicated as the detected intensity depends on a combination of
temperature and density of the coronal plasma. As a zero-order
approximation, one can assume that the radiation is integrated
only along the hydrostatic pressure scale height H (e.g. Wills-
Davey, 2006) and, with an average constant density ne, the
intensity becomes

I� GðT ,neÞn
2
e H ð3Þ

and the emission measure becomesc¼ n2
e H. For simplicity, one can

also assume that in the quiet Sun the 195 Å bandpass of EIT is
dominated by its strongest line (Fe XII at 195.12 Å), see Del Zanna
et al. (2003). This line is formed in a relatively narrow temperature
interval (between 1.2 and 1.8 MK, peaking around 1.4 MK, see e.g.
Feldman et al., 1999 and Fig. 3). The contribution function of this
line only weakly depends on density (Fig. 3), so GðT,neÞ � GðTÞ. As
the hydrostatic pressure scale height H is proportional to the
temperature T, then the relative intensity change can be written as

I2

I1
�

n2
e2

n2
e1

GðT2Þ

GðT1Þ

T2

T1
, ð4Þ

with subscripts 1 and 2 denoting parameters in the initial and final
state, respectively. The peak of the coronal differential emission
measure distribution (see e.g. Brosius et al., 1996) is situated close
to the peak of the contribution function for the Fe XII line at
195.12 Å, and the contribution function GðTÞ only weakly
depends on temperature T near its peak (Fig. 3). Then a small
temperature change (a few tens of percent) changes the contribu-
tion function only sightly and it can be assumed that GðT2Þ � GðT1Þ.
The relative intensity change I2=I1 is then a linear function of the
relative temperature change T2=T1 and a quadratic function of the
relative density change ne2=ne1. The intensity is thus more sensitive
to the density than to the temperature. Neglecting for simplicity
the generally unknown temperature change (that is assumed to be
small), one can interpret the relative intensity change in a bandpass
I2=I1 over a pixel in terms of only a relative density change ne2=ne1:

ne2

ne1
�

ffiffiffiffi
I2

I1

s
: ð5Þ

Another example is the adiabatic approximation with
Tn1�g

e ¼ const. This means that a 30% increase in plasma density
leads to around 20% increase in temperature. As one can see from
the CHIANTI atomic database (Dere et al., 1997b, 2009) and Fig. 3, a
20% increase of temperature (in comparison with the peak forma-
tion temperature) leads to around 20% decrease of the contribution
function of the Fe XII line at 195.12 Å. Therefore, in the case of weak
adiabatic compression, the increase of temperature and the
decrease of the contribution function can partially compensate
each other in Eq. (4), and the approximate equation (5) can still be
applied.

It needs to be stressed that Eqs. (3)–(5) have to be applied with
caution. The assumptions that lead to them are not always fulfilled
in realistic coronal conditions. Namely, the hydrostatic approx-
imation sometimes cannot be used, for example to describe
dynamic coronal structures (e.g. Aschwanden et al., 2001). Further-
more, spectroscopic observations (e.g. Del Zanna et al., 2003)
demonstrate that EUV bandpasses may have a rather wide tem-
perature response for structures containing multi-temperature



Fig. 3. Contribution function for the Fe XII line at 195.12 Å shown as a function of temperature at a constant electron density ne ¼ 109 cm�3 (left panel) and as a function of

density at a constant temperature logT ¼ 6:1 (right panel). The calculation was made using CHIANTI atomic database (Dere et al., 1997b, 2009) assuming ionization

equilibrium values of Arnaud and Raymond (1992) and coronal abundances.
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plasma, e.g. in coronal holes and polar plumes. In this case, the
signal in the 195 Å EIT bandpass cannot be considered as formed
mainly by a single Fe XII line. Finally, one cannot assume that the
contribution function remains constant during processes leading to
a strong heating or cooling. Temperature and density are coupled in
the EUV observations of the corona and need to be disentangled
using spectroscopic data. Therefore, Eq. (5) can only be used to
obtain rough order of magnitude estimates.
2.2. Observed properties of EIT waves

EIT waves propagate across large areas of the quiet Sun, some-
times covering the whole visible solar disk. EIT waves do not
propagate in coronal holes and active regions. They often have a
quasi-circular shape (Fig. 2), although more complicated and rather
irregular morphologies can also be observed, see e.g. Wills-Davey
and Thompson (1999) and Fig. 4. In these cases, EIT waves often
propagate along the large-scale magnetic field lines, i.e. in a rather
narrow angular sector towards another active region (Delannée
and Aulanier, 1999; Delannée, 2000). The EIT wave cross-section
profile usually has the shape of a single pulse (Wills-Davey, 2003,
2006). Sometimes it can be modulated with a quasi-periodic
function (Wills-Davey, 2003; Ballai et al., 2005; Wills-Davey,
2006). Quantitative measurements of the EIT wave profile evolu-
tion (Thompson et al., 1999; Wills-Davey, 2003, 2006; Warmuth,
2010) showed that the intensity contrast in EIT wave fronts may
reach 60% (this corresponds to the density contrast of around 30%).
The wave amplitude often decreases and the wave front width
increases as the wave propagates (see e.g. Wills-Davey, 2003;
Warmuth, 2010). This can be due to the wave expansion as it
propagates in the spherical geometry (see e.g. Landau and Lifshitz,
1987). However, EIT wave propagation with a nearly constant wave
profile was reported as well (Wills-Davey, 2006).

The EIT wave contrast is not homogeneous along its front (see
Fig. 2). Moreover, it was shown that the contrast distribution along
the front may vary with time, leading to an apparent ‘‘rotation’’ of
the wave front (Podladchikova and Berghmans, 2005; Attrill et al.,
2007). There is an indication that the sense of ‘‘rotation’’ is different
for source active regions situated in different solar hemispheres:
counterclockwise in the northern hemisphere and clockwise in the
southern hemisphere (although the wave front ‘‘rotation’’ pattern
was reported only in two events, see Attrill et al., 2007).

EIT waves are often associated with coronal dimmings, although
one should not confuse these two phenomena. A dimming is a
localized decrease of the coronal brightness that can be observed in
soft X-rays (Rust and Hildner, 1976; Sterling and Hudson, 1997), in
the EUV (Thompson et al., 1998, 2000a; Zhukov and Auch�ere, 2004)
and probably in the white light (see a precursor work by Hansen
et al., 1974). Dimmings are strongly associated with coronal mass
ejections (CMEs), both spatially and temporally (Hudson and
Webb, 1997; Dere et al., 1997a; Sterling and Hudson, 1997;
Zarro et al., 1999; Thompson et al., 2000a; Hudson and Cliver,
2001). They represent the most frequent CME signature in the EUV
corona (see Delannée et al., 2000). They are usually interpreted as
regions of coronal mass evacuation during a CME eruption (e.g.
Sterling and Hudson, 1997; Harrison and Lyons, 2000; Harrison
et al., 2003; Zhukov and Auch�ere, 2004), and the angular extent of
CMEs is observed to map well to the associated dimmings in the
low corona (Thompson et al., 2000a). Dimmings are usually rather
localized whereas EIT waves can exhibit a global propagation (see
e.g. Thompson et al., 1998; Zhukov and Auch�ere, 2004 and Fig. 2).
Global dimmings are sometimes observed (Zhukov and Veselovsky,
2007), but they are much more rare than global EIT waves. In some
cases the dimming may initially immediately follow the EIT wave
front (see Wills-Davey and Thompson, 1999 and Fig. 4).

EIT waves can be also observed in other EUV bandpasses,
namely in the Fe IX/X 171 Å bandpass (Wills-Davey and
Thompson, 1999) and in the Fe XV 284 Å bandpass (Zhukov and
Auch�ere, 2004). During an EIT wave event observed nearly simul-
taneously in the 171 and 195 Å bandpasses of TRACE (transition
region and coronal explorer, see Handy et al., 1999), the wave front
contrast was significantly stronger in the 195 Å bandpass, see
Wills-Davey and Thompson (1999) and Fig. 4. Coronal waves were
also later observed in soft X-rays by SXT onboard Yohkoh (Khan and
Aurass, 2002; Narukage et al., 2002) and by SXI (Soft X-ray Imager,
see Hill et al., 2005) onboard GOES-12 (Warmuth et al., 2005). As it
was shown by Hudson et al. (2003), detection of coronal waves in
the Yohkoh/SXT data is hindered by the strong scattered light
during flares.

Similar large-scale wave-like phenomenon was detected in the
He I 10,830 Åline (Vršnak et al., 2002; Gilbert et al., 2004; Gilbert and
Holzer, 2004). The physics of the line formation is complicated in the
case of the He I line: it reflects the conditions in the chromosphere
(collisional excitation) and corona (radiative excitation by the
incident coronal radiation). The interpretation of these observations
is thus controversial. Vršnak et al. (2002) conclude that the He I wave
originates from the lower part of the true coronal wave front
impacting the upper chromosphere and producing the observed
wave signature via a collisional excitation mechanism. The forma-
tion of He I waves is then similar to that of Moreton waves. However,
Gilbert et al. (2004) and Gilbert and Holzer (2004) interpret the He I
wave as the ‘‘imprint’’ of the coronal compressive wave (EIT wave)
generating the He I signal via the photoionization–recombination



Fig. 4. A snapshot from the movie presented by Wills-Davey and Thompson (1999) showing the TRACE observations of the EIT wave event on June 13, 1998. Left, center and

right columns are images taken in the 195, 171 and 1216 Å bandpasses, respectively. Top row contains normal (i.e. non-differenced) images and bottom row contains base

difference images (i.e. the last pre-eruption image was subtracted from the original image). Note that the EIT wave front contrast is strongest in the 195 Å bandpass, and the

absence of any wave signatures in the 1216 Å bandpass that contains chromospheric and lower transition region emission in the H I Lya line.

A.N. Zhukov / Journal of Atmospheric and Solar-Terrestrial Physics 73 (2011) 1096–11161100
mechanism. The coronal wave does not need to be refracted towards
the chromosphere in this case.

EIT waves can also be detected by radio imaging at 17 and
34 GHz (Warmuth et al., 2004a; White and Thompson, 2005) and at
metric wavelengths (Pohjolainen et al., 2001; Khan and Aurass,
2002; Vršnak et al., 2005). It is still unclear if all these diverse wave-
like phenomena result from the same disturbance (fast magneto-
sonic wave, see Section 2.4).

Spectroscopic observations of EIT waves are very rare. This is
mainly due to the difficulty of pointing a narrow spectrograph slit
at the location (not known in advance) where the EIT wave will
propagate. As reported by Harra and Sterling (2001, 2003), EIT
waves could not be detected in two eruptive events observed by the
Coronal Diagnostic Spectrometer (CDS, see Harrison et al., 1995).
During a strong flare/CME event on December 13, 2006, the
observations of the low corona dynamics made by the Extreme-
ultraviolet Imaging Spectrometer (EIS, see Culhane et al., 2007)
onboard Hinode showed a strongly blue-shifted feature that was
interpreted as a possible signature of the fast-mode coronal shock
wave (Asai et al., 2008). It was visible only in the hottest lines of the
EIS data set (Fe XV and Ca XVII) and in soft X-rays, indicating that
the temperature of the feature was greater than 2 MK. In this
example, the front was traveling at a speed of around 650 km s�1

(as observed in soft X-rays), and it drifted through the EIS slit at a
speed of around 460 km s�1. The line-of-sight velocity in the front
was rather high (around 100 km s�1). As no detailed analysis of this
feature was made by Asai et al. (2008), it is still unclear how this
front relates to EIT waves (that are best observed in the Fe XII
bandpass and are thus expected to be detected by EIS in the Fe
XII line).
2.3. Stationary EIT wave fronts

Although the term ‘‘EIT wave’’ is usually applied to propagating
bright fronts, stationary fronts that can also be observed in the EUV are
sometimes called ‘‘EIT waves’’ as well (Delannée and Aulanier, 1999;
Delannée, 2000). These stationary brightenings are seen after the
main EIT wave passage. They can also be detected in the Ha data
(Delannée et al., 2007). They are usually situated along the quasi-
separatrix surfaces in the low corona (Delannée and Aulanier, 1999;
Delannée et al., 2007) and may remain stable for several hours. These
stationary bright fronts can be interpreted as signatures of plasma
compression and heating at the quasi-separatrix surfaces due to the
magnetic field line opening during the CME lift-off (Delannée and
Aulanier, 1999; Delannée, 2000; Delannée et al., 2007).

Similar bright fronts moving at very low speeds (and eventually
stopping) were observed by EIT as well (Thompson et al., 1998) in
association with CME and EIT wave events. These fronts are
interpreted as a signature of interchange reconnection between
the CME large-scale field lines and oppositely directed magnetic
field in a neighboring coronal hole (Crooker and Webb, 2006; Attrill
et al., 2006). They stop after propagating along a very short distance
that is much smaller than global EIT wave scales (Thompson et al.,
1998; Crooker and Webb, 2006; Attrill et al., 2006). Stationary
fronts will not be further considered in this review.
2.4. Relation between EIT and Moreton waves

After the EIT wave discovery, it was immediately suggested that
the coronal fast magnetosonic wave predicted by Uchida (1968)
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was finally observed (Moses et al., 1997; Thompson et al., 1999,
2000b). This interpretation was based on two main arguments.
Firstly, EIT waves are compressive (see Section 2.2). Secondly, EIT
waves can propagate in all directions from the eruption site. In the
lower corona of the quiet Sun and away from large-scale magnetic
neutral lines, the magnetic field is approximately radial. This is
confirmed by EIT observations of ubiquitous nearly radial field-
aligned structures above the limb. EIT waves can therefore
propagate nearly perpendicular to the coronal magnetic field,
similar to fast magnetosonic waves.

It, however, quickly became clear that the observed properties
of EIT waves are very different from those of Moreton waves. The
most drastic difference is that of the speed. EIT wave velocities are
typically around 250 km s�1, and they almost never exceed
450 km s�1 in EIT data (Klassen et al., 2000; Wills-Davey et al.,
2007; Thompson and Myers, 2009), whereas typical Moreton wave
velocities are around 1000 km s�1 (Moreton and Ramsey, 1960;
Athay and Moreton, 1961). Another important difference is that EIT
waves can have a quasi-circular shape (like that shown in Fig. 2),
whereas Moreton waves propagate in a rather limited angular span
(e.g. Moreton, 1964; Pohjolainen et al., 2001). In general, Moreton
waves are observed significantly less often than EIT waves
(Thompson and Myers, 2009; Warmuth, 2010).

Nevertheless, for every Moreton wave with simultaneous EIT
data available, an associated EIT wave front can be detected (e.g.
Thompson et al., 2000b; Warmuth et al., 2004a; Veronig et al.,
2006; Vršnak et al., 2006; Warmuth, 2010; Muhr et al., 2010). The
EIT wave front generally has a wider angular extent than that of the
Moreton wave, but there is always a section where one can observe
the propagation of both waves.

A way to resolve the speed discrepancy was proposed by
Warmuth et al. (2001). They noted that Moreton and EIT wave
fronts in the two events were lying on the same kinematic curves
and suggested that they may represent the observational signa-
tures of the same propagating disturbance (fast magnetosonic
wave). The difference in the speed is then due to the wave
deceleration. Indeed, Moreton waves are usually observed close
to the erupting active region, whereas EIT waves are propagating
further on. In addition, the low cadence of the EIT data (typically
around 12 min) does not allow a detailed tracking of the propaga-
tion of fast transient phenomena: a typical EIT wave is observed
only in three to four frames (Fig. 2).

Later, the tendency for the wave to decelerate was confirmed for
more events and it was suggested that all the wave-like phenom-
ena observed in the EUV, Ha, soft X-rays, He I and radio waves are
signatures of a single propagating fast magnetosonic wave
(Warmuth et al., 2004a, 2004b; Warmuth, 2007, 2010). The first
high-cadence observations of an EIT wave by TRACE showed that
the EIT wave speed can be as large as 800 km s�1 , a speed which
approaches that of Moreton waves (Wills-Davey and Thompson,
1999). However, Eto et al. (2002) reported an event when the
Moreton wave position (inferred from oscillations of a distant
filament) was ahead of the EIT wave position. This is the only event
for which such a discrepancy has been reported. Nevertheless, the
result obtained by Eto et al. (2002) demonstrates that measure-
ments of the Moreton and EIT wave propagation are subject to a
significant uncertainty. The same trajectory can be approximated
either with a parabolic fit for a single decelerating fast magneto-
sonic wave (Warmuth et al., 2004a) or with two linear fits
describing EIT and Moreton waves separately (Eto et al., 2002).
White and Thompson (2005) described the propagation of an EIT
wave cospatial with a similar wave detected in high-cadence
radioheliograph data at 17 and 34 GHz. They demonstrated that
the wave, moving at a speed of around 830 km s�1, exhibited no
signs of deceleration during 4 min of radio observations. As the only
model of Moreton waves considers them as fast magnetosonic
waves (Uchida, 1968), the physical nature of EIT waves may have to
be identified additionally (see Section 3).

Another way to explain the speed discrepancy is to assume that
EIT and Moreton waves (as well as different EIT waves) may be
produced by different physical mechanisms (see Section 3). A
particular attention was devoted to the so-called ‘‘S-waves’’, i.e.
those EIT waves that exhibit sharp wave fronts in contrast to the
generally diffuse EIT wave fronts (Biesecker et al., 2002; Thompson
and Myers, 2009). Biesecker et al. (2002) suggested that only
S-waves (that constitute around 7% of 173 EIT waves observed
during March 1997–June 1998 period) are the coronal counterparts
of Moreton waves. It should be noted, however, that a sharp S-wave
is always observed as a diffuse wave further away from the source
active region.

It was shown that the EIT wave interaction with active region
loops, as described by Wills-Davey and Thompson (1999) and
modeled by Ofman and Thompson (2002) and Ofman (2007), leads
to loop oscillations that were clearly induced by the incident EIT
wave (cf. the association of loop oscillations with type II radio
bursts reported by Hudson and Warmuth, 2004). This is a strong
argument in favor of the wave interpretation of the EIT wave
phenomenon. On the other hand, small-scale low-lying structures
did not oscillate during the EIT wave passage, so Wills-Davey and
Thompson (1999) concluded that the wave propagated above the
transition region (see also the EIT wave observations in the 284 Å
bandpass reported by Zhukov and Auch�ere, 2004). This fact is
difficult to reconcile with a single fast magnetosonic wave front
extending from the corona to the chromosphere.
2.5. What produces EIT waves?

Ever since Moreton and EIT waves were first observed, there has
been a question about their origins. Flares and CMEs were
suggested to be the possible processes responsible for the wave
generation (see e.g. a review by Vršnak and Cliver, 2008). If one
assumes that EIT waves are true fast magnetosonic waves, then it is
possible to use a well-developed hydrodynamic and MHD wave
theory to investigate this issue.

A localized thermal pressure pulse (that may represent a flare)
can produce a freely propagating sound wave (or a fast magneto-
sonic wave in the MHD case) that may steepen to form a shock (see
e.g. Landau and Lifshitz, 1987). A very strong shock produced in
such a way is called a blast wave (Sedov, 1959). Alternatively, a
spherically expanding body (that may represent a CME) creates a
wave in front of it, and this wave can steepen to form a piston-
driven shock (Sedov, 1959; Landau and Lifshitz, 1987). In the
realistic case of a three-dimensional (3D) spherical geometry, the
steepening is slow in comparison with an analogous 1D case
(Landau and Lifshitz, 1987). Plasma dissipative processes (viscosity
and heat conduction) must then be weak enough, so that the wave
is not absorbed before the shock is formed. Finally, if a body (e.g. a
CME) moves at a speed faster than the characteristic speed in the
medium (sound speed in the hydrodynamic case and fast magne-
tosonic speed in the MHD case), then a bow shock forms. It
separates the unperturbed ambient medium upstream of the body
from the shocked medium downstream (Landau and Lifshitz,
1987).

A combination of these three distinct mechanisms is also
possible. For example, CMEs usually exhibit both expansion and
large-scale bulk motion (e.g. Schwenn et al., 2005). In this case the
shock can be formed through a combination of piston-driven and
bow-shock mechanisms. A temporary piston may act similar to the
pressure pulse in the blast wave mechanism. The wave created by a
temporary piston is first driven, and then it may propagate freely in
a way similar to a blast wave.



A.N. Zhukov / Journal of Atmospheric and Solar-Terrestrial Physics 73 (2011) 1096–11161102
The discussion on the relation between CMEs and flares has
been going on for many years. Different studies favor the primary
role of flares (e.g. Steinolfson et al., 1978; Dryer, 1982) or CMEs (e.g.
Kahler, 1992) in the eruptive solar activity. Recent works lead to the
view that flares do not cause CMEs, and CMEs do not cause flares.
These two observational phenomena represent two manifestations
of the rapid evolution of the solar magnetic field (e.g. Gosling, 1993;
Harrison, 1996). As the free energy stored in the non-potential
coronal magnetic field is released, it is converted into the thermal
energy of the coronal plasma that is partly radiated away (thermal
emission of a flare), into the kinetic energy of mass motions (CMEs
and small-scale ejecta) and into the kinetic energy of accelerated
particles. Such a partitioning of the conversion of the free magnetic
energy is still not entirely clear quantitatively and may vary from
one event to the other (see e.g. Emslie et al., 2004, 2005). The
observational basis for this interpretation includes, for example, a
closely related timing of a CME and a corresponding flare (Harrison,
1995), a close synchronization of the CME acceleration and flare
impulsive phase (Zhang et al., 2001; Zhang and Dere, 2006),
location of the EUV flare site below the erupting prominence
(Dere et al., 1997a), and the simultaneous development of the
coronal dimmings and the associated flare (Hudson et al., 1996;
Hudson and Webb, 1997; Sterling and Hudson, 1997; Zarro et al.,
1999).

Due to this situation, it is difficult to distinguish between
different physical processes that cause the coronal wave formation
(for a detailed discussion see e.g. Vršnak and Cliver, 2008). In
particular, it proved difficult to establish the origin of Moreton or
EIT waves based only on their relative timing with respect to the
associated flare and CME (Warmuth, 2010). However, even with
the situation of a close relation between flare and CME, one can still
ask if a flare (by means of a thermal pressure pulse, see e.g. Parker,
1961) or a CME (by means of a piston-driven or a bow-shock
mechanism, see e.g. Sedov, 1959; Landau and Lifshitz, 1987) may
produce a large-scale propagating wave.

From the physical point of view, it is still not clear if a flare may
produce a propagating fast magnetosonic wave due to a thermal
pressure pulse. The low plasma beta, b, in active regions (e.g. Gary,
2001) makes the ignition of thermal blast waves difficult, as can be
demonstrated by simple calculations (Vršnak and Cliver, 2008).
However, in the framework of the currently accepted paradigm, flares
result from the coronal magnetic field reconnection (e.g. Priest and
Forbes, 2002). The magnetic field in the reconnection region may be
small, and the plasma beta may consequently be high. The guide
magnetic field component should be significantly smaller than the
reconnecting field component in this case. Additionally, it was
demonstrated that Moreton waves usually originate in the periphery
of erupting active regions, where the magnetic field is not as strong as in
the active region core (Warmuth et al., 2004a). Nevertheless, it has to be
pointed out that numerical simulations of CME-driven waves are
abundant (see e.g. recent works by Chen et al., 2002; Pomoell et al.,
2008), which is contrary to the situation with numerical simulations of
propagating blast waves produced by magnetic reconnection. Finally,
another possible way for a flare to produce coronal shocks is by
generating small-scale eruptions (Klein et al., 1999), in contrast to the
thermal blast wave mechanism.

Grechnev et al. (2008) found that the propagation of the Moreton/
EIT wave event on July 13, 2004 is best described by a hydrodynamic
blast wave solution (Sedov, 1959). However, statistical studies
demonstrate that the association rate between EIT waves and CMEs
is higher than that between EIT waves and flares (Biesecker et al.,
2002). Gilbert and Holzer (2004) reported an occurrence of multiple
(up to five) waves in the He I line observed during a single flare/CME
event. They argue that two waves are produced by the CME and the
other three result from the flare. It was pointed out that weak flares
are often observed in association with EIT waves (Delannée, 2000),
implying that some condition other than the flare pressure pulse
(namely, a CME) is necessary to generate an EIT wave (Cliver et al.,
2005). Finally, Chen (2006) investigated 14 strong flares (up to X-ray
class X1.2) that should presumably produce strong pressure pulses,
but did not have an associated CME. In neither of these events was an
EIT wave observed. This strongly implies that EIT waves are produced
by CMEs (Chen, 2006).

2.6. Relation of EIT waves with coronal shocks

Strong association of Moreton waves with type II radio bursts
(e.g. Smith and Harvey, 1971; Harvey et al., 1974; Thompson et al.,
2000b; Warmuth, 2010) incited investigations of possible EIT wave
association with coronal shock waves. If EIT waves are true fast
magnetosonic waves, one can ask a question if they are shocked or
not. An overview of theoretical mechanisms of shock wave forma-
tion is presented in Section 2.5, and observational arguments will
be discussed in this section.

Klassen et al. (2000) investigated the relation between EIT
waves and type II radio bursts. An EIT wave was observed
associated with 90% of type II bursts. However, the type II burst
speeds are on average around three times greater than EIT wave
speeds. Another statistical study (Biesecker et al., 2002) reported
that many EIT waves are not accompanied by type II bursts. As
demonstrated by radioheliograph observations, type II burst
sources can be detected at the front of Moreton or EIT waves
(Pohjolainen et al., 2001; Khan and Aurass, 2002; Vršnak et al.,
2005). However, the morphology of EIT and Moreton waves on the
one hand, and the morphology of type II burst sources on the other
hand, are generally not similar. This indicates that the type II radio
emission and EUV emission may come from different parts of the
fast magnetosonic wave front.

CME-driven shock waves can also be detected by coronagraphs
(Sheeley et al., 2000; Vourlidas et al., 2003; Eselevich and Eselevich,
2008; Ontiveros and Vourlidas, 2009). Unfortunately, the fields of
view of the LASCO (Large Angle Spectroscopic Coronagraph, see
Brueckner et al., 1995) and EIT instruments onboard SOHO have not
overlapped since the loss of the LASCO C1 coronagraph in 1998.
Combining together data sets obtained by these two instruments is
therefore difficult. In an attempt to link an EIT wave with the shock
wave observed higher in the corona, Tripathi and Raouafi (2007)
reported observations of a CME that was detected by the UVCS
(UltraViolet Coronagraph Spectrometer, see Kohl et al., 1995) and
LASCO instruments onboard SOHO, in association with an EIT wave. A
coronal streamer was deflected during the CME propagation, pre-
sumably by the CME-driven shock wave (cf. Sheeley et al., 2000). The
UVCS data showed significantly broadened and Doppler-shifted
coronal spectral lines, again indicating the presence of a shock wave
(see e.g. Ciaravella et al., 2005). As the EIT wave was propagating in the
same direction as the shock inferred from LASCO and UVCS observa-
tions, Tripathi and Raouafi (2007) concluded that the EIT wave in this
event is most probably a CME-driven shock. However, a very low EIT
wave speed in this event (55 km s�1, i.e. lower than the coronal sound
speed of around 150 km s�1) makes this interpretation doubtful.

In summary, the speed discrepancy and generally different
locations of EIT waves and type II radio burst sources indicate that a
shocked part of the large-scale fast magnetosonic wave may not
coincide with the EIT wave. The shocked part of the wave may be
located in a different part of the overall wave structure, perhaps
high in the corona.
3. EIT wave modeling before the STEREO era

A number of physical mechanisms were suggested to explain
EIT waves, but only five of them have been developed into
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quantitative model. These are the geometrical magnetoacoustics
model by Wang (2000), the forward MHD simulation of a fast-mode
blast wave by Wu et al. (2001), slow-mode wave simulation by
Wang et al. (2009), field line opening model by Chen et al. (2002),
and the electric current shell model by Delannée et al. (2008). In
this Section, these models are reviewed and compared with
observations. Several other proposed mechanisms are described
as well.

3.1. Fast magnetosonic wave model

Three-dimensional (3D) simulations by Wang (2000) and Wu
et al. (2001) describe the EIT wave phenomenon as a fast
magnetosonic wave.

The simulation by Wang (2000) is based on the geometrical
magnetoacoustics model developed by Uchida (1968). The key
difference between the two simulations is the adopted value of the
coronal plasma beta: bo1 in the simulation by Uchida (1968) and
b� 1 in the simulation by Wang (2000).

Wang (2000) used a realistic coronal magnetic field configura-
tion obtained using the potential field source surface (PFSS) model.
This simulation successfully describes the EIT wave speed and its
avoidance of active regions and coronal holes: fast magnetosonic
wave packets are simply reflected from these areas of high Alfvén
speed, or refracted in the direction of decreasing fast magnetosonic
speed (Fig. 5). The wave is refracted upward, which is different from
the downward refraction in the Moreton wave simulation of
Uchida (1968). The simulation by Wang (2000) thus cannot explain
Moreton waves. Another problem for this simulation is the absence
of global propagation. The wave is refracted upward before it
reaches positions far from its source, i.e. from the erupting active
region. Refraction in the upward direction is still to be observed in
the solar corona.

Wu et al. (2001) simulated the propagation of a fast magneto-
sonic wave using a non-linear forward modeling approach. In a
realistic coronal magnetic field configuration provided by the PFSS
Fig. 5. Two representative paths of fast magnetosonic wave packets propagation

(white pixels) in the solar corona as calculated by Wang (2000). The background

image shows the distribution of coronal fast magnetosonic speed (black color

denotes values higher than 500 km s�1 , light colors denote lower values) in the

meridional plane (spherical coordinates r and y). The source of wave packets is

located at 223 north near the solar surface (r¼ 1:0). Note the upward wave packet

refraction (away from the solar surface) and the wave reflection from a region of

high fast-mode speed. From Wang (2000). Reproduced by permission of the

American Astronomical Society (AAS).
model, they introduced a pressure pulse (simulating e.g. a flare).
The pressure perturbation then propagates away as a fast magne-
tosonic wave. Again, in order to obtain the observed EIT wave
speeds, Wu et al. (2001) adopted the quiet Sun coronal magnetic
field values that produce high values of the plasma beta (b41). The
global propagation of the fast-mode wave (dominated by the sonic
component) well reproduces the observed EIT wave propagation
(see Figure 4 in the paper by Wu et al., 2001).

Wu et al. (2005) developed a 3D non-linear MHD simulation of a
large-scale wave propagation in a two-layer solar atmosphere
(chromosphere and corona) with a simple dipolar magnetic field. A
fast magnetosonic wave followed by a slow magnetosonic wave, both
produced by a strong pressure pulse, were propagating in the corona.
These two waves were followed by the second fast magnetosonic
wave that was due to the switch-off of the pressure pulse. A rather low
coronal plasma beta b� 0:2 was adopted by Wu et al. (2005),
resulting in the Alfvén speed around 470 km s�1. The waves did
not refract back to the chromosphere, so the simulation by Wu et al.
(2005) could not explain Moreton waves. Due to a simplified
configuration of the solar atmosphere, no attempt was made to
compare the simulation with an observed EIT wave event. However,
multiple waves apparent in this simulation are potentially suited to
explain multiple waves reported by Gilbert and Holzer (2004).

A crucial assumption for the fast-mode wave modeling is the
value of the coronal plasma beta b in the quiet Sun areas. If low or
high values ofb are assumed, the resulting fast magnetosonic speed
is close to the speed of Moreton or EIT waves, respectively. Direct
observations of coronal magnetic field are difficult, so the value ofb
in the corona may be uncertain. It is often assumed that bo1, but
this statement usually applies to active regions (Gary, 2001). In the
case of a force-free (b51) closed magnetic structure (an active
region), the upward magnetic pressure is balanced by the down-
ward magnetic tension force, and the upward plasma pressure is
negligible. If bZ1, then the plasma pressure cannot be neglected.
The magnetic field then cannot constrain plasma, and the material
would be free to escape to the interplanetary space in the form of
solar wind, already from the low corona. This possibility does not
agree with the current ideas about the acceleration of low-latitude
slow solar wind (see e.g. Wang et al., 2000; Sakao et al., 2007).

The values of the coronal magnetic field in the quiet Sun are still
uncertain, thus leading to a major uncertainty in the EIT wave
modeling. Wu et al. (2001) note that the photospheric magneto-
grams used in their model have a low spatial resolution and thus
cannot measure strong magnetic fields in sub-pixel magnetic field
concentrations. The coronal magnetic field calculated via the PFSS
model and the plasma beta may thus be underestimated and
overestimated, respectively. This may be a problem for the EIT
wave modeling in the fast magnetosonic wave framework.

In the models by Wang (2000) and Wu et al. (2001), the coronal
fast magnetosonic speed smoothly varies from one location to the
other. Murawski et al. (2001) considered the propagation of perpen-
dicular fast magnetosonic waves in a structured corona. Only density
inhomogeneities were taken into account. It was demonstrated that
the fast magnetosonic wave speed in the inhomogeneous medium
can be lower when compared with the homogeneous case. This may
provide a solution to the problem of inconsistency between the low
plasma beta and the low fast magnetosonic speed. No simulation in a
realistic 2.5D or 3D geometry was made by Murawski et al. (2001), but
the physical mechanism reported in this work appears promising for
future investigations.
3.2. Field line opening model

As discussed in Section 3.1, high values of the coronal plasma beta,
b� 1, in fast magnetosonic wave models may be considered
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unrealistic. This led Chen et al. (2002) to develop another model in
which EIT and Moreton waves represent different physical phenom-
ena. Chen et al. (2002) performed a 2.5D numerical simulation of a
sub-Alfvénic CME originating from a magnetic arcade in a low-beta
(bo1) corona. A cartoon illustrating this model is shown in Fig. 6. As
the CME moves upward, it produces a fast magnetosonic wave in front
of it. The wave may steepen to become a piston-driven shock if the
local plasma conditions are favorable. The propagation speed of this
piston-driven fast magnetosonic wave in the low corona is around
750 km s�1, so it can describe the coronal counterpart of the Moreton
wave (the interaction of this wave with the chromosphere was not
modeled). Behind the fast magnetosonic wave, another density
perturbation arises and propagates outward from the center of the
arcade. It is produced due to the successive opening (from inside of the
arcade to the outside) of magnetic field lines during the CME lift-off.
As the central flux rope rises, it creates a deformation of large-scale
field lines that propagates downward along the field lines at the
Alfvén speed (Fig. 6). At the same time, the deformation is also
transferred upward due to the continuous rise of the flux rope. It then
propagates downward along the next field line. The disturbance
resulting close to the solar surface is accompanied by plasma
compression and thus may represent the ‘‘EIT wave’’. It is not a true
magnetohydrodynamic wave. It propagates at a speed that is
approximately three times smaller than the coronal fast magneto-
sonic speed. If the fast magnetosonic speed is around 750 km s�1,
then the EIT wave speed is around 250 km s�1, which is in agreement
with observations. As the EIT wave is produced by successive opening
of field lines during the CME lift-off, at every moment it is cospatial
with the legs of the CME frontal loop. A dimming corresponding to the
plasma evacuation due to the CME is situated behind the EIT wave
front (Chen et al., 2002).

The occurrence of this density perturbation that may be
responsible for EIT waves was confirmed by Pomoell et al.
(2008) in a numerical simulation very similar to that by Chen
et al. (2002). Developing their model further, Chen et al. (2005a)
used realistic values of coronal plasma and magnetic field para-
meters and for the first time created synthetic EIT and SXT images
of a propagating EIT wave. It should be noted that both the fast-
mode CME-driven wave and the slower EIT wave are visible in this
simulation, contrary to the observations that show only one wave
front in the corona (EIT wave).
Fig. 6. A cartoon illustrating the numerical EIT wave model by Chen et al. (2002). Solid line

the progressive change of the coronal magnetic field during the CME lift-off. A central ci

cross-section). The field line deformation due to the CME lift-off propagates from the poin

to create a deformation at point B. The deformation of a higher field line propagates from

(field line deformation accompanied by plasma compression) from point C to point D. Wav

the coronal pressure perturbation. From Chen et al. (2002). Reproduced by permission
The field line opening model of EIT waves developed by Chen
et al. (2002) has several advantages over the fast-mode model. It
adopts coronal plasma beta values that are probably more realistic
(bo1), see discussion in Section 3.1. It can also describe observed
events in which EIT and Moreton waves probably represent
different entities (e.g. Eto et al., 2002). The model by Chen et al.
(2002) was also used to demonstrate that an EIT wave stops at
coronal separatrix surfaces (Chen et al., 2005b), similar to what can
sometimes be observed (Delannée and Aulanier, 1999; Delannée,
2000; Delannée et al., 2007). Finally, Chen (2009) reported an event
observed by EIT and by the MK3 coronagraph and demonstrated
that the EIT wave was cospatial with the legs of the CME frontal
loop, in agreement with the prediction of the model by Chen et al.
(2002).

An obvious drawback of the model by Chen et al. (2002) is its
2.5D configuration. It is not easy to imagine how such a mechanism
would produce a nearly circular EIT wave front (see Fig. 2) in a
realistic 3D magnetic field configuration. Another problem is the
global propagation of EIT waves: to account for it, an initial arcade
should have a very large dimension matching the region of the EIT
wave propagation. Finally, EIT wave and coronal dimming are
coupled in this model. The dimming is always located right behind
the trailing boundary of the EIT wave front (Chen et al., 2002),
whereas observations demonstrate that EIT waves can propagate to
significantly larger distances than the extent of the coronal
dimming (e.g. Thompson et al., 1998; Zhukov and Auch�ere,
2004). It should be also noted that in the synthetic EIT images
calculated by Chen et al. (2005a) the EUV intensity perturbation
generated via the field line opening mechanism propagates down-
ward along the field lines. Such a downward motion is not
observed.

Another problem may be linked to the quantitative description
of the density perturbation in EIT waves. The simulated density
increase in the EIT wave front is of the order of a few percent (see
Figure 3 in the paper by Chen et al., 2002), which would produce up
to 10% of the intensity increase (Eq. (5)). This is too small in
comparison with observed values (several tens of percent). It is not
clear what factors can influence the density change in an EIT wave
front. It should be noted that this problem does not immediately
arise in the model by Wu et al. (2001) as one can increase the
amplitude of the initial pressure pulse to reach the desired density
s represent the initial configuration of the coronal magnetic field. Dashed lines show

rcle with a black arrow represents the rising motion of the CME flux rope (shown in

t A down to the solar surface (point C) at the Alfvén speed. It also propagates upward

point B down to point D. Along the surface, we see the propagation of the EIT wave

y lines represent some of the fast magnetosonic waves produced at each moment by

of the AAS.
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perturbation values, although the relation between the magnitude
of the pressure pulse and the flare size is unclear.

Harra and Sterling (2003) reported an apparent confirmation of
the model by Chen et al. (2002). An EIT wave event observed in the
high-cadence TRACE data exhibited a possible signature of two
structures: bright wave and weak wave. Harra and Sterling (2003)
interpret the faster weak wave as a fast-mode wave, and the slower
moving bright wave as an EIT wave produced via the field line
opening mechanism developed by Chen et al. (2002). However, a
careful inspection of the TRACE data shows that the bright wave
appeared first, and the weak wave seemed to emanate from its
front a bit later. This does not seem to be in agreement with the
interpretation of the weak wave as a fast magnetosonic wave. The
fast-mode MHD wave should have appeared right after the initial
perturbation.
3.3. Slow magnetosonic wave model

As was mentioned in Section 2.4, EIT waves can propagate in all
directions from the eruption site. EIT observations of nearly radial
field-aligned structures in the lower corona of the quiet Sun above
the limb demonstrate that the magnetic field away from large-scale
magnetic neutral lines is approximately radial in the low corona. It
is therefore assumed that EIT waves can propagate perpendicularly
to the ambient magnetic field. This is one of the strong reasons to
believe that they are fast magnetosonic waves. However, the speed
of EIT waves can be close to the speed of the slow magnetosonic
wave in the low-beta (bo1) plasma, if the wave propagates
obliquely with respect to the magnetic field (Wills-Davey et al.,
2007; Krasnoselskikh and Podladchikova, 2007; Podladchikova
et al., 2010). The speed of the slow magnetosonic wave can be
written as
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Assuming cs � 120 km s�1 and vA � 1000 km s�1, it can be found
that vs � 100 km s�1 for y� 453. Such EIT wave speeds are some-
times observed (Thompson and Myers, 2009), but the existence of
fields inclined to the radial direction at such an angle (and across
surfaces comparable to the whole solar disc) is still to be demon-
strated. In any case, slow magnetosonic speed cannot be higher
than the coronal sound speed that is around 160 km s�1 at
temperatures around 1.5 MK. Faster EIT waves can hardly be
explained in the slow-mode wave framework.

Wang et al. (2009) used a numerical model setup similar to that
by Chen et al. (2002) and investigated the wave-like phenomena
behind the CME and the fast-mode CME-driven wave, with and
without gravity. Due to limited computational resources, they
adopted low values of the Alfvén speed (less than 50 km s�1), thus
resulting in b41. The fast magnetosonic CME-driven shock
appears when the CME speed becomes higher than the fast
magnetosonic speed. It is dominated by the sonic component
(similar to the situation simulated by Wu et al., 2001). Its lower part
sweeps the chromosphere and can produce the Moreton wave, as
also shown in the simulation made by Chen et al. (2002). Behind the
fast-mode shock, a slow-mode shock and velocity vortices appear
at every side of the erupting flux rope. They propagate outwards at
a speed that is around 40% that of the fast-mode wave. Wang et al.
(2009) argued that the slow-mode shock and the velocity vortices
represent the EIT wave.

The Moreton wave and EIT wave are two distinct physical
entities in this model, and this explains their different speeds.
However, it is not clear if the simulation results would be the same
in the model atmosphere with the plasma beta bo1 that would be
more realistic according to Wang et al. (2009).
It is unclear if the mechanism proposed by Wang et al. (2009)
would result in a nearly circular EIT wave front in a realistic 3D
magnetic field configuration. The development of a 3D simulation
is necessary. Again, similarly to the model by Chen et al. (2002), the
CME-driven wave is well visible as a density perturbation, so it
should be detected by EIT as well. The slow-mode shock and the
velocity vortices are very weakly visible in density maps (see
Figures 3 and 13 in the paper by Wang et al., 2009).

It should be noted that Rust and Svestka (1979) reported slowly
propagating weak coronal X-ray disturbances and interpreted
them as slow magnetosonic waves. These disturbances were
observed in association with the filament disappearance or activa-
tion, sometimes without any flare. The disturbance propagation
speed was decreasing from around 450 km s�1 down to around
15 km s�1 (Rust and Svestka, 1979). However, the time and place of
the disturbance initiation was not observed in X-rays and was
inferred by Rust and Svestka (1979) from other data (primarily
chromospheric and radio). Therefore, the higher values of the speed
are very uncertain. A simple calculation using their time-distance
data shows that the speed of the front (moving from one observed
position to the other) never exceeded 50 km s�1 . This phenom-
enon looks similar to EUV bright fronts produced by the inter-
change reconnection, see Section 2.3 and the works by Crooker and
Webb (2006) and Attrill et al. (2006).

Slow magnetosonic waves were invoked by Gilbert and Holzer
(2004) to explain large-scale waves detected in the He I line (see
Section 2.2). They argued that the coronal fast magnetosonic wave
propagating downward along quasi-radial magnetic field lines (e.g.
Uchida, 1968) is essentially non-compressive in the linear regime.
The chromospheric down-up motion detected in He I waves (as
well as in Moreton waves) can be produced by slow magnetosonic
waves that are generated by the pressure perturbation in the fast
magnetosonic wave (Gilbert and Holzer, 2004). Note that a slow
magnetosonic wave is always compressive.
3.4. Electric current shell model

Delannée et al. (2008) proposed an electric current shell model
for EIT waves. A 3D flux rope is set to erupt producing a CME.
Electric current sheets are formed at the interface between the flux
rope and the ambient magnetic field. The resistive dissipation of the
electric current leads to Joule heating of plasma that can be
observed in the EUV as an increase of the emission measure in
the 195 Å bandpass. In addition, a weak compression appears co-
spatial with the current sheets. It is produced by the velocity field
that, in turn, originates from the magnetic~j � ~B force driving the
flux rope eruption (~j and ~B are the electric current and magnetic
field vectors, respectively). A nearly circular shape was chosen for
the initial flux rope configuration, in order to reproduce the quasi-
symmetric shape of the observed EIT wave front. The current sheets
expand together with the flux rope, and the current density may
exhibit a time-dependent pattern due to the flux rope rotation. This
may reproduce the time-dependent inhomogeneous structure of
the EIT wave front (EIT wave ‘‘rotation’’) that is sometimes
observed (see Section 2.2).

An advantage of this mechanism is the inclusion of both plasma
heating and compression. Both of these factors are indeed at play,
as it was shown using EIT wave observations in two bandpasses
(Wills-Davey and Thompson, 1999). However, as is the case with
other models, it is still not clear if heating and compression in the
electric current shell mechanism are sufficient to produce the
observed contrast of emission measure in the EIT wave fronts. It is
also important to note that the erupting flux rope only expands
together with its rising motion. Therefore, an important inference
of the electric current shell model is that the EIT wave should be
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observed at progressively larger heights. This is an important
prediction that can be tested with STEREO (see Section 4.3).
3.5. Other interpretations of the EIT wave phenomenon

Several other EIT wave interpretations that are still not quanti-
tative models will be briefly described here.

Wills-Davey et al. (2007) pointed out that several properties of
observed EIT waves did not attract sufficient attention in models.
Firstly, the large amplitude of many EIT waves (up to 30% density
increase) makes the linear modeling (e.g. Uchida, 1968; Wang,
2000) questionable. Secondly, some EIT waves propagate with a
constant wave profile (Wills-Davey, 2003). Wills-Davey et al.
(2007) argued that a soliton description should be applied to the
EIT wave phenomenon. In solitary waves (or solitons), a non-linear
steepening of the wave front is balanced by the dispersion (that
tends to widen the front), resulting in a constant wave profile.
Taking into account the fact that speeds of many EIT waves are too
low to be explained in the framework of the fast-mode wave
mechanism, Wills-Davey et al. (2007) suggested that EIT waves can
be explained as slow-mode solitons. The solitary wave framework
is promising to explain some properties of EIT waves, although a
quantitative model of the soliton propagation in the solar corona is
still to be developed.

Attrill et al. (2007) suggested that the reconnection of the outer
magnetic field of an expanding CME with favorably oriented small-
scale quiet Sun loops may produce the observed signatures of the
EIT wave propagation. However, the large-scale magnetic topology
is not taken into account in this interpretation. Delannée (2009)
demonstrated that, if a realistic large-scale magnetic field topology
is taken into account, reconnection of the CME magnetic field with
the small-scale quiet Sun field cannot occur. The large-scale field
will simply not allow the CME field to encounter any small-scale
field. The reconnection between the CME magnetic field and the
ambient field can occur e.g. through pre-existing magnetic null
points (see e.g. Roussev et al., 2007 for a detailed modeling of such a
process). But it is difficult to imagine this process taking place
around the whole CME. Wills-Davey and Attrill (2009) responded
to the Delannée (2009) criticism by pointing out that a closed field
topology is irrelevant for the reconnection with small-scale fields
as the large-scale field lines become open during the CME eruption.
The footpoints of these large-scale field lines are situated in the
coronal dimming areas. However, coronal dimmings are usually
observed behind the EIT wave front (see Fig. 4), i.e. the magnetic
field of the expanding CME would encounter closed large-scale
magnetic field of the quiet Sun. Even if it does encounter open
large-scale field lines, it is still unclear how the CME magnetic field
could go through them to produce a globally propagating EIT wave.

EUV bright fronts associated with interchange reconnection can
be observed during eruptive events (Crooker and Webb, 2006;
Attrill et al., 2006). But these bright fronts result from very special
magnetic field topologies, when the CME magnetic field becomes
adjacent to an oppositely directed open magnetic field of a coronal
hole. These bright fronts are very slow and they eventually stop
after propagating along a very short distance that is much smaller
than global EIT wave scales (see Section 2.3).

Finally, Zhukov and Auch�ere (2004) suggested that different
physical processes can be responsible for observed EIT wave
signatures in a single event. They introduced the concept of the
EIT wave bimodality on the base of morphological characteristics of
two EIT wave events. The wave mode has an appearance of a
propagating wave (probably a fast magnetosonic wave). The
eruptive mode is exhibited as a propagation of a compressive
bright front (and dimming behind it) due to the coronal magnetic
field opening during the CME lift-off, e.g. in the framework of the
model developed by Chen et al. (2002). Both modes can be present
in the same EIT wave event, although not necessarily observed with
the present instrumentation. Thus, there may be no need to look for
a unique EIT wave model that can explain the variety of all the
observational data.
4. EIT wave research using STEREO data

First of all, it should be mentioned that the expression ‘‘pre-
STEREO’’ in this review does not imply a chronological association.
It refers rather to the EIT wave analysis made without STEREO data.
Indeed, some EIT wave studies (e.g. Chen, 2009) were made after
the launch of the STEREO mission but they did not use STEREO data.

The launch of the STEREO mission (Solar TErrestrial RElations
Observatory, see Kaiser et al., 2008) brought new opportunities for
EIT wave studies. STEREO consists of twin spacecraft carrying
identical payloads. During their orbital motion, the separation of
STEREO spacecraft is gradually increasing, with one spacecraft
(STEREO Ahead, or STEREO A) leading the Earth along its orbit and
the other spacecraft (STEREO Behind, or STEREO B) trailing behind
the Earth. STEREO thus provides us with observations of the Sun
from two vantage points. EIT waves are readily observed by the
extreme ultraviolet imager (EUVI), which is a part of the SECCHI
instrument suite (Sun Earth Connection Coronal and Heliospheric
Investigation, see Howard et al., 2008) onboard STEREO.

STEREO/SECCHI improves our observational capabilities to inves-
tigate EIT waves in several ways. EUVI data can be routinely taken at a
higher cadence (typically 2.5 min) in comparison with the cadence of
EIT data (typically 12 min), and with a full-Sun field of view (contrary
to TRACE data). Nearly simultaneous observations in four EUVI
bandpasses (171, 195, 284, 304 Å) are possible. Although high-
cadence imaging of an event cannot be made in all four bandpasses
simultaneously, it is however possible to observe at a cadence of
2.5 min in one bandpass, and at a cadence of 10 min in the other three
bandpasses. Thus, EUVI can provide three to four images of an EIT
wave front moving at a typical speed of 250 km s�1, in all four
bandpasses. The observations are available from two vantage points
(three, if SOHO/EIT data is also included). This greatly helps to
determine the overall 3D structure of the wave and its relation to the
CME structure. Finally, the field of view of EUVI (up to 1.7 R�) and that
of the white-light coronagraph COR1 (from 1.4 R� to 4 R�) are
overlapping, thus providing us with an opportunity to observe EIT
waves in a wide range of heights and by two instruments sensitive to
two physically different processes.

4.1. High-cadence observations of EIT waves by SECCHI/EUVI

The EIT wave event on May 19, 2007 was observed in great detail
by STEREO (Long et al., 2008; Veronig et al., 2008; Gopalswamy
et al., 2009). The angular separation between the two STEREO
spacecraft was 8:63, which is too small to make a 3D reconstruction
of the EIT wave structure (see Section 4.3). However, EUVI observed
the wave at a cadence of 2.5 min in the 171 Å bandpass, 10 min in
the 195 and 304 Å bandpasses, and 20 min in the 284 Å bandpass.
High-cadence observations of the EIT wave front in the 171 Å
bandpass were described by Long et al. (2008) and Veronig et al.
(2008). These works reported a consistent deceleration of the wave
after 12:51:30 UT. The wave speed at this instant was around
500 km s�1, and the final speed 20 min later was around 180 km s�1.
This is the first time that the deceleration of the EIT wave was
reliably measured, giving support to the interpretation of the EIT
wave as a decelerating fast magnetosonic wave (e.g. Warmuth
et al., 2004a). However, despite the availability of the Ha data, an
associated Moreton wave was not observed (Veronig et al., 2008).
Further, Ma et al. (2009) confirmed, on the basis of observations of



Fig. 7. Propagation of the EIT wave on May 19, 2007 measured in two SECCHI/EUVI bandpasses onboard STEREO A (circles) together with its quadratic fit. Also shown is the

flare emission in soft and X-rays measured by GOES and RHESSI, respectively, and the quadratic fits of the kinematics of two associated CMEs (dashed and dotted curves). The

horizontal bar shows the start of the filament eruption associated with the CME. From Veronig et al. (2008). Reproduced by permission of the AAS.

2 It has to be noted that an alternative interpretation of this observation invokes

a certain time needed to produce a large-amplitude wave due to non-linear

steepening. During this time the Moreton wave is supposed to be not visible

(Vršnak and Cliver, 2008). However, the dependence of the wave visibility in the EUV

and Ha on the wave amplitude is presently not clear.
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another event, that the EIT wave speed can be underestimated if a
low imaging cadence is used.

It is interesting to note that Long et al. (2008) measured the
wave propagation even before 12:51:30 UT. They reported that the
wave was accelerating until that instant, whereas Veronig et al.
(2008) did not report any measurement of the EIT wave front before
12:51:30 UT. A careful inspection of the EUVI data for this event
shows that Long et al. (2008) probably measured the displacement
of bright loop-like structures before 12:51:30 UT. Ma et al. (2009)
and Chen et al. (2010) also mention difficulties in distinguishing the
EIT wave from erupting structures early in the event.

High-cadence imaging of the EIT wave on May 19, 2007 allowed
Veronig et al. (2008) to clarify the timing of the wave with respect
to the associated flare observed by RHESSI (Reuven Ramaty high-
energy solar spectroscopic imager, see Lin et al., 2002). The hard
X-ray flux of the flare (at energies 12-25 keV) started to increase at
12:50 UT and peaked at 12:51:30 UT, when the first EIT wave front
was already observed (Fig. 7). This indicates that the flare occurred
too late to produce the EIT wave, since the wave requires a certain
time to build up a sufficiently large amplitude to be detected in the
EUVI data (Veronig et al., 2008). This fact increases the evidence
that flares in general are not responsible for the EIT wave genera-
tion (see Section 2.5). It has to be noted that the flare soft X-ray flux
started to grow before any noticeable increase of the hard X-ray
flux, so the flare origin of the wave cannot be ruled out completely.
The slow and weak increase of the flare soft X-ray flux may,
however, indicate a weak energy release, too low to launch a
noticeable EIT wave, see e.g. Vršnak and Cliver (2008) for a
discussion on the possibility to launch a fast magnetosonic wave
by a flare pressure pulse. Veronig et al. (2008) suggest that the wave
is produced by the expanding CME flanks. It is driven over a limited
distance and then propagates freely.

Patsourakos et al. (2009) investigated high-cadence observa-
tions of an EIT wave on December 7, 2007 and found that it was
closely associated with the expanding motion of coronal loops. The
blast wave produced by the flare in the core of the active region is
expected to be first detected close to the flare site. Therefore,
Patsourakos et al. (2009) argue in favor of the CME-driven wave
hypothesis as the wave was first observed at the periphery of the
active region. Warmuth et al. (2004a) reported a similar behavior of
Moreton waves.2 The wave generated in the active region core is
also expected to refract rapidly towards large heights due to the
strong gradient of the fast-mode speed in this region. This seems to
be contrary to what is seen in the EUVI images (Patsourakos et al.,
2009).

However, not all EIT waves exhibit a simple decelerating speed
profile. Ma et al. (2009) found that the EIT wave event on December 7,
2007 exhibited a nearly constant speed profile. Zhukov et al. (2009)
investigated an EIT wave on December 8, 2007 and found that
the initial propagation speed of the wave was around 100 km s�1.
Then the wave slowed down to very low speeds (around 20 km s�1),
and finally accelerated again to reach speeds around 200 km s�1 . Such
a change in velocity is difficult to envisage for a freely propa-
gating wave. Zhukov et al. (2009) suggested that such a speed profile
reflected the varying speed of the CME eruption. The wave front shape
was nearly circular, so even symmetric EIT waves can possibly be
produced via the magnetic field restructuring during the CME lift-off.
This event seems to support the field line opening mechanism by Chen
et al. (2002).

A partial reflection of the EIT wave at the boundary of a coronal
hole (Long et al., 2008; Gopalswamy et al., 2009) strongly indicates
that the EIT wave is a true wave, at least in some events. As shown
by Gopalswamy et al. (2009), the incident wave propagated at a
speed of around 380 km s�1 , and the wave reflected in the opposite
direction propagated at a speed of around 280 km s�1 . The waves
reflected in different directions may have been superposed with
the incident wave, so the measurements of their speed were not
always reliable. A fast magnetosonic wave reflection at the coronal
hole boundary (i.e. at the boundary of the region of higher fast-
mode speed) was demonstrated in the model by Wang (2000).
Another type of fast magnetosonic wave reflection—that from the
chromosphere—was described in the numerical simulation by
Wang et al. (2009). However, a wave reflection from the chromo-
sphere has not yet been observed.
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A possibility of a wave reflection at a coronal hole boundary was
confirmed in the 3D numerical MHD simulation of the CME-driven
wave developed by Schmidt and Ofman (2010). Unfortunately, they
used a photospheric magnetogram with artifacts next to the region
of the wave propagation. To determine the wave front positions,
Schmidt and Ofman (2010) chose to show the perturbations of the
plasma horizontal speed in the wave front. As the plasma hor-
izontal speed is not directly observed by EUVI, the comparison of
this simulation with observations (e.g. the EIT wave deceleration
reported by Veronig et al., 2008) is difficult.

Attrill (2010) questioned the EIT wave reflection described by
Gopalswamy et al. (2009) and argued that apparently reflected
wave fronts result from artifacts of running difference images.
However, after inspecting base difference images (that are sup-
posed to be free from artifacts, see e.g. Wills-Davey, 2006), Attrill
(2010) claimed that the EIT wave front ‘‘turned’’ during its
propagation. This is very close to the description of a reflection,
although in this case it seems more precise to speak about the
refraction of the wave in the medium with an inhomogeneous
Alfvén speed distribution (Uchida, 1968; Wang, 2000). Similarly,
Attrill (2010) claimed that another reflected wave front moved
‘‘significantly backward’’. This formulation is again very close to the
description of a reflection. Attrill (2010) explained the third
reflected front by invoking the existence of two EIT wave fronts.
Only one wave front is obvious in the EUVI data for this event (Long
et al., 2008; Veronig et al., 2008; Gopalswamy et al., 2009).

It may be further argued that, in the case of a wave reflected
backward to the eruption site, one should not use a pre-event
image to construct base difference images. Indeed, the background
intensity may have changed e.g. due to the dimming, so one needs
to detect the wave propagation against a new, dimmer background.
If the decrease in EUV intensity due to a dimming is significantly
greater than the wave amplitude (as it is often the case), the wave
would be difficult to detect in base difference images that use a pre-
event image as the base image.

Veronig et al. (2010) reported the evolution of an EIT wave
profile measured in the 195 Å bandpass for the eruption on January
17, 2010. The speed of the lateral expansion of the wave was
approximately 280 km s�1 . This was significantly lower than the
speed of its upward expansion that was around 650 km s�1 .
Veronig et al. (2010) suggested two explanations for this difference.
Firstly, it may be attributed to the difference in the local fast
magnetosonic speed. Secondly, the wave in the upward direction
may be CME-driven, so the wave speed depends on the CME speed.
The lateral expansion of the wave corresponds to a free propagation
during most of the time in both cases. Its speed is determined by the
local plasma and magnetic field parameters.

Veronig et al. (2010) showed that the wave profile was first
steepening and the wave amplitude was growing. Further on, the
amplitude was decreasing steadily and the wave profile width was
increasing, with the integral below the profile remaining approxi-
mately constant. This behavior is consistent with the 3D evolution
of a non-linear fast magnetosonic wave (e.g. Landau and Lifshitz,
1987). According to Veronig et al. (2010), the wave is first driven by
the CME lateral expansion. Shortly afterward, the CME expansion
stops. Evidence for this is given by the limited extent of the
associated coronal dimmings compared to the global distances
traveled by the wave. After the end of the driven phase, the wave is
propagating freely in the lateral direction.

Yang and Chen (2010) investigated two EIT wave events
observed by SECCHI/EUVI. They found a negative correlation
between the EIT wave speed and the coronal magnetic field
calculated using the PFSS model. This means that EIT waves
propagate faster in regions with a low magnetic field. If the EIT
wave is a coronal fast magnetosonic wave, then a positive correla-
tion would be expected, as can be seen from Eq. (1), although such a
comparison neglects the dependence of the fast magnetosonic
speed on density. Yang and Chen (2010) argued that the negative
correlation can be explained by the field line opening model by
Chen et al. (2002), although this explanation strongly depends on
the adopted configuration of the coronal magnetic field. It also
needs to be noted that Yang and Chen (2010) measured the wave
propagation close to the wave source, where the wave may be
driven rather than freely propagating.

The high cadence of SECCHI/EUVI enabled a detailed imaging of
the May 19, 2007 event that could be compared with spectroscopic
observations made by Hinode/EIS, as reported by Chen et al. (2010).
The EIT wave rapidly passed along the spectrometer slit, and it was
difficult to distinguish from the movement of pre-existing loop
structures. The wave front was not very clear, but it seemed to be
better observed in the Fe XIII (202.04 Å) line intensity than in the Fe
XII (195.12 Å) line intensity. The EIT wave was not detected in
Doppler velocity measurements or in the spectral line width, which
is in agreement with previous results by Harra and Sterling (2001,
2003). Strong outflows in the dimming region behind the EIT wave
front and increased line widths can be explained using the field line
opening model by Chen et al. (2002). Chen et al. (2010) argued that
the absence of spectral signatures of the wave front is also
compatible with the fast magnetosonic wave model. Indeed, the
velocity perturbation in the fast magnetosonic wave front would be
directed across the line of sight for a wave front observed near the
disc center.

High-cadence observations of small-scale bright fronts similar to
large-scale EIT waves were reported by Podladchikova et al. (2010).
They proposed an interpretation of these small-scale fronts in terms of
slow-mode MHD waves propagating nearly perpendicularly to the
ambient magnetic field. It should be noted that speeds reported by
Podladchikova et al. (2010) are around 14 km s�1. This value is an
order of magnitude lower than typical EIT wave speeds of approxi-
mately 250 km s�1.
4.2. Simultaneous observations of EIT waves in several SECCHI/EUVI

bandpasses

Long et al. (2008) investigated the EIT wave on May 19, 2007 and
demonstrated that the wave was cospatial in all four EUVI
bandpasses (Fig. 8). These observations thus confirm earlier results
on the EIT wave visibility in the 171 and 284 Å bandpasses by Wills-
Davey and Thompson (1999) and Zhukov and Auch�ere (2004),
respectively. The EIT wave detection in the 304 Å bandpass was
reported by Long et al. (2008) for the first time. The wave front
contrast was strongest in the 195 Å bandpass and weakest in the
304 Å bandpass. Although the 304 Å bandpass is dominated by the
He II line at 303.78 Å formed in the upper transition region (peak
formation temperature around 0.08 MK), it is most probable that
the EIT wave radiation was detected in the Si XI line at 303.324 Å,
that is formed in the corona at temperatures around 1.6 MK (Long
et al., 2008).

The EIT wave visibility in three coronal EUVI bandpasses was
confirmed by Attrill et al. (2009) who also reported the EIT wave
detection in the soft X-ray data taken by XRT (X-ray telescope,
see Golub et al., 2007) onboard Hinode. It has to be mentioned that
Hinode/XRT is more sensitive to temperatures around 1-2 MK
than Yohkoh/SXT. Patsourakos et al. (2009) confirmed that EIT
waves are most visible at temperatures between 1 and 2 MK that
are close to the peak of the quiet Sun differential emission measure
dc=dT (see e.g. Brosius et al., 1996). Patsourakos et al. (2009)
suggest that the visibility of the EIT wave in several bandpasses
and its strongest contrast at these temperatures demonstrate
that the EIT waves represent a density increase rather than a
temperature change.



Fig. 8. EIT wave on May 19, 2007 observed in four bandpasses of SECCHI/EUVI onboard STEREO A. All images are running difference images. A boxcar filter was applied to each

image (Long et al., 2008) in order to improve the visibility of the faint wave structures. From Long et al. (2008). Reproduced by permission of the AAS.
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In the event reported by Attrill et al. (2009), some parts of the
wave front had stronger contrast in the 284 Å bandpass than in the
195 Å bandpass. Moreover, the brightest part of the front seen in
284 and 195 Å bandpasses had no detectable counterpart in the
171 Å bandpass. Dai et al. (2010) investigated the EIT wave event on
December 31, 2007 that was observed in three coronal EUVI
bandpasses and also concluded that the EIT wave appeared dark
in the 171 Å bandpass. These observations favor the heating of the
coronal plasma up to 1.4 MK (peak formation temperature of the Fe
XII line at 195 Å) rather than the plasma compression as the main
factor producing the observed intensity change in the 171 and
195 Å bandpasses.

Veronig et al. (2010) compared the wave contrast measured in
three coronal EUVI bandpasses. They found that the EIT wave
contrast is strongest in the 195 Å bandpass and weakest in the
171 Å bandpass. This indicates that the temperature changes in the
EIT wave fronts as well as density, thus confirming earlier results
reported by Wills-Davey and Thompson (1999).
4.3. Three-dimensional structure of EIT waves

In this section, the issue of the 3D structure of EIT waves will be
addressed, together with a closely linked question of the relation
between EIT waves and the CME structure.

Three-dimensional reconstruction of coronal loops, promi-
nences and other small-scale structures in the solar atmosphere
requires imaging from two vantage points that are not very much
separated from each other (e.g. Inhester, 2006; Feng et al., 2007;
Gissot et al., 2008; Aschwanden et al., 2008; Rodriguez et al., 2009),
typically below 151. On the contrary, 3D reconstruction of large-
scale optically thin structures (like EIT waves) requires a larger
angular separation between the two vantage points.

Patsourakos et al. (2009) and Ma et al. (2009) investigated the
EIT wave event on December 7, 2007 that was observed from two
STEREO spacecraft separated by around 451. Both works reported a
difference in the EIT wave appearance as seen from two spacecraft
early in the event. Namely, the brightest part of the EIT wave was
situated to the east (west) of the source active region in the STEREO
A (STEREO B) data. Ma et al. (2009) found that, in spite of correction
for projection effects on the solar disk, the EIT wave speeds as
measured by STEREO A and B spacecraft were different. The
different appearance of wave fronts in STEREO A and B observations
is a result of a different emission measures being integrated along
different lines of sight (Fig. 9). This indicates that the EIT wave front
extends over a non-negligible height range, and the full 3D
structure of the EIT wave must be taken into account to measure
its kinematics. Patsourakos et al. (2009) made a first attempt to
determine the EIT wave height in this event. They used a geometric
triangulation of the wave front as observed from two vantage
points and obtained a wave height of around 90 mm. The fact that
they reported no height range, stresses the difficulties in deriving
the 3D structure of a diffuse optically thin object.

Patsourakos et al. (2009) fitted the CME associated with this EIT
wave with a geometrical flux rope model (Thernisien et al., 2006,
see also Chen et al., 2000). The flux rope was then projected on the



Fig. 9. A cartoon illustrating the projection effect on the EIT wave observations from several viewpoints. In the early stages, the observed EIT wave front structure is different

depending on the vantage point (STEREO B, SOHO and STEREO A). The different appearance is due to different emission measures integrated along three different lines of sight.

The orange-colored regions schematically represent positions of high-intensity regions along the EIT wave front. Images of the EIT wave on December 7, 2007 are shown in the

bottom row for comparison. Note that the dome-like structure shown in the figure may not represent a CME, but a true wave, e.g. a CME-driven fast magnetosonic wave. The

EIT wave appearance would be the same in both cases. From Ma et al. (2009). Reproduced by permission of the AAS.
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solar disc to simulate the EIT wave appearance as if it would be
generated by non-wave models like those of Delannée et al. (2008)
or Chen et al. (2002). Patsourakos et al. (2009) argued that the flux
rope projections did not resemble the observed EIT wave appear-
ance. However, the flux rope model by Thernisien et al. (2006) was
designed to reproduce structured CMEs (e.g. Cremades and
Bothmer, 2004). On the contrary, the CME observed by COR1 in
association with this EIT wave event is very diffuse and its overall
structure is not at all clear.

On the contrary, Ma et al. (2009) found that the different
appearance of the wave as seen from two STEREO spacecraft
during the early propagation stage is consistent with the projection
of the CME dome-like structure (Fig. 9). However, this dome-
shaped structure can represent a large-scale fast magnetosonic
wave equally well. Additionally, the footpoints of this dome-
shaped structure are fixed to the solar surface, contrary to the
observations of the EIT wave propagating to large distances from
the source active region.

Zhukov and Auch�ere (2004) suggested that STEREO observa-
tions from widely separated vantage points should be used to study
the link between EIT waves and the CME structure. Indeed, the EIT
wave is best seen on-disk and the overlying CME structure is best
seen above the limb. Patsourakos and Vourlidas (2009) investi-
gated the EIT wave event on February 13, 2009 that was observed
by the STEREO spacecraft in quadrature (angular separation around
901). Images of this event taken by EUVI onboard STEREO A and B in
the 195 Å bandpass are shown in Fig. 10.

It is clear that the wave is observed over a range of heights from
the solar surface to around 100 mm. Patsourakos and Vourlidas
(2009) reported that the lateral extent of the EIT wave as observed
by EUVI was significantly wider than the CME lateral extent as
measured in the EUVI and COR1 data. SECCHI data thus confirm
a general tendency that an EIT wave is often global, but
corresponding coronal dimmings (that map to the footpoints of
the associated CME) are usually localized (e.g. Dere et al., 1997a;
Sterling and Hudson, 1997; Thompson et al., 1998, 2000a; Zhukov
and Auch�ere, 2004). In addition, oscillations of quasi-radial struc-
tures in the quiet Sun were observed after the EIT wave passage
(similar to the loop oscillations reported by Wills-Davey and
Thompson, 1999). These two facts suggest that, at least in this
event, the EIT wave is not linked to the magnetic field restructuring
but is rather a fast magnetosonic wave. The same conclusion was
reached by Kienreich et al. (2009) who investigated only the EUVI
data and suggested that the wave was initially driven by the CME
lateral expansion and later propagated freely.

However, the conclusion of a similar study made using the data
taken by EIT and by the MK3 coronagraph was very different: the
EIT wave was co-spatial with the legs of the CME frontal loop (Chen,
2009). Two other EIT wave events observed by EUVI and COR1
provide us with evidence that the EIT wave propagation matched
the lateral expansion of the outer boundary of the CME (Attrill et al.,
2009; Dai et al., 2010). These two works conclude that the EIT wave
is not a true wave, but is rather produced by the magnetic field
reconfiguration during the CME lift-off.

An alternative interpretation of the February 13, 2009 event was
presented by Cohen et al. (2009) who performed a 3D numerical
MHD simulation of the CME and EIT wave. A flux rope was inserted
in a realistic configuration of coronal plasma and magnetic field.
The flux rope was set to erupt at a speed similar to the observed
CME speed. An EIT wave was seen in the simulated images as a
density perturbation. Cohen et al. (2009) found that the EIT wave
was a combination of both true wave and non-wave mechanisms,
that is similar to the EIT wave bimodality suggested by Zhukov and
Auch�ere (2004). The EIT wave front was found to match the
position of the outer surface of the CME. Cohen et al. (2009) argued
that the non-wave component of the EIT wave front is produced by



Fig. 10. EIT wave on February 13, 2009 as observed by SECCHI/EUVI onboard STEREO B (left column) and STEREO A (right column) in the Fe XII (195 Å) bandpass. All images are

running difference images. The angular separation of the two STEREO spacecraft was around 901 (quadrature configuration). Note that the time stamps of images taken by the

two spacecraft are different to account for the difference in the light travel time from the Sun to each STEREO spacecraft. The event on the Sun is thus observed by the two

spacecraft simultaneously. All times are UT.
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the reconnection of the erupting flux rope with the ambient large-
scale magnetic field (see also Cohen et al., 2010). It has to be noted
that this conclusion looks different from the idea proposed by
Attrill et al. (2007) who considered reconnection with small-scale
quiet Sun magnetic fields.

However, although the reconnection of the flux rope with the
ambient field is clearly shown in this simulation, it occurs only in
one place—to the north of the erupting active region (see Figures 7
and 8 in the paper by Cohen et al., 2009)—where the orientations of
magnetic fields in the CME and in the ambient corona are nearly
opposite and thus favorable for reconnection. This process then can
hardly produce a quasi-circular wave front. The reconnection in the
EIT wave front reported by Cohen et al. (2009) is similar to
interchange reconnection between the erupting and ambient
magnetic fields (Crooker and Webb, 2006; Attrill et al., 2006;
Gibson and Fan, 2008). The interchange reconnection also results in
a CME that becomes much wider than the CME observed by SECCHI.
In the movie supplied with the Cohen et al. (2009) paper, it can be
seen that at 07:05 UT the observed CME width is around
601 whereas the simulation shows the CME width of around 1201.

There also exists a question regarding the nature of the true
wave component in the simulation by Cohen et al. (2009). The CME-
driven shock is situated much ahead of the EIT wave front.
However, the CME-driven shock should be visible not only as a
temperature increase (as in Figure 9 of the paper by Cohen et al.,
2009), but also as a density increase. This is not the case in the
simulation by Cohen et al. (2009).
4.4. Summary of EIT wave observations made by STEREO

Observations by SECCHI/EUVI onboard STEREO significantly
advanced our understanding of the EIT wave phenomenon.
High-cadence EUVI data confirm the possibility of the EIT wave
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deceleration (Veronig et al., 2008; Long et al., 2008), although
constant velocities (Ma et al., 2009) and more complicated speed
profiles (Zhukov et al., 2009) are observed as well. The evolution of
the wave profile is consistent with the wave first driven by the CME
expanding flanks, and then propagating freely (Veronig et al.,
2010). The EIT wave reflection at the coronal hole boundary
(Long et al., 2008; Gopalswamy et al., 2009) provides us with
strong evidence that the EIT wave is a true wave, at least in the
reported event. The data taken in several EUV bandpasses show the
multi-temperature structure of EIT waves (Attrill et al., 2009; Dai
et al., 2010; Veronig et al., 2010). It was demonstrated that some EIT
waves are compressive disturbances (Long et al., 2008; Patsourakos
et al., 2009), but the plasma heating can be observed in EIT wave
fronts as well (Attrill et al., 2009; Dai et al., 2010). A slower EIT wave
propagation in stronger coronal magnetic fields was reported for
two events (Yang and Chen, 2010), indicating a difficulty to explain
them by the fast magnetosonic wave model. Finally, the inter-
pretations of the 3D structure of EIT waves and their relation to the
associated CME structures are often contradictory, with different
authors favoring true wave (Patsourakos et al., 2009; Patsourakos
and Vourlidas, 2009; Kienreich et al., 2009), non-wave (Ma et al.,
2009; Yang and Chen, 2010) and bimodal (Cohen et al., 2009)
hypotheses of the EIT wave origin. STEREO observations show that
the wave is a continuous front extending from the solar surface up
to around 100 mm. Therefore, STEREO data do not favor the electric
current shell model of Delannée et al. (2008) that predicts the EIT
wave emission coming from high in the corona.
3 Note that the inverse may not necessarily be true: not every EIT wave is an

observed manifestation of a fast magnetosonic wave.
5. Discussion

5.1. Terminological issue

Different names exist in the literature for the solar phenomenon
discussed in this paper: EIT wave (e.g. Delannée, 2000; Thompson
and Myers, 2009), coronal Moreton wave (e.g. Thompson et al.,
1999), flare wave (e.g. Warmuth et al., 2004a), coronal wave (Attrill
et al., 2007), EUV wave (Patsourakos and Vourlidas, 2009), coronal
bright front (Gallagher and Long, 2010). ‘‘Flare wave’’ implies a
close relation to flares, but, as it was demonstrated in Section 2.5,
the phenomenon shows a better correlation with CMEs. The term
‘‘coronal Moreton wave’’ also implies an unambiguous association
with Moreton waves, although EIT waves are observed much more
frequently than Moreton waves, and their relation is still not clear.
The terms ‘‘coronal wave’’ and ‘‘EUV wave’’ may lead to a confusion
with other waves observed in the EUV corona, e.g. with slow
magnetosonic waves in loops and plumes (Deforest and Gurman,
1998; Berghmans and Clette, 1999; De Moortel et al., 2000;
Robbrecht et al., 2001). The term ‘‘coronal bright front’’ recently
suggested by Gallagher and Long (2010) has an advantage that it
does not imply any physical mechanism. Indeed, some of these
fronts may be not waves at all (see Section 3). However, the
meaning of this term is too wide. For example, a CME frontal loop
observed by a coronagraph can also be called a coronal bright front.
The term ‘‘EIT wave’’ is preferred in this review. It only signifies that
the phenomenon was discovered in the EIT data. Similarly, the term
‘‘Moreton wave’’ signifies that the phenomenon was discovered by
Moreton (1960). The term ‘‘EIT wave’’ by no means implies that the
‘‘EIT wave’’ phenomenon can be only observed by the EIT telescope.

5.2. Prospects for future research

On the observational side, EIT wave research is still hampered
by insufficient knowledge of plasma and magnetic field parameters
in the solar atmosphere. The works by Uchida (1968) and Wang
(2000) demonstrate the importance of the coronal Alfvén speed
distribution for the propagation of EIT and Moreton waves.
Spectroscopic observations are necessary for better plasma diag-
nostics in EIT wave fronts and in the ambient corona. The work by
Asai et al. (2008) is an important step in this direction, and physical
interpretation and modeling of spectroscopic EIS data need to be
performed.

On the theoretical side, one can distinguish two directions for
EIT wave modeling, depending on the spatial scale described by a
model. Firstly, the properties of a global-scale EIT wave propaga-
tion in a realistic model atmosphere need to be fully and con-
sistently described. Secondly, the small-scale structure and
evolution of EIT wave fronts in the corona need to be modeled.

Regarding the modeling of global-scale propagation, the rela-
tion between Moreton and EIT waves is still unclear. In many cases
it looks like these are two different manifestations of a single
propagating fast magnetosonic wave (e.g. Warmuth et al., 2001;
Warmuth, 2007). The compression in the coronal part of the fast
magnetosonic wave is then seen as an EIT wave.3 However, the
conditions for the appearance of the Moreton wave are still
unknown. It was suggested (see e.g. Wang, 2000) that the Moreton
wave is a strongly supermagnetosonic wave or shock (with Alfvén-
Mach number MA41). As it propagates further on from the
erupting active region, its amplitude decreases and only the EIT
wave (MA � 1) is visible. In this case the models by Uchida (1968)
and Wang (2000) cannot be used as they both assume a weak
perturbation propagating all the time at the fast magnetosonic
speed vf (i.e. a linear regime with MA � 1). The rapid dissipation
expected for such a strong supermagnetosonic shock (Uchida,
1968) has not been modeled yet. A model of the fast MHD shock
propagation in realistic coronal conditions and its decay into a non-
shocked wave needs to be developed to answer this question.

The interaction of a fast magnetosonic wave with the chromo-
sphere (e.g. Gilbert and Holzer, 2004) should be modeled to derive
the quantitative criterion required for a Moreton wave to be
detected. One also needs to determine if there is a limiting value
of MA (or the wave amplitude) below which the Moreton wave
cannot be observed. It is still not clear if a different distribution of
the coronal Alfvén speed (e.g. Evans et al., 2008) may explain the
appearance (or not) of Moreton waves in different events. It has to
be noted that in the case of a strongly non-linear perturbation (e.g. a
blast wave) the wave propagation is not sensitive to the distribu-
tion of the ambient Alfvén speed (Sedov, 1959; Zel’dovich and
Raizer, 1967; Landau and Lifshitz, 1987). The narrow angular span
of Moreton waves in contrast to the quasi-circular EIT wave fronts
has not yet been modeled either.

However, in some events EIT and Moreton waves probably
represent two different disturbances (Eto et al., 2002). The Moreton
wave is then still a fast magnetosonic wave (no other model has
been suggested so far), and probably CME-produced. The EIT wave
should then be generated by some other mechanism, possibly
related to the coronal magnetic field restructuring during the CME
lift-off (e.g. Chen et al., 2002; Pomoell et al., 2008). The develop-
ment of 3D models in the framework of this interesting mechanism
is necessary.

No Moreton wave observations have been reported after the
launch of STEREO. The separation of the two STEREO spacecraft is
currently very large for the EUVI data to be reliably compared with
Ha observations from ground-based observatories. High-cadence
EUV data for comparison with Ha data can be provided by the
Atmospheric Imaging Assembly (AIA, see Title, 2006) onboard the
Solar Dynamics Observatory (SDO). The resulting detailed observa-
tions need to be accordingly modeled.



A.N. Zhukov / Journal of Atmospheric and Solar-Terrestrial Physics 73 (2011) 1096–1116 1113
Regarding the modeling of EIT wave fronts on a smaller scale,
the structure and evolution of the EIT wave perturbation need to be
addressed in detail. A non-linear theoretical treatment of MHD
waves (see e.g. a review by Polovin, 1961) shows that, in a case of
weak dispersion, the fast magnetosonic wave profile should
steepen and eventually result in a discontinuity (shock wave).
An analogous behavior of non-linear waves can be found in
hydrodynamics (e.g. Landau and Lifshitz, 1987). The increase of
the EIT wave amplitude and the steepening of its profile were
reported by Veronig et al. (2010) in high-cadence EUVI data,
although this behavior was visible only in two images. In addition,
the propagation speed of a non-linear fast magnetosonic wave
should increase with increasing wave amplitude. This acceleration
has not yet been observed.

An application of non-linear MHD wave modeling to coronal
shock waves manifested by type II radio bursts was developed by
Vršnak and Lulićc (2000a,b) for a 1D geometry, and by Žic et al.
(2008) for a 3D geometry. These models have not yet been applied
to EIT wave observations. It has to be noted that in the 3D spherical
geometry, the steepening of the wave profile is more difficult to
achieve in a dissipative medium, as the wave amplitude decreases
with distance due to the conservation of energy (Landau and
Lifshitz, 1987). In the presence of dispersion, a soliton-like solution
may be applicable (Wills-Davey et al., 2007).

Due to limited EIT cadence, the EIT wave models (e.g. Wang,
2000; Wu et al., 2001; Chen et al., 2002; Delannée et al., 2008) were
rather developed to explain their global propagation. Measure-
ments of the wave profile evolution are more difficult (Wills-Davey,
2006), and only after the launch of the STEREO mission the
situation somewhat improved (Veronig et al., 2010). Routine
measurements of the EIT wave profile evolution will be made with
high-cadence, high-resolution SDO/AIA data. These observations
will be compared with results of non-linear MHD wave theory. A
complicated temperature structure of the EIT wave front (e.g.
Wills-Davey and Thompson, 1999) and the wave propagation in the
structured corona (see Murawski et al., 2001) need to be addressed.

Non-wave modeling of the EIT wave perturbation is still some-
what lagging behind the true wave modeling. This is primarily due
to the extensive literature on MHD waves accumulated during the
last 60 years. In particular, it is still unclear if compression
produced by the field line opening mechanism (Chen et al.,
2002; Pomoell et al., 2008) is sufficient to explain the observed
density increase in EIT wave fronts and its evolution during the
wave propagation.

EIT waves exhibit a wide range of observational characteristics,
especially regarding their morphology and speed. Namely, EIT
wave propagation speed can vary greatly between different events.
It can be both higher and lower than the coronal sound speed. This
fact makes an exclusive interpretation of EIT waves in terms of
either a fast or slow magnetosonic wave unlikely. It is hard to
believe that all EIT waves could be explained by a single physical
mechanism, wave or non-wave model regardless. Biesecker et al.
(2002) suggested that several types of EIT waves may exist.
Namely, they argue that narrow S-waves may represent a physi-
cally distinct class of phenomena. We note that the evolution of
S-waves is not clear due to insufficient cadence of images taken by
SOHO/EIT. No S-waves have yet been reported in the improved
STEREO observations. Developing further the idea by Biesecker
et al. (2002), Zhukov and Auch�ere (2004) introduced a concept of
EIT wave bimodality. This means that both wave and non-wave
physical mechanisms can be at work in the same event, although
not necessarily detected with the current instrumentation. In order
to determine what mechanisms are important in each specific EIT
wave event, a quantitative modeling of EIT wave front parameters
is now essential. Three-dimensional models using realistic values
of coronal plasma and magnetic field parameters that are capable of
simulating the observed EUV emission (e.g. Linker et al., 2008) are
needed.
6. Conclusions

The EIT wave phenomenon is still far from being completely
understood. No single model can account for a large variety of
observed properties of EIT waves. It is mainly theoretical and
modeling efforts, as well as spectroscopic diagnostics, that are
required to advance our understanding of this complex phenom-
enon. The theoretical progress will probably be linked to the
development of advanced models capable of simulating observable
parameters. Comparison of quantitative models with recent and
upcoming observational data (taken by SOHO, Hinode, STEREO,
SDO) can then be performed to determine the relative importance
of different physical mechanisms contributing to the observational
‘‘EIT wave’’ phenomenon.
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