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Abstract

\EIT waves" are large-scale bright fronts observed propagiag in the solar
corona in association with coronal mass ejections (CMES). nfoverview of
the observed properties of large-scale wave-like frontsthme solar atmosphere
(Moreton waves, EIT waves and similar phenomena observed ather wave-
lengths) is presented. The models proposed to explain thggeenomena are
reviewed. A particular emphasis is put on the recent EIT wavebservations
made by the STEREO mission (Solar{TErrestrial RElations Olservatory)
launched in October 2006. New key observational results atiakeir implica-
tions for EIT wave models are discussed. It is concluded thab single model
can account for the large variety of observed EIT wave proptgs. Prospects
for future investigations of this complex phenomenon are tdined.
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1. Historical introduction

Transient solar phenomena occur on a variety of spatial sesl. It may be
considered surprising that it was not the large-scale but thsmall-scale tran-
sient phenomena (sunspot and faculae evolution, granulespicules, ares,
etc.) that were discovered rst. These phenomena are relatly easy to
detect in observations of the photosphere and chromospherdowever, due
to the high density of the photosphere and chromosphere, i idi cult to
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produce large-scale disturbances in these layers. As we nkmow, at large
scales the corona is more variable than the lower layers ofetlsolar atmo-
sphere, but observations of the corona are di cult (e.g. Galb and Pasacho ,
2010). This is especially true for regular observations aving periods that
are needed to catch relatively rare and transient eruptiveotar phenomena.

Solar prominences were discovered a long time ago using selgipse ob-
servations. They were usually found to be limited in size. Kweever, since
the observations of giant prominence eruptions have been de(e.g. Pettit,
1919), it became clear that transient phenomena in the solatmosphere can
occur at a large scale (comparable to the solar radius). Thésdovery of type
Il bursts in dynamic radio spectra of the Sun (Wild and McCredy, 1950)
was another indication of large-scale disturbances in thelar corona (e.g.
Nelson and Melrose, 1985), although the large-scale natwétype Il radio
bursts became clear only later, after interferometric obseations (Weiss and
Sheridan, 1962; Weiss, 1963) and radio imaging of their scas (Wild et al.,
1968; Kai and McLean, 1968) were made. The rst intrinsicajl large-scale
transient phenomenon discovered in the images of the solammsphere was
Moreton wave (Moreton, 1960; Moreton and Ramsey, 1960). Aswill be
shown below, the link between EIT waves (that are the subjedf the present
review) and Moreton waves is still controversial. Neverthess, very similar
models are often applied to explain these two phenomena. # thus instruc-
tive to start with a description of observations and modelig of Moreton
waves.

Moreton waves are dark arc-shaped large-scale fronts prgaading in the
solar chromosphere as observed in the center and wings of tHe line at
6563A (e.g. Moreton, 1960; Eto et al., 2002; Warmuth et al., 20034aThe
speed of Moreton waves can reach 800{1000 km'sand even larger (More-
ton and Ramsey, 1960; Athay and Moreton, 1961). Moreton wasere ob-
served to propagate up to 51¢° km from the are site in a limited angular
sector (e.g. Moreton, 1964), although a global propagation all directions
can sometimes be observed as well (Pick et al., 2005; Muhr ét, £010).
Sometimes the propagation of Moreton waves can be inferredrh a sudden
oscillation of a distant lament (e.g. Moreton and Ramsey, 260; Moreton,
1964; Dodson and Hedeman, 1964; Smith and Harvey, 1971; Etak, 2002;
Gilbert et al., 2008). Another key property of Moreton wave ronts is their
visibility in the H line wings. The front detected in the blue wing of the
line propagates immediately behind the front detected in ta red wing (More-
ton, 1964; Dodson and Hedeman, 1964; Eto et al., 2002). Thiaplies that
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the chromosphere locally moves downward and then upward (atspeed of
around 10 km s 1) as the wave front propagates through it.

It can be easily seen that such a fast disturbance can hardleexplained
by the propagation of a wave in the chromosphere. Indeed, talg typical
chromospheric parameters (temperaturd = 10 K, electron number den-
sity e =5 10" cm ®, magnetic eld B = 10 G), the sound speed is then

kT B
C = — 12 km s 'and the Alf\en speedvy = p——— 100 km st
Mp 4m ,ne

(k is the Boltzmann constant, = 5=3 is the ratio of speci c heats andm,
is the proton mass). These values are at least an order of magde lower
than the observed speeds. The occurrence of a very fast shqakth the
Alfen-Mach number Mj 10) seems unlikely as the observed large dis-
tances of the wave propagation contradict the expected qlidissipation of
such a shock (Uchida, 1968). This led to Meyer (1968) and Udai (1968)
conjecturing that the wave actually propagates in the coram but produces
the observed Moreton wave signatures as it encounters thercmosphere.
Indeed, taking typical values for the coronal density (arond n = 108 cm 3)
and temperature (aroundT = 108 K), and assuming a coronal magnetic eld
of around B =5 G, the sound and Alfien speeds are theregs 120 km st
and va 1000 km s?! respectively. Unlike the propagation of the Alfien
and slow magnetosonic waves, which strongly depends on theedtion of
the ambient magnetic eld, fast magnetosonic (or fast-modewaves propa-
gate in all directions with respect to the magnetic eld at a peed given by
the following equation:

q
2= liede Br@r agdcod ) @

S

where is the angle between the direction of the wave propagation drthe

ambient magnetic eId.C,zA coronal medium with a low plasma bet is usually
8 .
assumed ( = B—g V—g 1, wherep is the plasma pressure). It can be
A
seen that in such a low-beta plasma the fast magnetosonic sgeis of the
order of the Alfven speed.

Uchida (1968) solved linearized magnetohydrodynamic (MHBequations
and presented a detailed model of a fast magnetosonic wavepagating in
the spherically symmetric corona with the radial magnetic eld. Uchida's
model adopted the short-wavelength, or WKB (Wentzel-Krames-Brillouin),

approximation assuming that coronal parameters do not chge at the scale
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Figure 1. Several representative paths of fast magnetosoniwave packets (dashed lines)
propagating in the solar corona as calculated by Uchida (198). The circle of a radius

= 1:0 centered at = 0 is the solar surface. Solid lines represent correspondgmwave
fronts. The source of the wave is located at = 1:0; =0 . Note that the wave packets
are de ected downward (towards the solar surface). From Uclida (1968).



comparable to the wavelength. This approximation allowed thida (1968) to
consider the problem in a similar way to that of geometrical@ustics (see e.g.
Blokhintsev, 1981), so this approach can be called \geometal magnetoa-
coustics". The wave propagates in the medium with inhomogenus distri-
bution of the characteristic speed (in this case, the fast ngaetosonic speed),
SO its raypaths are curved as the wave is refracted away fronigh-Alfien
speed regions. In the con guration described by Uchida (18§ the wave
packets are refracted downward and eventually reach the s$ace, produc-
ing the down-up swing of the chromosphere in agreement wittbgervations
(Figure 1).

Later, the model by Uchida (1968) was extended to more rediis con-
gurations of coronal plasma and magnetic eld parameters{chida et al.,
1973). The narrow angular span of the Moreton wave propagati was ex-
plained via the re ection of the wave packets from the regiaof high Alfen
speed (Uchida, 1970). Finally, a fast magnetosonic wave mayeepen to
form a shock wave. This shock may { under certain conditions produce
a radio type Il burst (see e.g. Nelson and Melrose, 1985). HBatimaging
observations of type Il source positions roughly agreed wiiocations where
the fast magnetosonic wave was expected to be shocked duedical minima
of the coronal Alien speed (Uchida, 1974). Observationallata con rm a
high association between type Il bursts and Moreton waves.{e Smith and
Harvey, 1971; Harvey et al., 1974; Thompson et al., 2000b; Ydauth et al.,
2004b; Warmuth, 2010).

The works by Uchida (1968; 1970) represent a prediction oférexistence
of large-scale coronal fast magnetosonic waves. Imagingsetvations of type
Il burst sources allowed us to make early tests of this predion, with some
success. Another test of this prediction was made when roné high-cadence
observations of the solar corona became available in the 08%vith the advent
of the Yohkoh and SOHO missions.

2. Pre-STEREO observations of EIT waves

The rst years of coronal observations made by the Yohkoh SoK-ray
Telescope (SXT, see Tsuneta et al.,, 1991) did not result in @etion of
large-scale coronal waves. However, the observations mdgethe Extreme-
ultraviolet Imaging Telescope (EIT, see Delaboudinereteal., 1995) onboard
the Solar and Heliospheric Observatory (SOHO) produced a astically dif-
ferent result. Coronal images taken in the 198 extreme-ultraviolet (EUV)
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Figure 2: Typical EIT wave event observed by SOHO/EIT on May 12, 1997 in the Fe XII
(195 A) bandpass. Running di erence images (the previous images subtracted from the
current image) are shown to increase the visibility of the wak wave front. All times are

UT.



bandpass dominated by the Fe XlI emission line (peak formatn tempera-
ture around 1.5 MK) showed the occurrence of large-scale walke events
(Thompson et al., 1998, 1999), see Figure 2. As the waves werscovered
in the EIT data, they were named \EIT waves'™. For earlier reviews of EIT
waves, see e.g. Zhukov (2004), Warmuth (2007), Wills-Daveand Attrill
(2009) and Gallagher and Long (2010).

2.1. Interpreting EIT images

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

Z

| =  G(T;ne)nZdh; )
h

where | is the line intensity, G(T;ne) is the contribution function (that
depends on the atomic parameters and elemental abundangesihd the in-
tegration is made along the line of sight coordinaté. A useful quantity

= n2dh is called the emission measure. The intensity measured by a

wide Bandpass EUV imager like SOHO/EIT can then be obtainedsaan in-
tegral of the spectrum (containing many spectral lines) wit the weighting
factor corresponding to the spectral bandpass response tfwa typical width

of the order of 10A). The interpretation of the EUV imager data is thus
complicated as the detected intensity depends on a combimat of tempera-
ture and density of the coronal plasma. As a zero-order apptimation, one
can assume that the radiation is integrated only along the ldrostatic pres-
sure scale heighH (e.g. Wills-Davey, 2006) and, with an average constant
density ne, the intensity becomes

| G(T;ng)n2H; (3)

and the emission measure becomes= n2H. For simplicity, one can also
assume that in the quiet Sun the 199 bandpass of EIT is dominated by

LEIT waves were brie y mentioned in earlier works by Moses et & (1997) and Dere
et al. (1997a), but the work by Thompson et al. (1998) was the rst to present a detailed
analysis of the EIT wave phenomenon.



its strongest line (Fe XlI at 195.12A), see Del Zanna et al. (2003). This
line is formed in a relatively narrow temperature interval petween 1.2 MK

and 1.8 MK, peaking around 1.4 MK, see e.g. Feldman et al., 19%nd

Figure 3). The contribution function of this line only weakly depends on
density (Figure 3), soG(T;ns)  G(T). As the hydrostatic pressure scale
height H is proportional to the temperature T, then the relative intensity

change can be written as

2 n%,G(Ty) Tz,

i n& G(Ty) Ty )
with subscripts 1 and 2 denoting parameters in the initial ad nal state, re-
spectively. The peak of the coronal di erential emission nasure distribution
(see e.g. Brosius et al., 1996) is situated close to the pedkiwe contribution
function for the Fe Xll line at 195.12A, and the contribution function G(T)
only weakly depends on temperaturd near its peak (Figure 3). Then a
small temperature change (a few tens of percent) changes tbentribution
function only sightly and it can be assumed thaG(T,) G(T;). The relative
intensity changel,=I, is then a linear function of the relative temperature
changeT,=T; and a quadratic function of the relative density chang@c,=ne;.
The intensity is thus more sensitive to the density than to tle temperature.
Neglecting for simplicity the generally unknown temperatte change (that
is assumed to be small), one can interpret the relative intsity change in a
bandpasd ,=I; over a pixel in terms of only a relative density changee,=ne;:

r

Ne2 E
— = (5)
Ne1 I

Another example is the adiabatic approximation withTnl = const

This means that a 30% increase in plasma density leads to amli20%
increase in temperature. As one can see from the CHIANTI atamdatabase
(Dere et al., 1997b, 2009) and Figure 3, a 20% increase of teargture (in
comparison with the peak formation temperature) leads to aund 20% de-
crease of the contribution function of the Fe XlI line at 19512 A. Therefore,
in the case of weak adiabatic compression, the increase ahpgerature and
the decrease of the contribution function can partially comensate each other
in Equation (4), and the approximate equation (5) can still & applied.

It needs to be stressed that Equations (3{5) have to be apptiewith
caution. The assumptions that lead to them are not always fuled in real-
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Figure 3: Contribution function for the Fe XII line at 195.12 A shown as a function of
temperature at a constant electron densityne = 10° cm 2 (left panel) and as a function of
density at a constant temperature logr = 6.1 (right panel). The calculation was made us-
ing CHIANTI atomic database (Dere et al., 1997b, 2009) assurimg ionization equilibrium
values of Arnaud and Raymond (1992) and coronal abundances.

istic coronal conditions. Namely, the hydrostatic approxnation sometimes
cannot be used, for example to describe dynamic coronal sttures (e.qg.
Aschwanden et al., 2001). Furthermore, spectroscopic obggions (e.g. Del
Zanna et al., 2003) demonstrate that EUV bandpasses may haaeather wide
temperature response for structures containing multi-teperature plasma,
e.g. in coronal holes and polar plumes. In this case, the sann the

195A EIT bandpass cannot be considered as formed mainly by a siadre XII

line. Finally, one cannot assume that the contribution funtton remains con-
stant during processes leading to a strong heating or coalin Temperature
and density are coupled in the EUV observations of the cororend need to
be disentangled using spectroscopic data. Therefore, Egoa (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, stimes cov-
ering the whole visible solar disk. EIT waves do not propagatin coronal
holes and active regions. They often have a quasi-circuldnape (Figure 2),
although more complicated and rather irregular morphologs can also be

9



observed, see e.g. Wills-Davey and Thompson (1999) and FHigul. In these
cases, EIT waves often propagate along the large-scale meiyn eld lines,
i.e. in a rather narrow angular sector towards another actes region (De-
lanree and Aulanier, 1999; Delanree, 2000). The EIT waveross-section
pro le usually has the shape of a single pulse (Wills-Davey2003, 2006).
Sometimes it can be modulated with a quasi-periodic functio(Wills-Davey,
2003; Ballai et al., 2005; Wills-Davey, 2006). Quantitatie measurements of
the EIT wave pro le evolution (Thompson et al., 1999; Willsbavey, 2003,
2006; Warmuth, 2010) showed that the intensity contrast in H wave fronts
may reach 60 % (this corresponds to the density contrast of @nd 30%).
The wave amplitude often decreases and the wave front widtihareases as
the wave propagates (see e.g. Wills-Davey, 2003; Warmuti)ZD). This can
be due to the wave expansion as it propagates in the spheriagometry
(see e.g. Landau and Lifshitz, 1987). However, EIT wave pragation with
a nearly constant wave pro le was reported as well (Wills-Daey, 2006).

The EIT wave contrast is not homogeneous along its front (séagure 2).
Moreover, it was shown that the contrast distribution alongthe front may
vary with time, leading to an apparent \rotation" of the wave front (Pod-
ladchikova and Berghmans, 2005; Attrill et al., 2007). Ther is an indication
that the sense of \rotation" is di erent for source active regions situated
in di erent solar hemispheres: counterclockwise in the ntivern hemisphere
and clockwise in the southern hemisphere (although the wafrent \rotation"
pattern was reported only in two events, see Attrill et al., B0O7).

EIT waves are often associated with coronal dimmings, altigh one
should not confuse these two phenomena. A dimming is a loz&d decrease
of the coronal brightness that can be observed in soft X-ray&Rust and
Hildner, 1976; Sterling and Hudson, 1997), in the EUV (Thomgon et al.,
1998, 2000a; Zhukov and Auclere, 2004) and probably in thehite light (see
a precursor work by Hansen et al., 1974). Dimmings are strdggassociated
with coronal mass ejections (CMESs), both spatially and temgrally (Hudson
and Webb, 1997; Dere et al., 1997a; Sterling and Hudson, 199arro et al.,
1999; Thompson et al., 2000a; Hudson and Cliver, 2001). Thegpresent the
most frequent CME signature in the EUV corona (see Delanreet al., 2000).
They are usually interpreted as regions of coronal mass euation during a
CME eruption (e.g. Sterling and Hudson, 1997; Harrison andybns, 2000;
Harrison et al., 2003; Zhukov and Auctere, 2004), and the gular extent
of CMEs is observed to map well to the associated dimmings ime low
corona (Thompson et al., 2000a). Dimmings are usually rathdocalized
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Figure 4: A snapshot from the movie presented by Wills-Daveyand Thompson (1999)
showing the TRACE observations of the EIT wave event on June B, 1998. Left, center and
right columns are images taken in the 1957, 171 A and 1216 A bandpasses respectively.
Top row contains normal (i.e. non-di erenced) images and bdtom row contains base
di erence images (i.e. the last pre-eruption image was sulracted from the original image).
Note that the EIT wave front contrast is strongest in the 195 A bandpass, and the absence
of any wave signatures in the 1216A bandpass that contains chromospheric and lower
transition region emission in the H 1 Ly line.

whereas EIT waves can exhibit a global propagation (see e.§-hompson
et al., 1998; Zhukov and Auctere, 2004 and Figure 2). Globalimmings
are sometimes observed (Zhukov and Veselovsky, 2007), bbey are much
more rare than global EIT waves. In some cases the dimming mayitially
immediately follow the EIT wave front (see Wills-Davey and hompson, 1999
and Figure 4).

EIT waves can be also observed in other EUV bandpasses, nangi
the Fe IX/X 171 A bandpass (Wills-Davey and Thompson, 1999) and in the
Fe XV 284 A bandpass (Zhukov and Auctere, 2004). During an EIT wave
event observed nearly simultaneously in the 17A and 195A bandpasses of
TRACE (Transition Region And Coronal Explorer, see Handy etl., 1999),
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the wave front contrast was signi cantly stronger in the 195A bandpass, see
Wills-Davey and Thompson (1999) and Figure 4. Coronal wavesere also
later observed in soft X-rays by SXT onboard Yohkoh (Khan andAurass,
2002; Narukage et al., 2002) and by SXI (Soft X-ray Imager, seHill et al.,
2005) onboard GOES-12 (Warmuth et al., 2005). As it was showsy Hudson
et al. (2003), detection of coronal waves in the Yohkoh/SXT ata is hindered
by the strong scattered light during ares.

Similar large-scale wave-like phenomenon was detectedetHe | 10830A
line (Vsnak et al., 2002; Gilbert et al., 2004; Gilbert andHolzer, 2004). The
physics of the line formation is complicated in the case of ¢hHe I line: it re-
ects the conditions in the chromosphere (collisional extation) and corona
(radiative excitation by the incident coronal radiation). The interpretation
of these observations is thus controversial. Visnak et a{2002) conclude that
the He | wave originates from the lower part of the true cororavave front
impacting the upper chromosphere and producing the obsed/evave signa-
ture via a collisional excitation mechanism. The formatiorof He | waves
is then similar to that of Moreton waves. However, Gilbert etal. (2004)
and Gilbert and Holzer (2004) interpret the He | wave as the knprint" of
the coronal compressive wave (EIT wave) generating the Heigsal via the
photoionization-recombination mechanism. The coronal wa 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 GK¥/ar-
muth et al., 2004a; White and Thompson, 2005) and at metric walengths
(Pohjolainen et al., 2001; Khan and Aurass, 2002; Visnak edl., 2005). It
is still unclear if all these diverse wave-like phenomenasdt from the same
disturbance (fast magnetosonic wave, see Section 2.4).

Spectroscopic observations of EIT waves are very rare. Thssmainly due
to the di culty of pointing a narrow spectrograph slit at the location (not
known in advance) where the EIT wave will propagate. As repted by Harra
and Sterling (2001; 2003), EIT waves could not be detected two eruptive
events observed by the Coronal Diagnostic Spectrometer (&Dsee Harrison
et al., 1995). During a strong are/CME event on December 132006, the
observations of the low corona dynamics made by the Extremutraviolet
Imaging Spectrometer (EIS, see Culhane et al., 2007) onbdaddinode showed
a strongly blue-shifted feature that was interpreted as a @sible signature
of the fast-mode coronal shock wave (Asai et al., 2008). It wavisible only
in the hottest lines of the EIS data set (Fe XV and Ca XVII) and n soft X-
rays, indicating that the temperature of the feature was gi@&er than 2 MK.
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In this example, the front was traveling at a speed of arounds® km st
(as observed in soft X-rays), and it drifted through the EIS lg at a speed
of around 460 km s!. The line-of-sight velocity in the front was rather
high (around 100 km s?). As no detailed analysis of this feature was made
by Asai et al. (2008), it is still unclear how this front relaes to EIT waves
(that are best observed in the Fe XlI bandpass and are thus egpted 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 EV are sometimes
called \EIT waves" as well (Delanree and Aulanier, 1999; Danree, 2000).
These stationary brightenings are seen after the main EIT wa passage.
They can also be detected in the H data (Delanree et al., 2007). They
are usually situated along the quasi-separatrix surfaces the low corona
(Delanree and Aulanier, 1999; Delanree et al., 2007) and ay remain stable
for several hours. These stationary bright fronts can be iatpreted as sig-
natures of plasma compression and heating at the quasi-seqtaix surfaces
due to the magnetic eld line opening during the CME lift-o (Delanree and
Aulanier, 1999; Delanree, 2000; Delanree et al., 2007).

Similar bright fronts moving at very low speeds (and eventuly stopping)
were observed by EIT as well (Thompson et al., 1998) in assaton with
CME and EIT wave events. These fronts are interpreted as a sigture of
interchange reconnection between the CME large-scale elihes and op-
positely directed magnetic eld in a neighboring coronal He (Crooker and
Webb, 2006; Attrill et al., 2006). They stop after propagatng along a very
short distance that is much smaller than global EIT wave scak (Thompson
et al., 1998; Crooker and Webb, 2006; Attrill et al., 2006). tationary 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 suggestedat the coro-
nal fast magnetosonic wave predicted by Uchida (1968) wasaily observed
(Moses et al., 1997; Thompson et al., 1999, 2000b). This inpeetation was
based on two main arguments. Firstly, EIT waves are comprdgs (see Sec-
tion 2.2). Secondly, EIT waves can propagate in all directis from the
eruption site. In the lower corona of the quiet Sun and away dm large-
scale magnetic neutral lines, the magnetic eld is approxiately radial. This
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is conrmed by EIT observations of ubiquitous nearly radial eld-aligned
structures above the limb. EIT waves can therefore propagatnearly per-
pendicular to the coronal magnetic eld, similar to fast magetosonic waves.

It, however, quickly became clear that the observed propees of EIT
waves are very di erent from those of Moreton waves. The mogdrastic
di erence is that of the speed. EIT wave velocities are typally around
250 km s 1, and they almost never exceed 450 km %in EIT data (Klassen
et al., 2000; Wills-Davey et al., 2007; Thompson and Myers0@9), whereas
typical Moreton wave velocities are around 1000 km & (Moreton and Ram-
sey, 1960; Athay and Moreton, 1961). Another important di eence is that
EIT waves can have a quasi-circular shape (like that shown kig. 2), whereas
Moreton waves propagate in a rather limited angular span (g. Moreton,
1964; Pohjolainen et al., 2001). In general, Moreton waveseaobserved sig-
ni cantly less often than EIT waves (Thompson and Myers, 208; Warmuth,
2010).

Nevertheless, for every Moreton wave with simultaneous Eldata avail-
able, an associated EIT wave front can be detected (e.g. Thpson et al.,
2000b; Warmuth et al., 2004a; Veronig et al., 2006; Visnaktal., 2006; War-
muth, 2010; Muhr et al., 2010). The EIT wave front generally &s a wider
angular extent than that of the Moreton wave, but there is aha&ys a section
where one can observe the propagation of both waves.

A way to resolve the speed discrepancy was proposed by Warimut al.
(2001). They noted that Moreton and EIT wave fronts in the twoevents
were lying on the same kinematic curves and suggested thaethmay repre-
sent the observational signatures of the same propagatingstiirbance (fast
magnetosonic wave). The di erence in the speed is then due tioe wave de-
celeration. Indeed, Moreton waves are usually observed soto the erupting
active region, whereas EIT waves are propagating further onn addition,
the low cadence of the EIT data (typically around 12 minutesyloes not allow
a detailed tracking of the propagation of fast transient pheomena: a typical
EIT wave is observed only in three to four frames (Fig. 2).

Later, the tendency for the wave to decelerate was con rmecif more
events and it was suggested that all the wave-like phenomemdserved in
the EUV, H , soft X-rays, He | and radio waves are signatures of a single
propagating fast magnetosonic wave (Warmuth et al., 2004s, Warmuth,
2007, 2010). The rst high-cadence observations of an EIT wa by TRACE
showed that the EIT wave speed can be as large as 800 km,sa speed which
approaches that of Moreton waves (Wills-Davey and Thompspt999). How-
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ever, Eto et al. (2002) reported an event when the Moreton wavposition
(inferred from oscillations of a distant lament) was aheadf the EIT wave

position. This is the only event for which such a discrepanclias been re-
ported. Nevertheless, the result obtained by Eto et al. (2@&) demonstrates
that measurements of the Moreton and EIT wave propagation arsubject
to a signi cant uncertainty. The same trajectory can be appoximated ei-
ther with a parabolic t for a single decelerating fast magn®sonic wave
(Warmuth et al., 2004a), or with two linear ts describing EIT and Moreton

waves separately (Eto et al., 2002). White and Thompson (28Pdescribed
the propagation of an EIT wave cospatial with a similar wave etected in
high-cadence radioheliograph data at 17 and 34 GHz. They denstrated

that the wave, moving at a speed of around 830 km &, exhibited no signs of
deceleration during four minutes of radio observations. Ate only model of
Moreton waves considers them as fast magnetosonic waves l{ida, 1968),
the physical nature of EIT waves may have to be identi ed addionally (see
Section 3).

Another way to explain the speed discrepancy is to assume thalT and
Moreton waves (as well as di erent EIT waves) may be producely di erent
physical mechanisms (see Section 3). A particular attentiowas devoted to
the so-called \S-waves", i.e. those EIT waves that exhibitrerp wave fronts
in contrast to the generally diuse EIT wave fronts (Bieseckr et al., 2002;
Thompson and Myers, 2009). Biesecker et al. (2002) suggeisteat only S-
waves (that constitute around 7% of 173 EIT waves observed dog March
1997 { June 1998 period) are the coronal counterparts of Mdo& waves. It
should be noted, however, that a sharp S-wave is always obsat as a di use
wave further away from the source active region.

It was shown that the EIT wave interaction with active regionloops,
as described by Wills-Davey and Thompson (1999) and modelbg Ofman
and Thompson (2002) and Ofman (2007), leads to loop osciilans that
were clearly induced by the incident EIT wave (cf. the assaation of loop
oscillations with type Il radio bursts reported by Hudson ad Warmuth,
2004). This is a strong argument in favor of the wave interptation of the
EIT wave phenomenon. On the other hand, small-scale low-hg structures
did not oscillate during the EIT wave passage, so Wills-Dayeand Thompson
(1999) concluded that the wave propagated above the trangn region (see
also the EIT wave observations in the 284 bandpass reported by Zhukov
and Auclere, 2004). This fact is dicult to reconcile with a single fast
magnetosonic wave front extending from the corona to the aimosphere.
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2.5. What produces EIT waves?

Ever since Moreton and EIT waves were rst observed, there Babeen
a question about their origins. Flares and CMEs were suggestto be the
possible processes responsible for the wave generatiore (sgg. a review
by Vsnak and Cliver, 2008). If one assumes that EIT waves artrue fast
magnetosonic waves, then it is possible to use a well-deyedd hydrodynamic
and MHD wave theory to investigate this issue.

A localized thermal pressure pulse (that may represent a &) can pro-
duce a freely propagating sound wave (or a fast magnetosomave in the
MHD case) that may steepen to form a shock (see e.g. Landau anifshitz,
1987). A very strong shock produced in such a way is called aabt wave
(Sedov, 1959). Alternatively, a spherically expanding bad(that may rep-
resent a CME) creates a wave in front of it, and this wave can eg¢pen to
form a piston-driven shock (Sedov, 1959; Landau and Lifskit1987). In the
realistic case of a three-dimensional (3D) spherical geaime the steepen-
ing is slow in comparison with an analogous 1D case (Landaudahifshitz,
1987). Plasma dissipative processes (viscosity and heandaction) must
then be weak enough, so that the wave is not absorbed beforeethhock is
formed. Finally, if a body (e.g. a CME) moves at a speed fastéhan the
characteristic speed in the medium (sound speed in the hydignamic case
and fast magnetosonic speed in the MHD case), then a bow shdokms. It
separates the unperturbed ambient medium upstream of the dg from the
shocked medium downstream (Landau and Lifshitz, 1987).

A combination of these three distinct mechanisms is also pkle. For
example, CMEs usually exhibit both expansion and large-seabulk motion
(e.g. Schwenn et al., 2005). In this case the shock can be fednthrough
a combination of piston-driven and bow-shock mechanisms. #mporary
piston may act similar to the pressure pulse in the blast wavenechanism.
The wave created by a temporary piston is rst driven, and tha it may
propagate freely in a way similar to a blast wave.

The discussion on the relation between CMEs and ares has bego-
ing on for many years. Di erent studies favor the primary roé of ares (e.g.
Steinolfson et al., 1978; Dryer, 1982) or CMEs (e.g. Kahlet992) in the erup-
tive solar activity. Recent works lead to the view that aresdo not cause
CMEs, and CMEs do not cause ares. These two observational phomena
represent two manifestations of the rapid evolution of theadar magnetic eld
(e.g. Gosling, 1993; Harrison, 1996). As the free energy r&d in the non-
potential coronal magnetic eld is released, it is convertkinto the thermal
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energy of the coronal plasma that is partly radiated away (termal emission
of a are), into the kinetic energy of mass motions (CMEs andreall-scale
ejecta) and into the kinetic energy of accelerated particde Such a partition-
ing of the conversion of the free magnetic energy is still na@ntirely clear
guantitatively and may vary from one event to the other (see.g. Emslie
et al., 2004, 2005). The observational basis for this intergtation includes,
for example, a closely related timing of a CME and a correspdimg are

(Harrison, 1995), a close synchronization of the CME acced¢ion and are

impulsive phase (Zhang et al., 2001; Zhang and Dere, 200@)¢ation of the
EUV are site below the erupting prominence (Dere et al., 198a), and the
simultaneous development of the coronal dimmings and thesaxiated are
(Hudson et al., 1996; Hudson and Webb, 1997; Sterling and Haah, 1997;
Zarro et al., 1999).

Due to this situation, it is di cult to distinguish between d i erent physi-
cal processes that cause the coronal wave formation (for aaited discussion
see e.g. Vsnak and Cliver, 2008). In particular, it proveddi cult to estab-
lish the origin of Moreton or EIT waves based only on their ralive timing
with respect to the associated are and CME (Warmuth, 2010).However,
even with the situation of a close relation between are and KIE, one can
still ask if a are (by means of a thermal pressure pulse, seege Parker,
1961) or a CME (by means of a piston-driven or a bow-shock mestism,
see e.g. Sedov, 1959; Landau and Lifshitz, 1987) may prodacérge-scale
propagating wave.

From the physical point of view, it is still not clear if a are may produce
a propagating fast magnetosonic wave due to a thermal pressiyulse. The
low plasma beta, , in active regions (e.g. Gary, 2001) makes the ignition
of thermal blast waves di cult, as can be demonstrated by simle calcula-
tions (Vsnak and Cliver, 2008). However, in the frameworkof the currently
accepted paradigm, ares result from the coronal magneticeld reconnec-
tion (e.g. Priest and Forbes, 2002). The magnetic eld in theeconnection
region may be small, and the plasma beta may consequently bgh The
guide magnetic eld component should be signi cantly smadlr than the re-
connecting eld component in this case. Additionally, it wa demonstrated
that Moreton waves usually originate in the periphery of erpting active re-
gions, where the magnetic eld is not as strong as in the actvregion core
(Warmuth et al., 2004a). Nevertheless, it has to be pointedub that numer-
ical simulations of CME-driven waves are abundant (see e.gecent works
by Chen et al., 2002 and Pomoell et al., 2008), which is contsato the sit-
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uation with numerical simulations of propagating blast waes produced by
magnetic reconnection. Finally, another possible way for are to produce
coronal shocks is by generating small-scale eruptions (Klest al., 1999), in
contrast to the thermal blast wave mechanism.

Grechnev et al. (2008) found that the propagation of the Moten/EIT
wave event on July 13, 2004 is best described by a hydrodynanhilast wave
solution (Sedov, 1959). However, statistical studies demstrate that the as-
sociation rate between EIT waves and CMEs is higher than thdietween EIT
waves and ares (Biesecker et al., 2002). Gilbert and Holz¢2004) reported
an occurrence of multiple (up to ve) waves in the He | line obesrved during
a single are/CME event. They argue that two waves are produed by the
CME and the other three result from the are. It was pointed ou that weak
ares are often observed in association with EIT waves (Dateee, 2000),
implying that some condition other than the are pressure pise (namely, a
CME) is necessary to generate an EIT wave (Cliver et al., 20p5Finally,
Chen (2006) investigated 14 strong ares (up to X-ray class X2) that should
presumably produce strong pressure pulses, but did not haas associated
CME. In neither of these events was an EIT wave observed. Thgirongly
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 Il radio burst(e.g. Smith
and Harvey, 1971; Harvey et al., 1974; Thompson et al., 20Q0Warmuth,
2010) incited investigations of possible EIT wave associah with coronal
shock waves. If EIT waves are true fast magnetosonic waves)eocan ask
a question if they are shocked or not. An overview of theoreal mecha-
nisms of shock wave formation is presented in Section 2.5 daobservational
arguments will be discussed in this section.

Klassen et al. (2000) investigated the relation between ElTvaves and
type Il radio bursts. An EIT wave was observed associated wit90% of
type Il bursts. However, the type Il burst speeds are on avege around three
times greater than EIT wave speeds. Another statistical sty (Biesecker
et al., 2002) reported that many EIT waves are not accompardeby type
Il bursts. As demonstrated by radioheliograph observati®) type Il burst
sources can be detected at the front of Moreton or EIT waves @Rjolainen
et al.,, 2001; Khan and Aurass, 2002; Visnak et al., 2005). kever, the
morphology of EIT and Moreton waves on the one hand, and the mahology
of type Il burst sources on the other hand, are generally notimsilar. This
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indicates that the type Il radio emission and EUV emission macome from
di erent parts of the fast magnetosonic wave front.

CME-driven shock waves can also be detected by coronagraffBheeley
et al., 2000; Vourlidas et al., 2003; Eselevich and Eseldvj2008; Ontiveros
and Vourlidas, 2009). Unfortunately, the elds of view of tle LASCO (Large
Angle Spectroscopic Coronagraph, see Brueckner et al., 39@nd EIT in-
struments onboard SOHO have not overlapped since the losstbé LASCO
C1 coronagraph in 1998. Combining together data sets obt&id by these two
instruments is therefore dicult. In an attempt to link an EI T wave with
the shock wave observed higher in the corona, Tripathi and Raa (2007)
reported observations of a CME that was detected by the UVCS3J(traViolet
Coronagraph Spectrometer, see Kohl et al., 1995) and LASC@struments
onboard SOHO, in association with an EIT wave. A coronal steener was de-
ected during the CME propagation, presumably by the CME-diven shock
wave (cf. Sheeley et al., 2000). The UVCS data showed sigramtly broad-
ened and Doppler-shifted coronal spectral lines, again ildting the presence
of a shock wave (see e.g. Ciaravella et al., 2005). As the EI've was prop-
agating in the same direction as the shock inferred from LASTand UVCS
observations, Tripathi and Raoua (2007) concluded that tle EIT wave in
this event is most probably a CME-driven shock. However, a melow EIT
wave speed in this event (55 km ¢, i.e. lower than the coronal sound speed
of around 150 km s') makes this interpretation doubtful.

In summary, the speed discrepancy and generally di erent éations of
EIT waves and type Il radio burst sources indicate that a shded part of
the large-scale fast magnetosonic wave may not coincide kwihe EIT wave.
The shocked part of the wave may be located in a di erent partfahe overall
wave structure, perhaps high in the corona.

3. EIT wave modeling before the STEREO era

A number of physical mechanisms were suggested to explainTEdaves,
but only ve of them have been developed into quantitative mdel. These
are the geometrical magnetoacoustics model by Wang (200@)e forward
MHD simulation of a fast-mode blast wave by Wu et al. (2001),lsw-mode
wave simulation by Wang et al. (2009), eld line opening modeby Chen
et al. (2002), and the electric current shell model by Delaea et al. (2008).
In this Section, these models are reviewed and compared withservations.
Several other proposed mechanisms are described as well.
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Figure 5: Two representative paths of fast magnetosonic wa& packets propagation (white
pixels) in the solar corona as calculated by Wang (2000). Theéackground image shows
the distribution of coronal fast magnetosonic speed (blaclcolor denotes values higher than
500 km s 1, light colors denote lower values) in the meridional plane §pherical coordinates
r and ). The source of wave packets is located at 22north near the solar surface
(r =1:0). Note the upward wave packet refraction (away from the sohr surface) and the
wave re ection from a region of high fast-mode speed. From Wag (2000). Reproduced
by permission of the American Astronomical Society (AAS).

3.1. Fast magnetosonic wave model

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

The simulation by Wang (2000) is based on the geometrical magtoa-
coustics model developed by Uchida (1968). The key di ereeadetween the
two simulations is the adopted value of the coronal plasmatee < 1inthe
simulation by Uchida (1968) and 1 in the simulation by Wang (2000).

Wang (2000) used a realistic coronal magnetic eld con gut&éon obtained
using the potential eld source surface (PFSS) model. Thisraulation suc-
cessfully describes the EIT wave speed and its avoidance atiee regions

20



and coronal holes: fast magnetosonic wave packets are siyngd ected from

these areas of high Alfen speed, or refracted in the dirdoh of decreasing
fast magnetosonic speed (Figure 5). The wave is refractedwgrd, which

is di erent from the downward refraction in the Moreton wavesimulation of

Uchida (1968). The simulation by Wang (2000) thus cannot exgin Moreton

waves. Another problem for this simulation is the absence gjilobal prop-
agation. The wave is refracted upward before it reaches ptiens far from

its source, i.e. from the erupting active region. Refractioin the upward

direction is still to be observed in the solar corona.

Wu et al. (2001) simulated the propagation of a fast magnetosic wave
using a non-linear forward modeling approach. In a realisticoronal magnetic
eld con guration provided by the PFSS model, they introduced a pressure
pulse (simulating e.g. a are). The pressure perturbationhen propagates
away as a fast magnetosonic wave. Again, in order to obtain ehobserved
EIT wave speeds, Wu et al. (2001) adopted the quiet Sun cordnaagnetic
eld values that produce high values of the plasma beta & 1). The global
propagation of the fast-mode wave (dominated by the sonic gponent) well
reproduces the observed EIT wave propagation (see Figurenthe paper by
Wu et al., 2001).

Wu et al. (2005) developed a 3D non-linear MHD simulation of &rge-
scale wave propagation in a two-layer solar atmosphere (cdmosphere and
corona) with a simple dipolar magnetic eld. A fast magnetosnic wave
followed by a slow magnetosonic wave, both produced by a stig pressure
pulse, were propagating in the corona. These two waves werdldwed by
the second fast magnetosonic wave that was due to the switoh-of the
pressure pulse. A rather low coronal plasma beta 0:2 was adopted by Wu
et al. (2005), resulting in the Alf\en speed around 470 km ¢. The waves
did not refract back to the chromosphere, so the simulationybWu et al.
(2005) could not explain Moreton waves. Due to a simpli ed goguration
of the solar atmosphere, no attempt was made to compare tharsilation
with an observed EIT wave event. However, multiple waves appent 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 thealue of the
coronal plasma beta in the quiet Sun areas. If low or high values of
are assumed, the resulting fast magnetosonic speed is clas¢he speed of
Moreton or EIT waves, respectively. Direct observations aforonal magnetic
eld are dicult, so the value of in the corona may be uncertain. It
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is often assumed that < 1, but this statement usually applies to active
regions (Gary, 2001). In the case of a force-free (1) closed magnetic
structure (an active region), the upward magnetic pressures balanced by
the downward magnetic tension force, and the upward plasmargssure is
negligible. If 1, then the plasma pressure cannot be neglected. The
magnetic eld then cannot constrain plasma, and the materiavould be free
to escape to the interplanetary space in the form of solar wdn already from
the low corona. This possibility does not agree with the cuent ideas about
the acceleration of low-latitude slow solar wind (see e.g. allg et al., 2000;
Sakao et al., 2007).

The values of the coronal magnetic eld in the quiet Sun are 8t uncer-
tain, thus leading to a major uncertainty in the EIT wave moddéng. Wu
et al. (2001) note that the photospheric magnetograms used their model
have a low spatial resolution and thus cannot measure stromgagnetic elds
in sub-pixel magnetic eld concentrations. The coronal maggtic eld calcu-
lated via the PFSS model and the plasma beta may thus be undstenated
and overestimated, respectively. This may be a problem fohé¢ EIT wave
modeling in the fast magnetosonic wave framework.

In the models by Wang (2000) and Wu et al. (2001), the coronah$t mag-
netosonic speed smoothly varies from one location to the @h Murawski
et al. (2001) considered the propagation of perpendiculaadt magnetosonic
waves in a structured corona. Only density inhomogeneitiagere taken into
account. It was demonstrated that the fast magnetosonic wavspeed in the
inhomogeneous medium can be lower when compared with the hageneous
case. This may provide a solution to the problem of inconsesticy between
the low plasma beta and the low fast magnetosonic speed. Nmsiation in
a realistic 2.5D or 3D geometry was made by Murawski et al. (2Q), but
the physical mechanism reported in this work appears pronmg for future
investigations.

3.2. Field line opening model

As discussed in Section 3.1, high values of the coronal plasbeta, 1,
in fast magnetosonic wave models may be considered unrdadis This led
Chen et al. (2002) to develop another model in which EIT and Meton waves
represent di erent physical phenomena. Chen et al. (2002)epformed a 2.5D
numerical simulation of a sub-Alfvenic CME originating from a magnetic ar-
cade in a low-beta (< 1) corona. A cartoon illustrating this model is shown
in Figure 6. As the CME moves upward, it produces a fast magnetonic
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wave in front of it. The wave may steepen to become a pistoniden shock
if the local plasma conditions are favorable. The propagatn speed of this
piston-driven fast magnetosonic wave in the low corona is@nd 750 km s,
So it can describe the coronal counterpart of the Moreton wav(the inter-
action of this wave with the chromosphere was not modeled). eind the
fast magnetosonic wave, another density perturbation aes and propagates
outward from the center of the arcade. It is produced due to # successive
opening (from inside of the arcade to the outside) of magnetield lines dur-
ing the CME lift-o . As the central ux rope rises, it creates a deformation
of large-scale eld lines that propagates downward along ¢éh eld lines at the
Alfen speed (Figure 6). At the same time, the deformationg also trans-
ferred upward due to the continuous rise of the ux rope. It tlen propagates
downward along the next eld line. The disturbance resultig close to the
solar surface is accompanied by plasma compression and thusy represent
the \EIT wave". It is not a true magnetohydrodynamic wave. It propagates
at a speed that is approximately three times smaller than theoronal fast
magnetosonic speed. If the fast magnetosonic speed is a0 km s ?,
then the EIT wave speed is around 250 km 8§, which is in agreement with
observations. As the EIT wave is produced by successive openof eld
lines during the CME lift-o , at every moment it is cospatial with the legs of
the CME frontal loop. A dimming corresponding to the plasma acuation
due to the CME is situated behind the EIT wave front (Chen et al 2002).
The occurrence of this density perturbation that may be resmsible for
EIT waves was con rmed by Pomoell et al. (2008) in a numericaimulation
very similar to that by Chen et al. (2002). Developing their nodel further,
Chen et al. (2005a) used realistic values of coronal plasmadamagnetic eld
parameters and for the rst time created synthetic EIT and SX images of
a propagating EIT wave. It should be noted that both the fastmode CME-
driven wave and the slower EIT wave are visible in this simuten, contrary
to the observations that show only one wave front in the cor@n(EIT wave).
The eld line opening model of EIT waves developed by Chen et.42002)
has several advantages over the fast-mode model. It adoptra@nal plasma
beta values that are probably more realistic (< 1), see discussion in Sec-
tion 3.1. It can also describe observed events in which EIT dnMoreton
waves probably represent di erent entities (e.g. Eto et a).2002). The model
by Chen et al. (2002) was also used to demonstrate that an ElTave stops
at coronal separatrix surfaces (Chen et al., 2005b), similéo what can some-
times be observed (Delanree and Aulanier, 1999; Delanre2000; Delanree
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Figure 6: A cartoon illustrating the numerical EIT wave model by Chen et al. (2002).
Solid lines represent the initial con guration of the coronal magnetic eld. Dashed lines
show the progressive change of the coronal magnetic eld dimg the CME lift-o. A

central circle with a black arrow represents the rising moton of the CME ux rope (shown
in cross-section). The eld line deformation due to the CME lift-o propagates from the

point A down to the solar surface (point C) at the Alfien speed. It also propagates upward
to create a deformation at point B. The deformation of a highe eld line propagates from
point B down to point D. Along the surface, we see the propagaibn of the EIT wave
(eld line deformation accompanied by plasma compression)from point C to point D.

Wavy lines represent some of the fast magnetosonic waves ptaced at each moment by

the coronal pressure perturbation. From Chen et al. (2002). Reproduced by permission
of the AAS.
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et al., 2007). Finally, Chen (2009) reported an event obserst by EIT and
by the MK3 coronagraph and demonstrated that the EIT wave wasospatial
with the legs of the CME frontal loop, in agreement with the pediction of
the model by Chen et al. (2002).

An obvious drawback of the model by Chen et al. (2002) is its 2D con-
guration. It is not easy to imagine how such a mechanism wodlproduce a
nearly circular EIT wave front (see Figure 2) in a realistic B magnetic eld
con guration. Another problem is the global propagation ofEIT waves: to
account for it, an initial arcade should have a very large diension matching
the region of the EIT wave propagation. Finally, EIT wave andcoronal dim-
ming are coupled in this model. The dimming is always locatedght behind
the trailing boundary of the EIT wave front (Chen et al., 2002, whereas ob-
servations demonstrate that EIT waves can propagate to sigoantly larger
distances than the extent of the coronal dimming (e.g. Thongon et al., 1998;
Zhukov and Auchere, 2004). It should be also noted that in te synthetic
EIT images calculated by Chen et al. (2005a) the EUV intensgptperturbation
generated via the eld line opening mechanism propagateswoward along
the eld lines. Such a downward motion is not observed.

Another problem may be linked to the quantitative descripton of the
density perturbation in EIT waves. The simulated density icrease in the
EIT wave front is of the order of a few percent (see Figure 3 irhe paper by
Chen et al., 2002), which would produce up to 10% of the inteibs increase
(Equation 5). This is too small in comparison with observedalues (several
tens of percent). It is not clear what factors can in uence tk density change
in an EIT wave front. It should be noted that this problem doesot immedi-
ately arise in the model by Wu et al. (2001) as one can increase amplitude
of the initial pressure pulse to reach the desired density garbation values,
although the relation between the magnitude of the pressuneulse and the
are size is unclear.

Harra and Sterling (2003) reported an apparent con rmatiorof the model
by Chen et al. (2002). An EIT wave event observed in the highadence
TRACE data exhibited a possible signature of two structuresbright wave
and weak wave. Harra and Sterling (2003) interpret the fastaveak wave as
a fast-mode wave, and the slower moving bright wave as an ElTawe pro-
duced via the eld line opening mechanism developed by Cheha. (2002).
However, a careful inspection of the TRACE data shows that #nbright wave
appeared rst, and the weak wave seemed to emanate from itsofit a bit
later. This does not seem to be in agreement with the interptation of the
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weak wave as a fast magnetosonic wave. The fast-mode MHD waleuld
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 direc-
tions from the eruption site. EIT observations of nearly radl eld-aligned
structures in the lower corona of the quiet Sun above the limdemonstrate
that the magnetic eld away from large-scale magnetic neuétl lines is ap-
proximately radial in the low corona. It is therefore assuntthat EIT waves
can propagate perpendicularly to the ambient magnetic eldThis is one of
the strong reasons to believe that they are fast magnetosorwaves. However,
the speed of EIT waves can be close to the speed of the slow netgeonic
wave in the low-beta ( < 1) plasma, if the wave propagates obliquely with
respect to the magnetic eld (Wills-Davey et al., 2007; Krasoselskikh and
Podladchikova, 2007; Podladchikova et al., 2010). The spgkef the slow
magnetosonic wave can be written as

q
V= oi+E  (i+ @ AGdood ) ©

Assumingcs 120 kms!'andv, 1000 km s?, it can be found that

Vs 100 km s? for 45 . Such EIT wave speeds are sometimes observed
(Thompson and Myers, 2009), but the existence of elds incled to the radial
direction at such an angle (and across surfaces comparabte the whole
solar disc) is still to be demonstrated. In any case, slow magtosonic speed
cannot be higher than the coronal sound speed that is aroun@@ km s * at
temperatures around 1.5 MK. Faster EIT waves can hardly be glained in
the slow-mode wave framework.

Wang et al. (2009) used a numerical model setup similar to thay Chen
et al. (2002) and investigated the wave-like phenomena bekithe CME and
the fast-mode CME-driven wave, with and without gravity. Dwe to limited
computational resources, they adopted low values of the Adh speed (less
than 50 km s 1), thus resulting in > 1. The fast magnetosonic CME-
driven shock appears when the CME speed becomes higher thdre ffast
magnetosonic speed. It is dominated by the sonic componesirilar to the
situation simulated by Wu et al., 2001). Its lower part sweep the chromo-
sphere and can produce the Moreton wave, as also shown in thmdation
made by Chen et al. (2002). Behind the fast-mode shock, a slomode shock
and velocity vortices appear at every side of the erupting x rope. They
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propagate outwards at a speed that is around 40% that of the $a&mode
wave. Wang et al. (2009) argued that the slow-mode shock anke velocity
vortices represent the EIT wave.

The Moreton wave and EIT wave are two distinct physical enties in this
model, and this explains their di erent speeds. However, its not clear if
the simulation results would be the same in the model atmosphe with the
plasma beta < 1 that would be more realistic according to Wang et al.
(2009).

It is unclear if the mechanism proposed by Wang et al. (2009)owld
result in a nearly circular EIT wave front in a realistic 3D manetic eld
con guration. The development of a 3D simulation is necessa Again,
similarly to the model by Chen et al. (2002), the CME-driven ave is well
visible as a density perturbation, so it should be detectedybEIT as well.
The slow-mode shock and the velocity vortices are very wegklisible in
density maps (see Figures 3 and 13 in the paper by Wang et alQdD).

It should be noted that Rust and Svestka (1979) reported sldw propa-
gating weak coronal X-ray disturbances and interpreted the as slow mag-
netosonic waves. These disturbances were observed in asdon with the
lament disappearance or activation, sometimes without ay are. The dis-
turbance propagation speed was decreasing from around 45@ k ! down
to around 15 km s ! (Rust and Svestka, 1979). However, the time and place
of the disturbance initiation was not observed in X-rays anavas inferred by
Rust and Svestka (1979) from other data (primarily chromodperic and ra-
dio). Therefore, the higher values of the speed are very um@an. A simple
calculation using their time{distance data shows that the geed of the front
(moving from one observed position to the other) never exadsd 50 km s?.
This phenomenon looks similar to EUV bright fronts producedy the inter-
change reconnection, see Section 2.3 and the works by Crao&ad Webb
(2006) and Attrill et al. (2006).

Slow magnetosonic waves were invoked by Gilbert and Holze2004)
to explain large-scale waves detected in the He | line (seecten 2.2).
They argued that the coronal fast magnetosonic wave propagsgy down-
ward along quasi-radial magnetic eld lines (e.g. Uchida,968) is essentially
non-compressive in the linear regime. The chromosphericvdo-up motion
detected in He | waves (as well as in Moreton waves) can be pumed by
slow magnetosonic waves that are generated by the pressuertprbation in
the fast magnetosonic wave (Gilbert and Holzer, 2004). Notiat a slow
magnetosonic wave is always compressive.
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3.4. Electric current shell model

Delanree et al. (2008) proposed an electric current shellodel for EIT
waves. A 3D ux rope is set to erupt producing a CME. Electric arrent
sheets are formed at the interface between the ux rope and ¢hambient
magnetic eld. The resistive dissipation of the electric cuent leads to Joule
heating of plasma that can be observed in the EUV as an increasf the
emission measure in the 198 bandpass. In addition, a weak compression
appears co-spatial with the current sheets. It is producedybthe velocity
eld that, in turn, originates from the magnetic | B force driving the ux
rope eruption (" and B are the electric current and magnetic eld vectors,
respectively). A nearly circular shape was chosen for theitial ux rope con-
guration, in order to reproduce the quasi-symmetric shap®f the observed
EIT wave front. The current sheets expand together with the ux rope,
and the current density may exhibit a time-dependent pattan due to the
ux rope rotation. This may reproduce the time-dependent imomogeneous
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 plasarheating
and compression. Both of these factors are indeed at play, asvas shown
using EIT wave observations in two bandpasses (Wills-Daveand Thompson,
1999). However, as is the case with other models, it is stilbhclear if heating
and compression in the electric current shell mechanism asel cient to
produce the observed contrast of emission measure in the EWave fronts.
It is also important to note that the erupting ux rope only expands together
with its rising motion. Therefore, an important inference 6 the electric
current shell model is that the EIT wave should be observed grogressively
larger heights. This is an important prediction that can be ésted with
STEREO (see Section 4.3 below).

3.5. Other interpretations of the EIT wave phenomenon

Several other EIT wave interpretations that are still not quantitative
models will be brie y described here.

Wills-Davey et al. (2007) pointed out that several propergs of observed
EIT waves did not attract su cient attention in models. Firs tly, the large
amplitude of many EIT waves (up to 30% density increase) makehe linear
modeling (e.g. Uchida, 1968; Wang, 2000) questionable. 8edly, some EIT
waves propagate with a constant wave pro le (Wills-Davey, @03). Wills-
Davey et al. (2007) argued that a soliton description shoultbe applied to

28



the EIT wave phenomenon. In solitary waves (or solitons), aam-linear steep-
ening of the wave front is balanced by the dispersion (that rels to widen

the front), resulting in a constant wave pro le. Taking into account the fact
that speeds of many EIT waves are too low to be explained in theame-

work of the fast-mode wave mechanism, Wills-Davey et al. (Q@) suggested
that EIT waves can be explained as slow-mode solitons. Thelisary wave

framework is promising to explain some properties of EIT was, although a
guantitative model of the soliton propagation in the solar arona is still to

be developed.

Attrill et al. (2007) suggested that the reconnection of theouter mag-
netic eld of an expanding CME with favorably oriented smaliscale quiet
Sun loops may produce the observed signatures of the EIT wawopagation.
However, the large-scale magnetic topology is not taken staccount in this
interpretation. Delanree (2009) demonstrated that, if a ealistic large-scale
magnetic eld topology is taken into account, reconnectiof the CME mag-
netic eld with the small-scale quiet Sun eld cannot occur.The large-scale
eld will simply not allow the CME eld to encounter any small-scale eld.
The reconnection between the CME magnetic eld and the ambm eld
can occur e.g. through pre-existing magnetic null points é& e.g. Roussev
et al., 2007, for a detailed modeling of such a process). Buits di cult to
imagine this process taking place around the whole CME. WsliDavey and
Attrill (2009) responded to the Delanree (2009) criticismby pointing out
that a closed eld topology is irrelevant for the reconnectin with small-scale
elds as the large-scale eld lines become open during the Veruption.
The footpoints of these large-scale eld lines are situatad the coronal dim-
ming areas. However, coronal dimmings are usually observbéhind the
EIT wave front (see Figure 4), i.e. the magnetic eld of the epanding CME
would encounter closed large-scale magnetic eld of the @iSun. Even if
it does encounter open large-scale eld lines, it is still wtear how the CME
magnetic eld could go through them to produce a globally prpagating EIT
wave.

EUV bright fronts associated with interchange reconnectio can be ob-
served during eruptive events (Crooker and Webb, 2006; Attt et al., 2006).
But these bright fronts result from very special magnetic & topologies,
when the CME magnetic eld becomes adjacent to an oppositelgirected
open magnetic eld of a coronal hole. These bright fronts areery slow and
they eventually stop after propagating along a very short dtance that is
much smaller than global EIT wave scales (see Section 2.3).
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Finally, Zhukov and Auclere (2004) suggested that di erehphysical pro-
cesses can be responsible for observed EIT wave signatunea single event.
They introduced the concept of the EIT wave bimodality on thebase of
morphological characteristics of two EIT wave events. The ave mode has
an appearance of a propagating wave (probably a fast magnstmic wave).
The eruptive mode is exhibited as a propagation of a compress bright
front (and dimming behind it) due to the coronal magnetic el opening
during the CME lift-0, e.g. in the framework of the model deeloped by
(Chen et al., 2002). Both modes can be present in the same El'ave event,
although not necessarily observed with the present instruamtation. Thus,
there may be no need to look for a unique EIT wave model that cagxplain
the variety of all the observational data.

4. EIT wave research using STEREO data

First of all, it should be mentioned that the expression \preSTEREO"
in this review does not imply a chronological association.t refers rather
to the EIT wave analysis made without STEREO data. Indeed, soe EIT
wave studies (e.g. Chen, 2009) were made after the launch bEtSTEREO
mission but they did not use STEREO data.

The launch of the STEREO mission (Solar TErrestrial RElatims Ob-
servatory, see Kaiser et al., 2008) brought new opportungs for EIT wave
studies. STEREO consists of twin spacecraft carrying ideictl payloads.
During their orbital motion, the separation of STEREO spaceraft is gradu-
ally increasing, with one spacecraft (STEREO Ahead, or STHRO A) lead-
ing the Earth along its orbit and the other spacecraft (STERBE Behind,
or STEREO B) trailing behind the Earth. STEREO thus provides us with
observations of the Sun from two vantage points. EIT waves areadily ob-
served by the Extreme UltraViolet Imager (EUVI), which is a mrt of the
SECCHI instrument suite (Sun Earth Connection Coronal and Mliospheric
Investigation, see Howard et al., 2008) onboard STEREO.

STEREO/SECCHI improves our observational capabilities tanvestigate
EIT waves in several ways. EUVI data can be routinely taken ah higher
cadence (typically 2.5 minutes) in comparison with the cadee of EIT data
(typically 12 minutes), and with a full-Sun eld of view (cortrary to TRACE
data). Nearly simultaneous observations in four EUVI bandasses (171A,
195A, 284 A, 304A) are possible. Although high-cadence imaging of an event
cannot be made in all four bandpasses simultaneously, it i®Wwever possible
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to observe at a cadence of 2.5 minutes in one bandpass, and aaaence of
10 minutes in the other three bandpasses. Thus, EUVI can prioke three to
four images of an EIT wave front moving at a typical speed of B&km s 1, in
all four bandpasses. The observations are available fromdwantage points
(three, if SOHO/EIT data is also included). This greatly heps to determine
the overall 3D structure of the wave and its relation to the CNE structure.
Finally, the eld of view of EUVI (up to 1.7 R ) and that of the white-light
coronagraph COR1 (from 1.4R to 4 R ) are overlapping, thus providing
us with an opportunity to observe EIT waves in a wide range ofdights and
by two instruments sensitive to two physically di erent processes.

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

The EIT wave event on May 19, 2007 was observed in great det&y
STEREO (Long et al., 2008; Veronig et al., 2008; Gopalswamy al., 2009).
The angular separation between the two STEREO spacecraft &.6 , which
is too small to make a 3D reconstruction of the EIT wave structre (see Sec-
tion 4.3 below). However, EUVI observed the wave at a cadeno&2.5 min-
utes in the 171A bandpass, 10 minutes in the 198 and 304 A bandpasses,
and 20 minutes in the 284A bandpass. High-cadence observations of the
EIT wave front in the 171 A bandpass were described by Long et al. (2008)
and Veronig et al. (2008). These works reported a consistedeceleration
of the wave after 12:51:30 UT. The wave speed at this instantas around
500 km s !, and the nal speed 20 minutes later was around 180 km &
This is the rst time that the deceleration of the EIT wave wasreliably mea-
sured, giving support to the interpretation of the EIT wave @& a decelerating
fast magnetosonic wave (e.g. Warmuth et al., 2004a). Howeyelespite the
availability of the H data, an associated Moreton wave was not observed
(Veronig et al., 2008). Further, Ma et al. (2009) con rmed, a the basis of ob-
servations of another event, that the EIT wave speed can be derestimated
if a low imaging cadence is used.

It is interesting to note that Long et al. (2008) measured thavave prop-
agation even before 12:51:30 UT. They reported that the wawsas accel-
erating until that instant, whereas Veronig et al. (2008) dil not report any
measurement of the EIT wave front before 12:51:30 UT. A cargfinspection
of the EUVI data for this event shows that Long et al. (2008) ppbably mea-
sured the displacement of bright loop-like structures befe 12:51:30 UT. Ma
et al. (2009) and Chen et al. (2010) also mention di cultiesm distinguishing
the EIT wave from erupting structures early in the event.
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High-cadence imaging of the EIT wave on May 19, 2007 alloweennig
et al. (2008) to clarify the timing of the wave with respect tothe associated
are observed by RHESSI (Reuven Ramaty High-Energy Solar $ptroscopic
Imager, see Lin et al., 2002). The hard X-ray ux of the are (& energies
12{25 keV) started to increase at 12:50 UT and peaked at 12:30 UT, when
the rst EIT wave front was already observed (Figure 7). Thisindicates that
the are occurred too late to produce the EIT wave, since the ave requires
a certain time to build up a su ciently large amplitude to be detected in the
EUVI data (Veronig et al., 2008). This fact increases the egience that ares
in general are not responsible for the EIT wave generationds Section 2.5).
It has to be noted that the are soft X-ray ux started to grow b efore any
noticeable increase of the hard X-ray ux, so the are originof the wave
cannot be ruled out completely. The slow and weak increasetbe are soft
X-ray ux may, however, indicate a weak energy release, toow to launch
a noticeable EIT wave, see e.g. Visnak and Cliver (2008) fa discussion on
the possibility to launch a fast magnetosonic wave by a arerngssure pulse.
Veronig et al. (2008) suggest that the wave is produced by thexpanding
CME anks. It is driven over a limited distance and then propaates freely.

Patsourakos et al. (2009) investigated high-cadence obgations of an
EIT wave on December 7, 2007 and found that it was closely assated with
the expanding motion of coronal loops. The blast wave proded by the
are in the core of the active region is expected to be rst detcted close
to the are site. Therefore, Patsourakos et al. (2009) argua favor of the
CME-driven wave hypothesis as the wave was rst observed alhé periphery
of the active region. Warmuth et al. (2004a) reported a simakr behavior
of Moreton waved. The wave generated in the active region core is also
expected to refract rapidly towards large heights due to thetrong gradient
of the fast-mode speed in this region. This seems to be comyrdo what is
seen in the EUVI images (Patsourakos et al., 2009).

However, not all EIT waves exhibit a simple decelerating spd pro le.
Ma et al. (2009) found that the EIT wave event on December 7, P ex-
hibited a nearly constant speed prole. Zhukov et al. (2009)nvestigated

2|t has to be noted that an alternative interpretation of this observation invokes a cer-
tain time needed to produce a large-amplitude wave due to no#inear steepening. During
this time the Moreton wave is supposed to be not visible (Visnak and Cliver, 2008). How-
ever, the dependence of the wave visibility in the EUV and H on the wave amplitude is
presently not clear.
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an EIT wave on December 8, 2007 and found that the initial pramation
speed of the wave was around 100 km?’s Then the wave slowed down to
very low speeds (around 20 km $), and nally accelerated again to reach
speeds around 200 km $. Such a change in velocity is di cult to envisage
for a freely propagating wave. Zhukov et al. (2009) suggesdt¢hat such a
speed pro le re ected the varying speed of the CME eruption.The wave
front shape was nearly circular, so even symmetric EIT wavesan possibly
be produced via the magnetic eld restructuring during the GAE lift-o .
This event seems to support the eld line opening mechanisnyiChen et al.
(2002).

A partial re ection of the EIT wave at the boundary of a corond hole
(Long et al., 2008; Gopalswamy et al., 2009) strongly inditas that the EIT
wave is a true wave, at least in some events. As shown by Gopedsny et al.
(2009), the incident wave propagated at a speed of around 3Bt s !, and
the wave re ected in the opposite direction propagated at apeed of around
280 km s!. The waves re ected in di erent directions may have been su-
perposed with the incident wave, so the measurements of thaipeed were
not always reliable. A fast magnetosonic wave re ection athie coronal hole
boundary (i.e. at the boundary of the region of higher fast-wmde speed) was
demonstrated in the model by Wang (2000). Another type of fasnagne-
tosonic wave re ection { that from the chromosphere { was desibed in the
numerical simulation by Wang et al. (2009). However, a wavesrection from
the chromosphere has not yet been observed.

A possibility of a wave re ection at a coronal hole boundary as con rmed
in the 3D numerical MHD simulation of the CME-driven wave deeloped
by Schmidt and Ofman (2010). Unfortunately, they used a phatspheric
magnetogram with artifacts next to the region of the wave prpagation. To
determine the wave front positions, Schmidt and Ofman (20)@hose to show
the perturbations of the plasma horizontal speed in the wavigont. As the
plasma horizontal speed is not directly observed by EUVI, thcomparison of
this simulation with observations (e.g. the EIT wave decetation reported
by Veronig et al., 2008) is di cult.

Attrill (2010) questioned the EIT wave re ection describedby Gopal-
swamy et al. (2009) and argued that apparently re ected wavé&onts result
from artifacts of running di erence images. However, aftemspecting base
di erence images (that are supposed to be free from artifagtsee 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 rection, although
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in this case it seems more precise to speak about the refractiof the wave in
the medium with an inhomogeneous Alf\en speed distributio (Uchida, 1968;
Wang, 2000). Similarly, Attrill (2010) claimed that anothe re ected wave
front moved \signi cantly backward". This formulation is a gain very close
to the description of a re ection. Attrill (2010) explained the third re ected
front by invoking the existence of two EIT wave fronts. Only me wave front
is obvious in the EUVI data for this event (Long et al., 2008; ¥ronig et al.,
2008; Gopalswamy et al., 2009).

It may be further argued that, in the case of a wave re ected bzkward
to the eruption site, one should not use a pre-event image tomstruct base
di erence images. Indeed, the background intensity may havchanged e.g.
due to the dimming, so one needs to detect the wave propagatiagainst a
new, dimmer background. If the decrease in EUV intensity du® a dimming
is signi cantly greater than the wave amplitude (as it is ofen the case), the
wave would be di cult to detect in base di erence images thatuse a pre-event
image as the base image.

Veronig et al. (2010) reported the evolution of an EIT wave @ le mea-
sured in the 195A bandpass for the eruption on January 17, 2010. The
speed of the lateral expansion of the wave was approximate®dB0 km s *.
This was signi cantly lower than the speed of its upward expasion that was
around 650 km s. Veronig et al. (2010) suggested two explanations for
this di erence. Firstly, it may be attributed to the di eren ce in the local
fast magnetosonic speed. Secondly, the wave in the upwardedition may
be CME-driven, so the wave speed depends on the CME speed. Thieral
expansion of the wave corresponds to a free propagation chgimost of the
time in both cases. Its speed is determined by the local plasmand magnetic
eld parameters.

Veronig et al. (2010) showed that the wave pro le was rst stepening and
the wave amplitude was growing. Further on, the amplitude wadecreasing
steadily and the wave pro le width was increasing, with thentegral below the
pro le remaining approximately constant. This behavior isconsistent with
the 3D evolution of a non-linear fast magnetosonic wave (e.gandau and
Lifshitz, 1987). According to Veronig et al. (2010), the wais rst driven by
the CME lateral expansion. Shortly afterward, the CME expasion stops.
Evidence for this is given by the limited extent of the assoated coronal
dimmings compared to the global distances traveled by the wa. After the
end of the driven phase, the wave is propagating freely in thateral direction.

Yang and Chen (2010) investigated two EIT wave events obs&d by
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SECCHI/EUVI. They found a negative correlation between theEIT wave
speed and the coronal magnetic eld calculated using the PISSmodel. This
means that EIT waves propagate faster in regions with a low ngaetic eld.
If the EIT wave is a coronal fast magnetosonic wave, then a ptge corre-
lation would be expected, as can be seen from Equation (1)itedugh such
a comparison neglects the dependence of the fast magnetosmpeed on
density. Yang and Chen (2010) argued that the negative cotegion can be
explained by the eld line opening model by Chen et al. (2002)although
this explanation strongly depends on the adopted con gur&n of the coro-
nal magnetic eld. It also needs to be noted that Yang and Cher§2010)
measured the wave propagation close to the wave source, whéne wave
may be driven rather than freely propagating.

The high cadence of SECCHI/EUVI enabled a detailed imagingfdhe
May 19, 2007 event that could be compared with spectroscombservations
made by Hinode/EIS, as reported by Chen et al. (2010). The El'wave
rapidly passed along the spectrometer slit, and it was di cit to distinguish
from the movement of pre-existing loop structures. The waviEont was not
very clear, but it seemed to be better observed in the Fe X111202.04A) line
intensity than in the Fe XII (195.12 A) line intensity. The EIT wave was
not detected in Doppler velocity measurements or in the speal line width,
which is in agreement with previous results by Harra and Sting (2001;
2003). Strong out ows in the dimming region behind the EIT wae front
and increased line widths can be explained using the eld Enopening model
by Chen et al. (2002). Chen et al. (2010) argued that the abses of spectral
signatures of the wave front is also compatible with the fasinagnetosonic
wave model. Indeed, the velocity perturbation in the fast mgnetosonic wave
front would be directed across the line of sight for a wave finb observed near
the disc center.

High-cadence observations of small-scale bright frontsnslar to large-
scale EIT waves were reported by Podladchikova et al. (2010)hey proposed
an interpretation of these small-scale fronts in terms of @v-mode MHD
waves propagating nearly perpendicularly to the ambient ngmetic eld. It
should be noted that speeds reported by Podladchikova et g2010) are
around 14 km s®. This value is an order of magnitude lower than typical
EIT wave speeds of approximately 250 km 3.
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4.2. Simultaneous observations of EIT waves in several SEBIEUVI band-
passes

Long et al. (2008) investigated the EIT wave on May 19, 2007 drdemon-
strated that the wave was cospatial in all four EUVI bandpasss (Figure 8).
These observations thus con rm earlier results on the EIT wae visibility
in the 171 A and 284 A bandpasses by Wills-Davey and Thompson (1999)
and Zhukov and Auctere (2004) respectively. The EIT wave dection in the
304 A bandpass was reported by Long et al. (2008) for the rst time The
wave front contrast was strongest in the 192\ bandpass and weakest in the
304 A bandpass. Although the 304A bandpass is dominated by the He Il
line at 303.78A formed in the upper transition region (peak formation tem-
perature around 0.08 MK), it is most probable that the EIT wawe radiation
was detected in the Si XI line at 303.324, 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 wason rmed
by Attrill et al. (2009) who also reported the EIT wave detecion in the
soft X-ray data taken by XRT (X-Ray Telescope, see Golub et gl 2007)
onboard Hinode. It has to be mentioned that Hinode/XRT is moe sensi-
tive to temperatures around 1{2 MK than Yohkoh/SXT. Patsourakos et al.
(2009) con rmed that EIT waves are most visible at temperatves between
1 and 2 MK that are close to the peak of the quiet Sun di erentibemission

d .
measured—T (see e.g. Brosius et al., 1996). Patsourakos et al. (2009gest

that the visibility of the EIT wave in several bandpasses andts strongest
contrast at these temperatures demonstrate that the EIT waas represent a
density increase rather than a temperature change.

In the event reported by Attrill et al. (2009), some parts of he wave front
had stronger contrast in the 284A bandpass than in the 195A bandpass.
Moreover, the brightest part of the front seen in 284 and 195A bandpasses
had no detectable counterpart in the 171A bandpass. Dai et al. (2010)
investigated the EIT wave event on December 31, 2007 that wabserved
in three coronal EUVI bandpasses and also concluded that tH&lT wave
appeared dark in the 171A bandpass. These observations favor the heating
of the coronal plasma up to 1.4 MK (peak formation temperat of the
Fe XII line at 195 A) rather than the plasma compression as the main factor
producing the observed intensity change in the 17A and 195A bandpasses.

Veronig et al. (2010) compared the wave contrast measuredtiree coro-
nal EUVI bandpasses. They found that the EIT wave contrast istrongest
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Figure 8: EIT wave on May 19, 2007 observed in four bandpassesf SECCHI/EUVI
onboard STEREO A. All images are running di erence images. Aboxcar Iter was applied
to each image (Long et al., 2008) in order to improve the visillity of the faint wave
structures. From Long et al. (2008). Reproduced by permissin of the AAS.
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in the 195 A bandpass and weakest in the 17A bandpass. This indicates
that the temperature changes in the EIT wave fronts as well adensity, thus
con rming earlier results reported by Wills-Davey and Thonpson (1999).

4.3. Three-dimensional structure of EIT waves

In this section, the issue of the 3D structure of EIT waves wilbe ad-
dressed, together with a closely linked question of the réilan between EIT
waves and the CME structure.

Three-dimensional reconstruction of coronal loops, promences and other
small-scale structures in the solar atmosphere requiresaging from two van-
tage points that are not very much separated from each othee(g. Inhester,
2006; Feng et al., 2007; Gissot et al., 2008; Aschwanden et, &008; Ro-
driguez et al., 2009), typically below 15 On the contrary, 3D reconstruc-
tion of large-scale optically thin structures (like EIT wawes) requires a larger
angular separation between the two vantage points.

Patsourakos et al. (2009) and Ma et al. (2009) investigatedh¢ EIT wave
event on December 7, 2007 that was observed from two STEREQCaspcraft
separated by around 45 Both works reported a di erence in the EIT wave
appearance as seen from two spacecraft early in the event. My, the
brightest part of the EIT wave was situated to the east (westpf the source
active region in the STEREO A (STEREO B) data. Ma et al. (2009)found
that, in spite of correction for projection e ects on the sar disk, the EIT
wave speeds as measured by STEREO A and B spacecraft were Bra.
The di erent appearance of wave fronts in STEREO A and B obsegations
is a result of a di erent emission measures being integratemlong di erent
lines of sight (Figure 9). This indicates that the EIT wave font extends
over a non-negligible height range, and the full 3D structar of the EIT wave
must be taken into account to measure its kinematics. Patsoakos et al.
(2009) made a rst attempt to determine the EIT wave height inthis event.
They used a geometric triangulation of the wave front as obsed from two
vantage points and obtained a wave height of around 90 Mm. THact that
they reported no height range, stresses the di culties in déving the 3D
structure of a di use optically thin object.

Patsourakos et al. (2009) tted the CME associated with thisEIT wave
with a geometrical ux rope model (Thernisien et al., 2006, e also Chen
et al., 2000). The ux rope was then projected on the solar disto simulate
the EIT wave appearance as if it would be generated by non-wawmodels like
those of Delanree et al. (2008) or Chen et al. (2002). Patsmakos et al. (2009)
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Figure 9: A cartoon illustrating the projection e ect on the EIT wave observations from
several viewpoints. In the early stages, the observed EIT wee front structure is di erent
depending on the vantage point (STEREO B, SOHO and STEREO A). The dierent
appearance is due to dierent emission measures integrate@long three di erent lines
of sight. The orange-colored regions schematically represit positions of high-intensity
regions along the EIT wave front. Images of the EIT wave on Deember 7, 2007 are
shown in the bottom row for comparison. Note that the dome-like structure shown in the
gure 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 casefrom Ma et al. (2009).
Reproduced by permission of the AAS.
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argued that the ux rope projections did not resemble the ob=ved EIT wave
appearance. However, the ux rope model by Thernisien et a{2006) was
designed to reproduce structured CMEs (e.g. Cremades andtBmer, 2004).
On the contrary, the CME observed by COR1 in association witlthis EIT
wave event is very di use and its overall structure is not at & clear.

On the contrary, Ma et al. (2009) found that the di erent appearance of
the wave as seen from two STEREO spacecraft during the earlygpagation
stage is consistent with the projection of the CME dome-likstructure (Fig-
ure 9). However, this dome-shaped structure can representaage-scale fast
magnetosonic wave equally well. Additionally, the footpaits of this dome-
shaped structure are xed to the solar surface, contrary tolte observations
of the EIT wave propagating to large distances from the souecactive region.

Zhukov and Auclere (2004) suggested that STEREO observatns from
widely separated vantage points should be used to study thek between EIT
waves and the CME structure. Indeed, the EIT wave is best seem-disk and
the overlying CME structure is best seen above the limb. Patsirakos and
Vourlidas (2009) investigated the EIT wave event on Februgrl13, 2009 that
was observed by the STEREO spacecraft in quadrature (angulaeparation
around 90). Images of this event taken by EUVI onboard STEREO A and
B in the 195 A bandpass are shown in Figure 10.

It is clear that the wave is observed over a range of heightofn the solar
surface to around 100 Mm. Patsourakos and Vourlidas (2009ported that
the lateral extent of the EIT wave as observed by EUVI was sigieantly
wider than the CME lateral extent as measured in the EUVI and OR1
data. SECCHI data thus con rm a general tendency that an EIT vave is of-
ten global, but corresponding coronal dimmings (that map tdhe footpoints
of the associated CME) are usually localized (e.g. Dere et,al997a; Ster-
ling and Hudson, 1997; Thompson et al., 1998, 2000a; ZhukavdaAuctere,
2004). In addition, oscillations of quasi-radial structues in the quiet Sun
were observed after the EIT wave passage (similar to the loogcillations re-
ported by Wills-Davey and Thompson, 1999). These two factsiggest that,
at least in this event, the EIT wave is not linked to the magnat eld re-
structuring but is rather a fast magnetosonic wave. The sanmsonclusion was
reached by Kienreich et al. (2009) who investigated only thEUVI data and
suggested that the wave was initially driven by the CME lateal expansion
and later propagated freely.

However, the conclusion of a similar study made using the dataken by
EIT and by the MK3 coronagraph was very di erent: the EIT wavewas co-
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Figure 10: EIT wave on February 13, 2009 as observed by SECCKEUVI onboard

STEREO B (left column) and STEREO A (right column) in the Fe XI | (195 A) bandpass.
All images are running di erence images. The angular separ@on of the two STEREO
spacecraft was around 90 (quadrature con guration). Note that the time stamps of im-

ages taken by the two spacecraft are dierent to account for tie dierence in the light
travel time from the Sun to each STEREO spacecraft. The eventon the Sun is thus
observed by the two spacecraft simultaneously. All times ae UT.
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spatial with the legs of the CME frontal loop (Chen, 2009). Tw other EIT

wave events observed by EUVI and CORL1 provide us with evidemthat the

EIT wave propagation matched the lateral expansion of the der boundary
of the CME (Attrill et al., 2009; Dai et al., 2010). These two wrks conclude
that the EIT wave is not a true wave, but is rather produced by he magnetic
eld recon guration during the CME lift-o .

An alternative interpretation of the February 13, 2009 evetwas presented
by Cohen et al. (2009) who performed a 3D numerical MHD simuian of the
CME and EIT wave. A ux rope was inserted in a realistic con guation of
coronal plasma and magnetic eld. The ux rope was set to erupat a speed
similar to the observed CME speed. An EIT wave was seen in themalated
images as a density perturbation. Cohen et al. (2009) foundhat the EIT
wave was a combination of both true wave and non-wave mechamis, that is
similar to the EIT wave bimodality suggested by Zhukov and Aalere (2004).
The EIT wave front was found to match the position of the outersurface of
the CME. Cohen et al. (2009) argued that the non-wave componkof the
EIT wave front is produced by the reconnection of the eruptig ux rope
with the ambient large-scale magnetic eld (see also Cohen &., 2010). It
has to be noted that this conclusion looks di erent from thedea proposed
by Attrill et al. (2007) who considered reconnection with srall-scale quiet
Sun magnetic elds.

However, although the reconnection of the ux rope with the mbient
eld is clearly shown in this simulation, it occurs only in ore place { to the
north of the erupting active region (see Figures 7 and 8 in thgaper by Co-
hen et al., 2009), where the orientations of magnetic eldsiithe CME and in
the ambient corona are nearly opposite and thus favorablerfeeconnection.
This process then can hardly produce a quasi-circular waveit. The recon-
nection in the EIT wave front reported by Cohen et al. (2009)9 similar to
interchange reconnection between the erupting and ambiemagnetic elds
(Crooker and Webb, 2006; Attrill et al., 2006; Gibson and Fan2008). The
interchange reconnection also results in a CME that becomasuch wider
than the CME observed by SECCHI. In the movie supplied with te Cohen
et al. (2009) paper, it can be seen that at 07:05 UT the obsed/&€ME width
is around 60 whereas the simulation shows the CME width of around 120

There also exists a question regarding the nature of the trugave com-
ponent in the simulation by Cohen et al. (2009). The CME-drigen shock is
situated much ahead of the EIT wave front. However, the CME+aven shock
should be visible not only as a temperature increase (as ingtire 9 of the
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paper by Cohen et al., 2009), but also as a density increasehi3 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 signi cantly advanced
our understanding of the EIT wave phenomenon. High-caden&JVI data
con rm the possibility of the EIT wave deceleration (Verong et al., 2008;
Long et al., 2008), although constant velocities (Ma et al2009) and more
complicated speed pro les (Zhukov et al., 2009) are obsed/@as well. The
evolution of the wave pro le is consistent with the wave rstdriven by the
CME expanding anks, and then propagating freely (Veronig eal., 2010).
The EIT wave re ection at the coronal hole boundary (Long et &, 2008;
Gopalswamy et al., 2009) provides us with strong evidence ahthe EIT
wave is a true wave, at least in the reported event. The data k&n in several
EUV bandpasses show the multi-temperature structure of ElTvaves (Attrill
et al., 2009; Dai et al., 2010; Veronig et al., 2010). It was g®nstrated that
some EIT waves are compressive disturbances (Long et al.08QPatsourakos
et al., 2009), but the plasma heating can be observed in EIT wa fronts as
well (Attrill et al., 2009; Dai et al., 2010). A slower EIT wawe propagation in
stronger coronal magnetic elds was reported for two even{¥ang and Chen,
2010), indicating a di culty to explain them by the fast magnetosonic wave
model. Finally, the interpretations of the 3D structure of HT waves and
their relation to the associated CME structures are often edradictory, with
di erent authors favoring true wave (Patsourakos et al., 209; Patsourakos
and Vourlidas, 2009; Kienreich et al., 2009), non-wave (Md al., 2009; Yang
and Chen, 2010) and bimodal (Cohen et al., 2009) hypotheseitbe EIT
wave origin. STEREO observations show that the wave is a cantious front
extending from the solar surface up to around 100 Mm. Theragfy STEREO
data do not favor the electric current shell model of Delaree et al. (2008)
that predicts the EIT wave emission coming from high in the aona.

5. Discussion

5.1. Terminological issue

Di erent names exist in the literature for the solar phenomaon discussed
in this paper: EIT wave (e.g. Delanree, 2000; Thompson and yérs, 2009),
coronal Moreton wave (e.g. Thompson et al., 1999), are waye.g. Warmuth
et al., 2004a), coronal wave (Attrill et al., 2007), EUV wavdPatsourakos and
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Vourlidas, 2009), coronal bright front (Gallagher and Long2010). \Flare
wave" implies a close relation to ares, but, as it was demobsted in Sec-
tion 2.5, the phenomenon shows a better correlation with CME&E The term
\coronal Moreton wave" also implies an unambiguous assotian with More-
ton waves, although EIT waves are observed much more freqtgnthan
Moreton waves, and their relation is still not clear. The tems \coronal wave"
and \EUV wave" may lead to a confusion with other waves obseed in the
EUV corona, e.g. with slow magnetosonic waves in loops andipies (Defor-
est and Gurman, 1998; Berghmans and Clette, 1999; De Mooré&tlal., 2000;
Robbrecht et al., 2001). The term \coronal bright front" recently suggested
by Gallagher and Long (2010) has an advantage that it does nohply any
physical mechanism. Indeed, some of these fronts may be nawes at all
(see Section 3). However, the meaning of this term is too widBor example,
a CME frontal loop observed by a coronagraph can also be calla coro-
nal bright front. The term \EIT wave" is preferred in this review. It only
signi es that the phenomenon was discovered in the EIT data.Similarly,
the term \Moreton wave" signi es that the phenomenon was disovered by
Moreton (1960). The term \EIT wave" by no means implies that tie \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 hamped by in-
su cient knowledge of plasma and magnetic eld parametersn the solar
atmosphere. The works by Uchida (1968) and Wang (2000) denstrate the
importance of the coronal Alfven speed distribution for the propagation of
EIT and Moreton waves. Spectroscopic observations are nssary for better
plasma diagnostics in EIT wave fronts and in the ambient cora. The work
by Asai et al. (2008) is an important step in this direction, ad physical
interpretation and modeling of spectroscopic EIS data nedd be performed.

On the theoretical side, one can distinguish two directionfor EIT wave
modeling, depending on the spatial scale described by a mbdeFirstly,
the properties of a global-scale EIT wave propagation in a aéstic model
atmosphere need to be fully and consistently described. $eadly, the small-
scale structure and evolution of EIT wave fronts in the corom need to be
modeled.

Regarding the modeling of global-scale propagation, thelation between
Moreton and EIT waves is still unclear. In many cases it looklike these are
two di erent manifestations of a single propagating fast mgnetosonic wave
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(e.g. Warmuth et al., 2001; Warmuth, 2007). The compressian the coronal
part of the fast magnetosonic wave is then seen as an EIT waveHowever,
the conditions for the appearance of the Moreton wave are ktunknown.
It was suggested (see e.g. Wang, 2000) that the Moreton wawea strongly
supermagnetosonic wave or shock (with Alien-Mach numbevi, > 1). Asiit
propagates further on from the erupting active region, its@plitude 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 assia weak
perturbation propagating all the time at the fast magnetosnic speedv; (i.e.
a linear regime withM, 1). The rapid dissipation expected for such a
strong supermagnetosonic shock (Uchida, 1968) has not beandeled yet.
A model of the fast MHD shock propagation in realistic corodaconditions
and its decay into a non-shocked wave needs to be developedtswer this
guestion.

The interaction of a fast magnetosonic wave with the chrompkere (e.g.
Gilbert and Holzer, 2004) should be modeled to derive the go@tative crite-
rion required for a Moreton wave to be detected. One also nexetdb determine
if there is a limiting value of M, (or the wave amplitude) below which the
Moreton wave cannot be observed. It is still not clear if a dierent distri-
bution of the coronal Alf\en speed (e.g. Evans et al., 2008pay explain the
appearance (or not) of Moreton waves in di erent events. It &s to be noted
that in the case of a strongly non-linear perturbation (e.ga blast wave) the
wave propagation is not sensitive to the distribution of theambient Alf\en
speed (Sedov, 1959; Zel'dovich and Raizer, 1967; Landau arik$hitz, 1987).
The narrow angular span of Moreton waves in contrast to the @si-circular
EIT wave fronts has not yet been modeled either.

However, in some events EIT and Moreton waves probably refsent two
di erent disturbances (Eto et al., 2002). The Moreton wave s then still a
fast magnetosonic wave (no other model has been suggestedfesd, and
probably CME-produced. The EIT wave should then be generadeby some
other mechanism, possibly related to the coronal magneti@ld restructuring
during the CME lift-o (e.g. Chen et al., 2002; Pomoell et al, 2008). The
development of 3D models in the framework of this interestgnmechanism is
necessary.

3Note that the inverse may not necessarily be true: not every ET wave is an observed
manifestation of a fast magnetosonic wave.
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No Moreton wave observations have been reported after theulach of
STEREO. The separation of the two STEREO spacecraft is curndly very
large for the EUVI data to be reliably compared with H observations from
ground-based observatories. High-cadence EUV data for cpamison with
H data can be provided by the Atmospheric Imaging Assembly (A, see
Title and AIA team, 2006) onboard the Solar Dynamics Observary (SDO).
The resulting detailed observations need to be accordinghgodeled.

Regarding the modeling of EIT wave fronts on a smaller scal#he struc-
ture and evolution of the EIT wave perturbation need to be addessed in
detail. A non-linear theoretical treatment of MHD waves (se e.g. a review
by Polovin, 1961) shows that, in a case of weak dispersion etliast magne-
tosonic wave pro le should steepen and eventually result ia discontinuity
(shock wave). An analogous behavior of non-linear waves che found in
hydrodynamics (e.g. Landau and Lifshitz, 1987). The increa of the EIT
wave amplitude and the steepening of its pro le were reporteby Veronig
et al. (2010) in high-cadence EUVI data, although this behaer was visible
only in two images. In addition, the propagation speed of a melinear fast
magnetosonic wave should increase with increasing wave diggle. This
acceleration has not yet been observed.

An application of non-linear MHD wave modeling to coronal sbck waves
manifested by type Il radio bursts was developed by Visnakrad Lulc (2000a;
2000b) for a 1D geometry, and byic et al. (2008) for a 3D geometry. These
models have not yet been applied to EIT wave observations. Has to be
noted that in the 3D spherical geometry, the steepening of éhwave pro le
is more di cult to achieve in a dissipative medium, as the wae amplitude
decreases with distance due to the conservation of energyafidau and Lif-
shitz, 1987). In the presence of dispersion, a soliton-lilolution may be
applicable (Wills-Davey et al., 2007).

Due to limited EIT cadence, the EIT wave models (e.g. Wang, 20;
Wu et al., 2001; Chen et al., 2002; Delanree et al., 2008) veerather devel-
oped to explain their global propagation. Measurements ohé wave pro le
evolution are more di cult (Wills-Davey, 2006), and only after the launch
of the STEREO mission the situation somewhat improved (Verdg et al.,
2010). Routine measurements of the EIT wave pro le evolutiowill be made
with high-cadence, high-resolution SDO/AIA data. These okervations will
be compared with results of non-linear MHD wave theory. A copiicated
temperature structure of the EIT wave front (e.g. Wills-Dawey and Thomp-
son, 1999) and the wave propagation in the structured cororfaee Murawski
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et al., 2001) need to be addressed.

Non-wave modeling of the EIT wave perturbation is still som&hat lag-
ging behind the true wave modeling. This is primarily due to lte extensive
literature on MHD waves accumulated during the last 60 yeardn particular,
it is still unclear if compression produced by the eld line pening mecha-
nism (Chen et al., 2002; Pomoell et al., 2008) is su cient to @lain the
observed density increase in EIT wave fronts and its evolain during the
wave propagation.

EIT waves exhibit a wide range of observational charactetiss, especially
regarding their morphology and speed. Namely, EIT wave pragation speed
can vary greatly between di erent events. It can be both highr and lower
than the coronal sound speed. This fact makes an exclusiveerpretation
of EIT waves in terms of either a fast or slow magnetosonic wawnlikely.
It is hard to believe that all EIT waves could be explained by aingle phys-
ical mechanism, wave or non-wave model regardless. Bieseast al. (2002)
suggested that several types of EIT waves may exist. Namelyey argue
that narrow S-waves may represent a physically distinct cts of phenomena.
We note that the evolution of S-waves is not clear due to inswcient cadence
of images taken by SOHO/EIT. No S-waves have yet been repodién the
improved STEREO observations. Developing further the idely Biesecker
et al. (2002), Zhukov and Auctere (2004) introduced a conpg of EIT wave
bimodality. This means that both wave and non-wave physicainechanisms
can be at work in the same event, although not necessarily @eted with the
current instrumentation. In order to determine what mecharsms are impor-
tant in each specic EIT wave event, a quantitative modelingof EIT wave
front parameters is now essential. Three-dimensional mddeusing realistic
values of coronal plasma and magnetic eld parameters thatr@a capable of
simulating the observed EUV emission (e.g. Linker et al., B8) are needed.

6. Conclusions

The EIT wave phenomenon is still far from being completely werstood.
No single model can account for a large variety of observedoperties of EIT
waves. It is mainly theoretical and modeling e orts, as welas spectroscopic
diagnostics, that are required to advance our understandjnof this complex
phenomenon. The theoretical progress will probably be lieki to the de-
velopment of advanced models capable of simulating obsdni@a parameters.
Comparison of quantitative models with recent and upcomingbservational
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data (taken by SOHO, Hinode, STEREO, SDO) can then be perfored to
determine the relative importance of di erent physical melsanisms contribut-
ing to the observational \EIT wave" phenomenon.
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