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ABSTRACT

Early observations by the EUV Imaging Telescope (EIT) on the Solar and Heliospheric Observatory indicated
that propagating diffuse wave fronts, now conventionally referred to as “EIT waves,”” can often be seen on the solar
disk with a propagation velocity several times smaller than that of Ha Moreton waves. They are almost always
associated with coronal mass ejections. We have previously confirmed the existence of such a wave phenomenon
with numerical simulations, which indicate that there does exist a slower moving “wave’” much behind the coronal
counterpart of the Ha Moreton wave. Further observations have disclosed many new features of the EIT waves: the
waves stop near the separatrix between active regions, sometimes they experience acceleration from the active
region to the quiet region, and so on. Here we report on MHD simulations performed to demonstrate how the typical
features of EIT waves can all be accounted for within our theoretical model, in which the EIT waves are thought to
be formed by successive stretching or opening of closed field lines driven by an erupting flux rope. The relationship
between EIT waves, Hae Moreton waves, and type Il radio bursts is discussed, with an emphasis on reconciling the
discrepancies among different views of the “EIT wave” phenomenon.

Subject headings: Sun: activity — Sun: corona — Sun: magnetic fields — waves
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1. INTRODUCTION

Since launch in 1995 December, the EUV Imaging Telescope
(EIT; Delaboudiniere et al. 1995) on board the Solar and Helio-
spheric Observatory (SOHO) has revealed many new observa-
tional features of the solar corona in the 1-2 MK temperature
range, such as intermingling of cool and hot coronal loops, inten-
sity oscillations in the transition region and corona, and extreme-
ultraviolet (EUV) jets in the dynamic coronal hole (Moses et al.
1997). Among these, one spectacular phenomenon, convention-
ally referred to as “EIT waves,” not only manifests the signature
of on-disk coronal mass ejections (CMEs) in the low corona but
has also sparked hot debate on the relation between EIT waves and
Moreton waves, which were discovered about 40 years ago.

When the magnetic structure on the solar surface is simple,
EIT waves are observed as almost circularly propagating, dif-
fuse emission enhancements immediately followed by expand-
ing “dimming regions” in SOHO EIT running-difference images
(Moses etal. 1997; Thompson et al. 1998). When the global mag-
netic structure becomes complicated, EIT waves instead propagate
inhomogeneously, avoiding strong magnetic features and neutral
lines and stopping near coronal holes (Thompson et al. 1999).
They may also stop near the separatrix between active regions and
thus appear as a stationary front (Delannée & Aulanier 1999).
Limb events have also been reported, in which the “EIT wave”
front is found to surround a dark cavity in the SOHO EIT running-
difference images (Dere et al. 1997). A statistical study by Klassen
et al. (2000) indicates that the typical velocities of EIT waves
range from 170 to 350 km s~! with an average of 271 kms~!, and
velocities as low as 80 km s~! have occasionally been reported
(Dere et al. 1997). EIT waves can also be observed by the Tran-
sition Region and Coronal Explorer (TRACE) in the same 195 A
passband (Wills-Davey & Thompson 1999).
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The discovery of one sharp EUV wave front cospatial with an
Hoa Moreton wave front in a flare event on 1997 September 24
made it natural to explain the observed EIT waves as being
just the coronal counterparts of the chromospheric Moreton
waves—that is, coronal fast-mode waves (see, e.g., Thompson
et al. 2000). Similar events, with a sharp EUV wave front co-
spatial with a corresponding Ha Moreton wave front, have also
been presented by Warmuth et al. (2004a). On the other hand,
there are also many events in which a sharp EUV wave front is
seen to be cospatial with a soft X-ray (SXR) wave front, the
latter of which exhibits the characteristics of coronal fast-mode
waves (or weak shock waves; see, e.g., Khan & Aurass 2002;
Hudson et al. 2003). All these results tend to favor the coro-
nal fast-mode wave model for EIT waves. The hypothesis was
tested in model simulations by Wang (2000), who illustrated
that the ray paths of fast-mode waves can match the EIT bright
fronts. In particular, it was found that the waves are deflected
away from active regions and coronal holes, reproducing the
observed tendency of EIT waves to avoid strong magnetic fea-
tures and to stop near coronal holes. Wu et al. (2001) performed
three-dimensional numerical simulations of the perturbation that
is induced by a pressure pulse localized in the source region of a
CME. They found that the resulting fast-mode wave fronts in the
corona reproduce many properties of the observed EIT waves.
We note that both Wang (2000) and Wu et al. (2001) used large-
scale magnetograms from the Wilcox Solar Observatory to extrap-
olate the coronal magnetic field. The averaged weak magnetic
field, along with the adopted density model, results in a plasma (3
higher than unity in the quiet region, where most EIT waves are
observed. Such a high 3 is probably unrealistic in the lower coro-
na and is not consistent with the potential or force-free assump-
tion for the coronal field extrapolation.

The obvious defect of the fast-mode wave explanation is
that the velocities of EIT waves, 170—-350 km s—! as reported
by Klassen et al. (2000), are about a third or less of those of
Moreton waves, which range from 330 to 4200 km s~! as mea-
sured through Ha images and inferred from the “winking” of



FULL VIEW OF EIT WAVES 1203

remote filaments (Smith & Harvey 1971). This large velocity
discrepancy between the two phenomena was later explained
by Warmuth et al. (2001, 2004b) as being due to the decelera-
tion of the waves, though the winking of remote filaments does
not imply the deceleration of Moreton waves, and Foley et al.
(2003) found in one event that the EIT wave velocity near the
source active region was ~80—120 km s~ which is smaller than
that in the quiet region observed later and even smaller than the
sound speed in the low corona. Moreover, Harra & Sterling (2003)
found with TRACE data that not far from the flare site, the speed of
the EIT waves (in the conventional sense) is only ~200 km s~ !,
less than half that of a preceding wave, in which case the faster
wave could correspond to a coronal Moreton wave.

The occasional occurrence of stationary EIT wave fronts led
Delannée & Aulanier (1999) and Delannée (2000) to doubt the
magnetoacoustic-wave explanation for EIT waves. They were
the first to link EIT waves to the magnetic field evolution in-
volved in CMEs. They suggested that the EIT bright front is
halted to form a stationary front when it encounters regions where
the magnetic field is more or less vertical (e.g., a separatrix). We
performed MHD numerical simulation of CMEs (Chen et al.
2002) and found two associated wavelike patterns: a piston-
driven shock is formed straddling the erupting flux rope, which
sweeps the solar surface at a super-Alfvénic velocity; simulta-
neously, a slower moving wavelike structure, with enhanced
density bordering an expanding dimming region, is discerned to
move with a velocity about one-third that of the fast wave. We
proposed that the top of the piston-driven shock corresponds to
the source of type II radio bursts, while its skirt is the coronal
counterpart of Ha Moreton waves (or coronal Moreton waves),
and the slower moving wavelike structure corresponds to the EIT
waves, which are formed by successive opening of the field lines
covering the erupting flux rope rather than being a real wave. This
model was later confirmed by Harra & Sterling (2003) and Foley
et al. (2003). The former found that two waves with different
speeds are associated with a CME event.

In this paper, we present further numerical simulations in
order to clarify the debate over the nature of EIT waves and
provide explanations for the sharp EIT wave front occasionally
seen to be cospatial with Hae Moreton waves, the stationary EIT
wave front, and the acceleration of the EIT waves. In § 2, the
numerical method is described. Numerical results are presented
in § 3. We conclude by discussing the application of our model
to the aforementioned features in § 4.

2. NUMERICAL METHOD

We use an implicit multistep scheme (Hu 1989; further de-
veloped in Chen et al. 2000) to numerically solve the following
two-dimensional, time-dependent, compressible resistive MHD
equations in Cartesian coordinates:

8p . p—

o TV () =0, (1)
@Jr(v-V)HE—l(VxB)xB—F:o, (2)
ot PP

2 vy v =0 ()
£+U-VT+(7—1)TV-U—M(V><B)2:0, (4)

ot pB

where v = 5/3 is the ratio of specific heats, F is an external force
keeping the initial configuration in equilibrium and driving
the flux rope to erupt, and 7 is the dimensionless resistivity,

Fic. 1.—Initial magnetic configurations in case A (leff) and case B (right).
In case A, the background field is bipolar, while in case B another two active
regions reside in the background field.

that is, the inverse of the magnetic Reynolds number. For sim-
plicity, gravity is omitted. The five independent variables are
the density (p), velocity (v, v,), magnetic flux function (1)),
and temperature (7'); note that the magnetic field B is related to
the magnetic flux function through B =V x (¢¢é.). The equa-
tions are nondimensionalized using the following characteristic
values: pg=1.67x1071 kg m=3, Ty =1.5x10° K, Ly =2 x
10* km, and 3 = 0.15, where 3 is the plasma beta at the point
(0, 4.9) in the dimensionless coordinates (note that the dynamic
quantities, such as the velocity, in the results are independent of
po and L). So, the characteristic Alfvén speed is 575 km s~! and
the Alfvén timescale is 74 = 35 s. The dimensionless resistivity
7 is distributed as

1o cos 1.87x if [x] <0.3
n= xcos[(y—yum],  and[y—y,[ <05, (5)
0, elsewhere,

where 79 = 0.02 and y, is the height of the reconnection X-point.

As pointed out in § 1, EIT wave fronts are almost circular
when only one active region is on the disk, while they break into
many pieces when the global magnetic field becomes complex.
Correspondingly, two types of initial magnetic configurations,
denoted cases A and B, are applied in this paper, as shown in
Figure 1. In case A, a flux rope is embedded in a dipolar back-
ground field, the same as the one used in Chen et al. (2002); that
is, the magnetic field consists of a line current (¢), its image
current (v;), and the background field (v;,), as follows:

L2/, if r <y,
Yr=17 . (6)
st0o —rolnrg +rolnr, if r > ro,
i = —groIn [ 4+ (y+2)7, (7)
p = 0.143

[+ 0.3)* +(y + 0.3))][(x — 0.3)* +(y + 0.3)*]
[+ 152 +(y+ 0.3)][(x — 15 +(y + 0.3)]

(8)

where 7 = [x2 + (y — 2)*]'/? and ry = 0.5 is the radius of the
flux rope. In case B, two more active regions are placed sym-
metrically on either side of the source active region. The con-
tribution of the side regions to the background magnetic field is
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Fic. 2.—Evolution of the density (gray scale), magnetic field (solid lines), and velocity (arrows) in case A. A piston-driven shock straddles the erupting flux rope,
with the legs sweeping the solar surface and an expanding dimming region lagging far behind. [See the electronic edition of the Journal for a color version of this figure.]

As the initial conditions, a uniform temperature 7 = 1 is as-
sumed and the density is distributed as

B { 1+28,1(1 =72 /r})

1, if r > ry,

if » <y,

(10)

where [ is the plasma beta around the flux rope. As in Forbes
(1990) and Chen & Shibata (2000), the initial gas pressure bal-
ances the magnetic force within the current filament only when
the image current and the background field are absent.

The dimensionless size of the simulation box is described by
|x] <12 and 0 < y < 18. Owing to symmetry, the simulations
are made only in the right half-region, which is discretized into
148 x 541 grid points. The bottom of the simulation area is a
line-tying boundary, where all quantities are fixed except for
7, which is determined by equivalent extrapolation. The left
boundary (x = 0) is symmetric, while the other two boundaries
are open.

To initiate CMEs, shearing motion, converging motion, and
flux emergence are all appropriate (see Chen & Shibata 2000).
Here, similar to the case in Chen et al. (2002), an upward exter-
nal force F=[1.3 + 5.7(trope — 0c)/tropele* e Ve, is exerted
on the flux rope, that is, the region with —1.5 > ¢ > 1., where
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1. is the value of 1 at the center of the flux rope, v, is the
velocity at the flux rope’s center, and v, is a parameter that
controls the final velocity of the flux rope. With the specified ex-
ternal force F, the final velocity of the flux rope is around vyopc
with a weak oscillation.

3. NUMERICAL RESULTS

In case A, in which only the source active region is present,
the evolution is the same as described in Chen et al. (2002); that
is, the external force drives the flux rope to erupt, the plasma
below the flux rope is evacuated rapidly, and the lateral plasma,
with frozen-in field lines, is driven inward to form a current
sheet near the null point. Reconnection is then induced, which
is thought to be crucial for the ejection of the flux rope (e.g., Lin
& Forbes 2000; Lin 2004). Below the reconnection X-point,
cusp-shaped flare loops are formed as shown in Figure 2, which
presents the evolution of the density, magnetic field, and ve-
locity for an adopted vyope = 100 km s~!. As reconnection pro-
ceeds, the flare loop apparently expands and its two footpoints
separate, which is the classical paradigm for two-ribbon flares.
Field lines covering the flux rope are pushed to expand in both
the upward and the lateral directions. As a result, a piston-driven
shock appears straddling the flux rope, the top part of which
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Fic. 3.—Evolution of the density distribution ( p, leff) and its running difference (Ap, right) along the line y = 0.5 for case A. Note that the distribution at each
time is stacked on the previous one, with an increment of 0.018 every 0.47, for the left panel and 0.001 every 0.87, for the right panel.
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FiG. 4—Left, distribution of the coronal Moreton wave velocity (solid line), EIT wave velocity (error bars), and local fast-mode wave speed (dashed line) along
the line y = 0.5 in case A; right, distribution of the type II burst velocity (solid line) and local fast-mode wave speed (dashed line) along the y-axis.

moves upward at a speed of 428 km s~! at y = 7, larger than
the local fast-mode wave velocity; this was interpreted to cor-
respond to the source of type Il radio bursts in Chen et al. (2002).
Near the bottom boundary, the piston-driven shock may degen-
erate to a finite-amplitude MHD fast wave, depending on the
strength of the shock. On the other hand, a region of depleted
density far behind the shock, which may be described as a cavity
or a dimming region, is formed surrounding the erupting flux rope
and the solar flare.

As time goes on, the skirt of the piston-driven shock sweeps
outward rapidly, while the boundary of the dimming region
moves much slower. The difference can be seen much more
clearly in Figure 3, which depicts the evolution of the density
distribution along the right half of the horizontal line y = 0.5 in
the left panel and the evolution of its running difference in the
right panel. In this figure, two wavelike structures are clearly
visible besides the motion of the flare loop footpoint. The first
wave, which propagates very quickly and lies at the outermost
part of the perturbed region, corresponds to the right leg of the
piston-driven shock wave and was explained as the coronal
counterpart of an Ho Moreton wave (or a coronal Moreton
wave) in Chen et al. (2002). It is moving at 398 km s~ when it
passes x = 7. Between this wave and the flare loop footpoint is
the second wavelike structure (white arrow, left), which sepa-
rates a propagating density-enhanced front to the right and an
expanding density-depleted region to the left. The nature of this
wavelike structure is hinted at by the right panel, where it sep-
arates a region full of fast-mode waves on its right side and a
quiet region with a smooth Ap distribution on its left. The prop-
agating density-enhanced front was interpreted as the observed
EIT wave in Chen et al. (2002). It moves at 142 + 4 km s~
averaged from ¢ = 47, to t = 1074.

The kinematics of the wave phenomena is shown in Figure 4,
which displays the distribution of the coronal Moreton wave
velocity, the EIT wave velocity, and the local fast-mode wave
speed along the line y = 0.5 near the surface (/eff) and the
distribution of the type II burst velocity and the local fast-mode
wave speed along the y-axis (right). In the left panel, it can be
seen that the fast-mode magnetosonic Mach number of the
coronal Moreton wave decreases from 1.15 atx = 3.5 to almost
unity around x = 5. Though there is a slight increase near the
weakest magnetic field between x = 6 and x =9, possibly
owing to nonlinear effects, the Mach number recovers to around

unity thereafter. Note that the EIT wave speed is several times
smaller than the local fast-mode wave speed. In the right panel,
it can be seen that above the erupting flux rope the perturbation
steepens into a shock, with the magnetosonic Mach number in-
creasing to ~1.15 between y = 8 and y = 14. Past y = 15, the
Mach number even reaches ~1.3. It is straightforward to un-
derstand that as the parameter v, (Which controls the final
velocity of the flux rope) increases, the piston-driven shock gets
stronger, and hence the upward-moving velocity of the top part
of the shock increases. We simulated nine cases, with vyopc
ranging uniformly from 100 to 300 km s~'. In each case, three
quantities are calculated: (1) the rising speed of the top part of
the piston-driven shock; (2) the horizontal speed of the leg of
the piston-driven shock, that is, the coronal Moreton wave; and
(3) the EIT wave velocity. Figure 5 plots the variation of the
coronal Moreton wave speed and the EIT wave speed versus
that of the upward-moving shock. Here we simply assume
that the top of the piston-driven shock is the source of type II
radio bursts. It can be seen that as the speed of the type Il radio
source increases, the coronal Moreton wave speed increases
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FiG. 5.—Variations of the Moreton wave speed and the EIT wave speed with
respect to that of the type Il radio source in case A, where the legs of the piston-
driven shock are regarded as the coronal Moreton wave and the top part of the
piston-driven shock is considered to be the source of type II radio bursts.
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Fic. 6.—Evolution of the density (gray scale), magnetic field (solid lines), and velocity (arrows) in case B. The piston-driven shock is refracted by active regions,
and the following EIT wave stops near their boundary. [See the electronic edition of the Journal for a color version of this figure.]

correspondingly; the EIT wave speed, however, shows little
variation.

In case B, where another two active regions reside sym-
metrically in the background, the initial evolution is quite sim-
ilar to that in case A. However, when the coronal Moreton
waves reach the side active regions, they are deflected slightly
by the strong magnetic field and rapidly circumvent the active re-
gions, as illustrated by Figure 6. Thereafter, the coronal Moreton
waves continue to propagate outward. In contrast, when the EIT
waves propagate to the boundary of the side active regions, they
are halted. This is clearly illustrated by Figure 7, which plots the
evolution of the density distribution along the right half of the
horizontal line y = 0.5, with the density distribution at each time
stacked on the previous one with an increment of 0.018 every
0.47 5. The spectacular difference from case A (see Fig. 3) is that
after ¢t =~ 157, the EIT wave remains stationary at x = 4.5.
Compared with the magnetic configuration of case B (Fig. 1,
right), it is found that the stationary front is almost cospatial with
the local separatrix.

4. DISCUSSION

4.1. Model of the EIT Waves

More than 40 years ago, it was found that Ha disturbances
in some flare events propagate through the chromosphere over

5.0

EIT wave stops here

2.5

2.0

Coronal Moreton wave
L L L L
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X

Fic. 7.—Evolution of the density (p) distribution along the line y = 0.5 for
case B, in which another active region is located between x = 4 and x = 6.
Note that the p-distribution at each time is stacked on the previous one, with
an increment of 0.018 every 0.474.

distances on the order of 5x 10° km with velocities ranging
from 500 to 2000 km s~ !, which later came to be called Moreton
waves (Moreton & Ramsey 1960). These properties could
not be accounted for by any wave of chromospheric origin, so
they presented quite a puzzle for researchers. Uchida (1968)
proposed that the skirt of the wave-front surface of a coronal
fast-mode wave sweeps the chromosphere and produces the
Moreton waves. The wave is refracted toward a low Alfvén
velocity region to sharpen into an enhanced fast-mode shock
wave that could emit type II radio bursts in the corona (Uchida
1974). This model is in agreement with the strong relationship
between Moreton waves and radio bursts found by Kai (1970),
and it confirms the proposal by Wild et al. (1963) that Moreton
waves could have the same origin as the type II radio bursts.
Therefore, there should be a coronal counterpart to Hae Moreton
waves, though the search for such a wave was not so successful
until a few years ago (e.g., Khan & Aurass 2002; Hudson et al.
2003). The recent discovery of the EIT waves sparked intense
interest in this topic (e.g., Moses et al. 1997; Thompson et al.
1998). Since EIT waves propagate across magnetic field lines in
the corona, and their velocities are typically—though not for all
events—larger than the sound speed in the low corona (Klassen
et al. 2000), they were naturally explained in terms of fast-
mode waves, or as the coronal counterparts of chromospheric
Moreton waves (e.g., Thompson et al. 1999; Klassen et al. 2000).
However, statistical research by Smith & Harvey (1971) and
Klassen et al. (2000) has indicated that the velocities of Moreton
waves are generally 2—3 or even more times as large as those of
EIT waves, which strongly suggests that the two kinds of waves
are quite different phenomena.

In order to reconcile the discrepancy, we numerically sim-
ulated the wave phenomena induced by CMEs (Chen et al.
2002). It was found that as the flux rope is ejected, field lines
covering the flux rope are pushed to expand and a piston-driven
shock appears straddling the flux rope, which sweeps the so-
lar surface at a super-Alfvénic speed. This was explained as the
coronal counterpart of the chromospheric Moreton waves. Si-
multaneously, a slower moving wavelike pattern is discerned
with an enhanced-density region ahead. The propagating den-
sity enhancement was proposed to correspond to the observed
EIT waves. For the case = 0.05, the speed of the coronal
Moreton waves was ~773 km s~ !, while that of the EIT waves
was ~250 km s~!. The result is consistent with the statistical
research (Smith & Harvey 1971; Klassen et al. 2000), as well as
a case study by Eto et al. (2002). Based on the analysis of the
numerical results, we pointed out that coronal Moreton waves
are shock waves driven by CMEs rather than any blast wave
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Fic. 8.—Schematic diagram illustrating how the opening-related perturba-
tion induced by the erupting flux rope is transferred from the top to the foot-
point of each field line so that EIT wave fronts are formed successively, from
point C to point D at two different times. Note that the transfer of the pertur-
bation to the left footpoints of the field lines is not shown here.

directly associated with flares. Most importantly, as suggested
by the numerical results, we proposed a theoretical model for
the EIT waves; that is, the observed EIT waves are more akin to
a propagating wave packet than to waves of any mode, and they
are formed by successive stretching (or opening in a general
sense) of the field lines, in which the stretching is initiated by
the erupting flux rope and is transferred from the top to the
footpoint of any individual field line. The model is schemati-
cally depicted in Figure 8: As the flux rope rises, the field line
near point A is first pushed and stretched. The induced pertur-
bation will propagate out as a piston wave or piston shock,
while the large-amplitude deformation itself will be transferred
along the field line down to footpoint C (as well as E) by Alfvén
waves and also across the field lines up to point B by fast-mode
waves at their respective group velocities. Then an EIT wave
front appears at footpoint C (as well as E). Subsequently, the
deformation at point B is transferred down to footpoint D (as
well as F) by Alfvén waves and up to the top of a higher field
line by fast-mode waves with corresponding group velocities.
Thus anew EIT wave front appears at footpoint D (as well as F).
During the stretching process, the plasma on the outer side of
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the field line is compressed to form the density-enhanced EIT
wave front, while inside the field line, the plasma is evacuated
to form a dimming region due to the expansion.

Under the simplified assumption that all field lines are con-
centric semicircles, our model predicts that the apparent prop-
agation velocity of EIT waves is vgr = CD/Af = 1/(1)]7-1 +
17/vy") ~ 0.34v, (where vy = 0.8v; is assumed), that is, about
0.34 times the local fast-mode speed (Chen et al. 2002). It also
implies that Moreton waves move about 3 or more times faster
than EIT waves. In reality, field lines may be stretched in the
solar radial direction as illustrated by the solid line GHI in
Figure 8, which would greatly increase the transfer time from
point B to points I through H and decrease the apparent prop-
agation velocity of the EIT waves. When the field line GHI
approaches infinity, as in the case of the interface between large-
scale closed field lines and a coronal hole with open field lines,
the transfer time would become infinite. It turns out that EIT
waves stop near the boundary of a coronal hole. Therefore, our
model not only can reconcile the velocity discrepancy between
Moreton waves and EIT waves but also can explain why EIT
waves avoid coronal holes. Besides, since EIT waves are gen-
erated by successive stretching of the field lines according to this
model, it is also straightforward to understand why EIT waves
are not seen around magnetic neutral lines. Based on our model,
the EIT wave speed can be estimated for any given magnetic
configuration. Figure 9 plots the theoretical motions of the EIT
waves in case A (left) and case B (right) based on our model with
the corresponding magnetic configurations shown in the two pan-
els of Figure 1, that is, their initial distributions. The theoretical
motions are qualitatively consistent with the simulation results
displayed in the left panel of Figure 3 for case A and in Figure 7
for case B, respectively; for example, the EIT waves propagate
continually outward in case A, while they are halted near the
footpoint of the magnetic separatrix for case B; the averaged EIT
wave speed for case A from ¢ = 47, tot = 107, is estimated to be
128 + 2 km s~ !, compared with 142 4+ 4 km s~! obtained from
the numerical simulation. The deviation results from the de-
formation of the magnetic configuration after eruption.

4.2. Relation to Moreton Waves

According to our model, there should exist two types of
coronal wave phenomena associated with a CME. A piston-
driven shock wave straddles the CME, the legs of which are the
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Fic. 9.—Theoretical estimate of the EIT wave motions in case A (leff) and case B (right) based on our model sketched in Fig. 8. The corresponding magnetic

configurations are shown in the two panels of Fig. 1.
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coronal counterpart of the Ha Moreton waves. At the same
time, a slower moving wave structure propagates outward with
diffuse bright fronts followed by an expanding region of EUV
dimming. The observed sharp EIT wave front, cospatial with
Ha Moreton waves or SXR waves in some events, is just the
coronal counterpart of the Ho Moreton wave front. Owing to
the low time cadence of the SOHO EIT (~15 minutes), it is
hardly possible to catch two coronal Moreton wave fronts if the
coronal Moreton wave is moving very fast. However, in cases in
which it moves with a low velocity, such as 300-400 km s~ it
is still possible for the SOHO EIT to catch two or more EUV
fronts cospatial with the Hoe Moreton waves. This has been found
for some events analyzed by Gilbert et al. (2004), Okamoto et al.
(2004; the second event in their Table 1), Vrsnak et al. (2002),
and Warmuth et al. (2004a). The absence of a slower EIT wave in
these events is probably due to weak wave fronts that are below
the instrument’s detection capability. With their high time ca-
dence, EUV telescopes such as TRACE and the future Solar-B
EUV Imaging Spectrometer will resolve two kinds of waves,
that is, a fast-moving EUV wave with sharp fronts, followed by a
slower moving “wave” with diffuse fronts. The fast-moving wave
may have either bright or weak fronts, strongly depending on
the temperature of the shocked plasma. Our model was strongly
confirmed in an analysis combining TRACE and SOHO Coronal
Diagnostic Spectrometer data by Harra & Sterling (2003), who
presented the first high time cadence spectral observations of EIT
waves. They found that a weak wave appears to emanate from a
bright wave, with velocities of ~500 and ~200 km s~!, respec-
tively. The plasma between these two waves has a low Doppler
velocity (<10 km s~!). Combined with their earlier results about
the strong Doppler motion inside the dimming region behind
EIT waves (Harra & Sterling 2001), the whole picture is in
good agreement with our model; that is, the fast-moving wave is
the coronal counterpart of an Ho Moreton wave with very small
Doppler motion in the downstream region, while the observed
slow-moving EIT wave corresponds to a process of successive
large-amplitude stretching of closed field lines with substantial
Doppler motions inside. In this regard, we note in passing that
both the horizontal and the vertical velocities, corresponding
respectively to the Doppler motions in limb and disk events, are
substantial only within the dimming region in our numerical
results, though only the horizontal velocity was plotted in Chen
et al. (2002).

Before the discovery of CMEs, Ho Moreton waves were
though to be the sweeping skirts of flare-induced coronal fast-
mode shock waves, which emit type Il radio bursts (e.g., Uchida
1974). However, an investigation by Cliver et al. (1999) sug-
gested that type II bursts, as well as Moreton waves, have their
root cause in fast CMEs. This is consistent with our model, in
which a piston-driven shock wave straddles the whole CME.
This shock wave, as the source of type II radio bursts, may
have been observed as SXR waves (e.g., Khan & Aurass 2002;
Narukage et al. 2002; Hudson et al. 2003) and is also thought to
be the acceleration region of CME-related nonthermal particles
(Reames 1999; Aschwanden 2002). Bothmer et al. (1997) and
Krucker et al. (1999) compared EIT wave positions and electron
acceleration sites and found that the speed of the EIT waves is
up to a factor of 2 too slow to propagate from the flare site to the
footpoint of the Parker spiral connecting the Sun and the de-
tecting spacecraft, along which energetic particles are trans-
ported. It was concluded that EIT waves are unlikely to be
the source of the electron events. The results imply that the dif-
fuse EIT waves are not cospatial with coronal Moreton waves,
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thereby providing indirect evidence to support our model.
Quantitatively, the numerical results in Figure 4 indicate that
the Mach number of the coronal Moreton wave decreases, with
some fluctuations, to almost unity when the wave propagates to
a large distance from the flare site. This could be consistent with
the observational fact that Moreton waves are generally not de-
tectable very far from the flare site (see Warmuth et al. 2004a).
The figure also indicates that the Mach number of the type II
bursts (top part of the piston-driven shock, which could also be
observed as an SXR wave) is about 1.15—1.3, which is quite
consistent with the values inferred from the observations by
Hudson et al. (2003).

Pinter (1977) found that the estimated speeds of type II radio
bursts exceeded, but were typically proportional to, the asso-
ciated Moreton wave velocities. On the other hand, the statis-
tical study by Klassen et al. (2000) indicated that the type II
radio velocity and EIT wave speed are uncorrelated. The com-
bined results, which are confirmed by our numerical results
shown in Figure 5, further imply that Moreton waves and the
general diffuse EIT waves are two distinct phenomena. The
correlation between type Il radio bursts and Moreton waves can
be easily understood in our model, since they are considered to
correspond to the top part and the leg of the same piston-driven
shock, respectively. With a faster eruption of the flux rope, due
to, say, a larger reconnection rate of the current sheet below, the
Mach number of the piston-driven shock gets larger and the
shock propagates faster. However, the so-called EIT waves in
the general sense with diffuse fronts are not related to the shock
wave; they are generated by successive stretching of the closed
field lines covering the flux rope. Their apparent speed mainly
depends on the magnetic field and the geometry.

It is interesting to find in the left panel of Figure 3 that about
three ripples (a strong one and two intermediate ones) follow
the outermost front of the coronal Moreton wave with the same
velocity of travel, which can also be seen in Figure 2. They may
explain the existence of two ripples in an SXR wave event
discovered by Hudson et al. (2003). Analysis of the numerical
results indicates that the ripples are generated during the ac-
celeration of the driving source, that is, the flux rope. The pro-
cess may be understood qualitatively as follows: After the flux
rope is ejected, the perturbation propagates out, with the out-
ermost front being the coronal Moreton wave; as the flux rope is
accelerated, stronger piston-driven perturbations are formed
traveling behind the outermost wave front at a super-Alfvénic
speed.

4.3. Stationary Fronts of EIT Waves

The existence of a stationary front in some EIT wave events,
lasting at least 17 minutes, presents a major challenge to the
fast-mode wave explanation of the EIT wave phenomenon.
Based on the result that stationary EIT fronts are cospatial
with the footpoints of the separatrix between active regions,
Delannée & Aulanier (1999) and Delannée (2000) proposed that
EIT waves may be related to the opening of field lines and
the stationary bright front may represent a compression of the
plasma near the footpoints of the opening field lines located
close to the separatrix. This is in accordance with the fact that
EIT waves appear as almost circularly moving fronts when the
photospheric magnetic field distribution is simple (e.g., if only
one active region exists; see Fig. 2 of Thompson et al. 1998)
and become dispersed or halt near the edge of the separatrix
between active regions when the magnetic configuration on the
Sun is complex (see Fig. 2 of Thompson et al. 1999). Case A in
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this paper represents the situation in which the background
magnetic structure is simple; in contrast, case B corresponds to
the situation where other active regions are present in the
background field. Note that the polarity of the pair of side active
regions may have an orientation the same as or opposite to the
source active region. In this paper, the polarity of the side active
regions is opposite to that of the source active region. Our sim-
ulations reveal that in case A, the EIT wave propagates outward
continually with a weak deceleration due to the decreasing, and
more and more stretched, background magnetic field, as shown
by Figure 3; in case B, however, the EIT wave decelerates out-
ward until it reaches the boundary of another active region,
where a separatrix is located. Thereafter, the EIT wave stops
(near x = 4.5) to form a stationary front close to the magnetic
separatrix, as indicated by both the numerical result (Fig. 7) and
the analytical result (Fig. 9). This is similar to the 1999 June 13
event, in which an EIT wave propagated initially (Wills-Davey
& Thompson 1999) and then stopped at a nearby separatrix
(Delannée 2000).

This evolution in case B can be understood as follows: The
magnetic configuration near the flux rope is slightly affected
by the side active regions; therefore, the EIT waves initially
propagate outward as in case A, with only the propagation ve-
locity changed slightly. However, near the magnetic separatrix
between the active regions, field lines are strongly convergent
toward their footpoints near x = 4.5. According to our model
sketched in Figure 8, the EIT waves become slower and slower
as these field lines are being opened. Finally, when the field line
closest to the separatrix is pushed to open, its leg keeps pressing
the side active region to form a stationary front, since the field
lines within the side active region are in another flux system and
do not follow the stretching. In some other case in which the
field lines near the separatrix are not convergent toward their
footpoints, for example, if the side active regions have the same
polarity orientation as the source active region, the EIT waves
might not experience the strong deceleration process seen in the
right panel of Figure 9. They may propagate to the separatrix
with a substantial velocity and then be halted to form a sta-
tionary front, for the same reason as described above. Since the
boundary of coronal holes is also a separatrix, it is not surpris-
ing that EIT waves are also observed to stop near them. At the
same time, note that Figure 7 reveals that the EIT wave re-
appears beyond the active region near x = 7.5 after t = 207a,
concurrent with the stationary wave front at x = 4.3, while
the coronal Moreton wave propagates continually outward, al-
though refracted by the active regions. From the discussion
above, it may be concluded that EIT waves are not real waves;
they are generated by the successive stretching of closed field
lines, which is demonstrated by our model and has been sug-
gested by Delannée & Aulanier (1999). Moreover, EIT waves
would stop near a magnetic separatrix to form a stationary front,
as demonstrated by both the numerical simulations (Fig. 7) and
our analytic result (Fig. 9).

4.4. Toward a Full View of EIT Waves

The numerical simulations described in this paper, as well
as those in Chen et al. (2002), demonstrate that, globally, there
are two wave phenomena related to CME events. One is a fast-
moving piston-driven shock wave that straddles the CME. Its
upper part may be observed as a coronal SXR wave, which
could also be the source of type II radio bursts. Its leg, that is,
the coronal Moreton wave, sweeps the solar surface to form an
Ha Moreton wave. Behind the coronal Moreton wave exists a
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slower moving wavelike structure with a density enhancement
ahead of it. We propose that the propagating density enhance-
ment near the solar surface corresponds to the observed “EIT
wave,” which results from the successive stretching of closed
field lines. The mechanism underlying the EIT waves is sche-
matically depicted by Figure 8. In our model, coronal Moreton
waves are shock waves driven by CMEs, while EIT waves cor-
respond to the successive stretching of field lines covering the
erupting flux rope rather than to real waves.

According to our model, the wave phenomena associated
with CMEs may present the following characteristics:

1. There should be two types of wave phenomena in the
corona during an eruption, where the fast-moving wave is the
coronal counterpart of the Ha Moreton wave (or the coronal
Moreton wave), while the slower moving one is the EIT wave,
with diffuse fronts.

2. If only a single active region exists on the solar surface
as in case A of this paper, the EIT wave propagates continually;
in contrast, when another active region is present in the back-
ground magnetic field, the propagating EIT wave will stop near
the separatrix between the two active regions.

3. Owing to its low time cadence, SOHO’s EIT may catch
several “EIT wave” fronts and at most one front of the coronal
Moreton wave in one event if the coronal Moreton wave is mov-
ing very fast. Several EUV fronts cospatial with Ho Moreton
waves can be captured only if the coronal Moreton waves have
velocities near the lower limit, say, 300-400 km s~!. In this
case, the much slower EIT wave fronts are often too weak to be
detected.

4. The observed EIT wave speeds depend on both the mag-
netic field strength and the magnetic geometry. Theoretical anal-
ysis indicates that if the field lines covering the flux rope are
close to a dipole field with concentric semicircular field lines,
the EIT wave speeds will be about one-third of the local coronal
Moreton wave speeds near the solar surface; if the field lines are
strongly stretched in the solar radial direction, as probably oc-
curs near the boundary of active regions, the EIT wave speeds
would be much smaller than that of the local coronal Moreton
waves near the solar surface. Therefore, it could be possible for
the EIT wave speed to be higher in the quiet regions than near
active regions, as found by Foley et al. (2003). A simulation of
this is reserved for a separate paper.

5. With the assumption that the upper part of the piston-
driven shock is the source of type Il radio bursts, our simulations
indicate that the propagation velocities of type Il radio bursts are
larger than, and nearly proportional to, those of Moreton waves,
while being almost uncorrelated with those of EIT waves, a re-
sult comparable to observations.

6. The “EIT dimming” phenomenon should be closely as-
sociated with EIT waves, since an expanding plasma-depleted
region with strong Doppler motions is left behind an EIT wave,
while there are no substantial Doppler motions between the co-
ronal Moreton wave and the EIT wave.

The research by Biesecker et al. (2002) indicates that if an
EIT wave is observed, then there must be a CME. This is con-
sistent with our model in which EIT waves are generated by
successive stretching (or opening) of closed field lines, which is
widely believed to be involved in CMEs. However, they also
pointed out that not all CMEs have associated EIT waves, though
field-line opening occurs in all CMEs. Kay et al. (2003) further
show that the occurrence of EIT waves among CME events is
not correlated with the speed of the CME. It thus becomes a
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question why EIT waves are absent in some CME events. Be-
sides the role of the background magnetic configuration, we
postulate that the Fe xu 195 A signature of the EIT waves during
a CME event strongly depends on the initial temperature of the
plasma, since our numerical results indicate that the plasma
temperature increases weakly inside the EIT wave fronts, while
the contribution function of the emission line is very sensitive to
the temperature. To make a more detailed comparison between
numerical simulations and observations, Fe xi1 195 A images

should be synthesized on the basis of MHD numerical results, a
task to which we will devote a future paper.
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