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Abstract Recently, 3D STEREO observations explained the 3D structure of EUV waves.
Patsourakos and Vourlidas (Astrophys. J. 700, L182, 2009), Veronig et al. (Astrophys. J.
716, L57, 2010) and Selwa, Poedts, and DeVore (Astrophys. J. 747, L21, 2012) reported on
the dome-shaped EUV waves resulting from different events. Here, we model, by means
of 3D MHD simulations, the formation of dome-shaped EUV waves in rotating active re-
gions (ARs). The numerical simulations are initialized with idealized (multi-)dipolar coronal
(low β) configurations. Next, we apply a sheared rotational motion to the central parts of all
the positive and negative flux regions at the photospheric boundary. As a result, the flux
tubes connecting the flux sources become twisted. We find that in all the studied configu-
rations of idealized ARs, the rotating motion results in a dome-shaped structure originating
from the AR. However, the shape of the dome depends on the initial configuration (topol-
ogy of the AR). The initial stage of the wave evolution consists of multiple fronts that later
merge together forming a single wave. The observed EUV wave propagates nearly isotrop-
ically on the disk and also in the upward direction. We remark that the initial stage of the
evolution is determined by the driver and not caused by a magnetic reconnection event. At
a later stage, however, the wave propagates freely. We study the different wave properties
resulting from different driver speeds and find that independent of the initial AR topology
the 3D dome-shaped wave is excited in the system. The symmetry of the 3D dome depends
on the topology of the AR and on the duration of the driver. The EUV wave triggered is in-
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dependent of the temporal profile of the driver. However, the properties of the wave (speed,
sharpness of the cross-section, etc.) depend on the type of the trigger.

Keywords Active regions, models · Corona, structures · Flares, pre-flare phenomena ·
Flares, waves · EUV waves, propagation

1. Introduction

The dynamics of the solar corona is determined by its connection to the photosphere. Coro-
nal flows and motions often originate from dynamics of sunspots, e.g. their rotation. Rotat-
ing sunspots are actively studied currently. The first observational evidence of photospheric
twisting motions was reported by Kempf (1910) and Evershed (1910). Rotational motions of
and around sunspots were later observed by many authors: St. John (1913), Maltby (1964),
Kučera (1982), Hofmann et al. (1987), and Brandt et al. (1988). The first detailed study was
described by Brown et al. (2003). The current state-of-the-art instruments recently enabled
more detailed observations of rotating sunspots, e.g. the case known as the “solar hurricane”
(NOAA AR 10930, presented by Schrijver et al., 2008). Yan, Qu, and Kong (2008) provided
a detailed statistical study of rotating sunspots. These authors presented information about
the polarities, the directions of rotation and the helicities of sunspots that lead to different
classes of solar flares. Usually, sunspots rotate over a small angle (which most often does
not exceed one full rotation). The most famous examples of sunspots that rotated to a signif-
icant angle have been reported by Brown et al. (2003) using white-light TRACE data (some
sunspots rotated up to 200° around their umbral center over a period of 3 to 5 days) and,
recently, by Min and Chae (2009) who described the twist of sunspots in NOAA AR 10930
(the small hurricane sunspot of positive polarity rotated counterclockwise about its center
by 540° during a period of 5 days).

According to the classification by Yan, Qu, and Kong (2008), two rotation patterns can
be distinguished among the rotating sunspots, viz.:

• Spinning sunspots (i.e. rotation around an axis internal to the sunspot).
• Rotating sunspots (i.e. rotation around an axis external to the sunspot).

In this paper, we will focus on the modeling of spinning sunspots (i.e. rotating around an
internal axis). This kind of rotation (classified by Yan, Qu, and Kong, 2008 as type I or III,
depending if one or both sunspots rotate, respectively) has been observed in 98 cases (78
type I and 20 type III) by Yan, Qu, and Kong (2008). One of the best examples of type I
is NOAA 10486 observed over the period 25–28 October 2003. The positive source was
spinning clockwise by ∼ 180° during that period (see Figure 2 in Yan, Qu, and Kong, 2008)
and resulted in solar flares. Additionally, we find that there was an EUV wave originating
from that NOAA 10486 at that time.

Although the origin of EUV waves remains controversial (some observers suggest flare-
initiated blast waves, e.g. Warmuth et al., 2004, while others favor a CME related event, e.g.
Cliver et al., 2005; Chen, 2006; Schmidt and Ofman, 2010), EUV waves are often associated
with solar flares. Biesecker et al. (2002) reported that on average 66 % of the EUV waves
are associated with solar flares (depending on the strength of the flare and its location – i.e.
disk or limb events). Recently, Schrijver et al. (2011) found with SDO/AIA 211 Å data that
the EUV wave started almost simultaneously with the ribbon brightenings, however, earlier
than the major flare peak. NOAA 11158 consisted of five sunspots that rotated and spinned
over 50 – 130 degrees (some clockwise, the others counterclockwise) over the time period of
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5 days of observations and lead to more than 40 smaller flares in addition to the main X-class
flare released on 15 February 2011 (Brown, 2011). Klassen et al. (2000) analyzed 21 EUV
waves seen by SOHO/EIT and found that they start in the time window around associated
type II bursts (which indicate the start of the impulsive flare phase). 71 % of these bursts
start after the associated EUV wave is propagating.

The origin of EUV waves still remains unclear. Except of the flare or CME triggered EUV
waves observed in plasma pressure and density, there are suggestions of EUV waves result-
ing from the generation of electric currents while considering the connectivity change during
a CME eruption (Delannée, Hochedez, and Aulanier, 2007). Liu et al. (2010) suggest the
hybrid model, combining both the wave and non-wave aspects (sharp front caused by CME
compression, while the weaker diffuse front is an MHD wave generated by the CME). Such
a model is also suggested by Downs et al. (2011) and capable to explain many of the EUV
waves. The nature of EUV waves is not explained in detail either: Wang (2000) suggests
that EUV waves are fast mode waves (this has been supported by several 3D MHD mod-
els, i.e. Wu et al., 2001; Ofman and Thompson, 2002; Ofman, 2007; Schmidt and Ofman,
2010; Selwa, Poedts, and DeVore, 2012), while Zhukov, Rodrigues, and de Patou (2009)
provide evidence (from an EUV wave observed on 8 December 2007) against the wave hy-
pothesis (very low initial wave speed which then accelerated 5 – 10 times). These authors
suggest that the observed phenomenon was produced by the magnetic field restructuring
during the CME eruption. Wills-Davey, DeForest, and Stenflo (2007) suggested the pos-
sibility of an EUV wave being a soliton, which could explain many phenomena moving
at velocities lower than Alfvén speeds and non-dispersive single pulse manifestations. Re-
cently, Patsourakos et al. (2009) showed, using STEREO data and forward modeling, that
the projection of the CME on the disk was inconsistent with the location and size of the EUV
wave. These authors also supported the fast mode interpretation of EUV waves triggered by
a rapid expansion of the loops associated with the CME.

EUV waves have been studied for a long time with SOHO/EIT. Due to the poor time-
cadence of this instrument, only few properties of the wave could be studied. A detailed
catalog of EUV waves seen by SOHO/EIT was published by Thompson and Myers (2009).
These authors indicate the locations of the waves, the associated active regions (ARs) and
the speeds of the wave fronts. The measured speeds vary in the range of 50 – 700 km s−1,
with typical speeds of 200 – 400 km s−1. Similar results were mentioned before by Klassen
et al. (2000) for the study of EUV wave associated with type II events and later by War-
muth and Mann (2011) for the study of waves observed by SOHO/EIT combined with other
cases observed by STEREO/EUVI. Newer instruments have enabled more detailed stud-
ies of EUV waves, both in space (3D geometry seen by STEREO) and in time (SDO).
Veronig, Temmer, and Vršnak (2008) reported a STEREO/EUVI observation of a coronal
wave that decelerates while propagating, which indicates a freely propagating MHD wave.
Additionally, these authors claim that the wave is initiated by the expanding CME flanks
and is associated with a weak (B-class) flare, which occurs too late to be the trigger of the
wave. Temmer et al. (2011) studied another event and using a forward fitting model they
found that the expanding CME flanks most likely drive and shape the coronal wave. Ma
et al. (2009) studied the kinematics and morphology of an EUV wave originating from AR
10997 seen by STEREO. These authors claim that the EUV wave propagates with nearly
constant velocity and that the wave contains some intensity contribution from the associated
CME. The recent AIA/SDO observations by Liu et al. (2010, 2012) of the fine structure
of EUV waves, suggest that the disturbance may originate from fronts which overtake one
another and produce multiple “ripples”. The most recent SDO observations combined with
STEREO-A data by Zheng et al. (2012) show EUV waves originating from AR 11124 which
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are associated with flux emergence, surges, and weak flares. The authors state that succes-
sive loop expansions or eruptions were observed at the limb, but no definitive evidence was
found for any white-light CMEs. Additionally, NOAA 11124 was studied by Schlichen-
maier, Rezaei, and Bello González (2012) who found that this AR showed signs of flux
emergence and its sunspots rotated. More information about EUV waves can be found in
the recent review papers: Wills-Davey and Attrill (2009), Gallagher and Long (2011), and
Zhukov (2011).

Since the launch of STEREO, the three-dimensional structure of the EUV waves has
been discovered and studied. Patsourakos and Vourlidas (2009) found that the best-fit CME
is different from best-fit EUV wave using forward modeling of the CME and the EUV wave
and confirmed the wave nature of this phenomenon using STEREO quadrature observations.
The best-fit wave indicated a dome-like shape (see their Figure 4). Veronig et al. (2010) pre-
sented the 3D dome-like structure of EUV waves (see their Figure 2). These authors claim
that the observed dome is different from the erupting CME because of the spherical form
and the sharpness of the outer edge, and because the low-coronal parts of the wave per-
fectly match the wave propagating on the disk. Veronig et al. (2010) found that the observed
dome propagates twice faster upwards than on the disk (the upward propagation speed was
650 km s−1 while the speed of the wave on the disk reached only 280 km s−1). Therefore,
the upward expansion of the dome is driven all the time and might depend on the speed of
the CME. The authors claim that their findings are consistent with a weakly shocked fast
magnetosonic MHD wave.

Due to their complexity, EUV waves have not been widely studied numerically. There
are some examples of 2D simulations of EUV waves associated with a CME eruption. For
instance, Chen et al. (2002) showed that a piston-driven shock produces Moreton waves and
slower-moving features preceding an enhanced plasma region which could correspond to
EUV waves. Wang, Shen, and Lin (2009) proposed a different mechanism in a 2D study of
shock formation leading to an EUV wave: rapid motions of the flux tube following the veloc-
ity vortices after the filament eruption. There are a few papers presenting full 3D simulations
of the excitation and propagation of EUV waves. However, all these studies focus on wave
properties seen on the disk. The initiation of EUV waves was studied by Wu et al. (2001),
who used the global magnetic field from a WSO magnetogram extrapolation (together with
a gravitationally stratified density and temperature model) to identify EUV waves as fast
magnetosonic waves. Wu et al. (2005) modeled a two-layer corona with a pressure pulse
and found that, as a result of the disturbance, a pair of fast and slow mode MHD waves are
generated. The authors suggest that their model could be used to study the correspondence
between the flare-initiated Moreton and EUV waves. The interaction of EUV waves with
dipolar active regions was studied by Ofman and Thompson (2002). These authors found
that the waves undergo strong refraction and reflection and the resulting plasma compression
induces flows. A similar study was performed by Ofman (2007) who used NSO data instead
of a dipolar field. Recently, Schmidt and Ofman (2010) presented the 3D MHD study of
an EUV wave triggered by a CME, modeled as a Gibson and Low (1998) flux rope above
the reconstructed AR. These authors present the propagation of the EUV wave on the disk
and its interaction with a coronal hole. Again, the wave is classified as a fast MHD mode.
A realistic approach of EUV waves associated with CMEs was presented by Cohen et al.
(2009) who used SOHO/MDI magnetogram data and added an unstable semicircular flux
rope on top of it to drive a CME. The authors present only specific density isosurface or a
cut of the density at a specific height, but no global integrated wave is shown. The slice at
1.1 R� exhibits a two-component bright front that consists of a weak brightening spreading
over the solar disk and high intensity bright features. The authors claim that high intensity
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brightenings are due to the CME compressing the plasma, while the weaker, more uniform
component is consistent with an MHD wave interpretation.

The goal of this paper is to extend the recent study of Selwa, Poedts, and DeVore (2012),
who presented the first numerical and observational evidence of a dome-shaped EUV wave
associated with rotating sunspots. They investigated a simple dipolar AR in which the EUV
wave was excited by twisting motions applied to the footpoints of the magnetic field in the
AR. Similar numerical experiments have been performed by several authors (e.g., Amari
et al., 1996; Török and Kliem, 2003; Aulanier, Démoulin, and Grappin, 2005) who focused
primarily on the magnetic-field evolution and presented this process as a model for CME
initiation. Delannée et al. (2008) examined the formation of a current shell accompanied
by a density enhancement late in the expansion phase of that model, and identified it as
the source of the EUV wave. Our focus is the evolution of the mass density in response to
the sunspot rotation, which we now extend beyond our recent letter by analyzing different
drivers and AR configurations. The paper is organized as follows. The numerical model is
described in Section 2. It is followed by the numerical results that are presented in Section 3.
A summary and discussion of the main results concludes the paper in Section 4.

2. Numerical Simulation Model

In our model, the solar plasma is described with the three-dimensional resistive nonlinear
MHD equations:

∂�

∂t
+ ∇ · (�V) = 0, (1)

∂�V
∂t

+ ∇ · (�VV) + ∇P − 1

μ
(∇ × B) × B = 0, (2)

∂U

∂t
+ ∇ · (UV) + P∇ · V = η

μ
(∇ × B)2, (3)

∂B
∂t

− ∇ × (V × B) = −∇ × (η∇ × B). (4)

Here, V denotes the velocity field, B is the magnetic field, � is the mass density, U =
P/(γ − 1) is the internal energy density, γ is the ratio of specific heats, P is the plasma
pressure, μ is the magnetic permeability, and η is the magnetic diffusion coefficient. We use
scaled dimensionless units for our simulations with γ = 5/3, μ = 4π , and η = 10−4.

2.1. Equilibrium Configuration

Our simulation domain is Cartesian, with the x coordinate oriented vertically, and spans
[0,2L] × [−L,+L] × [−L,+L], with L = 9. We start our simulations with a dipolar po-
tential magnetic field. Following DeVore and Antiochos (2000), the single horizontal point
dipole is oriented along the y axis at depth d = 2. The characteristic strength of the dipole
is |B|, and its scalar potential can be written as

φ(x, y, z) = |B|d3 y − y0

[(x + d)2 + (y − y0)2 + (z − z0)2]3/2
. (5)

In the half-space x ≥ 0 the magnetic field reaches a maximum amplitude, Bmax ≈ |B|, at
x = 0, y = y0 ± d/2, z = z0. We begin our runs with a uniform initial mass density and
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Figure 1 Plasma β on the disk (cuts along the y and z directions, respectively, panels a and b) and in the
vertical direction (cut along the x direction, panel c) for the single dipole case.

temperature. Scaled initial values of the density � = 1 and pressure p = 0.001 were chosen,
leading to the sound speed cs � 0.04. Additionally, the characteristic strength of the dipole
is |B| = 50. These parameters were chosen to get a reasonable coronal value of the plasma
β in the simulation region. Three cuts of the plasma β are shown in Figure 1. We see that β
is small on the disk, with a minimum value of about 1 × 10−5, while it increases up to value
of one at the top boundary. However, in all our simulations, the wave does not reach the top
boundary and the maximal value of β for the wave is of the order of 0.1. Three cuts of the
resulting Alfvén speed VA are shown in Figure 2. The peak value VA0 � 47 is reached on the
disk in the centers of the dipolar pair of spots, and VA falls off in all three directions away
from those positions toward the boundaries. We define a characteristic Alfvén transit time
τA ≡ L/VA0 � 0.19 in terms of the peak Alfvén speed and the global size of our domain.

2.2. Boundary Driving

A perturbation of the system is applied at the bottom boundary with the velocity field,
V(0, y, z, t) = V (t) · V⊥(y, z). The driving boundary velocities were chosen to be either
constant in time (in some cases described below being switched off at tr = 0.1τA, where τA

denotes the Alfvén time) or varying like a cosine in time:

V (t) =

⎧
⎪⎨

⎪⎩

1 for uniform (t ≥ 0),

1 for step (0 ≤ t ≤ tr ),

[1 − cos(2πt/tr )]/2 for cosine (0 ≤ t ≤ tr ),

(6)

Author's personal copy



Dome-Shaped EUV Waves

Figure 2 Initial Alfvén speed on the disk (cuts along the y and z directions, respectively, panels a and b)
and in the vertical direction (cut along the x direction, panel c) for the single dipole case.

and linearly dependent on the value and gradient of the normal component (in this setup
equal to the x-component) of the magnetic field:

V⊥ = f±(Bx)(x̂ × ∇Bx), (7)

f±(Bx) = ∓AV bx, (8)

bx =

⎧
⎪⎨

⎪⎩

0 for |Bx | ≤ B−,

(|Bx | − B−)/(B+ − B−) for B− ≤ |Bx | ≤ B+,

1 for B+ ≤ |Bx |,
(9)

where f+ (f−) is chosen for positive (negative) flux distributions, and B− = 20 and B+ =
50, x̂ is an unit vector in normal (x) direction and AV denotes the amplitude of the driver.

We tested two different values of the amplitudes, AV = 0.024 (slow rotation) and 1.2
(fast rotation), to check if the speed of rotation plays an important role in the excitation
of the EUV wave. These flows rotate strong-field regions while leaving weak-field regions
unaltered. We applied the rotation to the central region of the dipolar spots. As the rotational
velocity coincides with the normal component of magnetic field, it does not lead to constant
rotation along each level of magnetic field: the stronger the magnetic field is, the faster
velocity is applied. As a result, some field lines move faster than the others (in contrast
to rigid-body motion). The temporal dependence of the driver together with the resulting
maximum twist is displayed in Figure 3. The maximum twist is calculated by tracing the
number of turns executed by the field lines at the bottom boundary that rotate with the
highest speed. The resulting number then is multiplied by a factor of two, since both sunspots
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Figure 3 Left panel: temporal dependence of the velocity driver. The main plot shows the dependence during
the whole simulation time, while the close-up shows the beginning phase. Right panel: resulting maximum
twist during the simulation. The line colors correspond to: fast rotation with constant time profile (solid
green); fast rotation with the step-function time profile (dashed red); fast rotation with cosine time profile
(dotted blue); and slow rotation (dashed-dotted violet).

Figure 4 A cut along the
x = z = 0 line showing the
normal component of the
magnetic field (blue line)
together with the corresponding
velocity of the driver (red line)
normalized to maximum initial
values for the slow rotation single
dipole case. A similar plot for the
fast rotation case is presented in
Selwa, Poedts, and DeVore
(2012).

rotate at the same rate in opposite direction. The cut of the initial magnetic field at the base
of the simulation region together with the flow pattern is shown in Figure 4.

2.3. Simulation Setups

We study three different arrangements of ARs. The first setup is a single dipolar AR (panel a
of Figure 5) with y0 = z0 = 0 in Equation (5). The two other configurations have multi-
dipolar ARs consisting of a pair of identical dipoles (at different locations compared to
the single dipole, panels b and c of Figure 5). The setup shown in the panel b of Figure 5
corresponds to y0 = 0 and z0 = ±2 in Equation (5), while that shown in the bottom panel
of Figure 5 corresponds to y0 = ±3 and z0 = 0 in Equation (5). The remaining parameters
for the ARs (|B|, d) and for the boundary flows (B+,B−,AV ) were the same for all dipoles
within each simulation.

2.4. Numerical Details

The ARMS simulation code is a time-explicit, conservative, monotone MHD model whose
equations are advanced using Flux-Corrected Transport techniques (DeVore, 1991). We
solve Equations (1) – (4) numerically in an Eulerian box with the x, y and z dimensions
[xmin, xmax]× [ymin, ymax]× [zmin, zmax] = [0,2L]× [−L,+L]× [−L,+L], as stated above.
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Figure 5 Bottom boundary plane (x = 0) of the initial state of the simulations: normal magnetic field com-
ponent (color shading) and velocity (arrows). Panel a: single dipolar AR, panels b and c: multi-dipolar ARs.

The numerical box is covered with 1283 uniformly distributed grid points. Grid convergence
studies proved that this resolution is sufficient to get results independent of the grid. We ap-
plied closed boundary conditions (zero flux) of all variables at all boundaries, to prevent
losses. All variables were required to obey zero-gradient conditions there, except that we
enforced a zero value of the normal velocity (momentum) component.

3. Results

When the twisting motion of the sunspots is applied, the system reacts with the launch of
a global wave. Let us first explain the mechanism in the 2D picture. Due to the rotation,
the most evident effect is the disturbance of the plasma close to the bottom boundary of
the simulation region. The initial stage of the evolution at the bottom of the simulation re-
gion is shown in Figure 6 for fast rotation with a uniform time profile. We will be using
the scale which shows mass depletions in dark green/black and mass enhancements in light
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Figure 6 Running difference images (with a step of 0.05 τA) of the mass density at the bottom boundary
plane (x = 0) of the simulation domain at t = 0.05 τA, t = 0.25 τA, t = 0.6 τA, and t = 0.85 τA, respectively,
from a to d. The evolution of the wave presented here corresponds to the configuration of the AR displayed
in panel a of Figure 5 for fast rotation with a uniform time profile.

green/white for all the difference images throughout the paper. We see that in the begin-
ning the rotation causes the mass pulse to propagate (mass coming from the small rotation
centers, presented in dark green on difference images, in the middle of the plot) evolving
into the wave shown as a light green wave envelope (i.e. the most outer part of the wave
from the rotation centers) around the rotation centers. As the system is symmetric, the only
asymmetry comes from the fact that rotation is directional. This mechanism forces the mass
to evacuate/accumulate according to the clockwise direction of the rotation and at the initial
stage can be seen only in the part of the rings (panel a of Figure 6). Next, the wave (light
envelope), once launched, propagates freely in all the directions. However, as we did not
stop the rotation, still some mass is evacuated from the rotation centers and supplies the
wave (see light green/white enhancements in the remaining three panels of Figure 6). When
the envelope wave is still close to the AR, the additional enhancements are not so clearly
separated from the EUV wave. However, once the wave propagates further away from the
AR, the enhancements are more visible creating a connection between the rotating center
of the sunspots and the wave envelope. Therefore, the evolution at the bottom boundary is
quite different from real observations. However, as presented by Selwa, Poedts, and DeVore
(2012, their Figure 3), the LOS integrated running difference images for that case reproduce
the observations very well in detail. As such when studying the EUV wave one should focus
on integrated images instead of cuts at the chosen height. One may wonder how the den-
sity structure at the bottom of the simulation region is triggered. The inverse S-shape could
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Figure 7 Top panel: Running
difference image (with a step of
0.05 τA) of the mass density at
the bottom of the simulation
region (x = 0) at t = 0.85 τA
(green shading, color bar in
panel d of Figure 6) with red
contours of current density
superposed on it. Bottom panel:
Mass density across the bottom
boundary plane (x = 0) of the
simulation domain (orange
shading) and isosurface of the
current density at t = 0.85 τA.
The evolution of the wave
presented here corresponds to the
configuration of the AR
displayed in panel a of Figure 5
for fast rotation with a uniform
time profile.

result from the interaction between the two vortices. However, the cause is not the stress
between the field lines (as no similar shape is present in the current density, see Figure 7),
but rather the S-shape shows the wave behavior (propagating outwards) with a modification
in between the two spots due to the continued driving.

Let us now focus on the shape of the 3D structure of the wave. Snapshots of the differ-
ent global coronal wave domes for fast rotation with a uniform time profile are shown in
Figure 8. Notice that the domes originating from the multi-dipolar configurations are not as
symmetric as the one originating from a single dipole. However, the snapshots presented in
Figure 8 show the early evolution of the dome, still relatively close to the AR. Therefore,
we assume that further away from the AR the differences between the three kinds of domes
will be less obvious and will show a similar behavior as the observations. Note, however,
that the observed EUV waves are not always symmetric, either due to their origin or due
to the interaction with coronal structures, e.g. coronal holes. We hope it will be possible to
find some observational examples of non-symmetric wave dome in the initial stage of EUV
wave evolution. However, with STEREO we did not find any observational evidence yet.

As we suggested that the actual trigger of the wave is the initial movement of the mass
that can be considered as a density pulse, we should explain why other mechanisms do not
play any important role. The other physical processes that actually might trigger a wave
are: i) a symmetry-breaking kinking of the twisted flux tube; ii) a sudden parting of the
overlying, untwisted field that allows the twisted loop to expand violently upwards and
outwards; and iii) magnetic reconnection between the oppositely directed twist components
of the magnetic field, across the polarity inversion line of the normal field component. All
three of these mechanisms could be plausible explanations, but only if the wave would be
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Figure 8 Wave dome presented as the isosurface of the density 1.1 for different configurations of ARs for
fast rotation with a uniform time profile. Panel a: single dipolar AR at t = 3.5 τA, panels b and c: multi-dipolar
ARs at t = 2.5 τA (panel b) and t = 1.5 τA (bottom panel), respectively. Each dome-shaped wave presented
here corresponds to the related AR configuration displayed in Figure 5. The green rectangle shows the full
bottom boundary plane (x = 0) of the simulation domain.

launched later in the simulation. In all the cases that we studied so far, however, the wave is
an immediate response of the system to the shearing motion and the density pulse coming
from the rotation. Note that the rotation itself does not have to be significant to displace
the plasma from its original equilibrium. The processes (i) and (ii) require first some time
to build up a twisted flux tube that could later evolve into a CME by kinking or expanding
violently. The third mechanism, the reconnection event, does occur in our simulations, but
it is not initially important as it also requires first some amount of twist to accumulate.
Therefore, it occurs only after the EUV wave (as also mentioned in Selwa, Poedts, and
DeVore, 2012).

Now we analyze the time evolution of the kinetic and magnetic energy to prove that
reconnection events do not trigger the wave, but do co-exist and occur later. Figure 9 shows
the magnetic and the kinetic energy during a simulation of the three AR configurations with
a fast rotation and a uniform time profile. Notice that the first major kinetic energy release
(around t ∼ 1τA, where τA is the Alfvén time) occurs after the wave was initialized (viz. at
t ≤ 0.1τA). Such an energy release, corresponding to a decrease of magnetic energy can be
a signature of a flare. Having a closer look at the kinetic energy, one can see that the major
peak is preceded and followed in time by a series of little peaks (which could be signatures

Author's personal copy



Dome-Shaped EUV Waves

Figure 9 Temporal evolution of the magnetic (blue lines) and the kinetic (red lines) energy for fast rotation
with a uniform time profile. Panel a: single dipolar AR (from Selwa, Poedts, and DeVore, 2012), panels b
and c: multi-dipolar ARs. Each plot presented here corresponds to the related AR configuration displayed in
Figure 5.

of smaller flares). These peaks, however, start also only after the wave is already present
in the system. This behavior is very similar to what was observed during the 15 February
2011 event in NOAA 11158. Brown (2011) reported that five sunspots, twisted over 50 –
130 degrees during five days, produced more than 40 small flares in addition to the main
X-class flare on 15 February 2011. On the other hand, the same event was described by
Schrijver et al. (2011), who showed that the major X-class flare follows the EUV wave in
time. Another observational evidence supporting the result that the flare follows the wave in
time, rather than being its trigger, comes from Kienreich, Temmer, and Veronig (2009), who
reported a STEREO event associated with the B2.3 class flare, and showed that the flare
itself was not the driver.

A different role for the reconnection is reserved for a slowly rotating single dipole and
when the rotation stops after the wave is launched. Figure 10 shows the temporal evolution
of the kinetic and magnetic energy for those cases. It is clear that in the first two cases, when
the rotation is stopped after tr = 0.1τA (panels a and b of Figure 10), the energy reaches
a maximum at that moment and evolves slowly in a relaxation process. No peaks are ob-
served and reconnection, if it occurs, is not important in the evolution of the system. For
a very slow rotation (bottom panel of Figure 10), we come to the same conclusion, i.e. no
important energy release can be observed. However, independent of whether the magnetic
field undergoes a continuously driven rapid evolution (fast rotation cases, Figure 9), an im-
pulsively driven rapid evolution (stopped rotation cases, panels a and b of Figure 10), or a
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Figure 10 Temporal evolution of the magnetic (blue lines) and the kinetic (red lines) energy for a slowly
rotating single dipole. Panel a: V (t) described by a step function (red dashed line in Figure 3), panel b:
V (t) described by a cosine function (blue dotted line in Figure 3) and bottom panel (c): V (t) described by a
constant function with the small amplitude (violet dashed-dotted line in Figure 3).

continuously driven quasi-static evolution (slow rotation case, Figure 10), the global wave
is always present in the system. The properties of the wave (such as speed and duration, as
shown later in Figures 13 and 14), on the other hand, vary according to the properties of the
driver.

Let us now investigate the formation process of the EUV wave in detail. As we men-
tioned, the global coronal wave is initialized as a result of the twisting motion. The simplest
case of a single dipole is presented in Selwa, Poedts, and DeVore (2012, their Figure 3),
where the plasma is pushed away from the center of the dipole and forms plasma concentra-
tions (brighter points) and depletions (later forming a coronal dimming following the wave).
As a result, two wave fronts are formed that propagate away from the dipole and merge to-
gether into an isotropic wave. This process of double front initiation of the EUV wave was
observed by Temmer et al. (2011). In the present paper, we present the detailed process of
wave formation for more complicated topologies.

When the wave results from the fast, uniform rotation of two dipoles the scenario gets
slightly different. Figures 11 and 12 show that initially plasma is pushed away from the
dipoles forming four (not two, like in the case of a single dipole) wings (panels a of Fig-
ures 11 and 12). Later, due to the continuing rotation and wave propagation, the two middle
wings merge forming the middle front separating the dipoles and the wave consists of three
wings, viz. two outer parts and one inner part (panels b of Figures 11 and 12). From an
analysis of the bottom boundary of the simulation region (Figure 6), we know that plasma
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Figure 11 Running difference images (with a step of 0.05 τA), arbitrary units of the LOS integrated �2

on the disk at t = 0.325 τA, t = 0.575 τA, t = 0.875 τA, and t = 2.475 τA, respectively, from a to d. The
evolution of the wave presented here corresponds to the AR configuration displayed in panel b of Figure 5
and fast, uniform rotation.

evacuated from the rotating centers feeds the wings propagating outside the dipole and rota-
tion centers. Therefore, these outer wings become more significant here as their amplitude
increases, while the inner wing becomes less and less important and cannot be observed
anymore after some time (panels c of Figures 11 and 12). Finally, the wave propagates away
from the dipoles forming a nearly isotropic wave on the disk (panels d of Figures 11 and
12), which is a fingerprint of the 3D dome presented in Figure 8.

The scenarios of wave formation in the quasi-static case and when the driver is stopped
suddenly after a while, are quite similar. Due to the rotation, the plasma starts evacuating
from the rotation centers in the form of a pulse (as explained above for the discussion of
Figure 6), and forms two wings outside the dipole (panels a of Figures 13 and 14), exactly
as in the fast rotation case for the single dipole. Later, these two wings merge together
(panels b of Figures 13 and 14) and start to propagate outwards the rotating dipole as a quasi-
circular front (panels c and d of Figures 13 and 14). The evolution of the wave triggered
by the driver with a temporal dependence described with a cosine function (blue dotted
line in Figure 3) is the same as that shown in Figure 14. Therefore, we do not present it
here.

In the evolution of the system after the driver stopped (Figure 14), we observe two wings
inside the circular wave, close to the rotation centers. These are the remaining parts of the
wings that are presented in Figure 6. However, due to the stopped rotation they detached
from the circular front and formed two mass density enhancements. These enhancements
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Figure 12 Running difference images (with a step of 0.05 τA), arbitrary units of the LOS integrated �2

on the disk at t = 0.275 τA, t = 0.575 τA, t = 0.925 τA and t = 1.965 τA, respectively, from a to d. The
evolution of the wave presented here corresponds to the AR configuration displayed in panel c of Figure 5
and fast, uniform rotation.

have the same form, independent of the temporal dependence of the driver (step or cosine
function). Note that in the quasi-static case (Figure 13), the wave does not move as fast as
in the constant fast rotation case (previously described cases), and the front gets much more
diffused in time (compare the bottom panels of Figure 13 with the middle panel of Figure 3
in Selwa, Poedts, and DeVore, 2012). To get the information about the position and width of
the wave front, we fit the Gaussian function into each frame of the LOS integrated �2 in all
three directions, i.e. fz(z;x = y = 0), fy(y;x = z = 0), and fx(x;y = z = 0); for example,

fz = A0z exp

[

− (z − A1z)
2

(2A2
2z)

]

+ A3z. (10)

Here, A0z, A1z, A2z, A3z are parameters that are fitted. A1z corresponds to the position of the
EUV wave (in the z-direction – the center of the Gaussian function fit), and A2z controls the
width of the wave (the width of the Gaussian function in the z-direction). In the fast-rotation
case presented by Selwa, Poedts, and DeVore (2012), here corresponding to the single dipole
with fast rotation, the half-width of the front stays nearly the same throughout the whole
simulation, while for the quasi-static evolution the width increases in time (Figure 15).

We now focus on the propagation distance and speed of the wave. The propagation dis-
tance in all three directions is calculated from the Gaussian fit (Equation (10)). The speed of
the wave is calculated based on the propagation distance according to the central difference
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Figure 13 Running difference images (with a step of 0.5 τA), arbitrary units of the LOS integrated �2 on the
disk at t = 3 τA, t = 6 τA, t = 10.5 τA and t = 15.5 τA, respectively, from a to d. The evolution of the wave
presented here corresponds to the slow rotation (violet dashed-dotted line in Figure 3) of the single dipole
configuration.

scheme. In order to get a relatively smooth curve, we use every third point on each side. The
resulting distances (left panels) and wave speeds (right panels) driven by the fast, uniform
rotation (rapid evolution) are displayed vs. time in Figure 16, for all three AR topologies.
The panel a shows the results discussed by Selwa, Poedts, and DeVore (2012). Note that
the wave propagates about twice as fast in the upward direction as in the lateral directions,
similar to the observations by Veronig et al. (2010), who found a velocity ratio of ∼ 2.3. For
the other two types of AR topology, we compare only one direction of wave propagation
on the disk with the propagation upwards. The reason for that is that due to the previously
described initiation and subsequent merging of multiple wings, we were unable to calculate
the curve for the whole simulation duration as it was affected by the disappearance of the
middle wing. We clearly see that for the configuration displayed in the bottom panel of Fig-
ure 5, the upward propagation is again faster than the lateral propagation. However, the AR
configuration displayed in the panel b of Figure 5 does not show this dependence. When
we compare this result with the difference images plotted in Figure 11, we notice that the
wave shows a different propagation speed in the y- and z-direction. The propagation in the
y-direction is slower than the upward propagation. These results are strongly affected by the
plasma that is initially pushed strongly outwards. The right panels of Figure 16 show that the
wave initially moves with the Alfvénic speed (see Selwa, Poedts, and DeVore, 2012, Fig-
ure 5), which indicates that the EUV wave that we observe is a fast magnetoacoustic wave.
In a later phase of the simulation, the expanding 3D wave is slowing down as it propagates
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Figure 14 Running difference images (with a step of 0.5 τA), arbitrary units of the LOS integrated �2 on
the disk at t = 0.5 τA, t = 2 τA, t = 5 τA, and t = 11.5 τA, respectively, from a to d. The evolution of the
wave presented here corresponds to the single dipole configuration and the temporal evolution of the driver
described by a step function (red dashed line in Figure 3).

Figure 15 The width of the
EUV wave in the z (+ signs) and
y (× signs) direction in case of
fast (red symbols) and slow
(green symbols) rotation for the
single dipole configuration. The
time scale for the slow rotation
simulation is adjusted to the fast
simulation scale.

away from its source. For a prescribed amount of initially stored energy in a small volume,
the energy density that powers the wave must decrease with time since the perturbed volume
increases while the total energy remains fixed (or decreases). As the curves shown in Fig-
ure 16 were obtained by an automated wave detection routine, they show some oscillations
and ill-defined points that indicate where the routine does not work well. In particular, diffi-
culties occur at the moments when two wave fronts merge. Our algorithm then attempts to
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Figure 16 Left panels: propagation distance (along the x, y, and z directions – 	X, 	Y , and 	Z, respec-
tively) of the EUV wave vs. time for fast rotation with a uniform time profile. Right panels: wave speed vs.
time. Panels a and b correspond to the single dipolar AR. Panels c to f correspond to the multi-dipolar ARs.
Each plot presented here corresponds to the related AR configuration displayed in Figure 5. The red × signs
correspond to the vertical propagation while the green ∗ and the blue + signs show the propagation on the
disk.

impose a Gaussian shape on the complex interaction that eventually produces an emerging
single wave. The results at other times are consistently smooth.

The temporal evolution of the propagation distance and the speed of the wave for the
suspended rotation cases (panels c to d) and slow rotation case (quasi-static evolution, pan-
els e and f) are presented in Figure 17. We notice that the propagation distance of the wave
(left panels) seems to be consistent for the suspended rotation, not depending a lot on the
temporal profile of the driver (step function, panels a and b, or cosine, panels c and d). In
both cases we lose the symmetry of the system when we apply the driver and a strong asym-
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Figure 17 Left panels: propagation distance (along the x, y, and z directions – 	X, 	Y , and 	Z, respec-
tively) of the EUV wave vs. time for the single dipole configuration. Right panels: wave speed vs. time. The
panels a and b correspond to V (t) of the driver described by a step function (red dashed line in Figure 3), the
panels c and d to V (t) described by a cosine function (blue dotted line in Figure 3), and the panel c to V (t)

described by a constant function with a small amplitude (violet dashed-dotted line in Figure 3), respectively.
The red × signs correspond to the vertical propagation, while the green ∗ and the blue + signs show the
propagation on the disk.

metry appears when we stop driving, which means that the initial density pulse acts in a very
limited volume. The constant slow rotation (panel e of Figure 17), on the other hand, results
in a nearly isotropic propagation (as for the continuous fast rotation case) on the disk which
is slower than in the upward direction. For these three cases, we see that the speed of the
wave drops faster than for the fast driving, even though initially it reaches nearly the same
value (compare right panels of Figures 16 and 17). This indicates that the amount of energy
stored in the wave is smaller than for the fast rotation cases. The faster starting phase can be
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explained here as the wave is still coupled to the driver and does not freely propagate yet.
However, once it decouples from the driver, having less energy pumped into it than into the
wave triggered by the fast rotation, it slows down more significantly.

4. Summary and Discussion

There are several observational examples of EUV waves originating from rotating ARs. On
the other hand, the EUV waves are often (66 %) observed together with flares originating
from the same AR (Biesecker et al., 2002). Recent STEREO images show that some of the
observed waves have a dome-like shape (Patsourakos and Vourlidas, 2009; Veronig et al.,
2010; Selwa, Poedts, and DeVore, 2012).

In this paper, we modeled EUV waves originating from rotating sunspots in ARs. We
used a 3D resistive MHD model of a (multi-)dipolar AR with a constant density under
coronal (low plasma β) conditions. The value of the resistivity that we use is chosen in a
such way that it does not influence significantly the simulation results and is comparable
to the numerical resistivity. As the reconnection event is not the trigger of the wave and
reconnection (together with a strong energy release, i.e. a flare), occurs only in the fast
rotation case, we do not expect the resistivity to significantly influence our results, especially
not if we would use a typical resistivity value for the real corona.

We tested different AR topologies as well as different time dependencies of the driver.
In all of the studied cases, we find that the trigger of the wave is the shearing motion of
the sunspots which leads to density enhancements (forming the bright front) and depletions
(forming a coronal dimming as discussed in Selwa, Poedts, and DeVore, 2012). Additionally,
we observe the formation of currents in the active region which makes it not force-free
with a Lorentz force that pushes the wave. Due to the rotation, the mass at the bottom
boundary is displaced and forms the density pulse which then causes the global coronal
wave to propagate. This wave has a dome shape, i.e. it propagates nearly isotropically on
the disk and also in the upward direction. The shape of the initial dome depends on the AR
topology. However, as the wave propagates away from the AR, the shape becomes more and
more similar, irrespective of the AR topology.

For the fast rotation case (rapid evolution), we observed an impulsive energy release
(which could correspond to a flare) after the wave started to propagate. This behavior does
not depend on the AR topology. A similar temporal evolution was reported in observations
by Kienreich, Temmer, and Veronig (2009) and Schrijver et al. (2011). The slow (quasi-
static) rotation case does not lead to any significant energy release as the reconnection is not
as rapid as for the fast rotation case. The case when the driver is stopped after a short time
does not lead to an energy release either, but only to relaxation.

We observed a global coronal wave in difference images of the synthetic emission, i.e.
the LOS integrated �2, not multiplied by a temperature response function. The wave seems
to propagate nearly isotropically on the solar disk, not depending a lot on the temporal evo-
lution of the driver, nor the speed of the driver or the AR topology since it propagates with
the local fast magnetosonic speed. The wave also propagates in the upward direction form-
ing a dome-like shape in all our simulations. For most of the cases, the upward propagation
is ∼ 1.5 – 2 times faster than the lateral propagation, which was also reported to be the case
in STEREO observations (Veronig et al., 2010).

It is noteworthy that the initial stage of the wave evolution is determined by the driver
and, therefore, the initial speed of the wave is strongly determined by the speed of the driver.
Such different stages of the EUV wave evolution have also been reported in observations,
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e.g. by Patsourakos and Vourlidas (2009). These authors presented that, in the initial phase of
the evolution, the wave and its driver (in their case expanding loops related to the CME) are
coupled and move together (see their Figure 3). Patsourakos, Vourlidas, and Kliem (2010)
claim that the decoupling of the erupting flux and the EUV wave indicates that the EUV
wave is a freely propagating MHD wave, which is also true for our simulations.

In the beginning of the evolution, we observe multiple (equal to the number of rotating
sunspots) initiation centers of the wave (i.e., two for a single-dipole AR, four for a multi-
dipole AR). Later these centers merge, forming one semicircular front (in agreement with the
observations of Temmer et al., 2011). In the case of the multi-dipole simulations, the wings
between the dipoles first merge and after some time only the outer parts form a semicircular
wave. In the meantime, the wing between the dipoles becomes weaker and cannot be seen
anymore in difference images.

We found that the wave propagation consists of two phases for all the studied cases: first
a dynamic and fast phase corresponding to the wave being coupled to the driver, and later
a slower phase indicating the freely propagating fast magnetosonic wave and for the slow
rotation cases also relaxation of the system. A similar behavior was reported by Cohen et al.
(2009), who observed a so-called two-component coronal front in their simulations: bright
features (dominated by the CME) from the sheared flow and a diffused front (fast wave).

Our approach leads to completely different results from the ones described by Delannée
et al. (2008), who observed an expanding CME and an EUV wave that was interpreted as
the observational signature of Joule heating in electric current shells. These authors used
a bipolar model with the density proportional to the squared magnetic field, in order to
have a constant Alfvén speed. They found weak evidence of density enhancement (seen as
logarithm) in the shell that is co-spatial with the current shell. However, their structure takes
the shape of a CME blob (narrower at the footpoints), rather than the dome observed in EUV
waves (Patsourakos and Vourlidas, 2009; Veronig et al., 2010). We conjecture that the very
different propagation of the wave may be due to the assumed mass-density profile, which is
uniform in our case, but is constructed to yield an initially uniform Alfvén speed in the case
of Delannée et al. (2008).

Finally, we would like to discuss briefly the choice of the speed of the driver in our
simulation and possible implications. As an additional result of the driving, Alfvén waves are
triggered along the rotating magnetic field lines. The slow rotation presented here (the sub-
Alfvénic case, taking into account the coronal Alfvén speed), corresponds to the majority of
the observed rotating ARs with slow rotation speeds. In this case, the generated Alfvén wave
can reach a wavelength of the order of loop length as it bounces back and forth along the
loop several times. Such a process is supposed to lead to a quasi-static evolution, and it could
become dynamic, forming a CME (Amari et al., 1996; Török and Kliem, 2003; Aulanier,
Démoulin, and Grappin, 2005; Delannée et al., 2008). For (super-)Alfvénic photospheric
driving (not observed on the Sun), the front of the shear Alfvén wave is sharp and becomes
even more steep, forming a shock as it propagates away from the driver. The behavior of the
system is partially determined by the choice of the rotation speed. If this is much lower than
the Alfvén speed (e.g. of the order of 10−4 – 10−2), the magnetic evolution will be quasi-
static. If the rotation speed is around (or above) one, we expect a strong wave that steepens
into a shock as it propagates away from the rotation site. If the rotation speed is of the order
of 10−1 of Alfvén speed, we have a mixture of both regimes and such a case is the most
interesting to study (e.g. Tokman and Bellan, 2002).

Our last remark deals with the possible formation of a twisted flux tube. Figure 18
presents, on top of a current density isosurface (indicated in red color), a transparent mass
density isosurface (presented in orange-yellow color) and selected field lines for the single
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Figure 18 Wave dome at the end of the simulation presented from the side (left panels) and from the top
(right panels) as an isosurface of the density (yellow transparent surfaces) together with an isosurface of
current density (red surfaces) and selected field lines, for a single dipole case and fast rotation with a uniform
time profile (top panels) and slow rotation with a uniform time profile (bottom panels). The green rectangle
shows the full simulation domain, blue (red) spots correspond to a negative (positive) poles of the dipoles.

dipole case with both fast (panels a and b) and slow (panels c and d) driving rotation. It
is noteworthy that for the slow rotation case both the field lines and the isosurface of the
current density have a structure resembling the petals of a flower (i.e. different from the
observed (and simulated) EUV dome, much narrower at the foot points). In the fast rota-
tion case, however, a flux rope (or rather a current rope) seems to be formed. In both cases,
however, the current density isosurface has the form of a blob (i.e. narrower at the bottom
of the simulation region), which is completely different from the dome shape of the EUV
wave (considered as a density isosurface, having its maximum width at the bottom of the
simulation region). We assume that the fast rotation might correspond to the precursor of
a CME (with the pre-CME blob corresponding to the flux rope localized inside the dome,
just like in the initial stage of STEREO observations, see Patsourakos and Vourlidas, 2009),
but we do not trace that feature at later times, when it moves further away from the AR.
However, in the slow rotation case it is obvious that the magnetic field lines are not forming
any particular structure. Hence, in this case no CME can occur, i.e. there is no (unstable)
flux rope. Yet, in this case too an EUV wave is observed in the simulation. It is noteworthy
that the multiple dipole simulations for the fast rotation, presented in Figure 19, show mul-
tiple flux ropes being formed inside the EUV dome with the field lines formed around the
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Figure 19 Wave dome at the end of the simulation presented from the side (left panels) and from the top
(right panels) as an isosurface of the density (yellow transparent surfaces) together with an isosurface of the
current density (red surfaces) and selected field lines for the multiple dipole cases (presented in Figure 8) for
fast rotation with a uniform time profile. The green rectangle shows the full simulation domain, blue (red)
spots correspond to a negative (positive) poles of the dipoles.

flux tubes. As such the scenario of formation of a specific flux rope or just a current density
flower-shaped structure depends only on the speed of the driver, not on the initial topology
of the AR.
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