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Abstract. Some essential outcomes of a detailed analysis of the formation and evolution
of the coronal EUV wave of 15 February 2011 are presented, focused on the relationship
between the source region expansion, wave kinematics, and the evolution of the wave
amplitude. The observations are explained in terms of the results of the numerical MHD
simulations, providing new insights into the physical background of coronal waves, especially considering the nature of the relationship of the wave amplitude and propagation
velocity in different phases of the wave evolution.
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1.

Introduction

Large-amplitude global coronal waves, caused by solar coronal eruptions,
were in focus of numerous empirical and theoretical studies in the past
decade (see reviews by Warmuth, 2007; Vršnak and Cliver, 2008; WillsDavey and Attrill, 2009; Warmuth, 2010; Gallagher and Long, 2011; Zhukov,
2011; Patsourakos and Vourlidas, 2012; Liu and Ofman, 2014). In this paper
we report some preliminary results of a study that follows up our previous
theoretical research on this phenomenon (Vršnak and Lulić, 2000a,b; Žic
et al., 2008; Lulić et al., 2013). It is directly related to the empirical research performed in the scope of the very fruitful long-lasting “Graz-Hvar”
collaboration in studying the nature of large-amplitude global coronal MHD
waves and shocks (Balasubramaniam et al., 2010; Kienreich et al., 2009,
2011, 2013; Muhr et al., 2008, 2010, 2011, 2014; Temmer et al., 2009, 2013;
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Figure 1: Running difference images of STEREO/EUVI-B and -A 195 Å (left and right,
respectively) and SDO/AIA 193 Å (middle). The black lines indicate great circles starting
at the determined wave-source center in the measured propagation directions. The red
and blue lines in SDO images represent the ST-A and ST-B limb, respectively, whereas
the hand-drawn lines are the fronts transposed from the ST-A and ST-B images.

Veronig et al., 2006, 2008, 2010, 2011; Vršnak et al., 2002, 2005, 2006; Warmuth et al., 2001, 2004a,b). The paper concerns the formation and evolution
of the coronal waves, particularly focusing on the relationship between the
source region expansion, wave kinematics, and the evolution of the wave
amplitude. First, we present some essential outcomes of a detailed analysis
of the coronal EUV wave of 15 February 2011 (Section 2), which are then
explained employing numerical MHD modeling (Section 3) to provide new
insights into the nature of coronal waves.
2.

Observations

The coronal EUV wave under study was caused by the eruption of the coronal mass ejection (CME) and the associated X2.2 ﬂare that started around
01:45 UT on 15 February 2011. The event was observed from three viewpoints by AIA/SDO and EUVI/STEREO-A&B, providing a very detailed
66
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Figure 2: a) SDO/AIA 211 Å perturbation profiles. The triangles indicate the leading
edge of the EUV wave front positions as derived by the Gaussian fits (grey curves) at
the 2% level above background. b) Amplitude of the perturbation profile against the
distance. c) Velocity of the EUV wave derived from AIA 211 Å observations during 01:48
UT-02:12 UT. Arrows indicate the temporal evolution along the loop.

insight into its evolution. The initiation of this EUV wave was studied by
Schrijver et al. (2011), whereas Olmedo et al. (2012) analyzed the “reﬂection” from, and “transmission” through, a coronal hole. Figure 1 depicts
the evolution of the wave. The wave propagation was measured by the
perturbation-proﬁle method proposed by Muhr et al. (2011), the visualtracking method, and the stack-plot method. In Figure 2a the application
of the perturbation-proﬁle method is illustrated. The behavior of the EUVwave amplitude, determined from gaussian ﬁts like those shown in Figure 2a,
is displayed in Figure 2b. The evolution of the wave in the amplitude-velocity
space is shown in Figure 2c, revealing a hysteresis-like behavior, analogous
to that spotted in the numerical simulations by Lulić et al. (2013).
In Figure 3 the evolution of the wave speed and amplitude (the ratio of
the wave intensity and the pre-event coronal intensity) is compared with the
evolution of the CME velocity and the ﬂare X-ray burst. The ﬁrst vertical
line at 01:55 UT marks the EUV-wave peak amplitude, which is simultaneous with the CME peak acceleration and the X-ray burst maximum.
The second vertical line at 01:59 UT indicates the EUV-wave peak velocity,
which is delayed after the peak amplitude by 4 min. In the ﬁrst stage the
Cent. Eur. Astrophys. Bull. 39 (2015) 1, 65–74
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Figure 3: Evolution of: a) wave velocity; b) wave amplitude; c) CME velocity d) RHESSI
soft and hard X-ray flux. Note that the fastest growth of the CME speed occurs at the
time of the X-ray burst peak.

EUV wave accelerates from ≈ 200 to a maximum speed of ≈ 800 km s−1 ,
reached at ≈ 01:59 UT (a = 900 m s−2 ). Thereafter, the wave decelerates
back to ≈ 200 km s−1 (a = −750 m s−2 ). The wave amplitude changes from
≈ 1 to a maximum value of ≈ 2 in the period 01:48 – 01:55 UT, corresponding to the ﬂare impulsive phase characterized by the hard X-ray burst, i.e.,
the rising phase of the soft X-ray burst. The understanding of the evolution
of the wave speed and amplitude in the context of diﬀerent stages of the
CME/ﬂare-eruption, and the explanation of the “hysteresis” signature, is
the main objective of Section 3.
3.

Numerical Simulations

To get a deeper insight into the wave behavior described in Section 2, we
analyze quantitatively the outcome of the numerical simulations performed
by employing the Versatile Advection Code (VAC; Tóth, 1996; Goedbloed
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et al., 2003, for a brief overview see Lulić et al., 2013). In the simulation, the
coronal wave is launched by the eruption of an unstable upward-propagating
radially-expanding ﬂux-rope. All quantities in the simulation are dimensionless, so that the numerical box has length L = 1, the velocities are normalized with respect to the background Alfvén speed, vA = 1, and the time is
expressed in the units of the Alfvén travel time across the numerical box,
tA = L/vA . The ﬁeld lines overlying the ﬂux-rope are anchored in the chromosphere that extends up to y = 0.1. The background magnetic ﬁeld is set
up in such a way that roughly reproduce to the helmet-streamer arcade that
embeds the ﬂux-rope. It consists of vertical ﬁeld of opposite orientation on
opposite sides of the rope and the poloidal component due to the current
ﬂowing along the rope.
In Figure 4a two snapshots of the simulated evolution of the system are
shown. The inner region of increased density represents the ﬂux rope, and
the outer shell in the right panel corresponds to the sheath region behind
the wavefront. The vertical thin region of increased density above the ﬂux
rope represents the helmet-streamer current sheet. At t = 0 the ﬂux-rope
center is set at y = 0.2 and the whole rope moves upward at a speed of
v = 1.
The evolution of the density proﬁles along the y = 0.2 layer is presented
in Figure 4b. The two sharp density peaks that slowly expand outwards from
x = ±0.1 represent the outermost shell of the ﬂux-rope (“contact surface”;
“piston”), where the plasma piles up due to lateral expansion of the rope.
The density within the rope decreases in time, corresponding to the CME
core-dimming. Ahead of the contact surface the wave forms (left panel –
formation phase; right panel – propagation phase). At a certain time, a
density depletion forms in the wake of the wavefront, corresponding to the
transient coronal dimming propagating behind the EUV wave.
In Figure 4c the evolution of various features is quantiﬁed, based on the
simulation results is presented. In the left panel we display as a function of
time the piston velocity, vp , the wave phase velocity, w, and the wave-crest
amplitude, X. In the right panel the evolution of the wave is presented in
the wave velocity-amplitude space, w(X). The arrows indicate the sense of
the “motion” of the system along the displayed evolutionary loop.
Figure 3 reveals that the wave amplitude and speed in the event under
study occur after the the strongest energy release in the associated ﬂare and
the highest acceleration of the CME. The latter is opposite to the simulation,
Cent. Eur. Astrophys. Bull. 39 (2015) 1, 65–74
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Figure 4: a) Snapshots of the simulated eruption at t = 0 (left) and t = 0.04 (right)
Magnetic field lines are drawn in white. The density is color-coded. b) Density profiles
at different times (written in the inset); left – wave-growth phase, right – propagation
phase. c) Left: Evolution of the wave phase velocity (w; black), the piston velocity (vp ;
red), and the density amplitude (X; blue); Right: Density amplitude versus the wave
phase velocity (arrows indicate the temporal evolution).

where the piston achieves maximum speed before the wave (Figure 4c-left).
This implies that the low-height lateral expansion of the CME, responsible
for the EUV wave formation, must have achieved maximum speed before
the CME forehead does (for such a behavior see Vršnak et al., 2004; Maričić
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et al., 2004).
Note that in Figure 4c-right the sense of the temporal evolution along
the speed-amplitude loop is oriented in the opposite direction than in the
“hysteresis” shown in Figure 3c. In this respect it should be emphasized
that in Figure 6 of Lulić et al. (2013), where the simulation of the ﬂuxrope expansion in a homogeneous medium was treated, the sense of the
evolutionary loop was consistent with Figure 3c. On the other hand, in
the simulation presented in this paper the magnetic ﬁeld strength and the
Alfvén speed decrease with distance from the ﬂux-rope.
In the simulations presented in this paper, as well as in Lulić et al.
(2013), the wave amplitude and the wave speed increase during the driven
phase (expanding piston). The diﬀerence appears in the propagation phase,
which corresponds to the deceleration and retreat of the piston. In the simulation presented by Lulić et al. (2013) the ambient Alfvén speed is constant,
so both the wave amplitude and the wave speed decrease due to the radial
expansion of the wavefront (conservation of the energy ﬂux). Thus, after the
wave growth and acceleration, the amplitude achieves maximum before the
wave speed does, i.e., it already decreases during the maximum-speed phase
(like in the observations presented in Section 2; see Figure 3). Eventually,
both the wave amplitude and the wave speed decrease.
On the other hand, since in the simulation employed in this paper the
ambient Alfvén speed decreases with distance, beside the eﬀect of the radial expansion, the so-called “signal pile-up” phenomenon aﬀects the wave
evolution too. The latter eﬀect means that the wave amplitude and the
Mach number tend to increase, whereas the phase speed should decrease
due to the background Alfvén speed decrease. Since the rate at which the
Alfvén speed decreases is progressively diminishing with the distance, i.e.,
the slope of vA (x) is less and less steep, the “pile-up” eﬀect is dominant only
at the beginning of the wave evolution, so eventually the eﬀect of the radial
expansion becomes dominant.
Consequently, the wave amplitude achieves maximum before the wave
speed, i.e., the wave speed already decreases while the amplitude still increases, which makes the sense of the temporal evolution in the velocityamplitude loop to be opposite compared to the case of a constant Alfvén
speed. The sense of the evolution along the velocity-amplitude loop, which
is consistent with the constant Alfvén speed case (compare Figure 2c of this
paper with Figure 6 in the paper by Lulić et al., 2013), implies that the
Cent. Eur. Astrophys. Bull. 39 (2015) 1, 65–74
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observed deceleration of the wave is a direct consequence of the radial expansion of the wavefront, i.e., it is not caused by the decrease of the Alfvén
speed with distance from the active region, as somebody might conclude
from Figures 10 and 11 of Warmuth and Mann (2005).
4.

Conclusion

In this paper we have demonstrated how important it is to perform a very
careful comparison of observations/measurements with a detailed quantitative analysis of numerical simulations in getting a deeper physical comprehension of the nature of coronal EUV waves. Moreover, such an approach
is also essential for reliable estimates of various coronal parameters (e.g.,
Alfvén speed, magnetic ﬁeld, etc.) when characteristics of diﬀerent signatures of global coronal waves and shocks (e.g., EUV waves, radio type II
bursts, Moreton waves, etc.) are used for the coronal-diagnostics purposes.
As we have demonstrated in the presented study, in this respect particularly important is the behavior of the evolutionary “hysteresis loop” of the
amplitude – velocity relationship.
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