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Abstract. In this work we examine the capability of two models to produce a Moreton wave, a type
of large-scale wave which travels on the solar chromosphere at speeds of the order of fast magnetosonic
waves. The first model consists in a blast-wave scenario associated with a flare event, which produces
a very large release of energy in the form of a pressure pulse whose expansion causes a shock wave
travelling in the solar corona. The second model consists in a flux rope rise produced by a coronal mass
ejection (CME), whose movement generates a bow-shock ascending in the corona. The effect of the bow-
shock flanks on the chromosphere is believed by some authors to be responsible for the Moreton wave
generation. The goal of this work is to analyze whether these models are capable of producing large-
scale waves phenomena in the solar atmosphere. For this purpose we implement numerical simulation
of each model using adequate parameters to represent the solar environment. The results are numerically
obtained by the use of the FLASH code, a powerful magnetohydrodynamics simulation tool capable of
handling general compressible flow problems in many astrophysical environments, allowing for adaptive
mesh refinement (AMR) and efficient parallel computing. The numerical results are compared with
observations of an actual Moreton event in order to evaluate if the local density enhancements on the
chromosphere produced by each model are large enough to be captured by solar telescopes.
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1 INTRODUCTION

Moreton waves are a type of large-scale chromospheric disturbances that are detected in
emission in the center and blue wing of the Hα spectral line and in absorption in the red wing.
This is interpreted as a compression and a subsequent relaxation of the chromosphere (Uchida,
1968; Vrsnak et al., 2002b). Moreton waves propagate in an arc-shaped form with a certain
angular span from the flare location up to distances as long as 500Mm (1Mm = 1 × 106 m)
with radial speeds in the range of 500 to 2000 km s−1.

Although Moreton waves are tipically observed in chromospheric spectral lines (Hα), it is
believed that they have a coronal origin due to their high propagation speeds are much larger that
the characteristic speeds of the chromosphere. In this way, some authors proposed that More-
ton waves are a consequence of the expansion of fast magnetohydrodynamics (MHD) shocks
traveling in the solar corona, which “sweep” the chromosphere surface producing the Moreton
wave (Uchida, 1968; Uchida et al., 1973). Reinforcements of this blast-wave scenario are given
by the kinematics of the phenomenon, which present the deceleration of the wavefronts, the
elongation of the perturbation and its decreasing amplitude, typical features of freely propagat-
ing “single waves” (Warmuth et al., 2001, 2004a). In addition, sudden oscillations and winking
of distant filaments associated with the passage of the cornoal shocks suggest that the chromo-
speric disturbances are not always visible as Moreton waves (Gilbert et al., 2008; Francile et al.,
2013). However, the large discrepancy between the great number of registered flare events and
the relatively rare occurrence of observable coronal shocks suggest that, in addition to the flare
explosion, another mechanism or special condition could be necessary to produce large-scale
waves.

On the other hand, some authors, although agree with the coronal origin of Moreton waves,
they reject the blast scenario as the mechanism for the coronal shock generation and proposed
that the “swept” of the chromospheric surface is produced by the flanks of a bow-shock caused
by a coronal mass ejection (CME) (Chen et al., 2002, 2005; Zhang et al., 2011). To support
this model, the authors hold that the observations at other wavelengths with similar wave-like
behavior, such that soft-X rays, michrowaves and specially the extreme ultraviolet (EIT waves),
which must be caused by multiple driving mechanisms than a single expansion (Gilbert and
Holzer, 2004; Zhukov, 2011). In this waw, the expansion of a CME together with the rise
of a corresponding flux rope, produce a combination of a piston-shock and a bow-shock that
generate a large-scale shock wave and a series of secondary disturbances. The detractors of this
model argue that the required Moreton wave acceleration is in general larger or more impulsive
than those usually observed in CME events.

The flare-CME controversy also extends to the origin of type-II radio bursts usually observed
close in time and distance to the shock source. While there is a consensus that the emission in
the decameter or longer wavelength range is associated to CMEs, metric wavelengths can be due
either to flare or CME ignited shocks (Vrsnak and Cliver, 2008, see e.g.). Several numerical
simulations have been carried out to try to explain large-scale wave formations in the solar
atmosphere, either considering the blast-wave scenario (Wu et al., 2001; Krause et al., 2015)
or the CME model (Chen et al., 2002, 2005; Mei et al., 2012). In the first case, large pressure
pulse strength are required in order to obtain a relatively intense shock wave in the corona,
which questions the viability of the model. In the second case, large ascent speeds of the flux
rope are required to produce a sufficiently intense shock reaching velocities that are rare in CME
events.

In this work we implement two-dimensional numerical simulations in order to evaluate the
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Figure 1: 2D averaged chromospheric distance for the Moreton event on December 6, 2006 (take from the work of
Francile et al. (2013).

capability of two models of generating Moreton waves. The first of them consists in a simplified
2D blast-wave scenario able to trigger a real, freely propagating MHD wave without considering
the magnetic field restructuring of a CME. In the second case, we represent a prominence or
filament floating in the corona by means of a current-carrying flux rope and a line dipole below
the photosphere, which eventually loses its stability and starts a CME. Both models are adjusted
in order to reproduce the main features of an actual Morent event registered on December 6,
2006, which has detected with the Hα Solar Telescope from Argentina (HASTA) in the Hα
line 656.3 nm (Francile et al., 2013), and with the Transition Region and Coronal Explorer
(TRACE). The observational results of the Moreton wave are sythesized in Figure 1, where the
chromospheric average distances travelled by the wave are shown as a 2D planar projection,
perpendicular to the line of sight. In this figure can be seen three initial irregular wavefronts
that are atributed to inhomogeneitis of the coronal medium crossed by the disturbance. We are
interested in captured the progress of the main wave that can be detected for about 400Mm and
which we referred as the Moreton wave. For more details of this event the work by Francile
et al. (2013) can be seen.

2 FORMULAE AND NUMERICAL METHODS

The 2D ideal MHD equations for a completely ionized hydrogen plasma, with γ = 5/3 (γ
the ratio of specific heats) are implemented.

∂ρ

∂t
+∇ · (ρu) = 0, (1)
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∂B

∂t
+∇ · (uB−Bu) = 0, (4)

where ρ indicates de plasma density, u the velocity, B the magnetic field, p is the pressure, g is
the gravity acceleration, and ε the total energy density given by

ε =
p

ρ(γ − 1)
+

1

2
u2. (5)

These equations are completed with the assumption of a perfect-gas law p = 2ρkBT/mi, being
kB the Boltzmann constant, T the plasma temperature and mi the proton mass. In addition the
divergence free condition ∇ ·B = 0 must be satisfied.

Equations (1)–(3) are numerically solved in order to evaluate the plasma behavior in the solar
atmosphere. For the numerical simulations we use the FLASH Code, a finite volume method
based code developed at the Center for Astrophysical Thermonuclear Flashes (Flash Center)
of the University of Chicago (Fryxell et al., 2000). This code, currently in its fourth version,
can be used to solve the compressible MHD equation with adaptive mesh refinement (AMR)
capabilities in massive parallel machines under the message passing interface (MPI) directives.
In this work we choose the “Unsplit Staggered Mesh (USM)” scheme (Lee et al., 2009) available
in FLASH, which uses a high-resolution finite-volume method with a directionally unsplit data
reconstruction and the constraint transport method (CT) to enforce the divergence free condition
of the magnetic field. The Riemann problems in the cell interfaces are calculated by a Roe-type
solver.

Cartesian 2D rectangular grids are used to represent the physical domain with a 20 × 10
discretization and several refinement levels taking into account the variation of pressure, density
and magnetic field. Initially, the atmosphere and the background magnetic field are in total
equlibrium, excepting those regions where is considered that the event starts, that is a pressure
pulse in case of the bast-wave scenario and an unstable prominence or filament in the CME
model.

We assume that the excess of the Hα core emission registered in observations is strongly
correlated with the compression of the upper chromosphere (Leenaarts et al., 2012), that is a
change in the mass density of the plasma at that region, observationally quantified by techniques
of running differences. In this way, the density traces the variations caused by the magnetic
field, the waves and shock waves. Also, as stated by Leenaarts et al. (2007), this region can be
considered as optically thin outside dynamic magnetic structures as fibrilles.

3 THE BLAST WAVE SCENARIO

In the blast-wave scenario, a fast-mode wave or shock propagates through the corona and
sweeps over the chromosphere, where it creates the Moreton wavefronts that are observed in
Hα (Uchida, 1968; Uchida et al., 1973). Therefore, the properties on the corona will define the
characteristics of the shock, i.e., the wavefront velocity and the intensity of the disturbance. In
addition, being the shock directly associated with the fast magnetosonic mode, its velocity will
mainly depend on the magnetic field through the Alfvén speed, since the plasma-to-magnetic
pressure parameter condition, β ≪ 1, holds in the corona.

In this scenario, the driver of the shock is assumed to be a flare-volume expansion which form
the wave by a three-dimensional (3D) piston mechanism. In this manner, the MHD disturbance
behaves as a freely propagating wave, according to the decelerating velocity, increasing thick-
ness and decreasing amplitude of the disturbances reported by observations (Warmuth et al.,
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2004b). The amplitude of the emitted wave is directly related to the pressure (or density) in-
crease through the shock, i.e., the compression ratio (Vrsnak et al., 2002a; Vrsnak and Cliver,
2008).

In this work we assume that the flare-volume expansion is caused by a pressure pulse, which
is produced by the presence of flare loops containing hot plasma. The pressure pulse may be
interpreted as representing active region heating which results from complex processes (Wu
et al., 2001). This consideration is independent of the specific magnetic field, the nature and
location of the energy release, or the mechanism by which the energy is transported into the
considered plasma volume. The question is if the pressure gradient, develped after the impulsive
heating of the flare loop, can produce a sufficiently strong shock wave in the ambient corona to
generate Moreton waves in the chromosphere.

To perform this analysis, we consider a steady plane-parallel shock with the x-coordinate
normal to the plane shock and purely transverse magnetic field (Bx = 0 and By = B). Making
use of the Rankine-Hugoniot conditions (or jump conditions), the conservation laws for mass,
momentum, energy and magnetic flux read (see for example (Torrilhon, 2003; Draine, 2011)):

ρ0u0 = ρ1u1,

ρ0u
2
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2
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2
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γ−1
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B2

1

2µ0

]

,

u0B0 = u1B1

(6)

where the subscripts 0 and 1 denote preshock and postshock conditions, respectively.
The non-trivial solution of these equations is one that produces different values on each side

of the discontinuity. Having into account that the preshock plasma is at rest, it results that
u0 = vs in the moving frame, where vs is the shock speed. Defining the compression ratio
X = ρ1/ρ0 one can finds (Draine, 2011):

2(2− γ)X2 + γ
[

(γ − 1)β0M
2
s + 2(1 + β0)

]

X − γ(γ + 1)β0M
2
s = 0 (7)

where the plasma-to-magnetic pressure parameter is β0 = 2µ0p0/B
2
0 = 2c2s/(γc

2
a), according to

the expressions of the sound speed cs = (γp0/ρ0)
1/2 and the Alfvén speed ca = B0/(µ0ρ0)

1/2.
Ms = vs/cs is the shock Mach number.

Bearing in mind that the shock speed has to be greater than the fast magnetosonic speed,
vfm = (c2a + c2s)

1/2, in order to a compression exists, we can write vs = αvfm, where α ≥ 1,
thus:

M2
s = α2 c

2
a + c2s
c2s

= α2

[

2

γβ0

+ 1

]

. (8)

Then we can rewrite Eq. (7) in terms of the parameter β0

2(2− γ)X2 +
[

α2(γ − 1)(2 + γβ0) + 2(1 + β0)
]

X − α2(γ + 1)(2 + γβ0) = 0. (9)

It can be demonstrated that for the cases of interest (1 ≤ γ ≤ 2), Eq. (9) has only one positive
root which satisfies X ≥ 1. The limit X → 1 is given for β0 → 0 independently on the values
of γ and α. This means that the flare-associated pressure pulse cannot ignite a shock wave in
strong field regions where β0 → 0. A more detailed study on MHD shock wave formation can
be found in (Vrsnak and Lulic, 2000a,b).

The most important result of this analysis is to identify the limitations of the pressure pulse
ignited shock model. Although the temperature in flare loops can be as large as 40× 107 K and
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Figure 2: Scheme for modeling the blast-wave ignited Moreton wave. Corona: Tu = 1.6 × 106 K, nu =

1.2× 108cm−3, pu = 0.0265 dyn cm−2. Chromosphere: Td = 104 K, pd = pu, nd = 1.92× 1010cm−3. The chro-
mospheric width is 5Mm and h = 35Mm is the distance of the pressure pulse (∆p) from the corona-chromosphere
interface.

the pressure can increase even more with respect to the quiet corona (the mass density is also
increased in flare loops) (Aschwanden, 2004), the shock dynamics dependence on the magnetic
field poses the following problem: whereas on one hand it is needed a sufficiently large magnetic
field in order to reach the correct velocity of the magnetosonic shock (which mainly depends
on the Alfvén speed), the shock intensity rapidly decays with increasing magnetic fields. This
issue is studied in our previous work (Krause et al., 2015).

3.1 Numerical experiments

In these experimets we use a pressure pulse to simulate the flare-volume expansion (instanta-
neous piston mechanism) that causes the blast-wave propagating fast-mode shock which sweeps
the chromosphere. Since we are interested in low coronal phenomena (flare ignition scenario),
considering that typical large values of the coronal pressure scale height are of the order of
100Mm, we can neglect the gravity term in Eq. (2) and Eq. (3). The aim of the analysis is to
describe the effect of the coronal wave over the transition region and the upper chromosphere,
which is modelled as a thin simple layer with constant pressure, temperature and density. The
temperature and density abruptly change at the transition region. The width of the chromosphere
is arbitrarily assumed as 5Mm, approximately twice the height of the Hα line core formation
(Leenaarts et al., 2012). The magnetic field configuration is set as a uniform magnetic field
in the y-direction (open-field assumption), then the initial background atmosphere is in total
equilibrium since the pressure is assumed to be constant in all the domain (excepting the region
where the pressure pulse is applied).

We choose typical values of temperature and number density at the coronal base, Tu =
1.6×106 K and nu = 1.2×108 cm−3 (Wu et al., 2001). The number density in the chromosphere
is obtained considering an initial temperature of Td = 104 K, and the same plasma pressure as
in the corona. The pressure pulse intensity is limited by the maximum admissible temperature
and density, which can increase up to T ≈ 40 × 106 K and n ≈ 1011 cm−3 when a flaring loop
is considered (Aschwanden, 2004).

In Figure 2 it is shown the setup of the physical model, with the upper coronal region and the
downward chromospheric one. We use free-flow conditions (zero gradient values) for the upper
and lateral boundaries and a reflecting condition for the lower boundary to model the denser
solar surface values.

The distance between the pressure pulse location and the chromospheric surface is set in
order to adjust the space-time interval reported by the observations between the flare event and
the beginning of the Moreton wave. We assume that the flare occurs near the boundary of an
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Figure 3: Density profiles in the solar atmosphere for t = 300 s and B0 = 3.53G, with a pressure pulse ∆p/p =

100.

active region (AR) where the magnetic field has already decayed and we study the propagation
of the perturbation from the boundary of the AR across the quiet corona where the magnetic
field is assumed uniform. On the other hand, the pressure pulse is applied during a lapse of
time, which is determined in order to fit the observations.

We now consider the Moreton event on December 6, 2006 (Francile et al., 2013). The aim
of the analysis is to evaluate whether this model is able to reproduce the observational curve
of Figure 1. Since in this blast-wave scenario the shock wave propagates in the solar corona,
the shock speed depends on the properties of this region through the acustic and Alfvén speeds.
Being the plasma beta β ≪ 1 in the corona, the magnetosonic speed will be mostly function
of the Alfvén speed, thus the magnetic field strength is the main parameter to control the wave
speed. To estimate this value, we assume that the shock wave evolves to an ordinary fast mag-
netosonic mode (Warmuth et al., 2001, 2004b) when the Moreton speed decrece until becomes
approximately constant. Then, considering that the observational wave speed at that stage is
about 720 km s−1, we can calculate a required magnetic field strength B0 = 3.53G. The pres-
sure pulse strength is set as large as possible in order to evaluate the maximum influence of the
coronal shock on the chromosphere. It must be taken into account that the pressure pulse has
to be able to compensate the effect of relatively large magnetic fields (associated with lower
compression ratio values) and produce a sufficiently strong compressional wave in the chromo-
sphere to be detected for the HASTA telescope.

In Figure 3 we shown two density profiles, one of them corresponding to the corona at the
same height as the initial position of the pressure pulse, and the other one measured in the
upper chromosphere, at a time t = 300 s for which the coronal shock and the chromospheric
disturbance have been formed and travelled a certain distance. In case of the coronal density
profile, an evident shock can be observed, with the sharp density enhancement followed by a
rarefaction which could be an alternative explanation of the dimming EUV observations that are
usually associated to CME expansions (Chen et al., 2002). At chromospheric level the density
enhancement is proportionally much less intensive than that in the corona. Considering that the
Hα opacity in the upper chromosphere is mostly sensitive to the mass density and only weakly
sensitive to the temperature (Leenaarts et al., 2012), we assume that this density profile gives
account of the Moreton wave.

In Figure 4 we plot the chromospheric disturbance position as a function of time to compare
these results with those observationally obtained by Francile et al. (2013) (see Figure 1). We
assume that radiative losses can be treated supposing that the upper chromospheric region is an
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Figure 4: Comparison between the observational curve (dashed line) and the numerical simulation (circles) for
B0 = 3.53G. The dashed line represents the 2D averaged chromospheric distance traveled by the Moreton wave
registered on December 6, 2006 by Francile et al. (2013). The circles indicate the traveling wavefront obtained
by the simulation applying a temporal pressure pulse of ∆p/p ≈ 1000 during 40 s. A threshold of 8% in the
compression ratio of an optically thin medium.

optically thin medium (see e.g. (Gayley and Canfield, 1991)), thus we consider that the emission
measurement is proportional to the square of the particle density. The data indicating a Moreton
front are then the square of numerical density perturbations beyond a certain threshold, which
is about 8% for the HASTA telescope. In this way, the final detection of the disturbance occurs
when the intensity has weakened below the threshold and it indicates the maximum distance
travelled by the Moreton wave.

Observing Figure 4 we can see that the simulated Moreton wave has travelled until a distance
of about 400Mm measured from the pressure pulse position in approximately 400 s. The circles
corresponding to later times located inside of a 100Mm radius from the radiant point represent
the stationary depression produced by the persisten vertical coronal compression. These fea-
tures were reported as persistent brightenings and correspond to chromospheric Hα features
(Delannée et al., 2007; Francile et al., 2013). In conclusion, the blast-wave model seems to be
able to reproduce the Moreton event, although considerably large values of the pressure pulse
are required to produce a chromospheric perturbation that overcomes the instrumental thresh-
old. These issues are discussed in the Conclusions section.

4 CORONAL MASS EJECTION SCENARIO

Coronal mass ejection (CME) are probably the most accepted phenomenon used to explain
the generation of Moreton waves (Chen et al., 2005; Balasubramaniam et al., 2010; Zhang et al.,
2011). However there is still no consensus about which is the first mechanism associated to the
CME that effectively produces the Moreton wave.

A CME is a very energetic process by which a large amount of matter and magnetic flux is
ejected from the lower solar corona to the outermost one and the interplanetary space. These
phenomena are generally associated with flares and they are due to sudden rearragements of the
coronal magnetic field lines (reconnection processes) that release large amount of energy. As a
consequence of the CME, shock waves arise driven by a combination of the bow-shock effect
(projectile effect) generated when the CME moves upward through the ambien plasma and by
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its body expansion in all directions. In this way, shock waves travelling through the corona
eventually arrive to the upper chromosphere and could produce a Moreton wave by sweeping
its surface Chen et al. (2002); Wang et al. (2009); Mei et al. (2012). This model is similar to
that proposed in the blas-wave scenario, but in this case a different source is responsible for
generating the shock waves. Other authors suggest that the compression disturbances detected
at chromospheric levels are not due to shocks travelling in the corona but they are produced by
the lateral expansion of the CME flanks (Temmer et al., 2009).

In this section we analyze 2D numerical simulation of a CME model in order to evaluate
whether this kind of process is able to produce Moreton waves and, if do, which is the mecha-
nism that induce these waves.

4.1 Numerical experiments

For the simulation of a CME we use a model that treats the current-carryng filament floating
in the corona as a force-free flux-rope located at an height h0 from the solar surface. The
magnetic field is represented by a line dipole in the photosphere at a depth d below the surface
(Forbes, 1990; Wang et al., 2009).

The magnetic configuration consist of three components: a current-carryng flux rope used to
model the prominence floating in the corona, the image of the current inside the flux rope, and
the background magnetic field produced by the line dipole of relative intensity M :. The initial
magnetic field is given by:

Bx = Bφ(R−)(y − h0)/R− − Bφ(R+)(y + h0)/R+−
MdBφ(r +

∆

2
)(r + ∆

2
)[x2 − (y + d)2]/R4

d,
By = −Bφ(R−)x/R− +Bφ(R+)x/R+−

MdBφ(r +
∆

2
)(r + ∆

2
)2x(y + d)/R4

d,

(10)

where
R± =

√

x2 + (y ± h0)2,

Rd =
√

x2 + (y + d)2,
(11)

and Bφ(R) is determined by the electric current density distribution j(R) inside the flux rope:

Bφ(R) = −2π
c
j0R, for 0 ≤ R ≤ r − ∆

2
,

Bφ(R) = −2πj0
cR

{1

2
(r − ∆

2
)2]− (∆

π
)2 + R2

2
+ ∆R

π
sin[ π

∆
(R− r + ∆

2
)]+

(∆
π
)2 cos[ π

∆
(R− r + ∆

2
)]}, for r − ∆

2
< R ≤ r + ∆

2
,

Bφ(R) = −2πj0
cR

[r2 + (∆
2
)2 − 2(∆

π
)2], for R > r + ∆

2
.

(12)

being c the speed of light, r the radius of the flux rope, ∆ the thickness of the transition layer
between the inside of the flux rope and the corona, and j0 is a constant with dimensions of
electric current density that gives the intensity of the current density inside the flux rope.

With respect to the solar atmosphere, in this case we are interested in the effect of the rising
of the flux rope, thus we now have to consider the gravity in Eqs. (2) and (3), which acts in
the vertical direction as g = −GM⊙/(y + R⊙)2, with G the gravitational constant, M⊙ =
1.989× 1030 kg the mass of the sun and R⊙ = 696.3Mm the solar radius.

The thermodynamic properties are obtained considering a stratified atmosphere with constant
temperature Tc = 106 K in the corona, a linear variable temperature in the transition layer of
width htr = 500 km and constant temperature Tcr = 5000K in the chromosphere of width
hcr = 2500 km. The pressure distribution is calculated from the hydrostatic equilibrium with
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Parameter Value
r 2500 km
h0 6250 km
d 3125 km
∆ 1250 km
M 1
Tc 106 K
Tcr 5000K
Tfr 20× 106 K
nc 1.2× 108 cm−3

hcr 2500 km
htr 500 km

Table 1: Initial values of the simulation parameters (parameter j0 is a control parameter).

the given temperature distribution and assuming a number density of nc = 1.2 × 108 cm−3 at
the base of the corona. Finally, the ideal gas law for fully ionized hydrogen is used.

The properties inside the flux rope are obtained considering the density current distribution
and the temperature Tf of the plasma in that region, which can be either higher or lower than
the coronal temperature depending whether the flux rope is hot or cold. The pressure inside the
flux rope is obtained from the equilibrium of magnetic and thermal pressure:

p = p0 −
1

c

∫

∞

R

Bφ(R)j(R) dr, (13)

where p0 is the background pressure calculated from the hydrostatic equilibrium and the distri-
bution current density is

j(R) = j0, for 0 ≤ R ≤ r − ∆

2
,

j(R) = j0
2
{cos[ π

∆
[R− r + ∆

2
] + 1}, for r − ∆

2
< R ≤ r + ∆

2
,

j(R) = 0, for R > r + ∆

2
.

(14)

Plasma density inside the flux rope is obtained with the equation of state considering the plasma
temperature Tfr and the pressure given by Eq. (13). The all parameters used in the simulations
are listed in Table 1. Parameter j0 is set as a control parameter which is used to modify the
magnetic field strength and consequently the rise speed of the flux rope and the speeds of the
generated waves. In Figure 5 we show the initial configuration of the magnetic field lines and
plasma density distribution in regions close to the flux rope.

Due to the initial unstable configuration the magnetic compression surpasses the magnetic
tension, thus the flux rope starts to rise in the numerical experiments provided that the force
caused by the “unbalanced” magnetic field is strong enough to counter the flux rope weight.
Naturally, the acceleration and the rise speed will depend on the magnetic field strength, which
can be modified through the parameter j0. For suffieciently strong magnetic fields, the flux rope
will eventually reach a determined speed such that different shock waves will be generated.
This result is shown in Figure 6 where we plot the density distribution at different times for the
parameters of Table 1 and a current density j0 = 2000 statamp cm−2. In that figure we can see
the fast magnetosonic shock generated ahead of the flux rope by the projectile effect. On the
other hand, the lift-off of the flux rope produced below it a depression area that generates an
expansion wave travelling in the horizontal direction. This expansion is known as the lateral
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Figure 5: Initial configuration of the magnetic field lines and plasma density distribution (the showed domain has
been reduced in order to clarify tha visualization near the flux rope).

expansion of the CME flanks. Precisely with these simulations we want to analyze whether one
of these two mechanism is able to produce the Moreton wave.

In Figure 7 we plot different density profiles in the horizontal direction for x ≥ 0. Several
times are considered to examine if a Moreton wave can be detected. The density profiles are
taken for two heights: one of them at 1500 km assuming that that region corresponds to the
upper chromosphere and is the region responsible for the Hα emission, and the other taken
at 3000 km in order to evaluate the possible delay between the coronal shock that sweeps the
chromospheric surface and the compressional wave registered in the upper chromosphere.

Observing the figure we can see that there is a compressional wave travelling trough the
chromosphere which is followed by a density decrease corresponding to the expansion caused
by the rising of the flux rope. Taking into account the same considerations used in the blas-wave
scenario analysis, we assume that this compressional wave measured in the upper chromosphere
gives account of the Moreton wave. Contrary to the blast-wave model, in this case the density
enhancement is more intensive but it does not satisfy the decreasing and extending features of
the perturbation present in the freely propagating wave assumption that are supported by ob-
servations (Warmuth et al., 2004a). We can attribute this behavior to the absence of dissipative
mechanisms in the ideal magnetohydrodynamics equations used in the simulations. On the other
hand, we can deduce from Figure 7 that there is a delay between the coronal fast magnetosonic
shock in the interface and the compressional wave travelling in the chromosphere, which is
more clearly visible for larger times (see Figure 7 for t = 200 s). This issue suggests us that
the lateral expansion of the CME flanks seems to be more likely the driver of the Moreton wave
than the upward moving CME front, as proposed by Temmer et al. (2009).

Now we evaluate the influence of the parameter j0 in the chromospheric compressional wave
speed. In Table 2 we present the average velocity of this wave during a time interval for which
we consider that the strong initial acceleration of the flux rope has finished. In addition, we
also show the speed of the fast magnetosonic shock in the interface in order to reinforce the
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t = 50 s t = 100 s

t = 150 s t = 200 s

Figure 6: Evolution of the plasma density and the magnetic field lines due to the eruption for j0 =

2000 statamp cm−2 and the parameters of Table 1. Note that the showed domain has been reduced in order to
clarify tha visualization of the evolution near the flux rope.
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Figure 7: Density profiles in the upper chromosphere (h = 2000 km) (lower pannels) and in the corona-
chromosphere interface (h = 3000 km) (upper pannels) for j0 = 2000 statamp cm−2 and the parameters of Table 1

.

j0 [statamp cm−2] VMor [km s−1] Vfr [km s−1] Vfm [km s−1]

1000 389.0 239.1 445.2
1500 445.3 390.0 539.7
2000 519.8 509.0 618.8
2500 566.7 610.8 689.0
3000 637.0 688.2 759.0

Table 2: Moreton speed VMor, rise speed of the flux rope Vfr and fast magnetosonic shock speed Vfm in the corona-
chromosphere interface as a function of the constant current density j0.

argument that the Moreton wave is due to the lateral expansion of the CME flanks instead of
the sweeping of fast magntosonic shock travelling in the corona. In Table 2 we can see the
gap between the two wave speeds, which shows that the compressional chromospheric wave is
slower than the coronal shock travelling in horizontal direction. Finally, the rise speed of the
flux rope is also shown with the aim of compare this values with actual observations. We can
see in Table 2 that, as expected, all velocities increase with increasing values of j0. On the other
hand, we see that for relatively small values of the constant density current j0, the rise speed
of the flux rope is slower than the chromospheric compressional wave, but for larger values of
j0 the velocity of the flux rope eventually exceeds the registered Moreton speed. Obviously,
both speeds always remain below the fast magnetosonic shock speed, which again supports the
hypothesis of the lateral expansion of the CME flanks.

Considering the results of Table 2, we now implement the proposed model for reproducing
the results of the December 6, 2006 event. Having into account that the results of Table 2
represent an almost linear dependency between the constant density current j0 and the measured
Moreton speed VMor, we obtain a tentative value of 3692 statamp cm−2 for j0 for an averaged
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Figure 8: Comparison between the observational curve (dashed line) and the numerical simulation (circles) for the
CME model of Figure 5 with j0 = 3692 statamp cm−2 and the parameters of Table 1. The dashed line represents
the 2D averaged chromospheric distance traveled by the Moreton wave registered on December 6, 2006 by Francile
et al. (2013). The circles indicate the traveling wavefront considering a threshold of 10% in the compression ratio
of an optically thin medium.

Moreton speed of 720 km s−1. In Figure 8 we plot the comparison between our numerical results
obtained for j0 = 3692 statamp cm−2 and the analytical curve of the Moreton evolution obtained
by Francile et al. (2013). To perform this graphic we consider that a 10% density enhancement
is necessary for capturing the Moreton wave. At initial times we only observe the stationary
compressional region near the position of the flux rope, until after about 60 s the compressional
wave aquires a sufficient strength to exceed the defined threshold. As in case of the blast-wave
scenario, this behavior is consistent with the observations of Figure 1. Once the Moreton wave
takes place, it travels in a fashion similar to that obtained in the blast-wave scenario, although
more adjustements would be necessary to reproduce the observations with better agreement.
However, we can assume that the CME model could be able to produce large-scale solar waves
and eventually Moreton waves, but another series of arguments has to be considered before
making this conclusions.

5 CONCLUSIONS

In view of our results, we can see that the kinematics of the Moreton waves are correctly re-
produced by the numerical simulations, either for the blas-wave scenario originated by a single
source to the coronal mass ejection (CME) model. In the first case it is shown that the sweeping
of the chromospheric surface by a sufficiently strong coronal fast magnetosonic shock is a fea-
sible mechanism to produce Moreton waves. On the other hand, in addition to the strength of
the coronal shock, we shown that it is necessary that the explosion occurs in a region where the
magnetic field is relatively weak in order to not dissipate the shock. Considering that flares take
place in active regions where β ≪ 1, this suggest that Moreton waves could be only developed
when the blast expansion occurs in the active region periphery, where the magnetic field decays
rapidly in outward direction. This would explain why Moreton waves travel in a bounded span
and why there is a discrepancy between the great number of registered flares and the relative
small number of detected Moreton waves. As a controversial result of the blast-wave model
we can highlight the aspect referred to the intensity of the compressional chromospheric wave,
which results just above the threshold detection of the Moreton wave, even for large values of
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the pressure pulse.
With respect to the CME model, although tese results could seem to be quite good, there is

an issue that we have to consider for evaluating the model, this is the evolution of the plasma
temperature. While the main features of the simulation are in good agreement with previous
observations, that is feasible values for the rise speed of the flux rope, the density enhancement
of the chromospheric compressional wave and the speed of the coronal shock, the temperature
values registered during the simulations result extremely high, reaching values larger than 100×
106 K, which greatly exceeds the admisible temperatures for the solar corona (Aschwanden,
2004). This suggest that, at least for the model based on the ideal MHD equations, the CME is
not able to generate large scale chromospheric waves and a more impulsive event is required,
as proposed by Temmer et al. (2009). However, more concluding results could be obtained
considering models with magnetic resistivity and heat conduction, which could help to reduce
the excessive temperatures through their dissipative mechanisms.
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