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ABSTRACT

Aims. We numerically studied evolution of impulsively generated magnetoacoustic waves in the vertical flare current-sheet that is
embedded in the gravitationally stratified solar atmosphere and compared it with its gravity-free counterpart.

Methods. We adopted a two-dimensional (2D) magnetohydrodynamic (MHD) model, in which we solved a full set of ideal time-
dependent MHD equations by means of the FLASH code, using the adaptive mesh refinement (AMR) method. To initiate the fast
sausage magnetoacoustic waves, we used axisymmetric Gaussian velocity perturbation. As a diagnostic tool of these magnetoacoustic
waves, we used the wavelet analysis method.

Results. We present a model of magnetoacoustic wave propagation with a gravity that is more realistic than that presented in previous
studies. We compare our results with those of a gravity-free case. In equilibrium the current-sheet with gravity requires a non-zero
horizontal component of the magnetic field, contrary to the gravity-free case. This causes differences in the parameters of the wave
signal that propagates along the current sheet. In addition to these differences we find that wave signal variations and their wavelet
tadpoles are more complex in the case with gravity than in the gravity-free case. Furthermore, for a shorter scale-height we found
a prolongation of the wavelet tadpoles. These differences result from a variation of the dispersive properties and group velocities of
the propagating magnetoacoustic waves with height in the solar atmosphere in the gravitational case. We show that these results can

affect the diagnostics of physical processes in solar flares.
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1. Introduction

Magnetohydrodynamic (MHD) waves are recognized as an ef-
ficient tool in diagnostics of the solar corona as well as of
solar flares, see e.g. Roberts (2000), Nakariakov (2003), and
Macnamara & Roberts (2010, 2011). Waves and oscillations are
observed by modern imaging and spectral instruments in the vis-
ible light, EUV, X-ray and radio bands, and some of them can be
interpreted in terms of MHD plasma theory. The magnetically
dominated solar plasma can support the propagation of various
types of waves. These MHD waves and oscillations have been
investigated and analyzed in many theoretical and numerical
studies. Among various studied cases we can distinguish propa-
gating (De Moortel et al. 2002), slow magnetoacoustic standing
(Ofman & Wang 2002; Nakariakov et al. 2004; Selwa et al. 2005;
Zaqarashvili et al. 2005; Jelinek & Karlicky 2009, 2010), fast
magnetoacoustic: kink (Nakariakov et al. 1999; Aschwanden
et al. 2002; Wang & Solanki 2004; Andries et al. 2005; Pascoe
et al. 2010) and sausage modes (Pascoe et al. 2007, 2009). These
modes have been observed with highly sensitive instruments
such as SUMER (SoHO) and TRACE, as well as by other re-
cent solar missions, e.g., EIS/Hinode or EUVI/STEREO. Also,
compressible MHD waves (Ofman et al. 1999); De Moortel et al.
(2000) and flare-generated global kink oscillations of solar coro-
nal loops (Schrijver et al. 2002) were discovered; for a compre-
hensive review, see Nakariakov & Verwichte (2005).

Article published by EDP Sciences

The impulsively generated MHD waves and oscillations can
be excited by various processes in the solar corona. The im-
pulsive flare process, which provides either single or multiple
sources of disturbances, is the most probable one. The impul-
sively generated magnetoacoustic waves are trapped in regions
of higher density, i.e. in regions with a lower Alfvén speed,
which act as waveguides. The periodicity of propagating fast
sausage waves results from the time evolution of an impulsively
generated signal (see Roberts et al. 1983, 1984 and Murawski &
Roberts 1994). These waves in a coronal waveguide have three
distinct phases: (1) periodic phase (long-period spectral com-
ponents are fastest and they arrive first at the detection point);
(2) quasi-periodic phase (both long and short-period spectral
components arrive and interact); (3) decay (or Airy) phase,
where the signal passes the detection point (Roberts et al. 1984).

The wavelet analysis of impulsively generated (fast sausage)
magnetoacoustic wave trains shows the typical tadpole shape
with a narrow-spectrum tail preceding a broadband head. These
tadpole signatures (wavelet tadpole) were first observed by the
SECIS instrument in the 1999 solar-eclipse data (see Katsiyannis
et al. 2003). Similarly, Mészarosova et al. (2009a,b) detected for
the first time the tadpoles in the wavelet spectra in some radio
sources, which has also been confirmed numerically, see e.g.
Nakariakov et al. (2004, 2005).

Owing to their enhanced density, current-sheets are the struc-
tures that can guide the MHD waves. Karlicky et al. (2011)
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found the wavelet tadpoles in sources of the narrowband dm-
spikes. These authors concluded that these wavelet tadpoles in-
dicate that the magnetoacoustic waves propagate in the global
current-sheet (current layer) in the turbulent reconnection out-
flows. This paper served as a motivation of a more extended and
detailed study of the magnetoacoustic (fast sausage) waves in the
current-sheet, see Jelinek & Karlicky (2012).

The present paper extends our previous model (Jelinek &
Karlicky 2012). We study an evolution of the propagating fast
sausage magnetoacoustic waves in a vertical flare current-sheet
under the influence of gravity, which makes our model more re-
alistic. Then we compare it with the gravity-free case. Because
these processes are important for a diagnostics of solar flares, we
analyze the computed waves in the same way as those observed,
i.e., using the wavelet analysis method.

The structure of the present paper is as follows. Section 2
describes our numerical models, governing equations, initial
conditions, and perturbations. In Sect. 3, the numerical results,
obtained by means of our computer models, are shown and dis-
cussed. Finally, Sect. 4 presents our conclusions.

2. Physical model
2.1. Governing equations

In our numerical model of the vertical flare current-sheet in the
gravitationally stratified solar atmosphere, the plasma dynamics
is described by the two-dimensional (2D) time-dependent ideal
magnetohydrodynamic equations, see e.g. Priest (1982):

% _— (1)
Q%l;=—vp+j><B+Q9, 2
% = (B-V)v, 3)
% = —yeV -, @)
V-B=0. ©)

Here D/Dt = d/0t+v-V is the total time derivative, o is the mass
density, v is the flow velocity, B is the magnetic field, and g =
[0, =g, 0] is the gravitational acceleration with g, = 274 ms™2.

The current density j in Eq. (2) is expressed as

1
j:ﬂ—OVxB, (6)

where o = 1.26 x 10® Hm™! is the magnetic permeability of
free space. The specific internal energy, e, in Eq. (4) is given by

e = P
(y— Do’

(N

with the adiabatic coefficient, which we set and hold fixed as
vy =15/3.

2.2. Equilibrium

For a still (v = 0) equilibrium, the Lorentz and gravity forces
have to be balanced by the pressure gradient in the entire physi-
cal domain

-Vp+jxB+pg=0. 8)
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Fig. 1. Vertical magnetic field component, B,, (color map) for the
gravity-free medium (leff) and gravitationally stratified solar atmo-
sphere (right). The magnetic field lines are displayed by solid lines. The
full circles denote the location of the initial perturbation and crosses
correspond to locations of detection points.

The solenoidal condition, V - B = 0, is identically satisfied by
the magnetic flux function, A,

B=VXxA. €)

For calculating the magnetic field in the vertical flare current-
sheet we use the magnetic flux function A = [0, 0, A.] in general

form
X y
o2 este2)
cos (wcs)}exp 1

Here the coefficient A denotes the magnetic scale-height. For the
limit case of 4 — oo the exponent becomes unity for a gravity-
free medium. The symbol B, is used for the magnetic field at
x — oo, and wg is the half-width of the current-sheet. Here we
set and hold fixed wes = 1.0 Mm.

Figure 1 displays the vertical component of the magnetic
field, B,, for the gravity-free case (left panel) and for the gravita-
tionally stratified solar corona (right panel). The magnetic field
lines are expressed by full lines. Note that at x = O the vertical
magnetic field component, B,, experiences a sudden jump from
negative (for x < 0) to positive values (for x > 0).

A, = —Bowes log{ (10)
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2.2.1. Gravity-free medium

In the gravity-free case, g = [0,0, 0], we find that the magnetic
field is

B= [o, B, tanh(i),o].

Wes

(1)

This magnetic field corresponds to the Harris current-sheet. It
changes from By for high positive values of x to —Bj for high
negative values of x, passing through zero at x = 0 (Fig. 1).

From the equation of static equilibrium, Eq. (8), we obtain
the formula for the gas pressure distribution in the following
form, see e.g. (Smith et al. 1997)

p(x,y) = pcs - sech? (i) 12)

wcs

where pcs is the gas pressure at the center of the Harris current-
sheet, expressed as

(13)

We assumed that in the equilibrium the plasma is isothermal with
atemperature T = 10.0x 10° K (for the first studied case) or T =
5.0 x 10° K (for the second studied case). The particle density in
the center of the Harris current-sheet is ncs = 4.0 x 106 kg m-3
and kg = 1.38 x 1072 JK~! is the Boltzmann constant. After
specifying gas pressure and temperature, we find the mass den-
sity distribution from the ideal gas law,

pcs = ncsksT.

_ mp

= 14
[ kT (14)

2.2.2. Gravitationally stratified medium

To satisfy the solenoidal condition given by Eq. (5), combining
it with Eq. (9) and using the gravitational acceleration that is
oriented in the negative y-direction, g = [0, —ge, 0], we obtain
the equations for the magnetic field in the x-y plane as

By(x,y) = BO% In [cosh(wics)} exp (—%) s (15)
B,(x,y) = B, tanh(i)exp (—%) (16)

For details see Galsgaard & Roussev (2002).
In our 2D model without and with the gravity, Eq. (8) attains
the following form:

6 b .
péx y) + j:By(x,y) =0, (17)
X
ap(x, )
J%;@—mexw+emxw=o. (18)

Here j. is the only non-zero component of the electric current
density j (see Eq. (6)), given by j, = IILO(V X B),.
The condition of integrability of the above equations leads to

do(x,y)
09

o~V (oB),
X

19)

from which we can derive the formulae for the distribution of the

mass density
BZ
o(x,y) = { o {1 +1n cosh(i)]} sech® (i)
Wes Wes

HogA

+go} exp (—2%), (20)
and gas pressure
B ,( x\ B x
. — h - o“’cs 1 2 h o
p(x,y) {2/10 sec (wcs) + 2ol n’|cos o
1
+%}exp(—2%)+po. 1)

Here oy and pg are arbitrary integration constants. The corre-
sponding plasma temperature is determined by Eq. (14).

2.3. Perturbations

At the start of the numerical simulation (¢ = 0 s), the equilib-
rium is perturbed by the Gaussian pulse in the x-component of
velocity and has the following form (e.g. Nakariakov et al. 2004,
2005):

X x-Lp)’ y |’
vy = —Ag — exp|— exp|l——| ,
Ay Ax Ay

(22)

where Ay is the initial amplitude of the pulse, and A, = 1, =
1.0 Mm are the widths of the velocity pulse in the longitudinal
and transverse directions, respectively. This pulse triggers pref-
erentially fast magnetoacoustic sausage waves.

The perturbation point, Lp, in both the cases, is located on
the axis of the current-sheet, at a distance of 30 Mm from the
bottom boundary of the simulation region. The detection points,
Lp, are also on the current-sheet axis and the distance between
the perturbation and detection points is A = |Lp — Lp| = 20, 30,
and 40 Mm, respectively. See full black circles and crosses in
Fig. 1.

3. Numerical model

The 2D time-dependent ideal MHD Eqgs. (1)—(4) were solved
numerically with the FLASH code. This code was initially de-
veloped to model nuclear flashes on the surfaces of neutron stars
and white dwarfs, and the interior of white dwarfs; but it has
since been applied to model a wide variety of astrophysical pro-
cesses, see e.g. Fryxell et al. (2000). Currently, it is a well tested,
fully modular, parallel, multiphysics, open science, simulation
code that implements second- and third-order unsplit Godunov
solvers and adaptive mesh refinement (AMR), see e.g. Chung
(2002) and Murawski (2002). The Godunov solver combines the
corner transport upwind method for multidimensional integra-
tion and the constrained transport algorithm for preserving the
divergence-free constraint on the magnetic field (Lee & Deane
2009). In our case, the AMR strategy is based on controlling the
numerical errors in a gradient of mass density that leads to reduc-
ing the numerical diffusion within the entire simulation region.
For our numerical simulations we used a 2D Eulerian box
with the height and width of the simulation region; for all the
studied cases, H = 100 Mm and W = 20 Mm, respectively
(see Fig. 1). The spatial resolution of the numerical grid was
determined with the AMR method and we used the AMR grid
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with the minimum (maximum) level of the refinement blocks
set to 3 (7). Note that a spatial grid size has to be less than
the typical width of the current-sheet along the x-direction and
the typical wavelength of the magnetoacoustic waves along the
y-direction, respectively. We found min(Ax) = 0.31 Mm and
min(Ay) = 0.26 Mm, which satisfies the above mentioned con-
dition (semi-width of the current-sheet is wcs = 1.0 Mm and the
estimated minimal wavelength is approximately 5.0 Mm). As a
consequence of the real plasma medium extension we applied
free-boundary conditions at the boundaries of the simulation re-
gion, so that the waves could freely leave the simulation box
without any significant reflection.

4. Numerical results

We present the numerical results of evolution of fast magnetoa-
coustic sausage waves in the vertical current-sheet embedded in
the gravitationally stratified solar atmosphere. Simultaneously,
we compare these results with those obtained for the gravity-free
case. Furthermore, we compare the numerical results in the grav-
itationally stratified solar atmosphere calculated for two different
scale-heights. From wave signals detected at the three detection
points we also compute the wavelet spectra and wave periods of
obtained wavelet tadpoles.

For the wavelet analysis we used the Morlet wavelet, which
consists of a plane wave modulated by a Gaussian,
¥(r) = 7 /4 explio? exp_(’z/ 2 (23)
where the parameter o allows trade between time and frequency
resolutions. Here we assumed the value of parameter o = 6, as
recommended by Farge (1992). The wave periods are estimated
from the global wavelet spectrum as the most dominant period
in this spectrum. More details about the wavelet method and its

implementation can be found e.g. in Farge (1992) and Torrence
& Compo (1998).

4.1. Gravity-free vs. gravitationally stratified solar
atmosphere

In the following, in addition to the gravity-free current-sheet
we consider the vertical current-sheet including gravity with
two different scale-heights: the longer and shorter ones corre-
sponding in the 1D gravity model to that with the temperature
T =10.0x 10°K and T = 5.0 x 10° K, respectively. In the case
with the longer scale-height we also study two cases with two
different widths of the current-sheet.

First, we compare the profiles of the normalized mass den-
sities along the vertical axis of the current-sheet in the gravity-
free case and gravitationally stratified plasma for a longer scale-
height (Figs. 2 and 3). In Fig. 2 the normalized mass density in
a gravity-free medium for times 10 s, 50 s, and 100 s is shown,
while in Fig. 3 similar results are presented for the gravitation-
ally stratified case for two widths of the current-sheet (in the left
part for wes = 1.0 Mm and wes = 1.5 Mm in the right-hand side
of the figure).

At the very early stage of the wave evolution, e.g. atf = 10 s
(solid line), the wave has a very simple form in both cases. For
longer times, ¢t = 50 s and t = 100 s (dashed and dotted lines,
respectively), some differences appear. The wave in the case of
the gravitationally stratified solar atmosphere is slightly undu-
lated and more irregular than in the gravity-free case. This effect
seems to be caused by different wave dispersion in these two
cases. Furthermore, in Fig. 3 one would expect that the wave
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Fig. 2. Profiles of the normalized mass density along the vertical axis
(x = 0) of the current-sheet at times r = 10 s (solid line), 50 s (dashed
line) and 100 s (dotted line) for the gravity-free case. The semi-width
of the current-sheet is wcg = 1.0 Mm.

amplitude will grow while the wave propagates toward lower
mass densities, which occur at higher altitudes of the solar at-
mosphere. However, as can be seen here, the maximum ampli-
tude decreases with height. This is caused by a relatively strong
spatial dispersion of the wave pulse energy into larger and larger
volume. Namely, different wave components of the initial wave
pulse propagate with different group velocities and the wave
pulse becomes longer in the vertical direction. Moreover, in this
direction also the width of the current-sheet and thus the wave
pulse becomes wider with an increase of y.

We compare here also the incoming wave signals (expressed
in relative plasma density variations) to the three selected de-
tection points (Fig. 4) as well as the corresponding wavelet tad-
poles (Fig. 5). In the left panels of both figures the results for the
gravity-free current-sheet are shown. These results (wave peri-
ods as well as the wavelet tadpole shapes) look similar to those
published by Jelinek & Karlicky (2012). For comparison pur-
poses, in the right columns we show the numerical results for
the current-sheet that is embedded in the gravitationally strati-
fied solar atmosphere.

If we compare the numerical results displayed in Fig. 4, we
can see that the wave signals propagating in the gravitationally
stratified solar corona (right) have more irregular shapes than
in the gravity-free case (left), which results from stronger wave
dispersion in the former case. The arrival time of the “leading
signal” is very similar in both cases because the mass density
and the magnetic field in the vertical y-direction decreases in the
same way, and thereforep the corresponding Alfvén speeds are
approximately of the same magnitude.

As a result of the above mentioned irregularities in the in-
coming wave signals, which propagate in the gravitationally
stratified solar atmosphere, we observe altered shapes of the
wavelet tadpoles compared to the gravity-free case (Fig. 5).

The slightly different wave periods can also be discernible
by comparing these two cases, as well as the different lengths
of wavelet tadpoles. Nakariakov et al. (2005) found that nar-
rower longitudinal drivers produce a broader k-spectrum above
the cutoff for wave propagation in the waveguide, and accord-
ingly, a broader interval of wave periods is detected. In our pre-
vious work (Jelinek & Karlicky 2012) we verified these results
for the Harris current-sheet by varying the current-sheet width.
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Fig. 3. Profiles of the normalized mass density along the vertical axis of the current-sheet (x = 0) at times ¢+ = 10 s (solid line), 50 s (dashed
line) and 100 s (dotted line) for the case of the gravity, longer scale-height and two semi-widths of the current-sheet wes = 1.0 Mm (/eft) and

wes = 1.5 Mm (right).
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Fig. 4. Incoming wave signals (expressed in relative plasma density variations) at the detection points Lp = 50 Mm, 60 Mm, and 70 Mm (upper,
middle, and lower panel, respectively). In the left column, the signals for the gravity-free case are shown; the signals detected in the gravitationally
stratified solar atmosphere are presented in the right panel. The semi-width of the current-sheet is wes = 1.0 Mm.

Therefore we conclude that the prolongation of the wave periods
in the case of the gravitationally stratified solar corona results
from the width of the current-sheet, which grows with heights
(Fig. 1, right). This conclusion is also supported by the calcu-
lations performed for the two widths of the current-sheet, see
Fig. 3, left part (narrower width) and right part (wider width of
the current-sheet), where we verified that the wave period is di-
rectly proportional to the semi-width of the current-sheet in ac-
cordance with the relation provided by Roberts et al. (1984)

w
P~ —-
VAIf

(24)

4.2. Gravitationally stratified solar atmosphere

Figure 6 illustrates the same numerical results as Fig. 3, but for
the shorter scale-height, corresponding in the 1D gravity model
to the plasma temperature, 7 = 5.0 x 10° K. The slope of the
mass density in this case is steeper and the wave moves more
slowly than in the case with the longer scale-height (Fig. 3). This
corresponds to the fact that in this case the external Alfvén speed
is slower than for the longer scale-height. Again at the very early
stages t = 10 s (solid line) the wave has a simple form and later
(50 and 100 s, dashed and dotted lines, respectively) it becomes
undulated and irregular due to the wave dispersion.
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Fig. 5. Temporal evolution of wavelet tadpoles for the three detection points: Lp = 50 Mm, 60 Mm, and 70 Mm (upper, middle, and lower panel,
respectively) for the gravity-free (left panels) and gravitationally stratified (right panels) solar atmosphere. The semi-width of the current-sheet is

Wes = 1.0 Mm.
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Fig. 6. Profiles of the normalized mass density along the vertical axis
of the current-sheet for (x = 0) at times ¢+ = 10 s (solid line), 50 s
(dashed line) and 100 s (dotted line) for the gravitationally stratified
plasma with the shorter scale-height. The semi-width of the current-
sheet is wes = 1.0 Mm.

Figure 7 displays incoming wave signals and corresponding
wavelet tadpoles for the shorter scale-height to the three detec-
tion points. Comparing these signals with those in Fig. 4, we ob-
serve delays in the arrival times of the “leading signals”, which
results from the lower value of the external Alfvén speed in
this case, as mentioned in the previous paragraph. The estimated
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values of the arrival times of the “leading signals” to the detec-
tion points are presented in Table 1.

The forms of the wave signals are very similar and there-
fore there are no essential differences between the shapes of the
wavelet tadpoles. On the other hand, if we compare the wave
periods for both studied cases, we find that the wave period
becomes longer for the shorter scale-height. This effect results
from a lower value of the Alfvén speed and the ratios between

the wave periods are approximately V2.

Figures 4 and 7 show that the wave signal is more strongly
attenuated in the case of the shorter scale-height. This is because
the initial perturbation (which has the same initial amplitude in
velocity) propagates in a denser environment than in the case of
the longer scale-height. The denser environment here is due to
the same value of the magnetic field in both studied cases, and
consequently, according to Eq. (13), for the same pressure in-
side the current-sheet the shorter scale-height leads to the higher
mass density.

Comparing Figs. 5 and 7 (right panels), we infer that the
wavelet tadpoles become longer in the case of the shorter scale-
height. Because we already verified the calculations given by
Roberts et al. (1984) in our previous work for the Harris current-
sheet, the time duration of the wavelet tadpole can be calculated
as lgp — s, where tap = |ILp — Lp|/va and tis = |Lp — LP|/Urgr}m
is the time of the decay phase and the arrival time of the “lead-
ing signal”, respectively (Jelinek & Karlicky 2012). Hence, we
conclude that longer lasting wavelet tadpoles result from a de-
crease in the group velocity. The group velocity in the case of
the shorter scale-height is lower as a consequence of the higher
mass density in the Harris current-sheet. As a result, the decay
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Fig. 7. Comparison of the incoming signals (relative plasma density variations) and corresponding wavelet tadpoles at the three different detection
points Lp = 50 Mm, 60 Mm, and 70 Mm (upper, middle, and lower panel, respectively) in the case of the gravity and the shorter scale-height. The

semi-width of the current-sheet is wcs = 1.0 Mm.

Table 1. Arrival times of “leading signals” to the detection points Lp.

Lp[Mm] Case#l Case#2 Case#3
50 ~19s ~19s ~28 s
60 ~28s ~28s ~39s
70 ~35s ~35s ~50s

Notes. Cases #1 and #2 correspond to the arrival times presented in the
left and right part of Fig. 4, while case #3 corresponds to the arrival
times in the left part of Fig. 7.

phase of the wave signal comes later than in the case of longer
scale-height.

Figure 8 shows the contours of mass density for the longer
and shorter scale-heights close to the area of the detection points
(left parts of subfigures (a) and (b), respectively). In the right
parts of these subfigures the selected zoomed parts of the mass
densities are displayed. We also represent the vectors of the to-
tal velocity as black arrows. The results in Figs. 8a and b are
displayed at time ¢ = 100 s.

The initial Gaussian pulse in the horizontal component of
the velocity generates the magnetoacoustic waves that perturb
the equilibrium in the mass density. As a result, we observe the
characteristic “sausage” structures after a sufficiently long time.
In the case of the longer scale-height we see the structure with a
longer wavelength than in the case with the shorter scale-height.
These figures also show that the wave propagates faster in the
case of the longer scale-height, as shown in Figs. 3 and 6, which
display slices of these structures along the axes of the vertical
flare current-sheet.

In the zoomed-in views of the mass density contours (right
parts of Figs. 8a and b) the maxima and minima of wave ampli-
tudes are displayed. They also show the vectors of the plasma
flow velocities. We can see that there are inflows of the plasma
in front of the propagating wave amplitude maxima, whereas on
the rear side of these maxima the plasma is outflowing. As a
result, the current-sheet is periodically narrowed and broadened
according to the sausage wave structure.

5. Conclusions

By including gravity in our model, we made it more realistic
than the previous models. We solved 2D time-dependent ideal
MHD equations using the FLASH numerical code, implement-
ing AMR (Lee & Deane 2009). We studied the propagation of
magnetoacoustic waves in the vertical flare current-sheet in a
gravitationally stratified solar atmosphere and for a gravity-free
case. We compared the numerical results for two different scale-
heights in the gravitationally stratified solar atmosphere.

We found several important differences between the stud-
ied cases. First, for the gravitationally stratified current-sheet it
is necessary to implement additional horizontal component of
the magnetic field, contrary to the gravity-free case. As a conse-
quence of this modification, properties of the current-sheet such
as the waveguide are changed. At the bottom part of the numeri-
cal box the parameters of the current-sheets are the same in both
cases. However, in the gravity case the width of the current-
sheet grows with height. This explains the longer wave peri-
ods of propagating magnetoacoustic waves in the gravitationally
stratified solar atmosphere compared to the gravity-free case.
Namely, the wave period is directly proportional to the width
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Fig. 8. Spatial profiles of the mass density close to the area of the detection points with zoomed areas at = 100 s for the case of the gravitationally
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scale-height. The black arrows represent the plasma velocity vectors. The mass density is expressed by colors which correspond to the ratio of the

local mass density to that in the perturbation point, Lp, in the initial time.

of the waveguide (current-sheet). The period is furthermore in-
versely proportional to the Alfvén speed, but this change is less
important in this case.

By comparing the numerical results in the gravitationally
stratified solar atmosphere we also found differences in the wave
periods for the two different scale-heights. For the shorter scale-
height case we found an even longer period, but here it is caused
mainly by higher mass densities, i.e. by a lower Alfvén speed
inside the waveguide. In this case also the minimal value of the
group velocity is lower than in the case with longer scale-height.
This explains the longer duration of the wavelet tadpoles.

However, these differences are mainly caused by the princi-
pal differences in the equilibrium current-sheet in the case with
and without gravity. In addition to these differences we found
that variations of the wave signal and their wavelet tadpoles are
more irregular in the case with gravity than in the gravity-free
case. We propose that these differences result from variations
with height of the dispersive properties and group velocities of
the propagating magnetoacoustic waves in the gravitational case.

The question arises how these results can be used for so-
lar flare diagnostics. Obviously, the model of propagating fast
magnetoacoustic sausage waves in the gravitationally stratified
atmosphere is more realistic than that for the gravity-free case.
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The gravitationally stratified case allows us to make a direct
comparison with observational data. The most frequently mea-
surable parameters of these waves in solar events are periods
and their temporal changes. For some events we can even com-
pute the corresponding wavelet spectra with characteristic tad-
poles. Combining these data with the possible determination of
the wave types and their wavelengths (from positional measure-
ments) together with independent estimates of the Alfvén speed
at these locations (e.g. by the magnetic field extrapolation and
UV and optical spectroscopy methods), we can directly compare
the results of the present numerical modeling with the observa-
tional findings.

Furthermore, an improved description of the propagation of
the fast sausage magnetoacoustic waves in waveguides (current-
sheets or density enhancement regions) in the gravitationally
stratified solar atmosphere can contribute to solving of the long-
standing discussion about the origin of the so-called fiber (inter-
mediate) bursts, (Young et al. 1961; Slottje 1981). Namely, there
are several models of these bursts based on the whistler, Alfvén,
and sausage magnetoacoustic waves (e.g. Bernold & Treumann
1983; Aurass et al. 1987; Mann et al. 1987; Kuznetsov 2006).
However, there is still no clear evidence which types of waves
are really present in radio sources of these bursts.
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