TASK QUARTERLY 10 No 3, 227-238

NUMERICAL SIMULATIONS OF IMPULSIVELY
EXCITED FAST MAGNETOSONIC WAVES
IN TWO PARALLEL SLABS
RAFAL, OGRODOWCZYK®! AND KRZYSZTOF MURAWSKI?

L Institute of Mathematics and Computer Sciences,
The State University in Chelm,
Pocztowa 54, 22-100 Chelm, Poland
rogrodow@pwsz. chelm.pl

2 Institute of Physics, UMCS,
Radziszewskiego 10, 20-031 Lublin, Poland

(Received 10 February 2006; revised manuscript received 21 April 2006)
Abstract: We present numerical results of a temporal evolution of impulsively excited magnetosonic
waves in a solar coronal loop that is approximated by a set of two straight plasma slabs of mass
density enhancement. Numerical simulations reveal that shapes of wavelet spectra of time signatures
of these waves depend on a distance between the strands and on a position of the initial pulse. We
find that with a distance growing between these strands short period waves contribute more while
long period waves contribute less to the wavelet spectra. We demonstrate that a presence of the
second parallel strand affects considerably wave propagation in comparison to one strand alone. We
find out that the initial pulse triggers a packet of propagating waves among witch sausage and kink
modes are present simultaneously.

Keywords: Sun: MHD, Sun: corona, Sun: oscillation

1. Introduction

It has long been established both on theoretical and observational grounds that
magnetohydrodynamic (MHD) waves can be sustained by solar coronal loops (e.g.
[1, 2]). The recent interest in wave propagation in solar coronal loops (see e.g. [3-5]),
spurred on by SOHO and TRACE observations [6—8], has highlighted the complexity
in a development of realistic models (e.g. [9]). The usual approach is to treat a coronal
loop as a homogeneous magnetic column of a condensed plasma [5]. Such an approach
leads to dispersion relations which describe the normal modes of the system [10-12]
and numerical solutions of the full set of magnetohydrodynamic (MHD) equations
(e.g. [13]).

Solar coronal loops support both propagating and standing MHD waves. Prop-
agating slow magnetosonic waves were detected near the footpoints of coronal loops
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228 R. Ogrodowczyk and K. Murawski

[14, 15]. Standing slow waves were discussed by [9, 16—18]. Propagating fast magne-
tosonic waves in monolithic coronal loops were studied recently by e.g. [6, 17, 19].
Among the standing waves observed in coronal loops are the transverse [20], vertical
[21] global kinks and sausage mode oscillations [22].

Studies of a structured coronal loop are rare. We distinguish the work done
by [5]. It was proved by numerical simulations that a presence of two parallel slabs
affects considerably wave propagation [23]. It was suggested by [24] that a coronal loop
consists of multi-threads or fibrils. An interaction between oscillating fibrils in such
system was studied by [5], who showed that waves frequencies of fast magnetosonic
modes is the same in identical fibrils. The most recent analysis of the observational
TRACE data leads to a conclusion that a structure of a coronal loop is complex,
consisting of a multiple of strands [7, 8]. It was found that elementary loops are
near-isothermal with their width of 2Mm as well as wider loops have heterogeneous
structure and a single loop is build from 10 strands even. While wave analysis in such
complex structures seems to be difficult numerical simulations are enough amenable
to lead to reliable results.

A main purpose of this paper is to establish an influence of the strands
stratification of a coronal loop on propagating waves trains. We adopt a slab as a simple
model of a loop strand and perform parametric studies which allow us to determine
an influence of a second strand on wave propagation in a loop that consists of two
strands.

This paper is organized as follows. Sections 2 and 3 describe physical and
numerical models, respectively. Results of numerical simulations are presented in
Section 4. This paper is concluded by a summary of the main results in Section 5.

2. Physical model

Consider an ideal, perfectly conducting, compressible plasma. Such a plasma
can be described by the time-dependent ideal MHD equations:

do B
SV (eV) =0, (1)
Q%—Z+Q(V-V)V=—Vp+%(VXB)XB7 (2)
%Jrv-(pV):(l—w)pVV, (3)
%—?sz(VxBL (4)
V-B=0. (5)

Here p is mass density, V is flow velocity, B is magnetic field, p is gas pressure, y is
the magnetic permeability, and v =15/3 is the adiabatic index.

Henceforth, we limit our discussion to a two-dimensional atmosphere for which
the plasma quantities are independent of the spatial coordinate y, i.e. /0y =0, and
V, =B, =0. While a recently observed loop was showed to be collected of 10 strands
[8], we consider a simple model in which a loop consists of two parallel identical
strands which are separated by a distance d (Figure 1). A half-width of such strand
is denoted by w. We assume that all plasma quantities experience a sudden jump

tq310a-e/228 1112007 BOP s.c., http://www.bop.com.pl



Numerical Simulations of Impulsively Fxcited Fast Magnetosonic Waves. .. 229
\”

Be Oc, Be, pe
B; ‘ w 0i; Bi, pi
B; X, X
Be
B, 1d Oc, Be, pe
B; 0i; Bi, pi

— B X, X
B.

Figure 1. A geometry of the model. The symbol X4 denotes a position of a detector
and d is a distance between the strands. Shaded regions correspond to the plasma slabs
of enhanced mass density, with their half-width w

from their constant values in the ambient medium to their constant values inside
each strand. The ambient values are denoted by the subscript e, while the internal
quantities possess the subscript ¢ (Figure 1).

We define a sound speed, ¢ge, and the Alfvén speed, Ve, in the ambient medium,
as c2, =7pe/0e and VZ, = Be/uge. The plasma 3 in the ambient medium is expressed
by the ratio of Alfvén speeds, v =Va./Vai, temperature ratio 7; /7., and mass density
ratio r = g;/e. It is given as:

g

e 1 z_
= 2p =T - 27". (6)
B2/w) Tl v

e

Plasma quantities inside the strands are then:

T B2
0i =T0e, Bi:Bc%a pi:pt—i. (7)
Here the total pressure p; is defined as the sum of the gas and magnetic pressures, viz.:
B2
Pt = Pe+ i . (8)
Values for these parameters are presented in Table 1.
Table 1. Equilibrium parameters
Quantity Value
Vae 1.0Mms™!
153 0.52-1073
Oec 10~ P kgm—3
Til/Te 2
r 10
v v10.1
l 1Mm
w 2Mm
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Equations (1)—(5) can be linearized and then applied to a single slab to derive
a dispersion relation [11]. This dispersion relation describes two sets of modes, namely
slow and fast magnetosonic waves. Slow magnetosonic waves propagate with their
phase speeds which are close to the sound speed. These waves are weakly dispersive.
On the other hand, the fast magnetosonic modes have their phase-speeds in the range
Vai <w/k < Vae and they are strongly dispersive in the long wavelength limit. These
wave are divided into sausage waves which are symmetric pulsations of the loop,
with the central axis of the loop remaining undisturbed and kink waves which involve
lateral displacement of the loop, maintaining its cross-section, with the axis of the
loop resembling a wriggling snake. For a cold plasma (sound speeds c¢ge = ¢5; =0) case
the dispersion relation has the form [11]:

tan(nw) =m/n 9)
for kink modes and:

tan(nw) =—n/m (10)

for sausage modes. Here we set:

2 2
2_ 12 W 2_ W 2

=k*— —- =——k 11
A .

with k£ being a wavenumber along the z-direction. It is noteworthy that m > 0
corresponds to non-leaky or ducted waves.

To a lack of our knowledge a dispersion relation for the two parallel slabs
structure is unknown. A difficulty in a derivation of such dispersion relation results
from a cross-talk between these slabs. However, when these slabs become well
separated we expect that the cross-talk can be neglected and each slab oscillates
independently one from another.

3. Numerical model

We adopt the numerical code EMILY which was developed by [25]. This code
is dedicated to solve the time-dependent, non-ideal magnetohydrodynamic equations.
Here, it is implemented an algorithm of finite-volume scheme that uses an approximate
Riemann solver for the hyperbolic fluxes and central differencing applied on nested
control volumes for the parabolic fluxes. The numerical scheme, which was applied in
this code, is second-order accurate in space and time.

Equations (1)—(5) are solved numerically with a use of a homogeneous grid of
600 x 500 numerical cells. This grid covers an Eulerian box (—301, 1707) x (—301, 301),
where [ is a spatial unit which is chosen equal to 1Mm. As our purpose is to
study propagating waves we used zero-gradient conditions at the boundaries of the
simulation region to represent natural extension of the real medium.

We consider initially launched pulses in pressure, viz.:
p(gg’z’t = O) =g |:]_ +Ap€7z2/w;2>e*(z7zo)2/wg} , (12)

where pg is a background pressure (pe or p;), A, denotes a relative amplitude of the
pulse, zp is its initial position along the vertical direction, and w, =2w its width.
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4. Numerical results

In this part of the paper we present results of the parametric studies we have
performed. We focus our attention on two parameters: (a) a distance between the
strands, d, (b) a pulse position in the z-direction, zy. We set and hold fixed xo = 0.
We perform wavelet and Fourier analysis which allows to determine an influence of
a presence of the second strand on wave spectra in the other strand.

4.1. Sausage waves

We launch the initial pulse inside the lower strand at zy =0. Figure 2 displays
spatial profiles of mass density ¢ in the two parallel slabs. As these profiles exhibit
compressed plasma regions that are followed by rarefied plasma we conclude that
the initial pulse excites essentially sausage waves in the bottom strand. As a result
of energy leakage from this strand, waves are excited in the top slab. However, it is
peculiar that these excited waves are sausage modes but not kink modes. We would
expect that a perturbation localized outside the top strand triggers kink modes.
This is not a case here. This scenario is determined by a cross-talk between the
bottom and top strands. As a consequence of this cross-talk sausage modes result in
both strands. Obviously an interaction between sausage modes in the bottom and
top strands is stronger than an interaction between sausage and kink modes. As an
additional evidence of the cross-talk serves a fact that at ¢ = 384s waves in the top slab
posses larger amplitudes than oscillations in the bottom slab. This result is a general
agreement with the findings made by [26] and [27].

10

20 40 60 80 100
x

Figure 2. Spatial profiles of mass density, g, resulting from the initial pulse of Equation (12) with
Ap =2, z0=0 at t =384s. A distance between the strands is d =4w

The cross-talk is evident in time-signatures of wave signals collected on the
strands axis (Figure 3). It is evident form Figure 3 that time-signatures collected
in the top and bottom strands are essentially similar. While wave amplitudes are of
a comparable magnitude, a phase-shift between maxima is discernible. While for the
top strand a maximum occurs at t >~ 370s and t ~ 430s, the bottom strand experiences
a highest compression at ¢ ~400s. This phase-shift can be traced in wavelet spectra
of the time-signatures (Figure 4). It is interesting that these spectrum consist of three
wave-periods which appear in the wavelet and FFT spectrum. One of them is dominant
(P ~22s) and the rest of them have periods P~ 61s and P ~ 69s. Indeed, we can
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Figure 3. Time-signatures of the wave signals, collected at zq = 1401 inside the upper (left panel)
and lower (right panel) strands in the case of Figure 2
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Figure 4. Wavelet spectra of the wave signals of Figure 3
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Figure 5. Fourier spectra of the wave signal of Figure 3

estimate the precise values of dominant wave periods from the left panel of Figure 4

and Figure 5.

4.2. Kink waves

The initial pulse was launched outside the slab at: (a) zo = —51 and (b) zo =61.
Figure 6 shows the corresponding spatial profiles of mass density 0. We would expect
that the initial pulse launched outside a strand triggers kink modes only. However,
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in this case we find that the initial pulse excites kink and sausage modes in both
strands. This scenario is determined by a cross-talk between the bottom and top
strands. As a consequence of this cross-talk trapped sausage modes result in both
strands although the kink modes remain dominant there. In the case of the initial
pulse launched between the strands, Fourier amplitudes associated with the kink and
sausage modes are comparable (Figure 7). We conclude that a presence of the second
strand results in an excitation of sausage modes in the system.

40 60 80 100 120 140 20 10 60 80 100
X X

Figure 6. Spatial profiles of the mass density, g, resulting from the initial pulse of Equation (12)
with A, =2, zo =—51 at t =288s (left panel), and zy =61 at t =384s (right panel). A distance
between the slabs is d =4w

4.3. Modes identification

In this part of the paper we direct our efforts towards identification of modes
which are excited in the system. We adopt the dispersion relations for a magnetic slab
alone [11] (see Equations (10)—(11)).

Figure 8 displays wave frequency w versus horizontal wavenumber k, which
follow from the dispersion relations of Equations (10)—(11). Solid and dotted lines
correspond to respectively kink and sausage oscillations. It is noteworthy that the
first-order (n =1) kink mode that is represented by the lowest solid line is a ducted
wave for all values of k. The remnant modes exist as trapped waves for sufficiently
large values of k. Long waves are called leaky as they propagate in the ambient
medium and they transfer energy from a slab to its neighborhood. The initial pulse
launched at zp =0 excites the second-order (n =2) sausage modes in the slab (left
panel of Figure 8). Moving this pulse to zp = —5I, n =1 and n =3 kink modes are
triggered.

Figure 9 illustrates dispersive curves for fast magnetosonic waves propagating
along a single slab, in a limit of a cold plasma approximation. Vertical and horizontal
lines correspond to wave numbers and wave frequencies, obtained by FFT analysis
of spatial resolution and time-signatures of wave signal of fast magnetosonic waves
propagating in the bottom strand. This strand is settled at the distance d =4w form
the top strand. The top-left (top-right) panel of Figure 9 should be compared with
the left (right) panel of Figure 8. It is noteworthy that the second-order sausage
mode is present both in the single strand alone (left panel of Figure 8) and in the
system of two strands (top-left panel of Figure 9). As a result of a presence of the top
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Figure 7. Wavelet (top panel) and Fourier (bottom panel) spectra of the wave signals;
the case of Figure 6
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Figure 8. Dispersive curves for fast magnetosonic waves in a case of the top strand is removed
from the system: solid (dotted) lines represent kink (sausage) modes, dashed and dashed-dotted
lines correspond to a case of the initial pulse launched at zo =0 (left panel)
and zp = —51 (right panel)

strand two additional modes are triggered in the bottom strand. They are identified
as n =1 sausage and n =1 kink modes. In a case of the initial pulse is launched
below the bottom slab, at zyp = —5[ (top-right panel of Figure 9) n=1 and n =2
sausage additional modes are excited in comparison to a single slab alone (Figure 8).
A presence of these modes serves as an evidence of a cross-talk between the strands.
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Figure 9. Dispersive curves for fast magnetosonic waves: solid lines represent kink modes and
dotted lines correspond to sausage modes for a single strand, dashed and dashed-dotted lines
correspond to wave spectra evaluated for a case of two strands, the initial pulse launched at zp =0
(top-left panel), zg = —51 (top-right panel) and zo =61 (bottom panel);

a distance between the strands is d =4w =81

When the initial pulse is launched in the region between two strands, at zo =61, n=1
sausage and n =3 kink modes are excited. Although a presence of the kink mode is
not surprising, the sausage mode seems to be a result of the cross-talk.

4.4. Parametric studies

Figure 10 illustrates wavelet spectra for two values of a normalized distance
between the strands, d’ = d/w, namely, d' =2 (left panel) and d’ =8 (right panel).
The initial pulse is launched at zo =0 in a system of two strands. It is clearly visible
that for the case of d’ the wavelet spectrum is reminiscent of the one slab case (not
shown). It is discernible that larger wave periods P start to be present in wavelet
spectra for low values of d’. We conclude that for a small distance between the strands
the effective half-width of the loop is increased and longer wavelength wave packets,
comparable to this half-width, are strongly trapped by such system.

Figure 11 illustrates the wave frequency w versus normalized distance d’' = d/w
between strands. The triangles and squares correspond to kink and sausage modes,
respectively. The number near the symbol denotes the order of a mode. The top-left
panel shows w for the initial pulse launched at zg = 0. It is discernible that w is smaller
for larger values of d’. We conclude that kink modes result from a presence of second
strand in the system.
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Figure 10. Wavelet spectra of wave signals, collected on the strand axis at xq = 1401, z4 =0,
for the initial pulse launched at zp =0; a distance between the strands is: d’ =2 (left panel)

and d' =8 (right panel)
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Figure 11. Wave frequency w vs normalized distance d’ = d/w between strands: initial pulse
launched at zp =0 (top-left panel), zo = —51 (top-right panel) and zp =d'/2 (bottom panel);
the triangles (squares) correspond to kink (sausage) modes, the number near the symbol denotes
the order of the mode

The top-right panel displays w for the initial position of the pulse at zg = —51.
It is noteworthy that the initial pulse launched below the strand’s system excites
essentially sausage and kink modes. We conclude that this scenario is affected by
a cross-talk between the strands. It is noteworthy that only one sausage mode is
excited for d’ =8, w=161. For smaller value of d’ two sausage modes are presented.
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The bottom panel of Figure 11 exemplifies the initial pulse launched at zo =d’ /2
case.

5. Summary

In this paper we performed numerical simulations of impulsively generated
magnetosonic waves in a coronal loop which consists of two parallel strands. The
results of these simulations reveal that kink and sausage waves possess properties
which depend of a distance between the strands. We find that a cross-talk between
the strands influences excitation of sausage modes when the initial pulse is launched
outside the strands. As a result of this cross-talk, amplitudes of oscillations vary
interchangeably in both strands. We identify the modes excited in such system. In
comparison to one slab’s case additional kink and sausage modes are triggered in the
bottom strands. The parametric studies we performed reveal that a wave frequency
w is smaller for larger values of a distance between the strands, d’, and a cross-talk
phenomenon decreases his influence of the system. It is noteworthy that a smaller
number of sausage modes are excited for larger values of d’. On the other hand, it is
discernible that larger wave periods P are present in wavelet spectra for smaller d’.
We conclude that for a small distance between the strands the effective half-width is
increased and wave packets with longer wave period are ducted along the structure.

We conclude that the oscillations of coronal loops observed by TRACE (e.g. [21])
could be excited by propagating fast magnetosonic pulse that results from a flare. The
period of the observed oscillations is determined by the geometry of the loops, as well
as by the magnetic and the density structure of the loops. We find that the period
of these oscillations is different in a case such loop is not monolithic but instead it
consists of two parallel slabs.
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