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Abstract. We study the effects of magnetic field shear (B, # 0) and longitudinal propagation of perturbations (k, # 0) on
the linear and adiabatic magnetohydrodynamic (MHD) normal modes of oscillation of a potential coronal arcade. In a cold
plasma, the inclusion of these two effects produces the linear coupling of discrete fast modes, characterised by a discrete
spectrum of frequencies and a global velocity structure, and Alfvén continuum modes, characterised by a continuous spectrum
of frequencies and with a velocity perturbation confined to given magnetic surfaces in such a way that modes with mixed
properties arise (Arregui et al. 2004). The wave equations governing the velocity perturbations have been solved numerically
and our results show that the couplings between fast and Alfvén modes are governed by some parity rules for the symmetry of
the eigenfunctions of fast and Alfvén modes in the direction along the equilibrium magnetic field. The nature of the coupling
between fast and Alfvén modes can be resonant or non-resonant depending on the location of the fast mode frequency within
the different Alfvén continua. Also, an important result is that in this kind of configurations coupled modes could be difficult
to observe since when both magnetic field shear and longitudinal propagation are present the spatial distribution of the velocity

may not be confined to low heights in the solar corona.
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1. Introduction

Although first detected in the early 70s mainly in the radio band
(see Aschwanden 1987, for a review), oscillations in solar coro-
nal magnetic structures have been unambiguously observed
due to the increased spatial and temporal resolution of imaging
telescopes on board spacecrafts such as SOHO and TRACE.
Oscillations have been detected in coronal loops (Nakariakov
et al. 1999; Aschwanden et al. 1999; De Moortel et al. 2000;
Robbrecht et al. 2001), coronal holes (Ofman et al. 2000), coro-
nal plumes (DeForest & Gurman 1998) and also in coronal ar-
cades (see e.g. the “harmonica” event observed on April 15,
2001 by TRACE). Observations carried out with these instru-
ments have allowed to report oscillatory phenomena in prac-
tically all wavelengths and have provided with a wealth of
information about some of their properties such as the wave-
lengths, propagation speeds, amplitudes, damping times, etc.
Regarding the nature of these oscillations, both propagating
waves (Berghmans & Clette 1999; De Moortel et al. 2002b,c)
as well as standing oscillations (Wang et al. 2003) have been
observed, pointing out the fact that the magnetically domi-
nated solar corona harbours different dynamical and oscillatory
phenomena.

* Present address: Centre for Plasma Astrophysics, K.U. Leuven,
Celestijnenlaan 200B, 3001 Heverlee, Belgium.

Most of these observations have been interpreted in terms
of standing or propagating magnetohydrodynamic waves. Just
like the first signatures for oscillatory motions observed in the
radio band (Rosenberg 1970; Aschwanden 1987) stimulated
the theoretical modelling of MHD waves in structured media
(see Roberts et al. 1984, for example), the recent observational
achievements have motivated an increasing effort from the the-
oretical point of view, leading to a refinement of the models
that try to explain and even predict these observations. These
facts have motivated coronal seismology, i.e. the probing of the
physical properties of the corona by means of the study of the
oscillations of its magnetic structures, to become an important
field of research. Coronal seismology has already been applied
by a number of authors for the estimation of different physi-
cal parameters in the solar corona. For example, Nakariakov
et al. (1999) used this method for the estimation of the coronal
dissipative coeflicients. Nakariakov & Ofman (2001) showed
that the Alfvén speed and magnetic field strength in coronal
loops can be estimated, using data from flare-generated loop
oscillations. De Moortel et al. (2002a) have shown that the pe-
riod, damping coefficient and decay exponent of loop oscil-
lations can be determined by means of the wavelet analysis,
although they have also stressed that a sufficient number of os-
cillations must be present in the analysed time series to ob-
tain correct values of these parameters. By using novel data
analysis techniques, Terradas (2002) quantified the properties
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of the oscillatory motions of coronal loops by means of two-
dimensional maps of the distribution of amplitudes inside the
loop structures. His results indicate that the larger amplitudes
of a propagating feature are located close to the edge of the
loop. Also, a filamentary pattern inside the loop, probably as-
sociated with its fine structure, was found. Finally, Zaqarashvili
(2003) suggested that time series spectroscopic observations at
different heights above an active region at the solar limb may
allow to determine the period and wavelength of global tor-
sional oscillations and consequently the Alfvén speed in the
corona. Indeed, from the analysis of early observations by Egan
& Schneeberger (1979) and assuming a constant value of the
Alfvén speed along the loop, Zaqarashvili (2003) obtained a
value of the Alfvén speed in the corona of 500 kms™.

The aforementioned results are based on the detection of
MHD waves in coronal structures together with the applica-
tion of theoretical models to extract information on the phys-
ical parameters of interest. Nevertheless, for the development
of an accurate coronal seismology the two activities, observa-
tions and theory, should mature to a sufficiently high degree so
as to allow for a unique correlation between calculated and ob-
served parameters. This paper aims to contribute to the theoret-
ical side of coronal seismology by studying the MHD normal
modes of oscillation of solar coronal arcades. Normal mode
analysis provides with a physical basis for the understand-
ing of the dynamics of the system. Previous theoretical works
have already given some insights into the subject of the nor-
mal modes of oscillation of two-dimensional magnetic config-
urations embedded in a plasma. Oliver et al. (1993) studied
analytically the modes of oscillation of a potential arcade for
different density profiles and boundary conditions. This work
was later extended by considering the MHD modes of oscilla-
tion of non-potential arcades in the absence of gravity (Oliver
et al. 1996). Terradas et al. (1999) obtained numerical solu-
tions for a fully magnetostatic arcade with gravity and con-
cluded that a necessary, although not sufficient, requirement for
fast mode oscillations to be confined in the corona is that the
Alfvén speed must increase with height. On the other hand, the
existence of singular solutions of the wave equations for partic-
ular magnetic field geometries and particular variations of the
equilibrium plasma quantities, such as the Alfvén speed, has
also been extensively studied not only in the solar, but also in
the fusion research context (Goossens et al. 1985; Mond et al.
1990; Hansen & Harrold 1994). In this respect, Mond et al.
(1990) demonstrated that a singularity is present if the equi-
librium magnetic field is straight and the Alfvén speed does
not vary along field lines and also, although in this case it is
not so apparent, when the magnetic field is not straight or the
Alfvén speed varies along the equilibrium magnetic field. In
this way, the slow and Alfvén continuous spectra have been
determined for several two-dimensional equilibrium configu-
rations (see Poedts & Goossens 1987, 1991; Ruderman et al.
1997, for example). These works have provided with the possi-
bility of investigating physical mechanisms for the deposition
of energy via resonant absorption of waves in the context of
solar coronal heating.

With the purpose of extending the normal mode analysis
initiated by Oliver et al. (1993), Arregui et al. (2001) derived
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the linear MHD wave equations for a general, two-dimensional,
sheared, force-free magnetic field configuration and developed
a numerical code to solve the resulting system of coupled par-
tial differential equations. Later, Arregui et al. (2003) modi-
fied the code in order to properly compute the two-dimensional
spatial structure of modes with regular singularities and stud-
ied in detail the coupling of fast and Alfvén modes in a sim-
ple straight, uniform and bounded magnetic field configuration
with density stratification in the vertical direction. Their results
already pointed out that, from the observational point of view,
the identification of modes present even in such an oversimpli-
fied magnetic configuration is not an easy task. One may then
wonder what problems are to be faced in the analysis of the
oscillatory modes of real coronal objects, in which structuring
and curvature play an important role. Very recently, a more re-
alistic sheared force-free curved arcade configuration was con-
sidered by Arregui et al. (2004). These authors discussed the
resonant and non-resonant coupling of fast and Alfvén modes
and showed that the coupling between fast and Alfvén modes
is governed by some parity rules of the eigenfunctions with re-
spect to the direction of the equilibrium magnetic field. The
longitudinal magnetic field component produces the coupling
of modes with opposite parity, whereas the presence of longi-
tudinal wave propagation allows only for the coupling of fast
and Alfvén modes with the same parity. When both effects are
present, mode coupling can take place between modes of equal
or opposite parity, enormously complicating the resulting spec-
trum and spatial structure of the perturbed velocity compo-
nents. Our aim in this paper is to study the properties of lin-
ear MHD waves in a sheared coronal potential arcade in which
constitutes an extension to the work by Oliver et al. (1993)
to the cases in which both magnetic shear and/or longitudinal
propagation are taken into account. Finally, this study can al-
low for a comparison between the normal modes of oscillation
of the sheared potential equilibrium considered here and the
linear force-free configuration studied by Arregui et al. (2004).

The paper is organised as follows. In Sect. 2 the basic equa-
tions describing the equilibrium configuration (Sect. 2.1) and
the linear MHD wave equations for the normal modes of os-
cillation of this equilibrium (Sect. 2.2) are shown. Also, the
numerical method and the boundary conditions used to solve
these equations are described (Sect. 2.3). The results of the pa-
per are given in Sect. 3. First, the effect of magnetic field shear
is studied (Sect. 3.1) and then, in Sect. 3.2, the combined effect
of shear and longitudinal propagation on the oscillatory prop-
erties of fast and Alfvén modes is described. Finally, in Sect. 4
conclusions are drawn.

2. Basic equations and numerical method
2.1. Equilibrium configuration

We consider that our coronal magnetic arcade configuration
can be modelled by means of a two-dimensional, y-invariant,
force-free magnetic field satisfying

(VxB)xB=0. (1)
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From the solenoidal condition, V - B = 0, together with the as-
sumed y-invariance of the equilibrium, this magnetic field can
be expressed in the following form

B =VA(x,z)xé,+B,é,=B,é,+B,é,

@)

with a component in the poloidal direction, locally parallel to
the poloidal magnetic field and contained in the xz-plane, and a
component in the longitudinal (&,) direction. The poloidal com-
ponent of the magnetic field is determined by the flux function,
A(x, z), which is the y-component of the potential vector A. In
Cartesian coordinates the magnetic field can be written as

0A

B = B oA 3)
- 6Z > Dys 6x s
where
0A, O0A,
= - = 4
y 0z ox “)

The force-free condition (Eq. (1)) dictates that B,(x,z) is a
strict function of A(x,z) and that the two are related by the
Grad-Shafranov equation,

dB,(A) B

-
which determines the flux function, A(x, z), once the function
B,(A) has been prescribed. Analytical solutions to Eq. (5) are

known for particular forms of B,(A), such as B,(A) = constant.
In this case, from Eq. (5) the flux function must satisfy

V2A(x,2) + B,(A) 0, (5)

V2A(x,2) =0 (6)

and we have a so-called potential magnetic field. A solution to
Eq. (6) can be obtained by separation of variables under the
conditions that it does not diverge at infinity and that the result-
ing vertical component of the magnetic field vanishes at x = 0
(i.e. a symmetry condition). Then, the full solution for A(x, z)
is obtained by summing over all possible solutions,

Ax,7) = Z A, coskxe ™, (7)
with k = nr/2L. If we assume that only one Fourier component
is taken, the potential solution is simply given by

B
A(x,2) = 70 cos kx ek, ®)

where By is the magnetic field strength at x = 0, z = 0 and
k™! = 2L/m the magnetic scale height. Now, the magnetic field
components can be obtained from Eqs. (3) and (4), which result
in

B, = Bycoskx e, 9
B, = cBy, (10)
B, = —Bgsinkx e, (11)

with ¢ being a constant.

The value of the longitudinal magnetic field component in
Eq. (10) can be either zero or any other constant. If B, = 0,
then the potential field is purely contained in the xz-plane. The
modes of oscillation of such a poloidal potential coronal arcade
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were studied by Oliver et al. (1993) in the cold plasma limit for
different values of the density profile and boundary conditions.
This equilibrium was also used by Smith et al. (1997) and Tirry
& Poedts (1998). In general, however, B, is a non-zero constant
and field lines are sheared with a shear angle, v, given by

B, c
Yy = arctan| — | = arctan(i)-
B, coskx ek

Equation (12) indicates that the shear only depends on the flux
function, given by Eq. (8), and so it is uniform on each mag-
netic surface. This expression also tells us that field lines on
higher magnetic surfaces (i.e. for smaller values of the flux
function) have a larger shear than those belonging to low-lying
magnetic surfaces. The shear angle at the origin, yy = y(x =
0, z = 0), is given by tan (yp) = ¢ and then the vertical varia-
tion of the shear at x = 0 is given by tan(y) = tan(yy) €, so
the shear increases rapidly with height.

The abovementioned properties of our magnetic equilib-
rium are displayed in Fig. 1. Figure 1a shows magnetic field
lines belonging to three different magnetic surfaces, i.e. with
three different x-coordinates of the footpoint position, xy. By
virtue of Eq. (12) these field lines are differently sheared when
emerging upwards from the photosphere, even if in this case
the shear angle at the origin vy, is the same for field lines on
all three magnetic surfaces. On the other hand, in Fig. 1b mag-
netic field lines belonging to the same magnetic surface have
been depicted for three different values of the shear angle at
the origin, . In both plots, the projection of some field lines
in the xy- (photosphere), xz- and yz-planes are also shown. Also
important is the fact that contrary to what happens in the force-
free equilibrium considered by Arregui et al. (2004), in this
magnetic equilibrium the shear changes from one magnetic sur-
face to another. In addition, in the present configuration both
the horizontal and vertical magnetic scale heights are equal
while in a linear force-free magnetic configuration the constant
shear is indeed given by the ratio of these two quantities.

The description of our equilibrium configuration is com-
pleted with an expression for the equilibrium Alfvén speed.
Since we are neglecting the gas pressure and gravity terms
in the force-balance equation, the density does not appear in
Eq. (1) and we can impose arbitrarily the equilibrium density
or Alfvén speed. Here, we have considered that the squared
Alfvén speed has a vertical dependence of the form

12)

2 6_(2_6)kz,

2@ =0, (13)

where ¢ is a parameter that determines the rate of change of
the Alfvén speed with height from the value vag at z = 0. In
a potential arcade with no longitudinal magnetic field compo-
nent (B, = 0), Eq. (13) gives the variation of the Alfvén speed
with height when an exponentially decreasing equilibrium den-
sity is considered. The parameter § then represents the ratio of
the magnetic field scale height to the density scale height. In
general, the longitudinal magnetic field component is not zero
(B, # 0) and the Alfvén speed profile given by Eq. (13) is im-
posed rather than obtained. As a consequence, the equilibrium
density still has a pure dependence in the vertical direction,
p = p(2), although this is not given by the simple relation rep-
resenting an exponentially decaying function. The reason for
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Fig. 1. Three-dimensional view of some magnetic field lines in a sheared potential coronal arcade. a) Several field lines corresponding to three
different magnetic surfaces (field lines with three different footpoint positions; xo/L = 0.3, xo/L = 0.4 and xy/L = 0.5) with the same shear
angle at the origin (v = 30°) are differently sheared as they emerge upwards. The projection of one of these field lines onto xy- (photosphere),
xz- and yz-planes is also shown. b) The magnetic field lines corresponding to the same magnetic surface (same footpoint position xo/L = 0.5)
are plotted for three different values of the shear angle at the origin, namely y, = 0° (poloidal field), yo = 10° and y, = 20°.

selecting this particular form for the Alfvén speed is that, such
as shown by Terradas et al. (1999), the vertical behaviour of fast
global modes in a coronal potential arcade is completely deter-
mined by ¢ in such a way that an arcade in which the Alfvén
speed increases with height (6 > 2 in Eq. (13)) is characterised
by vertically evanescent fast-mode solutions, which could be in
principle more feasible for observational detection since they
are confined within the solar corona. On the other hand, an ar-
cade in which the Alfvén speed decreases with height (6 < 2
in Eq. (13)) has solutions whose energy tends to escape to-
ward large heights, making their observational detection dif-
ficult. Here we have considered the first case, and the value
60 = 6 has been used in all our computations. Moreover, this
value of ¢ ensures that the equilibrium density decreases with
height within a wide range of values of the magnetic shear.

2.2. Linear ideal MHD wave equations

The equilibrium configuration described above is a particu-
lar case of the general two-dimensional force-free equilibrium
with invariance along the axis of the structure for which the
linear and adiabatic MHD wave equations where derived by
Arregui et al. (2001). The physically significant expressions are
obtained by projecting all vectors in the directions defined at
each point by the unit vectors (see Fig. 2) &, = VA/|VA| (nor-
mal to magnetic surfaces), &, = B/B (parallel to magnetic field
lines) and &, = ¢xé, (tangential to magnetic surfaces and per-
pendicular to field lines). Since the equilibrium configuration is
y-invariant, we can Fourier-analyse the perturbed velocity with
respect to this coordinate and make it proportional to exp(ik,y).
Then, the linear and adiabatic MHD wave equations for adia-
batic changes of state can be cast as two second-order partial
differential equations for the components of the perturbed ve-
locity in the directions normal, v,, and perpendicular, v, to the

—— Y=constant

——— x=constant

Fig.2. Three-dimensional view of some magnetic field lines in a
sheared potential arcade. The field related vectors &,, é,, and &, are
plotted at a particular point. Also, lines of constant ¢ and y given by
Egs. (16) and (17) are displayed in the xz-plane in which these flux
coordinates are used for the numerical computation of eigenmodes.

equilibrium magnetic field,

2

w v, =Av,+Bv,, (14)

5)

where w” is the squared frequency and A, B, C and D are
complicated second order differential operators with deriva-
tives along the equilibrium magnetic field (B - V) and across
magnetic surfaces (VA - V) acting on v, and v, (see Arregui
et al. 2001, for their explicit form). When both B, = 0 and
k, = 0 these equations are decoupled. Fast modes are then

2
w v, =Cuv,+Duv,,

2
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characterised by motions in the normal direction (v; = 0,
v, # 0) whereas Alfvén modes are characterised by motions in
the perpendicular direction (v, = 0, v, # 0). As the plasma-8
is zero, vy = 0 and the slow mode is absent. Whenever lon-
gitudinal propagation (k,) and/or magnetic field shear (B,) are
present, Eqgs. (14) and (15) are coupled and, hence, describe
coupled fast and Alfvén modes.

2.3. Numerical method and boundary conditions

The wave Eqs. (14) and (15) are too complicated to have an-
alytical solutions, hence solutions are obtained by numerical
means. The numerical code we use was developed by Oliver
et al. (1996) to solve the linear fast and slow mode equations
in a two-dimensional equilibrium with no gravity. Finite dif-
ferences are used to replace the derivatives of v, and v,, so
the problem reduces to solving an algebraic sparse and com-
plex eigenvalue system in which the unknowns are the eigen-
frequency and the values of v, and v, over a grid of points in
the xz-plane. By solving this eigenvalue problem with the ap-
propriate boundary conditions, the output consists of the eigen-
frequency and the two-dimensional spatial distribution of the
perturbed velocity components. The code in its previous ver-
sion has been successfully used for the study of the properties
of linear waves in several poloidal equilibria, i.e. with no lon-
gitudinal magnetic field component. For example Smith et al.
(1997) used the code for the study of the ducting properties of
fast waves in coronal loops and Smith et al. (1998) studied the
properties of ULF waves in the Earth magnetosphere. Later, the
code was modified by Arregui et al. (2001) in order to include
the new terms that arise by the consideration of longitudinal
magnetic field component and longitudinal propagation, and a
staggered mesh arrangement was included (Arregui et al. 2003)
for the proper computation of modes with singular behaviour
on magnetic surfaces, such as Alfvén continuum modes.

In a curved magnetic structure, such as the one described in
Sect. 2.1, it is very useful to use generalised coordinates to map
the part of the xz-plane in which the solution is to be computed.
These coordinates, for which the names ¢ and y are selected,
can be chosen so as to be flux coordinates linked to the shape of
magnetic field lines. From the expression for the flux function,
given by Eq. (8), these coordinates are defined here as

W(x,z) = coskxe™, 0<y<l, (16)
sin kx e
X(X,Z)ZW, -1 <y<+1L 17

Figure 2 shows i = constant and y = constant lines for these
flux coordinates. With these coordinates, the curved structure
of the arcade is transformed into a straight field configura-
tion contained in a box (see Arregui et al. 2004). Flux co-
ordinates are required due to the strongly anisotropic nature
of Alfvén modes. Moreover, they allow us to consider an ar-
cade of infinite extension in the vertical direction. On the other
hand, Cartesian coordinates can in principle be used for the
computation of isotropic fast modes, such as was done by
Terradas et al. (1999) in their study of the normal modes of
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oscillation of a magnetostatic arcade. Here coupled fast and
Alfvén modes are to be computed and hence we are forced to
use flux coordinates given by Eqgs. (16) and (17). Smith et al.
(1997) and Arregui et al. (2004) showed that fast modes can
also be computed in these coordinates, although in this case
the spatial structure of v, is not a separable function of the -
and y-coordinates.

Now, the photosphere is modelled by the boundaries y =
—1 for x/L < 0 and y = 1 for x/L > 0. On these boundaries,
because of the large photospheric inertia compared with the
coronal one, it is usually assumed that the photosphere can be
treated as a rigid, perfectly reflecting boundary. Hence, in our
numerical computations we consider

v, =v, =0 for x = =1. (18)

On the other hand, the line y = 1 corresponds to the point x = 0
and z = 0, that is, to the top of a field line touching the photo-
sphere from below at a single point. We therefore consider

vp=v, =0 for v =1 19)
Finally, the boundary ¢ = 0O represents the field line emerging
at the point x/L = —1, going up to infinity and then return-

ing back to the photosphere at the point x/L = 1. Actually,
and to avoid numerical problems, this boundary is moved to
¥ = ¥y, with o a small positive quantity. As a consequence
the lateral and top boundaries of the system in the xz-plane
are transformed into a magnetic surface with maximum height
Zmax = —1/2k In (l,[/(z)). For the value ¢ = 10719 chosen in all
the computations shown in this paper, this results in a max-
imum height of the arcade zm. /L = 14.66, which is large
enough for the proper computation of vertically evanescent
global modes. On this boundary, the following condition is
imposed

v, =0 for v =Y. (20)

3. Numerical results

In this section numerical results are shown for coupled fast and
Alfvén modes in our sheared potential configuration. As has al-
ready been stated, Egs. (14) and (15) form a set of two coupled
partial differential equations describing fast global modes and
Alfvén continuum modes. As soon as B, # 0 and/or k, # 0,
mode coupling occurs and the resulting oscillatory modes have
both v, # 0 and v, # 0. Therefore, no pure modes exist in such
configurations. Our purpose is to start from the case B, = 0,
k, = 0, in which fast and Alfvén modes are decoupled, and
then to study the modification of the two modes when one of
these parameters or both is different from zero. Our interest, in
this work, lies in the strong coupling between fast and Alfvén
modes, so the procedure will be to consider a given fast mode
and then to compute numerical solutions for B, # 0 and/or
k, # 0 near its eigenfrequency. The oscillatory properties of
weakly coupled fast and Alfvén modes were studied by Arregui
et al. (2003) in an equilibrium with a straight, uniform, inclined
magnetic field in order to ascertain the effects of B, and k, on
the frequency and spatial structure of fast and Alfvén modes.
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Fig.3. Fast mode and Alfvén continuum frequencies in a purely
poloidal magnetic field configuration (B, = 0) with no longitudinal
propagation (k, = 0) (from Arregui et al. 2004). Alfvén mode fre-
quencies are shown as a function of the flux coordinate of the magnetic
surface, Y4, for the first 6 harmonics (n, = 1,2, ..., 6, where n, is the
number of extrema of the eigenfunction v, in the direction along the
equilibrium magnetic field). For a given ¢4, the continuum frequency
increases with n,. Fast modes have been computed using flux coordi-
nates on a mesh of N, = N, = 61 points. For these modes, the number
of extrema of the eigenfunction v, in the x- and z-directions are n,
and n,. Only fast modes with n, = 1 and 2 are displayed and their
frequencies are over-plotted as horizontal dashed (n, = 1) and solid
(n, = 2) lines. The labels F11, F12, ... on the right-hand side of this
figure are of the form Fn,n, and so specify the spatial structure of the
fast mode eigenfunction.

The spectrum of an unsheared coronal potential arcade with
k, = 0 is shown in Fig. 3. As shown by Oliver et al. (1993)
(see also Arregui et al. 2001), fast global modes in a potential
arcade (B, = 0) with k, = 0 are characterised by a discrete
spectrum of frequencies that can be classified in terms of the
global spatial distribution of the normal velocity component
by means of the number of extrema in the x- and z-directions,
n, and n,. Now fast modes are computed in flux coordinates
and so the spatial distribution of v, is not a separable function
of ¢ and y. Therefore, fast modes cannot be characterised by
the number of extrema of their eigenfunctions in the - and
x-directions as these numbers are meaningless. However, these
modes have a given parity or symmetry with respect to the
plane y = O (which is the same as the plane x = 0). On the
other hand, Alfvén continuum modes are characterised by the
number of extrema in the y-direction, 7, on a given magnetic
surface. Changing the footpoint position (or the corresponding
magnetic flux surface, described by ¢ = 5) produces a con-
tinuous change of the Alfvén mode frequency, leading to the
continuous spectrum for different values of n,. Some fast mode
frequencies are shown as horizontal lines in this figure. Arregui
et al. (2004) pointed out the importance of Fig. 3 claiming that
it suffices for a complete qualitative explanation of the spatial
structure of coupled fast and Alfvén modes of the system.
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When coupling occurs modes appear as pairs with very
similar frequency and spatial structure. A simple way to dis-
tinguish between fast and Alfvén modes is to consider their
compressibility. However, it turns out that under the conditions
of strong coupling it is impossible to make a clear distinction
between these modes because the spatial structure of both the
perturbed quantities (perturbed density and magnetic pressure)
and perturbed forces (gradient of the magnetic pressure and
magnetic tension) is almost indentical. This fact was shown by
Arregui et al. (2003). Figure 13 in that paper shows that the per-
turbed density for two strongly coupled fast and Alfvén modes
is almost identical. A similar situation was studied by Tsiklauri
& Nakariakov (2002) who found that the linear coupling of
Alfvén and fast waves leads to the formation of an essen-
tially compressible MHD wave form. In this sense, the normal
modes considered here could be regarded as standing analogs
of the propagating MHD wave forms discussed by Tsiklauri &
Nakariakov (2002). However, attending to their origin, one of
these modes could be termed the more “fast-like” mode and the
other one the “Alfvén-like” mode, although as we have already
stated there are no pure fast nor pure Alfvén modes. In the fol-
lowing two sections the study of the spatial structure of the
perturbed velocity components for the fast-like mode is pre-
sented as a function of the presence or absence of B, and k,,
the parity of the original fast and Alfvén eigenfunctions and
the occurrence or absence of resonant and non-resonant cou-
plings. In general there are three cases depending on whether
only B, # 0, only k, # 0 or both longitudinal propagation and
longitudinal magnetic field component are present. The case
B, = 0, k, # 0 has already been studied by Arregui et al. (2004)
and, hence, it will be not considered here.

3.1. Potential arcade with sheared magnetic field

We first consider the effect of the longitudinal magnetic field
component or magnetic field shear on the properties of the os-
cillatory modes and, hence, take k, = 0 and let B, # 0. To
examine the effect of B, on the spatial distribution of the ve-
locity, we consider the fast mode with n, = 2 and n, = 1
and, starting from the case B, = 0, for which yo = 0°, we
steadily increase this parameter and follow the evolution of the
fast mode solution for different values of yy. As soon as B, is
made different from zero, numerical solutions are characterised
by real and non-zero v, and v, . Figures 4a and b show the spa-
tial distribution of the perturbed velocity for yy = 10°. As can
be appreciated, the normal component of the velocity displays
a global spatial distribution in flux coordinates. On the other
hand, the perpendicular velocity component shows a different
behaviour in different parts of the computational box: a singu-
larity with n, = 1 can be clearly seen near the bottom (y =~ 1)
of the arcade, whereas a global behaviour around ¢ =~ 0.5 is
also present. This global part of the eigenfunction has three ex-
trema in the direction along the magnetic field, so corresponds
to a collection of n,, = 3 Alfvén continuum solutions. The large
velocity values observed towards ¢ = 0 are surely of numerical
origin since that boundary corresponds to the magnetic surface
that extends up to infinite height. Following the interpretation



L. Arregui et al.: Magnetohydrodynamic waves in a sheared potential coronal arcade 735

;IIII
et ll
o i
Sy,

XS]

- ‘““::EEEE:‘::;::”"; i
N TR
L R

R s

W \Q\\\{““"" ll I IS
AR e
NGO, il
\& \\}%\@&&hﬂlﬂ IIII[%%;/
\ 7

\
N7
W) 3 s
NN
NS00

IS
;;””'"17;':;'2‘3&5 ] \
A
[' ) TR0 0
NIRRT
il NI \
i
NGRS
Ul
‘”I{’III’;"I"'::‘:‘:“s“&%\\“‘%@“
LR

il
N/
AN

(N
e
i

i
il
/IIIII%%IIIIIIII;;

ot
St
oSt
okttt

o000
XX
IR0
TR
XBLRTRKIRX XN
XTI QKR %
NN A
SR etetortoriyy
N\
N\l
NS

o0

\}‘t\;}\\‘ﬂ W
0,\\,'// |
i

RN

Fig. 4. a), b) Fast mode-like solution coming from the coupling of the fast mode with n, = 2, n, = 1 and Alfvén continuum modes in a sheared
potential coronal arcade (with vy = 10°) with no longitudinal propagation and k, = 0. a) Normal velocity component and b) perpendicular
velocity component. The occurrence of two types of coupling can be inferred from the spatial structure of v, in b): resonant coupling with the
Alfvén continuum mode with n, = 1 and matching frequency at ¥/, = 0.975 leads to a singular behaviour on that magnetic surface, whereas
non-resonant coupling with Alfvén modes with n, = 3 and frequency just above the fast mode frequency gives rise to the smooth global
structure centred around ¥, = 0.5. This numerical solution has been computed on a non-uniform mesh with N, = 61 points and 48 points in
the range ¢ = ¢—0.9 and 24 points in the range ¢ = 0.9—-1.0. ¢) and d) Fast mode-like solution coming from the coupling of the fast mode
with n, = 3, n, = 1 and Alfvén continuum modes in the same configuration with yy = 10° and k, = 0. ¢) Normal and d) perpendicular velocity
components. Here only resonant coupling occurs between the fast mode and an Alfvén continuum mode with n, = 2 and matching frequency
at o = 0.88. This numerical solution has been computed on a non-uniform mesh with N, = 61 points and 48 points in the range ¢ = ¢,—0.8

and 36 points in the range = 0.8—1.0.

given by Arregui et al. (2004) in their study of the coupled
fast and Alfvén modes in a linear force-free coronal arcade,
and attending to the location of the F21 fast mode frequency in
Fig. 3, we can interpret the global behaviour of v, in a range
of magnetic surfaces as being due to the non-resonant coupling
of the fast mode with a group of Alfvén continuum modes with
n, = 3. Also, by looking to the intersection of the fast mode fre-
quency with the n, = 1 Alfvén continuum in Fig. 3, the pres-
ence of the singular magnetic surface near the bottom of the
arcade can be understood as being due to the resonant coupling
of the fast mode to an Alfvén continuum mode with n,, = 1 and
matching frequency on that magnetic surface. Finally, we want
to point out that although the fast mode frequency is also inside

the n, = 2 Alfvén continuum, no signature of any singularity
with n, = 2 is seen in the perpendicular velocity component
of this mode. Hence, such as already pointed out by Arregui
et al. (2004), the coupling of fast and Alfvén modes for B, # 0
seems to involve only modes with opposite parity about y = 0
(which is equivalent to the parity about x = 0).

The previous interpretation of resonant and non-resonant
coupling and the derived parity rule for coupling due to mag-
netic field shear are further confirmed by considering a fast
mode with even parity with respect to y = 0, namely the fast
mode with n, = 3 and n, = 1. Figures 4c and d display the
spatial velocity distribution of the resulting oscillatory mode
with B, # 0. The normal component of the velocity has the
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usual smooth global behaviour and its spatial structure is not
a separable function of the flux coordinates i and y. On the
other hand, the perpendicular velocity component (see Fig. 4d)
shows a distribution with a velocity that is almost zero every-
where except on a given magnetic surface in which a singular-
ity with n,, = 2 can be appreciated. Therefore, one can confirm
that although the frequency of this fast mode with even symme-
try on the direction along field lines cuts the Alfvén continua
with n, = 1, 2 and 3 (at two points in the last case), the cou-
pling only takes place with a continuum mode with matching
frequency and n,, = 2. In addition, there is no signature of non-
resonant coupling in the perpendicular velocity component and
this absence of global behaviour on a range of magnetic sur-
faces is interpreted on the basis of the large distance in Fig. 3
between the fast mode frequency and the first continuum above
it with n, even, i.e. the n, = 4 continuum. On the basis of the
above results one can also confirm the parity rule for coupling
due to the presence of magnetic field shear.

3.2. Potential arcade with sheared magnetic field
and longitudinal propagation

After having studied the properties of the normal modes of os-
cillation in a sheared potential coronal arcade, we next consider
the combined effects of magnetic field shear and longitudinal
propagation. As has already been mentioned, the properties of
coupled fast and Alfvén modes in a potential arcade in the case
in which only longitudinal propagation is present (B, = 0,
ky, # 0) were studied by Arregui et al. (2004). These authors
showed that longitudinal propagation of perturbations only al-
lows for the coupling between fast and Alfvén modes with the
same parity with respect to y = 0. Arregui et al. (2004) then
considered B, # 0, k, # 0 and observed that the presence of
both effects gives rise to the coupling of any kind of mode re-
gardless the parity of their eigenfunctions.

To check whether the previous rule also applies to the
present potential equilibrium, the simplest procedure, is to con-
sider one of the solutions displayed in the previous section and,
then, to steadily increase the value of the longitudinal wave
number, k,. To this end, we consider the mode coming from
the coupling of the fast mode F21 with one Alfvén continuum
mode with n,, = 1 and a collection of Alfvén continuum modes
with n, = 3, whose spatial structure is depicted in Figs. 4a
and b. Then, the same mode is computed for increasing values
of the parameter k,L. Figures 5a and b show the spatial distri-
bution of the perturbed velocity components for the resulting
oscillatory mode. Now, both v, and v, are complex quantities,
so their modulus is plotted. Figure 5a shows that the normal
component of the velocity retains its global spatial distribution
and no significant changes are observed with respect to Fig. 4a.
The only remarkable feature is the presence of a small jump on
a magnetic surface with ¥4 ~ 0.88, a common feature of cou-
pled fast and Alfvén modes (Arregui et al. 2004), that is here
more evident than in Fig. 4a. On the other hand, the perpendic-
ular velocity component (see Fig. 5b) displays a new feature
when compared to the spatial distribution in Fig. 4b. A singu-
larity with n,, = 2 is also present together with the singularity
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with n,, = 1 and the global behaviour with n, = 3 that were
already present in Fig. 4b. We interpret this result as being due
to the resonant coupling of the F21 fast mode with an Alfvén
continuum mode with n, = 2. Such as seen in the previous sec-
tion, this coupling is forbidden by the coupling rule for B, # 0
and k, = 0, but this result is completely in accordance with
the results of Arregui et al. (2004) in the sense that the new
feature is due to the coupling rule for longitudinal propagation
derived by these authors. Therefore, the presence of both mag-
netic field shear and longitudinal propagation (B, # 0, k, # 0)
allows for any coupling between fast and Alfvén modes regard-
less the parity or symmetry of their eigenfunctions with respect
toy =0.

This result is further confirmed by considering a fast mode
with different parity with respect to y = 0. For the sake of sim-
plicity, we consider the mode for which the spatial structure is
shown in Figs. 4c and d. This mode has been computed com-
puted for non-zero values of the longitudinal propagation and
the spatial distribution of the velocity for the resulting solution
is shown in Figs. 5c and d. Here, a global, smooth spatial struc-
ture can be seen in Fig. 5c for v,, whereas the fingerprints of
the different couplings that take place with Alfvén continuum
modes with different parities can be appreciated in Fig. 5d.

Nevertheless, an important difference can be seen when
comparing the normal velocity component for B, # 0, k, # 0
(Fig. 5¢) with the one shown for B, # 0, k, = 0 (Fig. 4c).
Namely, the spatial distribution of the velocity in the former
figure takes significantly large values at large heights in the ar-
cade (near ¥ = 0). This energy “leakage” from low to large
heights when the equilibrium ceases to be potential was al-
ready pointed out by Terradas et al. (1999) when considering
the modes of oscillation of a magnetostatic arcade, and more
recently by Arregui et al. (2004) in their study of the modes of
oscillation of a linear force-free arcade. These authors pointed
out that for sufficiently large values of the magnetic field shear
and longitudinal wavenumber the mode is no longer evanes-
cent. This property is here well recovered despite the equilib-
rium configuration considered here is potential, and therefore
this property cannot be attributed to the non-potentiality of the
equilibrium, but to the shear of magnetic field lines and mode
coupling.

Another example of the loss of confinement of coupled fast
and Alfvén modes when both magnetic field shear and longitu-
dinal propagation are present is shown in Fig. 6. Figure 6a dis-
plays the normal component of the velocity for the mode com-
ing from the coupling of the fast mode withn, = 6andn, = 1to
several Alfvén continuum modes. This figure also shows large
velocity values at large heights in the arcade, which is better
seen by transforming the spatial distribution of the velocity to
Cartesian coordinates (Fig. 6b). Then, the fact that the mode
is no longer evanescent is clearly seen. Moreover, we want to
remark that, as demonstrated by the spatial distribution of the
velocity shown in Figs. 5c and 6a, both even and odd modes
suffer from this loss of confinement and, hence, this seems to
occur regardless the symmetry of the mode.

Finally, concerning the oscillatory frequency, our results in-
dicate that the frequency of coupled fast-Alfvén modes is real
only if magnetic shear or longitudinal propagation are present.
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