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Abstract. The solar corona, modelled by alow g, resistive plasma slab sustains MHD wave prop-
agations due to footpoint motions in the photosphere. The density, magnetic profile and driver are
considered to be neither very smooth nor very steep. The numerical simulation presents the evolution
of MHD waves and the formation of current sheet. Steep gradients in low wave at the slab edges
which are signature of resonance layer where dissipation takes place are observed. Singularity is
removed by the inclusion of finite resistivity. Dissipation takes place around the resonance layer
where the perturbation develops large gradients. The width of the resonance layer is calculated. The
thickness of the Alfvén resonance layer is more than that of the slow wave resonance layer. Attempt
is made to distinguish between dow and Alfvéen wave resonance layers. Fast waves develop into kink
modes. As plasma evolves the current sheets which provide the heating at the edges gets distorted and
fragment into two current sheets at each edge which in turn come closer when the twist is enhanced.

1. Introduction

It is known that coronal structure is atypical feature of the sun and sun-like stars.
The solar coronais a hot, tenuous plasma permeated with the structured magnetic
fields. Corona has closed as well as open field topologies. Corona is far from
hydrostatic equilibrium and continuously expandsin the interplanetary medium as
the solar wind. A variety of wavesis generated in the corona due to the convective
upwelling motionsin the photosphere. New magnetic flux emerges from below the
photosphere and interacts with the coronal plasma.

The footpoint motion of the field lines in the photosphere can lead to the
excitation of MHD fluctuations. Such a study has been conducted in the recent past
by several authors (e.g., Steinolfson, 1991; Cadez and Ballester, 1994; Rickard
and Priest, 1994). A genera disturbance in the photosphere may produce different
kinds of waves, e.g., Alfvéen waves, fast and slow magnetoacoustic wavesaswell as
current sheets. For sufficiently slow photospheric motion (7 > 74 = L/Vy4, where
V4 isthe Alfvén velocity and L is the size of the system) current sheets may play
an important role in the coronal heating. A current sheet isformed by photospheric
disturbances which may bring the topologically separate parts of the magnetic
configuration closer. At the interface between the two flux tubes, a current sheet
is generated, the magnetic field reconnects, and the magnetic energy isreleased in
the process. This type of magnetic dissipation occurs not only when neighbouring
magneticfield lines are oppositely directed but also whenthefield linesareinclined
at anon zero angle.
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Resonant absorption of the Alfvén waves in an inhomogeneous plasma has
been suggested as a means of driving current and plasma heating in the toroidal
devices(Tataronisand Grossman, 1973; Chen and Hasegawa, 1974; K apparaff and
Tataronis, 1975; Mett and Taylor, 1992; Pandey et al., 1995). In the context of
coronal plasma heating such an investigation was started by lonson (1978). Alfvén
waves can play a dominant role in the heating of the coronal plasma since these
waves are hardly attenuated in the transition region and thus can propagate very
easily in the corona (e.g., Sakurai et al., 1991a, 1991b; Hollweg, 1981; Goossens,
1991; Poedts and Kerner, 1992; Steinolfson and Davila, 1993; Goossens et al.,
1995). Grossman and Smith (1988) showed that these waves can be dissipated very
effectively by means of resonant absorption in an inhomogeneous plasma. Later,
the resonant absorption became the subject of immense study (e.g., Hollweg, 1990;
Poedts et al., 1990; Erdélyi and Goossens, 1994).

Although several studies exist on linear MHD waves, afew people have really
put effort on its nonlinear counterparts. It isknown that Alfvén waves can dissipate
through the nonlinear interaction with the nonuniform ambient plasma. The nonlin-
ear interaction of magnetohydrodynamic waves has been carried out by Kaburaki
and Uchida (1971); Chiu and Wentzel (1972); Uchidaand Kaburaki (1974); Barnes
and Hollweg (1974) and Hollweg (1992). It has been found that Alfvéen waves can
decay into magnetosonic waves which then easily dissipatesthe energy in the coro-
na. However, the full nonlinear problem does not yet seem to be within reach of
analytical treatment. Therefore, we perform numerical simulation in theframework
of nonlinear resistive MHD to study the effects of photospheric footpoint maotion
(Karpen et al., 1991; Choudhuri et al., 1993a,b). Recently Murawski et al. (1996)
studied this problem but they considered only 1D magnetic field. Parhi et al. (1996)
treated the problem when the magnetic field is 2D considering first the uniform
and smooth density, magnetic field profile and driver and then proceeded to steep
profilesand tried to understand the effect of sheared magneticfield (e.g., Choe and
Lee, 1992; De Bruyne and Hood, 1993) on the evolution and properties of slow,
fast and Alfvén waves. In both Parhi et al. (1996) and Murawski et al. (1996) the
conclusions were derived when the plasma had evolved for a short time. We mod-
ified the code and were able to run the code for longer time. Also we considered
smaller Lundquist number aV, /n = 10° instead of 108 as in Parhi et al. (1996)
or Murawski et al. (1996) to decipher the structures more clearly. The profiles for
density, magnetic field and driver were chosen to be neither very smooth nor very
steep which are considered by Parhi et al. (1996) and Murawski et al. (1996). Thus,
some of the interpretations became transparent. Also, we performed the animation
which added to our understanding of the wave evolution and coronal heating of the
plasma.
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2. Basic Equations

The coronal plasma obeys the following compressible, time-dependent, resistive
equations:

9p _

5t TV V) =0, &
@ij.[(pv)v] - —Vp—l—%(v x B) x B, @
%:VX(VXB)—VX(nVXB), ©)
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Here p isthe gasdensity, V is the velocity, u is the magnetic permeability, p is
the gas pressure, B is the magnetic field, e = p/(y — 1) isthe internal energy per
unit volume, 7 is the magnetic diffusivity and -y, theratio of specific heats, is5/3.

We consider a simple coronal loop modelled by a slab geometry (Parhi et al.,
1996). The y direction is along the height of the loop, the z direction corresponds
to the azimuthal direction and the inhomogeneity occurs in the z direction. Thus
the photosphereis parallel to the z — z plane. We assumethat all the three velocity
components at equilibrium are zero. Also, the derivative of all quantities with
respect to z, i.e., d/0z, vanishes but V, and B,, the z components of perturbed
flow and magneticfield, arenonzero. B, = Oand 3, isdescribed inthe next section.
Consequently, both Alfvén and cusp singularities are present in such plasmawhich
have been recently studied by Parhi and Lakhina (1994) and Parhi et al. (1996).

3. Simulation Model

The simulations were performed with a 2.5 dimensional resistive MHD code. The
detailed description about the code is given elsewhere (Parhi et al., 1996). The
code is fourth order accurate in space and second order accurate in time. The
time integration utilises predictor-corrector method. Double precision quantities
are used throughout the calculations.

The computational box (—5a,5a) x (—8a,8a) consists of 100 cells in both
horizontal z and vertical y directions. This roughly corresponds to 10* km hori-
zontally and 1.6 x 10* km vertically. We consider rigid wall and free-slip boundary
conditions at the top and bottom of the simulation regions (y = +8a): V, = 0
and 0f /0y = O for f = p,p,B,V,, and V,. This appears to be a reasonable
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constraint because the maotions in the solar corona cannot much affect the high
density photosphere. At the remaining (z) boundaries we applied open (zero gra-
dient) conditionsfor all of the variables. Different boundary condition can also be
considered, viz. the line-tying condition V (z,y = +8a,t) = 0. We present al our
numerical resultsfor the Lundquist number aV, /n = 10° (Poedtset al., 1990). The
expression for the equilibrium gas pressure po(z) is derived from the equilibrium
condition pg + B3/2;: = const, resulting in aplasma 3 of 0.04 far outside the slab.
When By, # 0, the shear produced in the z direction drives al the three waves
which are coupled. Thus there is large difference when twist is present or absent.
Under the coronal conditions (¢ <« V,) a plasma motion in the fast and slow
wavesis mostly transverseand longitudinal respectively. Asaconsequencewe can
associate V, V,, and

V3= (Bo,V. — Bo.V,)/(BE, + B,)"/? (6)

asindependent representativesfor fast, slow and Alfvénwaves, respectively (Erdélyi
and Goossens, 1994). It is easy to seethat when By, =0, V3 =V,,.

The equilibrium density po(z) and the magnetic field By, (z) along they direc-
tion are prescribed as follows:

Pi, |1U| S a,
po(r) =
pe + (pi/pe — V)pe/ cosh®(|z| — a), |z] > a,
Bi7 |‘T| S a,
Boy(z) =

Be + (Bi/ Be — 1) B/ cosh®(|z| — a), |z] > a,

wherethe indices: and e denote the quantitiesin the inner and outer region of the
slab, respectively. po(z) isasmeared top-hat profile. Note that the smearing starts
justat z = +a. Weconsider p;/p. = 5andfor zero twist theratio of Alfvén speeds
Vae/Vai = 3. Thus (B../B;)? = 9/5.

The magnetic profile By, (z) adopted here is as follows:

Bo,(z) = c:ve“’”z, (7)

where one can choose the amplitude factor c. The plasma experiencestwist dueto
this magnetic field.

We study the effect of photospheric footpoint motions. Thus, at the bottom of
the ssimulation region we impose a body force F, along z direction as follows:

F,(z,y = —8a,t) = Fy(z) sin(wat),
Fda |$| S a,

Fy(z) =
F,/ cosh®(|z| — a), |z| > a.
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Figure 1. Spatial variation of V, (corresponding to slow waves) at ¢ = 65 a/V,. for ¢ = 1.2
Vaer/lipe and wq = 0.2 V. /a. The driver has amplitude F; = 0.1p. V2 /a.

Here, the constant F; isthe amplitude of the driver and w isthe driving frequency.

4, Resultsand Discussion

Here po(z) and Bo(z) are profiles which are neither very small nor very steep. As
the external driver isturned on at ¢ = 0, the oscillations are excited in the system.
Thedriver is never turned off throughout the cal cul ations. Resonant absorptionisa
processin an externally driven system. Steep gradient in V,, in Figure 1 isthe sig-
nature of resonance layer where dissipation takes place. Thisisusualy called cusp
resonance (Parhi and Lakhina, 1994). Thereisno singularity or pseudo-singularity
as described by Parhi et al. (1996) and Murawski et al. (1996). The width of this
resonance layer is ~ /3. As evolution progresses, the oscillations are expected
to gradually become out of phase among neighbouring field lines as they oscillate
with different eigenfrequency. This view is supported by watching the steep struc-
ture vanish if the simulation is continued for longer time. To convince ourselves
clearly that the steep structures are not the singularity we run the simulation when
the strength of the driver is very small (Figure 2). Consistent with our expectation
we found that the amplitude of the steepnessis very small.

Figure 3a describes the slow wave resonance at longer time. The frequency of
the driver aimost matches with that of the local Alfvén frequency in the corona.
We know that in ideal MHD, the driven problem is governed by a set of differential
equations that are singular at the point where the local Alfvén frequency matches
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Figure 2. Spatia variation of V,, (corresponding to slow waves) at ¢t = 92 a/V,. for ¢ = 1.2 and
Fy = 0.01 p. V2 /a. The driver hasfrequency wy = 0.2 Vi /a.

the frequency of the wave in the corona. If there is no dissipation present in
the system then the amplitude diverges at the resonance point exhibiting 1/z type
singularity for the slow waves (Goedbloed, 1981). However, singularity isremoved
by the inclusion of finite viscosity/resistivity of the fluid. Dissipation takes place
around the resonance point where the perturbation developes the large gradient.
Thewidth of theresonancelayer is~ (ndw 4 /dz)*/3 (Goossenset al., 1995). Inthe
present case we see the resonance along the slab at the edge of the simulation box.
Since the steep profiles are symmetric with respect to z = 0 we see resonance at
both the edges. The width of the resonance layer for the parameters of the present
simulation can be calculated to be ~ 0.1la when the governing parameters are
considered which isin broad agreement with the width of the layer visible in the
contour figure (Figure 3b). We see the evolution of slow wavesin Figure 4 when
there is no twist. The absence of twist leads to the slow decay of the oscillations
dueto phase mixing. However, in atwisted system the oscillations decay faster due
to rapid phase mixing and we see only the remains of the oscillations which peak
around the resonance point.

Now wediscuss V3 whichisacombination of V, and V. In the absence of twist
V3 reducesto V,. We find Alfvén resonance at both edges of the slab (Figure 5).
They arejoined by abridgelike structure. Finiteresistivity hascompletely removed
the singularity. Note also that the thickness of the resonance layer in this caseis
more than that of the resonance layer developed in case of slow waves. This could
be due to the larger frequency of Alfvén wave than that of the slow wave because
the thickness of the layer depends on the frequency of the wave involved. The
generation of the layer is not prominent close to the driver because the driver
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Figure 3. Spatial variation of V;, (corresponding to slow waves) at t = 300 a/Vqe, for (8) wq = 0.9
Vae/a, Fy = 0.001 p. V7, /a, and ¢ = 0.6 Vae\/fipe, (b) the contour plot of (a).
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Figure 4. Spatia variation of V;, (corresponding to slow waves) at ¢ = 62 a/Vae, for wq = 0.9
Vae/a, Fy = 0.001 p. V2 /a. Thereisno twist in this case.

interferes strongly with the evolution of the waves near the bottom boundary.
Figure 6 describes the evolution of Alfvén wave when twist ¢ = 0.6V,../zip.. We
see here the resonance layer at the center of slab apart from two layers at the edges.
The driver excites the Alfvén wave which in turn excites the slow wave and both
together modify the locations of the resonance layers. Asthe wave evolvesin time
(Figure 7) the resonance layer at the edges start to vanish. But the resonance layer
in the middle of the slab undergoes slow deformation. Asthe excitation propagates
in space transients decay and what we see as beautiful vortex like structures close
to the bottom boundary is due to continuous pumping of energy dueto driver.
Figure 8 describes the evolution of fast waves at ¢ = 150a/V,,.. Comparison of
Figure 8 with Figure 9 shows that larger twist arranges the pattern of fast modes
more aligned along the tube. The distribution of fast waves is somewhat more
uniform when the twist is less. More twist involves more pumping of energy.
When the flux tube comes under increasingly more and more twist the magnetic
pressure along z direction exceedsthe magnetic tension along y direction. Thetube
no longer remains under tension and buckles. Thus we see the kink waves. Solar
coronal loopsare observed to beremarkably stable structures, but occasionally they
lose stability and produce aflare. For many yearsthis was a puzzle because normal
MHD stability analysis showsthat the flux tubes are unstable to kinking whenever
they aretwisted. Later it was observed that the line-tying of the ends of theloop in
the dense photosphere is a dominant stabilizing effect. Thus any perturbation that
isinitiated in the corona vanish at the loop footpoints. The result is that the loop
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Figure 5. Spatial variation of V'3 (corresponding to Alfvén waves) at ¢t = 31 a/V,. for (@) ¢ = 0

and (b) the contour plot of (). The driver has amplitude F; = 0.1 p. V2 /a and frequency wq = 0.2
Vae/a.

is stable when only dlightly twisted but becomes kink unstable when the twist is
large.

One can seefromthe z vs. J? plot at the equilibrium that there is a devel opment
of concentration of heating at the right edge of simulation box. Slowly as plasma
evolves the two close humps denoting this concentration of heating gets separated
and they appear on both edges of the flux tube as seenin Figures 10aand 10b. The
twist makesthe field linesincline at non-zero angle and facilitates the formation of
current sheet. Obviously this has to be prominent in the region where the magnetic
field has steep gradient. The current sheet which producesthe heating gets distorted
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Figure 6. The contour picture of the spatial variation of V'3 at ¢t = 200 a/V,. for the frequency of
the driver wy = 0.9 V. and itsamplitude F; = 0.1 p. V2 /a and twist ¢ = 0.6 Vie\/2p.

and fragmentsinto two distinct current sheetsat each edge. For larger value of twist
these fragments seem to come closer towards the center of the flux tube (figure not
shown). Thus it can be concluded that twist facilitates the distribution of heating
in coronal tube.

5. Animation Observations

We first describe the observations derived from surface plots. We carried out the
animation for ¢ = 0, 0.2 Vye\/ipe, wg = 0.9 Vye/a and Fy = 0.1 p.V2 /a up
tot = 90 a/V,.. For fast waves the perturbation travels faster outside the slab
than inside the slab as a consequence of larger V. than V,;. We observed patterns
looking like standing waves formed at the top wall of the slab travelling backward.
When there is no shear in the magnetic field initially created humps disappear and
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Figure 7. The contour picture of the spatial variation of V'3 (corresponding to Alfvén waves) at
t = 300 a/Vq. for twist ¢ = 0.1 Vi /fipe. The driver has amplitude F; = 0.1 p. V2 /a and
frequency wq = 0.9 Ve /a.

new humps are formed as plasmaevolves. But with little shear (¢ = 0.2 Vi /1ipe)
no hump disappears, rather they oscillate. Roughly at ¢ = 60 a/V,., the waves
appear to rebound from the top wall. The amplitude of the waves are at least afew
times larger for ¢ = 0.2 V. /12pe than for ¢ = 0.

The amplitude of Alfvén waves seems to retain same order of magnitude both
for c = Oandfor ¢ = 0.2 V. \/1pe. Initially formed peaks at the right edge of the
slab smooth out as plasmaevolvesbecausethisis accompanied by atransition from
short to large wavel ength phenomenon and slowly it becomes difficult to recognise
the peaks. Roughly at ¢t = 60 a/V,., sSmoothed humps dash against the top wall
and degenerateinto humpsand valleysand travel backwards. Shear in the magnetic
field makes this pattern more pronounced.

We now describe the observations derived from vector plots. Vortices formed
initially at the bottom of the slab are slowly advected upwards and after sometime
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Figure 8. Spatial variation of V, (corresponding to fast waves) at t = 150 a/V,e for Fy = 0.1
pVZ /a. The driver has frequency wq = 0.9 Vi /a and twist ¢ = 0.6 Vie/1pe.

afew of them break down as they approach the top wall. The flow of plasma at
the slab edges seemsto be oneway (positive, i.e., towardsthe observer) initially in
the azimuthal direction but after afew Alfvén time plasmaflowsin both directions
(positiveand negative) becausethe system needssometimefor effectiveinteraction.
Equally spaced vortices with clockwise or counter-clockwise rotations alternate
among themselves in the slab. These vortices are nothing but E x B motions. It
simply sayscurrent is generated locally and directional behaviour of the vortices at
different sites even at the same edge probably prohibits the cancellation of different
localized currents and hence leads to the formation of current sheet.

More work in this direction is in progress. The results will appear in a forth-
coming paper.

6. Conclusion

We have performed the numerical simulation of wave propagation in the solar
coronadue to footpoint motion in the photosphere. The footpoint motion has been
mimicked by an external driver. The problem is studied for various ranges of the
driver amplitude and frequency. The results suggest that the driver excites Alfvéen
wave and magnetosonic waves. Consequently, these waves are resonantly absorbed
in the coronaleading to coronal heating. It is clearly evident from the plot J2 vs. =
that the twist facilitates the formation of current sheet which produces the heating.
The boundary layer of thickness ~ 1/3 where waves are absorbed is clearly seen.
Also, increase in the shear of the magnetic field causes the resonance layer to shift
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to the middle of the coronal tube. Asthe shear is increased beyond certain critical
value, the resonance layer is seen to remain almost in the middle of the corona
implying that the increase in the twist of the magnetic field determines the region
where the resonance should occur.

Animation results indicate that magnetic twist (shear) plays very crucial role.
Twisted fields sustain wave excitation for much longer time than the twist free case.
Itisexpected asthetwisted magnetic field hasmore energy than the untwisted fiel ds.
Therefore, the amplitude of the wave in the twisted caseis larger compared to that
inthetwist free case. Next, study of the vector plot suggeststhe existenceof current
sheet. The motion of vorticesindicatesthe orientation of E field. It suggeststhat the
heating of the solar corona takes place via resonant absorption and the formation
of current sheet.
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