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ABSTRACT

Magnetohydrodynamic (MHD) waves play an im-
portant role in the solar atmosphere bothdirectly (or
intrinsically) and indirectly. Numerous theoretical
studies contributed to the development of a theoretical
frameworkand continue to do so. As a matter of fact,
magnetic waves and oscillations seem to be present in
all magnetic structures as they are observed in coronal
loops, plumes, prominences, sunspots, arcades, etc.
This omnipresence of MHD waves in combination with
the possibility to observe them with sufficiently high
spatial and time resolution enablescoronal seismology.
The theory of the different generation mechanisms, the
propagation and evolution, and the dissipation and/or
‘leakage’ of the different types of linear MHD waves will
be briefly reviewed in the context of the inhomogeneous,
magnetically structured solar atmosphere. Particular
attention will be given to the intriguing problem of the
dissipation of waves and its possible role in coronal
heating.
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1. MOTIVATION

The Skylab mission and Solar Maximum Missions in
1973 showed that the solar corona is highly inhomoge-
neous and extremely dynamic. It was also immediately
clear that the structure of the hot corona is dominated by
the Sun’s magnetic field. The average temperature of the
solar corona amounts to a puzzling2 − 3 × 106 K. The
hot material is mainly concentrated in the omnipresent
loop structures (Rosner et al. (1978)) which are magnetic
in nature (Orrall (1981)). Surprisingly, back in the 70’s
and the 80’s many solar physicists did not believe in a si-
gnificant amount of waves in the solar corona. Clearly,
the spatial and especially the temporal resolution of the

instruments in those days were not high enough to ob-
serve the waves directly. Nevertheless, theoretical inves-
tigations predicted easy-to-excite magnetohydrodynamic
(MHD) waves in all the magnetic structures observed in
the corona. It was also predicted that MHD waves might
play a role in the heating of the solar corona, in spite of
the embarrassing ‘absence’ of waves in the observational
data at that time.

At present, however, there is a renewed and intensified in-
terest in waves and instabilities in the solar atmosphere.
There are many reasons for this. First of all, the more
recent Yohkoh and SOHO satellite missions confirmed
the dynamic picture of the corona and demonstrated that
the mainly magnetic events in the solar atmosphere oc-
cur on a wide variety of time and length scales and in-
volve a wide range of energy levels. The new data al-
low to quantify (to a certain extend) the qualitative pic-
ture obtained in the 70’s. Recent TRACE data analysis
by Aschwanden (2001) e.g. showed that the density ra-
tio nloop/nbackgr ∼ 10. It was also pointed out that the
temperature in the corona is not at all homogeneous (as
thought in the 80’s). Individual structures can be as hot as
8−20×106 K (!) and more (Erdélyi (2004)). Moreover,
the new data contain a dramatic increase of theobserva-
tional evidence for magnetic waves in the atmosphere
of the Sun (see below). These plasma waves and insta-
bilities play an important active role in thepropagation
and evolution of all kinds of perturbationsin the various
structures that are observed on the Sun. These waves also
act as intermittent agents of theconversion of energyfrom
one type to another and, as such, they cantransport huge
amounts of energyfrom one place in the atmosphere to
another without moving the plasma, in contrast to other
transportation mechanisms such as beams of high energy
particles. Last but not least, plasma waves might play a
significant role in theheating of the solar coronaand the
acceleration of the solar wind, the outstanding problem
of solar physics.

But there is more. The above-mentioned possibilities of
waves, in combination with the fact that they can now be
observed, opens a whole new field of possible research.
From the theoretical studies it is clear that the wave fea-
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tures, i.e. the frequency, wavelength, amplitude, dissipa-
tion, etc., depend on the physical properties of the am-
bient plasma in which they live. As a consequence, the
waves can also play apassiverole: they can be exploited
as adiagnostic tool for the indirect observation of several
plasma parameters. This can be achieved by comparing
observational data with theoretical models of the genera-
tion, propagation, and dissipation of plasma waves in the
Sun, such as inhelioseismology(see e.g. Gough (1983)),
or in a confined laboratory plasma, such as inMHD spec-
troscopy(Goedbloed et al. (1993)). Another way of ex-
ploiting waves as a diagnostic tool is by studying the in-
teraction of waves with (magnetic) plasma structures as
in sunspot seismology(Thomas et al. (1982); Bogdan &
Knölker (1991)) and the new emerging field ofactive re-
gion or coronal loop seismology(see e.g. Nakariakov et
al. (2000)).

Clearly, a complex system as the solar corona with its
broad range of spatial and temporal scales can not be
described by a single mathematical model. Here, ho-
wever, we will only discuss the simplest theoretical mo-
del, viz. the model ofmagnetohydrodynamics (MHD).
Most theoretical studies rely on this one-fluid theory that
provides amacroscopic descriptionof the dynamics of
a magnetized plasma. We will confront the MHD wave
theory, including the generation, propagation and dissipa-
tion of the waves, with the magnetic structures in the so-
lar corona. We will discuss the MHD waves that occur in
the highly structured coronal plasma and the possible role
they play in the heating of the corona. In the next section,
the main properties of the three different types of MHD
waves are briefly discussed. In section 3, the possible ge-
neration mechanisms and the propagation properties of
these waves are briefly reviewed. Section 4 concentrates
on the dissipation of MHD waves by phase mixing and
by the resonant dissipation of ‘continuum modes’. It will
be shown that all three types of MHD waves play an ac-
tive role in the wave heating model of the corona. In the
final section, we will draw some conclusions and a pers-
pective for the continuing development of the theoretical
framework.

2. MHD WAVE TYPES: THE BUILDING BLOCKS

2.1. MHD waves in infinite homogeneous plasmas

An MHD model consists of the prescription of 1) a set
of nonlinear PDEs describing the motion of the (almost)
perfectly conducting plasma with the magnetic field and
2) a generic magnetic geometry that determines the boun-
dary conditions to be imposed. The strength of the MHD
model is that it isscale invariantand thus an excellent
tool for the global analysis of the magnetized plasmas
that occur on a wide variety of time and length scales in
the solar corona. As a matter of fact, the MHD equa-
tions are unchanged by changing the scales of length
l0, magnetic fieldB0, and densityρ0 or Alfvén speed
vA ≡ B0/

√
µ0ρ0, i.e. time scaleτA ≡ l0/vA.

We first consider an infinite, homogeneous, static plasma
and choose thez-axis in the direction of the uniform ma-
gnetic field. Small perturbations of such a plasma are
accurately described by the linearized ideal (i.e. neglec-
ting dissipation) MHD equations. The standardnormal
mode approach, i.e. looking for solutions∼ exp(ωt),
yields an eigenvalue problem with four different types of
plane wave solutions. However, the entropy ‘waves’ are
quite degenerate as they have a vanishing frequency and
involve only a (non-propagating) perturbation of the en-
tropy. They do not play any important role and will be
eliminated from the analysis below.

The eigenfrequency of the Alfvén wave (AW) is determi-
ned by the parallel wave vector and the Alfvén velocity:

ω = ±ωA, ωA ≡
k‖B0√

µρ0
=

k B0√
µρ0

cosϑ.

Clearly, the group velocity has only az-component so
that the energy of AWs only propagates along the magne-
tic field (see Fig. 2b). The corresponding eigenfunctions
are polarized perpendicular to the plane determined by
~B0 (thez-axis) and the wave vector~k. Hence, AWs are
transverse waves.

Fast and slow magnetosonic waves (FMWs and SMWs)
have frequenciesω = ±ωs,f with ωs,f given by

k

√

1

2
(b2 + c2) ± 1

2

√

(b2 + c2)2 − 4(k2
‖/k2) b2c2,

with b = B0/
√

µρ0 andc the sound speed. The corres-
ponding eigenvectors that are perpendicular to each other
are both polarized in the plane determined by~B0 and~k.
Remark that the FMW is polarized almost perpendicular
to ~B0 but in the(~k, ~B0)-plane. This polarization corres-
ponds to the direction normal to the magnetic flux sur-
faces in the inhomogeneous plasmas discussed below.

Hence, the eigenfunctions of the three MHD waves are
mutually orthogonal and the eigenfrequencies are well-
ordered:

0 ≤ ω2
s ≤ ω2

A ≤ ω2
f < ∞.

Alfvén waves are the most prominent MHD waves in the
analysis of confined plasmas because they may propa-
gate as point disturbances along the magnetic field lines
and thus ‘sample’ the magnetic geometry of the plasma.
Moreover, their frequency vanishes for vanishingk‖ thus
marking the condition formarginal stabilityof coronal
magnetic flux tubes (see Fig. 1a).

On the other hand, the three MHD waves exhibit a
strong anisotropy as is clear from the Friedrichs dia-
grams shown in Fig. 2.

Notice in Fig. 2b that AWs can only transfer energyalong
the magnetic field lines. This also applies to SMWs under
coronal conditions: the sketch applies to the caseb . c
but in the coronab >> c and the cusped surface cor-
responding to the SMW then reduces to almost a point.
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Figure 1. Parallel and perpendicular wave number de-
pendence of the three MHD waves in the casec/b < 1
(as applicable to the solar corona). Left:ω2 = ω2(k‖)

keepingk⊥ fixed; Right: ω2 = ω2(k⊥) keepingk‖ fixed.
Eigenvalues are normalized as̄ω2 ≡ ω2`2/ max(b2, c2)
and wave vectors as̄k ≡ k`, where` is a unit length.
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Figure 2. Friedrichs diagrams: Schematic representation
of (a) reciprocal normal surface (or phase diagram) and
(b) ray surface (or group diagram) of the MHD waves
(caseb < c). The diagrams are axially symmetric around
~B.

As a result, in the corona the FMWs are the only waves
that are able to transfer energyacross the magnetic sur-
faces. These properties are important to understand the
wave propagation characteristics and dissipation mecha-
nisms as we will see below.

2.2. MHD waves in finite plasmas

Clearly, the plasma structures observed in the solar co-
rona are not homogeneous and not infinite either. The
macroscopic dynamics of such plasmas inevitably in-
volves effects of thefinite geometry. Considering first an
homogeneousplasma enclosed by two plates atx = ±a
results in a quantification of thekx component of the
wave vector and thus discrete modes labelled bykx or
n, the number of nodes of the eigenfunction in thex-
direction. The three resulting subspectra have somees-
sential features, viz. (1) the discrete eigenvalues of the
fast subspectrum monotonically increase so that∞ is a

formal cluster point; (2) the eigenvalues of the Alfvén
subspectrum are infinitely degenerate; and (3) the SMW
subspectrum monotonically decreases with a cluster point
at the ‘cusp frequency’

ω2
S ≡ lim

kx→∞
ω2

s = k2
‖

b2c2

b2 + c2
.

Also, these three branches of the spectrum are separated
by

ω2
s0,f0 ≡ 1

2k2
0(b2 + c2)

[

1 ±

√

1 −
4k2

‖b
2c2

k2
0(b

2 + c2)2

]

,

with k0 ≡
√

k2
y + k2

z . This is illustrated in Fig.3.
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Figure 3. (a) Dispersion diagramω2 = ω2(kx) for ky

and kz fixed; (b) Corresponding structure of the ideal
MHD spectrum.

2.3. MHD waves in finite inhomogeneous plasmas

Consider now a more realistic plasma in which the ma-
gnetic field, the density, and the pressure vary in thex-
direction. The plane wave assumption (uncoupled Fou-
rier harmonics) then breaks down in thex-direction as
the differentkx’s couple. As a result, the differentwaves
coupleand can transform into each other. Inhomogeneity
introduces two other new phenomena, viz.instabilities
andcontinuous ideal MHD spectra. The latter is essen-
tial for the efficient wave dissipation in the solar corona.

Due to the inhomogeneity the Alfvén frequency and the
cusp frequency become, in general, functions ofx. Wri-
ting the wave or spectral equation in terms ofξ ≡ ex ·ξ =
ξx, η ≡ ie⊥ · ξ, andζ ≡ ie‖ · ξ, and eliminatingη and
ζ yields the well-know Hain-Lust equation (derived by
Goedbloed (1983)):

d

dx

N

D

dξ

dx
+

[

ρ(ω2 − f2b2)
]

ξ = 0.

The coefficient factorN/D of the 2nd-order derivative
term of this ODE plays an important role in the analysis.



It can be written in terms of the four frequencies defined
above as:

N

D
= ρ(b2 + c2)

[ ω2 − ω2
A(x) ] [ ω2 − ω2

S(x) ]

[ ω2 − ω2
s0(x) ] [ ω2 − ω2

f0(x) ]
.

The Alfvén and cusp frequencies,ωA(x) and ωS(x),
are spread out to an continuous range and, hence, de-
termine two mobile singularities corresponding totwo
continuous parts in the ideal MHD spectrum. The sepa-
ration frequenciesω2

s0(x) andω2
f0(x) yield only apparent

singularities (Goedbloed (1998); Goedbloed & Poedts
(2004)), as illustrated in Fig. 4.
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Figure 4. Schematic representation of the ranges of
the genuine (black) and apparent (grey) singularities of
the MHD spectral equation for a weakly inhomogeneous
plasma.

It has been shown (Chen & Hasegawa (1974); Goed-
bloed (1983); Goedbloed & Poedts (2004)) that the
above singularities yield a logarithmic contribution in the
ξ-component of the eigenfunction, i.e. in the component
perpendicular to the magnetic surfaces. For the conti-
nuum Alfvén waves, however, the most singular behavior
is found in theξ⊥ component since

ξ⊥ ∼ (ω2 − ω2
S)

dξ

dx
,

which yields a1/x-singularity which is non-square inte-
grable (see the typical solution in Fig. 5).
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Figure 5. A typical solution forξx and ξy ≡ ξ⊥ with,
here, the driving frequencyωd = ωA(x = 0.5). Notice
the jump in theξx component at the singularity (x = 0.5)
resulting from the analytic continuation of the logarithm
and yielding resonant ‘absorption’ or dissipation of the
wave energy.

This singular behavior forms the basis for wave heating
mechanisms of the solar corona in spite of the fact that the

coronal plasma is not ideal. As a matter of fact, the singu-
larity in the ideal MHD equations is removed when dissi-
pation is taken into account but due to the high conducti-
vity in the corona, the modes still behave nearly-singular.
As a result, the resonant excitation of Alfvén continuum
modes yields the small length scales that are required for
efficient dissipation (see below).

2.4. Complications. . .

For a long time wave heating mechanisms received a lot
of scepticism simply because there were almost no waves
observed in the corona, although Alfvén waves had been
identified from non-thermal broadening of transition re-
gion and coronal spectrum lines (see e.g. Doschek et al.
(1976); Zirker (1993)). Recent new observational tech-
niques, however, yielded abundant evidence for the pre-
sence of MHD waves in the corona and continue to do
so. SMWs have been observed in coronal plumes (De-
Forest & Gurman (1998); Ofman et al. (1999, 2000))
and in coronal loops (Robbrecht et al. (2001); Nakaria-
kov et al. (2000)). In coronal loops also FMWs were
identified (Nakariakov et al. (1999); Aschwanden et al.
(1999); O’Shea et al. (2001)) and ‘damped oscillations’
were seen in coronal loops (Nakariakov et al. (1999)) and
in prominences (see Oliver (2001) and Engvold (2001)
for recent reviews). As a matter of fact, the observational
evidence is now so overwhelming thatcoronal seismo-
logy arises as a new sub-domain to study coronal loops
(Nakariakov et al. (1999)) as well as prominences (Oli-
ver (2001)).

Clearly, the coronal magnetic structures are not as simple
as the plasmas considered above. Nevertheless, the pro-
perties of the ‘pure’ MHD waves are useful for unders-
tanding the plasma motions and the way they are genera-
ted. Trying to apply the theory to the solar corona leads
to a lot of complications, however. As a matter of fact,
in the above theory we did not take into account dissipa-
tion, nonlinearity, background flows, geometry, bounda-
ries, etc. Most of the plasmas we considered so far were
isolated from their surroundings by a perfectly conduc-
ting wall. Coronal plasmas, however, are surrounded by
other plasma(s), with different properties. The possible
wave solutions in the magnetic structures are then clas-
sified on the basis of their spatial and temporal character
inside and outside the magnetic structure (see Fig. 7). A
wave that is propagating along the boundary of the ma-
gnetic structure, and shows exponentially damped beha-
vior both in the central and in the surrounding plasma, is
called asurface wave(see Fig. 6). An oscillating wave
solution that shows evanescent behavior in the surroun-
ding plasma is called abody mode. Both surface and
body modes thus have a non-propagating character in the
surrounding plasma and are therefore callednon-leaky
modes, as they do not leak out energy from the magne-
tic structure to the environment. Waves that have an out-
ward propagating behavior in the surrounding plasma are
calledleaky waves.
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Figure 7. Typical structures of surface waves, body
waves, and leaky waves inside a plasma, where the boun-
daries are represented by the two vertical lines. The leaky
waves are defined completely by their outward propaga-
ting external behavior.

Smoothing the discontinuity (Fig. 8) creates a continuous
spectrum (as in the previous subsection). Upon solving
the dispersion relation, a ‘mode’ is obtained which has a
small imaginary part to the ‘eigenfrequency’. We have
put quotation marks here because in ideal MHD normal
modes cannot have complex eigenvalues. On the other
hand, one obtains a genuine pole of the Green’s function,
which certainly will influence the response to the initial
data.
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Figure 8. Smoothing the discontinuity.

This contribution can be found by deforming the Laplace
contour across the branch cuts so that the contributions
of the complex poles on the neighboring Riemann sheets
are picked up (Fig. 9). Ignoring the contributions of the
branch cuts corresponding to the continuous spectrum
one can find asymptotically for larget the contributions
of these poles.

The ‘mode’ one thus finds is exponentially damped.
Since the pole is not on the principal branch of the
Green’s function, there is no contradiction with the gene-
ral proof that complex eigenvalues do not occur for self-

•
x x
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n = 0 n = -1 n = 0 n = 1 n = 0

x x

Figure 9. Deformation of the Laplace contour.

adjoint linear operators. On the other hand, it is clear
that the present ‘mode’ of the plasma is of physical in-
terest as it represents a coherent oscillation of the inho-
mogeneous system. In contrast to the chaotic response
produced by the branch cuts of the continuous spectrum
this ‘mode’ constitutes a very orderly motion. ‘Modes’
like these occur in many branches of physics and, ac-
cordingly, they have received many different names, like
quasi-modes, collective modes, virtual eigenmodes, re-
sonances, etc. The damping is completely analogous to
the well-known phenomenon of Landau damping in the
Vlasov description of plasmas. Landau damping is due
to inhomogeneity of the equilibrium in velocity space.
Damping of Alfvén waves is due to inhomogeneity of the
equilibrium in ordinary space.

The quasi-mode described above originates from a sur-
face wave. However, quasi-modes can originate from
many different kinds of waves and the term is used for
any ‘discrete’ mode with an oscillatory part of the fre-
quency in the range of the continuous spectrum. As
a result, it couples to the continuum modes resulting
in damping. In MHD, quasi-modes can be due to fast
and slow magnetosonic waves, discrete Alfvén waves,
and different kinds of so-called ‘gap’ modes in two-
dimensional configurations. Fig. 10 shows the eigenfre-
quencies of the first three fast magnetosonic eigenmodes
(0, 1, and2 nodes in thex-direction) as functions ofkz

for a pressureless plasma slab with a uniform magne-
tic field and a finite width in thex-direction. The dif-
ferent gray lines connect fast modes with the same num-
ber of nodes in thex-direction. The figure also shows
the upper and lower limits of the Alfvén continuum as
functions ofkz . The density for this case is chosen as
ρ0(x) = 0.6 + 0.4 cos(π/a x). Keepingky fixed while
increasingkz then results in ever more fast magnetosonic
modes ‘swallowed’ by the continuum.

3. GENERATION AND PROPAGATION OF MHD
WAVES

The generation and propagation of sound waves in the
solar atmosphere has been studied since the late 1940’s
(Biermann (1946); Schwarzschild (1948)). Clearly, in
the 1970’s this basic idea was enriched with a leading
role of the magnetic field. Until fairly recently the only
source considered for the generation of sound and ma-
gnetic waves was the overshooting convective motions in



0 2.5 5 7.5 10 12.5 15
0

2.5

5

7.5

10

12.5

15

17.5

20

ω

kz

Figure 10. Eigenfrequencies of the first three fast eigen-
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L = a = 1, andky = 0). From: De Groof et al. (1998).

the photosphere. The power spectrum of these turbulent
motions shows a maximum around3000 µHz (corres-
ponding to periods of about 5 min) and very small va-
lues below2000 µHz and above4500 µHz. All three
MHD waves can be generated by the turbulent motions
but it turned out that the SMWs never reach the corona as
they steepen into shocks and are dissipated in the low and
middle chromosphere. The FMWs, on the other hand, are
reflected and/or refracted at the transition region so that
the AWs seemed to be the only MHD waves that were
able to reach the corona (see e.g. Hollweg (1984)). In
fact, the AWs are channelled by the magnetic field lines
and can easily reach the upper atmosphere. The coronal
loops form resonant cavities that turn the AWs into stan-
ding wave modes that can dissipate and heat the loops.

It has been argued (e.g. by Parker (1992)) that the men-
tioned five-minute periods are too long for resonating
with most of the coronal loops: the fundamental mode
in a loop of lengthL with Alfvén velocity vA has a
period P = 2L/vA. For a typical loop with length
L = 200 000 km andvA = 2000 km/s this yields a per-
iod of 200 s, and shorter loops have even smaller oscilla-
tion periods. Actually, since40×106 ≤ L ≤ 400×106 m
andvA ≈ 1.5−2×106 m/s the period of the fundamental
mode varies between 40 and530 sec. For the longer loops
this nicely overlaps the power spectrum of the convective
motions (220 − 500 sec). The argument, however,does
not make sense: the loops do not have to be excited
at their fundamental period. As in any finite system,
the resonant modes caneasily be excitedand the actual
kind of perturbation is irrelevant. Goedbloed (1995) ar-
gued that some kind of ‘stick-slip’ mechanism (cfr. the
bow for playing a violin) may be operational. The equi-
valent of this mechanism in the corona may very well be
the ‘hyper-resistivity’ that seems to be required to make
reconnection heating mechanism work (see, e.g., Hood
(2004)). In fact, also Kelvin-Helmholtz instabilities (asin
many music instruments) or even a simple short pulse (as
for generating sound waves with a piano or a drum) suf-
fices to excite the resonant waves in a coronal loop. As a
matter of fact,it is impossible to avoid the excitation of
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Figure 11. The transformation of an initial FMW into
an AW and a SMW in theε = 1 case. The plot in the
lower right corner shows the evolution of the total energy
E and shows that the wave gives a substantial part of its
energy to the background flow and to the emerging low-
frequency waves. One of these is the AW as shown by the
sharp appearance of the longitudinal component of the
vorticity.

the fundamental modes of the magnetic coronal loops!
Any perturbation,even random perturbations, excites the
fundamental modes very efficiently as pointed out by De
Groof et al. (1998).

On the other hand, it became clear in recent years that
there are many other possible wave sources than the tur-
bulent convection in the photosphere. The slow convec-
tive motions cause twisting and braiding of the magne-
tic foot points which results in reconnections of magnetic
field lines higher up in the chromosphere and the corona
(Parker (1972)). These impulsive reconnection events
can be rather violent and occur in different topologies and
on different length scales ranging from large flares (and
CMEs) to small scale ‘nano-flares’ (Parker (1988); Asch-
wanden (2001)). Not all the released magnetic energy is
turned into heat, however. A significant part of the ma-
gnetic energy released in these events takes the form of
MHD waves. In this way the MHD waves are also ge-
nerated in the chromosphere and the lower corona itself.
This solves two problems at once: the troublesome propa-
gation of magneto-acoustic waves from the photosphere
to the corona becomes obsolete and the waves generated
in this way have much higher frequencies and can also re-
sonate with the short and medium size loops. Hence, they
can easily be dissipated (see below) and thus contribute
to the heating of the solar corona.

Moreover, it was shown recently that the inclusion of an
inhomogeneous background flowhas a dramatic influence
on the wave dynamics in a plasma (see e.g. Chagelish-
vili et al. (1994); Shergelashvili et al. (2004)). This is
due to the fact that even a very small shear in the flow
profile, i.e. non-uniformity of the velocity, causes an ad-
ditional coupling of the three MHD waves. This means



that energy can be transferred from one wave mode to
another and it turns out that this energy transfer can be
very efficient under coronal circumstances (Poedts et al.
(1998)). In addition, the waves superposed on shear flows
can also exchange energy with the background flow, i.e.
the waves can subtract energy from the background flow
and grow in amplitude! Initial studies showed that the
conditions for FMW↔AW transformations are almost
optimal in the solar atmosphere (Poedts et al. (1998)). A
typical example of such a transformation is shown in Fi-
gure 11. In a lowβ plasma, an initial excitation of a AW
or a FMW evolves into a blend of both AWsandFMWs.
Whenβ ≈ 1 and in highβ plasmas the initial excita-
tion of an AW, FMW or SMW transforms into a complex
“wave soup” containing all three MHD modes.

Last but not least, strong, nonlinear magneto-acoustic
perturbations evolve into shocks. Due to the anisotropy of
the three MHD wave modes, MHD shocks can be much
more complex than the shocks in hydrodynamic systems
which have only one (isotropic) wave speed (De Sterck et
al. (1998); De Sterck & Poedts (1999a,c)).

Hence,the majority of the waves in solar corona might
be generated in the corona itself! Thus, the low wave
flux at the base of the solar corona is not a serious argu-
ment against wave heating.

4. WAVE DISSIPATION

The question then arises whether the MHD waves in the
upper chromosphere and corona can be dissipated effi-
ciently and thus contribute substantially to the heating
of the solar atmosphere and the acceleration of the solar
wind. The dissipation time scale, given by

τD =
µl2

η + ν
,

is extremely long in the hot, highly conducting (η � 1)
and rare, almost non-viscous (ν � 1) coronal plasma
with its relatively long length scalesl. Hence, effi-
cient dissipation requires either a higher ‘effective’ re-
sistivity or viscosity and/or much smaller length scales.
Recently, Nakariakov et al. (1999) studied the damping
of solar loop oscillations and came to the conclusion that
there is indeed an anomalous resistivity in the corona, se-
veral orders of magnitude larger than the usually cited
η ≈ 10−12 − 10−10. However, these first results of coro-
nal seismology may be somewhat preliminary as the ana-
lysis should be done more carefully including effects of
leakage and quasi-mode damping characteristics (Goos-
sens et al. (2002)). Wave heating mechanisms rely on
thecreation of small length scales through the excita-
tion of the singular continuum modes discussed above.
This damping mechanism is actually studied in great de-
tail and its efficiency is proven daily in laboratory experi-
ments in the framework of thermonuclear fusion research.

Before focussing on this dissipation mechanism, we re-
mark that the requirements for the coronal heating model
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Figure 12. Alternative configurations used in studies of
phase mixing and resonant dissipation of AWs (slab ver-
sions, also exist in cylindrical geometry).

have changed drastically in the last two decades. Twenty
years ago, the great ‘challenge’ was to find a heating me-
chanism that isequally efficientin both open and clo-
sed magnetic structures, i.e. for the wide variety of time
and length scales observed in the corona, in order to ex-
plain the observeduniform temperaturein the solar co-
rona. Presently, we not only know that waves are gene-
rated in the chromosphere and corona itself (by magne-
tic reconnection events) and that the MHD wave modes
are coupled by the plasma inhomogeneities, but it also
became clear that thetemperature is not uniformin the
corona. The analysis of Yohkoh data revealed that the
temperature is much higher in the coronal loops (up to
7 × 106 K and more). Moreover, the temperature was
found to be higher in the loops tops (Kano & Tsuneta
(1996)). The latter result, however, was later ascribed to
‘statistical uncertainties’ of the broadband SXT filter and
TRACE data revealed that the temperature is uniform in
the loops (Aschwanden (2001)). This means that there is
more heating required in the dense (more radiative) chro-
mospheric foot points of the loops.

The concept of phase mixing and resonant Alfvén wave
dissipation in magnetic flux tubes was first studied(and
was demonstrated to work!)in the context of controlled
thermonuclear fusion research, viz. as a supplementary
heating mechanism for ‘tokamak’ plasmas (Tataronis &
Grossmann (1973); Chen & Hasegawa (1974)). This
mechanism exploits the Alfvén continuous spectrum of
linearized ideal MHD. External harmonic excitation of
the plasma at a frequency within this continuum yields
a resonance with the corresponding shear Alfvén conti-
nuum mode. It was first suggested as a mechanism to heat
the magnetic loops in the corona by Ionson (1978). In
the mean time, this heating mechanism has been studied
rigorously in this context too. Three alternative confi-
gurations are considered: side-ways driven loops, foot
point driven loops and foot point driven coronal holes
(see Fig. 12).

4.1. Side-ways driven loops

The early studies considered a configuration similar to
the laboratory set-up. The loops are ‘driven’ by side-
ways incident waves as in Fig. 12a. Notice that these
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Figure 13. Sketch of the resonance position correspon-
ding to a driving frequency in the range of the ideal MHD
Alfvén continuum.

waves have to be FMWs since these are the only wave
modes that are able to transfer energyacrossthe magne-
tic surfaces, which is required to bring the energy in-
side the loops. Such a mode behaves singularly at the
‘flux surface’xs where the local Alfvén frequencyωA(x)
matches the ‘driving’ frequencyωdriv, i.e. (for a periodic
plasma)

ωA(xs) ≡
kzBz(xs) + kyBy(xs)

√

µρ(xs)
= ωdriv, (1)

with ~B the magnetic field,ρ the mass density, and with
mode numberskz = 2πn/L andky. L is the length of the
loop. Hence, the variation of these quantitiesacrossthe
flux surfaces (the direction labelled byx) determines the
locationof the heating as illustrated in Fig. 13. For a very
similar set-up, but in cylindrical geometry, Poedts & Ker-
ner (1992) obtained the nearly-singular (η 6= 0) plasma
response shown in Fig. 14. The global plasma motion that
is initially excited soon develops a nearly-singular beha-
vior at the resonance position. In the resonant layer, the
amplitude first increases rapidly and then saturates when
the dissipation rate balances the power supplied by the
incident (driving) wave.

The plasma inhomogeneity also determines theefficiency
of the heating mechanism since the width∆ of the reso-
nance layer scales as

∆ ∼
(

η + ν

ω′
A(xs)

)
1

3

, (2)

whereν denotes the viscosity andη the resistivity of the
plasma. Hence, by replacing the typical length scalel in
the resistive and viscous diffusion time scales with this∆
we find that the resonant dissipation takes place on a time
scale

τRD ∼ µ(η + ν)−
1

3 ω′
A(xs)

− 2

3 . (3)

Notice that this time scale is shorter in plasmas that are
more inhomogeneous. For typical coronal loop parameter

Figure 14. Snapshots ofv1⊥(r) for ωdriv = 0.205 and
η = 10−6 (Poedts & Kerner (1992)).

values these time scales for resonant dissipation turn out
to be acceptable, i.e.much shorter than the life times of
the loops(Poedts & Kerner (1992)).

Clearly, the most efficient plasma-driver coupling occurs
at the frequencies of so-calledquasi-modes: collective
‘modes’ that are weakly damped, even in ideal MHD and,
therefore, they are not eigenmodes of the ideal MHD ope-
rator which is self-adjoint. As a result, the quasi-modes
play an important role in resonant heating. Nevertheless,
any frequency within the Alfvén continuum yields reso-
nant dissipation so that a multi-periodic driver can heat
the whole plasma volume and not just a narrow layer.
Moreover, as we will see below, a typical loop has many
quasi-modes with resonance positions scattered all over
the loop.

It is instructive to have a closer look at the energetics of
the resonant dissipation process. The time dependence
of the energetics of the externally driven resistive plasma
column is shown in Fig. 15. Here, the mean power emit-
tedP by the external antenna, the mean rate of change of
the kinetic energyK̇ and of the potential energẏWp of
the plasma, the mean Ohmic dissipation rateḊ, and the
mean rate of change of the vacuum magnetic energyẆv

are plotted versus the number of driving periods.

Initially, in the first 10 to 15 driving periods, the po-
wer supplied by the external source produces mainly a
change of the kinetic and potential energy of the plasma
and also, to a lesser degree, a change of the vacuum ma-
gnetic energy. In this phase, the Ohmic dissipation rate
is very low. As time progresses, however, the rate of
change of the kinetic and potential plasma energy and
the rate of change of the vacuum magnetic energy gra-
dually decrease and the Ohmic dissipation rate increases.
Then, after about 55 driving periods the system attains a
stationary state: the kinetic and potential plasma energy
and the vacuum magnetic energy do not change any more
(K̇ = Ẇp = Ẇv = 0) and the power supplied by the
external source is exactly balanced by the Ohmic dissipa-
tion rate in the plasma (P = Ḋ).



Figure 15. Time-averaged power (curve a), change of ki-
netic energy (curve b), change of potential plasma energy
(curve c), Ohmic dissipation rate (curve d), and change
of surrounding vacuum magnetic energy (curve e) ver-
sus number of driving periods for a typical case with
η = 10−6 (Poedts & Kerner (1992)).

Many quantitative results were obtained for this heating
model including dissipation, nonlinearity, realistic den-
sity and magnetic field stratification, etc (see Poedts &
Goedbloed (1997) and references therein). The ove-
rall conclusion was that resonant dissipation of AWs is
a viable heating mechanism for the magnetic loops in the
solar corona.

4.2. Foot point driven loops

Early loop heating models ‘copied’ the fusion set-up and
considered a one-dimensional (periodic in two spatial di-
rections) flux tube excitedsidewaysby incident FMWs,
as described above. Soon, however, it was realized that
the foot points of the coronal loops are effectively ‘an-
chored’ (‘line-tied’) in the photosphere due to the high
conductivity and the relatively high mass density of the
latter. Moreover, the loops are also (perhaps mainly) ex-
cited at their foot points as a result of the ‘anchoring’ in
the turbulent sub-photospheric plasma and also due to the
magnetic reconnection events that take place at the ends
of the loops.

Strauss & Lawson (1989) simulated resonant heating
in an incompressible cylindrical line-tied plasma column
excited at its foot points and remarked that the loca-
tions of the resonances differ from those in a periodic
plasma. Later, their conclusions on the effect of line-
tying were confirmed analytically (Goedbloed & Hal-
berstadt (1994); Halberstadt & Goedbloed (1995a,b)):
line-tying couples the AWs and FMWs and also modi-
fies the continuous spectrum drastically. For a cylindrical
plasma with a sheared magnetic field the line-tied conti-
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Figure 16. Energetics in a foot point driven coronal loop
(from Poedts & Boynton (1996)).

nuum is given by

ωA(r) =
nπ

L

Bz(r)
√

µρ(r)
, (4)

i.e. independent of the poloidal magnetic field component
Bθ and the poloidal wave number. For realistic coronal
parameter values there are many quasi-modes in this line-
tied continuum which positively affects the plasma driver
coupling (Tirry W.J. & Berghmans (1997)) although they
are, strictly speaking, not necessary since the shear AWs
can be drivendirectly.

It is again instructive to have a closer look at the energe-
tics of the resonant absorption mechanism in this case. In
Fig. 16 (from Poedts & Boynton (1996)) the time evolu-
tion is shown of the Poynting flux through the foot points
of the loop (a), the kinetic energy in the loop (c), the ma-
gnetic energy in the loop (d), and the thermal energy of
the loop (e). Notice that the sum of the latter three, i.e.
the total energy (b), equals the Poynting flux, as it should.
Notice also, however, that the energy pumped initially
into the systemonly serves to set up the resonance. After
the relatively short initial period the kinetic and magne-
tic energy of the loop do not change anymore and all the
additional energy put into the loop from then on is tur-
ned into heat (thermal energy). Remark that the small
fraction of kinetic energy is the ‘wave energy’ that is ob-
served into the corona.It has nothing to do with the
heating rate. What is observed is the part of the energy
that is needed to set up the resonances andthis ‘obser-
vable’ part can be very small compared to the heating
rate.

The wave heating of line-tied loops has been studied ri-
gorously with both linear and nonlinear studies, numeri-
cal and analytical, steady state approach, eigenvalue ap-
proach and time evolution (see e.g. Poedts et al. (1989);
Ofman & Davila (1995, 1996) and references therein).
Poedts & Boynton (1996) showed with 2.5 D, nonli-
near MHD simulations that the heating can be very ef-
ficient (even without quasi-modes!) and that it can easily
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Figure 17. Energy stored in Alfvén modes for a short
loop with only 5 quasi-modes (from De Groof & Goos-
sens (2002)).

compensate the radiative and conductive losses in a loop.
Some studies even take into account the variation of the
density (Halberstadt & Goedbloed (1995b)) and magne-
tic field strengthalong the loops (Beliën et al. (1997)).
For realistic input power spectra the supplied energy is
stored in the quasi-modes which couple to shear AWs
resulting in global heating of the loop on realistic time
scales (De Groof et al. (1998); De Groof & Goossens
(2002); Tirry W.J. & Berghmans (1997)). The outcome
of all these studies is unanimous:resonant dissipation is
a viable heating mechanismeven when the heating rate
drops due to 3D ‘Kelvin-Helmholtz-like vortices’ at the
resonance layers (Ofman & Davila (1996)).

However, it is important to include the coupling of the
coronal parts of the loops with the transition region and
chromosphere in order to take into account the effect
of leakage (Berghmans & De Bruyne (1995)) and tu-
ning/detuning effects due to variation of the lengths of
the loops. In a first attempt, Ofman et al. (1998) tried
this by using scaling laws (in a 1D model) to update the
density due to the expected chromospheric evaporation.
This yielded efficient heating concentrated in multiple
resonant layers even for mono-periodic driving. Belien
et al. (1999) even take into account the thermal struc-
turing of the transition region and the higher chromos-
phere in a nonlinear2.5 D numerical study. These au-
thors noted that only about 30% of the energy supplied
by the driver takes the form of AWs. The bulk of this
energy goes to SMWs which are (resonantly)dissipa-
ted in the foot pointsand never reach the coronal part
of the loops. Remark that this is actually compatible
with the observed uniform temperature along the loops
which requires a more efficient heating of the foot points
in order to compensate the larger radiation there (due to
the higher density). Unfortunately, Beliën et al. conside-

ξxξ

x x x

x xξ

Figure 18. Snapshots in time (for standing waves) or in
height (for running waves)).

red theky = 0 case (no coupling between FMWs and
AWs, except for non-linear coupling) and a rather un-
realistic mono-periodic driver. Hence, these results de-
finitely need to be extended with the consideration of (a)
more realistic driver(s).

Such radial and azimuthal drivers have been considered
by De Groof & Goossens (2000) and De Groof et al.
(2002), respectively (see also the reviews by Goossens &
De Groof (2001) and De Groof & Goossens (2002)).
These linear MHD studies showed that forky 6= 0 the
FMWs and AWs are coupled. The FMW body-modes
yield efficient coupling of the loops to the random (broad-
band) driver and the coupling to the AWs yields efficient
dissipation which is spread over the entire loop volume
(see Fig. 17).

4.3. Phase mixing

The ‘realistic’ broadband spectrum drivers bring us to the
phase mixing of magnetic surfaces. In loops that are dri-
ven randomly with a polarization in they-direction (as
sketched in Fig. 12b), each field line picks up its own fre-
quency from the broad spectrum and they-component of
the plasma displacement takes the form:

ξy(x, z, t) = A(x) ei(kzz+ωA(x)t),

which corresponds to an effective wave numberkx,eff =

(ωA)′ t which grows linearly with time (Heyvaerts &
Priest (1983)). This cascade of energy to small length
scales due to phase-mixing is depicted in Fig. 18. Phase
mixing is an essential ingredient of resonant absorption.
Dissipation becomes important when the effective wave
number corresponds to the required small length scales,
i.e.kx,eff = 1/l0. Of course, the phase mixing time scale
τmix depends on the dissipation and on the inhomoge-
neity of the loop plasma:

τmix =
1

l0(ωA)′
∼ (η̃ + ν)−1/3 [(ωA)′]−2/3.

However, phase mixing does not really need resonances
to be effective. In ‘open field’ configurations, such as
coronal holes, this mechanism also works. Clearly, in
this case one gets running waves and they-component of
the plasma displacement now takes the form:

ξy(x, z, t) ∼ ei(kz(x)z+ωdt),



with ωd the driving frequency andkx,eff ∼ k′
z z. Hence,

the phase mixing takes place as the waves run along the
magnetic field lines. Efficient dissipation occurs at the
heightzmix at which sufficiently small length scales (in
thex-direction) are obtained:

kx,eff =
1

l0
⇒ zmix =

1

l0k′
z

.

Phase mixing was studied rigorously by many authors.
It was realized that the flaring out of the magnetic field
lines at the base of the coronal holes must affect this
slope substantially (Poedts et al. (1997)) and Ruderman
et al. (1998) took this into account as well as De Moortel
et al. (1999). These authors considered a realistic two-
dimensional configuration with diverging magnetic field
and also took into account the plasma flow along the ma-
gnetic field lines. Their WKB solutions agree well with
three-dimensional nonlinear MHD simulations. Strong
damping is found in the layer where the velocity shear is
concentrated. The total heat deposited in the coronal hole
seems not to be affected by the vertical stratification but
the efficiency of the heating mechanism does depend on
the geometry, the scale height, and the amplitude of the
excited waves.

Above we considered three different heating mecha-
nisms, namely magnetic reconnection of field lines, re-
sonant heating of AWs, and phase mixing. In the real
Sun, these heating mechanisms probably collaborate. As
a matter of fact, observations show that not all the energy
released by magnetic reconnection events is dissipated
immediately. In fact, a substantial part of this energy is
released in the form of MHD waves which resonantly dis-
sipate and/or phase-mix in the inhomogeneous magnetic
loops. Such ‘hybrid’ heating mechanisms need to be stu-
died in more detail in order to get quantitative result on
the ultimate heating of the combined mechanism. A task
for the near future. . .

5. CONCLUSIONS

MHD waves are now observed everywhere in the solar
corona. They are an essential ingredient in the dynamics
of the different magnetic structures that are present in the
solar atmosphere and are responsible for the transport of
energy from the lower layers to the upper layers. The
abundant evidence even gave rise to new branches in so-
lar physics, such as active region seismology (and even
coronal loop seismology) with a high potential as diag-
nostic tools.

All three kinds of MHD waves probably also play a role
in the heating of different coronal structures. FMWs act
as the necessary agents that transport the energy across
the magnetic surfaces and can, due to their global cha-
racter, easily be excited by any form of external driving.
In the highly inhomogeneous coronal plasma these waves

are strongly coupled to shear AWs. The latter have sin-
gular behavior on resonant surfaces in finite structures
which results in the efficient dissipation of these waves
due to the very small length scales involved. SMWs are
also coupled to FMWs and also behave singularly. They
also occur in the most advanced models of coronal loop
heating and can explain the more pronounced heating at
the chromospheric foot points of the loops.

The observational arguments against wave heating of the
solar corona seem to drop one by one. The (too?) low
wave flux at the bottom of the solar corona, e.g., may
well be compensated by the large(r?) amount of wave
energy that is generated in the corona itself by impulsive
magnetic reconnection events or by wave amplification
due to inhomogeneous background flows. Moreover, the
analysis of the energetics of the resonant wave dissipation
mechanism revealed that the amount of kinetic energy in
the system is not related to heating rate at all! In an ini-
tial phase the energy pumped into the system is converted
into kinetic energy of the system necessary to set up the
resonances. From then on, however, all additional energy
pumped into the system can be converted into heat very
efficiently and the heating rate is not related to the amount
of kinetic energy in the system. Only this relatively small
amount of kinetic energy could be observed if it were not
stored in the narrow resonant layers that arise very soon
after the plasma is perturbed (even randomly)! Remark
also that in most wave heating models the coupling of
the coronal plasma to the external driver is taken into ac-
count, i.e. not all energy pumped into the system has to
stay into the system. This in contrast to almost all magne-
tic reconnection heating models where the applied boun-
dary conditions do not allow energy to flow out of the
system.

A lot of wave heating models, unfortunately, only
concentrate on one or two properties of the loops or the
driver in order to study their effect on the heating effi-
ciency. What is needed badly is a ‘master’ model that
takes into account all these effectsat onceso that a rea-
listic simulation can be done that can be compared to the
observations. Actually, a lot of quantitative results have
been obtained for MHD wave heating and laboratory ex-
periments have even proven that the mechanism works
efficiently. Similar quantitative studies should be set up
for magnetic reconnection in order to find out how much
of the released energy is actually dissipated at once and
how much is converted into MHD wave energy. This will
ultimately yield a model for a ‘hybrid’ heating mecha-
nism that involves phase-mixing, magnetic reconnection,
and resonant heating. It is very likely that the solar corona
is heated by such a complex combination of the different
mechanisms studied separately so far.

In this review, basic material was used from Goedbloed
& Poedts (2004).
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