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Abstract 
Solar observations by SOHO and TRACE reveal a lot of intriguing facts about the solar 

atmosphere in which dissipation plays an important role.  To understand these phenomena, detailed 
studies concerning the solar magnetic field and especially waves are crucial since dissipation in solar 
plasmas can only occur when very small lengthscales are created. One of the possible mechanisms to 
create these is the resonant coupling between different wave modes. Consequently, this feature can 
lead to absorption of wave energy and heating. However, a background flow can change the rate of 
resonant absorption and can even make the wave gain energy and grow. This causes the equilibrium 
configuration to get unstable. In what follows, we describe two applications of wave resonances in a 
solar context. One is the heating of the corona due to resonant absorption of Alfvén waves in coronal 
loops. Another is the instability of coronal plumes due to resonant flow instabilities.  
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1 Introduction 
As the sun is composed of electrically charged particles, its magnetic field makes it a very 

dynamic, magnetically dominated and highly structured object. Because of this magnetic field, the 
theory of MagnetoHydroDynamics (MHD) is a lot more complicated and fascinating than 
hydrodynamics. For example the traditional sound waves will be influenced by the magnetic forces 
and will transform to slow and fast magneto-acoustic waves. Furthermore, a totally new kind of wave 
appears, called Alfvén wave, which is driven by magnetic tension and propagates along the field lines 
without disturbing the thermal pressure or density of the plasma. The interaction of these different 
MHD-waves leads to very interesting features. The one where we are particularly interested in is the 
fact that two different waves can couple which can result in resonant behaviour. This property could 
help us to explain a lot of intriguing problems that arise from the solar corona. Especially the 
dissipation-related problems attract our attention since we know that dissipation in the corona can only 
occur for large gradients and the wave resonances could provide the small lengthscales necessary for 
the energy release.  At the Centre for Plasma-Astrophysics (CPA), a lot of work was done on this 
subject, from a pure theoretical point of view as well as in the context of solar applications.  Below, 
only the two recent studies of Andries and De Groof are described in detail.  The other work carried 
out at the CPA in the last few years on related subjects is listed in the bibliography below. The 
interested reader is strongly encouraged to find out more about the different methods, models and 
applications studied in these papers. 

2 Observations and experiments 
One of the goals of the Solar and Heliospheric Laboratory (SOHO), launched in 1995, is to study 

the outer atmosphere of the sun uninterruptedly. In this way scientists try to solve some of the most 



perplexing riddles about the Sun, including the heating of the solar corona and the appearance of the 
coronal plumes above the poles. 

The coronal heating problem can be described as follows. From daily life experience, one expects 
the temperature to decrease when moving further away from a hot object. In the case of the solar 
atmosphere, at first the temperature indeed decreases (from 6600K at the surface to a minimum of 
4300K at the photosphere). Surprisingly, however, beyond this point the temperature rises again 
spectacularly from 20000K in the chromosphere to a few million Kelvin in the corona. The reason for 
this temperature increase is still not completely understood. The extra energy that supplies the heat 
input in the corona must come from the mechanical work of the convection flows since this is the only 
source available. The question is then how the energy is transported from the convection zone up to 
the corona and how it is dissipated. 

X-ray images show that the coronal plasma is contained in a large number of discrete magnetic 
loops and that these coronal loops have the highest heating requirements. This has led to the general 
consensus that the magnetic field acts as a channel of energy transport: as the photospheric footpoints 
of the coronal magnetic field lines are forced to follow the convective motions, the kinetic energy can 
be transferred into magnetic energy. Then finally the question arises which dissipation mechanism can 
be responsible for the release of the energy.  At the CPA, a lot of work was done on the modelling of 
coronal loops and the investigation of possible heating mechanisms. In section 4.2, the so-called 
resonant absorption is studied as possible dissipation mechanism in a footpoint driven loop. It is based 
on the fact that global fast waves can couple to local Alfvén waves which results in a resonance peak 
and consequently small lengthscales and dissipation. 

From an observational point of view, the detection of MHD-waves propagating in the corona is 
crucial for the existence of resonant absorption. Robbrecht et al. 2000 [1] focussed on TRACE and 
EIT-images of an active region in the corona and found disturbances propagating along the coronal 
loops with speeds that approximate the sound speed. This result suggests the transients to be slow 
wave disturbances. Apart from their investigation, a lot of other observational studies found slow 
waves propagating in coronal loops [2,3]. Fast waves are not yet reported since the temporal resolution 
of the data does not allow to detect such high velocities. Moreover, in the magnetically dominated 
corona, slow waves have a more acoustic character whereas fast waves are characterised by magnetic 
field disturbances. Consequently the latter are not easily found by investigating plasma pressure 
variations.  

A second intriguing problem that arises from the solar corona and that we investigate in more 
detail is the "disappearance of the coronal plumes". Plumes are bright quasi-radial rays between 1 and 
several R☼. They are mainly found in the polar coronal holes. Much new insight is gained by a 
coordinated observation on 7 and 8 March 1996 using the instruments aboard the SOHO spacecraft 
and several other space- and ground-based observatories. During the observational campaign plumes 
were observed from the photosphere up to approximately 15 R☼. They are cooler and denser than the 
surrounding coronal hole. Using these observations DeForest et al. [4] have shown that the plumes are 
rooted in unipolar magnetic flux concentrations. The rapid expansion near the base of the plumes is 
explained by the dominance of the magnetic field on the dynamics in the coronal holes and to at least 
10 R☼ (e.g. [5]). Pressure balance will smoothen out the flux concentrations and cause the magnetic 
field lines to spread out. At larger distance the plumes follow the radial expansion of the surrounding 
coronal hole. On large spatial scales the plumes are observed to be in steady-state for at least 24 hours. 
On small spatial scales however XUV intensities vary by 10-20% on time scales of a few minutes [4]. 
These variations are identified as slow magnetosonic waves [6]. Several theoretical models and 
observations by SOHO/UVCS and SPARTAN-201 have shown that plume flow speeds are probably 
100-300 km/s at 2-5 R☼ [7,8,9,10] while Interplanetary Scintillations (IPS) show that the interplume 
flow speed may already be 750 km/s at 5.5 R☼ [11]. We can conclude that plumes flow much more 
slowly than interplume plasma. 

All these facts suggest that plumes should be observable in the interplanetary medium. However 
no sign of them is found in Ulysses data and the high speed solar wind from the coronal holes is 
remarkably smooth [12]. This can only be explained if the plume and interplume plasma are mixed 
somewhere close to the sun.  There are probably lots of possible mixing mechanisms.  In section 5, we 
describe a few possible explanations which were suggested earlier and explain why we are interested 
in one particular mechanism, which is closely related to the before mentioned resonant absorption.  



In the following section, the appearance of wave resonances in MHD is explained. In sections 4 
and 5 this wave resonance property is applied to study the two specific coronal phenomena described 
above. Finally we give a summary and discussion.  

3 MHD wave resonance in 1-D non-uniform plasmas 
Consider a plasma of which the equilibrium quantities vary only in the x-direction (or r-direction 

in a cylindrical configuration). The magnetic field and the flow velocity are in the direction of the z-
axis. We can then Fourier analyse all the perturbed quantities with respect to y(φ),  z, and t and hence 
assume them to be proportional to:  

exp[i (ky y + kz z – ω t)]  (exp[i (mφ + kz z – ω t)]  in cyl. coord.) 
where ky(m) and kz correspond to the azimuthal and the axial wave number respectively and ω denotes 
the frequency. 

Because of the very high values of the Reynolds number in the solar corona, dissipation due to the 
finite electrical resistivity and viscosity can be ignored except in narrow layers of steep gradients (e.g. 
around resonances). Outside these dissipative layers the MHD equations can be reduced to a set of two 
coupled first order differential equations for the normal component of the Lagrangian displacement ξx 
(ξr) and for the total pressure perturbation P’. The other perturbed quantities (ρ1, p1,...) can be 

computed once ξx and P’ are known. The sound speed and the Alfvén speed are defined as c2= (γp)/ρ  

and  v2;A = B2/(µ0ρ) where the ratio of specific heats γ equals 5/3, as usual. ωA = kz vA and 

ωC = c2/(c2+v2;A) ωA denote the Alfvén and cusp frequency respectively. Ω = ω – kzU(x) denotes 
the frequency Doppler shifted by the background flow U. For a fixed position the following sequence 
of frequencies is valid:  

0 ≤ ω2;C  ≤  ω2;I  ≤ ω2;A  ≤  ω2;II 

The frequencies ω2;C, ω2;I, and ω2;II are called cut-off frequencies because they determine the points 
where oscillatory behaviour changes to evanescent behaviour and vice versa. If the frequency lies 

within the ranges [ω2;C , ω2;I] or [ω2;II , +∞[, the wave is propagating and transports energy, 
otherwise the wave is exponentially decaying and unable to transport energy in the x-direction. 

The set of ordinary differential equations has mobile regular singularities at the positions xA 
and/or xC where:  

                  ω = kzU(x) ± ωA(xA)    and/or    ω = kzU(x) ± ωC(xC).                                             (1) 

As both ωA(x) and ωC(x) are functions of position, they define two continuous ranges of 
frequencies referred to as the Alfvén continuum and the slow or cusp continuum respectively. 

From a physical point of view, the conditions (1) mean that the eigenmodes resonantly interact 
with one of the two continua and also with the flow. The former resonant interaction is due to the 
coupling of the global wave with the local Alfvén or slow wave. The interaction with the continua in 
the absence of the flow causes damping of the eigenmodes and consequently heating of the plasma due 
to resonant wave transformation. The eigenmodes get complex eigenfrequencies ω = ωr + iωi (ωi < 0) 
and are therefore called quasi-modes ([13] and references therein). On the other hand, the presence of 
flow not only Doppler shifts the continuum frequencies but it can also affect the energy of the 
eigenmodes. At the resonance, the flow can drain energy away from the modes, which additionally 
increases the wave damping, but the flow can also be an energy source in which case the modes gain 
energy and become overstable, i.e. ωi > 0.  



4 The coronal heating problem 

4.1 Modelling resonant absorption in coronal loops 
 
As explained in section 2, the kinetic energy of the convection zone can be transferred into 

magnetic energy by the shuffling of the photospheric footpoints of the coronal loops. The dissipation 
mechanism that is responsible for the release of this magnetic wave energy is still uncertain and forms 
the goal of the study presented below. Because of the high Reynolds numbers in the solar corona, 
dissipation is negligible in global structures and consequently extremely small lengthscales will be 
involved. 

Depending on the kind of footpoint motions, several situations are possible. If the footpoint 
motions are ’slow’ (in comparison with the Alfvénic transit time along the loop), the coronal flux 
tubes are slowly twisted and braided. The magnetic stresses, which are built up that way, and the small 
length scales in between fieldlines of different polarity, lead to magnetic reconnection and hence to a 
conversion of magnetic energy into heat [14]. In contrast, footpoint motions which are ’fast’, generate 
magnetosonic waves and Alfvén waves reflecting back and forth along the length of the loop. The 
loop is then expected to act as a leaking, resonant cavity for MHD waves [15], in which several 
dissipation mechanisms could convert the magnetic energy into heat. The heating mechanism where 
we focus on is the so-called resonant absorption which is based on the resonant coupling of fast waves 
to Alfvén waves inside a coronal loop. In 1978, Ionson [16] suggested that it might effectively heat the 
corona and since this original suggestion, resonant absorption has remained a popular mechanism for 
explaining the coronal heating.  

A lot of work was done on sideways excitation of these resonant Alfvén waves where a wave 
impinges laterally on the loop [17,18,19,20]. However, fast waves originating from within the loop are 
more likely to be the prime contribution to the heating. Such a fast wave can be excited by e.g. a 
reconnection event inside the loop or by the photospheric motions of the footpoints of the magnetic 
field lines. Therefore, more attention is paid to the fact that coronal loops are finite and bounded by the 
photospheric plasma. In [21] and [22], Goedbloed and Halberstadt showed that line-tying leads to the 
presence of MHD waves of mixed nature which have the right signature for effective energy transfer 
from the photosphere to the corona. And it seems that coronal dissipation of Alfvén waves is not so 
much associated with Alfvén wave fluxes in the photosphere, but merely with the compressible part of 
the photospheric velocity field. Later studies focussed on different kinds of footpoint motions in order 
to excite resonant Alfvén waves either directly by azimuthally polarised footpoint motions [23,24] or 
indirectly by radially polarised footpoint motions [25,18]. In [26,27,28] Berghmans and Tirry revealed 
the importance of the presence of quasi-modes in both cases. 

So far, most of the modelled footpoint motions were harmonic or consisted of one pulse. An 
important question is how the results alter for more realistic, quasi-randomly driven loops. In De 
Groof et al.(1998) [29], we studied the behaviour of the fast waves within the loop without coupling to 
Alfvén waves and found that driving at the loop’s feet forms a good basis 
for resonant absorption as heating mechanism. De Groof & Goossens 
(2000) [30] investigated the efficiency of resonant absorption in the 
coupled case (ky ≠ 0), where the excited body waves can couple to Alfvén 
waves. In the following section, we analyse the results of these 2 papers 
and present some future plans.  

4.2 Physical and mathematical model 
The coronal loop is modelled as a static, straight, gravitationless 

plasma slab with thickness b, obeying the standard set of ideal MHD 
equations (see Fig.1). In our Cartesian coordinate system, the x-
coordinate corresponds to the direction of the inhomogeneity in the 
equilibrium, the y-coordinate is the (ignorable) azimuthal coordinate and 
the z-coordinate represents the direction along the loop. At z=0 we 

Figure 1: Loop model  



Figure 2: The eigenfrequencies of the first 3 fast 
eigenmodes together with the upper and lower bound 
of the Alfvén continuous spectrum as function of kz

impose a given footpoint motion whereas at z=L we assume the loop to be line-tied (see [29] for more 
details). The plasma is permeated by a uniform magnetic field (B0=B0ez) and has a uniform pressure 
p0 which we neglect in comparison with the magnetic pressure. The inhomogeneity of the plasma is 
introduced by a continuously varying density   Error! which models the higher density inside the 
loop. The plasma is being shaken by small-amplitude perturbations at the footpoints of the magnetic 
field lines on the (z=0)-plane. This plane can be viewed as the photosphere or as the position where 
the magnetic reconnection takes place. As long as non-linear and non-ideal effects are negligible we 
can follow the temporal evolution of the excited MHD waves inside the loop by solving the linear 
ideal MHD equations. Since the equilibrium quantities are constant in the y-coordinate which runs 
over an infinite interval, we can Fourier analyse with respect to y. For the Fourier component 
corresponding to wave number ky, the time evolution and the spatial variation in x and z are described 
by    

    (2-3) 

with the Lagrangian displacement ξ and the Alfvén speed vA(x).  

This coupled system of partial differential equations in ξx and ξy describes the coupled fast-Alfvén 
waves. Slow waves are absent (ξz=0) because the plasma pressure is neglected. In this study we focus 
on radially polarised footpoint motions and consequently, only fast waves will be driven directly. 
Since ky ≠ 0, these fast MHD waves couple to Alfvén waves at the resonant surfaces where the ideal 
Alfvén wave resonance condition is satisfied. Length, speed, magnetic field strength and density are 
non-dimensionalised with respect to b, vA(0), B0 and ρ(0) respectively.  

The mathematical approach in this paper is based on the method used in [28]. We represent the 
footpoint motions by inhomogeneous boundary conditions for eqns. (2-3) at the z=0 and z=L 
boundary planes:    

ξx(x,z=0,t)  =  R(x)T(t), 
ξx(x,z=L,t)  =  0,                     (4) 
ξy(x,z=0,t)  =  ξy(x,z=L,t)  =  0. 

 
We have assumed for mathematical simplicity that the dependencies on x and t of the footpoint 

motions are separable. In order to avoid complications with initial conditions we assume in addition 
that at  t=0, ξx, ξy and both their time derivatives are zero and as a consequence:    

Error!   
Apart from these restrictions the functions R(x) and T(t) can be chosen completely arbitrarily. 

A convenient way to solve the coupled partial differential equations (2-3) is to get rid of as many 
derivatives as possible, as described in detail by [28]. This approach enables us to obtain an expression 
which describes the generation of linear MHD waves (coupled fast-Alfvén waves) by radially 
polarised footpoint motions. The solution 
can be written as a superposition of 
eigenmodes (see [29]).  

These eigenmodes, already mentioned 
in section 3, can be classified in two groups, 
depending on their wave characteristics. 
Fig.2 shows the eigenfrequencies of the first 
3 fast eigenmodes together with the upper 
and lower bound of the Alfvén continuous 



spectrum as function of kz. Since for our model (no flow, p=0, ky=small) wI equals zero and wII 
approximates the Alfvén frequency, only the fast modes with frequency within the range of the Alfvén 
continuous spectrum, called ’body modes’, keep the energy inside the loop. Moreover, these are the 
only ones that can couple to a local Alfvén wave. The fast waves corresponding to a frequency above 
the Alfvén continuum are travelling waves in the exterior coronal environment and so these ’leaky 
modes’ radiate their energy away from the loop.  

De Groof et al. 1998 [29] showed that in the uncoupled case most of the input energy is converted  
to body mode energy (around 95%) so that the energy leakage is minimal. In the present case where 
body modes couple to Alfvén waves, this means that footpoint driven models form a good basis for 
resonant absorption as dissipation mechanism. In the following sections we study whether resonant 
absorption is efficient as heating mechanism. 
  

4.3 Efficiency of resonant absorption 
To check the efficiency of resonant absorption as heating mechanism, we have to check several 

criteria. First, we need an efficient energy transfer from the footpoint motions to the Alfvén waves (via 
the fast waves) and secondly Alfvén resonances have to form at particular magnetic surfaces in the 
coronal loop. As a third criterion we would like to check whether resonant absorption can heat the 
loop globally.  

4.3.1 Time evolution of fast and Alfvén waves 

We study a loop with dimensions L=1 and b=1. The density parameters ρA and ρB are taken to be 
0.6 and 0.4 respectively. The footpoint motions are modelled as a succession of pulses with the 
following time and x dependencies:  

T(t) = sin (at-π/2) + 1  if   0 ≤ t ≤ 2π/a
 
,    T(t) = 0  if   t > 2π/a,  

which are chosen in order to simulate an instant ’kick’ at the loop’s feet.     

 
Figure 3: Time evolution of fast mode energy (dotted), Alfven mode energy (dashed) and total energy  (solid) 

after a driving with resp. 1 pulse (left) and a successions of 5 identical pulses 

From Fig.3, we conclude that after the driving has stopped, the fast mode energy is transferred to 
Alfvén mode energy. The efficiency of this transfer depends on several parameters. First the azimuthal 
wavenumber ky acts as a coupling parameter between the fast modes and the Alfvén modes (larger ky 
correspond to a stronger coupling for values of ky smaller than 1.6). On the other hand, short pulses 
bring more Alfvén mode energy into the loop but the energy grows and saturates slower.  

4.3.2 Creation of small length scales 

For the resonant absorption to be valid and to be efficient, resonances have to be formed in the 
coronal loop. Moreover, the resonant absorption has to produce these extremely small length scales 
fast enough in order to achieve the observed energy losses. Tirry et al. [28] demonstrated that when the 
loop is driven harmonically, resonance peaks are formed at the magnetic surfaces where the local 
Alfvén frequency equals the quasi-mode frequencies which are present in the driving.  



Figure 4: Alfvén energy as function of x for t=10 to   
t=50 after driving with a randomly varying pulse

Figure 5: Alfven mode energy as 
function of x after an harmonic driving 
of 30 sine-pulses with period 2π/9

As a first step to a real random driving, we 
drive the loop by a series of 30 pulses with 
randomly distributed widths and randomly 
distributed time intervals in between the pulses. 
The individual pulses have a time-dependence 
Error! with pulse widths varying between 0.4 
and 2.1 (3 < a < 16) and the time intervals are 
taken to be smaller than 1. As seen on Fig.4, 
indeed resonances are built up at the magnetic 
surfaces corresponding to the quasi-modes 
which are excited by the driving. The modes 
corresponding to the first eigenfunctions and 
small values of kz are the most dominant (see 
Fig.1). In the case presented in Fig.4, these are 
the following:  ω = 5.58, 8.51, 11.61, 14.71, 
14.73, respectively corresponding to xA = 0.75, 
0.54, 0.45, 0.66, 0.39.. 

As expected resonant peaks are growing in 
time at the magnetic surfaces listed above and indicated by vertical lines on the figure. We remark that 
with this kind of driving, the peaks are packed rather closely together. When we would vary the pulse 
widths of the driving pulses more or when we would take a longer loop (see [30]), more quasi-modes 
will couple to Alfvén modes and consequently the loop can be heated even more globally.  

For resonant absorption to be a viable coronal heating mechanism, the generation of the small 
scale dissipative features found above has to take place on time scales shorter than the life time of 
coronal loops, which varies from 6 tot 24 hours. As calculated by Tirry et al. [28], this means that 
lengthscales of about 100 meter are to be generated within half of the loop’s life time. Indeed, in De 
Groof et al.(1998) [29] it is shown that even for the slowest decrease, the time needed to generate a 
length scale of about 100m lies around 3 hours. 

We realise that the linear MHD model only enables us to make a rather rough estimation of reality 
but it is certainly not an overestimation. Nonlinearity would lead to even smaller time scales by means 
of turbulence [17]. Hence we can conclude that in our model resonant absorption is able to produce 
small scale dissipative features on a realistic time scale.  

4.4 Comparison with previous studies 
Most of the previous studies on the efficiency of resonant absorption concluded that the heating is 

highly concentrated in a thin layer of the loop. Our results show multiple resonant peaks and 
consequently a more globally heated loop. What are the main differences that cause this new result?  

First, most of the earlier studies assumed a monochromatic or harmonic driver at the footpoints of 
the loop. We point out the importance of a more realistic driver by comparing our results with those 
for an harmonic driver in the same model. We drive the loop by a sine-function with period p=2π/9, 
which is approximately the average of the pulse widths 
present in the pulse train of section 4.3.2. In Fig.5 we plot 
the Alfvén mode energy just before 30 periods have passed 
such that the graph is comparable to Fig.4 (t=40). Only one 
resonant peak is built up resulting from an energy transfer 
between an initially excited fundamental fast body wave 
and an Alfvén wave, namely at xA=0.54, corresponding to 
the quasi-mode with frequency ω = 8.51 which is the 
closest to the driving frequency ωd=9. The second resonant 
peak, built up at the magnetic surface x=0.59 where the 
local Alfvén frequency equals the driving frequency, is 
forced by the harmonic driving and will not appear in more 
realistic, random motions. Since we did not take into 



account the difference in total kinetic energy in the drivers, it only makes sense to compare the figures 
qualitatively.  

Another very important difference with previous studies which included a broadband driver but 
nevertheless had only a single heated magnetic shell, is the fact that in our study, all the quasi-modes 
are taking into account. Assuming kz to be constant, as done in many papers, excludes all but the first 
harmonic of the fast modes in the driving spectrum. As seen in Fig. 4 , higher harmonics also lead to 
resonant peaks in the loop and consequently should not be excluded in studies of coronal heating.  

4.5 Extensions to this model 
As a complementary study, we also need to drive the loop model by azimuthally polarised 

footpoint motions. Alfvén waves will be driven directly and when ky≠0, these excite fast waves, 
including quasi-modes, which in turn resonantly couple to Alfvén waves. These direct and indirect 
resonant excitations, can have both positive and negative effects on the heating [26].  

A second important effect to take into account is the coupling with the chromosphere which has 
several effects on the coronal loop. Beliën et al. (1999) [31] concentrated on the influence of varying 
loop lengths and the higher (but finite) density in the chromosphere. We are more interested in another 
effect, laready studied by Ofman et al. (1998) [32], namely the mass flows between the corona and the 
chromosphere and vice versa. Because of this new feature, the heating of the loop results in a time 
dependent coronal density. At the location of the resonances, the plasma will be underdense relative to 
the large heating rate and the field lines will fill with chromospheric plasma. All the other field lines 
will be overdense so that coronal plasma will cool down on the chromosphere. As a result, the density 
profile of the coronal loop will evolve to resemble the heating profile more closely! And consequently 
both the quasi-mode frequency and the location where the ideal Alfvén resonance condition is 
satisfied, will change. 

Ofman et al. [32] presented one of the first studies on the effect of this varying density on the 
heating of the loop. They incorporated a broadband driver but kept kz constant and consequently 
started from the idea of one resonant magnetic surface. The dynamic density they modelled resulted in 
a profile with peak density regions shifting around and varying in magnitude as the simulations 
evolved. The effect on the heating was very promising: several resonant surfaces were found, 
shifting throughout the loop.  

This result drives us to incorporate the idea of a varying density in our model, which resulted in 
multiple resonance layers. In that way, we hope to find multiple resonance peaks, shifting throughout 
the loop. This effect could be consistent with the globally heated loops we observe.  

5 KHI and RFI in coronal plumes 

5.1 Modelling the coronal plume 
 
As explained in section 2,  the core of the problem of the disappearing plumes is to describe the 

mechanism that mixes the plume and the interplume plasma. Probably lots of mixing mechanisms are 
possible. One suggested by Suess [33] is the MHD Kelvin-Helmholtz instability (KHI). This 
assumption was based on linear stability analysis and numerical simulations carried out for jets and 
consequently with parameters which are not appropriate for coronal plumes. Moreover none of the 
reported simulations had a magnetic field outside the jet. KHI takes place when the velocity shear 
between two plasmas is large enough to allow for overreflection of a wave that is incident on the 
boundary. The wave will then grow by extracting energy out of the flow and finally disrupt the plume 
structure. From earlier studies it is known that the lower limit for the velocity shear is approximately 
equal to the Alfvén speed. Since the Alfvén speed drops with the heliocentric distance, while the 
velocity shear increases, it is clear that KHI will indeed have to set in at some distance from the sun 
(estimated between 10 and 15 R☼).  



Figure 6: A cartoon of the 1-D cylindrical 
model of a coronal plume 

Of our interest however is another mechanism that can also be responsible for the mixing process, 
the resonant flow instability (RFI) [34], which is closely related to the before mentioned resonant 
absorption. It was shown before [35,36,37,38] that in the presence of a background flow, dissipation 
can lead to the amplification of a wave rather than to damping of the wave. We will show that RFI of 
waves trapped in the plume structure can set in for lower velocity shears and thus closer to the sun, 
whereas the KHI will only take place at even larger distance than estimated by Suess.  

We will calculate the quasi-modes in a plume model and are especially interested in modes that 
extract energy out of the flow and thus have a positive imaginary part of the frequency. The velocity 
threshold at which growing modes show up is our main concern. 

Fig. 6 shows a cartoon of the 1-D cylindrical configuration for a coronal plume in which we have 
ignored the geometric spreading of the plume. All equilibrium quantities depend on the r-coordinate 
only. In the model the field lines are oriented in the direction of the z-axis. For the computations the 
magnetic field is taken to be uniform over the whole space, although a different magnitude of the 
magnetic field in the plume and interplume region would not change the equations. The higher density 
inside the plume causes a dip in the Alfvén and sound speed profile across the configuration. The 
characteristic length scale of the plume is given by 2d whereas the thickness of the transition layer 
between the plume and interplume regions is given by L. In both the interior region of the plume and 
the exterior interplume region, the Alfvén and sound speed are assumed to be uniform. In the 
transition layer the Alfvén and sound speed change linearly. The background mass flow inside the 
plume is smaller than the background mass flow outside the plume and changes discontinuously at 
r = d. All calculations are performed in a reference frame moving with the mass flow outside the 
plume. Hence in this reference frame the interplume region is static whereas the plume has a 
background mass flow in the direction opposite to the 
orientation of the z-axis. In particular:  

U(r)=V,  if |r|<d;         U(r)=0,  if |r|≥d 

In paper [39] we have used both a Cartesian and a 
cylindrical model but we will restrict our attention to 
the cylindrical case now. The Cartesian geometry 
produces similar results. In the cylindrical case the 
cut-off frequencies are given by ωc, kzc and ωA. For 
the interior of the plume and the interplume region 
where all the equilibrium quantities are constant, the 
solutions can be found in terms of Bessel and Hankel 
functions. For the non-uniform region the solutions in 
ideal MHD diverge at the resonance points defined by 
(1). These singular solutions are nothing spectacular but just tell us that a basic ingredient is missing in 
the mathematical formulation of the problem. In reality, dissipation is important in a narrow layer 
embracing the resonant magnetic surface [40,41]. To remove the singularity from the ideal MHD 
equations, we include, for regions close to the resonances, the resistive terms into the equations. For 
very high Reynolds numbers, these resistive equations represent a singular perturbation problem 
which can be solved analytically in the dissipative layer and in two overlap regions (to the left and the 
right of the dissipative layer), where ideal MHD is valid too (see e.g. [42,13]). 

The procedure for solving the eigenvalue problem for the plume oscillations in our slab model is 
a shooting method from r = d to r = d+L. Starting from the solution in the interior of the plume at r = d
, we numerically integrate the ideal MHD equations towards r = d+L using a fourth order Runge-Kutta 
method. If a resonance is encountered during the calculation, then the dissipative solution is applied 
continuously over the corresponding dissipative layer. After having crossed through the dissipative 
layer the computation returns to the ideal equations until the final point r = d+L is reached. 
Application of the continuity condition for ξr and P’ with the external solution at r = d+L finally 
yields the dispersion relation which has to be solved for ω with prescribed m, kz and V. 



Figure 7: The dependence of the velocity 
thresholds on the density contrast (slab 
model): solid line=RFI, dashed line=KHI 
with L=0, dotted line=KHI with  L=0.1 

In the calculations, length, speed, density and magnetic field strength are non-dimensional and 
scaled with respect to d, vAe, ρe and B respectively. When L is different from zero, it is taken to be 
0.1d. We first present a quick overview of the results for β=0 (i.e. without plasma-pressure) published 
in [39]. In that case the sound speed and cusp speed are zero. Then we will describe the more general 
situation β≠0 [43]. Finally we discuss the results in terms of the energy flux and set some directions 
for further investigation.  

5.2 Results for β=0 
First of all, in absence of the non-uniform region, we found in [39] that the threshold for KHI in 

the Cartesian model is much larger than the Alfvén speed. We did not explicitly address any value to 
the threshold velocity because of the uncertainty about it in the cylindrical model. In that case we 
found no KHI within the range of the non-leaky modes. It was not clear whether KHI would occur in 
the range of leaky modes or not. In the mean while this is clarified: for the cylindrical configuration 
instability will set in at the velocity shear for which the frequency shifts into the leaky region (see 
further discussion for β≠0). The boundary of this region is the external Alfvén frequency. On the other 
hand the frequency of the first mode as seen from a reference frame fixed to the plume-plasma is 
independent of the flow velocity and approximately the 
internal Alfvén frequency. The frequencies in the 
different frames are related by the Dopplershift formula. 
Therefore this mode will shift into the leaky region for 
velocity shears larger than the sum of the internal and 
external Alfvén velocity. A closer look to the results of 
the slab configuration reveals the same conclusion. It is 
clear that in the presence of a magnetic field as well 
inside as outside the threshold is the sum of the internal 
and external Alfvén velocity. In the presence of the 
non-uniform region we illustrated the resonant flow 
instability process. Instability sets in when the first 
forward mode shifts into the backward Alfvén 
continuum. The boundary of the continuum is the 
internal Alfvén frequency. And thus RFI will set in 
before KHI, more precisely for |V| > 2VAi. In  [39] the resonant flow instability process was explained 
in terms of negative energy waves. The flux going into the resonant layer was shown to be negative 
for high enough velocity shear. It was also noted that the threshold velocity for KHI is lowered by the 
presence of the non-uniform region. 

We investigated the effect of the density contrast. The result is summarised in Fig. 7 and can 
easily be explained by the expressions for the threshold velocities, because of the relation between 
internal and external Alfvén speed determined by the density contrast. The dependence of the KHI 
threshold on the density contrast is given by 1+1/ ρ whereas for resonant flow instability this is 2/ ρ.  

5.3 Results for β≠0 

5.3.1 The eigenmodes for L=0 

In absence of the non-uniform region the dispersion relation can be written down analytically:  
Error! 

in which ξi,e and P’i,e are the internal and external solutions. For real ω Fi is always real whereas Fe 
is complex in the cut-off regions [ωCe,kzce] and [ωAe,+∞[. We can therefore conclude that there are 
no modes with real frequencies in these cut-off regions. Normally, modes in this region will be 
damped because they are carrying energy away (leaky modes). We will show that in the presence of a 



background flow, these cut-off regions will produce KHI when the real part of the frequency is forced 
into these regions by the Dopplershift. 

Fi has a series of vertical asymptotes in the internal equivalent of the external cut-off regions, 
[ωCi,kzci] and [ωAi,+∞[ making Fi range from –∞ to +∞ between two asymptotes and therefore an 
intersection with (the real part of) Fe is inevitable in these regions. These intersections correspond to 
the slow and fast body modes trapped in the plume structure being reflected between the two 
boundaries and are not present in the single boundary layer problem. We have to notice that higher 
order slow modes are found at lower frequencies with ωCi as an accumulation point. This anti-
Sturmian behaviour confirms that these are slow modes. 

 
Figure 8: The oscillation frequency and corresponding imaginary part of the frequency of the first slow and fast 
wave as a function of the velocity shear for L=0 

In Fig. 8 we have plotted the oscillation frequency of the first slow and fast modes together with 
the imaginary part of the eigenfrequencies as function of the velocity shear V for the following values 
of the parameters: m=1, kz=5, β=0.6 and ρ=2. The external cut-off regions are marked by the 
horizontal lines. The modes with positive frequency for V=0 we call forward propagating waves (they 
may go backward with respect to the external reference frame, they are moving forward with respect 
to a frame fixed to the internal background flow), while the modes with negative frequency for V=0 
are called backward propagating waves. Being shifted by the flow the modes disappear and become 
unstable as they have to cross the external cut-off regions. The effect of the flow can be introduced 
into the analytical dispersion relation very easily, if we note that the only influence is a Dopplershift of 
the frequency inside the plume. We thus can follow these modes in their way to instability by a 
translation of Fi with respect to Fe [44,45]. In this way it can be seen that the instabilities occur as the 
two curves become tangent. In general we can state that instability occurs when forward modes meet 
backward external cut-off regions and that solutions vanish (become damped solutions) when they 
enter cut-off regions of the same direction. We conclude that there are two types of KHI, one 
associated with the slow cut-off region and one associated with the fast cut-off region. We will refer to 
them as slow and fast KHI.      

5.3.2 Resonant instability of the eigenmodes when L≠0 
When we introduce a non-uniform layer between the plume and interplume region, the modes with 
oscillation frequency within the range of the Alfvén or slow continuum resonantly couple to localised 
Alfvén or slow continuum modes, and, in absence of a velocity shear, they are damped due to the 
resonant wave excitation. 



Figure 10: The outward energy flux as a function 
of position for an unstable mode due to resonant 
flow instability 

 
Figure 9: The oscillation frequency and corresponding imaginary part of the frequency of the first slow and fast 
wave as a function of the velocity shear for L=0.1 

In Fig. 9a we plot the oscillation frequencies of the first fast and first slow modes as function of 
the velocity shear for the same parameters as before. In this figure we also indicate the upper and 
lower bounds of the slow continua [–ωCe,–ωCi] and [ωCi,ωCe] and of the Alfvén continua 
[–ωAe,–ωAi] and [ωAi,ωAe] by the horizontal lines. These are not Doppler shifted since there is no 
mass flow present in the nonuniform layer in the reference frame defined above. The fast cut-off 
region lies above the Alfvén continuum and the slow cut-off region is found between the cusp and 
Alfvén continuum. It is a pure coincidence that for the chosen parameters the upper bound of the slow 
cut-off region is equal to the internal Alfvén frequency. In Fig. 9b the corresponding imaginary parts 
of the eigenfrequencies are plotted as function of the velocity shear V. 

For V=0 the first fast modes lie in the Alfvén continuum and are damped. So are the slow waves 
due to coupling to slow resonant waves. As the velocity shear is increased the forward fast mode gets 
out of the Alfvén continuum and enters the cut-off region where it vanishes. Subsequently it enters the 
slow continuum and gets damped again. In the same way the backward slow mode vanishes when it 
comes out of the slow continuum and afterwards becomes damped again by Alfvén resonance this 
time. The interesting part appears where the forward modes get into the backward continua. In this 
case they will be amplified as we have already shown for Alfvén resonance of fast waves. The picture 
is completely the same. 

We can see that the velocity thresholds for instability can be understood again in terms of the 
characteristic velocities. We must emphasise here that plasma-β used here is too high for the low 
corona, and that the characteristic velocities are highly dependent on β. In a low-β configuration the 
ranges for which slow KHI and slow RFI will occur will be very narrow, and therefore we can make 
no meaningful prediction concerning its occurrence in coronal plumes. Fast KHI will set in for 
|V| > VAi+VAe and |V| > VCi+VAe, for the fast and slow body modes respectively. Alfvén RFI is 
operative for velocity shears in the ranges 2VAi < |V| < VAi+VAe and VCi+VAi < |V| < kzci+VAe for the 
first fast mode and the slow modes respectively.  

5.4 The energy transfer 
We have explained the resonant instabilities in [39] using negative energy waves (the 

slow resonance can be treated in the same 
way as the Alfvén resonance). In that case 
the wave energy flux is defined in a way that 
it is continuous over the flow boundary. We 
calculated the flux of energy going into the 
resonance layer and found it to be negative 
when the velocity shear is high enough. We 
will adopt another approach now and use the 
definitions of energy and energy flux given 



by Walker [46].  
Using this definition the energy flux into the resonance layer is positive always. Although 

the calculations done with the negative energy wave picture are correct, this is a good 
example of how it obscures the localisation of the energy exchange. How can the resonance 
layer that transforms magnetic and kinetic energy into heat emit energy? That is indeed 
impossible. It is the flow that delivers the energy and the energy transfer is localised at the 
discontinuous flow boundary and not in the resonance layer. This is clearly shown in Fig. 10. 
The effect of the resonance is only to provoke energy transfer which makes the flow give 
energy to the wave. The outward energy flux at the outside of the boundary (the resonance 
sucks energy away) couples to an inward energy flux at the inside of the boundary due to the 
jump in the flow velocity. 

We can see clearly that the results are critically dependent on the localisation of the discontinuous 
flow boundary. The effects of different flow boundaries, including a smooth change in background 
flow, are to be investigated in more detail. At this moment we can only suggest that the results are 
valuable for application if the flow boundary is localised closer to the inside than the transition region 
for the density (or magnetic field). It must be noted that the opposite was found true in a three-
dimensional simulation of a heavy magnetised jet with large Alfvénic Mach number [47].  

6 Summary 
We have explained the resonant wave coupling in MHD by means of the singularities that arise in 

the linearised differential equations in a 1-D inhomogeneous plasma. Two effects of this resonant 
coupling are illustrated. The first one is the heating due to energy absorption in a footpoint driven 
coronal loop. We already checked that footpoint driving forms a good basis for energy dissipation by 
resonant absorption. However, we find that the efficiency of the heating process is influenced by many 
factors. Earlier studies revealed that periodic or one-pulse drivers only result in a heating that is 
confined to one tubular shell in the loop. The study above shows that the implementation of a random 
driver results in a more realistic picture if one takes different values of kz into account: multiple 
resonant peaks are built up on realistic time scales so that the loop will be heated more uniformly. In 
future work, we want to include the coupling with the chromosphere since the mass flows make the 
density time dependent. As a result, the resonant surfaces will shift in time what will probably result in 
an (optically) uniformly heated loop!  

The second effect of resonant coupling described above is the overstability of waves in the 
presence of a background flow. We have illustrated this in a plume model. By means of the dispersion 
relations we found the frequency ranges for which slow and fast body waves exist. Applying the 
Dopplershift formula and the resonant conditions, the velocity thresholds for instability are computed. 
These predictions of the velocity shear thresholds are in agreement with the numerical computations of 
the complex eigenfrequencies of the plumes. The main result is that RFI can set in at lower velocity 
shears than KHI. However further investigation with respect to the velocity profile remains to be done. 
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