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ABSTRACT
In the last few years, it has been found that transverse waves are present at all times in coronal loops or spicules.
Their energy has been estimated with an expression derived for bulk Alfvén waves in homogeneous media, with
correspondingly uniform wave energy density and flux. The kink mode, however, is localized in space with the
energy density and flux dependent on the position in the cross-sectional plane. The more relevant quantities for the
kink mode are the integrals of the energy density and flux over the cross-sectional plane. The present paper provides
an approximation to the energy propagated by kink modes in an ensemble of flux tubes by means of combining
the analysis of single flux tube kink oscillations with a filling factor for the tube cross-sectional area. This finally
allows one to compare the expressions for energy flux of Alfvén waves with an ensemble of kink waves. We find
that the correction factor for the energy in kink waves, compared to the bulk Alfvén waves, is between f and 2f ,
where f is the density filling factor of the ensemble of flux tubes.
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2009) and a large vorticity component is present (Goossens et al.
2012a), the velocity field is no longer divergence free.
Despite the modeling uncertainties, the observed transverse
oscillations have received a lot of attention from theorists and
observers alike, because they proved an excellent tool to perform
remote sensing of the solar corona. This technique is called
coronal seismology, in which observed wave properties are
compared to models of waves in order to gain insight into the
physical properties of the background plasma (chromospheric
spicules or coronal loops). The standing transverse waves have
been successfully used to measure the coronal magnetic field
(e.g., Nakariakov & Ofman 2001; Van Doorsselaere et al.
2008b), density scale height (e.g., Andries et al. 2005), crossfield structuring (e.g., Goossens et al. 2002, 2008; Aschwanden
et al. 2003) and Alfvén speed (e.g., Arregui et al. 2007; Asensio
Ramos & Arregui 2013). Also, since their discovery in 2007, the
propagating transverse waves have been equally well exploited
to measure the determining loop properties (e.g., Verth et al.
2010; Goossens et al. 2012b; Verwichte et al. 2013).
Aside from the seismological applications, the propagating
transverse waves are important players in the coronal heating
problem, because they propagate energy from the photosphere
(where the scattering of p-modes in bundles of flux tubes has
also been studied, e.g., Bogdan & Zweibel 1987) through the
chromosphere and the corona to the solar wind, where they
could dissipate due to their turbulent behavior (e.g., Verdini
et al. 2012), and could be used as an extra driver mechanism
for the solar wind (e.g., van der Holst et al. 2014). In this light,
some of the recent works have estimated the wave energy in
the transverse waves in the chromosphere and corona using
observational wave properties. Some of these studies came to
the conclusion that the waves could carry a significant part of the
energy budget required to heat the solar corona, thereby solving
the decade-old problem. However, as explained above, these
works interpreted the transverse waves as bulk Alfvén waves in a
homogeneous medium. It was argued by Van Doorsselaere et al.

1. INTRODUCTION
For the past fifteen years, we have observed many examples of
transverse waves in the solar corona. The first to be discovered
were the standing transverse waves in coronal loops, after a flare
(Schrijver et al. 1999; Aschwanden et al. 1999). Six years ago,
it was discovered that low-amplitude propagating transverse
waves are omnipresent in solar coronal loops (Tomczyk et al.
2007; Tomczyk & McIntosh 2009). This discovery was later
confirmed by McIntosh et al. (2011) using imaging data of
SDO/AIA. Hinode/XRT has also observed transverse waves
in coronal jets (Cirtain et al. 2007; Vasheghani Farahani et al.
2009).
Also, in the chromosphere, we have known of the presence
of transverse waves in spicules for a long time (e.g., Pasachoff
et al. 1968; Zaqarashvili et al. 2007). This was recently brought
to prominence again by De Pontieu et al. (2007), who showed
that practically all spicules show transverse motions. It was
observationally shown by He et al. (2009a, 2009b) and Okamoto
& De Pontieu (2011) that these waves are propagating transverse
waves as well. Moreover, it was claimed that transverse waves
have been observed with Hinode/SOT in photospheric pores
(Fujimura & Tsuneta 2009), but it was recently demonstrated
that these observations could also be interpreted as axisymmetric
slow waves (Moreels & Van Doorsselaere 2013).
The authors of some of the above articles have interpreted
their observations of transverse waves in terms of Alfvén waves.
However, this was not backed up by theorists (e.g., Erdélyi &
Fedun 2007; Van Doorsselaere et al. 2008a; Pascoe et al. 2010),
who claimed that these waves are better interpreted as kink
waves (or surface Alfvén waves, Goossens et al. 2012a), in line
with the interpretation of standing transverse waves (Nakariakov
et al. 1999). In the kink wave description, the plasma structuring
across the magnetic field is considered important for the wave
properties and taken into account in the physical model. While
the magnetic tension is still the driving force (Goossens et al.
1
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(2008a), among others, that the waves should be modeled as kink
waves, taking into account the plasma structuring perpendicular
to the magnetic field.
Kink waves in cylindrical, field-aligned configurations were
first mathematically described by Zaitsev & Stepanov (1975),
Wilson (1979, 1980), and Spruit (1982). Edwin & Roberts
(1983) made a very clear spectral classification of waves in
a cylindrical, field-aligned configuration, that included the
description of transverse waves on an overdense structure.
Goossens et al. (2009, 2012a) showed that these kink waves
are comparable to surface Alfvén waves (e.g., Wentzel 1979a,
1979b), because the main restoring force is the magnetic tension
and the vorticity is contained at the discrete surface. Surface
Alfvén waves are different from textbook bulk Alfvén waves,
because they are confined to the density structure in which
they live.
Naturally, the confinement of kink waves also has consequences for the localization of the energy. For bulk Alfvén
waves, the energy is uniformly distributed in space and is propagated with the Alfvén speed. For kink waves, the energy is
mostly confined to the density structure, with evanescent tails
for larger distances from the structure. Thus, in order to estimate the energy flux in kink waves, one should look at the
spatially averaged total energy, rather than the energy density
as one would do for the bulk Alfvén waves. The phase speed of
the kink mode is the kink speed, which is a weighted average of
the internal and external Alfvén speeds.
The spatial distribution and total energy (integrated over
the cross-section) for kink modes was calculated in detail by
Goossens et al. (2013a) for a single flux tube. However, it
has been shown by De Pontieu et al. (2007), McIntosh et al.
(2011), and Morton et al. (2013) that transverse waves often
live in an ensemble of chromospheric or coronal flux tubes.
Because the kink wave energy is localized to the flux tubes,
the propagated energy (averaged over the cross-section) will be
changed compared to the energy of bulk Alfvén waves.
Therefore, we will extend the calculations performed by
Goossens et al. (2013a) to systems of multiple flux tubes. We will
connect the spacing between the multiple flux tubes to the filling
factor. In the end, we aim to obtain a formula that computes the
average energy flux using basic observable quantities.

L

R

Ri

Figure 1. Example of the configuration that is used for the calculation of the
filling factor, f. The considered volume is colored in yellow (low density), and
the strands are drawn in red/orange (high density). The cylinder with radius df
is also shown.
(A color version of this figure is available in the online journal.)

We can define a radius df of a circular cross-sectional area that
is equal to the average area “belonging” to a single flux tube.
By definition, df relates to the filling factor as
f =

R2
.
df2

(2)

Though it is clearly a measure for the average distance between
the loops, such a relation can only be made explicit in a limited
number of simple loop distribution models. For example,
√ in
the regular distributions depicted in Figure 2, df = a/ π ,
with a as the fixed center-to-center nearest neighbor distance.
The definition of df is effectively the two-dimensional (2D)
analog of defining the mean distance between particles using the
number density.
Now, we concentrate on the volume with radius df only
containing the loop with radius R. Using the definition of df
(Equation (2)), we can introduce a new parameter, αf = df /R,
that relates to the parameter α used by Goossens et al. (2013a).
It is straightforward to relate αf to the filling factor, f:

2. FILLING FACTOR

f =

Let us consider a bundle of N flux tubes with length L, where
the ith tube has a radius Ri . The bundle of flux tubes is embedded
in a cylindrical volume with radius R. A possible configuration
is shown in Figure 1. We will denote the density between the
flux tubes as ρe (“external”, indicated with yellow in Figure 1)
and the density inside the flux tubes as ρi (“internal,” indicated
with red in Figure 1).
We define the filling factor, f, as the ratio of the flux tube
volume to the total volume of the region containing the flux tubes
(including the “empty” space between the flux tubes). Using the
current notations, the filling factor, f, can be calculated as
volume loops
total volume
N
π R2L
= i=1 2 i
πR L
N
R2
= i=12 i .
R

df

and so

R2
1
R2
=
= 2,
2
2 2
df
αf R
αf

1
αf = √ = f −1/2 .
f

(3)

(4)

3. PROPAGATION OF ENERGY
3.1. Bulk Alfvén Waves
In the recent literature, the energy in observed transverse
motions is often estimated using the formula for the energy
of bulk Alfvén waves (denoted with the subscript bAw). Bulk
Alfvén waves are the classical, textbook Alfvén waves that live
in a homogeneous plasma with a homogeneous magnetic field.
For those waves, the energy density is equal everywhere, and
the propagation is along the magnetic field. These particular
solutions only exist in a homogeneous plasma and any inhomogeneity would modify them.

f =

(1)
2
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Figure 2. Three possible configurations of loops that allow for an observed interloop spacing of one loop in both the horizontal and vertical direction. The filling
factors for the systems are (from left to right) 20%, 10%, and 4%.

the energy density, εKw,i (averaged over one period and one
wavelength), in the internal region of the flux tubes as

Following textbooks (e.g., Walker 2005), the energy density,
ε (with the physical units of J m−3 ), can be calculated as
εbAw =

1
1
ρ(v · v ∗ ) = ρw 2 ,
2
2

εKw,i =

(5)

where ρ is the (uniform) density, v is the velocity perturbation,
is the complex conjugation, and w is the velocity amplitude.
In this formula, the energy density has been averaged over a
period and wavelength.
Let us return to the cylinder with radius df , uniformly filled
with a plasma of mean density ρ. If the whole volume of this
plasma cylinder was filled with bulk Alfvén waves, then the
total energy, E, in this volume would be given by
 L
 2π
 df
1 2
EbAw =
dz
dφ
ρw rdr,
z=0
φ=0
r=0 2
1
= π df2 L ρw 2 ,
2
1 2
(6)
= V ρw ,
2

2
1 vk2 + vAi
ρi
w2 ,
4
vk2

(7)

by combining their Equations (23) and (31). They used the
notation < T E >i/e for the energy density εKw,i/e . Here, we have
used the definition for the kink speed, vk , and Alfvén speed, vA ,

∗

vk2 =

2
2
+ ρe vAe
ρi vAi
,
ρi + ρe

vA2 =

B2
.
μρ

(8)

The expression for the energy density in the external region,
εKw,e , still contains a spatial dependence on the Bessel function:
 4
2
1 vk2 + vAe
2 R
εKw,e = ρe
w
,
(9)
4
r
vk2
where r is the radial coordinate. We corrected the typo, pointed
out in Goossens et al. (2013b), in Equation (27) from Goossens
et al. (2013a) and immediately applied the long-wavelength
limit to approximate the Bessel function.
The total energy, EKw , for a kink wave (Kw) in the cylindrical
region with radius df = αf R surrounding the cylinder with
radius R is thus
 L
 2π
 R
dz
dφ
εKw,i r dr
EKw =

where we have used the expression for the energy density
(Equation (5)) and have defined the volume V = π df2 L.
3.2. Kink Waves
It has been suggested that the observed transverse waves may
be better described with the kink wave formalism (e.g., Van
Doorsselaere et al. 2008a). Kink waves in field-aligned magnetic
cylinders were first described by Zaitsev & Stepanov (1975). A
recent investigation calculated that they are mainly driven by
the magnetic tension force (Goossens et al. 2009) and can thus
be considered as surface Alfvén waves, because a large vorticity
is concentrated in the flux tube edge (Goossens et al. 2012a).
In a kink wave formalism, the MHD waves (using an
azimuthal wave number m = 1) are described around an
overdense magnetic cylinder that is aligned with the magnetic
field. In this description, the plasma perturbations are given in
terms of Bessel functions. The perturbations are concentrated
around the flux tube and decay rapidly when going to larger
radii.
The energy density and flux of kink waves in overdense flux
tubes was recently calculated by Goossens et al. (2013a, 2013b).
Using the long-wavelength limit, it is possible to compute

z=0



φ=0
L

+

dz



r=0
2π



df

dφ

εKw,e r dr
r=R
φ=0

2
2
1 vk2 + vAi
2R
ρi
w
2π L
4
2
vk2

2
2
R 2 αf2 − 1
1 v +v
+ ρe k 2 Ae w 2
4
2 αf2
vk
 2
v2 + v2 α2 − 1
v + v2
1
2π L R 2 w 2 ρi k 2 Ai + ρe k 2 Ae f 2
8
vk
vk
αf
 2
2
2
2
v +v
v +v
1
2π L R 2 w 2 ρi k 2 Ai + ρe k 2 Ae (1 − f )
8
vk
vk


2
1
1 v + v2
(ρi + ρe )w 2 − f ρe k 2 Ae w 2 .
π R2L
2
4
vk
z=0

=

=
=
=
3

(10)
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Equation (11) to estimate the energy in the kink wave, because the energy density is localized in that case. Thus, to allow
comparison between the kink wave and Alfvén wave description, we must obtain an equivalent relation to Equation (14)
for kink waves, replacing energy flux and energy density with
spatially averaged values. The appropriate average energy density, εKw , is obtained by considering the total energy, EKw ,
(Equation (11)) normalized by the occupied (on average)
volume V = π df2 L = π R 2 L/f , resulting in

The rightmost term (which is proportional to f ) in the above
equation will be dropped from further analysis. This term is the
energy contained outside of the cylinder with radius df . This term
will be of the same magnitude as the additional energy (which is
not included in our model) due to the interaction of neighboring
loops. Indeed, we have assumed that there is a cylinder of
radius df around each structure where the wave behavior is
only determined by that plasma structure. Taking into account
the interaction (see, e.g., Luna et al. 2008; Van Doorsselaere
et al. 2008c; Gijsen & Van Doorsselaere 2014) would change
the eigenfunction near r = df , where the solution would change
from an “exponential decay” into a “hyperbolic cosine” (of
course modified by the geometry). This correction is also of the
order of the filling factor, f, and would be of comparable size
to the additional term in Equation (10). In conclusion, we can
safely neglect the higher order term in Equation (10), because it
is of the same magnitude as effects that have not been included
in our model. In practice, this means that we are restricted to
loop ensembles with low filling factors.
Let us assume that the filling factor, f, is much smaller than
one (f  1, say f  10%). In the first order approximation
(for small f), we thus obtained that the total energy in the kink
wave is given by
EKw = π R 2 L

1
(ρi + ρe )w 2 .
2

εKw  =

1 ρ
EKw
f ρi + ρe

Fobs =

(11)

FKw = f

4.1. Connecting the Energy Flux to the Filling Factor
When observing transverse waves in the corona, the energy
flux, F, (with physical units of W m−2 ) can be estimated from
the fact that energy ε (energy density J m−3 ) is propagated at
the group speed (vgr ):

ρi + ρe
FbAw .
ρ

wKw = ωKw ξKw =

(13)

In this expression, both the energy flux, F, and the energy
density, ε, are, in general, functions of position (particularly
in the cross-sectional plane). In an interpretation in terms of
Alfvén waves, Equation (5) shows a uniform energy density,
εbAw , and consequently a uniform energy flux, FbAw . With the
use of that equation, one immediately arrives at the relation
1 2
ρw vgr .
2 obs

(16)

(17)

The group speed in expressions 14 and 16 can be approximated
by the observed phase speed. This is exact for the bulk Alfvén
wave, but is also sufficiently accurate for kink waves because
they are only weakly dispersive.
Equation (16) is a simple formula for the energy flux
(in W m−2 ) of the kink wave that can serve as a drop-in
replacement for the classic formula (Equation (14)) to estimate
the energy flux by transverse kink waves in structured media,
i.e., with multistranded loops or systems containing multiple
flux tubes.
For spectroscopic observations, we can accurately measure
the velocity amplitude, wobs . For imaging observations, however, the velocity amplitude, wobs , is not a direct observable;
rather, one observes the transverse displacement amplitude, ξobs .
From theory, we know that the velocity amplitude, wKw , is related to the displacement amplitude, ξKw , by

(12)

4. OBSERVATIONS

FbAw =

1
2
f (ρi + ρe )wobs
vgr .
2

This assumes that the observed amplitudes, wobs , are the peak
amplitudes at the loop cores (and not the rms amplitude). Thus,
from Equations (14) and (16), the energy flux according to the
kink mode interpretation as compared to the Alfvén mode interpretation follows the same rule as the energy (Equation (12)):

as a direct relation between the total energy of the bulk Alfvén
wave and the kink wave in the same cross-section of the
cylindrical volume. In this equation, it is understood that w
is the same (observed) amplitude for both the Alfvén and kink
wave models.

F = εvgr .

(15)

Using this expression in Equation (13) yields the desired
formula, expressing the energy propagating in kink modes in
a bundle of loops with density filling factor f:

By using Equation (2) for df in Equation (6), we thus find
EbAw =

1
2
.
f (ρi + ρe )wobs
2

2π
ξKw ,
PKw

(18)

where P is the period of the studied wave and ω is the frequency.
Substituting those expressions into Equation (16), we obtain an
expression for the energy in propagating transverse waves that
we can use for imaging observations:
Fobs

(14)



1
2π 2 2
= f (ρi + ρe )
ξobs vgr .
2
Pobs

(19)

Because the solar atmosphere is mostly optically thin, it is
unfortunately not easy to measure the internal density of the
strands, ρi , and the surrounding density, ρe , independently or
accurately. However, if one tries to observationally estimate
density, ρ, it is usually safe to assume that it is associated with a
solar atmospheric structure that stands out from the background
(due to the presence of waves or higher intensity). Therefore,

When observing transverse waves in the corona, the observed
energy flux, Fobs , is usually estimated with this classic formula.
While obtaining Equations (5) and (14) it was implicitly
assumed that the wave amplitude, wobs , and the plasma density, ρ, are constant throughout the whole volume. For a kink
wave, this is not a good approximation. Instead, we should use
4
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Table 1
Comparison of Relevant Filling Factors and Their Energy Flux Reduction
Filling Factor f

Radius of Region df

Energy Flux Multiplier (Range)

Example Configuration

2.2 R
3.2 R
5R

20%–39%
10%–20%
4%–8%

Left panel, Figure 2
Middle panel, Figure 2
Right panel, Figure 2

20%
10%
4%

filling factor of open chromospheric structures (i.e., connecting
to higher layers and thus important for energy propagation) to
be 4%–5%.
As an alternative, the filling factor could be estimated by
using the mean interloop/interspicule distance (e.g., by using
Equation (2)). As a starting point, we state that several recent
observations of loops/spicules in groups have an apparent
interstructure distance of about one tube width, see, e.g., Figure 2
(top, middle panel) and Figure 4 in Morton & McLaughlin
(2013) for coronal loops and Figure 2B (bottom right corner) in
De Pontieu et al. (2007) for spicules. However, an intertube
distance of about one tube diameter can be the result of
several three-dimensional (3D) configurations (that have been
integrated over the line of sight).
To make further progress, we consider several grid-like loop
ensembles in Figure 2 that are schematic representations of
possible 3D configurations. All of the displayed tube grids have
a common feature: both the side and top views (integrated over
the line of sight) result in images with an intertube distance of a
tube diameter 2 R.
For these simple configurations, it is easy to calculate the
filling factor. In each configuration, it is possible to find a
common repeating square tile centered on a specific cylinder.
These square tiles are indicated with dashed lines in Figure 2.
In order to calculate the filling factor, one can take the ratio of
the surface of the circle with radius R and the square tile with
the indicated half side. For example, for the most tightly packed
configuration (left panel), we obtain a filling factor of

it can be considered as a good approximation for ρi . With this
density estimate, we can calculate the energy flux to be between
1
1
2
2
f ρi wobs
vgr  Fobs  2f ρi wobs
vgr .
2
2

(20)

The left limit is obtained for strands that are much more dense
than the surroundings (ρe  ρi ) and the right limit is for the
other extreme, when the flux tubes have the same density as the
surroundings (ρe = ρi ).
The formulae (16), (19), and (20) are only valid for small
filling factors, f, (say up to 10%), because our model ignores
any interaction between neighboring structures. A model for
collections of flux tubes with higher filling factors would
essentially need to take into account the interaction between
neighboring flux tubes. An initial attempt could be made in
a two-loop system, using the bicylindrical coordinates (Van
Doorsselaere et al. 2008c; Robertson et al. 2010; Robertson &
Ruderman 2011; Gijsen & Van Doorsselaere 2014). Ultimately,
one would need to calculate the energy flux using the T-matrix
formulation that takes into account the interaction in systems
of more than two flux tubes (e.g., Bogdan & Cattaneo 1989;
Keppens et al. 1994; Luna et al. 2009, 2010).
4.2. Considerations on f
Formula (20) is very well suited to elegantly estimate the
energy in transverse waves in a bundle of loops/spicules,
because it only requires one observable extra (compared to the
estimate by the energy in bulk Alfvén waves). The extra required
observable is the filling factor, f, of the density structures.
The filling factor may be estimated spectroscopically. Here
we summarize the results from some recent works. Warren et al.
(2008) find filling factors of around 10% for active region loops
and Landi et al. (2009) find a filling factor of cooling loops in
quiescent active regions around 30%. Young et al. (2012) find
a filling factor for an active region fan loop between 3% and
30%, but they find values between 10% and 20% in their most
reliable pixels. Tripathi et al. (2009) study the dependence of
filling factors on the height in the atmosphere and the spectral
line used. Using the spectral line of Fe xii, they find filling
factors ranging from 2% at the loop footpoints to 80% at
a height of 40 Mm. Using other spectral lines at the same
location, they find filling factors close to 100% (with Mg vii), or
exceeding 100% (with Si x). However, the authors state that the
spectroscopic determination of filling factors depends on a good
background subtraction and a reliable estimate of the width of
the emitting structure and, as a consequence, the errors in the
above measurements are rather large.
In the chromosphere, the filling factor of spicules has also
been observationally estimated. Makita (2003) found a filling
factor of 5% at a height of 4 Mm using the Ca H & K lines
in eclipse observations. Klimchuk (2012) estimated the filling
factor of spicules in the quiet sun to be less than 4.5% and
even lower in active regions. Using Hα observations with the
ROSA instrument, Morton et al. (2012) found an upper limit

f =

π R2
π
≈ 20%.
=
(4 R)2
16

(21)

The filling factors of the middle and rightmost configurations
are, respectively, 10% and 4%.
From these simple models, we can conclude that the filling
factor is probably not very high when, as a constraint, a
2D projection has an interloop spacing with the width of
one loop. In our idealized cases, we find f  20% as
an extreme value, but cases with filling factors less than
10% seem equally likely. These values based on a simple
mathematical model agree reasonably with the (wide-spread)
spectroscopically measured values that were discussed at the
start of this subsection. The resulting reduction in wave energy
flux using our proposed formula (compared to the bulk Alfvén
wave formula) is summarized in Table 1.
5. CONCLUSIONS
Van Doorsselaere et al. (2008a) discussed the properties of
transverse waves in a coronal plasma with a structure transverse
to the magnetic field. They stated that a kink wave formalism
is perhaps more appropriate to describe the transverse waves
observed in chromospheric and coronal structures, because that
formalism takes into account the density structuring transverse
to the magnetic field. Van Doorsselaere et al. stated this would
be important, because seismologically estimated values for the
5
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magnetic field could differ up to 50% by using an Alfvén wave
interpretation.
In their paper, Van Doorsselaere et al. state another important
consequence of the difference between bulk Alfvén waves
and kink waves. They hypothesized that the energy content
in transverse kink waves is drastically reduced compared to a
description in terms of bulk Alfvén waves. Their hypothesis was
that the energy content would be reduced by the density filling
factor. Until now, this statement had not been quantified.
In this paper, we have for the first time calculated the
propagating energy in an ensemble of cylindrical structures
using a density filling factor. To that end, we have used the
formulae introduced by Goossens et al. (2013a, 2013b) who
calculated the energy content in a kink wave in a standalone
cylindrical structure. We have generalized their work by linking
their formulae to the filling factor of the underlying density
structure.
In this paper, we have proposed a new formula to estimate the
energy flux, F, in observed transverse waves. It can be easily
calculated by

factor of 5%. These values agree rather well with the energy
flux of transverse waves found by Morton et al. (2012), who
did take into account the filling factor. Likewise, the energy flux
estimates in transverse waves in coronal loops of 100 W m−2
reported by McIntosh et al. (2011) (who calculated the energy
flux using a “wave filling factor” of 100%) would be reduced
to 10–20 W m−2 , using a density filling factor of 10% for their
observed loop bundle. In this recalculation, we have not taken
into account the claim of Morton & McLaughlin (2013) that
the velocity amplitudes measured with Hi-C are smaller than
the one used in McIntosh et al. (2011). In the recent paper by
Thurgood et al. (2014), the reported energy flux of transverse
waves in polar plumes of 9–24 W m−2 would be lowered to
0.9–4.8 W m−2 with our formula, again, using a density filling
factor of 10%.
We are grateful to Marcel Goossens for interesting discussions regarding the subject of this paper. The research leading
to these results has been sponsored by an Odysseus grant of
the FWO Vlaanderen. It has been performed in the context
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1 2
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f ρi wobs
vgr  F = f (ρi + ρe ) wobs
vgr  2f ρi wobs
vgr ,
2
2
2
(22)
where the left and right equalities are satisfied in the high- and
low-density contrast limits, respectively. In this formula, ρ is
an observed density of the oscillating structure, f is the density
filling factor, wobs is the observed transverse velocity amplitude,
and vgr is the measured group speed.
With this formula, we have thus confirmed the hypothesis
by Van Doorsselaere et al. (2008a). Indeed, the energy flux in
kink waves is the energy flux of bulk Alfvén waves, multiplied
with a correction factor between f and 2f , where f is the filling
factor of the density structure. Our formula can be used as a
drop-in replacement for the classical formula for the energy in
bulk Alfvén waves, allowing for a convenient way to measure
the energy flux in observed transverse waves.
We have calculated the correction to the energy flux for
three representative grid-like configurations (with filling factors
of 20%, 10%, and 4%). The corrections to the energy flux
(in comparison to the expression for bulk Alfvén waves) are
20%–39%, 10%–20% and 4%–8%, respectively.
Of course, in this paper, we have assumed that all observed
wave properties (amplitude and group speed) have been measured correctly. However, it was shown by De Moortel &
Pascoe (2012) that the line-of-sight integration of the intensity could lead to a drastic reduction of the measured wave
amplitude when using spectroscopic observations (such as the
CoMP observations, Tomczyk et al. 2007). With their numerical
simulation, they showed that spectroscopic observations could
underestimate the available energy. This effect is in competition
with our model, where we propose that the observed wave flux
should be multiplied (reduced) with the density filling factor.
Nevertheless, our formula for the energy flux can be directly
applied to the energy fluxes reported by De Pontieu et al. (2007);
McIntosh et al. (2011); Thurgood et al. (2014) who used imaging
observations. The energy flux estimates in those papers were
done with the classic Alfvén wave formula (Equation (14)),
because no appropriate formula was available at that time.
Not taking into account updated wave amplitude estimates
(Okamoto & De Pontieu 2011), the energy flux in transverse
waves in chromospheric spicules of 4–7 kW m−2 reported by De
Pontieu et al. (2007) would be recalculated with our improved
formula to 200–700 W m−2 , assuming a spicule density filling
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