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ABSTRACT

Aims. We combine the magnetohydrodynamic (MHD) theory of resonantly damped quasi-mode kink oscillations with observational
estimates of the period and damping of transverse coronal loop oscillations to extract information on physical parameters in oscillating
loops.
Methods. A numerical study of the quasi-mode period and damping, in one-dimensional fully non-uniform flux tubes, is used to
obtain equilibrium models that reproduce the observed periods and damping rates. This scheme is applied to 11 loop oscillation
events.
Results. When only the damping rate is used, the valid equilibrium models form a one-dimensional solution curve in the two-
dimensional parameter space (density contrast, transverse inhomogeneity length-scale). Lower limits to the transverse inhomogeneity
are obtained in the limit of high contrast loops. When both the period and the damping rate are used, the equilibrium Alfvén speed (or
Alfvén travel time) comes into play. The valid equilibrium models then form a one-dimensional solution curve in the three-dimensional
parameter space (density contrast, transverse inhomogeneity length-scale, Alfvén speed or Alfvén travel time). The projection of these
solutions onto the Alfvén speed axis is found to be constrained to a rather limited interval. Upper limits to the internal Alfvén speed
are derived for 9 of the 11 analysed events.
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1. Introduction

The idea of coronal seismology, the determination of unknown
physical parameters of the solar corona by a comparison of ob-
served with theoretical properties of waves and oscillations in
magnetic plasma configurations, goes back to Uchida (1970) and
Roberts et al. (1984). The recent clear observational evidence of
waves and oscillations in several coronal magnetic structures,
provided by instruments on board SOHO and TRACE and the
refinement of theoretical models, has given a strong impetus to
coronal seismology. For example, the interpretation of transverse
coronal loop oscillations in terms of the global MHD fast kink
eigenmode of a uniform flux tube, in its fundamental harmonic,
has been used to estimate the coronal magnetic field strength
and transport coefficients (Nakariakov et al. 1999; Nakariakov
& Ofman 2001). The detection of double mode kink oscillations
in several loops in a coronal arcade, by Verwichte et al. (2004),
has been used by Andries et al. (2005a, based on calculations
of Andries et al. 2005b) to determine the density stratification in
those loops. More recently, a model of vertically polarised fast
magnetoacoustic waves in curved coronal loops has been used
to apply the method of coronal seismology to observations of
transverse loop oscillations (Verwichte et al. 2006).

An important property of the observed transverse loop os-
cillations is their rapid damping, with an exponential decay
time of only a few periods. The physical nature of the damping

� Postdoctoral Fellow of the National Fund for Scientific Research-
Flanders (Belgium) (FWO-Vlaanderen).

mechanism(s) is unknown and still under intensive discussion.
Several mechanisms are currently under study, such as non-ideal
effects; lateral wave leakage due to the curvature of the loops
(Roberts 2000); mechanisms based on the topology of mag-
netic field lines (Schrijver & Brown 2000); foot-point leakage
through the chromospheric density gradient (De Pontieu et al.
2001; Ofman 2002); phase mixing of Alfvén waves (Heyvaerts
& Priest 1983; Ofman & Aschwanden 2002); and resonant ab-
sorption of quasi-mode kink oscillations (Hollweg & Yang 1988;
Ruderman & Roberts 2002; Goossens et al. 2002, 2006). A first
analysis of the damping rates due to different mechanisms in-
dicates that the latter seems to be the most relevant (Ruderman
2005), although other possibilities cannot be excluded.

This paper is concerned with the damping of coronal loop os-
cillations by resonant absorption of quasi-mode kink oscillations
and the combination of theory and observations to extract infor-
mation about the physical conditions inside the coronal loops.
Recently, theoretical models for the computation of the damp-
ing of quasi-mode kink oscillations have been refined, by in-
cluding fully non-uniform radial and longitudinal density pro-
files (Van Doorsselaere et al. 2004; Arregui et al. 2005). These
computations allow a better comparison between observations
and theory, thus improving our prospects for coronal seismology.
In the present paper, we use the parametric numerical study by
Van Doorsselaere et al. (2004), for 1D fully non-uniform loops
together with observed period and damping rates, for a set of
11 loop oscillation events, to derive the equilibrium models that
reproduce observations. The assumption of a particular damping
mechanism defines a particular relation between the equilibrium
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parameters of seismic interest that reproduces the observed os-
cillatory properties. Thus, the combination of theory and obser-
vations can also be used to test the theory. For this reason, we do
not make any a priori assumptions on any of the parameters of
interest. All the assumptions are contained in the modelling, but
not in the comparison with observations.

The layout of the paper is as follows. In Sect. 2 we describe
the physical model and the numerical solutions for resonantly
damped fast MHD kink quasi-modes. Also, the physical parame-
ters and observed quantities that are relevant from the seismolog-
ical point of view are described. Section 3 presents our analysis
and results. First, we only use the damping rate to derive equi-
librium models that can reproduce the observations. Then, ob-
servational estimates of the period and damping rate of 11 loop
oscillation events are used to obtain the valid equilibrium mod-
els. Finally, in Sect. 4, a summary and a discussion are presented.

2. Physical model, linear MHD waves and numerical
solutions

A coronal loop is modelled as a gravity-free, straight, cylindri-
cally symmetric flux tube. In a system of cylindrical coordinates
(r, ϕ, z) with the z-direction coinciding with the axis of the cylin-
der (loop), the magnetic field is pointing in the z-direction. Since
the plasma pressure is much smaller than the magnetic pres-
sure in the corona, the neglect of the plasma pressure yields a
good approximation. As the magnetic field is straight in our loop
model, this classic β = 0 approximation implies that the mag-
netic field is uniform, B = B êz, and also that the density profile
can be chosen arbitrarily. We consider a one-dimensional varia-
tion of plasma density, ρ(r), and adopt a sinusoidal non-uniform
profile which continuously connects the constant internal den-
sity, ρi, to the constant external density, ρe, in a transitional layer
of length l/R (normalised to the radius of the loop) (see Eq. (15)
in Van Doorsselaere et al. 2004).

The equilibrium configuration is then perturbed in order to
study small amplitude oscillations of the system. We assume a
dependence of the perturbed quantities of the form exp(i(mϕ +
kzz − ωt)), with m and kz the azimuthal and longitudinal wave-
numbers and ω = ωR + iωI the complex frequency. Only per-
turbations with m = 1 displace the axis of the tube and are
called kink-modes. The modelling of the photospheric line-tying
leads to a longitudinal wavenumber, kz = nπ/L, with n an integer
and L the loop length. Then, the n = 1 case represents the ob-
served fundamental mode with no nodes in the z-direction. In the
presence of a non-uniform layer, no pure magneto-sonic modes
exist and kink modes are always damped quasi-modes, due to
their coupling to Alfvén waves. For these modes, the real part of
the frequency corresponds to the oscillation period, P = 2π/ωR,
while the damping time is related to the negative imaginary part
of the frequency, τd = −1/ωI .

Numerical eigenmode computations for these 1D fully
non-uniform equilibrium models have been carried out by
Van Doorsselaere et al. (2004), using the LEDA code
(Van der Linden 1991). In this model there are basically four
independent quantities. A parametric numerical study of the fast
MHD kink eigenmode period and damping rate was performed
for a wide range of values for several loop parameters, such
as the inverse aspect ratio of the loop (ε = πR/L), the thick-
ness of the inhomogeneous layer (l/R) and the density contrast
(ζ = ρi/ρe). The results of those parametric studies give the de-
pendence of the period and damping time of the fundamental

fast kink eigenmode in the following form

P
τAi
= f1 (ε, ζ, l/R) , (1)

τd

τAi
= f2 (ε, ζ, l/R) , (2)

P
τd
= f3 (ε, ζ, l/R) . (3)

Here time is normalised with respect to the internal Alfvén travel
time τAi = L/VAi, with VAi = B2/

√
ρi the internal Alfvén speed.

Note that, in Eqs. (1)–(3), only two of the three functions are
independent.

From an observational point of view, some quantities occur-
ring in Eqs. (1)–(3) are easier to estimate than others. For each
loop oscillation event the loop length (L), radius (R), period (P)
and decay time (τd) are in principle available from observations,
although several assumptions have to be made in order to derive
these quantities. For example, the length of the loop is usually
estimated by measuring the distance between the foot-points and
assuming a semi-circular shape for the loop. The estimation of
the radius of the loop is also subject to considerable modelling.
Measurements of periods and damping times also have their cor-
responding errors. Due to line of sight integration it is very hard
(if not impossible) to determine the cross sectional profile of the
density (here represented by the density contrast ζ, and the in-
homogeneity length scale l/R). The relations (1)–(3) can thus be
used to try to infer values for the parameters which are inaccessi-
ble to direct measurement, based on the values of the parameters
that can be measured with much more confidence. From such a
seismological point of view it is important to remark right from
the start how the relations (1)–(3) depend on the different param-
eters. First off all it must be noted that the inverse aspect ratio ε
of the loops under consideration is very small. In that range the
functions fi in the right hand sides of Eqs. (1)–(3) are largely in-
dependent of the precise value of the inverse aspect ratio. In the
calculations to follow, the observed value of the inverse aspect
ratio is used but the results are robust with respect to errors in
the measurement of that parameter. Thus we basically only re-
tain l/R and ζ as parameters in the right hand sides. Secondly,
the Alfvén speed and the length of the loop only enter through
the Alfvén travel time, which in turn only enters as the appropri-
ate time normalisation. In other words, a seismological compar-
ison of the observed damping times and periods with the non-
dimensional Eqs. (1) and (2) yields the Alfvén travel time as a
basic parameter. We can thus summarise the problem as follows,
given the observed values of the periods and damping rates, we
would like to determine the values of the inhomogeneity length
scale l/R, the density contrast ζ, and the Alfvén travel time τAi.
This means that, with the current model and the available obser-
vations, any method for obtaining a seismic determination of the
unknown parameters using the observed period and damping of
loop oscillations can only yield a 1D solution space containing
the equilibrium models that reproduce the observations, unless
some additional assumption is made. In the next section, the so-
lution space is obtained and its properties are studied.

3. Analysis and results

In this section we use the theory of resonantly damped quasi-
mode kink oscillations to derive valid equilibrium models that
reproduce the observed periods and damping times of transverse
loop oscillations. The time unit, and hence the Alfvén speed,
can be eliminated using Eq. (3) and studying P and τd relative
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to each other. The thin tube and thin boundary (TTTB) approx-
imation furthermore eliminates the ε-dependence and simplifies
the l/R-dependence. This non-dimensional analysis is described
in Sect. 3.1. In Sect. 3.2 we reintroduce the time dimension and
describe the analysis using both the period and the damping rate
of loop oscillations. As we still have two relations and three pa-
rameters the solution for the valid equilibrium models that re-
produce observations is still a 1D solution space, in the 3D pa-
rameter space (ζ, l/R, τAi(P, τd)). When one quantity is fixed, the
other two can be computed. This scheme is applied to a set of 11
observed loop oscillation events.

3.1. Seismology using the damping rate of loop oscillations

We first consider resonantly damped eigenmodes, in one-
dimensional flux tube models, under the thin tube (R/L � 1)
and thin boundary (l/R � 1) approximations. These approxi-
mations allow us to write down an analytical expression for the
damping rate of the kink-mode of the form (Hollweg & Yang
1988; Goossens et al. 1992; Tirry & Goossens 1996; Ruderman
& Roberts 2002)

P
τd
= δ

(
l
R

) (
ζ − 1
ζ + 1

)
, (4)

where δ is a parameter that depends on the density profile at the
non-uniform layer (e.g. π2/4 for a linear ramp, π/2 for a sinu-
soidal profile, etc.). The damping formula (Eq. (4)) establishes
a relation between the damping rate on one side, and two equi-
librium physical parameters, ζ and l/R, which are difficult to ob-
tain from observations, on the other side. For a given damping
rate, this equation links the possible values of these two equilib-
rium quantities, under the resonant absorption mechanism and,
hence, completely characterises the theoretical predictions for
the damping rate under this particular damping mechanism. For
a given form of the non-uniform radial profile (a given δ), Eq. (4)
defines in the (ζ, l/R)-plane a one-parametric family of curves
which may be called “iso-damping rate” curves. Given an obser-
vational value of P/τd, the corresponding iso-damping rate curve
can be drawn in the (ζ, l/R)-plane. This curve then indicates all
possible combinations of equilibrium configurations which can
reproduce the observed damping rate.

Three of these curves are shown in Fig. 1, for three differ-
ent values of the damping rate. Each of these curves specifies
a set of points on the (ζ, l/R)-plane that correspond to differ-
ent loop equilibrium models. As can be appreciated, a particular
value for the observed damping rate can be recovered by an in-
finite number of equilibrium models ranging from models with
thin non-uniform transitional layers (low inhomogeneous loops)
and large density contrast to models with thicker non-uniform
layers (larger inhomogeneous loops) and lower density contrast.
When we increase the damping rate, the curves are shifted to-
wards the right top corner in the parameter space and valid equi-
librium models have both larger density contrasts and longer
inhomogeneity length-scales. The grey-shaded area represents
equilibrium models for which the damping mechanism predicts
damping times shorter than the oscillatory period. This region
represents a problem from an observational point of view, since
oscillations would be, in that case, difficult to observe.

The analysis using the damping rate provides us with one
relation between two quantities, ζ and l/R. When one of those
quantities is fixed, the other one can be computed. Figure 1
shows that a given measurement error on ζ would produce a
smaller uncertainty on the determination of l/R for large den-
sity contrast loops than for very low contrast ones, due to the

Fig. 1. Curves of constant damping rate for three different values of
P/τd = −2π(ωI/ωR) = 0.3, 0.5 and 0.7. The continuous lines cor-
respond to curves obtained using Eq. (4), with a linear non-uniform
profile in the transitional layer. Dotted lines correspond to curves
obtained using numerical solutions for fully non-uniform loops by
Van Doorsselaere et al. (2004). They all show the location of the dif-
ferent equilibrium models, on the (ζ, l/R)-plane, that reproduce those
particular damping rates. Also shown, in thicker dotted and full lines,
are the curves corresponding to P = τd, above which (grey-shaded area)
the period is larger than the damping time.

flattening of the iso-damping rate curves for large density con-
trasts. Equation (4) was used by Goossens et al. (2002) to show
that damping by resonant absorption of quasi-mode kink oscilla-
tions gives a consistent explanation of the rapid decay, if the in-
homogeneity scale-length is allowed to vary from loop to loop.
Goossens et al. (2002) took ζ = 10 and found values for l/R
in between 0.16 and 0.49 for a selection of 11 loop oscillation
events. Figure 1 confirms these results, and indicates that, de-
pending on the value of the damping rate, l/R has to be roughly
between 0.25 and 0.8 for a fixed density contrast of ζ = 10.
Equation (4) predicts a minimum value of l/R which, under the
TTTB approximation, can be written as (l/R)min = l/R(ζ →
∞) = δ−1P/τd. This allows us to obtain an estimate of the lower
limit of the transverse inhomogeneity length-scale in the limit of
high contrast loops. Lower density contrasts lead to larger values
of the inhomogeneity length-scale and, consequently, the TTTB
approximation is not valid any longer.

For realistic values of l/R, we can obtain similar curves of
constant damping rate by using the numerical computations,
given by Eq. (3), instead of the damping formula (Eq. (4)). We
take ε = 0.06, a typical value for coronal loops, and plot curves
of constant damping rate, for the same values of the damping
rate as before (see Fig. 1). The shape of the curves on the (ζ,
l/R)-plane turns out to be similar, but the analysis is now con-
sistent with the fact that highly non-uniform radial profiles are
included. The curves point now to slightly different equilibrium
models and the two sets of curves do not agree. This is due to the
differences in damping rate between the TTTB results and the
fully non-uniform results (Van Doorsselaere et al. 2004). Now
the same damping rate is attained for slightly shifted equilibrium
configurations. As shown by Van Doorsselaere et al. (2004),
these differences increase for large inhomogeneity length-scales
and high damping rates. Note that for relatively low damping
rates (P/τd = 0.3, for example), the curves do not cover the full
parameter space. In this case, the limitation originates from the
minimum density contrast considered in the numerical simula-
tions (ζ = 1.5).
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Table 1. Summary of physical and geometrical properties of the 11 loop oscillation events selected by Ofman & Aschwanden (2002); Goossens
et al. (2002) (left hand-side) and computed constraints for the valid equilibrium models (right hand-side), in the range of density contrasts ζ ∈
[1.5−20]. Events marked with an asterisk do not exhibit physical constraints on the upper values of l/R and VAi since these constraints originate in
these cases from the limitations used in the numerical solutions (ζ ≥ 1.5).

Loop R (106 m) L (108 m) ε = πR/L P (s) τd (s) P/τd l/R τAi (s) VAi = L/τAi (km s−1)
1 3.60 1.68 0.067 261 870 0.30 0.20–0.83 � 155–190 880–1080 �

2 3.35 0.72 0.146 265 300 0.88 0.58–2.0 378–423 170–190
3 4.15 1.74 0.075 316 500 0.63 0.41–2.0 225–259 670–770
4 3.95 2.04 0.061 277 400 0.69 0.45–2.0 163–183 1110–1250
5 3.65 1.62 0.071 272 849 0.32 0.22–0.90 � 170–210 770–950�

6 8.40 3.90 0.068 522 1200 0.44 0.30–2.0 327–386 1010–1190
7 3.50 2.58 0.043 435 600 0.73 0.47–2.0 181–203 1270–1420
8 3.15 1.66 0.059 143 200 0.72 0.46–2.0 85–93 1780–1950
9 4.60 4.06 0.036 423 800 0.53 0.35–2.0 140–165 2460–2900

10 3.45 1.92 0.056 185 200 0.93 0.57-2.0 105–113 1690–1830
11 7.90 1.46 0.169 396 400 0.98 0.62–2.0 663–730 200–220

In conclusion, the use of the damping rate of loop oscilla-
tions alone allows us to only establish a one-to-one relation be-
tween two physical parameters of interest. As Fig. 1 shows, there
are an infinite number of different equilibrium models, with dif-
ferent values of ζ and l/R, that yield the same observational value
of the damping rate and it is impossible to discriminate between
them. If one of the parameters is fixed the other can be obtained.
An attempt to do so was published by Aschwanden et al. (2003).

3.2. Seismology using the period and damping rate of loop
oscillations

Both the period and the damping rate provide us with important
and largely independent sources of information about the phys-
ical conditions in oscillating coronal loops. The analysis in this
section combines the observed period and damping rate for the
computation of valid equilibrium models that reproduce obser-
vations. Here, we introduce a new observable, the period, but
also a new parameter, the Alfvén travel time. As we do not make
any additional assumption on any equilibrium parameter, again
a 1D solution curve will be obtained in the new (ζ, l/R, τAi) pa-
rameter space.

Since the first TRACE observation of damped transverse
loop oscillations near the end of the last century (Aschwanden
et al. 1999; Nakariakov et al. 1999) several similar events have
been observed. The statistics and derived physical properties
of these events can be found in Aschwanden et al. (2002) and
Schrijver et al. (2002). A selection of 11 of those events was used
by Ofman & Aschwanden (2002) and Goossens et al. (2002) in
their analysis of phase mixing and resonant absorption as damp-
ing mechanisms. Here, the same selection of loop oscillation
events is considered. The physical and geometrical properties
of interest for these loops are collected in the left-hand side of
Table 1.

From the computational side we use the output from the
parametric study by Van Doorsselaere et al. (2004), expressed by
Eqs. (1) and (3). Values for the inverse aspect ratio ε of the loops
are obtained from the estimates of length and radius in Table 1,
but as stated before the results are robust with respect to that
parameter. In order to incorporate the time unit to our analysis,
a three-dimensional data-cube is constructed by considering a
range of values for the Alfvén travel time. To determine the valid
equilibrium models for all loop oscillation events in Table 1, a
corresponding range of VAi from 0 to 3000 km s−1 turns out to
be sufficient. We have used a sampling of ∆VAi = 10 km s−1.
Finally, we thus end up with two three-dimensional data cubes

Fig. 2. Curves of constant period (P = 185 s) and constant damping rate
(P/τd = 0.93) on the (ζ, l/R)-plane corresponding to loop oscillation
event #10, for two different values of the internal Alfvén travel time;
τAi1 = 113 s (solid lines) and τAi2 = 106 s (dashed lines). The filled
circle indicates the only valid equilibrium (ζ � 18.8, l/R � 0.57) that
reproduces the observed wave characteristics for τAi1. When τAi = τAi2,
two different equilibrium models (filled squares) are possible; (ζ � 4.2,
l/R � 0.8) and (ζ � 2.48, l/R � 1.44).

of the form, P = P (ζ, l/R, τAi) and P/τd = P/τd (ζ, l/R) for each
loop oscillation event. These data-cubes can now be combined
with the observed periods and damping rates by requiring that

P (ζ, l/R, τAi) = τAi f1 (ζ, l/R) = Pobs, (5)

P
τd

(ζ, l/R) =

(
P
τd

)
obs

· (6)

In this way, we obtain the equilibrium models, {ζ, l/R, τAi} that
reproduce the observed periods and damping rates (Pobs and
(P/τd)obs), for each oscillation event.

We first consider loop oscillation event #10 from Table 1. By
using the observed period and damping rate, curves of constant
period and constant damping rate can be drawn in the (ζ, l/R)-
plane, for given values of the internal Alfvén travel time. For
two different values, these curves are depicted in Fig. 2. Because
the period depends on the Alfvén travel time, two curves are
shown, pointing at different locations in the parameter space.
On the other hand, curves of constant damping rate are indepen-
dent of the internal Alfvén travel time and the curves for both
Alfvén travel times overlap. The valid equilibrium models, for
which the observed period and damping rate are reproduced, are
given by the crossing points of both kind of curves, with the
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same Alfvén travel time. They all have to belong to the curve of
constant damping rate. Hence, this curve gives the valid equilib-
rium models for all Alfvén travel times. For one of the selected
Alfvén travel times (τAi = τAi1) a single equilibrium model, with
fixed values of ζ and l/R, is obtained. If we choose another value
for the Alfvén travel time the valid equilibrium model is changed
(and vice versa, another crossing point requires another value of
the Alfvén travel time). Moreover, for τAi = τAi2, two different
equilibrium models with equal Alfvén travel time, but different
density contrast and inhomogeneity length-scale, are obtained,
which can equally well explain the observed period and damp-
ing rate.

When we vary τAi, curves of constant period appear first
from the right top corner and are then shifted, for decreasing
Alfvén travel time, towards the left bottom corner in Fig. 2. This
means that valid equilibrium models, in our parameter space,
can only exist for a given range of Alfvén travel times. We ob-
tain this set of valid equilibrium models by collecting the suc-
cessive crossing points along the damping rate curve in Fig. 2,
for each allowed Alfvén travel time. These crossing points are
obtained numerically by finding the location at which the differ-
ence between the two kind of curves changes sign. They form a
1D solution space in the three-dimensional parameter space (ζ,
l/R, τAi). This 1D solution curve is the result of the intersection
of the two surfaces defined by Eqs. (5) and (6) and may eas-
ily be obtained by computing the successive crossings of curves
like the ones shown in Fig. 2, for the complete assumed range of
Alfvén speeds.

Figure 3 displays the 1D solution spaces in the three-
dimensional parameter space obtained for loop oscillation events
#5 (Fig. 3a) and #10 (Fig. 3b). Also shown are the projections
of the solution curves onto the different two-dimensional param-
eter planes. For each event, the projection of the curve onto the
horizontal plane is the curve of constant damping rate. As can
be appreciated, the values of the Alfvén travel time for valid
equilibrium models in our parameter regime are constrained to a
rather limited interval. The largest values correspond to equilib-
rium models with large density contrasts and relatively low in-
homogeneity length-scales. Then, moving along the 1D solution
curve (and along the damping rate curve in the horizontal plane),
valid equilibrium models have lower Alfvén travel time. In both
events, the upper limit for the Alfvén travel time is obtained for
the largest density contrast. As such, this is not a true lower limit,
since the density contrast could be larger. However, the flatten-
ing of the 1D solution curve and the increase in the separation of
equilibrium models towards larger density contrasts suggest that
the Alfvén travel time will not vary significantly when the den-
sity contrast is allowed to increase past its current limit. Also,
the projection of the curve onto the (ζ, l/R)-plane allows us to
obtain an estimate for the lowest value of l/R.

In the case of loop oscillation event #5, the lowest value for
the Alfvén travel time (τAi = 170 s) is obtained at ζ = 1.5,
which coincides with the minimum density contrast considered
in the numerical solutions. Thus, the obtained lowest limit for
the Alfvén travel time is actually restricted by the limitations on
the numerical data and does not constitute a physical upper limit.
However, we cannot go much further if we want to have a real
loop with ζ ≥ 1. For loop oscillation event #10, the lowest value
of the Alfvén travel time for valid equilibrium models (τAi =
105 s) is obtained for a larger contrast than the minimum value
available from numerical simulations. This allows us to obtain
a physical lower limit on τAi. Although we did not make any a
priori assumptions for any of the equilibrium parameters, we can
obtain a physical lower limit to the internal Alfvén travel time.

After the minimum Alfvén travel time is reached the curve bends
up again resulting in a constrained range for the possible values
of τAi.

The above described procedure has been applied to the set of
11 loop oscillation events presented in Table 1. This table shows
the lower limits to the inhomogeneity length-scale and the con-
straints on the Alfvén travel time that have been obtained, within
the range of assumed density contrasts ζ ∈ [1.5−20]. By addi-
tionally using the measured value for the loop length L this also
determines the internal Alfvén speed which is also displayed in
Table 1. In 9 of the 11 cases, an upper limit to the internal Alfvén
speed has been found. The other 2 events correspond to cases in
which we are limited by our parameter regime. Because of this
limitation, the latter cases also exhibit an upper limit to the in-
homogeneity length-scale which is not the one imposed by the
modelling (l/R = 2, for fully non-uniform loops). As for the
Alfvén speed, this is not a physical upper limit. When the lower
boundary on ζ would be decreased, higher values for the inho-
mogeneity length-scales will be allowed.

The values for the internal Alfvén speed obtained for loops
#2 and #11 are particularly striking (see Table 1). These low
values for the Alfvén speed closely correspond to a high value
for the inverse aspect ratio ε.

Now let us appreciate these results. The Alfvén speed has
been determined based on the observed period of loop oscil-
lations before (Nakariakov & Ofman 2001). However in those
papers the analysis was based on the period only, using the ex-
pression for the kink speed in the thin tube limit and in addition
assuming a specific value for the density contrast. An attempt
for direct measurements of the density contrast (Aschwanden
et al. 2003) suggested that the density contrast might be a lot
smaller. In fact in that range, the formula for the kink speed be-
comes very sensitive to the density contrast. The uncertainty on
the density contrast thus implies that the Alfvén speed can be
about 40% larger than estimated by those authors. Our analysis,
however, based on a more complicated model with less simpli-
fying assumptions and making use of both observed periods and
damping times (under the assumption of damping by resonant
absorption) turns out to be much more robust with respect to
determining the Alfvén speed.

So far we have adopted the rather unrealistic view that the
observed period and damping times are without measurement
errors. We have repeated the procedure by considering uncer-
tainties of 40% and 60% on the period and damping time re-
spectively (Aschwanden et al. 2002). In this way, for loop os-
cillation event # 10, for example, the period and damping times
would be P = 185 ± 74 s and τd = 200 ± 120 s, respectively.
By considering the upper value for the period (P = 259 s) with
different values of τd, the Alfvén speed can be estimated to be
in the range VAi ∈ (1200−1340) km s−1 (instead of the 1690–
1830 km s−1 for the case without errors). By considering the
value for the period used before (P = 185 s) together with τd
in the range τd ∈ (80−320 s), VAi can be estimated to be in the
range VAi ∈ (1690−1960) km s−1. The largest differences oc-
cur for the smaller value of P = 111 s with different possibilities
for τd. In this case, the range for VAi is 2650−2870 km s−1. These
high values for the Alfvén speed are caused by the extremely
short period.

4. Summary and conclusions

This paper reports on how both the period and the damping time
of transverse coronal loop oscillations can be used to obtain in-
formation on the physical conditions in oscillating loops. We
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a b

Fig. 3. Three-dimensional view of the 1D solution curves representing the valid equilibrium models that reproduce observed periods and damping
rates in the parameter space (ζ, l/R, τAi). The solutions are also projected onto the different two-dimensional parameter planes. Circles are
representative of the sampling on the internal Alfvén speed, 10 km s−1, used for the computation of the curves. The dotted line in the horizontal
plane represents the minimum density contrast (ζ = 1.5) considered in the numerical solutions. a) Loop oscillation event #5 and b) loop oscillation
event #10.

have adopted resonant absorption of quasi-mode kink oscilla-
tions as the mechanism responsible for the damping of loop os-
cillations. Observed values of the period and damping rate have
been used together with the results of a parametric numerical
study of the complex frequency of quasi-mode kink oscillations
in 1D fully non-uniform equilibrium models. The analysis de-
scribed in this paper allowed the individual study of loop oscil-
lation events and took into account the particular physical and
geometrical parameters for each case.

When we only use the damping rate of loop oscillations,
the assumed damping mechanism provides us with a relation
between the observable damping rate and the density contrast
and radial inhomogeneity length-scale, that are difficult to ob-
tain from observational data. This relation, given by the damp-
ing rate curve defines a 1D solution space of different equilib-
rium configurations which can reproduce the observed damping
rate. When only using the damping rate, we have one observ-
able which determines a relationship between two equilibrium
parameters. When one of the free parameters is estimated, the
other free parameter can be deduced.

As a next step, we have combined the information on the pe-
riod and the damping rate. In that case, we added a new observ-
able, but also a new free parameter: the internal Alfvén speed
(or travel time). In principle this may not seem to constitute a
particular gain, but after obtaining the 1D solution curve in the
three-dimensional parameter space, the projection of the solution
curve onto the Alfvén speed axis turns out to be in a rather lim-
ited interval. As we still have a 1D solution curve, the observed
values of period and damping time of the fundamental kink os-
cillation mode do not allow a unique identification of even a 1D
equilibrium model, unless some additional assumption is made
(like in the analysis of Goossens et al. 2002, by assuming a value
for the density contrast). However, even without additional in-
formation, we can determine a rather constrained range for the
internal Alfvén speed.
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