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ABSTRACT

Context. Transverse oscillating loops in the solar corona have been observed and the frequencies for a couple of low-order modes
measured. These frequencies have been used as a diagnostic tool to investigate the internal properties of such oscillating loops. In
particular, the density and magnetic field profiles along the loop are estimated by comparing the measured frequencies with those of
a reference model. In this paper, we argue that only the kink speed may be assessed directly and there is no diagnostic capability
for density or magnetic field independent of the wave speed. Further, with just a handful of measured frequencies available, only
broad spatial averages of the kink speed may be obtained. We demonstrate using a frequency inversion procedure that with only two
frequencies as inputs, at best one can assess the mean and the contrast of the kink speed along the loop. One requires access to the
frequencies of many mode orders to perform inversions that offer kink speed determinations with high spatial resolution.

Aims. We suggest a rigorous mathematical formalism that describes the information content of the measured mode frequencies and
we present a method to infer the kink speed within a coronal loop by inverting those frequencies.

Methods. We consider a single magnetic coronal loop and by using perturbation theory, relate its eigenfrequencies to the loop’s
physical properties.

Results. We derive the sensitivity kernels that describe how each eigenfrequency contain the information about the kink speed and
density along the loop.

Conclusions. We conclude that the eigenfrequencies contain information primarily about the kink speed, and do not strongly depend
on the density. Therefore, all loop models with the same kink speed profile (but different density and magnetic field profiles) are
seismically indistinguishable. To acheive the spatial resolution neccessary to uncover the non-uniform nature of the coronal loop,
it is necessary to do inversion of many measured frequencies. Making inferences about the density stratification and magnetic field

varying along the loop requires supplemental observations that are non-seismic in nature.
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1. Introduction

Transverse oscillations in coronal loops have been observed
(e.g., Aschwanden et al. 1999) and interpreted as fast kink
modes of magnetic tubes (Nakariakov et al. 1999). Subsequently,
Schrijver et al. (2002, see also Schrijver & Brown 2000;
Aschwanden et al. 2002) reported 17 events observed with
the Transition Region and Coronal Explorer (TRACE) dur-
ing 1998-2001. Since then similar observations have been used
as diagnostic tools to understand the structure of coronal loops.
In particular, the observations reported by Verwichte et al.
(2004) and van Doorsselaere et al. (2007) have been investigated
in great detail. Each of these studies successfully measured two
oscillation frequencies for different coronal loops and attributed
these oscillations to trapped, resonant, kink mode oscillations,
in particular the fundamental mode and its first overtone (i.e., v,
and v,). Verwichte et al. (2004) found the frequencies around
vi ~ 2.23 mHz and v, ~ 4.05 mHz, whereas van Doorsselaere
et al. (2007) find v; ~ 2.29 mHz and v, ~ 4.1 mHz.

Many theoretical studies have focussed on estimating the
coronal density scale height by comparing the observed ratio
of the frequency of the first overtone v, and the fundamen-
tal mode v; to theoretical estimates obtained from reference
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models (e.g., Andries et al. 2005; Goossens et al. 2006; Dymova
& Ruderman 2006; Diaz et al. 2007; McEwan et al. 2008;
Orza et al. 2012, and references therein). Subsequent studies
of longitudinally stratified magnetic tubes, with or without cir-
cular cross-sections, have revealed disparate coronal density
scale heights. For example, assuming a straight, axisymmetric
magnetic tube with a length of 400 Mm and using the mea-
sured ratio v»/v; = 1.8 reported in Verwichte et al. (2004),
van Doorsselaere et al. (2007) estimate the coronal density scale
height to be 109 Mm. On the other hand, Ruderman et al. (2008)
showed that if the magnetic tube has a cross-sectional radius that
varies by a factor of 1.5 from footpoint to apex, then the esti-
mated scale height for the same frequency ratio could be as low
as 50 Mm. Verth & Erdélyi (2008) also quantified the effects of
magnetic field variation in nullifying the effects of longitudinal
density stratification in their model.

In all of these studies, the form of the magnetic field and
density as a function of loop position is assumed and the eigen-
frequencies are calculated from the kink tube wave equation.
These eigenfrequencies are then compared with the measured
ones. In this paper, we suggest that any estimate of the density
scale height from just the seismic analysis of mode frequencies is
nonunique. The eigenfrequencies contain information primarily

A138, page 1 of 6


http://dx.doi.org/10.1051/0004-6361/201219930
http://www.aanda.org
http://www.edpsciences.org

A&A 545, A138 (2012)

Height (Mm)
w
o
«

-20 0 20 40
Distance along the surface (Mm)

D

0

Fig. 1. Loop geometry.

about the kink speed, and are negligibly dependent on the di-
rect effects of density. Therefore, all loop models with the same
kink speed profile (but different density and magnetic field pro-
files) are seismically indistinguishable. Further, with access to
only a handful of frequencies, only large-scale spatial averages
of the kink speed may be deduced. Achieving the spatial resolu-
tion neccessary to uncover the non-uniform nature of the coronal
loop may require the inversion of many measured frequencies.
Making inferences about the density stratification and magnetic
field varying along the loop requires supplemental observations
that are non-seismic in nature.

2. Information content of the eigenfrequecies

Consider an erect, semi-circular loop confined to a plane that
intersects the photosphere at a right angle (see Fig. 1). If we
assume that the magnetic loop is embedded in a field-free atmo-
sphere and ignore tension forces arising from the varying curva-
ture of the loop’s axis, the homogeneous equation governing the
propagation of kink tube waves is (see Spruit 1981)

d*U dUu
ci(s)@ = gIODp(8) - + WU =0, (1

where s is the axial coordinate along the curved axis of the tube,
U is the transverse velocity of the tube, g is the component of
the gravitational acceleration parallel to the loop’s axis, and w is
the wave frequency. For a semi-circular loop, the parallel com-
ponent of gravity is given by the product of the full gravity g and
a simple sinusoid,

g1(s) = —g cos(%s). @)
We consider the domain from s € [0, L], with each endpoint
anchored in the photosphere. The quantities c(s) and D,(s)
are, respectively, the kink wave speed and the non-dimensional
overdensity of the tube,

B(s)
4r [,O(S) +pext(s)]

where B is the axial magnetic field strength and p and ey
are the mass densities inside and outside the tube, respectively.
Strictly speaking, the varying curvature of tube’s axis provides
tension forces that should be taken into account, but we ignore
such forces to illustrate our points without undue mathematical
complication.

. Dy(s) = 0(8) = Pex(s) 3)

20y =
s = p(8) + pexi(s)’
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Equation (1) can be cast as a Sturm-Liouville equation
through the use of an integrating factor f(s),

d (.dU\ *f

Il Vel IRy 4

ds(fds)+ ci v=0, @)

with

d gy D

Yo Ay (5)
Ck

Using the standard orthogonality relationship that preserves the
physical units of the eigenfunctions, U,(s),

L
f W(s) Un(5) Un(s) ds = L S, ©)
0

with the weight function W(s) = f(s)/ cﬁ(s), the eigenfrequency
for the nth mode, &,, can be expressed using the Rayleigh
quotient,
1 L
=7 f W (ctULU} = yD,UsUy) ds., (7)
0

with primes denoting differentiation with respect to s and where
we have assumed Hermitian boundary conditions for U,,.

The previous expression clearly demonstrates that a mode
eigenfrequency provides an integral measure of the tube’s phys-
ical properties. This relationship can be seen more explicitly
if we introduce sensitivity kernels, which are spatial averag-
ing functions that represent the “sensitivity” of the frequency
to the quantities being averaged. We define sensitivity kernels
for the nth mode for the square kink speed, K,(s), and for the
fractional overdensity, ‘f(n(s), as follows:

Ku(s) = =L'W(s) Un(s) UJ/(s), ®)

Ko(s) = L'W(s) gy(s) Un(s) U(s). )

Using these definitions, the Rayleigh quotient can be written
explicitly as a weighted average, with the kernels being the
weighting functions,
L

ok = fo 2 ()Kn(5) + Do()K(5)] ds. (10)
A difficulty arises from this formulation; the sensitivity kernels
are unknown until the eigenfunctions can be obtained. Of course
the eigenfunctions are different for different profiles of the kink
speed and overdensity. Since our goal is to find a way of us-
ing the eigenfrequencies to estimate those exact properties of
the flux tube, this equation at first appears impractical; however,
we will now show that reliable determinations of kernels can be
accomplished via perturbation theory.

Let us assume that we have a solar loop whose properties are
quite similar to those of a known reference model. We express
the wavefunction, overdensity, kink speed and mode frequencies
of the observed coronal loop as small perturbations about the
reference model, as follows:

AV,

U, = V, +AV,, 2l o, (11)
AD

D, = D+AD, —| <1, (12)
A 2

A = A +AS, 20«1, (13)
C
A 2

& = W+ AR, Yl <. (14)
wﬂ
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In these expression, V,,, D, ¢ and w, are the eigenfunctions, over-
density, kink speed and eigenfrequencies, respectively, of the
reference model. By linearizing Eq. (7) in the perturbations, one
can easily show that

Aw? L (Ac? AD
i =f (—CKn + —7(,,) ds,
0

w? c? D (13)

where the sensitivity kernels, K, (s) and K,(s), are now for the
fractional perturbations in the kink speed and overdensity, i.e.,
Ac?/c? and AD/D,

2
Ki(s) = ~L W S50 Vs, (16)
Ho = 1w 2020 5 v, a7)

n

This formulation grants the advantage that the kernels are
now derived from completely known quantities, as the eigen-
functions, eigenfrequencies and tube profiles comprising these
kernels are those corresponding to the chosen reference model.

Note, despite all of the qualifications and assumptions that
were made, Eq. (1) is extremely general. Any configuration of
magnetic field lines that results in a second-order differential
wave equation will have a similar form with a suitable redefini-
tion of the equation’s coefficients. Therefore, the arguments that
we have made in this section have general validity, although the
physical interpretation of the coefficients may change. In partic-
ular, the formalism we have developed is independent of whether
curvature of the loop has been taken into account or whether
the loop resides in a magnetized external atmosphere. We have
adopted a simple loop model purely to enable clear presentation
and illustration of our conceptual points.

3. Nature of the kernel functions

The sensitivity kernels embody everything that can be learned
seismologically from measurements of mode frequencies.
Already we can see from Egs. (15)—(17) that potentially only
two properties can be assessed independently, the kink speed
and the overdensity. Of course, any quantity that can be derived
from these two variables is also potentially accessible. We start
by noting that the effects of buoyancy are rather weak for a typ-
ical coronal loop. We can estimate the importance that the over-
density plays in establishing the eigenfrequencies by taking the
ratio of the two kernels. If we assume that V' /V, ~ nr/L, we
find that the magnitude of this ratio is characterized by €, a non-
dimensional measure of the buoyancy force to the tension force,

K, €

Kl w 1o
DR

€= 96.2 i (19)

where R = L/x is the radius of the loop. If we use typical loop
properties —i.e., L = 200 Mm, ¢ = 1 Mms~! (Tomczyk et al.
2007), D = —1,and g = 2.7 X 10~* Mms~2, we find that this
ratio is quite small for modes of any order i.e. € ~ —1.7 x 1072
Note, that a magnetic loop embedded in a field-free atmosphere
is often underdense with negative D. For such a case (as consid-
ered here), just as the overdensity is negative, so is €.

For illustrative purposes, we choose a particularly simple
reference model, one in which the loop and atmosphere have
a common temperature that is invariant as a function of height.

For such a reference model, within the loop the kink speed c,
the plasma parameter 3, the overdensity D and our dimension-
less parameter € are all constants. Therefore, the eigenfunctions
satisfy the equation

d’v, € (ﬂ)dV,, w?
s(=s)—=
L

n

ds? +ECO ds +c—2Vn=0.
While this equation does not have a simple direct analytic so-
lution, it is quite amenable to a perturbation expansion because
the coefficient of the first derivative term is small. When we ap-
ply the boundary condition of vanishing motion at the photo-
sphere, V,(s) = 0 at s = 0 and s = L, the eigenfunctions and
eigenfrequencies to first order in € are given by

(20)

Va(s) = ¢ V2sin (kys) + €AV, + O (€), 21
with
n [cos(k,r15) cos(k,_15)
AV,(s) = c— - 22
Vals) C\/Q[ n+ 1 -1 22
1 s 1
- =--= kns)|, 23
n2—1/4(L 2)005( S)] @3
and
-1
2 _ 220 2
w;, = ke [1 S + O(e )] , (24)
with the wavenumbers k,,
k=™ n=1,23,.. (25)
L

To derive the kernels from these expressions, we need the in-
tegrating factor f(s), which can be obtained through direct
integration of Eq. (5),

f(s) = explesin(ms/L)].

The kernels are now obtained by direct substitution of Egs. (21),
(24), and (26) into Egs. (16) and (17). To first order in the
expansion parameter € the kernels are

(26)

-1

K,(s) = 2L sin® (k,s) + e 2— cos(fs) $in(2k,s)
n L
+2 Sin (k) AV,(9)| + 0(€). 27)
"
K\(s) = —eL—_l cos (Es) sin (2k,s) + O(ez) (28)
n n L n °

Figure 2 illustrates the eigenfunctions, V,, and the associated
sensitivity kernels, K;, and %, for this simple reference model.
The black, red, and blue colours denote n = 1,2, and 3 modes
respectively. The various line styles (solid, dotted, and dashed)
correspond to three different values of the parameter € (0.0,
—-0.01, and —0.1). The kernels for the wave speed are (as ex-
pected) uniformly positive, whereas the overdensity kernels take
on both positive and negative values. Both types of kernels are
symmetric about the apex of the loop (s/L = 0.5); however,
we note that the overdensity kernels always vanish at the apex.
These properties can be deduced rather easily from Eqs. (27)
and (28), where the zero-order terms in the kernels are posi-
tive definite and symmetric, while the first-order terms in both
kernels can take on either sign. The negative lobes only appear
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Fig. 2. a) Eigenfunctions V, for a reference model that consists of a loop with constant plasma parameter § and kink speed c. b) Sensitivity
kernels K, for the fractional kink speed perturbation made nondimensional by multiplying by the length scale L. ¢) Sensitivity kernels %, for the
overdensity. The different line styles correspond to different values of e: solid € = 0, dotted € = —0.01, and dashed € = —0.1. The perturbations
induced in the eigenfunctions by buoyancy effects are negligible and nearly invisible. The perturbations to the kernels are more obvious. Note, that
the kernels for the overdensity are miniscule in comparison to the wave speed kernels.

because of buoyancy effects, which are rather weak. The pertur-
bations arising from buoyancy are tiny for the eigenfunctions V,,
and merely small for the wave speed kernels K. The overden-
sity kernels are, of course, proportional to € — see Eq. (28) — and,
therefore, the kernel itself is to leading order a perturbation and
miniscule.

4. Discussion

We have used perturbation analysis twice to derive sensitivity
kernels that describe how each eigenfrequency is a weighted av-
erage of the kink speed and overdensity along the loop. The first
perturbation analysis involved linearising the loop properties (ci
and D,)) around a pre-defined reference model. This allowed us
to write the sensitivity kernels using only the eigenfunctions for
the known reference state. The second perturbation analysis was
performed to solve for those eigenfunctions. The small parame-
ter for this analysis was €, the signed ratio of the buoyancy forces
to the magnetic tension forces. This allowed the kernels to be
expressed as an expansion in this small parameter.

4.1. The eigenfrequencies are insensitive to the density

The magnitude of the sensitivity kernels illustrated in Fig. 2,
clearly indicate that for a typical coronal loop the eigenfrequen-
cies of resonant kink waves are insensitive to the stratification
within the loop. This is simply the result of the fact that buoy-
ancy is usually a weak effect compared to magnetic tension
(le] < 1). From Eq. (24) we can see that buoyancy (and hence
density) effects change the eigenfrequencies only at second or-
der in the small parameter €. A formidable implication of this
insensitivity is that any two loops with the same kink speed pro-
file but differing overdensity are seismically identical. The mode
frequencies are, therefore, a poor direct diagnostic of the strat-
ification within a coronal loop. We point out further, that the
kernel for overdensity is multi-signed. This means that increas-
ing the density in the loop at one position along the loop will
increase the frequency, but an increase in density at a different
position might have the opposite effect. Thus, a uniform density
perturbation tends to produce an even smaller modulation of the
eigenfrequencies than one might expect because much cancella-
tion occurs when an integration is performed over the sensitivity
kernels.
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Despite the fact that the frequencies themselves lack direct
diagnostic information about the density, the eigenfrequencies
are an excellent measure of the kink speed. Since the kink speed
is a function of both magnetic field strength and density (or tem-
perature and plasma parameter), there is hope for estimating den-
sity as long as additional information from another observational
source can exploited. For example, estimates of the tempera-
ture 7 of the loop (e.g., from spectral line-strength ratios), cou-
pled with seismic estimates of the kink speed, would provide a
measurement of the plasma-parameter. For our constant 8 model
the relationship between the two is simply,

2RgasT
1+28

G = (29)

Given the plasma parameter, we could estimate the overdensity
using D, = —1/(1+2p). Therefore, while seismology in isolation
is not sufficient to measure density, when used as part of a suite
of different types of observations, much could be learned.

4.2. Only broad spatial averages can currently be assessed

Presently, we also face the fundamental obstacle that, for any
given loop, the frequencies of only two modes have been suc-
cessfully measured —n = 1 and 2 for some loops (e.g. Verwichte
et al. 2004; van Doorsselaere et al. 2007; Verth et al. 2008) and
n = 2 and 4 (or 5) for another (de Moortel & Brady 2007).
Since these modes are low order, their eigenfunctions are long
wavelength and the associated sensitivity kernels are large scale.
This means that the frequencies contain information only about
broad spatial averages of the wave speed. For a loop for which
we only know the frequencies of the fundamental mode and the
first overtone, even a cursory examination of the kernels reveals
that we can only learn about the kink speed in a broad region
near the apex of the loop (from the fundamental) and from a
symmetric average over the legs of the loop (from the over-
tone). To gain high spatial resolution, one needs many modes
of high order. Finally, we note that for the boundary condi-
tions we have imposed, all of the eigenfunctions vanish at the
endpoints; therefore, none of the eigenfrequencies (even higher-
order ones that have yet to be observed) contain information
about the footpoints of the loop.

To quantify this idea, let us consider a simple inversion. We
start with a reference model with constant kink speed for an
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oscillating coronal loop. We will assume that buoyancy effects
are negligible and only consider the first term of the integrand in
Eq. (15). We can construct an average of the kink speed (Ac?/c?)
by taking a linear combination (sum over mode order n) of the
handful of measured frequencies,

Ac? Aw? LAt
<C—2> = ZA,,M—%" = fo — K5 ds, (30)

K(s) = ZA,,K,,(S). 31

The goal of the inversion is to choose the coefficients A, such
that the resulting weighting function K(s) — called the averaging
kernel — is sensible and has desirable properties. The exact de-
sirable properties to seek is mutable. For example, a regularized
least square (RLS) inversion (e.g., Pijpers & Thompson 1992)
chooses the coefficients such that a model of the kink speed
profile best matches the measurements in a least-squares sense,
while at the same time enforcing some degree of smoothness
through a regularization parameter. An optimally localized av-
erages (OLA) inversion (see e.g. Christensen-Daalsgaard et al.
1995) instead tries to create averaging kernels that are as nar-
row as possible while avoiding negative sidelobes. Both of these
methods are usually predicated on the existence of more than
two oscillation frequencies. Therefore, we resort to a custom
built, but slightly cruder, inversion. With only two frequencies,
we will design two averaging kernels. One, kapex, will corre-
spond to a choice of A; and A, such that the kernel is localized
at the apex and the width of the peak is minimized. The other,
IA(IegS, will minimize the sensitivity at the apex. Both kernels are
normalized to have unit integral. With only two coefficients to
select, this minimization procedure is trivial with the result

. 217! 2
Kapex(s) = 5 [4 sin’ (%s) — sin’ (Tﬂs)] ,

) 2
Riegs = 2L7" sin? (T’T s). (32)

Through the use of these two averaging kernels and Eq. (30) one
obtains two estimates for the kink speed perturbation, yielding

Ac? 4A? 1AW
i —__1_ -2 (33)
c? apex 3 w% 3 w%

and
Ac? Aw?

() == o4
¢ legs wz

We choose a reference model that has a kink speed such that the
fundamental mode has exactly the measured frequency (Aa)% =
0). By fixing the kink speed in this manner, we have ensured
that the mean kink speed along the loop of the reference model
is identical to that of the observed loop. Further, recall that
the measured ratio wy/w; < 2 (see e.g. Verwichte et al. 2004;
van Doorsselaere et al. 2007). Therefore, the first overtone is
downshifted in frequency compared to our reference model
Aw% < 0. Equations (33) and (34) tell us that the kink speed
near the apex is less than that of the reference model, while that
in the legs is more. Further, the magnitude of the difference at
the apex is one third that in the legs of the loop.

Ac? Ac?
— ) =3(=) -
¢ legs ¢ apex

(35)

No other detailed information can be revealed for such a loop
with access to only two frequencies.

4.3. What if many frequencies could be measured?

If we had access to many observed frequencies, an inversion
with high-spatial resolution would be possible. For example,
we might use an RLS inversion, for which the first step is
to express the perturbed wave speed and overdensity using a
parameterization,

F(s,F)),

with j = 1,2,...J, where J is usually much less than the number
of measured frequencies. The functions F' and G might be poly-
nomial expansions (in the coordinate s) where the parameters F;
and G are the coeflicients of each term in the expansion. Or, and
perhaps more usefully, the parameters F; and G; might be the
values of the perturbations at a pre-defined grid of positions s; —
i.e., F(s;) = Fjand G(s;) = G}, and the perturbations for val-
ues of s between the grid points are obtained by an interpolation
scheme (such as splines). The goal of the RLS inversion is then
to find the set of parameters F'; and G that best fit the data.

This is of course accomplished in a least squares man-
ner. Assuming o, is an estimate of the fractional error in the
square of the observed frequency w,, one can invert the integrals
in (15) by minimising the goodness of fit y*> with respect to the
parameters F'; and G,

2 1 6(4)% 2
@=L [0 (5.5 509+ 6565 Kot s

n

Act(s) _
cAs)

AD(s) _
D(s)

G(5.G). (36)

+R (F},G;) (37)
where R is the regularization integral which is included to pe-
nalize solutions that lack smoothness. One common choice of
regularization is based on first derviatives of the perturbation
functions F and G,

oF\’ aG\’
R(F],G])EAFI(E) dS+/le(E) ds.

The trade-off parameters Ar and Ag can be freely chosen.
Large values enforce very smooth solutions but increase the for-
mal error in the inversion, whereas small values minimise the
propagation of error, but at the cost of decreased smoothness.

(38)

5. Conclusion

Transverse kink oscillations have been detected with TRACE in
the solar corona. Various techniques such as polynomial fits to
the time series, wavelet transforms, sinusoidal function fitting
and Fast fourier transforms are used to measure the periods of
oscillation. In some cases, the ratio of the periods of the fun-
damental to the first overtone have been found to be less than
the canonical value of 2, leading to suggestions that the oscilla-
tory waves are dispersive (e.g. Andries et al. 2009). Theoretical
explanations are currently being sought to understand this de-
parture from the value of 2 and the vigorous field of Coronal
Seismology has arisen to detect new overtones, reduce error bars
and compare the eigenmodes of reference coronal tube models to
the observations, all with the aim of deducing the plasma proper-
ties of the loop. Initially, there was an extensive use of the theory
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developed by Edwin & Roberts (1983) for the identification of
the modes. In recent times, there have been further developments
in theoretical modelling of coronal loops with inclusion of var-
ious geometrical effects such as curvature, non-planar loops, fi-
nite tube widths, non-static coronal background, transverse vari-
ation in loop parameters, various heating functions etc. Since
the coronal tubes are thin and the periods are detected at short
time-scales, many of these effects are not considered very cru-
cial for the low-order measured modes. Thus far, more emphasis
has been put on estimating the density scale height and mag-
netic field strength by comparing theoretical eigenfrequencies
with the measured ones. This is done by considering a refer-
ence model with prescribed magnetic field and density profiles
and solving the kink-wave equation for its eigenfunctions and
eigenfrequencies.

In this paper, we considered a typical coronal loop and found
that the direct sensitivity of its eigenfrequencies to density is
rather weak. The smallness of the overdensity kernel suggests
that mode frequencies are almost completely determined by the
wave speed. A corollary of this statement is that two thin coro-
nal loops with identical kink speed but very different overden-
sities are seismically indistinguishable. Therefore, coronal seis-
mology is a poor tool for discriminating between coronal loops
with the same kink speed but different flaring rates, magnetic
field strengths and densities. While seismology by itself is in-
capable of uniquely measuring density stratification, when used
in conjunction with independent observations of loop properties,
such as temperature or field strength, seismology could be used
to constrain density.

From the measurement of only two frequencies v and v, one
cannot deduce more than two broad spatial averages of the kink
speed along the loop. For example, assuming a loop length of
200 Mm and using the observations of Verwichte et al. (2004) —
vi = 2.23 mHz and vo» = 4.05 mHz, we can estimate that the
wave speed averaged over a broad region near the apex of the
loop is 0.63 Mms~! and averaged over the legs the wave speed
is 0.90 Mms~!. For different loop lengths these wave speeds
would scale linearly.

Finally, it is worth mentioning that a magnetic loop in a field-
free atmosphere is an overly-simplistic assumption. It is more
probable that the observed oscillating loops are actually prefer-
entially illuminated field lines that are an integral part of a larger
coronal magnetic structure. Accounting for such a scenario adds
complexity to the differential equations governing the propaga-
tion of kink waves. However, we believe it will not change the
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main content of the current study. Also, note that the observed
loop kink oscillations are generally transverse to the vertical
plane of the loop, as opposed to oscillations in the plane as as-
sumed in this study. For an isolated magnetic tube, in the ab-
sence of tension forces arising from the curvature of the loop
(which we have ignored here), these two polarizations of mo-
tion are degenerate with the same eigenfrequencies. However, as
we have already stated, real coronal loops are probably part of
a larger magnetic structure, and those oscillations that are trans-
verse to the plane of the loop are likely to interact strongly with
other field lines in the structure, thereby lifting the degeneracy.
Therefore, for a variety of reasons we expect the two polariza-
tions to obey different differential equations, thereby possessing
different sensitivity kernels.
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