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ABSTRACT

We present a step-by-step guide of a refined magnetoseismological technique for plasma diagnostics in the
Sun’s corona. Recently developed MHD wave theory which models a coronal loop as an expanding magnetic
flux tube with an arbitrary longitudinal plasma density profile is applied to TRACE observations of fast kink
oscillations. The theory predicts that using the observed ratio of the first overtone and fundamental mode to
predict the plasma density scale height and not taking account of loop expansion will lead to an overestimation
of scale height. For the first time, the size of this correction is quantified directly from observation and for the
particular case study presented here, it is found that the overestimation is approximately by a factor of 2.
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1. INTRODUCTION

The pioneering suggestions of, e.g., Uchida (1970) and Rob-
erts et al. (1984) to perform magnetoseismology of the solar
corona as an alternative indirect plasma diagnostic method have
now come to fruition with the advent of high temporal/spatial
resolution space-borne instruments. A prime example of this
is the high-resolution EUV imager on board the Transition
Region And Coronal Explorer (TRACE), launched in 1998,
which allowed us for the first time to directly observe postflare
transversal coronal loop oscillations. These were conclusively
identified as the standing fast kink body mode from magne-
tohydrodynamic (MHD) wave theory (see, e.g., Aschwanden
et al. 1999; Nakariakov et al. 1999). The theory of MHD waves
in magnetic cylinders was first developed by, e.g., Edwin &
Roberts (1983) and assumed a relatively simple equilibrium of
different plasma density and magnetic field strength inside and
outside the wave guide, all of which were taken to be constants.
Initial magnetoseismological estimates of coronal magnetic
field strength were made applying this theory to TRACE ob-
servations by Nakariakov & Ofman (2001).

Although still assuming a constant magnetic field, the theory
of Edwin & Roberts has since been further advanced by al-
lowing arbitrary longitudinal plasma density profiles inside and
outside the cylinder (see, e.g., Diaz et al. 2002; Andries et al.
2005b; Dymova & Ruderman 2005; Erdélyi & Verth 2007;
Verth et al. 2007). This lead to attempts of estimating the den-
sity scale height in the corona using the observed frequency
ratio of the first overtone and the fundamental mode (w,/w,),
which depends on the degree of density stratification along a
loop (see, e.g., Andries et al. 2005a; Van Doorsselaere et al.
2007). Specifically, when the plasma in a coronal loop is grav-
itationally stratified, w,/w, <2 and the greater the degree of
stratification, the smaller this ratio becomes. More recently, the
effect of magnetic flux tube expansion on the fast kink mode
has been addressed by Verth & Erdélyi (2008, hereafter VEOS)
and Ruderman et al. (2008). On average, plasma density and
magnetic strength should decrease with height above the pho-
tosphere. Due to the reciprocal nature of magnetic field strength
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and plasma density in the kink speed, this leads to the effect
of magnetic stratification increasing the value of w,/w,. In using
observed values of w,/w, to estimate the degree of plasma
density stratification in coronal loops, it has been shown by
VEO8 that failure to take account of the flux tube expansion
causes the density scale height to be overestimated. Further-
more, there have been observations of w,/w, > 2 (see, e.g., De
Moortel & Brady 2007; O’Shea et al. 2007) which could be
interpreted as loops having a negative scale height, i.e., being
more dense at their apex. However, it was proposed by VEO8
that the effect of an expanding flux tube offers a physically
more reasonable and simpler explanation for these observa-
tions. Implementing this recent MHD wave theory, in this Let-
ter we shall demonstrate a refined magnetoseismological tech-
nique that corrects for the effect of loop expansion, thereby
allowing us to obtain a more accurate estimate of plasma den-
sity scale height in the corona.

2. MHD WAVE THEORY AND OUTLINE OF TECHNIQUE

Using cylindrical coordinates, VEO8 modeled an expanding
magnetic flux tube with arbitrary internal and external longi-
tudinal density profiles. In conjunction with normal mode anal-
ysis, the relatively small loop expansions observed in EUV by
TRACE (see Watko & Klimchuk 2000) and the fact that fast
kink modes have wavelengths which are much greater than
loop width permitted them to asymptotically simplify the gov-
erning MHD wave equations. The second-order ODE govern-
ing the velocity of the fast kink mode they derived (see their
eq. [67]) was recently verified by Ruderman et al. (2008) using
magnetic flux coordinates, showing that this equation can be
expressed in the relatively simple form

w

¢ (s)

d2 2
E[B"Z(S)U(S)H[ ] B"(s)v(s) = 0, (1)
S

where s is the coordinate along the loop, v is the transverse
velocity, B is the magnetic field strength, w is the angular
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FiG. |.—TRACE image in 171 A at 12:57 UT, 2 minutes after the onset of
the flare. Note that the loops in the marked southern half of the active region
are bright in intensity and clearly visible along most of their lengths.

frequency, and c, is the kink speed defined by c;(s) =
2B (s)/{ulo:(s) + p,(s)]}, where u is magnetic permeability and
0; (p,) is the internal (external) density.

The specific aim of the magnetoseismological technique pre-
sented in this Letter is to deduce the coronal plasma density
scale height H from the observed w,/w, ratio, correcting for
loop shape, inclination, and expansion. The effective density
scale height of a loop can be strongly influenced by loop shape
and inclination (see, e.g., Dymova & Ruderman 2006; Asch-
wanden et al. 2008a); therefore to make an accurate estimate
of density scale height one must correct for geometric effects.
The recently launched STEREO (Solar TErrestrial RElations
Observatory) should be a great help in this regard. Already
some progress has been made by Aschwanden et al. (2008b)
using STEREO data to employ triangulation techniques in re-
constructing 3D loop geometry and quantifying possible effects
such as loop non-circularity and non-coplanarity. Since in the
following analysis we are restricted to TRACE data predating
the STEREOQO launch, instead we model loop shape and incli-
nation using the circular fit model of Aschwanden et al. (2002).
It is important to stress at this point that the basic principles
of our proposed magnetoseismological technique will remain
the same, regardless of the which method is employed to make
an accurate reconstruction of a loop’s 3D geometry. In our
chosen circular fit model, 0 is the loop plane inclination from
vertical, r is the radius, and %, denotes the distance from the
geometric center to the photosphere in the loop plane.

For the plasma density equilibrium we assume that p, o< p,.
Let the loop length be 2L, such that s € [—L, L], then for a
gravitationally, i.e., vertically stratified plasma,

r(1 + n) cos (6) [cos (Y,s/L) — 7]
} , 2

p:(s) o€ exp { - H(l — 1)

where y = h,/r and {, = arccos ().

The loop expansion factor defined by, e.g., Klimchuk (2000)
is given by I' = 7./, where 7, (1)) is the apex (footpoint) radius.
Regarding the choice of magnetic field equilibrium in our
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model, we choose a potential magnetic field of the form given
by VEO8,

N (1 —T?) cosh (ks/L) — cosh (k)

B 1
(8) o< I'? 1 — cosh (k)

) 3)

where « is a parameter that can be used to adjust the magnetic
field profile between the footpoint and apex, e.g., to fix a par-
ticular loop width expansion at the midpoints, +=L/2. We have
not included the possibility of twist in our magnetic equilibrium
as Ruderman (2007) has shown that for an approximately force-
free cylinder with a uniform weakly twisted magnetic field,
there is no effect on the frequency of the fast kink mode.

Significantly, it has been shown by, e.g., Andries et al.
(2005a) and VEOS that the ratio w,/w,, which we shall be using
for our magnetoseismological inversion, is independent of any
constants of proportionality for equations (2) and (3). The basic
steps for our proposed refined magnetoseismological technique
to deduce the unknown value of H are as follows:

Step 1.— Measure the frequency ratio w,/w, of the fast kink
mode.

Step 2.— Estimate geometric parameters determining loop
shape, inclination, and expansion in the chosen equilibrium
model (all the parameters except H in eqs. [2] and [3] for the
specific model chosen here).

Step 3.— Use the information obtained from steps 1 and 2
in equation (1) to perform the magnetoseismological inversion
and obtain a value for H.

3. CASE STUDY

The observational example chosen to demonstrate the pow-
erful capability of the theory described in § 2 is an oscillating
loop in NOAA active region 8270 observed by TRACE after
an M4.6 flare on Bastille Day, 1998 July 14, 12:55 UT.' Fast
kink oscillations of this active region were first reported and
analyzed by Aschwanden et al. (1999) and Nakariakov et al.
(1999). Following these initial works, seven different kink os-
cillation events of AR 8270 were investigated in detail by
Aschwanden et al. (2002). The particular loop we focus on and
analyze here is given as case le. Immediately before and after
the flare onset, the loop is bright in intensity and clearly visible
along most of its length (see Fig. 1). However, during the
observed oscillatory phase (approximately 15 minutes after the
flare onset) it has undergone a dramatic dimming and is only
visible at a small apex region. Importantly, it was shown by
Aschwanden et al. (1999), using simultaneous Yohkoh SXT
data, that this observed dimming is not due to an increase in
plasma temperature.

In relation to the magnetic field structure of this active region,
it can be seen from Figure 1, that it is predominantly dipolar
in nature. There have been several potential extrapolations of
this region using Kitt Peak line-of-sight magnetogram data by,
e.g., Aulanier et al. (2000) and Ofman (2007) which success-
fully capture the large-scale features of the observed field lines
traced out by the frozen-in plasma seen in the TRACE images.
In the rest of this section we implement the three steps of our
proposed magnetoseismological technique outlined in § 2.

Step 1.—The fundamental fast kink mode period of this loop

' High-resolution movies of the event are available at http://trace.Imsal.com/
POD/looposcillations/paperl/SchrijverAschwandenTitle.html in both the 171
A and 195 A passbands (given as event No. 1).
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FiG. 2.—Plot at the top left shows the data time series for oscillation per-
pendicular to the loop. The bottom left plot shows the Morelet wavelet power
transform, with the thin and thick white lines indicating the cone of influence
and the 99% confidence level contour, respectively. The fundamental and first
overtone of the fast kink mode periods can be clearly seen with P, =
242.51 s and P, = 157.25 s. The plot on the bottom right shows Fourier (green
line) and global (black line) power spectra. [See the electronic edition of the
Journal for a color version of this figure.]

was estimated by Aschwanden et al. (2002) to be B, = 242 s.
Investigation of the same periodic intensity perturbations per-
pendicular to the oscillating loop, through use of feature track-
ing and wavelet analysis (see Jess et al. 2008 for details of
these routines), reveals F, = 242.51 s, in good agreement with
Aschwanden et al. (2002). Furthermore, and most importantly
for diagnostic purposes, the first overtone is also detected with
P, = 157.25 s (see Fig. 2), giving w,/w, = 1.54.

Step 2.—Reconstructing the shape and inclination of the
loop, Aschwanden et al. (2002) estimated that r = 51 Mm,
hy =7 Mm, L = 87 Mm, and 6 = —45°. Since h,/r =
0.14, to a reasonable approximation, the loop is nearly semi-
circular in shape and § = —45° shows that it has a relatively
large inclination angle. To measure the loop expansion we an-
alyzed the TRACE image taken at 12:57 UT, approximately 2
minutes after the flare onset when the loop is bright in intensity
and is seen clearly from apex to footpoint (shown in Fig. 1).
A Gaussian fit to the loop cross-section intensity gives I' =
2.05 (see Fig. 3). For an ideal dipole source, an approximately
semicircular loop will have T' = 2. This, along with the visual
evidence from the previously mentioned potential field extrap-
olations, is an indicator that the large-scale field is probably
close to potential. Hence, the potential equilibrium magnetic
field of the theory given by equation (3) can be considered to
be a reasonably valid assumption for our chosen loop. Mea-
suring the midpoint expansion to be 0.71T, this determines that
k = 3.47 in equation (3).

Step 3.—Solving the eigenvalue problem of equation (1)
governing the kink oscillations of an expanding loop, using the
observed w,/w, and geometrical parameters in equations (2)
and (3), results in H = 7.65 Mm. It can be shown that the
coronal density scale height H is related to temperature T by
the following relationship, H = 47 (T/MK) Mm (see, e.g.,
Aschwanden 2004), hence our estimated H gives a loop tem-
perature diagnostic of 7 = 0.16 MK.
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F1G. 3.—On the same plot, we show the intensity profiles for the perpen-
dicular loop cross sections at the apex (asterisks) and footpoint (filled black
circles). The horizontal axes are given in TRACE pixels (1 TRACE pixel is
equivalent to 357 km). Gaussian fits, shown by the solid line, give the full
width at half-maximum (FWHM) as 7.8 pixels for the apex and 3.8 pixels for
the footpoint.

4. DISCUSSION OF RESULT

The TRACE 171 A passband detects EUV emission with a
peak response at approximately 1 MK and a smaller secondary
peak between about 0.2-0.3 MK (Aschwanden 2004). The di-
agnosed temperature of 7 = 0.16 MK is therefore near the
lower limit of that which can be detected by the 171 A passband
and explains why the loop is so dim during the observed os-
cillatory phase. To our knowledge, this is the first time that
such a relatively cool loop has been identified by a magneto-
seismological technique using TRACE data. Previously, such
loops of T~ 0.2 MK have been diagnosed with TRACE using
a 171 A and 195 A passband filter ratio method (Testa et al.
2002).

Schrijver (2001) in his study of catastrophic loop cooling,
using multipassband TRACE data, observed loops that cooled
from 1.5 MK to less than 0.1 MK in about 15 minutes. The
fact that the loop analyzed here is bright in intensity and clearly
visible immediately before and after the flare means that it is
likely to be near the 171 A peak response temperature of 1
MK. Then the temperature drop of about 0.8 MK and cooling
time of 15 minutes (from the flare onset to the observed os-
cillatory phase) are both of the order of that observed by Schri-
jver (2001). There is also further direct observational evidence
to support our cool loop diagnosis since from 13:21 UT plasma
is seen sliding down the loop toward the footpoints with an
average speed of about 57 km s™', similar to the speeds of the
descending cool clumps observed by Schrijver (2001).

Comparing our current analysis with the previous inversion
technique employed by Andries et al. (2005b) and Van Doors-
selaere et al. (2007) that neglected the effect of loop expansion,
we now assume the magnetic field is constant (I' = 1). This
results in a density scale height of H = 15.00 Mm, which is
an overestimation by a factor of 1.96. To quantitatively compare
this with other possible effects, e.g., the line of sight error, we
assume the loop is vertical (§ = 0°). This actually gives a
smaller overestimation factor of 1.47 and strongly illustrates
the importance of measuring flux tube expansion.

Following Andries et al. (2005b), Van Doorsselaere et al.
(2007) used TRACE 171 A observations of kink oscillations
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to estimate the density scale heights of H = 68 Mm (T =
1.45 MK) and H = 30 Mm (T = 0.64 MK) for two neigh-
boring loops in the postflare arcade of 2001 April 15, 21:58
UT (the so-called “harmonica event”). Unfortunately, the time
series data for this event does not allow us to visually estimate
the loop expansions, since at most, they are only visible at
small apex sections (see Verwichte et al. 2004). Therefore, the
scale height estimates of Van Doorsselaere et al. (2007) can
only be taken as upper bounds. Interestingly, 171 A emission
measure analysis by Aschwanden & Terradas (2008) has shown
that most of the oscillating loops in this postflare arcade are
in a cooling phase. If we assume that I' is approximately the
same for the neighboring loops studied by Van Doorsselaere
et al. (2007) then the dissimilar diagnosed scale heights may
be due to them being at different stages of cooling.

5. SUMMARY AND CONCLUSIONS

Previously, MHD wave theory of the standing fast kink mode
allowed coronal loops to be modeled with arbitrary longitudinal
plasma density. Recently, a practical theoretical advancement
has been made, which as well as modeling a flux tube with
arbitrary longitudinal plasma density, also includes the impor-
tant effect of loop expansion. Theoretically, it has been shown
that using the measurement of frequency ratio w,/w, to estimate
the coronal plasma density scale height without taking account
of loop expansion causes the scale height to be overestimated.
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Implementing this recent MHD wave theory, in § 2 we have
presented an improved magnetoseismological method to de-
termine the coronal plasma density scale height, that corrects
for the important effects of loop expansion, shape, and incli-
nation. In the particular case study of § 3, it was demonstrated
that if the effect of loop expansion were to be neglected it
would cause a density scale height overestimation by a factor
of approximately 2. It was also revealed in our case study that
accurately estimating the loop’s expansion was as important as
determining other geometric properties such as loop inclination.

The method presented in this Letter offers an important re-
finement to previous magnetoseismological inversions to de-
termine the longitudinal density structure of coronal loops. Our
method also complements other novel magnetoseismological
approaches that have been proposed to determine the transverse
plasma structure of coronal loops by, e.g., Verwichte et al.
(2006) and Arregui et al. (2007).
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