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ABSTRACT

The recently observed rapid damping of coronal loop oscillations generated discussion regarding the physical
mechanism responsible for the damping, with the leakage into the chromosphere suggested as one of the possible
mechanisms. | study the leakage of Alfvevaves into the chromospheric footpoints of a coronal loop using the
nonlinear viscoresistive 1.5-dimensional MHD model. The waves were launched by an initial transverse velocity
profile in the loop. | find that the leakage time of long-wavelength transverse oscillations, such as the ones
observed recently by thEransition Region and Coronal Explorer (TRACE), is 5 times longer than the observed
damping time of the oscillations. For the loop recently observe@RACE, | conclude that the observed damping
of the long-wavelength oscillations is not due to leakage into the chromosphere. However, depending on particular
chromospheric and coronal properties, chromospheric leakage may be significant in some events of coronal loop
oscillations.

Subject headings: MHD — Sun: corona— Sun: magnetic fields — waves

1. INTRODUCTION mation valid for short wavelengths and applied the reflection
_ coefficient derived by Leer, Holzer, & Fla (1982) to Alive
Recently, Aschwanden et al. (1999) and Nakariakov et al. yayes in the solar wind. Berghmans & De Bruyne (1995)
(1999) observed coronal loop oscillations using the EUV tele- gyygdied the coronal loop oscillations driven by footpoint mo-
scope on board th&ransition Region and Coronal Explorer tions. They have estimated the energy confinement time of a
(TRACE) satellite (Handy et al. 1998). The oscillation were typical coronal loop to be 100 Alfwecrossing times of the
triggered by a flare in several loops on 1998 July 14 at about|gop |ength (i.e.~30 times longer than the dissipation time of
12:00 UT. Nakariakov et al. (1999) analyzed the decaying trans-tne TRACE loop).
versal oscillations of a long{30 + 6) x 10° m], thin [with To address the chromospheric leakage problem with fewer
a diameter of2.0 + 0.36) x 10> m], bright coronal loop in  approximations than required by linear theory, and to resolve
the Ferx 171 A emission line and found that the decay time the confusion in the literature, | solve numerically for the first
of the oscillations wad4.5+ 2.7 minutes for an oscillation  time the nonlinear 1.5-dimensional viscoresistive MHD model
with a frequency 08.90 + 0.13 mHz. Nakariakov etal. (1999) iy order to investigate the leakage of the Alfveaves through
estimated that the footpoint leakage is insignificant based onyne chromospheric footpoints of a model coronal loop. The
the work of Berghmans & De Bruyne (1995) and concluded model loop represents the loop observedTRACE (Nakar-
that the rapid oscillation damping is due to enhanced viscosity jakov et al. 1999) and includes the coronal, chromospheric, and
or resistivity in the coronal plasma. The enhanced dissipation photospheric sections. The solution is one-dimensional in

heating theories and address the main unresolved problem ofence, it is termed 1.5-dimensional MHD.

solar coronal physics. Recently, Aschwanden et al. (2002) have
documented transverse oscillations in 26 coronal loops in 17
events observed byRACE.

De Pontieu, Martens, & Hudson (2001) studied analytically
the leakage of Alfve waves through the chromospheric foot- Taking the loop to be along thedirection, | solve the nor-
points of a coronal loop. They concluded that the damping time malized viscoresistive nonlinear 1.5-dimensional MHD equa-
due to chromospheric leakage in a coronal loop observed bytions in Cartesian geometry with the usual notations for the
TRACE (Nakariakov et al. 1999) is 10-16 minutes. Thus, De variables
Pontieu et al. (2001) claim that the damping of the observed

2. THE 1.5-DIMENSIONAL MHD MODEL OF A CORONAL LOOP
WITH CHROMOSPHERIC FOOTPOINTS

coronal loop oscillations could be explained by the chromo- dp 9

spheric leakage of Alfuewaves. Unfortunately, | find that their ot + X (M) =0, 1)

calculations contain a computational error, which resulted in an y ;

underestimated leakage time discussed in § 3. De Pontieu et al. oV J _

(2001) included chromospheric damping due to ion-neutral col- p (at Ve X V) = (VxB)xB+F, (2)

lisions. However, they report no significant damping due to the )

ion-neutral collisions for long-period oscillations. 9B _ V x (VX B) + 14 B A3)
Previously, Leroy (1980) investigated the propagation of lin- at Sox? '

ear Alfven waves by solving analytically the linear wave equa-

tion in an exponential atmosphere and has derived the reflecwhere the operatoV x B = —y (9B,/ox) + z(dB,/0x) in 1.5

tance coefficient of the Alfue waves. Hollweg (1984) dimensions. The viscous force due to the compressive viscosity
investigated the transmission and the reflection of Alfwaves is F, = (4/3)y (0°\[/0x?). The compressive viscosity coeffi-
in a three-layer atmospheric model using the WKB approxi- cient was set toy = 10 ° , and the Lundquist numlige
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10° The values of the dissipation coefficients are small, and

they do not affect the calculated leakage time significantly. In 1.0000 ¢
the above equations, the thermal pressure is neglected com-
pared with the magnetic pressure (the z@rapproximation). 0-1000 4

Due to this approximation, the energy equation is uncoupled

from the above equations and is not needed to calculate the © o.o1oo% B

wave leakage. The zem-approximation is a good approxi- 0.0010 4 i

mation in the coronal part of the loop and not as good in the ' E

chromospheric and photospheric parts, wherel . However, 0.0001 L

since we are dealing with nearly incompressible and nearly y : ‘ ‘ ‘ ‘ '
0.0 02 04 06 08 1.0 1.2

linear perturbations, the leakage time is not affected signifi-
cantly by this approximation.

To represent the coronal and chromospheric parts of the loop,
| use the following one-dimensional atmospheric model based 2.5F
on the model used by Leroy (1980), Hollweg (1984), and De g
Pontieu et al. (2001). In the model, the chromosphere and the
photosphere are at both ends of the looxat O, L

>
No, 0<X<Xp L2ZX2L—Xg
nx) = {nge "M X, <x<X, L—=X;>X>L—X,,
n,e " Xy < X< L — Xy,
4 0.0 0.2 0.4 0.6 0.8 1.0 1.2
X
wheren, is the photospheric densit,, L—x,, are the lo-

cations of the photospheric boundary, and L + X, are the Fic. 1L.—lnitial state of the coronal loop. The normalized densitgpér
boundaries of the transition region in the loop. Thus, the thick- Panél) drops exponentially in the transition region fram= 1.0  at the pho-
. . ? ! tospheric boundary ta = 10 in the coronal part of the loop. The initial
ness of Fhe "ans'“‘?” region o= Xy — Xph_ , and the chro- V, perturbation lower panel) is a half-wave K = 0.5) in the coronal part of
mospheric scale height & The corresponding Alfue speed the loop. The velocity is in units 6f, = 10 km'§ , and the number density

is given by is in units of 18 cm 2.
Vaos 0<XZXpy L2X2L—Xy, waves is given by (e.g., Berghmans & De Bruyne 1995)
VA(X) = { Vo 2" X <X <Xy, L= Xpn>X2L — X,
d/2h _ L
VAoe 1 Xtr <X< L Xtry Td — , (7)
(5) | INR\,

where\,, = B,/ (4mp)"? is the photospheric Alfnespeed and whereR is the wave reflection coefficient ahg/Zh is the Alfve
B, is the background magnetic field in the loop. In the model, SPe€d in the coronal part of the loog (= €™ in our loop

| useh = 200 km, in agreement with the chromospheric model Model). When the Alfve speed jumps discontinuously from
of Vernazza, Avrett, & Loeser (1981). Since in the photosphere the_ photosphenc value_to the coronal value_, the reflection co-
\, = 10 km s* (De Pontieu et al. 2001) and in the corona efficient can be approximated by (e.g., Davila 1991)
Vi = V,e¥" = 1000 km s* (Nakariakov et al. 1999), the

chromospheric thickness &= 1842 km, in agreement with S

recent helium line observations (Muglach & Schmidt 2001). TV Ve

Thus, | set the photospheric upper boundary,at= 1000 km

and the transition-region upper boundaryxgt= 2842 KM To model theTRACE loop, | take\,, = 10 km s! )\, =
inside the loop. The loop length Is = 130,000 km (Nakar- 1000 km s*, L = 130,000 km, and | getR = 0.980 and

®)

iakov et al. 1999). S 7, = 65005, which is 7.5 times longer then the reported (Na-
The Alfvénic oscillations in the loop are initialized &t= kariakov et al. 1999) oscillation damping time of 870 s.
0 with Leroy (1980) investigated the propagation of the Aifve
) waves in an isothermal atmosphere by solving analytically the
V, = o sin (kx), (6) linear-wave equation in the exponential atmosphere and found

N ) that in the long-wavelength limit, the reflection coefficient is
wherek = 2kr/L, [, =L — 2x, is the length of the coronal  given by

part of the loop). For the fundamental mode, | have Used
0.5, and for the high-frequency mode, | have uded=5 . R~ tanh @/4h). ©)
The typical amplitude of the oscillations in the corona is 20
km s* <« \, = 1000km s, and the oscillations are nearly
linear. The initial density and the velocity profile are shown in
Figure 1.

It is interesting to note that for a givey, angd and an
exponential chromospheric model given by equation (5), equa-
tion (9) reduces to equation (8). This is due to the fact that
from equation (5), we haw#/4h = 0.5 In (/V,,) , which upon
substitution into equation (9) produces equation (8). Thus, in
The linear theory predicts that the leakage time of the Alfve the long-wavelength limit, and for agivaéfy, avd |, the Alive

3. MAIN RESULTS OF THE LINEAR THEORY
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Fi6. 2.—Temporal evolution of, a = 0.33 in the coronal loop. When a
finite-thickness chromospheré &€ 200  kmd,= 1842  km) is included, the
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leakage time is 4406 s. The exponential decay fit is shown with the dashed line. 0.5¢[
The time axis is in units of ¥0s, and the velocity is in units of 10 km’s L

o.OF————— - =
wave leakage time is independent of the thickness and the scale 3C b RN
height of the chromosphere. The long-wavelength limitis a ™ _5 5[ AN ]
good approximation since the observed coronal loop length is 5 \\
much larger than the chromospheric thickness and since the > 1ok \ B
wavelength of the observed oscillations is of the order of the T N
lgop length. Obviously, for short-wavelength oscillations 150 ‘ ‘ N - ===
(k> 1), this limit is not applicable. 0.000 0.010 0.020 0.030 0.040

De Pontieu et al. (2001) use the following expression for
the timescale of the leakage through the ends of the loop:

2L

(2-R -

RV, (10)

Ty =

where R, andR, are the reflection coefficients at the loop’s
footpoints. Unfortunately, the factor of 2 in the above equation
was omitted in equation (15) of De Pontieu et al. (2001). Also,
De Pontieu et al. (2001) have used the energy reflection co-
efficientR, = R? instead of the wave amplitude reflection co-
efficient R to estimate the leakage time of tA&ACE loop,
which resulted in the erroneously short leakage time in their
paper. Below, | provide the correct values. Using the energy
reflection coefficient in a sunspot &, .,, = 0.90 and in a
plage ofR, ... = 0.94, calculated by De Pontieu et al. (2001),
and the correct equation (10), | ggt= 3179 s, which is 4.4
times longer than the observed damping time of the loop
oscillations.

The energy reflection coefficient of Alfmewaves was ob-
tained by Leer et al. (1982) for Alfrewaves in the solar wind
(their egs. [44] and [46]) and used by Hollweg (1984) and De
Pontieu et al. (2001) in coronal loops. For solar parameters
R, can be approximated by

R.=1-2ra, (11)
where the value ot = 2hw/\, is small. In the modél,=
200 km, w = 27/256 = 0.0245 rad s*', and\, = 1000
km s*. Thus,o = 0.0098,R, = 0.938, andR, = R, =
R = R?® = 0.9685 and using equation (10), | get, =
4127 s. For short-wavelength Alfve waves, w = 0.245
rad s* andk = 0.62 ,and | ge, = 342 s. Equation (7), valid
for R= 1, produces similar leakage times. For arbitrary wave-
length, h, andd, equation (33) of De Pontieu et al. (2001) or

X

Fic. 3.—Spatial dependence & sofid line), V, (dash-dotted line), and
B/\n (dashed line) at t = 0.0939= 939 s withk = 0.5. The upper panel
shows the full length of the loop. The lower panel shows the details of the
variables in the transition region. Theaxis is in units of 10km, and they-
axis is in units of 10 km's' .

the numerical model, the leakage time is calculated from the
decrease of the wave amplitude in the loop as a function of time,
without the need to estimate the reflection coefficient (which
could be calculated from the numerically determined ). For this
purpose, | have solved equations (1)—(3), with the initial density
profile (eq. [4]) and velocity perturbation (eq. [6]), using the
fourth-order Runge-Kutta method for the temporal solution and
fourth-order derivatives in space. | have used 4096 grid points
to resolve the loop’s structure and to minimize the effects of
numerical dissipation. The boundary conditions were open at
both ends of the loop, allowing flows through the footpoints. In
the figures, the velocities are in units of 10 knt s , the time is
in units of 13 s, and the distance is in units of *1km.

When the Alfven speed jumps discontinuously from 10
km s* in the photosphere to 1000 km's in the corona, the
calculated leakage time of the Alfuewaves withk = 0.5 is
6453 s, in excellent agreement with the theoretical value pre-
dicted by equations (7) and (8). With a chromosphére=(
200km andd = 1842 km), the decay of the oscillations pro-
ceeded at a higher rate than in the previous case, and the leakage
time is7, = 4406 s. The temporal evolution ¥ in the coronal
part of the loop X = 0.33) for the initial velocity perturbation
(eq. [6]) is shown in Figure 2. The corresponding oscillation
frequency isw = 0.0245 rads . The exponential decay fit is
shown with the dashed line. This leakage time is in good agree-
ment with the value predicted by equation (10) usRg=
RY2? given by equation (11), and it is about 7% longer.

. In Figure 3, the spatial dependence\of\,, , @&dn  at
equation (65) of Leroy (1980) can be used to calcuRite t = 0_0%39: 939 s IF; shown? They, c\(?mponenﬁ})f the ve-
4. NUMERICAL RESULTS locity is produced by the nonlinear coupling of the Alfwerave
' to the fast wave. Note that the wavelength\of is half the

The linear analytical calculation of the leakage time is sensitive wavelength o, and, . However, since the amplitude of the
to the estimated theoretical value of the reflection coefficient. In wave is small (2%) compared with the coronal Alfvepeed,
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the nonlinearity does not affect the dynamics or the leakage(1999). | find that short-wavelength Alfaevaves will leak on

time significantly. The upper panel shows the full length of the

a much shorter timescale and that the nonlinear effects do not

loop. The lower panel shows the details of the variables in the affect the leakage time in the small-amplitude (compared with

transition region.

To investigate the temporal evolution of short-wavelength

Alfvén waves, | have initialized, witk = 5 . In this case, |

\4) coronal loop oscillations.
Although | conclude that the footpoint leakage in not im-
portant in the damping of oscillations in the particular loop

find that the leakage time is 397 s, in good agreement with theobserved byTRACE, | note that the leakage time depends on

value predicted by equation (10) usiRg= RY?

given by equa- several observed and assumed parameters. An increased or

tion (11). The numerical leakage time is about 16% longer than decreased chromospheric scale height will leaded to a faster or
the value based on linear theory. | find that the nonlinearly slower wave leakage, with fixed photospheric and coronal Alf-
producedV, is more significant in the short-wavelength oscil- vén speeds, and loop length. Similarly, the values of photo-
lations because of larger spatial gradients than in the long-spheric and coronal Alfue speeds, the loop length, and the
wavelength oscillations. However, the effect of the nonlinear wavelength can vary from one location to another in an active

\, on the leakage time is small.

5. DISCUSSION AND CONCLUSIONS

The recentTRACE observations of damped coronal loop

region and may be different in various active regions and in
various loops. These factors will affect the leakage time, and
the footpoint leakage may become more or less important in
some events of coronal loop oscillation.

The dynamic variations and shocks in the chromosphere

oscillations generated discussion regarding the possible dampwere not included in the model. These effects will result in

ing mechanism. Nakariakov et al. (1999) estimated the leakagesmall-scale variations and sharp gradient$4in

that will lead

to be nearly 2 orders of magnitude longer than the dampingto an even higher wave reflection and a lower wave leakage
time and concluded that the damping is due to enhanced vis-rate than the presently calculated rate. In the present 1.5-
cosity or resistivity in the solar corona. This conclusion has an dimensional MHD coronal loop model, the geometric diver-

important impact on coronal heating theories since the en-

hanced dissipation solves the difficulties with existing wave

gence of the magnetic field near the footpoints is not included.
This divergence can contribute further to the reflection of Alf-

heating or reconnection theories. Based on an erroneous calvén waves and increase the leakage time, even without a change
culation, De Pontieu et al. (2001) concluded that the dampingin the value of the Alfva speed. To account for the magnetic

is due to the leakage of Alfvewaves into the chromospheric

divergence requires multidimensional modeling of the coronal

footpoints of the loop and that dissipation is due to ion-neutral loop.

collisions in the chromosphere.

Using nonlinear viscoresistive 1.5-dimensional MHD equa-
tions, | model the leakage in tHERACE loop observed by Na-
kariakov et al. (1999). | find that the leakage time in this loop
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is 4406 s, which is 5 times longer than the observed dampingpart of this work was done while visiting the Department of
time. Based on this model, | conclude that the chromospheric Geophysics at Tel Aviv University. | would like to acknowledge
footpoint leakage cannot explain the observed rapid oscillation discussions with Markus Aschwanden, Bart De Pontieu, and

damping, in agreement with the conclusion of Nakariakov et al.
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