A&A 395, 669-675 (2002)
DOI: 10.1051/0004-6361:20021292
© ESO 2002

Age,tronomy
Astrophysics

Excitation and dissipation of torsional modes in solar
photospheric magnetic flux tubes

Q. Y. Luo, F. S. Wei, and X. S. Feng

Key Laboratory for Space Weather, CAS, POB 8701, Beijing 100080, PR China

Received 26 March 2002 /Accepted 4 July 2002

Abstract. The turbulent excitation of torsional Alfvén waves is presented on the basis of Lighthill-Stein theory. Due to the
special properties of torsional modes, we can apply the theory to the inhomogeneous magnetic flux tube embedded in the solar
photosphere, to evaluate the wave energy generated from the turbulent source in the convection zone. Torsional wave spectrum
distribution along the r coordinate is achieved. In order to estimate the net wave energy transported to the chromosphere, we
investigate the wave propagation and dissipation in the photospheric flux tube by simple phase mixing due to the inhomogeneity.
Results for several cases with different model parameters are compared. Conclusions are drawn on the significant role of the
energy carried by torsional Alfvén waves in the chromospheric and coronal heating, and the wave spectrum may be helpful in
understanding the problem of footpoint azimuthal motion of coronal loops.
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1. Introduction

Magnetic flux tubes are ubiquitous in space and in solar
plasma, from small-scale structures like supergranulation, net-
works, coronal loops, and sunspots, to large-scale structures
like prominences and coronal holes, all of which can be ana-
lyzed as tube topology. With more observations available from
spacecrafts such as SOHO, TRACE, and ground stations, we
get more data to understand the importance of magnetic flux
tubes in the activities of the sun, e.g., explosive and transient
phenomena. Hence, magnetic flux tubes are an essential sub-
ject in current space and solar physics. The dynamic motion
of magnetic flux tubes was investigated in the convection zone
and chromosphere in the classic paper by Spruit (1981), and
the tube wave modes were discussed in Spruit (1982). More
recently, Roberts & Ulmschneider (1997) reviewed extensively
the research on the various dynamical processes and wave ef-
fects in magnetic flux tubes.

The mechanism of coronal heating has been an open ques-
tion for many years, and the particular effects of magnetohydro-
dynamic (MHD) waves in the magnetic flux tubes are believed
to play roles here. Many efforts have been made (De Groof
et al. 2002; Sakai et al. 2000; Berghmans & De Bruyne 1995;
Berghmans & Tirry 1997). The original work on the wave
generation from turbulence, which concerns us most, was by
Lighthill (1952), in which he studied the excitation of acous-
tic waves from fluid turbulence. Stein (1967) developed this
wave excitation theory, and applied it to MHD wave genera-
tion. Furthermore, Collins (1989a,b, 1992) explored the gen-
eral property of flux tube wave modes in the case of the
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period velocity field. Lighthill-Stein theory was also extended
by Musielak et al. (1989), and his results highlighted the en-
hancement of MHD wave generation in magnetic flux tubes.
More applications of the turbulent excitation theory had been
applied to research on sunspots (Lee 1993), late-type dwarfs
and subgiants (Musielak et al. 2000).

In the AC heating mechanism of chromosphere and corona,
Alfvén waves are the most hopeful candidates to carry energy
from the convection zone to the upper atmosphere. Therefore,
Alfvén waves are the key element in the problem of MHD wave
propagation in the solar atmosphere (Hollweg 1991). The dis-
sipation mechanism of these waves have also been studied with
many theories such as resonance absorption, shock dissipation,
turbulent dissipation, nonlinear evolution, etc. After being first
proposed by Heyvaerts & Priest (1983), phase mixing was ac-
cepted as one of the most important dissipation mechanisms of
Alfvén waves, and was applied to explain the heating of coronal
and solar winds. Ruderman et al. (1999) investigated the phase
mixing effect in the two dimensionally axisymmetric magnetic
flux tube with steady flow, and provided a possible description
of the wave energy supply. More research is reviewed in Narain
& Ulmschneider (1990, 1996).

In this paper, we first explore the problem of incompress-
ible linear torsional Alfvén waves generated in the inhomoge-
neous magnetic flux tube, where the wave source is the tur-
bulent motion located in the convection zone. To tackle the
problem, we describe the whole flux tube as being divided
into a bunch of “elementary tubes” (see Sect. 2), where the
plasma is uniform. In the process of wave excitation, the in-
terference among the waves in different elementary tubes can
be ignored under the assumption of a strong turbulent source
model and the 6 independence of the torsional mode. Then we
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can obtain the torsional wave energy flux in the elementary tube
using Lighthill-Stein theory, and the waves are generated from
the local turbulent source by the resonance excitation (unlike
the work of Musielak, who studied the longitudinal and trans-
verse modes). Due to the lack of knowledge about turbulence
features in the convection zone, similar to previous work, the
Kolmogorov turbulent spectrum is taken as the description of
our source model. To estimate the net wave energy flux that can
transfer through the photosphere, we evaluate the wave energy
dissipation by taking account of the simple phase mixing effect.
Finally, the magnitude of the torsional wave energy, which is
available in the heating of chromosphere and corona, is given
in our results.

In the next section, we give a brief introduction to the wave
modes in magnetic flux tubes, and describe the inhomoge-
neous tube model in detail. In Sect. 3, we analyze the torsional
Alfvén wave energy flux in the local elementary flux tube. Then
in Sect. 4, to estimate the dissipation of the torsional waves,
we employ the Heyvaerts and Priest result about phase mix-
ing. Section 5 presents our results and relevant discussion and
Sect. 6 our conclusions.

2. Torsional modes in magnetic flux tubes

The basic modes of oscillation in magnetic flux tubes are de-
termined by the property of the tube magnetic configuration.
In terms of the geometrical topology, we distinguish them into
sausage modes, kink modes, and fluting modes; in terms of the
fluctuation pattern, they may be longitudinal modes, transverse
modes, and torsional modes. For more details, see Roberts &
Ulmschneider (1997).

Based on the Lighthill-Stein theory, the MHD wave energy
flux generated from turbulent motion was studied for differ-
ent modes: longitudinal modes in Musielak et al. (1989, 1995),
transverse modes in Musielak & Ulmschneider (2001). Here,
what we are concerned with is the dynamical process of ex-
citation and dissipation of the linear incompressible torsional
Alfvén mode in flux tubes.

We consider an individual untwisted magnetic flux tube,
vertically oriented, with a circular section and initial internal
axial magnetic field By (= By(r)e;), and in equilibrium with
the surrounding medium. The magnetic field By(r) in the tube
declines with radial coordinate r according to

Bo(r) = Boe™ "/, (1)

where Ry is the radius of the tube, By the initial magnetic field
at tube center, and « the radial declining coefficient of the
magnetic field. It is remarkable that the radial declining co-
efficient « is a description of the magnetic inhomogeneity, as
well as a description of the tube edge definition. The equilib-
rium condition can be easily expressed as a horizontal pressure
balance,

BX(r)
2up

+ po(r) = pe, 2

where pg and p. are the fluid pressures inside and outside the
flux tube, respectively.
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Fig. 1. The elementary tube, as showed with the shaded area. Ry is
the radius of the inhomogeneous magnetic flux tube, B the magnetic
field declining with increasing radial coordinate, and Vj the velocity
perturbation.

In our problem, we neglect the solar atmosphere stratifica-
tion due to gravitational force, and concentrate on the dynam-
ical process of torsional modes, which is not so realistic but
simplifies the problem considerably.

During the derivation of wave excitation, we assume that
the resistivity and viscosity of the magnetofluid can be ig-
nored on small spatial scales. Also, similar to the procedure
of Nakariakov et al. (1997) but in cylindrical coordinates, the
MHD equations of the 6 component for the inhomogeneous
flux tube are obtained,

0 1 0 0 1 0

—vo——B, —By = —  — —B~_B, 3
P00 o o(V)(9Z 0 Povgazva'*‘,uo 5 3)
0 0 d
2 By~ Bo(r)—vs = —(B.vg — v.By). 4
55 O(V)azva c’)z( g — U;Bg) “4)

In the above expressions, py is the hydromagnetic density, By(r)
the initial local magnetic field, and the variables with sub-
script 6, z represent the field perturbations in their respective di-
rections. The nonlinear terms on the right hand sides are treated
subsequently as turbulent sources. In deriving the set of equa-
tions above, we have made use of the axisymmetry assumption,
0/00 = 0; and to simplify the problem, the # component is sup-
posed to be dominant in the transverse turbulent source terms.
Next, we will employ the MHD Egs. (3), (4) in the local
dynamical wave excitation. As showed in Fig. 1, an elemen-
tary portion can be separated from the inhomogeneous mag-
netic flux tube, and the variation of field parameters in this zone
can be neglected. Here we decouple the torsional Alfvén wave
from the magnetosonic waves by the constraint k&, = 0. And
obviously, if we apply Eqs. (3), (4) to the local elementary por-
tion, shown by the shaded area in Fig. 1, the § component of
perturbation can be replaced by the transverse x component in
the “elementary tube”, as defined in this paper. In other words,
the torsional modes in the whole magnetic flux tube can be
considered as the sum of local waves generated from the local
turbulence source. Furthermore, as the premise of the Lighthill-
Stein theory, the strong turbulence pressure is assumed to
be overwhelming in the nonlinear terms (see Musielak et al.
1995), i.e., the right hand sides of Egs. (3), (4). In this sense, we
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can omit the effect from the interference of the waves among
different elementary tubes during the process of wave excita-
tion. Therefore, with these descriptions above, we assume that
the efficiency of wave excitation can only be directly deter-
mined by the local hydromagnetic parameters and the turbu-
lence strength. In what follows, we shall derive the generation
of torsional Alfvén waves in an individual elementary tube first.

3. Local turbulent excitation of torsional Alfvén
waves

In this section, we deduce the energy flux of torsional Alfvén
waves generated from the local turbulent source.

3.1. Wave equation and wave energy flux

From the discussion in Sect. 2, if the 8 components of pertur-
bations in Egs. (3), (4) are replaced by the x components in the
elementary tube, we get the wave equation

& & a\ &
ﬁvx_cia_zzvx =CA (8_Z) (uch,—uzho)— % (uzux—hyhy), (5)

with local Alfvén velocity c, defined as

ca = Bo(r)/ Vropo- (6)

Here, u is the fluid turbulent velocity and & the turbulent Alfvén
velocity, which is related to magnetic field perturbation b by

h = b/ \uopo. O

During the derivation above, we assume that the turbulent field
takes the primary role in the wave generation process, and in
comparison, the interference effect on the generation of waves
can be ignored as discussed earlier. We can consider mainly the
turbulent excitation, and the Reynold stress (including the mag-
netic Reynold stress) is the unique source of wave generation.
Thus, nonlinear terms on the right hand side of wave equation
(Eq. (5)) can be treated as the turbulent terms, which is also the
key point of the Lighthill-Stein theory.

The expression of wave energy flux in the elementary tube
can be derived from the general definition of MHD energy flux,

B
F(z,0) = ——By(z, .z, 1), (8)
Ho
with
-1
Hopo [ O 0
B.=——|=| (5]~
*~ "B, (az) (az)” ©)

3.2. Fourier transformation

In the local elementary tube, we can Fourier-transform Eq. (5)
into the (k;, w) space (hereafter, we explicitly drop the sub-
script z in k),

0.k ) = S alk, w)

= 2Aamd 10
kzci_wz ( )
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with the source term S 5,

1
20 f f dzdr

X(K2ea (uchy—usho)+ ke (uzie—hehy)) €450 (1)

Salk,w) =

After using inverse Fourier-transformations, we substitute
Egs. (9)-(11) into Eq. (8), and take the average with respect
to time to obtain

—po < U} 2_1 9 vy >
pO xaz at z 7t

2
oo lim X ff K dk f dw
ty—>00 [0

Xe—i(k—k/)(f) SAK,0) Salk,w)
k) k23 — w? k3 — w?

< F(Z9 t) >t

12)

Integrating the energy flux expression by the residual theorem,
we get the following monochromatic wave energy flux,

2np0 1 7 w

— S ako, W),

0
—F ,t =<F N > = R
(2,0 (z,w) T

£ (13)

where kg = w/ca.

During the above process of resonance excitation, we ne-
glected the wave propagating antiparallel to the z direction.
Then, we have the energy flux in Eq. (13), except for the
expression of the source term, which is given in the next
subsection.

3.3. Source term

Similar to Stein (1967), we take time and space average of
the turbulent correlation terms, and substitute the arguments
in Eq. (11) with
r=z-7,t=t-rt. (14)
Then, we have the source term in Eq. (13),

IS a(ko, w)I?

1 . N ,
— d d /dtdtl la)(t—t )—lko(Z—Z)
@0 ﬂU e

X (kéci (< VU, > + < vulhh, >)

2, 2 ’ ’ ’ ’
+kZw (< VU0, >+ < hhlhih >))
4

= (ZkTO)zzOto ﬂ drdrem o
X ((kgci (< V20, DV (20 +7, t47) ><hy(20, DR, (20 +7, 1+7) >
+ <0,(20, DV, (20 +7, 1+7T) ><hy (20, 1) W (2o +7, 1+7) >)
+kw? (< vy (20, )V, (20 +7, 1+7) ><v, (20, ) V. (20 + 1, 1+T) >
+ < hy(zo, DR(zo+1, 1+7) ><hy (20, 1) W (zo+1,1+7) >)) (15)

where we suppose there are no correlations between longitudi-
nal and transverse turbulence, and the fourth order correlation
can be reduced to the product of two second order correlations,

<abualb,>=<a.a,>< b, > - (16)
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Thus we may rewrite

1S alko, @) = Eiiﬁzom\[]qdkda/
X (kéw (uHul + hzhz) +kger (ulh2 + u2h2 ))
X (ko = k', w — WL (K, o), (I7)
with
Y = éEuA(k, w)
v, = éElA(k, w). (18)

Here u and k) are the parallel fluid turbulent velocity and
parallel Alfvén turbulent velocity; u, and h, are the respec-
tive transverse turbulent velocities. All the turbulent velocities
are constant here for the elementary tube, but in the whole
inhomogeneous tube, it can be adjusted according to the tur-
bulence model. Note that, owing to the deficiency of knowl-
edge on the turbulence feature of convection zone, we prefer
to adopt the uniform turbulence model in the whole tube fol-
lowing the previous works. The shortcoming of the applica-
tion of such a simple turbulence model is compensated by the
strong turbulence assumption, where the turbulence strength of
magnetofluid should not change greatly depending on the inho-
mogeneous magnetic field. Moreover, since the acoustic speed
and the Alfvén speed are of the same order in our problem, the
efficiency of energy exchange between turbulence cells is not
determined mainly by the inhomogeneous magnetic field. The
modification of the turbulence model is expected in a further
work.

Thus, from our knowledge about the turbulence power
spectrum, which here satisfies the well-known Kolmogorov
spectrum, we can describe the one dimensional longitudinal
and transverse turbulence spectra in Eq. (18) as

(L)5B (k> ko)
| 5k ‘Ko
“‘{;——1W>w<m> 1
| 56 )P (k2 ko)
&‘{<51W>w<m (20)

with kg = 2x/H, where the turbulent spectra turn into the in-
ertial range, and H is the height of the turbulent cell. The fre-
quency factor A is defined as

()

3.4. Monochromatic wave energy flux

4 ?

Vr |k

e (W/hu? Q1)

With these expressions about the turbulent source term in
Sect. 3.3, we can get the final expression of monochromatic
wave energy flux from Eq. (13) as

2

0woz

2

Tw
<F(z,0) > = L (”ﬁhi + hiju’, + uju’ + hzhz)

A

3
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where
gk, k', w) = f do'Ak—k,w-)AK, W)
16 1 o0
_ o 1 d 2 24V
7 |kiurkous|? Ioo wilwy /9
2)? - w/2)?
Xexp(_(wn +w/2) (W w/z) ) 23)
(k1ug, ) (kautg,)
withky = k" and k, = k- k’.

Then, we get the wave energy flux spectrum in the local el-
ementary tube. Nevertheless, as mentioned above, not the total
wave energy flux generated from the turbulence motion in the
convection zone can propagate through the photosphere. If we
want to estimate the torsional wave energy available in the heat-
ing of chromosphere and corona, we have to take the effect of
phase mixing into account, which is the dominant dissipation
mechanism of the torsional mode in our problem.

4. Phase mixing effect in the magnetic flux tube

Propagation of MHD waves in the magnetofluid may produce
some particular instabilities and dissipation owing to the inho-
mogeneity. Phase mixing is a kind of wave refraction in nature.
When the phase velocity of the Alfvén wave depends on the
spatial coordinates in the directions perpendicular to equilib-
rium magnetic field, large gradients of the wave amplitude in
the perpendicular directions may be built up. As a consequence,
it strongly increases the dissipation of Alfvén wave energy.

The phase mixing effect is a particular property of torsional
Alfvén waves, and here we directly cite the result of phase mix-
ing for propagating waves in Heyvaerts & Priest (1983) with
only a slight modification.

The parameters involved are:
Damping Length

_ A 1/3
Hdam = 2 (6Rlot) 5 (24)
T

where, according to the definition of Heyvaerts and Priest,

wa*(x) _
R = . a(x) = (dInk/d) ! (25)
with viscosity coefficient
1/2
- (6.858 103)( )
103K
10° Y’ p 2 -1
X -, 26
(B Gauss) (10‘6 g cm‘3) s (26)
and magnetic diffusion coefficient
, -3/2
v = (316 10 )(1031() m? s, @7

From these formulas above, and assuming the damping length
to be the length of the magnetic flux tube, we may deduce the
corresponding phase mixing damping frequency,

3/2 1/2
ca(x) 6a*(x)
wq = _—
Hyam Vy + Vm

(28)
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Obviously from Eq. (28), only those torsional Alfvén waves
with lower frequencies than the phase mixing damping fre-
quency wqy can reach the upper solar atmosphere through mag-
netic flux tube. This part of the wave energy constitutes the net
wave energy flux available in the heating of the chromosphere
and corona.

Finally, we can integrate Eq. (22) with respect to w over the
frequency region lower than wqy to obtain the net wave energy
flux, which is transferred up into chromosphere. In the same
way, if we integrate it over the frequency region higher than wyq,
we then get the torsional Alfvén wave energy dissipated in the
photosphere. The result of our evaluation is presented in the
next section.

5. Results of some cases

5.1. Model parameters of flux tube and convection
zone

To evaluate the quantitative results of energy flux and the phase
mixing effect, we give the necessary model parameters first.
During the calculation, the integration of Eq. (22) with source
depth is simplified to a factor z. We choose this value with
the same order as the pressure scale height, here ~2H,, and
suppose the deeper sources (>2H,) with larger turbulent scale
length are negligible in our problem. In our model, the mix-
ing length coeflicient is @’ = H/H, ~ 1 (see Musielak &
Ulmschneider 2001), and the pressure scale height is H, ~
150 km. We choose the length of the magnetic flux tube as
500 km, which is the magnitude of the height of the pho-
tosphere, to estimate the possible energy carried by torsional
waves up to the chromosphere after phase mixing.

The solar observation shows that there exists the horizon-
tal velocity, ~3 km s™! at the surface of photosphere (Muller
1994), and even faster motion interacting with the magnetic
flux tubes, which all can be sources to excite MHD waves. The
rms values of these velocities are the turbulent velocities in our
problem. Huang et al. (1995) suggested a rational range of tur-
bulent velocity as 1 ~ 2 km s™!. We choose ~1.5 km s~! in our
estimation.

For comparison, we take some parameters similar to those
of Musielak. The flux tube temperature ~5770 K, external pres-
sure p. ~ 1.17 x 10° dyn/cm?, and magnetic field at the tube
center By ~ 1500 Gauss, all of which are general magnitudes
for photospheric magnetic flux tubes. Using them in the for-
mulas in previous sections, such as Eqgs. (22) and (28), we can
evaluate the results of wave energy flux and dissipation of tor-
sional Alfvén waves.

5.2. Energy flux spectrum

Using Eq. (22) and the model parameters given in Sect. 5.1,
we can obtain the torsional Alfvén wave energy flux spectrum
given in Fig. 2 (where { = r/Ry), which shows that the energy
flux density increases with radial coordinate r in the same tube.
For example, the maximum of the wave energy flux increases
from 4.46 erg cm ™2 s Hz to 2.32 x 10* erg cm™2 s Hz, while the
respective ¥ moves from the tube center to 400 km (£ = 0.8).
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Fig. 2. Wave energy flux spectra in different r, denoted by { = r/Ry
with the magnetic radial decline coefficient @ = 2 and radius Ry =
500 km. The wave energy flux is the total torsional Alfvén wave en-
ergy flux generated from turbulent source.

Another aspect is that the profile of the spectrum tends
to move towards the lower frequency direction when r in-
creases. From Fig. 2, when ( increases from O to 0.8, the
corresponding frequency, where the energy flux approaches
its maximum, changes slightly from wp. = 7.08 x1072 Hz
to 5.62 x10~2 Hz. However, the respective phase mixing damp-
ing frequency wy, given by Eq. (28), decreases rapidly. When ¢
is 0, 0.4, and 0.8, the wyq is 41.32, 3.64, and 0.43, respectively.
Therefore, the strength of phase mixing at the exterior is much
stronger than that at the interior of the flux tube.

5.3. The net energy flux and comparison to previous
work

The problem of how the fluid motion energy, carried by
MHD waves from the convection zone, propagates through
magnetic flux tubes up into the upper solar atmosphere has at-
tracted solar physicists for many years. Musielak et al. (1989)
investigated the interaction between thin magnetic flux tubes
and the ambient turbulent medium, and worked out the longitu-
dinal wave energy flux of about the order of ~107 ergcm™2 s,
Applying the Lighthill-Stein theory in the sunspot model, Lee
(1993) evaluated the longitudinal and Alfvén wave energy flux
to be about ~10% erg cm™ s7!. A larger energy flux given
in Muller (1994) is about ~10'* erg cm™2 s, but the differ-
ence may come from the different initial conditions. Based on
the Spruit (1981) magnetic flux tube equations, Musielak &
Ulmschneider (2001) estimated the transverse modes energy
flux to be about the order of ~10% erg cm™ s~!. Progress
was also made by numerical simulations, such as ny Huang
et al. (1995), which simulated the nonlinear wave excitation
response to the transverse perturbation at different heights
relative to the magnetic flux tubes in the solar atmosphere,
and obtained an energy flux density to be about the order
of ~10° ergcm™2 571,

Unlike these works mentioned above, our emphasis here
is on the torsional modes generated from an inhomogeneous
magnetic flux tube, and for a tuge Rp = 500 km, we gain the
average net energy flux density E:

1. whena = 1,E ~2.31x 107 ergem™2 s71;
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Fig. 3. Radial distribution of wave energy flux density in flux tubes
with different radii, when @ = 2. For Ry = 125 km, the energy flux
density decreases near the edge of tube, due to the stronger enhance-
ment of the phase mixing effect, which is far beyond the increase wave
energy excitation.
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Fig. 4. Radial distribution of wave energy flux density with different «,
when radius Ry = 500 km. For the stronger inhomogeneous magnetic
field where @ = 3, the energy flux density fades greatly owing to the
stronger effects of phase mixing.

2. whena = 2,E~ 496x 108 ergcm™?s7!;
3. whena =3,E ~7.41x 108 ergcm™2 57!,

where we estimate three tube models with different «, the ra-
dial decline coefficient of the magnetic field, which is partially
due to the uncertainty of the inhomogeneity. The results above
show that the torsional modes carry enough energy up to the
chromosphere, so they play an important role in the processes
of energy transfer from the convection zone to the upper solar
atmosphere, and is a likely cause of the heating of the chromo-
sphere and corona.

Figures 3 and 4 show that the exterior region of the tube,
where r/Ry > 0.5, contributes largely to the total wave energy
flux. The wave energy flux density increases rapidly with in-
creasing coordinate r, which is due to the relaxation of strong
magnetic field confinement in the tube center. It is similar to the
stiffness effect on the flux tube wave excitation (see Musielak
& Ulmschneider 2001).

As mentioned above, we neglect the stratification effect of
the solar atmosphere, which will add a cutoff frequency into
the wave equations (see Lee 1993), weuot = ca/2H, ~ 1072.

Q. Y. Luo et al.: Excitation and dissipation of torsional tube waves

10' -

W

S
T

)

Dissipation (erg/cm3 /s)
=
T

AN

<" R =2000km

L 1 1 1
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
¢=r/R,

Fig. 5. Radial distribution of wave energy dissipation from phase mix-
ing to different radii, Ry = 125 km, 500 km, and 2000 km, when & = 2.
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Fig. 6. Radial distribution of wave energy dissipation from phase mix-
ing to different magnetic radial decline coefficient @, when radius
Ry =500 km.

The MHD waves with frequencies lower than wcyof can never
transfer energy up to the chromosphere. Thus, the cutoff fre-
quency may block the transfer of a part of the energy, which
should be included in further research. Moreover, we note that
the energy fluxes given here are the net wave energy fluxes,
and those parts of energy dissipated by phase mixing are given
below.

5.4. Dissipation of phase mixing

As a special property of torsional Alfvén waves, phase mixing
should be taken into account when describing their propagation
through an inhomogeneous magnetic flux tube. Here, we eval-
uate only the simple phase mixing effect, and obtain its heating
efficiency for the flux tube.

For the flux tube with a magnetic radial decline coefficient
a = 2, the average phase mixing dissipation Bp is:

1. when Ry = 125 km, Bp =9.44x107 ergcm ™2 s7!;
2. when Ry = 500 km, D, = 1.64x107 erg cm ™2 s7';
3. when Ry = 2000 km, D, = 1.49x10% erg cm 2 5"

Consistent with exterior enhancement of phase mixing as de-
scribed in Sect. 6.2, Figs. 5 and 6 show also the similar
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edge-enhancing effect of phase mixing (see Roberts 1992).
However, no corresponding bright rings were observed around
thin flux tubes or sunspots, which can be explained with the
deformation of the tube edge owing to the interaction with
the surrounding medium, so that simple phase mixing fails for
the more complicated coupling modes (Parker 1991). In such
cases, the wave dissipation can be explored through other kinds
of functions, e.g., resonance absorption (Lee & Roberts 1986),
but they are beyond our study here.

From the results given above, we find strong dependence of
phase mixing on @, which show the inhomogeneity of the tube.
Comparing Fig. 4 with Fig. 6, when @ = 1, phase mixing can
be ignored; but when o = 3, for a tube with Ry = 500 km, the
energy dissipation of phase mixing is overwhelming, and drags
the net wave energy flux down fast when ¢ > 0.7.

According to our results, thin flux tubes (here, Ry =
125 km) are affected more strongly by phase mixing, which can
even deplete the wave energy of torsional modes. In the tubes
with the same magnetic radial decline coefficient @ = 2, e. g.,
for a flux tube with Ry = 2000 km, the dissipation is only about
1% of the total wave energy generated from a turbulent source,
while this value is about 14% for a tube with Ry = 500 km,
and greater than 70% for a tube with Ry = 125 km. But just
like the consideration before, thin magnetic flux tubes are more
prone to be distorted under external disturbance, so that its tor-
sional modes couple with other modes, and the strong heat-
ing effect perhaps deviates the magnetofluid parameters greatly
from their initial value in our models. Therefore, more careful
consideration is necessary for this problem.

6. Conclusion and discussion

In summary, the results and main points of our work are listed
as follows:

1. In this paper, we apply the Lighthill-Stein theory to the in-
homogeneous magnetic flux tube, and find a significant role
for the torsional mode in the energy transfer from convec-
tion zone to chromosphere.

2. In weak inhomogeneous magnetic flux tubes, where a =
1, the torsional wave energy flux is of the order of
10° erg cm™2 s~!, which can meet the energy necessary to
the quiet chromospheric and coronal heating.

3. As for moderate inhomogeneous tubes, where @ = 2, the
energy flux of torsional modes increases to the order of
10® erg cm™2 s7!, which is enough to supply the heating
of active regions.

4. The phase mixing dissipation in strong inhomogeneous
tubes @ = 3 can be a possible mechanism to heat the so-
lar atmosphere, which can use most of the wave energy in
the tube.

5. We find that the energy flux increases with the coordinate r,
which is codetermined by the strength of wave generation
and inhomogeneous dissipation. This result is instructive
when studying the footpoint motion of the coronal loop.

We explore local turbulence excitation in the magnetic flux tube
during torsional Alfvén wave generation. But the excitation of
other modes, such as longitudinal and transverse modes, make
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the relevant formulae of inhomogeneous plasma more perplex-
ing, and the interaction between the magnetic flux tube and
the surrounding medium is another promising energy source.
When we consider those more reliable wave modes k. # 0,
the coupling with fast waves should be taken into account
(De Groof & Goossens 2002). Furthermore, the additional in-
stabilities and the nonlinear effect (Ulmschneider & Musielak
1998; Lundberg 1994), arising from the inhomogeneity, will
complicate the process of wave propagation, too, and therefore,
many more studies are necessary to understand the problem of
nonuniform hydromagnetic parameters.
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