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Abstract. The nonlinear time-dependent response to purely
transverse shaking of a thin vertical magnetic flux tube em-
bedded in the solar atmosphere is investigated numerically. The
shaking is imposed on the tube at different heights in the solar at-
mosphere and the resulting magnetic wave energy fluxes are cal-
culated for the observationally established range of velocity am-
plitudes and tube magnetic fields. The obtained results clearly
demonstrate that typical wave energy fluxes carried by nonlinear
transverse tube waves are of the order of 10° erg/cm?s. This,
in contrast to previous analytical studies, seems to indicate that
there is enough wave energy to account for the enhanced heating
observed in the chromospheric network, and that magnetic tube
waves may also play some role in the heating of other regions
of the solar atmosphere.
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1. Introduction

The generation of different types of magnetohydrodynamic
(MHD) waves in the solar atmosphere has been studied primar-
ily by using analytical methods based on the theory of sound
generation by Lighthill (1952). Kulsrud (1955) and Osterbrock
(1961) extended this theory by including magnetic field effects,
and Musielak & Rosner (1987) improved it by accommodating
the presence of stratification and an embedded uniform mag-
netic field in the wave generation region (see also Rosner &
Musielak 1989). More recently, Collins (1989a, 1989b, 1992)
has modified this theory of wave generation to explore the ex-
citation of MHD waves by periodic velocity fields in diverging
magnetic flux tubes. The common feature of these studies is
that they look at the magnetic field in a non-local way to get
mean generated wave fluxes. Further advances occurred when
the detailed local field geometry was considered.

It has been known for a number of years that the distribu-
tion of magnetic fields on the solar surface is highly inhomoge-
neous and that magnetic inhomogeneities outside sunspots form

flux tube structures (e.g., Stenflo 1978; Zwaan 1978). Individ-
ual magnetic flux tubes are regions of intense magnetic fields
that rapidly diverge in the solar chromosphere. It has been sug-
gested that these tubes may become “windows” through which
the wave energy generated in the solar convection zone is car-
ried by various types of waves (longitudinal, transverse and
torsional - see Spruit 1982) to the overlying chromosphere and
corona (e.g., Spruit & Roberts 1983).

This has motivated Musielak et al. (1989) to investigate the
interaction between turbulent motions in the solar convection
zone and thin magnetic flux tubes. To separate longitudinal and
transverse magnetic tube waves, they have considered only ver-
tically oriented magnetic flux tubes and restricted their approach
to the linear regime. The obtained results indicate that the wave
energy flux carried by longitudinal tube waves along a single
magnetic flux tube can be of the order of 107 erg/cm?s or less,
which seems to be too little to account for the observed en-
hanced heating in the chromospheric network. In recent work
by Musielak et al. (1994a), it has been shown that the flux can
be considerably higher if a more refined treatment of generation
of longitudinal tube waves is considered. In a similar treatment
for transverse tube waves, Musielak et al. (1994b) have shown
that the wave energy flux carried by these waves can be of the
order of 108 erg/cm?s. Finally as an investigation based on the
Lighthill theory and concentrating on the local field geometry
the work of Lee (1993) should be mentioned who studies the
generation of MHD waves inside sunspot magnetic fields.

There are also methods of MHD wave generation which are
not based on the Lighthill approach. These methods apply veloc-
ity fluctuations of an observed magnitude to detailed magnetic
flux tube models. Such an approach has recently been taken by
Choudhuri et al. (1993a) as well as by Choudhuri et al. (1993b)
who have investigated the generation of magnetic kink waves by
rapid foot point motions of the magnetic flux tube. They argue
that occasional rapid motions can account for the entire energy
flux needed to heat the quiet corona. They find that pulses are
much more efficient than continuous excitation to get wave en-
ergy into the corona and that the energy flux from pulses actually
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increases when there is a transition layer temperature jump in
the atmosphere.

The basis for such an approach was prompted by recent
observations of the proper motions of footpoints of magnetic
flux tubes at the photospheric level (Muller 1989; Muller et al.
1994). These observations clearly show that horizontal veloci-
ties as large as 3 km/ s occur in the solar photosphere. Velocities
of this magnitude and larger have also been reported by Title
(1994, private communication). These authors also recognized
that the interaction between the large velocity motions and mag-
netic flux tubes may become an efficient source of magnetic tube
waves which can propagate along the tubes and carry energy to
the chromosphere and corona. A rough estimate of the generated
wave energy fluxes by Muller et al. (1994) clearly demonstrates
that the amount of wave energy available for heating is sufficient
to sustain the mean level of the observed radiative losses from
both the solar chromosphere and corona.

These observations of large velocity fluctuations affecting
foot points of magnetic flux tubes are also found to be in good
agreement with recent theoretical advances. Time-dependent
numerical simulations of the solar convection zone performed
by several different groups (e.g., Nordlund & Dravins 1990;
Nordlund & Stein 1991; Cattaneo et al. 1991; Steffen 1993)
all suggest the presence of motions with horizontal velocities
larger than 2 km /s near the top of the solar convection zone. In
these numerical simulations, the presence of horizontally prop-
agating shocks near the top of the solar convection zone has
been detected (Cattaneo et al. 1991; Steffen 1993; Steffen et al.
1994).

Thus in principle the approach to compute the MHD wave
energy generation from known velocity fluctuations is very
promising. Unfortunately at the present time the exact mag-
nitude and time-dependence of these fluctuations are not well
known. This is particularly true for the frequency of the sud-
den large foot point displacements. Another shortcoming in all
the above mentioned methods of wave generation is that ana-
Iytical methods were used which only treat the production of
linear waves. The results obtained must therefore be taken only
as lower bounds for realistic wave energy fluxes that may be
carried by magnetic tube waves (as well as by MHD waves) to
the upper layers of the solar atmosphere.

The main goal of this paper is twofold. First we want to cal-
culate the wave energy fluxes carried by transverse tube waves
in a nonlinear regime and second we try to take into account
the continuous excitation of the flux tube by the turbulent flow
field of the convection zone. To represent this turbulence real-
istically we specify the rms velocity amplitude and employ an
extended Kolmogorov spectrum with a modified Gaussian fre-
quency factor which presently is the best guess for the largely
unresolved velocity fluctuations (Musielak et al. 1994c¢). This
approach has the advantage of incorporating important features
of both the Lighthill and Choudhuri et al. methods. Yet it will not
include the occasional sudden foot point motions (shocks) and
thus will constitute only a lower bound for the total wave flux.
But our approach will provide an estimate of the contribution
from the continuous wave excitation which will eventually have
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to be augmented by the contribution due to sudden events when
their magnitude and frequency are better known. For the excita-
tion of vertical flux tubes by large horizontal velocity pulses see
also the recent time-dependent simulations by Zhugzhda et al.
(1994) which show the generation of kink shocks in the gener-
ated transverse tube waves and the very large mode conversion
to longitudinal tube wave pulses in such events. The treatment
of nonlinear wave generation by intense pulses will be described
in a future paper.

In the present work, we use a numerical approach to cal-
culate the efficiency of the generation of nonlinear transverse
tube waves. Our approach is based a one-dimensional, time-
dependent, nonlinear MHD code originally developed by Ulm-
schneider et al. (1991, hereafter called UZM) to study the prop-
agation of longitudinal and transverse waves in thin magnetic
flux tubes. We modify this code to investigate the problem of
generation of transverse magnetic tube waves by continuous
large amplitude motions in the external medium.

We consider a thin, vertically oriented magnetic flux tube
embedded in the solar atmosphere and excite the waves by shak-
ing the tube perpendicular to its axis at four different heights
which correspond to optical depths 7sp09 = 100, 10, 1 and 0.1
outside the tube. The shaking velocity is a superposition of par-
tial waves with random phase derived from the local turbulent
flow field. The maximum velocity of the turbulent motions is
taken from a range of observed velocities on the solar surface
(e.g., Muller 1989; Muller et al. 1994) as well as from numeri-
cal convection zone calculations by Cattaneo et al. (1991) and
Steffen (1993). In addition, we assume that the strength of the
magnetic field inside the tube ranges from 1000 to 1500 G. We
calculate the resulting tube wave energy fluxes and compare
them with previous work.

As in the case considered in this paper the excited trans-
verse tube waves are nonlinear, some portion of their energy
will be transferred to longitudinal tube waves via the process
of nonlinear mode-coupling as shown by UZM. In general, this
process may lead to damping of transverse waves during their
propagation along magnetic flux tubes and to heating of the lo-
cal medium. Here, we consider only the generated transverse
wave energy flux at the local region of excitation and disregard
the subsequent wave propagation and mode conversion.

The main problem addressed in this paper is whether the
wave energy fluxes generated by turbulent motions in the so-
lar convection zone are sufficient to sustain the mean level of
radiative losses observed from active regions in the solar chro-
mosphere (i.e. the chromospheric network) where the enhanced
heating is observed. A first step to this is to see whether enough
wave energy is available. It is the purpose of this work to estimate
the likely transverse wave energy fluxes. The paper is organized
as follows: Sect. 2 describes briefly the UZM approach, dis-
cusses the shaking and the evaluation of the tube wave energy
flux. Our results are presented in Sect. 3, while Sect. 4 gives our
conclusions.
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2. Method

To calculate the efficiency of excitation of nonlinear magnetic
tube waves, we follow the time-dependent nonlinear approach
developed by UZM who solved the basic ideal MHD equations
for thin, vertically oriented magnetic flux tubes by using the
method of characteristics. Choudhuri (1990) and Cheng (1992)
have criticized that in the equations used in this approach there
are centrifugal and Coriolis terms missing (for a discussion of
this see Zhugzhda et al. 1994). However these terms apply only
at greater heights where considerable longitudinal flows occur
in the tube. We feel that although these terms have to be in-
cluded eventually, we do not have to worry about them in our
present application. In the following, we briefly describe the
UZM approach.

2.1. The magnetohydrodynamic equations

The standard set of ideal MHD equations can be written in the
form:

9p -

—5{+V-(pV)—0, M
@+.v —_v-ﬂLBxWxBH )

1) gD v-Vv | = p . P8,

OB

o7 =V X (VxB), )
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where p is the density, v the velocity, p the gas pressure, B the
magnetic field strength, g the gravitational acceleration, S the
entropy and ¢ represents time. To solve the above system, the
relationship between p, p, T" and S must be known. UZM use
the ideal gas law for a nonionizing gas

K7
p=p—T, (©)
U
and the thermodynamic relation
2
£ (C_S) " e H(E=50)/F @)
Po cs,

where .72 is the universal gas constant, y the mean molecular
weight, v the ratio of specific heats and cg = yp/p the sound
speed. Subscript o denotes a reference state. With Eq. (5) our
approach is restricted to adiabatic waves.

To account for nonlinear wave motions propagating along
a thin magnetic flux tube embedded in a field-free atmosphere,
this system of equations is modified by assuming that the phys-
ical variables in the tube are described sufficiently well by their
values on the tube axis, and that they vary in a one-dimensional
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way along the tube. This so called “thin flux tube approxima-
tion” allows to separate the transverse (perpendicular to the tube
axis) and longitudinal (parallel to the tube axis) components of
the wave motions in the above system of equations and to de-
rive a set of ordinary differential equations which describe the
motions of the gas elements in the tube in three dimensions. By
combining different equations from this set, UZM derived six
basic equations that can be solved by using the method of char-
acteristics. The longitudinal components give two equations that
can be written in the following form:

2 2
dvt —— B deg 7 L5_gg
vy—1ler Y. Iber
d
T [”Zcf ( p‘f) q:gzz] dt=0, ®)
pcy \ dz
along the two characteristics C{ and C|~ given by
da cr
Z) =+
(%), === ©

while the transverse components lead to four equations
(1 = 2)dvy — lglydvy, — lyl,dv, F cidl,
p—
p+
(1 = 2)dvy — lolydvy — lyl,dv, F cidly,

P = Pe
lyl,dt =0,
p+Pegyz

p“' glalydt =0, (10)

an

along the two characteristics C; and C; given by

da Ck
(Ez?) S

Here the top and bottom signs in Egs. (8) to (12) correspond to
the C* and C'~ characteristics, respectively, and the tube speeds
cr of the purely longitudinal and ci of the purely transverse
wave are given by

12)

2 .2
or =4 5S4, (13)
CS+CA
and
or = cay | —L—, (14)
P+ Pe

where c4 is the Alfvén velocity, p. is the external gas pressure
and [, is the scale factor. In addition, we have

B+l2+12=1, (15)
where [, [,, and [, are components of the unit arc length vector
1. All physical variables are functions of time ¢ and Lagrange
height a. Finally, we consider only adiabatic waves with

ds = (§> dt=0, (16)

ot
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which is valid along the fluid path a = const.

There are 8 unknown variables v, 1, cs and .S which are fully
determined by 8 equations (Eqs. 8, 10, 11, 15 and 16) along
the five characteristics given by Egs. (9), (12), and a = const.
In order to solve the above equations, we prescribe boundary
conditions and adopt a model for the external atmosphere. We
use the so-called “open” or “transmitting” boundary conditions
described in detail by UZM.

2.2. Testing the code

Before we describe our method of tube wave generation and
present the results, we want to check our code by trying to
reproduce analytical results recently obtained by Choudhuri et
al. (1993a). As already mentioned in the Introduction, these
authors have studied the response of a thin vertical flux tube to
rapid footpoint motions imposed at the photospheric level. They
have assumed that the footpoint is shaken by a sudden event with
a velocity which varies exponentially with time. Choudhuri et
al. (their Eq. 8) take

Vg = Vo exp(—bt?) , (17)

where v,, is the shaking velocity, v, is the maximum velocity
and b = 1/t2,,, with ty being the effective duration time of the
shaking event. The authors have shown that the total generated
energy, iy, in the tube can be calculated analytically. The
result (see their Eq. 28) is

4p,AviH
2

where p, and A, are the density and the cross-sectional area of

the tube at the bottom, respectively, H is the density scale height

and A = v, /(w.L) is the dimensionless velocity amplitude, with
L = v,+/7 /b being the total displacement of the tube. Here

Eyou(7) = F\,7), (18)

2_ g 1

Y= SH2G+1 19

is the cutoff frequency (often called Spruit frequency) of the
kink tube mode and 8 = 8mp/B? is a constant. T = w,t is
a dimensionless time measured in units of the cutoff period.
The explicit expression for F'(A, 7), which repesents the total
(dimensionless) amount of kinetic energy put into the tube, is
given by Eq. (29) in Choudhuri et al. (1993a) and is plotted
versus 7 for different values of A in their Fig. 4. The results
presented in this figure show that for large values of 7 the amount
of wave energy generated in the tube approaches an asymptotic
value which is taken by the authors to be the total kinetic energy
transported to the corona due to the footpoint motion event.
These analytical results can be directly used to test our code.
To compare our numerical results with the analytical val-
ues of Choudhuri et al. (1993a), we have computed E;,; as a
function of 7 for different values of A and plotted F'(\, 7) in
Fig. 1. The results shown in this figure should be directly com-
pared with those given in Fig. 4 of Choudhuri et al. (1993a). The
comparison clearly shows that the shape of the curves and the
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Fig. 1. The function F'(\, 7), which represents the total dimensionless
kinetic energy of the tube, is plotted versus dimensionless time 7 for
different values of the maximum dimensionless shaking velocity am-
plitude \. The results are obtained for v, = 1.0 x 10* ¢cm /s and should
be compared to those of Fig. 4 of Choudhuri et al. (1993a)

asymptotic behavior of F'(A, 7) for large values of 7 is very simi-
lar. The difference is only in absolute values of F'(\, 7), namely,
the numerically calculated F'(), 7) is approximately two times
lower than that found analytically. However, this discrepancy
can easily be explained by the fact that the 7-interval (0, +00)
for the numerical computation is by a factor of two shorter than
that used (—o0, +00) in the analytical derivation. The favourable
comparison between the numerical and analytical results thus
give us confidence that our numerical code is working properly
and that it can be used to study the generation of transverse tube
waves.

2.3. Shaking velocities and the tube model

To calculate the transverse wave energy fluxes generated in a
magnetic flux tube we must prescribe the shaking of the tube. For
this we picture the tube as a thin vertically oriented highly con-
centrated magnetic field region which sits in the non-magnetic
turbulent flow field of the solar convection zone that in arandom
fashion displaces the tube horizontally. The main difference be-
tween our approach presented in this paper and those previously
considered (see Sect. 1 for references) is that we are allowing
for the excitation of transverse tube waves in a very nonlin-
ear way. The large horizontal motions of magnetic foot points
observed by Muller (1989) and Muller et al. (1994) clearly in-
dicate that the horizontal displacements of the tube are much
larger than the tube diameter. This has been suggested long ago
(e.g. Parker 1981, Fig. 2) and is also a result of numerical con-
vection zone simulations. The time-dependent numerical con-
vection zone calculations by Cattaneo et al. (1991), Nordlund
& Dravins (1990) and Steffen (1993) all show highly concen-
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trated cyclonic type downflow regions in the center of which
the magnetic flux tubes are assumed to reside.

The model presented in this paper is fairly simple but even
so it does have all necessary components to make our results
trustworthy. We assume that the excitation of the flux tube oc-
curs at a single specific height along the length of the tube. By
varying this excitation height in a series of computational runs,
we hope to get a rough estimate of the effect of a more realistic
excitation of the tube along its entire length. Exciting the tube at
the given height with a typical flow velocity amplitude derived
from the turbulent spectrum of the convection zone, we also get
acrude estimate of the effect of a nonlinear excitation. However,
the model considered here does not account for the correlation
effects which result from the fact that the flux tube is a con-
nected structure and its elements cannot move independently;
we discuss this problem in some detail in Sect. 3.

For the magnetic tube model we assume that in the solar
atmosphere described by model C of Vernazza et al. (1981)
we have a vertically oriented flux tube which at optical depth
Tso00 = 1 at 5000 A has a radius of 50 km and a field strength of
By = 1500 G. To show the dependence on the field strength we
also consider tubes with By = 1000 and 1250 G. The tubes are
assumed to spread exponentially with height in accordance to
horizontal pressure balance and magnetic flux conservation. As
the maximum of the convective velocities both in the mixing-
length models and in numerical convection zone models occur
considerably deeper than 75000 = 1, we select excitation heights
at 7so000 = 1, 10 and 100 in optical depth measured outside
the tube. Because the Vernazza et al. model extends only to
Tso00 == 10, we extended that model for a few points by fitting
a convection zone model of Bohn (1981, 1984). There is also a
fourth excitation point at 75990 = 0.1. This is because, different
to the mixing-length models, which let the convective velocities
decrease to zero near 7599 = 1, observations and numerical con-
vection zone calculations show that considerable overshooting
occurs into the convectively stable photosphere.

We now discuss the magnitude of the shaking velocity. To
reproduce the fluctuations of the shaking velocity of the turbu-
lent flow which result from the turbulent energy spectrum of the
convection zone we employ a procedure discussed in the next
subsection. Here we only discuss the maximum rms convective
flow velocities u; which we assume to occur at the four cho-
sen excitation heights. High resolution white light observations
by Muller (1989) show that tiny bright points in the dark in-
tergranular lanes, which have been interpreted as foot points of
magnetic flux tubes, move with velocities as large as 2 km/s.
More recent observations of the proper motion of network bright
points show that 50% of these points move faster than 1 km /s,
25% faster than 1.5 km/s, 15% faster than 2.5 km /s and only
a few percent faster than 3 km/s (Muller et al. 1994).

In a comparison with the mixing-length theory, Steffen
(1993) in his time-dependent two-dimensional numerical con-
vection zone simulations found that maximum rms convective
velocities of 2.5 km/s were reached; these results are simi-
lar to those obtained by using the mixing-length theory with
a mixing-length parameter a = 1.7. This maximum occurs
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much deeper (at 75000 ~ 100) than the velocity maximum in
the mixing-length model which occurs near 75999 = 10. In ad-
dition, while the mixing-length velocities decrease to very low
values near Tspop = 1, the numerical simulations have 2.2 km /s
at Tspoo = 10, 1.7 km//s at 7so00 = 1 and 1.6 km /s at 75000 = 0.1.
Similar values have been earlier found by Cattaneo et al. (1991)
and Nordlund & Dravins (1990).

The observational and numerical results discussed above
clearly show that the rms velocities u; = 1.0 to 2.0 km/s are
reasonable shaking amplitudes at the surface of the Sun. How-
ever, to adopt the same velocity u; at all four shaking heights
would not be appropriate as the convection zone calculations
show a considerable height dependence of u;. On the other hand
itis also not a good idea to use the height dependent velocities u;
from the convection zone computations. This latter usage would
underestimate the total wave flux which comes from other layers
than the shaking height. We thus make a compromise and scale
the value of u; at the other heights relative to the value of u; at
Tsoo0 = 10 by using pu? = const in accordance to the behaviour
in an efficient convection zone. Values of the rms shaking u;
found in such a way are given in Table 1.

2.4. The shaking spectrum

At a given height we shake the tube horizontally with a flow
which derives from a turbulent spectrum appropriate for the
convection zone at that height. As we are only interested in
those tube waves which propagate towards the solar surface, we
take the shaking height to be the bottom of our flux tube model.
For the shaking velocity we assume a spectrum of N = 20
partial waves

N
Vg = z Uy, SIN(Wnt + ©p) ,

n=1

(20)

where ¢, = 277y, is an arbitrary but constant phase angle, ,,
a random number in the interval [0, 1] and u,, is determined
by the turbulent energy spectrum as follows. Using Eq. (20) we
have for the time average

TN 2
W2 = % / [Z Un(Sin(wnt) cos p, + cos(wnt) siny,) | dt, (21)
0

n=1

where in the square bracket there will be terms like sin(w,t)
sin(w;t) cos ¢y, cos ;. Using the orthogonality relation

T
1
T / sin(wy, t) sin(w;t) cos ¢, cos w;dt = §,; cos cpfl , 22)
0

and a similar one where cos and sin are exchanged, noting that
mixed expressions drop out upon integration, we get

T
N
_ 1 . .
V2 = T / E 2(sin*(wypt) cos? ¢, + cos*(wyt) sin” ¢, ) dt
0 n=1
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n=1

T T
1
= — Z uZ(cos® / sin®(wyt)dt + sin® ¢, / cos®(wnt)dt)
0 0

N
1 .
= 3 E ufl(cos2 ©n + sin? ©n)

n=1

(23)

| N
_ 1 2
) Z Un
n=1
The turbulent energy spectrum is normalized to

o0

§Uf= / dw / dk E(k)A <—w—) = / E'(w)dw . (24)
2 kuk
0 0

0

We assume now that the flux tube is shaken only in one hori-
zontal direction. The additional shaking in the other horizontal
direction would give us a factor of roughly two if the correlation
effects were again neglected. We thus write

3 3 N oo N
§u§ =3 Z ul = / F'(w)dw = Z E'(wp)Aw , (25)
n=1 0 n=1
from which we have
2
Un =1/ §E’(wn)Aw ) (26)
with
E'(wn) = / E(k)A <ﬂ> dk . N
kuk
0

For the turbulent energy spectra appropriate for the solar convec-
tion zone we follow Musielak et al. (1994c). These authors show
that the turbulent energy spectra can very likely be described
using an extended Kolmogorov spectrum E(k) and a modified
Gaussian frequency factor A(z%-). The extended Kolmogorov
spatial component can be written as

0 0 <k <02k,

By - o 0.2k <k < ky

o (28)
N
i (£) 7 k<k<ka

where the factor a = 0.758 is determined by the normalization
condition

* 3
/ E(k)dk = Euf. (29)
0
The modified Gaussian frequency factor is given by
Ao Ay (30)
kug )~ VT | kug?
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where uy, is computed from
ok 1/2

Ug = /E(k’)dk’

k

(3D

Here u, is the prescribed rms shaking velocity discussed in the
last subsection and k; = 27/ H, with H being the density scale
height.

2.5. Transverse wave energy fluxes

The flux of transverse waves at height z can be computed (e.g.,
Hollweg 1978) by using
F(z,t) = —Ebmvz , (32)
47

where B is the background magnetic field strength, b,, the per-
turbation of this field, and v, the transverse velocity perturba-
tion. Since we want to compare wave energy fluxes generated
at different heights in the tube it is appropriate to normalize the
fluxes to the solar surface, that is, to the height for which outside
the tube we have 75090 = 1. At this height the tube radius has a
cross-section Ay, while at other heights it has the cross-section
A. Upon averaging the normalized flux can then be written as

A B

F: ___bac ()
A047r v

(33)
where the bar indicates time averaging. The wave energy spec-
trum is calculated by taking the Fourier transform of F(z,t). Due
to the nonlinear wave coupling, this spectrum will change with
height, but this effect will not be investigated in this paper.

Period(s)
5 1000 100 10
10°F T L s L e S T3
I iy
104} -
w r
T s
@ C
Ky ]
> L ]
< - .
=
1% 3
102 R 1 N il -
0.01 0.10
w (Hz)

Fig. 2. Input spectrum of the fluctuating horizontal shaking velocity
vz computed from Eq. (20) for a prescribed rms shaking velocity of
u¢ = 1 km/s. The spectrum is shown as function of circular frequency
w and period
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Table 1. Transverse wave energy fluxes F (erg/cm?s) generated in a
tube of magnetic field strength By (G), shaken at optical depth 7, by an
rms convective velocity u; (km/s). The area factor A/A, is the ratio
of the tube cross-section at depth 7 to that at 7 = 1

case By T A/Av w F
1 1500 0.1 1.7 14 14-10°
2 1500 1 1.0 1.1 1.1-10°
3 1500 10 81 10 12-10°
4 1500 100 68 .94 7.3-10°
5 1000 10 81 10 12-10°
6 1250 10 81 10 14-10°
7 1500 10 81 1.5 34-10°
8 1500 10 81 20 52-10°
9 1500 0.1 1.7 10 59-108
10 1500 1 1.0 1.0 1.0-10°
11 1500 100 81 1.0 8.0-10°

3. Results and discussion

For specified rms shaking velocities in the range of w;
1 to 2 km/s at the four different optical depths (Tsgo0 =
0.1,1,10,100) we have computed time-averaged transverse
wave energy fluxes F in magnetic flux tubes with field strengths
By = 1000, 1250 and 1500 G where By is specified at 7spp0 = 1.
The tube was excited by a fluctuating horizontal flow field with
velocity v, given by Eq. (20) where the u,, are computed from
Eq. (26). As illustration, Fig. 2 shows a typical (smoothed)
spectrum of the fluctuating input velocity v, for a tube with
By = 1500 G and an rms shaking velocity u; = 1 km/s at
Tsooo = 10. This spectrum was obtained by temporal Fourier
analysis of the first 2000 s of the velocity v, (t) at the shaking
point. The velocity was sampled every sec. The lower limit of
the spectrum is due to the total sampling time.

The resulting normalized wave energy fluxes are shown in
Table 1. The results presented in Table 1 clearly demonstrate
(cases 3, 7, 8) that the fluxes depend on the magnitude of the
shaking velocity roughly as

F~98-107%2% | (34)
with a much weaker dependence on the magnetic field strength
By in the sense that with larger By one gets larger F' (cases 3,
5, 6). It is also seen that the wave fluxes do not depend strongly
on the height of the shaking point (cases 1 to 4) up to 7 = 10
and decrease markedly for larger 7. The rms shaking velocities
in cases 1 to 4 have been scaled using pu} = const from the
value of u; = 1 km/s at 7 = 10. But even if the rms velocity u
is the same at all four shaking heights (cases 9, 10, 3, 11), this
wave flux behavior remains essentially the same, F increases
with depth up to a maximum at 7 = 10 and decreases with larger
shaking depth. In addition, Table 1 shows that for typically ex-
pected shaking velocities, the normalized transverse tube wave

energy fluxes F are in the range of a few times 10° erg cm =251,
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Fig. 3. Transverse tube wave energy spectra for excitation at different
shaking heights 7 = 0.1, 1,10, 100 for a magnetic flux tube of field
strength B = 1500 G (cases 1-4 in Table 1). The spectra are shown as
function of circular frequency w and period
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Fig.4. Transverse tube wave energy spectra for excitation at shak-
ing height 7 = 10 for a flux tubes of different field strength B =
1000, 1250, 1500 G (cases 5,6,3 in Table 1). The spectra are shown as
function of circular frequency w and period

The spectra of the transverse wave energy flux for the tube
By = 1500 G and four different velocities at the different
shaking heights (cases 1 to 4 of Table 1) are shown in Fig.
3. These spectra were obtained in a similar way as that of v, by
Fourier analyzing the wave energy fluxes at the respective shak-
ing heights. It is seen that the wave energy spectra do not differ
much with shaking height, in accordance to the frequency inte-
grated total fluxes in Table 1, although there is a tendency that
shaking at greater height produces a higher frequency spectrum.

Finally, Fig. 4 shows the dependence of the wave energy
spectrum on the flux tube model for the excitation at a common
depth 75000 = 10. It is seen that the spectra in tubes with By =
1000 to 1500 G are almost identical.
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All our results presented in Figs. 3 and 4 are obtained for just
one form of the input spectrum given in Fig. 2. To see whether the
calculated wave energy spectra are sensitive to a different form
of the input spectrum, we have considered an input spectrum
which has a maximum at high frequencies and reaches zero at
low frequencies; our new input spectrum is simply obtained by
reversing the input spectrum presented in Fig. 2. For this new
input spectrum, we have found an increase in the wave energy
flux by approximately 20%, which is consistent with the results
obtained analytically by Choudhuri et al. (1993a).

After presenting and discussing our results, we now com-
pared them with those previously. obtained. Musielak et al.
(1994b) have found that typical energy fluxes carried by trans-
verse tube waves are of the order of 10% erg/cm?s, which is
roughly one order of smaller than the fluxes obtained here. The
result is not surprising because it is expected that the nonlin-
ear effects taken into account in the present calculations should
lead to a higher efficiency of transverse wave excitation. How-
ever, some caution is required when the comparison between the
previous analytical and the present numerical results is made.
Namely, an important caveat regarding the results presented in
this paper is that the shaking of the flux tube takes place only
at one local height point and that it does not include the cor-
relation effects which occur when the tube is shaken over its
entire length. It is clear that the flux tube is a connected struc-
ture which does not allow tube elements on adjacent heights to
behave fully independently and, as a result, the wave generation
in the tube will be considerably influenced by such correlation
effects; the latter may lead to a decrease or an increase in the
generated wave energy fluxes. In contrast to our numerical ap-
proach presented in the present paper, the analytical calculations
described by Musielak et al. (1994b) include some correlation
effects because the tube is shaken along a significant portion of
its length.

Our computed wave fluxes are also in some discepancy with
those obtained by Choudhuri et al. (1993a, 1993b) who found
that the transverse wave generation by slow excitation does not
seem sufficient to heat the quiet solar corona. We attribute this
discrepancy primarily to the different turbulent velocity ampli-
tudes used in the shaking of the tube.

Our wave energy fluxes can also be compared with those
estimated by Muller et al. (1994). The approach presented by
these authors is very simple, its advantage is that the estimated
fluxes are directly related to the velocities observed on the solar
surface. The authors do not dwell upon the process of interac-
tion of magnetic flux tubes with the external motions but instead
measure the proper motion of network bright points and then
use the velocity of the observed motion to estimate the trans-
verse wave energy flux. This gives the flux of the order of 10'°
erg/em?s, which is roughly one order of magnitude higher than
the flux obtained here. The difference is probably caused by a
number of assumptions underlying the above estimate (for ex-
ample, the group velocity of transverse tube waves is assumed
to be the same as the Alfvén velocity, which is actually not the
case) and by the fact the horizontal motions observed in the
velocity histograms are identified with the wave transverse mo-
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tions; this does not have to be true if the interaction between the
tube and the observed motions is properly taken into account.

Finally, it must be noted that the discussed wave energy
fluxes are obtained for a single magnetic flux tube and, therefore,
to estimate the total amount of the wave energy flux available
for heating the filling factor (representing a portion of the solar
surface covered by flux tubes) has to be taken into account. It
is presently well-known that the filling factor varies over the
solar cycle and that its value ranges from approximately 10~3
to 1072 (e.g., Title et al. 1992; Muller et al. 1994). Applying the
latter value to our wave energy fluxes given in Table 1, one sees
that the generated wave energy fluxes are high enough to sustain
the mean level of heating required in the solar chromospheric
network; however, this is not true when the smaller value of the
filling factor is used. An interesting result is that for both values
of the filling factor the wave energy fluxes obtained by Muller
etal. (1994) can be important in the chromospheric and coronal
heating if the wave energy can be effectively transferred to these
upper layers of the solar atmosphere.

4. Conclusions

From our studies of nonlinear generation of magnetic transverse
waves in solar magnetic flux tubes excited by shaking at various
heights, we find that

1. The wave energy fluxes F increase for a fixed shaking velocity
when the optical depth of the shaking position increases. The
fluxes F' reach a maximum near depth 7 = 10 and decrease with
greater shaking depth.

2. The wave energy fluxes for depths 7 < 10 are roughly equal
if the shaking velocities u; are scaled by pu; = const with the
density p, but decrease for larger depth .

3. There is a slight increase of the wave energy flux with in-
creasing magnetic field strength.

4. Typical transverse wave energy fluxes of the order of a few
times 10°erg/cm?s are found. As a function of the shaking ve-
locity these fluxes can be roughly estimated using Eq. (26). The
magnitude of these fluxes strengthens the belief that transverse
waves might be candidates for the heating of the chromosphere
and corona in magnetic structures.

5. The obtained wave energy fluxes are roughly one order of
magnitude higher than those found by using analytical meth-
ods (Musielak et al. 1994b), and approximately one order of
magnitude lower than the fluxes estimated from observations of
the proper motion of network bright points (Muller et al. 1994).
Our fluxes are also considerably higher than those computed by
Choudhuri et al. (1993a, 1993b).

As a note of warning it must be emphasized that the compu-
tation of the wave energy flux in this study is highly idealized
and simplified. Reflection and wave energy lost through nonlin-
ear wave coupling or by atmospheric damping is not taken into
account. Also this study describes the shaking only at a local
height point and does not include the correlation effects which
occur when the tube is shaken over its entire length. It also does
not take into account additional heating by occasional sudden
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disturbances which have been estimated to contribute signifi-
cantly to the coronal heating (Choudhuri et al. 1993a, 1993b).
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