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Longitudinal magnetic tube wave fluxes in stars of low metallicity
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ABSTRACT
A modified theory of turbulence generation is combined with the magnetohydrodynamic
equations to numerically compute the wave energies generated at the base of magnetic flux
tubes for stars with effective temperatures ranging from Teff = 3000 to 7000 K, gravity log g =
4.44 and with different metal abundances: solar, 0.1, 0.01 and 0.001 of solar metallicity. The
results show that the effect of metallicity is very important for cool stars (Teff < 5500 K).
The current numerical approach allows for non-linear waves with large amplitudes and thus
the obtained results for time-averaged wave energy fluxes are higher than those obtained by
the analytical approach. For hot stars the effect is negligible. The computed energy fluxes are
essential for constructing theoretical models of the magnetic chromosphere of low-metallicity
stars. The maximum obtained wave energy flux for low-metallicity stars is about 7.3 ×
108 erg cm−2 s−1.

Key words: MHD – waves – methods: numerical – stars: chromospheres – stars: coronae –
stars: magnetic field.

1 IN T RO D U C T I O N

Except for rare cases, chromospheres and coronae are outer layers
of stars that are not affected by the interstellar medium in which
the stars are embedded or influenced by neighbouring stars. The ar-
chitecture and physics of these layers must therefore be completely
dependent on the internal structure of their parental stars. Although
the basic physics of the chromospheres and coronae is still not com-
pletely understood, it is well known that these outer layers repre-
sent environments with a peculiar physics. While there are extended
areas on the stellar surfaces devoid of magnetic fields, there are also
regions where magnetic fields are bundled into intense flux tubes.
Because at a given height their interior is less dense than their
surroundings, these tubes are buoyant and thought to be oriented
vertically at the stellar surface and to spread with height.

One peculiarity is the fact that the radiation field in the chromo-
spheres depends strongly on direction, leading to a situation where
departures from thermodynamic equilibrium (non-local thermody-
namic equilibrium effects) are dominant. In addition, due to the
low gas density a few scaleheights above the stellar surface, the
recombination processes are severely impaired, leading to charac-
teristic overionization effects which are particularly conspicuous in
time-dependent processes such as waves.

Another essential ingredient of the peculiar physics of chromo-
spheres and coronae is that they are layers with significant amounts
of mechanical heating. This heating either by waves or by the re-
connection of magnetic field lines is also poorly understood. What
is well known, however, is that the culprit for the generation of
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both types of mechanical energy is the convection zone and partic-
ularly the outermost layers where the convective flows are fastest.
These turbulent flows generate waves either directly as in the case of
acoustic waves or indirectly by perturbing the magnetic flux tubes.

Fortunately, because the mechanical energy generation takes
place below the stellar surface, the problem of modeling and pre-
dicting chromospheres and coronae can be split into two parts: first
the mechanical energy production, and secondly the construction of
models with their peculiar physics (as e.g. Fawzy et al. 2002a). We
concentrate here on the mechanical energy production that depends
on whether one has a region permeated by magnetic fields or one
without fields. For field-free regions where the main heating mech-
anism is acoustic waves, we have computed the spectra and energy
fluxes of these waves for a wide variety of stars of different effective
temperatures Teff , gravities log g and metallicities Zm (Ulmschnei-
der, Theurer & Musielak 1996; Ulmschneider et al. 1999). Created
by turbulence in the stellar convection zone, some waves propa-
gate under a wide range of angles in outward directions, and due
to the rapid density decrease near the stellar surface they steepen
into shocks above it. This shock dissipation constitutes the mechan-
ical heating of the outer layers of the star. As the convection zones
depend only on three parameters such as Teff , gravity g and metal-
licity Zm, the acoustic energy fluxes and therefore non-magnetic
chromospheres also depend only on three parameters.

In the magnetic case the turbulent convective flows in the presence
of stellar rotation generate magnetic fields. These fields represent
stored mechanical energy that by reconnection can be liberated to
produce heating. In addition, convective flows perturb magnetic flux
tubes and generate various types of magnetic tube waves such as
longitudinal, transverse (kink) and torsional waves. For transverse
waves (Huang, Musielak & Ulmschneider 1995) and longitudinal
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waves (Ulmschneider, Musielak & Fawzy 2001, hereafter Paper I),
energy fluxes have been computed for cases of stars with different
Teff , log g and solar metal abundance, Zm0. Since for the genera-
tion of magnetic fields in stellar convection zones stellar rotation is
an additional parameter, the mechanical magnetic energy genera-
tion and consequently chromospheres and coronae are expected to
depend on four parameters.

Since a dynamo theory that predicts the magnetic flux on a star
given these four parameters is presently missing, it has been dis-
cussed when constructing magnetic chromosphere models produced
by longitudinal magnetic wave heating (Fawzy et al. 2002a,b,c) that
the stellar rotation can be replaced by specifying a magnetic filling
factor f , i.e. the ratio of the area covered by magnetic flux to the total
stellar surface area. Assuming that most of the area permeated by
magnetic flux of a star (sunspots constitute only a small fraction of
this flux) is in the form of flux tubes with roughly similar individual
size, the determination of magnetic wave energy in stars of different
rotation rates can be reduced to a computation of the wave flux from
a single flux tube multiplied by the number of flux tubes per area
given by the filling factor and ultimately by the rotation rate.

As was the case for Paper I, we thus concentrate on the compu-
tation of longitudinal waves in a single magnetic flux tube sitting
vertically in the stellar surface being perturbed by the turbulent con-
vective motions that are largest right below that surface. Different
from Paper I is now that in stars with lower metallicity the opacity is
reduced for cool stars where metals are an important opacity source,
and consequently the stellar surface where the continuum optical
depth is 1 occurs in regions of higher density where the maximum
convective velocities are much smaller.

The influence of the metallicity on wave generation has been first
investigated analytically by Ulmschneider et al. (1999) for acoustic
waves and later by Musielak, Rosner & Ulmschneider (2002) for
magnetic flux tube waves. In the later approaches, the turbulence
has been simulated by two components: a spatial component is
described by an extended Kolmogrov turbulent energy spectrum
and a temporal component represented by a modified Gaussian
frequency factor.

The main goal of this paper is to extend previous work by taking
into account non-linear effects and thus allowing for waves with
large amplitudes in stars of low metal abundances. The computed
energy fluxes are essential for constructing realistic magnetic mod-
els of chromospheres of low-metallicity stars. A brief description
of the method of computation is given in Section 2, the results and
discussion are presented in Section 3 and final conclusions are given
in Section 4.

2 ME T H O D O F C O M P U TAT I O N

We now briefly summarize the numerical approach used in the
current computations. For details we refer to Paper I.

2.1 Stellar magnetic flux tube models

Since, even for the Sun, observation of stellar magnetic flux tubes
is difficult due to their small size of below a scaleheight, we assume
that we can model these tubes using the thin flux tube approximation.
2D modelling of magnetic flux tubes by Hassan et al. (2003) has
shown that this approach gives accurate results as long as one does
not go more than a few scaleheights above the stellar surface, which
in our case is certainly satisfied. We extend the commonly accepted
concept of solar magnetic flux tubes (e.g. Stenflo 1978; Solanki
1993) to stellar flux tubes. A stellar magnetic flux tube at the stellar

surface is assumed to have a diameter roughly equal to the local
scaleheight. For the Sun, the magnetic flux tubes at the surface have
field strengths of the order of Bo = 1500 G (e.g. Solanki 1993).
When taking pe = 1.17×105 dyn cm−2 from model C of Vernazza,
Avrett & Loeser (1981) at the height z = 0 where τ5000 = 1, one
gets an equipartition field strength (B2

eq/8π = pe) of Beq = 1716 G.
We thus find a ratio B/Beq = 0.875 and consider it as typical for
both solar and stellar flux tubes. We keep this ratio constant for
all our computations. Our extrapolation is justified by the fact that
the considered stars because of their surface convection zones are
fairly similar to the Sun. The effect of magnetic field strength on
the generated wave energy fluxes has been extensively discussed by
Musielak, Rosner & Ulmschneider (1989), Musielak et al. (1995)
and in Paper I. It has been found that decreasing the field strength
of the flux tube increases the amount of the generated wave energy.
In this paper, we assume a constant field strength of B = 0.875Beq

for all computations.

2.2 Stellar convection zones

The magnetic flux tubes are embedded in non-magnetized convec-
tion zones, which are modelled using the standard stellar envelope
code that is based on the mixing-length theory, allowing the calcu-
lation of longitudinal tube wave energy fluxes for a large variety of
stars of different effective temperature, surface gravity and metal
abundances.

More detailed models based on 2D or 3D radiation-hydrodynamic
simulations for individual stars have also become available in the
literature. The simulations based on such models of stellar con-
vection and mixing-length models show that the maximum con-
vective velocities occur at optical depths of τ5000 ≈ 10–100. For
example, Steffen (1993) found in his time-dependent solar numer-
ical convection calculations that maximum convective velocities
vCMax ≈ 2.8 km s−1 are reached at τ5000 ≈ 50 and that these values
can be reproduced by the mixing-length theory with a mixing-length
parameter of α ≈ 2. This choice of α = 2 is also consistent with
time-dependent hydrodynamic simulations of stellar convection of
stars other than the Sun (Trampedach et al. 1997), as well as by a
careful fitting of evolutionary tracks of the Sun with its present lu-
minosity, effective temperature and age (Hünsch & Schröder 1997;
Schröder & Eggleton 1996).

Additionally, recent state-of-the-art solar convection zone simu-
lations by Stein et al. (2009a,b) encompassing the scale of super-
granules concluded that the behaviour of solar convection is con-
sistent with the mixing length of about α = 1.8.

From the above, one can conclude that recent simulations are,
in principle, consistent with the mixing-length concept (in the case
of selected features of convection) and that the wave energy flux is
well defined for a given star if the mixing-length parameter α can
be specified.

Surely, some principal uncertainties in the value of α remain,
which has also been highlighted by previous studies of Nordlund &
Dravins (1990) for main-sequence stars other than the Sun. For this
reason, the upcoming investigation by Fawzy & Cuntz (2010) will
consider a broader range of α values concerning theoretical models
of longitudinal flux tube wave energy generation for main-sequence
stars.

Finally, I would like to point out that acoustic and magnetic
heating models based on the computed wave energy fluxes using
the mixing-length concept have been highly successful in explaining
the observed Ca II and Mg II emission for both active and inactive
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stars (e.g. Buchholz, Ulmschneider & Cuntz 1998; Cuntz et al.
1999; Paper I; Fawzy et al. 2002b; Rammacher & Cuntz 2003).

For the choice of the mixing-length parameter α, I decided to
keep the same value of α = 2 as used in Paper I. The main motiva-
tion is to provide consistency (including the possibility of detailed
comparisons) with the previous work described in Paper I.

2.3 Magnetic flux tube–convection zone interaction

The main mechanism responsible for generating the longitudinal
tube wave energies is the non-linear response of vertically oriented
flux tubes to external turbulent motions. The pressure fluctuations
produced by turbulent motions squeeze the flux tubes and thus gen-
erate wave energies. For the current computations, we follow the
approach described by Ulmschneider & Musielak (1998) and in
Paper I to model turbulent motions by using an extended Kol-
mogorov turbulent energy spectrum with a modified Gaussian fre-
quency factor (Musielak et al. 1994). The computations require
specifying the rms velocity fluctuations at a squeezing point as
given by ut = vCMax/2, with vCMax being the maximum convec-
tive velocity (refer to Paper I for the choice of ut). The value of
vCMax is evaluated from the stellar convection zone models based
on the mixing-length theory with α = 2.0. The computed external
pressure fluctuations are then converted into internal gas and mag-
netic field perturbations by using the horizontal pressure balance
equation. The internal pressure fluctuations produce velocity per-
turbations inside the flux tube which serve as a boundary condition
for the time-dependent wave propagation code.

A study performed by Ulmschneider & Musielak (1998) has
shown that the location of the squeezing point does not affect the
generated wave energy fluxes. Based on this result, we fix the loca-
tion for all our computed cases to τ5000 = 1.

Fig. 1 and Table 1 show the variation of the rms velocity fluctua-
tions ut with metal abundances for the different models used in the
current computations.

A modified time-dependent wave code based on an earlier version
by Herbold et al. (1985) is then employed to compute the instan-
taneous and time-averaged longitudinal tube wave energy fluxes at
the squeezing height.

The generated wave energy fluxes are a mixture of propagat-
ing and non-propagating waves. By use of Fourier transforms, we
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Figure 1. Rms turbulent velocities at the squeezing point (τ5000 = 1) for
main-sequence stars with log g = 4.44 and for different metal abundances
Zm relative to solar (shown in brackets).

Table 1. rms turbulent velocities ut (cm s−1) at the squeezing height in stars
with different effective temperatures Teff , gravity log g = 4.44 and relative
metal abundances Zm/Zm0 ranging from 1, 0.1, 0.01, to 0.001.

Teff [1] [0.1] [0.01] [0.001]

3000 7.1 × 103 5.4 × 103 4.0 × 103 2.7 × 103

3500 1.5 × 104 1.1 × 104 7.3 × 103 5.1 × 103

4000 3.2 × 104 2.1 × 104 1.3 × 104 8.9 × 103

4500 7.8 × 104 5.8 × 104 2.8 × 104 1.7 × 104

5000 9.9 × 104 8.2 × 104 5.9 × 104 4.2 × 104

5500 1.2 × 105 1.0 × 105 8.9 × 104 8.4 × 104

6000 1.5 × 105 1.3 × 105 1.3 × 105 1.3 × 105

6500 1.8 × 105 1.7 × 105 1.6 × 105 1.7 × 105

7000 2.1 × 105 2.0 × 105 2.0 × 105 2.0 × 105

filter out the propagating waves and calculate the time-averaged
wave energy fluxes. The filter is set in the frequency domain at
the Defouw cut-off frequency (Defouw 1976). For the computa-
tions of stellar model chromospheres, only the upward propagating
waves contribute to the heating of outer layers, so we compute the
time-averaged upward propagating energy fluxes in addition to the
previously computed quantities. Refer to Paper I for more details
about the process of removing the non-propagating waves from the
generated mixture. The computations are adiabatic and shocks can-
not form because our computational domain remains close to the
stellar surface.

2.4 Non-solar metallicities

The calculations of the external and internal models require opacity
tables valid for stars with reduced metal abundances. The results
presented in Paper I were based on opacity tables valid for solar
chemical abundance. The tables were compiled by Bohn (1984) and
Theurer (1993) from different opacity tables given by Alexander
(1975, 1989), Cox & Tabor (1976), Yorke (1979, 1980), Meyer-
Hofmeister (1982) and Weiss (1990). To account for the non-solar
metal abundances we use opacity tables computed with the ATLAS

program of Kurucz (1992, 1996). The tables were computed for the
following metal abundances: Zm = 2×10−2, 2×10−3, 2×10−4 and
2 × 10−5. The solar chemical abundance by mass is for hydrogen
Xm = 0.70, helium Ym = 0.28 and metals Zm0 = 2 × 10−2. The
wave energy fluxes computed in this paper are obtained with the
Kurucz opacity for the above-mentioned metal abundances.

The range of validity of these opacity tables is discussed in detail
by Ulmschneider et al. (1999). The used opacity tables have limited
ranges in the values of opacities for cool stars and upper limits for
the high temperature and densities; for this reason we consider only
stars with effective temperatures in the range 3000 ≤ Teff ≤ 7000 K
and log g = 4.44.

3 R ESULTS AND D ISCUSSION

3.1 Wave energy power spectra and propagating wave fluxes

Wave flux power spectra have been computed for each combination
of effective temperature Teff and metallicity for flux tubes with mag-
netic field strength B = 0.875Beq embedded in the atmosphere of
main-sequence stars with log g = 4.44. We applied a high-pass filter
at the Defouw cut-off frequency, ωD, on the velocity and pressure
fluctuations inside the flux tube to separate the propagating waves.
The position of the filter is shown by the low-frequency cut-off in
Fig. 2. The Defouw cut-off frequencies do not depend on the metal
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296 D. E. Fawzy

Figure 2. Power spectra of the wave energy fluxes in flux tubes embed-
ded in the atmospheres of main-sequence stars with effective temperatures
Teff = 6500 K (top panel), Teff = 5500 K (middle panel) and Teff = 5000 K
(bottom panel) and log g = 4.44. For a given effective temperature, the four
power spectra represent metallicity ranging from Zm/Zm0 = 1 (highest) to
Zm/Zm0 = 0.001 (lowest). The power spectrum is shown as a function of
circular frequency ω.

abundance. The power spectrum reaches their maxima at roughly
2ωD and decreases towards higher frequencies. To show the effect
of metallicity on the power spectrum of the propagating waves,
we present in Fig. 2 three cases for main-sequence stars of effec-
tive temperatures Teff = 6500, 5500 and 5000 K, with metallicities
ranging from Zm/Zm0 = 1 to 0.001.

It can be seen that the power spectra for hot stars (top panel) are
almost the same and there is essentially no variation for the different
metallicities. This very little dependence is mainly due to the fact
that opacity in hot stars is mainly due to hydrogen and less affected
by changes in metal abundance. The behaviour is different for cool
stars (bottom panel) which show a strong metallicity dependence.
Here the wave flux power decreases with decreasing metallicity.
This can be explained by the fact that for cool stars the opacity
is mainly due to metals and thus enhances this dependence. The
stars in the middle panel show an intermediate behaviour. There
is a clear decrease in the wave power with decreasing metallicity
for stars with effective temperatures Teff < 5500 K. This can be
explained by the fact that by lowering the metallicity, the squeezing
point will be in deeper layers where the rms turbulent velocity is
smaller and thus the efficiency to generate longitudinal tube waves
decreases.

As shown in Paper I, the high frequencies in the power spectrum
are due to the stochastic nature and the spikiness of the wave gen-
eration process. The generated wave power spectra for stars with
different metallicities have the same shape as those computed for
stars with solar metal abundances (see fig. 12 of Paper I).

3.2 Time-averaged upward wave energy fluxes

For the evaluation of reliable time-averaged wave energy fluxes and
due to the spiky nature of the instantaneous wave energy fluxes, the
wave propagation code has to be run over a time of about 35PD,
with PD being the wave period of the Defouw cut-off frequency. In
addition to the total (propagating and non-propagating) wave energy
fluxes, we have computed the time-averaged upward propagating
wave energy fluxes for different combinations of Teff and Zm and
log g = 4.44. The results are listed in Table 2.

The amount of wave energy for a given metallicity depends
strongly on the stellar effective temperature. The time-averaged up-
ward propagating wave energy flux increases with increasing Teff .
A decrease in effective temperature from Teff = 7000 to 3000 K
reduces the time-averaged upward propagating energy fluxes by
factors of 3.0 × 103, 3.5 × 103, 3.5 × 103 and 1.1 × 104 for
Zm/Zm0 = 1, 0.1, 0.01 and 0.001, respectively. This large differ-
ence in the generated energies can be explained by the difference
in convective velocities between hot and cool stars; for hot stars
the turbulent eddies have much higher velocities which enhance the
efficiency of generating waves at the squeezing point.

The efficiency of tube wave generation is found to depend
strongly on the rms turbulent velocities ut and thus lowering of
ut decreases the generated wave energy fluxes. As shown in Fig. 1
and Table 1, for a given value of Zm and log g = 4.44 the values of
ut are strongly affected by Teff : decreasing the effective temperature
by 500 K reduces the values of ut roughly by a factor of 2 for stars
with Teff ≤ 4500 K. For hotter stars Teff ≥ 5000 K, the values of ut

decrease roughly by a factor of 0.2.
The dependence of the generated upward propagating wave en-

ergy fluxes on ut for stars with different metal abundances can
be approximately fitted by log F = A(log ut)B. The coefficients of
the fits for four different values of metal abundance are given in
Table 3.

It is important to mention here the result obtained in Paper I that
the dependence of the generated wave energy fluxes on the magnetic
field strength in the flux tube does not change much when stars of
different Teff and similar gravities are considered, which is the case
for the considered main-sequence stars with log g = 4.44.
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Table 2. Time-averaged upward propagating energy fluxes in stars with dif-
ferent effective temperatures Teff , gravity log g = 4.44 and metal abundances
ranging from Zm/Zm0 = 1 to 0.001.

Teff [1] [0.1] [0.01] [0.001]

3000 2.5 × 105 2.1 × 105 1.8 × 105 6.0 × 104

3500 5.3 × 105 4.2 × 105 2.4 × 105 1.5 × 105

4000 3.5 × 106 2.6 × 106 8.8 × 105 3.2 × 105

4500 8.3 × 107 9.3 × 107 4.8 × 106 3.7 × 106

5000 1.4 × 108 2.3 × 108 1.0 × 108 2.9 × 107

5500 3.2 × 108 2.5 × 108 3.3 × 108 3.1 × 108

6000 3.8 × 108 5.4 × 108 4.1 × 108 4.2 × 108

6500 5.9 × 108 7.5 × 108 6.7 × 108 5.9 × 108

7000 7.5 × 108 7.3 × 108 6.3 × 108 6.6 × 108

Table 3. Coefficients of the fits log F = A (log ut)B

for main-sequence stars with log g = 4.44 and differ-
ent values of metallicity Zm/Zm0.

Zm/Zm0 A B

1.0 0.505 ± 0.070 1.724 ± 0.087
0.1 0.628 ± 0.098 1.606 ± 0.098
0.01 0.692 ± 0.112 1.544 ± 0.103
0.001 0.718 ± 0.086 1.522 ± 0.077

3.3 Dependence on metal abundances

According to the results presented in Figs 3 and 4, there are two main
regions of different dependence of the generated wave energy fluxes
on metallicity. The two regions are divided by stars of effective
temperature Teff = 5500 K.

Hot stars with Teff ≥ 5500 K and higher convective velocities
have relatively high longitudinal wave energy fluxes that show very
little change with the metal abundance, as shown in Fig. 3 for the
mixture of propagating and non-propagating waves and in Fig. 4 for
only upward propagating waves. This can be explained by the fact
that for hot stars, the opacity is mainly due to hydrogen. For cool
stars, where the opacity is mainly due to metals, a strong dependence
on metallicity is found.

For cool stars with Teff < 5500 K, lowering the metal abundance
strongly reduces the amount of the wave energy flux. It is clearly
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Figure 3. Time-averaged wave energy fluxes for main-sequence stars: the
magnetic flux tubes with field strength B = 0.875Beq at height z = 0 for
a star with surface gravity log g = 4.44 and effective temperatures ranging
from Teff = 3000 to 7000 K. The metal abundances range from Zm/Zm0 =
1 to 0.001.
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Figure 4. Same as Fig. 3, but for upward propagating waves.

notable that a decrease in metallicity by an order of magnitude from
Zm/Zm0 = 0.1 to 0.01 reduces the wave energy fluxes by a factor of
up to 10 for stars with Teff = 4500 K and log g = 4.44. This factor
drops to about 2 for other stars.

The maximum wave energy flux generated in stars with low
metallicities is 7.5 × 108 erg cm−2 s−1 which is met for a star of
Teff = 7000 K, and it is practically independent of metallicity.

3.4 Comparison to linear results

A comparison between the analytical results obtained by Musielak
et al. (2002) shows that the current results are higher than those ob-
tained by the analytical method for the same stars. These differences
vary as a function of effective temperature.

As shown in Table 4, the average ratios between the current results
and the numerical results obtained by Musielak et al. (2002) are
about 2000, 60, 4 for Teff = 3000, 5000, 7000 K, respectively. This
difference can be explained by the fact that the analytical treatment
does not allow for non-linear waves with large amplitudes. The

Table 4. A comparison between the wave
energy fluxes for upward propagating lon-
gitudinal tube waves in stars with gravity
log g = 4.44 obtained analytically and nu-
merically.

Teff FA FN

Metallicity (Zm/Zm0 = 0.1)

3000 4.8 × 102 2.1 × 105

5000 4.9 × 106 2.3 × 108

7000 1.7 × 108 7.3 × 108

Metallicity (Zm/Zm0 = 0.01)

3000 1.0 × 102 1.8 × 105

5000 2.9 × 106 1.0 × 108

7000 1.7 × 108 6.3 × 108

Metallicity (Zm/Zm0 = 0.001)

3000 2.0 × 101 6.0 × 104

5000 2.7 × 105 2.9 × 107

7000 1.6 × 108 6.6 × 108

Note: The second column shows the ana-
lytical results and the third column shows
the corresponding numerical results.
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non-linear effects enhance the obtained values. A comparison with
the results obtained by Ulmschneider et al. (1999) for the acoustic
wave energy fluxes shows a similar dependence on metallicity for
cool stars.

3.5 Comparison to observational data

Earlier studies by Schrijver (1987) and Rutten et al. (1991) have
not identified a metallicity effect on chromospheric emission, par-
ticularly Ca II and Mg II, especially in main-sequence stars. On the
other hand, more recent observations by the Hubble Space Tele-
scope concerning chromospheric Mg II fluxes given by Dupree, Li
& Smith (2007) indicate signs of dependence on metallicity at the
lowest metallicities, although these results were obtained for giants
rather than dwarfs.

It is important to note that a comparison of such data with the
obtained results in the current study should be viewed with extreme
caution. The current results of the longitudinal tube wave fluxes
are generated in the vicinity of τ5000 = 1 and are therefore relevant
in layers beyond the formation heights of Ca II and Mg II emission
fluxes. These generated wave fluxes also dissipate part of their
energies while propagating upwards in the stellar atmosphere by
forming shocks.

Any chromosphere-type metallicity effect in stars of different
levels of magnetic activity is in competition with other processes
or phenomena such as the relatively poorly known value of B/Beq

(or a statistical distribution of that value in the framework of more
sophisticated models), the magnetic filling factor and wave propa-
gation effects (note that the place where the longitudinal tube wave
flux emerges is not identical to where the Ca II/Mg II lines form).
Furthermore, in realistic heating scenarios, there is also a need to
also consider competing heating mechanisms (i.e. processes other
than longitudinal tube waves; see review by Narain & Ulmschneider
1996).

For these reasons, the present study is intended to be a purely the-
oretical study; it is meant to be a resource study for future modelling
efforts.

4 C O N C L U S I O N S

We have computed the longitudinal wave energy fluxes generated
at the base of stellar magnetic flux tubes with non-solar metal abun-
dances. It is important to mention here that the obtained wave energy
fluxes are for stars that have solar-like structure, activity and small
magnetic filling factors similar to the Sun (e.g. de Wijn et al. 2009).
The results are valid for a single flux tube based on the four in-
dependent parameters: effective temperature Teff , gravity g, metal
abundance Zm and the magnetic field strength B at the stellar surface.
From the obtained results we draw the following conclusions.

(i) The effect of metallicity is very important for cool stars, with
effective temperatures Teff < 5500 K and log g = 4.44.

(ii) The shapes of the generated wave energy spectra in stars
with non-solar metal abundance are similar to stars with similar
Teff , gravity g and solar metal abundance.

(iii) For hot stars with Teff > 5500 K, the generated wave energy
fluxes show no notable dependence on metallicity.

(iv) A decrease in metallicity by an order of magnitude from
Zm/Zm0 = 0.1 to 0.01 reduces the wave energy fluxes by a factor of
up to 10 for stars with Teff = 4500 K and log g = 4.44. This factor
drops to about 2 for other stars.

(v) The maximum obtained wave energy flux for low-metallicity
stars is about 7.3 × 108 erg cm−2 s−1.

(vi) Comparing the current results to those obtained by Musielak
et al. (2002) for linear waves shows that the wave energy fluxes are
much higher by factors ranging between 2000, 60 and 4 for Teff =
3000, 5000 and 7000 K, respectively.

(vii) The effect of metallicity on the generation of magnetic and
non-magnetic waves is found to be similar.

(viii) The obtained wave energy fluxes are essential for con-
structing theoretical models for the magnetic chromospheres of
low-metallicity stars.
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Stȩpień for invaluable discussions and comments. I also thank the
anonymous referee for valuable comments. This work was sup-
ported in part by the Izmir University of Economics.

REFERENCES

Alexander D. R., 1975, ApJS, 29, 363
Alexander D. R., 1989, ApJ, 345, 1014
Bohn H. U., 1984, A&A, 136, 338
Buchholz B., Ulmschneider P., Cuntz M., 1998, ApJ, 494, 700
Cox A. N., Tabor J. E., 1976, ApJS, 31, 271
Cuntz M., Rammacher W., Ulmschneider P., Musielak Z. E., Saar S. H.,

1999, ApJ, 522, 1053
Defouw R. J., 1976, ApJ, 209, 266
de Wijn A. G., Stenflo J. O., Solanki S. K., Tsuneta S., 2009, Space Sci.

Rev., 144, 275
Dupree A. K., Li T. Q., Smith G. H., 2007, ApJ, 134, 1348
Fawzy D., Cuntz M., 2010, A&A, submitted
Fawzy D., Rammacher W., Ulmschneider P., Musielak Z. E., Stȩpień K.,
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