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Abstract. In the previous two papers of this series, we developed an analytical method describing the generation
of transverse tube waves in stellar convection zones and used it to compute the wave energy spectra and fluxes
for late-type stars with the solar metal abundance (population I stars). We now extend these calculations to
population II stars with effective temperatures ranging from T.g = 2500 K to 10000 K, gravities log ¢ = 3—5,
and with three different metal abundances: 1/10, 1/100 and 1/1000 of solar metallicity. The obtained results
are valid only for a single magnetic flux tube and they show that the effects of metallicity are important only
for cool stars with Teg < 6000 K and that the amount of the generated wave energy decreases roughly by an
order of magnitude for every decrease of the metallicity by an order of magnitude. The maximum wave energy
flux generated in population II stars is 3 x 10° erg cm™2 s™! and it is practically the same for stars of different
gravities and metallicities.
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1. Introduction

In our previous work (Musielak & Ulmschneider 2001,
hereafter called Paper I), we developed a general analyti-
cal treatment of the interaction between a single magnetic
flux tube and the external turbulent motions, and derived
the basic formulae for the efficiency of generation of lin-
ear transverse tube waves in stellar convection zones. In
Paper II (Musielak & Ulmschneider 2002), these formulae
were used to compute the wave energy spectra and fluxes
for late-type stars with solar metal abundance (popula-
tion I stars). We now study the effects caused by different
metallicity on the generated transverse wave energy spec-
tra and fluxes. Obviously, the stellar populations differ in
their content of metals, which refer to all chemical ele-
ments except hydrogen and helium.

Population I stars like the Sun have a high metal abun-
dance, while population II stars have 1/10 to 1/100, or
sometimes even 1/1000 of the solar metal abundance. We
consider late-type stars of population II with three differ-
ent metal abundances using opacity tables calculated with
the ATLAS-program by Kurucz (1992, 1996). For compar-
ison, we also compute transverse wave energy spectra and
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fluxes by using Kurucz opacity tables for solar metal abun-
dances (see Ulmschneider et al. 1999), and opacity tables
originally described by Bohn (1984) which were used by
us in Papers I and II.

The results presented in this paper were obtained for
stars with effective temperatures ranging from Teg =
2500 K to 10000 K and gravities in the range of log g =
3—5. The computed spectra and fluxes can be used to
construct theoretical chromosphere models for these stars
(e.g., Cuntz et al. 1999; Fawzy 2001; Ulmschneider et al.
2001a). A brief description of the computational method
and the opacity tables used in this paper is given in
Sects. 2 and 3, respectively. The generated stellar wave
energy spectra and fluxes of transverse tube waves are
presented and discussed in Sect. 4. Section 5 gives our
conclusions.

2. Method of computation

The basic formulae describing the generation of trans-
verse tube waves in stellar convection zones are given in
Paper II (see Egs. (7) through (13)), and they will not
be repeated here. These formulae are valid for a single
and vertically oriented magnetic flux tube that is thin
and circular, and embedded in an atmosphere of a star
of given T,g and log g. In addition, it is assumed that
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there are no longitudinal flows inside the tube. To perform
our calculation of stellar wave energy spectra and fluxes,
we must specify the field strength inside the magnetic
flux tube. Since the strength of this field cannot currently
be determined by stellar observations (Saar 1996; Riiedi
et al. 1997), we guide ourselves by solar observations which
show that the typical field strength in solar magnetic flux
tubes at the solar surface is B, = 1500 G (e.g., Solanki
1993); this corresponds to about B, = 0.85 Bey, where
Beyq = /87pe is the equipartition field strength and p. the
external gas pressure at the solar surface. In Paper II, we
considered three different values magnetic field strength,
B,/Beq = 0.75, 0.85 and 0.95, for population I stars. In
the present paper we take the same values for population
IT stars. Note that the field strength B, is specified at the
atmospheric optical depth 75000 = 1.

The structure of the non-magnetized medium that sur-
rounds the tube is calculated by using a stellar envelope
computer code described by Bohn (1984) and later mod-
ified by Theurer (1993) and Ulmschneider et al. (1996).
The input parameters to the code are: Tog, g, and the
mixing-length parameter o = I/ H, where [y is the
mixing-length and H is the pressure scale height. A value
of a = 2 (see Paper II) is assumed in most of our cal-
culations, however, we have also computed wave energy
fluxes with @ = 1 and 1.5 for stars with log g = 4. For a
given value of «, the code gives a stellar convection zone
model, which is then employed as model for the external
medium. On basis of this model, the horizontal pressure
balance and the conservation of magnetic flux, we compute
the structure of the background medium inside the tube
by specifying the value of B,. The tube model is computed
by assuming the so-called thin flux tube approximation,
which requires the tube diameter at the stellar surface to
be roughly equal to the local scale height (see Paper I).
To calculate these models, we must have opacity tables
valid for the reduced metallicity observed in population 11
stars. In the following, we describe our choice of the opac-
ity tables for these stars.

3. Opacity tables

The results presented in Paper II for population I stars
were obtained by using opacity tables compiled by Bohn
(1984) and Theurer (1993) from various opacity tables
given by Alexander (1975, 1989), Cox & Tabor (1976),
Yorke (1979, 1980), Meyer-Hofmeister (1982), and Weiss
(1990). Here, we refer to these tables as Bohn opacity and
they are valid for the solar chemical abundance, i.e. abun-
dance by mass of hydrogen X, = 0.70, helium Y;, = 0.28
and of metals Z,, = 2 x 1072, To account for the re-
duced metallicity observed in population II stars, we use
the opacity tables calculated with the ATLAS-program
of Kurucz (1992, 1996). We refer to these tables as the
Kurucz opacity and they are available for the following so-
lar and non-solar metal abundances: Z,, = 2 x 1072 = [0],
Zm = 2x107% = [~1], Zm = 2 x 107 = [-2], and
Zwm = 2 x107° = [-3], where the logarithm of the
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reduction factor is given in square brackets — this nota-
tion for metallicity will be used in the remaining part of
this paper.

Thus, the wave energy spectra and fluxes presented
in this paper for population II stars are obtained with
the Kurucz opacity [—1], [-2] and [-3]. For compari-
son, we also compute the spectra and fluxes by using the
Kurucz opacity [0] and the Bohn opacity. The range of
validity of these opacity tables is shown and discussed by
Ulmschneider et al. (1999 — see their Fig. 1). The limited
range of these opacity tables imposes some restrictions
on the convection zone models that can be computed.
For example, high temperatures and densities present in
deep layers of stellar convection zones typically exceed the
range of these parameters in the opacity tables.

Fortunately, the most efficient wave generation takes
place mainly in the subphotospheric layers and the con-
tribution from the deep layers is always negligible. Hence,
the deepest layer in our convection zone models is calcu-
lated with the last entry of the opacity table before the
range of this table is exceeded. Another problem is the
low temperature and density limit of the opacity tables
and uncertainties in the values of opacities for low Teg.
Because of these problems, we consider only stars with
Teg > 2500 K and terminate our computations of stellar
convection zone models if temperatures and densities in
the outermost layers of these models fall outside the lower
boundary of the opacity table.

4. Results and discussion

Since the method developed in Paper I is valid for prop-
agating transverse tube waves, we assume that the wave
frequency domain extends from w = 1.002 Q to 57 Qy,
where Q = ¢, /4H is the cutoff frequency for these waves,
¢ is the characteristic wave velocity, and H is the scale
height (see Paper I or II). The wave energy fluxes are
computed by performing the Laguerre integration over the
wave frequency w by using 32 points within the frequency
domain. All presented results are obtained for a single
magnetic flux tube embedded in the convection zone of a
late-type star of different Teg and log g. This means that
the filling factor, representing the number of magnetic flux
tubes per unit area of the stellar surface, will not be dis-
cussed here.

4.1. Wave energy spectra

Typical stellar wave energy spectra calculated for stars of
different metallicity but with the same effective temper-
ature, Teg = 4000 K, and gravity, log g = 4, are shown
in Fig. 1. It is seen that the shapes of the wave energy
spectra for population IT stars and metallicities [0], [-1],
[—2] and [—3] are quite similar but noticeably decrease
in magnitude with decreasing metallicity, particularly at
high frequency. This effect can be explained as follows.
The top boundary of the convection zone is reached
and convection stops when the rising convective gas
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Fig. 1. Transverse wave energy spectra plotted for stars with
Ter = 4000 K and log g = 4, and different metallicities. The
results were obtained for a mixing-length parameter @ = 2 and
a magnetic field strength B, = 0.85 Beq at 75000 = 1.
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Fig. 2. Same as Fig. 1 but for Teg = 6000 K.

bubbles near the stellar surface come to a height, where
the opacity is so low that the excess thermal energy of the
bubbles can be radiated directly into space. As the stel-
lar convection zone carries the total stellar radiative flux
oT2:, a lowering of the opacity has the consequence that
this height is reached at deeper layers where the density p
is higher and because one has pv3  ~ oT%, the convec-
tive velocity veony 18 correspondingly smaller. Since the
wave generation depends on a high power of the convec-
tive velocity, which has its maximum near the top of the
convection zone, it is strongly affected by this lowering.
On the other hand the wave energy spectra for stars
with Teg = 6000 K and log g = 4 (shown in Fig. 2) are
almost identical and show very little dependence on metal-
licity. This is because in hot stars the opacity is mainly
due to hydrogen, which is not affected by changing the
metallicity, while in cool stars the opacity is mainly due
to metals and reacts strongly to the lowering of the metal
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Fig. 3. Transverse wave energy fluxes computed for stars of
different spectral types are plotted for three different values
of the mixing-length parameter o = 1, 1.5 and 2. The fluxes
were obtained for stars with log g = 4, metallicity [—3], and a
magnetic field strength B, = 0.85 Beq at Ts000 = 1.

abundance. Note that the presented spectra were com-
puted by taking o = 2 and B,/Beq = 0.85.

By comparing the spectra plotted in Figs. 1 and 2, we
draw the following general conclusions. First, the effects
of metallicity are prominent in cool stars but minor in
hot stars. Second, the amount of wave energy carried by
transverse tube waves of the same frequency in cool stars
strongly decreases with decreasing metallicity. Third, the
generated wave energy flux for a given frequency is always
much higher for hot stars than for cool stars — this is sim-
ply caused by higher convective velocities in the former.
Fourth, the computed wave energy spectra are relatively
flat at high T.g, yet become much steeper when T.g is
decreased. Finally, for both hot and cool stars the trans-
verse wave energy spectra extend more than one order of
magnitude above the cut-off frequency.

4.2. Dependence on physical parameters

There are two basic physical parameters in our calcu-
lations. One is the mixing-length parameter a and the
other the strength of the magnetic field, B,/ Beq. To in-
vestigate the effects of these parameters on the computed
stellar wave energy fluxes, we consider population II stars
with log ¢ = 4 and metallicity [—3], and take a = 1,
1.5 and 2 for a fixed B, = 0.85 Bgq, and alternatively
B,/Beq = 0.75, 0.85 and 0.95 for a fixed o = 2.

The dependence of the calculated fluxes on the pa-
rameters o and B,/ Beq for stars of different Toq is shown
in Figs. 3 and 4, respectively. According to Fig. 3, the
a-dependence is relatively weak for cool stars, however,
significant differences in the generated fluxes are seen for
hot stars. These differences can be explained by higher
efficiency of stellar convection in hot stars and its high
sensitivity to the value of a. The dependence of the wave
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Fig. 4. Transverse wave energy fluxes computed for stars of
different spectral types are plotted for three different values of
the tube magnetic field: B,/Beq = 0.75, 0.85 and 0.95 specified
at 75000 = 1. The fluxes were obtained for stars with log g = 4,
metallicity [—3], and a mixing-length parameter a = 2.

Table 1. Transverse wave energy fluxes, Fr (erg cm™2 s™!)
for different values of the mixing-length parameter o and tube
magnetic field Bo/Beq. The fluxes were computed for a star
with Teg = 6000 K, log g = 4 and metallicity [—3].

Lo [ Bo/Bea | Fr__|
1.0 0.85 4.6 x 107
1.5 0.85 1.1 x 108
2.0 0.85 2.2 x 108
2.0 0.75 3.5 x 10®
2.0 0.95 1.4 x 108

energy fluxes on « increases with increasing Tog and is
especially prominent for stars with Tog > 7000 K.

On the other hand, the results of Fig. 4 show that the
wave energy flux increases with decreasing magnetic field
strength and stars of different Teg are equally affected.
This dependence can be explained by the decreasing stiff-
ness of the tube for weaker tube magnetic fields. Note
that the dependence of the generated wave energy fluxes
on both a and B, found here for population II stars is
very similar to that obtained in Paper II for population I
stars.

The dependence of the wave energy fluxes on the
mixing-length parameter a for a given star with Teg =
6000 K, log g = 4 and metallicity [—3] is given in Table 1.
Based on these results, we find that the dependence of Frp
on « can be approximated by

Fr ~ 46 x 10" a*? ergem 2 s71. (1)

The derived a-dependence is similar to that found for the
transverse wave generation rate in the Sun (Paper I) and
other population I stars (Paper II).

Table 1 also shows that the total wave energy flux Frp
decreases with increasing magnetic field strength B,/ Beg.
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Fig. 5. Transverse wave energy fluxes computed for stars of
different spectral types and different metallicities. The fluxes
were obtained for stars with log ¢ = 5, the mixing-length pa-
rameter o = 2, and for the tube magnetic field B, = 0.85 Beq
at 75000 = 1.

This dependence can approximately be fitted by the
following expression:
B\ 36
Fr ~ 1.2 x 10% (—O) erg em ™2 s~ L (2)
eq

Again this dependence is very similar to that found for the
Sun in Paper I and for population I stars in Paper II; this
simply means that the dependence of the transverse wave
generation on the tube magnetic field does not change
when stellar metallicity is decreased.

Based on these results, we conclude that the ef-
fects caused by the mixing-length parameter, o, and the
tube magnetic field, B,/Beq, on the rate of the genera-
tion of transverse tube waves are independent of stellar
metallicity.

4.3. Stellar wave energy fluxes

The transverse wave energy fluxes computed for stars
with different effective temperatures and metallicities are
shown in Figs. 5, 6 and 7, which are arranged in order
of decreasing gravity from log ¢ = 5 to 3. These figures
clearly show that the effects of metallicity are important
only in stars with log ¢ = 5 and Teg < 6000 K, with
log g = 4 and T,g < 5500 K, and with log g = 3 and
Teg < 5000 K. It is also seen that the wave energy fluxes
for cool population II stars decrease roughly by an order
of magnitude for every decrease of the metallicity by an
order of magnitude, and that this result is independent of
stellar gravity.

Note that for cool stars there are also discrepancies
between the wave energy fluxes calculated by using the
Kurucz opacity tables with metallicity [0] and the Bohn
opacity tables. As already explained by Ulmschneider
et al. (1999), the most likely reason for these discrepancies
is the limited range of these tables.
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Fig. 6. Same as Fig. 5 but for log g = 4.
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Fig. 7. Same as Fig. 5 but for log g = 3.

For hot stars with log ¢ = 5 and 4, the wave energy
fluxes are practically identical (see Figs. 5 and 6, also
Table 2). The stars with the highest temperatures, where
the wave fluxes rise very rapidly, are strongly affected by
the onset of convection. This is because of the onset of the
hydrogen ionization which influences the adiabatic gradi-
ent and occurs at progressively lower Teg for lower grav-
ity. The convection zones in these stars are very narrow
and the convective velocities become very sensitive to the
numerical integration steps. Hence, the resulting wave en-
ergy fluxes strongly vary with small changes in Teg. This
effect is especially important for giants with log g = 3 (see
Fig. 7). In some of these stars, the maximum convective
velocities become comparable to (or even higher than) the
local sound speed; in this case, our method gives unreal-
istic results (see Papers I and II).

For cooler stars the convective velocities decrease and
with it the transverse wave energy fluxes. The strong in-
fluence of the metallicity on these fluxes has already been
discussed (see Sect. 4.1) and explained by the fact that for
these stars the main contributers to the opacity is from
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Fig. 8. Transverse wave energy fluxes computed for stars of
different spectral types and different gravities. The fluxes were
obtained for stars with the metallicity [—1], the mixing-length
parameter o = 2, and for the tube magnetic field B, = 0.85 Beq
at 75000 = 1.
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Fig. 9. Same as Fig. 8 but for the metallicity [—3].

metals while for hot stars the opacity is mainly from hy-
drogen. The obtained results clearly indicate that metal-
licity does not affect hot stars but it is important for cool
stars (see Figs. 5, 6 and 7; also Table 2).

The influence of gravity on the wave fluxes computed
for stars of different metallicities [—1] and [—3] are shown
in Figs. 8 and 9, respectively. The results were obtained for
o = 2 and B, = 0.85 Beq. Both figures show that the onset
of convection at the hot side strongly restricts the range
of T.g for which the efficient excitation of transverse tube
waves occurs. It is largest for dwarfs with log ¢ = 5 and
the smallest for giants with log ¢ = 3. Additional prob-
lem here is that for some of these giants the maximum
convective velocities become large in an progressively nar-
rower region and, as a result, the ratio of the maximum
convective velocity to the local sound speed (the so-called
convective Mach number) can exceed 1 (see Ulmschneider
et al. 2001b, and their Fig. 1). We discussed this issue in
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Table 2. Wave energy fluxes, Fr (erg cm™2 s™1), for upward
propagating transverse tube waves in stars with different ef-
fective temperatures Teg, gravity log ¢, and metallicity. The
fluxes were computed by using the mixing-length parameter
o = 2 and the tube magnetic field B, = 0.85 Beq at Ts000 = 1.

| Ter [ logg=3 4 | 5

Metallicity [0]

3000 || 4.7 x 10° 1.3 x 10° 2.6 x 10*

5000 || 1.2 x 10® 5.8 x 107 2.6 x 107

7000 || 2.7 x 10° 1.1 x 10° 3.7 x 108

9000 6.4 x 10° 1.2 x 10°
Metallicity [—1]

3000 || 2.3 x 10° 5.2 x 10* 1.0 x 10*

5000 || 1.1 x 108 4.7 x 107 1.8 x 107

7000 || 2.5 x 10° 9.8 x 108 3.5 x 108

9000 1.5 x 108 1.6 x 10°
Metallicity [—2]

3000 || 9.5 x 10* 1.8 x 10* 2.3 x 10°

5000 || 9.6 x 107 3.5 x 107 1.1 x 107

7000 || 2.5 x 10° 9.6 x 108 3.4 x 108

9000 8.8 x 10° 1.5 x 10°
Metallicity [—3]

3000 || 3.5 x 10* 5.8 x 10° 3.6 x 102

5000 || 8.4 x 107 2.8 x 107 5.2 x 10°

7000 || 2.5 x 10° 9.1 x 108 3.4 x 108

9000 2.4 x 10° 1.5 x 10°

Paper II and concluded that the wave energy fluxes for
Teg > 8000 K and log g = 4, and for Teg > 7000 K and
log ¢ = 3 might not be realistic. The same restrictions
apply to the population II stars considered in the present
paper.

Figures 8 and 9 also show that stars with lower grav-
ities but similar effective temperature produce higher
transverse wave energy fluxes. It is also seen that these
fluxes rapidly increase with increasing Teg until they reach
their maxima, which seem to be similar for stars of dif-
ferent gravities and metallicities. The maximum wave
energy flux generated in population II stars is about
3 x 10 erg cm~2 s7! and is practically the same for stars
of different gravities and metallicities. This maximum flux
occurs for A or early F-stars just before stellar convection
ceases to exist at higher effective temperatures. By com-
paring the fluxes obtained with metallicity [—1] and [—3],
one sees that the range of T,g for which the wave energy
flux is higher than 1.0 x 10* erg cm™2 s~! gets smaller
with decreasing metallicity. This effect is most prominent
for the coolest stars considered here (see Table 2).

As so far no other investigation of the effect of metal-
licity on the transverse tube wave generation is avail-
able, we now compare our results with those obtained by
Ulmschneider et al. (1999) for the acoustic wave genera-
tion and by Musielak et al. (2001) for the longitudinal tube
wave generation. These authors have shown that late-type
stars can be divided into three groups labeled I, IT and III,
which represent regions in the HR diagram with different
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dependences of the acoustic and longitudinal tube wave
generation on the stellar metal abundance. For hot stars
of group I, there is no dependence of the generated wave
energy fluxes on metallicity. For cool stars of group III,
the wave generation strongly depends on the metallicity
and the generated fluxes are lowered roughly by an order
of magnitude for every decrease of the metallicity by an
order of magnitude. However, stars of group II represent
the transition between the other two groups and the gener-
ated acoustic and longitudinal wave energy fluxes become
a sensitive function of the effective temperature.

The above conclusions are in full agreement with the
results obtained in the present paper for transverse tube
waves. This means that the effects of metallicity on the
wave generation process are very similar for non-magnetic
and magnetic waves. It must be also mentioned that in-
creasing wave power with frequency at low frequencies
seen in the transverse wave energy spectra (see Figs. 1
and 2) is very similar to that found for the acoustic and
longitudinal wave energy spectra. Finally, the obtained
results show that the efficiency of the generation of trans-
verse tube waves in stellar convection zones is higher
than that of acoustic and longitudinal tube waves. This
problem, however, was already extensively discussed in
Papers I and II, and the main arguments of this discussion
will not be repeated here.

5. Conclusions

From our studies of the generation of transverse tube
waves propagating along a single magnetic flux tube em-
bedded in atmospheres of late-type stars with different
metallicities, the following conclusions can be drawn.

1. The shapes of the computed wave energy spectra are
similar for stars of the same effective temperature and
gravity but different metallicity.

2. The effects caused by the mixing-length parameter and
the tube magnetic field on the rate of generation of trans-
verse tube wave are independent of stellar metallicity.

3. The effects of metallicity are important for stars with
log g =5 and Tg < 6000 K, log g =4 and Teg < 5500 K,
and log g = 3 and T, < 5000 K, and the amount of
the generated wave energy decreases roughly by an order
of magnitude for every decrease of the metallicity by an
order of magnitude.

4. For hot stars with Teg > 6000 K, the generated wave
energy fluxes are practically independent of metallicity.
However, for stars with log g = 5 and Teg > 9500 K,
log g = 4 and Teg > 8500 K, and log g = 3 and T >
7500 K, the wave generation becomes very sensitive to
small changes in Tog. As the convective velocities approach
the sound speed in these stars the computed transverse
wave fluxes are not very reliable.

5. The maximum wave energy flux generated in popu-
lation II stars is about 3 x 10° erg cm™2 s~! and it is
practically the same for stars of different gravities and
metallicities.
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6. Comparing our results to those obtained by
Ulmschneider et al. (1999) for acoustic waves and by
Musielak et al. (2001) for longitudinal tube waves shows
that the effects of metallicity on the wave generation pro-
cess are very similar for non-magnetic and magnetic waves.
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