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Summary. General properties of acoustically heated chromo-
spheres of late-type stars are derived. For a giant (log g=3)and a
dwarf star (log g=5) of T,;;=5012 K detailed acoustically heated
chromosphere models are constructed and the theoretical Mg 11
and Ca II emission line fluxes are evaluated. The initial acoustic
wave flux in the giant is assumed to be eight times larger than
that of the dwarf. The computations show that due to photo-
spheric radiation damping and the limiting shock strength be-
haviour, the acoustic flux decreases much more rapidly in the
giant than in the dwarf star such that roughly the same theoreti-
cal emission line fluxes are produced in both stars. This agrees
with observations and removes a major argument against the
acoustic heating theory for chromospheres of slowly rotating
stars.
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1. Introduction

It appears now generally accepted that the emission flux in
chromospheric lines and transition region lines of Call, MgIl,
Si1r and C1y, all exhibit colour-dependent intrinsic minima. For a
recent display of such lower limits see Schrijver (1987b). It seems
that both dwarf and giant stars have the same minimum emis-
sion. For Ca 11 Rutten (1986, Fig. 1 curve 5) suggested that this
lower limit may not be due to the chromospheric emission but
rather to the photospheric background. Careful high resolution
analysis of the photospheric background in the centers of the
Ca 11 H and K lines of 16 old stars (Marilli et al., 1989) lying near
the minimum emission flux limit showed however, that Rutten’s
estimate of the photospheric background is too high. Marilli et
al. moreover demonstrated that a considerable gap exists be-
tween the limiting Ca 11 emission flux and the flux due to the
photospheric background in radiative equilibrium. This confirms
that the lower limit of the chromospheric emission flux is indeed
an intrinsic property of late type stars.

Several authors (e.g. Golub, 1983; Noyes et al, 1984;
Hartmann et al., 1984; Simon et al., 1985; Marilli et al., 1986,
1988; Rutten, 1986) have shown that for late-type stars there is a
strong correlation between chromospheric or coronal emission
and rotation which can be explained by a greater magnetic flux
generation in more rapidly rotating stars and by the observed

correlation between magnetic flux and chromospheric emission
for the sun (see e.g. Schrijver and Coté, 1987). For a given spectral
type the minimum chromospheric emission flux occurs in stars
with large rotation periods. Oranje and Zwaan (1985), Oranje
(1986) and Schrijver (1987a, b) have argued that the limiting
chromospheric emission flux does not result from the magnetic
field related activity, but constitutes a basal chromospheric flux
produced by an acoustically heated atmosphere. For late-type
stars the acoustic energy generation in magnetic field free regions
depends only on the properties of the convection zone layers
close to the stellar surface and is thus independent of rotation.

To isolate the magnetic field related activity Oranje and
Zwaan (1985), Oranje (1986) and Schrijver (1987a, b) subtract the
empirically determined supposedly non-magnetic basal flux
values from the observed flux. The increased correlation found
between the thus constructed chromospheric excess fluxes of lines
and the X-ray emission has recently been disputed by Rutten
et al. (1989). Rutten et al. claim that the subtraction of a mini-
mum flux except for Canl does not improve the correlation
between lines, and that a minimum X-ray flux should have also
been considered. They argue that the minimum emission consti-
tutes a minimum of magnetic activity and is not a non-magnetic
basal flux.

In principle a magnetic versus non-magnetic heating argu-
ment should not be based on correlations between chromo-
spheric emission or X-ray fluxes because the correlation between
e.g. Call and MgII emission fluxes is due to the fact that the
chromosphere is a high temperature layer overlying a colder
photosphere and that we see roughly the same hot layer in both
lines. Clearly it does not matter whether the chromosphere is
heated magnetically or non-magnetically to obtain a correlation
between the line emissions. In addition there is no a priori reason
to suppose that coronae (and thus X-ray emission) can only be
produced by magnetic field related heating. As a matter of fact
solar acoustic wave calculations all show steep transition-layer-
like temperature rises at the top of the models which points to the
reality of purely acoustically heated coronae (Schmitz et al., 1985;
Ulmschneider et al., 1987).

In practice, however, X-ray emission always seems to indicate
magnetic fields. It is well known that solar X-ray emission is
strongly correlated with coronal magnetic loops (see e.g. Vaiana
and Rosner, 1978; Rosner et al., 1985). Using the X-ray flux value
from solar coronal holes Schrijver (1987b, Fig. 6) shows that the
apparent minimum X-ray emission boundary in Fig. 1g of

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1989A%26A...222..171U&amp;db_key=AST

FTI98OARA © C 2227 “I71UL

172

Rutten et al. (1989) is instrumental and does not constitute an
intrinsic basal flux limit. In addition, simple theoretical argu-
ments presented below show that a purely acoustically generated
solar corona should have only weak X-ray emission. See also
Stepien and Ulmschneider (1989). Thus X-ray emission appears
indeed to be a good indicator for magnetic activity and the
correlation with chromospheric emission should be a valid tool
to disentangle magnetic and non-magnetic heating. This points
to the reality of an intrinsic basal chromospheric flux which
arises independently from magnetic fields and is generated by
acoustic heating.

A serious problem with the acoustic heating theory to explain
the basal chromospheric emission flux is the large gravity depen-
dence found in all acoustic energy generation calculations made
to date (e.g. Renzini et al., 1977; Fontaine et al., 1981; Bohn,
1984). As mentioned above, this gravity dependence is clearly not
seen in the observed chromospheric emission fluxes and has been
taken as prime evidence against acoustic heating (Basri and
Linsky, 1979; Schrijver, 1987b).

In the present work I want to investigate this gravity depen-
dence argument in more detail. In Sect. 2 the reason for the large
gravity dependence found in the acoustic energy flux calculation
is discussed. It is well known that a comparison between acoustic
fluxes from the top of the convection zone with emission fluxes
from chromospheric heights is incorrect, because the influence of
the intermediate layers must be taken into account. The
intermediate photospheric layers indeed strongly influence the
acoustic flux through the process of radiation damping, as shown
by Ulmschneider (1988). He found that giant stars suffer much
more from radiation damping than dwarfs. The present work
shows that shock formation is another important process by
which the acoustic flux in giants decays more rapidly than in
dwarfs. This suggests that the gravity dependence argument can
no longer be used as evidence against the acoustic heating theory.

For our investigation two theoretical stellar models with
log g =5 (for a dwarf star) and log g = 3 (for a giant) with the same
effective temperature 7T,;=5012K were chosen. The acoustic
wave calculations for the two stars and the simulations of the
Mg and Calr line profiles are discussed in Sect. 3. Section 4
gives the results and a discussion while Sect. 5 summarizes
the conclusions.

2. Acoustic wave generation

In this section I want to discuss why the acoustic wave generation
computations all show a relatively large gravity dependence. In
late-type stars with efficient convection zones it is expected that
acoustic wave energy is amply generated by the turbulent con-
vection. Renzini et al. (1977) and Fontaine et al. (1981) have used
the Lighthill (1952, 1954) formula for quadrupole sound gener-
ation developed for homogeneous isotropic turbulence in non-
gravitational atmospheres to estimate the emergent acoustic flux
at the top of the convection zone of stars. These computations
show that the acoustic flux Fy, is essentially proportional to g ~*
where g is the gravitational acceleration at the stellar surface.
In order to take into account the density stratification found
in gravitational atmospheres Bohn (1981, 1984) employed Stein’s
(1967) method and used improved opacities as well as a better
treatment of molecules. He found that due to the contributions
from dipole and monopole sound generation terms the gravity
dependence of the acoustic energy generation is changed and that

5

Fy is now proportional to g~ °5. For stars where the convection
zone is not too thin his results can be represented by the con-
venient analytical approximation

Fy=1411026 T %% g~%%2*, (1)

where « is the ratio of mixing-length to pressure scale height.

All this above-mentioned work has recently been criticized by
P. Goldreich (1987, private communication) who claims that by
using Lighthills approach (which is developed for non-gravi-
tational atmospheres) in stellar atmospheres, the effect of the
buoyancy forces on the turbulence was not properly taken into
account. This would mean that in the above computations the
quadrupole contribution is overestimated and the dipole contri-
bution is underestimated.

Despite this criticism, however, it is clear from very general
arguments that the acoustic energy generation must show a
considerable gravity dependence. To show this, convenient
approximate formulae for the density p, gas pressure p and mean
convective velocity v at the top of the convection zone are
derived. For these estimates a simple opacity formula

Kk =1.376 10" 23p% 738 TS (cm?/g), @

is used, valid if H™ is the dominant opacity, which was obtained
by a fit to the Kurucz (1979) opacity tables (cf. Ulmschneider
et al,, 1978). Following Renzini et al. (1977) the equation of
hydrostatic equilibrium can be integrated down to optical depth
7=1 under the assumption that the temperature is essentially
equal to T,. For the top of the convection zone one approxi-
mately obtains

pz196 10]390'575Te_ff2'88, (3)

and with the equation of state and a mean molecular weight
u=13

953.06 10590‘575 Te—“.’».SS. (4)

For an efficient convection zone the convective flux

_ _ .3 ~ 4
Fe=pc, ATv=pv 0t(y_l)_aTeff, 5
must be equal to the total flux. Here the second equality comes
from the fact that AT and v are related in the mixing-length
theory (cf. Renzini et al.,, 1977). Note that for earlier type stars the
last equality in Eq. (5) will not be very good as these convection
zones are not very efficient (Cox and Giuli, 1968, p. 609). With
the upper limit y=5/3 and with Eq. (4) the mean convective
velocity v at the top of the convection zone can be written
approximately as

0333 10 403330192 T%62, (6)

For monopole, dipole and quadrupole source terms (Stein,
1981) one thus finds approximately

v\
Fm°"°~aT:“<;) ~gTOTE, )
3
. v _
F‘L‘{IPNGT:H<Z) ~g BT, (®)
5
U —_
Fa"“wT:‘ff(;) ~g O TS, )

where c is the sound speed. It is seen that except for the monopole
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case there is a considerable gravity dependence of the acoustic
energy generation. If the dipole contribution is enhanced as
suggested by the criticism of Goldreich, then the gravity depen-
dence of Eq. (1) found by Bohn (1981, 1984) should give reason-
able estimates for our purpose. Stars differing by a factor of 100
in gravity are thus expected to have acoustic fluxes different by
about a factor of ten. The gravity dependence of the acoustic
energy generation calculations essentially arises from the steep
velocity dependence of the source terms and the fact that in order
to transport the total stellar flux ¢ T%; in an effective convection
zone, much higher velocities are necessary in the low density
surface layers of giants as compared to those of dwarfs.

3. Acoustically heated chromospheres for two stars

In this Sect., I describe the computation of acoustically heated
chromosphere models and show the method by which the
emergent theoretical Mgi1 and Call emission line flux is calcu-
lated.

3.1. Theoretical chromosphere models

For the two stars with 7,,=5012K and log g=3 (henceforth
called giant) and log g=35 (henceforth called dwarf) initial grey
plane- parallel radiative equilibrium models have been computed
which cover roughly seven decades in optical depth 7 at 5000 A
up to = 1.0. Acoustic waves are calculated by solving the time-
dependent continuity, Euler and energy equations in a lagran-
gian frame using the modified characteristics method described
by Ulmschneider et al. (1977, 1978). For the energy balance the
radiative transfer and statistical rate equations for the non-grey
H~ continuum and the Mgirk line (with complete redistri-
bution, CRD) were solved (see Ulmschneider et al., 1987).
Acoustic waves are introduced at the lowermost height point into
the atmosphere models by a piston moving sinusoidally in time
with a wave period P and a velocity amplitude

(sz)l/z
Ug= N
pc

where Fy, is the initial acoustic flux generated by the convection
zone. p is the density and ¢ the sound speed at the bottom of
the atmosphere. At the top of the atmosphere a transmitting
boundary was assumed. For the giant star an acoustic
flux of Fy,=2.010%erg/cm?s and for the dwarf star of
Fy,=2.510" erg/cm? s were taken following Bohn (1984, Fig. 6).
As discussed above, these values may be uncertain in magnitude
but display a realistic gravity dependence. For the wave period P,
values

(10)

1 1 4nc

10" % 1099~ (1)
much smaller than the acoustic cut-off period P, were taken.
These periods are close to the peak of the acoustic power
spectrum computed by Bohn (1981, 1984) and ensure that the
waves are propagating. For the giant star one finds P=560s and
for the dwarf star, P=5.6s. To obtain realistic radiative equilib-
rium models, time-dependent computations without waves were
made, holding the piston position constant by taking u,=0.
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3.2. Mgu k and Cair K line computations

In the time-dependent wave computations using the core-
saturation method (Kalkofen and Ulmschneider 1984) one evalu-
ates a non-LTE line source function S for Mg1I or Ca1l under
the complete redistribution (CRD) approximation. The error
made in using this approximation has been discussed by
Ulmschneider et al. (1987) and is especially large at great depth
because there the coherent emission in the line wing is poorly
described by CRD. This line source function S has been used to
compute the emergent line profile. With a table of background
opacities P at the frequencies of the MgIl k or Call K lines
generated from the ATLAS code of Kurucz (1970) the total
source function is given by

S=(xkLSY + 1B B)/(xcL + xB), (12)

where % is the monochromatic line opacity and B the source
function in LTE of the background. Evaluating the emergent flux
by integrating S over the total optical depth using three point
interpolation parabolas (Kalkofen and Ulmschneider 1977) or
two point interpolation formulas as described by Kalkofen and
Ulmschneider (1984) gave almost identical results.

In the framework of the core-saturation method this pro-
cedure to compute the emergent Mg11 or Call line profiles can be
improved to include coherence (PRD) by using the method of
Stenholm and Wehrse (1984). Here the core-wing diagram (cf.
Kalkofen and Ulmschneider, 1984) has been used as well as the
redistribution function after Gouttebroze (1986).

4. Results and discussion
4.1. The stellar models

The radiation hydrodynamic wave computations in the dwarf
and giant stars are shown in Figs. 1, and 2, respectively, as
function of eulerian height. In both cases the computations have
been continued for a long time such that the transient behaviour,
arising from the fact that initially the wave runs into an un-
disturbed radiative equilibrium atmosphere, has been much re-
duced. At the time of Fig. 1, 210 shocks and at Fig. 2, 19 shocks
have been transmitted through the top of the atmosphere. In
addition in the dwarf none and in the giant 6 shocks have
vanished due to overtaking by other shocks.

It is readily seen that the height scales in both figures are very
different, that of the giant being 100 times greater. This results
from our choice of a similar optical depth range for both stars.
Integrating the hydrostatic equation to the optical depth 7 and
using Eq. (2) it can be shown (cf. Renzini et al., 1977) that dt/t=
—1.7dx/H, where x is the geometrical height and H the scale
height. As H=RT/ug (where R is the gas constant) is 100 times
greater, going from the dwarf to the giant, the heights dx must be
likewise. Note that the mass column density of the bottommost
point in the giant (m=26g/cm?) is much larger than that of the
dwarf (m=3.7g/cm?). This is due to the pressure dependence of
the opacity. In the dwarf the pressure and the opacity rise quickly
and optical depth unity is reached after going through much less
mass. The pressures p=mg at the bottom of the atmospheres
agree roughly with the approximate values from Eq. (3). With a
similar integration of the hydrostatic equation as above one finds
dt/t=0.575dp/p=0.575dm/m, which shows that the mass
column density and the pressure change only by about 4 decades
for the chosen optical depth range.
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T Fig. 1. Acoustically heated theoretical chromosphere
-2 model of a dwarf star with T,;=5012 K and log g=35 at
|5 time t=1.2210%s. The temperature 7, velocity u, gas
24 pressure p, damping function D and acoustic flux Fy, are
Yo | shown as function of height. Tye is the tempera-
- ture distribution of a radiative equilibrium model. The
4 3 acoustic ~ wave has an  initial flux = of
B 1% Fy,=2510"ergem 257! and a period P=5.6s. The
upper end of the radiative damping zone is indicated by
v . . oy an arrow

Fig. 2. Acoustically heated theoretical chromosphere
model of a giant star with T,;=5012 K and log g=3 at
time t=1.9110*s. The temperature T, velocity u, gas
pressure p, damping function D and acoustic flux F,, are
shown as function of height. Tyg is the temperature
distribution of a radiative equilibrium model. The acous-
tic wave has an initial flux of F, =2.0 108ergcm 25!
and a period P=>560s. The upper end of the radiative
damping zone is indicated by an arrow

height (x 109 km)

4.2. Limiting shock strength behaviour

Despite the fact that the giant has a 100 times larger height scale
as compared to the dwarf it is seen from Figs. 1 and 2 that there
are roughly the same number of wavelengths in both atmos-
pheres. This is due to the fact that after Eq. (11) the wave period
and thus the wavelength in the giant is increased by the same
factor of 100. It is seen that the velocity amplitude at the bottom
of the giant atmosphere (u, =7 10*cm/s) is much larger than the
corresponding velocity amplitude in the dwarf (u,=9 10% cm/s).

This is due to the factor of 8 difference in the acoustic flux. The
velocities are in agreement with Eq. (10) if the different densities
(py=7.810"% and 1.1 10~ ®g/cm?) are considered.

Figure 1 shows that at greater height soon after the shock
becomes fully developed the shock amplitudes tend to reach a
constant value. The same is seen even more clearly in Fig. 2. This
general behaviour is found in all of our acoustic wave com-
putations (e.g. Ulmschneider et al., 1978, 1979), and is a conse-
quence of the limiting shock strength behaviour of acoustic waves.
It is well known from early wave calculations (e.g. Osterbrock,

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1989A%26A...222..171U&amp;db_key=AST

FTI98OARA © C 2227 “I71UL

1961; Ulmschneider, 1970; see also Cuntz and Ulmschneider,
1988) that the strength of weak monochromatic acoustic shock
waves in gravitational atmospheres attains a limiting value,
where the increase of the wave amplitude due to energy conser-
vation in the decreasing density is balanced by the amplitude
decay due to shock dissipation.

The surprising result as seen from Figs. 1 and 2 is, however,
that the limiting shock amplitudes are the same in both dwarf and
giant stars. It appears that a fixed limiting shock strength is
reached independent of the gravity of the star. This can be
explained as follows. The shock Mach number M, and the shock
strength « are defined as

Ugy—u
MSEI+0(E——SH—’—‘L,
€y

(13)

where Ugy is the shock speed, u, the gas velocity and ¢, the sound
speed in front of the shock (Landau Lifshitz, 1959, p. 331). Then
with
2yMZ—y+1
o=t MM TR
P1 7+1
_pr (DM

To —DMZ42

(14)

(15)

the temperature, pressure and velocity jumps across the shocks
for weak shocks (x< 1) are given by

T,—-T, ®
— _1~a (16)
7, ©
4
PaZl g1 17
2 y+1
- 0-1 4o
el WA VPO (18)
¢y (©] y+1

For the case of plane-parallel isothermal atmospheres with con-
stant gravity the limiting shock strength ME™ can be written
(Ulmschneider, 1970) as

Y

mM=1+2p (19)
4c

A recent discussion of this formula for applications to late-type
stellar atmospheres has been given by Cuntz and Ulmschneider
(1988).

From a comparison of Egs. (11) and (19) (here small differ-
ences in the sound speeds are neglected) we find for propagating
shock waves in late-type stars
MM—11 a3 (20)

10
independent of T, and gravity. From Egs. (16) to (18) the total
temperature, pressure and velocity jumps in those weak shock
waves are given by
AT Ap Au

—=~0.3, —~0.75, —=~0.45,
P c

T @n

likewise independent of T,; and g. With T, =4500 K and a sound
speed of 7km/s one finds AT=1350 K and Au=3.1km/s in
good agreement with the values in Figs. 1 and 2.
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It should be noted that the general results of Egs. (20) and (21)
rest on the assumptions about the acoustic frequency spectrum
made in Eq. (11) and on the validity of Eq. (19) for the limiting
shock strength. The computations of Bohn (1981, 1984) have
shown that the peak of the acoustic spectrum near P,/10 does
not change very much when going through the HR-diagram
except for very late type dwarf stars, where Bohn finds a strong
monopole contribution which leads to spectra which peak at
longer wave period. However, the recent criticism of Goldreich
mentioned above might lead to a greater dipole contribution
which would shift the peak of the spectrum back to shorter wave
periods. If that peak does not occur at P=P,/10 but rather at
P=P,/5, then a shock strength of M§™~1.6 is found and the
values in Eq. (21) are increased by a factor of 2. This shows the
well known fact that larger wave periods lead to stronger shocks.
The validity of Eq. (19) has been discussed by Cuntz and
Ulmschneider (1988) where it was found (cf. their Fig. 4) that for
short period waves (i.e. P=P,/10) this expression is quite good.
Thus it is to be expected that a more detailed time-dependent
computation of the shock development of an acoustic spectrum
will not greatly modify the results of Eq. (21) for the lower and
middle chromosphere of stars (where Mg II is emitted). However,
if more extended outer atmospheres are considered, then the
overtaking of shocks and the formation of very strong, long
period shock waves have to be taken into account as demon-
strated by Cuntz (1987).

4.3. Acoustic fluxes of limiting strength shock waves

Using the somewhat differently defined shock strength n=(p,
—p1)/p1~4a/(y+1) the mechanical flux in weak acoustic saw-
tooth shock waves can be written (Ulmschneider, 1970) as

4y

Fyy=——pca?. 22
M 3(y+1)2P (22)

With ¢ and « roughtly constant this shows that at greater heights
the acoustic fluxes as seen in Figs. 1 and 2 simply scale like the
mean gas pressures. In particular, for typical chromospheric
conditions we find roughly Fy,~2.3 10*p. From the scaling of the
pressure relative to t as discussed above, or from Figs. 1 ans 2, it
is seen that the giant has about a factor of ten smaller gas
pressure at similar optical depths. Thus at the top of the atmos-
phere the limiting acoustic flux in the giant is about a factor of ten
less than that in the dwarf. Note, that the giant initially had eight
times more acoustic flux.

The limiting acoustic fluxes decrease rapidly and at the foot of
the transition layer reach rather small values. This can be seen in
the solar case. With a transition layer pressure of p=0.15dyn/cm?,
a sound speed ¢c=9km/s and «=0.3 one finds from Eq. (22)
Fy=23.810%erg/cm?s. This is about two orders of magnitude
smaller than the observed solar coronal energy losses (cf. Athay,
1976, p. 423). The X-ray flux which would be generated by this
limiting acoustic flux is even smaller. Using values from
Withbroe and Noyes (1977) for coronal holes one finds that the
fraction of the acoustic flux available for X-rays is only 1/80 of
the total coronal energy loss which consists of X-ray-, wind- and
conductive losses. Thus the X-ray flux from a purely acoustically
heated sun could be as low as 50erg/cm?s.

A note of caution has to be introduced here. The above
arguments are valid for monochromatic wave propagation. To
replace the acoustic spectrum by a delta function at the peak of
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the acoustic power is very likely permissible when considering
chromospheric wave propagation. However, when discussing
higher layers the overtaking of shocks as found by Cuntz (1987)
will lead to a shift of the acoustic power to much longer period.
As longer wave periods after Egs. (19) and (22) lead to higher
limiting fluxes, the expected acoustic fluxes available for X-ray
losses very likely are considerably larger than those estimated
above. Nevertheless, these arguments show that purely acousti-
cally heated coronae probably have little X-ray emission.

4.4. Radiation damping

There are two processes which are responsible for the differential
loss of about a factor of 100 in mechanical flux from the giant.
The first process as discussed in the last section is the limiting
shock strength behaviour. This process generates acoustic waves
of limiting strength independent of the initial wave amplitude. If
the wave initially has too much energy then shock dissipation
reduces the wave amplitude until the limiting value is reached.
Likewise if the wave initially has little energy then the steepening
by the density gradient will raise the amplitude until the limiting
shock strength is reached. As discussed above the acoustic fluxes
of limiting strength waves scale essentially like the gas pressure p.

The second process for the large loss of mechanical energy in
the giant is radiation damping. This effect has been discussed by
Ulmschneider (1988). The action of radiation damping is readily
seen in Figs. 1 and 2. In the dwarf (Fig. 1) the acoustic wave does
not suffer much from radiation damping and the wave amplitude
grows quickly due to energy conservation. That the acoustic
energy at low heights is roughly conserved is seen from the
behaviour of the acoustic flux Fy. In the giant (Fig. 2), however,
the large amplitude of the wave entering at the bottom due to
strong radiation damping does not grow despite the rapid drop

dwart

Mgll k

(10-6erg/cmzserz)
T

intensity

A wavelength (R)

Fig. 3. Mg k line profiles for the dwarf star in the phase given by Fig. 1.
The profile of the radiative equilibrium model is shown dashed

(10-6erg/cmzserz)

in density. Here the acoustic flux decays rapidly with height. The
zone of the star where radiation damping is important is the
region where the wave period P is larger than the radiative
relaxation time t,,4 which is defined (Schmitz, 1989) by

2.5¢,

tra P
4 160k T?

(23)

where c,(erg/gK) is the specific heat at constant volume. A wave
with t,,4<P will suffer strongly from radiation damping (cf.
Ulmschneider, 1988) while a wave with ¢,,4> P will conserve
energy. The fact that stars have extensive radiation damping
zones has been discussed elsewhere (Ulmschneider et al., 1979;
Schmitz and Ulmschneider, 1981). The radiative damping zones
extent from the stellar surface where t,,4 < P up to those heights
where t,,, =P and are marked by arrows in Figs. 1 and 2. At the
bottom of the atmospheres we find t,4=3.5s for the dwarf
(P=5.65) and t,4=29s for the giant (P=500s). The different
ratio t.,4/P and the different extent of the damping zones show
that the acoustic waves in the giant suffer much more from
radiation damping that in the dwarf. This behaviour can be
understood from the gravity dependence of the ratio P/t as
discussed by Ulmschneider (1988). Radiation damping strongly
influences the acoustic flux in the radiation damping zones but
does not modify the magnitude of the flux of limiting shock
waves found at great heights.

4.5. The emerging Mg 11 k and Ca 1l K line profiles

For the atmospheric slabs given by Figures. 1 and 2 the resulting
Mg k and Ca1 K line profiles of the dwarf and the giant stars
are shown in Figs. 3 to 6. In addition these Figs. show Mg1I and
Cani line profiles for the radiative equilibrium models (i.e. the

giant Mgl k

intensity

A wavelength (R)

Fig. 4. Mgk line profiles for the giant star in the phase given by Fig. 2.
The profile of the radiative equilibrium model is shown dashed
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n dwarf

Call K

(IO-Gerg/cmzserz )

~N

intensity

A wavelength (R)

Fig. 5. CauK line profiles for the dwarf star in the phase given by Fig. 1.
The pofile of the radiative equilibrium model is shown dashed
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Fig. 6. Can K line profiles for the giant star in the phase given by Fig, 2.
The profile of the radiative equilibrium model is shown dashed

atmosphere without waves). Note that due to our two level atom
description the lines are quite crude and we do not have line
doublets but only single lines. The flat appearance and the
dependence of the profiles on the wave phase at large AA comes
from our slab boundary condition (Ulmschneider et al., 1978,
Egs. 6 and 7, where 0T &/n and B, were replaced by mono-
chromatic Planck functions). This slab boundary condition does

177

not take into account deeper photospheric layers. Figures 3 to 6
show that the radiative equilibrium atmospheres produce
absorption lines. The emission cores in the lines are therefore
generated entirely by the presence of the acoustic waves. This
confirms the theoretical picture that the chromospheric line
emission from stars is caused by mechanical heating.

The radiative equilibrium models shown in Figs. 1 and 2 were
produced by time-dependent means and at great heights very
likely have not yet fully settled to a final form, although both
models were run for a long time (4.31 103 s for the dwarf and
2.93 103 s for the giant). A comparison of the temperature profiles
of the atmospheres with and without waves in Figs. 1 and 2 show
the well known temperature depression of the wave atmosphere
caused by the nonlinearity of the Planck function (cf.
Ulmschneider et al., 1978). This temperature depression is also
seen in the Ca 11 profiles of Figs. 5 and 6.

It is interesting to see that for the MgiI lines the chromo-
spheric emission fluxes in the line profiles are roughly similar in
both stars, being somewhat smaller in the giant. The Call line
emission fluxes are likewise roughly similar, although the giant
star emission appears noticeably larger. This trend is understood
from the fact that the Call emission originates deeper in the
atmosphere than the Mgl emission. As discussed above we
expect that in deeper atmospheric layers the giant star has larger
acoustic flux and in higher layers smaller acoustic flux as com-
pared to the dwarf. This near equality of the middle chromo-
spheric emission fluxes has already been expected from the above
discussion of the limiting shock strength and radiation damping
behaviour. Figures 3 to 6 show that at middle chromospheric
heights where the main contribution to the Mgir and Ca1i line
emission arises, the factor of 8 difference in the initial wave energy
is largely dissipated and/or radiated away at other wavelengths
(in our case by the H ~ continuum). Whether the effect is real, that
the giants seem to have a somewhat larger Ca1t K but smaller
Mg11 k emission compared to the dwarfs, must await a more
detailed calculation using an acoustic frequency spectrum and a
better radiation treatment of the energy equation.

Calculations which simulated line profiles using the partial
redistribution (PRD) procedure described above, did not change
the line profiles much compared to the CRD profiles. This was
attributed to the fact that most of the emission comes from the
damping wings of the line at A1>0.5 A where the difference
between CRD and PRD in the line shape is small (cf. Mihalas,
1978, Fig. 13—8). More detailed line simulations, in view of our
approximations as to the Mg It atomic model, the computation of
hydrogen ionization for the electron density and the radiation
treatment in the hydrodynamics of the wave calculation ap-
peared not warranted at the present time. Such detailed simu-
lations, which can be compared with observed profiles, must
await more realistic wave calculations.

5. Conclusions

From the strong velocity dependence of the acoustic dipole and
quadrupole source terms we conclude that the acoustic energy
generation by turbulent convection in late type stars will show a
gravity dependence roughly like g~ which leads to much
higher acoustic energy fluxes in giants as compared to dwarfs.
This is essentially due to the higher convective velocities needed
in the low density envelopes of giants in order to transport the
same total flux.
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It has been shown that there are two processes, radiation
damping and the limiting shock strength behaviour which rapidly
decrease the acoustic flux on its transit from the convection zone
to the middle and high chromosphere. Radiation damping due to
the different gravity dependence of the radiative relaxation time
t.aa (Which essentially does not depend on gravity) and the wave
period P (which depends on gravity) affects giants more than
dwarfs (see Ulmschneider, 1988). The limiting shock strength
reached by acoustic waves in the chromosphere is independent of
the initial acoustic energy flux generated in the convection zone
and depends essentially on the product gP.

Computations of the generated acoustic frequency spectra
show that the peak of the acoustic power is near P,/10, where P,
is the acoustic cut-off period of the atmosphere. As P, scales like
g~ ! it is shown generally that the limiting shock strength in all
late-type stars is roughly similar, independent of T, and gravity.
This allows to predict.roughly the same temperature, pressure
and velocity jumps in limiting acoustic shock waves in late-type
stars. As the limiting acoustic flux essentially scales like the gas
pressure p, it was concluded that the acoustic flux in the high
chromospheres of late-type stars is very weak and probably
unable to balance the observed coronal X-ray emission in these
stars. This agrees well with the small acoustic fluxes observed for
the Sun with the OSO 8 satellite and makes coronal X-ray
emission a prime indicator of magnetic heating.

For a giant (logg=3) and a dwarf star (logg=35) of
T.s=5012 K detailed acoustically heated chromosphere models
were constructed and theoretical emission line profiles evaluated.
The initial acoustic wave flux in the giant is assumed to be 8 times
larger than that of the dwarf. Despite this initial disparity in the
acoustic flux it is found that the Mg and Call line emission
fluxes for the two stars are roughly the same. This is attributed to
the above mentioned degradation of the acoustic flux by radi-
ation damping and shock dissipation during transit from the
convection zone to the middle chromosphere. That the theoreti-
cal chromospheric Mgil and Call line emission shows little
gravity dependence, despite the considerable gravity dependence
of the generated initial acoustic flux, removes a main argument
against acoustic waves as proposed heating mechanism for the
outer atmosphere of the slowly rotating minimum chromo-
spheric emission stars.
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