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ABSTRACT

We calculate time-dependent models of acoustically heated chromospheres for main-sequence stars
between spectral type FO V and MO V and for two giants of spectral type KO III and K5 III assuming
monochromatic waves. The hydrodynamic equations are solved together with the radiative transfer and
statistical equilibrium equations to investigate the propagation of acoustic waves into the chromospheric
regions. The emergent radiation in Mg m h+ k and Ca m H + K is calculated and compared with
observations. We find good agreement, over nearly 2 orders of magnitude, between the time-averaged
emission in these lines and the observed basal flux emission, which had been suspected to be due to
nonmagnetic (i.e., acoustic) heating operating in all late-type stars. The height dependence of the acoustic
energy flux can be explained by the limiting strength property of the acoustic shocks and is consistent
with that found in models of quiet solar regions. We also confirm the validity of the Ayres scaling law,
which has originally been derived for semiempirical chromosphere models and is thus independent of
assumptions about the chromospheric heating mechanism. Our results strongly support the idea that the
“basal heating” of chromospheres of late-type stars as revealed by the frequency-integrated Mg u and

Ca 11 line emission is fully attributable to the dissipation of acoustic wave energy.

Subject headings: hydrodynamics — line: formation — shock waves — stars: activity —
stars: chromospheres — stars: late-type

1. INTRODUCTION

An outstanding problem in stellar astrophysics concerns
the identification of the processes responsible for heating
stellar chromospheres and coronae and for driving stellar
winds. During the past 20 years, major advances have been
made, in part owing to different types of observations
obtained by IUE, ROSAT, and HST-GHRS, to solar
observations, and to sophisticated theoretical modeling
(see, e.g., Linsky 1991; Pallavicini 1992 ; Ulmschneider 1990,
1993; Cuntz 1996; among others). Based on these results, it
has been concluded that two different types of mechanisms
for chromospheric heating exist, which can broadly be clas-
sified as magnetic heating and acoustic heating. These
heating processes are expected to have a different impact in
stars of different effective temperature, surface gravity, and
rotation rate and to change dramatically during the course
of stellar evolution. For recent reviews on proposed heating
mechanisms, see, e.g., Narain & Ulmschneider (1990, 1996).

Schrijver (1987) and Rutten et al. (1991) have provided
major contributions to the disentanglement of the relative
importance of magnetic and acoustic heating in chromo-
spheres of late-type stars. They argued that the emission
flux of each chromospheric line may consist of two com-
ponents: a “basal” flux @, which is independent of the
stellar rotation rate, and a “magnetic” flux, which depends
on rotation and (by implication) on age. In the case of single
stars, fast rotation usually increases the chromospheric line
emission considerably. Schrijver and Rutten et al. identified
the basal flux limits of Mg i1 and Ca 1 as an intrinsic pro-
perty of the stars, which remain unaffected by detection
limits. Schrijver (1987) and Schrijver, Dobson, & Radnick
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(1989) argued that since the chromospheric basal flux limits
of specific lines are independent of the stellar rotation rate,
they can best be attributed to pure acoustic heating. Acous-
tic heating remains essentially unaffected by stellar rotation
and depends only on the stellar effective temperature and
gravity and in a very limited sense also on the metal abun-
dances. Stars that only have the basal flux components are
usually referred to as chromospheric basal flux stars. The
latter authors presented a detailed analysis for the Mount
Wilson Ca n1 H and K fluxes of cool dwarfs containing
evidence for the existence of magnetic, basal, and radiative-
equilibrium components in these lines. Note that
Middelkoop (1982), who analyzed the Ca 1 H and K lines of
a total of 335 evolved stars, mostly giants, already provided
preliminary evidence for the existence of basal limits in the
fluxes of chromospheric emission lines. The most recent
status of this type of work has been outlined in the review of
Schrijver (1995).

There are also other observational indications that
suggest the separation into two distinct chromospheric
heating components. One of these is the spread in chromo-
spheric emission in samples of stars of a given spectral type
and luminosity class. Magnetic heating, due to the variation
of the stellar rotation rates, generates a wide spread of
chromospheric emission fluxes for the same type of stars.
Acoustic heating, however, which does not depend on
stellar rotation, gives always roughly the same emission flux
for stars of the same effective temperature and gravity,
which thus leads to no or only a narrow spread in chromo-
spheric emission. As a consequence, a wide spread of the
chromospheric emission is evidence that magnetic heating
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dominates. The decrease of this spread in chromospheric
activity with decreasing B— V, toward F stars, is well docu-
mented (Rutten 1987, Fig. 1; Walter & Schrijver 1987, Fig.
1). This can be explained by the two-component heating
picture in a straightforward manner. The acoustic heating
component, as derived from acoustic wave generation cal-
culations, increases strongly toward decreasing B—V and
increasingly overwhelms the magnetic heating component.
Here a strong nonspread emission component adds to a
wide-spread emission component and thereby reduces the
resulting spread. Therefore, the acoustic heating component
is expected to dominate in many inactive cool stars, includ-
ing F stars. That acoustic wave heating is consistent with
the basal flux emission of M dwarf stars has also been found
by Mathioudakis & Doyle (1992).

Links to theoretical studies of angular momentum evolu-
tion have been discussed by Gray (1991), Schrijver (1993),
Schrijver & Pols (1993), and Charbonneau, Schrijver, &
MacGregor (1997), among others. These studies show that
when solar-type stars evolve apart from the main sequence,
their angular momentum subsides, in part owing to the
increase in the moment of inertia caused by changes in the
internal mass distribution and in part owing to magnetic
braking resulting from the onset of massive stellar winds. It
has therefore been argued that the dominant chromospheric
heating mechanism in single inactive late-type (super-)
giants might be essentially acoustic rather than magnetic in
nature. This result has found support in further studies of
Pasquini, Pallavicini, & Pakull (1988), Dupree, Hartmann,
& Smith (1990), Judge & Stencel (1991), Strassmeier et al.
(1994), and Peterson & Schrijver (1997), which demonstrate
the reality of empirically deduced basal flux limits. Judge &
Stencel (1991) and Cuntz et al. (1996) have studied the Mg 11
basal flux limits at low effective temperatures to evaluate
the activity level of noncoronal K giants. Peterson & Schrij-
ver analyzed Mg 1 spectra of nine metal-poor solar-type
stars, some believed to be among the oldest stars known.
They found that in all stars the level of Mg 1 emission is
commensurate with the basal flux limit, which is further
support for the acoustic heating picture.

These results show that the dominant heating mechanism
in chromospheric basal flux stars may be acoustic rather
than magnetic. An alternative, or perhaps supplementary,
explanation of basal heating is that it may be caused by
heating due to intrinsically weak magnetic fields generated
by the dynamo mechanism working at a very low stellar
rotation rate or by convective turbulence of the partly
ionized matter. Furthermore, those magnetic fields could
also be a leftover from an earlier evolutionary status of the
star. These types of explanations, however, have not gained
support by detailed model calculations. On the other hand,
it should be noted that in case of main-sequence stars, mag-
netic surface structures must also be present as they are
necessary to heat the coronae. In case of inactive late-type
giants, indirect evidence for the presence of magnetic fields
exists, as current acoustic shock wave models are found to
be unable to explain the size of observed mass-loss rates
(Hartmann & MacGregor 1980; Cuntz 1990; Sutmann &
Cuntz 1995) and the magnitude of chromospheric turbu-
lence (Judge & Cuntz 1993). On the other hand, it is fully
legitimate to calculate acoustic heating models for these
stars, as they possess sizable convection zones, which give
rise to acoustic energy generation.

It is the purpose of this paper to calculate theoretical

heating models for cool star chromospheres based on
acoustic energy dissipation. We focus on main-sequence
stars of spectral type FO V-MO V and on giant stars of
spectral type KO ITI-K5 IIT and simulate the atmospheric
properties of these stars, notably the emerging radiation in
Mg 1 and Ca m. These results are then compared with
observations. Our paper is structured as follows: In § 2, we
discuss our method and model assumptions. Section 3 gives
specific results for chromospheric heating models of main-
sequence stars and giants, including the calculation of Mg 11
and Ca 11 emission lines. In § 4, we evaluate the position of
the theoretical Mg 11 and Ca 1 basal flux limits in relation-
ship to observational data. Conclusions are givenin § 5.

2. METHOD AND MODEL ASSUMPTIONS

The computation of acoustic waves has been discussed in
previous work by us (Ulmschneider et al. 1977,
Ulmschneider, Muchmore, & Kalkofen 1987; Schmitz,
Ulmschneider, & Kalkofen 1985; Rammacher & Ulmsch-
neider 1992) and therefore does not need to be described
again in detail. The basic features of these computations
include the following:

1. We adopt solutions of the one-dimensional hydrody-
namic equations, which consist of the continuity equation,
the momentum equation, and the energy equation. The
solutions are obtained using the method of characteristics.

2. At the bottom of the atmosphere, we introduce sinus-
oidal acoustic waves generated by a piston. The waves are
followed to the point of shock formation and beyond.

3. The shocks are treated as discontinuities and are
allowed to grow to arbitrary strength. Since we utilize the
method of characteristics, there is no need to use numerical
viscosity for the treatment of the shocks. The shocks are
also permitted to merge with each other.

4. At the top of the atmosphere, we use a transmitting
boundary condition. Details about the implementation of
the transmitting boundary condition into the method of
characteristics have been described by Ulmschneider (1986).

5. Radiative energy losses (and gains) are described by
solving the radiation transfer equations in the H™ contin-
uum as well as the Mg 1 k and H Ly« lines (as representa-
tive chromospheric emitters, assuming complete
redistribution [CRD]). The radiative transfer equations are
solved together with the statistical equilibrium equations
for NLTE populations.

6. H™ (bound-free and free-free) is treated in NLTE as in
Vernazza, Avrett, & Loeser (1981) except for the use of an
electron density table computed with Kurucz’s ATLAS
program using LTE.

7. The Mg 11 k and Ly« line cooling rates are been com-
puted using the operator splitting method (Buchholz et al.
1994), which is more accurate and faster than the modified
core-saturation method previously used by Rammacher &
Ulmschneider (1992).

8. We do not include molecules such as CO. Therefore,
we do not consider the possible influence of thermal bifur-
cation and thermal instabilities in our models.

It should be particularly noted that we have not treated
the ionization of hydrogen consistently together with the
equations of hydrodynamics. Specifically, we have not
included the hydrogen ionization energy in the energy equa-
tion. Time-dependent ionization and recombination effects



702 BUCHHOLZ ET AL.

of hydrogen are also important (see, e.g., Kneer 1980;
Carlsson & Stein 1992, 1995) but have not been included
either. Interestingly, both approximations are expected to
change the thermal structure of the atmospheres in opposite
directions: ignoring the ionization energy of hydrogen in
the energy equation produces an atmosphere that is defi-
nitely too hot, while including this term but omitting the
advective term as well as the time-derivative term in the
statistical hydrogen rate equations produces an atmosphere
that is too cool, particularly in regions behind shocks. Thus,
our present treatment represents a compromise. Neverthe-
less, it is our plan to include both effects in our radiation-
hydrodynamics code, which is currently under development
(Cuntz & Hoflich 1998). For our acoustic wave calculations,
we also need starting atmospheres in radiative equilibrium
because otherwise the atmospheres, after starting the time-
dependent treatment, would show motions even in the
absence of waves. To generate starting atmospheres, we use
the same equations as in the time-dependent hydrodynamic
code, the same height grid, and also employ the same radi-
ation treatment. The starting models are then constructed
by using the usual temperature and flux correction pro-
cedures as discussed by Cuntz, Rammacher, & Ulmschnei-
der (1994).

The energy flux and spectrum of acoustic waves gener-
ated in the convection zone of stars other than the Sun
cannot be observed but must be computed theoretically.
The most advanced theoretical method to compute acoustic
wave generation from the turbulent motions in stellar con-
vection zones is the Lighthill-Stein theory. This theory and
its background have recently been rediscussed by Musielak
et al. (1994) and Ulmschneider, Theurer, & Musielak (1996).
It was found that the older version of Stein’s theory, Bohn
(1981, 1984), gives basically realistic results if an unrealisti-
cally low mixing-length parameter of « = 1.0 is adopted as
it has been done in the present work. In that case, the wave
energy fluxes are found to be commensurate with the results
of Ulmschneider et al. (1996) obtained using a mixing-
length parameter of o = 2.0. In this case, the differences are
mostly smaller than a factor of 1.5, except for the MO V star
for which the acoustic energy fluxes given by Bohn are
overestimated by more than a factor of 10. For main-
sequence stars between F5 V and KO V, the results are
virtually identical.

Note that relatively large mixing-length parameters are
now strongly preferred in the literature. Nordlund &
Dravins (1990) who presented three-dimensional convective
models combined with three-dimensional nongray radiative
transfer for a set of main-sequence stars and subgiants
argued that « might be ~1.5 (or somewhat larger). Values
of o between 1.7 and 2.0 are also preferred by Kumar (1994)
and Musielak et al. (1994). A value of « = 2.0 is also indi-
cated by a comparison of the peak value of the convective
velocity in mixing-length calculations with that in time-
dependent hydrodynamic convection simulations (Steffen
1992), as well as by a careful fitting of evolutionary tracks of
solar-type stars with the mass, luminosity, and age of
{ Aurigae system primaries (Schroder, Pols, & Eggleton
1997).

A further reason why Bohn’s results are still useful is that
our wave computations are based on monochromatic
waves. In this case, a limiting strength for the shocks is
achieved, which means that the density, pressure, velocity,
and temperature jumps across the shocks as well as the
energy dissipation rate are largely independent of the initial
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acoustic energy flux. This situation, however, is changed as
soon as acoustic frequency spectra are adopted. Bohn com-
puted a large number of acoustic wave spectra of stars in
the H-R diagram, shown also by Ulmschneider (1991).
These spectra are very similar in shape to the recent solar
spectra, with a similarly smooth and pronounced peak near
o =5w,. As we want to use monochromatic acoustic
waves in our time-dependent wave calculations, we thus
adopt wave periods of P = P,/5 for our model atmo-
spheres, where P, = 4nc/yg = 2n/w , is the acoustic cutoff
period. This choice can be justified by results from Sutmann
& Ulmschneider (1995b), who used different kinds of fre-
quency spectra to examine acoustic wave propagation in
the solar atmosphere for adiabatic cases. They found that
the average shock strengths obtained are in good agreement
with those from calculations with purely monochromatic
waves with a period of P = 0.2P,.

For our calculations of the NLTE line emission, we
assume two-level atoms while using the line data of
Kalkofen, Ulmschneider, & Schmitz (1984). The back-
ground continua were computed using the ATLAS code of
Kurucz. As already discussed in a previous paper
(Ulmschneider et al. 1987), the task of solving the energy
equation in an acoustic wave calculation requires the com-
putation of the entire chromospheric cooling function
which consists of many lines and continua. Because of the
limited computer power available, it is not yet feasible to
simultaneously treat many lines and continua with our
time-dependent method. We therefore rely on the following
approach: together with the H™ losses, we treat only the
Mg u k and H Lya line cooling, assuming CRD. These
computations were performed with the operator splitting
method given by Buchholz et al. (1994), which is fast and
thus well suited for time-dependent applications. The use of
CRD leads to about a factor of 10 more line cooling than
when using partial redistribution (PRD) (Hiinerth &
Ulmschneider 1995) and thus very crudely incorporates the
bulk of the chromospheric line emitters. This procedure
(without Lya) has been tested (Ulmschneider et al. 1987) for
the Sun by comparison with the total cooling rate of
chromosphere model C of Vernazza et al. (1981). The addi-
tional Lyo losses contribute only at great height, where the
Mg line cooling becomes weak. However, Lya cooling is
nevertheless important in our present models as it contrib-
utes to the damping of the large pulsational oscillations
during the switch-on phase of the wave computations,
which would otherwise develop into strong shocks. The
treatment of Ly« is also a potential source of systematic
errors, particularly in the outermost regions of the models,
but appears to be reasonable, since it does not affect the
regions of Mg 11 line cooling very much.

Nevertheless, we note that the emission-line fluxes and
profiles can be computed properly only when effects due to
PRD are taken into account (see, e.g., Ayres & Linsky 1976;
Drake & Linsky 1983; Judge 1990). This result is particu-
larly relevant when emission fluxes from individual lines are
studied. We thus follow this approach when we compare the
theoretical line fluxes of Mg 1 and Ca 11 with observations
(see § 4). For this we utilize the new PRD operator splitting
method by Ulmschneider (1994). The redistribution is com-
puted using the R II function of Gouttebroze (1986) and the
data of the respective atomic model. This procedure is con-
sistently used for calculating Mg it and Ca 1 line fluxes and
line profiles of our target stars for distinct time steps of the
wave models.
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3. RESULTS AND DISCUSSION

3.1. Theoretical Chromosphere Models

We now discuss our hydrodynamic models in detail. The
wave motion is initiated by means of a piston. This pro-
duces acoustic waves that heat up the chromosphere by
forming shocks. The sample of main-sequence stars in this
investigation ranges from spectral type F5 V to MO V (see
Table 1). We use the initial acoustic energy fluxes of Bohn
(1981, 1984) including the corresponding wave periods
derived from his spectra. Figure 1 shows a snapshot of the
wave calculation for the F5 V star after 1123 seconds. The
adopted wave period has been 50 s, and about 22 wave
periods have already entered the atmosphere. The energy
dissipation of the shocks has increased the temperature in
the outer parts of the atmosphere. The shock formation
height is at a mass column density of about m = 0.1 gcm 2,
which corresponds to a geometrical height of about 500 km
above the top of the convection zone. Both the temperature
and gas velocity distributions show a distortion of the wave
profile with increasing height, starting from a sinusoidal
shape to a sawtooth wave form typical for fully developed
shocks, a behavior already found in earlier studies (see, e.g.,
Ulmschneider et al. 1987). The velocity jumps at the shocks
quickly grow from the point of shock formation to about 6
km s~ ! and remain almost constant with height although
the density decreases several orders of magnitude.

This behavior is due to the limiting shock strength behav-
ior found for monochromatic waves. The strength of a
shock can be described by the shock strength parameter #,
which is defined as

n:u, 1)
P1

where p, and p, denote the density in front and behind the
shock, respectively. The shock strength can also be
described by the shock Mach number M|, given by M, =
(Ug — uy)/c,. Here U, denotes the shock speed, whereas u,
and ¢, are the flow and sound speed, respectively, in front of
the shock. In case of an ideal gas with y = 5/3 being the
ratio of the specific heats, the density jump across the shock
is given by

p2_ 0+ DM )
py (y—DMZ+2°
which allows us to calculate 5. Similar equations hold for
the jump of velocity, pressure, and temperature (see, e.g.,
Landau & Lifshitz 1975). In an isothermal, nonionizing

TABLE 1

PARAMETERS OF THE STARS AND HYDRODYNAMIC MODELS

Ty log g log Fy P

Star B—-V (K) (cgs) (cgs) (s)
FOV....... 0.30 7200 4.34 9.08 55
F5V....... 0.44 6440 4.34 8.82 50
GOV....... 0.58 6030 4.39 8.51 45
G5V....... 0.68 5770 4.49 8.27 40
KOV....... 0.81 5250 4.49 7.88 35
K5Vv..... 1.15 4350 4.54 7.06 26
MOV ...... 1.40 3850 4.59 6.26 22
KOIII...... 1.00 4750 2.13 8.60 3500
KS5III...... 1.50 3950 1.74 8.00 8000
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F1G. 1.—Snapshots showing atmospheric quantities for the F5 V star as
function of the mass column density (g cm~2) after ¢ = 1123 s. The upper
figure depicts various temperatures (K), which are the current temperature
(solid line), the initial temperature (dashed line), and the mean (i.e., time-
averaged) temperature (dashed-dotted line). The lower figure depicts the
radiative damping function D (ergs g~ * K~ ! s™1) (solid line) consisting of
the contribution of the Mg 1 k line (dashed line) and the H™ continuum
(dashed-dotted line).

atmosphere, it is known that shocks of relatively low
strength in the absence of significant radiative damping
reach a limiting strength #"™, which is independent of the
initial wave energy flux and only dependent on the wave
period (Brinkley & Kirkwood 1947; Ulmschneider 1970).
For an atmosphere with gravity g, this limiting strength is
given by

tim _ _ 9P
¢+ ey

Here P denotes the period of the wave, and ¢, denotes the
sound speed.

In the context of our investigation, we consider only
waves with periods shorter than the acoustic cutoff period
P,, given by P, = 4nc,/yg. As the actual wave period is
given by P = fP, with f < 1, the resulting shock strength is
then n!™ = 4.71f. For our models we selected f= 0.2 (see
§ 2), which results in #%™ = 0.942. The shock strengths in
our time-dependent computations are influenced by radi-
ative damping and can reach high values, where the small-
amplitude assumption used for the derivation of the
limiting strength formula no longer applies. The limiting
shock strength behavior itself still persists (Cuntz &
Ulmschneider 1988), and usually #"™ from equation (3) pre-

n ©)
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dicts the value of n quite well, except for relatively large
wave periods. For the calculations for the F5 V star, we find
a density ratio at the shocks of p,/p; = 1.86, which implies
a shock strength parameter #'"™ = 0.86, which is 9% smaller
than the value given by equation (3).

While the shock heating of short period waves with P =
0.2P, is sufficient to balance the chromospheric radiation
losses, this type of wave is not able to produce significant
stellar wind flows (see, e.g., Cuntz 1990), as they do not carry
enough energy to a Parker-type critical point. In addition
to the acoustic shock wave heating, the radiative energy
losses are crucial for determining the atmospheric tem-
perature structure, which in turn is relevant for the forma-
tion of chromospheric emission lines. Based on Figure 1, we
identify several regions of the atmosphere in which different
contributors to the radiative energy damping of the waves
are most important. From the bottom of the atmosphere up
to a mass column density m = 0.09 g cm ™2, which corre-
sponds to a geometrical height of 700 km, the H™ contin-
uum radiation dominates the radiative damping function
D = ds/dt | (with s being the specific entropy), while the
contributions from the spectral lines are negligible. Then
follows a region in which the lines and the H™ continuum
are about equally important. In the overlying atmosphere,
starting at m = 0.0001 g cm ™2 in the F5 V star atmosphere
model, only line radiation is important. Note that as soon
as the shock is fully developed, the radiative damping is
almost entirely concentrated in the hot postshock regions.
In these postshock regions, the temperatures exceed
T ~ 5800 K and are often as high as 7000 K. In the top part
of the atmosphere, the opacity in the lines and in the H™
continuum is so small that the waves behave quasi-
adiabatically. This leads eventually to unbalanced heating
and the formation of a transition layer—type structure. The
formation of such a transition layer—type temperature rise is
inevitable as from equation (10) (below) we see that the
heating rate decreases with p while the radiative emission,
as usual, decays comparable to or faster than a p2-
dependence.

It should also be noted that for the F'S V star, the point of
shock formation is found inside the radiative damping zone
where H™ dominates. This zone extending from the bottom
of the atmosphere up tom = m; ~ 0.2 g cm ™~ 2 is defined by
tg < P, where

c!)

'® = 6o T? @
is the radiative damping time (Spiegel 1957; see also
Ulmschneider 1988; Schmitz 1990). Here c, is the specific
heat per gram at constant volume, o is the Stefan-
Boltzmann constant, x is the Rosseland mean opacity per
gram, and T is the temperature.

This equation can be utilized to estimate ¢z, which can
then be set in relation to the wave period P. It is found that
when t; < P, the waves lose their energy primarily by radi-
ation damping instead of shock dissipation. Moreover, in
the radiation damping zone the shocks are prevented from
growing to sawtooth shape until they reach the limit m,,
which is the region in which H™ radiation is essentially
negligible. Zhugzhda, Dzhalilov, & Staude (1993) have
meanwhile improved equation (4) by avoiding the use of the
Rosseland mean opacity. Their results differ from those of
equation (4) by less than 10%.

Some of the atmospheric properties change, when the
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cooler stars of our sample are considered. Figure 2 shows
the temperature structure of an acoustically heated chromo-
sphere model of a K5 V star after 1286 s. The wave period
used for this star is P =26 s, and 50 wave periods have
already entered the atmosphere at the instant shown here.
The first difference to note is that unlike the F5 V star, the
photospheric temperature structure of the K5 V star is
almost unaltered by the acoustic waves. This result can be
found both by inspecting the time-dependent temperature
structure and the velocity, which remains very small in the
photosphere.

The reason for these differences are both the higher
photospheric gas densities (by about a factor of 2) in the K5
V star and the smaller acoustic energy flux. In Table 1 we
see that the initial acoustic energy flux of the K5 V star is
about 1/57 of the much hotter F'5 V star. As a consequence,
the wave amplitude in the K5 V star is reduced to 0.08 times
the value of the F5 V star model. Owing to this small wave
amplitude, the photospheric temperature structure of the
K5 V star is very close to radiative equilibrium. Therefore,
no significant radiative damping occurs at photospheric
levels for the waves (see Fig. 2). This is amplified by the
much decreased radiative damping zone for this star, which
only extends to m; ~7.5 g cm~2. Noticeable radiative
cooling rates are found only in postshock regions in the
upper part of the atmosphere. Owing to the much smaller
wave amplitudes, the point of shock formation is shifted to
greater heights as it now occurs at m = 0.01 g cm ™2 The
limiting strength of the shocks in the K5 V star is
#""™ = 0.91, which is larger than for the hotter star and
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F1G. 2—Same as Fig. 1, but now for the K5V star after t = 1286 s
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closer to the value given by equation (3). Whereas in the F'5
V star the chromospheric temperature rise after shock for-
mation leads to increased radiative damping, the tem-
perature rise after shock formation is much more
pronounced in the K5 V star. This is due to the fact that in
the latter star, the position of shock formation is 2 orders of
magnitude in units of mass column density above the radi-
ative damping zone, while for the F5 V star it is at or below
of this zone.

Note that the limiting shock strength behavior is not
found at the early stage of the stellar wave computations,
which is dominated by the atmospheric energy and momen-
tum transfer of the first shock. As this shock enters a com-
pletely undisturbed medium, it triggers significant
oscillations particularly at larger atmospheric heights. As
these switch-on effects are physically unrealistic, they have
been purposely ignored when time-averaged quantities are
calculated and compared with observations.

3.2. Chromospheric Line Emission

The chromospheric line emission for the Mg 11 k and Ca i1
K line is calculated for each time step of the time-dependent
wave calculation. To determine the energy losses caused by
spectral line radiation, the emissions are calculated under
the approximation of CRD. In this approximation, emis-
sion and absorption profiles are identical. On the other
hand, the CRD approximation is insufficient to describe
spectral line profiles (see, e.g., Ayres & Linsky 1976; Drake
& Linsky 1983; Judge 1990). This approximation must
therefore be avoided especially when theoretical line profiles
are compared with observations. More realistic results are
achieved when PRD is used. Here one allows for coherent
scattering in the line wings, while in the line cores, complete
redistribution dominates. In PRD, the emission and
absorption profiles are no longer identical. This effect leads
to a reduction of the line wings compared to CRD, where
photons absorbed in the line core are permitted to leak out
at the far line wings resulting in an enhanced energy loss.

For the solution of the time-dependent energy balance,
the CRD approximation has been used for the calculation
of the Mg 11 k radiation losses to simulate the total radiation
losses in the middle and upper chromosphere. After the
time-dependent wave computation has been completed, we
subsequently compute lines and continua, which were pre-
viously not included in the models. The computation of the
Mg 1 k and Ca 11 K line spectra for individual phases of the
waves can then be accomplished by using a full PRD treat-
ment. Examples of line fluxes from Ca m and Mg 1 are
shown in Figures 3, 4, and 5. For the chromosphere model
of the F5 V star, the emerging line profiles at ¢t = 994 s for
Mg 1 k and Ca 1 K are displayed both in CRD and PRD.
We also indicate the corresponding profile for the radiative
equilibrium atmosphere. To minimize the need for com-
puter time, the calculations for the PRD profiles are carried
out for the inner parts of the line only. This is possible
because the contributions of the line wings are greatly
reduced for PRD compared to CRD, as can be seen in
Figure 3. Both the Mg n k and Ca n K lines show the
characteristic appearance of chromospheric emission line
cores, as expected. Comparisons of the CRD profiles of
both lines with those resulting from the PRD calculations
show that the emission cores in PRD are much narrower for
both lines. The relatively broad emission cores found in
CRD are a result of the above-mentioned possibility of the
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Fi1G. 3—Mgu k and Ca 1 K line profiles (CRD and PRD) for the F5 V
star after t = 994 s. The figures give intensity (ergscm ~2s~ ' st~ Hz ) vs.
displacement A4 (A) from the line center.

photons to escape through the line wings, thereby enhanc-
ing the wing intensities. In PRD, these photons are trapped
in the line core and cannot escape because of the large
optical depth. In addition, the frequency-dependent PRD
source function in the core is modified relative to the
frequency-independent CRD source function.

We now compare the results found for the F5 V chromo-
sphere model with those for the K5 V model to discuss the
systematic changes occurring at the main sequence. Figure
4 shows the emerging intensity profiles for the Mg i k and
Ca 1 K lines for the K5 V star atmosphere model at t = 590
s. The first important difference is the wavelength scale of
the two plots. The CRD as well as the PRD line profiles are
much broader for the F5 V than for the K5 V star model.
Owing to the different surface temperatures of these stars,
the rest intensities visible in the line wings of the absorption
profiles of the initial radiative equilibrium models are very
different for both stars because of the temperature depen-
dence of the Planck function. Furthermore, the differences
in the radiative equilibrium profiles for the Mg i k and Ca 1
K in both stars are due to the frequency dependence of the
Planck function. We note that the line profiles in CRD and
PRD are not very different for the K5 V star, whereas the
profiles for the F5 V star show much broader wings in CRD
than in PRD. This difference is caused by the different
number densities of Ca 1 and Mg 11 in the line formation
regions of both stars. For the K5 V star, the number den-
sities in the line formation region are relatively low, and
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1.8¢-6 J example of this behavior is given in Figure 5 for the Mg 1 k
1666 | KBV, CallK i line for the F'5 V star. It is found that the peak intensities

PRD —» .‘ ? vary by a factor of about 1.5 over the time span of one wave
146 h ;} period, but the width of lines remains essentially constant.
1.266 “‘ I Note that all line profiles are computed without assuming
2 100s “‘ } agiditional line broaflening by microtuybulence. The line
g it ! width of the Mg I k line of the 'S V star is Wy, = 0.5 A and
£ 80s7 ‘( : for the K5 V staris Wy, = 0.2 A

6.067 \, ‘ : 3.3. Properties of Time-averaged Chromosphere Models
4.0e-7 CRD EES In this section, we discuss the properties of time-averaged
2007 D DR VL o chromosphere models, which are determined by a dynamic
""" T o Y Rad.Eq. equilibrium due to the balance of shock wave heating and
000 . ; radiative cooling. In typical cases, we have to wait until
AR about 20-25 wave periods have propagated through the
atmosphere that a dynamic equilibrium has been reached
2066 and the switch-on behavior caused by the start of the wave
calculation has died out. At that point, the time-averaged
18661 K5V, Mgk quantities of the atmosphere do not change with time any
1.6-6 longer. The physical variables at each height are then aver-
14e-6 aged over a time span of several wave periods. Figure 6
1206 PRD > shows the run of the mean temperatures for our sample of
2 stars. It displays the mean chromospheric temperatures as
g 10° function of the mass column density m (g cm™~?) together
T 80e7 with the radiative equilibrium temperatures of the initial
6.00-7 atmosphere models. By comparing the mean chromo-
poer spheric structures, one finds that all models show a tem-
: cRD perature plateau with temperatures of about T ~ 5500 K.
2.0e-7 This temperature is lowest for the F5 V star, where it is
0.0e0 found to be only 5200 K. The highest temperature is
1 0 ! reached in the model of the MO V star with a mean tem-

M

F1G. 4—Same as Fig. 3, but now for the K5 V after t = 590 s

only the line cores are optically thick. The consideration of
coherent scattering in PRD approximation affects only the
line wings, and the differences between in CRD and PRD
become thus relatively small for the K5 V star. This reflects
the well-known result that CRD is a valid approximation
for the Doppler core of the line.

The physical conditions in the line formation regions
undergo large variations with time. The temperature and
density changes occurring when a shock propagates
through the emitting gas is accompanied by changes in
magnitude and direction of the gas motions. This effect
results in large time variations of the line profiles. An
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Fi1G. 5—Intensity variations with time for the Mg 11 k line profile (PRD)
for the F5 V star. The figures give intensity (ergs cm™> s~ sr™' Hz™ ') vs.
displacement AA (A) from the line center.

perature of 6000 K between log m = —3 and log m = —5
(cgs). The chromospheric temperature rise steepens with
decreasing T and is then shifted to smaller mass column
densities.

This behavior is caused by the differences in the mechani-
cal input fluxes, the wave amplitudes, and the different effi-
ciency of radiative cooling, expressed also in the various
extents of the radiation damping zones. The F5 V star with
an input flux of F,, = 6.56 x 10® ergs cm~2 s~ ! has its
point of shock formation at a much larger column mass
density than the MO V star, where shock formation is post-
poned owing to waves of much smaller amplitudes. Thus,
the chromospheric temperature rise starts at larger mass
column densities for main-sequence stars of higher effective
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FiG. 6.—Time-averaged atmospheric temperature and initial radiative
equilibrium temperature (K) vs. mass column density (g cm~2) for the
main-sequence stars calculated.
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temperatures. As the shocks form in or close to the upper
limit of the radiation damping zone, the F5 V star has larger
radiative cooling losses by H™, and the temperature
increases more slowly than in the MO V star. In this latter
type of star, the sudden temperature increase by increased
shock energy dissipation is not counterbalanced until line
radiation starts to become effective.

The chromospheric temperature enhancement in the
outer regions of the atmospheres is accompanied by a tem-
perature depression near the point of shock formation and
in the region underneath the temperature inversion. Shock
heating strongly sets in only when the shock after its forma-
tion has grown to its full sawtooth shape. The mean tem-
perature is depressed below the radiative equilibrium
temperature despite the fact that the waves supply mechani-
cal energy. This effect has been noted earlier (Ulmschneider
et al. 1978; Kalkofen et al. 1984) and has been attributed to
the nonlinearity of the Planck function with respect to the
temperature. This depression is most easily understood if it
is assumed that the opacity is constant. If one assumes
further that the wave perturbs the temperature T about the
steady state value T by the amount 6T, ie., T = T + 6T,
the energy equation at the bottom of the chromosphere
may be written as

2
T4=T4[1+4i5%i+6i5%i+---]. )

When the relative amplitude, 6T/T, becomes sufficiently
large, the nonlinear term forces the mean temperature T to
be lower than the (initial) radiative equilibrium temperature
T,. Note, however, that in realistic cases the actual depres-
sion depends on the detailed temperature dependence of the
opacity in the nongray non-LTE energy equation as well as
the wave profile and the number of waves that have passed
the temperature minimum region (if that no dynamic steady
state has been achieved) (Kalkofen et al. 1984).

As the regions of large temperature depressions are also
regions of intense radiative damping of the waves, it is not
surprising that these large amounts of excess radiation sup-
plied by the conversion of mechanical energy above the
pure radiative equilibrium distribution have been
accounted for in empirical chromosphere models as photo-
spheric temperature enhancements in the temperature
minimum regions (see, e.g., Ayres & Linsky 1975, 1976;
Kelch et al. 1978; Kelch, Linsky, & Worden 1979; Kelch
1978; Linsky & Ayres 1978 among others; see also the
review by Linsky 1980). It is precisely those earlier types of
stars that show the largest photospheric temperature
enhancements and also show the largest temperature
depressions, which indicates that the temperature depres-
sions in our models and the empirical photospheric tem-
perature enhancements are two aspects of the same
phenomenon.

The most extreme case of a temperature depression is
found in the FO V star. Having an effective temperature of
T.es = 7200 K, this star is the hottest of our sample with an
initial acoustic energy flux of F,, = 1.2 x 10° ergs cm ™2
s~ '. The temperature fluctuations are extremely large with
values of 20T ~ 2000 K. Owing to these fluctuations, the
mean atmospheric temperature is depressed by 1000 K
below the radiative equilibrium temperature (see Fig. 7).
This temperature depression extents for more than two
orders of magnitude in m. In the case of the FO V star, it is
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F1G. 7—Snapshot showing the run of temperature (K) for the FO V star
as function of the mass column density (g cm ~?) after t = 720 s. The figure
depicts the current temperature (solid line), the initial temperature (dashed
line), and the mean (i.e., time-averaged) temperature (dashed-dotted line).

found that almost the entire mean atmosphere has a tem-
perature below the radiative equilibrium temperature. Only
in the outermost parts of the model is a chromospheric
temperature rise found. On the other hand, a semiempirical
model that produces the same emission flux as the time-
dependent model would definitely need a temperature
inversion similar to those in the other models.

An important consequence of the nonlinearity of the
chromospheric emission is that it is not possible to interpret
the occurrence of chromospheric line emission simply as the
result of an enhanced mean temperature in the line forma-
tion regions. These emission regions are found to be highly
inhomogeneous and variable with time. Enhanced emission
occurs when a shock propagates through the region of line
emission. Therefore, the time-averaged emission is domi-
nated by the short phases of greatly enhanced temperatures.
This scenario was shown also to explain the chromospheric
emission from the solar intranetwork regions (Carlsson &
Stein 1995). In the view of these results, we can state that the
“chromosphere ” that is observed in the emission cores of
the Mg h + k and Cam H + K lines very likely consists of
hot regions behind the shocks unrelated to a mean chromo-
spheric temperature rise (if existent).

Once the chromosphere models have reached their final
dynamical equilibrium state, the mean chromospheric
heating rate is exactly balanced by mean radiative cooling.
The resulting time-averaged cooling rate then reflects the
height dependence of the time-averaged heating rate by the
shocks. Figure 8 shows the time-averaged values of the
cooling rates per gram (ergs s~ ' g~ ') for the main-sequence
stars. The extent of the radiative damping zones as well as
the chromospheric heating rates are found to be systemati-
cally different for the different stars. This is due to the differ-
ent temperature fluctuations and the resulting differences in
the damping function D. The onset of the chromospheric
temperature rises is found to be controlled by the cooling
rates in the radiative damping zones of the stars. After the
temperature plateaus are reached, the heating rates become
constant with height. They are also found to be essentially
the same for all stars, despite the largely different mechani-
cal input fluxes F,,. Our models show a constant heating
rate of ~3 x 10° ergs g~ ! s~ . This constant heating rate is
consistent with results from the static semiempirical solar
chromosphere model of Anderson & Athay (1989) who
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column density (g cm ~?) for the main-sequence stars calculated.

derived a value being a factor of 1.5 larger. The fact that the
heating rate per gram remains constant follows directly
from the assumption of shock heating by shocks of limiting
strength.

Now let us compare the chromospheric energy flux
emitted by Mg 1 h + k and Ca m H + K with the initial
acoustic energy flux input into the models. We find that the
fraction of the acoustic input flux visible as chromospheric
line emission increases with B— V. While a main-sequence
star of spectral type F has a line emission flux F, ; , that is
as small as 1/150 x F$,, a star of spectral type M has a
Mg 1 plus Ca 1 emission flux of 1/20 x F$, (see Fig. 9).
Almost all of the rest of the flux goes into H™ continuum
emission. The amount of flux leaving the computational
domain is usually much less than 0.1% of the wave energy
flux entering the atmosphere. This result demonstrates that
the efficiency of acoustic heating increases with increasing
B—V, which is also consistent with more recent results of
acoustic energy generation by Ulmschneider et al. (1996).

3.4. Test of the Ayres Scaling Law

One way of assessing the physical relevance of the mean
thermal structure of the theoretical chromosphere models is
to make a comparison with predictions of the T. R. Ayres
scaling law. Ayres (1979) estimated the thickness and mean
electron density of stellar chromospheres assuming time-
independent structures chosen to explain the observed radi-
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Fi1G. 9—Comparison of the chromospheric emission fluxes of the main-
sequence stars with the acoustic input fluxes. The chromospheric emission
fluxes are given by the theoretical models.
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ative emission losses. While taking an estimate for the base
heating rate, Ayres was able to deduce the value for the
mass column density at the temperature minimum region
Moy, Which is determined by H™ cooling. He found that
myy is related to the stellar parameters g and T by

g —(1/2) Tff (7/2)x£1
mTM ~ A With A == gj—l/Z - — 1) (6)
Jdo T, 0

where g and T  denote g and T for the Sun and & is
the activity parameter, which is ~ 1 for the least active stars
(notably chromospheric basal flux stars) and ~ 10 for stars
with very active chromospheres.

This scaling law has been successfully tested in compari-
son with semiempirical chromosphere models that assume
smooth functions for the atmospheric temperature, density
and velocity. These semiempirical models make no assump-
tions regarding the chromospheric heating mechanism. The
+1 uncertainty in the T exponent was included to con-
sider the spread of observed Mg 11 emission losses if mea-
sured in units of the stellar bolometric luminosity. In fact, if
found that the mean thermal structure of our time-
dependent chromosphere models is consistent with the
Ayres scaling law, it would provide an important indepen-
dent test about the reliability of the heating models calcu-
lated.

Figure 10 shows the behavior of m, as function of the
scaling parameter 4 with # = 1. We find that the mass
column densities at the temperature minimum of our
models obey an almost perfect linear fit consistent with
equation (6). In that respect we were even able to disregard
the + 1 uncertainty in the T, exponent proposed by Ayres.
Note that we considered only the models for the main-
sequence stars between spectral type F5 V and MO V
without including the FO V star. This star does not show a
significant chromospheric temperature increase (see Fig. 7),
and no pronounced temperature minimum could be identi-
fied. The slope of the linear fit in Figure 10 is 0.053 g cm 2
in close agreement with the semiempirical result for
Procyon (F5 IV-V), which is 0.046 g cm 2 (Ayres, Linsky,
& Shine 1974). Note that most other stars studied by J. L.
Linsky and his group at that particular time have a much
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F1G. 10—Mass column density (g cm ~2) at the theoretical temperature
minima of the main-sequence stars indicated by boxes vs. scaling param-
eter A given by Ayres (1979). Also shown is a linear fit to the data.
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higher chromospheric activity level and can thus not be
used for comparison.

3.5. Results for Late-Type Giants

We now examine the dependence of chromospheric
properties including the generation of chromospheric emis-
sion fluxes on the stellar surface gravity g. We calculated
models for two giants, a KO III giant with T, = 4750 K
and log g = 2.13 (cgs) and a K5 III giant with T, = 3950 K
and log g = 1.74 (cgs) (see Table 1). We again use the acous-
tic energy fluxes and the wave periods of Bohn (1981, 1984).
Figure 11 shows a snapshot of the time-dependent wave
calculation together with the mean and initial (i.e., radiative
equilibrium) temperature distribution for the K5 III star.
Most of the shocks in these models are quite small. The
larger shocks are a direct consequence of shock merging,
which is found even in the cases of monochromatic wave
models when small wave periods are considered (Cuntz
1988; Rammacher & Ulmschneider 1992). Note that the
photospheric mass column densities in giants are much
larger than in main-sequence stars owing to their larger
atmospheric extents as a consequence of the lower surface
gravities and the pressure dependence of the opacity.

Further properties of the giant star chromospheres
include the much higher radiation damping efficiency of the
atmospheres and the larger extent the radiative damping
zones (Ulmschneider 1988). The radiation damping zone of
the KO III giant extends up to m; ~ 1.8 g cm ™2 and in the
K5 III giant (Fig. 11) up to 0.5 g cm ™~ 2. In comparison, that
zone extends only up to m; ~ 7.5 g cm~? in the K5 V star
(Fig. 2). This strong radiation damping in giant stars
restricts the ability of the acoustic waves to carry energy to
the higher atmospheric layers. In addition, it ensures that
the large gravity dependence of the acoustic flux generation
in subphotospheric layers does not translate into a similar
extensive gravity dependence of the chromospheric line
emission, which has been confirmed by calculating time-
dependent acoustic heating models (Ulmschneider 1989).

Figure 12 shows the emergent line profile of the Mg 1 k
line for the K5 III chromosphere model. Owing to the large
shocks formed by overtaking, the variability of the line
profile is larger than for the main-sequence stars. Yet when
the mean chromospheric emission fluxes for Ca m H + K
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Fi1G. 11.—Snapshot showing the run of temperature (K) for the K5 III
star as function of the mass column density (g cm ™ 2) after t = 1.6 x 10°s.
The figure depicts the current temperature (solid line), the initial tem-
perature (dashed line), and the mean (i.e., time-averaged) temperature
(dashed-dotted line).
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and Mg 1 h + k are computed, the emission fluxes are very
similar to those of the K5 V star and are consistent with the
basal flux limits (see § 4). Our time-dependent models thus
reproduce the observational fact that dwarf and giant stars
show essentially the same basal emission flux independent
of gravity (Schrijver 1987; Rutten et al. 1991).

In the limit of weak shocks, the mechanical energy flux of
a shock wave can be written as (Ulmschneider 1970)

Fy ~ 159p0 s, (7)

where p, is the undisturbed pressure, c, is the sound speed,
and 75 is the shock strength parameter. The change of
mechanical energy flux with height is thus given as

dFM=i(?+1)V 3 Fy

dZ 12 P pO 7’ = - L_A > (8)
where L, denotes the acoustic damping length given by
2 1/2
VPO cs —-1/2 cs P
L,=|—=—5| F =— 9
4 [12(v n 1)2] WP =owm 9

Here P is the wave period as usual. In case the shock waves

have achieved their limiting strength #"™, the shock heating

rate per gram can then be computed by
1dFy _4n° y

pdz 15 12

Here we have assumed again that the shock strengths do
not deviate substantially from the values given by the weak
shock limit (see eq. [3]), which is strictly valid only in case of
idealized atmospheres and of shocks with relatively small
strength (see § 3.1). We also made use of the assumption that
the wave period in our models is P = 0.2P , (see § 2).

From equation (10), we expect a significant dependence of
the limiting shock strength heating rate on gravity if the
heating rate is normalized to the density. For the KO III
star, the theoretical heating rate according to equation (10)
is 1.5 x 107 ergs g~ ! s~ 1, which is a factor of ~200 lower
than in main-sequence stars. For the K5 III star, the
reduction factor is ~540. Despite the fact that our models
are not completely in dynamical equilibrium, we find that
the time-averaged cooling rates (per gram) shown in Figure
13 roughly agree with the theoretical estimates of the
heating rates of equation (10) (see comparison of Figs. 8§ and

(10)
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FiG. 13.—Time-averaged cooling rates per gram (ergs s~ g~ 1) vs. mass

column density (g cm ~?) for the KO III and K5 III giant star.

13). Owing to the strong radiative damping in the giant
stars, however, the time-averaged chromosphere models do
not show a significant temperature rise over a large portion
of the atmosphere. The shocks cannot heat up the atmo-
sphere, and the temperatures thus stay near the equilibrium
values. A similar result for a giant with T ;; = 5012 K and
log g = 3 has been found by Cuntz et al. (1994). In that
paper, the authors presented time-dependent chromosphere
models with different metallicities. They found that their
model with solar abundances did also not exhibit a chromo-
spheric temperature rise over a considerable distance.

4. COMPARISON WITH OBSERVATIONS

We now discuss how our theoretical results compare with
observations. Schrijver (1987), Schrijver et al. (1989), and
Rutten et al. (1991), among others, presented a detailed sta-
tistical analysis of flux-flux and flux-color relations derived
from selected emission lines for a large sample of late-type
stars. They argued that these relations can best be under-
stood when assumed that the stellar emission line fluxes
consist of a basal component, which is independent of mag-
netic activity, and a magnetic component depending on
rotation and thus on the age of the star. They identified the
lower limits in the chromospheric emissions of Cam H + K
and Mg 1 h + k as well as several other lines as an intrinsic
property of the stars, which is likely be attributable to
acoustic shock wave heating.

These findings are sufficient ground to confront our theo-
retical results with observations. As the results of Schrijver
and Rutten et al. do not give any information about
the time resolution of the heating process, we calculate the
time-averaged emission flux of each line. From each stellar
model, we thus compute the emergent line profiles of Mg 11
k and Ca n K for a large number of time steps both in CRD
and PRD. As shown in Figure 5, the emerging line profiles
vary with time according to the phase of the wave. We
therefore integrate the emission cores over wavelength
between the k; and K; minima, respectively, to obtained the
total emergent intensities Iy, and IZ,. In the two-beam
approximation, the total emission flux is then given by
F =2nul* with the angle cosine u = 1/32. We now
average each flux over time to obtain the mean chromo-
spheric emission in Can K and Mg k.

The fluxes for Ca m and Mg 1 given by Schrijver and
Rutten et al. are essentially Camt H + K and Mg u h + k
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fluxes. Therefore, when calculating the total Mg 11 and Ca 11
fluxes, we also have to consider the contribution of the
Mg i h and Ca 1 H lines. In the optically thin case, we
would have to multiply the flux of Mg 11 k by a factor of 1.5,
because F,:F, = 2:1. As we do not have the optically thin
case, this would produce unrealistic results. Stencel et al.
(1980) measured Mg 11 h and k flux ratios for a sample of 54
cool stars. On average, they found F,:F, = 1.3:1, which
would correspond to a conversion factor of 1.8. Regarding
the conversion factor of Ca 1, the situation is even more
complex as the observed Ca 1 fluxes are usually strongly
contaminated by contributions from the photospheric radi-
ation fields, which differ largely with the spectral type and
luminosity class of the star (see, e.g., Schrijver et al. 1989;
Duncan et al. 1991). Furthermore, the calibration of the
continuum flux at the position of the Ca 1 H and K lines is
often relatively uncertain, particularly in cases in which
detailed model atmospheres do not exist. Owing to the lack
of multilevel simulations for the Mg 11 and Ca 1 line fluxes,
it is therefore most straightforward to use a conversion
factor of 2 in this case. Note that the data for Ca 11 of Rutten
et al. (1991) have been corrected for the photospheric contri-
butions. To account for this effect, we adopt a similar cor-
rection by subtracting the equilibrium flux F, from the
time-averaged total emission flux. For Mg 11, no such cor-
rection needs to be applied as the photospheric contribu-
tions are negligible.

We now compare the theoretical emission fluxes for Mg 11
and Ca 1 with the results of Rutten et al. In Figure 14 we
plot the averaged total Mg 11 and Ca 11 emission fluxes into
Figures 1b and la of Rutten et al. It is seen that our PRD
fluxes satisfy reasonably well the observed common basal
flux limit for the different types of main-sequence stars and
also for the giants. The CRD line fluxes are not realistic in
this case, as expected. We only give these fluxes for tutorial
reasons. Note however, both from Figure 14 and Figures 3
and 4, that the contribution to the emission of the CRD flux
is much closer to the PRD flux for the Ca 1 than for the
Mg 1 lines. The differences between the PRD Mg 1 and
Ca 1 line fluxes and the respective basal flux limits are
between 0.1 and 0.5 in the logarithm. This is quite aston-
ishing as we are dealing with completely different types of
stars, which have vastly different atmospheric structures
leading to different hydrodynamic phenomena regarding
the propagation of the acoustic waves. It is possible that the
remaining disagreements between the theoretical basal flux
line and our theoretical results are in part also caused by
technical oversimplifications in our hydrodynamic models
and the treatment of radiation. In case of the Ca 11 lines, the
influence of multilevel radiative transfer effects on the line
formation is also well established.

Figure 15 compares the theoretical Mg 11 emission with
results from other theoretical and observational studies. In
addition to the basal flux line of Rutten et al. (1991), we also
display an earlier version of the line given by Schrijver
(1987). The upper limits of the fluxes given for very cool
dwarfs as obtained by Byrne (1993) and Doyle et al. (1994)
are also displayed. Byrne presented estimates of the Mg 11
losses from the dM(e) star Gl 105B. This star at
B—V =1.59 has a Mg u h + k emission of 8 x 10* ergs
cm~2 s~ 1, which lies within the range permitted by the data
of Rutten et al, although it clearly puts a significant con-
straint on the basal flux value. The subsequent study of
Doyle et al. for four extremely inactive M dwarfs yielded
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even lower Mg 11 surface fluxes. They found that Gl 813 has
a Mg 1 h + k of less than 4 x 103 ergs cm ™2 s~ !, which
reduces the basal emission flux for this type of star by a
factor of 2 (Schrijver 1995). Figure 15 also gives the results
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Fi1G. 15—Diagram showing the basal flux limit for Mg m h + k as
function of stellar effective temperature together with results from obser-
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the double-dotted/dashed line indicates earlier results from Schrijver
(1987). The long-dashed line represents the upper limits derived for very
cool dwarfs given by Doyle et al. (1994). The short-dashed line shows the
Mg 1 basal flux limit for giants from the sample of Judge & Stencel (1991).
The crosses and open circles represent theoretical results from this work
for main-sequence stars and giants, respectively. The closed circle at log
T.¢c = 3.70 shows the theoretical result of Cuntz et al. (1994) ignoring the
very small differences in the Mg 1 flux due to the different atmospheric
metallicities considered (modified version of Fig. 5 of Schrijver 1995).

for the basal flux limits for inactive noncoronal giant stars
obtained by Judge & Stencel (1991). This line turns out to
be a perfect match for the theoretical result of the K5 III
star, whereas the Mg 11 emission of the KO III star is found
to be consistent with the Rutten et al. limit, which is also
valid for giants. The fact that the theoretical Mg 11 emission
fluxes are essentially the same for dwarfs and giants despite
the fact that giants have an increased initial acoustic energy
flux can be explained by the increased efficiency of radiative
damping in giant stars, particularly in the H™ continuum.
This effect leads to similar amount of wave energy present
in the Mg 1 line formation region in both types of stars
(Ulmschneider 1988, 1989; Cuntz et al. 1994).

The close agreement of our theoretical results with the
observed basal flux limits, extending over nearly 2 orders of
magnitude in emission flux, is indeed significant evidence
that acoustic waves are most likely responsible for the main
energy input in the chromospheres of inactive main-
sequence stars and giants. Despite the obvious limitations
of our calculations, which include (1) the usage of mono-
chromatic waves instead of acoustic frequency spectra, (2)
the approximation of the time-dependent middle chromo-
spheric radiative cooling function by a single line Mg 1 k in
CRD, and (3) the neglect of the detailed treatment of the
hydrogen ionization balance including noninstantaneous
effects (see, e.g., Carlsson & Stein 1992, 1995), we strongly
feel that the above-mentioned agreement is very satisfac-
tory.

5. CONCLUSIONS

We computed time-dependent models of chromospheres
for main-sequence stars between spectral type FO V and MO
V and for two giant stars. Starting from initial atmosphere
models in radiative equilibrium, we introduced monochro-
matic acoustic waves, which were followed to the point of
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shock formation and beyond. The wave computations
included radiative damping to attain time-averaged steady
state solutions of the wave-supported atmospheres. These
atmospheres were studied in detail and compared with
results from semiempirical modeling. By analyzing the time-
dependent wave models, we also calculated time-averaged
line fluxes for Mg k and Ca 1 K assuming CRD and PRD.
The PRD line fluxes were then compared with observations.
Our principal results can be summarized as follows:

1. Owing to the propagation and dissipation of acoustic
wave energy, chromospheric temperatures are found in all
stars calculated. The chromospheric temperature structures
occur both as apparent and as true mean temperature
enhancements, depending on the type of the star.

2. The true mean temperature enhancements are the
result of the balance of shock heating and radiative cooling
with no significant wind flows generated. In stars of earlier
spectral types (such as the FO V star), the mean chromo-
spheric temperature enhancement was found to be rela-
tively small or nonexisting, as shock formation occurs
within or close to the radiative damping zones. On the other
hand, in stars of later spectral types (such as the MO V star),
relatively large chromospheric temperature enhancements
were found.

3. The large core emission in the Ca m and Mg 1 lines
produced by the postshock temperature spikes simulates an
apparent chromospheric temperature rise, which is found to
be particularly large in early late-type main-sequence stars.
This core emission flux has previously been used to
construct time-independent semiempirical chromosphere
models, which assume a smooth behavior of atmospheric
temperature, density, and velocity as function of height.

4. In earlier types of stars, we found regions of large
temperature depressions near the point of shock formation,
which are also regions of intense radiative damping of the
waves. In empirical chromosphere models, these large
amounts of excess radiation have been identified as tem-
perature enhancements in the temperature minimum
regions (Linsky 1980; and references therein). Our models
indicate that the temperature depressions and the empirical
temperature enhancements are two aspects of the same phe-
nomenon, which is most extreme in the FO V star.

5. The radiative emission is found to be strongly peaked
behind the shocks largely unrelated to the structure of the
mean (i.e., time-averaged) atmosphere, which is consistent
with earlier findings (see, e.g., Cuntz & Judge 1990). This
scenario has been shown also to explain the chromospheric
emission from the solar intranetwork regions by Carlsson &
Stein (1995). Clearly, chromospheric emission does not
require a classical chromosphere with a mean temperature
rise—a result of particular relevance for the formation and
interpretation of chromospheric emission lines.

6. We found that the efficiency of acoustic energy transfer
from the photosphere to the chromosphere increases with
decreasing T, for the main-sequence stars. This is due to
the extent of the radiative damping zones, in which the
waves lose their energy via radiative damping. This effect is
particularly relevant in stars of spectral type KO V and
earlier. For main-sequence stars of later spectral types, the
wave energy flux remains almost unaltered by photospheric
radiative damping.

7. Radiative damping is even more significant for giant
stars. It is found that the KO III and K5 III stars have
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essentially the same chromospheric emission as the main-
sequence stars of similar spectral type, despite the fact that
the initial acoustic energy fluxes are larger by a factor of 5.3
and 8.8, respectively. This result is in agreement with find-
ings of Ulmschneider (1988, 1989), which show that waves
in late-type giants suffer far more energy loss by radiative
damping than main-sequence stars of similar effective tem-
perature.

8. The position of the temperature minima found in time-
averaged chromosphere models of stars between spectral
type F5 V and MO V obey the simple linear scaling law of
Ayres (1979) deduced for semiempirical chromosphere
models of stars with a minimum level of chromospheric
activity. These empirical models have been computed on
the basis of observational data and are therefore indepen-
dent of any assumptions regarding the chromospheric
heating mechanism. For the stellar model of spectral type
FO V, no significant temperature enhancement was found,
and thus no pronounced temperature minimum has been
identified.

9. As we have adopted monochromatic shock waves, we
found that the shock strengths as well as the density, pres-
sure, velocity, and temperature jumps across the shocks
essentially follow the simple analytical expressions for all
stars, which are solely determined by the ratio of the wave
period to the acoustic cutoff period (Brinkley & Kirkwood
1947; Ulmschneider 1970). These quantities are found to be
largely identical in all stars calculated. The height depen-
dence of the chromospheric heating rates is found to obey
the limiting shock strength behavior of the waves.

10. The height-dependent heating rates are found to be
consistent with the results from the static semiempirical
solar chromosphere model of Anderson & Athay (1989)
considering the technical differences between both types of
models. For the two giant stars, the atmospheric heating
rates are lower by a factor of 200 and 540, respectively,
consistent with the prediction by the limiting shock strength
property.

11. Because of the limiting shock properties of the com-
puted monochromatic acoustic waves, we do not expect
that our results will change much when updated results for
the initial acoustic energy fluxes (Ulmschneider et al. 1996)
are considered. This situation may change however, as soon
as acoustic frequency spectra are considered, which is our
field of future research. Earlier results showing the impact of
frequency spectra on the dynamic structure of stellar
chromospheres are given by Fleck & Schmitz (1993),
Kalkofen et al. (1994), Sutmann & Ulmschneider (1995a,
1995b), and Theurer, Ulmschneider, & Cuntz (1997).

12. It has been the main purpose of this work, to
compare the theoretical emission fluxes for Mg 1 and Ca nn
with observations. In particular, we attempted to fit the
basal flux line original proposed by Schrijver (1987) and
Rutten et al. (1991). We found that our PRD Mg and Cann
line fluxes fit the Mg 1 and Ca 11 basal flux lines over nearly
2 orders of magnitude within about a factor of 2 both for
the main-sequence stars and giants. This result is particu-
larly remarkable as the stars calculated vastly differ in their
atmospheric structures and the radiation-hydrodynamic
properties of the waves.

The good agreement between the theoretical and empiri-
cal emission fluxes is strong evidence for the view that the
main portion of the chromospheric energy input in chromo-
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spheric basal flux stars is due to acoustic waves. This result
is also consistent with the efficient generation of acoustic
energy by stellar convection. Further evidence in favor of
acoustic heating has been provided by a very recent paper
of Peterson & Schrijver (1997). They analyzed Mg 11 spectra
of nine very old metal-poor solar-type stars, whose great
age and slow rotation clearly argue against significant mag-
netic heating. They found (1) that all stars exhibit a level of
Mg 1 emission commensurate with the Mg 11 basal flux limit
and (2) that despite interstellar absorption seven stars had
asymmetric Mg 1 emission peaks with the blue peak strong-
er than the red. This latter behavior is clearly expected from
acoustic heating models owing to the correlation among
density, temperature, and velocity.

On the other hand, other evidence also exists that shows
that most stars should also possess magnetic surface struc-
ture. In case of main-sequence stars, the presence of mag-
netic field coverage can be derived from the rotation
chromospheric-activity relation (see, e.g., Rutten 1986) or
simply from the presence of stellar coronae, which definitely
cannot be heated acoustically (Vaiana et al. 1981; Stepien &
Ulmschneider 1989; Hammer & Ulmschneider 1991; see
also recently Schmitt 1997). In case of late-type giants,
stellar magnetic fields might also be present, as acoustic

BASAL HEATING IN MAIN-SEQUENCE STARS AND GIANTS 713

waves are found to be incapable of explaining the magni-
tude of chromospheric turbulence (Judge & Cuntz 1993;
Harper, Bennett, & Cuntz 1998) as deduced from HST-
GHRS data (Carpenter et al. 1991) and might also fail to
produce reasonable mass loss rates (Hartmann & MacGre-
gor 1980; Cuntz 1990; Sutmann & Cuntz 1995); here Alfvén
wave—driven winds may operate (see, e.g., Rosner et al.
1995). The reconciliation of this magnetic picture with the
now relatively well founded acoustic heating picture in
explaining the chromospheric basal flux limits is very much
to be desired.
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