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Summary. For stars in the range 7., =2800 K to 10000 K
and log g= —1 to 6 the acoustic energy flux nF,, generated
in the convection zone is computed using the mixing-
length theory and the Lighthill theory of sound genera-
tion. When convection is efficient and H, is not present in
the atmosphere, =F, is roughly proportional to
a?8g~07TL2 o being the ratio of the mixing length to
the pressure scale height. At lower T, when all hy-
drogen is in molecular form, one has nF,~g T2
and the a-dependence is less pronounced. Finally, the
typical period of the acoustic waves is evaluated.
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1. Introduction

The recent observational confirmation of the existence
of short period (as compared to the local cut-off period)
acoustic waves in the sun (Deubner, 1976) places the
acoustic heating theory of the chromosphere on a much
more solid foundation. This theory goes back to Bier-
mann (1946) and pictures the chromospheric temperature
rise as due to the dissipation of shock waves which
develop out of acoustic waves that are generated in the
convection zone. About ten years ago (Osterbrock,
1961; Kuperus, 1965, 1969; Kopp, 1968) it was almost
universally assumed that the chromosphere appears to
be heated by acoustic waves with typical periods of five
minutes which had been discovered by Leighton and
coworkers in 1960 (Leighton, 1960; Leighton et al.,
1962). These 5 min oscillations are now known to be
generated by nonradial pulsations of the sun (e.g. see
Ando and Osaki, 1975; Deubner, 1975, 1976, Ulm-
schneider, 1976). About five years ago a comparison of
empirical chromospheric radiation loss with theoretical
dissipation rates of the acoustic shock waves of various
mechanical fluxes and periods strongly suggested a short
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period nature of the waves (Ulmschneider, 1970, 1974).
This was in good agreement with theoretical com-
putations of the spectrum of the acoustic flux produced
in the convection zone (Stein, 1968). Stein found a flux
maximum at periods of around 30 s which is about one
tenth of the local cut-off period. These computations
were based on the Lighthill theory of quadrupole sound
generation (Lighthill, 1952, 1954; Proudman, 1952;
Stein, 1967). However these theoretical results were not
considered as definitive especially since such short
period waves were not observed. Thus it is not surprizing
that up to very recently many authors favoured the five
minutes oscillation as the mechanism for the chromo-
spheric heating (De Jager, 1975; Praderie and Thomas,
1975). On the other hand the observational discovery
of the short period waves in the solar atmosphere (Deub-
ner, 1976), and recent computations showing that short
period waves carrying Stein’s (1968) flux values are able
to predict the location of the solar temperature minimum
and at the same time are able to meet the chromospheric
energy requirements (Ulmschneider et al., 1976; Kalk-
ofen and Ulmschneider, 1977; Ulmschneider and Kalk-
ofen, 1977; Ulmschneider, 1977), strongly point now in
favour of the short period heating theory for the solar
chromosphere.

It is thus of great interest to extend these calculations
to stars other than the sun in order to compare them
with a growing body of empirical models of stellar
chromospheres (Ayres et al., 1974; Ayres, 1975; Ayres
and Linsky, 1975a,b; Haisch and Linsky, 1976). Further-
more, the knowledge of the temperature structure of the
stellar upper atmosphere is crucial in discriminating
among rival theories of mass loss in late type giants and
supergiants.

It has been suggested that mass loss is due to radiation
pressure on molecules (Maciel, 1975) or on grains (e. g.
Gehrz and Woolf, 1971; Salpeter, 1974; Lucy, 1976), or
on the contrary, that masslossis driven by the continuous
evaporation of the stellar chromosphere/corona like for
the solar wind (e.g. Fusi-Pecci and Renzini, 1975a,b,
1976; Renzini, 1976). The determination of stellar chro-
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mospheric temperature minima is then of primary im-
portance since only if such a temperature minimum is
low enough grains or molecules can actually form close
to the stellar surface. As far as the solar wind-like
theory is concerned, the construction of theoretical
stellar chromospheric models represents a first step in
the direction of eventually describing the whole struc-
ture of the stellar chromosphere, corona and wind.

In this paper, which is the first of a series on theoretical
stellar chromospheres, we discuss the acoustic energy
generation in stars. In Paper II (Ulmschneider et al.,
1977) we will present the results of computations
concerning the wave propagation in stellar atmospheres,
the shock formation and the determination of the
temperature minimum. For the chemical composition
X=0.7, Y=0.28 and Z=0.02 we have computed the
acoustic flux and the period of the acoustic waves for a
number of stellar surface gravities and effective tem-
peratures in the range —1<logg<6 and 3.45<log
T, <4.00. The whole set of computations was repeated
for three values of the ratio of the mixing length to the
pressure scale height, a=1/H,=0.5, 1 and 1.5.

2. The Computational Procedure

For the computations we have used the envelope part
of a stellar interior program whose main characteristics
are described by Castellani and Renzini (1968, 1969) and
Castellani et al. (1971a). The Cox and Stewart (1970a, b)
opacity tables have been used together with a cubic
interpolation procedure (Castellani et al., 1971b). The
standard mixing length theory of convection in the form
described by Cox and Giuli (1968) was used to derive the
convective temperature gradient V and the average
convective velocity o. This latter quantity is given by

=2(2)" ()
2\ 29 9/4 A
where
V.-V
= r 2
¢ v 2

and the notations are the same as in Cox and Giuli. Since
© depends on the difference of two gradients special care
is required in solving the equations of the mixing length
theory. Approximate procedures for obtaining V (e.g.
Baker and Kippenhahn, 1962) may give unrealistic
values of 7 particularly when V is close to V,. For this
reason we have used the iterative procedure suggested
by Cox and Giuli (1968, p. 314). However, when the
quantity B (see Cox and Giuli, 1968, p. 313) is close to
unity the iterative procedure does not converge and in
these cases a cubic interpolation in the Cox and Giuli
(1968, Table 14.2) has been used. Under special circum-
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stances Equation (1) gives a supersonic convective
velocity which obviously indicates that the mixing length
theory is, at least in such cases, inadequate to describe
the convective process. Cox and Giuli (1968, p. 324)
suggest to limit the convective velocity to the sound
velocity v, insisting that ¥ = v, when supersonic convective
velocities are indicated by Equation (1). However we do
not agree with their derivation of the convective gradient
since they still used their Equation 14.30b for the
convective velocity (setting 7=v;) which was derived
under the assumption that the only force acting on a
convective element is the buoyancy force. It is obvious
that if ¥ has to be limited to subsonic velocities other
forces (e.g. drag forces) must be acting on the convective
elements. This explains why Cox and Giuli’s Equation
(14.125) for V gives values which do not match con-
tinuously those given by the standard procedure in the
adjacent subsonic regions. On the other hand, inserting
v =1, in the Cox and Giuli Equations (14.18) and (14.39),
which appears more appropriate, one gets

_(14+I)HV,+DIV, 3)
(D+H)+H
where
4
H= 413('. %— and D=3pcvaT. C))

Equation (3) gives a continuous convective gradient at
the edges of the supersonic region, and agrees with the
expression given by Iben (1971) in the limit V'—>V,,.
Equation (3) then appears physically more reasonable
than the corresponding Equation 14.125 of Cox and
Giuli, but, of course, we share in all the skepticism of
Cox and Giuli (1968, p. 325) about the validity of any
version of the mixing length theory and in particular
under such extreme physical conditions.

Using the above described input physics, a set of
envelope models have been computed. Each model
consists of an inward integration, in plane-parallel
approximation, down to the bottom of the convective
envelope, or more frequently, down to a point where the
acoustic energy generation becomes negligible. The
total acoustic flux has been computed (Lighthill, 1952,
1954; Proudman, 1952) as

Ui

5
v

nF,=% {38p — dr. )
Equation (5) has been integrated, together with the stellar
structure equations, using a 4™ order Runge-Kutta
procedure wherein the step size was chosen in such a way
that the flux changes only by a few percent at each step.
In order to test the program we computed, for solar
input parameters, and in the non plane parallel approach,
the fractional depth of the convection zone 4R/R as a
function of the parameter a. These values are compared
with those of Baker (1968) in Table 1. The agreement

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


http://cdsads.u-strasbg.fr/cgi-bin/nph-bib_query?1977A%26A....61...39R&amp;db_key=AST

FT977ARA © 617 39RO

A. Renzini et al.: Chromospheres of Late Type Stars. I

Table.1 Fractional depth 4R/Rg and total acoustic flux nF, as a
function of the parameter a=1//H, for a solar type star. Values in
brackets are from Baker (1968)

« 0.5 1.0 1.5 2.0 2.5
AR (0.16) 0.27) 0.33) (037
Ro 0.02 0.14 0.25 0.31 0.34
F, 2.4E6 1.6E7 5.1E7 1.1E8  1.8E8

(erg/cm? s)

may be considered satisfactory. Table 1 gives also the
corresponding solar acoustic fluxes for each value of a.
One finds nF,, proportional to o?>77. Allowing for an
order of magnitude uncertainty both in observation and
theory our solar acoustic fluxes are in agreement with
observations (Deubner, 1976) as well as with more
refined calculations (Stein, 1968). The chromospheric
emission of about 6 10° erg/cm? s which may be com-
puted from empirical solar models (Osterbrock, 1961 ;
Athay, 1966; Ulmschneider, 1974; Ayres, 1975) is a
lower limit because strong radiation damping of the
acoustic waves occurs in the photosphere at t=0.1 to 10.
Allowing for a factor of 10 decrease of the acoustic flux
due to radiation damping (Ulmschneider and Kalkofen,
1977) good agreement is found with our computed total
acoustic flux (see also Ulmschneider et al., 1977).

3. The Convective Velocities

The acoustic energy generation depends sensitively on
the convective velocity [cf. Eq. (5)]. It is then of primary
importance to consider how the convective velocity
varies as a function of the model input parameters.
Figure 1 shows (/vy)y., the maximum value of the
convective velocity in units of the local sound velocity,
as a function of the effective temperature, for various
surface gravities and for a=1. The very sharp cut-off of
the convective velocity at high effective temperatures is
due to the transition from efficient to inefficient con-
vection. In fact when the convection is efficient V/V, is
small and, from Equations (1) and (2) ¥ can be large.
But, as V approaches V,, the convective velocity drops
to zero. Then for each surface gravity the location of the
maximum value of (0/vy),., roughly marks the effective
temperature at which the transition between inefficient
and efficient convection occurs. When convection is
efficient one has approximately

TF ony =pC,0AT =0 T, ©)

where c,, is the specific heat at constant pressure, AT is
the mean temperature excess of the convective elements
relative to their surrounding, and o is the Stefan-Boltz-
mann constant. The maximum value of 7 is then expected
to occur at small p, that is, close to the top of the
convection zone, which is actually the case in our
models. Following Stein (1966, p. 18) we compute the
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Fig. 1. The maximum value of the ratio of the convective velocity to
the sound velocity vs. effective temperature, for log g= —1 to 6 and
for a=1

density at the top of the convection zone where t~2/3
and T'=T,:

k(2 a+1\"e*D -
P ph =E (_5 %_> gl/(a+1)Teff(a+b+1)/(a+1)_ (7)
0

Here p is the mean molecular weight and R the gas
constant. The values of x%,, a and b for the H™ opacity
are given by Stein (1966, p. 20) to be x,=6.9E—26,
a=0.7 and b=5.3. From the mixing length theory we
find

5=[£(E_d_T)]ml

T \dr dr 2

- (dT’_d_T)l ®)
d drl]?2

wheredT"'/dristhe temperature gradient of the convective
element. Using

l=oH,=a RT 9
ug
we have
7= 2 (10)
aR
From Equations (6), (7) and (9) we thus find
13 ~1/(a+3)
5=(°f£) [(2 a+1)g]1e;f(5a+b+5):| (1)
Su 2 %
with
=y 2L 12)
u

where y is the ratio of the specific heats, and inserting in
Equation (11) the values for x%,, a and b one gets

B/o,~alPg 02 T32. 13)
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Fig. 2. The acoustic flux nF, (erg/cm? s) vs. effective temperature, for
log g=—11t0 6, X=0.7, Z=0.02 and a=1. The dashed portions of
the lines indicate that in the corresponding models supersonic convec-
tive velocities occur. The dotted line shows the behaviour of the acoustic
flux at low temperatures without taking into account the formation of
molecular hydrogen. The straight line in the upper right corner
represents the total flux

This agrees well with the i/v,~a®35g~ %21 T2! depen-
dence that we find for the models at low effective
temperature, for which the assumption of efficient
convection is valid. At a given gravity, relation (13)
becomes less and less accurate as the effective temperature
increases towards the value at which the maximum in
¥/vg occurs.

It is worth emphasizing that the dependence of the
convective velocity on the mixing length is rather
moderate, which is an important point as far as the
sound generation is concerned. For logg=—1 and
log g=0 it was impossible to obtain reliable model
envelopes forlog T,¢ > ~3.55and > ~3.70 respectively.
In fact, for such effective temperatures, in the region of
density inversion the density is so low and the temperature
so high that temperature and density values are en-
countered for which the Cox-Stewart tables do not
provide the spacity. Even if our interpolation procedure
formally gives a value for the opacity this value is
obviously not reliable and so the whole envelope model.

In conclusion it is worth noting that the mixing
length theory isself-consistent only asfarastheconvective
velocity is small compared to the sound velocity. From
Figure 1 one sees that at low effective temperatures
(typical of red giants and supergiants) ¢ is never very
large and we may be relatively confident in the reliability
of the models. Less reliable are the models at higher
effective temperature when  approaches v;.

4. The Acoustic Fluxes

As anticipated in the previous sections, the acoustic flux
for each model has been computed using Equation (5).
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The region in the convective envelope in which most of
the acoustic flux is produced normally coincides with the
hydrogen ionization region. In low T, and high g models
the bulk of the acoustic flux is produced in the region of
molecular hydrogen dissociation. Figure 2 shows the
acoustic flux ©F,, as a function of the effective tempera-
ture, for =1 and for log g= — 1 to 6. Each curve has the
same character: the sharp cut-off at high temperatures is
obviously due to the cut-off in the convective velocity,
while the maximum is clearly associated with the
maximum in the convective velocity (cf. Fig. 1). In the
region of moderately high temperatures after the
maximum we see an approximate g~ %7742 behaviour.

In the framework of the analytical approximation
described in the previous section, from Equation (5) the
acoustic flux can be estimated as

7.‘:I;‘m zpphﬁs/vgﬂ (14)

where it has been assumed that the flux is produced
within a layer of width Ar~ /.
Using Equations (7), (11) and (12) one gets

TCFm ~ a8/3g— 5/(3a+3)Te(t§f9(a+1)+10b)/(60+6) (1 5)

and inserting the values of a and b pertinent to the H™
opacity one obtains a behaviour of the type nF,
~abBg~1TLS  Compared to the crudeness of the
approximations, this is in reasonable agreement with
the numerical results. At lower effective temperatures,
each curve is characterized by a sudden change in slope.
According to the numerical models this increase in slope
is associated with the appearance of molecular hydrogen
in the atmosphere. When hydrogen is completely in
molecular form, the slope slightly decreases and remains
nearly constant. So, in the low temperature region one
has a behaviour of the type nF,~g '2?T23. If the
formation of molecular hydrogen is neglected in the
model computation (but still using the same opacity
tables) the region of rapidly varying slope disappears
(see Fig. 2), which confirms that the ‘“‘’knee” is due to the
formation of H,. The sudden decrease of the acoustic
flux associated with the formation of molecular hydrogen
can be understood looking at Equation (11) for the
convective velocity. As the H, molecules begin to form
in the stellar atmosphere, the mean molecular weight
increases up to almost a factor of two when all hydrogen
is in molecular form. Correspondingly, we have then an
increase in the photospheric density. Since, from
Equations (11) and (14) one has nF, ~ u;’" an increase
in u,;, by a factor of two clearly produces the numerically
computed depression in nF,,.

As far as the a-dependence of nF,, is concerned, the
numerical results indicate nF,, ~a?® in good agreement
with Equation (15). However in the range of temperatures
and gravities in which the H, molecule is present in the
envelope, the acoustic flux is less sensitive to variations
of the mixing length. From Figure 3, which shows
nF,, for a=1.5, one sees that the ‘“knee” is more pro-
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Fig. 3. The same as in Figure 2, for a=1.5

nounced that in the case a=1. This can be easily under-
stood bearing in mind that an increase in « produces a
decrease in the temperature gradient and then the H,
molecules will be dissociated at a deeper layer. Since it is
generally supposed that « lies in the range between 0.5
and 1.5 our results indicate that, due only to the uncertain-
ty in a, the uncertainty in the absolute value of nF,, is
about one order of magnitude. However, the relative
behaviour of #F,, as a function of g and T, may be even
more interesting than its absolute value, and we can be
relatively confident in the trend shown in Figure 2,
particularly in the region of efficient convection.

We have also computed a few envelope models using
spherical geometry. In this case, besides g and T, the
stellar mass needs to be specified in order to start the
integration. At fixed g and T, the variation of nF,, with
the stellar mass provides a measure of the effect of the
deviation from plane geometry. In the range 0.8 —40 Mg
we found no significant variation of nF,, with the mass
for log g=6 and a variation of only 20%, for log g= —1.
This means that the assumption of plane geometry is
well justified as far as the computation of the acoustic
flux is concerned.

Figure 4 shows the lines of equal acoustic flux in the
log g —log T plane for a=1. The locations of the Zero
Age Main Sequence (ZAMS), of the Population II giant
branch and of Population I supergiants are indicated.
For main sequence stars, maximum acoustic fluxes are
expected in the range of effective temperatures log T,
=3.95 to 3.80, i.e. for late A to early F type stars. For
Population II giants the acoustic flux moderately in-
creases along the giant branch. Among Population I

43
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Fig. 4. The lines of equal acoustic flux log nF, (erg/cm? s) as a function
of g and T, for a=1. The location of the Zero Age Main Sequence
(ZAMS), of the Population II giant branch and of Population I super-
giants are indicated. The dotted-dashed line is the approximate path
of a 40 M star

supergiants the F type stars should have maximum
acoustic fluxes. Since, apart from the white dwarfs, real
stars populate the region between the ZAMS and the
Population I supergiantstrip, the region of low g — hig T
(for which it was impossible to construct reliable model
envelopes) is never crossed by evolving stars. The
topology of the isoacoustic lines in Figure 4 is preserved
as o varies.

A qualitative agreement is found with previous
computations (Nariai, 1969; De Loore, 1970). However,
in the previous investigations either not the whole range
of effective temperatures was covered (Nariai) or not the
same input physics was used for the whole range of
effective temperatures (De Loore). In De Loore’s work
the opacity tables taken for the regions at high T are
different from those used at small T, causing an un-
physical discontinuity between T,,=4000 K and
4750 K. Kippenhahn (1973) used the De Loore results
to construct iso-acoustic lines in the range log T,
=3.4—-4.0. The differences in topology with respect to
our Figure 4 are entirely due to the mentioned discon-
tinuity in the input physics at T,;; = 4000 K. The two-lobe
structure of the De Loore-Kippenhahn iso-acoustic lines
is thus spurious. A two-lobe structure, however, is
found if very large values of « are used or if the mixing
length is taken proportional to the density scale height
(cf. Castellani et al., 1971) but both these assumptions
appear to be unrealistic.

Aside from these qualitative differences, the acoustic
fluxes computed by De Loore are in general roughly one
order of magnitude larger than those computed by us.
Thisdifference arises primarily from a different numerical
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factor used in the expression for the convective velocity
[compare De Loore’s Eq. (4) with Cox and Giuli’s
Eq. (14.28b)]. This disagreement gives an idea of what
happens when one uses slightly different versions of the
mixing length theory. _

Finally, the upper straight line in Figure 2 gives the
total flux T%;. An inspection of Figure 2 reveals that the
maximum acoustic flux is at most a few percent of the
total energy flux.

5. The Period of the Acoustic Waves

In a more detailed calculation than that described in
Section 2, Stein (1968) has computed in the solar case the
monochromatic flux of acoustic waves as a function of
the wave period P. Stein (1970) has also computed the
acoustic spectra for different kinds of stars. Stein and
Leibacher (1975) have found that the period P,,, at
which the monochromatic acoustic flux has its maximum
is about a factor of ten smaller than the acoustic cut-off
period P, at the point of maximum flux generation:

P .~ P,=15 4nv lyg. (16)

For each envelope model we have computed P,,, using
for v, and y their values at the level of maximum flux
generation. It is seen that P, depends mainly on
gravity and only very slightly on T,,. This is due to the
fact that the temperature enters in Equation (19) only
as a square root. P, is also nearly independent of «.
A good fit to our numerical results is:

log P,.=5.8—log g. an

Since the boundary temperature is at most a factor of
two smaller than the temperature corresponding to v, in
Equation (19), we see that the period P,,, is still much
smaller than the cut-off period of the photospheric layers.
This indicates that the acoustic flux propagates un-
impeded into the outermost layers (apart from the
radiative damping effects).

6. Discussion

It is universally known that the mixing length theory
provides only a very crude representation of the physical
structure of convective envelopes. Our models then

suffer from this obvious source of uncertainty. A second .

critical point, as far as the evaluation of the acoustic flux
is concerned, is represented by our ignorance of the
actual spectrum of the convective velocity at each depth
in the star. In this respect Stein (1968) has shown that the
acousticfluxdependssensitively on theassumed spectrum.
In practice we have assumed a delta function at v=17 for
the velocity spectrum, which is a very rough approx-
imation. The third source of uncertainty is represented
by the use of the Lighthill theory of sound generation,
whose applicability to astrophysical situations still waits
to be proven. These uncertainties in the computations of
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stellar acoustic fluxes are widely known (see for instance
Jordan, 1973; Athay, 1975; Stein and Leibacher, 1975)
and we concur with the general scepticism. On the other
hand a justification for our simple approach is that, at the
moment, it is practically impossible to do better.
Ultimately, only a comparison of our theoretical
predictions with the observations of stellar chromosphe-
res can decide whether our computations have some-
thing in common with reality.

A comparison with observations will be made in the
next paper, in which we compute theoretical chromo-
spheric temperature minima.
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