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Summary. We study the propagation and shock formation of
radiatively damped acoustic waves in the solar chromosphere
under the assumption that H™ is the only absorber; the opacity is
non-grey. Deviations from local thermodynamic equilibrium
(LTE) are permitted.

The results of numerical simulations show the depth de-
pendence of the heating by the acoustic waves to be insensitive to the
mean state of the atmosphere. After the waves have developed into
shocks their energy flux decays exponentially with a constant
damping length of about 1.4 times the pressure scale height,
independent of initial flux and wave period.

Departures from LTE have a strong influence on the mean
temperature structure in dynamical chromosphere models; this is
even more pronounced in models with reduced particle density —
simulating conditions in magnetic flux tubes — which show
significantly increased temperatures in response to mechanical
heating. When the energy dissipation of the waves is sufficiently
large to dissociate most of the H™ ions, a strong temperature rise is
found that is reminiscent of the temperature structure in the
transition zone between chromosphere and corona; the energy
flux remaining in the waves then drives mass motions.

Key words: hydrodynamics — radiation transfer — shock waves —
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1. Introduction

1.1. Acoustic waves and the magnetic connection

Research in recent years has shown convincingly that a heating
theory based solely on acoustic waves cannot account for the
observed chromospheric emission of stars (see, e.g., Linsky, 1980).
Moreover, there is now wide agreement that the chromospheric
emission and its variability are closely related to the magnetic field,
which has a spotty distribution across the stellar surface. In
particular, the solar filigree (Dunn and Zirker, 1973) and the
chromospheric bright points seen in rocket observations (Brueck-
ner, 1980; Bonnet et al., 1982; Cook et al., 1983) have been
interpreted as emission signatures of narrow and intense magnetic
flux tubes. This association of chromospheric emission with
regions of intense magnetic flux should be taken into account in a
theory of chromospheric heating.

Stein (1981) and Ulmschneider and Stein (1982) have com-
puted generation rates of magnetohydrodynamic waves in stars
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with surface convection zones. They found that fast mode waves in
magnetic as well as acoustic waves in non-magnetic regions are
produced by quadrupole generation; but Alfvén waves and — in
strong fields, acoustic-like — slow mode waves are produced by the
much more efficient monopole generation. Thus Alfvén and slow
mode waves are likely to be more important for chromospheric
heating than are purely acoustic waves.

In regions where the magnetic field is concentrated in intense
flux tubes, the Alfvén waves correspond to both transverse and
torsional tube waves, and the slow mode waves correspond to
longitudinal tube waves (Spruit, 1982). In these longitudinal waves
the gas pressure is the principal restoring force, and in the
transverse waves the magnetic field is. Therefore, the longitudinal
tube waves exhibit close similarity to pure acoustic waves.

Because of the balance of gas and magnetic pressures (see, e.g.,
Chapman, 1981), the flux tubes spread out with increasing height
and eventually form a canopy over the non-magnetic regions
(Jones and Giovanelli, 1982; Anzer and Galloway, 1983). If
longitudinal tube waves and purely acoustic waves propagate in a
geometry defined by the shape of such a flux tube, their properties
are nearly the same (cf. Herbold et al., 1985). This is due to the fact
that in longitudinal tube waves the energy density of the pressure
perturbation is larger by about an order of magnitude than that of
the magnetic field perturbation; hence the surprising result that
acoustic waves reappear as very promising for the heating of
stellar chromospheres if the geometry of the magnetic field is taken
into account (Ulmschneider and Stein, 1982). Chromospheric
emission would therefore again be explained as a consequence of
shock formation and dissipation. A continued investigation of the
behavior of acoustic waves in stellar atmospheres is therefore of
considerable interest.

1.2. The radiation

Previous work in this series of papers concentrated on the
hydrodynamics of acoustic wave propagation, with simple as-
sumptions about the radiation processes. In particular, the opacity
was assumed to be grey. Using a grey LTE opacity table from
Kurucz (1979), Ulmschneider et al. (1978, henceforth called
Paper V) constructed theoretical models of the solar chromo-
sphere; as seen in Fig. 1 of Paper V, a good match of the empirical
chromospheric temperature rise was not obtained. Agreement
with empirical models was found only when the Kurucz table was
replaced by an approximate opacity formula (cf. Paper V, Fig. 2)
which is a fit to the table except for reduced opacity values at low
pressure. Evidently, the opacity formula implies a reduction of the
efficiency with which the chromospheric gas radiates, thus simulat-
ing the effect of deviations from LTE.
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The mean chromospheric temperature structure inferred from
the observations depends on the spectral feature analyzed. This
point was emphasized by Praderie and Thomas (1976) and Ayres
(1980) who also stressed that deviations from LTE in H™ had a
large effect on the energy balance in the upper photosphere and the
low chromosphere. Ulmschneider and Kalkofen (1978) and
Kalkofen and Ulmschneider (1979) disputed this point and
estimated the mechanical heating rate at the base of the
chromosphere on the assumptions that H™ is the only absorber and
that deviations from LTE are negligible. Subsequently Vernazza et
al. (1981) showed that other absorbers make a significant
contribution to the radiative cooling even at the temperature
minimum, but that deviations from LTE in H™ are much smaller
than estimated by the previous authors. It is to be noted, however,
that none of the empirical models satisfies energy conservation.

The ongoing discussion of the energy losses in the low
chromosphere shows that it is necessary to study the effect of
departures from LTE in a time-dependent, non-grey medium in
greater detail. Such a study requires that a heating mechanism be
included in the treatment because only then is it possible to solve
the energy equation consistently with the mass and momentum
equations. It is the aim of this paper to present such a study in the
highly idealized case where H™ is the only opacity source and
where the detailed structure of a flux tube is ignored. The
restriction of the opacity to H™ is not serious since our primary
interest is in the basic physics of the low chromosphere. Other
absorbers, such as Mg 1 and Ca 11 as well as CO affect the details of
the models (Ayres, 1981; Muchmore and Ulmschneider, 1985) but
not the basic physics; these opacity sources will be included in
subsequent work. The restriction of the geometry allows us to
assume plane-parallel stratification of the atmosphere; the inclu-
sion of the flux tube structure in the treatment is planned (cf.
Herbold et al., 1985). In Sect. 2 we outline the approach and in
Sect. 3 we present the results and give a discussion. The conclu-
sions are summarized in Sect. 4.

2. The basic equations

We consider acoustic wave propagation in an atmosphere strati-
fied in plane-parallel layers. The method of computation of such
waves has been described by Ulmschneider et al. (1977), by
Kalkofen and Ulmschneider (1977), and in Paper V. The energy
equation is expressed in terms of the entropy S (in ergg 'K 1)
and the radiative cooling rate is described by the radiative
damping function D,

ds Py
'
4 ®©
= L D= S+ (0, —B)]dv, &
0

where @, (ergem™3s™1) is the net radiative cooling rate (cf.

Vernazza et al., 1981), ¥%/ and x/ (cm?g ™ !) are the bound-free and
free-free absorption coefficients of H™, ¢ is the mass density, T the
temperature, B, the Planck function, and J, the mean mono-
chromaticintensity. The bound-free source function for H ™ is given
by

2hy? 1

bf _

SV - 2 bH‘ MRT _1° (2)

where by- is the departure coefficient of the H™ ion; the other
symbols have their usual meaning.

Table 1. Wavelength division points 4, (nm), frequency integration
weights W, (Hz), and mean monochromatic intensities J,,

(ergem ™25~ 'sr~'Hz ™ !); the latter are mostly from Vernazza et
al. (1981)

i ’11' VVl Jv,»

1 2600+ 5.765 (13) 797 (—6)
2 2600~ 3.620 (13) 797 (—6)
3 2400 1.159 (13) 893 (—6)
4 2200 1.198 (13) 101 (=5)
5 2000 1.531 (13) 114 (=5)
6 1800 1758 (13) 129 (=5)
7 1642 1292 (13) 143 (=5)
8 1550 1.147 (13) 151 (=5)
9 1450 1.360 (13) 154 (—5)
10 1350 2.116 (13) 157 (=5)
1 1200 2,987 (13) 159 (—5)
12 1050 5.123 (13) 1.61 (=5)
13 850 7.072 (13) 158 (—5)
14 700 9.675 (13) 146 (—5)
15 550 1246 (13) 116 (—5)
16 450 9.099 (13) 7.58 (—6)
17 350 4236 (13) 234 (—6)
18 200 7.236 (13) 727 (—9)
19 150 1.528 (13) 249 (—11)

We are interested in the atmospheric layers near the solar
surface where the mean monochromatic intensity may be consid-
ered constant and given by the emergent intensity J,. The values
for J, and the frequency points are from Vernazza et al. (1981,
Table 26 and Fig. 50); they are summarized in Table 1. For
wavelengths longer than 1642 nm the emergent mean intensity is
described by a dilute Planck function,

J,=0.563 B,(5800 K). 3)

The frequency integration is performed with N=19 frequency
points with weighted parabolas as suggested by Kurucz (1979),

[ row= % soom; @

the frequency weights are also listed in Table 1.
The bound-free absorption coefficient for H™ is

—hv/kT
x':f="“7‘a':f(1—e ) )

bH—

where the number density of H™ ions is given by

Nyn, h? 32 0.754¢eV /kT
_=b._ - 154¢ 6
Mot~ = by 4 <2nmekT> ¢ ’ ©)

with ny the number density of neutral hydrogen atoms and n, that
of electrons. The cross section for bound-free transitions of H™ is
(cf. Kurucz, 1970)

oS =6.801 10720+ (5.358 1073 +(1.481 1013

—(5.519 1027 —4.808 10*1/v)v)/v), %)
for v>2.1110 10'* Hz; and
o =3.695 10716 —(1.251 10~1 —1.052 1013/y)/y, @®)
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for 2.1110 10'*>v>1.8259 10'* Hz, where the lower limit is the
threshold frequency for photo dissociation of H™. The free-free
absorption coefficient is given by

il ="y (13727 10725 +(4.3748 1071
0

—2.5993 1077 T)/v)/v. ©)

We note that these absorption coefficients in the form given by
Kurucz (1970) are more convenient than those of Gingerich (1964)
for pretabulating the opacities.

We determine the H™ number density assuming that the ion is
destroyed by photo dissociation,

H +voH+te, (10)
by electron collisions,
H™ +ecH+2e, (11)

and in associative collisional detachment by hydrogen atoms,

H™ +HeoH,+e; (12)
the H, molecule is also formed in the reaction
3HoH,+H. (13)

The equations of statistical equilibrium are solved according to
Gebbie and Thomas (1970) or Vernazza et al. (1973, 1981). The
departure coefficient by - is given by

R*+r

by-= —,
H R+r

(14)

where the rate coefficient (s ~*) for radiative recombination is

219
with 0=35040/T and
6=58

[2] e1.7369

Ne/Ny . (18)

Note that Eq. (18) corrects a misprint in the corresponding
equation of Vernazza et al. (1973, 1981). The departure coefficient
for the H, molecule is given by

~ 1+6by-

bu, = 146

(19)

For the comparison of calculations with grey and non-grey
opacities we computed grey opacity tablesin LTE using Rosseland
and Planck means. For the calculation of the electron density we
constructed a table with n, as a function of temperature and
pressure, following Kurucz (1979), neglecting departures from
LTE in the principal electron donors Fe, Mg, Si, and H in order to
facilitate the time-dependent solutions.

We avoided global motions of the atmosphere unrelated to the
wave propagation by starting the time-dependent calculations
with a radiative equilibrium atmosphere as the initial state. For the
depth grid we used non-uniform spacing with intervals given by

cgP
Ax= Ny’ (20)
where P is the acoustic wave period, ¢ the local sound speed, and
N the number of grid points per acoustic wavelength, typically
N=30. The radiative equilibrium models were constructed by
solving the equations of hydrostatic and statistical equilibrium
together with the energy equation for a given radiation field, using

Newton’s method for calculating corrections to the state variables.

© drwbf 3 3. Results and discussion
R*— J. 4o, <z}% +Jv> e~ VKT gy, , (15)
no hy ¢ 3.1. The initial atmosphere
and the coefficient for photo dissociation, The initial, undisturbed atmosphere corresponds to the outer
© dgad! layers of a solar model in radiative equilibrium, extending from
R= *— J,dv. (16) 300 km to 1000 km above the monochromatic optical depth unity
no hy at 500 nm (the bottom of this slab corresponds to 750 =10"2). The
The collisional rates are combined in the coefficient parameters of this model are given in Table 2; x is the geometrical
, height and p the gas pressure.
F=210"2 < M +6-32p > (17) Our initial model is similar to that of Ayres (1980): his is based
140 ¢)’ on the empirical model of Vernazza et al. (1976), with mean
Table 2. The initial radiative equilibrium model
X T P Ny n, é R* by-
(km) (K) (dyn cm™?) (cm™?) (O]
300 4705 1.34 (4) 1.86 (16) 1.52 (12) 3.14 (-2 1.15 (6) 1.00
371 4706 7.04 (3) 9.78 (15) 8.80 (11) 347 (-2) 1.15 (6) 1.00
442 4708 3.70 (3) 5.13 (15) 5.02 (11) 3.76 (—2) 1.15 (6) 1.01
513 4713 1.94 (3) 2.69 (15) 2.84 (11) 4.06 (—2) 1.15 (6) 1.01
583 4721 1.02 (3) 1.41 (15) 1.64 (11) 443 (=2) 1.16 (6) 1.02
654 4735 5.37(2) 7.42 (14) 9.77 (10) 5.01(=2) 1.17 (6) 1.03
726 4759 2.83 (2) 3.89 (14) 6.19 (10) 5.98 (—2) 1.20 (6) 1.06
797 4794 1.49 (2) 2.04 (14) 4.22 (10) 7.64 (—2) 1.23 (6) 1.09
869 4839 7.91 (1) 1.07 (14) 3.16 (10) 1.07 (=1) 1.27 (6) 1.14
940 4884 4.20 (1) 5.61 (13) 245 (10) 1.54 (1) 1.32 (6) 1.19
1006 4916 2.38 (1) 3.16 (13) 1.96 (10) 2.16 (—1) 1.35 (6) 1.22
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monochromatic intensities slightly different from ours. The main
differences are in the temperatures, which lead to different photo
recombination rates and departure coefficients: In Ayres’ model,
the photo dissociation rate is R=1.1410°s"!, in ours,
R=1.1010%s""*; his temperature at 300km is 4750K (ours,
4705K) and at 1000 km, 5250K (ours, 4916 K); his departure
coefficient at the top of the atmosphere is by - =2.33 (ours, 1.22). At
975 km the collision parameter in Ayres’ model is §=0.28 [cf,
Eq. (18)] resulting in a rate coefficient of r=5.910*s~! [cf,
Eq.(17)], which agrees closely with our coefficient of
r=5.210*s ™. Thus the differences in the departure coefficient by; -
arise mainly from Ayres’ higher temperature, which results in a
photo detachment rate R* that is larger by a factor of 2.
Comparing the terms contributing to the collision coefficient
[Eq. (17)] in our model we find that for n,~10~*n, the second
term in the parentheses is much smaller than the first. Since the
uncertainty in the rate coefficient for hydrogen collisional detach-
ment is much larger (cf. Browne and Dalgarno, 1969) we follow
Jordan (1977) in neglecting electron collisional detachment.
Furthermore, in both Ayres’ and our model the value of ¢ is less
than 6 10~ 2 up to a height of 800 km; it is therefore neglected by

the same reasoning. Thus we use the approximation
r=210"°ny, (21)

instead of Eq. (17).

The temperature of the radiative equilibrium atmosphere
under the assumption that the gas is in LTE has the fixed value of
Tre=4703 K, independent of height. This value agrees with the
kinetic temperature in non-LTE at low heights, where the
departure coefficient is near unity. The increase of the kinetic
temperature with height in the non-LTE case is referred to as the
Cayrel effect (cf. Cayrel, 1963, 1964).

3.2. Non-grey non-LTE calculation

Figure 1 (drawn) shows the variables for a propagating acoustic
wave at the time r=1103.7 s, measured from the initiation of the
piston motion. The wave period is P =30 s and the acoustic flux at
the lower boundary is F, =2.510" ergcm~2s~!. This corre-
sponds approximately to a wave flux of F,,~10%ergcm ™25~ ! at
Ts00=1 (cf. Fig. 5 of Paper V). The wave is shown in the Euler
frame at the instant when a weak shock is forming at the height of
xsup=>573 km; the shock strength, defined as the density change in
the shock transition relative to the pre-shock density, is Mg=1.02.
At this time, 34 shocks have already been transmitted through the
right boundary, and the values of the state variables averaged over
a wave period have reached a steady state, indicating that the
atmosphere has adjusted itself to the wave pressure and to the
time-dependent heating and cooling. Note that the mean tempera-
ture, T, time-averaged over one period at a fixed position in the

1
bH'_ u T
(l:_rn)_
s |
34 '
0
2 -
1. _
1 - .
-2
[ 1 | ] | 1 [ ] | ] | 1 ]
300 400 500 600 700 800 900 1000
height (km)

Fig. 1. Non-grey non-LTE(drawn)and LTE (dashed ) wave calculations at the same instant of shock formation; velocity u, temperature T, mean temperature T, initial

ds
radiative equilibrium temperature Ty, radiative damping function D= —
R

functions of Eulerian height x. The initial acoustic flux of the waves is F,=2.5 10" ergcm ™ 2s~

, entropy difference S’ from the undisturbed state, and H™ departure coefficient by- as

! and the period P=30s; dotted values show the wave at an earlier time
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Euler frame, is depressed below the initial radiative equilibrium
temperature, Tgg; as discussed in Paper V and by Kalkofen et al.
(1984), this effect is due to the non-linear response of the radiative
cooling rate to waves of large amplitude. The maximal depression
occurs at the temperature minimum, amounting to 195 K.

At heights greater than about xgy, the temperature T rises
rapidly above Tgy due to heating by the shock wave. At those
heights the time-averaged temperature profile T is not smooth,
because of the bumpy wave profile and the coarse time grid. About
one half wavelength above xgy the shock attains a saw-tooth
profile; at the height of x=799 km the shock has a strength of
Mg =1.49, which is close to the limiting shock strength of 1.46 (for
T=5150K and cg=7.5kms™?!), where the limiting shock Mach
number,

(22)

is determined from weak shock theory (cf., Ulmschneider, 1970, or
Paper V).

In addition to temperature and velocity Fig. 1 also shows the
radiative damping function D. Since the mean intensity depends
only on frequency, the damping function follows the temperature
oscillations with a phase lag of 180° [cf. Eq. (1)]; it decreases
strongly with height except the sharply peaked high temperature
region behind the shock where strong radiation losses occur due to
the large temperature dependence of the emissivity. The behavior
of the mean atmosphere exhibited in T is seen even more clearly in
the entropy difference, S’=S—S,, which describes the change in
entropy of a mass element from that of the initial state. The
mechanical heating of the chromosphere results in a permanent
entropy gain of the atmosphere; behind the shock the entropy
jump is quickly radiated away in the high temperature region.

Figure 1 also shows the departure coefficient by-. Since the
collisional rate coefficient r is a decreasing function of height, the
departure coefficient [cf. Eq. (14)] is increasingly determined by
the ratio R*/R of the temperature-dependent captures and the
constant radiative detachments. Thus by- oscillates in phase with
the temperature, and the amplitude of the oscillation increases
with height.

3.3. The steady state for the dynamical atmosphere

Figure 1 also shows (dotted) the wave at the earlier time t=174.2 s
with the similar location x=2801 km of shock formation. Except
for the difference in the time-averaged temperatures as seen by
comparing the temperature amplitudes of the shock, the wave has
the same overall shape even though only three shocks have been
transmitted through the right boundary. The strength of the shock is
M =1.52, which s very close to that of the corresponding shock at
themuch later time. This emphasizes the fact that the amplitude and
the shock dissipation of the wave are only weakly dependent on the
mean state of the atmosphere.

3.4. Non-grey opacity in LTE; Cayrel effect

Figure 1 also shows (dashed) a wave with the gas in LTE. The
shock is formed at t=1104.1 s, at nearly the same instant as in the
non-LTE case. The two waves are very similar; the strength of the
shock in LTE at x=801km is Mg=1.50. The behavior of all
variables resembles that in the non-LTE case except for the mean
temperature; the maximum depression, at the temperature mini-
mum, now has the slightly smaller value of 179K. In the
chromosphere the mean temperature is lower than in the non-LTE
case; the difference between the mean chromospheric tempera-
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tures in the two cases is between two and three times the excess in
the kinetic temperature of the Cayrel effect. The higher tempera-
ture in non-LTE can easily be understood from the heat balance in
Eq. (1). When stimulated emissions and the free-free contribution
are neglected, the equation for the radiative damping function is
e
D= T s by J,~B)ay., 3)
T o
where k%" is the opacity in LTE. It is clear that by- larger than
unity acts like a higher effective temperature, thus raising the
kinetic temperature in radiative equilibrium. In the time-

dependent case, by;- is much larger than unity in the layers above
the temperature minimum for almost the entire wave period.

3.5. Grey LTE opacity

In order to compare our results with previous calculations of this
series of papers we performed two calculations with grey opacities
that differ from one another in the way the non-grey opacity is
averaged over frequency. Considering again only H™, we con-
structed grey opacity tables as suggested by Kurucz (1970) for
Rosseland and Planck mean opacities as functions of temperature
and pressure.

Figure 2 compares the wave calculations of the non-grey LTE
(drawn) and various grey LTE cases (dashed) at the same phase of
shock formation and number of shocks transmitted. The grey
models differ from the non-grey model only slightly in the value of
the mean chromospheric temperature. This close agreement is
attributable to the smooth frequency dependence of the H™
opacity. We have also repeated a grey LTE calculation using the
Kurucz (1979) opacity table (cf. Fig. 2), which includes many
absorbers in addition to H™. Their effect is to increase the
efficiency with which the chromospheric gas radiates and thus
reduces the chromospheric temperature rise, in agreement with the
results of Paper V. Note that the wave amplitude and the shock
strength are hardly affected by the value of the opacity and the
efficiency of the emission (cf. Sect. 3.9, below).

3.6. Waves with higher energy

At the top of the atmosphere (x = 1000 km), the mean temperature
of 5540 K in Fig. 1 is lower than that of the empirical model (5755 K
in model C of Vernazza et al., 1981). It is interesting to ask whether
an increase in the wave amplitude might increase the temperature.
Figure 3 shows the result of a non-grey non-LTE calculation for a
30 s wave with a tenfold increase in the energy flux of the wave, i.e.,
Fy=2510%erg cm~2s~ 1. The comparison with Fig. 1 shows that
the mean chromospheric temperature is hardly affected by this
larger flux, and the shock strength, Mg=1.64 at x=615km and
M =1.59 at 860 km, is not very different from that of the shocks in
Fig. 1. Thus the wave dissipation at chromospheric heights is not
much changed, but below 700 km the models are quite different.
Because of the large amplitude and the associated non-linear
distortion of the wave profile, shocks form lower in the atmosphere
at xgy =394 km (cf. Ulmschneider et al.,, 1977). Below this height
the higher flux produces a larger temperature depression, which
reaches 390 K at the temperature minimum. Shock dissipation for
heights larger than xgy raises the temperature by about the same
amount, leading to large radiation losses. At about 700 km most of
the higher energy flux of this wave has been dissipated, resulting in
an energy balance and structure of the atmosphere similar to that
shown in Fig. 1 for the weaker wave.
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Fig. 2. Comparison of waves for non-grey
LTE opacity (drawn) of Fig. 1 with
-2 — =8  various grey LTE cases at the same instant
\ of shock formation [Ro=Rosseland mean,
Pl=Planck mean, Ku=Kurucz (1979)
1 | 1 L 1 I T 1 1 I L opacity table]
300 400 500 600 700 800 900 1000
height (km)

300 400 500 600 700 800 900

height (km)

Fig. 3. Same as Fig.1 (non-LTE), except for increased mechanical flux,
Fy=2510%ergem™2s~!

3.7. Waves in atmospheres with lower density

Observations suggest that the mechanical energy that heats the
low chromosphere travels mainly in magnetic flux tubes; this is in
agreement with the study of the solar temperature structure near

the temperature minimum by Kalkofen et al. (1984). In these flux
tubes the gas density is much lower than in the surrounding
atmosphere on account of the contribution of the magnetic field to
the pressure balance. A detailed computation of the wave trans-
port and heating in the tubes (cf. Herbold et al., 1984) is beyond
the scope of this investigation. It is nevertheless interesting to
study the response of an atmosphere of lower density to mechan-
ical heating. Figure 4 shows the results of a non-grey non-LTE
calculation for a 30 s wave with a flux of F,,=2.5107 ergcm ™25~ ?
in an atmosphere in which the gas density is reduced by a factor of
ten.

The comparison of Figs.3 and 4 shows that the decreased
density leads to the same initial wave amplitude as in the high-flux
case. Other similarities are the low height of shock formation of
Xsg =387 km, the nearly identical shock strengths (M¢=1.63 and
Mg=1.56) and shock positions (621 and 874 km). The small
differences in shock position are due mainly to the larger sound
speed, caused by the higher mean kinetic temperature, T, which is
increased by the astounding amount of 500 to 1000 K. As follows
from the much larger value of the departure coefficient by-, this
mean temperature increase is caused primarily by non-LTE
effects, due to the decreased radiative efficiency of the atmosphere.
These non-LTE effects are the result of the reduced collision rates
in the low-density atmosphere. Note that the density is so low that
the radiative equilibrium temperature Ty attains nearly the
maximum value of the Cayrel effect. Note also that the difference in
the values of the mean temperatures in Figs. 3 and 4 is much larger
than that of the radiative equilibrium temperatures. The low
density calculation thus shows that flux tube models can lead to
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Fig. 4. Same as Fig. 1 (non-LTE), except for reduction of ambient density by a
factor of ten

much higher kinetic temperatures than those of mean models of
the chromosphere.

3.8. Waves with longer periods

Another method of raising the chromospheric temperature is by
increasing the wave period. As shown by Ulmschneider and
Kalkofen (1977), radiation damping in the photosphere decreases
with increasing wave period, and shocks form at greater heights and
are stronger. Increasing the wave period thus effectively increases
the wave energy reaching the chromosphere. Figure 5 shows non-
grey non-LTE solutions with a period of 60 s and an energy flux of
Fy=2510"ergecm™2s™! at time t=1100s at the moment of
shock formation, with strength Mg=1.02 and at a height of

300 500 700 900 1100 1300
height (km)

Fig. 5. Same as Fig. 1 (non-LTE), except for P=60s at time t=1100s. Time-
averaged mean temperatures, T, (dashed) at earlier times (from bottom to top),
t=320s, 501s, 800s; at t=0, T=Txg
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xsy=664km; 16 shocks have been transmitted at the right
boundary. The shock at x=1240 km has a strength of Mg=1.77.
This value is approximately what one expects [cf. Eq. (22)] for the
limiting shock strength when the period is doubled.

After they are fully developed the sawtooth shocks in the
chromosphere are much stronger and dissipate more energy. At
heights below 1000km (cf. Fig. 5) the temperature behind the
shock is only moderately high and most of the dissipated energy is
radiated away immediately behind the shock front. (The behavior
of the entropy is similar to that shown in Fig. 1.) The time interval
between arrivals of shocks is increased, giving the atmosphere
more time to cool. The result of the opposing effects of stronger
dissipation and longer wave period is for the mean temperature to
rise only very slowly. The comparison with Fig.1 shows that,
below 1000 km, T increases even more slowly with height than in
the case of the 30 s wave.

Above a height of 1000 km another effect becomes important.
Since the shock is now fully developed and fairly strong, the
temperature jump between the front and the back of the shock is
about 10* K. The temperature behind the shock has become so
high that H™ is destroyed and ceases to cool the atmosphere. This
is seen in Fig. 5 where the radiative damping function D has a
sharply pronounced minimum far behind the shock front; this is
different from the case of weaker shocks, where the minimum of the
function D, i.e., the strongest emission, occurs immediately behind
the shock (cf. Fig. 1). The destruction of H™ behind the shock thus
has the consequence of inhibiting the gas from radiating away the
mechanical energy quickly enough before the next shock arrives,
hence the mean temperature increases. This is shown in Fig. 5,
where the T distributions for several intermediate times are given.
Since the rising mean temperature increases both the preshock and
the postshock temperatures this process amplifies itself and leads
to a transition layer-like structure, analogous to the solar tran-
sition zone between chromosphere and corona.

The situation described here is artificial because of the neglect
of such important opacity sources as the Ca 11, Mg 11, and Lyman
lines that would provide cooling at heights where the H™ density
has become too low to be effective. Nevertheless, the present
calculation demonstrates what happens when an important
coolant disappears. It shows what may occur when Lyman-«
becomes unimportant because of the ionization of hydrogen.

When the height range in the models extends far enough a
rapid temperature rise (henceforth called “transition layer”) forms
in all (LTE and non-LTE) cases. For the given initial acoustic
energy flux of Fy;=2.510"ergem 25~ ! the “transition layer”
forms at a height increasing with decreasing wave period (in
non-LTE: for P=60s near x=1100km, for P=45s near
x=1200km, and for P=30s near x=1400km; in LTE: for
P=60s near x=1200 km and for P =45 s near x=1300 km). For
the gas in LTE, the higher radiative efficiency causes the “tran-
sition layer” to be formed at a greater height than in non-LTE.

The enormous reduction in the efficiency to cool the atmo-
sphere in the presence of strongly dissipating shocks has another
interesting consequence. Since energy balance is strictly enforced,
only mass motions remain as an energy sink when cooling by
radiation is eliminated (these mass motions are not at all obvious
in the Eulerian frame, which was obtained from the Lagrangian
frame by interpolating back to the fixed Eulerian mesh). A mass
flux can be estimated from the speed of the topmost Lagrange
point, i.e., from the mass element that was initially at the height
x=1440km; after t=1100s, this element was displaced to
x=3110 km. With an average speed of displacement of 1.7 km s ~*
and a density decrease from 1.7107*? to 1.5107**gcm ™2 an
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approximate transient mass flux of gv=2.610"8gcem™2s71! is
found, corresponding to about 10 times the solar mass loss rate.

3.9. Wave flux and mechanical heating rate

Another interesting insight into the basic physics of acoustic wave
propagation in a stellar atmosphere can be gained by studying the
behavior of the acoustic wave flux, F,,, and the mechanical heating
rate, ®,,. Figure 6 shows the development of the time-averaged
quantities as functions of height. At low height, both the flux and
the mechanical heating rate,

_ dF,
M= dx s

(24

decrease rapidly in all calculations, due to radiation damping. For
sufficiently low initial flux F,; the waves reach a nearly adiabatic
phase at the end of which shocks form, owing to non-linear effects
brought on by the growing wave amplitude. The shocks gain
rapidly in strength (cf. Fig. 1). After reaching a fully developed
sawtooth shape the mechanical flux decays logarithmically with
height (Fig. 6),
dF Fy
dx =~ L’ @5)
where the damping length L is nearly the same constant in all
cases. In the present work we find L~ 175 km which is similar to
the value of L=172km obtained in Paper V. Note that L is
comparable to the pressure scale height (H=129km for
T=5500K). This damping behavior is similar to that of weak
shocks of limiting strength in isothermal atmospheres, where L is
equal to the scale height (cf. Paper V).
The mechanical heating rate @,, behaves similarly,

dd,, Dy
x - L (26)
as can be seen from Fig. 6, or by differentiating Eq. (25) with
respect to height, using Eq. (24). The interesting point is that for all
cases, whether LTE or non-LTE, the mechanical heating rates for
different initial fluxes and wave periods cannot be distinguished on
the basis of their depth dependence. This shows that the dissi-
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Fig. 6. Mechanical fluxes F,,; and heating rates @,,
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pation of fully developed shocks is insensitive to deviations from
LTE or to the opacity sources. It also demonstrates that the mean
state of the atmosphere must depend primarily on the rate of
radiative cooling. In the steady state, the mechanical heating rate
®,, at a given height is a fixed quantity, which must be balanced by
the net radiative cooling rate @. If large departures from LTE
keep the emission efficiency low, the mean chromospheric temper-
ature must be high in order to satisfy the condition,

By =Dp. 27)

On the other hand, if the emission efficiency is high, asitisin LTE,
the mean chromospheric temperature will be low. Thus the
chromospheric temperature rise is strongly enhanced by large
departures from LTE.

3.10. Discussion of previous work

Over the past ten years a lively discussion was held in the literature
(Praderie and Thomas, 1972, 1976; Ulmschneider, 1974;
Ulmschneider and Kalkofen, 1978; Cram, 1978; Kalkofen and
Ulmschneider, 1979; Ayres, 1980; Vernazza et al., 1981) about the
proper way to estimate the radiative losses in H™ from empirical
model atmospheres. This discussion focussed mainly on the use of
the energy Eq. (1). From the present work (cf. Fig. 2)itis clear that,
asfarasH ~ isconcerned, the choice of grey or non-grey opacity does
not make much difference. Hence a formula [cf. Eq. (1)] of the type

@p=4ngi(J —S) (28)

with the mean opacity, &k, used by Ulmschneider (1974), is
adequate; and the question of a factor of two to account for outward
and inward radiation is settled in favor of Ulmschneider’s result, as
has been pointed out again by Cram (1978).

Praderie and Thomas criticized the use of Eq. (28) by
Ulmschneider (1974) for deducing the net radiative cooling rate @5
from empirical models. Such models are constructed to satisfy
observational constraints and do not attempt to satisfy the energy
equation. To assume that the gas at the temperature minimum is in
radiative equilibrium with H ™ as the only opacity source can indeed
be quite misleading. Hence the use of the equation

J=B(T,), (29)

where Tistheminimum temperature,isinappropriate,in particular
since H ™ is a source of heating of the gas (Vernazza et al., 1981) and
the CO molecule, for example, is a coolant (Ayres, 1980).
Furthermore, the observations do not suggest a unique static
temperature at the temperature minimum even in the quiet sun,
making it appear likely that the solar atmosphere is not in static
equilibrium (Kalkofen, 1981; Kalkofen et al., 1984).

The present calculations should be taken as a warning that the
reasoning based on static models may be in error. In the
temperature minimum region, non-linear effects due to mechan-
ical waves of large amplitude can lead to a significantly depressed
temperature at which the static energy equation will not be
satisfied. In addition, the high temperature peaks of these waves
are weighted preferentially in lines formed in the ultra-violet,
leading to high values for the inferred temperatures in models
based on lines. Thus, on the basis of the dynamical model of the
solar atmosphere, a unique temperature distribution for a static
model of the temperature minimum region is not expected. This is
true also for the chromosphere, where the large temperature
variations due to shocks have emission characteristics that are
quite different from those of a smooth static temperature
distribution.
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While deviations from LTE in H™ may not be very important
at the temperature minimum, they are crucial for the temperature
structure of the chromosphere, as had been emphasized by
Praderie and Thomas (1976) in criticizing the approach taken by
Ulmschneider (1974). This point is confirmed by the calculations
reported here, which demonstrate that a temperature rise like that
of the empirical models is found only if deviations from LTE are
taken into account.

4. Conclusions

We have constructed non-grey non-LTE models of the solar
atmosphere with acoustic heating and with H™ as the only opacity
source, solving the time-dependent equations of mass, momentum,
and energy conservation together with the statistical rate equa-
tions. Our calculations reveal several general properties of
radiatively damped acoustic waves in the solar atmosphere:

1) The shape of the wave profile, shock strength, acoustic flux,
and shock dissipation rate depend very little on the mean state of
the atmosphere through which a wave propagates (cf. Figs. 1 and
6). For a given initial wave flux F,,; and period P, the mechanical
heating rate @,, is found to be a specific function of height
independent of assumptions about the (LTE or non-LTE) state of
the gas (Fig. 6).

2) The LTE wave calculations with grey and non-grey opacity
give practically the same result (Fig. 2). This is true regardless of
the frequency-averaging procedure for the opacity. We attribute
this to the smooth frequency dependence of the H™ opacity.

3) The time-averaged mean temperature of non-LTE models
is always significantly higher than that of LTE models. This is
especially true for atmospheres with reduced density, which are
relevant for models of magnetic flux tubes. The mean state of the
atmosphere is controlled by the radiative emission rate. Because of
the low mean intensity at the stellar surface, upper levels tend to be
underpopulated relative to lower levels, leading to a reduction in
the radiative cooling rate. Thus, for a given temperature, a gas with
deviations from LTE usually emits less than a gas in LTE. Since
energy conservation forces the net radiative cooling rate @, to be
equal to the mechanical heating rate @,,, non-LTE models have
higher kinetic temperatures than LTE models.

4) The nearly total dissociation of H™ leads to the formation of
a transition layer-like rapid temperature rise. Since radiative
cooling is then unable to balance mechanical heating, transient
mass motions with gv corresponding to 103 times the solar mass
loss rate are initiated. All our models (LTE and non-LTE)
developed transition layer-like rapid temperature rises if the
atmospheric slab extended far enough (Fig. 5).

5) Additional emitters like the Can, Mg, and Lyman lines
would delay the formation of these transition layer-like structures.
It is likely that the destruction of the dominant Ly o emitter due to
hydrogen ionization is the cause of the observed transition layer.

6) There s a tendency for waves with shorter period (Fig. 1) to
heat preferentially the low chromosphere and those with longer
period (Fig. 5) to heat the upper chromosphere. For long period
waves, more energy remains for driving mass motions.
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