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Abstract. We study different approximations usually made to
simplify the calculation of chromospheric models of M dwarf
stars. The approximations we discuss in details are: the assumption that the minority species are in LTE, the omission of the
contribution of numerous atomic and molecular lines (line blanketing) to the opacity, and the Complete Frequency Redistribution for the Lyα line.
We consider a “cold” chromospheric model corresponding
to a low activity dM star and a “hot” one corresponding to a
very active dMe star. We find that the assumptions under study
affect more strongly the cold than the hot model. In particular the approximation of Complete Frequency Redistribution in
the Lyα line, through the statistical equilibrium and ionization
equilibrium equation, changes the electron density in the high
chromosphere and strongly affects other line profiles.
Key words: stars: atmospheres – stars: chromosphere – stars:
late-type

1. Introduction
Different grids of atmospheric models have been constructed for
dM stars, as a way to understand the wide range of emission levels in the observed spectra (Cram & Mullan, 1979, Giampapa et
al., 1982). For different T vs. z distributions, the non-LTE populations for hydrogen are computed, solving simultaneously the
equations of hydrostatic equilibrium, radiative transfer, and statistical equilibrium. Once the models are completed, the emerging profiles for some chromospheric lines, usually Hα or Ca II
K, are computed. In this way, constraints on the structure of the
stellar chromosphere are found from the observed spectrum.
A very thorough work of this kind has been done by the
Armagh group (Houdebine & Doyle, 1994a; Houdebine et al.
1995; Houdebine et al. 1996), who constructed a grid of chromospheric models of early M dwarfs of different activity levels,
to investigate the response of the Hydrogen spectrum to different
atmospheric parameters. This grid has been used by Houdebine
and Doyle (1994b) for modeling Au Mic (dM2.5e). Andretta et
al. (1997) explored the dependence on chromospheric activity
Send offprint requests to: A. Falchi

of the Na I D lines and found that these lines are a good diagnostic for the lower-middle chromosphere to be used together
with H I lines.
A different approach, thoroughly used in the Sun, has been
to construct semiempirical chromospheric models for particular
stars. By semiempirical we mean that the model is computed to
match a certain number of spectral features as well as possible.
For a given model, the computed spectrum is compared with the
observations. The assumed T vs z distribution is modified, until
a satisfactory match between the observations and the calculations is obtained. This approach has been used, for example, by
Thatcher et al. (1991), who constructed a model for the dK2 star
 Eridani, and by Luttermoser et al. (1994) for the M6 III star
30 g Her.
Using this approach, we computed a chromospheric model
of AD Leo, an active dM3.5 star, in its quiescent state (Mauas &
Falchi 1994, Paper I) and during a large flare (Mauas & Falchi
1996, Paper II). We also constructed chromospheric models of
Gl 588 and Gl 628 (dM 3-4) that are considered very low-activity
stars (Mauas et al. 1997, Paper III). A comparison between the
chromospheric models of stars of the same spectral type but
different levels of activity allowed us to constrain the heating
necessary to sustain the hotter chromosphere. The features we
used to construct the models were the continuum between 3500
and 9000 Å, the four highest Balmer lines, the Ca II K line, the
Na D lines, and the Lyα flux.
As can be seen, a common point between this two approaches to chromospheric modelling is that a large number of
models has to be constructed, either to build a complete grid, or
to attain a good match between computed and observed profiles.
To simplify the computations, several approximations are
usually made in the way the problem is treated. However, before any conclusions on the atmospheric structure are drawn
from the models, it is necessary to assess the importance of the
approximations used in the computations. As part of our ongoing project of constructing chromospheric models for cool
dwarf stars, we study how some of these approximations affect
the emergent spectrum.
In Sect. 2 we explain how the models are built. In Sect. 3
we discuss some usual approximations made in the literature
and we show the effect on the emergent spectrum for two at-
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mospheric models representing stars of very different levels of
stellar activity. Finally, in Sect. 4 we discuss the results.
2. Model construction
For our models we assume a plane-parallel geometry, as usual
for dwarf stars, since the thickness of the atmosphere is small
compared to the radius of the star. We also assume a homogeneous (1-D) atmosphere, which is probably a good approximation for inactive stars, especially those usually considered as
“basal” stars, while it may be less adequate for active stars (e.g.
Robinson et al. 1990, Houdebine & Doyle 1994b, Paper I). In
any case, we believe that the results obtained in our previous
work justify a posteriori this approximation.
The modelling was done using the program Pandora developed, and kindly provided, by Dr. E. H. Avrett (see Avrett &
Loser 1984). Given a T vs. z distribution, we solved the nonLTE radiative transfer, statistical and hydrostatic equilibrium
equations, and self-consistently compute non-LTE populations
for 8 levels of H, 13 levels of He I, 9 levels of C I, 15 levels of
Fe I, 8 levels of Si I, Ca I and Na I, 6 levels of Al I, and 7 levels
of Mg I. In addition, we also computed 6 levels of He II and
Mg II, and 5 of Ca II. For every species under consideration, we
solve the equations of statistical equilibrium and of radiative
transfer, including all the bound-free transitions and the most
important bound-bound transitions. This amounted to a total of
99 b-f and 143 b-b transitions. For hydrogen, we also tested a
15 level atomic model, computing all its 15 b-f and 105 b-b
transitions, and found no significative difference in the emitted
spectra.
For each b-f transition we assumed that the absorption coefficient has a Voigt profile, given by
Z ∞
2
e−x dx
a
(1)
φν = 3/2
π ∆νD −∞ a2 + (x − (ν − ν0 )/∆νD )2
where ∆νD is the Doppler width, and a is the Voigt parameter
 T 0.3

nHI
e
+ CStk 10n12
Crad + CVdW 10
16
5000
.
(2)
a=
∆λD
Here nHI and ne are the atomic hydrogen and electron densities, T is the electron temperature, and the Doppler width
∆λD = (λ/ν)∆νD is in Å units. In the Voigt parameter we include radiative (Crad ), Stark (CStk ), and Van der Waals (CVdW )
broadening due to hydrogen. For the hydrogen lines, we also include natural broadening. For details on how these mechanisms
are considered, see Mauas et al. (1988). For hydrogen, the Stark
broadening parameters were computed following Sutton (1978),
and those for Van der Waals and natural broadening were computed as in Vernazza et al. (1981). CStk for the Na D lines and
the Ca II K and H lines are from Konjevic et al. (1984), and the
CVdW are from Lewis et al. (1972), for the Na D lines and from
Monteiro et al. (1988), for Ca II K and H.
Usually, collisions with hydrogen atoms are neglected in
the statistical equilibrium equation, due to the larger mass, and
therefore smaller velocity of hydrogen atoms with respect to

electrons. However, in these cool stars, where the electron density is very low, they might play an important role, in particular
around the temperature minimum. Due to the complete lack of
reliable atomic data regarding the collision rates with hydrogen,
we did not include these rates in our treatment. Furthermore,
Andretta et al. (1997) did include them in their calculation of
Na I D profiles in dM stars, and found that the effect of these
collisions is not important for the emerging profiles of the Na I
D lines.
Since the atomic species mentioned above were computed
outside of LTE, all opacities, at all the frequencies needed to
compute a transition rate, are computed using the actual populations of these species, and the computed values of their population densities are used to compute the electron density and
the hydrostatic equilibrium (see Sect. 3.1).
Due to the presence of numerous spectral lines, both atomic
and molecular, it is very important to include in the opacity
calculations the contribution of this bound-bound absorption,
generally referred to as line blanketing (see Paper I, Andretta
et al., 1997, Short & Doyle, 1997). In this work we included
the 58 × 106 atomic and molecular lines computed by Kurucz
(1991). Further details on how this opacity is treated is given in
Sect. 3.2.
Partial redistribution was included self-consistently for Lyα and the Mg I fundamental line, for which the Complete Redistribution approximation has demonstrated to be inadequate
(Woods et al. 1995, Hubeny & Lites 1995, Mauas et al. 1988,
see Sect. 3.3).
We used a microturbulent velocity distribution, matching
the distribution in the standard solar model from Vernazza et al.
(1981), between 1 and 2 km s−1, both in the hydrostatic equilibrium equation and for the line-profile calculations. Although
this is a rather arbitrary choice, the values are similar to the
ones given by Giampapa et al. (1982), Houdebine and Doyle
(1994a,b) and Andretta et al. (1997). Short & Doyle (1997),
used larger values, following Eriksson et al. (1983). However,
as this last work refers to giant stars, we prefer the usual values
for dwarf stars. Changing the turbulent velocity should have two
effects: it affects the hydrostatic equilibrium and therefore the
relation between column mass and height, and it increases the
Doppler width of the lines. This last effect should be negligible, since we have used broad lines, where the other broadening
mechanisms are much more important than the Doppler effect.
To assess the importance of the different approximations,
we used two atmospheric models, discussed in Papers I and III:
the model for the active star AD Leo, and the one for the very
inactive star Gl 588. From now on, we will refer to these models
as our “hot” and “cold” model, respectively. The temperature
distributions for both models are shown in Fig. 1 as a function
of height above the point where τ (5000 Å) = 1.
We point out the fact that we have used, as our independent variable, physical depth and not column mass. Therefore,
when introducing the different assumptions, we keep constant
the temperature (and turbulent velocity) at a given height. If any
assumption changes the density in certain points, this can affect
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Fig. 1. Temperature distribution for our chromospheric models; the
approximate depths where the various continua and lines originate are
indicated. Thin line: cold model. Thick line: hot model.
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photosphere is the same, while some differences are present
below 3500 Å, due to the different contribution of the hot and
cold chromosphere to the emission.
In the left panels of Fig. 2, we show the spectra between
100 and 1000 Å. We see that, when LTE is assumed, there is a
much stronger emission, up to 3 orders of magnitude. Emission
in this region is due to He II, and the larger emission arises from
overestimating the He III population when LTE is assumed, in
as much as 4 orders of magnitude.
In the right panels of Fig. 2, we show the spectra between
1000 and 2800 Å. Between 1000 and 1200 Å the emission is
due to C I continua. Between 1500 and 2800 Å, the continua
contributing to the emission are those of Si I (λ ≤ 1525 Å),
Mg I (λ ≤ 1621 Å), Si I (λ ≤ 1682 Å), Al I (λ ≤ 2076 Å) and
Mg I (λ ≤ 2514 Å). When these metals are treated in LTE, the
emission is over or underestimated by as much as a factor of two,
for both models, depending on wavelengths. This confirms the
results of Short & Doyle (1997), who estimated the changes in
the continuum by interpolating the solar departure coefficients.
Computing the metals in LTE also underestimates the electron density in the low chromosphere by as much as a factor of
three. However, this difference does not affect the line profiles
we studied.
3.2. Line blanketing

the relationship between height and column mass, in the same
way as changing the turbulent velocity.
3. The assumptions
3.1. Metals in LTE
An assumption usually made to simplify the modelling process, is to consider that all the minority species not explicitly
considered for the emergent line spectrum, are in Local Thermodynamic Equilibrium (LTE), i.e., that their level populations
are described by the Saha and Boltzmann equations.
In other words, if only the continuum and/or the hydrogen
lines are used as spectral diagnostics, the only species computed
outside LTE is hydrogen. If some other spectral line is also
considered, then this species is computed outside of LTE and
the others are still assumed in LTE.
In our models we consistently compute the full non-LTE set
of equations for He I, He II, C, Fe, Si, Al, Ca, Na and Mg, in
addition to H itself, for all the atomic levels indicated in Sect. 2.
The contribution to the general opacity from other levels of
these species as well as of other species is computed in LTE as
explained in Sect. 3.2.
To check the importance that this assumption has on the
emergent spectrum, we made a run assuming LTE for the metals
mentioned above. In Fig. 2 we show the resulting continuum
spectra for our models computed with the metals in LTE (thin
line) and in NLTE (thick line). We show only the region below
2800 Å, since above this wavelength the spectra are unchanged.
Note that in the NLTE calculations our cold and hot models
have the same predicted continuum above 3500 Å, since the

Most of the chromospheric models computed up to now, neglected the line blanketing due to the numerous atomic and
molecular lines present in the stellar atmosphere. However, we
have already pointed out in Paper I that, for active stars, the
continuum levels computed with and without line blanketing
are very different and therefore result in very different values
for the colors of the star. In Paper III we confirmed these results
for low activity stars.
Only recently, Andretta et al. (1997) included line blanketing
at photospheric levels, and Short & Doyle (1997) included it
also at chromospheric levels and examined the dependence of
computed line profiles on background opacities.
We briefly explain how these opacities are included in all
our models. A more detailed explanation can be found in Avrett
et al. (1986). Kurucz’s opacities were computed assuming LTE,
and are given for 35093 wavelength points in the range 89.7 to
100000 Å, for 56 values of temperature, 21 values of pressure
and 5 values of velocity. To reduce the number of wavelength
points, every 100 of Kurucz’s points are ordered from lower to
higher opacity, and the 10th, 30th, 50th, 70th and 90th values are
chosen. These five values are assigned to frequencies uniformly
distributed over the original interval, but in the order they occurred in the original sample. In this way we replace every 100
of Kurucz’s points with only five frequencies. This process is
done independently for each depth point, and at each iteration.
In this way, we avoid associating large (or small) opacities for
a given frequency to all depths, which is a disadvantage of the
use of distribution functions (Carbon 1984).
On the other hand, the source function corresponding to
these opacities cannot be assumed equal to the Planck function,
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Fig. 2. Continuum flux computed for our atmospheric models. cold model (upper panels) and hot model (lower panels). Thick
line: metals in NLTE, without line blanketing. Thin line: metals in LTE, without line
blanketing. Dotted line: metals in LTE, with
line blanketing

since the blanketing lines are not in LTE in the chromosphere.
Therefore, we use a scattering albedo, and compute the source
function Sν as
Sν = α Jν + (1 − α) Bν ,

(3)

where Bν is the Planck function, Jν is the mean intensity, and α
is the scattering albedo, for which we use the expression given
by Anderson (1989).
This problem is particularly important in the ultraviolet,
since the UV lines are formed in the chromosphere, where assuming LTE would imply very strong emission lines. In Fig. 2
we show the continuum below 3000 Å, for both our models,
computed with (dotted line) and without (thin full line) the line
blanketing. It can be seen that, even when the scattering albedo
is used, the numerous lines contribute to the emission level,
notably for the cold model, resulting in a stronger emission. If
expression (3) is not taken into account, the contribution of the
lines would be much stronger.
This effect is different to what happens in the visible, as can
be seen in Fig. 3, since the radiation at these wavelengths comes
from the photosphere, and therefore enhancing the opacity implies lower emission levels.
In fact, increasing the opacity moves outwards the region of
formation of the radiation. For the part of the spectrum formed
in the chromosphere, this implies that the radiation originates
where the temperature is larger, and this increases the Jν value.
Instead, for the part of the spectrum formed in the photosphere,
an increased opacity implies that the emission originates in layers with lower temperature, due to the opposite sign of the temperature gradient in these two regions of the atmosphere.
We point out the main differences between our calculations
of the line blanketing and those by the Armagh group: on one

Fig. 3. Continuum intensity in the visible, computed including Kurucz’s opacities (full line), and not including them (dashed line). Also
shown is the observed spectrum for Gl 588 (thick line).

hand, they use a larger line set including, in addition to Kurucz’s
lines, some triatomic molecules not included in our opacities.
Kurucz (1991) himself cautioned against the use of his opacities
to compute the atmosphere of M stars, due to the non-inclusion
of triatomic molecules in his set. However, based on our results
(see Fig. 3) we believe this compilation is good enough even
for these stars, as far as a perfect fit of particular features is not
expected.
On the other hand, in our case the line opacities and continuum source functions are included self-consistently at all frequencies used in the calculations, for all lines and continua of
all the atomic species computed, and at all depths. This process
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is repeated at each iteration, and the new values of pressure are
used each time, while Short & Doyle (1997) precomputed the
opacities using a different program, and included them only in
the continua and in the Lyα , Hα and Pβ lines.
In Fig. 3 we compare the observed spectrum for Gl 588 and
the continuum emission computed from our models with and
without this opacity source. We point out that the continuum
emission is the same for both our models, since the photospheric
structure is the same. It can be seen that not including line blanketing results in a much larger continuum intensity. In Papers
I and III we showed that the fluxes for the U, B, V, R filters
obtained with and without line-blanketing differ strongly, both
for active and quiet stars.
When line blanketing is ignored, the region of formation of
the continuum moves downwards. In particular, the point where
τ (5000 Å) = 1 lies deeper in the atmosphere, and therefore the
relationship between height and column mass is altered.
For the chromospheric modelling, an accurate continuum
level is important in two different ways. It is necessary for a correct comparison between the computed and observed profiles,
and it can also affect the statistical equilibrium of the species,
and therefore modify the source function of the other lines under
consideration. For this reason, we considered line-blanketing in
all the transitions we computed, even if the profiles were not to
be compared with the observations.
In Fig. 4, as an example, we compare the Hα and Hγ profiles, computed with and without Kurucz opacities, for our cold
and hot models. It can be seen in Fig. 4a that, for the cold model
there is not only a difference in the value of the continuum, as
expected, but also a remarkable difference in the central intensity, (of more than 20% for Hα and more than 70% for Hγ ).
For the hot model, on the other hand, there is a remarkable
difference in the continuum, while the difference in the central
intensities is small. Therefore, neglecting line blanketing affects
the line profiles in a way that cannot be predicted a priori, since
it depends on the structure of the particular atmosphere. This
holds in general for all the lines. In particular, when we neglect
the line blanketing, the central intensity of Ca II H and K line
decreases and the Na D lines become narrower for both models.
Often, when comparing the computed and observed profiles,
the line profiles relative to the continuum are considered, as are
shown in Fig. 4b. We see in Fig. 4a that the two Hα profiles for
our hot model differ only in the line wings, when the profiles
are compared relative to the computed continuum, however, the
differences seem much larger. Conversely, the Hα profiles for
our cold model in Fig. 4a are completely different, but can be
considered quite similar if the relative intensities are compared,
as it is done in Fig. 4b.
The error introduced when relative intensities are considered is larger when the modeling is not based on the profiles,
but on some integrated quantities like, for example, equivalent
widths or line fluxes, since the error in the computed continuum
propagates to these quantities. For the modelling it is important
to compare the absolute profiles, whenever the calibration is
available.
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As an example, in Table 1 we list the integrated flux, the flux
with the continuum intensity subtracted, the continuum flux,
and the equivalent width for Hα and Hγ , for both our models,
computed with and without the line blanketing. It can be seen
that, for our cold model, there is a strong change in the line flux,
but the equivalent width does not change, since the continuum
level is also strongly affected. On the other hand, for our hot
model the line flux does not change too much, but the equivalent
width is a factor of 2 larger when line blanketing is considered,
due to the different level of the continuum.
Therefore, the inclusion of a proper set of opacities is very
important for the modelling of the chromosphere, at least at the
frequencies of the lines under study. However, when studying
a subordinate line it could be necessary to properly include the
opacities in all the lines which are important to populate or
depopulate the levels involved in the transition.
Even if the right photospheric model is chosen, for example
from the grids by Mould (1976), Brett (1995) or Allard and
Hauschildt (1995), and the line blanketing is included for all
transitions, comparison between the observed and computed
profiles is very difficult, since there is no way to guarantee that
the continuum intensity is correct at every wavelength. In this
paper, and in our former work, because the total opacities given
by Kurucz do not always match the observed spectrum, for each
line we study in detail, we modify the background opacities until
the computed and observed continuum intensity coincide.
3.3. The Lyman-α line in Complete Redistribution
The Lyα flux has often been used as an atmospheric diagnostics.
In particular, the Armagh group has used the ratio of the Lyα
to the Hα flux to constrain the position and the structure of the
transition region (Houdebine & Doyle 1994a; Houdebine et al.
1995; see also Doyle et al. 1997). However, they have treated the
Lyα source function using the Complete Frequency Redistribution (CRD) approximation, which is known to be rather poor
for resonance lines, and in particular for Lyα (e.g. see Vernazza
et al. 1981; Hubeny & Lites 1995).
For our models, we have computed Lyα with a Partial Redistribution (PRD) treatment, following Vernazza et al. (1981;
see their Appendix A for details). In this method, the probability
for coherent scattering in the line wings is given by
γs =

Γrad
,
Γrad + ΓE

(4)

where Γrad and ΓE are the radiative and collisional damping
coefficients, for which the scattering in the line is expected to
be coherent and non-coherent, respectively (we have not set any
limits on γs , as has been done by Vernazza et al. 1981).
In this treatment there is a free parameter, the frequency
which separates the CRD Doppler core, and the line wings,
where scattering is completely coherent. In our calculations we
have taken this frequency to be equal to the Doppler width,
which gives the best match both for the AD Leo Lyα flux (see
Paper I), and for the observed ratio of the Lyα to the Hα flux. If
this parameter is changed, not only the Lyα flux will be different,
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Fig. 4a and b. Hα and Hγ profiles computed
with (full line), and without (dashed line)
Kurucz’s opacities. a Absolute intensities;
b Relative intensities.

but the statistical equilibrium of hydrogen will be affected, and
therefore the line profiles of the other hydrogen lines can be
different.
To check the effects of the CRD assumption, we also made
computations assuming CRD, for both our models. In Fig. 5 we
compare the Lyα profiles obtained with the CRD assumption
with the ones computed in PRD.

For the cold model, the differences in the line core emission
computed with the two methods are much larger than for the
Sun. This is due to two factors: first, due to a smaller density in
the region where the Lyα peak is formed ΓE is smaller, and γs
in Eq. (4) is larger. In other words, Partial Redistribution effects
are more important than for the Sun, since coherent scattering
is more likely to occur because collisions are less frequent.
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Table 1. Line parameters for our cold (C) and hot (H) models: the flux integrated over the line F (erg cm−2 s− 1), the flux with the continuum
subtracted, integrated over the line Fo (erg cm−2 s−1 ), the continuum flux near line center Fc (erg cm−2 s−1 Å−1 ), and the Equivalent Width
(Å).
Model

line

F

Fo

Fc

Weq

C

Hα
Hγ
Hα
Hγ
Hα
Hγ
Hα
Hγ

7.5 107
9.4 106
1.1 108
1.7 107
1.1 108
1.5 107
1.2 108
1.6 107

−1.5 105
−3.3 103
−2.3 105
−6.8 103
1.4 106
2.7 105
1.2 106
2.5 105

3.0 105
5.7 104
4.3 105
1.0 105
2.9 105
5.7 104
4.5 105
9.3 104

0.51
0.06
0.54
0.07
−4.8
−4.7
−2.6
−2.7

C (no blanketing)
H
H (no blanketing)

Fig. 5. Lyα computed profiles for our cold
(left panel) and hot (right panel) models. Full
line: PRD profile; Dashed line: CRD profile.

On the other hand, for this cold model there is not a well
differentiated region of formation for the Lyα peak and the Hα
line core, as occurs in the Sun. Therefore, a change in the statistical equilibrium equation, an effect that can be considered of
second order in the Sun (see Hubeny & Lites 1995), strongly
affects the Balmer line profiles. In Fig. 6 (left panels) we show
the Hα and Hγ profiles for this model obtained when Lyα is
computed in CRD and in PRD.
In fact, we see in Fig. 1 that the layers of formation of the
Hα line centre overlap with those of the Lyα maximum (this
result has been reported by Houdebine & Doyle 1994, for dMe
stars). Therefore, a change in the Lyα profile of the magnitude
R
shown in Fig. 5 when CRD is assumed, reduces the Jν φν dν
for Lyα , by an order of magnitude. This, through the statistical
equilibrium equation, implies a population for level 2 around 30
times lower in the high chromosphere. Therefore, the opacity in
the Balmer lines is much smaller, and the region of formation of
these lines moves down to a broad region between 300 and 800
km, to be compared with the one shown in Fig. 1. Then, when
CRD is assumed, the layers where the Balmer lines originate
have lower temperature and microturbulent velocity and the absorption lines are narrower compared with the ones obtained
when PRD is taken into account.
The changes
R in the statistical equilibrium equation due to
changes of
Jν φν dν for Lyα , can also affect the ionization
equilibrium of hydrogen. In particular, for our cold model the
electron density computed with Lyα in CRD is almost an order

of magnitude smaller in the high-chromosphere. Such a change
of electron density produces a variation in the gas pressure,
which in turn affects the relationship between height and column
mass. When CRD is assumed, the column mass of the transition
region is smaller.
For our hot model, the Lyα profiles are shown in Fig. 5 (right
panels) and the Hα and Hγ profiles in Fig. 6 (right panels). We
can see that in Rthis case the Lyα line centre remains unchanged.
Therefore, the Jν φν dν changes very little, and the level 2 population is only 30% smaller in the CRD case. For this reason, the
Balmer lines originate in the same regions for both treatments,
and changes in the line profiles are only due to the changes in
the source functions.
We have already pointed out that the Lyα to Hα flux-ratio has
been used as a diagnostics for atmospheric modelling. However,
assuming CRD for Lyα modifies this ratio as little as 10%, for
our hot model, or as much as a factor of 5, for our cold model.
We also performed a calculation with the Lyβ line computed
in PRD, and found that there where no changes in the profiles
or the electron densities. This fact implies that, for both models,
this line can be safely computed in CRD, which confirms the
results obtained by Hubeny & Lites (1995) for the Sun.
For our cold model the assumption of CRD for Lyα implies
a variation of electron density with respect to the one obtained
when PRD is taken into account (see Sect. 3.3.1). This change of
electron density in the high chromosphere can affect the emergent profiles of the lines which originate in these layers. In
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Fig. 6. Hα and Hγ computed profiles for our
cold (left panel) and hot (right panel) models. Full line: profiles computed when Lyα
is treated with PRD; Dashed line: profiles
computed when Lyα is treated with CRD.

particular, the Ca II H and K lines may be suitable to investigate this effect, because they are collision-dominated lines and
tend to couple with local conditions. Therefore, we computed
the calcium lines for our cold model (defined when Lyα is computed in PRD) and for the model obtained when the Lyα line is
computed in CRD. In both cases, the H and K lines are treated in
PRD. As an example, we show in Fig. 7a the effects of the model
changes on Ca II K line profile: it can be seen that the resulting
profiles are very different in the emission core. A central reversal is present when Lyα is computed in the CRD approximation,
due to the fact that the lower electron density allows the source
function to drop much faster. The wings and in particular the
K1 minimum, are not strongly affected, since they are formed
in a region where the source function is still strongly coupled
to the Planck function.
On the other hand, the H and K lines are resonance lines
which are known to be affected by PRD effects. To study the
effect of the CRD assumption for these lines we computed them
in the CRD approximation for the model obtained when the Lyα
line is computed in CRD. The obtained K line profile is shown in
Fig. 7b (dotted line) and compared with the one computed with
PRD for the same model. As expected the PRD (dashed line)
and CRD profiles are very similar in the emission core and differ
in the wings. In particular, the CRD assumption for the K line
strongly affects the intensity of the K1 minimum. Therefore, if
the K1 minimum is used as diagnostics for the structure of the
Tmin region in atmospheric modelling (Mauas & Falchi 1998),
it is important to compute the K line in PRD.
For our hot model assuming CRD for Lyα affects very little
the electron density, and therefore there are no variations in the
Ca II H and K profiles.

4. Conclusions
We studied how different approximations, usually made to simplify the computation of chromospheric models, can affect the
computed spectrum emitted by two atmospheric models: a cold
one, corresponding to the low-activity dM star Gl 588, and a hot
one, corresponding to the very active star AD Leo.
We found that assuming that the minority species are in LTE
leads to underestimate the electron density in the low chromosphere, and changes the continuum emission for λ ≤ 2600 Å.
On the other hand, this assumption does not affect the profile of
the hydrogen lines, or those of Ca II K and Na D. Therefore, if
only these profiles are to be used as a modelling tool, there is no
need to compute self-consistently the NLTE population of the
metals.
To neglect line blanketing when computing the background
opacities, affects strongly not only the computed continuum,
as expected, but also affects the population balance between
different levels of the atomic species under consideration, and
therefore the computed line-centre intensities. The continuum
intensity effect is often neglected and the line profiles, relative
to the continuum, are studied; we show that it is not enough,
since also in this case the computed profiles are very different.
We study how assuming complete frequency redistribution
in the Lyα line affects the computed profiles. We see that the
profile differs much strongly than in the solar case, due mainly to
the fact that the region of formation is the same for Hα and Lyα ,
and therefore the statistical equilibrium equation of hydrogen is
strongly affected when Lyα is computed in CRD.
The effect of the CRD assumption is much stronger for our
cold model than for our hot one, due in part to the lower electron densities. For the cold model, in CRD the second level of
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Fig. 7a and b. Ca II K line profiles for our
Cold model. a computed in PRD, when Lyα
is computed in PRD (full line), and in CRD
(dashed line). b computed in CRD (dotted
line) and in PRD (dashed line) when Lyα is
computed in CRD

hydrogen is underpopulated, and the Balmer lines form deeper
in the atmosphere. Also, in this case, CRD implies an underionization of hydrogen, and therefore lower electron densities than
in PRD. This, in turn, affects other lines formed in the chromosphere, like the Ca II H and K lines, which are frequently used
as atmospheric diagnostics.
When modelling stellar atmospheres, the line profiles are
usually matched to a much larger precision than the changes
produced in the computed profiles by assuming CRD or neglecting line-blanketing (see Mauas & Falchi 1998). Therefore, we
believe that it is very important to carry on a complete modelling
process, free of these approximations, if useful conclusions on
the chromospheric structure are to be drawn.
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