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Abstract. We present LTE and NLTE results on the formation
of LiT lines (A6103, A6708, and A8126) in the atmospheres of
solar metallicity dwarfs with effective temperatures in the range
5500 Kt02000 K.NLTE effects are governed by overionization
of Li and by the interlocking effects of energy levels. For stars
with Tege > 4000 K, we confirm previous findings by Magazzu
et al. (1992). NLTE corrections can lower the LTE Li abun-
dances derived from strong Li1A6708 lines by up to 0.5 dex.
Our computations using model atmospheres with Teg

between 3000 K and 2000 K show that prominent LiI lines are
formed. We give a set of line profiles, which support the feasabil-
ity of the Li test for brown dwarfs. The ionization-dissociation
equilibrium for Li species was carefully considered. NLTE ef-
fects on the Li I lines of very cool dwarfs are found to be small,
implying corrections to the LTE Li abundances lower than 0.1
dex. Several numerical tests have been carried out to estimate
the effects of chromosphere-like structures on the formation of
LiI lines. Our preliminary results suggest that in the presence
of very strong chromospheres, the line strengths are reduced.

Key words: line: formation — stars: late type; brown dwarfs —
stars: abundances

1. Introduction

The most numerous stars in the solar neighbourhood are the
low mass dwarfs. Studies of these stars are relevant to the un-
derstanding of many important issues in modern astrophysics,
including stellar evolution, nucleosynthesis and stellar atmo-
spheres. The atmospheres of G-K dwarfs can be compared with
the Sun, but the coolest dwarfs are more complicated.
Spectroscopic studies are hampered by many problems that
remain to be solved: refinement of basic stellar parameters
(Tetr , log g, microturbulence, metallicity); improvement of at-
mospheric modelling; more accurate molecular data; incorpo-

Send offprint requests to: R. Rebolo

ration of a large number of opacity sources; and the effects of
the departure from LTE.

In the last few years several works have contributed to alle-
viate these problems. For instance, computations of very cool
atmospheres have become available (e.g., Allard 1990). Our
aim is to use these model atmospheres to study the formation of
spectral lines of astrophysical interest, to interpret high resolu-
tion spectra, and in particular to derive photospheric chemical
abundances.

In this paper we analyze the formation of LilI lines in the
atmospheres of solar metallicity late-type stars (Teg : 2000-
5000 K). In former papers (Magazzu et al. 1992; Martin et al.
1992, 1994a; Garcia Lépez etal. 1994) we have presented results
of LTE and NLTE calculations of the Lil resonance doublet in
dwarfs with Tegr > 3500 K (G, K and early M-type stars). Here,
we present a few new results on these stars and an extension to
much lower effective temperatures. The computations for Tegr <
3000 K are relevant to the search for brown dwarfs (BDs). A
spectroscopic test able to directly confirm the substellar nature
of BD candidates has been recently put forward (Rebolo et al.
1992). It consists in the detection of the Li1 A6708 feature, due
to the fact that Li rapidly dissappears from the atmospheres of
very low mass stars, but it is preserved in BDs with masses less
than about 0.065 M (Magazzl, Martin & Rebolo 1993, see
also Bessell & Stringfellow 1993 for a review). High resolution
spectroscopic observations have so far failed to detect Li in a
number of BD candidates (Magazzu et al. 1993; Marcy et al.
1994; Martin et al. 1994b), thereby constraining their masses to
be larger than 0.065 M. The computations of LiI lines in very
cool dwarfs will help to plan future Li searches in BD candi-
dates, and they provide a theoretical framework for interpreting
future Li detections in substellar objects.
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2. The procedure
2.1. The spectral synthesis code: WITA2

The spectra of dwarfs with Tegr < 4000 K are formed by blends
of a huge number of molecular and atomic lines. To compute
synthetical spectra we used the WITA2 program, which is a part
of the ABEL6 complex (Pavlenko 1991), composed partly from
Kurucz (1979) ATLAS’es subprograms. The WITA2 computa-
tions were performed in the frame of the classical approach:
LTE and hydrostatic equilibrium for one-dimensional model
atmospheres. This code allows to extrapolate the model atmo-
sphere and/or build a simple model chromosphere using two
parameters: Tyipn, and Grqq - minimum and temperature gradi-
ent, respectively. The ionization-dissociation equilibria equa-
tions system has been solved for various temperature struc-
tures assuming local thermodynamical equilibrium. A Voigt
profile was adopted for single absorption lines. The algorithm of
damping constant computations will be considered in detail in
Sect. 2.5.

2.2. Opacities, atomic and molecular data

In the state equation system we considered 21 atoms in two
ionization states and 54 molecules. In particular, we have con-
sidered seven molecules containing Li. In Table 1 we give the
molecular data used to compute the dissociation equilibrium of
this element. The data for all the molecular species were taken
from Tsuji (1973). Opacities due to continuum absorption of
radiation were computed by Kurucz’s ATLAS subprograms.

In our computations we also used two sets of opacity
sources:

i. For Tege > 4500 K we only took into account opacities
due to absorption by atomic lines from Kurucz (1992).

ii. For Tegr < 4500 K the opacities due to molecular lines
absorption were included as well. '

Molecular features are dominant in the spectra of M-stars.
Unfortunately the lack of good and complete line lists of nu-
merous molecules makes difficult the numerical analysis of the
spectra of very cool stars. In this work we used two approaches
to describe the absorption features due to molecular bands.

i. In the region around the Li1 A6708 doublet we used the
“line by line” computation. The molecular line list was the
same as used by Abia et al. (1993) in their study of Li in car-
bon red giants, and it includes lines of TiO, >*CN and '*CN.
We changed the oscillator strengths of some lines around the
Li1A6708 doublet to match the observed spectrum of the M-
dwarf UX Tau C (see Sect. 3.2).

ii. We also used the Just Overlapping Approximation (JOLA
approach) following Yaremchuk’s approach (see Nersisyan et
al. 1987). Allard (1990) and Kirkpatrick et al. (1993) used a sim-
ilar approach in their spectral synthesis computations. Yarem-
chuk’s approach has the advantage of taking into account the
split to P-Q-R branches of each molecular band. The computa-
tions were performed for vibrational quantum numbers in the
range 0 < v',v"" < 9. We have verified that our computations
of the TiO bands in the region of the Lil resonance doublet
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correctly describe the positions and intensities of the observed
bands in very cool M-dwarf spectra.

The constants of electronic and vibrational transitions were
taken from Huber & Herzberg (1979), Kuznezova et al. (1980),
and Kuz’menko et al. (1984). The molecular band systems data
used in the JOLA approximations are given in Table 2. These
molecular data were used to synthesize the spectra of the coolest
stars considered in this paper and in the NLTE computations
to obtain the radiation field fluxes in the frequencies of the
LiI bound-free transitions.

2.3. Model atmospheres

We used model atmospheres from two grids, computed under the
classical assumptions. For Tege > 3500 K we have used the grid
of models produced by Kurucz (1992), computed using the new
Kurucz molecular and atomic line opacities using the Opacity
Sampling (OS) method. For Teg between 3000 K and 2000 K
we used the grid of models by Allard (1990). They were com-
puted using the JOLA approximation to treat molecular band
absorption. All the models here were computed for solar abun-
dances and microturbulent velocities of 2 Km s~!. When this
work was in preparation, new M-dwarf model atmospheres be-
came available (Allard et al. 1994). We have confirmed that the
use of these new models do not change the main conclusions of
our work.

In order to get a correct solution of the radiative transfer
equation, we extrapolated these model atmospheres up to a
level where monochromatic optical depths in the center of the
Li1resonance doublet are less than 0.01, as in the paper by
Magazzi et al. (1992).

2.4. Non-LTE procedure

To solve the NLTE problem for the Li1 atom we used the Auer
& Heasley (1976) complete linearization method. In detail our
approach was described in Pavlenko (1989) and Magazzu et al.
(1992). Here we use a Li1 atom model of 20-levels (see for de-
tails Pavlenko 1994). Atomic level data were taken from Wiese
et al. (1966). We checked that the main qualitative results were
already obtained using a model of only 6-levels. In our compu-
tations 70 radiative and all possible collisional transitions due
to free electrons and neutral hydrogen were included into the
rate matrix. The cross-sections for the radiative and inelastic
collisional transitions were adopted from the same references
given in Magazzu et al. (1992). We caution that there is not fi-
nal conclusion on the reliability of the approaches describing
the rates of inelastic collisions due to neutral hydrogen (e.g.
Lambert 1993). We performed additional computations to in-
vestigate the impact of these rates on our results. We found
that for M-dwarf atmospheres the influence of inelastic colli-
sions with neutral hydrogen is not critical because hydrogen is
mainly in molecular form, and the statistical balance of lithium
is governed by radiative processes.

The ten strongest radiative bound-bound transitions from the
ground and first excited level of Li1 A6708 were linearized and
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Table 1. Lithium molecular data
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Molecule DO b c d e f

LiH 2429 44990E+01 2.2310E-03 4.6440E-07 4.7180E-11 1.7730E-15
LiO 3.514 4.6220E+01 2.2560E-03 4.7700E-07 4.8840E-11  1.8440E-15
LiF 5943 4.6720E+01 2.2090E-03  4.5440E-07 4.6130E-11 1.7370E-15
LiCl 4902 4.5950E+01 2.2390E-03 4.5730E-07 4.6420E-11 1.7520E-15
LiBr 4381 4.6020E+01 2.3360E-03 4.8970E-07 5.0260E-11 1.9080E-15
Lil 3.687 4.6020E+01 2.5090E-03 5.3250E-07 5.4930E-11 2.0920E-15
LiOH 8.893 2.7250E+02 1.1930E-01 2.9690E-05 3.2460E-09 1.2820E-13

Molecular constants of Li molecules included in the NMOLEC program used in this work (see for details Kurucz, 1970).

Table 2. Molecular data

N  Molecule System Transition fe Qij  Ai—X2

1 VO Bl = X*%~ 0.04 (A90) A90 7400 —9300
2 VO A-X 0.0026 (A90) A90 9460 — 12800
3 TiO d bl — dixt 0.02 (B89) K84 7900 - 18000
4 TiO ~’ Bl = X3A 0.08 (B89) K84 4800 - 8500
5 TiO 5 A0 = XA 0.09 (B89) K84 5400 - 10550
6 TiO € 0.0024(B89) K84 7500 — 9470
7 TiO ) Bl =dalA 0.02 (B89) K84 6450 - 12800
8 TiO Jé; dd=daA 0.15(B89) K84 4800 - 7000
9 TiO o C*A = XA 0.10 (B89) K84 3900 - 7750
10 SO AT = X3S~ 021(K80) K84 2460 -3800
11 Sio D'I=X's* 0.16 (K80) K84 2070-3300
12 NO m3pébands C%II, = X°II  0.015(K80) K84 2070-2750
13 NO A bands B, = X1 0.0035 (K80) K84 2000 - 3800
14 NO o3sybands A’Y* = X*II, 0.0020 (K80) K84 1950 - 3400
15 MgO B'S* - X't 0.048 (K80) K84 4540 - 5440
16 MgH AMI, = X*Tt 0.059 (K80) K84 4100 - 6400
17 Cco All=X's* 0.12 (K80) K84 1140 -2800
18 CN AMI; = XS 0.0011 (K80) K84 4000 - 56300
19 CN BTt = X*¥*  0.036(K80) K84 2400 - 6000
20 BO AMI = X2 0.035(K80) K84 2900- 5700
21 AlO B’Y* = X?¥*  0.039(K80) K84 4040 - 5800

Note: f, are electronic oscillator strengths and their source, Q;; are Franck-Condon factors and sources, A;—A; are the wavelength ranges where

the molecular bands are significant.

References: (A90) Allard 1990, (B89) Brett 1989, (K80) Kuznezova et al. 1980, (K84) Kuz’menko et al. 1984.

the line multiple structure was considered in detail (Pavlenko
1989). For the A6708 transition we took into account “line by
line” absorptions due both to atomic and TiO and CN lines.
In the rest of the linearized transitions only atomic absorptions
were included. Most of the linearised lines lay in the blue and
UV part of the spectrum where atomic absorption is extremely
strong and the addition of new opacity sources should not change
significantly the NLTE results. For stars with Tege > 4500 K the
role of these molecular absorptions is very small and our results
are correct. Neglecting them at lower effective temperatures im-
ply that we will obtain an upper limit to the NLTE effects. The
other radiative bound-bound transitions were included into com-
putations with “fixed radiative rates”. We adopt J,,=J, where
J¢ is the mean intensity of the radiative field in the continuum

and J., in the line. At the frequencies of “fixed rates” radiative
bound-free Li1 transitions we adopted

@

where K01, K¢, ki, KJOLA are the total opacity, and opacities
due to continuum, lines, and JOLA molecular bands absorption,
respectively (we assume ;= C for A > 8000 A). To compute
the radiation field in the frequencies of bound-free transitions
we averaged the radiation field mean intensity (see Pavlenko
1991; Magazzi et al. 1992). We note that the NLTE ionization
equilibrium of Li is mainly governed by the radiation field in
the frequencies of the transition 2-continuum (Pavlenko 1991).

Using the JOLA method we have investigated the effects
of ultraviolet molecular absorptions on the radiation field at
the frequencies of bound-free transitions of LiI . Although it

Ktot = Kct Kl + KjoLA
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would be preferable to use a detailed “line by line” computa-
tion, in the case of strong molecular absorptions it is expected
that our approximation produces a good result. Molecular ab-
sorptions produce a significant effect even at Tesr =4500 K. We
note that our molecular absorption band list is far from being
complete, and hence it is expected the real effects to be larger.
At Tegr =5000 K and hotter, these effects become smaller.

2.5. Damping constants of Lil lines

In the coolest stellar atmospheres with high lithium abundance
the Li I resonance lines become saturated. Due to the high pres-
sure in the atmospheres of cool dwarfs (log g ~ 5), van der
Waals damping is strong and the resonance LiI lines show ex-
tended wings. In our previous works (e.g. Magazzu et al. 1992)
we used for damping constant computation the equation given
in Kurucz (1979):

Cy = const % (N(H) + N(He) x 0.42 + N(Hy) x 0.85)  (2)

where const is a constant determined by Unsold (1955) approx-
imation, and N(H), N(He), N(H,) are densities of neutral H and
He atoms, and H, molecules, respectively. In the present com-
putation we have applied a multiplicative factor E to C¢. For
most iron lines this factor lies in the range 1 < E < 2 (cf,,
Kostik 1991). In our case, its determination is an important is-
sue, since the strength of the Li I lines will be strongly dependent
on it, particularly for the higher abundances. LiT and NaT1 have
similar atom term structures, so we expect that damping affects
their line wings in similar way. Theoretical 6-8-12 interatomic
potential computations of Andretta et al. (1981) give for the
resonance LiI D, line and Na1 Dy lines E=1.50 and 1.62, re-
spectively. It is remarkable that these values, obtained for solar-
like model atmospheres, are similar for both resonance lines.
We made some numerical experiments to test the reliability of
our damping constant computations. At first we reproduced the
Nal Dy lines in the solar spectrum observed by Kurucz et al.
(1984). WITA2 computations were performed for the HOLMU
model atmosphere (Holweger & Muller 1974), Kurucz (1992)
line list (modified in some cases) and microturbulence velocity
v;=1 km s~!. A comparison with the solar observed spectrum
showed that the best result was obtained for E=2 (Fig. 1). Our
result is slightly different to the one obtained by Andretta et al.
(1981), as expected from the use of a different expresion for Cg
in which the dependence on quantum number / was ignored.
In the solar atmosphere, we have N(H;) << N(H), so it’s
not possible to make a conclusion on the role of the H, molecule
in van der Waals damping. Such role increases towards lower
effective temperatures. In the spectrum of cool dwarfs the res-
onance Nal lines are severely blended by molecular bands, but
there are two subordinate NaT lines in the red, lying in a com-
paratively weak blended region around 8200 A(e.g., Kirkpatrik
et al. 1991), which can be used to refine our damping constant
determination. We tried to reproduce those lines in the spec-
trum of a very cool dwarf observed by Martin et al. (1994b),
namely LHS 2065, spectral class M9V, and adopted for our
analysis the Allard (1990) model atmosphere (Teg =2500, log
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Fig. 1. Spectral synthesis fits to the Na1 D; lines in the solar spectrum
of Kurucz et al. (1984). We show the effects of considering damping
due to H; molecules and H atoms (short dashed line), and only H atoms
(long dashed line). In both cases we used E=2. The solid line shows
the observed solar spectrum

£=5.0, solar metallicity) closest to the stellar parameters es-
timated by Martin et al. (1994b). We used a microturbulence
velocity vy= 2 kms™!. The list of atomic lines was taken from
Kurucz (1992) and molecular opacities were computed in JOLA
approximation. All the molecular bands from Table 2 that lie in
that spectral region were taken into account. Our aim was to fit
the central intensity and half-width of the Na1 lines. The core of
the strong NaT lines may be affected by NLTE. However, most
of Na atoms in the atmosphere of such a cool dwarf must exist
in neutral form and, in principle, the NLTE effects for this ele-
ment should not be large. We produced LTE synthetic spectra,
which were convolved with a gaussian of a width adequate to
reproduce the spectral resolution of the observation. The results
of our computations are shown in Fig. 2. We found that:

— Equation 2 overestimates the effect of van der Waals damp-
ing due to molecular H,.

— the best match to the observed spectrum is obtained when
only damping due to neutral hydrogen and helium atoms is
considered and E takes a value of 2. Hence, in the following
work we have adopted for damping

A=E x const x (N(H)+0.42 x N(He)) , E =2.003)

This damping constant has to be taken with caution since
we have not carried out an extensive investigation of the role
of molecular hydrogen collisional rates (which we feel is out
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of the scope of this paper). Dismissing the molecular hydro-
gen term appears necessary, but the possibility remains that the
neutral hydrogen damping term is inaccurate and H; has to be
considered.

2.6. Formation of Li molecules

Using the molecular data given in Table 1 we investigated the
dependence of the ratio n(Li1)/n.(Li) on optical depth where
n(Li1) is the number density of neutral Li atoms, ny(Li) is the
total number density of Li contained species (neutral atoms,
ions and molecules). Our results for several model atmospheres
considered in this paper are presented in Fig. 3. We find that
in the atmospheres of stars with Ty > 4000 K, n(Lil) <<
ng, i.e. most of the lithium atoms exist in the form of ions. So
in these atmospheres the overionization may play an important
role because small changes in the ionization equilibria could
produce significant changes of n(LiI). Our computations show
that the densities of molecules containing Li atoms are small in
comparison with n(LiI) + n(Li1I).

On the contrary, in the photospheres of M-dwarfs with 2500
< Teff < 3000 K Li mostly exists in the neutral form. In that
case the overionization effects should not play a significant role.
At lower Tegr most of the Li atoms are bound into molecules in

atoms, and H, molecules (E=2)

the outer part of the atmosphere. We have therefore considered
the formation of molecular species of Li at Teg below 3000 K
for reliable determinations of Li abundances in the atmospheres
of such cool objects. We must note that the LiI resonance lines
are formed in this case at the background of saturated TiO lines.

3. NLTE results
3.1. Models with Tegs in the range 3500-5500 K

We present results obtained with a 20-level Li atom model,
with damping constants given by Eq. 3 for E=2 and new opac-
ity sources due to molecular absorption, especially important
for cool atmospheres at the frequencies of Li I bound-free tran-
sitions. This set of computations improves those presented in
Magazzu et al. (1992), and have partly been published by Martin
et al. (1994a), who applied them to the abundance analysis of
Li in weak T Tauri stars.

We computed LTE and NLTE curves of growth for each
line linearized in the NLTE computations. Most of these lines
lay in the UV part of spectrum severely blended by lines of
other elements. In Figs. 4, 5 and 6 we present the LTE and
NLTE curves of growth of the LiT lines at A6708, A6103 and
A8126, obtained using solar metallicity Kurucz (1992) models
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Fig. 3. The ratio n(Li 1) / n(Li) versus 71, computed for the 2000/5.0
(a), 3000/5.0 (b), 2500/5.0 (c), 4000/4.0 (d) and 5000/4.0 (e) model
atmospheres

with the following Teg /logg: 5500/4.5,4500/4.5,3500/4.5. We
note that:

1) For weak and unsaturated lines (W < 200 mA) an ove-
rionization effect dominates: Wyrg > WyrrEg. The strength
of the NLTE profiles is lower than the LTE profiles both in the
core and in the wings (see for an example Fig. 7).

2) When the LiT lines become saturated, we have

Wrre < WnLTE.

The cores of the NLTE profiles are stronger (Fig. 7), because
in such case S;;(Tpize = 1) < By(734¢ = 1) and r{}”e < r,lfe (cf.
Magazzi et al. 1992).

3) For the subordinate LiI line A6103 we find Wrrg >
W nrrE for models in the Teg range 4500 to 5500 K. But for
the model of Tegr = 3500 K we have Wiy < WNLTE.

4. In general, we have obtained small NLTE corrections
for the Lil line at A8126. The sign of the NLTE abundance
corrections also change for the lowest T model considered
(3500 K) Wrrr < WxrrE, while for hotter models we find
an opposite behaviour.

The main difference between the present results and those
in Magazzu et al. (1992), is found for saturated resonance lines
in the model with 4000/4.0, where we find opposite sign to
the NLTE equivalent width correction. Such discrepancy is due
to our use of a more complete model atom. In general, it is
expected that when the number of levels in the model atom de-
creases the interlocking effects are weakened (see Steenbock &
Holweger 1984). In addition, Magazzu et al. used an expres-
sion for damping constant including broadening of LiI lines by
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Fig. 4. LTE (solid) and NLTE (dashed) curves of growth for the
Li1A6708 line using atmosphere models with 5500/4.5, 4500/4.5,
3500/4.5

molecular hydrogen. Finally, in this work we have taken into
consideration additional opacities due to molecular bands.

When this work was in preparation, a paper by Carlsson
et al. (1994) was published addressing the NLTE effects on
the formation of the Li lines in stellar atmospheres. They used
different opacity sources, a different NLTE spectral synthesis
code and different model atmospheres. In spite of this, their
results confirm previous findings in Magazzi et al. (1992) for
high gravity solar metallicity stars and are also in general good
agreement with our present computations (see also Pavlenko
1994, 1995).

3.2. The coolest stars

As was noted above the LiI lines in the spectra of stars with
Tesr < 4000 K (M spectral types) become severely blended by
numerous molecular lines. The LiIresonance lines lie in aregion
where the absorption due to TiO molecular bands is dominant.

We investigated NLTE effects on the formation of Li I lines
using the same basic procedure described above. Since Li exists
mainly in neutral and molecular form in the atmospheres of very
cool dwarfs we do not expect significant NLTE effects. This was
confirmed by our direct computations for Allard model atmo-
spheres with Teg in the range 3000 to 2000 K, and logg=5.0.

InFig. 8 we present the departure coefficients of lithium lev-
els b; = n;/n}, in the atmosphere of a dwarf 2500/5.0/0. Here
n; and n; are the NLTE and LTE populations of the lithium
levels, respectively. We found: 1) In the outer part of the atmo-
sphere (tauy, | 1073) b, and b, are less than 1, these levels are
underpopulated as compared with LTE. 2) The other levels are
overpopulated. They are more bounded to the continuum than
to the lowest levels.

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


http://adsabs.harvard.edu/abs/1995A%26A...303..807P

7P.

FTYD5ACA: & ~303: .

Y.V. Pavlenko et al.: Formation of lithium lines in very cool dwarfs

’-\ IIlllFl‘l][l'll||lll|ll]||||lllll")lll'
E L i}
3 100¢ E
& f :
g - .
S ]
£
z 10F
B C ]
‘S - ~
S
o - N
=
:LIIlIllllVlllllllllllJll'lll|||Jl||lll|—
0.00 7770021003700 "4 00
log n(Li)

Fig. 5. LTE (solid) and NLTE (dashed) curves of growth for the
Li1 A6103 using atmosphere models with 5500/4.5 (a), 4500/4.5 (b),
3500/4.5 (c)
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Fig. 6. LTE (solid) and NLTE (dashed) curves of growth for the
Li1 A8126 line using atmosphere models with 5000/4.5, 4500/4.0,
4000/4.5 and 3500/4.5

We note that the electron density in the dwarf atmosphere
2500/5.01s extremely low, so the chains of transitions to first and
second levels are not so effective as in G-K dwarf atmospheres,
where for saturated Li I resonance doublet lines we have found
by > 1.0, in a wide range of depths (see Pavlenko 1994, 1995;
Carlsson et al. 1994). Also, for this cool dwarf we obtained
b, > by and S; > B, (Fig. 8, 9). The thermalisation of the
strong resonance transition occurs at 71, = 10~3. We cannot use
the notion “overionization of lithium” in the traditional sense.
‘We may speak, however, about the overpopulation or the under-
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Fig. 7a and b. Theoretical LTE (solid) and NLTE (dashed) profiles
of Li1A6708 doublet for model atmosphere with 4500/4.5 and log
n(Li)=1.0 (a) and 3.0 (b)
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Fig. 8. Departure coefficients of the Li I atoms in a model atmosphere
with solar metallicity, Tesr=2500 K and log g=5.0. The curves are
labelled with the number of the corresponding atomic level. C denotes
the continuum level
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812.6 and 610.3 nm, respectively. Diamonds present the core formation
depths of the Li I lines 670.8 nm, 610.3 and 812.6 nm from left to right

populations of lithium levels. The behaviour of the departure
coefficient of the third and higher levels depends on the elec-
tron temperature and electron density. Up to an optical depth
of 1073 the temperature in the model atmosphere decreases, so
the populations of lithium levels are controlled by the disbal-
ance of bound-free transitions. In a zero-order approach we may
suggest that photoionization processes are controlled by the ra-
diation temperature, and the photorecombination processes are
controlled by the electron temperature. In the outer part of the
atmosphere the electron temperature T, drops, while the radia-
tive temperature is constant due to small radiation absorption,
hence at small 7 the overionization of lithium increases. Above
7 =107 the temperature in the model atmosphere is nearly
constant, however the departure coefficients of the first and sec-
ond lithium levels drops here due to the decrease of the electron
density.

In conclusion, we found:

1.) NLTE effects for strong lithium lines in the atmospheres
of cool M-dwarfs are small. The abundance correction A log
n(Li) =log nyzrE(Li) - log nprg(Li) is less than 0.1 dex.

ii.) The NLTE abundance correction for the subordinate lines
were always negative. The correction for the resonance line was
negative in the 2000 K model, and in the 3000 K if log n(Li)
>2.0

Since the NLTE effects were not significant we decided to
use LTE computations to produce a set of Li1 profiles useful for
comparison with observations.

In Figs. 10, 11 and 12 we present some synthetical spectra
of M-dwarfs in this spectral region. They were computed using
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Fig. 10. LTE spectral synthesis fit to the Li 1 A6708 region of the M6 T
Tauri star UX Tau C. We used a model atmosphere with 3000/5.0 and
log n(Li)=1.6
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Fig. 11. Synthetic LTE Li1A6708 profiles for 2500/5.0 model atmo-
sphere and log n(Li)=3.0, 2.0, 1.0, 0.0, -1.0 and -2.0

model atmospheres 3000/5.0, 2500/5.0, 2000/5.0 and with vi=2
kms™!. First (Fig. 10), to check the reliability of the molecu-
lar data we compared with the observed spectrum of UX Tau C
(Magazziietal. 1991). We synthetized the 6700-6730 A spectral
details including the Ca1A6718 line + TiO +' heads spectrum.
Some modifications of the oscillator strength list was needed
because the original line data gave too weak molecular absorp-
tions in this spectral region (but we also note that part of the
discrepancy could be due to inconsistencies introduced by the
use of model atmospheres and spectral synthesis based on dif-
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Fig. 12. Synthetic LTE Li1 6708 profiles for 2000/5.0 model atmo-
sphere and log n(Li)=3.0, 2.0, 1.0, 0.0, -1.0 and -2.0

ferent opacities). As it can be seen in Fig. 10 the theoretical
spectrum reproduces the general shape of the observational one
although there are discrepancies in the position of several lines.
Both, higher resolution and higher S/N observation would be
desirable to improve our understanding of this spectral region.

It is clear from Fig. 11-12 that prominent LiI lines are
formed. Even at Tegr =2000 K where most of the Li in the outer-
most part of the atmosphere is expected to be in molecular form.
Our synthetic spectra strongly suggest that Li can be observed
in the spectra of the latest M-type dwarf stars. They show that
the abundance of Li can be determined and that the substellar
nature of brown dwarfs can in principle be established as was
proposed by Rebolo et al. (1992). As a quantification of the
dependence of the strength of several LiT lines on the Li abun-
dance we show in Figs. 13-15 LTE and NLTE curves of growth
for models with Teg 3000 and 2500 K.

An important question (prompted by Dr. F. Allard) is the
impact of the NLTE equation of state of Li on the ionization-
dissociation equilibrium in the outer part of the coolest model
atmospheres. Li may become an important donor of free elec-
trons when the temperature drops below 3000 K. Indeed, for log
N(Li)=3.2 the electron density in the outer part of a model atmo-
sphere with Tegr =2500 K and log g=5.0 is similar to the density
of Li ions obtained in NLTE (see Fig. 16 ) The chemistry of the
outer part atmosphere depends on the NLTE ionization equilib-
rium of elements with low ionization potential (Li, Na,..). These
elements are bounded in numerous molecules making difficult
the use of methods of complete linearisation. In the following,
we have employed a simpler iterative algorithm already used to
study the impact of NLTE on the ionization-dissociation equilib-
rium in the atmospheres of late-type stars (Auman & Woodrow
1975; Pavlenko 1984). In order to estimate the effect on the ion-
ization equilibrium of Li of an increase in electron density, we
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2 rvTrrrrrrrrrrrrrrrrrornd frrrrrrrrrt
E10000¢ 3
© - .

o L .
::é i 2500/5.0 i
< 1000E E
o) C 3
B » .
= - 7 .
- - / 3000/5.0 1
4 2 foo 3
2 .
=) i
o
_ = 7 ]
10lll|ll|ll|llLllJL]JJlllllllII
, -2.00 0.00 2.00 4.00
6720 log n(Li)

Fig. 13. LTE (solid) and NLTE (dashed) curves of growth for the
Li1X6708 line using atmosphere models with 3000/5.0 and 2500/5.0
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Fig. 14. LTE (solid) and NLTE (dashed) curves of growth for the
Li1 A6103 using atmosphere models with 3000/5.0 and 2500/5.0

have arbitrarily increased this density in a 2500/5.0 model at-
mosphere through a change of a factor 10 in the Na abundance
(from log N(Na)=7.32 to 8.32). This element is not bounded
with Li via direct chains of dissociation equilibrium, so the ap-
proach seems reliable. As it can be seen in Fig. 16 the increase
in electronic density results in a decrease of the density of Li
ions. This suggests that a self-consistent solution of the prob-
lem should not give a high contribution of Li to the electronic
density. Since self-consistency would imply to solve simultane-
ously the NLTE ionization-dissociation equilibrium for Li and
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Fig. 15. LTE (solid) and NLTE (dashed) curves of growth for the
Li1 A8126 line using atmosphere models with 3000/5.0 and 2500/5.0

Na, which is beyond the frame of this paper, our NLTE results
can only be considered upper limits.

4. Chromospheric-like effects on formation of Lii lines

We have done several numerical experiments aimed to test the
influence of heated outermost atmospheric layers on the forma-
tion of LiI lines. The core of very strong LiI resonance lines
are formed in the outer part of the atmospheres of cool dwarfs.
To model the temperature structure of such atmospheric layers
we used a simple procedure based on the assumption that the
relation between temperature and pressure may be described by
a politropic law. Unfortunately we have no other way to model
the external layers of these stars. In general, the structure of the
photosphere of M-dwarfs depends mainly on convection. The
convective envelope generates non-radiative energy flux which
dissipates in the outer part of stellar atmospheres. Intense H,,
emission has been observed in the spectra of most M-dwarfs,
possibly indicating the presence of chromospheres which could
heat the region where the core of the strong Li I lines are formed.
Therefore, the profiles of these lines may be affected by changes
in the structure of the atmospheres associated with this phe-
nomenon.

We performed a set of computations using modified model
atmospheres in which we added the chromospheric structures
to the photospheres of M-dwarfs. Our modified model atmo-
spheres consist of two different parts: One is the photosphere of
the star where the continuum, weak lines and wings of strong
lines are formed. We assume Kurucz or Allard models to de-
scribe the photosphere of the stars and adopt for the outermost
layers a’solar-like” chromosphere. To produce this, we changed
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Fig. 16. Electron density (curve denoted by 1) and Li IT atoms densities
versus optical depth in the model atmosphere (2500/5.0/0) for log N(Li)
= 3.2 (curve 2) and 2.0 (curve 3). Solid lines and dashed lines show
LTE and NLTE results. The curve labelled with 5 represents the LTE
densities of Li II atoms computed assuming an arbitrary increase in
electron density plotted as curve number 4 and obtained as explained
in the text.

the structure of these outer layers modelling the increase of tem-
perature as follows:

T(m) = Trin + Grad X lOQ(mmin/m) @)
where T and m are temperature and column mass density,
T'min and My, are the temperature and column mass densities
of the “temperature minimum region”, and finally G,.q is the
gradient of temperature in the “chromosphere” of the star.

In Fig. 17 we show the temperature structure of three model
atmospheres: a) is the Kurucz model 3500/4.5 without any chro-
mosphere; b) is the previous one but modified assuming Gqq =
820, this we will termed “weak”, and model ¢) assumes as G4
= 4000 (“strong chromophere”). We assume that the tempera-
ture minimum in the model atmospheres is at the depth where
T(1,)=10"%

For each of the previous models, we solved the NLTE prob-
lems for a 20-levels Li atom model and found:

a) “Weak chromosphere-like”” model

The LTE and NLTE Li1A6708 curves of gowth obtained
with this model are similar to those obtained in Sect. 3.1, as it
can be seen in Fig. 18. For the subordinate Li1 line at A6103 the
effect of our “weak” chromosphere is also small (see Fig. 19).
‘We found that the NLTE equivalent widths show less sensitivity
to the temperature structure than the LTE ones. In conclusion
this “weak chromosphere-like” model does not produce any
significant changes in both LTE and NLTE results.

b)*“Strong chromosphere-like” model.
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This model produces additional continuum in the ultravio-
let and the visible region which manifests in a reduction of the
equivalent widths of absorption lines, this effect is similar in
fact to a “veiling” of the lines. In particular, we found a dramatic
change in the curves of growth computed for Lil lines both in
LTE and NLTE with respect those in Sect. 3.1 (see Figs. 18 and
19). The LTE equivalent widths of the resonance LiI doublet
lines decrease considerably in comparison with those obtained
for the “classical” and “weak’ models. The NLTE effects on the
resonance Li I doublet are governed by the overionization of Li.
So we have Wyrg > WyLTE, despite W g is decreased due
to veiling produced by this “strong chromosphere-like”” model.
In the case of the subordinate Li1 line at A6103 the LTE equiv-
alent widths are decreased and NLTE effects may even produce
a weak emission line.

We must note some cautions on our models and results.
The models were computed under the hypothesis of hydrostatic
equilibrium and the real physical conditions in M-dwarfs may be
far from this assumption. For instance, stellar winds and surface
inhomogenities may play an important role. In addition, the
absorption of radiation in the frequencies of bound-free lithium
transitions has been computed in the LTE approach. As a result
we obtain strong emission lines and some continuum emission
in the UV, which could produce an excess of Li overionization. It
is out of the scope of this paper to make a detailed investigation
of these effects. This will be considered in a future work.

5. Conclusions

In this paper we have presented an analysis of the NLTE for-
mation of LiI lines in the atmospheres of G-M dwarfs of so-
lar metallicity. We solved the system of equations of statistical
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Fig. 18. LTE (solid) and NLTE (dashed) curves of growth for the
Li1A6708 line using the models with the atmospheric structure shown
in Fig. 17
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balance and the radiative transfer equations. Our analysis us-
ing a 20-level Li atom model showed that NLTE effects have
a complicated nature. The NLTE effects are governed by the
overionization of Li and by the interlocking of energy levels.
As aresult, the abundance corrections due to NLTE effects for
a given LiI line depend on its strength and, as expected, they
are different for the resonance and subordinate lines. For stars
with Tege =5500 to 3500 K, we confirm the previous findings of
Magazzi et al. (1992).

We have extended the study of the formation of LiI lines
to extremely cool stellar atmospheres, including the NLTE ef-
fects and considering dissociation-ionization equilibria of Li
contained species. Special attention was paid to the determi-
nation of van der Waals damping constant for the LiI lines.
From the comparison of observed and synthetic spectra of cool
dwarfs we found necessary to exclude damping due to molecular
hydrogen from the Unsold approximation and derived an opti-
mum correction factor of E=2. Our results show that prominent
Li1 A6708 lines are formed at Teg in the range 3000-2000 K,
even though at 2000 K most of the Li exists in molecular form
in the outer atmospheric layers. This is relevant to the study
of brown dwarfs. We computed the NLTE problems for Li in
the atmospheres of dwarfs with T =3000 K and 2500 K, and
found NLTE corrections lower than 0.1 dex.

We studied the dependence of our results on a possible
“chromosphere-like” structure in the outermost layers of model
atmospheres of cool dwarfs, and found that while the strength
of LiI lines is not sensitive to a temperature gradient like the
solar one, in the case of “strong” chromospheres, with tempera-
ture gradients several times solar, the LiI lines may be severely
affected. These preliminary results stress the need for a detailed
investigation of chromospheric effects on the formation of Li
lines in very cool dwarfs.
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