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ABSTRACT

Aims. We present the first study of the lithium abundances of very low mass objects in Chamaeleon I close to the hydrogen burning
mass limit based on atmospheric models and high-resolution spectroscopic observations. The studied objects, Cha Ha 2, 3, 4, 5, 6 and
8, are very young brown dwarf candidates and very low mass stars on the verge of lithium depletion.

Methods. For this analysis, we have computed a new “GAIA-cond” class model grid over effective temperatures from 2600 K to
3100 K, surface gravities from log(g) = 3.5 to 5.5, and lithium abundances from loge = 0.0 to 3.7, for two different line profile
setups introduced in previous work. Calculated synthetic spectra are compared with high-resolution UVES / VLT echelle spectra of
the objects.

Results. We find good descriptions of the lithium resonance doublet lines at 6708 A and of the surrounding pseudo-continuum
and determine a consistent set of lithium abundances (log(e) = 1.55). However, the derived lithium abundances are lower than the
meteoritic one (log(e) = 3.31) and that of higher mass stars in Chal (log(e) = 3.1/3.4 for LTE—/non-LTE—calculations). By modeling
the TiO-line, we demonstrate that veiling does not make the lithium lines appear weaker. We can also rule out that the results are
spoiled by the presence of spots.

Conclusions. A possible explanation for these results would be that the objects are either more massive, or much older, than previously
thought, so that the lithium depletion has already started. Although the uncertainties of the masses and ages are large, they are not
large enough as to explain the observed lithium depletion. Therefore, the most likely explanation is either a lack of understanding of
the details of the formation of the lithium line, or a lack of understanding of the internal structure of the very young low-mass objects.
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1. Introduction

Brown dwarfs (BDs) are objects that are not massive enough to
sustain thermonuclear fusion of hydrogen at their centers but are
distinguished from gas-giant planets by their ability to burn deu-
terium. Thermonuclear fusion reactions in young stars do not
only include the burning of hydrogen but also of heavier ele-
ments, for example Lil, above very similar mass limits. Since
lithium is quickly depleted in young stars, the presence of an
original amount of LiI in a number of old, very low-mass ob-
jects, together with the assumption of fully convective interiors
in this mass regime, has been used as an argument that these
objects fuse neither lithium nor hydrogen and are thus BDs.
Therefore, the LiI abundance is a very important diagnostic for
identifying old BDs (“Lithium-test”) (Rebolo et al. 1992; Basri
2000). The application of this substellar test is more complicated
for very massive BDs and very young stars (ages of a few mil-
lions years). Massive BDs (above 0.06 M) burn lithium: they
can even burn hydrogen, however not at a rate sufficient to fully
compensate radiative losses. Young stars with an age of about
one Myr or less also show a substantial amount of LiT in their
spectra because they are too young to have burned their ini-
tial lithium, i.e., their central temperature has not yet reached
the lithium burning limit. In order to better understand the LiT

* Based on observations obtained at the European Southern
Observatory at Paranal, Chile in program 65.L-0629(A,B) and
65.1-0011(A).

depletion in young objects, it is required to study the abundance
of LiI in very young (a few Myr) objects at the boundary be-
tween stars and BDs, and to compare it with the LiT abundance
of higher mass stars of similar age.

The determination of element abundances from spectro-
scopic observations of such low-mass and, hence, cool objects,
such as BDs, is hampered by the large number of absorption
lines in their spectra leading to the fact that there is essentially
no continuum in the optical regime. It is therefore impossible
to completely identify the LiI resonance absorption line from
observations alone (this is valid for any other spectral line of
objects in this effective temperature regime). A way out is to
calculate synthetic spectra of the objects, including all spectral
lines, and fit them to observed spectra by varying the abundance
of Li1. This requires a sophisticated modeling of the (sub)stellar
atmosphere. We have generated a grid of model atmospheres and
spectra with varied lithium abundances with the general purpose
stellar atmosphere code PHOENIX (Hauschildt & Baron 1999)
using two different setups for the lithium absorption line profile
treatment (Johnas et al. 2006). In addition to work by members
of the PHOENIX group, synthetic spectra of BDs that aim at an
improved description of the lithium resonance lines have also
been calculated previously by Pavlenko et al. (2000) and Tsuji
(2001).

Current observational studies of lithium in BD atmospheres
have been performed by means of measurements of the equiv-
alent width (EW) of LiI based on high-resolution spectra by
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Fig. 1. Synthetic spectra of Setup2 for a T.¢ = 3000 K and log(g) = 4.0
displaying the LiI with varied abundances from log(e) = 1.3 to 3.7.

Tinney (1998), Joergens & Guenther (2001), and Pavlenko
(2005), based on intermediate-resolution spectra by Kenyon
et al. (2005) and Neuhduser & Comerén (1999), and based on
low-resolution spectra by Zapatero Osorio et al. (2002).
However, as mentioned before, due to the large number of
densely spaced spectral lines in BD and very low-mass star
(VLMS) spectra and the missing continuum, the determination
of the lithium abundances via a derived EW and comparison
with theoretical curves of growth implicates large uncertainties
and should be considered with care. Of course, the missing con-
tinuum also has an influence on the determination of the rota-
tional broadening. The approximation of the continuum influ-
ences the results of the EWs. In standard methods the continuum
is approximated by a straight line, which is not sufficient and
does not provide reliable values of the derived EWs. It is impor-
tant to have a description of the continuum as close as possi-
ble, e.g., synthetic pseudo continua. Exemplarily, a theoretical
series of synthetic spectra of Setup2, see Sect. 3, in a repre-
sentative combination of the stellar parameters, T.¢ = 3000 K
and log(g) = 4.0, showing the LiT line is presented in Fig. 1, in
which the challenges mentioned above are visible. In all previ-
ous studies of these objects, the EWs and the rotational broad-
ening were determined by fitting a continuum to the data. Since
we model the entire spectrum in this work, we avoid the prob-
lems associated with continuum fitting and methods using EWs
and curves of growth. Thus, the new values of the EWs and ro-
tational broadening differ from the older ones. In this work we
present the results of a LiI abundance study of very low mass
members of the Chamaeleon I star forming region. The aim of
this work is to better understand the LiI depletion in young ob-
jects close to the boundary between stars and BDs. Detailed
studies have led to the identification of a number of BDs and
VLMSs in the Chamaeleon I region (Comerdn et al. 1999, 2000;
Luhman 2004). Among them are the BD candidates Cha Ha 2, 3,
6 and 8 (spectral type M6.5—M7) (Comerdén et al. 2000) and the
VLMSs Cha Ha 4 and 5 (M6) (Comeron et al. 2000), for which
high-resolution spectra have been taken by Joergens & Guenther
(2001) and Joergens (2006), and whose LiI abundances will be
discussed in detail in this work. An overview of the derived stel-
lar properties from Comerén et al. (1999, 2000) and Luhman
(2004) can be found in Table 1. The varying values in the ta-
bles represent the uncertainties in the stellar properties when
studying these objects. These objects cannot currently be identi-
fied unambiguously as either young stars or BDs. Note that due
to differences in the calibrations Neuhéduser & Comeroén (1999)
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considered Cha He 3 and 6 as bona fide BDs. Comerdn et al.
(2000) derived masses for Cha Ha 2, 3, 4, 5, 6 and 8 between
0.05 My and 0.11 M, and ages between <2 and 3 Myr based
on evolutionary models of Baraffe et al. (1998). These age es-
timates are in agreement with a determination of the mean age
of the Chamaeleon I association (3 Myr) by Lépez Mart{ et al.
(2004). The determination of the effective temperature and lumi-
nosity of the objects is crucial when applying evolutionary track
calculations in order to give an estimate of the mass and age of
the objects. Applying different sets of evolutionary tracks leads
to (slightly) different masses and ages, see Table 1. For exam-
ple, in Comer6n et al. (2000), evolutionary models by Burrows
et al. (1997) yield slightly higher masses and a factor of two
greater ages compared to the predictions by track calculations
from Baraffe et al. (1998). These discrepancies are due to uncer-
tainties in evolutionary models for such small ages and masses,
e.g., due to the fact that these objects are still contracting, miss-
ing calibrations of the models with observations, and the diffi-
culty of setting the initial conditions of the models. Nevertheless,
the cores of these objects either never reach the lithium burning
temperature (when considering the models of Barafte et al. 1998)
or are only on the verge of reaching it (when considering the re-
sults of the Burrows et al. 1997, models) (Chabrier & Baraffe
2000).

2. Observations

We use two sets of observations in this paper. First, there are
high-resolution spectroscopic observations of the BDs/VLMSs
Cha Ha 2, 3, 4, 5, 6 and 8, which have been carried out with
the Uv-Visual Echelle Spectrograph (UVES) at the VLT Unit
telescope 2 (KUEYEN) by Joergens & Guenther (2001). They
have been subjected to an improved data reduction by Joergens
(2006), which is consistent for the lithium resonance line with
the previous method. The IRAF Echelle package was used to
subtract the bias, flat-field and extract the spectra, remove the
scattered light, cosmic rays and the sky background, and finally
to wavelength calibrate the spectra. Details of the reduction and
wavelength calibration can be found in the given references. We
note here only that no rebinning of the spectra was done in or-
der to avoid any changes of the line profiles. In this work, we
use between 1 and 7 individual spectra for each object depend-
ing on availability and signal-to-noise ratio. We label the spec-
tra of each Chal object with the modified Julian day (MJD) of
its observation, as defined by MJD = JD — 2400 000.5. The ob-
tained spectra cover simultaneously the wavelength regions from
6700 A to 8545 A and 8640 A to 10400 A, at a resolution of
R = 40000. The Li1 doublet line at 6708 A is in the last or-
der of the echelle spectrum, which is only partly covered by the
detector. Nevertheless, it is possible to extract the line and the
continuum red-wards of it.

In the second set of observations, we use spectra of
Cha Ha 2, 3, 5 and 6, which have been published by Natta
et al. (2004). They were also obtained with UVES at the same
resolution of 40000 but with a different wavelength range
(479-679 nm) covering both wings of the LiI doublet.

3. Models and methods

We have generated a model atmosphere grid with two differ-
ent line profile setups: Setupl corresponds to synthetic spec-
tra with impact approximated van der Waals alkali line profiles
(Schweitzer et al. 1996), whereas Setup2 represents synthetic
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Table 1. Stellar properties of Cha Ha objects.
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Luhman (2004)

Burrows et al. (1997)

Baraffe et al. (1998)

Object Sp.type  Tex (K)  log(L/Le) Age Mass Age Mass
(K) (Myr) (Mo) (Myr) (Mo)
ChaHa2 MS5.25 3091 -0.92 <3 0.2 <2 >0.1
Cha Ha 3 M55 3058 -1.11 <3 0.1<M<02 <2 >0.1
Cha Ha 4 M55 3058 -1.17 3<a<10 01<M<02 2 0.1<M<02
Cha Ha 5 M55 3058 —-1.00 <3 0.1<M<02 <2 >0.1
ChaHa6 MS5.75 3024 -1.13 3<a<10 01<M<02 <2 >0.1
ChaHa8 MS5.75 3024 -1.35 3<a<10 01<M<02 2<a<5 >0.1
Comerdn et al. (2000)
Burrows et al. (1997) Baraffe et al. (1998)
Object Sp. Type Ter log(L/Le) Age Mass Age Mass
(K) (Myr) (Mo) (Myr) (Mo)
Cha Ha 2 M 6.5 2910 -1.47 4.5 0.08 2 0.07
Cha Ha 3 M7 2840 —1.46 2 0.07 <2 0.06
Cha Ha 4 M6 2980 -1.25 3.5 0.11 2 0.1
Cha Ha 5 M6 2980 -1.31 3.5 0.11 2 0.1
Cha Ha 6 M7 2840 -1.57 4 0.07 <2 0.05
Cha Ha 8 M 6.5 2910 -1.65 5.5 0.08 3 0.07
Comerdn et al. (1999)
Burrows et al. (1997) D’ Antona & Mazzitelli (1997)
Object Sp.type T (K) log(L(Ly)) age (Myr) mass (M) age (Myr) mass (M)
Cha Ha 2 M6 2831 -1.16 0.4 0.08 1 0.10
Cha Ha 3 M6 2824 -1.27 0.5 0.075 1.5 0.09
Cha Ha 4 M 6.5 2781 -1.31 0.5 0.065 1 0.08
Cha Ha 5 M6 2816 —-1.06 0.4 0.09 0.5 0.10
Cha Ha 6 M6 2815 -1.57 2 0.06 3 0.08
Cha Ha 8 - - - - - - -

spectra with more sophisticated line profile calculations (Johnas
et al. 2006; Allard et al. 2006, 2005). For both setups, models
are calculated using varied lithium abundances. For each line
profile setup, a model atmosphere is calculated and converged
before generating the synthetic spectrum. “GAIA-cond” settings
are applied for Teg = 2600 K to 3100 K in steps of 100 K. This
temperature range covers the effective temperatures of the stud-
ied BDs/VLMSs as determined by Comerén et al. (2000) from
spectral types. The “GAIA-cond” approximations consider fully
“rained-out” condensed dust in chemical equilibrium, see Allard
et al. (2001) for details. At these effective temperatures, dust is
not important and the Cond-approximation can be applied. For
calculating the model atmospheres, we have to assume a value
for the surface gravity log(g). Since the masses are required in
order to estimate the log(g)-values, we have to use evolution-
ary tracks for the estimation. Using the table in Chabrier et al.
(2000) for objects with an age of 1 and 5 Myr, and the lumi-
nosities of the objects derived by Luhman (2004) (see Table 1),
we find log(g)-values between 3.5 and >4. For the luminosi-
ties derived by Comerdn et al. (2000), we find values between
3.48 and 3.6 for an age of 1 Myr, and larger than 4 for an age
of 5 Myr. Nevertheless, we want to stress that the luminosities
in Table 1 also include the disk and accretion, which is why the
luminosity of only the VLMS/BD is expected to be lower, and
thus the values of log(g) higher. If we use the effective temper-
ature instead of the luminosity, the masses of the objects are in
general slightly higher and hence the log(g)-values a bit larger.
For this reason, we varied the surface gravity log(g) between 3.5
and 5.5 in steps of 0.5. The lithium abundance is varied from
log(e) = 0.0 to 3.7 in steps of 0.1 dex. For comparison, in
standard spectra the meteoritic lithium abundance of log(e) =
3.31 is used. Every spectrum is calculated at a spectral reso-
Iution of 670000 for the wavelength range around the lithium

resonance doublet. In the model atmosphere and synthetic spec-
tra, we assume a microturbulence of 2.0 kms~!, which is a
typical value used in M dwarf modeling (Allard & Hauschildt
1995). A y?-technique is applied to quantify the differences be-
tween observations and models, as described in Schweitzer et al.
(2001). The synthetic spectra are first convolved down to the
resolution of the observations (R = 40 000). For the rotational
broadening, a standard limb darkening coefficient is used (Gray
1992; Egs. (17.11) and (17.12)).

The results of the fits are presented in Table 2 for the ob-
servations by Joergens & Guenther (2001) and in Table 3 for
the observations by Natta et al. (2004). The first row for each
observation of each section is the fit over all dimensions of the
parameter range. In order to limit the number of free parameters,
the effective temperatures derived by Comerén et al. (2000) are
used for a second fit. Results for this second fit are presented for
each observation in the second row of Table 2.

The quality of the fit is very sensitive to the selected wave-
length range. Therefore, we use the same range, from 6707 A
to 6717 A, in all our fits of the observations by Joergens &
Guenther (2001). The lower limit here is set by the wavelength
range of the observations, which starts just shortward of 6707 A.
The small lithium EWs obtained by Joergens & Guenther (2001)
justify the chosen range in wavelength. With the fit parameters
obtained by this wavelength range, a satisfying description is
also provided towards the redder part of the observations.

Although the v sin i-values used for the modeling are in gen-
eral agreement with the values given in Joergens & Guenther
(2001), there are noticeable differences in some cases. Notably,
differences occur when the EWs are determined by fitting a con-
tinuum to the spectral region close to the lithium line. Because
of the large number of spectral lines in very late-type objects
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Table 2. Physical parameters of BDs/VLMSs in Chamaeleon I derived from a comparison of synthetic GAIA-cond models and high-resolution
UVES spectra using different line profile setups: (from left to right) effective temperature, surface gravity, lithium abundance and EW of lithium.
The given results are for (i) a fit to the full range of free model parameters: T, log(g), log(e), radial velocity and rotational velocity (first row of
each observation) and (ii) for a fit with fixed effective temperature as determined by Comerén et al. (2000) (second row).

Object Ty log(g) logle) EWy Ty  log(g) logle) EWy
(K) A (K) A

Setupl Setup?
Cha Ha 2, MID = 51638.087 3100 45 09 033 3000 5.5 13 038
2000 3.5 1.0 034 2900 3.5 09 033
Cha Ha 2, MID = 51658.096 3100 4.0 1.5 040 3000 5.5 1.6 045
2000 3.5 1.6 041 2900 3.5 1.6 041
Cha He 2 sum 3100 4.0 14 039 3000 5.5 1.6 045
2000 3.5 14 039 2900 3.5 14 039
Cha Ha 3, MID = 51638.987 3100 4.0 1.0 034 3000 55 13 033
2800 3.5 1.0 035 2800 3.5 1.0 035
Cha Ha 3, MID = 51658.113 3100 4.0 1.5 040 3100 4.0 1.5 040
2800 3.5 1.5 041 2800 3.5 1.5 041
Cha He 3 sum 3100 4.0 14 039 3100 4.0 14 039
2800 3.5 1.3 039 2800 3.5 1.3 039
ChaHa 4, MID = 51617.210 3100 4.0 1.8 044 3000 5.5 19 054
3000 3.5 1.8 043 3000 5.5 1.9 054
ChaHa 4, MID = 51617236 3100 4.0 1.8 044 3000 5.5 1.9  0.54
3000 3.5 1.8 043 3000 5.5 19 054
ChaHa 4, MID = 51627277 3100 4.0 14 039 3000 5.5 1.7 048
3000 3.5 1.5 040 3000 5.5 1.7 048
Cha Ha 4, MID = 51627303 3100 4.0 14 039 3000 5.5 1.6 045
3000 3.5 14 039 3000 5.5 1.7 048
Cha Ha 4, MID = 51634.997 3100 4.0 1.5 040 3000 5.5 1.7 048
3000 3.5 1.6 041 3000 5.5 1.7 048
Cha Ha 4, MID = 51635.023 3100 4.0 1.6 041 3100 4.0 1.6 041
3000 3.5 1.6 041 3000 5.5 1.7 048
Cha Ha 4, MID = 51657.994 3100 4.0 1.6 041 3000 5.5 1.6 045
3000 3.5 1.6 041 3000 5.5 1.6 045
Cha Ha 4 sum 3100 4.0 1.6 041 3000 5.5 1.7 048
3000 3.5 1.6 041 3000 5.5 1.7 048
Cha Ha 5, MID = 51639.009 3100 45 1.6 043 3000 5.5 1.8 051
3000 3.5 1.8 043 3000 5.5 1.8 051
Cha Ha 5, MID = 51658.128 3100 4.0 1.5 040 3000 5.5 1.6 045
3000 3.5 1.5 040 3000 5.5 1.6 045
Cha Ha 6, MID = 51658.143 3100 4.0 1.8 044 3000 4.0 19 045
2800 3.5 1.8 043 2800 3.5 1.8 044
Cha Ha 8, MID = 51639.100 3100 4.0 15 040 3000 55 1.6 045
2900 3.5 1.5 040 2900 3.5 1.5 040
Cha Ha 8, MID = 51658215 3100 4.0 1.6 041 3100 4.0 1.9 045
2900 3.5 1.7 042 2900 3.5 1.7 042

(see Fig. 1), this approach is problematic. Setting the continuum
right is especially difficult for observations of relative low signal-
to-noise ratio, especially those of Cha Ha 2, 3 and 8. Another
difference in the two determinations of the vsini is that in the
old data, the spectra were deconvolved with the point-spread-
function (PSF) of the spectrograph, which was determined from
the telluric lines. Given the differences in the two approaches, it
is not surprising that the v sin i-values obtained are slightly differ-
ent from the older ones. Altogether, our empirical error estimate
for log(e) is 0.4 dex. It is derived from studying the changes due
to the variation of the free parameters.

In Table 2 we also list the values of the lithium EWs. The
most crucial step when determining the EW is identifying the
continuum in the spectrum; this is the main source of error, see
the discussion in Sect. 1. The “true” continuum (ignoring the
effects of all atomic and molecular lines in the spectrum) is at
much higher flux levels than the observed pseudo-continuum.
Therefore, we construct a pseudo-continuum in the wavelength
range from 6700 A to 6720 A by calculating a spectrum without

the lithium lines. After taking the difference between this pseudo
continuum and the synthetic spectrum, the remaining area is nor-
malized over the mean flux between the D; and D5 line of Lil,
resulting in the theoretical/synthetic EWs, which are also listed
in Tables 2 and 3.

4. Results

The results are listed in Table 2 and are presented graphically in
Figs. 2—7. For most objects more than one observed spectrum
has been fitted. Figures 2—7 display for each object the model fit
to one observation as an example. The upper panels in the fig-
ures show the fit over all free parameters, while the lower panels
show the fit with fixed effective temperature. The relatively low
signal-to-noise ratio of the observations limits the fit quality, in
particular when applying the first fitting method with more free
parameters. This is less severe for the case of Cha Ha 4, for
which the obtained spectra have a higher signal-to-noise ratio.
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Table 3. Physical parameters of BDs/VLMSs in Chamaeleon I derived from a comparison of synthetic GAIA-cond models and high-resolution
by Natta et al. (2004) using different line profile setups: (from left to right) effective temperature, surface gravity, lithium abundance and EW of
lithium. The given results are for (i) a fit to the full range of free model parameters: T.q, log(g), log(e), radial velocity and rotational velocity (first
row of each observation) and (ii) for a fit with fixed effective temperature as determined by Comerdn et al. (2000) (second row).

Object Te log(g) log(e) EWy Te log(g) log(e) EWy
X) (A) X) (A)
Setupl Setup?2
ChaHa2 3100 4.0 1.2 0.37 3000 55 1.5 0.43
2900 3.5 1.2 0.37 2900 3.5 1.3 0.38
ChaHa3 3100 4.0 1.3 0.38 3000 55 1.6 0.45
2800 3.5 1.3 0.38 2800 3.5 1.3 0.39
ChaHa5 3100 4.0 1.5 0.40 3000 5.5 1.7 0.48
3000 3.5 1.5 0.40 3000 55 1.7 0.48
ChaHa 6 3100 4.0 1.6 0.41 3000 55 1.7 0.48
2800 3.5 1.5 0.41 2900 3.5 1.5 0.41
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Fig. 2. High-resolution UVES spectrum of Cha Ha 2 covering the
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setups as described in Table 2. Upper panel: observation with free fit
(first row of each observation in Table 2) and lower panel: observation
with “effective temperature fixed fit” (second row of each observation
in Table 2).
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Fig. 3. The same as in Fig. 2 for the observation of Cha Ha 3.
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Fig. 4. The same as in Fig. 2 for the observation of Cha He 4.

In the following, we give details for the fits to the individual
observations.

Due to the relatively low signal-to-noise ratios in the obser-
vations of Cha Ha 2 and 3 (Fig. 3), we have added the two
spectra of each of the objects (labeled with “sum”). An im-
proved fitting with these spectra is possible. The fit results are
consistent with the two methods and hint towards the higher
lithium abundance. The description of Cha He 2 is mostly sat-
isfying, as depicted in Fig. 2. The blue and the red part of the
lithium absorption line, as well as the red wing, are nicely delin-
eated. However, there is a feature from approximately 6714.4 A
to 6716 A in the synthetic spectra that cannot be identified
through the observations. We assume that this feature is due to
the TiO bands in the synthetic spectra, which cover this wave-
length range. The red wing of the LiI line of Cha He 3 is de-
scribed fairly well by the setups, in contrast, the fitting of the
blue wing is unsatisfactory. This could be due to the very lim-
ited range of the observation at the shorter wavelengths.

The observations of Cha Ha 4 have the best signal-to-noise
ratio, therefore, a more detailed description is possible, as shown
in Fig. 4. Both setups provide a good representation of the ab-
sorption core. The fits of Setupl tend to show a feature at the
beginning of the red wing, at approximately 6709 A, contrary
to the observations. Note the existence of a similar feature in the
observation shown in Fig. 2, in which this feature is described by
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Fig. 6. The same as in Fig. 2 for the observation of Cha Ha 6.

the synthetic spectra. The lack of this feature appears to be char-
acteristic for Cha Ha 4. The feature at approximately 6710.7 A
is well described. The fits of Setup2 provide a better description
at 6709 A, but an unsufficient one at 6710.7 A, compared to the
fit with Setupl. From Table 2 it can be seen that both fits result
in an equal, or very similar, lithium abundance estimate for each
setup. In particular, the fits for the synthetic spectra of Setup2
give the same effective temperature and surface gravity, except
for one case, which is very close.

We consider in the following the effect of surface activity
on the measured lithium abundances. The fluctuations in the
derived lithium abundances (Table 2) for the different observa-
tions of Cha Ha 4 are well within the estimated error of 0.4 dex
in log(e). Studies of the variability of Cha Ha 4, based on ra-
dial velocity monitoring (Joergens 2006; partly the very same
spectra as evaluated here) and quasi-simultaneous photometric
monitoring (Joergens et al. 2003) on the time scale of its rota-
tional period (Joergens & Guenther 2001), indicate a very small
surface activity level for Cha He 4. The determined photomet-
ric peak-to-peak amplitudes in the Bessel R and Gunn i fil-
ters (AR < 0.03mag, Ai < 0.03mag) and the radial velocity
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Fig. 8. Relative change in the spectrum, when assuming a 500 K cooler
spot with a spatial coverage of 10% and 50% respectively.

peak-to-peak amplitude (ARV < 0.2kms™") allow us to estimate
that if caused by a spot or spots 500 K cooler than the surround-
ing atmosphere, these cover less than 1% of its surface. However,
for general interest, we consider here the influence of spots on
the lithium abundance measurements. The problem with spots
in G and K stars is that their contribution to the continuum is
very small, so that T.g essentially comes from the spot free re-
gion since the LiI line becomes stronger in cooler atmospheres.
Hence to a large part, the LiI absorption line would originate
from the cool spot. Thus, the atmospheric model that is used to
determine the abundance and EW of the LiI line would have a
wrong temperature. Such effects have been observed in very ac-
tive G and K stars, like EK Draconis (Konig et al. 2005). For ob-
jects of spectral type M or later this effect should not play a role,
because these objects are so cool that the LiI originates mainly
from the photosphere. In order to demonstrate this, we assume a
spot with an effective temperature which is 500 K cooler than a
given effective temperature of the object, which is assumed to be
3100 K. Furthermore, we assume that the spot coverage is 10%
of the object. Although this is quite a substantial spot for such
an object, the depth of the LiT line in the spectrum only changes
by approximately a seven-tenth of a percent (dashed-dotted line
in Fig. 8). Even when increasing the spot area to 50%, the rela-
tive change is just 2.4% (solid line in Fig. 8), so that the effect
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Cha Ha 5 (Natta et al. 2004)
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Fig. 9. The same as in Fig. 2 for the observation of Cha Ha 5 using the
spectra obtained by Natta et al. (2004).

of spots at the surface has a small effect on the spectrum of the
lithium lines. We thus conclude that even very large spots have
essentially no influence on the abundance in objects of spectral
type M.

In Figs. 5 and 7 the results of the fitting procedure are dis-
played for Cha He 5 and 8. With the fits of Setup1 and the “effec-
tive temperature fixed fits” for Setup2, a satisfactory fit quality
is reached. The free fit of Setup2 underestimates the flux espe-
cially towards the blue wing, but nevertheless gives a reasonable
description of the pseudo-continuum. For Cha Ha 6, all three
setups are in agreement and provide a sufficient description, see
Fig. 6.

When fitting the observations of Cha He 2, 3, 5 and 6
by Natta et al. (2004) similar results to the previous ones are
obtained. Their observations have the same resolution but a bet-
ter coverage of the LiI absorption line. The same fitting pro-
cedure was applied to these observations. In Table 3, the re-
sults are summarized. In Fig. 9, representing Cha Ha 5, the
results with the free fit and fixed effective temperature fit are
shown. The fits have been performed for both the wavelength
range that has been used before and additionally the one from
6700 A to 6717 A. The fit results are not wavelength range de-
pendent. For Cha Her 2, 3 and 5 good fits were possible, however
the LiI line core of Cha Ha 6 could be fitted only very poorly.
Nevertheless, the line wing and pseudo continuum can be de-
scribed satisfactorily, also for Cha Ha 6.

The effective temperatures for Cha Ha 4 and Cha Ha 5 (plus
Cha Ha 2 for Setup2 and Cha He 8 MJD = 51639.100 for
Setup2) derived from our model fits are consistent within the
error estimate of £100 K in both setups with the effective tem-
peratures from Comeron et al. (2000), as can be seen in Table 2.
For the other objects there is a greater deviation of an additional
100-200 K (we assume improvements after narrowing down the
free fit parameters in future work). When comparing the de-
rived effective temperatures in Table 2 with those of Luhman
(2004), the agreement is very good for all objects fitted with
every setup, since he provides slightly higher effective tempera-
tures. The values of the derived surface gravities depend strongly
on the used setup. The fit with Setup2 provides higher surface
gravities, often at the upper limit. When applying Setupl, the
free fit provides a surface gravity within its range, whereas the
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“effective temperature fixed fit” always results in the lowest sur-
face gravity value. Chabrier & Baraffe (2000) predict for sub-
stellar objects of ages between one Myr and 10 Myr a log(g)
around 3.5 and 4.0. Hence, these low values of log(g) also im-
ply the relatively young age of Chamaeleon I. Consequently, we
want to stress that no final statement about the surface grav-
ity can be made yet by fitting the LiT absorption line. Further
studies for obtaining the surface gravity are necessary and will
be performed in future work. Nevertheless, both fit possibili-
ties, the “effective temperature fixed fit” and the free fit, yield
very similar values of the lithium abundance, independent of the
effective temperature. When comparing the lithium abundance
results between the two setups there is just a small visible dis-
crepancy, which is consistent with the results within the esti-
mated errors (Sect. 3). The mean values of the derived lithium
abundances is 1.5 for Setupl and 1.6 for Setup2. However, our
tests show that the derived parameters provide a good descrip-
tion of the overall continuum of the observations, e.g., the con-
tinuum characteristic and the TiO bands. These bands are shown
in Figs. 10—13, representing Cha He 4, MJD = 51617.210, and
Cha Ha 6, MID =51 658.143. The fits have been normalized via
their medians in this wavelength range and do not show large
differences between the two fitting procedures. When compar-
ing the EWs derived by Joergens & Guenther (2001) with those
presented in Table 2, we find that they are mostly in agreement,
within their error range. For Cha Ha 2 only the values of the
first spectrum are in agreement. Generally our EWs of Cha Ha 3
and 6 are greater (or at the upper limit within the error bars of
Joergens & Guenther 2001). The values of Cha Ha 4, 5 and 8
are consistent with the ones of Joergens & Guenther (2001). The
reason for this slight discrepancy is due to the different methods
with which the EWs are obtained, see the discussion in Sect. 1
about the difficulties when trying to obtain the EWs.

The LiT line in the first data set is in the last order close to
the edge of our spectra range. Using a different setting, Natta
et al. (2004) have obtained spectra of Cha He 2, 3, 5 and 6 using
a setting in which the LiI line is in the middle of the spectrum.
We have analyzed both data sets and have basically found the
same low lithium abundances in both cases, see Tables 2 and 3
for details.

We compare the here derived lithium abundances for objects
close to the substellar border (M6-M7) with those of higher mass
Chamaeleon I members (Sz 19, Sz 6, Sz 24, Sz 3, Sz 5 and Sz 9)
determined by Magazzu et al. (1992). Magazzu et al. (1992)
classify them as classical T Tauri stars of spectral type G2, K2,
and MO. They are relatively young, below 0.3 to 1.3 Myr, which
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confirms the discussion regarding the young age of these cloud
members given in the introduction. Moreover, it is assumed that
there is no lithium depletion in the sample of the classical T Tauri
stars.

Magazzu and colleagues derive the lithium abundances
via curves of growth obtained from LTE- and non-
LTE—calculations and compare them to observed EWs after cor-
recting for veiling. For the six classical T Tauri stars mentioned
above they obtain a mean log(e) of 3.1 from LTE—calculations
and 3.4 from non-LTE—calculations, which are values much
closer to the meteorite lithium abundance.
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Classical T Tauri stars show a strong infrared-excess due to
the presence of an accretion disk. In addition to the infrared-
excess, classical T Tauri stars often have photospheric absorp-
tion lines, which have smaller EWs than main sequence stars of
similar spectral types. This is generally attributed to the pres-
ence of an additional continuum and perhaps an emission line
source, which is interpreted as the signature of the accretion
shock on the surface of the stars (see Hessman & Guenther 1997
for details). Since young BDs are also known to have accre-
tion disks (Natta et al. 2004; Mohanty et al. 2005), it is possible
that our spectra of the young BDs are effected by such a veiling
continuum. Jayawardhana et al. (2003) have in fact detected an
L-band excess for our Cha Ha objects and estimate a disk frac-
tion of 40—60% for objects in Chamaeleon. In addition, Persi
et al. (2000) have observed 108 stars and BDs in Chameleon
at 6.7 and 14.3 um, of which 82 sources show infrared-excess.
Although most of these objects are classical T Tauri stars, some
are BDs. The largest excess of a BD was found in Cha Ha?2.
It can thus be concluded that disks are also common amongst
the low-mass objects studied in this work. Hence the question
arises as to whether low-mass objects could also have a veiling
continuum, in analogy to the T Tauri stars. The veiling contin-
uum of T Tauri stars originates from an accretion shock on the
surface of the star, which forms because of a gap between the
disk and the star. One would expect that the temperature of
the shock in objects of lower mass would be correspondingly
lower. Whether objects of very low-mass have shocks of suffi-
ciently high temperature to veil the optical continuum is an open
question that can only be addressed observationally. White &
Basri (2003) studied three very low-mass objects of spectral type
M7 in Taurus, and conclude that while these objects do show
clear signs of disks and accretion, there is no detectable veiling
continuum. Using our spectra, we also investigated whether the
spectra are veiled or not by using the TiO -lines. If the spectra are
veiled, TiO -lines in the model would have to be stronger than the
observed ones. As shown in Figs. 10—13, this is not the case, as
we are able to fit the TiO -lines with the log(g) and T.g-values
listed in Table 2 without assuming the presence of a veiling con-
tinuum. We therefore conclude that the veiling continuum is not
very prominent in these objects.

An explanation for the discrepancies in the derived lithium
abundances between the BDs/VLMSs studied here at the sub-
stellar boundary and higher mass T Tauri stars studied by
Magazzu et al. (1992), could be an error in the estimate of age
and mass, not only because of the uncertainties in the evolu-
tionary track predictions below 10 Myr, but also because of un-
certainties in the measurement of the luminosity and effective
temperatures, which have been used in the comparison with the
evolutionary tracks, see Table 1. The critical question is whether
the observed large depletion of the lithium can be explained by
the objects being either older or more massive than assumed.
This is possible because the uncertainties in the determination
of the ages of these objects are in fact large (see Table 1). For
example, Comerdn et al. (1999) finds a mean age of roughly
0.5 Myr for our objects, whereas Comerdn et al. (2000) gives
ages between 2 and 5.5 Myr. However, these age estimates for
Cha Ha BD candidates and VLMSs are still in general agree-
ment with the young age of the Chal association, as indicated
by the presence of classical T Tauri stars. When using the effec-
tive temperatures and luminosities derived by Luhman (2004),
with the evolutionary tracks used by Comerdn et al. (2000), the
age and mass estimates again differ from the previous results. In
order to test this hypothesis, we determined the ages and masses
that the objects should have to show a lithium depletion like the
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one observed. According to Chabrier & Baraffe (2000), the min-
imum age for the lithium depletion is 10 Myr for an object of
0.1 M. At younger ages the core temperatures are too low for
the depletion of lithium. For objects of even lower masses, for
example 0.07 M, the age would have to be larger than 1077 yrs.
For objects of higher mass, the lithium depletion starts at an ear-
lier age. For example, at 0.3 M, the depletion sets in at 107 yrs.
Thus, if the objects studied here had such a high mass, the ob-
served lithium abundance would be explained. However, all evo-
lutionary track calculations (Burrows et al. 1997; D’ Antona &
Magzzitelli 1997; Baraffe et al. 1998) give much lower masses
for our objects. Although the ages of the objects are uncertain,
in none of the cases are the masses and ages sufficiently high to
explain the lithium depletion when using the evolutionary tracks
(Chabrier & Baraffe 2000), regardless of whether we use the
masses and ages from Comer6n et al. (1999), Comeron et al.
(2000), or Luhman (2004).

In summary, as possible explanations for the observed
lithium depletion we can rule out the presence of a veiling con-
tinuum, the effects of spots, and that the objects are more mas-
sive or much older than previously thought. We are therefore left
with two possible explanations: one is just a general lack of the
understanding of the details of the formation of the lithium line,
and the other is that the internal structure of the object differs
from the internal structure of the evolutionary tracks predicted.
This is possible because the objects are quite young and the evo-
lutionary tracks may not have fully forgotten the initial condi-
tions with which they were started. This could also be the case
for the classical T Tauri stars from Magazzu et al. (1992), which
could no longer be fully convective. As a result, they could have
already started the destruction of lithium without displaying any
evidence at the surface.

5. Conclusions

The lithium resonance lines in high-resolution spectroscopic ob-
servations of very young BDs and VLMSs in Chal are fairly
well described by the synthetic spectra calculated with the
GAIA-cond atmosphere model using different model setups. The
same is valid for the red pseudo-continua in the observations.
We present the first study of the lithium abundance of these
objects. The results of the lithium abundance obtained by the
observations of Natta et al. (2004) confirm those observed by
Joergens & Guenther (2001). The synthetic spectra lead to sim-
ilar results for the different line profile setups. However, there
are small differences in the derived lithium abundance, as ex-
pected. The lithium abundances using Setup2 are generally the
largest. In some cases, Setup1 provides a better description than
Setup2, although Setup2 includes the detailed physics. However,
next to the low resolution, the effective temperature range of our
observed objects is near the upper limit for which the effect of
pressure broadening described with van der Waals broadening is
observable. A stronger statement is expected in an analysis of
objects with later spectral type. Nevertheless, the results give a
consistent picture and are within the estimated errors. Note that
the EWs presented here are synthetic ones. The choice of contin-
uum has a large influence on their values. We have used pseudo
synthetic continua assuming total lithium depletion.

Despite the young age of the studied BDs and VLMSs in
Chamaeleon I and the assumption that lithium depletion has
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not yet started, the lithium abundances show an unexpected un-
derabundance compared to meteoritic lithium abundance. We
do not expect veiling to be an important effect for our objects.
Observations with a higher resolution in the optical wavelength
regime are important and needed for improved insight into the
physics, including, e.g., the description of the more abundant al-
kalis, such as sodium and potassium, and the presence of satel-
lites. Furthermore, a consistent set of observations of objects
with spectral type G to M in Chal is desirable for an improved
study with consistent model atmospheres and synthetic spectra.

More detailed theoretical models are necessary to evaluate if
lithium depletion has already started in these objects, although
this is a very difficult task.
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