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Abstract. Doppler shifts induced by convective motions in stellar atmospheres aftect the shape
of spectral absorption lines and create slightly asymmetric line profiles. It is important to take
this effect into account in modeling the subtle depression created by the SLi isotope which lies
on the red wing of the LiI 670.8 nm resonance doublet line, since convective motions in stellar
atmospheres can mimic a presence of °Li when intrinsically symmetric theoretical line profiles
are presumed for the analysis of the ’Li doublet (Cayrel et al.J2007). Based on CO5BOLD hydro-
dynamical model atmospheres, we compute 3D non-local thermodynamic equilibrium (NLTE)
corrections for the ®Li/’Li isotopic ratio by using a grid of 3D NLTE and 1D LTE synthetic
spectra. These corrections must be added to the results of the 1D LTE analysis to correct them
for the combined 3D non-LTE effects. As one would expect, the resulting corrections are al-
ways negative and they range between 0 and -5 %, depending on effective temperature, surface
gravity, and metallicity. For each metallicity we derive an analytic expression approximating
the 3D NLTE corrections as a function of effective temperature, surface gravity and projected
rotational velocity.
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1. Introduction

The lithium abundance and the °Li/"Li isotopic
ratio measured in stars can provide valuable in-
formation contributing to different problems in
stellar structure and stellar evolution, stellar ac-
tivity, and even cosmology. A reliable determi-
nation of the lithium content of stellar atmo-

spheres requires not only high resolution and
high signal-to-noise spectra, but also realistic
stellar atmosphere models allowing a good the-
oretical interpretation of both the strength and
the shape of Li lines.

Both stable lithium isotopes (°Li and 7Li)
are very fragile with respect to nuclear reac-
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tions and are destroyed in stellar interiors at
temperatures above ~ 2.5x10° K (~ 2.0x10° K
for °Li) (e.g., Pinsonneaulf [1997). Current
standard stellar evolution models predict an in-
tense destruction of SLi during the pre-main
sequence phase. It is then expected that, by
the time a solar-type star reaches the main se-
quence, its °Li has already been destroyed by
nuclear reactions at the base of the extended,
completely mixed convective envelope. Any
detection of this fragile isotope in an atmo-
sphere of a solar-type star would most probably
indicate an external pollution process, for ex-
ample by planetary matter accretion (Israclian
et al.l 2001)) or alternative sources like stellar
flares (Montes & Ramsey| [1998)). Therefore, it
is of great interest to measure the presence of
the ®Li isotope in solar-type stars and, in case
of a positive detection, to investigate its origin.

The use of one-dimensional (1D) model
atmospheres can lead to erroneous results in
terms of lithium isotopic ratios, due to the fact
that the missing convective line asymmetry
must be compensated by a non-real °Li abun-
dance to fit the observed line profile. The re-
sult is an overestimation of the °Li/’Li ratio
using 1D model atmospheres (e.g. [Steffen et
al.l 2012)). Instead, the use of detailed three-
dimensional (3D) hydrodynamical model at-
mospheres allows to obtain more reliable abun-
dances and isotopic ratios in particular, since
they are able to treat the convective motions
responsible of the line asymmetries in a much
more realistic way compared to standard 1D
model atmospheres. In addition to this, in the
case of lithium, the line formation can be
treated considering departures from LTE that
are known to be significant especially in metal-
poor stars (Cayrel et al.|[2007). On the other
hand, 3D NLTE calculations are computation-
ally demanding and not easily accessible to the
scientific community. For this reason, it is im-
portant to employ some simplified approaches
to account for both 3D and NLTE effects in
studying the lithium line region through spec-
tral synthesis.

In this work, we use a grid of synthetic
spectra computed from 3D hydrodynamical
CO5BOLD models and 1D hydrostatic LHD
model atmospheres for a range of stellar pa-

rameters for solar-type stars. The intention is
to provide a set of 3D NLTE corrections for the
6Li/7Li ratio that can be directly used to correct
the results of 1D LTE analyses.

2. Methods
2.1. Model atmospheres

In this study, we use a small grid of
CO5BOLD 3D hydrodynamical model atmo-
spheres (Freytag et al.[2002, 2012) taken from
the CIFIST 3D atmosphere grid (Ludwig et al.
2009). The models are computed for combina-
tions of three different effective temperatures
(Tegr), two different surface gravities (log g),
and four different metallicities ([Fe/H]). In to-
tal, the grid consists of 24 3D model atmo-
spheres (for details, see Table [I)). To each
CO5BOLD model in our grid, we associate a 1D
LHD model atmosphere (Caffau et al.|[2008))
having the same effective temperature, metal-
licity and surface gravity. The advantage of us-
ing these particular one-dimensional model at-
mospheres is that they employ the same opac-
ity tables and equation of state, allowing to
minimize possible intrinsic differences in our
differential analysis, other than 3D effects. The
final T.¢ of each CO5BOLD hydrodynamical
model is determined after a manual selection
of a number of representative snapshots (N
snaps. in Table[T) and differs slightly from the
nominal temperature value. For this reason, the
models in our grid do not have exactly the same
effective temperatures. The number of opac-
ity bins (N bins) for each model is given in
Table [Tl

2.2. Linelists

In the present work, we adopt three different
list of atomic and molecular lines for synthe-
sizing the Lil 670.8 nm region. The first line
list considers only the Li1 atomic lines taken
from|Kuruczl (1995); the original table of tran-
sitions was simplified to include six ®Li and
six 7Li components (hereafter, Linelist 1). The
second one was constructed by |Ghezzi et al.
(2009) and slightly modified by Delgado Mena
et_al. (2014) (hereafter, Linelist2) and the
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Table 1. CO5BOLD 3D hydrodynamical model atmospheres used in this work.

Model N Tew logg [Fe/H] Nsnap. N bins
[K]
1 5850 4.0 -1.0 20 6
2 5920 4.5 -1.0 8 6
3 6260 4.0 -1.0 20 6
4 6240 4.5 -1.0 20 6
5 6500 4.0 -1.0 20 6
6 6500 4.5 -1.0 19 6
7 5920 4.0 -0.5 20 6
8 5900 4.5 -0.5 20 6
9 6250 4.0 -0.5 20 6
10 6230 4.5 -0.5 20 6
11 6500 4.0 -0.5 20 6
12 6500 4.5 -0.5 20 6
13 5930 4.0 0.0 18 5
14 5870 4.5 0.0 19 5
15 6230 4.0 0.0 20 5
16 6230 4.5 0.0 20 5
17 6490 4.0 0.0 20 5
18 6500 4.5 0.0 20 5
19 5870 4.0 0.5 20 5
20 5900 4.5 0.5 20 5
21 6190 4.0 0.5 20 5
22 6350 4.5 0.5 20 5
23 6500 4.0 0.5 20 5
24 6500 4.5 0.5 20 5

third one has been taken from [Meléndez et
all (2012) (hereafter, Linelist 3). In the case
of Linelist2 and 3, we have replaced the Lit
hyper-fine structure by the same data as given
in Linelist 1. All the figures shown in this work
are based on the analysis using Linelist 2.

2.3. Spectral synthesis

A grid of lithium synthetic spectra has been
computed for each 1D LHD and 3D CO5BOLD
model atmosphere of our grid using the spec-
trum synthesis code Linfor3D (Steffen et al.
2015)). In the 3D case, the Lil 670.8 nm line
profiles were computed taking into account
NLTE departure coefficients for each of the
three assumed Li abundances (A(Li)=1.5, 2.0,
2.5) and the three different °Li/’Li isotopic ra-
tios (0%, 5%, 10%). For the NLTE spectral line

formation we adopted a 17-level lithium model
atom, including 34 bound-bound transitions.
This model was initially developed by |Cayrel
et all (2007) and afterwards further updated
and used by several authors (e.g., [Sbordone et
al.l 2010} Steffen et al. 2012l Klevas et al.
2016, Mott et al.| 2017, submitted).

In the 1D case, we computed a series of
LTE synthetic line profiles assuming nine Li
abundance values (from 1.00 to 3.00 dex with
a step of 0.25dex), six different °Li/’Li iso-
topic ratios (from 0% to 10% with a step of
2%), and three different values of the microtur-
bulent velocity (Vicro) according to the ana-
lytic expression of [Dutra-Ferreira et al.| (2016))
and + 0.5kms™!. Finally, to test the depen-
dence of our results on the line list used in
the spectral synthesis, we replicated the com-
putation of the full grids of 3D NLTE and 1D
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3D NLTE T, = 6500 K, log g = 4.0, [Fe/H] = 0.0, A(Li) = 2.0, °Li/"Li = 5 %
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Fig. 1. The best fitting 1D LTE spectrum (red line) superimposed on the 3D NLTE spectrum (black dotted
line) representing the ‘observation’, computed assuming [Fe/H]=0, A(Li)=2.0 and ®Li/’Li=5%. In panel
(a) we adopted the model atmosphere with T.z=6500 K, log g=4.0, whereas in panel (), T.g=5900 K and
log g=4.5. The residuals (red dashed line) are amplified by a factor 10 and their zero-line is given as a
dashed black line. The synthetic spectra are computed adopting Linelist 2 and the free fitting parameters are

highlighted in red.

LTE line profiles using the sample of three dif-
ferent line lists mentioned above. All the syn-
thetic spectra cover the wavelength range be-
tween 670.672 nm and 670.888 nm.

2.4. Fitting procedure and 3D NLTE
corrections

For each value of A(Li) and °Li/’Li of the 3D
NLTE grid, we derived the corresponding 1D

LTE lithium abundance and °Li/’Li isotopic
ratio by fitting each 3D NLTE spectrum with
the grid of pre-computed 1D LTE line pro-
files. This is done through interpolation on the
1D LTE grid by using a least-squares fitting
method MPFIT (Markwardt| 2009)).

Five free parameters are varied to achieve
the best fit (y> minimization): A(Li), °Li/’Li,
the continuum level (clevel), a global wave-
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3D NLTE [Fe/H]=0.0, A(Li)=2.0, °Li/’Li=5 %
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Fig. 2. SLi/’Li 3D NLTE corrections versus T for the 3D NLTE spectra computed assuming [Fe/H]=0,
A(Li)=2, °Li/’Li=5% and Linelist2. The blue circles and the red triangles correspond to log g=4 and
log g=4.5, respectively. The computed 3D NLTE corrections for different v sin i values are connected with

lines of different styles.

length shift (Av), and the FWHM of the
Gaussian line broadening. In the 1D case,
the Gaussian broadening accounts also for the
macroturbulence parameter (Viacro)-

To investigate the possible dependence of
our results on the rotational broadening, we ap-
plied an identical rotational broadening to the
3D and 1D spectra, ranging from vsini = 0 to
6 kms~! with a step of 2km s~!. For the lithium
isotopic ratio we define the 3D NLTE correc-
tion (AﬁLi/7Li3DNLTE_1DLTE) as the difference
between the °Li/’Li value assumed in the 3D
NLTE synthesis and the °Li/’Li value obtained
from the best 1D LTE fit to the 3D NLTE spec-
trum.

In Fig.Th, we show the best fit to
the 3D NLTE spectrum with parame-
ters T.g=6500K, logg=4.0, [Fe/H]=0.0,
A(Li)=2.0 and °Li/’Li=5%. As one can see,
the °Li/Li isotopic ratio obtained in 1D LTE
from the best fit overestimates the 3D NLTE
°Li/’Li by ~ 4.2%. In Fig.[lb we show the
best fit to the 3D NLTE spectrum with pa-
rameters T.g=5900K, log g=4.5, [Fe/H]=0.0,

A(Li)=2.0 and °Li/’Li=5%. In this case, the
®Li/’Li isotopic ratio 3D NLTE correction is
relatively small (~ 0.7%). Fig.2l shows the 3D
NLTE corrections for [Fe/H]=0, A(Li)=2 and
SLi/"Li=5%.

2.5. Analytical expression

To be able to compute the 3D NLTE °Li/’Li
isotopic ratio correction as a function of Teg,
log g and vsini of any target star, we derived
an analytical expression, separately for each
of the four metallicities. For a given [Fe/H],
the formula consists of 18 numerical coeffi-
cients. As an example, we present as equation
(Eq. 1) the expression we obtained for the case
[Fe/H]=0:

A°Li/" LispNite-1pLTE = Z cipx'y’Z, (1)
ik

where  x=(Teq-Ti)/T.;,  y=logg-logg”,

z=vsini/kms™', i=0..2, j=0..1, k=0.2. We

have chosen T7;=5900K and log ¢*=4.0. The
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Fig. 3. Contours of °Li/’Li 3D NLTE correction (A®Li/” Lispnire-iprre) in the T — logg plane for
[Fe/H]=0, vsini=2kms~! and A(Li)=2, according to the analytical expression described in Section 2.5.

numerical coefficients c¢;; for [Fe/H]=0 are
given in Table 2

Table 2. Numerical coefficients in Eq. (1) for
metallicity [Fe/H]=0 and Linelist 2.

Coeff. Value | Coeftf. Value
Co00 -1.880 Cl11 -0.632
€010 1.919 C102 0.424
Coo1 0.004 Cl12 -0.035
Co11 0.133 C200 -25.954
Co02 0.024 C210 -110.507
Co12 -0.046 | c01 3.062
C100 -22.712 211 2.171
C110 19.113 Co2 -0.637
C101 -0.630 12 -3.469

To visualize straightforwardly the result-
ing 3D NLTE corrections generated with this
tool, a contour plot of A®Li/” Lizpnrte-1prTE in
the Ter — log g plane is presented in Fig.[3 for
[Fe/H]=0 and vsini=2km s~ (A(Li)=2.0).

3. Results and discussion

We have computed °Li/’Li 3D NLTE correc-
tions for a grid of 3D NLTE spectra synthe-
sized for combinations of four different [Fe/H],
three different T, two log g, three A(Li), three
®Li/’Li and three different microturbulence pa-
rameters Vo (see Sect.2). Four different
vsini values of rotational broadening were ap-
plied to the spectra. All the corrections have
been computed for Linelist 1, 2, and 3. In total
there are 2592 °Li/’Li 3Dy g corrections for
each list of atomic and molecular blend lines.

The °Li/’Li 3D NLTE corrections show
a systematic dependence on the [Fe/H], Teg,
logg and vsini. For given [Fe/H], they be-
come larger with higher T, lower log g, and
lower vsini. The corrections are very sim-
ilar for different °Li/’Li and A(Li) values
of 3D NLTE spectra and for different Viicro
values adopted for 1D synthesis. We take
SLi/"Li=5%, A(Li)=2 and the central value of
Viicro a8 representative values.

The 3D NLTE correction of °Li/’Li turned
out to be very similar and almost independent
of the list of the atomic and molecular data
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used for spectral synthesis, which strengthens
the reliability of our results.

For each metallicity, we have derived an
analytical expression which allows to compute
the °Li/’Li 3D NLTE correction as a function
of Te, log g and v sin i (see Section 2.3).

4. Conclusions

The °Li/’Li isotopic ratios derived by fitting
each 3D NLTE spectrum with the grid of 1D
LTE line profiles are found to be always larger
than the 3D NLTE values, differences rang-
ing between 0 and 5%. This implies that a
ID LTE spectral analysis leads to an overes-
timation of the ®Li/’Li iostopic ratio by up to
5% in solar-type stars having stellar parame-
ters within our grid. On the other hand, the 3D
non-LTE corrections for the lithium abundance
A(Li) are found to range between -0.01 and
0.12 dex (Harutyunyan et al., in prep.). Our an-
alytical expressions for the 3D NLTE correc-
tions of A(Li) and the °Li/’Li ratio for solar-
type stars allow to account for 3D NLTE effects
without the need of a direct access to these
3D NLTE computations. This is particularly
important when a large sample of stars needs
to be analyzed in terms of lithium abundance
and isotopic ratio, since 3D NLTE analysis
for even a single target is computationally de-
manding and time-consuming. The analysis of
the observed spectra can be carried out at first
by using standard 1D LTE spectrum synthe-
sis. Afterwards, the 1D results can be corrected
for 3D non-LTE effects by applying the 3D
NLTE corrections computed for the desired set
of stellar parameters by means of the expres-
sions presented in this work and in a more de-
tailed forthcoming publication. This approach
has the great advantage of directly using the re-
sults of complicated NLTE line profile synthe-
sis with 3-dimensional model atmospheres, by-
passing the actual synthesis process that would
take much more time and computational re-
sources.

The final purpose of this work is to analyze
high resolution and high signal-to-noise spec-
tra of a large sample of solar-type stars with
and without giant planets. In case of any pos-

itive detection of the fragile °Li isotope in the
atmosphere of our target stars, we aim to inves-

tigate its possible source (e.g., planetary mate-
rial accretion, stellar flares) by looking for cor-
relations between the derived lithium content
and the presence of a planetary system and/or
the level of stellar activity.
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