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ABSTRACT

Lithium depletion and enrichment in the cosmos is not yet well understood. To help tighten
constraints on stellar and Galactic evolution models, we present the largest high-resolution
analysis of Li abundances A(Li) to date, with results for over 100 000 GALAH field stars span-
ning effective temperatures 5900K < T.g < 7000 K and metallicities —3 < [Fe/H] < +0.5.
We separated the remaining stars into two groups, on the warm and cool side of the so-called
Li-dip, a localised region of the Kiel diagram wherein lithium is severely depleted. We dis-
covered that stars in these two groups show similar trends in the A(Li)-[Fe/H] plane, but with
aroughly constant offset in A(Li) of 0.4 dex, the warm group having higher Li abundances. At
[Fe/H] = —-0.5, a significant increasing in Li abundance with increasing metallicity is evident
in both groups, signalling the onset of significant Galactic production. At lower metallicity,
stars in the cool group sit on the Spite plateau, showing a reduced lithium of around 0.4 dex
relative to the primordial value predicted from Big Bang nucleosynthesis (BBN). However,
stars in the warm group form an elevated plateau that is largely consistent with the BBN pre-
diction. This may indicate that these stars in fact preserve the primordial Li produced in the
early Universe.

Key words: stars: abundances — stars: atmospheres — stars: late-type — Galaxy: abun-
dances — cosmology: primordial nucleosynthesis — techniques: spectroscopic
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1 INTRODUCTION

Lithium is a fragile element that can be destroyed by proton cap-
ture reactions at relatively low temperatures (~2.5 x 10° K) in stel-
lar interiors (Pinsonneault 1997). Standard stellar evolution mod-
els suggest that the convective envelopes are weakly developed in
low-mass unevolved (main-sequence) stars with effective tempera-
tures () larger than 6000 K, thus precluding the surface Li from
reaching the interior to be destroyed (Deliyannis et al. 1990). As
such, the unevolved, metal-poor stars are expected to retain near-
primordial Li abundances, providing an opportunity to put con-
straints on Big Bang nucleosynthesis (BBN). However, a signif-
icant difference has been found between the Li abundance mea-
sured from very metal-poor stars in the Galaxy that fall on the so-
called “Spite plateau” at A(Li)' ~ 2.2 (Spite & Spite 1982), and the
prediction by standard BBN models A(Li) = 2.75 + 0.02 (Pitrou
et al. 2018). This is the well-known Cosmological Lithium Prob-
lem (Spite et al. 2012).

A striking feature called the “lithium dip” (Li-dip), was first
observed in (Population I) main-sequence stars in the Hyades open
cluster by Wallerstein et al. (1965), and later confirmed by Boes-
gaard & Tripicco (1986). Li abundances show a significant drop
in the temperature range 6400 — 6850 K. Within this narrow tem-
perature range, the depletion in A(Li) can reach a factor of 100
relative to stars out of this region. On the warm side of the Li-dip,
the Li abundances increase sharply with increasing effective tem-
perature. For T larger than ~ 6900 K, the Li abundances seem to
remain constant, compatible with the Galactic value (i.e., the mete-
oritic value; see Lodders et al. 2009). However, few abundance de-
terminations are available for stars in this T region, because the
primary abundance diagnostic, the Li1 670.8 nm resonance line,
is weaker in warmer stars; excessive line broadening due to typ-
ically fast stellar rotation further complicates spectroscopic analy-
ses. On the cool side of the Li-dip, the Li abundances increase grad-
ually with decreasing effective temperature until reaching a sort of
plateau, which extends from ~ 6400 to ~ 6000 K. Stars in this re-
gion are slightly depleted in lithium, however this depletion is uni-
form, and is not nearly as severe as in the Li-dip stars.

Since the first observations, the presence of the Li-dip has also
been found in many older star clusters, such as NGC 752 and M67
(Balachandran 1995), but not in the youngest open clusters (Boes-
gaard et al. 1988; Balachandran et al. 2011) — those with ages less
than about 100 Myr. This indicates that the large lithium depletions
that are now apparent in the Li-dip take place when the stars are on
the main-sequence, rather than being there from the star’s birth, or
occuring when the star was on the pre-main-sequence phase.

In order to meet observational constraints such as the compli-
cated Li abundance behaviour observed in the main-sequence stars,
several different non-standard stellar evolution models have been
proposed, which take into consideration atomic diffusion (Michaud
1986) and rotation-induced mixing (Zahn 1992). However, these
models cannot accurately account for the observed Li-dip. More
recent works successfully managed to describe the Li-dip in young
stellar cluster Hyades by also accounting for internal gravity waves
(Montalban & Schatzman 2000; Charbonnel & Talon 2005). Ac-
cording to their models, one can describe the Li-dip feature by char-
acterising the stars into three groups based on temperature (Char-
bonnel & Talon 2005): those warmer than the Li-dip, those within
the Li-dip, and those cooler. Stars in the warm group have the

L ALY = log 2—: + 12, where np; and ny are the the number densities of
lithium and hydrogen, respectively.

shallowest convective envelopes, making them nearly unaffected
by diffusion and rotation-induced mixing. Li-dip stars experience
rotational mixing as the convective envelope deepens, resulting in
severe Li destruction. But for stars in the cool group, even though
they have even deeper convective envelopes, internal gravity waves
become activated and efficiently extract angular momentum from
the interior; this counter-acts the rotational mixing, and limits the
amount of lithium destruction. For these reasons, stars on either
side of the Li-dip have mechanisms to prevent lithium destruction
to different extents. In particular, the warm stars may allow us to
probe the primordial Li abundance.

The Li-dip phenomenon has also been observed in unevolved
field stars (e.g. Randich et al. 1999; Chen et al. 2001; Lambert &
Reddy 2004; Ramirez et al. 2012; Bensby & Lind 2018; Aguilera-
Gomez et al. 2018). These earlier studies have typical sample sizes
of 200-2000 field stars in total, thus spanning only very limited
ranges in stellar properties and containing very few stars on the
warm side of the Li-dip. To study the lithium evolution comprehen-
sively, a large sample of stars with homogeneous measurements is
needed.

The aim of the present paper is to investigate the behaviour of
lithium among late-type field stars including main-sequence, turn-
off and early sub-giant phase. Using data from the Galactic Arche-
ology with HERMES (GALAH) survey (De Silva et al. 2015), we
present the largest sample of lithium abundances so far. The data
span benefit from a homogeneous determination of stellar parame-
ters and lithium abundances, and span a wide range of metallicities.
These two aspects of our study allow us to draw fresh insights into
the lithium puzzle.

2 OBSERVATIONS AND ANALYSIS

We observed over 650 000 FGK field stars in the solar neighbour-
hood as part of the GALAH (De Silva et al. 2015), K2-HERMES
(Sharma et al. 2019) and TESS-HERMES (Sharma et al. 2017)
spectroscopic surveys. The spectral resolving power of the surveys
R = A% ~ 28000 is sufficiently matched to the stellar absorp-
tion lines under study. To avoid stars with large convection-driven
lithium depletion, we mainly target the dwarf and sub-giant stars
with T.g ranging from 5900 to 7000 K covering a large range of
metallicity from [Fe/H] = +0.5 to [Fe/H] = —3.0, which includes
the Spite plateau at the metal-poor end. After excluding spectro-
scopically resolved binaries, and observations with fitting inaccu-
racies, low signal-to-noise ratio, strong emission lines or reduction
issues, we obtain a set of 62 945 stars with lithium detections and a
separate set of 59 117 stars with upper limits on the Li abundance.

The stellar parameters T, [Fe/H], projected rotational ve-
locities v sin ¢, and line-of-sight radial velocity were determined si-
multaneously in a homogeneous way by fitting observed neutral
and ionized lines of Sc, Ti, and Fe lines that are unblended and for
which reliable atomic data are available, as well as the T.g-sensitive
Ho and Hf lines, using the GALAH analysis pipeline (Buder et al.
2018). Surface gravities were constrained consistently and simul-
taneously by the fundamental relation between the absolute magni-
tude, mass and Tz (Buder et al. 2019). Stellar masses and ages
were estimated by a Bayesian implementation of isochrone fit-
ting (Lin et al. 2018). Having obtained the optimal stellar param-
eters, Li abundances were then derived using non-local thermody-
namic equilibrium spectral synthesis (Gao et al. 2018) for the Li1
670.8 nm resonance line. The non-LTE departure coefficients come
from the model described in (Lind et al. 2009).
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Figure 1. Loci of the sample stars with A(Li) upper limits and lithium detections in the 7.g-log ¢ panel, respectively. Left panel: Loci of stars with
lithium upper limits (62 945 stars). The colour bar represents density distribution of stars, with bright colours implying high density. The contours that are
overplotted, represent the density percentile of lithium upper limit stars. We define the approximate boundaries of the Li-dip region by using linear fits in the
left and right edges of the outermost contour. The boxes that are located inside the pink triangles are classified as the warm group and cool group of stars,
respectively. Stars that lie outside these three regions are removed from the comparison in Fig. 2. Right panel: Loci of stars with lithium detections (59 117

stars)

In this work, we consider lithium to be detected when the line
depression (i.e.,D = 1 — i—‘) is deeper than 1.50 of the flux error
within the line mask, and at least 3% below the normalised contin-
uum flux. In all other cases, the measurement is considered as an
upper limit. We estimate upper limits on the Li abundance based
on linear interpolation in four dimensions, using a large matrix that
connects line strength with Li abundance, effective temperature,
surface gravity, and rotational velocity.

3 RESULTS

Fig. 1 shows the locations of the sample stars with lithium detec-
tions and upper limits in the Kiel diagram, respectively. Comparing
the two panels, a clear gap is seen in the distribution of stars for
which lithium could be detected (Fig. 1b), whereas a significant
overdensity of stars for which only upper limits on the Li abun-
dance could be obtained is seen in the same region (Fig. 1a). Most
of the stars with upper limits are concentrated in this diagonal re-
gion between T ~ 6300 to 6600 K, with surface gravity (logg)
ranging from 3.8 to 4.3 dex. We interpret this as the Li-dip region:
these stars have experienced severe lithium depletion and are now
evolving towards to the sub-giant branch.

To characterise the Li-dip region in the Kiel diagram, we first
narrow down the log g range of our sample (3.7 —4.5 dex) to reduce
the the evolutionary effects on lithium due to post-main-sequence
stars. Our sample now consists of upper main-sequence stars, turn-
off stars and early sub-giants. Moreover, we remove all the stars
with Teg less than 6000 K, as those cooler stars undergo strong and
rapid lithium depletion, due to their larger convective envelopes
(e.g. Bensby & Lind 2018). The density contours are then over-
plotted on the distribution of A(Li) upper limits. We define the ap-
proximate boundaries of the Li-dip region by using linear fits in the
left and right edges of the outermost contour. We delineate the left
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and right boundaries of the Li-dip region as the warm group and
cool group of stars, respectively.

The left panel of Fig. 2 shows lithium trends as a function of
metallicity, for the warm and cool groups of stars. At low metal-
licity ([Fe/H] < —1dex), the stars in the cool group have ages in
excess of 11 Gyr and reveal the Spite Plateau, showing low and
near-constant Li abundances. In contrast, there are no old, metal-
poor warm stars in our sample: such stars have higher masses and
have evolved off the main-sequence after such a long period. Thus
the stars in the warm group only appear above [Fe/H] > —1.0. Up
to —1.0 < [Fe/H] 5 -0.5, the warm group shows a similar con-
stant lithium plateau, but elevated by almost three times that of the
cool group (0.4 dex). We measure A(Li)= 2.69 + 0.06. Remark-
ably, this plateau is largely consistent with the predictions of BBN
(A(Li) = 2.75+0.02). One interpretation of this, is that both Galac-
tic enrichment and stellar destruction have been insignificant in this
population of stars; in other words, that these stars in fact preserve
the primordial Li produced in the early Universe.

At higher metallicities [Fe/H] 2 —0.5, both the warm and cool
groups of stars show an increasing trend in A(Li). This is probably
caused by Galactic enrichment (Prantzos et al. 2017). It is inter-
ested to note that even in this metallicity regime, the difference in
the average Li abundances between the warm and cool groups is
still 0.4 dex, and remains so up to solar metallicity.

The right panel of Fig. 2 shows the corresponding location of
warm and cool group stars in the Kiel diagram with color-coded Li
abundances. There is a clear gradient in the Li abundances across
the Kiel diagram, delineating the Li-dip from the warm and cool
groups of stars. It shows that stars in the cool group are system-
atically more depleted in lithium than those in the warm group.
Since most of our stars are centered around the solar metallicity,
we overplotted the evolutionary tracks of different masses in solar
metallicity on the distribution of our targets. The theoretical mod-
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Figure 2. Lithium trends as a function of metallicity as observed for the warm and cool groups of stars. Left panel: Observational data of lithium from
the warm and cool groups as a function of [Fe/H]. Only detections are retained in each group and plotted as colour-coded density. Black squares and asterisks
represent the median Li abundances of the corresponding metallicity bins (indicated with black lines above the bottom axis) in the warm and cool groups of
stars, respectively. The error bars represent the uncertainties of the mean, most of them are too small to be shown. The residual of the mean Li abundances
between the two groups in the corresponding metallicity range is shown as an inset in the upper right corner. The mean values of stars in the most metal-poor
bin that stretches between —2.9 < [Fe/H] < —0.8 are instead marked with blue and red dashed lines for the warm and cool groups of stars respectively, and
marked as "Warm Plateau” and Cool Plateau”. The corresponding shaded areas represent the standard error of the mean. The primordial Li abundance from
the standard BBN Pitrou et al. (2018) is shown with a green dashed line. Right panel: All the stars with lithium detections and upper limits are colour-coded
by A(Li) in the Tg-log g panel. The corresponding location of the warm and cool groups of stars are shown in the blue and red boxes, respectively. The colour
gradient of Li abundance clearly shows the lithium differences between the three regions. Evolutionary tracks of different masses in the solar metallicity are

overplotted.

els support our speculation that we have captured the evolutionary
track of Li-dip stars in our observations.

At a given [Fe/H], there is a difference in mean age between
the warm group (young) and cool group (old), because of the sam-
ple selection method. The age difference is largest at low metallicity
(up to 7 Gyr) and steadily decreases to become insignificant at the
highest metallicities. The lower Li abundances of the cool group
should thus be interpreted as a combined effect of their lower effec-
tive temperatures and older ages, making depletion more efficient
and giving it longer time to act. The age difference may lead one to
speculate that Galactic chemical evolution has elevated the initial
Li abundances in the warm group compared to in the cool group.
However, our data suggests that such enrichment scales with in-
creasing metallicity and only becomes noticeable at [Fe/H] > —0.5.
Recent observations of Li abundance in the low metallicity gas
([Fe/H] ~ -0.5) of the Small Magellanic Cloud (Howk et al.
2012) and in warmer stars in the open cluster NGC 2243 (Frangois
et al. 2013) ([Fe/H] = —0.52; an estimated age of 4.3 Gyr) are in
good agreement with our A(Li) measurements in the warm group
of stars. Thus, our data are consistent with the metal-poor stars of
the warm group having primordial lithium abundances as predicted
by BBN, without obvious Galactic lithium enrichment.

4 CONCLUSIONS

To reduce the complex behaviour of lithium in the field stars, for the
first time we draw a comparison between the warm and cool groups
of stars, which are located on the warm and cool side of the Li-dip,
respectively. Here we find that Li abundances in the two groups
show a similar pattern as a function of [Fe/H], however, stars in
the cool group are more depleted in lithium than those in the warm

group by a factor of three. This difference is determined from more
than 100000 stars that have a wide range of stellar properties and
chemistry. The implications we can obtain from this result are as
follows.

e We find that at [Fe/H] < -0.5, the average Li abundance
of stars warmer than the Li-dip is consistent with the primordial
lithium abundance as predicted by BBN. Since Galactic produc-
tion of lithium has not yet broken the Spite plateau in this metal-
licity regime, we suggest that the atmospheres of the stars in the
warm group have indeed preserved the primordial lithium abun-
dance. This lends strong empirical support to the standard cosmo-
logical model of the early universe.

e We infer that, at a given metallicity, the three different regimes
(warm, Li-dip, cool) follow different lithium depletion mecha-
nisms. For the stars in the cool group, the depletion is not strongly
dependent of metallicity; instead it is primarily governed by a star’s
main-sequence temperature and age. How much lithium has been
depleted is a combination of temperature and stellar age, causing a
near-constant offset with respect to the warm group.

o We identify [Fe/H] ~ —0.5 as the turning point where the Li
abundances break the plateau and Galactic lithium production be-
comes significant. We see this in both the warm and the cool groups
of stars. Given that the Spite plateau stars (of the cool group) have
already experienced a large depletion of lithium and therefore do
not reflect the true primordial value, we recommend that modellers
apply the BBN-predicted Li abundance, instead of the Spite plateau
(Spite & Spite 1982) Li abundance, as the initial value in chemical
evolution models (Prantzos 2012; Prantzos et al. 2017).
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