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ABSTRACT

Aims. The line of sight toward Sk 143 (AzV 456), an 09.5 Ib star in the Small Magellanic Cloud (SMC), shows significant absorption
from neutral atoms and molecules. We report a new study of this line of sight by means of high-resolution spectra obtained with the
ESPRESSO spectrograph at the VLT of ESO.

Methods. The absorption from neutral and ionized species is well characterized by a single component at vy ~ +132km s~ that was
modeled with the ASTROCOOK code.

Results. The rubidium Rb 1 780.0 nm line is detected for the first time outside the Galaxy, and we derive [Rb/H] =—1.86 = 0.09. As a
result of the high resolution, the 8Rb and ¥’Rb isotope lines are also exceptionally well resolved. The 3*Rb/*’Rb isotope ratio is 0.46,
which is opposite of the meteoritic value of 2.43. This implies that Rb is made through a dominant contribution of the r-process, which
is dominant for the 8’Rb isotope. We also confirm the presence of ’LiI 670.7 nm and set a limit on the isotopic ratio of °Li/’Li < 0.1.
Conclusions. The dominance of the ¥’Rb isotope implies that Rb is made through a dominant contribution of the r-process. At the
low metallicity of the cloud of [Zn/H] = —1.28 + 0.09, neutron rich material may have occurred in rotating metal-poor massive stars.
Moreover, the low metallicity of the cloud leads to an absolute Li abundance of A(’Li) ~ 2.2, which differs from the expectation from
big bang nucleosynthesis. Because the gas-phase abundance is not affected by stellar depletion, the burning of Li inside the halo stars

is probably not the solution for the cosmological "Li problem.

Key words. stars: abundances — ISM: abundances — galaxies: abundances — Magellanic Clouds — primordial nucleosynthesis

1. Introduction

The formation and evolutionary history of galaxies can be recon-
structed by using the information contained in the elemental
abundances observed in stars and in the interstellar medium.
In this context, isotope ratios are particularly useful because
they are produced by different processes in different sources
that provide physical information on the role of asymtotic giant
branch stars (AGB), novae, and supernovae (Kobayashi et al.
2011). However, the determination of isotopic ratios from quasar
spectra requires data with very high quality, and isotopic deter-
minations are only available for a small number of elements
and are confined to the Milky Way. On the extragalactic scale,
some information has been obtained for the 2C/!3C ratio
(Levshakov et al. 2006; Muller et al. 2006; Carswell et al. 2011;
Welsh et al. 2020). We conduct a first extragalactic study of the
85Rb/¥Rb and °Li/’Li isotopic ratios along the line of sight
toward Sk 143 by means of high-resolution spectra acquired with
the Echelle SPectrograph for Rocky Exoplanets and Stable Spec-
troscopic Observations, ESPRESSO, installed at the incoherent
combined Coudé facility of the Very Large Telescope of Euro-
pean Southern Observatory (ESO).

Sk 143 (AzV 456) is an 09.5 Ib star in the Small Magel-
lanic Cloud (SMC). The line of sight toward the star is unique
in many respects. It shows significant absorption from neu-

* Corresponding author; paolo.molaro@inaf.it

tral atoms and molecules at SMC velocities (Cox et al. 2007,
Welty et al. 2006; Cartledge et al. 2005), together with a rather
strong reddening of E(B — V) = 0.36 or 0.33 (Welty et al. 2012;
Jenkins & Wallerstein 2017). It also shows a peculiar Galaxy-
type extinction curve that differs from those of other SMC stars.
It shows also a rich set of molecules such as C,, C;, CN, and
CH, which reveal the presence of a molecular cloud (Welty et al.
2013)

Remarkably, "LiT 670.7 nm absorption was detected, along
with the possible presence of °Li (Howk et al. 2012). The only
other extragalactic detection of Li I was claimed in the spectra
of SN2014 in M&2, but because this is a transient, it cannot be
exploited further for the isotopic ratio (Ritchey et al. 2015).

Rubidium (Rb, Z = 37) is a trace element with a Solar
System abundance of Rb/H=2.8 + 0.2 x 107'? as derived from
meteorites (Lodders 2021). Earlier interstellar measurements in
the Galaxy yielded upper limits (Federman et al. 1985), and the
first interstellar detection was made based on observations of
two heavily reddened Galactic stars in Cygnus (Gredel et al.
2001). In stellar spectra, the resonance lines of Rb I at 780.0 and
794.7 nm are blended with atomic and/or molecular lines. Rubid-
ium abundances were reported for several stars. They showed
that [Rb/Fe] decreases with increasing metallicity, which is con-
sistent with the prediction of chemical evolution models (Takeda
2021; Caffau et al. 2021).

The production of Rb involves neutron capture in both s-
and r-processes (Kéappeler et al. 2011). The s-process occurs
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Table 1. Journal of the observations.

MJD@ ey ESPRESSOMODE S/N
+50 000 (s)

59190.141431 3117 HR21 56
59191.051152 3117 HR21 69
59191.091505 3117 HR21 59
59191.130742 3117 HR21 58
59191.170031 3117 HR21 61
59192.038096 3117 HR21 65
59192.146806 3117 HR21 39
59194.143836 3117 HR21 49
59432290725 3144 HR42 43
59432.328387 3144 HR42 37
59433.189225 3144 HR42 77
59433226818 3144 HR42 73
59434299063 3144 HR42 48
59434.336597 3144 HR42 56
59439291095 3144 HR42 83
59458.221365 3144 HR42 80
59458.261838 2803 HR42 74
59459.276971 3144 HR42 83
59459.317279 3144 HR42 71
59461.160615 3144 HR42 80
59461.198415 3144 HR42 84
59462.109314 3144 HR42 80
59462.148499 3144 HR42 85
59462.202688 3144 HR42 95
59462.241639 3144 HR42 98
59462.280351 3144 HR42 94
59462.333779 3144 HR42 87

Notes. @The time is the modified Julian date at the start of the observa-
tion. The signal-to-noise ratio is an average over all spectrum.

through the main process in the He-shell of low-mass AGB
stars and through the weak process in the He- and C-
burning layers of massive stars (Shejeelammal & Goswami
2020). Garcia-Herndndez et al. (2006, 2009) found high Rb
abundances in intermediate-mass AGB stars in the Galaxy and
in the Magellanic Clouds. This qualitatively agrees with theo-
retical models, which predict that intermediate-mass AGB stars
synthesize substantial amounts of Rb (van Raai et al. 2012).

7Li1 and possibly also °Li have been detected toward Sk 143
(Howk et al. 2012). Sk 143 is relatively bright, and we made
follow-up observations with the aim to significantly reduce the
statistical uncertainties in the isotopic determination. Measure-
ments of 'LiT and ®Li in subsolar metallicity environments are
quite important to reconstruct their chemical evolutionary curve.
7Li1 will help us to understand the cosmological Li problem,
while a significant abundance of °Li could come from a + a
fusion by Galactic or pre-Galactic cosmic rays or even from the
effects of non-Standard Model particles in the early Universe
(Pospelov & Pradler 2010).

2. Observations

Observations of Sk 143 were taken with ESPRESSO, the Echelle
SPectrograph for Rocky Exoplanets and Stable Spectroscopic
Observations, at the ESO Very Large Telescope. ESPRESSO
has two fibres, one fibre for the target and the other for the
sky, with a diameter of 140 um that corresponds to a 1”70 aper-
ture in the sky (Pepe et al. 2021). Twenty-seven observations
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were performed in service mode with an individual exposure
time of about 3150 s. The individual observations are reported
in Table 1. The initial mode was 2 X 1 and subsequently 4 X 2
when this became available. In the latter mode, the binning of the
CCD was 4 x 2 pixels, that is, 4 pixels binned in the spatial direc-
tion and 2 pixels in the spectral direction, read in slow-readout
mode. The corresponding resolution was R = 1/64 ~ 140000
for both binnings.

The ESPRESSO Data Reduction Software (DRS), version
3.0, was used for the data reduction. It includes bias and flat-
fielding correction, wavelength calibration, and sky subtraction.
The wavelength calibration combines a ThAr lamp with a Fabry-
Pérot etalon. The sky subtraction used the sky spectrum observed
by the second fiber of the instrument. The observations were
processed with the ASTROCOOK package Cupani et al. (2020,
2024) to create a single one-dimensional spectrum. ASTROCOOK
adopts a drizzling-like technique to combine several exposures
without rebinning them individually; the different exposures
were equalized to obviate possible discrepancies in the collected
flux, and the errors from the DRS were propagated.

We also used archival STIS observations acquired under pro-
gram 9383 (PI: K. Gordon), which were reported previously
(Sofia et al. 2006). The STIS observations were taken with the
E140H and E230H gratings using the 0.20” x 0.09” apertures
with a resolution of R ~ 114 000.

3. The Sk 143 line of sight

The high-velocity gas in absorption toward Sk 143 shows a
heliocentric velocity of 132 as the systemic velocity of the SMC.
The hydrogen column density for the SMC component was
derived from the Ly« absorption using Hubble Space Telescope
(HST)/STIS E140H observations, which provided logN(H 1) =
21.07 + 0.05 (Howk et al. 2012). The H, column was derived
from FUSE data and provided a total hydrogen column along this
sight line of log N(H) = log[N(HI) + 2N(H,)] = 21.46 + 0.04
(Cartledge et al. 2005). The gas has a high molecular fraction,
with f(Hy) = 2N(H,)/N(H) = 0.6. The vy = 132kms™!
absorption component is also visible in 21 cm emission, but the
21 cm profile contains a significant amount of gas behind the star
with far higher velocities. The SMC is a disrupted galaxy with
at least two major bodies: the SMC-Remnant, showing a charac-
teristic velocity of ~115km s~!: and the Mini-SMC with veloc-
ities of ~195kms~! (Mathewson et al. 1986). However, there
are at least two other substructures, one at a radial velocity of
~+134 + 9kms~!, as the velocity of the gas seen in front of
Sk 143 (see Molaro & Monai 1990 and references therein). This
gas belongs to a substructure in between the SMC Remnant,
which is in the southeast and not visible in the northwest at the
position of Sk 143, and the Mini-Small Magellanic Cloud, which
lies behind the star. The 21 cm emission at much higher veloci-
ties behind Sk 143 can be associated with the Mini-SMC.

The main absorption features toward Sk 143 at vy =
+132kms™! are displayed in Fig. 1, together with the model
for the interstellar absorption and the residuals. The absorp-
tion lines were modeled using ASTROCOOK (Cupani et al. 2020,
2024). The emission continuum was fit locally in the neighbor-
hood of each absorption feature. A kappa-sigma clipping algo-
rithm was used to iteratively reject the absorbed spectral bins. A
Gaussian kernel was applied to the remaining bins to reconstruct
the unabsorbed flux level. The results were visually inspected
and manually corrected in a few cases by different observers
to obtain the final reference continuum. Each Voigt profile was
computed using the ionic mass and oscillator strength of the
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Fig. 1. Absorption lines for a representative set of elements toward Sk 143 . The radial velocity correction reported in Table A.1 was applied to the
transitions. The data for the lines falling in the optical range were taken from our ESPRESSO observations, and those in the ultraviolet were taken
from HST-STIS, the Space Telescope Imaging Spectrograph, acquired under program 9383 (PI: K. Gordon) and reported in Sofia et al. (2006).
The blue lines show the continuum, the green line shows the model that provides the best fit to the line absorption, and the red line shows the

residuals.

relevant species, and it was optimized for redshift z and logarith-
mic column density log N, while the Doppler-broadening param-
eter b was kept constant. The instrumental profile was assumed
to be Gaussian. For STIS, we took the nominal STIS resolu-
tion from the STIS instrument handbook, namely the resolving
power of two pixels, which is equivalent to R = 114 000. For
ESPRESSO, the resolving power of the SingleHR 4 X 2 mode
was R = 130000 as measured from the thorium and Fabry-Perot
calibration frames (Pepe et al. 2021).

The absorption from neutral or single-ionised species is well
characterized by a single component. The velocity dispersion is
the same for heavy or light elements, and therefore, it is dom-
inated by nonthermal motions. We verified that species with
large differences in mass could be fit with the same choice of b,
showing that the broadening was dominated by turbulence. We
obtained the better fit with b = 1.6kms~! for STI, ZnTI, Mg,
and NaT, while weaker lines were better fit with » = 1.0kms™"
(which confirms the choice of Howk et al. 2012).

A second component in the Nal lines that is redshifted
by about +7kms~! with respect to the main component was
detected. This second component was also clearly visible in the
high-resolution STIS spectra shown in Howk et al. (2012). The
column density of this redshifted component is much lower than
that of the main component at 132kms~! and is not visible in
the other trace elements.

In Fig. 1 we show the main absorption features toward
Sk 143 in the SMC. The results are provided in Table A.1. The
values obtained from Howk et al. (2012) are also reported in
Table A.1, and for the elements in common, they agree remark-
ably well. A more exhaustive list of elements can be found in
Howk et al. (2012) and Welty et al. (2016).

Zinc is especially interesting because it is a volatile element
and does not condense appreciably on interstellar dust grains,
but it closely tracks Fe in Galactic stars. For Zn, we adopted
the revised oscillator strength by Kisielius et al. (2015). With
the new values, the Zn metallicities are lower by about 0.1 dex
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are indicated, and the green line shows the model.

than the determinations based on Morton (2003). Since the STIS
E230H spectrum is rather noisy, we kept the broadening value
fixed at b = 1.6kms~!, as derived from all the strong lines,
and obtained [Zn/H] = —1.28 + 0.09, which agrees well with the
value of [Zn/H]=—-1.42 + 0.33 derived by Tchernyshyov et al.
(2015) by means of HST Cosmic Origin Spectrograph obser-
vations, and it is slightly below the [Zn/H]=-0.94 + 0.09 by
Jenkins & Wallerstein (2017). This shows that the cloud has a
low metallicity. Mucciarelli et al. (2023a) studied hundreds of
stars in the SMC by grouping them according to their radial
velocities and metallicities. Interestingly, 37 giants form a sub-
structure called FLD-121, which is centered at RA 00:26 and
Dec —71:32. This is not far from the position of Sk 143 (RA
01:10 and Dec —72:22). The RV distribution of this stellar struc-
ture peaks at RV =~ +125km s~!, and the metallicity distribu-
tion ranges from —0.8 dex to —2.2 dex; 20% of the stars are more
metal poor than —1.5dex. FLD-121 is quite different from the
other structures, which show metallicities about [Fe/H] ~ —1
and likely formed in the first 1-2 Gyr of the life of the SMC
Mucciarelli et al. (2023a). Giants are a potentially different pop-
ulation and are on a different timescale than the gas would probe,
but the oxygen abundance in the supergiant Sk 143 was derived
by Evans et al. (2004), who found [O/H] < —0.76, which is also
consistent with the metallicity of the interstellar cloud derived
above, considering that some enhancement in the o elements
is expected compared to the iron-peak elements. Thus, it is
very likely that the gas seen toward Sk 143 at the heliocentric
velocity of ~132kms™! is associated with the metal-poor stellar
substructure FLD-121 of the SMC studied by Mucciarelli et al.
(2023a).

3.1. Rubidium and ® Rb/ " Rb isotope ratio in the interstellar
medium of the Small Magellanic Cloud

The analysis of the Solar System abundances in meteorites pro-
vides estimates of the fractional abundances of the isotopes > Rb
and 3Rb and of the main formation processes. The Solar System
85Rb is composed of about 35% s- and 65% of r-process. The
weak s-process makes up about 30 % of the s-process contri-
bution (Federman et al. 2004). For Solar System 87RbD, the frac-
tions are inverted: about 70% is composed of s- and about 30%
of r-process. For this isotope, only a minor contribution comes
from the weak s-process. Rb is a neutron densitometer because
of its role as a branch in the s-process path (Lambert et al.
1995). Low neutron densities favor 3Rb through the sequence
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84Kr(n, y)»Kr(B)®Rb, while high neutron densities favor 8’Rb
through the sequence ¥ Kr(n, )3 Kr(n, y)¥Kr(n, )3 Kr(8)*’Rb.
As a result of the different relative contributions of the s- and r-
processes to the two isotopes, a measurement of the Rb isotope
ratio is a clue to the history of heavy-element nucleosynthesis.

The Rb 1 spectrum for the interstellar gas toward Sk 143
is displayed in Fig. 2. The appearance of three components
arises from the 62 mA hyperfine splitting in 85Rb combined with
the hyperfine component in 3’Rb. The Rb I lines were fit to
extract column densities for the isotopes ®Rb and ®’Rb. The
relevant atomic data we used for input (Morton 1991, 2000)
and the resulting column densities (N) are given in Table A.1.
The N(Rb 1) column density is =9.96 + 0.08. With log N(H) =
21.46+0.04, its abundance becomes [Rb/H] = —1.86 + 0.09 with-
out a correction for ionization. Insights into the absolute Rb
abundance can be obtained through a comparison with potas-
sium. The K T abundance is obtained from the K 1 404.414 nm
shown in Fig. 1. We derived a logarithmic N(K I) column density
of 12.57+0.1, which agrees well with the 12.61+0.0.2 derived by
Howk et al. (2012), but the error is slightly larger, and with the
12.65 £ 0.1 derived by Welty et al. (2016). Rb 1 and K 1 are trace
interstellar species, and corrections for ionization are required to
estimate the elemental abundances. The ionization potentials for
Rb 1 and K 1 are similar, 4.18 and 4.34 eV, respectively, and the
depletion factors can be assumed to be similar for alkali metals
(Welty & Hobbs 2001; Knauth et al. 2003). The A,(Rb)/A,(K)
ratio is given by

Ay(Rb) _ N(RbY) Gro1 ok
AyK)  NKD Gk arp:i’

ey

where G(X) are the photoionization rates and a(X) are
the rate coefficients for radiative recombination. Following
Federman et al. (2004), the photoionization rates for Rb I and
K I are 3.42 x 1072 and 8.67 x 10712571, respectively, and
Grb1/Gx 1 = 0.3944. The radiative recombination coefficients
of Rb and K are about the same, and therefore, the ratio
ak/arpr 18 ~1. Thus, from a measured N(Rb 1)/N(K1I) = 1.1 =
0.3 x 1073 toward Sk 143, we obtain a relative abundance of
Ay(Rb)/A,(K) = 0.4+x1073. This is lower than the solar value of
2.1 +0.2x 1073, or equivalently, [Rb/K] = —0.7 (Lodders 2021).
It is also lower than that of the interstellar gas toward p Oph A
of (1.3+0.3)x 1073 and in the two components toward Cyg OB2
of 1.4 x 1073 and 1.2 x 1073 (Federman et al. 2004). Because K
traces Fe quite well, this result suggests an intrinsic deficiency
of Rb in the cloud in front of Sk 143 in general.

Rubidium has seldom been investigated in stars because it
requires access to the near-infrared, and the spectral range is
contaminated by telluric absorption lines that may or may not be
blended with the stellar lines, depending on the observed radial
velocities of the stars. Rubidium abundances were reported
for 19 stars in the metallicity range —2.8 < [Fe/H] < 0
(Gratton & Sneden 1994) and for 44 giants and dwarfs in the
range of —2.0 < [Fe/H] < 0.0 (Tomkin & Lambert 1989).
These studies showed that [Rb/Fe] tends to be moderately
supersolar, 0 < [Rb/Fe] < 0.5, in the metal-poor regime
([Fe/H] < —1) (Lambert et al. 1995). At variance with these
findings, Abia et al. (2020) found [Rb/Fe] ratios slightly subso-
lar by ~—0.3 dex at low metallicities. However, recent studies
confirmed that [Rb/Fe] increases with the decrease in metallic-
ity, which is consistent with the prediction of chemical evolution
models (Takeda 2021; Caffau et al. 2021). D’Orazi et al. (2013)
found solar ratios of [Rb/Fe] ~ 0 in a few globular clusters with
metallicities [Fe/H] ~ —1.5.
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The 3Rb/3"Rb isotope ratio toward Sk 143 is found to be
85Rb/¥Rb = 0.46. This value differs significantly from the mete-
oritic value of ®Rb/A’Rb = 2.430 (Lodders 2021) and also
from the value measured in the Galactic interstellar medium
toward p Oph A and HD 169454 of ¥Rb/*Rb= 1.21 and
>2.4, respectively (Kawanomoto et al. 2009a). This suggests a
different importance of r and s-processes, which leads to the
Rb isotopes between the MW and the cloud toward Sk 143.
The observed isotopic difference can be obtained either with a
lower abundance of 35Rb or with a higher 3’Rb abundance rel-
ative to the abundances in meteorites. However, the Rb abun-
dance with respect to potassium can be used to determine which
of the two possibilities is true (Federman et al. 2004). Toward
Sk 143, we find #¥Rb/K =0.6 x 10~ and ¥Rb/K =2.0 x 1072.
The Solar System ratios are Rb/K = 1.38 + 0.14 x 1073
and 3Rb/K=0.69 + 0.06 x 10~ (Lodders 2021). The com-
parison shows that 8Rb is underabundant in the gas toward
Sk 143 by a factor of about two, and 87Rb is overabundant
by about a factor of four with respect to the Solar System
abundances.

Theoretical models indicate that 8’Rb mainly arises from
the r-process (Arlandini et al. 1999; Raiteri et al. 1993). We
are led to infer that the higher interstellar abundance for
8Rb is due to an r-process synthesis in the stars that
enriched the interstellar gas seen along the line of sight
of Sk 143.

The relatively low Rb abundance relative to iron suggests
a different nucleosynthesis, and the r-process that occurs in
rotating massive metal-poor stars seems a suitable candidate
(Limongi & Chieffi 2018; Choplin et al. 2018; Banerjee et al.
2019). These models show that fast rotation boosts the r-process.
Rotation-induced mixing results in primary production of '3C.
The presence of '3C has been established at low metallicities
(Molaro et al. 2023). '3C provides neutrons via *C(a,n)'®O
during core He burning. In the models of Limongi & Chieffi
(2018) for a 20 M, star with a rotational velocity >150kms™!
and [Fe/H] < -1.0, ¥Rb dominates 3°Rb. Depending on the
rotation speed and the mass-loss rate, a strong r-process can
occur that produces elements up to bismuth for progenitors with
low metallicities (Banerjee et al. 2019). This result suggests that
rapidly rotating massive metal-poor stars can potentially explain
the early onset of the r-process we observed in the metal-poor
cloud toward Sk 143.

3.2. Lithium and SLi/ " Li isotopic ratio in the interstellar
medium of the Small Magellanic Cloud

Howk et al. (2012) detected the interstellar neutral lithium line
at 670.7 nm toward Sk 143 and derived a column density of log
N(Li) = 10.29 + 0.02 and an isotopic ratio of °Li/"Ligmc =
0.13 + 0.05 with a marginal detection of SLi. The ESPRESSO
Li 1 region toward Sk 143 is shown in Fig. 3. The estimate of
the ®Li/’Li relies on simultaneously fitting the hyperfine struc-
ture of the 7LiI and °Li absorption. The wavelengths for the
hyperfine levels were adopted from Sansonetti et al. (1995). The
stellar continuum in the region around LiT is featureless and
was well fit. In the profile-fitting process, we allowed vari-
ations in the parameters of the continuum during the mini-
mization process. This allowed us to estimate the uncertain-
ties caused by the continuum fitting into the final error bud-
get. Because the absorption is so weak, the b-value has a minor
effect on the precision of the column density determination. We
derive log N(’Li1) = 10.26 + 0.02 and log N(°Li) < 9.30 at
30 C.L.
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3.2.1. 5Lj

®Li is not expected to be produced in measurable amounts in
BBN (Pospelov & Pradler 2010). On the other hand, both Li
and °Li are directly synthesized in the ISM through cosmic-
ray interactions with interstellar medium (ISM) particles, either
through spallation or @ + « fusion. These are the only sources
for °Li post-Big Bang production. A few years ago, (>207) °Li
detections were reported in nine stars over a metallicity range of
—1.25 < [Fe/H] < —2.74. The stars showed a uniform °Li/’Li
ratio as a function of metallicity (Asplund et al. 2006). These
observational determinations imply a primordial production of
®Li and no destruction of Li inside of the stars because stellar
interiors destroy Li more efficiently than 7Li. However, convec-
tive processes generate an excess of absorption in the red wing
of the "LiT absorption profile that could be interpreted as °Li
(Cayrel et al. 2007). The reliability of the °Li plateau was fur-
ther called into question with a Non-local Thermodynamic Equi-
librium analysis and new high-quality observations (Lind et al.
2013; Wang et al. 2022).

Toward Sk 143, we derive (°Li/"Li)smc < 0.1. The isotopic
ratio is not affected by ionization or dust-depletion effects, and
the limit is robust. The value is consistent with the value for
the Solar System, (°Li/’Li)e = 0.0787 + 0.0004, and with the
(°Li/’Li)mw = 0.13 + 0.04 derived for the Milky Way ISM by
Kawanomoto et al. (2009b). For standard energy distributions of
Galactic cosmic rays, 'Li and °Li isotopes are produced in a
ratio (°Li/’Li)cg ~ 0.67 (Steigman & Walker 1992). Thus, our
upper limit for the (°Li/’Li)snmc imposes a stringent upper bound
of <20% to the fraction of the "Li detected in the SMC toward
Sk 143 that could have been produced via cosmic-ray spallation
processes.

3.2.2. "L

Determinations of the ’Li abundance in interstellar environments
with subsolar metallicities provide a method of constraining the
cosmic evolution of Li that is not affected by the uncertainties
that hamper stellar "Li abundance studies. The interstellar stud-
ies have the potential to provide insights into the well-known
discrepancy between the primordial ’Li abundance predicted
by standard Big Bang nucleosynthesis and the ’Li abundance
observed in the atmospheres of metal-poor Galactic halo stars
(Sbordone et al. 2010; Matas Pinto et al. 2021), the so-called
Spite plateau (Spite & Spite 1982a,b). The value of Li produced
in the primordial nucleosynthesis mainly depends on the cosmic
baryon-to-photon ratio, which can be inferred from the measured
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primordial deuterium abundance or from observations of the cos-
mic microwave background. The current primordial LiT abun-
dance from BBN plus CMB is A(’Li) = log[N("Li)/N(H)]+12 =
2.69 +0.14 (Yeh et al. 2021), A(’Li) = 2.74 + 0.17 (Pitrou et al.
2021) and A("Li) = 2.66 (Consiglio et al. 2018). These estimates
are significantly higher than the most recent determination of the
Li plateau value in the halo stars of A(’Li) = 2.16 + 0.07 by
Matas Pinto et al. (2021). This discrepancy could be due to the
depletion of stellar lithium abundances or to new physics that
were effective in the early Universe.

In the interstellar medium, the derivation of the absolute "Li
abundance is complicated by the combined effects of ionization
and dust grain depletion. In diffuse clouds, the neutral lithium is
a trace species, and the dominant ionization state of "Li is "Li 11,
which is not observable. Thus, the observed abundance requires
a large correction for ionization. However, since Li I and K 1
respond in a similar way to ionization and depletion conditions,
the Li/K ratio can be used to estimate the amount of photoioniza-
tion and depletion corrections that are required to infer the abso-
lute "Li abundance (Welty & Hobbs 2001; Knauth et al. 2003;
White 1986). The absolute A(’Li) abundance can be derived
through the equation

A(Li)skia3 = A('Li)o + [K/Hlsk143 + ['Li/Klsk143- (2)

Along the sight lines through the Milky Way N(’Lil)/N(KT) is
found nearly constant, and the ratio is about —2.27 (Steigman
1996; Welty & Hobbs 2001). The constancy of the ratio in the
Galaxy shows that ’Li and K must have very similar ion-
ization and dust depletion behaviors in different environments
of the Milky Way. Since the solar system is log("Li/K)e =
—1.84 + 0.05 Li is more depleted than K with a differen-
tial ionization correction of log [(I'/a,)Li/(T'/a,)x] = +0.54 +
0.08 (Steigman 1996; Welty et al. 2003). This ionization cor-
rection assumes a temperature of 7 = 100K, although the
ratio of the recombination coefficients is not very sensitive
to T for the species we considered (Pequignot & Aldrovandi
1986). Our measured value of log N("Li 1)/N(K I) = —2.31 + 0.02
implies log N('Li)/N(K)=-1.77 +0.08 after correction for
the differential ionization. With the Solar System value of
log (Li/K)y = -1.84 + 0.05, we obtain ['Li/K] =
log N(Li)/N(K) - log ("Li/K)e = +0.07 + 0.08.

The potassium abundance can be deduced from the zinc
abundance in the same cloud assuming they both track iron
closely. ZnII and S1I are in their dominant stage, and nei-
ther are depleted, or are depleted only very little, into dust
grains. However, observations show a mild overabundance of
[K/Fe] ~0.1 at [Fe/H]=-1 when Non-local Thermodynamic
Equilibrium effects are taken into account for the 769.8 nm line
(Reggiani et al. 2019; Takeda 2019).

Thus, assuming [Zn/Fe] =0 and allowing a mild overabun-
dance in [K/Fe]=0.1 from [Zn/H]43 = —1.28 = 0.06 , we
obtain a value of [K/H]j43 ~ —1.18 for the potassium abun-
dance in the cloud. This is also consistent with the measured
sulphur abundance of [S/H] =—0.72 +£0.11, considering that sul-
phur is an alpha-element and is overabundant by about 0.5 dex
with respect to iron-peak elements at these metallicities (see
e.g. Perdigon et al. 2021; Lucertini et al. 2022 and references
therein). In addition, the nature of Zn is not fully understood.
While Zn is often observed to track Fe, at low metallicities,
([Fe/H] < -0.5) [Zn/Fe] appears to be constant and slightly
supersolar (Duffau et al. 2017). When [Zn/Fe] is supersolar, it
decreases the derived iron abundance in the cloud, and therefore,
it also decreases the potassium and lithium abundances. With a
solar Li abundance of A(Li), = 3.27 + 0.03 (Lodders 2021),
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Eq. (2) becomes
A("Li)sk1as = 3.27 (£0.03) — 1.18 (£0.09) + 0.07 (+0.08)  (3)
A("Li)sk1a3 = 2.16 (£0.12). “

The value is closer to the Li value observed in the halo stars
rather than the BBN+CMB value. De Cia et al. (2024) esti-
mated the metallicity of the material toward Sk 143 by con-
sidering several elements and including the effect of the pres-
ence of dust. They derived a total metallicity of [M/H] =
—1.09 + 0.24, which assumes that [K/H] =[M/H] provides an
absolute lithium abundance of A(Li) = 2.25 + 0.25. Howk et al.
(2012) took the K abundance from stellar determinations, which
is higher by about 0.7 dex, taken from the stars, and there-
fore, computed a much higher value of A(’Li). The metallic-
ity distribution of stars belonging to the field FLD-121, like
the gas toward Sk 143, shows a clear lack of relatively metal-
rich stars with [Fe/H] between —0.8 and —0.5 dex and peaks
at ~—1.1 (Mucciarelli et al. 2023a). It is also important to
note that at these metallicities, no significant stellar produc-
tion of Li is expected in the SMC in the detailed models by
(Izzo et al. 2022), which are based on ’Be detection in two
SMC novae. A measured value about A('Li)~2.2 is a quite
universal value in old stars of the Galactic halo, in the metal-
poor stars belonging to the accreted galaxy of Gaia-Sausage-
Enceladus (Molaro et al. 2020), and in the stars of the Sagittar-
ius galaxy (Mucciarelli et al. 2014) and w Cen (Monaco et al.
2010), which is very likely the core of a disrupted galaxy. This
strongly suggests that the Spite plateau is universal, as is the
cosmological lithium problem, namely the discrepancy between
observed Li and the predictions of standard Big Bang nucle-
osynthesis. The generally favoured solution of this problem
involves Li depletion by several mechanisms in the stellar atmo-
spheres (see Fields & Olive 2022 for a recent discussion). How-
ever, while the theory of turbulent diffusion (Richard et al. 2002,
2005; Borisov et al. 2024) may be invoked to explain this dis-
crepancy in stars, it cannot have any effect on the "Li as mea-
sured in low-metallicity interstellar gas, and our measurement in
metal-poor gas toward Sk 143 in the SMC challenges the stellar
depletion solution. Some alternative solutions with new physics
are described in Mathews et al. (2020).

4. Conclusions

Based on spectrum with a high resolution and high signal-
to-noise ratio obtained with the ESPRESSO spectrograph, we
searched for the presence of rare elements in the gas along
the line of sight of the star Sk 143 in the SMC. The absorb-
ing gas was observed at a heliocentric velocity of 131 kms™!
and originated in a low-metallicity substructure of the SMC
(Molaro & Monai 1990; Mucciarelli et al. 2023b). This search
led to the main findings we list below.

— The resonance lines of Rb were detected outside the Galaxy
for the first time. Furthermore, the lines of the two iso-
topes °Rb and ¥Rb were resolved. The isotopic ratio is
the opposite to the ratio that is observed in the Galaxy.
By using potassium as a reference, we showed that the
observed ratio is due to an enhancement of 3’Rb and to
a deficit of 3°Rb. This suggests that the r-process domi-
nates in the synthesis of rubidium. Using Zn as a proxy
for Fe, we derived [Rb/Fe] = —0.55. This is lower than that
observed in the Galaxy and than what is expected in the
SMC stars. These two anomalies favor the possibility that
r- elements are produced in metal-poor rotating massive
stars (Limongi & Chieffi 2018; Banerjee et al. 2019).
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— No evidence was found of the presence of the °Li isotope.
The upper bound is slightly below the marginal detection of
Howk et al. (2012).

— The presence and abundance of "Li was found to agree with
Howk et al. (2012). However, we measured the metallicity of
the cloud with zinc and found [Zn/H] = —1.3, which agrees
with the metallicities of the stars of the SMC component
that show the same radial velocity (Mucciarelli et al. 2023a).
This leads to an absolute lithium of A(’Li) ~ 2.2, which
is about the value measured in warm-halo dwarf stars. This
suggests that the solution of the cosmological Li problem
cannot be ascribed to stellar depletion.

The line of sight toward the hot star Sk 143 in the Small Magel-
lanic Cloud proves to be unique because it offers the possibility
of studying the abundance of elements that are inaccessible to
extragalactic investigations. In particular, it offers insight into the
values of isotopic ratios in a low-metallicity environment, which
provides unique information on the processes of their chemical
synthesis and evolution.
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