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ABSTRACT

Aims. The metal-poor star BPM 3066 belongs to the retrograde halo and presents unexpectedly strong spectral features of lithium. To
gain insight into the origin of this peculiar abundance, we investigate the chemistry and kinematic properties of this star.

Methods. We performed a local thermodynamic equilibrium chemical abundance analysis of UVES/VLT high-resolution spectra of
BPM 3066 using ATLAS9 and ATLAS12 model atmospheres and the MyGIsFOS code. We further characterised the orbital properties
of the star by integrating its orbit and analysing its integrals of motion using the galpy code.

Results. The star BPM 3066 shows an exceptional overabundance of both lithium and beryllium. The abundances are A(Li)=3.0
and A(Be)=2.1, which are respectively about 0.8 and 2.2 dex higher than the Li and Be abundances expected at [Fe/H] = —1.5, the
metallicity of the star. The observed ratio ’Li/°Be is 7.9, which is close to that expected from a synthesis by spallation processes.
Overabundances of Si, Al, and of the neutron capture elements Sr,Y, Zr, and Ba are also measured. Kinematically, BPM 3066 has an
eccentric, strongly retrograde orbit, confined to a height lower than 1 kpc from the galactic plane, and it is a candidate member of the
Sequoia/Thamnos accreted galaxy.

Conclusions. The processes leading to the "Li and °Be synthesis could have occurred in the environment of a hypernova. This is
supported by some abundance anomalies like the high value of Si, [Si/Fe] =1.2 and [Si/O] = 1.1. However, the simultaneous high
values of N, Na, Al, Sc, Ti, and Cu are at odds with the expectations from a hypernova. Alternatively, the abundances of BPM 3066
could result from the engulfing of rocky planets that were rich in spallated Li and Be. In both cases, it is remarkable that such an

extreme abundance pattern has been found in a star belonging to the Sequoia/Thamnos accreted galaxy.

Key words. nuclear reactions, nucleosynthesis, abundances — stars: abundances — planetary systems — stars: Population II —

Galaxy: stellar content — Galaxy: structure

1. Introduction

The origin of the light elements lithium and beryllium is differ-
ent from that of the other elements that are burnt and synthesised
in the hot interior of stars. Li has multiple origins as it is made
in the Big Bang, in the interstellar medium (ISM) by spallation,
in asymptotic giant branch stars (AGBs), and in novae (Molaro
2023). On the other hand, °Be is a pure product of spallation
processes of CNO nuclei by energetic cosmic rays or of ener-
getic CNO nuclei onto protons and « particles at rest in the ISM
(Reeves et al. 1970).

Unevolved halo stars show a flat plateau in the A(Li) versus
[Fe/H] plane, the so-called Spite plateau (Spite & Spite 1982,
A(Li)=2.2), which bears witness to the primordial produc-
tion of lithium, even though the Li abundances observed in
old, unevolved metal-poor stars are significantly smaller than
expected from primordial nucleosynthesis when the baryon-to-
photon density is estimated by the primordial deuterium abun-
dance (Coc & Vangioni 2017, A(Li) =2.72).

In contrast to Li, no significant °Be (the only stable Be iso-
tope) production is expected in standard big bang nucleosynthe-
sis, and a steady, roughly linear increase in the Be abundance

* Corresponding author: lorenzo.monaco@unab.cl

with metallicity is observed, which suggests that Be behaves
like a primary element (Molaroetal. 1997; Smiljanic et al.
2009; Boesgaard et al. 2011), and that there is an enrichment
mechanism acting on a galactic scale. Several authors have
investigated a possible flattening of this relation at the lowest
metallicities, which might indicate the presence of a plateau
pointing to a primordial component suggested by inhomo-
geneous cosmologies (Malaney & Fowler 1989; Primas et al.
2000; Smiljanic et al. 2021). There is an intrinsic scatter in the
Be-Fe relation that could be attributed to the contribution of
the different galactic sub-components that were assembled at
early epochs (Smiljanic et al. 2021), since the cosmic ray flux
and CNO abundances could have been different between galax-
ies, and a different growth rate could be possible. Molaro et al.
(2020) show that the [Be/H] versus [Fe/H] relation of candi-
date stars of Gaia-Sausage-Enceladus (Belokurov et al. 2018;
Haywood et al. 2018; Helmi et al. 2018, GSE, the latest major
accretion event in the Milky Way) is less scattered and has a dif-
ferent gradient in comparison to the Milky Way.

We report here on the detection of a metal-poor, lithium-rich
dwarf star that simultaneously, presents an exceptionally large
Be abundance and an overall peculiar chemical composition. We
discuss the possible origin of this star and its peculiarities.
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The paper is organised as follows: in Sect.2, we report on
the observations. In Sect. 3 we describe the chemical abundance
analysis, and in Sect. 4 we provide a kinematic characterisa-
tion of the star. We note that the star turns out to be a candi-
date Sequoia (or Thamnos) star (Barba et al. 2019; Myeong et al.
2019; Villanova et al. 2019; Koppelman et al. 2019), another of
the Galactic halo sub-structures detected in the Gaia era. In
Sect.5 we discuss our results, including the possible origin of
the observed chemical patterns. Finally, we summarise our find-
ings in Sect. 6.

2. Target and observations

Star BPM 3066 was first listed in the Bruce Proper Motion Sur-
vey as possessing an appreciable proper motion'. The survey
was carried out in the 1930s by Willem Luyten using the 24-inch
Harvard Observatory Bruce Telescope after it had been moved
to South Africa and preliminary photometric colours had been
measured for the star (Luyten & Dartayet 1942). The star was
later observed as part of the GALactic Archaeology with HER-
MES (GALAH) survey (Buder et al. 2021) and Simpson et al.
(2021) identified the star as a lithium-rich dwarf belonging to
the retrograde halo (see Sect. 4).

The Gaia G magnitude of BPM 3066 is 12.78. Observations
of BPM 3066, also known as Gaia DR3 4667364088963367808,
GALAH 131116000501386, and 2MASS J03355522-6833454,
have been obtained with the Ultraviolet and Visual Echelle Spec-
trograph (UVES, Dekker et al. 2000) at the European Southern
Observatory Very Large Telescope (ESO-VLT) under program
111.24HT.001, P.I L. Monaco. A single 593-second exposure
was acquired at airmass 1.5 on the night between the 17 and the
18 July, 2023. We adopted the DIC1 346+580 UVES setting,
which covers the 304.4-391.7nm and 472.6-683.5nm spec-
tral ranges with the blue and red arm, respectively. We further
adopted two by two on chip binning (50 kHz readout speed, high
gain). The blue arm spectrum includes the Bell A1 313.0422,
313.1067 nm resonance doublet, while the red arm covers the Li
resonance doublet at 670.78 nm. We adopted a slit width of 1.2”
in the blue arm and 1.0” in the red arm, which deliver a spectral
resolving power of 37 000 and 42 000, respectively. We retrieved
the reduced data” from the ESO archive?.

The signal-to-noise (S/N) ratio is ~100 at 671 nm and ~15 at
313 nm, respectively. The stellar radial velocity has been mea-
sured using the red arm spectrum through a cross-correlation
function (Tonry & Davis 1979) with a synthetic spectrum cal-
culated with atmospheric parameters similar to that of the star
using the fxcor task within IRAF v2.18* (Tody 1986, 1993;
Fitzpatrick et al. 2024). From the UVES spectra, we obtained
a radial velocity of 263.16 + 0.13kms™!, which is in agree-
ment with the value of 263.02 + 2.53 of Gaia and the 264.04 +
0.25km s~ of GALAH, indicating that BPM 3066 is not a radial
velocity variable.

3. Chemical abundance analysis

The stellar atmospheric parameters were obtained with the iter-
ative procedure described in Lombardo et al. (2021, see also

I “A Catalogue of 904 Stars in the Southern Hemisphere with Proper

Motions Exceeding OT5 Annually, Pub. Minnesota Obs., 3, No. 1,
1941.

2 https://www.eso.org/sci/software/pipelines/

3 http://archive.eso.org/wdb/wdb/adp/phase3_main/form
4 https://iraf.noirlab.edu/release
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Bonifacio et al. 2024). Briefly, we adopted the reddening of
the star from the Schlafly & Finkbeiner (2011) maps. The de-
reddened Gaia Ggp — Ggp colour was compared with synthetic
photometry in order to derive the stellar effective temperature,
Tes, and the bolometric correction. Then, the surface grav-
ity, logg, was obtained from the Stefan-Boltzmann equation.
Finally, the extinction coefficients were updated and the whole
procedure was iterated until convergence (AT.¢ < 50K and
Alogg < 0.05 dex). The synthetic colours were computed from
the Mucciarelli et al. (in prep.) grid of ATLASO fluxes.

We used the parameters obtained in this way to derive the
stellar metallicity using the MyGIsFOS code (Sbordone et al.
2014) and, with this new metallicity, we repeated the procedure
once more to obtain the final stellar parameters. The microtur-
bulence was derived using the Mashonkina et al. (2017) cali-
bration. The grid of synthetic spectra employed were the same
described in Lombardo et al. (2023) and were computed with
SYNTHE (Kurucz 2005) using a grid of ATLAS 12 (Kurucz
2005) model atmospheres (Sbordone, in prep.). We performed
an additional run to derive the chemical abundances using the
MyGIsFOS code with the final stellar parameters. The abun-
dances obtained were used to compute an ATLAS12 model
atmosphere (Kurucz 2005), which was used to compute a ded-
icated grid of synthetic spectra in which the model atmosphere
is always the same and all abundances are scaled, at steps of
0.2 dex between —1 and +1 with respect to those of the starting
model. The synthetic spectra in this case were computed with
turbospectrum (Alvarez & Plez 1998; Plez 2012). This non-
standard use of MyGIsFOS has the advantage of circumventing
the issue with ionised elements highlighted by Bonifacio et al.
(2024), as demonstrated in Caffau et al. (2024). From a MyGIs-
FOS run with this dedicated grid, we obtained the final chemical
abundances, which are reported in Table 1.

For BPM 3066, we adopted Teg = 5910K, logg = 4.29 dex,
and ¢ = 1.15kms™!. The iron metallicity obtained from
196 neutral iron lines is [Fe/H] = —1.57 dex, while the value
from 20 singly ionised iron lines is [Fe/H] = —1.52 dex.

The GALAH survey adopted very similar parameters (Teg =
5874K, logg = 4.29dex, and ¢ = 1.19km s‘l), but obtained
a metallicity about 0.2dex larger ([Fe/H] = -1.33dex,
Buder et al. 2021). The GALAH collaboration only provides
non-local thermodynamic equilibrium (NLTE) abundances, thus
their abundances are not directly comparable to ours. For Fe,
NLTE corrections are based on the computations of Amarsi et al.
(2016), who adopt the theory by Barklem (2016) to describe
the collisions with H atoms. Our estimate of the NLTE correc-
tion for this star is +0.04 dex (Bergemann et al. 2012), which is
based on the assumption that the collision with neutral hydrogen
can be represented by the ‘Drawin’ formalism (Drawin 1968,
1969; Steenbock & Holweger 1984), assuming Sy = 1, and
provides NLTE corrections that are systematically smaller than
those of Amarsi et al. (2016). For example, for star HD 140283,
Amarsi et al. (2016) provide an Fe abundance that is 0.1 dex
higher than that of Bergemann etal. (2012). Thus, at least
0.14 dex of the difference between our Fe and that of GALAH
can be ascribed to the NLTE corrections adopted by GALAH;
the rest of the difference is well within the error of either result.
For BPM 3066 the Gaia DR3 astrophysical parameters catalogue
(Gaia Collaboration 2023) reports photometric temperatures,
surface gravities, and metallicities of teff_gspphot =6082 K,
logg_gspphot =4.35 dex, and mh_gspphot = —1.43, which are in
remarkably good agreement with ours.

In Fig. 1, we show the position of BPM 3066 (filled star)
in the absolute optical UCAC4 V versus (B — V) (left panel


https://www.eso.org/sci/software/pipelines/
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Table 1. Local thermodynamic equilibrium abundances of BPM 3066.
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El Z ion A(X)o Nlines A(X) [X/H] o [X/Fe] NLTE Ref.

Li 3 0 3.28 2 3.00 0.09

Be 4 1 1.38 2 210 0.20

NH 7 0 7.86 band 6.10 -1.76 0.20 -0.19

OH 8 0 8.76 40 749 -1.27 031 0.30

Na 11 0 6.30 3 492 -138 0.16 0.19

Mg 12 0 7.54 2 659 -095 0.20 0.62 0.02 Bergemann et al. (2017)
Al 13 0 6.47 2 589 -058 0.02 0.99

Si 14 0 7.52 8§ 7.12 -040 0.03 1.17 -0.01 Bergemann et al. (2013)
Si 14 1 7.52 3 732 -020 0.07 1.32

Ca 20 0 6.33 19 515 -1.18 0.06 0.39 0.05 Mashonkina et al. (2007)
Sc 21 0 3.10 1 200 -1.10 0.20 0.47

Sc 21 1 3.10 8 2.09 -1.01 O0.11 0.51

Ti 22 0 4.90 13 3.69 -121 0.07 0.36 0.31 Bergemann (2011)

Ti 22 1 4.90 28 3.73 -1.17 0.15 0.35 0.01 Bergemann (2011)

v 23 0 4.00 1 305 -095 0.20 0.62

A" 23 1 4.00 6 267 -133 022 0.19

Cr 24 0 5.64 7 4.09 -155 0.12 0.02 0.27 Bergemann & Cescutti (2010)
Cr 24 1 5.64 8 433 -131 0.06 0.21

Mn 25 0 5.37 6 347 -190 0.17 -0.33

Mn 25 1 5.37 3 371 -1.66 0.01 -0.14

Fe 26 0 7.52 196 595 -1.57 0.12 0.04 Bergemann et al. (2012)
Fe 26 1 7.52 20 6.00 -1.52 0.11

Co 27 0 4.92 17 333 -159 0.15 -0.02 0.45 Bergemann et al. (2010)
Ni 28 0 6.23 21 479 -144 0.27 0.13

Ni 28 1 6.23 1 498 -125 0.20 0.27

Cu 29 0 4.21 3 264 -1.57 0.03 0.00

Zn 30 0 4.62 2 322 -140 0.07 0.17

Sr 38 1 2.92 2 205 -0.87 0.05 0.65

Y 39 1 2.21 7 138 -0.83 0.10 0.69

Zr 40 1 2.62 4 1.88 -0.74 0.09 0.78

Ba 56 1 2.17 1 170 -047 0.20 1.05

Notes. The adopted solar abundances are from Lodders et al. (2009), except for N, O, and Fe, which are from Caffau et al. (2011b), and Zn, which
is from Caffau et al. (2011a). Li is from the Orgueil CI-chondrite (Lodders et al. 2009).

Zacharias et al. 2013) and Gaia G versus (Ggp — Ggp) (mid-
dle panel) colour-magnitude diagrams (CMDs). The right panel
shows the position of BPM 3066 in the Kiel diagram. The orange
star is for the T, log g parameters we adopt, while the blue one
is for the parameters estimated by the BSTEP code (‘Bayesian
Stellar Parameter Estimation’, Sharma et al. 2018) as reported in
the corresponding GALAH DR3 value-added catalogue, namely
T = 6031K, logg = 4.3. These values were obtained by com-
bining a set of observables with PARSEC isochrones (‘PAdova
and TRieste Stellar Evolution Code’, Bressan et al. 2012). In
all panels, we also plot two PARSEC isochrones of metallicity
and age (Gyr) ([M/H], Age) =(-0.71, 11.7) (blue isochrone) and
(—1.26, 13.0) (orange isochrone). The former are GALAH DR3
BSTEP values. The latter is the global metallicity we obtained
from the Salaris & Cassisi (2005) formula, using the iron abun-
dance we measured and an « enhancement of [@/Fe] = +0.4. We
also adopted a reference age of 13 Gyr.

The position of BPM 3066 in all diagrams clearly indi-
cates that the star is currently on the main sequence, even
though the orange isochrone does not provide a perfect fit to
BPM 3066, particularly in the Kiel diagram, where some ambi-
guity between the main sequence and sub-giant branch remains.
A gravity 0.45 (0.23) smaller (larger) would be required for the
stars to fit the sub-giant/main-sequence sections of the orange
isochrone.The blue isochrone provides a good fit to the posi-
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1 35 —
i 16 7 3 // > | /
<™ ( & 4.0 ( 2 /
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* \ 45 * *
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05 0.6 07 08 4.6 6000 5500
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Fig. 1. Left and middle panels: V vs. (B—V) and Gaia G vs. (Ggp—Ggp)
colour-magnitude diagrams (CMDs). Right panel: Kiel diagram, log g
vs. Tei. Star BPM 3066 is indicated by the filled star. In the right panel,
the orange star is for the parameters we adopt here, while the blue
one is for the GALAH BSTEP parameters. In all panels, two PAR-
SEC isochrones of metallicity and ages ([M/H], Age)=(-0.71, 11.7)
and (—1.26, 13.0) are shown in blue and orange, respectively.

tion of BPM 3066 on the Gaia CMD and in the Kiel diagram for
the BSTEP parameters, as expected. However, the surface effec-
tive BSTEP metallicity ((M/H] = —0.71 + 0.14) is larger than that
obtained from the GALAH DR3 spectroscopic iron abundance
([Fe/H] = —-1.33) and « enhancement ([e/Fe]=+0.54), namely
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Fig. 2. Spectral energy distribution of BPM 3066 as obtained using the
VOSA service (Bayo et al. 2008). We also show a fit with an ATLAS 9
model flux with parameters similar to those derived here.

[M/H] =-0.90, a value intermediate between the two plotted
isochrones. We notice that the BSTEP atmospheric parameters
shown in the right panel are not those recommended for use
by the GALAH collaboration, which, as already mentioned, are
very similar to our values. Finally, the stellar spectral energy dis-
tribution of BPM 3066 is fitted properly by an ATLAS 9 model
flux with parameters similar to those adopted here, from the near
ultraviolet GALEX (Galaxy Evolution Explorer) band to the
infrared WISE (Wide-field Infrared Survey Explore) W3 band
(see Fig. 2).

3.1. Light elements Li and Be

The UVES spectrum of BPM 3066 around the "LiT region is
shown in the upper panel of Fig. 3 where the observed spec-
trum is compared to the best fit of the ’Li1 670.78 nm resonance
doublet. In the bottom panel of Fig. 3, the best fit of the "LiT
A1 610.36 nm 2°P-3%D subordinate transition is also shown. The
lower level of the "Li1610.36 line is the upper level of the 670.78
228-22P transition, which samples different portions of the stel-
lar atmosphere. An average 'Li abundance of A(’Li)=3.0 is
derived from the line-profile fit of the two Li lines, at 610.36 nm
and 670.78 nm. We note, however, that in order to satisfactorily
reproduce the profile of the resonance doublet at 670.78 nm, no
®Li needed to be adopted. The GALAH survey reports a lithium
abundance of A(Li)=3.02 for this star, which is very close to
our value.

The UVES spectrum of BPM 3066 around the °Be I region
is shown in Fig. 4. The Be region is a complex one and the
stronger line of the °Bell doublet at 313.0 nm is blended
with the VII and Fel lines. We adopt a °Be abundance of
A(°Be)=2.1, which is the best-fit abundance to the isolated
line at 313.1 nm, but which also reproduces well the complex
region at 313.04 nm. We note that the corresponding "Be II lines
(313.0583 nm, 313.1228 nm) would be distinguished from the
°BeII ones (313.0422 nm, 313.1067 nm) at the resolution of the
UVES spectrum (separation Av = 15.4kms™"). However, given
the short half-life of "Be (53.22 days), as expected, lines from
this isotope are not detected. We confirmed the reliability of the
reduction process in the spectral region of the Be lines by per-
forming a manual data reduction using the UVES pipeline, and
we obtained practically indistinguishable results compared with
the reduced spectrum retrieved from the ESO archive.

Both the Li (see bottom panel of Fig. 5) and the Be (upper
panel) abundances of BPM 3066 (red star) are much higher
than expected for the metallicity of the star (blue filled circles).
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Fig. 3. Observed spectrum (solid black) compared to the best fit (solid
red) with A(Li)=3.0. The UVES Li1 670.78 nm region of BPM 3066
is shown in the top panel. The LiT A1 610.36 nm 22P-32D subordinate
transition is shown in the bottom panel; the strong line on the blue side
is the Ca1610.2723 nm line.
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Fig. 4. UVES spectrum of BPM 3066 around the 9Bell A1 313.0422,
313.1067 nm resonance doublet region. The observed spectrum (solid
black) is compared to the synthesis (solid red) on both Be 11 313.0422
and 313.1067 nm resonance lines, with an abundance of A(°Be) =2.10,
the best fit value of the redder line. The °Be region is a complex one
and the stronger line of the Be I doublet is blended with V11 313.0269,
Fe11 313.0565, Tint 313.0798 nm, and several other weaker lines.

3131.0 31315

Besides BPM 3066, the two stars with A(Li) > 3.0 in the lower
panel of Fig. 5 are LAMOSTJ074102.07+213246.6 and LAM-
0OSTJ075816.39+470343.3 from Li et al. (2018). We plan future
investigations also of their Be content.

3.2. Other elements

Star BPM 3066 looks clearly enhanced in both Li and Be, but
also shows peculiarities in other elements. We fitted the NH
band at 335 nm and we derived a low N abundance, [N/H] =
—1.76 dex (see Table 1).

We derived all the other elements using MyGIsFOS. In this
way we derived abundances for 20 additional elements, reported
in Table 1. Oxygen was derived from OH molecules, while the
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Fig. 5. Abundances of A(Be) (upper panel) and A(Li) (bottom panel)
in BPM 3066 (red star) as a function of [Fe/H]. Blue circles are stars
with 5700 < Ter < 7000K, logg > 3.65, and [Fe/H] < —1dex,
(without upper limits) as retrieved from the SAGA database (Suda et al.
2008). Star HD106038 is marked with the black filled square, where
the iron and lithium abundances are from Asplund et al. (2006) and the
beryllium abundance is from Tan et al. (2009). The SAGA [Fe/H] abun-
dances have been modified to account for the different reference solar
iron abundance adopted here.

other abundances are based on atomic lines. In Table 1, we report
the abundances (A(X), [X/H]), the standard deviation (o), [ X/Fe]
(with Fe from neutral lines in the case of neutral species and
from ionised Fe lines in the case of ionised species), and the
NLTE correction with the corresponding reference. The lines
used are provided in electronic form. For elements measured
from one feature only, we indicate a conservative uncertainty
of 0.2dex. In the case of Be, in the table we report the differ-
ence between the value measured from the two features but, as
already mentioned, we adopt the abundance measured from the
redder one.

The star is enhanced in a elements (Mg, Ca, Ti), but it is
rich in Si ([Si/Fe] = +1.17 dex from neutral lines and +1.32 dex
from ionised lines). The star is also rich in Al: the two AlI lines
provide an [Al/Fe] ratio of almost +1 dex. The general chemical
pattern is rather peculiar, with a remarkable overabundance of
Si, Al and of the neutron capture elements Sr, Y, Zr, and Ba.

4. Kinematics

Stars belonging to different populations show widely differing
kinematical behaviour. Some components of the Milky Way are
rapidly rotating with little dispersion in the velocities of the
members, while some others are slowly rotating but with a high
dispersion.
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Fig. 6. Upper panels: Orbit of BPM 3066 in the plane of the Galaxy (¥
vs. X, right panel) and in the meridional plane (Z vs. R = VX2 + Y2,
left panel). Galactocentric cartesian coordinates are designated by X, Y,
and Z, Z being the height over the Galactic plane. The circle with a dot
symbol (@) in both panels shows the position of the Sun today, while
the filled black star is the current position of BPM 3066. Bottom panels:
Orbital energy, E, vs. the vertical component of the angular momentum,
Lz (left panel) and the action diamond (right panel, see text for details).
BPM 3066 is marked with the black filled stars. The background pop-
ulation is the ‘good-parallax sample’ of Bonifacio et al. (2021), with
stars classified as thin, thick, and halo stars shown as red, green, and
grey dots. Gaia-Sausage-Enceladus and Sequoia/Thamnos candidates
are shown in magenta and cyan, respectively. The shaded cyan region in
the action diamond shows the criteria adopted from Feuillet et al. (2021)
to select Sequoia candidates.

The orbital history of BPM 3066 is shown in Fig. 6. We
back-integrated for 1 Gyr the stellar orbit using the galpy code
(Bovy 2015), together with Gaia mission data release 3 (DR3)
astrometric data (Gaia Collaboration 2023) and radial velocity.
The Gaia DR3 parallax was zero-point corrected following the
prescription of Lindegren et al. (2021). We adopted the stan-
dard Galactic potential MWPontential2014, the Schonrich et al.
(2010) solar peculiar velocities, a distance from the Sun of
8kpc, and a circular velocity at the solar distance of 220 km s~
(Bovy et al. 2012). Uncertainties were evaluated by repeating the
calculations for a 1000 realisations of the input parameters, with
an extraction process similar to that described in Bonifacio et al.
(2021, 2024) using the pyia code (Price-Whelan 2018).

BPM 3066 lies at 0.45 kpc from the Sun and 0.28 kpc below
the Galactic plane. It has an eccentric orbit with e = 0.59 (see
upper-right panel of Fig. 6), and reaches a maximum height over
the galactic plane of 0.75kpc (upper-left panel) and minimum
and maximum Galactocentric distances of rpe; = 2.76 kpc and
apo = 10.62 kpc, respectively. Thus, its orbit is confined to the
Galactic plane, and it wanders in regions relatively far from the
Galactic centre and the Bulge. The orbit of BPM 3066 is also
highly retrograde and of relatively low energy, hence it is tightly
bound to the Galaxy (bottom-left panel).

The bottom panels of Fig. 6 present two of the kinematic
planes most widely used to characterise stellar orbits: (i) the
orbital energy, E, versus the vertical component of the angu-
lar momentum, Ly (bottom-left panel), and (ii) the so-called
‘action-diamond’, namely the difference of the vertical (Jz) and
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radial (Jg) actions versus the azimuthal action (J, = Ly), all
normalised to the ‘total action’ (Jiox = |Jy| + Jr + Jz). In both
planes, besides BPM 3066 (black star), we plotted for refer-
ence the ‘good-parallax sample’ of Bonifacio et al. (2021). The
stars of this sample were classified as thin disc (red), thick disc
(green), and halo (grey), following the Bensby et al. (2014) crite-
ria. Additionally, candidate stars that belong to GSE are marked
in magenta and were selected following the Feuillet et al. (2021)
criteria in the /Jg versus Ly plane (which is not shown in the
figure). Finally, cyan dots are candidate stars that belong to the
Sequoia accretion event. The cyan rectangle shown in the action
diamond (bottom-right panel) shows the criteria adopted for this
selection (Feuillet et al. 2021). Clearly, according to these crite-
ria, BPM 3066 may be a former member of the Sequoia galaxy.

As pointed out by Feuilletetal. (2021, see their
Appendix C), the criteria adopted to select the Sequoia
population include stars that span a wide range of energies
(cyan point in the bottom-left panel), while previous selections
(Myeong et al. 2019; Naidu et al. 2020) attributed Sequoia stars
to the high-energy part only, the low-energy part being attributed
to another structure named Thamnos (Koppelman et al. 2019;
Naidu et al. 2020). If we followed these latter works, BPM 3066
would be classified as belonging to Thamnos. Therefore, caution
must be exerted when comparing our results with the literature
and the nomenclature adopted.

Simpson et al. (2021) separate different populations (GSE,
retrograde and prograde halo, and disc stars) in the v/Jx versus
Jy plane. The stars we select here as Sequoia candidates using
the action diamond, occupy the region of the ‘retrograde halo’ in
Simpson et al. (2021, see their Figures 4a and 6b). Indeed, these
authors identified BPM 3066 as a lithium-rich dwarf belonging
to the ‘retrograde halo’.

5. Discussion

From the Galactic *Be-Fe relation (Molaro et al. 2020), the
expected Be value for BPM 3066 is A(Be) ~ —0.1; the observed
overabundance of beryllium above this value is therefore 2.2 dex
(see Fig. 5, upper panel). A beryllium abundance excess as large
as this one above the Galactic trend has never been observed in
any other known star. Moreover, this is accompanied by a con-
siderable excess of "Li, since a Li abundance of A(Li)=3.0 is
too high considering the stellar metallicity. The star is expected
to share the "Li of the Spite plateau of about A(’Li) = 2.2 and
therefore there is a ’Li overabundance of ~0.8 dex (see Fig. 5,
bottom panel). Both overabundances require a mechanism to
produce and accumulate Li and Be in the stellar atmosphere.
Since no significant internal mixing is expected in an unevolved
star like BPM 3066, it is very likely that the process is the same
for both elements. The simultaneous presence of an excess in
beryllium rules out contamination from a nova or from an AGB
star, which could only make lithium.

5.1. Other similar stars

A few other notable exceptions of Li-rich dwarf stars have
been reported in the literature. One is BD+23 3912, with
A(’Li) =2.60 and [Fe/H] = —1.45 (Bonifacio & Molaro 1997).
However, in this star beryllium was found, A(®Be) =-0.16, and
it therefore lies on the linear Be-Fe relation (Boesgaard et al.
2011). Several unevolved stars with an excess of “Li have been
reported by Li et al. (2018, 2022). One star in the globular clus-
ter M4, N. 37934, shows A(Li) =2.87. The star is also Na rich
and Monaco et al. (2011) suggested that lithium is produced in
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parallel to sodium. Unfortunately, beryllium investigation is out
of reach for this star. A very Li-rich dwarf with A(’Li)=4.03
has been found in the globular cluster NGC 6397 by Koch et al.
(2011), and Pasquini et al. (2014) searched unsuccessfully for
the presence of beryllium.

Tan et al. (2009) determined beryllium abundances for 25
metal-poor stars and one of them, star HD 106038 (filled square
in Fig. 5), is very close to the case studied in this paper.
HD 106038 shows A(°Be)=1.37+0.12 and A(’Li)=2.55 at
a metallicity of [Fe/H] = —1.3. Asplundetal. (2006)
derived A('Li)=2.49 ([Fe/H]=-1.35) and Smiljanic et al.
(2009) derived A(°Be) = 1.40 for this star, in good agreement
with Tanetal. (2009). The star has a 'Li abundance about
0.3 dex higher than the Spite plateau and a °Be overabundance of
about 1.2 dex with respect to the other stars with a similar metal-
licity (see Fig. 5). The Galactic orbit of HD 106038 has been
found to be typical for a halo star (Caffau et al. 2005).

Other notable stars in the Tanetal. (2009) sample are
HD 126681 with [Fe/H] = -1.16 and A(°Be)=0.68;
HD 132475 with [Fe/H]=-1.49 and A(°Be)=0.73; and
HD 111980 with [Fe/H]=—1.1 and A(°Be)=0.52. These stars
deviate moderately from the scatter of the Be-Fe relations.
HD 111980 shows A(’Li)=2.19 (Ryan & Deliyannis 1995) but
HD 132475 has a A("Li) = 2.4 from GALAH that possibly shows
a moderate enhancement. HD 94028 with A(°Be)=0.68 as
derived by Boesgaard & Novicki (2006) is a potential Be rich
star but it was remeasured by Smiljanic et al. (2009) who derived
a smaller Be abundance. Following the new determination, the
star is not Be enriched.

5.2. Hypernovae as a source of ' Li and °Be enrichment

It has been suggested that hypernovae (HNe) produce large
amounts of °Be and ’Li by spallation (Fieldsetal. 2002;
Nakamura & Shigeyama 2004). Hypernovae are core-collapse
supernovae (SNe) characterised by large kinetic energy. The
energy released in the explosion can be one order of magni-
tude larger than that of normal core-collapse SNe (Iwamoto et al.
2003).

Fields et al. (2002) and Nakamura & Shigeyama (2004) cal-
culated the yields of spallation products resulting from HNe
explosions. Fields et al. (2002) predicted a "Li/’Be ratio of ~8.6
and Nakamura & Shigeyama (2004) predicted one of ~4.2. In
BPM 3066, the ratio between the observed 'Li/’Be is 7.9. In the
most promising case, the yields of model (b) for SN 1998bw
by Fields et al. (2002) (0.451 x 10™* My and 0.671 x 107> M,
for "Li and °Be, respectively) require a dilution with a mass
of 8 x 10° My, of interstellar medium to produce the observed
overabundances of Li and Be. The typical mass swapped
by the explosion of a core-collapse SN is ~10* M, but the
mass swapped by an HN should be larger by about a fac-
tor of 20, the energy being 22 times higher, according to the
results of Thornton et al. (1998). On the other hand, the oxy-
gen and iron yields of the HN model (Woosley et al. 1999)
adopted by Fields et al. (2002), respectively 2.9 and 0.5 Mg
if diluted in 8 x 10° My, of pristine interstellar medium, pro-
duce A(Fe)=6.2 and A(O)=7.5, which is compatible with
what is measured in our star (A(Fe)=6.0, A(O)=7.49). The
yields obtained by Nakamura & Shigeyama (2004, 3.31 X
1077 Mg, and 0.999 x 1077 M, for "Li and °Be, respectively)
for SN 1998bw are a factor of ~136 (for ’Li) and ~67 (for
°Be) lower than Fieldsetal. (2002), and the enhancement
observed in BPM 3066 cannot be reached by any reasonable
dilution.
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Regarding the other elements, nucleosynthetic calculations
find the ejecta of HNe to have large amounts of Si, S, and Ar
(Nomoto et al. 2013). Oxygen burning takes place in extended
regions and more O, C, and Al are burned to produce large
amounts of Si, S, and Ar. Therefore, hypernova nucleosynthe-
sis is characterised by large abundance ratios of [(Si, S)/O].
Moreover, higher energy explosions tend to produce larger [(Zn,
Co, V)/Fe] and smaller [(Mn, Cr)/Fe] ratios compared to nor-
mal core-collapse SNe. Elements produced by a-rich freeze-out,
such as Ca, Ti, and Zn, are also enhanced.

In Fig. 7, the abundance pattern of BPM 3066 is com-
pared with the HN yields of Nomotoetal. (2013). Some
stars have been reported as showing the products of an HN
(Skuladéttir et al. 2021; Mardini et al. 2022). Some of the chem-
ical predictions are indeed observed in BPM 3066. An over-
abundance of [Si/O] is a common feature of the HNe models
described in the review by Nomoto et al. (2013), together with
moderate enhancement of Ca and Zn. In particular, the extremely
high ratio of [Si/O] ([Si/O] = 1.1 using the Si abundance mea-
sured from SiII lines) observed in BPM 3066 is compatible with
the HN model of 25 M, described in Umeda et al. (2002). How-
ever, the results obtained by Woosley et al. (1999), based on the
HN model also used by Fields et al. (2002), do not show these
extreme characteristics for the ratio of Si/O. Moreover, strong
deviations of the observed abundances from the model predic-
tions also concern N, Na, Al, Sc, V, and Cu. These elements are
all observed to be enhanced in BPM 3066, while the HNe model
of Woosley et al. (1999) predicts them to be deficient. An HN
has been suggested as being responsible for the peculiar chemi-
cal pattern of HD 106038, which, along with Li and Be enhance-
ments, shows also enhanced abundances of Si, Ni, Y, and Ba
(Nissen & Schuster 1997; Smiljanic et al. 2008). However, we
emphasise that, in a similar way to BPM 3066, in the case of
HD 106038 there are observed overabundances of Na, Sc and Ti
that do not agree with the HN model predictions.

In BPM 3066 all the abundances of the neutron capture ele-
ments, normalised to iron, are higher than the solar ratio. Mas-
sive stars can produce neutron capture elements up to barium
(Limongi & Chieffi 2018; Frischknecht et al. 2016), but the pat-
tern is not compatible with the one observed in BPM 3066, and
the yields expected by massive stars are also not sufficient to
explain the extreme abundances observed in this star.

To summarise, the spallation process between the CNO
nuclei ejected by an HN and the surrounding atoms in the ISM
can enhance at the expected ratio the abundances of lithium and
beryllium in the volume swapped by the explosion. However,
the dilution needed to reproduce the Be and Li abundances in
BPM 3066 is not compatible with the expected gas swapped by
an HN. On the other hand, with the same dilution and consider-
ing the HN yields, we can recover the oxygen and iron abun-
dances measured. The chemical signatures are also puzzling.
The [Si/O] is compatible with models of HNe, but strong devia-
tions are observed for N, Na, Al, Sc, V, and Cu; the barium and
the other neutron capture elements could be produced by a slow-
process (s-process) in massive stars, but the observed enhance-
ment is hardly recovered.

5.3. Planet engulfment as a source of ' Li and °Be
enrichment

The engulfment of rocky planets with a high "Li abundance
has been suggested as producing "Li excess (Siess & Livio
1999b). Alexander (1967) proposed that the engulfing of
a planet or a brown dwarf could be responsible for the

o L L AL L AL B RN BELE
F C O Ne Mg Si S Ar Ca Ti Cr Fe Ni Zn 7}

Hypernova
| ]

[X/Fe]

Fig. 7. Observed abundances of BPM 3066 in red filled squares com-
pared with the hypernova yields from Nomoto et al. (2013).

Li-rich giants and this idea was then revised by Brown et al.
(1989), Gratton & D’Antona (1989), Siess & Livio (1999a,b),
and Aguilera-Gémez et al. (2016). BPM 3066 is a dwarf and so
the possibility that the star has produced such a Li enhancement
in the course of its evolution is ruled out.

Ashwell et al. (2005) argued that the dwarf star J37
in the open cluster NGC 6633, with A(°Be)=3.0+0.5 and
A(Li) =4.40+0.14, might be explained by the accretion of rocky
material similar to that of chondritic meteorites. Planets have
now been detected around stars (Mayor & Queloz 1995) and the
presence of a Li feature has been reported in the atmosphere of
the two ultra hot Jupiters, WASP76b and WASP121b, together
with a plethora of other ionic species (Tabernero et al. 2021;
Borsa et al. 2021). The presence of Li in WASP76b has been
confirmed by the independent analyses of Kesseli et al. (2022)
and Azevedo Silva et al. (2022).

In this context, it is interesting to note that barium was also
found in WASP76b and WASP121b (strontium was also found in
the latter) by using the transit technique and the extremely sen-
sitive ESPRESSO (Echelle Spectrograph for Rocky Exoplanet
and Stable Spectroscopic Observations) instrument on the ESO’s
Very Large Telescope (Azevedo Silva et al. 2022).

Lithium and beryllium are also detected in planetesimals
that have been accreted onto some white dwarfs (Kaiser et al.
2021; Klein et al. 2021). Hollands et al. (2020) suggest that
these detections of metallic lines in the atmospheres of white
dwarfs can be explained if they have accreted fragments of plan-
etary crusts. Doyle et al. (2021) argue that the high abundance
of Be cannot be accounted for either by diffusion in the outer
envelope of the white dwarf or by chemical fractionation dur-
ing typical rock-forming planetary formation. They suggest that
Be s the result of the spallation of oxygen atoms in icy planets
by the radiation from an active star in the first million years of
planetary formation. Thus, observations suggest that spallation
processes could be the main route for both Li and Be synthe-
sis in a planet that is later engulfed by the star. This is clearly
a particular planetary evolution and different from that of the
Solar System where such over abundances of beryllium are not
observed.

The likely scenario for all planets in close orbits is that they
will be engulfed in the envelope of the hosting stars as the
latter evolve away from the main sequence. The evolutionary
routes for star-planet systems are quite complex and have been
discussed in many papers (Livio & Soker 1984; Soker 1998).
For planetary masses below a critical mass, there is a complete
evaporation of the planet in the envelope. Aguilera-Gémez et al.
(2016) calculate the point of dissipation in red giant stars, and
find that objects with masses higher than >15 M dissolve in the
radiative interior and cannot produce an observable signature in
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the giant star. Thus, objects with masses <15 M are the most
efficient sources of Li. Aguilera-Gémez et al. (2016) find that
objects with a small mass can increase the superficial Li abun-
dance of the star up to A(Li) =2.2. We may expect a total amount
of about 2 x 10** grams of lithium in a Jupiter-mass planet
(1.9 x 10*° grams), considering a fraction of Li/H in mass of
107°. A complete mixing with a solar-mass star (2 X 10** grams)
would give a Li/H of ~ 10~ in mass and 1.4x107'° by number or
A(Li) =2.15. A partial mixing would increase this number while
a partial presence in the exoplanets would decrease the final Li
abundance. A precise computation cannot be done but the num-
bers suggest that the engulfment of a planet could indeed explain
the Li and Be observed.

Smiljanic et al. (2009) rejected the planetary engulfment
hypothesis for HD 106038 arguing that there are no plan-
ets formed around metal-poor stars. Metallicity is probably
an important factor in the formation and structure of plane-
tary systems and small planets are favoured at low metallici-
ties (Buchhave et al. 2014; Nielsen et al. 2023). Metal-rich stars
are found to be more likely to harbour gaseous-giant planets
than metal-poor stars (Mortier et al. 2012; Reffert et al. 2015;
Chavero et al. 2019). However, the most metal-poor stars that
host a confirmed planet, according to the Encyclopaedia of Exo-
planetary Systems®, have metallicities of about —2.0 (V 894 Cyg,
Li & Qian 2014) and —1.4 (G 178-27, Latham et al. 1992). The
number of candidate planets with a metallicity below —1.0 is
much larger, so that it seems safe to conclude that planets around
stars with a metallicity less than —1.0 exist, so the argument of
Smiljanic et al. (2009) can be rejected on the basis of our cur-
rent understanding of the properties of the stars that host an
exoplanet. However, the lowest metallicity at which planets can
form remains open from a theoretical perspective. Simulations
by Emsenhuber et al. (2023) indicate that super-Earth and sub-
Neptunes should be more frequent than what has been observed
at low metallicities. The radii of discs that surround stars are
predicted to decrease with decreasing metallicity, and planets
are therefore expected to orbit closer to their parent stars, which
favours their engulfment (Elsender & Bate 2021). We note that
Santos et al. (2002) studied beryllium abundances in stars both
with and without planets without finding any differences. This
implies that engulfing of planets that are rich in light elements
is rare, at least among high metallicity stars, as in the sample of
Santos et al. (2002).

6. Conclusions

We have identified a star, BPM 3066, with extremely high Li and
Be abundances. The observed ratio between the two elements
strongly suggests a common origin through spallation processes.
The elemental synthesis could have occurred in the environment
of an hypernova. This is supported by some additional abun-
dance anomalies besides Li and Be, such as the high value of Si
observed in the star, but other elements are found to be abundant
while they should be deficient according to HNe predictions.
Alternatively, the high Li and Be abundances could result
from the engulfing of rocky planets where the light elements
have been formed by spallation processes in the icy surfaces of
the planets under the action of energetic radiation of the form-
ing star. In the hypothesis that BPM 3066 is the result of a planet
engulfment, this would provide further evidence that planets can
form at metallicities of [Fe/H] < —1, adding to the existing evi-
dence from already detected planets around low-metallicity stars

5 https://exoplanet.eu
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and the large number of candidate planets. In any case, it is
intriguing that such an extreme star has been found to belong
to the Sequoia or Thamnos accreted galaxy.
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(130.79.128.5) or via https://cdsarc.cds.unistra. fr/
viz-bin/cat/J/A+A/697/A75
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