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ABSTRACT

We report on the discovery of the first ultra-metal-poor (UMP) star 2MASS J20500194—6613298 (J2050—6613; [Fe/H] = —4.05)
selected from the Gaia BP/RP spectral catalogue that belongs to the ancient Atari disc component. We obtained a high-resolution
spectrum for the star with the MIKE spectrograph on the Magellan-Clay telescope. J2050—6613 displays a typical chemical
abundance pattern for UMP stars, including carbon and zinc enhancements. In contrast, J2050—6613 shows extremely high
[Sr/Fe] and [Sr/Ba] ratios compared to other stars in the [Fe/H] < —4.0 regime. J2050—6613 is most likely an early Population II
star that formed from a gas cloud that was chemically enriched by a massive Population III hypernova (E > 10> erg). Such
a Population III core-collapse hypernova could simultaneously explain the origin of the abundance pattern of light and heavy
elements of 2MASS J2050—6613 if a large amount of Sr of ~107> My, was produced, possibly by neutrino-driven (wind) ejecta.
Therefore, the abundance pattern of 2MASS J2050—6613 places important constraints on Sr-producing nucleosynthesis sources
operating in the Atari progenitor at the earliest times.
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1 INTRODUCTION

The very first (so-called Population I1I; hereafter Pop III) stars were
massive and lived short (e.g. Abel, Bryan & Norman 2002). No
direct observation of PopIIl stars may be possible, even with the
JWST telescope (Gardner et al. 2006) due to their high redshift >20
and extremely limited apparent brightness. However, an alternative
path to investigating Pop III stars is studying chemically pristine,
ultra-metal-poor (UMP; [Fe/H]' < —4.0) Galactic stars. These stars
preserve clean signatures of one or few enrichment events that
polluted their birth clouds as discussed in a number of reviews (e.g.
Beers & Christlieb 2005; Frebel & Norris 2015; Frebel 2018). As
such, they provide information on early star formation processes
and help reconstruct the characteristics of the first stars and their
nucleosynthetic yields.

Extensive efforts have been made to discover these early, most
metal-poor Population II (Pop II) stars over the last several decades
(e.g. Frebel et al. 2006; Christlieb et al. 2008; Starkenburg et al. 2017;
Da Costa et al. 2019). As aresult, 41 UMP stars (e.g. Christlieb et al.
2002; Frebel et al. 2005; Caffau et al. 2011a; Keller et al. 2014; Placco
etal. 2021b) have been confirmed with high-resolution spectroscopic
observations to date (Abohalima & Frebel 2018). These searches
have clearly shown UMP stars to be incredibly rare, at an ~1 in
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1000000 rate (Frebel 2018). This also explains why only a few
dozen of stars have been found. More efficient search techniques
appear to hold the key to identifying these rare objects.

Techniques have been recently refined to efficiently identify the
most metal-poor candidates from narrow-band photometry (e.g.
Aguado et al. 2019; Da Costa et al. 2019; Chiti et al. 2020; Whitten
etal. 2021; Placco et al. 2022). This process can be further optimized
by deriving [Fe/H] estimates from the new spectrophotometry data
products (often shortened as Gaia XP; see Carrasco et al. 2021; De
Angeli et al. 2023; Montegriffo et al. 2023) of the third data release
(DR3) of the European Space Agency (ESA)/Gaia astrometric
mission (Gaia Collaboration 2016, 2023). Extensive efforts have been
undertaken to obtain accurate [Fe/H] estimates for the ~220 million
sources in the Gaia XP catalogue (e.g. Rix et al. 2022; Andrae, Rix &
Chandra 2023; Yao et al. 2023; Zhang, Green & Rix 2023). Yet, no
Gaia XP UMP stars have thus far been discovered.

In a parallel effort, we have computed metallicity-sensitive syn-
thetic photometry from the Gaia XP spectrophotometric data using
GAIAXPY,” and utilized the grids of synthetic photometry presented
in Chiti et al. (2021) to estimate [Fe/H] for sources in the Gaia XP
data set (Mardini et al., in preparation).From high-resolution spec-
troscopic follow-up of our lowest [Fe/H] candidates, we report the
discovery and detailed chemical abundance analysis of the relatively
bright (V = 13.1 mag) red giant star 2MASS J20500194—6613298

2 Available at https://gaia-dpci.github.io/GaiaXPy-website.
© The Author(s) 2023.
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(hereafter J2050—6613) with [Fe/H] = —4.05 and [C/Fe] = 1.24,
the first confirmed UMP star from the Gaia XP catalogue. We note
that the low-metallicity nature of J2050—6613 ([Fe/H] = —4.25)
had independently been reported by Da Costa et al. (2019), but no
high-resolution follow-up analysis was reported for the star.

2 TARGET SELECTION, OBSERVATIONS, AND
RADIAL VELOCITY

The Gaia Data Processing and Analysis Consortium (DPAC) de-
veloped the GAIAXPY package, which allows one to calculate the
expected flux of an object with XP spectra through pre-loaded
transmission curves. Several photometric filters were provided that
are known to be sensitive to metallicities of stars, namely the
SkyMapper u, v, g, i filter set and the narrow-band Pristine Call K
filter. The 360-410 nm SkyMapper v filter and the even narrower
390—400 nm Pristine filter cover CallK line at 393 nm. Photometry
through these filters can demonstrably be used to identify low-
metallicity stars (e.g. Starkenburg et al. 2017; Da Costa et al. 2019;
Chiti et al. 2021).

We leverage the utility of the aforementioned metallicity-sensitive
filters to derive photometric metallicities for sources with Gaia XP
spectra. We selected a sample of ~61million Gaia XP sources
that satisfy the following quality cuts: (i) Galactic latitude |b| >
10.0°, (ii)) RUWE < 1.1, (iii) c_star < 1.0, and (iv) E(B — V) <
0.35. For this sample, we then derived photometric metallicities
using grids of synthetic photometry that were matched to observed
photometry, exactly as reported in Chiti et al. (2021). However, we
also regenerated the same grid to include the Pristine Ca 11 K filter and
repeated the same procedure to derive photometric metallicities with
broad-band SkyMapper g, i photometry. This allowed two estimates
for the metallicity of each star — one from the SkyMapper filter
set ([Fe/H]smss), and the other from the Pristine + SkyMapper
g, 1 photometry ([Fe/H]p;s). Our [Fe/H]p;s measurements agree
to within 0.39 dex with results from high-resolution spectroscopic
[Fe/H] values, down to [Fe/H] ~ —4.0. For comparison, this is as
nearly as good as typical medium-resolution spectroscopic results
with ~0.30 dex uncertainties. A more detailed description of this
procedure together with a catalogue of metallicities will be presented
in a forthcoming paper (Mardini et al., in preparation).

To identify additional metal-poor stars with [Fe/H] < —3.0, we
selected ~25 candidates with [Fe/H]smss < —3.0 and [Fe/H]pys
< —3.0, and no high-resolution spectroscopic abundances in the
literature. We then obtained high-resolution spectra of 20 stars with
MIKE/Magellan (Bernstein et al. 2003). Given the reliability of
our derived photometric metallicities, we were able to skip the
time-consuming process of vetting candidates first, typically done
with medium-resolution spectra and Call K line measurements. We
observed J2050—6613 on 2023 April 22 for a total of 2000 s using
the 0.7 arcsec slit. Our observation set-up yielded a high spectral
resolution of R ~ 35000 and 30000 in the blue (A < 5000) and
red (A > 5000) wavelength regimes of our spectrum that covers a
wide (3300-9400 A) wavelength range. We carried out a standard
data reduction procedure using the reduction pipeline developed for
Magellan/MIKE observations (Kelson 2003).3 The reduced data have
high signal-to-noise S/N of 110 at A ~ 4000 A.

We cross-correlated our MIKE spectrum against a rest-frame
spectrum of HD122563 (a red giant with [Fe/H] ~—2.8) around the
Catriplet region to calculate a heliocentric radial velocity (RV). We

3 Available at http://obs.carnegiescience.edu/Code/python.
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find RV = 195.6 &+ 0.5kms~!. We also retrieved RV measurements
from Gaia DR3 of RV = 197.32 + 2.04km s~' (Gaia Collaboration
2023), from RAVE DRS5 of RV = 196.50 + 4.18 kms~! (Kunder
et al. 2017), and from RAVE DR6 of RV = 196.10 + 4.28kms~!
(Steinmetz et al. 2020). These available RV measurements for
J2050—6613 suggest no binarity.

3 EQUIVALENT WIDTHS AND STELLAR
PARAMETERS

We adopted an atomic and molecular data linelist generated by the
LINEMAKE* code (Placco et al. 2021a). We measured equivalent
widths (EWs) for detectable lines (see Table 1) in our high-resolution
spectrum using the SPECTROSCOPY MADE HARD (SMH) software
(Casey 2014) by fitting Gaussian profiles to the absorption features.
We note that the selected lines for the EW measurements were
checked for no carbon contamination. Also, we visually examined
each of the lines for potential blending and corrected the fits for any
unreliable continuum placements.

We determined the atmospheric stellar parameters for
J2050—6613 using a combination of photometric and spectroscopic
approaches, similarly to what was presented in Mardini et al.
(2023). We estimate the photometric effective temperature (7er)
using accurate G, BP, and RP magnitudes for our star, as reported
in the source catalogue published by Gaia Collaboration (2023).We
estimated the bolometric correction following Casagrande & Van-
denBerg (2018a, b). We used the best polynomial fit of the colour—
Ter from Mucciarelli, Bellazzini & Massari (2021) to derive Tg.
To obtain the median T, and its uncertainty, we generated 10 000
random realizations drawn from each input parameter and their
corresponding uncertainties. This way, we calculated our final Teg
= 5000 = 100 K, which is the median value of the distribution and
its standard deviation.

We used our EW measurements, the latest version of MOOG (Sne-
den 1973),% and one-dimensional plane-parallel model atmospheres
with a-enhancement (Castelli & Kurucz 2004) wrapped within
SMH to derive local thermodynamic equilibrium (LTE) chemical
abundances of Fel and Fell lines. We then used the Fel and Fell
abundances to iteratively constrain the surface gravity (logg) and
microturbulence (Vmicro) by adopting logg that show agreement
between the Fe 1 and Fe Il mean abundances and enforcing no trends
between the reduced EW and Fel abundances. Our final stellar
parameters are Ty = 5000 + 100K, logg = 1.80 £ 0.30dex,
Vmicro = 1.40 £ 0.30kms™!, and [Fe/H] = —4.05 & 0.16 dex. We
note that we adopted typical uncertainties for log g and vyicro. Also,
we adopted the standard deviation of the Fel abundances as the
uncertainty for [Fe/H]. For completeness, we also obtained stellar
parameters from a traditional spectroscopic approach and found
T = 4350K, log g = 0.21dex, Vpico = 1.86kms™!, and [Fe/H]
= —4.75dex. It is well established that spectroscopic temperatures
are cooler by several hundred degrees than photometrically derived
ones. Correcting the spectroscopic temperature following the ap-
proach presented in Frebel et al. (2013) would yield T, = 4585 K,
logg = 0.79dex, Vmicro = 1.52kms™!, and [Fe/H] = —4.48 dex.
However, no straightforward explanation for the large (~415K)
difference between our derived temperatures can be drawn, but note

4 Available at https://github.com/vmplacco/linemake.
3 Available at https://github.com/andycasey/smhr.
6 Available at https:/github.com/alexji/moog17scat.
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Table 1. Magellan/MIKE chemical abundances of J2050—6613.

Species Method N log e(X) st.dev st.err [X/H] [X/Fe] ATesr Alog(g) AVmicr O tot
(dex) (dex) (dex) +100 K +0.3 dex +0.3 kms™!

C Syn 1 +5.62 0.10 0.10 —2.81 +1.24 —0.16 —0.00 —0.00 0.17
(0] Syn 1 <46.19 - - <—=2.50 <+1.55 - - - -

Na1 EW 2 +1.93 0.08 0.07 —4.31 —0.26 —0.05 —0.02 —0.09 0.12
Mg1 EW 6 +4.12 0.09 0.04 —3.48 +0.57 —0.05 —0.06 —0.12 0.13
All Syn 1 +1.73 0.10 0.10 —4.72 —0.67 —0.09 —0.00 —0.13 0.17
Sit Syn 1 +3.60 0.10 0.10 —-3.91 +0.14 —0.04 —0.01 —0.03 0.10
Cal EW 3 +2.56 0.09 0.06 —3.78 +0.27 —0.10 —-0.03 —0.02 0.11
Sc1t EW 3 —1.34 0.09 0.05 —4.49 —0.44 —0.07 —0.08 —0.03 0.12
Til EW 3 +1.35 0.13 0.05 —-3.60 +0.45 —0.05 —0.02 —0.05 0.09
Tin EW 10 +1.11 0.16 0.05 —3.84 +0.21 —0.12 —0.07 —0.11 0.14
Cri EW 3 +1.27 0.07 0.04 —4.37 —-0.32 —0.04 —0.04 —0.06 0.09
Mn1 EW 2 +0.20 0.05 0.05 —-5.23 —1.18 —0.03 —0.02 —0.07 0.09
Fel EW 56 +3.45 0.16 0.02 —4.05 +0.00 —0.11 —0.02 —0.09 0.13
Felnl EW 3 +3.46 0.05 0.04 —4.04 +0.01 —-0.02 +0.08 —0.05 0.10
Col EW 8 +1.33 0.15 0.05 —3.66 +0.39 —-0.02 —-0.03 —0.04 0.07
Nil EW 12 +2.32 0.17 0.06 —-3.90 +0.15 —0.01 —0.06 —0.03 0.08
Znl Syn 1 +1.35 0.10 0.10 —3.21 +0.95 —0.09 —0.09 —0.08 0.12
Srnt Syn 2 —0.18 0.05 0.03 —3.05 +1.00 —0.10 —0.04 —0.07 0.14
Ban Syn 1 —2.95 0.10 0.10 —5.13 —1.08 —0.11 —0.08 —0.11 0.22

that these temperatures yield [Fe/H] < —4.0. Thus, J2050—6613 is
truly a UMP star.

4 CHEMICAL ABUNDANCES

We determined elemental abundance ratios ([X/Fe]) from both
spectrum synthesis and EW analysis of absorption lines detected
in our Magellan/MIKE spectrum. We adopted solar abundances
[log €(X)e] from Asplund et al. (2009). A summary of the EW fitting
procedure and analysis is provided in Section 3. For the spectrum
synthesis approach, we generated synthetic spectra to match the
observational data to derive chemical abundances for seven elements
(see the second column of Table 1). Fig. 1 shows an illustrative
example of our spectral synthesis fitting. We took into consideration
the effects of hyperfine splitting when determining the abundances
from the Sr11 and Ba 1 lines, as discussed in Bergemann et al. (2012)
and Gallagher et al. (2010), respectively. Our final abundances are
listed in Table 1. We also used the strongest line of the OT triplet
~7770A to place an upper limit on the oxygen abundance. We
determined reasonable line uncertainties for the elements derived
from spectral synthesis (C, Al, Si, Zn, Sr, and Ba) by comparing a
range of synthetic spectra that were consistent with the continuum
(see e.g. the shaded area in Fig. 1).

The fifth column presents the standard deviation of the mean
abundances as derived from individual line measurements. Note that
for elements with few available lines (N < 4; e.g. Na), the standard
deviations were adjusted to account for the small number samples,
following Keeping (1962). This prevents uncertainties from being
underestimated due to small number statistics. To arrive at these
adjusted values, we use o0 = Rk, where k is a factor computed for each
N derived to approximate Gaussian statistics for small N samples.
Values of k can be found in table 2.5 of Keeping (1962). R is the
maximum range covered by individual measurements. In the sixth
column, we report the standard error, based on st.err = Rk*, and
again, corrected for small number samples. The k* values are taken
from table 2.5 of Keeping (1962).

We also estimated the effects of the uncertainty in our stellar
parameters on the derived atmospheric abundances. The 9th (ATcs),
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10th [Alog(g)], and 11th (Avpicr) columns list the systematic uncer-
tainties due to changes in one stellar parameter within their uncer-
tainties (AT = 100K, Alog g = 0.3 dex, and Avypicro =0.3kms™).
We finally calculated the total uncertainties as quadratic sums of each
uncertainty estimate, using our calculated standard errors.

Overall, J2050—6613 is a carbon-enhanced ([C/Fe] = 1.24) UMP
([Fe/H] = —4.05) star, adding to the overwhelming number of
carbon-rich halo stars at the lowest metallicities. An evolutionary
correction of [C/Fe] = 4-0.08, based on Placco et al. (2014b), is ap-
plied here. The other abundances of J2050—6613 also agree well with
those of other known UMP stars (i.e. enhancements in «-elements
and Zn relative to iron). The neutron-capture element abundances
are somewhat unusual in J2050—6613. The Ba abundance is low
([Ba/Fe] = —1.04), as it is typical for other halo stars at [Fe/H] ~—4.
However, the Sr abundance, of [Str/Fe] = +0.95, is among the highest
of UMP stars. This leads to one of the largest known [Sr/Ba] ratios
([St/Ba] = 1.99). Note that using the corrected spectroscopic stellar
parameters would yield [Sr/Fe] = +1.10 and [Ba/Fe] = —1.30. We
illustrate this behaviour in Figs 2(a) and (b), where we show [St/H]
and [Ba/H] as a function of [Fe/H]. Fig. 2(c) shows [St/Ba] versus
[Ba/Fe]. The blue asterisk denotes the location of our star, and orange
points are chemical abundance data for metal-poor stars compiled in
Abohalima & Frebel (2018). Some relevant comparison metal-poor
stars (as discussed in Section 5) are plotted with symbols as listed in
the legend.

5 POSSIBLE ORIGIN SCENARIOS FOR
J2050-6613

We now utilize the observed chemical abundance signature of
J2050—6613 to gain insights into its birth environment and how
its progenitor gas cloud was chemically enriched by the first stars.
The empirical transition discriminant (D) criterion from Frebel,
Johnson & Bromm (2007) employs carbon and oxygen abundances
to set a limit for sufficient fragmentation for early low-mass Pop II
star formation through C and O fine-structure line cooling.

To calculate Dy, for J2050—6613, we used our measurement of
[C/H] and the upper limit on [O/H]. Since we only have an upper

$20z Jequiaidag || uo Jasn AjsisAlun a1e1s uebiyoin A L £658Y2/0971/1/62S/3101KE/|Selu/woo dnoolwspese//:sdjy Wol) papeojumod]



A new UMP star belongs to the Atari Disk 163

[
DO

(a) | | |
_\., J V\ A

| —— J2050—-6613 @ |

loge (C) = 5.54

Normalized flux
oo o =
H~ D Co o

1

4 A VA I\ / A \ /-J \VJAV\\,/ NN

I BRI I N SRR R

i No carbon
0.2 +0.2 dex
0.0 =107 1303 1300 10 I B PRI 11
Wavelength (A)
]..2 1 1 1 1 1 1 1
(D) z (c) :
] i U S S — e e A e
= LOf N IR ke e A AV A /‘”\F\F’WPV*
= 0.5} 1= | \ ,
S gl — 20906613 1 g [ — J2050-6613 ™ 1
Tg 0.45 loge (Sr) = —0.16 E 0.9k loge (Ba) = —2.95 .
£ ' No strontium E ZO i No barium ]
0.2 _ 4+0.2dex _ | 4+0.2dex
00076 ——To77 1078 R S 5] 551 1555

Wavelength (A)

Wavelength (A)

Figure 1. Portions of the observed spectrum of J2050—6613 used to derive chemical abundances for carbon (a), strontium (b), and barium (c). Black line-
connected points denote the observed data. Gold lines represent the best-fitting spectrum syntheses. Green lines represent syntheses with diminishing contribution
by the relevant element. The shaded areas represent illustrative £0.2 dex variations to show corresponding abundance uncertainties. Final line abundances are

listed in the legends.

limit for O, we cannot derive a Dy.,,s value that would meaningfully
suggest whether it is above the threshold of Dy, = —3.50. However,
given that our [C/O] > —0.31 agrees with the suggested range of —0.7
< [C/O] < 0.2 by Frebel & Norris (2013) for metal-poor stars, we
adopt [C/O] = 0.2 to estimate Diyyys. This way we obtain Dys 2
—2.8. This reasonable lower limit is already well above the threshold.
We note that if we were to apply any Non-LTE corrections to the O
triplet, the O abundance would decrease even further and effectively
not change the Dy, value. This suggests that the composition of
the birth gas cloud fragmented sufficiently for low-mass stars to
form, and in the case of J2050—6613 to form with a high natal C
abundance.

For carbon-enhanced metal-poor stras with no nuetron-capture
element enhancement (CEMP-no stars; [C/Fe] > 0.7 and [Ba/Fe] <
0.0), such as J2050—6613, Rossi et al. (2023) suggested a criterion
for identifying their origin based on their carbon, magnesium, and
iron abundances. A similar approach was suggested by Hartwig
et al. (2018) although they did not specifically consider CEMP-
no stars. J2050—6613 has A(C) = 5.62 and [C/Mg] = 0.67, which
indicates predominant prior enrichment by massive metal-free stars
to the local birth environment (e.g. Placco et al. 2016; Mardini et al.
2019b; Almusleh et al. 2021), likely by those that produced a lot of
carbon.

Assuming that J2050—6613 is a second-generation star, then
its atmospheric abundance pattern can be expected to reflect the
chemical yields of the Pop III progenitor. To constrain the progenitor
characteristics, we matched 10000 abundance patterns, generated
from normal Gaussian distributions of our derived abundances and

uncertainties, to theoretical PopIIl models taken from Heger &
Woosley (2010) and using the STARFIT’ code. We find a reasonable
fit for most elements, although the observed carbon abundance often
appears to be underestimated by the models. The best-fitting pa-
rameters of ~97 per cent of our generated patterns suggest a massive
progenitor (29.5 and 24.0 M, respectively, as seen in Fig. 2d). These
models have high explosion energies of E = 1032 erg. Such energetic
hypernovae most likely enriched the birth gas cloud of J2050—6613.
In contrast, few models (2.5 per cent) have lower masses (M = 10—
11 Mg). They match the observed [C/Fe] for our star but consistently
underestimate [Zn/Fe]. Zinc is produced in the complete Si-burning
shell deep in the star. Consequently, the production of a substantial
amount of Zn relies on the energy released during an explosion
and is commonly associated with hypernovae (Umeda & Nomoto
2005). Along with Zn enhancements, Pop III hypernova models also
predict an enhancement in Co alongside lower values for Mn and Cr
(Umeda & Nomoto 2005).

Qualitatively, J2050—6613 follows this principal pattern. How-
ever, the hypernova models still somewhat underproduce Zn by about
0.3 dex as well as carbon. In contrast, the lower mass progenitor mod-
els cannot produce nearly enough Zn, which we take as a benchmark
for constraining the progenitor. We thus adopt the properties of a
high-mass hypernovae for the Pop III progenitor. We note that it is
common for some of the individual abundances to be fit poorly; as
discussed by Heger & Woosley (2010) and also Magg et al. (2020),

7 Available at http://starfit.org.
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Figure 2. Observed abundance trends of [St/H] (a) and [Ba/H] (b) as a function of [Fe/H]. (c) The [St/Ba] versus [Ba/Fe]. The blue asterisk denotes the
abundances for J2050—6613. Grey points represent the data for metal-poor stars collected by JINAbase. Other noteworthy metal-poor stars are indicated with
various symbols. (d) Solid lines show the best-fitting Pop III theoretical yields (with progenitor properties) from Heger & Woosley (2010) and colour-coded by
their fractional occurrence. (e) LTE elemental abundance patterns for J2050—6613 and the other noteworthy metal-poor stars (see the legend). Metal-poor star
data are taken from Roederer et al. (2014), Barklem et al. (2005), Ryan, Norris & Bessell (1991), Cohen et al. (2004, 2013), Hollek et al. (2011), Bonifacio
et al. (2012), Mardini et al. (2019a, b, ¢, 2020, 2022a), Aguado et al. (2017a, b, 2018, 2021), Yong et al. (2013), Frebel et al. (2005, 2008, 2010, 2015, 2019),
Hansen et al. (2015, 2018), Jacobson et al. (2015), Ezzeddine et al. (2019), Spite et al. (1999, 2000, 2014), Cayrel et al. (2004), Norris et al. (2007), Francois
et al. (2007), Lai et al. (2004, 2008), Mashonkina et al. (2017), Almusleh et al. (2021), Placco et al. (2014a, 2020), Ryan, Norris & Beers (1996, 1999), Aoki
et al. (2007, 2013), Honda et al. (2011), Casey & Schlaufman (2015), Masseron et al. (2006), Rich & Boesgaard (2009), Depagne et al. (2000), Sivarani et al.
(2006), Norris, Ryan & Beers (2001), Caffau et al. (2011a, b, 2013), Behara et al. (2010), Carretta et al. (2002), For & Sneden (2010), Keller et al. (2014),
Plez & Cohen (2005), Placco et al. (2023),and Christlieb et al. (2002).

this is at least partially due to uncertainties in our observations (i.e.
stellar parameters and atmospheric abundances), theoretical models
(e.g. yield predictions), and the fitting algorithm. Keeping these
caveats in mind, and notwithstanding, this comparison provides a
helpful indication of the potential stellar mass and explosion energy
of the progenitor.

We now discuss possible origins of the observed neutron-capture
elements. J2050—6613 exhibits a strong enhancement in Sr ([Sr/Fe]
= 0.95), in stark contrast to its much more ‘typical’ Ba ([Ba/Fe]
= —1.04) abundance. Among the other known UMP stars, only

MNRASL 529, L60-L66 (2024)

HE 1327—-2326 ([Fe/H] = —5.71; [Sr/Fe] = 1.08; and [Ba/Fe] <
1.39; Frebel et al. 2008) and J0224—5737 ([Fe/H] = —3.97; [Sr/Fe]
= 1.08; and [Ba/Fe] < —0.91; Jacobson et al. 2015) have similar Sr
enhancement levels; however, these stars only have Ba upper limits
available. For comparison, the Sr abundances of other UMP halo stars
(e.g. Frebel, Simon & Kirby 2014; Andales et al. 2023) typically have
much lower values as low as [Sr/Fe] ~—1.8 at [Fe/H] ~—4.0, which
is nearly 3 dex lower than what we observed in J2050—6613.
However, there are several other stars with large [Sr/Ba] ratios,
which we highlight in Fig. 2: J0929+4-0838 ([Fe/H] = —2.34;
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Ezzeddine et al. 2020), HE0109—4510 ([Fe/H] = —2.96; Hansen
et al. 2015), J142240031 ([Fe/H] = —3.03; Aoki et al. 2013), and,
again, J0224—5737 ([Fe/H] = —3.97; Jacobson et al. 2015). Note
that the last two stars only have upper limits on their Ba abundances,
implying lower limits on their [Sr/Ba] values. Nevertheless, all these
objects cluster above all other stars that form the main observed trend,
thus opening up the parameter space. For completeness, we also add
HE 1327-2326; note that its high upper limit of [Ba/Fe] < 1.39
renders its low [Sr/Ba] > —0.31 lower limit largely meaningless.

Sr abundances in combination with significantly lower Ba values
are often attributed to the operation of the limited r-process (Frebel
2018). However, in comparison to the representative limited-r star
HD122563 (Honda et al. 2011), J2050—6613 shows a much higher
relative Sr abundance as well as a more extreme [Sr/Ba] ratio
(HD122563 has [Sr/Ba] ~ 0.8 dex). We added HD 122563 to Fig. 2(e)
for comparison. Altogether, it appears that there is a new class
of objects with such high [Sr/Ba] ratios of 2. We plot the stars’
common element abundances in Fig. 2(e). As can be seen, all stars
have qualitatively very similar patterns. Possible exception may be
some variations in the Ba abundances given that several stars only
have upper limits at present.

To learn more about these stars and their nucleosynthetic origins,
we now discuss core-collapse supernovae (CCSNe) as a major
source of neutron-capture elements (e.g. Pruet et al. 2006; Arcones,
Janka & Scheck 2007; Wanajo, Janka & Miiller 2011). Specifically,
we attempt to derive yield predictions for Sr and Ba. Assuming that
J2050—6613 formed from a gas cloud with 10° M, the observed
abundances imply a large Sr yield of ~107> Mg, alongside a Ba
yield of only ~1078 M. Whether these very different yields are
physically plausible to be produced within one massive first star
remains to be seen. In any case, it appears that CCSN must produce
extremely variable Sr yields as reflected in the different [Fe/H] levels
observed. Adding rotation to the models can, however, enhance
the Sr production (e.g. Frischknecht et al. 2016). Also, neutrino-
driven winds that follow the successful CCSN might synthesize
additional Sr (e.g. Bliss et al. 2020). Interestingly, our suggested
Sr yield appears to (coincidentally) be similar to what the kilonova
AT2017gfo produced (Watson et al. 2019). However, the coalescence
time of binary neutron star mergers argues against a compact object
merger as the origin of Sr observed in our star. However, if CCSN
yields are found to produce only a narrow range of Sr yields, the
new class of high [St/Ba] stars suggests a likely contribution from
an additional source (with the possible caveat that this source should
produce negligible amounts of iron as to not overproduce the stellar
[Fe/H] of the initial/main source). A discussion of Sr yields and
associated astrophysical sites can be found in Hansen et al. (2013).

In summary, the abundance signature of J2050—6613 suggests
that its Pop III progenitor was massive and very energetic, and that
it must have produced copious amounts of Sr but little Ba, possibly
through a limited r-process while also having a low Fe yield to
account for the UMP nature of the star. However, other scenarios,
possibly involving two sources or sites, should be further explored
to place new constraints on the nucleosynthetic history of this class
of very low metallicity, high [Sr/Ba] stars, including J2050—6613.
Interestingly, since J2050—6613 is also another confirmed UMP
member of the so-called Atari disc (Mardini et al. 2022b), this
suggests that significant C and Sr production and/or the limited r-
process may have been major pathways for element nucleosynthesis
in the progenitor system of the Atari component. Atari itself then
likely formed from a very early (>9 Gyr) radial merger event of that
progenitor that entered the protogalactic disc to form a component
separate from the canonical thick disc. For more details, interested

A new UMP star belongs to the Atari Disk 165

readers are referred to Mardini et al. (2022b) and Hong et al. (2023) .
In any case, the Atari disc appears to contain a significant amount of
the most metal-poor stars, including five stars with [Fe/H] < —4.0.
J2050—6613 adds to this growing number of truly ancient UMP stars
of accreted second-generation stars present in the Galactic disc.
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