
MNRAS 509, 4637–4652 (2022) https://doi.org/10.1093/mnras/stab3364 
Advance Access publication 2021 No v ember 25 

J01020100 −7122208: an accreted ev olv ed blue straggler that was not 

ejected from a supermassi v e black hole 

Danielle de Brito Silva , 1 ‹ Paula Jofr ́e , 1 Douglas Bourbert , 2 Sergey E. Koposov , 3 , 4 Jose 

L. Prieto 

1 , 5 and Keith Hawkins 6 

1 N ́ucleo de Astronom ́ıa, Universidad Diego Portales, Ej ́ercito 441, Santiago, Chile 
2 Ma gdalen Colleg e , Univer sity of Oxfor d, High Str eet, Oxfor d OX1 4AU, UK 

3 Institute for Astronomy, University of Edinburgh, Royal Observatory, Blackford Hill, Edinburgh EH9 3HJ, UK 

4 Institute of Astronomy, University of Cambridge, Madingley Road, Cambridge CB3 0HA, UK 

5 Millennium Institute of Astrophysics, Av. Vicu ̃ na Mackenna, 4860 Macul, Santiago, Chile 
6 Department of Astronomy, The University of Texas at Austin, 2515 Speedway Boulevard, Austin, TX 78712, USA 

Accepted 2021 No v ember 13. Received 2021 November 9; in original form 2021 July 4 

A B S T R A C T 

J01020100 −7122208 is a star whose origin and nature still challenges us. It was first believed to be a yellow supergiant ejected 

from the Small Magellanic Cloud, but it was more recently claimed to be a red giant accelerated by the Milky Way’s central 
black hole. In order to unveil its nature, we analysed photometric, astrometric, and high-resolution spectroscopic observations 
to estimate the orbit, age, and 16 elemental abundances. Our results show that this star has a retrograde and highly-eccentric 
orbit, e = 0 . 914 

+ 0 . 016 
−0 . 020 . Correspondingly, it likely crossed the Galactic disc at 550 pc from the Galactic Centre. We obtained a 

spectroscopic mass and age of 1 . 09 ± 0 . 10 M � and 4.51 ± 1.44 Gyr, respectively. Its chemical composition is similar to the 
abundance of other retrograde halo stars. We found that the star is enriched in europium, having [Eu/Fe] = 0.93 ± 0.24, and 

is more metal-poor than reported in the literature, with [Fe/H] = −1.30 ± 0.10. This information was used to conclude that 
J01020100 −7122208 is likely not a star ejected from the central black of the Milky Way or from the Small Magellanic Cloud. 
Instead, we propose that it is simply a halo star that was likely accreted by the Milky Way in the distant past, but its mass and 

age suggest it is probably an evolved blue straggler. 

Key words: stars: abundances – stars: individual: J01020100 −7122208 – Galaxy: abundances – Galaxy: halo. 
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 I N T RO D U C T I O N  

aia (Gaia Collaboration et al. 2016 ) is revolutionizing our under- 
tanding of the Milky Way, providing astrometric information not 
nly for our Galaxy’s stars but also for stars from satellite galaxies.
ith the Gaia Early Data Release 3 ( Gaia EDR3; Brown et al.

021 ), it is possible to describe the detailed orbits of many stars,
ncluding J01020100 −7122208. J01020100 −7122208 is a star that 
as a velocity of 300 km s −1 whose origin has been analysed in recent
ears (Massey et al. 2018 ; Neugent et al. 2018 ), yet no consensus
as been reached. Understanding the nature of high-velocity stars 
s important because from them we can learn, for example, about 
ow frequently encounters between stars and the central black hole 
f the Milky Way are (e.g. Rossi et al. 2017 ), as well as what is
he escape velocity of the Galaxy as a function of Galactocentric 
adius (e.g. Piffl et al. 2014 ). Therefore, reaching a consensus of
01020100 −7122208 is important. 

This star was a serendipitous disco v ery. Neugent et al. ( 2010 )
arried out a study with the objective of identifying yellow stars in the
irection of the Small Magellanic Cloud (SMC) based on the radial 
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elocities (RVs) of the objects in that field. Their moti v ation was
hat by studying yellow stars it is possible to test stellar evolutionary
heory that can help us to interpret the light of distant galaxies.
he authors observed 496 stars using the multi-object spectrometer 
ydra at Cerro Tololo 4-m telescope. They determined RVs by 

ross-correlating their spectra using the Ca II triplet. They then 
ompared their results for individual stars with the mean RV of
he SMC and considered that stars with RVs similar to the value of
hat dwarf galaxy (160 km s −1 ) were candidate members. In cases
here the RV results obtained using this method were inconclusive, 

hey complemented their analysis by using the luminosity-sensitive 
ine O I λ 7774: Stars with measurable amounts of O I λ 7774 should
e supergiants (making it possible that the objects were in the SMC)
hile stars without measurable O I λ 7774 should be foreground stars

rom the Milky Way. With this methodology, Neugent et al. ( 2010 )
ound 176 stars that were candidate members of the SMC. They
ound one star with an extreme heliocentric RV of about 300 km s −1 :
01020100 −7122208. 

Several years later, Neugent et al. ( 2018 , hereafter 
eu18 ) presented a more detailed spectroscopic analysis of 

01020100 −7122208, using one spectrum from the spectrometer 
ydra at Cerro Tololo 4-m telescope, one spectrum from Echelle on

he du Pont 2.1-m telescope at Las Campanas Observatory, and two
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Table 1. Properties of J01020100 −7122208. 

Property Information 

2MASS ID J01020100 −7122208 

Gaia I D 4690790008835586304 

RA ( ◦) 15.504 ± 0.011 

Dec. ( ◦) −71.373 ± 0.010 

Parallax (mas) 0.105 ± 0.012 

Proper motion – RA (mas yr −1 ) 8.630 ± 0.017 

Proper motion – Dec. (mas yr −1 ) −0.938 ± 0.013 

G (mag) 13.36 

Note . RV not available in Gaia EDR3. 
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pectra from MagE on the Las Campanas Baade 6.5-m Magellan tele-
cope. The spectra used have resolution ranging from 3000 to 45 000.

In that study, the authors classified the star as a G5-8, with an
f fecti ve temperature ( T eff ) of 4700 ± 270 K, a surface gravity (log g )
f 0.8, a mass of 9 M �, and an age of 30 Myr. They determined the
pectral type by comparing a spectrum of J01020100 −7122208 with
he spectra of different spectral standards, considering the strength of
etal lines and the weakness of hydrogen lines. To calculate T eff they

ompared de-reddened broad-band colours to model atmospheres.
inally, they used Gene v a e volution models to determine the mass
nd, as a consequence, the age of the star. With this information, they
oncluded that J01020100 −7122208 was a yellow supergiant that
 as lik ely ejected from the SMC due to a binary companion that ex-
loded as a supernova (SN). This would also explain its high velocity.
As soon as Gaia DR2 (Brown et al. 2018 ) was released,

01020100 −7122208 was studied again by Massey et al. ( 2018 ,
ereafter Mas18). The authors noticed that the star’s parallax was
oo large to be consistent with an origin in the SMC. They thus
laimed that J01020100 −7122208 was instead in the Galactic halo.
hey performed a new spectral analysis using the same spectra used

n Neu18 , estimating a T eff of 4800 ± 100 K, a log g of 2.2, an age
f 180 Myr, a mass of 3–4 M �, and a metallicity of [Fe/H] = −0.5.
hey compared these values with evolutionary tracks and concluded

hat the star was in the giant or early asymptotic giant branch stage,
.e. it was not a yellow supergiant. From the age and metallicity, they
urther concluded that the star was born in the Galactic disc. After
 xtensiv ely discussing sev eral different scenarios to explain the RV,
as18 concluded that J01020100 −7122208 was likely ejected from

he central black hole of the Milky Way. The basis for this argument
as that, when Mas18 integrated the orbit of the star back in time,

hey found that the star passed close to the centre of the Galaxy.
he authors commented that later Gaia data releases could alter this
onclusion. 

Now is an interesting moment to revisit the origin of this object
ith a new data release from Gaia (Brown et al. 2021 ). Furthermore,
ethodologies to determine ages have improved, thanks to the

mpro v ed astrometry from Gaia and information from spectroscopy.
ast but not least, high-resolution spectra can be used to determine
hemical abundances in addition to stellar parameters. The later
as pro v en v ery useful to study the origins of stars in the Galaxy
Nissen & Schuster 2010 ; Hawkins & Wyse 2018 ; Matsuno, Aoki &
uda 2019 ; Das, Hawkins & Jofr ́e 2020 ; Kordopatis et al. 2020 )
ecause different chemical elements are produced by different
ucleosynthetic channels. By understanding the connection of these
hannels with the star formation time-scales of the Galaxy and its
atellites, one can shed light on the formation history of certain
tars. Other works in the literature such as Hansen et al. ( 2016 ) and
awkins & Wyse ( 2018 ) have already used chemical abundances to

xplore the origin of high velocity stars in the Galaxy, proving the
ower of using this information about stars to unveil their origins. 
In this paper, we perform a detailed analysis of

01020100 −7122208 with the goal of shedding light on its
rigin. To do so, we consider the latest Gaia data ( Gaia EDR3;
rown et al. 2021 ) and obtain high-resolution spectra to determine

tellar parameters and chemical abundances of 16 elements, ages,
nd orbital parameters. It is the first time chemical abundances
re used to study this star. In Section 2, we present the data used
n our work. In Section 3, we describe the analysis to calculate
he orbits, age, stellar parameters, and chemical abundances of
01020100 −7122208, and in Section 4, we present our results. In
ection 5, we discuss our findings. Finally, in Section 6, we present
ur conclusions. 
NRAS 509, 4637–4652 (2022) 
 DATA  

he astrometric and photometric information of
01020100 −7122208 was taken from Gaia EDR3 and can be
ound in Table 1 . 

We used two high-resolution spectra taken using the MIKE
pectrograph on the Clay Telescope at Las Campanas Observatory
nd reduced using CarPy (Kelson 2003 ), the standard pipeline
or data reduction with that instrument. The first high-resolution
pectrum ( R ≈ 25 000) was observed on (UT) 2013 January 7 and
as a signal-to-noise ratio (S/N) of about 100 pixel −1 . It allowed us
o determine stellar parameters, chemical abundances and RV. The
econd spectrum was taken on (UT) 2019 August 27 and has a greater
esolution of ( R ≈ 55 000) but an S/N of only 40 pixel −1 . The second
pectrum was solely used to obtain a second RV measurement and
o to rule out a possible binary nature. Any variation of RV across
everal years might indicate that this star is part of a binary system,
ffecting the determination of mass and age. 

In addition, we considered a sample of MIKE spectra of seven
etal-poor halo stars. These spectra have typical S/N of 100 pixel −1 

nd resolution of about 40 000. The stars were used as a control
ample to validate our spectral results. These stars have been selected
rom APOGEE DR14 (Abolfathi et al. 2018 ; Holtzman et al. 2018 )
nd have been analysed by Carrillo et al. (submitted, hereafter
ar21). The control sample stars satisfy 4300 ≤ T eff ≤ 5000 K,
.9 ≤ log g ≤ 2.7, and −1.75 ≤ [Fe/H] ≤ −1.0. It is important for
s to validate the stellar parameters of J01020100 −7122208, since
revious works of Neu18 and Mas18 do not agree on them. 
In Fig. 1 , we display an e xample re gion of the normalized and

V corrected spectrum of J01020100 −7122208 (in blue at the top)
long with four stars ( Gaia DR2 6235964932353628928, Gaia
R2 6242490774375687168, Gaia DR2 6632318803772618752,

nd Gaia DR2 6632319697125815680) from our control sample. 

 ANALYSI S  

.1 Spectroscopy 

e determined radial velocities, stellar parameters and chemical
bundances using a pipeline developed by us based on the code
or spectral analysis ISPEC (Blanco-Cuaresma et al. 2014b ; Blanco-
uaresma 2019 ) and IRAF tasks (Tody 1993 ) were used to merge the
rders of the 2D reduced spectra. 
We first normalized the spectra of J01020100 −7122208 and of

he control sample stars order-by-order using 3 ◦ splines every 5 nm.
e also performed the RV correction order-by-order, by cross-

orrelating the observed spectra with a line mask from a spectrum of
rcturus from Atlas (provided with ISPEC ). We did it order-by-order
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Figure 1. Examples of spectra. The blue spectrum at the top corresponds to J01020100 −7122208, while the magenta, orange, lilac, and green ones correspond 
to spectra of stars used to validate our spectral results. 
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o a v oid problems related to the wa velength calibration of our data.
t this step, we obtained RVs for each order. We adopted as the

tar’s RV the mean of the values calculated for each order and as the
ncertainty the standard deviation. We visually inspected the spectra, 
uaranteeing that the absorption lines were aligned with the lines in 
he laboratory rest frame. From the spectrum acquired in 2013 we 
btained an RV of 296.27 ± 0.17 km s −1 , while from the spectrum
cquired in 2019, the calculated RV value is 296.24 ± 0.25 km s −1 .
oth values agree within 1 σ ; therefore, we find no evidence that this

tar is currently in a binary system. 
In order to determine atmospheric parameters, we adopted a sim- 

lar procedure as the one implemented in Casamiquela et al. ( 2019 ).
e considered the line list from the Gaia -ESO surv e y (Heiter et al.

015a ), which includes atoms and molecules, and the Grevesse solar
bundances (Grevesse, Asplund & Sauval 2007 ). Within ISPEC , we 
hose the 1D atmospheric models MARCS7 (Gustafsson et al. 2008 ) 
nd the LTE radiative transfer code TURBOSPECTRUM (Alvarez & 

lez 1997 ; Plez 2012 ). We considered in our analysis only the region
etween 480 and 660 nm, since bluer regions have lower S/N and also
ecause ISPEC has been largely tested in the adopted region. When 
SPEC uses TURBOSPECTRUM , it considers the technique of fitting 
ynthetic spectra to the observations, in specific regions defined by 
he user, in this case those listed in Table A1 . The atmospheric
arameters are with this method determined by fitting on-the-fly 
he selection of spectral regions simultaneously until a good match 
etween the synthesis and the observation is achieved (following a 
2 minimization procedure). After the atmospheric parameters are 
ecided, the chemical abundances can be determined line-by-line, 
sing syntheses with the same radiative transfer code. The lines used
o derive chemical abundances are also found in the Appendix A, in
able A2 . After generating the synthetic spectra, we visually verified

he good agreement between it and the observed spectra. In Fig. 2 ,
e show a comparison between the synthetic spectrum built with our
est-fitting stellar parameters (green dashed lines) and the observed 
pectrum (solid blue lines). We also show the synthetic spectrum built
sing the stellar parameters from Mas18 (dashed orange lines). There 
s a good agreement between the observed spectrum and the synthetic
ne based on our best-fitting stellar parameters in the grey regions,
hich are those used for performing the fitting. The regions chosen

o display the agreement between synthesis and observations focus 
n the Mg triplet at 517 nm, and other regions in which both neutral
nd ionized iron lines of different strengths and excitation potentials 
all. We note that the synthetic spectrum built using the stellar
arameters presented in this work agree better with the observed one
han the synthetic spectrum built using stellar parameters from the 
iterature. Only the regions of Fe I and Fe II were considered for the
etermination of parameters, relying on the method of ionization and 
xcitation balance (Gray 2005 ): Ef fecti ve temperature does not need
o depend on the strength or excitation potential of Fe I lines, and the
etallicity needs to give the same result for Fe I and Fe II lines. This
MNRAS 509, 4637–4652 (2022) 

art/stab3364_f1.eps
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Figure 2. Comparison between observed spectra (solid blue lines) and 
synthetic spectra (dashed green lines) based on our best-fitting stellar 
parameters. Dashed orange lines show the synthetic spectra built using stellar 
parameters from the literature. Top panel: region containing the magnesium 

triplet. Middle panel: region containing Fe I lines. Bottom panel: region 
containing Fe I , Fe II , and Ca I lines. The grey regions indicate the area of 
the different lines used as an example. The synthesis based on our best-fitting 
stellar parameters considers a star of T eff = 4493 K, log g = 1.38, and [Fe/H] = 

−1.30. The synthesis based on literature stellar parameters considers T eff = 

4800 K, log g = 2.0, and [Fe/H] = −0.5. 

i  

o  

,  

i  

b  

o  

[  

i  

t  

b  

f

Figure 3. Comparisons of our atmospheric parameters with APOGEE. Top 
panel: difference in effective temperature. Central panel: difference in surface 
gravity. Bottom panel: difference in metallicity. The mean μ as well as the 
standard deviation σ of each distribution is included in the panels. The 
uncertainties are computed as the quadratic sum of uncertainties from the 
pipeline and from the literature value. 
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s achieved by adjusting the value of surface gravity, which depends
n the strength of Fe II lines. The Mg triplet, which, in this case

was not used for the fitting, is displayed here as diagnostics, since
ts wings are very dependent on surface gravity. The good agreement
etween the synthetic spectrum based on our parameters and the
bserved spectrum in these regions indicates that T eff , log g , and
Fe/H] are consistently calculated, addressing possible degeneracies
n the parameters. In our analysis, we did not include H lines because
hey suffer from strong non-LTE and 3D effects (Amarsi et al. 2018 ),
ut in Appendix B, we give further discussions on the H line profiles
or completeness. 
NRAS 509, 4637–4652 (2022) 
With the aim of validating our atmospheric parameters, we
onsidered a control sample of metal-poor stars studied by Car21
nd for which we have parameters from the APOGEE survey. In
his case, we used APOGEE T eff , log g , and [Fe/H] as reference
alues, testing the accuracy of our data as well as estimating external
ncertainties. We chose not to compare our stellar parameters with
he ones presented in Car21 because the analysis done in that work
s not fully spectroscopic. 

In Fig. 3 , we compare our results for the control sample. We
lot the difference between the atmospheric parameters T eff , log g ,
nd [Fe/H] obtained in our work and values from APOGEE surv e y.
he mean of the differences between the results and the standard
eviation are indicated in each panel for reference. 
For all stars, there is a consistency between T eff obtained by us and

 eff from APOGEE within 1 σ . Never the less, we observe that our T eff 

end to be higher than the APOGEE results by 87 ± 63 K. With regard
o log g , all values obtained in this work agree with APOGEE values
ithin 2 σ . The mean difference of log g is −0.03 and the standard
eviation is 0.15. Regarding the metallicity, there is an agreement
ithin 2.2 σ when comparing measured values from our work and
POGEE values. The mean difference for the metallicity is 0.04 dex,

nd the standard deviation is 0.04 dex; thus, there is a slight offset in
hich we obtain metal-richer results than APOGEE . 
We obtained T eff = 4493 ± 102 K, log g = 1.38 ± 0.15, and

Fe/H] = −1.30 ± 0.1 for J01020100 −7122208. Here we considered
s the uncertainty of our measurements the quadratic sum of the
nternal value provided from our pipeline and the standard deviation
rom the comparison presented in Fig. 3 . Our parameters point
owards the star being a metal-poor red giant star, even when
onsidering the systematic offset obtained with respect to APOGEE,
hich agrees with Mas18 but not with Neu18 . In any case, our study

ndicates that the star is more metal-poor then previously reported,
nd is consistent with the star being a member of the stellar halo. 

art/stab3364_f2.eps
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.2 Kinematics 

e calculated the velocities ( U , V , W ) for J01020100 −7122208
sing the ASTROPY package (Robitaille et al. 2013 ; Price-Whelan 
t al. 2018 ). We adopted a Galactic height of z � = 0.0025 Kpc (Juri ́c
t al. 2008 ) and Galactic radius R � = 8.2 Kpc (McMillan 2016 ) for
he Solar position, and ( U , V , W ) � = (11.10, 247.97, 7.25) km s −1 for
he Solar velocity relative to the Galactic Centre, following Matsuno 
t al. ( 2020 ). We used right ascension, declination and proper motions 
rom Gaia EDR3 and the RVs obtained from our MIKE spectra. We
dopted U positive toward Galactic Centre, V positive in the direction 
f Galactic rotation, and W positi ve to ward the North Galactic Pole.
he final velocity in the Galactic rest frame is ( U , V , W ) = ( − 185.26,
171.64, −159.30) km s −1 . This indicates that the star is counter-

otating, e.g. it is part of the retrograde halo, which is consistent with
he metal-poor nature of the star. 

.3 Distance and other stellar properties 

e use the MINIMINT package (Koposov 2020 ) that relies on the MIST

ibrary of synthetic isochrones (Choi et al. 2016 ; Dotter 2016 ) to map
he mass, age and metallicity to absolute magnitudes in a variety of
lters as well as surface gravity and ef fecti ve temperature. We then
odel the observed photometry, Gaia parallaxes, and spectroscopic 

tellar atmospheric parameters similarly to Koposov et al. ( 2020 ). 
he model parameters are the mass, age, metallicity, extinction, 
istance to the star, and an additional systematic photometric scatter 
hat is added in quadrature to all the magnitude uncertainties. We 
se the optical photometry from Gaia EDR3 (Riello et al. 2021 )
nd Skymapper DR2 (Onken et al. 2019 ) and IR photometry from
MASS (Skrutskie et al. 2006 ) and WISE surv e ys (Eisenhardt et al.
020 ). As the parallax solution of Gaia is known to have systematic
patially dependent biases (Lindegren et al. 2021 ) we also introduce 
n additional parallax offset parameter with a δω/(1mas) ∼ N (0, 0.02) 
rior. We use the Nested Sampling algorithm MULTINEST (Feroz & 

obson 2008 ) as implemented in PYTHON by Buchner et al. ( 2014 )
o sample the posterior. Similarly to Koposov et al. ( 2020 ), we run
he model in two configurations, one where the photometry alone 
s modeled, and a second where we use the stellar atmospheric 
arameters in the fit together with photometry. 
We show the posterior of our photometric and spectrophotometric 

nalyses in Fig. 4 and the corresponding means and standard 
eviations of the posterior samples in Table 2 . These two analyses
re in some tension, with the photometric analysis fa v ouring an
nterpretation of the star as a young, metal-rich, high-mass giant star
hile the spectrophotometric analysis fa v ours it to be an old, metal-
oor, low-mass giant star. We note that the photometric-only analysis 
mplies values of T eff , log g , and [Fe/H] that are entirely inconsistent
ith the values we measured from the spectra. 
We note that the results of photometric data only are closer to

hose of Mas18. Considering that in that case both analyses use 
aia data and were based on the same technique, this is expected.
ur high-resolution analysis ho we ver points to wards a star that is

ignificantly more metal-poor than previously believed. It is well 
nown that metalliticies can have a large impact on stellar models 
e.g. Tayar et al. 2017 ), causing a large systematic effect if solar-
etallicities are considered for metal-poor stars. We see here how a 

igh-resolution spectrum can provide additional useful information. 
urthermore, in Appendix B, we verified from the hydrogen lines 

hat our spectroscopic results are consistent with those line profiles 
what was also illustrated in Fig. 2 ), hence confirming that a
pectrophotometric analysis in this case is needed. 
Therefore, our discussion will assume that this star is indeed an old,
etal-poor, low-mass giant star, since it is the result obtained when
e use more complete information about J01020100 −7122208. 

.4 Orbit calculation 

e characterized the full variety of possible orbits of this star through
he Galaxy by drawing random values from our posterior on the
resent-day distance, proper motion, and RV and integrating them 

orw ards and backw ards in time. The spectrophotometric analysis 
bo v e yields a posterior on the distance to the star and we can sample
he RV from the normal distribution given by our measured mean
nd uncertainty. Ho we ver, more w ork w as needed to obtain samples
f the proper motions. 
The spectrophotometric analysis of the previous section yields a 

osterior on the distance to the star that is both more precise and
hifted relative to the parallax reported by Gaia . The uncertainty
n Gaia ’s measurement of a star’s parallax is correlated with the
ncertainty in the proper motion, meaning that an y e xtra information
n a star’s true parallax will also cause our estimate of the star’s
roper motion to change. The implication of this is that randomly
ampling the proper motions from the Gaia reported means and 
ncertainties will yield proper motions that are inconsistent with our 
est estimate of the distance. 
Gaia describes the correlation between the parallax and proper 
otions through a tri v ariate normal distribution with mean m =

 m � 

, m μα∗, m μδ) T and covariance matrix S . The spectrophotometric
osterior on the distance cannot in general be described as a normal
istribution, so we instead treated each posterior sample as giving a
oint estimate of the true parallax ˜ � . We then conditioned the proper
otion distribution on each of those values in turn to derive updated

stimates of the mean ˜ m μ and covariance matrix ˜ S μμ of the bi v ariate
ormal distribution on the proper motions, through the equations 

˜  μ = m μ + 

˜ � − m � 

σ 2 
� 

S μ� 

, (1) 

˜ 
 μμ = S μμ − 1 

σ 2 
� 

S μ� 

S �μ, (2) 

here quantities like S ab refer to the corresponding submatrices. 
e drew one sample from each of these distributions, such that for

ach distance sample from the spectophotometric posterior, we had 
 consistent proper motion sample. 

For 2500 of these samples, we integrated the orbit of the star
orw ard and backw ard in time for 1 Gyr using the GALA (Price-

helan 2017 ) PYTHON package, assuming the default Milky Way 
otential and transforming into the Galactocentric coordinate frame 
sing the latest ASTROPY recommended values (Reid & Brunthaler 
004 ; Drimmel & Poggio 2018 ; Gravity Collaboration et al. 2018 ;
ennett & Bovy 2019 ). 
We show in Fig. 5 a random subsample of 250 orbits out of

he 10 000 orbits that we integrated. While the uncertainty in the
resent-day distance to the star (in particular the second mode 
isible in Fig. 4 ) produces a spread of trajectories, the main bulk
f the trajectories pass close to the centre of our Galaxy. To test
he hypothesis that this star originates in the Galactic Centre, we
dentified where each past trajectory last crossed the Galactic disc, 
nding that the star last crossed the plane at a distance of 550 + 1129 

−361 pc
rom the Galactic Centre and that the crossing location was at least
13 pc from the Galactic Centre with 99 per cent confidence. Another
ay of expressing this is that the star’s eccentricity is 0 . 917 + 0 . 005 

−0 . 025 ,
aking this star’s orbit highly eccentric but not perfectly radial. If
e repeat the orbit integration with the photometric analysis, then we
MNRAS 509, 4637–4652 (2022) 
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Figure 4. Corner plot of the posterior from our photometric (blue) and spectrophotometric (green) analyses of the star. The red point is the measurement of the 
atmospheric properties derived from the spectrum. 

Table 2. Result of spectrophotometric analysis. 

Property Photometric Spectrophotometric 

Mass (M �) 3.39 ± 0.25 1.09 ± 0.10 

Age (Gyr) 0.244 ± 0.041 4.507 ± 1.437 

Distance (kpc) 10.39 ± 1.17 8.74 ± 0.74 

Extinction (mag) 0.102 ± 0.017 0.083 ± 0.016 

Systematic error (mag) 0.028 ± 0.007 0.053 ± 0.015 

Parallax offset (mas) 0.0034 ± 0.0122 −0.0092 ± 0.0146 
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NRAS 509, 4637–4652 (2022) 
nd that the star last crossed the plane at a distance of 2673 + 2329 
−1721 pc

rom the Galactic Centre and that the crossing location was at least
35 pc from the Galactic Centre with 99 per cent confidence. Neither
f the analyses support the hypothesis that the star originated in the
alactic Centre. 

 C H E M I C A L  A BU N DA N C E S  

he chemical abundances can be seen in Fig. 6 , where we show
01020100 −7122208 as a black filled star. In each panel, we display
he measured abundance ratio [X/Fe] of a different element. In the
ame figure, we adopted as reference a sample of retrograde stars
rom the GALAH surv e y (Buder et al. 2021 ), represented as contours

art/stab3364_f4.eps
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Figure 5. A random sample of 250 possible past and future trajectories of the star through the Galactic potential. The location of the Sun is marked with a 
yellow star, the Galactic Centre with a cross, and the Milky Way disc with a dashed ellipse. 
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f a kernel density estimation. The control sample was taken from the
R3 of GALAH , selecting only stars with T eff ≤ 5500 K and log g ≤
.0. We also did a quality selection, where we chose only stars with
ag sp = 0 (i.e. no problems with the determination of parameters),
ag fe h = 0 (i.e. no problems in the determination of [Fe/H]) and
ag X fe = 0 (no problems in the determination of the abundance
X/Fe]). Further details can be found in Buder et al. ( 2021 ). 

For all these stars, we used Gaia positions, proper motions, and 
Vs to calculate the respective total velocities. We selected only stars
ith V ≤ 0 km s −1 . Since J01020100 −7122208 is a retrograde star,
e compared its chemical composition with other stars to see if they

ome from the same Galactic component. In general, we find that 
he chemical composition of J01020100 −7122208 is very similar 
o the GALAH retrograde stars. The results of individual chemical 
lements is discussed in more detail below. 

.1 α elements 

elements are those formed by the capture of α particles in the 
ore of stars during post-main-sequence burning and are dispersed 
n the interstellar medium (ISM) mainly by core-collapse Type II 
upernovae (SN II ; e.g. Timmes, Woosley & Weaver 1995 , Kobayashi 
t al. 2006 , Nomoto, Kobayashi & Tominaga 2013 ). In this work,
e explore the following α elements: calcium (Ca), silicon (Si), and 
agnesium (Mg). We also explore titanium (Ti), which, according 

o nucleosynthetic models, is not produced by the α-capture channel 
ut the [Ti/Fe] distribution as a function of [Fe/H] behaves like other
elements. 
Following the time-delay model (Tinsley 1979 ; Matteucci & Greg- 

io 1986 ), there is a delay in the ejection of Fe-peak elements such as
e and Mn by SN Ia when we compare it with the fast ejection of α
lements by SN II . The result of the time-delay enrichment of Fe, for
xample, is that the oldest stars are both α-rich and metal-poor. This
lass of elements are also an indicator of the star formation rate of a
rogenitor galaxy: The richer a star is in α-elements, the higher the
tar formation rate of the progenitor galaxy (Gilmore & Wyse 1998 ).

The top row of Fig. 6 shows the abundance ratios of α-elements and
t is possible to see that J01020100 −7122208 is an α-rich star ([ α/Fe]

0.30). This enhancement is consistent with the star being old. It is
urther seen that J01020100 −7122208’s [ α/Fe] has abundance ratios 
onsistent with the retrograde GALAH stars. 

.2 Iron-peak elements 

ron-peak elements are formed by se veral dif ferent nucleosynthetic 
hannels, but are mainly dispersed into the I SM by SN Ia (Iwamoto
t al. 1999 ), in the same way as iron. In this work we explored four
ron-peak elements: nickel (Ni), cobalt (Co), chromium (Cr), and 

anganese (Mn) seen in second row of Fig. 6 . Cr is a chemical
lement that follows the behaviour of iron, which is seen in Fig. 6 ,
here the abundance of this element is similar for all stars. On the
ther hand, Mn varies with the metallicity and is a good trait to
istinguish populations. Mn, for example, is a very good tracer of
N Ia because it is more produced in SN Ia than SN II in relation to
e (Kobayashi & Nomoto 2009 ). 
In Fig. 6 , we see that the star is in the Mn-rich part of the diagram,

ndicating that among the retrograde halo population stars, it is likely
ot part of the oldest stars of this component. In the same figure,
e can see that Co does not vary with the metallicity, while Ni

hows a slight increase with the metallicity. Also, from the control
ample, we can see that there is an Ni-rich population of stars in
his Galactic component, but J01020100 −7122208 is not part of this
ub-population. 

.3 Neutr on-captur e elements 

eutron capture elements can be divided in two subclasses: the 
-process and s-process elements. In this work, we studied the s-
rocess elements yttrium (Y) and barium (Ba) as well as the r-
rocess element europium (Eu). S-process elements are produced by 
ow- to intermediate-mass AGB stars (Busso, Gallino & Wasserburg 
999 ), while Eu is believed to be produced mostly in neutron
tar mergers (Matteucci et al. 2014 ). The abundances of Y and
a measured in J01020100 −7122208 agree well with our control 

ample. J01020100 −7122208 shows an o v erabundance of europium 

Eu), having a measured value of 0.93 ± 0.24. Both Matsuno et al.
 2021 ) and Aguado et al. ( 2021 ) reported that accreted stars from
 progenitor galaxy named Gaia -Enceladus (Belokurov et al. 2018 ;
MNRAS 509, 4637–4652 (2022) 
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Figure 6. Chemical abundances. Black star refers to J01020100 −7122208. Blue contours refer to a kernel density estimation of retrograde stars from GALAH 

surv e y used here as a reference sample. 
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elmi et al. 2018 ) shows an o v erabundance of this element, with a
entral distribution of [Eu/Fe] ≈ 0.5, but also containing stars with
igher abundances. The o v erabundance of [Eu/Fe] is evidence that
01020100 −7122208 may be an accreted star from Gaia -Enceladus.

.4 Odd- Z elements 

n this work, we measured chemical abundances of five odd- Z
lements: sodium (Na), aluminum (Al), copper (Cu), vanadium (V),
nd scandium (Sc). Na and Al are thought to be produced by SN II ,
aving a production dependent on the abundance of C and N in the
nvironment (Kobayashi et al. 2006 ) as well as with the metallicity
f the progenitor (e.g. Das et al. 2020 ). 
NRAS 509, 4637–4652 (2022) 
They are also believed to be produced by AGB stars (Nomoto
t al. 2013 ). From Fig. 6 , we can see that the abundances of these
wo chemical elements agree well with the chemical abundances of
etrograde halo stars. While Cu is thought to be formed through
ifferent channels including week s-process, SN Ia, hypernovae
nd by massive stars (Pignatari et al. 2010 ; Nomoto et al. 2013 ),
 is through to be produced mainly in e xplosiv e silicon burning

n SN II and Sc is believed to be produced in carbon and neon
urning phases in massive stars (Woosley & Weaver 1995 ). In
ig. 6 , we can see that the abundances of these three elements
re compatible with the typical abundance of retrograde halo
tars. 
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.5 The absence of lithium 

ithium (Li) is a chemical element that can correlate with the age of
tars (and references therein Randich & Magrini 2021 ). Li is burned
ery fast in stars and the intensity of depletion is related with the
ass of the star, with the main depletion process occurring even 

efore the main sequence. The depletion of Li in massive stars is not
ele v ant, but it is very important in low-mass stars, independent of the
etallicity. Therefore, regular metal-poor red giants stars do not show 

he presence of Li. From our spectrum, we could not detect Li, which
s further evidence of the hypothesis that this star is a regular old red
iant. We present in Fig. 7 the spectrum of J01020100 −7122208 in
he region near the lithium line at 670.7 nm. The position of the line
s indicated in yellow and shows no line. 

 T H E  O R I G I N  A N D  NAT U R E  O F  

0 1 0 2 0 1 0 0  −7 1 2 2 2 0 8  

n contrast to what was reported by Neu18 and Mas18, here we
nd that J01020100 −7122208 is a low-mass (1.09 ± 0.10 M �),

ntermediate-age (4.51 ± 1.44 Gyr), metal-poor ([Fe/H] = - 
.30 ± 0.10) red giant star. Both Neu18 and Mas18 concluded this
tar was young. Neu18 determined an age of 30 Myr, while Mas18
btained an age of 180 Myr. This is a consequence of the rather high
asses determined in these works, of 9 and 3–4 M �, respectively. 
The main conclusion of Mas18 was that this star w as lik ely an

bject accelerated by the central black hole of the Milky way. Here,
ith impro v ed astrometric data from Gaia EDR3 combined with a
etailed high-resolution spectral analysis, we found instead that the 
tar probably passed about 550 pc away from the central black hole,
hich is too far for it to have been ejected from the centre. 
Furthermore, Mas18 reported a metallicity of [Fe/H] = −0.5, 

hile we obtained a value of [Fe/H] = −1.30 ± 0.10. In Mas18, their
etallicity and age led them to conclude that this star originated in the
ilky Way disc. In our work, we found that the star has a retrograde

elocity, which, together with its low metallicity and high [ α/Fe]
atio, mak e it lik ely to belong to the halo. Here, ho we ver, our age is
ot the typical age of halo stars (of approximately 10 Gyr; Jofre &
eiss 2011 ; Kalirai 2012 ; Das et al. 2020 ). Further discussions are

ound below. 

.1 Chemistry 

rom the atmosphere of low-mass stars, it is possible to measure 
hemical abundances that imprint the chemical composition of the 
olecular cloud from which the star was born. This is assuming that

tellar internal processes do not significantly impact the chemical 
lements in the surface of the star. Therefore, by examining the 
hemical composition of this star, we can shed light about its origin.
e considered α-elements (Ca, Si, Mg, and Ti), iron-peak elements 

Ni, Cr, Co and Mn), odd-Z elements (Na, Al, Cu, V, Sc), and neutron-
apture elements (Y, Ba and Eu). 

From Fig. 6 , it was possible to see that the chemical abundances of
01020100 −7122208 agree well with the distribution of retrograde 
tars, which corroborates the hypothesis that this star, although 
ast, is a member of this component. It is believed that the Milky

ay retrograde halo is partially formed by stars accreted from 

ther galaxies (Gratton et al. 2003 ; Carollo et al. 2007 ). Therefore,
01020100 −7122208 might be one such star that was formed in 
nother galaxy and was accreted later into the Galaxy. 

As mentioned before, α-elements are good tracers of star formation 
ate. A star with enhanced values of [ α/Fe] is evidence that it was
orn in an environment were the star formation rate was high. In the
ase of low-mass dwarf galaxies, we have an environment where the
tar formation rate is lower than in the Milky Way (Tolstoy, Hill &
osi 2009 ; Nissen & Schuster 2010 ). Therefore, it is expected that
tars born there are more α-poor than stars born in situ (Nissen &
chuster 2010 ). But if the progenitor galaxy was relatively massive
of the order of 10 9 –10 10 M �), the values of α elements in the
ow-metallicity regime can be similar to the one observed in metal-
oor stars of the Milky Way (Das et al. 2020 ). J01020100 −7122208
s a star of high [ α/Fe] abundance ratios compared to the rest of
he counter-rotating halo stars from GALAH (see Fig. 6 ). Thus,
f accreted, the progenitor galaxy should have been massive. In 
articular, it is possible that the progenitor was Gaia -Enceladus 
Belokurov et al. 2018 ; Helmi et al. 2018 ), with a mass of ≈ 10 9 

 � (Vincenzo et al. 2019 ; Das et al. 2020 ; Feuillet et al. 2020 ). We
lso note that chemical abundances of J01020100 −7122208 agree 
ell with the chemical pattern of Gaia -Enceladus stars analysed by
atsuno et al. 2019 , and Car21. 

.2 Age 

he high α abundance together with the low metallicity are strong 
vidence that this star is old (Schuster et al. 2012 ; Hawkins et al. 2014 ;
ontalb ́an et al. 2021 ). The fact that the star has a low abundance

f Mn reinforces this suggestion. This star ho we ver is not as old as
ther regular halo stars. 
Chiappini et al. ( 2015 ) reported few CoRoT (Baglin et al. 2006 )

ed-giant stars that despite being metal-poor and enhanced in [ α/Fe],
re apparently young (younger than 7 Gyr approximately). In that 
ork, the authors proposed that they formed near the bar co-rotation,
hich is a region where gas can be kept inert for longer times than

n other places of the Galaxy (Bissantz, Englmaier & Gerhard 2003 ;
ombes 2013 ). These young α-rich (Y αR) stars were also reported

n Martig et al. ( 2015 ), where the authors found 14 of these objects in
epler (Borucki et al. 2010 ), where 5 of them had ages below 4 Gyr.
Currently, there are two main explanations for the Y αR stars,

hough neither are fully conclusive. The first scenario, mentioned 
bo v e (Chiappini et al. 2015 ; Zhang et al. 2021 ) is that the stars
re truly young and have originated near the Galactic Centre and
igrated outwards. The other scenario (Jofr ́e et al. 2016 ; Yong et al.

016 ) postulates that these stars were binary stars that experienced 
ass transfer, e.g. they are evolved blue stragglers. Hence, the ages
ere probably not calculated correctly and these stars are not really
ounger than typical old stars. The challenge is that not all such
tars sho w e vidence of binary e volution (Silv a Aguirre et al. 2018 ;
ekker & Johnson 2019 ). Given that the elemental abundances and
inematics of such stars mimics those of old stars (Matsuno et al.
018 ), it is very difficult to explain their origins being different than
ormal thick disc or halo stars. On the other hand, considering the
oor evidence of variation in RV and no obvious high rotation from
he line profiles (Jofr ́e et al. 2016 ; Silva Aguirre et al. 2018 ) it is
ot necessary that J01020100 −7122208 is in a binary system now.
o we ver, the binary could have merged (Izzard et al. 2018 ). 
It is also possible that the star was part of a binary system in the

ast and when the companion exploded, J01020100 −7122208 was 
jected with higher velocity. That scenario was proposed by Neu18 
nd Mas18. In both cases, the star might have been ‘rejuvenated’ like
 blue straggler, explaining our age determination of 4 Gyr. 

As discussed in Martig et al. ( 2015 ), neither the uncertainties of
he measured ages or the uncertainty related to their methodology 
re big enough to explain the young ages. Similarly, considering 
he uncertainty of the age measured in our work, we can not claim
MNRAS 509, 4637–4652 (2022) 
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Figure 7. Spectrum of J01020100 −7122208 near the region of the lithium line at 670.7 nm. The vertical yellow line and region represents where the Li line 
should be if observed. 
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his star is as old as typical retrograde halo stars. In general, age
etermination is a challenging task. In the case of seismic ages (such
s the ones reported in Chiappini et al. 2015 and Martig et al. 2015 ),
o calculate accurate ages of metal-poor giants is challenging because
orrections are required in the scaling relations when studying metal-
oor stars (Epstein et al. 2014 ) and also because since mass-loss is
ot a very well known process, in the case of stars in the red clump,
he mass-loss experience is previous evolutionary phases can not be
ell accounted for (see Anders et al. 2017 ; Montalb ́an et al. 2021 ).

n the same way, calculating ages of metal-poor giant stars using
sochrone-fitting techniques (as done in this work) is also challenging
ince the isochrones tend to clump together in the region of the red
iant branch (as commented in Martig et al. 2015 ). 

.3 Kinematics 

e found that the star last crossed the Galactic plane at least 113 pc
rom the Galactic centre with 99 per cent confidence, arguing against
cceleration by Sgr A 

∗. We note that we have not included the
ncertainties in the Galactic potential or the Solar position and motion
hen calculating that confidence interval, and that it may be more
lausible for this star’s orbit to have passed through the Galactic
entre if those are included. Ho we ver, the null hypothesis must be

hat this star is an eccentric halo star, since the eccentricity, angular
omentum, and energy are fully consistent with that hypothesis. 
A useful contrast can be found with the only star known to

ave been accelerated by Sgr A 

∗, S5-HVS1. Koposov et al. ( 2020 )
ollowed a near-identical procedure to this work and found that the
0 per cent confidence region of the star’s last crossing through the
alactic plane included the Galactic centre. Ho we ver, the strongest

vidence of the Galactic Centre hypothesis was S5-HVS1’s young
ge (less than 100 Myr) and extreme velocity (1755 km s −1 ), which
uled out any other hypothesis. The star J1020100-7122208 is
nlikely to have crossed the plane near the Galactic Centre and
s old and slow-moving, with a current velocity of 257 ± 23 km s −1 .
n extreme scenario is not required to explain its kinematics. 
NRAS 509, 4637–4652 (2022) 
.4 Putting the puzzle together 

rom the abundances alone, we conclude that if the star is an
ccreted object, the progenitor must have been relatively massive. In
articular, it is possible that the progenitor is Gaia -Enceladus, since
he chemical pattern of J01020100 −7122208 is in good agreement
ith what was reported by Matsuno et al. ( 2019 ), and Car21 for stars

rom this progenitor. Another evidence that chemically supports the
dea that the progenitor is Gaia -Enceladus is the o v erabundance of
Eu/Fe]. Based on the Toomre diagram presented in Koppelman
t al. ( 2019 ) that shows the velocity distribution of stars from
ifferent progenitors including Gaia -Enceladus, and other dwarf
alaxies like Sequoia, Thamnos 1, and Thamnos 2, we see that
01020100 −7122208 has a velocity profile consistent with Sequoia
tars having V = −171.64 km s −1 and 

√ 

U 

2 + W 

2 = 244 . 33 km
 

−1 . Ho we ver, J01020100 −7122208 has a highly eccentric orbit
with an eccentricity of about 0.9). Koppelman, Bos & Helmi ( 2020 )
eported that 75 per cent of Gaia -Enceladus stars have eccentricities
igher than 0.8 (see also Mackereth et al. 2018 ), while Myeong et al.
 2019 ) reported that the typical eccentricity for Sequoia stars is 0.6.
t is possible that the star comes from Gaia -Enceladus or Sequoia,
lthough the chemistry is more consistent with Gaia -Enceladus. In
ny case, its origin is most likely extragalactic and therefore its
ounger age suggests it is rather an evolved blue straggler and not
 younger star coming from the inner Galaxy. Y αR stars there were
ikely accreted by the Milky Way have been reported before in the
iterature (e.g. Das et al. 2020 ). 

 C O N C L U S I O N  

01020100 −7122208 is a star that was reported as a serendipitous
isco v ery a decade ago. Before the Gaia surv e y, this star was claimed
o be a runaway yellow supergiant from the Small Magellanic
loud (Neu18). Immediately after Gaia Data Release 2, the star
as reanalysed and claimed to be likely formed in the Milky Way
isc and ejected to the halo by the central black hole of the Galaxy
Mas18). This latter work warned that with newer Gaia data releases
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his conclusion could change. Therefore, now that Gaia EDR3 is 
vailable, the time is right to revisit this mysterious object. 

In our work, we analysed J01020100 −7122208 using astrometric, 
hotometric and spectroscopic data to determine its age, orbit, and 
hemical composition. It is the first time this star was chemically 
haracterized. From our analysis, we found that this star is a metal-
oor red giant, with a metallicity of [Fe/H] = −1.30 ± 0.10. This
etallicity value is lower than previously reported: Mas18 obtained 
 metallicity of [Fe/H] = −0.5. We also found that this star is a
etrograde halo star with a very high eccentricity of 0 . 917 + 0 . 005 

−0 . 025 . We
btained an age of 4.51 ± 1.44 Gyr, and a mass of 1 . 09 ± 0 . 10 M �.
e also found that the star likely last passed 550 pc away from the
alactic Centre. This does not support the idea that the star was

jected from the supermassive black hole at the centre of the Galaxy.
In terms of chemical abundances, the star has a chemical pattern 

ompatible with typical retrograde stars, supporting the idea that 
he star is part of the retrograde halo. We also found that the low

etallicity, combined with the high abundance of α elements, is an 
ndicator that the star is old and formed in an environment with a high
tar formation rate. Considering that the star is part of the retrograde
alo, it is possible that it was born in another galaxy and later accreted
n to the Milky W ay. W e found an o v erabundance of europium of
Eu/Fe] = 0.93 ± 0.24, indicating that J01020100 −7122208 might 
ome from the Gaia -Enceladus galaxy. 

Our age of 4 Gyr is slightly inconsistent with our results from
he chemistry, which points towards a star formed before 4 Gyr 
go. We attribute this inconsistency to the difficulties regarding the 
ge determination of metal-poor red giant stars and also to the idea
hat this star could be the product of a merge between two stars,
ejuvenating the star like a blue straggler. 

Based on the kinematics, ages, and chemical abundances of 16 
lements, we concluded that this star is not likely to have been ejected
rom the central black hole of our Galaxy, but instead is an accreted
tar, probably from Gaia -Enceladus. To arrive at this conclusion, 
t was necessary to combine astrometric, photometric and spectro- 
copic information. We have demonstrated that to truly understand 
here a star comes from, the best is to combine information about
inematics, ages and chemical abundances. With kinematics we can 
etrieve the trajectory a star has followed. With ages we can both
onstrain the orbits of stars and associate an object with a stellar
opulation. With chemical abundances, we can both validate possible 
rigins retrieved from kinematics and also point out new origins. We 
re entering a revolutionary time in Galactic archaeology in which 
e have all this information for millions of stars. 
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PPENDI X  A :  ADOPTED  LI NE  R E G I O N S  

n order to calculate the stellar parameters of J01020100 −7122208,
e used a list of lines adjusted on the list syn-

he synth good for par ams , which is pro vided with the package
f ISPEC . This list was built using as a basis the Gaia -ESO
inelist. 

With the aim of having a better agreement between the values of
tellar parameters calculated for our control sample and the refer-
nce values provided by APOGEE surv e y, we considered re gions
ensitive to stellar parameters, in particular those with Fe II lines
hat help with the calculation of the surface gravity. In Table A1 ,
e present the lines used when calculating stellar parameters.
he lines used to calculate chemical abundances are presented in
able A2 . 
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Table A1. Lines used to calculate stellar parameters of J01020100 −7122208. 

Wavelength Element Wavelength Element Wavelength Element Wavelength Element Wavelength Element Wavelength Element 

482.4127 Cr II 507.9740 Fe I 531.2856 Cr I 550.6779 Fe I 583.8372 Fe I 624.0310 Fe I 
482.0417 Zr II 508.3338 Fe I 531.7525 Fe I 551.2257 Fe I 584.6993 Ni I 624.0646 Fe I 
482.9373 Cr I 508.4096 Ni I 531.8771 Cr I 551.4435 Cr I 585.2293 Fe II 624.3815 Si I 
483.8556 Fe II 508.7058 Ti I 531.9035 Fe I 554.6990 Fe I 585.5076 Fe I 624.6318 Fe I 
488.1591 Mn I 509.0773 Fe I 532.0036 Fe I 554.9949 Fe I 585.7752 N I I 625.2555 Fe I 
491.5229 Ti I 509.9930 Ni I 532.2021 Fe I 556.5541 Fe II 585.8778 Fe I 625.9595 Ni I 
491.8012 Fe I 510.4030 Fe I 532.5552 Fe II 556.7351 Fe I 585.9586 Fe I 626.5132 Fe I 
491.8994 Fe I 511.0413 Fe I 532.6161 Fe I 556.9618 Fe I 586.1109 Fe I 627.1278 Fe I 
491.9861 Ti I 511.5392 Ni I 532.7252 Fe I 557.2842 Fe I 586.7562 Ca I 630.1500 Fe I 
492.0502 Fe I 512.0415 Ti I 532.9784 Cr I 557.3102 Fe I 587.7788 Fe I 630.2493 Fe I 
493.6335 Cr I 512.4619 Fe I 532.9989 Fe I 557.6089 Fe I 589.9292 Ti I 631.5306 Fe I 
493.7348 Ni I 512.5117 Fe I 533.1481 Fe II 558.6756 Fe I 590.2473 Fe I 631.5811 Fe I 
493.8254 Ti I 512.7359 Fe I 533.2900 Fe I 558.8749 Ca I 590.3319 Fe II 631.8018 Fe I 
493.8814 Fe I 513.0359 Ni I 533.6786 Ti II 561.4773 Ni I 591.0003 Fe II 632.2166 Ni I 
494.5444 Ni I 513.2661 Fe II 533.9929 Fe I 561.5311 Ti II 590.5671 Fe I 633.5330 Fe I 
494.5636 Fe I 513.6795 Fe II 534.0447 Cr I 561.5644 Fe I 592.2110 Ti I 633.6823 Fe I 
494.6387 Fe I 516.6254 Fe I 534.8314 Cr I 561.8632 Fe I 593.0180 Fe I 633.9112 Ni I 
495.7596 Fe I 516.7954 Cr I 538.6333 Fe I 562.4542 Fe I 593.4654 Fe I 636.6481 Ni I 
496.2572 Fe I 516.9345 Fe I 538.6968 Cr I 562.8642 Cr I 594.1733 Ti I 636.9459 Fe II 
496.4927 Cr I 517.1607 Fe II 538.9479 Fe I 563.8262 Fe I 594.9346 Fe I 637.8247 Ni I 
496.6088 Fe I 517.2281 Fe I 539.2331 Ni I 564.1881 Ni I 595.2718 Fe I 640.0317 Fe I 
496.8638 Fe II 517.3186 Fe II 539.3167 Fe I 564.5613 Si I 595.3179 Ti I 641.1648 Fe I 
496.9917 Fe I 517.3782 Ti I 539.6627 Fe II 564.9699 Ni I 595.8324 Fe II 641.4581 Ni I 
497.3102 Fe I 518.3065 Fe I 539.8279 Fe I 565.5493 Fe I 596.5831 Fe I 641.4980 Si I 
497.6130 Ni I 518.4323 Fe I 540.0501 Fe I 565.8613 Fe II 597.8541 Ti I 641.9644 Fe I 
497.6325 Ni I 519.4036 Fe I 540.1340 Ti I 566.1345 Fe I 600.7960 Fe I 641.9949 Fe I 
497.7648 Fe I 521.1530 Ti II 540.3822 Fe I 566.2150 Ti I 602.7051 Fe I 642.1350 Fe I 
497.8191 Ti I 521.7389 Fe I 540.7433 Fe II 566.2516 Fe I 606.4620 Ti I 642.4851 Ni I 
498.1355 Ti II 521.9701 Ti I 541.2784 Fe I 566.9736 Si I 606.5482 Fe I 643.0845 Fe I 
498.1730 Ti I 522.0290 Ni I 541.4070 Fe II 566.9943 Ni I 608.1445 Fe II 643.2676 Fe II 
498.2499 Fe I 522.4300 Ti I 542.0358 Fe II 568.2199 Ni I 608.5258 Fe I 643.9075 Ca I 
498.3853 Fe I 522.4540 Ti I 542.4068 Fe I 568.4484 Si I 608.6282 Ni I 645.2359 Fe II 
498.4629 Fe I 522.5526 Fe I 542.4645 Ni I 568.9460 Ti I 609.0226 Fe II 645.5598 Ca I 
498.5983 Fe I 522.6538 Ti II 542.5249 Fe II 569.0425 Si I 609.1171 Ti I 646.2567 Ca I 
498.6903 Fe I 523.4623 Fe II 542.6286 Fe I 569.4740 Cr I 609.6664 Fe I 646.9192 Fe I 
499.1268 Fe I 523.5363 Fe I 542.9137 Ti I 570.1104 Si I 610.0271 Fe I 649.1566 Ti II 
499.2785 Fe I 523.8586 Fe II 542.9696 Fe I 570.1544 Fe I 610.3220 Fe II 649.4980 Fe I 
499.7097 Ti I 524.2491 Fe I 543.2511 Fe II 570.3570 V I 611.9565 Fe I 649.5741 Fe I 
499.9503 Ti I 524.3776 Fe I 543.2948 Fe I 570.5464 Fe I 612.5021 Si I 649.6466 Fe I 
500.0730 Fe II 524.6768 Cr II 543.4524 Fe I 570.7049 Fe I 612.6219 Fe I 651.8366 Fe I 
500.1479 Ca II 524.7565 Cr I 544.5042 Fe I 570.8400 Si I 613.1852 Si I 655.4191 Fe II 
500.2792 Fe I 525.3021 Fe I 544.6916 Fe I 571.2131 Fe I 613.5362 Fe I 655.6113 Fe II 
500.3741 Ni I 525.3462 Fe I 546.0492 Fe II 574.8351 Ni I 613.6615 Fe I 657.2790 Fe I 
500.4044 Fe I 525.6932 Fe II 546.0873 Fe I 575.3122 Fe I 613.6994 Fe I 659.9120 Si II 
500.9645 Ti I 525.7655 Fe I 546.6396 Fe I 576.0344 Fe I 614.5016 Si I 660.8025 Fe I 
501.4942 Fe I 526.0387 Ca I 546.6987 Fe I 576.2391 Fe II 615.1617 Fe I 661.3759 Cr I 
501.6161 Ti I 526.3306 Fe I 547.2709 Fe I 577.2146 Si I 616.1297 Ca I 666.1075 Cr I 
502.0026 Ti I 526.4802 Fe II 547.3163 Fe I 577.8453 Fe I 616.3424 Ni I 666.3441 Fe I 
502.3186 Fe I 526.5148 Cr I 547.3900 Fe I 578.0600 Fe I 616.5360 Fe I 666.7710 Fe I 
502.4844 Ti I 526.5651 V I 547.4223 Ti I 578.1751 Cr I 616.9563 Ca I 667.7985 Fe I 
502.8126 Fe I 526.7269 Fe I 547.6321 Fe II 578.3850 Cr I 617.7255 Fe I 671.0318 Fe I 
502.9618 Fe I 526.8608 Ti II 547.7712 Fe I 578.4658 Fe I 618.0203 Fe I 672.1848 Si I 
503.0778 Fe I 526.9537 Fe I 548.1243 Fe I 578.4969 Cr I 618.6711 Ni I 673.9520 Fe I 
503.1914 Fe I 528.3621 Fe I 548.1873 Fe I 579.3073 Si I 618.7989 Fe I 674.3107 V I 

503.6922 Fe I 528.4425 Fe I 548.3099 Fe I 579.3915 Fe I 619.1200 Fe II 675.2707 Fe I 
503.9957 Ti I 529.5776 Ti I 548.7145 Fe I 579.8171 Fe I 619.5433 Si I 679.3258 Fe I 
504.4211 Fe I 529.8776 Fe I 549.0148 Ti I 580.4034 Fe I 619.9226 Fe II 
504.8436 Fe I 530.0939 Fe II 549.0714 Fe II 580.5217 Ni I 620.4600 Ni I 
506.5985 Ti I 530.2300 Fe I 549.1832 Fe I 581.1914 Fe I 621.9280 Fe I 
506.7713 Cr I 530.4180 Cr I 550.3895 Ti I 583.1596 Ni I 622.3981 Ni I 
506.9090 Ti II 531.0686 Cr II 550.4088 Ni I 583.7701 Fe I 623.0722 Fe I 
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Table A2. Lines used to calculate chemical abundances of J01020100 −7122208. 

Wavelength Element Wavelength Element Wavelength Element Wavelength Element Wavelength Element 

526.1704 Ca I 491.8994 Fe I 557.2842 Fe I 602.1820 Mn I 580.4259 Ti I 
551.2980 Ca I 492.4301 Fe I 557.3102 Fe I 481.1983 Ni I 586.6451 Ti I 
559.0114 Ca I 493.8814 Fe I 557.6089 Fe I 496.5167 Ni I 590.3315 Ti I 
586.7562 Ca I 494.5636 Fe I 558.6756 Fe I 497.6130 Ni I 592.2110 Ti I 
610.2723 Ca I 494.6387 Fe I 561.5644 Fe I 497.6325 Ni I 596.5828 Ti I 
615.6023 Ca I 496.2572 Fe I 561.8632 Fe I 539.2331 Ni I 597.8541 Ti I 
616.1297 Ca I 497.0646 Fe I 563.6696 Fe I 550.4088 Ni I 609.1171 Ti I 
616.3755 Ca I 497.7648 Fe I 566.1345 Fe I 551.0003 Ni I 612.6216 Ti I 
616.6439 Ca I 498.2499 Fe I 566.2516 Fe I 558.7858 Ni I 498.1355 Ti II 
616.9563 Ca I 498.3853 Fe I 570.5464 Fe I 561.4773 Ni I 506.9090 Ti II 
645.5598 Ca I 498.6223 Fe I 571.2131 Fe I 564.1881 Ni I 533.6786 Ti II 
647.1662 Ca I 500.2792 Fe I 577.5081 Fe I 564.9699 Ni I 538.1022 Ti II 
649.9650 Ca I 500.4044 Fe I 577.8453 Fe I 566.9943 Ni I 541.8768 Ti II 
650.8850 Ca I 500.5712 Fe I 578.4658 Fe I 574.8351 Ni I 480.7521 V I 

481.3476 Co I 502.8126 Fe I 579.3915 Fe I 580.5217 Ni I 524.0862 V I 

481.3972 Co I 503.1914 Fe I 581.1914 Fe I 583.1596 Ni I 562.4872 V I 

497.1930 Co I 504.7126 Fe I 583.7701 Fe I 608.6282 Ni I 562.7633 V I 

517.6076 Co I 507.9223 Fe I 584.9683 Fe I 618.6711 Ni I 564.6108 V I 

523.0208 Co I 510.4030 Fe I 585.5076 Fe I 632.2166 Ni I 565.7435 V I 

533.1453 Co I 521.7389 Fe I 586.1109 Fe I 636.6481 Ni I 566.8361 V I 

538.1770 Co I 522.2395 Fe I 595.2718 Fe I 637.8247 Ni I 572.7652 V I 

548.9662 Co I 524.2491 Fe I 603.4035 Fe I 641.4581 Ni I 573.7059 V I 

564.7234 Co I 524.3776 Fe I 609.6664 Fe I 531.8349 Sc II 608.1441 V I 

611.6990 Co I 525.3021 Fe I 613.6615 Fe I 533.4240 Sc II 613.5361 V I 

495.3717 Cr I 526.7269 Fe I 613.6994 Fe I 568.4202 Sc II 625.6886 V I 

506.7713 Cr I 529.8776 Fe I 615.1617 Fe I 624.5637 Sc II 627.4649 V I 

512.3460 Cr I 531.0463 Fe I 616.5360 Fe I 660.4601 Sc II 653.1415 V I 

524.7565 Cr I 532.0036 Fe I 618.7989 Fe I 564.5613 Si I 498.2814 Na I 
526.5148 Cr I 532.9989 Fe I 625.2555 Fe I 566.9736 Si I 615.4226 Na I 
527.2000 Cr I 538.6333 Fe I 627.1278 Fe I 568.4484 Si I 616.0747 Na I 
530.4180 Cr I 539.8279 Fe I 640.0317 Fe I 613.1852 Si I 517.2684 Mg I 
531.2856 Cr I 541.2784 Fe I 641.9949 Fe I 624.3815 Si I 518.3604 Mg I 
531.8771 Cr I 546.6396 Fe I 662.5022 Fe I 640.7291 Si I 669.6023 Al I 
532.9138 Cr I 547.2709 Fe I 666.7710 Fe I 641.4980 Si I 669.8673 Al I 
532.9784 Cr I 547.3163 Fe I 667.7985 Fe I 498.1730 Ti I 521.8197 Cu I 
534.0447 Cr I 547.3900 Fe I 669.9141 Fe I 500.9645 Ti I 488.3682 Y II 

534.4756 Cr I 548.7145 Fe I 679.3258 Fe I 501.6161 Ti I 512.3211 Y II 

538.6968 Cr I 549.1832 Fe I 526.4802 Fe II 522.4540 Ti I 532.0782 Y II 

562.8642 Cr I 552.4250 Fe I 532.5552 Fe II 528.8794 Ti I 572.8886 Y II 

564.8261 Cr I 553.6580 Fe I 541.4070 Fe II 529.5776 Ti I 585.3668 Ba II 
569.4740 Cr I 553.8516 Fe I 542.5249 Fe II 542.9137 Ti I 614.1713 Ba II 
578.3065 Cr I 553.9280 Fe I 643.2676 Fe II 550.3895 Ti I 412.9700 Eu II 
578.7919 Cr I 554.6990 Fe I 482.3520 Mn I 567.9916 Ti I 664.5100 Eu II 
578.8381 Cr I 554.9949 Fe I 538.8503 Mn I 568.9460 Ti I 
480.0649 Fe I 556.9618 Fe I 542.0351 Mn I 570.2660 Ti I 
481.5230 Fe I 557.0051 Fe I 551.6766 Mn I 571.6450 Ti I 
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PPENDIX  B:  C O M M E N T S  O N  T H E  

E TERMINATION  O F  PHYSICAL  

A R A M E T E R S  

1 Comparison with obser v ed spectra of control stars 

s a sanity check, we visually inspected at the profiles of the H lines,
s was done previously in Neu18 and Mas18. The first verification
e did was to compare the regions containing H α and H β lines of

01020100 −7122208 with the H profiles of giant stars from our con-
rol sample, as well as those of the of Gaia Benchmark Stars (GBS)
pectral library (Blanco-Cuaresma et al. 2014a ). We chose that library
ecause GBS have known spectral type and their parameters are used
o v alidate se v eral current spectroscopic surv e ys pipelines (Jofr ́e et al.
014 , 2015 , 2017 ; Heiter et al. 2015b ; Hawkins et al. 2016 ). For
NRAS 509, 4637–4652 (2022) 
his purpose, we selected the giant GBS and considered the stellar
lassification of Heiter et al. ( 2015b ). We did not use H lines located
n the bluest regions because the spectrum of J01020100 −7122208
s very noisy there and the spectra of GBS do not contain that
egion. The studied H lines are presented in Fig. B1 . We can see
hat likely there is a de generac y in H α, since the profile is very
imilar among all the stars, independently of their T eff . We can break
he de generac y with the other re gions of the high resolution spectrum,
ecause we use many iron lines of different ionisation and excitation
tates. We also note that the H profile of J01020100 −7122208
grees well with the profile of K0 stars from the GBS sample, and
lso with stars with T eff of approximately 4500 K in the control
ample. 



J01020100 −7122208: an accreted star 4651 

Figure B1. Top left panel: line profile of H β for J01020100 −7122208 (first spectrum) and for other giant stars in our control sample. Top right panel: line profile 
of H α for J01020100 −7122208 (first spectrum) and for other giant stars in our control sample. Bottom left panel: line profile of H β for J01020100 −7122208 
(first spectrum) and for other giant GBS. Bottom right panel: line profile of H α for J01020100 −7122208 (first spectrum) and for other giant GBS. In all panels 
containing control sample stars or GBS, the line profile of J01020100 −7122208 is represented as blue dashed lines in order to help with the comparison. 
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2 Comparison with spectra 

 I Balmer lines of FGK stars are useful when determining the
emperature of stars (e.g. Searle & Oke 1962 ; Gehren 1981 ; Ruchti
t al. 2013 ; Amarsi et al. 2018 ). The wings of these lines are weakly
ependent on the surface gravity of the star and the metallicity, being
lmost only sensitive to the temperature of the gas. Due to uncer-
MNRAS 509, 4637–4652 (2022) 
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Figure B2. Left-hand panel: H β profile of J01020100 −7122208. Solid blue line represents the observed spectrum, the dashed green line represents a synthetic 
spectrum from the grid presented in Amarsi et al. ( 2018 ) with similar stellar parameters of those reported in our work and the dashed orange line represents 
another synthetic spectrum from the grid of Amarsi et al. ( 2018 ), but with similar stellar parameters of those presented in Mas18. Right-hand panel: H α profile 
of J01020100 −7122208. The solid blue line represents the observed spectrum, the dashed green line represents a synthetic spectrum from the grid presented in 
Amarsi et al. ( 2018 ) with similar stellar parameters of those reported in our work, and the dashed orange line represents another synthetic spectrum from the 
grid of Amarsi et al. ( 2018 ), but with similar stellar parameters of those presented in Mas18. 
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ainties in the models and observations, it is challenging to create H I

rofiles, but by exploring the wings of theses lines, we can obtain
 good approximation of T eff for an FGK-type star (Jofr ́e, Heiter &
oubiran 2019 ). We used the synthetic grid from Amarsi et al. ( 2018 ),
here the authors created a grid considering 3D and NLTE. The grid

ontains the regions of H α and H β. We chose the spectrum of
 stars with T eff = 4500 K, log g = 1.5, and [Fe/H] = −1.25 to
epresent the results obtained in our work and a spectrum with T eff =
800 K, log g = 2.0, and [Fe/H] = −0.5 to represent those of Mas18.
NRAS 509, 4637–4652 (2022) 
he profiles of H lines are presented in Fig. B2 . In this figure, we
bserve that despite none of the synthetic spectra reproduce the line
ccurately (likely due to model limitations that affect the broadening
f the lines), the wings of both H α and H β are better represented
y the stellar parameter values reported in our work. 

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
nras/article/509/3/4637/6440183 by guest on 24 April 2024

art/stab3364_fb2.eps

	1 INTRODUCTION
	2 DATA
	3 ANALYSIS
	4 CHEMICAL ABUNDANCES
	5 THE ORIGIN AND NATURE OF J010201007122208
	6 CONCLUSION
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	APPENDIX A: ADOPTED LINE REGIONS
	APPENDIX B: COMMENTS ON THE DETERMINATION OF PHYSICAL PARAMETERS

