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1 Introduction

Stars with extremely low metal abundances are of particular astrophysical and
cosmological interest because they probe very early times in the evolution of
the Universe and its Galactic components. Through the investigation of the age,
kinematics and chemical composition we can obtain important constraints on
the evolution of the Milky Way, set up a lower limit of the age of the Universe
and understand the chemical and dynamical properties of the first Population III
supernovae.

Very metal-poor stars are one of the oldest objects in the Universe. Studies of
these ancient stars have allowed stellar archaeologists to determine the chem-
ical composition of the star-forming environments in the nascent Milky Way
(Frebel & Norris (2015)). Over the years, several spectroscopic observation pro-
grams were conducted to study the chemical composition of very metal-poor
stars. (Christlieb et al. (2004), Cayrel et al. (2004), Barklem et al. (2005), Schlauf-
man & Casey (2014), Limberg et al. (2021), etc.)

Furthermore, the precisely derived age of verymetal-poor stars is an important
test of the cosmological age of the Universe (Bond et al. (2013), VandenBerg et
al. (2014)). The current best estimate of the age of the Universe is 13.82 ± 0.06
Gyr, based on the latest WMAP derivation of 13.77 ± 0.06 Gyr (Bennett et al.
(2013)), in excellent agreement with observations of the CMB using the Planck
satellite (Ade et al. (2014)). Recent simulations (e.g., Ritter et al. (2012), Safranek-
Shrader et al. (2014)) suggest that the oldest Population II stars probably formed
∼ 0.2–0.3Gyr after the big bang, depending on how quickly the gas from the first
(Population III) supernovae was able to cool and condense, as well on the the
relevance and impact of the Population III feedback. Precise ages for the oldest
and most metal-poor stars can date the onset of star formation (e.g., Bromm &
Larson (2004)) following the Big Bang.Moreover, because the oldest starsmust be
younger than the Universe, precise ages provide a strong test of the consistency
between cosmological and stellar physics.

Also, theoretical simulations of galaxy formation (Bullock & Johnston (2005))
have shown that the halo bears the signatures of the MilkyWay’s assembly from
smaller “building block” galaxies. Recent astrometric studies have shown the ex-
istence of stellar kinematic signatures that indicate past accretion events (Be-
lokurov et al. (2018); Myeong et al. (2019); Yuan et al. (2020)). That means that
kinematics of very metal-poor stars is an important test of the Galaxy forma-
tion and evolution theories. Therefore, stars with low metal abundances are also
possible members of accreted dwarf galaxies and/or clusters.
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In the following work the age, kinematics and chemical composition of a sam-
ple of very metal poor stars were put under investigation. Our main goal is to
answer to three important questions:

1. What is the age of the very metal-poor stars? How does it correlate with
the age of the Universe (13.77 ± 0.06 Gyr) based on data on the cosmic
microwave background (CMB), baryon acoustic oscillations, and Hubble
constant (Bennett et al. (2013))?

2. Where were very metal-poor stars formed? Is it the disk, the bulge, the
halo of the Milky Way, or these stars were captured by our Galaxy? Can
these stars tell us about the evolution of the Milky Way or the component
that at some time engulfed into it?

3. Is there any chemical signature which can show the peculiarity in chemical
and physical processes of the star formation origin and tell information
about the first Population III supernovae?

Section 2 presents a historical overview of Galaxy formation and evolution
and results obtained about very metal-poor stars. Section 3 explains the choice
of data set used in the current work. Precise study of photometry, distance, and
following age determination are presented in section 4. Results of kinematics
study with a deep investigation of orbits and orbital parameters are shown in
section 5. In section 6 main chemical trends are provided. And finally, the results
and conclusion are summarized in section 7.
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2 Historical overview

2.1 History of the Milky Way formation

Investigation of the Galaxy formation started from ESL model. It is the popular
scenario of the fast monolithic collapse suggested by Eggen, Lynden-Bell and
Sandage (ESL model, Eggen et al. (1962)). This result was based on the detected
correlation between metallicity [Fe/H] and orbital eccentricity e for old stars in
a region a few hundred parsecs around the Sun. Low metallicity stars have very
small angular momentum that means that they were formed with circular orbits
in rapidly collapsing material. Halo was quickly collapsing to a thin rotating
disk and the disk was enriched in heavy elements by subsequent star formation
events.

Later Searle & Zinn (1978) pointed out a selection bias at the core of the that
ESL results. Data set of old stars were formed from high proper motion stars.
They remark that globular clusters cover a big range of metallicities without
correlationwith distance. This shows the evidence of the formation of the Galaxy
through the merging of several small protogalaxies.

Nowadays monolithic collapse scenario is not considered viable anymore for
our Galaxy, or only for the restricted component: central bulge. The stellar halo
is lighter and less dense than the disk and could not collapse into the disk. The
only possible place to collapse into is an old bulge (Gilmore (1996)). But despite
the fact that bulge stars are old, some of them have the same metallicity as disk
stars and it is not easily explained by this scenario either.

The second theory is the hierarchical scenario which tells that our Galaxy
was formed through the hierarchical merging of dark halos. Accretion of bary-
onic matter occurs later. First, the bulge was formed, then progressively the thin
disk. The thick disk could be produced as a consequence of heating induced by
small/medium mass accreted companions.

The presence of stellar streams in stellar halo supports the hierarchical sce-
nario (Helmi (2002), Ibata et al. (2002)): they are tidal remains of past merging
events (Grillmair (2017)). Nowadays we have a number of confirmed accreted
events such as Sagittarius dwarf galaxy, Gaia-Enceladus-Sausage, Sequoia, Helmi
stream, and other streams are found to be associated with accreted dwarf galax-
ies/ globular clusters (Koppelman et al. (2019)). The halo of the Galaxy could be
mostly built from minor mergers. Furthermore, the fact that merging frequency
is increasing with increasing redshift tells us that at time of the beginning of
the Galaxy formation merging events were more common. That lends further
support to the hierarchical scenario.
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The last and most successful scenario is Secular Evolution (SE), with slow and
continuous external matter accretion. In this theory, the bulge of the Galaxy was
formed due to the accretion of disk matter through the bar dynamics. This sce-
nario is in agreement with the observed color gradient and the relation between
the color of bulge and disk studied through statistical analysis of 257 spiral galax-
ies (Gadotti & dos Anjos (2001)). SE is also supported by the relation between the
bulge and disk masses and radii (Courteau et al. (1996)).

Another point is that a radial metallicity gradient independent of luminosity
was observed in a large sample of early-type galaxies (De Propris et al. (2005)).
This contradicts with monolithic collapse scenario because metallicity changes
should followmatter distribution (metallicity gradient is independent of luminos-
ity). Besides, hierarchical model tells us that there should not be any metallicity
gradient.

2.2 Metal-poor stars

Metal-poor stars are ideal probes of the beginning of the evolution of the Uni-
verse. Because of their low metallicity, they are linked to the most pristine star
formation episodes in the Universe.

Over the years, investigations of metal-poor stars were limited by their faint
apparent magnitude. As instrumentation improved, we started to have spectro-
scopically studied samples with an amount of stars large enough for statistical
study.

Metal-poor stars have not been studied as extensively as stars with close-to-
solar metallicity, because in nowadays universe they are rare objects. Due to
star formation, newborn stars are polluted with metals from the cloud which
was enriched in heavy elements from the first supernovae. That is why stars
that have low metallicity were born in regions where cosmic star formation just
started at high redshift. From Madau & Dickinson (2014) we know that starting
from the beginning of the Universe in the first 3-4 billion years star formation
rapidly increased and then slowly but continuously decreased from then until
to date. Consequently, metal-poor stars are very old and if they are still alive
they are typically low mass stars hence they have faint apparent magnitudes,
which causes difficulties for their detection. Also to confirm the low metallicity
abundance of the star high-resolution spectroscopical analysis needed to be done
which is more difficult to perform for a large sample of stars compared with
photometry.

The acquisition of high signal-to-noise spectra for faint metal-poor stars re-
quires a major telescope-time commitment, making the construction of large
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samples of metal-poor star abundances prohibitively expensive. Schlaufman &
Casey (2014) have developed a new, efficient selection that uses only public, all-
sky APASS optical, 2MASS near-infrared, and WISE mid-infrared photometry to
identify brightmetal-poor star candidates through their lack ofmolecular absorp-
tion near 4.6 microns. The result of the selection is a sample of 11 916 metal-poor
star candidates with V < 14, that increases the number of publicly available can-
didates by more than five times in this magnitude range. The bright apparent
magnitudes of this sample have eventually allowed high-resolution follow-up
observations that have detected seven previously unknown stars with [𝐹𝑒𝐻 ] <
−3.0. The follow-up campaign has identified that 3.8+1.3−1.1% of Schlaufman&Casey
(2014) candidates have [𝐹𝑒𝐻 ] < −3.0 and 32.5+3.0−2.9% have −3.0 < [𝐹𝑒𝐻 ] < −2.0. The
bulge is the most likely location of any existing Galactic Population III stars, and
an infrared-only variant of this selection is effective enough for the identifica-
tion of metal-poor stars in the bulge. Indeed, two of confirmed metal-poor stars
with [𝐹𝑒𝐻 ] < −2.7 from Schlaufman & Casey (2014) sample are within about 2 kpc
of the Galactic center. They increased the number of the most metal-poor stars
known in the bulge.

Limberg et al. (2021) presented the results of spectroscopic follow-up for 1897
low-metallicity star candidates, selected from the Best Brightest (BB) Survey
(Schlaufman&Casey (2014)), carried outwith theGMOS-N/S (Gemini North/South
telescopes) andGoodman (SOARTelescope) spectrographs. From these low-resolution
(𝑅 ∼ 2000) spectra, they estimate carbon and 𝛼-element abundance ratios. Lim-
berg et al. (2021) confirmed that 56% of this program stars are metal-poor ([𝐹𝑒𝐻 ] <
−1.0), 30% are very metal-poor (VMP; [𝐹𝑒𝐻 ] < −2.0) and 2% are extremely metal-

poor (EMP; [𝐹𝑒𝐻 ] < −3.0). There are 191 carbon-enhanced metal-poor (CEMP)
stars, resulting in CEMP fractions of 19% and 43% for the VMP and EMP regimes,
respectively. Moreover, resulting data from spectroscopic analysis of Limberg et
al. (2021) were combined with Gaia EDR3 astrometric information to delineate
new target-selection criteria, which have been applied to the Goodman/SOAR
candidates. This doubled the efficiency for identification of bona-fide VMP and
EMP stars in comparison to random extractions from the BB catalog. They demon-
strate that this target-selection approach can achieve success rates of 96%, 76%,
28% and 4% for [𝐹𝑒𝐻 ] ≤ −1.5, ≤ −2.0, ≤ −2.5 and ≤ −3.0, respectively. Finally, Lim-
berg et al. (2021) investigated the kinematics of the studied sample. They found
that several VMP/EMP ([𝐹𝑒𝐻 ] ≤ −2.5) stars can be associated with either the disk
system or halo substructures like Gaia-Sausage/Enceladus and Sequoia.

Christlieb et al. (2004) and Barklem et al. (2005) were focused on the “r-process-
enhanced metal-poor” stars. For ease of discussion, the r-process enhancement
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phenomenon in metal-poor stars was divided into two categories:

• r-I: metal-poor stars with +0.3 ≤ [𝐸𝑢𝐹𝑒 ] ≤ +1.0 and [𝐵𝑎𝐸𝑢 ] < 0;

• r-II:metal-poor stars with [𝐸𝑢𝐹𝑒 ] > +1.0 and [𝐵𝑎𝐸𝑢 ] < 0.
These objects are enormously important as they allow us to study, among other
topics, the nature of the rapid neutron-capture process(es), and possibly identify
the site(s) for this nucleo-synthesis process(es). Furthermore, and perhaps even
more importantly, individual age determinations can be performed for these stars
using long-lived radioactive isotopes, such as 232Th (half-life 14.05 Gyr) or 238U
(4.468 Gyr). This allowed, for the first time in an extremely metal-poor star, the
use of this technique to place a strong lower limit on the age of the Galaxy and
consequently of the Universe. For example, Sneden et al. (2003), using new cal-
culations for the Th/Eu production ratio, determined age of 12.8 ± 3 Gyr for
CS 22892-052. The age of the Universe (13.77 ± 0.06 Gyr) is on the other hand
based on data on the cosmic microwave background (CMB), baryon acoustic os-
cillations, and Hubble constant (Bennett et al. (2013)). However, to go deeper into
this research topic more very-metal poor stars should be studied to obtain a large
enough sample of r-process-enhanced stars for statistical analysis. Typically for
several hundred confirmed metal-poor giants the 2 − 3% r-II stars are expected
to be among them (Christlieb et al. (2004)).

This spectral analysis gives as a result one of the largest sample of very metal-
poor stars with homogenously-measured abundances of a significant number
of individual elements. Given the large number of spectra to be processed, it
is mandatory to use automated techniques for abundance analysis. This sample
was used in the following work.

Also, investigations on individual metal-poor stars were done.
Bond et al. (2013) studied HD 140283 is an extremely metal-deficient and high-

velocity sub-giant in the solar neighborhood, having a location in theHertzsprung–
Russell diagram where absolute magnitude is most sensitive to stellar age. Be-
cause it is bright, nearby, unreddened, and has a well-determined chemical com-
position, this star does not present most of critical issues in age determinations
for globular clusters, for instnace. Using the Fine Guidance Sensors on the Hub-
ble Space Telescope, they have measured a trigonometric parallax of 17.15 ± 0.14
mas for HD 140283. Using modern theoretical isochrones, which include effects
of helium diffusion, revised nuclear reaction rates, and enhanced oxygen abun-
dance, together with the precise distance Bond et al. (2013) identified an age of
14.46 ± 0.31 Gyr. The presented error includes only the uncertainty in the par-
allax, and is for adopted surface oxygen and iron abundances of [O/H] = −1.67
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and [Fe/H] = −2.40. Uncertainties in the stellar parameters and chemical compo-
sition, especially the oxygen content, now contribute more to the error budget
for the age of HD 140283 than does its distance, increasing the total uncertainty
to about ±0.8 Gyr. Within the errors, the age of HD 140283 does not conflict with
the age of the Universe, 13.77 ± 0.06 Gyr, based on the microwave background
and Hubble constant, but this star must have formed soon after the big bang.

Subsequent work of VandenBerg et al. (2014) derived the most accurate ages
for the oldest stars - nearby halo subgiants because their age determination de-
pends almost entirely on just the measured parallaxes and absolute oxygen abun-
dances. In this study, they have used the Fine Guidance Sensors on the Hubble
Space Telescope to determine trigonometric parallaxes, with precisions of 2.1%
or better, for the Population II subgiants HD84937, HD132475, and HD140283.
High-quality spectra have been employed to derive their surface abundances of
O, Fe, Mg, Si, and Ca, which are assumed to be 0.1–0.15 dex less than their ini-
tial abundances due to the effects of element internal diffusion. Comparisons of
isochrones with the three subgiants on the (log 𝑇𝑒𝑓 𝑓 , 𝑀𝑉 ) diagram yielded ages
of 12.08 ± 0.14, 12.56 ± 0.46, and 14.27 ± 0.38 Gyr for HD84937, HD132475, and
HD140283, in turn, where each error bar includes only the parallax uncertainty.
The total uncertainty is estimated to be ∼ ±0.8Gyr (larger in the case of the near-
turnoff star HD84937). Although the age of HD140283 is greater than the age of
the Universe as inferred from the cosmic microwave background by ∼ 0.4–0.5
Gyr, this disagreement is at a level of < 1𝜎 . Nevertheless, the first Population II
stars apparently formed very soon after the Big Bang. (Stellar models that neglect
diffusive processes seem to be ruled out as they would predict that HD140283 is
∼ 1.5 Gyr older than the universe.) The field halo subgiants appear to be older
than globular clusters at similar metallicities: if distances close to those implied
by the RR Lyrae standard candle are assumed, HD140283 and HD132475 are older
than M92 and M5 by ∼ 1.5 and ∼ 1.0 Gyr, respectively.
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3 Data

The very rare class of objects known as the “r-process-enhanced metal-poor”
stars was put as a target of investigation in Christlieb et al. (2004). Note that the
term “metal-poor” is not necessarily referring to the overall metal-content of the
star, which might in fact not be significantly below the solar value when the star
under consideration also has strong over-abundances of C, N, and O. To detect
these stars, Christlieb et al. (2004) adopt a two-step approach.

The targets were drawn from lists of confirmed metal-poor stars with [𝐹𝑒𝐻 ] <
−2.5 from the HK and Hamburg/ESO surveys (HES), where [𝐹𝑒𝐻 ] is determined
from moderate-resolution (∼ 2 Å) follow-up spectroscopy using the Ca II K tech-
nique of Beers et al. (1999). Christlieb et al. (2004) restricted the sample to stars
with B-V > 0.5, because their primary interest was the cool, sharp-lined giants.
The B-V colors are based on CCD photometry in the case of the HK-survey stars
(recognizable by designations beginning with “CS” for Curtis Schmidt-telescope),
or were derived directly from the HES objective-prism spectra, in case of the HES
stars (designations beginning with “HE”). Despite this color selection, two stars
later turned out to be dwarfs and a few to be subgiants.

In the Hamburg/ESO R-process Enhanced Star (HERES) survey, “snapshot”
spectra of 373 very metal-poor stars, here meaning with [𝐹𝑒𝐻 ] ≤ −1.51 as judged
from medium resolution spectra, have been obtained with VLT2-UVES. It covers
a wavelength range of 3760 – 4980 Å, and has an average signal-to-noise ratio of
S/N ∼ 54 per pixel over the spectral range, though some spectra have S/N as low
as 17 and as high as 308. A 2″ slit is employed giving a minimum resolving power
of 𝑅 ≈ 20 000, though typically the resolving power is seeing limited and thus
slightly better. Asmentioned in Christlieb et al. (2004), the pipeline-reduced spec-
tra are corrected to the stellar rest frame. Though the snapshot spectra typically
would be considered low quality for abundance analysis, however, they contain
a lot of information and abundances may be obtained for a significant number
of elements with moderate precision (absolute rms errors of order 0.25 dex, rel-
ative errors of order 0.15 dex). Modern surveys of metal-poor stars, such as the
ESO “First Stars” Large programme (Cayrel et al. (2004); Hill et al. (2002)), now
retrieved significantly better quality spectra for of the order of 70 stars, before
the spectra of similar quality to our snapshot spectra were typical for studies
of very metal-poor stars (e.g. McWilliam, Preston, Sneden & Shectman (1995),
McWilliam, Preston, Sneden & Searle (1995)).

The large number of stars observed in the HERES survey offers the possibility
to investigate more general trends in metal-poor star abundances, age, kinemat-
ics, etc. in a previously unexplored statistical regime. In particular, the scatter in
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abundance distributions may provide important information on the mixing and
the diversity of supernovae at early epochs. The study of Norris et al. (2001)),
which investigated such scatter, drawing from different surveys in the literature,
had of order 70 stars in this metallicity regime. This project provides a homoge-
neously analyzed sample of several hundred stars.

To obtain abundances of chemical elements, a software for automated analysis
of the spectrum has been developed by Barklem et al. (2005), based on the Spec-
troscopy Made Easy (SME) package by Valenti & Piskunov (1996). SME consists
of three components: a spectrum synthesis component written in C++, a param-
eter optimization component written in IDL, and a user interface written in IDL.
Barklem et al. (2005) used only the first two tools. Their developed software is
written in IDL, and essentially provides an alternative interface to the parameter
optimization component, which in turn calls the spectrum synthesis component.
Some minor adaptations and improvements to the SME codes were also made.

The final sample of stars analysed in Barklem et al. (2005) contains 253 stars
with following restriction:

- Spectra showing strong molecular carbon features cannot be analysed by
the method proposed by Barklem et al. (2005). That is why these type of
stars were not included in their analysis.

- Also, an metallicity cut-off was applied: [𝐹𝑒𝐻 ] < −1.5
- To cool stars (𝑇𝑒𝑓 𝑓 < 4200 K) were excluded from Barklem et al. (2005)
analysis method too.

- The primarily interest of Barklem et al. (2005) was the cool, sharp-lined
giants. That is why stars were restricted with B−V > 0.5.

- And finally stars suspected to be spectroscopic binaries or rotators, were
also removed from the sample.

Elemental abundances of moderate precision (absolute rms errors of order 0.25
dex, relative rms errors of order 0.15 dex) have been obtained for 22 elements: C,
Mg, Al, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Zn, Sr, Y, Zr, Ba, La, Ce, Nd, Sm, and Eu,
where detectable.

These very metal-poor stars are located in the upper and lower parts of the
Galactic halo (|𝑏| > 20𝑜) (Fig.2). Moreover, they are found to be 𝛼-element en-
hancement.

Main characteristics of the data set:
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Figure 1: Location of 253 very metal-poor stars in galactic coordinates
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Figure 2: Location of 253 very metal-poor stars in Galactic plane. Blue
dotes correspond to the lower Galactic halo, yellow are coming from
the upper Galactic halo.

- The majority of the stars have brightness in Gaia EDR3 and Johnson pho-
tometry in range 12 < 𝐺 < 17 mag.

- Distance estimated with Gaia Early Data Release 3 parallaxes is lying in
0 < 𝐷 < 30 kpc range.

- Metallicity cover −3.76 < [𝐹𝑒𝐻 ] < 1.52 dex values.

The distribution of stars in the listed below parameters are shown in Fig.3.
Coordinates, photometry and chemical abundance are present in Tab.13, 15, 16.
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Figure 3: Distribution of very metal-poor stars in G-band (Gaia EDR3)
- top left, V-band (Johnson) photometry - top right, in parallax Gaia
EDR3 - middle left, distance from Gaia EDR3 parallax - middle right, in
metallicity - bottom.
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3.1 Check for binaries

Based on Gaia Early Data Release 3 El-Badry et al. (2021) develop an extensive
catalog of spatially resolved binary stars within 1 kpc of the Sun, with projected
separations ranging from a few AU to 1 pc. The catalog contains 1.3 (1.1) mil-
lion binaries with > 90% (> 99%) probability of being bound, including 16,000
white dwarf – main sequence (WD+MS) binaries and 1,400 WD+WD binaries.
The amount of stars in studied data set that have distance according to Gaia
EDR3 parallax less than 1 kpc of the Sun is equal to 27. All very metal-poor stars
were check to be located in El-Badry et al. (2021) catalog1. No overlap between
the data set and El-Badry et al. (2021) catalog of binary stars were found.

1https://zenodo.org/record/4435257
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4 Age determination

For determining the age we studied the color-magnitude diagram (CMD) of the
stars in the data set taking into consideration that they have close to each other
age. CMD obtained in Johnson, taken from different literature sources, and Gaia
Early Data Release 3 (Gaia EDR3)(Gaia Collaboration (2021)) photometry. Abso-
lute magnitudes for all stars are calculated bymeans of distances from parallaxes:
Gaia EDR3, Gaia EDR3 corrected by Lindegren et al. (2021) and derived by Bailer-
Jones et al. (2021). Then isochrones for old metal-poor populations are used for
deriving the precise age of the data set being studied. Padova isochrones and a
Bag of Stellar Tracks and Isochrones (BaSTI) (Hidalgo et al. (2018)) used the most
modern stellar models taking into account low metallicities.

4.1 Distance

Stellar distances constitute a foundational pillar of astrophysics. In our task, we
need distances for computing absolute magnitudes and orbital parameters for
our data set of verymetal-poor stars. Distance is one of the important parameters
that accuracy will affect future obtained results. That is why we should derive
distances properly.

4.1.1 Gaia Early Data Release (Gaia EDR3) parallaxes

The firstmain technique is parallax distance. Todaywe have very accurate trigono-
metrically determined parallaxes (see for uncertainties Tab.1) obtained by Gaia
satellite for around 1,47 billion stars (Gaia Collaboration (2021)). From these trigono-
metric parallaxes distance can be obtained through the following equation:

𝐷 = 1
𝜋 (1)

where 𝐷 - distance to the object in pc, 𝜋 - trigonometric parallax of the object in
arcsec. The problem of this distance determination is that due to the structure of
this equation uncertainties of the resulting distance are not symmetric around
the mean value especially for big values of uncertainty. That is why errors for
each source should be computed separately for the higher and lower borders of
the distance:

𝐷𝑙𝑜𝑤 = 1
𝜋 + Δ𝜋 (2)

𝐷ℎ𝑖𝑔ℎ = 1
𝜋 − Δ𝜋 (3)
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The results are shown in Tab.14

Table 1: Uncertainties of Gaia Erly Data Release 3 astrometry Gaia Col-
laboration (2021)

Data product or source type
Typical uncertainty

G < 15 G = 17 G = 20 G = 21
Five-parameter astrometry
position, mas 0.01 - 0.02 0.05 0.4 1
parallax, mas 0.02 - 0.03 0.07 0.5 1.3
proper motion, mas yr−1 0.02 - 0.03 0.07 0.5 1.4
Six-parameter astrometry
position, mas 0.02 - 0.03 0.08 0.4 1
parallax, mas 0.02 - 0.04 0.1 0.5 1.4
proper motion, mas yr−1 0.02 - 0.04 0.1 0.6 1.5

4.1.2 Correction for Gaia EDR3 parallaxes

Lindegren et al. (2021) Parallaxes measured by Gaia Collaboration (2021) can
have some bias that was measured by Lindegren et al. (2021). Lindegren et al.
(2021) found that parallaxes that correspond to quasars (distant objects, whose
parallaxes should be distributed around zero) have a systematical offset from the
expected distribution around zero, by a few tens ofmicroarcsec. Based on quasars
bias for faint sources they extend the map of the correction to lower magnitudes
using physical pairs (binaries) and Large Magellanic Cloud sources. The parallax
bias is found to depend in a non-trivial way on (at least) the magnitude, color,
and ecliptic latitude of the source. Different dependencies apply to the five- and
six-parameter solutions in Gaia EDR3. While it is not possible to derive a defini-
tive recipe for the parallax correction, they give tentative expressions to be used
at the researcher’s discretion and point out some possible paths towards future
improvements. We applied the Lindegren et al. (2021) correction for downloaded
Gaia EDR3 parallaxes for data set under investigation and then computed dis-
tance and its low and high limit through Eq.(1), (3), (2). The results are shown in
Tab.14.

Bailer-Jones et al. (2021) Despite Gaia EDR3 high precision, the majority of
stars observed by Gaia are distant or faint so that their parallax uncertainties
are large and this prevents the direct inversion of parallax for obtaining distance.
That is why Bailer-Jones et al. (2021) used a probabilistic approach to estimate
stellar distances that uses a prior construction from a three-dimensional model
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of our Galaxy. This model includes interstellar extinction and Gaia’s variable
magnitude limit. They obtain two types of distance. The first, geometric, uses
the parallax together with a direction-dependent prior on distance. The second,
photogeometric, additionally uses the color and apparent magnitude of a star, by
exploiting the fact that stars of a given color have a restricted range of probable
absolute magnitudes (plus extinction). Tests on simulated data and external vali-
dations show that the photogeometric estimates generally have higher accuracy
and precision for stars with poor parallaxes. This way, they provided a catalog
of 1.47 billion geometric and 1.35 billion photogeometric distances together with
asymmetric uncertainty measures from which distances were downloaded from
the Gaia EDR3 by using source_id as a marker (output is shown in Tab.14)

The comparison of distances fromBailer-Jones et al. (2021) and parallaxes from
Gaia EDR3 and corrected by Lindegren et al. (2021) are shown in Fig.4, 5. The ver-
tical axis shows the Gaia EDR3 parallax and corrected parallax multiplied by the
geometric (Fig.4), photogeometric (Fig.5) distance: values under 1 correspond to
the parallax distance larger than the value of Bailer-Jones et al. (2021) distance
and vice versa. The vertical error bars take into account the statistical uncertain-
ties both on the parallax and the distance, but the horizontal error bars for the
distance are not displayed. We can see that for close objects (< 3 kpc) parallaxes
corrected by Lindegren et al. (2021) are in good agreement with Bailer-Jones et
al. (2021) geometric and photo-geometric distances. After 3 kpc corrected par-
allaxes give higher distances than geometric and photo-geometric results. Ordi-
nary Gaia EDR3 parallaxes yield higher distances in all ranges of distances. Some
of the stars have negative parallaxes but positive distances can be derived from
Bailer-Jones et al. (2021).

Finally, to consider the best estimate of distances for our data set deeper inves-
tigations should be done using color-magnitude diagram (CMD) and isochrone
fitting technique. Which will proceed in section 4.2.2, 4.3.2.

4.2 Color-magnitude diagram

For the determination of age, we used a color-magnitude diagram. We studied
CMD taking into consideration that all stars have similar ages. Distances ob-
tained from different techniques (see Tab.14) were used to compute the absolute
magnitude for each star.

4.2.1 Photometric systems

In this thesis, we used two different photometric data sets (Tab.): Gaia EDR3
photometry and Johnson photometry.
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Figure 4: Comparison of parallax from Gaia EDR3 (light blue) and cor-
rected Gaia EDR3 by Lindegren et al. (2021) (blue) with geometric dis-
tance from Bailer-Jones et al. (2021). The vertical axis shows the Gaia
EDR3 parallax and corrected parallax multiplied by the geometric dis-
tance: values under 1 correspond to the parallax distance being bigger
than the value of Bailer-Jones et al. (2021) distance and vice versa. The
vertical error bars take into account the statistical uncertainties both
on the parallax and the distance, but the horizontal error bars for the
distance are not displayed.

Gaia photometry During the Gaia mission, the Gaia satellite was observing
the sky in G, G𝐵𝑃 and G𝑅𝑃 photometric filters. G band is a wide filter that cov-
ers the range 330 - 1050 nm, G𝐵𝑃 and G𝑅𝑃 respectively 330 - 680 nm and 680
- 1050 nm in wavelength (see Tab.2). The transmissivity of the filters is shown
in Fig.6. It changed with time: previous published sensitivity is shown in grey
and nowadays colored with green: G; blue: G𝐵𝑃 ; red: G𝑅𝑃 . The accuracy of Gaia
photometry is good for bright sources. Stars in the data set are mostly in range
12 < 𝐺 < 17 mag therefore their uncertainties are less or equal 1 mmag (see
Tab.3).

UBVIJHK photometry Photometry in UBVIJHK filters was collected from dif-
ferent sources in the literature. U is in the ultraviolet part of the spectrum; B,
V is in visual; I, J, H, K are in near-infrared. U, B, V filters define the Johnson
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Figure 5: Comparison of parallax from Gaia EDR3 (light blue) and cor-
rected Gaia EDR3 by Lindegren et al. (2021) (blue) with photogeomet-
ric distance from Bailer-Jones et al. (2021). The vertical axis shows the
Gaia EDR3 parallax and corrected parallax multiplied by the photoge-
ometric distance: values under 1 correspond to the parallax distance
being bigger than the value of Bailer-Jones et al. (2021) distance and
vice versa. The vertical error bars take into account the statistical un-
certainties both on the parallax and the distance, but the horizontal
error bars for the distance are not displayed.

Table 2: Characteristics of Gaia EDR3 filters

Passband Wavelength range
nm

G 330 - 1050
G𝐵𝑃 330 - 680
G𝑅𝑃 680 - 1050
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Table 3: Uncertainties of Gaia Erly Data Release 3 photometry

Data product or source type
Typical uncertainty

G < 13 G = 17 G = 20
Mean G-band photometry, mmag 0.3 1 6
Mean G𝐵𝑃 -band photometry, mmag 0.9 12 108
Mean G𝑅𝑃 -band photometry, mmag 0.6 6 52

Figure 6: Transmissivity of Gaia EDR3 photometric filters. The
coloured lines in the figure show the G, G𝐵𝑃 and G𝑅𝑃 passbands (green:
G; blue: G𝐵𝑃 ; red: G𝑅𝑃 ). The thin, grey lines show the nominal, pre-
launch passbands published in Jordi et al. (2010b), used for Gaia DR1.
Gaia Collaboration (2021)
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photometric system the first standardized photometric system (see Fig.7). The
later photometric system was extended to the visual and infrared parts of the
electromagnetic spectrum. Filter characteristics are shown in Tab.4.

Figure 7: Transmissivity of Johnson photometric filters.

Table 4: Characteristics of UBVIJHK photometric filters

Filter 𝜆𝑒𝑓 𝑓 FWHM
nm nm

U 365 66
G 445 94
B 464 128
V 551 88
R 658 138
I 806 149
J 1220 213
H 1630 307
K 2190 390
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4.2.2 The resulting CMD

The resulting CMD in two photometric systems is presented in Fig.8 (Gaia pho-
tometry), Fig.9 (Johnson photometry). The data set has been cleaned by following
criteria:

1. Parallax 𝜋 > 0.05, only stars inside 20 kpc from the Sun are taken because
after 20 kpc uncertainties represent more than 20% of the total parallax.

2. Uncertainty of the parallax measurement should be less than the parallax
value Δ𝜋 < 𝜋 .

The top left diagram is CMD computed with Gaia EDR3 (light blue) and Gaia
EDR3 corrected (blue) by Lindegren et al. (2021). The top right is CMD obtained
with geometric (red) and photogeometric (yellow) distances from Bailer-Jones et
al. (2021). The bottom diagram includes both top diagrams. We can see that stars
that belong to the turn-off point are coinciding for all distances, instead, red giant
branch (RGB) become more curved and tilted down in sequence (where distance
in average is decreasing see Fig.4, 5): Gaia EDR3, Gaia EDR3 corrected, geometric,
photogeometric, and curve that stars form is squeezed. In Johnson’s photometric
system for the previous sequence is becoming more evident that some stars lie
out of the RGB to the fainter absolute magnitudes. This peculiarity is not present
in the Gaia photometry diagram. That can tell us that made corrections for Gaia
EDR3 parallaxes related to Gaia photometry have a bias based on Gaia EDR3
photometric uncertainties and is showing some incorrect results in other photo-
metric bands such as B, V. In fact all mentioned before corrections (Lindegren et
al. (2021), Bailer-Jones et al. (2021)) used Gaia EDR3 photometry as a parameter
for their investigation.

Bailer-Jones et al. (2021) distances used as parameter in prior the corrected
by Lindegren et al. (2021) Gaia EDR3 parallax that is why Bailer-Jones et al.
(2021) distances are affected by Lindegren et al. (2021) correction uncertainties
and over/underestimates. Although Bailer-Jones et al. (2021) distances work very
well for nearby sources decreasing their uncertainties, for distant stars they show
worse results. As they note: ”Poor data remain poor data”. In general, distances
obtained by Bailer-Jones et al. (2021) are underestimated as shown in Bailer-Jones
et al. (2021), Fig.8, 26, especially for low galactic latitude which is important for
our data set where mostly all stars with poor parallaxes located in the red giant
branch are from lower Galactic bulge (see Fig.10). Based on the facts that Bailer-
Jones et al. (2021) distances produce in Johnson photometry CMD dotes which
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Figure 8: CMD in Gaia EDR3 photometry. The data set is cleaned by
following criteria: (1) parallax 𝜋 > 0.05, only stars inside 20 kpc from
the Sun are taken, (2) uncertainty of the parralax measurment should
be less than the parallax value Δ𝜋 < 𝜋 . Left top: absolute magnitude
G is computed using parallax from Gaia EDR3 (light blue), Gaia EDR3
corrected by Lindegren et al. (2021) (blue). Right bottom: absolute G
magnitude obtained by means of geometric (red) and photogeometric
(yellow) distances from Bailer-Jones et al. (2021). Bottom: two top CMD
combined together. The error bars are only due to distance uncertain-
ties.
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Figure 9: CMD in Johnson photometry. The data set is cleaned by fol-
lowing criteria: (1) parallax 𝜋 > 0.05, only stars inside 20 kpc from the
Sun are taken, (2) uncertainty of the parralax measurment should be
less than the parallax value Δ𝜋 < 𝜋 . Left top: absolute magnitude V is
computed using parallax from Gaia EDR3 (light blue), Gaia EDR3 cor-
rected by Lindegren et al. (2021) (blue). Right top: absolute magnitude V
obtained by means of geometric (red) and photogeometric (yellow) dis-
tances from Bailer-Jones et al. (2021). Bottom: two top CMD combined
together. The error bars are only due to distance uncertainties.
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are located far away from the red giant branch to the fainter part where no real-
istic stars can be present we exclude Bailer-Jones et al. (2021) distances from our
investigation in the next part of the work.
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Figure 10: CMD in B, V photometric filters colored with galactic lati-
tude.

In general, compare two photometric systems, data in Gaia photometric bands
is more dispersed than in Johnson. On the other hand, Johnson photometry is an
alternative source of information, uncertainties of Johnson photometry and Gaia
EDR3 parallaxes have different nature and can help to unmask each other. Based
on these arguments we assume Johnson photometry as themain sample and Gaia
photometry is a testing one. Also due to big dispersion in Gaia photometry, it can
not be used for isochrone fitting.

A deeper look at CMD built with Johnson photometry shows a clear evidence
of a split in the turn-off point into two populations: bluer and redder. This sepa-
ration is not clearly present in Gaia photometry, though. It is worth considering
that separation in turn-off point in CMD is well explained with Galactic latitude
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(Fig.10). Bluer population (yellow) is located at high Galactic latitude, while the
redder (blue) is located at lower latitude. If we will look at the CMD in Gaia
EDR3 photometry also colored with galactic latitude (Fig.11) we see the evident
separation in the turn-off point region again to redder (blue) and bluer (yellow)
populations. That means that the turn-off split has a physical origin and is not
an artifact from photometric uncertainties in B, V filters. This peculiarity will be
analysed further in the section 4.3.
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Figure 11: CMD in Gaia EDR3 photometric filters colored with galactic
latitude.

4.3 Isochrone fitting

Initially, for deriving age, the isochrone fitting technique was used. Then the
isochrones corresponding to the metallicity, 𝛼-abundance, He-abundance and
different ages were plotted and their best fit provided us with the age of the pop-
ulation. Since the stars under investigation are very metal-poor we can assume
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they have close to each other age and they can be studied as a ”star cluster” and
therefore isochrones can be employed. For the isochrone fitting technique, two
different sets of isochrone were used: Padova isochrones 2 and a suite of Stellar
Tracks and Isochrones (BaSTI) (Hidalgo et al. (2018)) which used the most mod-
ern stellar models taking into account low metallicities. For Padova isochrones
the low limit for metallicity is [𝐹𝑒𝐻 ] = −2.2, for BaSTI [𝐹𝑒𝐻 ] = −3.5. The choice for
isochrone parameters was based on the characteristics of the stars (see section
3) and a prediction that due to their low metallicity they should be older than 10
Gyr.

4.3.1 Isochrones

Padova isochrones From Padova isochrones bank set of isochrones was down-
loaded with characteristics shown in Tab.5.

Table 5: Chosen characteristics for downloaded set of Padova
isochrones.

Parameter Choice
Age 10 - 15 Gyr with step 1 Gyr
[𝐹𝑒𝐻 ] -2, -2.2
Interstellar extinction A𝑉 = 0
Photometric system UBVIJHK, Gaia EDR3

BaSTI isochrones From BaSTI, isochrones were downloaded with characteris-
tics shown in Tab.6.

Table 6: Chosen characteristics for downloaded set of BaSTI
isochrones.

Parameter Choice
Age 10 - 15 Gyr with step 1 Gyr
[𝐹𝑒𝐻 ] -1.9, -2.2, -2.5, -3.2
Heavy element mixture 𝛼-ehanced [ 𝛼

𝐹𝑒 ] = +0.4
Available grids He = 0.0275
Interstellar extinction A𝑉 = 0
Photometric system UBVIJHK, Gaia EDR3

The fits of Padova and BaSTI isochrones for the chosen ranges in parameters
for Johnson photometry are presented in Fig.12, 13, 14.

2http://stev.oapd.inaf.it/cmd
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Figure 12: Bottom: CMD in Johnson photometry with Padova
isochrones fit for [ 𝐹𝑒𝐻 ] = −2 (orange), −2.2 (blue). The data set is
cleaned by following criteria: (1) parallax 𝜋 > 0.05, only stars inside
20 kpc from the Sun are taken, (2) uncertainty of the parallax measure-
ment should be less than the parallax value Δ𝜋 < 𝜋 . Left top: Zoom of
turn off point in CMD. Right top: Zoom of red giant branch in CMD.
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Figure 13: Bottom: CMD in Johnson photometry with BaSTI isochrones
fit for [ 𝐹𝑒𝐻 ] = −1.9 (orange), −2.5 (blue). The data set is cleaned by
following criteria: (1) parallax 𝜋 > 0.05, only stars inside 20 kpc from
the Sun are taken, (2) uncertainty of the parallax measurement should
be less than the parallax value Δ𝜋 < 𝜋 . Left top: Zoom part of turn off
point in CMD. Right top: Zoom part of red giant branch in CMD.
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Figure 14: Bottom: CMD in Johnson photometry with BaSTI isochrones
fit for [ 𝐹𝑒𝐻 ] = −2.2 (orange), −3.2 (blue). The data set is cleaned by
following criteria: (1) parallax 𝜋 > 0.05, only stars inside 20 kpc from
the Sun are taken, (2) uncertainty of the parallax measurement should
be less than the parallax value Δ𝜋 < 𝜋 . Left top: Zoom part of turn off
point in CMD. Right top: Zoom part of red giant branch in CMD.
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The shapes of Padova and BaSTI isochrones were compared to see significant
differences (see Fig.15). We can notice that in the turn-off point region BaSTI
isochrones are shifted a little to the blue part of the diagram and their red giant
branch is less curved. But in general, these data sets show good agreement.
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Figure 15: Comparison between fits of Padova and BaSTI isochrones
([ 𝐹𝑒𝐻 ] = −2.2) for Johnson photometry.

To derive age in a most accurate way all parameters of isochrone should be
defined accurately. There are three main characteristics that affect age deter-
mination with the isochrone fitting technique: (1) distance, (2) reddening, and
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(3) metallicity. That is why a detailed consideration should be devoted to these
characteristics to obtain a precise age.

4.3.2 Distance

From Fig.12, 13, 14 we can see the difference in shape between absolute magni-
tude obtained with Gaia EDR3 parallax and parallax corrected by Lindegren et al.
(2021). The data set which was calculated with corrected Gaia EDR3 parallax is
showing a more inclined red giant branch and squeezed total shape. This devi-
ates from isochrone fits especially in the red giant branch (top right in Fig.12, 13,
14). That is why we chose to use as a main distance the distance obtained with
original Gaia EDR3 parallaxes.

The exclusion of parallaxes corrected by Lindegren et al. (2021) is an additional
argument to exclude Bailer-Jones et al. (2021) distances (see section 4.2.2) because
as mentioned in Bailer-Jones et al. (2021) their distances inherit uncertainties
from Lindegren et al. (2021) parallax correction. In fact zero-point corrected par-
allaxes were used as input parameters of their prior.

To sum up, incorrect distances are responsible for the unexpected location
of stars below the red giant branch locus implied by their age and metallicity.
Therefore, we consider as best distance estimates for our data set the original
Gaia EDR3 parallaxes.

We also should mention that due to similar results for absolute magnitude in
the turn-off point part (the most sensitive to the age part of CMD) from different
distances, our resulting age estimates are not significantly affected by our choice
of distance.

4.3.3 Reddening

From one side from isochrone fitting analysis, we saw that very metal-poor stars
seem to be shifted to the red and faint part, which is typical reddening effect.
But from the other side stars from the studied data set are located in the Galac-
tic halo (for all stars |𝑏| > 20𝑜). Galactic halo is poor in gas and dust and, as a
consequence, it does not exhibit significant reddening. But to check it directly
we used computed extinction values by means of StarHorse code (Queiroz et
al. (2019)). They combined high-resolution spectroscopic data from APOGEE-2
survey Data Release 16 (DR16) with broad band photometric data from several
sources, as well as parallaxes from Gaia Data Release 2 (DR2). The Bayesian
isochrone-fitting code StarHorse was used to derive distances, extinctions and
astrophysical parameters for around 388,000 APOGEE stars, achieving typical ex-
tinction uncertainties of about 0.07 mag, when all the photometric information is
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available. StarHorse uncertainties varywith the input spectroscopic catalog, with
the available photometry, and with the parallax uncertainties. Data is available in
https://gaia.aip.de/query/ in catalog: gaiadr2_contrib.starhorse_v05 through
IDQL query.

In Fig.16, 17 in blue shown the original data and in red corrected for reddening.
Arrow show 0.5 of reddening vector. For both photometric systems reddening
from StarHorse works mostly in the red giant branch. Due to bigger uncertain-
ties in photometry and bigger difficulties in isochrone fitting stars corrected for
reddening in the red giant branch become more disperse and destroy a clear pic-
ture of the population. For Gaia photometry reddening effect is more prominent
because 𝐺 and 𝐺𝐵𝑃 filters are taking bluer part of the spectrum (starts from 330
nm) compare with the B filter (starts from 464 nm) (see section 4.2) and 𝐺𝐵𝑃 , 𝐺𝑅𝑃
cover bigger range in wavelengths. For B, V photometric filters reddening is less
present.

To check the accuracy of StarHorse correction in our data set we used color-
color diagram 𝐽 − 𝐻/𝐻 − 𝐾 where we collected all points which lie far away
from the main sequence (Fig.18 - red dotes), most reddened stars according to
J, H, K photometric filters. These stars are located in the upper part of the red
giant branch (see Fig.17 green circles), which means that high extinction is not
affecting stars in other parts of CMD.

Based on the following results: (1) disagreement StarHorse reddening correc-
tion and 𝐽 − 𝐻/𝐻 − 𝐾 check in the low part of the red giant branch and bigger
dispersion for data set under investigation, (2) location of the stars in Galactic
halo, we decided to exclude reddening correction for next part of the work.

On balance, reddening is not significantly affecting turn-off point (the most
sensitive to the age part of the CMD) in Johnson photometry and exclusion
reddening correction does not affect the age determination procedure. And it
is worth considering that split in turn-off point even described well with galactic
latitude can not be explained with reddening.

4.3.4 Metallicity

Finally, to derive precise age metallicity should be chosen very close to the real
one. That is why before age determination we did a deep analysis on metallicity.
Fig.19 show CMD in Johnson photometry colored with metallicity, histogram
show distribution in metallicity for two parts of CMD: red giant branch (RGB)
absolute magnitude 𝑉𝑎𝑏𝑠 < 2 mag, turn-off point (TO) 𝑉𝑎𝑏𝑠 > 2 mag. The average
metallicity of RGB is lower than for TO, and both parts show bimodal distribution.
Frommetallicity analysis, we understand that Padova isochrones due to its lower
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Figure 16: Comparison of original (blue) and corrected for reddening
from StarHorse (red) data in Gaia EDR3 photometric filters. Arrow
show 0.5 of reddening vector.
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value [𝐹𝑒𝐻 ] = −2.2 can explain only the more metal reach part of the data. BaSTI
isochrones instead cover all range of metallicities.

0.0 0.2 0.4 0.6 0.8 1.0 1.2
B - V, mag

6

4

2

0

2

4

6

8

V 
ab

so
lu

te
, m

ag

BaSTI isochrones
-1.9, 14 Gyr
-2.2, 11 Gyr
-3.2, 14 Gyr
Padova isochrones
-2.0 14Gyr
-2.2 11Gyr
DR3

3.75

3.50

3.25

3.00

2.75

2.50

2.25

2.00

1.75

Fe
/H

3.5 3.0 2.5 2.0 1.5
Fe/H

0

2

4

6

8

nu
m

be
r o

f s
ou

ce
s

TO
RGB

Figure 19: CMD in Johnson photometry colored with metallicity, his-
togram show distribution in metallicity for two parts of CMD: red gi-
ant branch (RGB) absolute magnitude 𝑉𝑎𝑏𝑠 < 2mag, turn-off point (TO)
𝑉𝑎𝑏𝑠 > 2 mag. BaSTI isochrones show the best fit for groups with dif-
ferent metallicity.

We can divide data in three metallicity groups: [𝐹𝑒𝐻 ] ≈ −2 - orange, [𝐹𝑒𝐻 ] ≈
−2.2 − −2.5 - red, [𝐹𝑒𝐻 ] ≈ −3.2 - blue (see colors in Fig.19). For each group
isochrones with corresponding metallicity were used.
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4.3.5 Results

Because of the limited amount of data statistical analysis for deriving the best
fit of isochrone can not be used. That is why the best fit was derived by eye-
balling the star distribution in the CMD.Weneed to fit three groupswith different
metallicity.

Groupwith averagemetallicity [𝐹𝑒𝐻 ] ≈ −2 locatedmostly in the redder turn-off
point with only few dotes in red giant branch. The best fit for this group taking
into account its metallicity is 14 Gyr isochrone with [𝐹𝑒𝐻 ] = −1.9 for BaSTI and

[𝐹𝑒𝐻 ] = −2 for Padova. This is very old but relatively metal-reach population.

Group with metallicity in range [𝐹𝑒𝐻 ] ≈ −2.2 − −2.5 populated bluer turn-off

point and red giant branch. The best fit is 11 Gyr with metallicity [𝐹𝑒𝐻 ] = −2.2
for Padova and BaSTI. This group is younger than the previous one but more
metal-poor. An important feature of this group is that stars which lie on the blue
side of the turn-off point and pretending to have younger ages (Fig.20). These
stars are usually called Blue Stragglers.

The majority of the stars from the most metal-poor group [𝐹𝑒𝐻 ] ≈ −3.2 is
presentmostly in the red giant branch part that makes it difficult to define precise
age. The turn-off point is the main indicator for age and we have just a few stars
here. That is why the chosen best fit isochrone 14 Gyr with [𝐹𝑒𝐻 ] = −3.2 is not
accurate and give just an estimate.

All results are listed in Tab.7

Table 7: Results of isochrone fitting for three populations with different
metallicity.

Group color metallicity age
dex Gyr

Orange -2 14
Red -2.2 11
Blue -3.2 14

4.3.6 Split into 2 populations

As we discussed in previous sections in CMD in B, V photometric bands we see
(Fig.9) the clear split into two populations: redder and bluer in color (B-V).Where
redder population is fitted very well by 14 Gyr isochrone ([𝐹𝑒𝐻 ] = −2) and bluer

by 11 Gyr isochrone ([𝐹𝑒𝐻 ] = −2.2). Another separation reason is galactic lat-
itude. Bluer turn-off formed from the stars from the upper Galactic halo and
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Figure 20: CMD in Johnson photometry with BaSTI isochrones for 1-15
Gyr. Dotes colored with metallicity.

redder from the lower Galactic halo. Correlation between galactic latitude, age
and metallicity is shown in Fig21. We can say that stars in Galactic halo have on
average the same metallicity for turn-off and red giant branch. Lower Galactic
halo instead show a bigger spread and the turn-off point is significantly more
metal-rich. That means that due to their difference in space location, age and
metallicity characteristics they can have a different origin. To study it deeper we
will work with kinematics in section 5.

4.4 Comparison with metal-poor globular clusters NGC 6397, M 30, M
92

We can perform an additional fit to check our isochrone fitting results. Three
metal-poor globular clusters: NGC 6397, NGC 7099 (M 30), NGC 6341 (M92) were
taken to use as a kind of observed isochrone. The characteristics of these globular
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Figure 21: CMD in Johnson photometry colored with galactic latitude,
histogram show distribution in metallicity separately for lower (blue)
and upper (yellow) Galactic halo for two parts of CMD: red giant
branch (RGB) absolute magnitude 𝑉𝑎𝑏𝑠 < 2mag (lighter), turn-off point
(TO) 𝑉𝑎𝑏𝑠 > 2 mag (brighter). BaSTI isochrones show the best fit for
groups with different metallicity.
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clusters are listed in Tab.8. Metallicities are taken as an average of results listed in
the SIMBAD catalog3. Age was collected from Correnti et al. (2018) (NGC 6397),
Kains et al. (2013) (M 30), VandenBerg et al. (2016) (M 92). Parallaxes for all of the
used globular clusters are presented in Vasiliev & Baumgardt (2021). Reddening
was estimated by the dust reddening map (Schlafly & Finkbeiner (2011)) based
on the colors of stars with spectra in the Sloan Digital Sky Survey. The photom-
etry in V and B passbands were taken from Stetson observations 4. Gaia EDR3
photometry was downloaded from Gaia EDR3 and transformed from Johnson
photometry. From Fig.22 we can see that the transformed Gaia photometry co-
incides with the direct one. Transformation was made from V-I color according
to Tab.9 taken from Jordi et al. (2010a). All globular clusters are corrected for
reddening and shifted with respect to the parallax. The fits were performed for
Gaia EDR3 (Fig.23) and Johnson photometric systems (Fig.24).

Table 8: Globular cluster’s parameters

Name [𝐹𝑒𝐻 ] age A𝑣
dex Gyr mas mag

NGC 6397 -1.99 12.6 0.414 0.512
M 30 -2.3 13.0 0.132 0.140
M 92 -2.3 12.5 0.108 0.061

Table 9: Transformation coefficients fron V, I𝑐 passbands to Gaia pho-
tometry Jordi et al. (2010a)

𝑎0 𝑎1(V-I𝐶 ) 𝑎2(V-I𝐶 )2 𝑎3(V-I𝐶 )3
G-V -0.0257 -0.0924 -0.1623 0.0090 0.05
G-G𝑅𝑉 𝑆 -0.0138 1.1168 -0.1811 0.0085 0.07
G-G𝐵𝑃 0.0387 -0.4191 -0.0736 0.0040 0.05
G-G𝑅𝑃 -0.0274 0.7870 -0.1350 0.0082 0.03
V-G𝑅𝑉 𝑆 0.0119 1.2092 -0.0188 -0.0005 0.07
V-G𝐵𝑃 0.0643 -0.3266 0.0887 -0.0050 0.05
V-G𝑅𝑃 -0.0017 0.8794 0.0273 -0.0008 0.06
G𝐵𝑃 -G𝑅𝑃 -0.0660 1.2061 -0.0614 0.0041 0.08

From plots, we can see that globular cluster NGC 6397 is fitting the data set
very well in the region of the main sequence, turn-off point, and subgiant branch

3http://simbad.u-strasbg.fr/simbad/sim-fbasic
4https://www.canfar.net/storage/list/STETSON/Standards
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formed from V, I𝑐 to Gaia passbands with coefficients Tab.9
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in both photometric systems (for B, V passbands NGC 6397 is fitting very well
the redder population). But the red giant branch of this cluster is shifted more to
the red part, in other words, the interval between the turn-off point and the red
giant branch is bigger than for verymetal-poor stars. Thatmeans that stars under
investigation are older than the globular cluster NGC 6397 (12.6 Gyr). Which is
in agreement with the isochrone result.

In Johnson photometry, the fit of globular cluster M 30 is close to the redder
population of very metal-poor stars. Also, the interval between the turn-off point
and the red giant branch is smaller (13 Gyr) and coincideswith the data better. But
still, it is some offset in the turn of the point that shows that the red population
of data set in CMD in Johnson photometry is older than 13 Gyr, bluer population
instead is younger.

In Johnson photometry, globular cluster M 92 shows a vertical shift out of the
data. The sift in absolute magnitude is around 0.5 mag and the reason for it can
be the wrong estimate of the distance.

Another feature that can be spotted is that the dotes which absolutemagnitude
obtained with Gaia EDR3 corrected by Lindegren et al. (2021) parallaxes show the
more curved shape of the red giant branch with respect to globular cluster fits.
The same behavior which the isochrone fitting technique showed. From this, we
can make a conclusion that corrected Gaia EDR3 parallaxes are deforming the
real shape of the population. Also Vasiliev & Baumgardt (2021) indicated that
parallaxes resulting from Lindegren et al. (2021) correction are in average slightly
overestimated around 0.005 - 0.01 mas. That result support again the idea that
for this data set Gaia EDR3 original parallaxes are the best estimate for distance.

To sum up, globular clusters confirm isochrone fitting results in metallicity
ranges and age determination.

42



0.4 0.6 0.8 1.0 1.2 1.4
BP-RP, mag

4

2

0

2

4

6

8

G 
ab

so
lu

te
, m

ag

DR3
DR3 corrected
NGC6397
M30
M92

Figure 23: Fit of globular clusters: NGC 6397, M 30, M 92 with very
metal poor stars for Gaia EDR3 photometry.
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Figure 24: Fit of globular clusters: NGC 6397, M 30, M 92 with very
metal poor stars for Johnson photometry.
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5 Kinematics

Orbits and orbital parameters for all stars in the data set using distances (used for
CMD), proper motion and radial velocities (Gaia EDR3) were found by numerical
calculation in the Galactic potential. Different models of the gravitational poten-
tial of the Milky Way were used in this study especially with and without bar.
Thereafter, using obtained data we derived origin whose kinematics is followed
by these very metal-poor stars.

5.1 Data

For calculating orbital parameters coordinates, distance, radial velocity and proper
motion need to be found. In section 4.3 we consider that according to the follow-
ing results: (1) unreal location of stars lower than red giant branch for absolute
magnitude obtained with corrected distances and (2) clear deviation (belting) of
the red giant branch to fainter magnitudes compare with isochrones for different
ages and metallicity, original parallaxes from Gaia EDR3 are the best estimate for
distance modulus. Radial velocity and proper motion were taken from the Gaia
EDR3 data bank. Uncertainties for velocity components are shown in Tab.10, 1.
Position and velocity of the stars in the Equatorial Coordinates were transformed
to Galactocentric coordinates.

Table 10: Uncertainties of Gaia Erly Data Release 3 proper motions

Data product or source type
Typical uncertainty, km s−1

G𝑅𝑉 𝑆 < 8 G𝑅𝑉 𝑆 = 10 G𝑅𝑉 𝑆 = 11.75
Median radial velocity over 22 months 0.3 0.6 1.8
Systematic radial velocity errors < 0.1 - 0.5

5.2 Models of the Galactic potential

In this research, we used two different models of Galactic potential: with and
without bar structure. Stars under investigation are located in the halo and prob-
ably for the majority the bar potential does not show a big effect but some of
them could reach the bulge region during their motion and be affected by bar
potential.
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5.2.1 Without bar

The first and simplest model consist three components: the central bulge, the
plane disk and the spherical halo. All of them are described by time-independent,
axisymmetric potentials. Total Galaxy potential is:

Φ(𝑟, 𝑧) = Φ𝑏(𝑅(𝑟 , 𝑧)) + Φ𝑑 (𝑟 , 𝑧) + Φℎ(𝑅(𝑟 , 𝑧)) (4)

where 𝑅 = √𝑟2 + 𝑧2.
The model which was applied is a well-known Allen & Santillan (1991) poten-

tial which is build by a bulge, a disk and a halo. The form of the potential for the
bulge and the disk are proposed by Miyamoto & Nagai (1975) and halo inside the
𝑅0 is given by Allen & Martos (1986):

Φ𝑏(𝑅) = − 𝑀𝑏

√𝑅2 + 𝑏2𝑏
, (5)

Φ𝑑 (𝑟 , 𝑧) = − 𝑀𝑑

√𝑟2 + (𝑎𝑑 + √𝑧2 + 𝑏2𝑑
, (6)

Φℎ(𝑅) =

⎧⎪⎪
⎨⎪⎪
⎩

𝑀ℎ
𝑎ℎ ( 1

𝛾−1 𝑙𝑛 (
1+( 𝑅

𝑎ℎ
)
𝛾−1

1+( 𝑅0
𝑎ℎ
)
𝛾−1) −

( 𝑅0
𝑎ℎ
)
𝛾−1

1+( 𝑅0
𝑎ℎ
)
𝛾−1) , if 𝑅 < 𝑅0,

𝑀ℎ
𝑅

( 𝑅0
𝑎ℎ
)
𝛾

1+( 𝑅0
𝑎ℎ
)
𝛾−1 , if 𝑅 > 𝑅0.

(7)

where 𝑀𝑏 , 𝑀𝑑 , 𝑀ℎ are the total masses of the bulge, the disk and the halo, 𝑅0 is
cut-off radius to avoid infinite mass of the halo. The 𝑏𝑏 , 𝑎𝑑 , 𝑎ℎ parameters control
the scale of bulge, disk and halo component. The 𝑏𝑑 limit the scale height of the
disk. The constants are derived to be in good agreement with observational data
such as: galactic rotational curve, local density and local surface density Yeh et al.
(2020). All constants are listed in Tab.11.

5.2.2 With bar

To explore the orbits of the stars which spent a sufficient amount of time in the
area of the bulge during their evolution the bar potential should be added to the
previous model. Unlike the potential of the bulge, disk and halo component the
bar potential is time-dependent. Ferrer’s ellipsoid bar potential was adopted for
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Table 11: Parameters for Galactic potential without bar. The Values are
extracted from Tab.1 of Irrgang et al. (2013).

Parameter Value
𝑀𝑏 , 1010𝑀⊙ 0.950925
𝑀𝑑 , 1010𝑀⊙ 6.6402
𝑀ℎ, 1010𝑀⊙ 2.36685
𝑏𝑏 , kpc 0.23
𝑎𝑑 , kpc 4.22
𝑏𝑑 , kpc 0.23
𝑎ℎ, kpc 2.562
𝑅0, kpc 200
𝛾 2
Constraints Observed
𝑉𝑟 see Bhattacharjee et al. (2014)
𝜌⊙ 0.102±0.01
Σ1.1 74±6

this model. From observational data, we know that bar rotates clockwise around
the Galactic center but the angular velocity value is very uncertain. Different
observational methods and models give angular momentum in range 40 < Ω <
70 km s−1 kpc−1. Another important difference from the bulge, disk and halo
potential is that the potential of the bar component is triaxial, dependent on 𝜃 .
For orbital calculations, the bar potential is added with assumption that all of the
bulge mass transferred directly to the bar component instantly.

The density of triaxial Ferrer’s bar is given by

𝜌(𝑥, 𝑦 , 𝑧) = {𝜌𝑐(1 − 𝑚2)2 , if 𝑚 < 1,
0 , if 𝑚 > 1, (8)

where 𝜌𝑐 = 105
32𝜋

𝐺𝑀𝑏𝑎𝑟
𝑎𝑏𝑐 , 𝑀𝑏𝑎𝑟 is the total mass of the bar transferred from the mass

of the bulge, 𝑚 = 𝑥2
𝑎2 + 𝑦2

𝑏2 + 𝑧2
𝑐2 . The 𝑎, 𝑏, 𝑐 parameters are the semi-axis of the

elipsoidal bar with 𝑎 > 𝑏 > 𝑐 > 0. According to Pichardo et al. (2004), the major
axis half-length 𝑎 = 3.14 kpc, and the axis ratio 𝑎 ∶ 𝑏 ∶ 𝑐 = 10 ∶ 3.75 ∶ 2.56.
Based on Bovy et al. (2019), the present position angle of the longest axis of the
bar with respect to the line of sight is 25𝑜 .

According to Chandrasekar(1969, p.53) the potential of the bar for Eq.8 is ex-
pressed as:
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Φ = −𝜋𝐺𝑎𝑏𝑐 𝜌𝑐
𝑛 + 1

∞

∫
𝜆

𝑑𝑢
Δ(𝑢)(1 − 𝑚2(𝑢))3, where (9)

𝑚2(𝑢) = 𝑥2
𝑎2 + 𝑢 + 𝑦2

𝑏2 + 𝑢 + 𝑧2
𝑐2 + 𝑢 , and (10)

Δ2(𝑢) = (𝑎2 + 𝑢)(𝑏2 + 𝑢)(𝑐2 + 𝑢). (11)

𝜆 is the positive solution of 𝑚2(𝑢) = 1 such that outside the bar Φ = 0. Iside the
bar 𝜆 = 0. All bar parameters are listed in Tab.12.

Table 12: Parameters for Galactic potential with bar. The Values are
extracted from Tab.1 of Irrgang et al. (2013), Bovy et al. (2019), Pichardo
et al. (2004).

Parameter Value
𝑀𝑏𝑎𝑟 , 1010𝑀⊙ 0.950925
𝑀𝑑 , 1010𝑀⊙ 8.9015
𝑀ℎ, 1010𝑀⊙ 2.66573
𝑏𝑏 , kpc 0.27
𝑎𝑑 , kpc 6.21
𝑏𝑑 , kpc 0.33
𝑎ℎ, kpc 2.39
𝑅0, kpc 200
𝑎, kpc 3.14
Ω, km s−1 kpc−1 41
𝛾 2

5.3 Calculation

The Gauss-Radau spacings of 15th order with (Δ𝑡)16 was chosen as an algorithm
for computing orbits and orbital parameters. Among different algorithms, Gauss-
Radau spacings improves integration accuracy greatly by considering forces at
specific spacing within the entire time step. This method allows to use large time
steps and therefore reduces the computational time.

Orbits and orbital parameters were calculated backward in 5 Gyr with 5000
steps for Galactic potential without bar and with 500 steps for Galactic potential
with bar.

48



As a result of the numerical calculation in the Galactic potential orbits and
following orbital parameters were obtained: angular momentum 𝐿𝑧 (averaged
over the time for bared potential < 𝐿𝑧 >), the total energy of the star (sum of
kinetic and potential energy), eccentricity 𝑒, perigalactic/apogalactic distances
𝑅𝑚𝑖𝑛/𝑅𝑚𝑎𝑥 (the closest/farthest point of the orbit to the Galactic center in the
projection to the Galactic plane), the maximum height under the Galactic plane
𝑧𝑚𝑎𝑥 . Thereafter all these kinematics needed to be studied deeper to relate the
part of the Galaxy to the star according to its motion. For this purpose, several
techniques of separation were used.

5.4 Separation by orbit

The first and foremost technique is based on the shape of the orbit of an indi-
vidual star. Bajkova et al. (2020) shown for globular clusters that the shape of
the orbit marks the part of the Galaxy whose kinematics an object is following.
Consequently, separating orbits according to criteria which Bajkova et al. (2020)
demonstrated, we can define the origin of our stars. Three main groups of or-
bits can be defined from Bajkova et al. (2020): bulge/bar, thick disk and halo (see
Fig.25).

The classification of the orbits was done separately for (x,y) and (r,z) Galac-
tic projections and for two different potentials: with and without bar. For each
plane and potential, we derived three main groups according to Bajkova et al.
(2020): bar/bulge, disk, halo and one group of unknown orbits where all unreal
trajectories are collected. Defined groups are presented in Fig.26. The bar/bulge
main orbital characteristics in (x,y) is a ring structure where the inner radius is
much smaller than outer radius 𝑅𝑚𝑖𝑛 ≪ 𝑅𝑚𝑎𝑥 ; in (r,z) for barred potential is a
rectangle that turns into a circle sector. The disk typical features of the orbit in
(x,y) is a ring which inner and outer radii are close to each other 𝑅𝑚𝑖𝑛 ≾ 𝑅𝑚𝑎𝑥 ; in
(r,z) is a trapezoid which longer base look to the positive direction of 𝑟 . The halo
main orbital shape in (x,y) is small circles that intersect with bigger ovals; in (r,z)
is curved lobes looking towards 𝑧 positive and negative directions and crossing
them big arc directed to the positive 𝑟 . On balance we separate stars into four
groups: the bar/bulge, the disk, the halo and unknown (where all unreal trajec-
tories are collected). For different Galactic projections efficiency of separation is
different due to similarities of the shapes for different groups. For example, in
(x,y) plane bar/bulge and disk orbits in some cases have a similar ring shape, in
(r,z) - bulge and disk have a similar trapezoid shape. But in general separation
results are consistent with each other.
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Figure 25: Orbits of NGC 6440 (top line), NGC 6838 (middle line), and
NGC 5824 (bottom line) belonging to the bar/bulge, the thick disk, and
the halo respectively, obtained in the axisymmetric potential (two left-
hand columns) and in a barred potential (two right-hand columns). Red
dote is a position of the star nowadays. Bajkova et al. (2020)

To check separation by orbit other separation methods and tests should be
done.

5.5 Check of separation by orbit with orbital parameters

5.5.1 𝐸/𝐿𝑧 diagram
The same study with separation by orbits Bajkova et al. (2020) showed for glob-
ular clusters that objects from the different origins are located in 𝐸/𝐿𝑧 diagram
in specific places.

According to separation by orbit, all starswere colored in four groups: bar/bulge
(purple), disk (blue), halo (light blue), unknown (black). It is worth considering
although we call some stars as bulge stars none of them are really bulge stars
because for all stars apogalactic distance is lying outside bar/bulge space. The
minimum perigalactic distance for our stars is min(𝑅𝑚𝑎𝑥 ) ≈ 7 kpc which is much
less than the criterion used by Bajkova et al. (2020) to identify stars as a bulge/bar
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Figure 26: Orbits belonging to the bar/bulge, the thick disk, the halo
and unknown groups respectively, obtained in the axisymmetric po-
tential (two left-hand columns) and in a barred potential (two right-hand
columns). Blue dote is a position of star nowadays, yellow dote is the
Sun.

stats 𝑅𝑚𝑎𝑥 < 3.5 kpc. In reality, these stars’ kinematics only affected by bar/bulge
gravitational potential.

In Fig.28 colored stars show clear separation into groups: bar/bulge, disk and
halo showing the same result as Bajkova et al. (2020) obtained. Disk stars popu-
late left and right borders of the cone bulge and halo stars are dispersed around
𝐿𝑧 = 0 axis.

5.5.2 𝐿𝑧
𝑒 distribution

The last method which Bajkova et al. (2020) proposed to separate disk and halo
stars is bimodality in distribution of ratio of angular momentum along 𝑧 direction
and eccentricity 𝐿𝑧

𝑒 . In our case disk and halo population overlap each other but
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Figure 27: Relationships between the total energy 𝐸 versus angular mo-
mentum along 𝑧 direction 𝐿𝑧 in axisymmetric (first row) and barred (sec-
ond row) potentials for all stars colored according to orbits separation
with criteria.

peacks are clearly separated and show similar values as Bajkova et al. (2020)
showed for halo 𝐿𝑧𝑝𝑒𝑎𝑘 ≈ 0 kpc km s−1, for disk 𝐿𝑧𝑝𝑒𝑎𝑘 ≈ 1000 kpc km s−1 (see
Fig.30).

5.5.3 𝐿𝑧/𝑒 diagram
Another testing technique is 𝐿𝑧/𝑒 diagram. Yeh et al. (2020) demonstrated that
the location in 𝐿𝑧/𝑒 diagram can not precisely tell us the origin of the star but
can be used as a test.

Fig.31, 32 show the distribution of angular momentum 𝐿𝑧 in relationship with
eccentricity 𝑒. It is clearly seen that very metal-poor stars exhibit both prograde
and retrograde motion and have mostly elongated orbits. Also, we can see that
disk stars on average have higher angular momentum than halo stars and halo
stars are more dispersed. High eccentricity and low angular momentum tails are
possibly explained due to the bulge/bar potential effect. Collisions with high-
density clouds in the bulge region help to lose angular momentum and increase
eccentricity.
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Figure 28: Relationships between the total energy 𝐸 versus angular mo-
mentum along 𝑧 direction 𝐿𝑧 in axisymmetric (first row) and barred (sec-
ond row) potentials for all stars colored according to orbits separation
in (r,z) plane (left column), in (x,y) plane (right column).

5.5.4 Borders of the orbits

Also as a consequence of the spherical symmetry of the halo potential we can
predict that stars belonging to the halo have a maximum height which is equal or
close to the apogalactic distance 𝑧𝑚𝑎𝑥 ≈ 𝑅𝑚𝑎𝑥 . For the disk stars instead 𝑅𝑚𝑎𝑥 ≫
𝑧𝑚𝑎𝑥 . 𝑅𝑚𝑖𝑛 orbital parameter can mark the effect of the bulge potential showing
attendance of the star in the Galactic bulge. Consequently, diagrams 𝑧𝑚𝑎𝑥/𝑅𝑚𝑖𝑛,
𝑧𝑚𝑎𝑥/𝑅𝑚𝑎𝑥 , 𝑅𝑚𝑎𝑥/𝑅𝑚𝑖𝑛 can be used for checking separation into groups.

In Fig.35, 37, 39 we can see following pattern: (1) orbits affected by bulge have
low perigalactic distance (𝑅𝑚𝑖𝑛 < 2 kpc); (2) it is clear separation between disk
and halo stars in 𝑧𝑚𝑎𝑥/𝑅𝑚𝑎𝑥 plane, there 𝑧𝑚𝑎𝑥

𝑅𝑚𝑎𝑥 ≈ 0.75
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Figure 29: Distribution of the ratio of angular momentum along 𝑧 di-
rection 𝐿𝑧 and eccentricity 𝑒 for the disk (blue) and the halo (light blue)
separated with criteria in axisymmetric (left) and barred (right).
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Figure 30: Distribution of the ratio of angular momentum along 𝑧 di-
rection 𝐿𝑧 and eccentricity 𝑒 for the disk (blue) and the halo (light blue)
separated by orbit in axisymmetric (top row) and barred (bottom row).
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Figure 31: Relationships between the angular momentum along 𝑧 di-
rection 𝐿𝑧 versus eccentricity 𝑒 in axisymmetric potential for all stars
colored according to orbits separation in (r,z) plane (top), in (x,y) plane
(bottom).
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Figure 32: Relationships between the angular momentum along 𝑧 di-
rection 𝐿𝑧 versus eccentricity 𝑒 in barred potential for all stars colored
according to orbits separation in (r,z) plane (top), in (x,y) plane (bot-
tom).
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Figure 33: Relationships between the angular momentum along 𝑧 direc-
tion 𝐿𝑧 versus eccentricity 𝑒 in axisymmetric (top) and barred (bottom)
potential for all stars colored according to orbits separation with crite-
ria.
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Figure 34: Relationships between themaximumheight under the Galac-
tic plane 𝑧𝑚𝑎𝑥 versus perigalactic distances 𝑅𝑚𝑖𝑛 in axisymmetric (first
row) and barred (second row) potentials for all stars colored according
to orbits separation with criteria.
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Figure 35: Relationships between themaximumheight under the Galac-
tic plane 𝑧𝑚𝑎𝑥 versus perigalactic distances 𝑅𝑚𝑖𝑛 in axisymmetric (first
row) and barred (second row) potentials for all stars colored according
to orbits separation in (r,z) plane (left column), in (x,y) plane (right col-
umn).
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Figure 36: Relationships between themaximumheight under the Galac-
tic plane 𝑧𝑚𝑎𝑥 versus apogalactic distances 𝑅𝑚𝑎𝑥 in axisymmetric (first
row) and barred (second row) potentials for all stars colored according
to orbits separation with criteria.
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Figure 37: Relationships between themaximumheight under the Galac-
tic plane 𝑧𝑚𝑎𝑥 versus apogalactic distances 𝑅𝑚𝑎𝑥 in axisymmetric (first
row) and barred (second row) potentials for all stars colored according
to orbits separation in (r,z) plane (left column), in (x,y) plane (right col-
umn).
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Figure 38: Relationships between the apogalactic distances 𝑅𝑚𝑎𝑥 versus
perigalactic distances 𝑅𝑚𝑖𝑛 in axisymmetric (first row) and barred (sec-
ond row) potentials for all stars colored according to orbits separation
with criteria.
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Figure 39: Relationships between the apogalactic distances 𝑅𝑚𝑎𝑥 versus
perigalactic distances 𝑅𝑚𝑖𝑛 in axisymmetric (first row) and barred (sec-
ond row) potentials for all stars colored according to orbits separation
in (r,z) plane (left column), in (x,y) plane (right column).
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5.5.5 Separation criteria

Finally, to improve and automatize separation by orbit technique. We propose
the following procedure. We know that disk stars exhibit quasi-circular motion
close to the Galactic plane with relatively small eccentricities, large circular ve-
locities consequently large angular momentum 𝐿𝑧 and small maximum height
under the Galactic plane compare with apogalactic distance in the Galactic plane
𝑧𝑚𝑎𝑥 ≪ 𝑟𝑚𝑎𝑥 . The halo stars instead have more elongated orbits with lower circu-
lar velocities, as a consequence lower angularmomentum 𝐿𝑧 , and due to spherical
symmetry of the halo potential, there are no constraints on the orbit location.

Using this information we adopted following criteria to separate orbits:

1. Presence of the bulge potential effect: 𝑅𝑚𝑖𝑛 < 2𝑘𝑝𝑐.
According to the potential model which we used (Yeh et al. (2020)) the
bulge potential is mostly effective in the sphere of 2 kpc. It let us consider
that all stars that reach this sphere during their motion are affected by
axisymmetric bulge potential.

2. Disk/halo separation: 𝑧𝑚𝑎𝑥
𝑅𝑚𝑎𝑥 < √2

2 .

Due to cylindrical symmetry of the disk potential stars belonging to the
Galactic disk are moving close to the Galactic plane 𝑧𝑚𝑎𝑥 ≪ 𝑟𝑚𝑎𝑥 . 𝑧𝑚𝑎𝑥 =
𝑟𝑚𝑎𝑥 than 𝑧𝑚𝑎𝑥 = 𝑅𝑚𝑎𝑥 ⋅ sin 45𝑜 ⇒ 𝑧𝑚𝑎𝑥

𝑅𝑚𝑎𝑥 < √2
2

This result is in good agreement with found patterns in Fig.35, 37, 39 where
stars was separated by orbits. To test found criteria we used all listed beforemeth-
ods: 𝐸/𝐿𝑧 diagram (Fig.27), 𝐿𝑧𝑒 distribution (Fig.29), 𝐿𝑧/𝑒 diagram (Fig.33). Than
applied separation were tested with close look at individual orbits of the stars.
It confirms that the splitting of the stars was done consistently. Only few per-

cents of stars were related to the wrong group. All of them have 𝑧𝑚𝑎𝑥
𝑅𝑚𝑎𝑥 ≈ √2

2 . That

means that close look to objects with 𝑧𝑚𝑎𝑥
𝑅𝑚𝑎𝑥 ≈ √2

2 needed to improve automatic
separation accuracy.

5.6 Origin

If we want to understand was these stars formed inside the MilkyWay or outside
orbital parameters can not give us a clear view. But it can say about the possibility
of stars to be accreted.
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Firstly, according to Yeh et al. (2020) in 𝐿𝑧/𝑒 diagram highly eccentric tails
with low angular momentum 𝐿𝑧 are mostly populated with members of past
accreted events. But we can not separate in-situ and accreted stars only with
orbital parameters 𝐿𝑧 , 𝑒. To do it better an additional chemical analysis is needed.

Secondly, Koppelman et al. (2019) showed that clustering in 𝐸/𝐿𝑧 diagram can
tell us about the accretion event. However, our stars do not show any significant
clustering in the diagram. That means that our stars do not show clear evidence
of accretion event as a group in their past history.

To test it morewe can use the O-Na relation. Villanova et al. (2019) showed that
globular cluster which was formed inside the Milky Way usually indicates O-Na
anti-correlation. But, unfortunately, we do not have the abundance of sodium in
our spectroscopic data.

5.7 Two populations

Going back to the two populations in CMD in the lower and upper parts of the
Galactic halo with different age and metallicity according to isochrone fitting
technique (section 4.3), Fig.40 shows the distribution of angular momentum 𝐿𝑧
in relationship with eccentricity 𝑒 colored with galactic latitude. We can see that
stars from both populations show prograde and retrograde motion. Furthermore,
stars located in upper (𝑏 > 0𝑜) and lower (𝑏 < 0𝑜) Galactic halo are mixed in
this diagram and orbital parameters do not show any difference between the
kinematics of these two populations.

The same result Fig.41 show. 𝐸/𝐿𝑧 diagram the correlation between angular
momentum 𝐿𝑧 and total energy of the star 𝐸 colored with galactic latitude. Two
groups for 𝑏 < 0𝑜 (blue) and 𝑏 > 0𝑜 (yellow) do not show any significant cluster-
ing in the diagram. That means that both populations do not show clear evidence
of accretion event as a group in their past history.
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Figure 40: Relationships between the angular momentum along 𝑧 direc-
tion 𝐿𝑧 versus eccentricity 𝑒 for all stars colored with galactic latitude.

6 Chemical composition

Correlation and scatter of chemical elements can provide constraints on mix-
ing and the diversity of supernovae at early epochs. For our stars, the main
trends were tested. In Fig.42 we see correlation between [𝐴𝑙𝐹𝑒 ] and [𝐹𝑒𝐻 ] and anti-

correlation between [𝑀𝑔
𝐹𝑒 ] and [𝐹𝑒𝐻 ]. Our diagrams have different scaling com-

pare with results published by Koppelman et al. (2019) but they show the same
trend.

Dispersion of metallicity of two groups: the disk and halo stars separated in
section 5 were studied. In Fig.43 we can see that on average halo stars are more
metal-poor than disk stars. However, the difference between peaks is around
∼ 0.1 dex.

Additionally, in section 4.3.5 we found the group of Blue Stragglers in bluer
population. According to Ferraro et al. (2006) they should be oxygen and carbon
depleted which was considered as the signature of the mass-transfer formation
process. However it is only partly true for stars under consideration (Fig.44).
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Figure 41: Relationships between the total energy 𝐸 versus angular mo-
mentum along 𝑧 direction 𝐿𝑧 for all stars colored with galactic latitude.
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Figure 42: Relationships between the [𝐴𝑙𝐹𝑒 ] and [𝑀𝑔
𝐹𝑒 ] versus metallicity

[ 𝐹𝑒𝐻 ].
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Figure 43: Distribution of metallicity for the disk and bulge stars.
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Figure 44: CMD in Johnson photometry colored with carbon abundace.

65



7 Conclusion

In this thesis, a data set of 253 very metal-poor stars spectroscopically studied by
Barklem2005 was analyzed with the aim to understand the origin of these stars.

We demonstrated that the best estimate of the stars’ distances for this data set
is the original parallaxes from Gaia EDR3. Corrections from Lindegren2021 and
Bailer-Jones et al. (2021) are found to be incorrect for some stars and responsible
for the unexpected location of stars below the red giant branch locus as implied
by their age and metallicity. That is why they were not used in the main analysis.

We studied the color-magnitude diagram (CMD) in two photometric systems:
Johnson and Gaia EDR3, taking into consideration that they have similar ages.
The isochrones for old metal-poor populations such as Padova isochrones 5 and
a suite of Stellar Tracks and Isochrones (BaSTI) (Hidalgo et al. (2018)) were taken.
They were chosen because they used the most modern stellar models taking into
account lowmetallicities. The study of CMD showed that our data set consists of
two populations with different metallicity and age (bluer and redder according to
color B-V). The best fit isochrones for redder group located mostly in the redder
turn-off point with only few dots in red giant branch with average metallicity
[𝐹𝑒𝐻 ] ≈ −2 is 14 Gyr isochrone with [𝐹𝑒𝐻 ] = −1.9 for BaSTI and [𝐹𝑒𝐻 ] = −2 for
Padova. These are very old but relatively metal-reach stars. Their age is close the
age of the Universe that means that they were formed recently after the Big Bang.
And, therefore can be used to probe the first epoch of cosmic star formation. This
group was found to be sligthly older than globular clusters: NGC 6397 (12.6 Gyr),
M 30 (13.0 Gyr), M92 (12.5 Gyr).

The bluer group with metallicity in range [𝐹𝑒𝐻 ] ≈ −2.2 − −2.5 populates, then,
the bluer turn-off region and the lower part of red giant branch. The best fit is 11
Gyr with metallicity [𝐹𝑒𝐻 ] = −2.2 for Padova and BaSTI isochrones. This group
is younger than the previous one but more metal-poor. An important feature of
this group is that stars that lie on the blue side of the turn-off point should hold
younger ages (Fig.20) but due to their low metallicity they can not have such
young ages (3-5 Gyr). These stars are usually called Blue Stragglers. According
to Ferraro et al. (2006) they should be oxygen and carbon depleted which was
considered as the signature of the mass-transfer formation process. However, it
is only partly true for stars under consideration.

Actually, we found a third population in metallicity [𝐹𝑒𝐻 ] ≈ −3.2 but the ma-
jority of the stars are located in the red giant branch which makes impossible
the age determination from isochrone fitting. The turn-off point is the main in-
dicator for age and we have just a few stars there. That is why the chosen best

5http://stev.oapd.inaf.it/cmd
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fit isochrone 14 Gyr with [𝐹𝑒𝐻 ] = −3.2 is not accurate and is meant as just an
estimate.

All results are listed in Tab.7 and shown in Fig.19
The best fit isochronewas obtained by eye-balling the star distribution because

there are not enough stars for statistical analysis.
Also, we should mention that the split into two populations in turn-off point

is well explained with Galactic latitude (Fig.10). The blue group is coming from
upper Galactic halo, the redder group instead is located in the lower part. But
reddening is not playing any role in this dichotomy.

Later, with proper motion, radial velocity and parallaxes from Gaia EDR3 or-
bits and orbital parameters were numerically calculated in two types of the Galac-
tic potential: with and without bar. Further, different techniques of separation
were applied. First, we separated the stars according to the shape of their orbit
(Bajkova et al. (2020)), then an automatic technique was obtained. The separation
by orbits and the automatic one give results in good agreement. Both separations
were additionally tested with the methods: 𝐸/𝐿𝑧 diagram (Fig.27), 𝐿𝑧𝑒 distribution
(Fig.29), 𝐿𝑧/𝑒 diagram (Fig.33). As a result, very metal-poor stars were divided
into two groups with the disk and the halo kinematics. A part of both groups is
found to be affected by bulge potential which reduced their angular momentum
𝐿𝑧 .

Two populations from the photometric analysis are non distinguishable with
orbital parameters and are not showing any substantial difference between each
other (Fig.40, 41).

Unfortunately, only with orbits and orbital parameters we cannot say if our
starswere formed inside or outside ourGalaxy. However, we havewell-populated
tails of low angular momentum 𝐿𝑧 and high eccentricity which is typically but
not necessary populated by accreted parts (Yeh et al. (2020)). Although, 𝐸/𝐿𝑧 di-
agram does not show any significant clustering that can be a signature that they
were not accreted as a group (Koppelman et al. (2019)).

Stars following disk kinematics are on average more metal-rich than halo stars
but the difference is not always significant. Also, stars under investigation show
correlation between [𝐴𝑙𝐹𝑒 ] and [𝐹𝑒𝐻 ] and anti-correlation between [𝑀𝑔

𝐹𝑒 ] and [𝐹𝑒𝐻 ]
(Fig.42). Our diagrams have different scaling compared with results published by
Koppelman et al. (2019). However, the trend is the same.
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Appendix

target ID RA DEC l b
𝑜 𝑜 𝑜 𝑜

CS 22175-007 34.36097 -9.01262 175.25085 -62.78035
CS 22186-023 64.93977 -36.86000 239.06462 -45.32794
CS 22186-025 66.13667 -37.15072 239.54900 -44.38974
CS 22886-042 335.10758 -10.38894 50.79948 -50.74862
CS 22892-052 334.25696 -16.65754 41.14543 -52.84838
CS 22945-028 352.80643 -66.49947 314.89398 -48.72372
CS 22957-013 358.95441 -5.38141 89.11769 -64.53712
CS 22958-083 33.92799 -53.99899 278.71927 -58.98780
CS 22960-010 332.10484 -44.89928 353.25953 -53.07420
CS 29491-069 337.75916 -32.64363 14.01451 -59.21435
CS 29491-109 336.25505 -32.24483 14.79017 -57.94676
CS 29497-004 7.02886 -26.05118 43.28777 -84.67655
CS 29510-058 35.44411 -24.03305 209.33340 -69.42411
CS 30308-035 311.47568 -44.84154 355.71671 -38.59224
CS 30315-001 354.41178 -26.36479 31.38231 -73.52313
CS 30315-029 353.61123 -26.70392 29.94526 -72.84841
CS 30337-097 330.33959 -30.96606 16.60609 -52.85257
CS 30339-041 5.80390 -37.02412 332.25129 -78.44734
CS 30343-063 326.32293 -37.37182 6.16641 -49.75697
CS 31060-047 2.03256 -15.90106 78.90427 -74.93387
CS 31062-041 8.76257 -15.90818 103.37911 -78.15317
CS 31072-118 77.22321 -59.30603 268.23129 -36.06180
CS 31082-001 22.37977 -16.01283 163.33959 -75.80312
HD 20 1.31451 -27.27188 29.48755 -79.73436
HD 221170 352.36995 30.43250 102.70452 -29.19991
HE 0005-0002 2.02821 0.23580 100.33556 -60.72103
HE 0008-3842 2.73349 -38.43614 337.26334 -75.86637
HE 0017-4838 4.95138 -48.35661 316.99505 -67.89877
HE 0018-1349 5.21824 -13.54164 93.69719 -74.65127
HE 0023-4825 6.45986 -48.14086 314.59066 -68.40378
HE 0029-1839 8.03227 -18.37691 94.99778 -80.18462
HE 0037-2657 9.96581 -26.69221 41.86657 -87.38315
HE 0039-4154 10.43086 -41.63263 310.13041 -75.35956
HE 0043-2845 11.48350 -28.48831 344.43735 -88.17493
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HE 0044-2459 11.64957 -24.71733 98.37293 -87.35493
HE 0044-4023 11.62242 -40.12302 307.12927 -76.96487
HE 0045-2430 11.91908 -24.23392 106.40524 -86.98419
HE 0049-5700 13.02885 -56.74380 302.74398 -60.38421
HE 0051-2304 13.46467 -22.79838 130.28311 -85.63553
HE 0054-0657 14.33664 -6.68328 127.12586 -69.50691
HE 0057-4541 14.99699 -45.41490 298.16541 -71.63414
HE 0104-4007 16.73337 -39.86429 289.74145 -76.86447
HE 0104-5300 16.71638 -52.73628 297.55650 -64.23065
HE 0105-6141 16.90773 -61.42163 299.50517 -55.59875
HE 0109-0742 17.94618 -7.44228 137.63329 -69.73117
HE 0109-3711 17.91005 -36.92150 280.62065 -79.31625
HE 0111-1454 18.45456 -14.63970 146.70594 -76.46737
HE 0121-2826 20.90476 -28.17447 223.13947 -82.79863
HE 0131-2740 23.35750 -27.42447 217.15605 -80.66736
HE 0131-3953 23.40197 -39.63130 270.57582 -74.73403
HE 0143-1135 26.54338 -11.33681 164.72919 -69.63419
HE 0143-4108 26.33312 -40.89342 267.48723 -72.31908
HE 0143-4146 26.32516 -41.52962 268.89599 -71.85318
HE 0157-3335 30.00094 -33.35618 239.92584 -73.96172
HE 0200-0955 30.81760 -9.68024 170.48937 -65.67846
HE 0202-2204 31.20842 -21.83625 199.32883 -72.50334
HE 0231-4016 38.43514 -40.06183 250.91865 -65.21511
HE 0240-0807 40.74053 -7.90984 182.07468 -57.34598
HE 0240-6105 40.52551 -60.88419 281.68379 -51.43499
HE 0243-0753 41.55896 -7.68144 182.69301 -56.57395
HE 0243-5238 41.40088 -52.43279 270.65514 -56.94059
HE 0244-4111 41.48945 -40.98525 250.83281 -62.71699
HE 0248+0039 42.74606 0.85874 173.57394 -49.88129
HE 0256-1109 44.79261 -10.96730 190.85675 -55.92021
HE 0300-0751 45.76699 -7.66180 187.09264 -53.25557
HE 0305-4520 46.75911 -45.15015 255.71636 -57.59115
HE 0308-1154 47.79051 -11.72263 194.65048 -53.81113
HE 0315+0000 49.41256 0.18461 181.13925 -45.51708
HE 0316+0214 49.78848 2.41504 179.14357 -43.75635
HE 0317-4640 49.73440 -46.49104 256.59974 -55.17100
HE 0323-4529 51.37592 -45.32542 254.03873 -54.47348
HE 0328-1047 52.68905 -10.61947 196.96151 -49.09482
HE 0330-4004 53.03083 -39.91392 244.48254 -54.50688
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HE 0330-4144 53.06760 -41.58030 247.29301 -54.19833
HE 0331-4939 53.17434 -49.48593 259.93303 -51.95369
HE 0333-4001 53.85748 -39.86297 244.24142 -53.88639
HE 0336-3829 54.63248 -38.33726 241.56696 -53.46227
HE 0337-5127 54.80474 -51.30453 262.04177 -50.32966
HE 0338-3945 54.97928 -39.59527 243.61252 -53.06426
HE 0339-4027 55.20706 -40.29319 244.72651 -52.80585
HE 0340-3430 55.51998 -34.34728 234.86455 -52.90444
HE 0340-5355 55.39403 -53.77169 265.36046 -49.06134
HE 0341-4024 55.78412 -40.25818 244.57941 -52.37333
HE 0344+0139 56.81575 1.81720 185.74748 -38.74781
HE 0347-1819 57.32664 -18.17817 210.22037 -48.21902
HE 0353-6024 58.49721 -60.25429 272.93804 -44.80073
HE 0400-2917 60.52651 -29.14666 227.29035 -48.20592
HE 0401-0138 60.95786 -1.50070 192.23397 -37.30946
HE 0417-0821 64.88143 -8.23901 202.03656 -37.39842
HE 0430-4404 67.90879 -43.96359 249.00651 -43.11962
HE 0430-4901 67.87979 -48.91151 255.75021 -42.76556
HE 0432-0923 68.60698 -9.28071 205.26890 -34.60405
HE 0436-4008 69.54636 -40.05051 243.70802 -41.87974
HE 0441-4343 70.83514 -43.63905 248.52751 -41.01267
HE 0442-1234 71.21547 -12.47937 210.09021 -33.67107
HE 0447-4858 72.25427 -48.89341 255.40090 -39.90235
HE 0450-4705 72.88998 -47.00118 252.92215 -39.54547
HE 0454-4758 73.86146 -47.89480 254.05959 -38.87213
HE 0501-5139 75.70090 -51.59341 258.71745 -37.56711
HE 0501-5644 75.64698 -56.67249 265.09420 -37.20016
HE 0512-3835 78.49793 -38.53183 242.68139 -34.83634
HE 0513-4557 78.80100 -45.90300 251.67192 -35.44691
HE 0516-3820 79.55386 -38.29242 242.55774 -33.98108
HE 0517-1952 79.82825 -19.82031 221.72628 -28.82767
HE 0519-5525 79.99652 -55.37824 263.28324 -34.86877
HE 0520-1748 80.60779 -17.76864 219.86457 -27.39321
HE 0524-2055 81.76852 -20.87836 223.57787 -27.49938
HE 0534-4615 83.97065 -46.22660 252.48136 -31.90957
HE 0538-4515 84.94228 -45.22583 251.42797 -31.10027
HE 0547-4539 87.30750 -45.65110 252.22017 -29.52951
HE 0858-0016 135.38485 -0.46723 229.59886 28.34557
HE 0926-0508 142.23062 -5.36158 238.67586 31.29729
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HE 0938+0114 145.18068 1.00595 234.44064 37.38225
HE 0951-1152 148.57211 -12.10436 249.46365 31.82416
HE 1006-2218 152.25277 -22.55846 260.65586 26.68279
HE 1015-0027 154.39882 -0.70692 243.54533 43.72624
HE 1044-2509 161.81867 -25.42177 270.56912 29.53550
HE 1052-2548 163.83544 -26.08016 272.75346 29.90202
HE 1054-0059 164.19899 -1.25820 254.11759 50.42069
HE 1059-0118 165.51403 -1.57078 256.00386 51.05395
HE 1100-0137 165.73127 -1.89477 256.60011 50.94753
HE 1105+0027 166.95622 0.19397 255.91701 53.33233
HE 1120-0153 170.68125 -2.16068 263.30229 53.74219
HE 1122-1429 171.27781 -14.76787 273.74966 43.15894
HE 1124-2335 171.86225 -23.86823 279.31487 35.12239
HE 1126-1735 172.21411 -17.86188 276.63537 40.75524
HE 1127-1143 172.46095 -12.00352 273.45434 46.14592
HE 1128-0823 172.68466 -8.66524 271.46993 49.21342
HE 1131+0141 173.63386 1.41157 264.06827 58.35668
HE 1132+0125 173.69461 1.15012 264.44075 58.17321
HE 1132+0204 173.71249 1.79106 263.78559 58.71503
HE 1135+0139 174.54105 1.37889 265.55675 58.82780
HE 1135-0344 174.58761 -4.02345 270.61330 54.19744
HE 1148-0037 177.81216 -0.90336 273.18991 58.44915
HE 1207-2031 182.46195 -20.79558 290.00797 41.03012
HE 1210+0048 183.36592 0.53643 282.44309 61.88817
HE 1210-1956 183.21197 -20.21628 290.76476 41.74196
HE 1212-0127 183.82605 -1.73188 284.72079 59.85611
HE 1214-1819 184.25652 -18.59853 291.65738 43.51860
HE 1215+0149 184.42978 1.54242 283.98759 63.16724
HE 1217-0540 184.97347 -5.95451 288.78897 56.04862
HE 1219-0312 185.39225 -3.47772 288.53317 58.55653
HE 1221-0522 186.03199 -5.65316 290.53523 56.55984
HE 1221-1948 185.94896 -20.07941 294.14065 42.32000
HE 1222-0200 186.37235 -2.28992 289.91349 59.92432
HE 1222-0336 186.21828 -3.88516 290.23622 58.33026
HE 1225+0155 187.01982 1.64245 289.56262 63.90622
HE 1225-0515 187.05173 -5.52800 292.31407 56.86406
HE 1230-1724 188.23779 -17.69102 296.70410 44.95707
HE 1237-3103 190.06097 -31.33568 300.12924 31.47515
HE 1243-1425 191.61687 -14.69262 301.12978 48.16173
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HE 1245-1616 191.98648 -16.54559 301.72020 46.31794
HE 1246-1344 192.33434 -14.01158 302.15750 48.85701
HE 1247-2114 192.52131 -21.51322 302.51277 41.35743
HE 1248-1800 192.86641 -18.27502 302.94116 44.59673
HE 1249-2932 193.07650 -29.81577 303.15657 33.05560
HE 1249-3121 193.02137 -31.62921 303.09314 31.24234
HE 1251-0104 193.46694 -1.34324 304.20566 61.52250
HE 1252+0044 193.84205 0.46686 305.12074 63.32190
HE 1252-0117 193.74930 -1.55975 304.78437 61.29920
HE 1254+0009 194.30375 -0.11099 306.08485 62.72539
HE 1256-0228 194.66026 -2.73822 306.54022 60.08306
HE 1256-0651 194.80439 -7.12231 306.35780 55.69769
HE 1259-0621 195.46305 -6.62064 307.57920 56.15710
HE 1300+0157 195.73432 1.69779 309.59963 64.42057
HE 1300-0641 195.89224 -6.95579 308.29168 55.78967
HE 1300-0642 195.84745 -6.97315 308.21032 55.77606
HE 1300-2201 195.82217 -22.29385 306.53737 40.49492
HE 1300-2431 195.75015 -24.78674 306.26321 38.01021
HE 1305-0331 196.99554 -3.79459 310.92227 58.82025
HE 1311-1412 198.42496 -14.47354 311.00710 48.04885
HE 1314-3036 199.37174 -30.86409 309.50065 31.67520
HE 1320-1339 200.68370 -13.92539 314.37721 48.24964
HE 1330-0354 203.29438 -4.16852 322.36708 57.11984
HE 1330-0607 203.23570 -6.37521 321.12712 55.02357
HE 1332-0309 203.65782 -3.41469 323.43508 57.72739
HE 1333-0340 203.96403 -3.93011 323.67330 57.14207
HE 1335+0135 204.47442 1.34085 328.23759 61.90829
HE 1337+0012 205.00937 -0.03890 328.17626 60.42878
HE 1337-0453 204.99258 -5.14215 324.71722 55.66331
HE 1343-0640 206.53754 -6.92970 326.15060 53.45752
HE 1345-0206 207.06664 -2.36303 330.07295 57.48313
HE 1351-1049 208.48800 -11.07346 326.64575 48.89856
HE 1413-1954 214.01954 -20.14836 328.58034 38.47147
HE 1419-1759 215.57373 -18.22492 331.34810 39.58125
HE 1421-2006 215.95998 -20.33629 330.56981 37.52687
HE 1430+0053 218.31879 0.68018 349.91215 53.99040
HE 1430-0026 218.31777 -0.66336 348.45936 52.96197
HE 1430-1123 218.39015 -11.61875 338.87511 44.01087
HE 1431-2142 218.52795 -21.92146 332.31903 35.02447
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HE 1500-1628 225.73596 -16.66868 342.82251 35.82057
HE 2133-1432 324.09390 -14.32236 38.50148 -42.93710
HE 2134+0001 324.28412 0.25124 55.10562 -35.93320
HE 2139-1851 325.62298 -18.63077 33.67755 -45.91306
HE 2143+0030 326.55031 0.74605 57.23755 -37.50169
HE 2145-3025 327.18057 -30.18566 17.38038 -50.06456
HE 2150-0825 328.25062 -8.18843 48.56836 -43.79529
HE 2151-2858 328.50665 -28.73902 19.88543 -51.00861
HE 2153-2719 329.01700 -27.08051 22.60868 -51.17926
HE 2154-2838 329.43248 -28.40857 20.60452 -51.76286
HE 2155+0136 329.40650 1.83888 60.53442 -39.13224
HE 2156-3130 329.77409 -31.27005 16.03770 -52.39678
HE 2158-3112 330.33959 -30.96606 16.60609 -52.85257
HE 2200-2030 330.76059 -20.26632 33.76196 -51.02547
HE 2201-0637 330.93644 -6.37823 52.67447 -45.13301
HE 2204-1703 331.79959 -16.81965 39.42743 -50.74225
HE 2206-2245 332.28932 -22.50456 30.96303 -53.04363
HE 2216-0621 334.69144 -6.11397 55.99873 -48.09862
HE 2216-1548 334.87650 -15.56012 43.20848 -52.94815
HE 2217-0706 335.07500 -6.85461 55.40020 -48.83094
HE 2217-1523 335.14054 -15.14301 44.01484 -53.00335
HE 2219-0713 335.56573 -6.97628 55.66380 -49.30243
HE 2221-4150 336.19708 -41.59422 357.53853 -56.78498
HE 2222-4156 336.36940 -41.68273 357.32395 -56.88814
HE 2224+0143 336.84636 1.97581 67.12897 -44.72836
HE 2224-4103 336.95125 -40.80692 358.69851 -57.52392
HE 2226-4102 337.26792 -40.78126 358.63905 -57.76292
HE 2227-4044 337.57938 -40.48710 359.07128 -58.06239
HE 2228-3806 337.76075 -37.84466 3.95723 -58.73362
HE 2229-4153 338.20435 -41.64045 356.73014 -58.22213
HE 2231-0622 338.58376 -6.10854 59.49386 -51.24013
HE 2234-0521 339.15715 -5.10153 61.32173 -51.07989
HE 2238-2152 340.29292 -21.60564 36.31450 -59.91177
HE 2240-0412 340.74199 -3.94305 64.35780 -51.56883
HE 2242-1930 341.32163 -19.24773 41.40002 -60.04850
HE 2243-0151 341.53692 -1.59866 67.98221 -50.59709
HE 2244-1503 341.85763 -14.79171 49.76577 -58.64817
HE 2247-3705 342.62295 -36.82123 4.52471 -62.72270
HE 2248-3345 342.93661 -33.49038 11.71490 -63.49563
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HE 2250-2132 343.41876 -21.27344 38.80765 -62.58390
HE 2252-4157 343.89257 -41.69148 353.81841 -62.21839
HE 2252-4225 343.74403 -42.15540 352.99535 -61.93750
HE 2258-3456 345.24903 -34.67828 8.38156 -65.22797
HE 2259-3407 345.56560 -33.85317 10.23650 -65.62062
HE 2301-4024 346.05842 -40.13908 355.63292 -64.32146
HE 2301-4126 345.95907 -41.17396 353.52222 -63.84628
HE 2304-4153 346.77373 -41.62503 351.99961 -64.21003
HE 2311+0129 348.58908 1.75673 80.07341 -52.84147
HE 2314-1554 349.25471 -15.63046 55.79376 -65.26056
HE 2319-0852 350.57220 -8.60472 70.07234 -61.93984
HE 2325-0755 351.99846 -7.65396 73.64980 -62.24778
HE 2326+0038 352.23744 0.91010 84.31347 -55.65075
HE 2327-5642 352.65464 -56.43737 323.64233 -57.32154
HE 2329-3702 353.07578 -36.76616 358.05627 -70.70066
HE 2333-1358 353.95222 -13.69188 66.44214 -67.81558
HE 2334-0604 354.36953 -5.79908 80.09687 -62.35007
HE 2335-5958 354.58038 -59.70146 318.98299 -55.08955
HE 2338-1311 355.28486 -12.91937 70.29512 -68.26682
HE 2338-1618 355.15169 -16.02417 63.37700 -70.17787
HE 2345-1919 356.98160 -19.04398 58.58188 -73.32844
HE 2347-1254 357.54190 -12.63093 75.22835 -69.60442
HE 2347-1334 357.61178 -13.29422 74.05910 -70.13612
HE 2347-1448 357.49319 -14.53771 71.18074 -70.93624

Table 13: Equatorial an Galactic coordinates of 253 very metal-poor
stars under investigation Barklem et al. (2005).

target ID 𝐷𝜋 𝐷𝐿 𝐷𝐵𝐽𝑔 𝐷𝐵𝐽𝑝𝑔
kpc kpc kpc kpc

CS 22175-007 3.3 +0.18−0.16 2.89 +0.21−0.19 2.91 +0.14−0.13 2.96 +0.1−0.17
CS 22186-023 3.24 +0.12−0.11 3.08 +0.21−0.19 3.06 +0.1−0.08 3.05 +0.11−0.07
CS 22186-025 11.15 +1.87−1.4 7.99 +1.72−1.2 7.61 +0.97−0.63 7.36 +1.22−0.39
CS 22886-042 4.94 +0.56−0.46 4.25 +0.56−0.44 4.2 +0.38−0.35 4.4 +0.18−0.55
CS 22892-052 6.24 +1.08−0.8 5.26 +0.97−0.71 5.19 +0.63−0.49 4.83 +1.0−0.13
CS 22945-028 4.07 +0.28−0.24 3.54 +0.33−0.28 3.53 +0.2−0.19 3.52 +0.21−0.17
CS 22957-013 9.52 +2.18−1.5 6.72 +1.47−1.02 6.59 +1.02−0.74 5.71 +1.9−−0.13
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CS 22958-083 4.52 +0.3−0.26 3.9 +0.38−0.32 3.94 +0.2−0.22 3.8 +0.34−0.08
CS 22960-010 0.44 +0.0−0.0 0.43 +0.0−0.0 0.43 +0.0−0.0 0.44 +0.0−0.01
CS 29491-069 2.43 +0.11−0.1 2.29 +0.14−0.13 2.27 +0.1−0.09 2.26 +0.12−0.08
CS 29491-109 8.29 +1.77−1.24 6.84 +1.61−1.09 6.59 +0.91−0.82 5.97 +1.52−0.21
CS 29497-004 4.8 +0.42−0.35 3.99 +0.43−0.36 3.93 +0.28−0.26 3.92 +0.29−0.25
CS 29510-058 2.97 +0.15−0.13 2.65 +0.18−0.16 2.65 +0.1−0.1 2.61 +0.14−0.06
CS 30308-035 7.81 +1.38−1.02 5.87 +1.07−0.79 5.93 +0.73−0.55 4.91 +1.75−−0.46
CS 30315-001 14.66 +5.41−3.11 9.06 +2.75−1.71 8.47 +1.29−1.03 7.85 +1.9−0.42
CS 30315-029 14.52 +4.35−2.72 9.01 +2.49−1.6 8.34 +1.32−0.98 7.72 +1.95−0.35
CS 30337-097 9.71 +3.23−1.94 7.53 +2.33−1.44 7.24 +1.04−1.09 6.62 +1.67−0.47
CS 30339-041 6.46 +0.66−0.55 5.11 +0.68−0.54 5.16 +0.4−0.39 4.95 +0.62−0.18
CS 30343-063 12.59 +3.1−2.08 10.48 +3.5−2.1 10.29 +1.74−1.37 10.49 +1.53−1.57
CS 31060-047 11.59 +2.54−1.76 7.73 +1.74−1.2 7.34 +0.83−0.72 8.18 +−0.01−1.55
CS 31062-041 15.44 +7.04−3.68 9.27 +3.11−1.86 8.77 +2.49−1.15 7.53 +3.73−−0.1
CS 31072-118 6.0 +0.45−0.39 5.78 +0.81−0.63 5.84 +0.33−0.49 5.34 +0.82−−0.01
CS 31082-001 2.17 +0.13−0.12 2.03 +0.14−0.12 2.03 +0.12−0.09 1.93 +0.22−−0.01
HD 20 0.5 +0.01−0.01 0.49 +0.01−0.01 0.49 +0.01−0.0 0.49 +0.01−0.0
HD 221170 0.55 +0.01−0.01 0.54 +0.01−0.01 0.54 +0.01−0.01 0.54 +0.01−0.01
HE 0005-0002 13.45 +12.46−4.37 8.48 +4.37−2.15 6.93 +1.83−1.43 6.04 +2.73−0.54
HE 0008-3842 18.32 +5.7−3.52 11.06 +3.59−2.18 11.06 +1.43−1.22 10.1 +2.38−0.26
HE 0017-4838 32.12 +−454.99−16.65 14.17 +16.54−4.96 10.05 +4.13−2.21 11.48 +2.7−3.64
HE 0018-1349 1.36 +0.07−0.07 1.28 +0.07−0.06 1.29 +0.06−0.07 1.29 +0.06−0.07
HE 0023-4825 1.16 +0.02−0.02 1.11 +0.03−0.03 1.11 +0.02−0.02 1.11 +0.01−0.02
HE 0029-1839 6.22 +1.31−0.92 4.9 +0.95−0.69 4.74 +0.65−0.52 5.56 +−0.18−1.35
HE 0037-2657 7.2 +1.07−0.82 5.53 +0.9−0.68 5.43 +0.6−0.46 4.99 +1.04−0.02
HE 0039-4154 9.76 +1.58−1.19 7.09 +1.38−0.99 6.84 +0.67−0.62 7.09 +0.42−0.86
HE 0043-2845 0.75 +0.02−0.02 0.73 +0.02−0.02 0.73 +0.02−0.02 0.74 +0.0−0.03
HE 0044-2459 2.78 +0.16−0.14 2.49 +0.17−0.15 2.48 +0.11−0.11 2.5 +0.09−0.13
HE 0044-4023 4.44 +1.25−0.8 3.8 +0.95−0.63 3.63 +0.59−0.52 3.29 +0.94−0.17
HE 0045-2430 3.9 +0.46−0.37 3.34 +0.4−0.33 3.35 +0.34−0.27 3.16 +0.52−0.09
HE 0049-5700 2.08 +0.13−0.11 1.92 +0.13−0.11 1.93 +0.11−0.09 1.96 +0.08−0.13
HE 0051-2304 17.47 +18.26−5.91 10.04 +5.29−2.57 8.64 +2.78−1.48 7.78 +3.64−0.62
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HE 0054-0657 0.97 +0.03−0.03 0.93 +0.03−0.03 0.93 +0.02−0.02 0.94 +0.01−0.03
HE 0057-4541 5.92 +0.73−0.58 4.81 +0.68−0.53 4.8 +0.5−0.41 4.56 +0.74−0.17
HE 0104-4007 7.6 +2.3−1.43 5.8 +1.51−0.99 5.35 +0.85−0.72 5.46 +0.74−0.82
HE 0104-5300 10.01 +1.26−1.01 7.38 +1.37−1.0 7.28 +0.6−0.55 7.31 +0.57−0.58
HE 0105-6141 2.3 +0.06−0.06 2.13 +0.1−0.09 2.14 +0.05−0.05 2.12 +0.06−0.03
HE 0109-0742 9.54 +2.97−1.83 6.73 +1.76−1.15 6.15 +1.12−0.82 5.58 +1.68−0.25
HE 0109-3711 3.66 +0.7−0.51 3.26 +0.6−0.44 3.26 +0.46−0.47 3.11 +0.61−0.32
HE 0111-1454 6.35 +0.75−0.6 5.66 +0.91−0.69 5.58 +0.61−0.44 5.39 +0.8−0.25
HE 0121-2826 13.18 +10.12−3.99 8.49 +3.98−2.05 7.28 +1.39−1.17 5.61 +3.05−−0.5
HE 0131-2740 3.73 +0.3−0.26 3.23 +0.31−0.26 3.2 +0.2−0.13 3.05 +0.34−−0.02
HE 0131-3953 1.42 +0.1−0.08 1.34 +0.09−0.08 1.35 +0.1−0.07 1.36 +0.09−0.08
HE 0143-1135 0.97 +0.03−0.03 0.93 +0.03−0.03 0.93 +0.03−0.03 0.93 +0.02−0.04
HE 0143-4108 8.37 +1.99−1.35 6.3 +1.42−0.98 6.07 +0.77−0.78 7.98 +−1.14−2.69
HE 0143-4146 13.78 +4.69−2.79 9.03 +2.74−1.7 8.61 +1.43−1.23 7.23 +2.8−−0.14
HE 0157-3335 23.18 +17.48−6.97 12.17 +5.59−2.91 10.35 +2.34−1.76 7.45 +5.25−−1.15
HE 0200-0955 4.15 +0.45−0.37 3.52 +0.41−0.33 3.44 +0.3−0.25 3.17 +0.57−−0.02
HE 0202-2204 10.77 +5.46−2.71 7.4 +2.69−1.56 6.52 +1.31−1.03 6.33 +1.5−0.84
HE 0231-4016 2.63 +0.22−0.19 2.39 +0.21−0.18 2.37 +0.14−0.16 2.4 +0.11−0.19
HE 0240-0807 111.43 +−164.67−84.21 19.32 +34.25−7.54 11.83 +3.98−2.23 10.86 +4.94−1.27
HE 0240-6105 21.35 +10.2−5.22 12.44 +5.14−2.81 11.4 +1.74−1.57 10.67 +2.46−0.84
HE 0243-0753 6.63 +0.64−0.54 5.17 +0.68−0.54 5.17 +0.36−0.34 4.9 +0.63−0.07
HE 0243-5238 3.65 +0.2−0.18 3.24 +0.26−0.22 3.25 +0.15−0.15 3.21 +0.19−0.12
HE 0244-4111 2.38 +0.11−0.1 2.18 +0.13−0.12 2.18 +0.1−0.08 2.1 +0.18−0.0
HE 0248+0039 10.23 +6.01−2.76 7.05 +2.81−1.56 5.75 +1.46−0.7 6.69 +0.52−1.64
HE 0256-1109 1.1 +0.06−0.05 1.05 +0.05−0.05 1.05 +0.05−0.05 1.07 +0.03−0.07
HE 0300-0751 21.78 +−2258.27−10.94 12.03 +17.94−4.51 7.13 +2.22−1.37 5.9 +3.45−0.14
HE 0305-4520 12.16 +1.98−1.5 8.55 +1.91−1.32 8.28 +0.82−0.7 7.33 +1.77−−0.26
HE 0308-1154 15.12 +26.43−5.88 9.18 +6.66−2.72 6.38 +1.46−0.99 7.32 +0.52−1.93
HE 0315+0000 49.03 +−90.79−33.58 15.63 +46.33−6.69 9.47 +3.95−2.83 8.8 +4.61−2.17
HE 0316+0214 112.06 +−152.05−88.72 19.08 +52.39−8.07 9.79 +2.3−1.72 8.39 +3.7−0.32
HE 0317-4640 7.33 +11.16−2.76 5.97 +6.06−2.0 5.08 +1.52−1.5 3.49 +3.11−−0.09
HE 0323-4529 7.15 +0.98−0.77 5.69 +0.93−0.7 5.45 +0.53−0.42 6.08 +−0.1−1.04

82



HE 0328-1047 5.18 +0.58−0.47 4.25 +0.54−0.43 4.22 +0.28−0.24 4.85 +−0.34−0.86
HE 0330-4004 3.59 +0.84−0.57 3.19 +0.69−0.48 3.41 +0.69−0.6 2.97 +1.13−0.16
HE 0330-4144 1.85 +0.11−0.1 1.73 +0.11−0.1 1.74 +0.09−0.1 1.74 +0.09−0.1
HE 0331-4939 7.55 +1.5−1.08 5.93 +1.2−0.86 5.6 +0.52−0.61 5.73 +0.39−0.74
HE 0333-4001 1.5 +0.07−0.06 1.42 +0.07−0.07 1.41 +0.06−0.06 1.45 +0.02−0.09
HE 0336-3829 4.83 +1.21−0.8 4.2 +0.98−0.67 4.01 +0.65−0.54 3.7 +0.96−0.23
HE 0337-5127 6.34 +1.03−0.78 5.15 +0.88−0.66 5.09 +0.4−0.51 4.84 +0.64−0.26
HE 0338-3945 1.54 +0.05−0.05 1.45 +0.06−0.06 1.45 +0.04−0.05 1.45 +0.05−0.04
HE 0339-4027 0.85 +0.01−0.01 0.82 +0.02−0.02 0.82 +0.01−0.01 0.82 +0.02−0.01
HE 0340-3430 1.78 +0.06−0.06 1.67 +0.07−0.07 1.67 +0.08−0.06 1.67 +0.08−0.06
HE 0340-5355 24.72 +25.78−8.35 13.31 +7.63−3.55 11.14 +1.98−1.75 9.12 +4.0−−0.26
HE 0341-4024 0.64 +0.0−0.0 0.62 +0.01−0.01 0.62 +0.0−0.0 0.62 +0.01−0.0
HE 0344+0139 1.36 +0.07−0.06 1.29 +0.07−0.06 1.28 +0.06−0.05 1.27 +0.06−0.05
HE 0347-1819 0.7 +0.02−0.02 0.68 +0.02−0.02 0.68 +0.02−0.02 0.7 +0.0−0.03
HE 0353-6024 8.76 +4.36−2.18 6.97 +2.88−1.58 6.44 +1.71−1.26 5.32 +2.82−0.15
HE 0400-2917 5.23 +0.38−0.33 4.37 +0.47−0.39 4.27 +0.2−0.19 4.36 +0.11−0.28
HE 0401-0138 5.87 +0.59−0.49 4.7 +0.59−0.47 4.71 +0.31−0.32 4.49 +0.52−0.11
HE 0417-0821 0.58 +0.01−0.01 0.56 +0.01−0.01 0.56 +0.01−0.01 0.57 +0.01−0.01
HE 0430-4404 1.57 +0.08−0.07 1.48 +0.08−0.07 1.47 +0.09−0.06 1.5 +0.05−0.1
HE 0430-4901 2.47 +0.09−0.09 2.28 +0.13−0.11 2.29 +0.08−0.06 2.29 +0.08−0.06
HE 0432-0923 9.16 +2.63−1.67 6.62 +1.66−1.11 6.24 +0.92−0.93 6.88 +0.28−1.58
HE 0436-4008 4.85 +0.62−0.49 4.11 +0.57−0.44 4.04 +0.5−0.38 4.15 +0.39−0.48
HE 0441-4343 3.51 +0.28−0.24 3.11 +0.3−0.25 3.1 +0.2−0.17 3.0 +0.29−0.08
HE 0442-1234 5.74 +0.62−0.51 5.39 +0.83−0.63 5.4 +0.36−0.46 5.12 +0.64−0.18
HE 0447-4858 3.26 +0.37−0.3 2.96 +0.35−0.29 2.92 +0.26−0.22 2.92 +0.26−0.22
HE 0450-4705 2.31 +0.08−0.07 2.14 +0.11−0.1 2.15 +0.06−0.06 2.1 +0.11−0.01
HE 0454-4758 1.7 +0.03−0.03 1.61 +0.06−0.05 1.61 +0.03−0.02 1.6 +0.04−0.01
HE 0501-5139 4.54 +0.75−0.56 3.93 +0.65−0.49 3.87 +0.58−0.46 3.61 +0.83−0.2
HE 0501-5644 13.35 +6.11−3.19 9.17 +3.42−1.96 8.25 +1.76−1.52 9.0 +1.01−2.28
HE 0512-3835 18.01 +8.48−4.37 10.95 +4.19−2.37 9.41 +1.44−1.14 8.66 +2.19−0.39
HE 0513-4557 3.6 +0.38−0.31 3.18 +0.36−0.29 3.2 +0.31−0.24 3.06 +0.44−0.1
HE 0516-3820 3.0 +0.12−0.11 2.71 +0.17−0.15 2.72 +0.07−0.09 2.68 +0.11−0.05
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HE 0517-1952 9.95 +2.19−1.52 7.13 +1.59−1.1 6.53 +0.75−0.6 6.56 +0.72−0.62
HE 0519-5525 2.38 +0.11−0.1 2.2 +0.13−0.12 2.19 +0.09−0.08 2.15 +0.13−0.04
HE 0520-1748 3.39 +0.33−0.28 2.98 +0.31−0.26 2.9 +0.25−0.23 2.83 +0.33−0.15
HE 0524-2055 10.45 +1.78−1.33 7.48 +1.53−1.09 7.32 +0.67−0.5 7.32 +0.67−0.49
HE 0534-4615 2.27 +0.1−0.09 2.1 +0.12−0.11 2.11 +0.1−0.09 2.08 +0.12−0.07
HE 0538-4515 1.67 +0.06−0.06 1.57 +0.07−0.07 1.58 +0.05−0.05 1.58 +0.05−0.06
HE 0547-4539 2.07 +0.04−0.04 2.02 +0.09−0.08 2.01 +0.04−0.03 2.02 +0.03−0.04
HE 0858-0016 30.47 +87.55−12.98 13.18 +8.75−3.76 10.05 +1.93−1.57 9.58 +2.41−1.09
HE 0926-0508 0.46 +0.01−0.01 0.45 +0.01−0.01 0.45 +0.01−0.01 0.45 +0.01−0.02
HE 0938+0114 0.18 +0.0−0.0 0.18 +0.0−0.0 0.18 +0.0−0.0 0.18 +0.0−0.0
HE 0951-1152 0.67 +0.02−0.02 0.65 +0.02−0.02 0.65 +0.02−0.02 0.67 +0.01−0.03
HE 1006-2218 0.93 +0.02−0.01 0.89 +0.02−0.02 0.89 +0.02−0.01 0.89 +0.02−0.01
HE 1015-0027 1.89 +0.15−0.13 1.74 +0.14−0.12 1.74 +0.1−0.1 1.72 +0.12−0.09
HE 1044-2509 3.97 +0.36−0.31 3.41 +0.36−0.29 3.44 +0.26−0.22 3.3 +0.4−0.08
HE 1052-2548 0.68 +0.01−0.01 0.66 +0.01−0.01 0.66 +0.01−0.01 0.66 +0.01−0.01
HE 1054-0059 27.74 +46.34−10.67 12.56 +7.15−3.34 10.4 +2.01−1.76 9.58 +2.83−0.93
HE 1059-0118 0.97 +0.04−0.04 0.93 +0.04−0.04 0.94 +0.03−0.04 0.95 +0.02−0.06
HE 1100-0137 1.88 +0.17−0.15 1.74 +0.16−0.14 1.78 +0.14−0.13 1.8 +0.13−0.14
HE 1105+0027 3.16 +0.4−0.32 2.78 +0.35−0.28 2.81 +0.23−0.32 2.68 +0.36−0.19
HE 1120-0153 0.51 +0.01−0.01 0.5 +0.01−0.01 0.5 +0.01−0.01 0.5 +0.01−0.01
HE 1122-1429 2.8 +0.42−0.32 2.55 +0.37−0.29 2.54 +0.31−0.24 2.59 +0.25−0.29
HE 1124-2335 4.67 +0.54−0.44 3.89 +0.49−0.39 3.83 +0.35−0.29 3.88 +0.29−0.34
HE 1126-1735 4.12 +0.77−0.56 3.48 +0.6−0.45 3.51 +0.51−0.47 3.14 +0.88−0.1
HE 1127-1143 13.11 +15.82−4.63 8.31 +5.04−2.28 6.76 +1.81−1.52 5.76 +2.81−0.52
HE 1128-0823 2.41 +0.21−0.18 2.18 +0.19−0.16 2.2 +0.15−0.16 2.12 +0.23−0.08
HE 1131+0141 9.37 +8.69−3.04 6.84 +4.07−1.86 5.45 +1.17−0.98 3.88 +2.74−−0.59
HE 1132+0125 1.73 +0.17−0.15 1.61 +0.16−0.13 1.61 +0.16−0.11 1.66 +0.11−0.16
HE 1132+0204 6.88 +1.52−1.06 5.29 +1.08−0.76 5.16 +0.74−0.56 4.98 +0.92−0.37
HE 1135+0139 16.66 +35.36−6.74 9.65 +7.29−2.9 7.32 +2.24−1.66 7.02 +2.54−1.36
HE 1135-0344 3.08 +0.51−0.38 2.71 +0.42−0.32 2.68 +0.44−0.28 2.55 +0.57−0.15
HE 1148-0037 1.43 +0.04−0.04 1.34 +0.05−0.04 1.34 +0.03−0.03 1.34 +0.04−0.02
HE 1207-2031 2.9 +0.44−0.34 2.63 +0.39−0.3 2.63 +0.36−0.28 2.6 +0.39−0.25
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HE 1210+0048 1.75 +0.13−0.12 1.63 +0.13−0.11 1.66 +0.14−0.1 1.65 +0.15−0.09
HE 1210-1956 2.47 +0.33−0.26 2.28 +0.3−0.24 2.38 +0.3−0.27 2.31 +0.36−0.21
HE 1212-0127 36.69 +−80.24−23.78 14.43 +48.26−6.28 7.74 +3.09−1.93 10.4 +0.43−4.59
HE 1214-1819 -16835.02 +16804.71−−16865.43 22.93 +141.69−10.61 11.21 +3.16−2.5 8.59 +5.77−−0.11
HE 1215+0149 18.65 +111.61−8.61 10.71 +11.99−3.7 7.46 +2.12−1.57 7.55 +2.04−1.65
HE 1217-0540 0.81 +0.02−0.02 0.78 +0.02−0.02 0.78 +0.02−0.02 0.78 +0.01−0.02
HE 1219-0312 11.19 +9.94−3.58 7.52 +3.94−1.93 5.88 +1.6−0.87 5.72 +1.76−0.71
HE 1221-0522 1.76 +0.16−0.14 1.66 +0.15−0.13 1.67 +0.14−0.13 1.74 +0.06−0.21
HE 1221-1948 3.21 +0.49−0.37 2.81 +0.4−0.31 2.86 +0.37−0.31 2.65 +0.59−0.09
HE 1222-0200 8.88 +7.94−2.85 6.58 +3.86−1.78 5.35 +2.32−1.16 4.46 +3.21−0.27
HE 1222-0336 1.77 +0.12−0.11 1.64 +0.12−0.1 1.64 +0.09−0.1 1.65 +0.08−0.1
HE 1225+0155 3.35 +0.23−0.2 3.09 +0.28−0.23 3.15 +0.22−0.15 3.03 +0.34−0.02
HE 1225-0515 2.41 +0.23−0.19 2.18 +0.21−0.17 2.16 +0.18−0.16 2.17 +0.17−0.17
HE 1230-1724 1.9 +0.16−0.14 1.75 +0.15−0.13 1.78 +0.13−0.1 1.77 +0.13−0.09
HE 1237-3103 8.69 +2.02−1.38 6.37 +1.39−0.97 6.08 +0.95−0.76 5.06 +1.97−−0.26
HE 1243-1425 7.98 +3.7−1.92 5.9 +2.05−1.21 5.65 +1.42−1.08 5.14 +1.92−0.58
HE 1245-1616 4.18 +1.19−0.76 3.65 +0.94−0.62 3.55 +0.68−0.62 3.34 +0.9−0.4
HE 1246-1344 37.81 +125.7−16.43 14.26 +9.01−3.98 11.99 +4.11−2.42 8.59 +7.51−−0.98
HE 1247-2114 27.69 +87.16−11.95 12.54 +8.75−3.65 10.45 +2.75−1.89 7.81 +5.39−−0.75
HE 1248-1800 13.75 +20.3−5.14 8.56 +5.75−2.45 7.49 +2.55−1.51 5.84 +4.2−−0.14
HE 1249-2932 31.26 +54.94−12.17 13.48 +7.8−3.61 11.74 +3.01−2.09 10.67 +4.07−1.02
HE 1249-3121 2.58 +0.2−0.17 2.32 +0.19−0.16 2.32 +0.14−0.12 2.32 +0.14−0.12
HE 1251-0104 7.0 +2.05−1.29 5.38 +1.34−0.89 5.15 +1.12−0.71 4.45 +1.82−0.01
HE 1252+0044 3.6 +0.45−0.36 3.12 +0.39−0.31 3.08 +0.35−0.23 2.77 +0.66−−0.07
HE 1252-0117 9.9 +2.54−1.68 6.94 +1.62−1.11 6.65 +0.97−0.73 6.67 +0.95−0.75
HE 1254+0009 11.78 +3.68−2.27 7.82 +2.1−1.37 7.42 +1.17−0.76 7.57 +1.02−0.91
HE 1256-0228 7.93 +4.05−2.0 5.91 +2.23−1.27 5.67 +1.99−1.07 5.88 +1.78−1.28
HE 1256-0651 1.2 +0.05−0.05 1.14 +0.05−0.05 1.13 +0.04−0.04 1.14 +0.04−0.04
HE 1259-0621 13.24 +40.07−5.68 9.14 +10.93−3.22 7.39 +4.8−2.06 5.21 +6.98−−0.11
HE 1300+0157 1.98 +0.08−0.07 1.83 +0.09−0.08 1.83 +0.06−0.05 1.8 +0.1−0.02
HE 1300-0641 6.24 +1.02−0.77 4.91 +0.81−0.61 4.84 +0.62−0.45 4.58 +0.87−0.2
HE 1300-0642 7.49 +1.98−1.3 5.65 +1.31−0.89 5.42 +1.0−0.76 6.0 +0.41−1.34
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HE 1300-2201 1.41 +0.07−0.07 1.33 +0.07−0.07 1.34 +0.09−0.08 1.35 +0.08−0.09
HE 1300-2431 19.48 +13.77−5.7 10.58 +4.42−2.41 9.66 +2.21−1.52 9.34 +2.52−1.2
HE 1305-0331 3.97 +1.01−0.67 3.51 +0.82−0.56 3.25 +0.58−0.39 3.28 +0.55−0.42
HE 1311-1412 19.15 +11.28−5.18 10.44 +3.98−2.26 10.07 +2.99−1.58 7.83 +5.23−−0.66
HE 1314-3036 5.69 +0.66−0.53 4.82 +0.68−0.53 4.96 +0.64−0.45 4.34 +1.25−−0.17
HE 1320-1339 1.77 +0.06−0.06 1.67 +0.08−0.07 1.67 +0.04−0.05 1.67 +0.05−0.05
HE 1330-0354 1.72 +0.1−0.09 1.6 +0.1−0.09 1.62 +0.09−0.08 1.6 +0.11−0.06
HE 1330-0607 9.59 +4.24−2.25 6.78 +2.25−1.35 6.43 +1.64−0.88 5.79 +2.28−0.23
HE 1332-0309 -44.47 +29.53−−90.03 49.39 +−85.49−34.72 15.41 +13.12−4.68 14.13 +14.4−3.4
HE 1333-0340 1.82 +0.16−0.13 1.69 +0.15−0.12 1.69 +0.13−0.12 1.69 +0.13−0.12
HE 1335+0135 3.73 +0.68−0.5 3.3 +0.57−0.43 3.3 +0.42−0.39 3.1 +0.62−0.19
HE 1337+0012 0.27 +0.0−0.0 0.27 +0.0−0.0 0.27 +0.0−0.0 0.27 +0.0−0.0
HE 1337-0453 2.65 +0.39−0.3 2.44 +0.35−0.27 2.42 +0.32−0.25 2.43 +0.31−0.26
HE 1343-0640 1.8 +0.17−0.15 1.67 +0.16−0.13 1.7 +0.17−0.12 1.76 +0.11−0.18
HE 1345-0206 10.16 +6.97−2.94 7.1 +3.22−1.69 7.55 +2.5−1.74 6.32 +3.74−0.51
HE 1351-1049 10.61 +8.54−3.27 7.26 +3.61−1.81 6.61 +1.97−1.05 5.08 +3.5−−0.48
HE 1413-1954 1.97 +0.19−0.16 1.81 +0.17−0.15 1.84 +0.24−0.16 1.79 +0.29−0.11
HE 1419-1759 44.94 +−274.1−24.47 15.19 +14.48−4.98 12.61 +3.33−2.84 10.34 +5.6−0.57
HE 1421-2006 1.98 +0.25−0.2 1.85 +0.23−0.18 1.84 +0.24−0.16 1.95 +0.13−0.26
HE 1430+0053 3.24 +0.21−0.19 2.85 +0.23−0.2 2.89 +0.16−0.14 2.84 +0.21−0.08
HE 1430-0026 1.23 +0.05−0.05 1.17 +0.06−0.05 1.18 +0.06−0.04 1.19 +0.05−0.04
HE 1430-1123 2.02 +0.22−0.18 1.88 +0.21−0.17 1.88 +0.24−0.18 1.91 +0.21−0.22
HE 1431-2142 1.42 +0.13−0.11 1.33 +0.12−0.1 1.36 +0.11−0.1 1.4 +0.07−0.15
HE 1500-1628 17.6 +18.77−5.99 9.98 +5.22−2.55 8.61 +3.36−1.45 6.58 +5.38−−0.57
HE 2133-1432 2.17 +0.19−0.16 1.98 +0.17−0.15 2.0 +0.15−0.11 1.96 +0.19−0.07
HE 2134+0001 6.21 +1.7−1.1 4.94 +1.18−0.8 5.11 +1.02−0.68 4.83 +1.3−0.4
HE 2139-1851 7.6 +1.75−1.2 5.71 +1.2−0.84 5.68 +1.39−0.78 5.17 +1.89−0.28
HE 2143+0030 -67.12 +45.63−−126.85 37.54 +−139.95−21.68 13.93 +6.01−2.97 8.98 +10.96−−1.98
HE 2145-3025 6.02 +1.07−0.79 4.76 +0.82−0.61 4.82 +0.73−0.49 5.14 +0.41−0.8
HE 2150-0825 1.54 +0.08−0.07 1.45 +0.08−0.07 1.46 +0.06−0.07 1.46 +0.06−0.06
HE 2151-2858 1.22 +0.06−0.06 1.16 +0.06−0.06 1.16 +0.05−0.05 1.22 +−0.01−0.11
HE 2153-2719 9.5 +3.76−2.1 6.71 +2.05−1.27 6.48 +1.0−1.06 7.35 +0.12−1.94
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HE 2154-2838 4.74 +0.94−0.67 3.92 +0.71−0.52 3.81 +0.47−0.44 3.66 +0.62−0.29
HE 2155+0136 3.87 +1.01−0.67 3.34 +0.78−0.53 3.47 +0.64−0.6 2.73 +1.38−−0.14
HE 2156-3130 9.55 +2.02−1.42 6.77 +1.42−1.0 6.61 +0.88−0.72 5.54 +1.95−−0.35
HE 2158-3112 9.71 +3.23−1.94 7.53 +2.33−1.44 7.24 +1.04−1.09 6.62 +1.67−0.47
HE 2200-2030 2.24 +0.18−0.15 2.04 +0.17−0.14 2.05 +0.15−0.11 2.02 +0.19−0.08
HE 2201-0637 63.03 +−101.19−45.77 17.03 +60.2−7.46 8.96 +2.99−1.83 9.31 +2.64−2.18
HE 2204-1703 12.28 +7.52−3.38 7.99 +3.19−1.77 7.38 +1.45−1.15 7.11 +1.71−0.89
HE 2206-2245 7.56 +2.81−1.61 5.67 +1.67−1.05 5.65 +2.07−0.97 7.26 +0.46−2.58
HE 2216-0621 28.6 +45.55−10.88 12.82 +7.19−3.39 10.52 +2.0−1.67 8.51 +4.02−−0.35
HE 2216-1548 11.13 +7.97−3.28 7.48 +3.38−1.77 6.48 +1.14−1.08 6.19 +1.43−0.79
HE 2217-0706 13.56 +6.62−3.35 8.56 +2.97−1.75 8.11 +1.84−1.31 7.64 +2.31−0.84
HE 2217-1523 14.62 +8.93−4.02 8.91 +3.49−1.96 8.73 +2.92−1.9 7.04 +4.62−0.2
HE 2219-0713 4.33 +0.41−0.35 3.65 +0.4−0.33 3.68 +0.3−0.24 3.75 +0.23−0.31
HE 2221-4150 2.43 +0.36−0.28 2.25 +0.32−0.25 2.26 +0.27−0.23 2.38 +0.16−0.34
HE 2222-4156 2.77 +0.26−0.22 2.48 +0.24−0.2 2.47 +0.2−0.19 2.31 +0.37−0.02
HE 2224+0143 2.99 +0.2−0.17 2.65 +0.21−0.18 2.6 +0.13−0.11 2.71 +0.02−0.22
HE 2224-4103 7.33 +2.12−1.34 5.59 +1.39−0.93 5.26 +0.8−0.64 6.49 +−0.43−1.87
HE 2226-4102 6.91 +1.31−0.95 5.35 +0.99−0.72 5.3 +0.73−0.57 6.26 +−0.23−1.54
HE 2227-4044 0.96 +0.02−0.02 0.92 +0.03−0.02 0.92 +0.02−0.02 0.92 +0.02−0.02
HE 2228-3806 5.19 +0.93−0.69 4.24 +0.73−0.54 4.3 +0.53−0.54 3.93 +0.9−0.18
HE 2229-4153 2.63 +0.11−0.1 2.37 +0.14−0.12 2.4 +0.09−0.09 2.36 +0.13−0.05
HE 2231-0622 6.58 +3.94−1.79 5.37 +2.54−1.31 4.89 +1.75−1.09 3.63 +3.02−−0.18
HE 2234-0521 4.7 +0.75−0.57 3.91 +0.6−0.46 3.88 +0.48−0.41 3.54 +0.82−0.07
HE 2238-2152 3.92 +0.66−0.49 3.34 +0.53−0.4 3.36 +0.54−0.45 2.96 +0.94−0.05
HE 2240-0412 1.11 +0.05−0.05 1.06 +0.05−0.05 1.09 +0.05−0.06 1.11 +0.04−0.07
HE 2242-1930 5.18 +0.91−0.67 4.22 +0.71−0.53 4.19 +0.45−0.47 4.1 +0.53−0.38
HE 2243-0151 2.05 +0.17−0.15 1.89 +0.16−0.14 1.86 +0.16−0.14 1.85 +0.17−0.13
HE 2244-1503 4.15 +0.71−0.53 3.51 +0.57−0.43 3.37 +0.45−0.35 3.36 +0.46−0.34
HE 2247-3705 12.38 +14.38−4.33 8.06 +4.92−2.21 7.69 +4.87−1.87 10.92 +1.65−5.1
HE 2248-3345 7.75 +1.61−1.14 5.82 +1.16−0.83 5.66 +0.67−0.55 6.2 +0.13−1.09
HE 2250-2132 1.78 +0.06−0.06 1.65 +0.08−0.07 1.66 +0.07−0.06 1.65 +0.08−0.05
HE 2252-4157 24.32 +−150.67−13.23 13.42 +31.43−5.53 8.75 +6.19−2.59 12.36 +2.58−6.2
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HE 2252-4225 16.45 +15.66−5.39 9.78 +5.02−2.48 8.58 +1.47−1.69 7.67 +2.39−0.77
HE 2258-3456 -48.52 +33.9−−85.3 76.4 +−102.73−60.82 10.68 +2.39−2.21 11.87 +1.19−3.4
HE 2259-3407 2.5 +0.52−0.36 2.31 +0.45−0.32 2.28 +0.38−0.33 2.67 +−0.0−0.72
HE 2301-4024 5.3 +2.67−1.33 4.51 +1.9−1.03 3.98 +1.22−0.79 3.34 +1.86−0.15
HE 2301-4126 6.06 +2.05−1.22 4.81 +1.34−0.86 4.5 +0.88−0.75 3.51 +1.87−−0.25
HE 2304-4153 -17.23 +8.98−−210.59 -43.36 +32.1−−66.81 10.69 +3.69−3.12 6.93 +7.46−−0.64
HE 2311+0129 3.69 +0.32−0.27 3.19 +0.31−0.26 3.11 +0.23−0.2 2.98 +0.35−0.08
HE 2314-1554 7.73 +1.57−1.12 5.77 +1.13−0.81 5.56 +0.82−0.67 5.71 +0.67−0.82
HE 2319-0852 14.73 +10.67−4.36 8.96 +3.88−2.08 7.76 +1.79−1.5 7.75 +1.8−1.5
HE 2325-0755 1.6 +0.06−0.05 1.49 +0.07−0.06 1.5 +0.04−0.04 1.5 +0.04−0.05
HE 2326+0038 3.19 +0.19−0.17 2.8 +0.21−0.19 2.77 +0.14−0.11 2.94 +−0.03−0.27
HE 2327-5642 5.74 +0.49−0.42 4.72 +0.56−0.46 4.7 +0.37−0.27 4.72 +0.34−0.29
HE 2329-3702 2.42 +0.32−0.25 2.19 +0.28−0.22 2.19 +0.27−0.21 2.26 +0.2−0.28
HE 2333-1358 9.3 +3.8−2.09 6.6 +2.06−1.27 6.37 +1.3−1.07 5.05 +2.63−−0.25
HE 2334-0604 8.63 +1.34−1.02 6.66 +1.25−0.91 6.44 +0.99−0.61 5.72 +1.71−−0.11
HE 2335-5958 5.07 +1.74−1.03 4.37 +1.33−0.83 3.9 +0.97−0.47 3.84 +1.03−0.42
HE 2338-1311 4.65 +1.09−0.74 3.85 +0.8−0.57 3.68 +0.48−0.4 3.22 +0.94−−0.06
HE 2338-1618 5.13 +0.99−0.72 4.18 +0.75−0.55 4.15 +0.98−0.51 3.54 +1.59−−0.1
HE 2345-1919 0.7 +0.02−0.02 0.68 +0.02−0.02 0.68 +0.02−0.02 0.69 +0.02−0.02
HE 2347-1254 0.78 +0.01−0.01 0.76 +0.01−0.01 0.76 +0.01−0.01 0.76 +0.01−0.01
HE 2347-1334 11.98 +4.86−2.68 10.29 +4.61−2.43 8.85 +2.09−1.28 8.57 +2.38−0.99
HE 2347-1448 3.06 +0.37−0.3 2.7 +0.32−0.26 2.66 +0.24−0.21 2.62 +0.28−0.18

Table 14: Distances for 253 very metal-poor stars from Gaia EDR3 par-
allaxies - 𝐷𝜋 , from corrected parallaxies by Lindegren et al. 2021 - 𝐷𝐿,
from paper Bailer-Jones et al. 2021 - 𝐷𝐵𝐽𝑔𝑒𝑜 , 𝐷𝐵𝐿𝑝ℎ𝑜𝑡𝑜𝑔𝑟𝑜 . All distances are
in kpc.

target ID G G𝐵𝑃 -G𝑅𝑃 V B-V J-H H-K
mag mag mag mag mag mag

CS 22175-007 13.2 1.0 13.5 0.7 0.5 0.1
CS 22186-023 12.7 1.0 12.8 0.7 0.4 0.1
CS 22186-025 14.0 1.1 14.2 0.8 0.5 0.0
CS 22886-042 13.0 1.1 13.3 0.8 0.5 0.1
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CS 22892-052 12.9 1.1 13.2 0.8 0.5 0.1
CS 22945-028 14.4 0.9 14.6 0.7 0.5 0.0
CS 22957-013 13.8 1.1 14.1 0.7 0.5 0.1
CS 22958-083 14.2 1.0 14.4 0.7 0.4 0.1
CS 22960-010 14.0 0.8 13.8 1.0 0.4 0.0
CS 29491-069 12.9 0.9 13.1 0.6 0.4 0.0
CS 29491-109 12.9 1.1 13.2 0.8 0.6 0.1
CS 29497-004 13.8 1.0 14.1 0.7 0.5 0.1
CS 29510-058 13.3 1.0 13.5 0.7 0.4 0.1
CS 30308-035 13.7 1.0 13.9 0.7 0.5 0.0
CS 30315-001 13.4 1.2 13.8 0.9 0.5 0.1
CS 30315-029 13.3 1.2 13.6 0.9 0.6 0.1
CS 30337-097 13.0 1.1 13.2 0.8 0.5 0.1
CS 30339-041 13.7 0.8 13.9 0.6 0.4 0.1
CS 30343-063 12.6 1.4 13.0 1.0 0.6 0.1
CS 31060-047 13.5 1.1 13.8 0.8 0.5 0.1
CS 31062-041 13.8 1.1 13.9 0.8 0.5 0.1
CS 31072-118 12.4 1.2 12.7 0.9 0.5 0.1
CS 31082-001 11.4 1.1 11.6 0.8 0.4 0.1
HD 20 8.9 0.9 9.4 0.2 0.4 0.1
HD 221170 7.3 1.4 7.7 1.1 0.5 0.2
HE 0005-0002 14.4 1.1 14.6 0.8 0.5 0.1
HE 0008-3842 13.1 1.4 13.4 1.2 0.6 0.2
HE 0017-4838 15.9 1.0 16.1 0.7 0.5 -0.0
HE 0018-1349 15.6 0.8 15.7 0.5 0.3 0.1
HE 0023-4825 13.7 0.7 13.8 0.5 0.3 0.0
HE 0029-1839 14.4 1.0 14.5 0.7 0.5 0.1
HE 0037-2657 13.9 1.0 14.0 0.7 0.5 0.1
HE 0039-4154 13.6 1.1 13.8 0.8 0.5 0.1
HE 0043-2845 15.2 0.8 15.3 0.6 0.3 0.1
HE 0044-2459 13.7 0.9 13.9 0.6 0.5 0.0
HE 0044-4023 16.0 0.7 16.1 0.5 0.3 0.2
HE 0045-2430 14.9 0.8 15.0 0.6 0.4 0.1
HE 0049-5700 15.8 0.7 15.92 - 0.3 -0.0
HE 0051-2304 14.9 1.2 15.2 0.9 0.6 0.1
HE 0054-0657 15.3 0.8 15.5 0.6 0.3 0.1
HE 0057-4541 14.7 1.0 14.83 - 0.4 0.1
HE 0104-4007 15.7 1.0 16.0 0.6 0.5 -0.1
HE 0104-5300 13.4 1.1 13.6 0.8 0.5 0.1
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HE 0105-6141 13.4 0.9 13.6 0.6 0.4 0.1
HE 0109-0742 14.1 1.0 14.2 0.7 0.4 0.1
HE 0109-3711 16.2 0.6 16.3 0.4 0.2 0.2
HE 0111-1454 12.6 1.2 12.9 0.9 0.6 0.1
HE 0121-2826 15.3 1.0 15.5 0.7 0.5 0.1
HE 0131-2740 14.4 0.9 14.6 0.6 0.4 0.1
HE 0131-3953 15.8 0.7 15.98 - 0.2 -0.0
HE 0143-1135 15.3 0.8 15.5 0.6 0.4 -0.0
HE 0143-4108 15.1 0.9 15.19 - 0.5 0.1
HE 0143-4146 14.5 1.1 14.7 0.8 0.5 0.1
HE 0157-3335 14.2 1.1 14.4 0.8 0.5 0.1
HE 0200-0955 14.7 0.9 14.91 - 0.4 0.1
HE 0202-2204 15.3 0.9 15.38 - 0.4 0.0
HE 0231-4016 15.9 0.7 16.1 0.4 0.3 -0.0
HE 0240-0807 14.8 1.2 15.0 0.9 0.5 0.1
HE 0240-6105 14.5 1.2 14.68 - 0.5 0.1
HE 0243-0753 13.3 1.0 13.56 - 0.4 0.1
HE 0243-5238 13.8 0.9 13.93 - 0.5 0.1
HE 0244-4111 14.8 0.8 15.0 0.5 0.3 0.0
HE 0248+0039 15.6 1.0 15.7 0.7 0.5 0.2
HE 0256-1109 15.4 0.8 15.6 0.5 0.4 -0.1
HE 0300-0751 16.0 1.0 16.26 - 0.3 0.1
HE 0305-4520 13.7 1.1 14.0 0.8 0.5 0.1
HE 0308-1154 15.8 1.1 16.0 0.8 0.4 0.2
HE 0315+0000 15.3 1.1 15.52 - 0.5 0.1
HE 0316+0214 15.2 1.4 15.54 - 0.6 0.1
HE 0317-4640 16.5 0.7 16.63 - 0.3 0.0
HE 0323-4529 14.5 0.9 14.7 0.6 0.4 0.1
HE 0328-1047 14.2 0.9 14.4 0.6 0.4 0.1
HE 0330-4004 16.0 0.6 16.1 0.4 0.4 -0.1
HE 0330-4144 15.9 0.7 16.0 0.4 0.2 -0.1
HE 0331-4939 15.3 1.0 15.50 - 0.5 -0.0
HE 0333-4001 15.9 0.7 16.1 0.5 0.3 0.1
HE 0336-3829 16.7 0.7 16.8 0.4 0.1 0.2
HE 0337-5127 15.6 0.9 15.8 0.6 0.4 0.0
HE 0338-3945 15.2 0.6 15.3 0.4 0.3 0.0
HE 0339-4027 14.3 0.7 14.45 - 0.3 0.0
HE 0340-3430 14.7 0.7 14.78 - 0.3 0.1
HE 0340-5355 15.1 1.1 15.2 0.8 0.5 0.1
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HE 0341-4024 13.5 0.7 13.6 0.4 0.3 0.0
HE 0344+0139 15.3 0.9 15.5 0.7 0.3 -0.0
HE 0347-1819 15.5 0.9 15.59 - 0.4 0.2
HE 0353-6024 16.4 1.0 16.6 0.6 0.4 0.2
HE 0400-2917 13.6 1.0 13.8 0.7 0.4 0.1
HE 0401-0138 13.6 1.2 13.8 0.9 0.5 0.2
HE 0417-0821 14.7 0.9 14.8 0.6 0.3 0.1
HE 0430-4404 15.6 0.6 15.72 - 0.2 0.2
HE 0430-4901 14.5 0.9 14.57 - 0.4 0.1
HE 0432-0923 15.0 1.1 15.16 - 0.5 0.1
HE 0436-4008 15.4 0.9 15.6 0.5 0.4 -0.0
HE 0441-4343 15.4 0.8 15.56 - 0.4 -0.0
HE 0442-1234 12.5 1.4 12.91 - 0.6 0.2
HE 0447-4858 16.1 0.7 16.3 0.4 0.3 0.1
HE 0450-4705 14.2 0.9 14.3 0.6 0.3 0.1
HE 0454-4758 13.3 0.9 13.48 - 0.4 0.1
HE 0501-5139 16.0 0.7 16.1 0.5 0.4 -0.0
HE 0501-5644 15.2 1.0 15.5 0.7 0.4 0.1
HE 0512-3835 14.9 1.0 15.12 - 0.5 0.1
HE 0513-4557 15.6 0.8 15.7 0.5 0.4 0.2
HE 0516-3820 14.2 0.9 14.38 - 0.4 0.0
HE 0517-1952 14.5 0.9 14.6 0.6 0.4 0.1
HE 0519-5525 14.9 0.8 15.0 0.5 0.4 0.0
HE 0520-1748 15.3 0.9 15.4 0.7 0.4 0.1
HE 0524-2055 13.8 1.2 14.01 - 0.5 0.1
HE 0534-4615 14.9 0.8 15.06 - 0.4 0.1
HE 0538-4515 15.6 0.7 15.70 - 0.3 0.1
HE 0547-4539 12.7 1.0 12.91 - 0.5 0.1
HE 0858-0016 14.4 1.4 14.72 - 0.6 0.1
HE 0926-0508 12.1 0.6 12.2 0.1 0.3 0.1
HE 0938+0114 10.3 0.6 - - 0.2 0.1
HE 0951-1152 15.5 1.0 15.7 0.7 0.4 0.1
HE 1006-2218 13.7 0.6 13.77 - 0.2 0.1
HE 1015-0027 15.3 0.7 15.3 0.3 0.3 0.0
HE 1044-2509 14.2 1.0 14.3 0.7 0.4 0.1
HE 1052-2548 13.1 0.7 13.2 0.3 0.2 0.0
HE 1054-0059 14.1 1.3 14.33 - 0.6 0.1
HE 1059-0118 15.7 0.8 15.81 - 0.3 0.1
HE 1100-0137 15.7 0.7 15.8 0.3 0.2 0.0
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HE 1105+0027 15.6 0.7 15.6 0.4 0.2 0.3
HE 1120-0153 11.6 0.6 11.8 0.4 0.3 0.0
HE 1122-1429 16.1 0.6 16.1 0.3 0.2 -0.1
HE 1124-2335 14.5 1.0 14.63 - 0.4 0.2
HE 1126-1735 15.9 0.7 15.96 - 0.4 -0.1
HE 1127-1143 15.8 1.0 15.88 - 0.4 -0.0
HE 1128-0823 15.1 0.7 15.2 0.3 0.4 0.1
HE 1131+0141 16.0 0.9 16.10 - 0.5 -0.0
HE 1132+0125 15.7 0.7 15.8 0.4 0.3 0.1
HE 1132+0204 14.5 1.0 14.7 0.7 0.5 0.1
HE 1135+0139 15.7 0.8 15.8 0.5 0.4 0.1
HE 1135-0344 15.9 0.6 15.9 0.3 0.2 -0.1
HE 1148-0037 13.5 0.7 13.6 0.4 0.3 0.0
HE 1207-2031 16.1 0.6 16.2 0.3 0.3 -0.1
HE 1210+0048 15.7 0.6 15.7 0.3 0.4 0.0
HE 1210-1956 16.2 0.7 16.25 - 0.1 0.1
HE 1212-0127 15.6 1.1 15.8 0.8 0.5 0.1
HE 1214-1819 15.1 1.1 15.3 0.8 0.5 0.1
HE 1215+0149 16.0 0.9 16.1 0.6 0.4 0.2
HE 1217-0540 14.9 0.8 15.0 0.5 0.3 0.1
HE 1219-0312 15.8 1.0 15.94 - 0.5 0.1
HE 1221-0522 16.1 0.7 16.18 - 0.4 0.2
HE 1221-1948 15.8 0.7 15.90 - 0.3 -0.2
HE 1222-0200 16.0 0.9 16.13 - 0.4 0.0
HE 1222-0336 15.6 0.6 15.7 0.3 0.3 0.1
HE 1225+0155 12.7 1.1 12.9 0.7 0.5 0.1
HE 1225-0515 15.5 0.6 15.58 - 0.2 0.2
HE 1230-1724 15.7 0.7 15.8 0.3 0.4 -0.0
HE 1237-3103 13.6 1.2 13.82 - 0.5 0.1
HE 1243-1425 15.7 0.9 15.84 - 0.5 -0.0
HE 1245-1616 16.1 0.6 16.16 - 0.4 0.0
HE 1246-1344 14.2 1.1 14.39 - 0.5 0.2
HE 1247-2114 14.8 1.1 15.01 - 0.5 0.0
HE 1248-1800 15.8 1.0 15.90 - 0.3 0.3
HE 1249-2932 13.7 1.3 13.96 - 0.5 0.1
HE 1249-3121 14.2 1.0 14.3 0.6 0.4 0.1
HE 1251-0104 14.9 1.0 15.07 - 0.5 0.0
HE 1252+0044 15.0 0.9 15.2 0.5 0.4 0.1
HE 1252-0117 13.9 1.1 14.10 - 0.5 0.1
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HE 1254+0009 14.0 1.1 14.2 1.1 0.4 0.2
HE 1256-0228 15.8 1.0 - - 0.6 0.1
HE 1256-0651 14.9 0.7 14.9 0.3 0.3 0.0
HE 1259-0621 16.1 0.8 16.19 - 0.3 0.3
HE 1300+0157 13.9 0.8 14.1 0.4 0.4 0.1
HE 1300-0641 14.7 1.0 14.80 - 0.4 0.0
HE 1300-0642 15.0 1.0 15.1 0.6 0.4 0.0
HE 1300-2201 15.4 0.7 15.47 - 0.3 -0.0
HE 1300-2431 14.3 1.2 14.54 - 0.6 0.1
HE 1305-0331 16.3 0.6 16.38 - 0.3 -0.1
HE 1311-1412 13.8 1.2 13.98 - 0.5 0.1
HE 1314-3036 13.0 1.2 13.21 - 0.5 0.1
HE 1320-1339 10.4 1.1 10.7 0.7 0.5 0.1
HE 1330-0354 14.9 0.6 15.0 0.2 0.2 0.0
HE 1330-0607 15.3 1.0 15.44 - 0.5 0.1
HE 1332-0309 15.3 1.0 15.4 0.6 0.5 0.1
HE 1333-0340 15.5 0.6 15.5 0.3 0.3 -0.0
HE 1335+0135 16.1 0.9 16.2 0.5 0.5 0.1
HE 1337+0012 11.3 0.6 11.5 0.4 0.2 0.1
HE 1337-0453 16.1 0.6 16.2 0.3 0.4 0.2
HE 1343-0640 15.7 0.7 15.8 0.4 0.3 0.0
HE 1345-0206 15.5 1.1 - - 0.6 0.0
HE 1351-1049 15.5 1.0 15.66 - 0.5 0.1
HE 1413-1954 15.2 0.7 15.23 - 0.2 0.1
HE 1419-1759 14.4 1.2 14.58 - 0.6 0.1
HE 1421-2006 16.3 0.8 16.39 - 0.4 -0.1
HE 1430+0053 13.5 0.9 13.7 0.6 0.4 0.1
HE 1430-0026 15.5 0.7 15.6 0.4 0.4 0.0
HE 1430-1123 16.0 0.8 16.1 0.4 0.3 -0.2
HE 1431-2142 15.7 0.7 15.86 - 0.3 -0.0
HE 1500-1628 14.5 1.1 14.73 - 0.5 0.1
HE 2133-1432 15.2 0.8 15.3 0.5 0.3 0.0
HE 2134+0001 15.6 1.0 15.79 - 0.5 0.0
HE 2139-1851 14.0 1.0 14.11 - 0.5 0.1
HE 2143+0030 15.2 1.3 15.5 0.9 0.6 0.1
HE 2145-3025 14.8 0.8 14.9 0.5 0.4 0.0
HE 2150-0825 14.8 0.7 14.96 - 0.2 0.1
HE 2151-2858 15.9 0.8 16.1 0.5 0.3 0.0
HE 2153-2719 14.9 1.1 15.04 - 0.5 0.0
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HE 2154-2838 15.4 0.9 15.6 0.7 0.4 0.1
HE 2155+0136 15.9 0.9 16.0 0.7 0.4 0.1
HE 2156-3130 13.8 1.1 14.1 0.8 0.5 0.1
HE 2158-3112 13.0 1.1 13.2 0.8 0.5 0.1
HE 2200-2030 15.5 0.7 15.64 - 0.3 -0.0
HE 2201-0637 15.5 1.1 15.7 0.7 0.4 0.1
HE 2204-1703 14.7 1.1 15.0 0.7 0.5 0.0
HE 2206-2245 15.4 1.0 15.53 - 0.5 0.0
HE 2216-0621 14.1 1.3 14.5 1.0 0.6 0.1
HE 2216-1548 15.5 1.0 15.6 0.7 0.5 0.2
HE 2217-0706 14.6 1.4 14.96 - 0.6 0.1
HE 2217-1523 14.7 1.1 14.9 0.7 0.5 0.1
HE 2219-0713 13.8 1.1 14.21 - 0.5 0.1
HE 2221-4150 16.6 0.7 16.70 - 0.4 0.3
HE 2222-4156 15.3 0.8 15.33 - 0.3 0.2
HE 2224+0143 13.5 1.0 13.8 0.7 0.5 0.1
HE 2224-4103 14.8 1.0 14.9 0.7 0.5 0.1
HE 2226-4102 14.5 0.9 14.63 - 0.4 0.1
HE 2227-4044 14.9 0.7 14.9 0.5 0.3 0.1
HE 2228-3806 14.7 0.9 14.84 - 0.4 0.1
HE 2229-4153 13.2 0.9 13.32 - 0.4 0.0
HE 2231-0622 16.1 0.9 16.4 0.7 0.4 0.2
HE 2234-0521 15.1 0.9 15.38 - 0.4 0.0
HE 2238-2152 15.6 0.8 15.82 - 0.4 0.1
HE 2240-0412 15.5 0.8 15.8 0.5 0.4 0.0
HE 2242-1930 15.3 0.9 15.5 0.7 0.4 0.1
HE 2243-0151 15.3 0.8 15.57 - 0.2 0.1
HE 2244-1503 15.2 0.9 15.35 - 0.4 0.1
HE 2247-3705 15.8 0.9 16.02 - 0.4 0.0
HE 2248-3345 14.5 1.0 14.7 0.7 0.5 0.1
HE 2250-2132 14.2 0.8 14.4 0.5 0.3 -0.0
HE 2252-4157 16.1 0.9 16.3 0.7 0.5 0.1
HE 2252-4225 14.7 1.1 14.88 - 0.6 0.1
HE 2258-3456 16.1 1.0 16.36 - 0.6 0.1
HE 2259-3407 16.8 0.6 16.9 0.4 0.6 -0.2
HE 2301-4024 16.3 0.8 16.5 0.5 0.2 -0.0
HE 2301-4126 15.8 0.7 15.99 - 0.4 -0.0
HE 2304-4153 16.1 1.1 16.3 0.8 0.6 0.1
HE 2311+0129 14.1 1.0 14.39 - 0.4 0.1
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HE 2314-1554 14.5 1.0 14.7 0.7 0.4 0.0
HE 2319-0852 15.0 1.2 15.21 - 0.5 0.2
HE 2325-0755 14.2 0.7 13.9 0.5 0.3 0.1
HE 2326+0038 13.8 1.0 14.2 0.6 0.4 0.1
HE 2327-5642 13.7 1.0 13.9 0.7 0.5 0.0
HE 2329-3702 15.8 0.7 15.8 0.4 0.4 0.1
HE 2333-1358 15.1 0.9 15.41 - 0.5 0.1
HE 2334-0604 13.0 1.1 13.3 0.8 0.5 0.1
HE 2335-5958 16.7 0.7 - - 0.6 -0.2
HE 2338-1311 15.5 0.8 15.6 0.6 0.4 0.1
HE 2338-1618 15.0 0.9 15.4 0.5 0.4 0.1
HE 2345-1919 14.9 0.8 15.1 0.8 0.4 0.1
HE 2347-1254 13.2 0.7 13.4 0.5 0.2 0.1
HE 2347-1334 12.3 1.3 12.6 1.1 0.6 0.1
HE 2347-1448 15.1 0.7 15.2 0.5 0.3 -0.0

Table 15: Gaia EDR3 and BVJHK photometry of 253 very metal-poor
stars Barklem et al. (2005).

target ID fe/H Mg Al C A𝑉
dex dex dex dex

CS 22175-007 -2.81 0.37 -1.12 0.19 0.040
CS 22186-023 -2.72 0.14 -0.97 0.30 0.068
CS 22186-025 -2.87 0.28 -1.00 -0.68 0.075
CS 22886-042 -2.68 0.23 -1.10 0.01 0.181
CS 22892-052 -2.95 0.12 -0.72 1.00 0.000
CS 22945-028 -2.66 0.32 -0.97 0.21 0.356
CS 22957-013 -2.64 0.17 -0.94 0.10 0.131
CS 22958-083 -2.79 0.40 -0.88 0.64 0.446
CS 22960-010 -2.65 0.25 -0.92 0.82 0.234
CS 29491-069 -2.81 0.28 -1.03 0.18 0.066
CS 29491-109 -2.90 0.30 -0.83 -0.19 0.142
CS 29497-004 -2.81 0.31 -1.04 0.22 0.192
CS 29510-058 -2.61 0.26 -1.00 0.40 0.234
CS 30308-035 -3.35 0.01 -1.01 0.04 0.099
CS 30315-001 -2.98 0.38 -0.97 -0.50 0.053
CS 30315-029 -3.33 0.42 -0.59 -0.43 0.000
CS 30337-097 -2.73 0.29 -0.57 -0.02 0.307
CS 30339-041 -2.20 0.29 -1.07 -0.41 0.333
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CS 30343-063 -2.95 0.45 -0.66 -0.67 0.000
CS 31060-047 -2.72 0.25 -1.11 -0.26 0.121
CS 31062-041 -2.67 0.33 -0.86 0.49 0.413
CS 31072-118 -3.06 0.33 -0.81 -0.50 0.068
CS 31082-001 -2.78 0.36 -0.80 0.22 0.132
HD 20 -1.58 0.17 -0.82 -0.34 0.202
HD 221170 -2.14 0.30 -0.37 -0.55 0.000
HE 0005-0002 -3.09 0.42 -0.43 0.17 0.249
HE 0008-3842 -3.35 0.33 -0.84 -0.89 0.175
HE 0017-4838 -3.23 0.25 -0.89 -0.29 0.000
HE 0018-1349 -2.26 0.30 -0.95 0.36 0.220
HE 0023-4825 -2.06 0.22 -1.01 0.31 0.125
HE 0029-1839 -2.50 0.00 -1.00 0.31 0.000
HE 0037-2657 -3.22 0.27 -0.84 0.31 0.213
HE 0039-4154 -3.38 0.55 -0.44 -0.14 0.047
HE 0043-2845 -2.91 0.29 -0.83 0.19 0.093
HE 0044-2459 -3.28 0.34 -0.89 0.45 0.000
HE 0044-4023 -2.56 0.24 -1.05 0.40 0.092
HE 0045-2430 -1.77 -0.04 -1.09 -0.09 0.218
HE 0049-5700 -2.41 0.37 -0.98 0.39 0.235
HE 0051-2304 -2.41 0.30 -0.70 -0.64 0.238
HE 0054-0657 -2.00 0.23 -0.80 0.29 0.160
HE 0057-4541 -2.32 0.25 -0.85 0.17 0.088
HE 0104-4007 -3.30 0.21 -1.03 0.50 0.087
HE 0104-5300 -3.42 0.25 -0.85 -0.01 0.000
HE 0105-6141 -2.55 0.33 -0.67 0.20 0.000
HE 0109-0742 -2.53 0.30 -0.94 -0.14 0.116
HE 0109-3711 -1.91 9.99 9.99 0.31 0.000
HE 0111-1454 -2.99 0.35 -0.54 -0.22 0.000
HE 0121-2826 -2.97 0.43 -0.87 0.54 0.000
HE 0131-2740 -3.08 0.37 -0.69 0.35 0.296
HE 0131-3953 -2.71 0.30 -0.96 2.45 0.000
HE 0143-1135 -2.13 0.33 -0.64 0.23 0.154
HE 0143-4108 -2.62 0.02 -1.10 0.16 0.226
HE 0143-4146 -2.94 0.41 -0.61 0.11 0.061
HE 0157-3335 -3.08 0.40 -0.54 -0.22 0.093
HE 0200-0955 -2.46 0.34 -0.93 0.41 0.172
HE 0202-2204 -1.98 -0.01 -0.55 1.16 0.238
HE 0231-4016 -2.08 0.22 -1.09 1.36 0.007
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HE 0240-0807 -2.68 0.30 -0.75 -0.35 0.806
HE 0240-6105 -3.23 0.30 -0.67 -0.25 0.044
HE 0243-0753 -2.49 0.23 -0.47 0.29 0.000
HE 0243-5238 -3.04 0.33 -1.03 0.40 0.127
HE 0244-4111 -2.56 0.34 9.99 0.25 0.254
HE 0248+0039 -2.53 0.26 -0.78 0.09 0.399
HE 0256-1109 -2.73 0.47 9.99 0.67 0.354
HE 0300-0751 -2.27 0.19 -0.62 0.10 0.254
HE 0305-4520 -2.91 0.20 -0.77 0.33 0.137
HE 0308-1154 -2.82 0.62 -0.48 0.38 0.241
HE 0315+0000 -2.73 0.26 9.99 0.18 0.000
HE 0316+0214 -3.13 0.67 -0.49 -0.71 0.100
HE 0317-4640 -2.33 0.31 -0.91 0.22 0.013
HE 0323-4529 -3.15 0.38 -0.81 0.38 0.000
HE 0328-1047 -2.25 0.21 -0.76 0.15 0.466
HE 0330-4004 -2.20 0.25 -0.99 0.08 0.137
HE 0330-4144 -1.90 0.28 -0.87 0.19 0.135
HE 0331-4939 -2.90 0.33 -1.00 0.34 0.266
HE 0333-4001 -2.64 0.37 -0.89 0.32 0.000
HE 0336-3829 -2.75 0.35 -1.12 0.23 0.137
HE 0337-5127 -2.62 0.33 -0.23 0.16 0.544
HE 0338-3945 -2.41 0.39 -0.69 2.07 nan
HE 0339-4027 -1.81 0.31 -0.69 0.18 0.310
HE 0340-3430 -1.95 0.19 -1.00 0.06 nan
HE 0340-5355 -2.89 -0.04 -1.26 -0.11 0.040
HE 0341-4024 -1.82 0.19 9.99 0.27 0.064
HE 0344+0139 -1.81 0.12 -1.26 0.41 0.024
HE 0347-1819 -2.78 0.42 -0.44 0.03 0.080
HE 0353-6024 -3.17 0.21 -0.81 0.29 0.042
HE 0400-2917 -2.88 -0.02 -1.38 0.15 0.259
HE 0401-0138 -3.34 0.42 -1.06 0.24 0.280
HE 0417-0821 -2.33 0.24 -0.75 0.25 0.567
HE 0430-4404 -2.07 0.29 -0.97 1.44 0.162
HE 0430-4901 -2.72 0.17 -1.18 0.09 0.190
HE 0432-0923 -3.19 0.34 -0.96 0.24 0.000
HE 0436-4008 -2.35 0.22 -1.18 0.49 0.130
HE 0441-4343 -2.52 0.32 -1.09 0.33 0.000
HE 0442-1234 -2.41 0.32 -0.34 -0.61 0.349
HE 0447-4858 -1.69 0.24 -0.81 0.04 0.182

97



HE 0450-4705 -3.10 0.22 -0.86 0.84 0.104
HE 0454-4758 -3.10 0.29 -0.94 0.44 0.068
HE 0501-5139 -2.38 0.19 9.99 0.40 0.041
HE 0501-5644 -2.41 0.29 -0.74 0.27 0.070
HE 0512-3835 -2.40 0.33 -0.44 -0.22 0.000
HE 0513-4557 -2.79 0.34 9.99 0.39 0.000
HE 0516-3820 -2.33 0.22 -1.12 0.39 0.000
HE 0517-1952 -2.61 0.20 -0.84 -0.52 0.081
HE 0519-5525 -2.52 0.41 -0.76 0.29 0.251
HE 0520-1748 -2.52 0.24 -1.07 0.45 0.241
HE 0524-2055 -2.58 0.32 -0.29 -0.25 0.000
HE 0534-4615 -2.01 0.22 -0.87 0.13 0.005
HE 0538-4515 -1.52 0.21 -0.69 0.15 0.000
HE 0547-4539 -3.01 0.13 -1.07 0.50 0.000
HE 0858-0016 -2.73 0.26 -0.41 -0.80 0.000
HE 0926-0508 -2.78 0.28 -0.90 0.62 0.073
HE 0938+0114 -2.51 0.22 -0.79 0.65 0.145
HE 0951-1152 -2.62 0.54 -0.05 0.10 0.582
HE 1006-2218 -2.69 9.99 -0.79 9.99 0.101
HE 1015-0027 -2.66 0.35 -1.00 9.99 0.134
HE 1044-2509 -2.89 0.29 -0.59 0.52 0.014
HE 1052-2548 -2.29 0.16 -0.48 0.51 0.035
HE 1054-0059 -3.34 0.27 -0.77 -0.73 0.126
HE 1059-0118 -2.81 0.46 -0.73 0.37 0.081
HE 1100-0137 -2.92 9.99 -1.17 0.47 0.079
HE 1105+0027 -2.42 0.47 -0.89 2.00 0.351
HE 1120-0153 -2.77 0.04 -1.07 0.63 0.214
HE 1122-1429 -2.65 0.34 -0.92 0.44 0.066
HE 1124-2335 -2.95 0.35 9.99 0.86 0.198
HE 1126-1735 -2.69 0.31 -1.06 0.23 0.078
HE 1127-1143 -2.73 0.22 -0.87 0.54 0.148
HE 1128-0823 -2.71 0.23 -0.97 0.47 0.076
HE 1131+0141 -2.48 0.23 -0.84 0.12 0.084
HE 1132+0125 -2.42 0.38 -1.00 0.24 0.130
HE 1132+0204 -2.55 0.20 -1.04 0.13 0.131
HE 1135+0139 -2.33 0.33 -0.89 1.19 0.263
HE 1135-0344 -2.63 9.99 -1.26 1.03 0.054
HE 1148-0037 -3.47 -0.09 -1.02 0.84 0.000
HE 1207-2031 -2.82 9.99 -0.96 0.64 0.190

98



HE 1210+0048 -2.28 0.25 -1.15 0.57 0.000
HE 1210-1956 -2.57 0.41 -0.96 0.22 0.139
HE 1212-0127 -2.15 0.13 -0.54 -0.39 0.101
HE 1214-1819 -3.01 0.39 -0.74 0.35 0.335
HE 1215+0149 -2.90 0.35 -0.47 0.15 0.323
HE 1217-0540 -2.95 0.42 -0.71 0.81 0.259
HE 1219-0312 -2.81 0.04 -1.11 -0.08 0.000
HE 1221-0522 -2.84 0.45 -0.67 0.53 0.000
HE 1221-1948 -3.36 0.80 -0.72 1.42 0.113
HE 1222-0200 -2.45 0.17 9.99 0.23 0.000
HE 1222-0336 -2.04 0.09 -1.28 0.22 0.063
HE 1225+0155 -2.75 0.46 -0.54 0.26 0.152
HE 1225-0515 -1.96 0.18 -1.00 0.52 0.000
HE 1230-1724 -2.30 0.22 -1.00 0.13 0.061
HE 1237-3103 -2.91 0.21 -0.84 -0.06 0.000
HE 1243-1425 -2.67 0.22 -1.06 0.51 0.129
HE 1245-1616 -2.98 9.99 9.99 0.77 0.040
HE 1246-1344 -3.40 0.50 -0.74 -0.06 0.292
HE 1247-2114 -2.61 0.25 -0.96 0.32 0.000
HE 1248-1800 -2.89 0.27 -0.71 0.53 0.444
HE 1249-2932 -2.65 0.11 -0.75 -0.41 0.000
HE 1249-3121 -3.23 0.26 -0.81 1.86 0.128
HE 1251-0104 -2.73 0.06 -1.12 0.25 0.239
HE 1252+0044 -3.28 0.51 -0.68 0.60 0.427
HE 1252-0117 -2.89 0.14 -0.82 -0.16 0.167
HE 1254+0009 -2.94 0.26 -0.74 -0.11 0.000
HE 1256-0228 -2.07 0.27 -0.77 -0.04 0.042
HE 1256-0651 -2.36 0.22 -1.06 0.62 0.098
HE 1259-0621 -2.64 0.32 -0.91 0.41 0.000
HE 1300+0157 -3.76 0.40 -0.83 1.17 0.123
HE 1300-0641 -3.14 0.04 -1.21 1.29 0.185
HE 1300-0642 -3.03 0.26 -1.14 0.34 0.058
HE 1300-2201 -2.61 0.29 -0.92 1.01 0.120
HE 1300-2431 -3.25 0.40 -0.73 -0.16 0.000
HE 1305-0331 -3.26 9.99 -0.72 1.13 0.033
HE 1311-1412 -2.91 0.26 -0.62 -0.15 0.000
HE 1314-3036 -2.99 0.32 -0.87 -0.13 0.047
HE 1320-1339 -2.78 0.25 -0.80 -0.51 0.218
HE 1330-0354 -2.29 0.32 -0.93 1.05 0.063
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HE 1330-0607 -2.33 0.10 -0.83 0.21 0.085
HE 1332-0309 -2.46 0.13 -0.96 0.21 0.099
HE 1333-0340 -2.64 0.24 -0.82 9.99 0.041
HE 1335+0135 -2.47 0.28 -0.93 0.13 0.292
HE 1337+0012 -3.44 0.55 -0.65 0.71 0.000
HE 1337-0453 -2.34 0.38 -1.07 0.12 0.220
HE 1343-0640 -1.90 0.37 -0.85 0.77 0.154
HE 1345-0206 -2.82 0.11 -1.12 0.34 0.115
HE 1351-1049 -3.46 0.30 -0.77 1.55 0.048
HE 1413-1954 -3.22 9.99 9.99 1.45 0.000
HE 1419-1759 -3.18 0.27 -0.95 -0.20 0.167
HE 1421-2006 -2.65 0.37 -0.97 0.30 0.164
HE 1430+0053 -3.03 0.21 -0.98 0.29 0.165
HE 1430-0026 -2.79 0.29 -0.89 0.52 0.000
HE 1430-1123 -2.71 0.35 -0.91 1.84 0.074
HE 1431-2142 -2.60 0.35 -1.02 0.48 0.296
HE 1500-1628 -2.31 0.18 -1.01 0.13 0.000
HE 2133-1432 -2.02 0.33 -0.78 0.12 0.063
HE 2134+0001 -2.22 0.38 -0.83 0.20 0.221
HE 2139-1851 -3.25 0.36 -0.92 0.49 0.000
HE 2143+0030 -2.43 0.22 -0.71 -0.36 0.208
HE 2145-3025 -2.69 0.36 -0.73 9.99 0.423
HE 2150-0825 -1.98 0.36 -1.09 1.35 0.027
HE 2151-2858 -2.38 0.37 -0.61 0.10 0.166
HE 2153-2719 -2.49 0.36 -0.51 0.12 0.056
HE 2154-2838 -1.85 0.18 -0.66 0.05 0.111
HE 2155+0136 -2.07 0.22 -0.96 0.00 0.076
HE 2156-3130 -3.13 0.77 -0.07 0.74 0.000
HE 2158-3112 -2.75 0.29 -0.71 -0.04 0.000
HE 2200-2030 -2.00 0.24 9.99 0.10 0.375
HE 2201-0637 -2.61 0.19 -0.96 0.14 0.086
HE 2204-1703 -2.79 0.36 -0.41 0.21 0.037
HE 2206-2245 -2.73 0.32 -0.92 0.21 0.256
HE 2216-0621 -3.23 0.22 -0.84 -0.66 0.109
HE 2216-1548 -1.70 0.17 -0.89 -0.38 0.162
HE 2217-0706 -2.56 0.33 -0.52 -0.55 0.175
HE 2217-1523 -2.62 0.32 -0.66 0.04 0.000
HE 2219-0713 -2.91 0.25 -1.03 -0.17 0.000
HE 2221-4150 -2.03 0.32 -1.01 0.23 0.000
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HE 2222-4156 -2.73 0.42 -0.93 0.42 0.195
HE 2224+0143 -2.58 0.32 -0.98 0.35 0.016
HE 2224-4103 -2.64 0.36 -0.77 0.23 0.000
HE 2226-4102 -2.87 0.23 -1.01 0.46 0.240
HE 2227-4044 -2.32 0.30 -0.73 1.67 0.257
HE 2228-3806 -3.07 0.33 -0.97 0.42 0.166
HE 2229-4153 -2.62 0.29 -0.79 0.37 0.603
HE 2231-0622 -2.12 0.15 -1.39 -0.08 0.586
HE 2234-0521 -2.78 0.32 -1.09 0.36 0.104
HE 2238-2152 -2.40 0.19 -1.18 0.13 0.050
HE 2240-0412 -2.20 0.28 -0.76 1.35 0.118
HE 2242-1930 -2.21 0.22 -1.07 0.09 0.323
HE 2243-0151 -1.61 0.18 -0.89 0.26 0.050
HE 2244-1503 -2.88 0.30 -0.95 0.15 0.249
HE 2247-3705 -2.27 0.14 -1.02 0.36 0.110
HE 2248-3345 -2.74 -0.08 -1.25 0.21 0.483
HE 2250-2132 -2.22 0.31 -1.07 0.41 0.000
HE 2252-4157 -1.93 0.25 -0.70 -0.15 0.000
HE 2252-4225 -2.83 0.17 -0.78 -0.39 0.000
HE 2258-3456 -2.97 0.24 -0.98 -0.20 0.040
HE 2259-3407 -2.29 0.22 -0.98 0.41 0.120
HE 2301-4024 -2.11 0.20 -0.98 0.30 0.057
HE 2301-4126 -2.37 0.22 -0.92 0.39 0.121
HE 2304-4153 -3.02 0.10 -0.54 -0.65 0.000
HE 2311+0129 -2.78 0.31 -0.87 0.33 0.129
HE 2314-1554 -3.27 0.50 -0.41 0.60 0.037
HE 2319-0852 -3.38 0.13 9.99 -0.32 0.388
HE 2325-0755 -2.85 0.31 -1.02 0.21 0.053
HE 2326+0038 -2.77 0.24 -0.93 0.23 0.339
HE 2327-5642 -2.95 0.14 -0.90 0.43 0.199
HE 2329-3702 -2.16 0.31 -1.06 0.15 0.086
HE 2333-1358 -3.34 0.46 -0.93 0.33 0.259
HE 2334-0604 -3.41 0.06 -0.36 -0.67 0.126
HE 2335-5958 -2.33 0.21 -1.05 0.08 0.000
HE 2338-1311 -2.86 0.38 9.99 0.34 0.061
HE 2338-1618 -2.65 0.16 -0.97 0.47 0.304
HE 2345-1919 -2.46 0.33 -0.59 0.24 0.157
HE 2347-1254 -1.83 0.29 -0.74 0.27 0.000
HE 2347-1334 -2.55 0.28 -0.59 -0.50 0.060
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HE 2347-1448 -2.31 0.13 -1.11 0.50 0.000

Table 16: Metallicity [ 𝐹𝑒𝐻 ], chemical abundances of Mg, Al, C and red-
dening from StarHorse for 253 very metal-poor stars.
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