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Abstract

In this work, we present high-resolution (R∼ 100,000), high signal-to-noise ratio (S/N∼ 800) spectroscopic
observations for the well-known, bright, extremely metal-poor, carbon-enhanced star BD+44°493. We determined
chemical abundances and upper limits for 17 elements from WIYN/NEID data, complemented with 11
abundances redetermined from Subaru and Hubble data, using the new, more accurate, stellar atmospheric
parameters calculated in this work. Our analysis suggests that BD+44°493 is a low-mass (0.83Me), old
(12.1–13.2 Gyr) second-generation star likely formed from a gas cloud enriched by a single metal-free 20.5Me
Population III star in the early Universe. With a disk-like orbit, BD+44°493 does not appear to be associated with
any major merger event in the early history of the Milky Way. From the precision radial-velocity NEID
measurements (median absolute deviation= 16 m s−1), we were able to constrain companion planetary masses
around BD+44°493 and rule out the presence of planets as small as m isin 2= MJ out to periods of 100 days. This
study opens a new avenue of exploration for the intersection between stellar archaeology and exoplanet science
using NEID.

Unified Astronomy Thesaurus concepts: High resolution spectroscopy (2096); Stellar atmospheres (1584);
Chemical abundances (224); Metallicity (1031); CEMP stars (2105); Population II stars (1284); Population III stars
(1285); Radial velocity (1332); Stellar ages (1581); Stellar masses (1614); Stellar kinematics (1608); Bayesian
information criterion (1920)

1. Introduction

Extremely and ultra-metal-poor (EMP and UMP, [Fe/H]�−3.0
and �−4.0, respectively; A. Frebel & J. E. Norris 2015) stars are
“local,” low-mass objects with cosmological significance, carrying
in their atmospheres the chemical byproducts of the explosive
evolution of the very first generation of stars (Population III,
hereafter Pop. III) to be formed in the early Universe (T. Abel et al.
2002; V. Bromm & R. B. Larson 2004; V. Bromm et al. 2009).7

Through the study of the chemical abundance patterns of these
bona fide second-generation stars, it is possible to infer the
main characteristics of the first initial mass function, which in

turn can constrain the existence of surviving low-mass Pop. III
stars in the Milky Way and its satellite galaxies (R. S. Klessen
& S. C. O. Glover 2023; I. Koutsouridou et al. 2024).
These “rare gems” are hard to find: observational evidence

suggests that only 1 in 10,000 stars in the solar neighborhood
are EMP, and there is roughly one UMP star with V< 18 mag
for every 100 deg2 of the Galactic halo (K. Youakim et al.
2017). In addition, due to the decreasing strength of the iron
absorption features with decreasing metallicity, stars with
[Fe/H]�−5.0 only have a handful of lines available for
measurement in the optical wavelength regime, requiring high-
resolution, high signal-to-noise ratio (S/N) observations.8 An
alternative approach to search for low-metallicity stars is to find
objects presenting enhancements in carbon (S. Rossi et al.
2005; V. M. Placco et al. 2010, 2011). It has been recognized
that the fraction of carbon-enhanced metal-poor (CEMP,
[Fe/H]<−1.0 and [C/Fe]>+0.7; W. Aoki et al. 2007) stars
increases for decreasing metallicities, from 20% for
[Fe/H]�−2.0% to 81% for [Fe/H]�−4.0 (S. Lucatello
et al. 2005; A. Frebel et al. 2006; Y. S. Lee et al. 2013;
V. M. Placco et al. 2014a; J. Yoon et al. 2018; A. Arentsen
et al. 2022). A few notable exceptions include: SDSS J102915
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Astronomical Observatory of Japan. Based on observations made with the
NASA/ESA Hubble Space Telescope, obtained at the Space Telescope
Science Institute, which is operated by the Association of Universities for
Research in Astronomy, Inc., under NASA contract NAS 5-26555. These
observations are associated with programs GO-12268, GO-12554, and GO-
14231.
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7 [A/B] = ( ) ( )N N N Nlog logA B A B - , where N is the number density of
atoms of a given element in the star (å) and the Sun (e), respectively.

8 As an example, HE 1327−2326, an unevolved halo star with
[Fe/H] = −5.45, had only seven Fe I lines detected in the 3500 � λ
(Å) � 4000 range, from high-resolution (R ∼ 60,000), high-S/N (∼100 at
4000 Å) data, with equivalent widths between 1.9 and 6.8 mÅ (W. Aoki et al.
2006).
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+172927 (E. Caffau et al. 2011), CD−38 245 (M. S. Bessell &
J. Norris 1984; R. Cayrel et al. 2004), SDSS J131326−
001941 (A. Frebel et al. 2015), SPLUS J210428−004934
(V. M. Placco et al. 2021c), and AS0039 (Á. Skúladóttir et al.
2021); all with [Fe/H]�−4.0 and [C/Fe]  0.0.

One aspect that has not yet been fully explored in the study
of EMP, UMP, and CEMP stars is the presence of exoplanet
companions. Giant planet occurrence rates are relatively low
for stars with subsolarƒ metallicity (N. C. Santos et al. 2004;
D. A. Fischer & J. Valenti 2005; K. M. Boley et al. 2021). This
metallicity–occurrence rate correlation is largely informed by
studies of short-period giant planets, whose larger known
population carries greater statistical weight. Whether the trend
persists for longer-period, cold Jupiters is unclear; some results
indicate that, on average, cold Jupiters host stars are more
metal-poor than the hosts of their short-period counterparts
(E. A. Petigura et al. 2018; B. Banerjee et al. 2024), while other
recent work focusing on cold Jupiter hosts with super-Earth
companions finds these stars to be metal rich (W. Zhu 2024).
However, in either case, the most metal-poor stars known to
host exoplanets have [Fe/H]−0.6 (C. Hellier et al. 2014;
M. C. Johnson et al. 2018; A. S. Polanski et al. 2021;
C. L. Brinkman et al. 2023; F. Dai et al. 2023). This lower
bound is consistent with theoretical expectations for the
dependence of planet formation on metallicity (S. Ida &
D. N. C. Lin 2004; C. Mordasini et al. 2012; G. Andama et al.
2024); planet formation via core accretion is inhibited by
shorter disk lifetimes (B. Ercolano & C. J. Clarke 2010;
C. Yasui et al. 2010) and lower heavy element abundances in
metal-poor environments (J. L. Johnson & H. Li 2012).
However, planet formation via disk fragmentation and collapse
does not exhibit this same metallicity dependence (e.g.,
A. P. Boss 2002), and thus the detection of planets around
EMP stars may be key evidence for this formation mechanism.
But exoplanet occurrence in the EMP regime has yet to be
explored empirically.

Studies of metallicity dependence for the transiting planet
population have largely been restricted to [Fe/H]�−1
(X. Guo et al. 2017; E. A. Petigura et al. 2018; K. M. Boley
et al. 2021; T. Kutra et al. 2021; J. K. Zink et al. 2023;
K. M. Boley et al. 2024), and radial-velocity and direct-
imaging surveys are limited to bright, nearby stars, very few of
which qualify as EMP. Radial-velocity studies are further
limited by other selection effects as well. The measurement
precision of radial-velocity observations scales with the
information content intrinsic to the stellar spectrum (F. Bouchy
et al. 2001), so the dearth of lines for metal-poor stars raises the
achievable precision floor.

BD+44°493 is the brightest (V = 9.075 mag) star with
[Fe/H]∼−4.0 observed to date.9 It has been extensively
studied in the literature (104 references listed on the SIMBAD
database), and it was first classified as an OB+ star by
B. Balázs (1965). Later on, BD+44°493 was rediscovered by
W. P. Bidelman (1985) as an “extremely weak-lined” star from
moderate-dispersion objective-prism plates taken with the
Burrell Schmidt Telescope. The first metallicity determination
was published by B. W. Carney & D. W. Latham (1986;
[Fe/H]=−2.9), using the photometric (b− y) metallicity
method by H. E. Bond (1980). B. J. Anthony-Twarog &
B. A. Twarog (1994) refined the photometric estimate to

[Fe/H]=−2.71, recognizing BD+44°493 as a nearby
(D= 406 pc) halo red giant. A decade later, B. W. Carney
et al. (2003) used the derived stellar parameters at the time
(Teff= 5510 K, glog = 2.6, and [Fe/H]= −2.71) to select an
optimal synthetic spectrum as a template to calculate radial
velocities.10 These parameters implied that BD+44°493 was a
red horizontal branch star. From the template fitting, Carney
et al. noticed that a better correlation was produced when using
a warmer (Teff= 6000 K) and more metal-poor ([Fe/H]=
−3.0) synthetic spectrum. H. Ito et al. (2009) were the first to
recognize BD+44°493 as an extremely metal-poor star with
[Fe/H]=−3.7. The authors attribute the presence of strong
carbon CH bands as the culprit for the photometric metallicity
estimates producing values 10 times larger than the spectro-
scopic ones.
Due to its brightness, BD+44°493 became a template for

studying stars in the [Fe/H]∼−4.0 regime. H. Ito et al. (2013)
expanded the work started by H. Ito et al. (2009) using optical high-
resolution, high signal-to-noise ratio (S/N) spectra obtained with
the High Dispersion Spectrograph (HDS) at the Subaru Telescope.
In parallel, Y. Takeda & M. Takada-Hidai (2013) obtained near-
infrared data, using the Infrared Camera and Spectrograph at
Subaru, for a sample of metal-poor stars (including BD+44°493 )
and determined carbon abundances from C I absorption features.
W. Aoki (2015) also reported on the abundances of carbon and
oxygen for BD+44°493, calculated from equivalent-width analysis
of CH (3870–4356Å) and OH (3081–3264Å) features. In the
near-ultraviolet regime, Hubble Space Telescope (HST) data were
used by V. M. Placco et al. (2014b; Space Telescope Imaging
Spectrograph, STIS) and I. U. Roederer et al. (2016; Cosmic
Origins Spectrograph, COS) to supplement the chemical inventory
of BD+44°493, including the first detection of phosphorus and
sulfur. The studies mentioned above agree that BD+44°493 is a
prime candidate to be a bona fide second-generation star, likely
formed from a gas cloud enriched by the explosion of a single
supernova in the early Universe.
This article presents a chemo-dynamical analysis and

constraints on companion planetary masses for BD+44°493
from high-resolution, high-S/N optical spectra acquired with the
NEID spectrograph. These data, coupled with 6D parameters
from Gaia Data Relase 3 (DR3; Gaia Collaboration et al. 2022),
allowed for the determination of more accurate stellar atmo-
spheric parameters, chemical abundances, mass, and age. The
precise radial velocities measured are used to limit, for the first
time, the masses of a possible planetary companion around an
[Fe/H]∼−4 star.
This work is outlined as follows. Section 2 describes the

observations and processing of the NEID data, followed by
details on the radial-velocity measurements in Section 3. The
determination of stellar atmospheric parameters, chemical
abundances, and a comparison with the work of H. Ito et al.
(2013) are shown in Section 4. In Sections 5 and 6, we discuss
the chemo-dynamical nature and present constraints on
planetary masses around BD+44°493, respectively. Conclu-
sions and perspectives for future work are given in Section 7.

2. Observations

BD+44°493 was observed with NEID (C. Schwab et al.
2016), a fiber-fed (S. Kanodia et al. 2023), environmentally

9 https://simbad.u-strasbg.fr/simbad/sim-id?Ident%20=%20BD+44+493

10 Carney and colleagues labeled BD+44°493 as a “star with special
problems.”
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stabilized (P. Robertson et al. 2019) echelle spectrograph on the
WIYN 3.5 m Telescope at the National Science Foundation's
Kitt Peak National Observatory.11 Observations were con-
ducted in the high-resolution mode (HR—R∼ 110,000), which
was chosen due to its better resolution for similar radial-
velocity precision and S/N when compared to the high-
efficiency mode.12 Data were taken on 14 separate nights
between 2023 October 3 and 2024 January 28, and we
collected a single 1800 s exposure each night. The NEID
echelle spectra were processed with version 1.3 of the NEID
Data Reduction Pipeline (DRP), producing wavelength-cali-
brated 1D spectra, radial-velocity measurements and uncertain-
ties, and other higher-level data products.13 Table 1 lists basic
photometric and astrometric data, as well parameters for BD
+44°493 derived in this work.

Each of the 14 HR exposures had their echelle orders
normalized individually using the software smhr
(A. R. Casey 2014), which produced a 1D spectrum through
variance-weighting stitching of overlapping orders.14 The
normalized, radial-velocity-corrected spectra were combined
using the scombine task in NOIRLab IRAF with a simple
average and sigma-clipping rejection.15 The final signal-to-
noise ratios per pixel in selected spectral regions are listed in
Table 1. The panels in Figure 1 show portions of the NEID
combined data, highlighting absorption features of interest for
stellar atmospheric parameter and chemical abundance work, as
described in Section 4. The black solid line represents the
combined spectrum and the white solid lines show the
individual exposures.

3. Radial Velocities

The NEID radial velocities and associated uncertainties
listed in Table 2 were calculated using the cross-correlation
function (CCF; A. Baranne et al. 1996) method. These values
were provided as “Level 2” products from the NEID DRP. We
identified one NEID measurement, taken on 2023 October 26,
for which the reported RV was highly discrepant
(ΔRV∼ 700 m s−1) from the remainder of the time series.
The reported measurement precision for this single high-
velocity point is more than 4 times smaller than that of the next
most precise measurement for this star, and 8 times smaller
than the measurement precision for observations with compar-
able S/N. This is unrealistically precise and points to a failure
of the RV fitting algorithm as the cause of the discrepant
velocity. We reinspected the data reduction for this night to
determine the source of the outlier, and we found that it could
be traced to a poor CCF fit for echelle order 127. This was in
turn caused by a hundredfold change in flux spanning a single
resolution element at 4822Å, likely due to a cosmic ray. We
exclude this order and recompute the RV for this observation.
The updated measurement is listed in Table 2 alongside the
pipeline RVs for the rest of the observations and additional
information about the data.

From the literature, we collected 61 radial-velocity measure-
ments for BD+44°493, spanning 31 yr (from 1984 to 2015).
Details on this compilation, including references, can be found
in the Appendix. Figure 2 shows, on the upper panels, the
radial-velocity measurements for BD+44°493 taken from the
literature (left) and from this work (right). The bottom panel
shows in more detail the NEID measurements and their
uncertainties. Also shown are the median value and the median
absolute deviation (MAD), listed in Table 1. In comparison
with the literature compilation, the NEID values have
remarkably small scatter (MAD= 16 m s−1) and individual
uncertainties, reaching as low as 15.3 m s−1. It must be noted
that the work of T. T. Hansen et al. (2016) reached a 51 m s−1

standard deviation from 18 radial-velocity measurements of
BD+44°493, using the FIES spectrograph at the 2.5 m Nordic
Optical Telescope on La Palma, Spain. To date, the NEID
radial-velocity measurements presented in this work are the
most precise ever taken for an EMP star.

4. Atmospheric Parameters and Chemical Abundances

4.1. Atmospheric Parameters

The stellar atmospheric parameters for BD+44°493 (Teff,
glog , [Fe/H], and ξ) were determined by a combination of

photometric and spectroscopic methods, as described below.
The Teff was calculated from the color–Teff–[Fe/H] relations
derived by A. Mucciarelli et al. (2021). The same procedure
outlined in I. U. Roederer et al. (2018) was used, drawing 105

samples for magnitudes, reddening, and metallicity. The G, BP,
and RP magnitudes were gathered from the third data release of
the Gaia mission (DR3; Gaia Collaboration et al. 2022) and the
K magnitude from 2MASS (M. F. Skrutskie et al. 2006). The
weighted mean of the median temperatures for each input color
(BP−RP, BP−G, G−RP, BP−K, RP−K, and G− K )
produces the final value of Teff= 5351± 51 K, which is about
80 K cooler than the estimate from H. Ito et al. (2013), derived
from the relations in L. Casagrande et al. (2010) using the
V−Ks color. The glog was calculated from Equation (1) in
I. U. Roederer et al. (2018), drawing 105 samples from the
input parameters listed in Table 1. The final value for BD+44°
493 ( glog = 3.12± 0.07) is taken as the median of those
calculations with the uncertainty given by their standard
deviation. H. Ito et al. (2013) adopted glog = 3.40± 0.30
from the ionization equilibrium of Fe I/Fe II and Ti I/Ti II
abundances.
The metallicity for BD+44°493 was determined spectro-

scopically from the equivalent widths (EWs) of 123 Fe I
absorption features in the NEID spectrum, by fixing the Teff
and glog determined above. Table 3 lists the lines analyzed in
this work, their measured EWs, and the derived chemical
abundances. The EWs were obtained by fitting Gaussian profiles
to the observed features using standard NOIRLab IRAF
routines. The [Fe/H] was then calculated using the 2017 version
of the MOOG code (C. A. Sneden 1973), employing one-
dimensional plane-parallel model atmospheres with no over-
shooting (F. Castelli & R. L. Kurucz 2003), assuming local
thermodynamic equilibrium (LTE).16 Finally, the microturbulent
velocity (ξ) was determined by minimizing the trend between
the Fe I abundances and their reduced EW ( (log EW l). The
final atmospheric parameters and uncertainties for BD+44°493

11 Prop. ID 2023B-879248; PIs: J. Rajagopal and V. Placco.
12 There was one 1200 s exposure taken in the high-efficiency mode (HE—
R ∼ 60,000) as a test on the first night of observations.
13 https://neid.ipac.caltech.edu/docs/NEID-DRP/
14 https://github.com/andycasey/smhr
15 NOIRLab IRAF is distributed by the Community Science and Data Center
at NSF NOIRLab, which is managed by the Association of Universities for
Research in Astronomy (AURA) under a cooperative agreement with the U.S.
National Science Foundation.

16 https://github.com/alexji/moog17scat
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are listed in Table 1, as well as the values from H. Ito et al.
(2013) for comparison.

4.2. Chemical Abundances

We measured 182 absorption features for 16 elements in the
NEID combined spectra, from 3743Å (Fe I) to 8806Å (Mg I).
Abundances were calculated from EW analysis and spectral
synthesis, also using the 2017 version of MOOG.17 The atomic

data, EW values where applicable, and abundances for these
features are listed in Table 3. Abundances determined from
spectral synthesis have a “syn” label on the EW column. The
linelists for the spectral synthesis were generated using the
linemake code (V. M. Placco et al. 2021a).18 Logarithmic
number abundances (log  (X)) and abundance ratios ([X/H]
and [X/Fe]), were calculated adopting the solar photospheric
abundances (log  (X)) from M. Asplund et al. (2009).
Average abundances and the number of lines measured (N) for
each element are given in Table 4. The σ values represent the
standard error of the mean. For the elements where N= 1, the

Table 1
Properties of BD+44°493

Quantity Symbol Value Units References

R.A. α (J2000) 02:26:49.74 hh:mm:ss.ss Gaia Collaboration et al. (2022)
Decl. δ (J2000) +44:57:46.5 dd:mm:ss.s Gaia Collaboration et al. (2022)
Galactic longitude ℓ 140.134 degrees Gaia Collaboration et al. (2022)
Galactic latitude b −14.699 degrees Gaia Collaboration et al. (2022)
Gaia DR3 ID 341511064663637376 Gaia Collaboration et al. (2022)
Parallax ϖ 4.8661 ± 0.0226 mas Gaia Collaboration et al. (2022)
Inverse parallax distance 1/ϖ 206.8 0.9

1.0
-
+ pc This studya

Distance d 204.3 1.0
1.1

-
+ pc C. A. L. Bailer-Jones et al. (2021)

Proper motion (α) PMRA 118.221 ± 0.021 mas yr−1 Gaia Collaboration et al. (2022)
Proper motion (δ) PMDec −32.068 ± 0.020 mas yr−1 Gaia Collaboration et al. (2022)
V magnitude V 9.075 ± 0.005 mag A. Henden & U. Munari (2014)
G magnitude G 8.863 ± 0.003 mag Gaia Collaboration et al. (2022)
BP magnitude BP 9.209 ± 0.003 mag Gaia Collaboration et al. (2022)
RP magnitude RP 8.327 ± 0.004 mag Gaia Collaboration et al. (2022)
Color excess E(B − V ) 0.0230 ± 0.0009 mag E. F. Schlafly & D. P. Finkbeiner (2011)
Bolometric correction BCV −0.50 ± 0.03 mag L. Casagrande & D. A. VandenBerg (2014)

Signal-to-noise ratio @3800 Å S/N 93 pixel−1 This study
@4560 Å S/N 432 pixel−1 This study
@5180 Å S/N 574 pixel−1 This study
@6580 Å S/N 797 pixel−1 This study

Effective Temperature Teff 5351 ± 51 K This study
5430 ± 150 K H. Ito et al. (2013)

Log of surface gravity glog 3.12 ± 0.07 (cgs) This study
3.40 ± 0.30 (cgs) H. Ito et al. (2013)

Microturbulent velocity ξ 1.45 ± 0.10 km s−1 This study
1.30 ± 0.30 km s−1 H. Ito et al. (2013)

Metallicity [Fe/H] −3.96 ± 0.09 dex This study
−3.83 ± 0.19 dex H. Ito et al. (2013)

Radial velocity RV −150.445 ± 0.016 km s−1 This study
Isochronal-based age 10.3 3.5

2.9
-
+ Gyr This study

Kinematical-based age 13.1 0.9
0.5

-
+ Gyr This study

Constrained age range [12.1, 13.2] Gyr This study
Mass M 0.83 0.05

0.09
-
+ Me This study

Galactocentric coordinates (X, Y, Z) (+8.36, + 0.13, − 0.03) kpc This study
Galactic space velocity (U, V, W) (+33.5, − 181.5, + 51.5) km s−1 This study
Total space velocity VTot +191.6 km s−1 This study
Apogalactic radius Rapo +8.623 ± 0.002 kpc This study
Perigalactic radius Rperi +1.366 ± 0.011 kpc This study
Max. distance from the Galactic plane zmax 1.286 ± 0.001 kpc This study
Orbital eccentricity ecc 0.726 ± 0.002 This study
Vertical angular momentum LZ (+0.728 ± 0.004) · 103 kpc km s−1 This study
Total orbital energy E (−1.779 ± 0.001) · 105 km2 s−2 This study

Note.
a Using ϖzp = −0.0314 mas from L. Lindegren et al. (2020).

17 Equivalent-width analysis is used for mostly isolated spectral features, while
spectral synthesis is important for blended features, molecules, and when line
broadening by isotopic shifts and hyperfine splitting structure has to be taken
into account.

18 https://github.com/vmplacco/linemake
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