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Stellar Models are Reliable at Low Metallicity: An Asteroseismic Age for the Ancient Very
Metal-Poor Star KIC 8144907
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ABSTRACT

Very metal-poor stars ([Fe/H] < —2) are important laboratories for testing stellar models and re-
constructing the formation history of our galaxy. Asteroseismology is a powerful tool to probe stel-
lar interiors and measure ages, but few asteroseismic detections are known in very metal-poor stars
and none have allowed detailed modeling of oscillation frequencies. We report the discovery of a
low-luminosity Kepler red giant (KIC8144907) with high S/N oscillations, [Fe/H] = —2.66 + 0.08
and [o/Fe] = 0.38£0.06, making it by far the most metal-poor star to date for which detailed
asteroseismic modeling is possible. By combining the oscillation spectrum from Kepler with high-
resolution spectroscopy we measure an asteroseismic mass and age of 0.79 £ 0.02(ran) £ 0.01(sys) Mg
and 12.0 & 0.6(ran) 4 0.4(sys) Gyr, with remarkable agreement across different codes and input physics,
demonstrating that stellar models and asteroseismology are reliable for very metal-poor stars when
individual frequencies are used. The results also provide a direct age anchor for the early formation
of the Milky Way, implying that substantial star formation did not commence until redshift z~3 (if
the star is part of the ancient galactic disc) or that the Milky Way has undergone merger events for

at least &~ 12 Gyr (if the star was accreted by a dwarf satellite merger such as Gaia Enceladus).

1. INTRODUCTION

The study of the chemo-dynamical history of stel-
lar populations in our galaxy is a rapidly evolving field
(see e.g. Bland-Hawthorn & Gerhard 2016; Helmi 2020;
Bonaca & Price-Whelan 2024, for recent reviews). A
particularly important population in our galaxy are
metal-poor stars in the Galactic halo, with theories pre-
dicting that they formed either through a combination
of collapse of gas during the early stages of galaxy forma-
tion (Eggen et al. 1962), the accretion of satellite galax-
ies at later times (Searle & Zinn 1978), a combination of
early and late accretion of satellite galaxies (Bullock &
Johnston 2005) or ejections of Galactic disc/bulge stars
via dynamical interactions (e.g. Purcell et al. 2010).

A key element to advance our understanding of halo
stars is stellar ages. The combination of red gi-
ant asteroseismology from space-based missions such
as Kepler, K2 and TESS with spectroscopic surveys
such as APOGEE (Holtzman et al. 2015), Gaia-ESO
(Gilmore et al. 2012), GALAH (De Silva et al. 2015)
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and LAMOST (Cui et al. 2012) has provided systematic
age constraints for thousands of field red giants (e.g.
Miglio et al. 2009; Anders et al. 2017; Stello et al. 2017;
Sharma et al. 2019; Montalban et al. 2021; Borre et al.
2022; Alencastro Puls et al. 2022; Willett et al. 2023;
Schonhut-Stasik et al. 2024) and enabled constraints on
mass-loss for metal-poor populations in globular clus-
ters (Miglio et al. 2016; Howell et al. 2022; Tailo et al.
2022; Howell et al. 2024). However, all these constraints
rely on asteroseismic scaling relations, which are poorly
calibrated for metal-poor stars, show systematic offsets
compared to expected astrophysical priors for halo stars
(Epstein et al. 2014; Matsuno et al. 2021), and yield high
random age uncertainties (Moser et al. 2023).

The gold-standard for ages of field stars comes from
asteroseismic modeling of individual oscillation frequen-
cies. This “boutique” modeling is often restricted to
main-sequence and subgiant stars due to the fast evo-
lution of red giants, which requires more intensive com-
putation. The issue of surface correction also has to be
treated carefully (Kjeldsen et al. 2008; Ball et al. 2018;
Ong et al. 2021; Li et al. 2023). Because oscillation am-
plitudes are very small for low-luminosity stars (Bedding
1995; Huber et al. 2011; Mosser et al. 2012; Kallinger
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et al. 2014), frequency modeling has been applied only
to two stars with [Fe/H] < —1: the nearby subgiant
vIndi ([Fe/H] = —1.5dex), an “in-situ” halo star (Chap-
lin et al. 2020), and KIC7341231 ([Fe/H] = —1.6dex),
which was used to constrain an interior rotation profile
(Deheuvels et al. 2012).

Confronting state-of-the-art models with detailed ob-
servations at low metallicities has ramifications for a
wide range subfields of astrophysics that use stellar mod-
els. Asteroseismic frequency modeling of metal-poor
stars is important to test these stellar models. For exam-
ple, prescriptions for convective energy transport in stel-
lar interiors (e.g., Trampedach et al. 2014; Magic et al.
2015; Tayar et al. 2017; Joyce & Chaboyer 2018a; Joyce
& Tayar 2023) and the significance of non-local thermo-
dynamic equilibrium (non-LTE) effects in atmospheres
(e.g., Bergemann et al. 2012a) depend on metallicity.

Here, we present the results of a survey for metal-
poor stars among the Kepler oscillating red giant sam-
ple. We have found 16 oscillating stars with [Fe/H] < —1
and present the first detailed asteroseismic modeling of
a very-metal poor star ([Fe/H] < —2).

2. SPECTROSCOPY
2.1. Survey for Very Metal-Poor Stars

We performed a spectroscopic survey for very metal-
poor stars among known oscillating Kepler red giants.
Targets were selected from a catalog of oscillating giants
with disk height z > 3kpc (Mathur et al. 2016), and by
kinematically selecting likely halo stars using Gaia. For
the latter, we calculated tangential motions and used a
synthetic population from Galaxia (Sharma et al. 2011)
to define a fiducial locus of low-luminosity red giants
with kinematics that are consistent with halo stars.

Observations were performed between 2017 and 2019
with the Supernova Integrated Field Spectrograph
(SNIFS) mounted on UHS88 telescope (Lantz et al.
2004), Keck/HIRES (Vogt et al. 1994) and Subaru/HDS
(Noguchi et al. 2002). We performed initial low-
resolution spectroscopy with SNIFS (R=3000) using
template spectra to select candidate very metal-poor
stars, which were then followed up with high-resolution
spectroscopy. High-resolution spectra were obtained
with a typical SNR of 20-40 per pixel, depending on tar-
get brightness. An initial abundance analysis was per-
formed using iSpec (Blanco-Cuaresma et al. 2014) with
the spectrum synthesis code using the wavelength range
600-680nm. We identified 16 targets as metal-poor
([Fe/H] < —1; see Appendix). KIC 8144907 (2MASS
J18485977+4401183, Ks = 11.1 mag) was identified as
a high-priority follow-up target given its rich asteroseis-
mic data from Kepler and very low metallicity inferred

1.51 KIC8144907 ([Fe/H] = -2.6)

o Iy
& o e

Normalized Flux

o
o

_0.51KIC10006158 ([Fe/H] = 0.0)

517.0 517.5 518.0 518.5 519.0 519.5
Wavelength (nm)

Figure 1. Subaru/HDS spectrum of KIC 8144907 near the
Mg triplet. The red line shows a Keck/HIRES spectrum of
the solar-metallicity star KIC 10006158 for comparison.

from a HIRES spectrum obtained in good conditions on
2019 June 25 with a 300 s exposure and a 1.15” wide slit.
We obtained follow-up spectra of KIC 8144907 in 2020
using Subaru/HDS with the 12a setup and the default
0.4” slit, resulting in a spectral resolution of R ~ 90000.
We co-added spectra with a total integration time of 1.2
hours, resulting in an SNR, of 70 between 565-585 nm.

2.2. Atmospheric Parameters and Abundances

Figure 1 shows a portion of our combined optical spec-
trum for KIC 8144907 compared to a solar metallicity
star. To measure atmospheric parameters and chemi-
cal abundances, we used equivalent width measurements
while requiring excitation and ionization equilibrium.
We varied the temperature until no trend was seen be-
tween [Fe/H] and excitation potential while fixing sur-
face gravity to 3.26, as measured from asteroseismic scal-
ing relations (Yu et al. 2018). We ensured agreement be-
tween Fel and Fell absorption lines was within one stan-
dard deviation. The equivalent widths were measured
with DAOSPEC (Stetson & Pancino 2008) and the indi-
vidual absorption line abundances were calculated with
the auxiliary program Abundance with SPECTRUM in
LTE (Gray & Corbally 1994). The chosen absorption
lines and accompanying oscillator strengths are from
Slumstrup et al. (2019) for our wavelength range, which
is 495-675 nm with a few minor gaps. The solar abun-
dances are those of Grevesse & Sauval (1998) and the
stellar atmosphere models are ATLAS9 (Castelli & Ku-
rucz 2004). Due to the very low metallicity we ap-
plied non-LTE departure coefficients from the INSPECT
database version 1.0' (Bergemann et al. 2012b; Lind

1 available at www.inspect-stars.com
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Figure 2. Left: Iron abundance versus frequency of maximum power for stars with asteroseismic detections. Literature values
(black points) are from Pinsonneault et al. (2014), Serenelli et al. (2017), Matsuno et al. (2021) and Schonhut-Stasik et al. (2024).
Individual literature values are from Chaplin et al. (2020) (vIndi), Valentini et al. (2019) (EPIC 206443679), and Deheuvels
et al. (2014) (KIC7341231). New data from this study are shown as red symbols. The shaded area marks stars generally not
amenable to frequency modeling (Vmax < 100 pHz). Right: Same as the left panel but showing « abundance versus metallicity.

et al. 2012) to derive final atmospheric parameters of
Tog = 5400 £ 200K, [Fe/H] = —2.66 &+ 0.08dex and
[a/Fe] = 0.38 &+ 0.06 dex. Uncertainties were calculated
by varying each parameter until at least a 30 uncertainty
is produced on the slope of [Fe/H] vs. excitation poten-
tial. We did not detect signs of r-process enhancement,
such as Eu (which might be expected for Gaia-Enceladus
accreted halo stars; Matsuno et al. 2021).

Figure 2 compares KIC 8144907 to known oscillating
stars in abundance and frequency space. KIC 8144907
is the most metal-poor oscillating star that is not
an evolved red-giant star (Vmax > 100 uHz) and the
most metal-poor oscillating star with measured « abun-
dances. EPIC 206443679 (Valentini et al. 2019) is a very
metal-poor star with similar v,,x, but was only observed
for 70 days with K2, limiting the SNR and frequency res-
olution of the asteroseismic detection. KIC 5938297 is
another very metal-poor but more evolved star (Vmax =
80uHz) identified by our survey.

3. ASTEROSEISMOLOGY
3.1. Oscillation Frequencies

KIC 8144907 was observed by Kepler for its entire mis-
sion using long-cadence mode. We used the PDC-SAP
light curve (Stumpe et al. 2012; Smith et al. 2012) and
computed the power spectrum, which shows solar-like
oscillations with high SNR (Fig. 3). To extract individ-
ual frequencies, we smoothed the spectrum to a resolu-
tion of 0.1 pHz and measured the positions of the peaks
down to a signal-to-noise ratio of 3.5. We identified 49
mode frequencies, which are listed in Table 1.

Figure 3 shows the power spectrum and échelle dia-
gram. Note that the peaks at the top of the échelle dia-
gram are aliases reflected around the Nyquist frequency
(283 uHz). The data show clear ridges of radial and
quadrupole modes, plus a rich series of mixed dipole
modes that are consistent with a star at the base of the
RGB. Kuszlewicz et al. (2023) showed that the star has
a strongly enhanced mixed-mode coupling strength and
rotational splittings that are consistent with the core
rotation rates of the general Kepler sample.

3.2. Bolometric Fluz and Luminosity

To calculate the bolometric flux (fpo1) we used 2MASS
K-band photometry (Skrutskie et al. 2006) and bolomet-
ric corrections from MIST isochrones (Choi et al. 2016),
as implemented in isoclassify (Huber et al. 2017),
interpolated to the spectroscopic Tes , [Fe/H| and as-
teroseismic log g. Interstellar extinction was calculated
using the 3D dustmap from Green et al. (2015), yield-
ing Av=0.15mag. We assumed uncertainties of 0.03 mag
on the bolometric correction and extinction correction
(Tayar et al. 2022). We find f,o = 2.02 £ 0.06 x 10719
ergs~! ecm™2, which combined with a distance of 1326 4
20 pc from the Gaia DR3 parallax (Gaia Collaboration
et al. 2021; Lindegren et al. 2021) yields a luminosity of
11.13 £ 045 L.

3.3. Frequency Modeling
3.3.1. BeSPP
A.S. computed models using Garstec (Weiss &

Schlattl 2008) with input physics following Serenelli
et al. (2017). In summary, nuclear reaction rates are
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Figure 3. Left: Power spectrum of the 4-year Kepler timeseries of KIC 8144907 centered on the oscillations. Middle: Echelle
diagram (greyscale) and extracted frequencies for radial (circles), dipole (squares) and quadrupole (diamonds) modes. Right:
Echelle diagram showing frequencies from the best fitting model before (faint open symbols) and after (open symbols) applying

a surface correction. Grey symbols show the observed frequencies.

Table 1. Oscillation frequencies and mode identifications
for KIC 8144907. We adopt twice the frequency resolution
(0.02uHz) as a conservative estimate for the uncertainty of
each frequency.

f(pHz) U] f(pHz) U] f(pHz) 1
144.02 0| 184.40 1| 221.36 1
14951 1| 186.47 1| 224.25 1
151.11 1| 18859 1| 227.22 2
152.66 1| 191.30 1| 228.15 1
15419 1| 19242 2| 22959 0
156.07 1| 194.27 1| 23225 1
157.98 2| 194.78 0| 23623 1
16054 0| 197.31 1| 239.13 1
168.27 1| 20036 1| 24261 1
170.01 1| 202.94 1| 24735 0
172.03 1| 20521 1| 251.87 1
174.88 2| 208.23 1| 25575 1
17539 2| 209.83 2| 25894 1
176.84 1| 211.66 1| 265.19 0
17757 0| 212.04 0| 27345 1
179.33 1| 21525 1 —
181.94 1| 218.71 1 —

from Solar Fusion II (Adelberger et al. 2011), the equa-
tion of state is FreeEOS (Irwin 2012), atomic opac-
ities are from OPAL (Iglesias & Rogers 1996), and
low-temperature opacities are from the Wichita group
(Ferguson et al. 2005). Stellar atmospheres are mod-
eled using a VAL-C T-7 relation from Vernazza et al.
(1981). Mixing length theory is implemented follow-
ing (Cox & Giuli 1968). The mixing length parameter

amrr = 1.9980 is determined consistently by a solar
model calibration. Chemical mixing is treated as a dif-
fusive process. Overshooting is modeled following the
exponential decay model of Freytag et al. (1996) and
a restriction for small convective cores as described by
Magic et al. (2010). Gravitational settling is included in
the models. In addition, extra-mixing below the convec-
tive envelope is included following the parametrization
by VandenBerg et al. (2012) with a metallicity depen-
dent calibration of the diffusion coefficient that repro-
duces the lithium depletion in the Sun and the moderate
depletion of metals in old globular clusters.

The model grid covered a mass range between 0.6 and
1.2 Mg, with a step of 0.01 Mg, and [Fe/H] between —1.0
and —3.0. All models have been computed with [o/Fe]=
0.4. Evolutionary tracks ran from the Hayashi track to
the low-luminosity red giant branch, in practice stopping
when the surface gravity reached log g = 2.8. Along each
track, about 2000 stellar models were computed. Stellar
tracks are pruned to retain only models that are close
enough to the surface parameters of the star (within 3o
for Teg and 60 for [Fe/H]) and that have two consecu-
tive radial orders that match (any) two observed radial
orders within 4%. The latter implicitly sets an upper
limit to the absolute value of the surface corrections for
those modes. Then, a fine interpolation is carried out
along each pruned track such that the changes in all fre-
quencies within the observed range vary less than the
typical observed error.

We assigned a prior probability to each model formed
by the product of the timespan each model represents in
the track and a weight from assuming a Salpeter initial
mass function. We assigned a constant prior to metal-
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licity and star formation rate. Then, to compute the
likelihood of each model, we used the reduced y2, com-
puted as:

1 Qumod,i — Qobs,i \
2: od, obs, 1
Xr Nobs_Ndof. Z ( ) ’ ()

o .
=1, Nobe obs,i

where the first sum extends over Teg , [Fe/H], and
L,, and the oscillation modes (Table 1). Therefore,
Nops=52. Model frequencies were corrected by surface
effects using the two-parameter correction introduced by
Ball & Gizon (2014). The number of degrees of freedom
in the models is therefore Ngo¢=5 (age, mass, [Fe/H] and
the two parameters of the surface correction). The like-
lihood is then proportional to exp (—x?2/2). Following
these steps, each model was then assigned a probabil-
ity, which was the product of the prior and likelihood,
and probability distribution functions were built for each
quantity of interest.

3.3.2. MESA Model 1

M.J. used the Modules for Experiments in Stellar As-
trophysics (MESA; Paxton et al. 2011, 2013, 2015, 2018,
2019) software suite version 12778 and the GYRE stellar
oscillation program (Townsend & Teitler 2013) version
5.2. The physical assumptions adopted in the evolu-
tionary calculations include the Asplund et al. (2009)
opacities and solar mixture, the photosphere_tables
atmospheric boundary conditions, the ‘Henyey‘ mixing
length scheme (Henyey et al. 1965), the ‘basic‘ nuclear
network option, which includes all elements and iso-
topes necessary for low-mass burning chains up through
the helium flash, and the ‘exponential‘ treatment of
convective overshooting, with fous = 0.0014 times the
pressure scale height and primary convective coefficient
fo =0.002.

Three different fitting schemes for the asteroseismic
data were considered: (A) fitting to all modes, includ-
ing £ = 1; (B) fitting only to £ = 0 and 2 modes; and
(C) fitting only to £ = 0 modes. The rank orderings of
best-fitting models as determined by methods (B) and
(C) were the same. In all cases, the surface corrections
of Ball & Gizon (2014) were applied to the frequency
fitting, with additional seismic features (e.g. Vmax, AV )
calculated according to White et al. (2011).

The fits to individual modes and classical constraints
were combined and weighted according to the methods
described in Joyce & Chaboyer (2018b) and Murphy
et al. (2021).

3.3.3. MESA Model 2

D.S. used the astero extension in MESA (v7503) (Pax-
ton et al. 2011, 2013) with the default settings for the

model physics, except for the following. We used As-
plund et al. (2009) solar abundances, the ’018_and_ne22’
nuclear net, the 'Kunz’ C12 rates, and ’jina reaclib’ N14
rates. For the outer boundary condition we used the
‘photosphere_tables’. For the fitting procedure the non-
seismic input observables were effective temperature, lu-
minosity, and metallicity corrected for the star’s high
alpha element content using the formulation by Salaris
et al. (1993). The seismic input was the radial mode
frequencies. During model fitting and optimisation, the
non-seismic input was weighted 1/3 with 2/3 to the seis-
mic input. We corrected the model frequencies using the
"cubic’ formulation by Ball & Gizon (2014), but found no
significant difference when using the ’combined’ formu-
lation. We set mass, metallicity, and the mixing length
parameter as free parameters, while keeping overshoot
fixed at 0.015 (exponential prescription). We used an
initial helium fraction of 0.248 and an enrichment ratio
of 1.4.

3.3.4. MESA Model 3

Y.L. used MESA (version r15140) and GYRE (ver-
sion 5.2), adhering mostly to the default settings, ex-
cept for specific deviations outlined below. The metal
mixture AGSS09 and its corresponding opacities were
employed in the models. The Henyey mixing length
approach (Henyey et al. 1965) was used for the pre-
scription of convection. Convective overshoot was not
incorporated. The atmosphere boundary condition was
set to photosphere tables, which are pre-calculated
model atmosphere tables. A grid of stellar models were
calculated with initial helium abundance, stellar mass,
metallicity, and the mixing length parameter treated as
free parameters. These models were constructed with
frequencies and corrected with the surface effect in line
with the inverse-cubic method proposed by Ball & Gi-
zon (2014). All models were fitted to the oscillation
modes and the classical constraints, including L, Teg ,
and [Fe/H].

3.3.5. MESA Model 4

J.M.J.O. constructed MESA models using MESA
r12778 and GYRE v6.0. This set of models was con-
structed with diffusion and settling of helium and met-
als, an Eddington-gray atmospheric boundary condition,
and only a small amount (fo, = 0.001; fo = 0.0005) of
exponential convective overshoot for numerical condi-
tioning. Unlike the other MESA modelling runs, this
modelling was also performed with the stellar [Fe/H]
computed with respect to the solar chemical abundances
of Grevesse & Sauval (1998), with further initial enrich-
ment to match the observational value of [a/Fe]. Cor-
respondingly, OPAL opacity tables appropriate to the
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GS98 chemical mixture, computed with respect to an
alpha-enhancement of [o/Fe] = +0.4, were also adopted.
Accordingly, the prescription of Salaris et al. (1993) was
not used; rather, the actual enriched surface values of
[Fe/H] in these models were constrained directly against
the observational measurement.

Only modes with confident identifications of ¢ were in-
cluded in the asteroseismic constraint. Radial p-modes
were computed using the surface boundary conditions
of Christensen-Dalsgaard (2008), and nonradial pure p-
and g-mode frequencies, and associated coupling ma-
trices, were computed using the /v isolation scheme
of Ong & Basu (2020). The radial and quadrupole p-
modes were corrected using the two-term prescription of
Ball & Gizon (2014). For the dipole modes, a nonlinear
surface term correction was applied (the generalisation
to the Ball & Gizon 2014 correction described in Ong
et al. 2021), in order to fully account for near-degeneracy
avoided crossings between the p- and g-modes, using the
same coefficients a_; and ag as fitted against the even-
degree modes. To avoid having to perform the eigen-
decomposition of a large matrix for every evaluation of
the seismic likelihood function, the effective frequency-
dependent asymptotic coupling strength ¢(v) was cal-
culated using the expression derived in Ong & Gehan
(2023), permitting mixed-mode frequencies to be com-
puted as the roots of the asymptotic eigenvalue equation
of e.g. Unno et al. (1979).

The total log-likelihood function we adopted for this
exercise was the equally-weighted sum of x? statis-
tics for the observed metallicity, effective temperature,
and the luminosity, as well as the reduced y? statistic
for the surface-corrected mode frequencies. Maximum-
likelihood point estimates were initially derived by mini-
mizing the negative log-likelihood using the differential-
evolution algorithm, implemented in Mier (2017), vary-
ing the initial mass, helium mass fraction, metal frac-
tion, and mixing length parameter ay 1 as optimisation
parameters. Every stellar model constructed along the
optimisation trajectory was retained, effectively consti-
tuting a nonuniformly sampled grid of stellar models.
We then estimate the marginal posterior median and
410 quantiles of the fundamental properties as weighted
averages with respect to this grid of models, with the
weights being both proportional to the likelihood func-
tion, and inversely proportional to the sampling function
of the grid (estimated with a kernel density estimator).

3.3.6. BASTA

V.AB.-K. used the BAyesian STellar Algorithm
(BASTA) code with a grid of custom models computed
using Garstec with input physics as described in Aguirre

Borsen-Koch et al. (2022). The grid implements « en-
hanced and depleted mixtures of the Asplund et al.
(2009) solar abundances, ranging from [a/Fe] = —0.2
to 0.6 in steps of 0.1dex. Oscillation frequencies were
calculated using ADIPLS (Christensen-Dalsgaard 2008)
with surface corrections following the cubic formulation
by Ball & Gizon (2014). Parameter inference follows a
Bayesian approach as described by Aguirre Bgrsen-Koch
et al. (2022) and used the spectroscopic constraints (Teg,
[Fe/H] and [«/Fe]), Gaia luminosity and observed radial
modes.

3.3.7. Summary

Table 2 summarizes the properties for KIC 8144907.
We observe excellent agreement between modeling
methods, with a scatter of ~2-3% in mass and age.
Some methods reported results excluding and includ-
ing the Gaia luminosity, which were largely consistent,
demonstrating that there is no strong disagreement be-
tween the luminosities from asteroseismic constraints
and Gaia. We adopt self-consistent values from BeSSP,
which reported a solution close to the median mass over
all methods. For uncertainties, we quote random errors
using the mean uncertainty of all methods that fitted
non-radial modes and systematic errors as the standard
deviation over all methods. Remarkably, the systematic
uncertainties for mass and age are a factor of ~1.5-2
smaller than the random uncertainties. Given the sim-
ilarity of input physical between methods, the quoted
systematic errors only capture part of the uncertainties
intrinsic to the models. Possible additional systematic
errors may arise from mass loss, but this is expected to
be within the uncertainty budget for a star near the base
of the RGB. More complete estimates for contributions
to the error budget for similar stars have been com-
puted in, e.g., Silva Aguirre et al. (2020); Christensen-
Dalsgaard et al. (2020); Tayar et al. (2022); Joyce et al.
(2023); Ying et al. (2023).

4. IMPLICATIONS FOR MODELS OF VERY
METAL-POOR STARS

Metal-poor stars are important testbeds for stellar
models. Input physics such as opacities, interior mix-
ing and convective energy transport prescriptions de-
pend on the chemical composition of a star, and become
more uncertain for non-solar metallicities (e.g. Joyce &
Chaboyer 2018a). The fidelity of such models has a
wide impact on astrophysics, including our understand-
ing of galaxies through simple stellar populations models
(Conroy et al. 2009).

Our results demonstrate an excellent match be-
tween observations and models, including for mixed
dipole modes which probe the structure near the core.
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Table 2. Observed and Derived Properties for KIC 8144907

KIC ID & Kepler Magnitude 8144907 Kp=131 Brown et al. (2011)

Gaia DR3 ID & G Magnitude 2105367821469848704 G =12.86 Lindegren et al. (2021)
2MASS ID & K magnitude J18485977+4401183 K=11.11 Skrutskie et al. (2006)

Bol. Flux (107" ergs™ cm™2) 2.023 £0.057 this work

Luminosity L (L) 11.13 +£0.45 this work

Freq. of max. power vmax(uHz) 208.2+1.1 Yu et al. (2018)

Large Separation Av(uHz) 17.47 £ 0.092 Yu et al. (2018)

Period Spacing AII (sec) 84.8310.02 Kuszlewicz et al. (2023)

Eff. Temperature Teg (K) 5400 £ 200 this work

Iron Abundance [Fe/H](dex) —2.66 + 0.08 this work

Alpha Abundance [o/Fe](dex) 0.38 £ 0.06 this work

Model BeSPP MESA1 MESA2 MESA3 MESA4 BASTA Adopted

Mass, M, (M) 0.794  0.792  0.800  0.786  0.774  0.809  0.79 £ 0.02(ran) = 0.01(sys)
Radius, R, (Ro) 3.617  3.625  3.620  3.647 3572  3.630  3.62+ 0.04(ran) = 0.02(sys)
Density, p. (102p5) 237 2.34 2.38 2.28 2.39 2.39 2.37 4+ 0.02(ran) % 0.04(sys)
Surface Gravity, log g (cgs) 3.221 3.218 3.223 3.210 3.221 3.226  3.221 +0.002(ran) £ 0.006(sys)
Age, t (Gyr) 11.96 1240 1225 1276 1268  11.81 12.0 4 0.6(ran) % 0.4(sys)

The right panel of Figure 3 compares the best-fitting
BeSSP model to the observed oscillating frequencies.
The model frequencies agree on average with the ob-
servations to within =0.06pHz (~0.03%), compara-
ble to modeling results for solar-metallicity stars (e.g.
Silva Aguirre et al. 2015). The models also provide a
good match to the atmospheric constraints, support-
ing the fidelity of non-LTE corrections (e.g. Bergemann
et al. 2012a), although our T,g uncertainty (200K) is
conservative. Overall, the results imply that state-of-
the-art stellar models with standard physical assump-
tions can reliably reproduce detailed observations of the
interior and the atmosphere of a very metal-poor star.

5. ASTEROSEISMIC SCALING RELATIONS

Asteroseismic scaling relations use the global oscilla-
tion parameters vmax and Av to calculate fundamental
properties by scaling from the Sun. The relations are
widely used in the era of ensemble asteroseismology, in-
cluding to calibrate spectroscopic tracers of stellar mass,
which are then used to infer ages with large surveys
(Martig et al. 2016; Ho et al. 2017; Ness et al. 2016).
Testing scaling relations has become a major subfield
of asteroseismology (Huber et al. 2012; Gaulme et al.
2016; Sahlholdt & Silva Aguirre 2018; Themefl et al.
2018; Zinn 2019; Hekker 2020; Li et al. 2021).

Early results revealed strong inconsistencies between
masses from scaling relations and astrophysical expec-
tations for metal-poor stars (Epstein et al. 2014). Sev-
eral corrections to scaling relations have been proposed

(White et al. 2011; Viani et al. 2018). However, all fun-
damental calibrators to date (such as stars in eclips-
ing binaries, measured angular diameters, or masses
from frequency modeling) have near-solar metallicity.
KIC 8144907 provides an opportunity to test scaling re-
lations in the very-metal poor regime.

Using vmax and Av from Yu et al. (2018), our spec-
troscopic Tui , and solar reference values from Huber
et al. (2011) we calculate a scaling relation mass of
0.98 £ 0.06 M, which is & 24% larger than our adopted
mass from individual frequency modeling. Using the
corrections of the Av scaling relations (Sharma & Stello
2016) calculated by Stello & Sharma (2022) for low-
metallicity stars, we obtained 0.994+-0.06 M, even higher
than the uncorrected values. Recent revisions on the cal-
culated Av correction factors due to the surface terms
can at most decrease the scaling mass by ~8% (Li et al.
2022; Li et al. 2023), which is still unable to fully explain
the difference. This supports a break down of the vy ax
scaling relation in the low-metallicity regime (Belkacem
et al. 2011; Zhou et al. 2023) and is in tension with the
suggestion that temperature scales are the main cause
for overestimated scaling relation masses for metal-poor
stars (Schonhut-Stasik et al. 2024).

We also considered the new method of defining and
measuring Vpay introduced by Sreenivas et al. (2024).
Using their nuSYD pipeline, they found a value of
Umax for KIC 8144907 (after correcting for bias) of
209.0£0.9 pHz which, combined with their solar value of
3047 pHz, means vp,,x is 0.0686 times solar. This value
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Figure 4. Left panel: Iron abundance versus age for stars with ages from detailed asteroseismic modeling (orange circles) and
subgiants with ages from isochrone fitting by Xiang & Rix (2022) (grey logarithmic heatmap) with kinematics consistent with
an “in-situ” population (e < 0.8, Lz > Okpckms™!). Literature asteroseismic ages are taken from Silva Aguirre et al. (2015),
Silva Aguirre et al. (2017), Campante et al. (2015), Chaplin et al. (2020) and Li et al. (2020). Right panel: same as left panel
but for stars with kinematics consistent with an accreted population (e > 0.8, Lz < —500kpckms™'). The abundances and
kinematics of KIC 8144907 are consistent with either population.

is 2% higher than 0.0674 times solar found by Yu et al.
(2018), increasing the mass from the scaling relations
by 6% and making the disagreement with the best-fit
model even greater.

6. AN ASTEROSEISMIC AGE FOR A VERY
METAL POOR STAR

KIC 8144907 is consistent with the canonical defini-
tion of a local Galactic halo star based on its metal-
licity ([Fe/H] < —1) and kinematics (|V — Visr| >
200kms~!). Gaia led to the discovery that many local
stars with halo-like kinematics formed in the Milky Way
disc but were later kinematically heated through merger
events (Bonaca et al. 2017). At fixed metallicity, such
“in-situ” halo stars are generally more enriched in « el-
ements compared to stars that have been accreted from
dwarf galaxies that merged with the Milky Way, such
as Gaia-Enceladus (Helmi et al. 2018; Belokurov et al.
2018). These low and high « sequences merge for very
metal-poor stars, which are rare in Gaia, making the dis-
tinction of their origin based on kinematics and chemical
abundances more difficult. In general, most stars with
[Fe/H] < —1 are expected to have been accreted from
satellite galaxies (Di Matteo et al. 2019). However, re-
sults for high-latitude halo stars have suggested that the
oldest Galactic disc stars (the “metal-weak thick disc”)
can extend to at least [Fe/H] ~ —2.5dex (Carollo et al.
2019; Carter et al. 2021; Conroy et al. 2022), and some
very metal-poor stars have also been associated with the
oldest stars of the thin disc (Nepal et al. 2024).

To investigate the dynamical origin of KIC 8144907,
we compute its orbital kinematics using galpy
(Bovy 2015) assuming a left-handed Galactocen-
tric coordinate frame with [Vre,Ve.0,Vze] =
[—12.9,245.6,7.78 km/s (Drimmel & Poggio 2018),
Zo = 20.8pc (Bennett & Bovy 2019), and Ry =
8.122kpc (GRAVITY Collaboration et al. 2018). The
star’s orbit is integrated using time-steps of 1 Myr up
to a total integration time of 20 Gyr assuming the
McMillan2017 potential (McMillan 2017), which reveals
that the star follows an eccentric (e = 0.75) orbit with
a slight retrograde motion relative to the Milky Way’s
rotation (L, = —0.5 x 10> kpckm/s). Following Naidu
et al. (2020), these chemo-dynamical properties make
KIC 8144907 consistent with either the metal-weak thick
disc or a Gaia-Enceladus member. Following Feuillet
et al. (2020), KIC 8144907 would be classified as a pos-
sible Gaia Enceladus member, although its metallicity
would be unusually low for that population. The prop-
erties of KIC 8144907 also appear consistent with the
Atari disk (Mardini et al. 2022), which is suspected to
have an accretion origin.

Irrespective of origin, an asteroseismic age for a very
metal poor star provides a valuable anchor point for
formation events in our galaxy. Figure 4 shows the
age-metallicity relation for stars with asteroseismic ages
from detailed frequency modeling with uncertainties
better than 1Gyr. We also show a larger sample of
subgiant stars with ages determined from isochrone fit-
ting (Xiang & Rix 2022). We divided the sample into
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likely “in-situ” and “accreted” stars based on eccen-
tricity and angular momentum following Conroy et al.
(2022). While this selection is not exact and turn-off
ages can be affected by systematic errors due to stel-
lar multiplicity, these cuts give broadly representative
distributions. We observe that KIC 8144907 sits at the
young edge for both distributions at its metallicity. If
KIC 8144907 was formed in-situ and thus belongs the
earliest phase of the ancient Galactic disc, its age would
imply that substantial star formation in the Milky Way
that led to the high-a thick disc did not commence un-
til &~ 12 Gyr ago (redshift z ~3). If KIC 8144907 was
accreted (e.g., from Gaia Enceladus), it would demon-
strate that the Milky Way has undergone merger events
for at at least ~12Gyr. No star with detailed aster-
oseismic frequency modeling has yet been found to be
substantially older than 13 Gyr.

7. CONCLUSIONS

We presented the discovery of the most metal-poor
star to date for which detailed asteroseismic model-
ing is possible ([Fe/H] = —2.66 +0.08 and [a/Fe] =
0.38 £0.06). Our main conclusions are as follows:

o We demonstrate that state-of-the-art stellar struc-
ture and atmosphere models with non-LTE correc-
tions can successfully reproduce observations of a
very metal-poor star, including a large number of
oscillation frequencies that probe the stellar core.
Masses and ages derived from different methods
agree to within ~2-3%, with random errors ex-
ceeding systematic errors by a factor of ~1.5-2.
This implies that such stellar models make reli-
able predictions for very metal-poor stellar pop-
ulations, although we note that not all possible
sources of systematic errors were covered in the
applied methods.

e We measure a mass of 0.79 £ 0.02(ran) £ 0.01(sys)
Mg, and confirm that asteroseismic scaling rela-
tions overestimate stellar masses by ~20% for a
very metal-poor star. Corrections to the Av rela-
tion do not improve the comparison. The results
demonstrate that large-scale asteroseismic results
based on average seismic parameters (and calibra-
tions that are based on such samples) have to be
used with caution for stars with [Fe/H] < —1.

e We measure an age of 12.0 £ 0.6(ran) £ 0.4(sys)
Guyr, the first such estimate from detailed astero-
seismic modeling for a very metal-poor star. The
chemical abundances and kinematics of the star
are consistent with either an ancient Galactic disc

star (implying that substantial star formation in
the Galaxy did not commence until z ~ 3) or with
being accreted from a dwarf satellite such as Gaia
Enceladus (implying that Milky Way has under-
gone merger events for at least 12 Gyr).

KIC 8144907 demonstrates the value of systematic
spectroscopic follow-up for stars with asteroseismic de-
tections from space-based telescopes, in particular those
with high S/N detections from Kepler and in the TESS
continuous viewing zones. Accumulating more examples
will be critical for the success of Galactic archeology, in
particular for improving the reliability spectroscopic age
scales that are calibrated on asteroseismology (e.g. Mar-
tig et al. 2016). Given the large number of projected as-
teroseismic detections from TESS (Hon et al. 2021, e.g.),
this will require large-scale spectroscopic surveys such as
SDSS-V (Kollmeier et al. 2017), 4MOST (de Jong et al.
2012), WEAVE (Dalton et al. 2012) MSE (The MSE
Science Team et al. 2019; Bergemann et al. 2019) and
WST (Bacon et al. 2024).

Data and code to reproduce all figures in this pa-
per can be found at https://github.com/danxhuber/
very-metal-poor-seismology. The Kepler data used in
this paper can be found in MAST: 10.17909/xsvn-fe82.
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APPENDIX

A. METAL POOR STAR CATALOG

Table 3. Metal poor oscillating Kepler red giants

KIC  vmax  [Fe/H]
5522039 221  -1.3
5938297 705 -2.7
6278241 14.7 -1.5
7259558 24.2 -1.3
7635173 30.7 -1.2
7660280 36.7 -1.3
7879709 18.4 -1.7
8411296 11.3 -1.6
8611078 587  -1.6
9508233  39.0  -1.1
10728519 849  -1.1
11445766 17.8 -1.4
11460115 105.5 -1.3
11700922 4.8 -2.1
11704816  92.9 -1.8

Notes: Other stars found to be metal-poor ([Fe/H] < —1) by our spectroscopic survey. vmax values are taken from Yu et al.
(2018), [Fe/H] values were derived using iSpec. Uncertainties on [Fe/H] are ~ 0.1 dex based on a comparison to metallicities

derived from APOGEE for a subset of stars.
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