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ABSTRACT

Galactic archeology has long been limited by a lack of precise masses and ages for metal-poor stars

in the Milky Way’s thick disk. However, with TESS providing a growing number of photometric

observations, it is possible to calculate masses and ages for more solar-like oscillators than ever using

asteroseismology. We have used the pySYD pipeline to determine global asteroseismic parameters and

calculated the masses and ages of 506 metal-poor ([M/H] < -0.5) red giants observed by TESS. Our

findings appear to show metallicity-dependent mass loss on the upper red giant branch and identify a

set of “young” high-α stars that have been detected in other studies. We also find that 32.6% of the

metal-poor stars appear to be binary interaction products and four stars with stellar ages that could

be from the Gaia Enceladus/Sausage system. In combination with existing ages from Kepler/K2, this

data can be compared to galactic evolution models to better determine the formation history of the

galaxy.

1. INTRODUCTION

Galactic archeology examines the characteristics of

stars in our galaxy to understand the formation of the

Milky Way. Remnants of the galaxy’s history, in the

form of old stars, contain crucial information about the

past, which can be used to constrain galactic evolu-

tion models (Miglio et al. 2009; Sharma et al. 2016;

Silva Aguirre et al. 2018; Warfield et al. 2024). Through

these studies, galactic archeology connects information

about the Milky Way’s past and present to construct a

comprehensive narrative of how it came to be.

Galactic archeology relies on accurate measurements

of stellar ages, abundances, and kinematics for a large

population of stars throughout the galaxy. Metal-poor

stars are of particular interest due to their older ages

representing a time when the galactic disk was still form-

ing, before Type Ia supernovae had enriched the inter-

stellar medium with iron and heavier elements (Timmes

et al. 1995). This critical stage in galactic evolution is

currently not well-understood. The age of the Milky

Way’s thick disk is debatable, with estimates ranging

from 7 Gyrs to 11 Gyrs, and it is unclear how the bi-

modal α-abundance in the thin and thick disk devel-

oped (Lian et al. 2020; Lu et al. 2024). Metal-poor stars

were formed at critical points in the galaxy’s history, evi-

denced by the fact that the α bimodality is most distinct

in the low-metallicity regime. Therefore, if we could pre-

cisely determine their ages, these stars could fill in gaps

in our understanding of the Milky Way’s evolution.

Asteroseismology, or the study of stellar oscillations,

is being used to determine the masses and ages of large

numbers of distant and single stars, and has therefore

been used to advance galactic archeology in recent years

(Bovy et al. 2014; Epstein et al. 2014; Silva Aguirre

et al. 2018; Pinsonneault et al. 2018; Hon et al. 2021;

Schonhut-Stasik et al. 2024). Red giants are typically

used for those measurements, as their bright luminosi-

ties make them easier to see, leading to more accurate

spectroscopy and photometry. Additionally, they are

solar-like oscillators, which allows us to use the more

well-understood asteroseismic scaling relations to calcu-

late their masses and radii (Kjeldsen & Bedding 1995).

In the past two decades, asteroseismology has been

rapidly advancing due to long duration photometric ob-

servations of stars from space telescopes. The CoRoT

(Baglin et al. 2006), Kepler (Borucki et al. 2010), K2

(Howell et al. 2014), and most recently TESS (Ricker

et al. 2014) missions have provided long duration, pre-

cise observations for an unprecedented amount of stars

in the Milky Way. These observations have helped refine

stellar models and therefore improve asteroseismic cal-

culations of stellar masses and ages (Stello et al. 2016;

Tayar et al. 2017; Joyce & Chaboyer 2018; Warfield et al.

2024).

Before the recent launch of TESS, asteroseismic obser-

vations were limited to the small fields of view provided

by the CoRoT, Kepler, and K2 missions. TESS observes

nearly the entire sky, opening up hundreds of thousands

of oscillating red giants to asteroseismic analysis (Hon

et al. 2021). TESS has not yet observed for long enough
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to perform asteroseismic analysis on all the stars in its

field of view. However, after approximately another five

years, we expect that it could eventually provide precise

asteroseismic ages for stars distributed across the Milky

Way. With those ages, galactic archeology would have a

revolutionary amount data with which to piece together

the galaxy’s history.

TESS gathers observations by dividing the sky into

26 sections and observing each section for 27 days at a

time (Ricker et al. 2014). The downside to this method

of observing is that the observations are not continuous,

so less data is collected for each star and there are time

gaps in the light curves, leading to lower frequency res-

olution for the oscillations. However, over the duration

of TESS’s lifetime, it has now observed each section for

at least 54 days, with the Southern continuous viewing

zone, where the sectors overlap the most, gathering a to-

tal of over 900 days of observations. With that amount

of data, it is possible to try and perform asteroseismol-

ogy on red giants in a wider field of view than ever before

using TESS light curves.

Recent studies have successfully performed asteroseis-

mology on TESS data, with masses determined to 5-

10% precision and ages to 20% (Huber et al. 2019;

Silva Aguirre et al. 2020; Mackereth et al. 2021; Hon

et al. 2021; Huber et al. 2022; Stello et al. 2022; Hatt

et al. 2023; Zhang et al. 2024). These studies have typi-

cally focused on stars with solar-like metallicities, mean-

ing that detailed asteroseismic parameters have not been

explicitly determined for more than a handful of red gi-

ants at low metallicities in the TESS field of view (Chap-

lin et al. 2020; Huber et al. 2024). A major reason for

this is TESS’s short observational periods. Giant stars

are visible from greater distances, yielding a larger stel-

lar sample, but short observations from TESS lead to

worse resolution on the low-frequency end of the power

spectrum, where oscillations for metal-poor giants typi-

cally occur. However, as TESS continues to gather more

observations of metal-poor stars, their oscillations are

becoming more defined, leading to more accurate aster-

oseismic analysis. The other issue with low-metallicity

stars is that, with Kepler and K2 data, they have notori-

ously yielded higher asteroseismic masses than expected

for old stars, even after implementing corrections for the

low-metallicity regime (Epstein et al. 2014; Schonhut-

Stasik et al. 2024) . Therefore, although the metal-poor

red giants in the much wider TESS field of view are a

historically significant set of stars, the combination of

noisy TESS data and previous issues with the astero-

seismology of metal-poor stars have dissuaded detailed

asteroseismology of this set of stars.

This study addresses that gap in knowledge by using

TESS data to asteroseismically determine the masses

and ages of old, metal-poor stars over the broadest pos-

sible field of view to date. We then relate those astero-

seismic results to the abundances and kinematics of the

stellar population to compare the ages of stars in the

thin and thick disk and identify stars that are possibly

from an accreted dwarf galaxy.

2. THE DATA

2.1. Sample Selection

The asteroseismic data for this study was provided

by TESS (Ricker et al. 2014). TESS divides the sky

into sectors, each of which is observed for 27 days at a

time, with a 4-hour gap at 13.7 days to downlink data.

Because TESS has now completed five years of obser-

vations, most regions of the sky have been observed for

at least two 27-day periods. However, because the seg-

ments overlap with each other at the ecliptic poles, some

stars have many more than two sectors of data. In this

study, we found that performing effective asteroseismic

analysis on a metal-poor giant required approximately

5 or more sectors of data. This limited us to giants in

the TESS continuous viewing zones, where sectors over-

lapped and more data was available.

The list of possible stars to study was determined first

by cross-referencing a list of oscillating red giants from

TESS—compiled using machine learning in Hon et al.

(2021)—with the Apache Point Observatory Galactic

Evolution Experiment (APOGEE) survey to determine

their metallicities (Majewski et al. 2017). This left us

with a list of 15,000 red giants that TESS has detected

oscillations in and have spectroscopically-determined

characteristics available in APOGEE (Theodoridis &

Tayar 2023).

The APOGEE survey is a spectroscopic study of over

650,000 red giants in the Milky Way galaxy with the

goal of understanding the formation of the Milky Way

with detailed studies of ancient stars. We used observa-

tional data analyzed in Data Release 17 of APOGEE

(Abdurro’uf et al. 2022), which was obtained during

the fourth stage of the Sloan Digital Sky Survey (Blan-

ton et al. 2017). APOGEE uses a high-resolution (R ∼
22, 500) infrared spectrograph (Wilson et al. 2019) and

is mounted on both the Sloan Foundation 2.5m telescope

(Gunn et al. 2006) at Apache Point Observatory, New

Mexico and the 2.5m Irénée DuPont telescope (Bowen

& Vaughan 1973) at Las Campanas Observatory, Chile.

The spectroscopic parameters in APOGEE were cal-

culated using the APOGEE Stellar Parameters and

Chemical Abundances Pipeline (ASPCAP). ASPCAP

determines stellar parameters, such as Teff , logg, metal-
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licity, and abundances, by fitting the APOGEE spec-

trum and comparing it to synthetic spectra (Garćıa

Pérez et al. 2016). These synthetic spectra are matched

to observations based on atmospheric model grids de-

rived in Holtzman et al. (2018) and corrected in Jönsson

et al. (2020).

Gaia Data Release 3, which includes astrometry and

photometry information for over 1 billion sources, was

used to collect kinematic parameters and radii estimates

of the stars (Gaia Collaboration et al. 2023).

From that cross-referenced list, we selected all stars

with a metallicity of [M/H] < −0.5. This list was then

filtered so that only stars with more than 5 sectors of

TESS data (from TESS Cycles 1-5) were included. Un-

fortunately, as shown in Figure 3, this last filter limited

us to stars near or in TESS’s two CVZs, where sectors

overlapped and targets were observed more than once in

a cycle. This left 515 metal-poor red giants with enough

data to calculate their masses using asteroseismic meth-

ods.

Figure 1. The galactic distribution of all the low-
metallicity stars in Hon et al. (2021) and APOGEE DR17
with more than 5 sectors of data available from TESS. The
number of TESS sectors that each star was observed for is
indicated by its color. The orange clump is TESS’s northern
continuous viewing zone (NCVZ), and the red clump is the
southern continuous viewing zone (SCVZ). The SCVZ stars
have more sectors available because TESS has observed the
southern hemisphere three times and is on its third observa-
tion of the northern hemisphere.

2.2. Light Curves

The light curves for each star were downloaded from

MIT’s Quick-Look Pipeline (QLP, Huang et al. 2020a,b)

using the Python package Lightkurve (Lightkurve

Collaboration et al. 2018). The first and last days of

each sector’s light curve were removed to ensure that

instrumental irregularities during those times did not

affect the asteroseismology (Avallone et al. 2022). Each

sector was normalized and smoothed on a timescale of a

few days, and outliers of > 2.75σ were removed. After

stitching all of the observations together, the light curve

was normalized again.

Gaps in TESS light curves can last for years between

TESS missions. When left untreated or filled with inter-

polated data, as suggested in Bedding & Kjeldsen (2022)

and Garćıa et al. (2014) respectively, we found these

led to more frequent errors when running the pySYD
pipeline to calculate asteroseismic parameters. There-

fore, we used an approach similar Nielsen et al. (2022)

and shifted the time stamps to remove gaps greater than

10 days.

Additionally, we removed sector 8 from every light

curve, due to irregular variations detected in that sector

that affected the asteroseismology of most stars. During

data collection for sector 8, TESS was temporarily de-

activated for 3 days by an instrument anomaly and the

camera temperature was increased for a short period,

which likely caused the irregular oscillations interfering

with the asteroseismology (Fausnaugh et al. 2019). We

did experiment with removing additional sectors that

had fluxes with unusually large amplitudes or strange

oscillations. However that appeared to have a slight neg-

ative effect on the accuracy of the asteroseismic analysis,

so, other than sector 8, the entire light curve was used.

2.3. Asteroseismology

In order to calculate the masses of the stars, the os-

cillation properties ∆ν and νmax were derived for every

star through the features of its power density spectrum.

The large frequency separation is represented by ∆ν and

describes the difference in frequency between oscillation

modes. This quantity scales with the density of a star

and is approximately equal to the inverse of the sound

travel time through a star. The other value, νmax, is the

frequency at which a star’s power spectrum reaches its

maximum and is related to a star’s atmospheric pres-

sure, and therefore its surface gravity (Kjeldsen & Bed-

ding 1995).

These asteroseismic values that can be used to cal-

culate the mass, radius, and log g of a star using the

following equations from Kjeldsen & Bedding (1995).

M

M⊙
=

(
νmax

νmax,⊙

)3 (
∆ν

∆ν⊙

)−4 (
Teff

Teff,⊙

)3/2
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R
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=
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)(
∆ν
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)−2 (
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g

g⊙
=

νmax

νmax,⊙

(
Teff

Teff,⊙

)1/2

(3)

To perform the asteroseismology, the pySYD pipeline–

a Python version of the SYD pipeline–was used (Huber

et al. 2009; Chontos et al. 2022). The pipeline calculated
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the power spectrum, background subtraction, νmax, and

∆ν for each light curve. Each power spectrum was visu-

ally inspected to confirm the νmax and ∆ν results from

pySYD, and many of the ∆ν values required some addi-

tional adjustments. Therefore, the Echelle diagram and

power density spectrum of each star created by pySYD
was examined to ensure that ∆ν matched the average

large frequency spacing, and was adjusted if necessary

(Hey & Ball 2020). An example of a typical power spec-

trum is shown in Figure 2.

Figure 2. The top figure shows the power spectrum of the
red giant TIC 350561656. The star’s νmax, as identified by
pySYD, is shown with a solid green line. The l = 0 modes
are shown with the dashed blue lines, which are offset by
∆ν = 3.683 to show the peaks in the spectrum. The red
curve shows the power spectra after heavy smoothing was
applied. The echelle diagram in the bottom figure shows
the power spectrum split up by ∆ν = 3.683 and stacked
vertically, showing that the peaks line up with each other
and revealing an l = 1 mode on the left and a faint l = 2 and
strong l = 0 mode on the right.

2.4. Evolutionary States

Before calculating the masses of the red giants in our

set, some corrections needed to be applied to the ∆ν

and νmax values. These corrections vary depending on

the star’s evolutionary state, which needed to be esti-

mated for the stars in our set. The APOGEE-Kepler

Asteroseismic Science Consortium (APOKASC-3) cat-

alogue (Pinsonneault et al. 2024) contains the evolu-

tionary states of many similar stars, so we used the

APOKASC data as a training set and predicted the evo-

lutionary states of the low-metallicity TESS red giants

using machine learning.

We assumed that the giants in our set of low-

metallicity stars were either in the red giant branch

(RGB) or red clump (RC) phase of their evolution.

Therefore, only the RGB and RC stars in APOKASC

were used in our training set to estimate evolutionary

states. Another cut was then made so that only the

lower-metallicity APOKASC stars ([M/H] < −0.3) were

used in the training set. We found that the −0.5 metal-

licity cutoff used for our test set was too strict for the

training set and did not provide a sufficient sample.

Core He-burning RC stars are hotter than shell-

burning RGB stars that have the same mass and compo-

sition. That temperature offset between the He-burning

phase and the first ascent red giant branch is metal-

licity dependent, and this separation is larger for low-

metallicity stars. For this reason, we estimate the tem-

perature cutoff between evolutionary states for each star

(T co
eff) using the equation proposed by Bovy et al. (2014).

T co
eff =

log g − 2.5

0.0018 dex
K

+−382.5 K
dex [Fe/H] + 4607 K (4)

The temperature difference between T co
eff and a star’s

observed temperature was calculated to separate the RC

and RGB stars. The [C/N] ratio was considered as well,

as it can be used as a proxy for the mass, temperature,

metallicity, and logg of each red giant (Martig et al.

2016). When the difference between a star’s tempera-

ture and cutoff temperature (∆Tcutoff = Teff−T co
eff) were

plotted with the [C/N] ratio for the APOKASC-3 stars,

it showed a clear separation between evolutionary states

(Figure 3).

This separation was fitted with a linear support vec-

tor machine (SVM) model using scikit-learn (Pe-

dregosa et al. 2011). The low-metallicity APOKASC-3

stars were used as training data to determine approxi-

mately where the separation between evolutionary states

was. This model estimated with 94.8% accuracy that

stars with ∆Tcutoff > −299[C/N]− 103.5 were RC stars

and stars below that line were in the RGB stage. That

model was then applied to our low-metallicity TESS

stars, and produced what appeared to be a reliable es-

timate of the evolutionary states (see Figure 3).



5

Figure 3. The left figure shows the SVM model fit to the
APOKASC data to estimate a distinguishing line between
RGB and RC stars. The plot on the right shows the stars
from our study with the SVM fit used to determine evolu-
tionary states.

2.5. Corrections

With the evolutionary states determined, we calcu-

lated the corrections to ∆ν using the asfgrid code

written by Sharma & Stello (2016) and updated in Stello

& Sharma (2022), which was constructed using stellar

models of stars with lower metallicities (−3 < Fe/H <

0.4). These corrections (f∆ν) were calculated for each

star based on its evolutionary state, temperature, metal-

licity, and raw ∆ν and νmax values. The correction to

νmax, fνmax , was later calculated based on our seismic

radii compared to the Gaia radii.

The ∆ν and νmax values were first adjusted to better

match the expected results from other asteroseismology

pipelines. In lieu of calculating ∆ν and νmax using an av-

erage across multiple pipelines, the mean ratio of values

from the SYD pipeline to the ensemble average, as pre-

sented in Pinsonneault et al. (2018), were used. pySYD
is designed to be a Python version of the IDL-based SYD
pipeline, so results from the two should closely match.

The average offset between SYD and pySYD for νmax

was found to be 0.07% and the ∆ν offset was 0.004%

(Chontos et al. 2022). Therefore, the SYD corrections

X∆ν and Xνmax
were used to adjust the pySYD values

to the assumed average among multiple pipelines.

After determining f∆ν values for every star, the cor-

rected ∆ν and νmax values were calculated using the

following equations:

νmax =

(
νmax, pySYD

Xνmax
fνmax

)
(5)

∆ν =

(
∆νpySYD
X∆νf∆ν

)
(6)

For RGB stars, X∆ν,RGB = 0.9995 and Xνmax,RGB =

1.0006 and for RC stars, X∆ν,RC = 1.0032 and

Xνmax,RC = 1.0010. When calculating mass and ra-

dius, the average solar values across multiple pipelines,

νmax,⊙ = 3103.266 and ∆ν⊙ = 135.146, were used (Pin-

sonneault et al. 2018).

2.5.1. νmax Calibration with Gaia Radii

Before calculating masses, we derived a fνmax for

Equation 5. This was calculated based on our initial

seismic radii calculations and the radii from Hon et al.

(2021) which were derived from Gaia DR2 data (Collab-

oration et al. 2018). This allowed us to test the accuracy

of the asteroseismology by comparing our ∆ν and νmax

values against a radius that was determined indepen-

dently.

The derived asteroseismic parameters, ∆ν and νmax,

for all of the stars were used in Equation 2 to calcu-

late radii values (with fνmax
= 1). The radii in Hon

et al. (2021) were calculated from luminosities deter-

mined using Gaia DR2 parallaxes, 2MASS temperatures

and magnitudes, extinction values based on 3D dust

maps (Bovy et al. 2016), and bolometric corrections us-

ing MIST (Choi et al. 2016). The results are shown in

Figure 4 and 5.

After removing the outliers, which we considered to

be the RGB stars outside of 2σRGB = 4.52 R⊙ and the

RC stars outside of 2σRC = 2.33 R⊙, we found a scatter

of 0.080 in the ratio between the asteroseismic and spec-

troscopic radii of RGB stars and a scatter of 0.091 in the

RC stars. We noted that these values were very simi-

lar to the average Rseis/RGaia error in the ratio plots,

which was 0.079 for the RGB plot in Figure 4 and 0.094

for Figure 5’s RC plot. This indicates that our error es-

timations on ∆ν and νmax (which were used to calculate

Rseis error) are consistent with errors derived empirically

from the scalar between the two systems.

The average ratio between the two radii for the RGB

and RC stars were 1.0037 and 1.0311 respectively. We

used that offset to determine fνmax (fνmax, RGB = 1.0037

and fνmax, RC
= 1.0311), a correction ensuring that the

average ratio of seismic to Gaia radii is 1. By adding

the correction, we prove that our ∆ν, νmax, and astero-

seismic radii are consistent with observations, implying

that the masses and ages calculated from those values

will be reliable. While APOKASC-3 constructs fνmax
as

a function of radius, we find here that a simpler single

value is appropriate for our data.

The new seismic radii after applying fνmax
are shown

in Figure 7. This fνmax term was also included in the

mass calculations of Section 3.1.

2.5.2. Comparison to Other Studies

Some of our stars were also studied by Mackereth et al.

(2021), and we compared their results to our values

when available. The ∆ν and νmax values match well,
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Figure 4. The top plot shows a one-to-one comparison
of the radii of the RGB stars calculated from our asteroseis-
mic parameters and the Gaia-derived radii from Hon et al.
(2021). The broad red line stretches 2σRGB around the one-
to-one line. The bottom plot shows the ratio between the two
radii, after cutting out the outliers, which we defined as the
stars outside of 2σRGB. Without the outliers, the ratio has
an average of µRGB = 1.004 and a scatter of σRGB = 0.080.

with a large majority falling close to 1. The ratio of

masses, however, follow a trend when plotted as a func-

tion of mass. For masses that we determined to be lower

than 1 M⊙, the masses from Mackereth et al. (2021)

become increasingly deviant from ours. This is likely

because of the careful analysis needed to calculate the

masses of low-metallicity stars. For example, the correc-

tions made using asfgrid are metallicity-dependent,

which is necessary to consider in the low-metallicity

regime, and were not applied in Mackereth et al. (2021).

These corrections kept our calculated masses closer to

the lower masses presumed to be associated with our

low-metallicity stars (see Epstein et al. (2014)).

3. ANALYSIS

3.1. Mass

The results of the mass calculations are shown in Fig-

ure 8. In other asteroseismic studies of low-metallicity

stars, the expected range of masses for red giants in

the Milky Way thick disk was approximately 0.8− 1M⊙
(Epstein et al. 2014; Schonhut-Stasik et al. 2024). This

Figure 5. The same as Figure 4, but with the RC stars
instead of RGB. Here, the radius ratio has an average of
µRC = 1.031 and a scatter of σRC = 0.091.

Figure 6. Shows the ratio of seismic radii to Gaia-derived
radii before and after applying fνmax to the seismic radius
calculation. The horizontal lines show the average ratio
of seismic to Gaia radii, demonstrating that after applying
fνmax , this average ratio is one.

range is also shown in Figure 8 to demonstrate how our

asteroseismic masses compare to the expected mass for

low-metallicity red giants.

In the past, it has been suggested that the uncor-

rected APOGEE temperatures are a better represen-

tation of the true temperature scale in the metal-poor

regime (Schonhut-Stasik et al. 2024). We found that,

when calculating the mass of each star using Equation 1,

the uncorrected temperatures in APOGEE yielded lower
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Figure 7. The ∆ν, νmax, and corrected masses of this
study compared to those calculated using the BHM pipeline
(Elsworth et al. 2020) in Mackereth et al. (2021).

masses than the corrected temperatures. We therefore

chose to use the uncorrected temperatures, which de-

creased the asteroseismic mass of each star, so that the

average mass of the stars fell from 0.96M⊙ to 0.93M⊙,

closer to the center of the expected range (0.8− 1M⊙).

Additionally, using the uncorrected temperatures re-

sulted in 34.6% of the sample falling within the expected

band of 0.8 and 1M⊙, when it was initially 32.8%.

The α-rich stars in our sample (stars with [α/Fe] >

0.16 were considered α-rich for this metallicity regime)

are expected be the oldest in the set, and therefore the

least massive. Their composition suggests that they

formed in a cloud containing a high abundance of α

elements—likely in the galaxy during the early universe

before many of the first Type Ia supernova enriched

the ISM with iron-peak elements (Burbidge et al. 1957;

Timmes et al. 1995). Figure 8 isolates the masses of

stars with high α abundances. When plotting only high-

α stars, the mass distribution, represented by the his-

togram, is skewed towards lower masses, corresponding

to older stars, and is therefore closer to what we would

expect for this regime of α abundances.

Overall, the masses are higher than expected for low-

metallicity red giants, a known trend that has been ob-

served in other asteroseismic studies (Epstein et al. 2014;

Schonhut-Stasik et al. 2024). The high-α RGB stars

should have masses closest to the expected range be-

cause their α abundance more strongly suggests an old

age, and they have not yet undergone possible mass loss

in the transition to the RC state (Howell et al. 2022;

Tailo et al. 2022). Even when just looking at the high-α

RGB stars, only 37.2% of the sample’s masses fall in the

expected range of 0.8−1M⊙ (Epstein et al. 2014). How-

ever, when this sample is limited to the 10 high-α RGB

stars with the lowest metallicities ([M/H] < −1.0), this

percentage rises to 90%.

3.1.1. Binary Interactions

A significant portion of the α-rich RGB stars in this

set (21.5%) have a mass greater than 1.1M⊙. This

roughly corresponds to an age of < 6 Gyrs using our

age model (see Section 3.2), which would be unexpect-

edly young. Their chemical composition indicates that

these stars must have formed in a time where supernovae

had not yet polluted the ISM with heavier elements, so

either they must be forming in a chemically unusual por-

tion of the galaxy (Chiappini et al. 2015; Anders et al.

2017) or they must have interacted with something that

changed their mass (Martig et al. 2015; Silva Aguirre

et al. 2018).

Figure 2 is an example of a high mass star (1.443 M⊙)

with clear oscillations and therefore a reliable ∆ν, νmax,

and mass. Its seismic radius also matches the Gaia ra-

dius well, with a ratio of 0.99 and an error of 0.05. Ad-

ditionally, the giant has a metallicity of −0.53 and an

α-abundance above the threshold for α-rich stars ([α/Fe]

= 0.16), so we argue that it is most likely an old star

with an unreasonably high mass. This star and others in

our set with atypical masses could be either mergers or

have undergone mass transfer due to a stellar compan-

ion, leading to a sizeable number of stars with a mass

that does not correlate with their chemistry or accu-

rately predict their age.

The close binary fraction of solar-type stars is known

to increase at low metallicities, so we think that this

high rate of atypical mass stars in our sample reflect

that phenomenon. In Moe et al. (2019), the close binary

fraction is calculated based the fraction of spectroscopic

binaries corrected for selection bias. At the metallicity

range where we measured abnormally high masses (stars

with M > 1.2M⊙ from approximately [M/H]= −1 to

−0.5), the close binary fraction is expected to be 30 −
50%, rather than the 20% expected for solar metallicity

stars (Moe et al. 2019).

Based on measures of stellar rotation with spec-

troscopy, approximately 15%− 25% of solar metallicity

red giants are estimated to have either tidally interacted

with, merged with, or accreted material from a compan-

ion star on the RGB (Patton et al. 2024). These results

closely align with Moe et al. (2019), so we similarly ex-

pect an even higher fraction of binary interactions at the

lower metallicity of our sample.

This could reasonably explain the 21.5% of α-rich

RGB stars in this set with large masses (> 1.1 M⊙)

and the 6.3% with low masses (< 0.7 M⊙). However,

not all close binary systems will have exchanged more



8

Figure 8. The calculated masses of all stars in our sample. The RGB stars are shown on the left in red, and the RC stars are
shown in blue on the right. The first row only plots the α-poor ([α/Fe] < 0.16) stars with calculated masses, and the bottom
row only plots the α-rich (α/Fe] > 0.16) stars. The black lines show the range of masses that were expected for stars with these
metallicities (Schonhut-Stasik et al. 2024).

than 0.1 M⊙ of material, which explains why our total

percentage of abnormal masses (27.7%) is on the low

end of the close binary fraction for low-metallicity stars

predicted in (Moe et al. 2019).

3.1.2. Mass Loss

Another notable feature of Figure 8 is that the distri-

bution of RC stars is skewed towards a lower mass than
the RGB stars. This likely reflects the mass loss that is

known to occur between the RGB and RC evolutionary

stages (Miglio et al. 2012; Tailo et al. 2022; Howell et al.

2022). This was further examined in Figure 9, where

lines were fit to the high-α stars (presumably a uni-

formly old population) from the lower plots in Figure

8. When the RGB and RC stars are fitted separately,

both with a second-degree polynomial, the masses seem

to diverge at lower metallicities. This indicates that

mass loss when evolving from the RGB to RC state is

metallicity-dependent, something that has been noted

previously (Tailo et al. 2022; Tayar et al. 2023). The

APOKASC data, although not included in the fit, is

shown to demonstrate that the lines fit to the masses

from this study appear to still correlate the data at

those higher metallicities.

Figure 9. The top figure shows two lines fitted to the
high-α stars from this set, with one fit to the RGB stars
and the other the RC stars. Both were fit with a second-
degree polynomial. The bottom plot shows the difference
between the red (RGB) and blue (RC) lines, with the mass
loss estimate for stars with metallicities above those used to
fit the lines ([M/H] > −0.5) are greyed out. The APOKASC
data is shown in smaller points.

3.2. Ages

To estimate the ages for each of our stars, we interpo-

lated a grid from Tayar et al. (2017), which had previ-
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ously been used to compute ages for asteroseismic stars.

This grid specifically accounts for α-element enhance-

ment and spans both the mass and metallicity range of

our sample. Because of the known issues with model

temperatures of low-metallicity, α-enhanced red giants

(Tayar et al. 2017).

The model considered the mass, log g, metallicity,

and [α/Fe] abundance for each star to calculate an age.

The asteroseismic masses (which were calculated as ex-

plained in Section 3.1) and asteroseismic log gs, (cal-

culated similarly to mass, but instead using Eqn. 3),

were considered along with the abundances and uncor-

rected temperatures from APOGEE. The mass loss cal-

culated in 3.1.2 was added back to the asteroseismic

masses of the red clump stars with a metallicity from

−1.2 <[M/H]< −0.5 before calculating an age.

Using this model grid, we were able to determine the

ages of 506 stars out of the 515 with an asteroseismic

mass. The results are shown in Figure 10 for all the

stars with ages < 15 Gyrs. It should be noted that the

ages of 28% of our sample were calculated as above 15

Gyrs, which is unrealistically older than the age of the

universe. These are included in the table and relevant

calculations, but are not depicted in the figure.

As expected, the distribution of the α-poor stars is

skewed towards younger ages than the α-rich stars,

which was expected based on Figure 8. All the figures

show a significant population of stars with ages < 8

Gyrs, which could be due to the binary interactions in-

flating a star’s mass, as discussed in Section 3.1.1, lead-

ing to a consistent fraction of stars appearing to have

younger ages than expected in each plot of Figure 10.

Focusing on the α-rich stars in the bottom two plots

of Figure 10, there are noticeable increases in the num-

ber of stars at ∼ 8 − 10 Gyrs, or close to the age of

the universe. This is more obvious in the RGB stars,

because, as we established in Figure 8, many RC stars

in this sample have a significantly high mass, leading to

lower ages, even before adding back the estimated mass

loss that was considered in age determination.

3.2.1. Young α-rich Stars

The increase in the number of α-rich stars with an age

of ∼ 5 Gyrs is abnormal, but has been documented in

other studies (Chiappini et al. 2015; Martig et al. 2015;

Grisoni, V. et al. 2024). Typically, a higher α abun-

dance indicates an older age, because the stars must

have been formed before elements generated by Type

Ia supernovae comprised a significant portion of the in-

terstellar medium (Burbidge et al. 1957; Timmes et al.

1995). Although populations of young α-rich stars are

well documented, their origin is unclear.

To investigate the cause of the young α-rich stars, the

kinematic and chemical properties of the high-α stars

with ages less than 8 Gyrs were checked. Some have

suggested that they may have a directional dependence

(Martig et al. 2015), but we did not observe that among

these stars. Additionally, we did not find any other sig-

nificant kinematic or chemical abnormalities shared by

the young α-rich stars.

This lack of consistency could indicate that the stars

appear “young” because they are binary mergers in-

stead. They occur at similar rates to what we would

expect from binaries (Patton et al. 2024). These results

are similar to Grisoni, V. et al. (2024), which, like this

study, observed larger parts of the galaxy than Martig

et al. (2015) and also found that “young” α-rich stars

did not have a directional dependence, suggesting that

they are binary mergers.

3.3. Abundances

3.3.1. [α/M]

The abundance ratios of our stars have been plot-

ted in Figure 11 to compare the abundances of these

low-metallicity stars to the other APOGEE DR17 stars

(Majewski et al. 2017). The dotted black line in the

top plot shows the cutoff between high- and low-α stars,

based on similar distinctions made in Mackereth et al.

(2019), Schonhut-Stasik et al. (2024), and Warfield et al.

(2024). The stars above the line tend to be older, which

is expected for high-α stars. The median for stars with

[α/Fe] > 0.16 is 10.8 Gyrs and below [α/Fe] < 0.16, it

is significantly lower, at 6.3 Gyrs.

3.3.2. [C/N]

Figure 12 shows the [C/N] ratio of the stars used for

this study compared to the stars in the APOKASC-3

DR17 catalogue (Pinsonneault et al. 2024), plotted over

mass. The [C/N] ratio is indicative of the strength of

a star’s first dredge up, as the elemental ratios change

due to the surface convective zone pulling up material

that has previously been processed by nuclear burning.

Therefore, there have been suggestions that this results

in a relationship between [C/N] and age that can be

used at low-metallicities in some cases (Toguchi-Tani

et al. 2024). However, this relationship has generally

been weaker for old, low-metallicity stars (Mackereth

et al. 2021), and it is expected that complexity includ-

ing initial abundances (Shetrone et al. 2019; Roberts

et al. 2024) and extra mixing (Tautvaǐsienė et al. 2010)

make age determination from a [C/N] ratio unlikely.

In both [C/N] plots, we see evidence of this when

comparing our low-metallicity red giants to the rest of

the APOKASC stars. They do not follow the same
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Figure 10. The derived ages of all stars in our sample, cut off at 15 Gyrs. The RGB stars are shown on the left in red, and
the RC stars are shown in blue on the right. The first row plots all of the stars with calculated ages, and the bottom row only
plots the α-rich stars. The ages are plotted in Gyrs. The dotted line at 8 Gyrs approximately represents the M = 1M⊙

line in Figure 8.

Figure 11. The α abundances of the stars plotted over
metallicity. The dotted black line separates the high- and
low-α stars. Each star with an age calculated in this study
has been colored according to its age. Stars with ages
above 15 Gyrs are included as the empty circles and all the
APOGEE stars are included as the smaller grey dots.

[C/N]-mass relationship, instead exhibiting significant

scatter. This scatter worsens when just looking at

the lower metallicities, suggesting that this difference is

metallicity-dependent, which matches results from pre-

vious studies (Shetrone et al. 2019; Bufanda et al. 2023).

Another interesting feature is that, in the [M/H]< −0.6

plot of Figure 12, the RGB stars clearly have the higher

average [C/N] ratio compared to the RC stars. This

difference in [C/N] between the evolutionary states is

Figure 12. The relationship between each star’s [C/N]
ratio and mass. The above plot shows this relationship for
stars from our set with metallicities > −0.6. The plot below
that shows this relationship for the most metal-poor stars
in our set ([M/H] < −0.6). Each plot shows the stars split
by their evolutionary state, with red representing the RGB
stars and blue the RC stars. The average error bars for each
set are drawn in the lower left of each plot.

expected; as stars in the RC phase have undergone ex-

tra mixing, studies have predicted that their [C/N] ra-

tios should be lower on average (Gratton et al. 2000;
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Figure 13. The [Mg/Mn] ratio of each star compared
to its [Al/Fe] abundance, a plot commonly used to estimate
the origin of stars in the Milky Way that have migrated from
nearby dwarf galaxies. This has been colored by age to dis-
play any relationships between that and the chemical abun-
dances. Ages above 15 Gyrs are shown as empty circles.
The lines are from Fernandes et al. (2023). The horizontal
line represents the division between high-α and low-α in-situ
stars. The left of the diagonal line is where stars from dwarf
galaxies that have merged with the Milky Way tend to re-
side. Therefore, they have been highlighted in blue and will
be in the following figures as well.

Shetrone et al. 2019). Additionally, the current masses

of RC stars are lower than their birth masses due to

mass loss. Together, these two effects shift stars down-

ward and to the left of the trend.

The lack of a strong relationship between [C/N] abun-

dance and mass, especially at lower metallicities, sug-

gests that [C/N] is unfortunately a flawed mass and age

indicator in this regime. In addition to the potential

binary concerns (Bufanda et al. 2023), the large scat-

ter and overall weak correlation in Fig 12 indicate that

[C/N] is not a simple age indicator for metal-poor stars.

3.3.3. [Mg/Mn] and [Al/Fe]

The relationship between [Mg/Mn] and [Al/Fe] can

be used to estimate the birthplaces of stars. This not

only differentiates the thin and thick disk stars, but can

also isolate stars born outside of our galaxy (Fernan-

des et al. 2022). If we have measured ages for stars

that possibly migrated from dwarf galaxies, then their

ages could reveal crucial information about their birth

galaxy’s evolution before it merged with the Milky Way.

In Figure 13, there are three distinct groupings of stars.

The [Mg/Mn] distribution is similar to the [α/M] distri-

bution; the median age of stars with a lower [Mg/Mn]

ratio (below the line in Figure 13) is 6.1 Gyrs and the

median of the stars above is 10.6 Gyrs.

The majority of our stars have abundances consistent

with in-situ formation, as we would expect (Fernandes

et al. 2022). However, we identify six stars with a chem-

ical composition suggesting they could have migrated

from dwarf galaxies. In the next section, we will con-

tinue to highlight these stars as we compare their kine-

matics to the other stars in our sample.

As for the rest of the set, only stars in the Milky Way

with [Al/Fe] > 0.0 and [Mg/Mn] > 0.2 are likely in-

situ high-α disk stars, with some contamination from

the Gaia Enceladus/Sausage system (GE/S) (Fernandes

et al. 2022). As we will show in Section 3.4, the angular

momentum (Lz) of the vast majority of the stars fall

far outside the expected range of Lzs for GE/S stars,

so they are likely part of the high-α disk. However, the

few stars with a lower [Al/Fe] abundance have larger Lzs

and could certainly be GE/S stars (Naidu et al. 2020).

3.4. Kinematics

In examining the kinematic properties of these stars,

we can confirm what we inferred about their origin in

Figure 13—determining if they are in situ thin or thick

disk stars, halo stars, or extragalactic stars. By identify-

ing stars with both kinematic and chemical evidence of

where they were born, one could use our ages for galac-

tic archeology to tell when those parts of the galaxy

were formed. In Figure 14, different kinematic proper-

ties of the stars are depicted, with the outliers from Fig-

ure 13 highlighted, and the stars colored by age. These

kinematics were derived using the positions and proper

motions from Gaia DR3 and the radial velocities from

APOGEE. The kinematic information was used to inte-

grate the orbit of every star using galpy (Bovy 2015),

giving us the results shown in Figure 14.

A Toomre diagram (top left of Figure 14) was made

of the stars to determine the disk positions of our sam-

ple and its correlation with age. The orbital velocities

of the stars suggest that most of our sample is spread

throughout the thin and thick disk, with 15 stars possi-

bly in the galactic halo (outside the second dotted circle)

(Venn et al. 2004). Stars in the innermost circle of the

Toomre diagram are estimated to be in situ thin disk

stars, and they have a median age of 9.7 Gyrs. The in

situ thick disk stars are in the next circle outward, and

their median age is also 9.7 Gyrs. The halo stars (in-

cluding all the stars outside the thin and thick disk) have

an older median age, as expected, at 10.2 Gyrs. Due to

upside-down formation, one would expect the ages to in-

crease further from the galactic disk (Bird et al. 2013),

but the top two plots of Figure 14 do not show more

than a slight correlation between the two. That said,

we may not be able to see a strong trend given the lim-
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Figure 14. The kinematics of all the stars and their respective ages. The stars with ages < 15 Gyrs are shown as empty
circles. The top left figure shows a Toomre diagram of the stars in our set. The stars within the innermost ring are likely in
the thin disk of the galaxy. Similarly, the stars between the first and second ring are probably in the thick disk, and those
between the second and third ring are in the halo. The top right plot shows the maximum distance from the galactic plane in
a star’s orbit compared to its distance from the galactic center. The bottom left plot shows the total orbital energy and the z
component of its angular momentum (Lz). The bottom right plot shows eccentricity and Galactic distance. The horizontal line
is from Naidu et al. (2020) and is used to define the GE/S stars, which are typically selected as stars with e > 0.7.

ited sample size as well as the limited range probed in

the Z direction.

Interestingly, the Toomre diagram shows that five out

of the six stars identified as outliers in Figure 13 are

in the Milky Way’s halo, which is consistent with them

being accreted from a dwarf galaxy (Naidu et al. 2020;

Fernandes et al. 2022). This idea is further explored in

the bottom two plots of Figure 14, which can be used

to identify the structure that the stars originated from

(Naidu et al. 2020). Three stars from Figure 13 stand

out in both plots, further indicating that they were ac-

creted by the Milky Way. GE/S stars with similar Etots

typically have an Lz ∼ 0, overlapping with in-situ stars

in that regime. Additionally, Naidu et al. (2020) defines

a e = 0.7 line that roughly divides the in-situ stars from

the GE/S stars, which all have high eccentricities, lead-

ing us to believe that those three stars, along with a

fourth star that was not highlighted in Figure 13, could

be GE/S stars. These stars and their ages, from left

to right on the eccentricity plot in Figure 14, are: TIC

393961551 (8.8 Gyr), TIC 310380331 (5.6 Gyr), TIC

219036800 (14.0 Gyr), and TIC 232983181 (8.8 Gyr).

4. CONCLUSION

Through this study, we have calculated the masses and

ages of 506 low-metallicity ([M/H] < −0.5) red giants

using asteroseismic analysis on observations from TESS.

Most of these stars lie in or near the TESS CVZs and

have at least 5 available sectors of data, covering a total

field of view that is roughly 12 times that of Kepler.

Low-metallicity stars are generally expected to be old

and therefore low-mass (0.8 − 1M⊙) (Schonhut-Stasik
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et al. 2024). We found that 34.6% of our calculated

masses are within that expected range, and 32.0% have

ages consistent with this picture (< 15 Gyrs and > 8

Gyrs). We suggest that the 20.0% of red giants with

masses above 1.1M⊙ are likely mergers or gained mass

that was transferred from a companion star. Similarly,

the 12.6% of stars with masses lower than 0.7M⊙ instead

presumably lost mass during binary interactions. We

also note that we seem to detect a metallicity-dependent

mass loss in the more evolved RC stars that increases at

lower metallicities.

When looking at the α-rich and RGB subsample

of these stars, which are expected to be old and

have more accurate asteroseismic parameter calcula-

tions, more stars have masses and ages within expec-

tations for metal-poor red giants (37.2% of the masses

and 55.0% of the ages) (Zinn et al. 2022). That said,

we do detect 17.3% of these α-rich RGB stars as over-

massive (> 1.1M⊙), consistent with other studies that

have also identified so-called young α-rich stars (Martig

et al. 2015; Chiappini et al. 2015; Grisoni et al. 2023;

Jofré et al. 2023). Physically, we find that this subset of

stars does not seem confined to one region in the galaxy,

and thus we tend to favor a binary explanation for this

subsample, although we cannot rule out a special birth-

place.

For our full sample, the mass and age estimates were

combined with known chemical and kinematic data to

determine where our population of stars fits into the

galaxy both chemically and physically. This opens the

door for galactic archaeologists to compare the data,

now including more accurate ages, to galactic models.

A star’s [α/Fe] abundance is expected to be a rough

age indicator, and we found that the average high-α

star is indeed older than the average low-α star’s age

(Schonhut-Stasik et al. 2024). We also note that the

correlation between [C/N] and age is quite weak in

this regime, as a combination of metallicity-dependent

birth abundances, extra mixing, binary interactions, and

mass loss impact their relationship (Shetrone et al. 2019;

Mackereth et al. 2021; Roberts et al. 2024).

We determined that most of the stars lie in the thin

and thick disk, leaving the remaining 16 as halo stars.

The expected correlation between lower masses and fur-

ther distances from the galactic plane is very weak in our

observations. However, this could be due to our small

sample size, which limits us to a portion of the Milky

Way that is too small to notice these wide-scale trends.

Six stars were outside the typical range for in-situ stars

when plotting [Mg/Mn] and [Al/Fe]. Five out of the six

were in the halo and had a high Zmax. Three of them,

and an additional fourth star, stood out when plotting

angular momentum (Lz) and eccentricity, suggesting

that they could belong to the Gaia Enceladus/Sausage

substructure of the Milky Way.

This is the first study to carefully determine and ver-

ify asteroseismic masses and ages for a large sample of

low-metallicity TESS stars. While we see many of the

expected trends in a global sense, there seem to be in-

teresting subpopulations that could be worthy of future

study, such as the high mass stars that could be binary

merger candidates and the possible GE/S stars.

By focusing on low-metallicity stars, we shine a light

on an interesting era when the galaxy was still form-

ing. We believe that these results encourage further as-

teroseismic study of metal-poor red giants from TESS.

As TESS continues to collect data, hundreds more low-

metallicity stars each year will meet the 5 sector thresh-

old of observations that were needed to complete the

asteroseismology of this study. These results, when com-

pared to galactic evolution models (Andrews et al. 2017;

Johnson et al. 2021; Lian et al. 2020), would help to

advance galactic archeology as we further explore the

galaxy at various stages of evolution.
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