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ABSTRACT

The Helmi streams are remnants of a dwarf galaxy that was accreted by the Milky Way and whose stars now

form a distinct kinematic and chemical substructure in the Galactic halo. Precisely age-dating these typically
faint stars of extragalactic origin has been notoriously difficult due to the limitations of using only spectroscopic
data, interferometry, or coarse asteroseismic measurements. Using observations from NASA’s Transiting Exo-
planet Survey Satellite, we report the detailed asteroseismic modeling of two of the brightest red giants within
the Helmi streams, HD 175305 and HD 128279. By modeling the individual oscillation mode frequencies and
the spectroscopic properties of both stars, we determine their fundamental properties including mass, radius,
and age (7). We report 7 = 11.2+ 1.6 Gyr for HD 175305 and 7 = 12.4 + 0.8 Gyr for HD 128279, consistent
with previously inferred star-formation histories for the Helmi streams and the differential chemical abundances
between the two stars. With precise ages for individual stream members, our results reinforce the hypothesis
that the Helmi streams’ progenitor must have existed at least 12 Gyr ago. Our results also highlight that the ages
of metal-poor, a-enhanced red giants can be severely underestimated when inferred using global asteroseismic

parameters instead of individual mode frequencies.

Keywords: asteroseismology - stars: solar-type - stars: oscillations - Galaxy: halo - Galaxy: formation

1. INTRODUCTION

The ACDM cosmological model predicts that our galaxy
has grown hierarchically through mergers with smaller satel-
lite galaxies (V. Springel et al. 2005). Observational evidence
supporting this scenario comes from the dynamics and com-
positions of the Milky Way’s halo-cluster system, as halo
star abundance patterns align with the idea that galaxies build
their stellar populations by accreting gas and already-formed
stars from lower-mass galaxies (L. Searle & R. Zinn 1978;
J. Bland-Hawthorn & P. R. Maloney 2002; P. Richter 2017).
The goal of Galactic archaeology is to build a time-resolved
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picture of the Milky Way’s formation, including its early
merger events. To that end, the Gaia mission ( Gaia Collab-
oration et al. 2016, 2018, 2021) has successfully enabled the
detection of kinematically distinct stellar-population struc-
tures within the Milky Way as evidence for both minor and
major mergers (e.g., C. J. Grillmair & J. L. Carlin 2016; A.
Helmi et al. 2018; A. Helmi 2020).

Even though stars accreted in the distant past have since
phase-mixed with the Milky Way’s stars, dispersing in po-
sition and velocity thus blending into the galaxy’s overall
stellar population, their structure remains preserved in the
space of integrals of motion (A. Helmi & P. T. de Zeeuw
2000; A. Helmi 2020; E. Dodd et al. 2023). By combin-
ing position and velocity measurements from Gaia with stel-
lar abundance data, it is possible to determine a star’s pro-
genitor. Progenior identification within the Gaia 6D sam-
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ple has already been carried out (e.g., H. Koppelman et al.
2018; A. M. Price-Whelan & A. Bonaca 2018), revealing
numerous structures in the stellar halo, including the Gaia-
Enceladus/Sausage which played a major role in forming the
Milky Way’s inner halo (A. Helmi et al. 2018, and references
therein). Both the Gaia-Enceladus Sausage (H. Koppelman
et al. 2018) and Sagitarrius streams (R. A. Ibata et al. 1994)
form large contributions to the Milky Way’s inner halo and
also influence the star formation history of the Milky Way (T.
Ruiz-Lara et al. 2020). The inclusion of individual elemental
abundance measurements reveals that individual streams may
have distinct chemical properties indicative of their progeni-
tors’ star formation history (e.g., I. U. Roederer et al. 2010;
R. P. Naidu et al. 2020; T. Ruiz-Lara et al. 2022b; T. Matsuno
et al. 2022; E. Dodd et al. 2023; D. Horta et al. 2023).

While the identification of stellar streams has been greatly
invigorated in recent years (A. Bonaca & A. M. Price-
Whelan 2025), the exact history of their merging into the
Galaxy remains highly uncertain. Traditional approaches for
determining the ages of stellar streams applied isochrone fit-
ting, which may be particularly uncertain for red giants (e.g.,
P. Das et al. 2020). The advent of asteroseismology as a tool
for Galactic archeology has provided new prospects for pre-
cisely age-dating stellar populations around the Milky Way,
including members of cold stellar streams.

Nearly all asteroseismic studies involving Galactic archae-
ology, however, rely on two ‘global’ measurements of the
time-resolved oscillation spectrum of low-mass red giants.
These are the large frequency spacing (Av) between succes-
sive radial modes and the frequency at maximum oscillation
power vimax (H. Kjeldsen & T. R. Bedding 1995; S. Basu &
W. J. Chaplin 2017). Because the quantity Ay scales approx-
imately with the square root of the stellar density while vpax
scales with the star’s surface gravity and temperature, they
provide unique constraints on red giant radii, masses, and
subsequently ages when combined with temperature mea-
surements.

However, there has been mounting evidence that the use
of global asteroseismic measurements for metal-poor stars
— including stars in stellar streams — significantly over-
estimates masses (and subsequently underestimates ages).
This discrepancy is not observed when individual oscillation
modes are fitted to stellar models, which remains the gold
standard for asteroseismic analyses (D. Huber et al. 2024).
Global asteroseismology has been applied to remnant stars
born in external galaxies (C. C. Borre et al. 2022) but to date,
detailed asteroseismic modeling has not yet been performed
for any star that is firmly established to be a member of a
stellar stream. The detailed asteroseismic modeling of vIndi
(W. J. Chaplin et al. 2020) provided an exemplary study for
age-dating Gaia-Enceladus merger, though the star is thought
to have been born locally within our Milky Way.
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In this work, we study two firmly established members of
the Helmi streams: red giants HD 175305 and HD 128279.
The Helmi streams are the remnants of a disrupted dwarf
galaxy with an estimated stellar mass of about 108 M, be-
lieved to have merged with the Milky Way approximately 5
to 8 Gyr ago (A. A. Kepley et al. 2007; H. Koppelman et al.
2018; R. P. Naidu et al. 2022; H. C. Woudenberg & A. Helmi
2024). Having many stream members within several kilopar-
secs to the Sun, the Helmi streams were among the earliest
kinematic substructures associated with an accretion event
(A. Helmi et al. 1999). It is this proximity which provides us
with the novel opportunity to perform the detailed asteroseis-
mic modeling of the two red giants, which are thought to be
of extragalactic origin.

We report the spectroscopic and asteroseismic data for the
two target stars in section 2 and describe our asteroseismic
modeling methods in section 3. The modeling results are
detailed in section 4 and implications of these results are dis-
cussed in section 5.

2. TARGET STARS

The spectroscopic and global asteroseismic properties of
the target stars, HD 175305 and HD 128279 are listed in Ta-
ble 1 along with the data sources. HD 175305 is a metal poor
([Fe/H] = -1.35) and moderately alpha-enhanced ([a/Fe] =
0.23) red giant star in the Transiting Exoplanet Survey Satel-
lite’s (TESS G. R. Ricker et al. 2015) Northern Continuous
Viewing Zone. It is also a Gaia-benchmark star, with its el-
emental abundances and fundamental properties studied ex-
tensively using spectroscopy (e.g., M. N. Ishigaki et al. 2012;

Abdurro’uf et al. 2022) and interferometry (I. Karovicova
et al. 2020; C. Soubiran et al. 2024). HD 128279 is also a red
giant star, but is located closer to the ecliptic. Compared to
HD 175305, HD 128279 is more metal poor ([Fe/H] =-2.17),
more alpha enhanced ([e/Fe] = 0.30), and less luminous. The
luminosity values we report for both HD 175305 and HD
128279 were calculated using the SED EXplorer spectral en-
ergy distribution fitting pipeline (SEDEX J. Yu et al. 2023).

2.1. Kinematics

Both HD 175305 and HD 128279 were first identified as
members of the Helmi streams using kinematic measure-
ments from the Hipparcos satellite (T. C. Beers et al. 2000;
M. Chiba & T. C. Beers 2000), forming part of a distinct clus-
tering in angular momentum (L, — L, ) space. These two stars
have maintained their stream membership in the presence of
more comprehensive 5-D and 6-D kinematic data from the
Gaia mission (H. H. Koppelman et al. 2019; S. S. Lovdal
et al. 2022; T. Ruiz-Lara et al. 2022b; E. Dodd et al. 2023).
To illustrate this, we present the kinematic signatures of the
two stars based on Gaia DR3 data in Figure 1. The left panel
shows the sample of kinematically selected Halo stars from
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Table 1. The stellar parameters of the target stars analyzed in this study, HD 175305 and HD 128279.

HD 175305 HD 128279
Value Source Value Source
TIC ID 335965870 TESS Input Catalog” 13727 TESS Input Catalog”
Gaia G Magnitude 6.96 Gaia DR3* 7.82 Gaia DR3*
Effective Temperature (K)  5036+200 M. N. Ishigaki et al. (2012) 5328 +200 M. N. Ishigaki et al. (2012)
Luminosity (Le) 33.1+£3.0 This work 11.1+1.7 This work
Parallax (mas) 6.41+0.01 Gaia DR3* 7.63+0.03 Gaia DR3*

[Fe/H] (dex)

-1.35+0.15 M. N. Ishigaki et al. (2012)

—2.17+£0.12 M. N. Ishigaki et al. (2012)

[a/Fe] (dex) 0.23+0.05 M. N. Ishigaki et al. (2012)  0.30+0.05 M. N. Ishigaki et al. (2012)
Av (uHz) 5.89+0.01 This work 15.87+0.05 This work
Vmax (UHZ) 52.17+0.37 This work 189.10+0.52 This work

“K. G. Stassun et al. (2019)
* Gaia Collaboration et al. (2021)

E. Dodd et al. (2023) in energy (E) - angular momentum (L)
space with E indicating the total orbital energy of the halo
stars (more bound orbits have more negative energies) and
L, representing the rotational component of the star’ orbit
about the galactic center. The right panel of Figure 1 shows
the same sample of stars in velocity space, V, is velocity out
of the plane of the galaxy while Vj is velocity in the direction
from the Sun to the galactic center. In both panels, the kine-
matics of HD 175305 and HD 128279 are consistent with
the identification of Helmi stream members by E. Dodd et al.
(2023) in blue.

H. C. Woudenberg & A. Helmi (2024) pointed out that the
collection of Helmi streams stars shown in Figure 1 and Fig-
ure 2 can be split into two separate clumps in (L,, L, ) space.
Figure 2 shows that HD 175305 (marked with a dark red
star symbol) is a member of the high-L, grouping while HD
128279 (marked with a purple star symbol) is a member of
the low-L; clump. HD 175305 and the other high-L, stars
have larger z-velocities (V values in the right panel of Fig-
ure 1). Within the high-L, clump within the Helmi streams,
previous work has identified a part of the Helmi streams that
is significantly less phased mixed, dubbed the subclump in
H. C. Woudenberg & A. Helmi (2024). We note that HD
175305 and HD 128279 are not identified as members of the
subclump.

2.2. Asteroseismic Mode Determination

The multiple sectors of TESS light curves for both our tar-
get stars were combined and corrected for systematics. The
light curve for HD 175305 was generated using the MIT
Quick-Look Pipeline (QLP; C. X. Huang et al. 2020a,b; M.
Kunimoto et al. 2021, 2022), which provides sufficient pre-
cision for observing giant star oscillations (M. Hon et al.
2021). We used QLP lightcurves from TESS sectors 14-26,
41, 47-51, 53-60, and 73-74 that were processed further us-
ing the PYTADACS (Python for Tess Astroseismic and Dy-
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nAmiC Studies) pipeline (Garcia et al. in prep). The pipeline
stitches together contiguous light curve segments spaced fur-
ther than 3 consecutive sectors apart and performs two it-
erations of o-clipping. The first iteration removes all flux
measurements deviating further than 100 of the light curve’s
mean flux, while the second iteration removes (from the orig-
inal light curve), flux measurements deviating further than
40 from the data smoothed with a median filter of 1-day
width. Next, the light curve is binned into a regular grid with
a 30-minute cadence using the nearest neighbor resampling
algorithm with the slotting principle (P. Broersen 2009), as
described in R. A. Garcia et al. 2014, 2024. Finally, the
light curve is high-pass filtered using a 5-day triangular fil-
ter. The effect of the gap removal prescription applied in the
lightcurve preparation we used was studied in L. Gonzalez-
Cuesta et al. (2023).

We used the lightcurve generated by the TESS Science
Processing Operations Center pipeline (SPOC; J. D. Twicken
et al. 2016; J. M. Jenkins 2017) for HD 128279. Though HD
175305 does not have SPOC light curves, we used SPOC data
for HD 128279 because they generally preserve flux variabil-
ity better for bright red giants (M. Hon et al. 2022).

The light curves of both target stars were analyzed for
stellar oscillations using the TACO (Tools for Automated
Characterization of Oscillations) code (N. Themefl et al.
2020). The global asteroseismic parameters, Av and vpgx,
we report for HD 175305 and HD 128279 in Table 1 were
calculated using TACO by first calculating a power density
spectrum (PSD) from the light curve, dividing out the back-
ground component from convective granulation and white
noise background, and finding the frequency of maximum os-
cillation power (vmax). We show the background-subtracted
power spectral density for HD 175305 and HD 128279 in the
left panels of Figure 3 and Figure 4 respectively.

Peaks are then identified from the PSD by applying a
Mexican-hat wavelet-transform based algorithm iteratively
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Figure 1. Black points show the kinematically selected Halo star sample from E. Dodd et al. (2023) in energy versus the L, space (left panel)
and V; versus Vx space (right panel). The blue points in both panels show the stars associated with the Helmi streams (E. Dodd et al. 2023).

3000 Helmi Streams Stars

HD 175305
HD 128279

%

2500

L, [kpc km/s|

T
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1500
L. [kpc km/s]

1000 2500

Figure 2. Black points show the kinematically selected Halo star
sample from E. Dodd et al. (2023) in L, versus the L, space (left).
The groupings of stars associated with the Helmi streams and our
target stars are marked with blue points and star symbols respec-
tively. HD 175305 (dark red star) and HD 128279 (purple star) are
members of the high L, and low L, clumps described in H. C.
Woudenberg & A. Helmi (2024) respectively.

to find resolved peaks, which are then fitted with Lorentzian
functions. The ¢ = 0 and £ = 2 modes are identified by using
the universal pattern for solar-like p-mode oscillations of the
same angular degree, vy, ¢m ~ Av(n, + g +¢€p), where Av is
the large frequency separation, €, is a phase term, and n,,
¢, and m are the p-mode radial order, angular degree, and
azimuthal order respectively (M. Tassoul 1980). Av is identi-
fied by TACO using the frequency spacing between consec-
utive radial (£ = 0) p-modes. For the peaks not identified as
¢ =0 or ¢ =2 modes, TACO identifies them as dipole modes
(¢ =1). The mode frequencies, mode frequency errors, and
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angular degrees for HD 175305 and HD 128279 are reported
in Table 2 and Table 3 respectively. The dipole (£ = 1) errors
determined by TACO for HD 175305 were multiplied by 10
before being used in our modeling since the errors directly
from TACO for the HD 175305 dipole modes were a tenth
of the errors on the radial and quadrupole modes. Note that
the mode frequencies were corrected for stellar line-of-sight
Doppler velocity shifts following G. R. Davies et al. (2014)
using radial velocities from GAIA DR3 (-184.08+0.12 km/s
for HD 175305 and -75.68+0.14 km/s for HD 128279, Gaia
Collaboration et al. 2021).

The mode frequencies are visualized using frequency
échelle diagrams in the right panels of Figure 3 and Fig-
ure 4 for HD 175305 and HD 128279 respectively. The back-
ground power échelle diagrams are constructed following G.
Grec et al. (1983), by splitting a star’s oscillation power spec-
trum into chunks of width Av, then stacking these chunks in
order of increasing frequency. The lower Ay value and denser
dipole £ = 1 mode spectrum in HD 175305’s échelle diagram
indicates that HD 175305 is more evolved compared with
HD 128279, although the presence of excess dipole modes
compared with the number expected from the the p-mode
asymptotic relation confirm that both stars are evolved. We
further discuss the evolutionary state of HD 175305 in sub-
section 5.4.

3. ASTEROSEISMIC OPTIMIZATION

In our modeling of HD 175305 and HD 128279, we used
the effective temperature, [Fe/H], and [a/Fe] measurements
from M. N. Ishigaki et al. (2012) listed in Table 1 along with
luminosities and the individual oscillation mode frequencies
tabulated in Table 2 and Table 3. The asteroseismic optimiza-
tion pipeline developed for this project employs the stellar
evolution code MESA (Modules for Experiments in Stellar
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Figure 3. HD 175305 background-subtracted power spectral density (left) and power échelle plot (right). The markers in the power échelle
plot show the observed mode frequencies determined using TACO (N. Themefl et al. 2020).
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Figure 4. HD 128279 Background-subtracted power spectral density (left) and power échelle plot (right). The markers in the power échelle
plot show the observed mode frequencies determined using TACO (N. Themefl et al. 2020).

Astrophysics B. Paxton et al. 2011, 2013, 2015, 2018, 2019;
A. S. Jermyn et al. 2023) and the differential evolution algo-
rithm implemented in P. R. Mier (2017) in order to perform
on-the-fly stellar modeling and find stellar model parameters
that minimize a cost function taking into account the models’
match to the spectroscopic and asteroseismic observables.
The parameters we vary are initial mass (M, initial helium
mass fraction Yy, initial metallicity ([Fe/Hp]), and convec-
tive mixing length (). Using yabox allows for derivative-
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free minimization of a cost function, which is evaluated for
different combinations of the initial mass, metal abundance,
helium abundance and convective mixing length in the steps
detailed in Appendix A. The model cost function is similar
to that defined in C. J. Lindsay et al. (2024) and incorporates
the fit to the spectroscopic observables as well as the fit be-
tween the surface corrected model mode frequencies and the
observed frequencies (W. H. Ball & L. Gizon 2014) and the
magnitude of the surface correction (Y. Li et al. 2023). The
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Table 2. Observed Mode Frequencies for HD 175305 determined
using the Tools for Automated Characterization of Oscillations
(TACO) Code (N. ThemeBl et al. 2020).

Angular Degree (£) Frequency (uHz) Error (uHz)
2 40.67 0.02
0 41.60 0.02
1 44.50 0.04
1 44.57 0.02
1 44.69 0.01
2 46.50 0.04
0 47.42 0.01
1 50.51 0.02
2 5243 0.04
0 53.25 0.01
1 56.19 0.01
1 56.38 0.01
1 56.74 0.03
1 57.11 0.01
2 58.28 0.04
0 59.15 0.03

Table 3. Observed Mode Frequencies for HD 128279 determined
using TACO.

Angular Degree (£) Frequency (uHz)  Error (uHz)
1 168.72 0.20
1 171.81 0.11
2 174.63 0.02
0 176.92 0.10
1 184.10 0.08
1 185.62 0.06
2 191.07 0.22
0 192.69 0.05
1 199.78 0.21
1 201.42 0.05
2 207.00 0.14
0 208.78 0.13
1 216.32 0.07
2 222.53 0.08
0 225.39 0.06
1 233.15 0.06

magnitude of the surface correction is downweighted com-
pared to the other components of the cost function and was
only taken into account in order to downweight models with
very large surface corrections. We note that our analysis and
the work of Y. Li et al. (2023) used differet versions of MESA
but the same atmospheric boundry condition.
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The minimization process continues for a set number of
iterations (40 iterations, 840 cost function evaluations) and
the minimum output of the cost function through all the eval-
uations is taken as the best-fit track, with the model corre-
sponding to the minimum thota] value along the track being
the best-fit model. The number of iterations was chosed
based on the number of iterations needed to The age of
the universe (Typiverse = 13.8 Gyr) was not explicitly used
as a cutoff in the MESA evolution, however an age prior
is still enforced through our adopted lower bound in stellar
mass of M > 0.75Mg. Many models with M < 0.77Mg have
T > Typiverse ON the red giant branch for the metallicities, lu-
minosities, and temperatures that we adopt for the modeling.
Therefore, there are some model tracks calculated along the
optimization where the best fit model has an age greater than
Tuniverse NOWever, we find that the overall best fit models for
both HD 128279 and HD 175305 are younger than Typiverse-

4. RESULTS

The best fit model parameters generated by our optimiza-
tion procedure are reported in Table 4. The errors of each
model parameter are determined by taking the likelihood
weighted standard deviation of each parameter. This involves
first taking the best fit model from each cost function itera-
tion track (840 in total) and multiplying the model param-
eter value (P) by the model weight (Wpodel), given by the
likelihood divided by the sampling density function from the
optimization track,

Ltotal

Z Ltotal

where thotal is defined in Appendix A and p(P) is the Ker-
nel Density Estimation based estimate of the local sampling
density at that particular parameter value.

The likelihood weighted parameter values (P X Wiodel) are
then summed to obtain the likelihood weighted mean param-
eter value (PLikelihood Weighted) and the likelihood weighted
standard deviation of each parameter is calculated as

. 1
Winodel = , With Lital = exp(—gxfmo/p(m. (1)

O parameter = \/ Z Winodel * (P — PLikelihood Weighted)z- ()

To visualize the fit between the observations from M. N.
Ishigaki et al. (2012) and the best-fit model spectroscopic pa-
rameters, the evolutionary track for the best fit models for
HD 175305 and HD 128279 are shown in the left panels of
Figure 5 and Figure 6 respectively. The background tracks in
both HR-diagram panels show all the evolutionary tracks cal-
culated over the course of the optimization process detailed
in section 3. As apparent in the left-hand panels of Figure 5
and Figure 6, the best fit models’ effective temperatures and
luminosities agree within 1o~ with the observations. We note
that for both HD 175305 and HD 128279, the best fit models’
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Table 4. Asteroseismic optimization modeling results for HD 128279 and HD 175305. The parameter values represent the best-fit model’s
mass, age, radius, initial helium abundance, mixing length, effective temperature, luminosity, and iron abundance. The parameter errors are
determined by finding the likelihood weighted standard deviation of each parameter.

Target Mass [Mg] Age [Gyr] Radius [Ro] Yo Uit Teg [K]  Luminosity [Le] [Fe/H]
HD 175305 0.80+0.02 11.2+1.6 7.32+0.07 0.26+0.01 1.81+0.11 5137+85 33.64+2.45 -1.44+0.14
HD 128279 0.78+0.02 12.4+0.8 3.80+0.03 0.25+0.01 190+0.04 5443+13 11.45+0.24 -2.32+0.1
50 60.0
@ HD 175305 Observed e ° o O (=0
-==- Best-Fit Model Track 575 &Y o (=1
% Best Fit Model o~ a O (=2
. ©®  Uncorrected
55.0 @ Corrected
— @°
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Figure 5. HD 175305 best fit model evolutionary track shown on a HR diagram (dashed line, left panel). The background evolutionary tracks
on the HR diagram show the other evolutionary track calculated during the optimization process while the point with error bars display the HD
175305 observations from M. N. Ishigaki et al. (2012). The right panel frequency échelle diagram shows the best fit surface-corrected model
oscillation modes in blue, matching the observed modes shown as open symbols. The red points show the best-fit model’s non-surface-corrected

modes.

are slightly hotter, more luminous, and more metal poor com-
pared with the observations from M. N. Ishigaki et al. (2012).
The best fit model [Fe/H] for HD 175305 ([Fe/H]pest it =
-1.44) is lower than the observed value ([Fe/H]opserved = -
1.35) though the best fit model [Fe/H] value is within 1o of
the observed value from M. N. Ishigaki et al. (2012). The
best fit model [Fe/H] for HD 128279 ([Fe/H]pest fit = -2.32)
is also lower than the observed value ([Fe/H]observed = -2.17),
by slightly more than 1o

The right panels of Figure 5 and Figure 6 show the best fit
models’ oscillation mode frequencies (filled symbols) com-
pared with the observed mode frequencies (open symbols)
determined in this work and listed in Table 2 and Table 3 for
HD 175305 and HD 128279 respectively. The red symbols
show the uncorrected model mode frequencies directly from
the stellar oscillation code GYRE (R. H. D. Townsend &
S. A. Teitler 2013), while the blue symbols show the surface-
term-corrected frequencies, which are compared with the ob-
served mode frequencies using the two term correction from
W. H. Ball & L. Gizon (2014) (see Appendix A).
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5. DISCUSSION
5.1. The Star Formation History of the Helmi Streams

The asteroseismic best-fit age for HD 175305 is 11.2+1.3
Gyr while the asteroseimic best-fit age for HD 128279 is
about 1 Gyr older, at 12.4 +0.8 Gyr. The difference in
ages is reflected in differences in chemical abundances. The
older star, HD 128279, is more metal poor ([Fe/H] = -2.32)
and more alpha enhanced ([@/Fe] = 0.3) compared with the
younger star, HD 175305, with [Fe/H] = -1.44 and [a/Fe]
= 0.23. This is broadly consistent with known chemical
enrichment trends for galaxies and the Milky Way’s stellar
halo, which state that older populations of stars are more
metal poor and alpha enhanced. Older stars are born from
material mainly enhanced from core-collapse Type II super-
novae, which enrich the interstellar medium with a-elements
in higher concentrations compared with later-occurring Type
Ia supernovae (B. M. Tinsley 1979; 1. U. Roederer et al.
2010). The Helmi streams stars are known to have a large
spread in metallicities, which indicates an extended star for-
mation history by the progenitor (H. H. Koppelman et al.
2019; R. P. Naidu et al. 2020; T. Ruiz-Lara et al. 2022b).
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Figure 6. Same as Figure 5 but showing the best fit model for HD 128279.

The best-fit model ages we determine for these Helmi
streams members using detailed asteroseismology are consis-
tent with the formation scenario where the progenitor of the
Helmi streams was a dwarf galaxy which formed a significant
portion of its stars approximately 11-13 billion years ago. In
particular, H. H. Koppelman et al. (2019) showed through fit-
ting isochrones to the population of Helmi streams stars that
there is a broad spread in metallicity (—2.3 < [Fe/H] < —1.0)
and age (11 Gyr < age < 13 Gyr), consistent with the metal-
licity and age difference we find between HD 175305 and
HD 128279. The agreement between the results of H. H.
Koppelman et al. (2019), which compared spectroscopic ob-
servations to isochrones calculated using the PARSEC stellar
evolution code (A. Bressan et al. 2012), and our asteroseis-
mic results, which were determined using MESA (B. Paxton
et al. 2011), shows that broadly, the ages determined for stars
in the Helmi streams are generally consistant between these
different methods of analysis.

Additionally, based on the color-magnitude diagram
(CMD) fitting carried out in T. Ruiz-Lara et al. (2022a), the
asteroseismic ages of HD 175305 and HD 128279 match a
burst of star formation in the star formation history of the pro-
genitor of the Helmi streams (the CMD fitting methodology
is described in C. Gallart et al. 2024). Figure 7 shows that
the best fit ages we derive for HD 175305 and HD 128279
(vertical lines in the top panel of Figure 7) match a period of
high star formation rate calculated based on the most strin-
gent membership cuts from T. Ruiz-Lara et al. (2022a). The
black curve shows the star formation history of the HelmiC
subset of stars from T. Ruiz-Lara et al. (2022a) while the red
curve shows the star formation history of the HelmiA* sub-
set. The HelmiA* cut is the most selective, determined by
assigning line-of-sight velocities to each star in the broader
HelmiA subset from T. Ruiz-Lara et al. (2022a) based on the
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closest star in phase space from the Gaia 6D halo sample.
Then only stars with integrals of motion (L, L, , and Energy)
consistant with belonging to the Helmi streams (following
S. S. Lovdal et al. (2022) and E. Dodd et al. (2023)) are kept
in the Helmi A* subset, ensuring 100% purity. The bottom
panel of Figure 7 shows the cumulative metallicity distribu-
tion of the same samples of stars from T. Ruiz-Lara et al.
(2022a). We find that the best fit [Fe/H] values we determine
for HD 175305 and HD 128279 are also consistent with the
cumulative metallicity distribution derived in T. Ruiz-Lara
et al. (2022a) (see the bottom panel of Figure 7).

Figure 8 shows the normalized star formation rate in the
age-[Fe/H] plane based on the HelmiA* membership cut
from T. Ruiz-Lara et al. (2022a). The normalized star for-
mation rate is shown using a log scale along with the as-
teroseismic best fit stellar ages and [Fe/H], marked with
stars. Figure 8 demonstrates that detailed asteroseismic mod-
eling produces stellar ages consistent with the CMD-derived
Helmi streams star formation history. HD 175305 lies di-
rectly within the region of strongest star formation [Fe/H] =
-1.44 and age = 11.2 Gyr. HD 128279 is older and more
metal poor ([Fe/H] = -2.32 and age = 12.4 Gyr) and there-
fore lies in the old, low metallicity tail of star formation in
the age-[Fe/H] plane.

5.2. Prospects for Characterizing the Helmi Streams’
Progenitor

With precise asteroseismic ages for more stream members
in future work, we may begin to interpret the evolution of
chemical trends across stream members. Previous spectro-
scopic studies of Helmi streams stars have pointed out that
the stream members show a wide range in metallicity but
lower a-enhancement, as well as a tighter star-to-star range
in @-enhancement compared with the rest of the Milky Way
halo (I. U. Roederer et al. 2010; M. Gull et al. 2021; T. Mat-
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Figure 7. The top panel shows the normalized star formation rate
versus look back time results from T. Ruiz-Lara et al. (2022a) for
their 100% purity HelmiA* subsample (red curve) and 14% purity
HelmiC subsample (black curve). The bottom panel shows the cu-
mulative metallicity distribution function of the same Helmi streams
subsamples. The thick dark red and purple vertical lines show the
best fit HD 175305 and HD 128279 asteroseismic ages and [Fe/H]
values in the top and bottom panels respectively, while the faint lines
show the associated errors (see Table 4).

suno et al. 2022; D. Horta et al. 2023). These trends are in-
dicative of complex star formation histories in the progenitor
dwarf galaxy (T. Matsuno et al. 2022). In particular, D. Horta
et al. (2023) found evidence that the [Mg/Fe] versus [Fe/H]
gradient experiences a transition at a pivotal value of [Fe/H]
~ 1.5 dex at which the slope becomes shallower at higher
metallicities. HD 175305 and HD 128279 both populate re-
gions close to this transition. Though we only have two stars
with ages determined, the asteroseismology of more stream
stars will allow us to piece together the unique chemical his-
tory of the Helmi stream more coherently.

There are multiple potential explanations for the different
[a/Fe] trends between Helmi streams stars and halo stars, in-
cluding potential early events in the Helmi streams progeni-
tor which enriched it with rapid neutron-capture process (r-
process) elements (M. Gull et al. 2021) and the idea that the
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Figure 8. Normalized star formation rate in the age-[Fe/H] plane
taken from the color magnitude diagram analysis of the HelmiA*
sample in T. Ruiz-Lara et al. (2022a) plotted on a log scale. The
star symbols show the detailed asteroseismic modeling best fit age
and [Fe/H] results for HD 175305 and HD 128279.

low value of [@/Fe] is due to low star-formation efficiency
at early times with bursts of star formation happening later
(T. Matsuno et al. 2022). D. Horta et al. (2023) found that
the evolution of the magnesium (an @-element) abundance
as a function of [Fe/H] also indicates a burst of star forma-
tion, as their best fit for their sample of Helmi streams stars
indicate an ‘inverted knee’, where the slope of the magne-
sium to iron abundance relationship becomes less negative
at higher metallicities. Our results for HD 175305 and HD
128279 show that the older and lower metallicity star (HD
128279) is more enriched in a-elements including magne-
sium (M. N. Ishigaki et al. 2012). With the new precise as-
teroseismic ages, it is possible to begin to measure the [a/Fe]
evolution over the history of the Helmi streams progenitor,
both in [Fe/H] and time. Though with only two stars with
detailed asteroseismic ages, any detailed [a/Fe]-age relation-
ship results are still uncertain.

The Helmi streams have been long studied for the pres-
ence of heavy element enrichment within its members (e.g.,
I. U. Roederer et al. 2010; G. Limberg et al. 2021). These
are typically r-process elements like Europium, whose en-
richment within stream members provide important clues to
the presence of cataclysmic events like neutron star mergers
or faster-acting magnetorotational supernovae within the pro-
genitor dwarf galaxy. Determining the enrichment pathway
between these two scenarios is necessary for reconstructing
the star formation history of small galaxies, understanding
their chemical evolution, determining neutron star merger de-
lay times, and studying heavy element production on a wider
scale.
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From the measurements of europium and barium from I. U.
Roederer et al. (2010), HD 175305 is r-process enhanced (-
I, A. Frebel (2018)) while HD 128279 is not r-process en-
hanced. This could indicate that some r-process enhance-
ment mechanisms in the progenitor of the Helmi streams
turned on between the birth of HD 128279 and HD 175305,
although the two stars may have been born in different parts
of the dwarf galaxy with different r-process enrichment lev-
els. The abundances of r-process elements such as Thorium
are used to determine cosmo-chronometric ages of r-process
enhanced stars (H. R. Butcher 1987; R. Cayrel et al. 2001;
A. Frebel & K.-L. Kratz 2009) but when applying these tech-
niques to HD 175305, M. Gull et al. (2021) derived an age
of 0.5 Gyr, much younger than expected for a low mass giant
star in a stellar stream. The determination of precise astero-
seismic ages for r-process enhanced stars like HD 17530 pro-
vides a novel opportunity to calibrate cosmo-chronometric
ages.

5.3. Implications for the Use of Global Asteroseismology

Although the masses and radii of tens of thousands of gi-
ant stars have been determined using the asteroseismic scal-
ing relations for viax (Vmax gT;;/ 2, H. Kjeldsen & T. R.
Bedding 1995) and Av (Av < 4/p, T. M. Brown et al. 1991).
T. Li et al. (2022) found systematic offsets between the in-
ferred masses and radii determined using the global astero-
seismic parameters and the model solutions established us-
ing radial (£ = 0) mode asteroseismology. Currently, only a
few stars in the low-metallicity regime have been studied in
detail using non-radial mode frequencies (W. J. Chaplin et al.
2020; D. Huber et al. 2024). Using these scaling relations as-
sumes that the structures of giant stars are homologous with
respect to the Sun, which is not strictly true, especially as
the scaling relations do not account for metallicity variances
and evolutionary state. Additional verification is needed to
assess the accuracy and reliability of scaling-relation derived
masses and radii for low-metallicity evolved stars.

Table 5.  Detailed asteroseismic modeling results for HD
128279 and HD 175305 compared with the results from Asf-
grid/modelflows (M. Hon et al. 2024), which use global astero-
seismic parameters.

HD 175305 HD 128279

Detailed Global Detailed Global
Mass (Mo)  0.80+£0.02 0.92*093  0.78+0.02 1.06%%
Radius (Rp) 7.32+0.06 7.69*00¢ 3.80+0.03 4.27+0%
Age(Gyn)  112£13 873102 124+08 4.42% )22

In order to study how our detailed asteroseismic model-
ing results for HD 175305 and HD 128279 compare with
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global asteroseismic, we use Asfgrid (S. Sharma et al. 2016;
D. Stello & S. Sharma 2022) to find masses and radii for our
target stars based on the observed spectroscopic and global
asteroseismic parameters. For each star, their observed Teg,
[Fe/H], vmax, and Av (see Table 1) are used as inputs to
modelflows (M. Hon et al. 2024), which interpolates the
Asfgrid grid of models by emulation using a neural network.
The mass, radius, and age Asfgrid results for HD 175305
and HD 128279 are shown with corner plots in Figure 9 and
Figure 10 and listed along with the best-fit results in Table 5.
The grid-based parameter errors in Table 5 are the 16th, 50th,
and 84th mass, radius, and age percentiles from the Asfgrid
samples shown in figures Figure 9 and Figure 10. The best
fit results from our detailed modeling are shown with black
points and lines in each panel of Figure 9 and Figure 10. We
note that the TACO-derived Av values for HD 175305 and
HD 128279 were multiplied by 1.0109 before inputting them
into modelflows to account for the difference between the
observed Av and the frequency separation determined from
non-surface-term-corrected models (L. S. Viani et al. 2018).
Since the stellar modeling codes used in this work and in
L. S. Viani et al. (2018) are not the same, we also tested the
uncorrected Ay value to confirm our results remain consistant
with and without the Ay correction.

Even though Asfgrid applies correction factors to the Ay
scaling relation, we find that the asteroseismic masses deter-
mined using the scaling relations are significantly higher than
the best-fit masses we found using individual ¢ = 0,1, and 2
mode frequencies (Table 5). This trend agrees with previ-
ous work which found that stellar masses determined using
the scaling relations were overestimated for metal-poor red
giants (e.g. C. R. Epstein et al. 2014). The agreement be-
tween the global asteroseismic mass and the mass obtained
using individual mode frequencies is worse for HD 127289,
which may indicate the mass discrepancy expands with lower
metallicity and higher a-enhancement.

Mirroring the results for global asteroseismic stellar mass
determinations, the lower right histogram panels of Figure 9
and Figure 10 show that the global asteroseismic stellar age
results determined using Asfgrid are underestimated com-
pared with the results from detailed asteroseismic model-
ing using individual mode frequencies. The best-fit model
age for HD 175305 is about 20 larger compared with the
age from global asteroseismology, while the best-fit model
age for HD 128279 is much older (almost 100-) compared
with the age from global asteroseismology, which is approx-
imately equal to the solar age. The discrepancies between
the masses and ages determined for HD 128279 are much
larger compared with the discrepancies between the masses
and ages determined for HD 175305, potentially indicating
that lower metallicity, more a-element enhanced stars like
HD 128279 suffer more from errors involved with leveraging
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Figure 9. Asfgrid global asteroseismic results for the stellar mass, radius, and age of HD 175305 compared with the detailed asteroseismic
optimization results. The blue points, histograms, and contours show the distribution of Asfgrid samples while the dark red points, histograms,
and contours show the distribution of masses, radii, and ages for the best-fit model from each of the evolutionary tracks calculated as part of
the optimization procedure. The black points and vertical lines in each plot show the results from the asteroseismic optimization procedure
(Table 4). The vertical gold lines in the radius histogram show the interferometric radius for HD 175305 (R = 8.2+ 0.11Ry) reported in 1.

Karovicova et al. (2020).

the global asteroseismic scaling relations, however detailed
asteroseismic analyses of more stars with varying metallici-
ties and a-abundances is needed to determine the scope and
origin of the problem.

J. Schonhut-Stasik et al. (2024) present a catalog com-
bining APOGEE spectra data and K2 asteroseismic data for
7500 evolved stars, including a large population of low-
metallicity stars. As we find in this work, J. Schonhut-Stasik
et al. (2024) found that the asteroseismic masses determined
for low metallicity stars using global asteroseismology were
significantly larger than astrophysical estimates. J. Schonhut-
Stasik et al. (2024) argued this effect may be due to off-
sets in the adopted fundamental temperature scale for metal
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poor stars (J. I. Gonzédlez Herndndez & P. Bonifacio 2009)
rather than metallicity-dependent issues with the asteroseis-
mic scaling relations However, we note that we did not use
the APOGEE effective temperatures in our detailed or global
asteroseismic modeling, but still find the the masses deter-
mined using global asteroseismology are much larger than
masses determined using detailed asteroseismology.

The high mass, young age global asteroseismic results
are also discrepant with color-magnitude diagram analysis.
We compare the detailed and global asteroseismic results to
the color-magnitude diagram fitting analysis of T. Ruiz-Lara
et al. (2022a) in Figure 11. The younger grid based ages
shown with squares in Figure 11 are less accordant with the
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Figure 10. Asfgrid global asteroseismic results for the stellar mass, radius, and age of HD 128279 compared with the detailed asteroseismic
optimization results. The orange points, histograms, and contours show the distribution of Asfgrid samples while the purple points, histograms,
and contours show the distribution of masses, radii, and ages for the best-fit model from each of the evolutionary tracks calculated as part of
the optimization procedure. The black points and vertical lines in each plot show the results from the asteroseismic optimization procedure

(Table 4).

areas of high star formation. Additionally, the old ages we
derive using detailed asteroseismology for the Helmi streams
members are consistent with the idea that star formation was
quenched once the progenitor dwarf galaxy merged with the
Milky Way approximately 5-8 Gyr ago (H. Koppelman et al.
2018; T. Ruiz-Lara et al. 2022a; R. P. Naidu et al. 2022) while
the young age grid based modeling without using individual
mode frequencies produces for HD 128279 is inconsistent
with this quenching theory.

We also find that the radii determined using global aster-
oseismic analysis are significantly larger than the radii of
the best fit models we determined for HD 175305 and HD
128279. Using the SEDEX pipeline (J. Yu et al. 2023),
we found that spectral energy distribution based radii results
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for both HD 175305 (Rsgp = 7.6 +0.7Rp) and HD 128279
(Rsep = 3.9 +0.4Ry) are consistent to 1o~ with both the de-
tailed and global asteroseismic radii listed in Table 5.
CHARA array interferometry of HD 175305 (I. Karovi-
cova et al. 2020) measured the star’s radius to be 8.2 +
0.11Rg, many o larger than the radii determined using either
detailed or global asteroseismology (Figure 9). The interfer-
ometric radius of HD 175305 is also larger than the radius de-
termined using SED fitting. Previous studies have found that
stellar radii calculated using the global asteroseismic scaling
relations agree with radii determined using interferometry to
within ~ 5% (e.g. D. Huber et al. 2012) though seismic radii
being systematically smaller than the photospheric radius is
a known problem for the Sun (M. Takata & D. O. Gough
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Figure 11. Normalized star formation rate in the age-[Fe/H] plane
taken from the color magnitude diagram analysis of the HelmiA*
sample in T. Ruiz-Lara et al. (2022a) plotted on a log scale. The
symbols now show show that the detailed asteroseismic best fit op-
timization results for HD 175305 and HD 128279 (star symbols)
agree better with the results from T. Ruiz-Lara et al. (2022a) com-
pared with the grid based results (shown with square symbols) com-
puted using only the global asteroseismic parameters (see Table 5).

2024). Recent detailed modeling work also found that aster-
oseismic radius of HD 219134 is significantly smaller than
the interferometric radius (Y. Li et al. 2025). Our findings
are similar to those of Y. Li et al. (2025) as we determine
a best-fit model whose oscillation modes match the observed
modes but whose radius is significantly smaller than radii de-
termined using interferometry. A. L. Ash et al. (2025) found
that different methods of determining correction factors used
in the Av scaling relation cause differences in the asteroseis-
mic scaling relation derived radii for luminous red giants.
Thus, different implementations of a Av scaling relation cor-
rection may explain the discrepancy between the scaling re-
lation derived radius for HD 175305 and the interferometric
radius. However, the discrepancy between the best-fit model
radius and the interferometric radius is likely due to the fact
that matching surface corrected model mode frequencies to
observed oscillations does well at modeling the deep internal
structure but not the near-surface layers. Improved agree-
ment between asteroseismic model radii and interferometric
radii will rely on better models for the atmosphere of stars
and new treatments for correcting stellar model oscillation
frequencies for near-surface effects. We also note that the
effective temperature of HD 175305 determined using inter-
ferometry (Teg =4850+ 118 K 1. Karovicova et al. 2020) was
significantly lower than the temperature we employed in our
modeling. In this work we used the effective temperature
from M. N. Ishigaki et al. (2012) in order to stay consistant
between our modelling for both HD 175305, where interfer-
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rometric data is avaliable, and HD 128279, where interferro-
metric data is not avaliable.

5.4. Potential Constraints from Gravity Mode Period
Spacings

Thus far, we have assumed that HD 175305 and HD
128279 are stars on their first ascent up the red giant branch,
such that they are burning hydrogen in a shell around an inert
helium core. This assumption is made based on the two stars’
kinematic membership in the relatively old Helmi streams
structure and its low metallicity. In this section, we exam-
ine the assumption that HD 175305 and HD 128279 are first
ascent red giant branch stars by examining the stars’ gravity
mode (g-mode) period spacing (All,). This quantity refers to
the asymptotic period spacing between consecutive g-modes
of the same spherical degree ¢ and probes the core region of
giant stars as its value depends on the buoyancy frequency
profile in the core,

27

N -1
NG (f 7dr)

where N is the Brunt—Viisili, r is the radius coordinate, and
¢ is the angular degree.

Measurements of All,-; are especially valuable for deter-
mining the evolutionary state and ages of red giants. Larger
values of Ally-; indicate a less compact core and are gen-
erally representative of core-Helium burning giants, while
hydrogen-shell burning giants tend to have more compact,
degenerate cores the lead to smaller All,—; (T. R. Bedding
et al. 2011). The boundary between these two evolution-
ary phases is clearly defined for low-mass (M < 1.2M) red
giant branch stars, whereby those with All,=; < 100s are
hydrogen-shell burning and those higher AIl,-; are core-
helium burning stars (B. Mosser et al. 2015; M. Vrard et al.
2016; J. S. Kuszlewicz et al. 2023). Beyond a determination
of evolutionary phase, All,=; may also provide an additional
asteroseismic constraint to include in stellar modeling.

We attempted to use the peakbagging tools PBJam/reggae
(M. B. Nielsen et al. 2021; J. Ong et al. 2024) to derive All,=;
from the power spectra of HD 175305, but were unable to do
so with a high degree of confidence assuming HD 175305
is a first-ascent giant. This is due to the unavailability of a
suitable Bayesian prior from PBJam/reggae due to a combi-
nation of the low-metallicity and advanced evolutionary state
of HD 175305. Therefore, we cannot definatively rule out
HD 175305 being a core Helium burning star based solely on
the asteroseismic data. If HD 175305 was a helium burning
star, it would be much younger, unless it reached its current
structure through a mass transfer or merger event earlier in
its evolutionary history (N. Z. Rui & J. Fuller 2021). In this
scenario, HD 175305 would appear younger than its true age,
even when analyzed using asteroseismic techniques. The ori-
gins of young a-rich stars have been studied in recent years

Allp = 3)
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through a combination of asteroseismic and spectroscopic
techniques and binary interactions of older stars appear im-
portant to the existence of the seemingly young a-rich stars
(C. Chiappini et al. 2015; R. P. Martin et al. 2015; P. Jofré
et al. 2023; J. Yu et al. 2024), however genuinely young a-
rich also appear (Y. Lu et al. 2025). Young a-rich stars are
a minority, representing approximately 10% of a-enhanced
field stars (V. Grisoni et al. 2024). Therefore, there is a low
chance HD 175305 is truly one of these objects, though ad-
ditional asteroseismic measurements of the g-mode period
spacing of HD 175305 would be able to determine the evolu-
tionary state with more certainty.

We were able to determine a g-mode period spacing of
All,=1 for HD 128279, finding All,=; = 83.45 +0.5 seconds
using PBJam/reggae. This is done by first fitting a model
for the £ = 0 and £ = 2 modes only against the power spec-
trum (using PBJam version 2.0), which was divided out to
produce a residual power spectrum containing power from
only dipole-mode oscillations. Figure 13 shows this resid-
ual power spectrum, in the form of a stretched period-échelle
power diagram (as constructed following J. M. J. Ong &
C. Gehan 2023), where the power spectrum is phase-folded
by the g-mode period spacing Allj, after applying a nonlin-
ear coordinate transformation which undoes the coupling be-
tween the p- and g-mode cavities (e.g. B. Mosser et al. 2015).
The asymptotic period spacing is determined using reggae,
taking a maximum likelihood estimate given a prior on the
gravity mode phase shift (¢;) as being 0.78 (which is the
value that emerges from asymptotic analysis of high-order
dipole g-modes: J. Provost & G. Berthomieu 1986). Fig-
ure 12 shows that phase-folding by this value of All,-; re-
sults in the g-mode peaks forming a single vertically-aligned
ridge along the vertical gray dashed line in the échelle power
diagram.

Given that HD 128278 has only been observed for two,
non-contiguous sectors, the data is insufficient to simultane-
ously and independently constrain the pure p-mode frequen-
cies (one parameter for each radial order), €, the coupling
factor (g), and AIl,=;. This results in a relatively high uncer-
tainty for the observed All,-; value (0.5 seconds) — which
is orders of magnitude less precise than those measured from
Kepler, or from the TESS continuous viewing zones — as
All,-; value is statistically degenerate with other g-mode pa-
rameters such as €,. Figure 13 shows this empirical value
of All,=; using the orange vertical line, compared to a his-
togram showing the All,-; values from each of the best-fit
models along each of the tracks calculated as part of the as-
teroseismic optimization procedure. The best fit model we
constructed for HD 128279 during the optimisation proce-
dure has an asymptotic period spacing value of All,- = 82.4
s (purple vertical line in the right panel of Figure 13), which
is close to the value determined directly from the HD 128279
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Figure 12. The reggae-generated stretched period échelle power
diagram (frequency versus the stretched period folded by the
asymptotic period spacing) for HD 128279. Before plotting, the
PBJam-generated fit to the £ = 0 and £ = 2 modes divided out from
the power spectra, so that only residual power from dipole modes
is depicted. The gray points show the dipolar mode frequencies
from Table 3 and the vertical gray dashed line shows the value of
(0.78).

power spectrum. Even though All,-; values were not ex-
plicitly included in the asteroseismic optimization procedure,
the best fit models of HD 128279 roughly agree with the ob-
served Ally-; value. Including a All,=; constraint does not
change the asteroseismic modeling results significantly, ow-
ing to the lack of precision in this constraint. However, it
confirms our identification of HD 128279 as a first-ascent
red giant.

6. SUMMARY AND CONCLUSION

We have conducted a detailed asteroseismic analysis of
two halo star members of the Helmi streams (A. Helmi et al.
1999), which are remnants of a system believed to have
merged with the Milky Way 5 to 8 billion years ago (A. A.
Kepley et al. 2007; H. Koppelman et al. 2018; T. Ruiz-Lara
etal. 2022a; H. C. Woudenberg & A. Helmi 2024). These tar-
get stars were identified in E. Dodd et al. (2023) by analyzing
the stellar abundance data with 6D Gaia position and velocity
measurements and grouping stars to determine substructures
in the local stellar halo.

With data from TESS (G. R. Ricker et al. 2015) we used
the peak-bagging code TACO (N. Theme8I et al. 2020) to an-
alyze the light curves of HD 175305 and HD 128279 and de-
termined the global asteroseismic parameters (Vimax and Av)
as well as the radial, dipole, and quadrupole oscillation mode
frequencies of the stars. The global asteroseismic parameters
as well as the spectroscopic parameters for our target stars
are listed in Table 1 and the mode frequencies for HD 175305
and HD 128279 are listed in Table 2 and Table 3 respectively.



801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

HEeLmi STREAMS ERYTHROGIGANTOACOUSTICS 15

0.5 1 [ | Weighted Histogram
me ATlp—y = 83.45 s (REGGAE)
e ATTj—y = 82.43 s (Best Fit Model)
0.4 1
= 0.3 1
5]
= |
0.2 1
0.1 1
0.0 = T T T T u T T
77.5 80.0 825 85.0 87.5 90.0 92.5 95.0 975
Ally—

Figure 13. The likelihood weighted histogram of AIl,=; values
from each of the best-fit models from every evolutionary track cal-
culated as part of the optimization procedure (Appendix A). The
solid dark blue curve shows the kernel density estimate of the same
likelihood weighted All,—; values. The overall best fit model All,-;
value is shown with a vertical purple line and the observed All,—;
value obtained using PBJam/reggae is shown with the vertical or-
ange line.

In order to determine the best fit parameters for these
Helmi streams stars, we developed an asteroseismic mod-
eling procedure which creates models using the stellar evo-
lutionary code MESA, calculates the model oscillation fre-
quencies using GYRE, and compares the spectroscopic and
asteroseismic quantities of the models along an evolutionary
track to the observed properties. The best fit model parame-
ters for HD 175305 and HD 128279 are listed in Table 4 and
visualized in Figure 5 and Figure 6, respectively.

From our detailed asteroseismic modelling results, our
takeaway points are:

1. Grid based modelling using only global asteroseis-
mic parameters is inadequate for accurately determin-
ing the stellar parameters of metal-poor stars in the
Halo. Our best fit masses and radii for both HD
175305 (M = 0.80Mo, R = 7.32Ry) and HD 128279
(M =0.78My, R = 3.8Ry) are lower than the masses
and radii determine using the global asteroseismic pa-
rameters (Table 5). Additionally, the asteroseismic
ages we determine for HD 175305 and HD 128279 are
older compared with ages determined without individ-
ual mode frequencies, showing that detailed asteroseis-
mology with individual modes is necessary to study
metal-poor halo stars such as those associated with the
Helmi streams, in agreement with previous asteroseis-
mic studies (C. R. Epstein et al. 2014; D. Huber et al.
2024).
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2. The best fit asteroseismic ages and other parameters
we determine for HD 175305 (11.2 Gyr) and HD
128279 (12.4 Gyr) are consistent with previous stud-
ies of the star formation histories of the Helmi streams
(H. H. Koppelman et al. 2019; R. P. Naidu et al. 2022;
T. Ruiz-Lara et al. 2022a).

3. The old age of HD 128279 (12.4 Gyr) places a lower
bound on when stars began to form in the progenitor
of the Helmi streams.

4. Precise asteroseismic ages for stars in Halo substruc-
tures may be combined with chemical abundance mea-
surements to precisely time when r-process enrich-
ment occurred in accreted dwarf galaxies.

As we have shown, asteroseismology enables the precise
dating of individual red giants in different components of the
Milky Way’s halo. As TESS continues to measure the flux of
more halo stars and survey efforts produce precise chemical
abundances for larger numbers of stars, additional detailed
asteroseismic analyses of more halo stars will become possi-
ble, allowing for precise studies of the ages and stellar prop-
erties for many stars in different kinematic components of
our galaxy. Future asteroseismic studies will produce precise
ages for more stars in Milky Way substructures, especially
with the advent of the Roman space telescope (D. Huber et al.
2023) and the PLAnetary Transits and Oscillations of stars
mission (PLATO H. Rauer et al. 2022). Many precise ages
of halo stars will therefore soon be available to calibrate the
cosmochronometry of stellar streams and date the processes
which enrich galaxies with heavy elements.
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ate our models and calculate model frequencies are
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lutionary tracks and profiles for our best-fit models.
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APPENDIX

A. COST FUNCTION EVALUATION STEPS

1. MESA Evolutionary Track: For each iteration of the optimization, we first calculate a stellar model track using MESA

version 122.05.1 (B. Paxton et al. 2011, 2013, 2015, 2018, 2019; A. S. Jermyn et al. 2023) using a set of model parameters
(My, Yo, f = Zy/Xo, and ap);) determined by the differential evolution algorithm. The initial mass, initial helium mass
abundance, initial metal mass abundance divided by initial hydrogen mass abundance, and convective mixing length, are
varied in the following ranges, 0.75 < My < 1.0, 0.245 < ¥ < 0.27, 0.0001 < f <0.003, and 1.6 < @y < 2.0. The model
element mixtures are enhanced in a@-elements from their GS98 values (N. Grevesse & A. J. Sauval 1998) according to the
values from M. N. Ishigaki et al. (2012), and are computed using correspondingly a-element enhanced opacities.

Elemental diffusion is incorporated (A. A. Thoul et al. 1994), along with a small amount of exponential convective over-
shoot underneath the convective envelope (fov, exp = 0.01 and fy = 0.0005). Overshoot is applied because most current
models of low mass giant stars do not reproduce the observed location of the red giant branch luminosity bump, and in-
corporating envelope overshoot helps to resolve this discrepancy (M. Alongi et al. 1991; S. Khan et al. 2018; C. J. Lindsay
et al. 2022). All models use a varying Eddington gray atmospheric boundary condition, and the mixing length prescription
of (J. P. Cox & R. T. Giuli 1968).

Along the stellar model’s evolution, we save the stellar structure files along the part of the evolutionary track which coin-
cides well with the target star’s temperature and luminosity (within 10 o from the values in Table 1). In order to perform
asteroseismic modeling, mode frequencies must be calculated for all the models one would like to compare with the ob-
servations. In order to save time during the optimization process, we only calculate mode oscillation frequencies for these
models which show good agreement with the values from M. N. Ishigaki et al. (2012).

2 2 is calculated by comparing the model effective temperature, luminosity, and [Fe/H] to the litera-

ture values for HD 175305 and HD 128279 listed in Table 1. The overall y> is calculated as:

spectroscopic

2 _ 2 2 2
X spectroscopic X Luminosity X Temperature X [Fe/H] (A 1)

with each spectroscopic parameter, P’s, corresponding X% value calculated as:

Pobs — Pmode1)”
X% — ( obs - model) ) (A2)
Pobs
zeis mic We then calculate the £ = 0, 1, and 2 oscillation frequencies for the
models along the evolutionary track with low values of Xgpectroscopic using the stellar oscillation code GYRE (R. H. D.
Townsend & S. A. Teitler 2013). We do this in steps, first calculating the ¢ = 0 p-mode frequencies for all models with
)(fpeclmscopic < 100. For models with £ = 0 mode frequencies which are a good match to the observed £ = 0 modes, we
calculate the ¢ = 2 p-modes as well as the £ = 1 mixed-modes following the mode isolation construction of J. M. J. Ong &

S. Basu (2020).

We match each model ¢ = 0 of £ = 2 p-mode frequencies to the observed frequencies based on their inferred values of radial
order n,. We infer the observed modes’ n,, values by plugging in the observed mode frequencies (Vops) and the observed Av
to the rearranged asymptotic expression for p-mode frequencies, np = (Vobs/Av) — (£/2). The model n,, values are returned
from GYRE. Since multiple £ = 1 mixed-modes can have the same 7, value, we match the observed and model £ = 1 modes
using a nearest-neighbor search.

Before calculating X?eismic’ the model mode frequencies must be corrected for the ‘surface term,” which is a frequency-

dependent frequency offset between models and stars caused by our inability to model the near-surface layers of a star
properly. The £ =0 and 2 modes are corrected for the surface term using the two-term prescription from W. H. Ball & L.
Gizon (2014), with the £ = 0 modes used to determine the coeflicients of the two-term surface correction. The £ = 1 mixed
modes must be treated differently, as the g-mode component of a mixed mode does not suffer from a surface effect as these
modes do not reach the surface like p-modes do. We compute the £ = 1 pure-p- and g-mode frequencies, and associated
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. Return X%otal: The sum of each models’ y
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coupling matrices using the 7r/y isolation method of J. M. J. Ong & S. Basu (2020). The surface term correction is applied
only to the m-mode component of the mixed mode, and the surface-term-corrected mixed mode frequencies are determined
using the corrected m-mode frequencies (see also the methods section of C. J. Lindsay et al. 2024).

2

With the surface corrected mode frequencies, the seismic y? per degree of freedom, Xeismic’

each evolutionary track as:

is calculated for models along

2
Aseis = N,—1-2 (A3)

N, 2
1 ZV (Vobs,n - Vmodel,n)
3 .
T (o

Vobs,n

2

with the total number of modes N, and with each observed mode frequency, vobs ., and corresponding mode error Typan®

matched to the corresponding model mode frequency, Vmodeln-

. Account for limitations involved with correcting model frequencies using a power-law based frequency shift: In

the previous step, surface-term corrected frequencies are compared with the observed mode frequencies to find X?eismic’

however we need to account for models that are not good fits but appear to match the observed frequencies due to surface
term corrections. Near surface modeling errors cause higher frequency model modes to be larger the corresponding mode
frequencies, and this frequency difference increases at higher frequencies. To ensure the cost function prefers models with
better fits we follow S. Basu & A. Kinnane (2018), J. M. J. Ong et al. (2021), M. S. Cunha et al. (2021), and C. J. Lindsay
et al. (2024) in accounting for this by adding another penalty function to ,\/?eis calculated from the 2 lowest frequency radial
and quadrupole modes.

2

1
1 Vobs,n — Ymodel,n

Xown= Dy 5 0| et | (A4)

2
602} © 1=0 o'%obsﬂ

To account for surface corrections which are too large, we compare the frequency difference between the uncorrected and
corrected model mode frequencies (at viax to the frequency difference predicted using the RGB sample in Y. Li et al.
(2023). The model surface correction frequency difference (0Vacwal) at vmax is found by interpolating over the model
corrected and uncorrected frequencies while the predicted surface correction frequency difference from Y. Li et al. (2023)
(OVpredicted = @ - (g/ g@)b “(Tet/Tesr0) - (d-[M/H] + 1)) depends on the models’ surface gravity, effective temperature, and
metallicity. X%urfaee Term Was then calculated as

2
2 _ 1 (6Vactual — 6Vpredicted)
XSurface Term — E B .
Vpredicted

(A5)

with the error, T SVpredicted calculated by finding the standard deviation of 500 0Vpredicted determinations using different values
of the a, b, ¢, and d parameters, sampling based on the reported errors for the a, b, ¢, and d giant star parameters in Y. Li
et al. (2023).

2 .
spectroscopic’
fit model along the evolutionary track is taken to be the model with the lowest thotal' That lowest thotal value is the output of
the cost function which the differential evolution algorithm is minimizing, and used to choose subsequent combinations of
input model parameters. After one cost function evaluation finishes, the process starts again with a new MESA evolutionary
track.

2 2 2 : 2
X seismic> Xiow n* A9 XS urface Term 1S then taken to be ;- ., and the best-
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