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ABSTRACT

High-precision lightcurves from space-based telescopes and precise astrometry from the Gaia satellite have revolutionised our
ability to characterise exoplanet host stars. Asteroseismology has allowed for stellar parameters to be determined to remarkable
precision, achieving age uncertainties as low as 10-20% for Sun-like dwarfs. We present an asteroseismic analysis of the naked-
eye (V = 5.65) star v> Lupi (HD 136352), which hosts three small transiting planets with orbital periods of 11, 27, and 107
days. We used the latest 20-second cadence photometry data from the Transiting Exoplanet Survey Satellite (TESS) to extract
stellar oscillations. Comparing these to stellar models, we find that the star has a mass of 0.829f%.%33% (ran) +£0.03 (sys) Mg, a
radius of 1.00*%,9!% (ran) +£0.04 (sys) Re and an age of 11.9*3¢ (ran) +1.7 (sys) Gyr. We also confirm that the star is likely a
member of the Galactic thick disk based on its Galactic velocities, consistent with the asteroseismic age. Based on the newly
determined stellar parameters, we recalculate the planet parameters. The inner planet has a mass of 4.55 + 0.40 Mg and a radius
of 1.57 + 0.038 Rg, suggesting the planet is rocky and consisting primarily of silicates without an iron-rich core, consistent
with its old age and significant alpha-element enhancement. The two outer planets have masses and radii of 10.87 = 0.62 Mg
and 2.75 + 0.064 Rg, and 8.52 + 0.90 Mg and 2.42 + 0.077 Rg, respectively, suggesting both are sub-Neptune planets with a
significant H-He atmosphere.

Key words: — Asteroseismology — planets and satellites: terrestrial planets — planets and satellites: fundamental parameters —
stars: low-mass

1 INTRODUCTION ric observations, including those made by Gaia (Gaia Collaboration
et al. 2016). Stellar radii in particular are precisely known. This is
true for individual host stars (see e.g. Dai et al. 2023; DiTomasso
et al. 2025, for recent examples), in addition to larger, homogeneous
samples (e.g. Stassun et al. 2019; Berger et al. 2020; Magrini et al.
2022; Bonomo et al. 2023; Swastik et al. 2023; Tsantaki et al. 2025).
However, other stellar parameters, in particular stellar ages, remain
challenging to determine because sun-like stars evolve slowly on the
main sequence. Asteroseismology resolves this issue by probing the
core properties, which evolve much more quickly over a star’s life-
time. This method relies on the study of stellar oscillations whose
frequencies are determined by the inner physical characteristics of
a star (Bedding & Kjeldsen 2003; Aerts et al. 2010; Kjeldsen &
Bedding 2011). As a result of this unique sensitivity to the stellar in-

Accurate characterisation of exoplanet host stars is vital for our un-
derstanding of the properties of exoplanets. This applies to individual
systems, because planet properties are often measured indirectly and
relative to their host star properties. It also applies to planet popu-
lation studies, where linking the statistical properties of exoplanet
populations to stellar parameters can constrain how planets form.

This can be achieved by measuring the occurrence of planets as a
function of stellar parameters, such as T, (Howard et al. 2012), evo-
lutionary state (Grunblatt et al. 2019), stellar type (Bryant et al. 2023;
Ment & Charbonneau 2023; Gan et al. 2023), metallicity (Gonzalez
1997; Fischer & Valenti 2005; Boley et al. 2024), or age (Miyazaki
& Masuda 2023; Sayeed et al. 2025). This can also be probed by
comparing the characteristics of close-in planets, such as planet com- . . . .
positions (Adibekyan et al. 2021; Weeks et al. 2024), or radii (Chen terior, a.stercl)Jselsmology (l)ﬂ;ersl Z}.le mos}t pregsi:l co;lstlr aints on stellar
et al. 2023; Ho et al. 2024) to the properties of their host stars. properties (Lebreton et al. 2014; Garcia & Ballot 2019).

For many host stars, stellar parameters can now be precisely deter- Stars exhibiting solar-like oscillations, which are excited by con-

mined using high-quality photometric, spectroscopic, and astromet- vection in the envelope (Chaplin & Miglio 2013; Bedding 2014; Basu
2016), can been studied to high precision using Asteroseismology.

This method has been successfully applied to exoplanet host stars,
* E-mail: angharad.weeks.20@ucl.ac.uk which has enabled tighter photometric constraints on exoplanet sci-
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ence cases, (see e.g., Lundkvist et al. 2018, for a review). However,
asteroseismology has been successfully applied to only around 5% of
planet host stars, and such high-quality observations are rare. As are-
sult, the method has largely been limited to relatively bright exoplanet
host stars observed by Kepler (e.g., Huber et al. 2013a; Lund et al.
2014; Lundkvist et al. 2016; Kayhan et al. 2019). Additionally, many
of these planet host stars only have measurable global seismic prop-
erties (the frequency of maximum power, vimax, and the frequency
separation, Av). Via well established scaling relations (Kjeldsen &
Bedding 1995; Guggenberger et al. 2016), these global parameters al-
low determination of stellar mass and radius (e.g. Yildiz et al. 2019),
but not of stellar age. Where available, measurements of individual
mode frequencies enable determination of mass and radius a to a
precision of few percent, and 10-20 % for stellar age (Bruntt 2009;
Chaplin et al. 2011, 2014; Lebreton et al. 2014). The identification of
these frequencies has been possible only for the best-observed cases
of planet hosting solar-like oscillators (e.g., Huber et al. 2013b; Silva
Aguirre et al. 2015; Davies et al. 2016; Lundkvist et al. 2016).

Beyond Kepler, asteroseismology has been successfully applied
to a number of stars with time series from the TESS satellite (Ricker
etal. 2015). This includes exoplanet host stars analysed via modelling
of individual frequencies such as 7 Men (Huber et al. 2022), HD
221416 (Huber et al. 2019), y% For (Nielsen et al. 2020), HD 212771
and HD 203949 (Campante et al. 2019), and HD 76920 (Jiang et al.
2023). However, the Nyquist frequency of the nominal 7ESS mission
observations for most stars was 278 Hz, which limited asteroseismic
detections with these data to those in more evolved stars. A select
sample of only 20,000 stars were observed with a dedicated 120-
second cadence mode, providing data with a Nyquist frequency of
4167 uHz, Therefore, solar-like oscillation frequencies have only
been detected two main-sequence host stars with log g > 3.5 observed
with TESS, namely 7 Men and 72 For.

In its extended mission, TESS is now re-observing a number of
targets at a 20-second observing cadence. This provides improved
photometric precision for bright (V7 > 8) stars, and increases the
Nyquist frequency to 25000 uHz, allowing the detection of oscilla-
tions in more Sun-like planet hosts (Huber et al. 2022).

In this paper we present the discovery of solar-like oscillations in
v2 Lupi using TESS. Three small (1.5-3 Rg) planets were initially
discovered orbiting this star, via the radial velocity (RV) method by
Udry et al. (2019). Subsequently, two of these planets, with periods
of 11 and 27 days, were observed to transit using TESS photome-
try (Kane et al. 2020). The third planet, with a period of 107 days,
was later also seen to transit using dedicated CHEOPS observa-
tions (Delrez et al. 2021). v2 Lupi is one of the brightest stars with
transiting planets, and is a prime target for the detection of further
companions (see e.g. Udry et al. 2019) or exomoons (Ehrenreich
et al. 2023). The planets orbiting v2 Lupi also provide an excellent
opportunity to study the exoplanet radius valley, a dearth of exoplan-
ets at around 1.8 Rg (Fulton et al. 2017; Van Eylen et al. 2018).
This valley separates super-Earth planets with stripped atmospheres
from sub-Neptune planets, with extended gaseous envelopes, likely
consisting of primarily Hydrogen and Helium (Bean et al. 2021). The
formation of this valley has been attributed atmospheric mass loss,
which may be due to stellar radiation (e.g., Owen & Wu 2013, 2017;
Owen 2019; Cloutier & Menou 2020). However, this atmospheric
mass loss may alternatively be due to the internal heat of the planet
itself (e.g. Ginzburg et al. 2018; Gupta & Schlichting 2019, 2020). A
precise age of the vZ Lupi system is particularly useful, as different
radius valley mechanisms are predicted to act over vastly different
timescales (see e.g., Venturini et al. 2020; Rogers & Owen 2021;
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Table 1. Spectroscopic parameters of v Lupi. The temperature from Kane
etal. (2020) was determined using photometry. * indicates [ M/H], as opposed
to [Fe/H]

Source Terr [K] [Fe/H] logg
Delrez etal. (2021) 5664 +61  —-0.34+0.04  4.39+0.11
Kaneetal. (2020) 5850+ 100 —0.25+0.12  4.397003
Stassunetal. (2019) 57397199 -0.26+0.01*  4.437007
Sousaetal. (2008) 566414  —0.34+0.01  4.38+0.02

David et al. 2021). Having planets below and above the valley, this
system is a unique testbed to probe radius valley formation theories.

In this work we use TESS 20-second cadence observations to
extract individual oscillation frequencies. We combine these with
spectroscopic, photometric, and astrometric constraints to perform
a state-of-the-art asteroseismic analysis of v Lupi and constrain its
stellar properties, including age. We then use these stellar properties
to recalculate planet properties, and investigate the nature of this
exciting planetary system. v2 Lupi is the oldest, brightest and closest
planet-hosting dwarf with TESS asteroseismology.

2 DATA ANALYSIS
2.1 TESS Photometry

v2 Lupi was observed in 20-second cadence data mode in sectors
38 and 65 of the TESS mission. We used the SPOC (TESS Science
Processing Operations Center) light curves (Jenkins et al. 2016) from
these sectors, excluded data points more than 50 away from the
median, and removed data affected by instrumental effects in the
final 4 days of sector 65. We masked out the seven transits present in
the data, using the transit period, transit duration, and epoch, from the
TOI list (Guerrero et al. 2021) as shown in Fig. 1. We also excluded
any data with non-zero quality flags from SPOC.

2.2 Spectroscopy

V2 Lupi is a bright target (my = 5.78), and therefore has been exten-
sively studied with photometric and spectroscopic surveys. We list
the most recent spectroscopic and photometric measurements in Ta-
ble 1. We adopt the most recent parameters from Delrez et al. (2021)
for our analysis. In order to account for systematic errors that result
from determination of parameters using different methodologies in
the literature, we take the standard deviation of literature reported
values and add this range in quadrature to the reported uncertainty
values from Delrez et al. (2021). The resulting spectroscopic values
are T = 5664 + 130 K and [Fe/H] = —-0.34 + 0.08.

2.3 Photometry

We calculated the luminosity from the Johnson V magnitude my
and the parallax @ from Gaia DR3 (Gaia Collaboration et al. 2016,
2021), using isoclassify (Huber et al. 2017; Berger et al. 2020,
2023). We find a value of Ly = 1.00 +0.04 L, which is in excellent
agreement with the value calculated by Delrez et al. (2021); Ly =
1.038 £ 0.059 L.
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Figure 1. 20-second cadence light curve for »* Lupi from the Transiting Exoplanet Survey Satellite. Transit masks for planets b, ¢ and d are shown in blue,
green, and pink respectively. Data removed from the light curve due to instrumental effects are shown in red. The grey remaining points show data with 5o

outliers removed, and with a 1-day flattening function applied.

Table 2. Input parameters of v2 Lupi. Sources : 1 - Gaia Collaboration et al.
(2016), 2 - Abazajian et al. (2009), 3 - Delrez et al. (2021)

Parameter Value Source
Right Ascension 239.40 1
Declination -30.14 1

Parallax, @ [mas] 68.1 £0.09 1
Distance, d [pc] 14.73 £ 0.02 1

Johnson V mag, my 5.65+0.03 2

Gaia G mag, mg 5.48 +0.01 1

Teg [K] 5664 + 130 3

[Fe/H] [dex] -0.34 £ 0.04 3
Luminosity, L [Lo] 1.00 = 0.04 This Work
Vmax [4HZ ] 2810 + 124 This Work
Av [uHz ] 122.17 £1.62  This Work

2.4 Asteroseismology

The light curve was transformed to the frequency domain using the
PBiam Power Spectral Density calculator (Nielsen et al. 2021). The
resulting power spectrum is shown in Fig. 2, where the Gaussian-like
power excess can be seen centered at ~ 2700 yHz. This is consistent
with the predicted power excess position based on scaling relations
from the Asteroseismic Target List (Schofield et al. 2019; Hey et al.
2024), which predict a vppax between 2764 and 3344 uHz for this
star, based on its radius and T,g.

2.4.1 Global Asteroseismic Parameters

There are two global asteroseismic parameters of interest: vmax and
Av. The frequency of maximum power, vmax., is usually defined as the
peak of the Gaussian-like envelope of oscillations in the power spec-
trum. The average frequency spacing between consecutive modes

with the same angular degree, Av, is easily estimated in solar-like
oscillators, because pressure modes follow a semi-regular pattern.
The frequencies (v) of high radial order pressure modes of a given
radial order (np) and angular degree ¢ are approximately given by

vp(np,t’)zAv(np+§+e)—6vog (1)

where € is a phase term, and vy is a small frequency shift (Tassoul
1980; Scherrer et al. 1983).

Using the estimate_deltanu function in LIGHTKURVE, which
applies an autocorrelation function, we estimated a value of Av =
123.38 uHz. To check the consistency of the features in the échelle
diagram, we compare our resulting échelle diagram (Fig. 3) to that
of a solar twin in the Kepler LEGACY sample (Lund et al. 2017),
KIC 8424992. This sample is a gold-standard dataset of oscillating
Sun-like dwarfs which were analysed using asteroseismology and Ke-
pler data. KIC 8424992 is similar to v2 Lupi in terms of spectroscopic
properties and vimax. The comparison between the two échelle dia-
grams shows good agreement between ridges of oscillation modes.
These are offset by the dimensionless asteroseismic phase term, e
(Tassoul 1980; Roxburgh & Vorontsov 2003). Following the Teg-€
relation found in Kepler stars by White et al. (2011a,b), we estimated
the asteroseismic phase term of v2 Lupi to be € = 0.4.

To measure the global parameters, we used pYSYD (Chontos et al.
2022), which estimates vmax from the smoothed power excess of a
background corrected power spectrum. The best model used three
Harvey-like components (X = 3) and a fixed white noise term. The
final values were vimax = 2810 + 124 yHz and Av = 122.17 +
1.62 puHz.

2.4.2 Individual Frequencies

We employed the latest version of PBsam (Nielsen et al. 2025 in re-
view; see Nielsen et al. 2021 for the first public release) to determine

MNRAS 000, 1-11 (2025)
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Figure 2. Power spectrum of v2 Lupi, with a clear power excess centered at ~ 2700 uHz. The modelled oscillation envelope power spectrum from PBiam

(Nielsen et al. 2021) is plotted on red atop the spectrum.
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Figure 3. Echelle diagram of v2 Lupi. Sections of the power spectrum,
sliced at the value of Ay are stacked upon one another. The vertical ridges
indicate the presence of regularly spaced oscillations. Frequencies at which
oscillations are observed are indicated by overlaid symbols — green points for
dipole modes, and orange for radial. Frequencies are shifted left by 20 uHz
to improve visibility.

the frequencies of the oscillation modes in the TESS data. PBjam
is based on a Bayesian formalism which models the observed oscil-
lation spectrum with a set of Lorentzian peaks, accounting for the
¢ = 2,0 mode pairs by utilizing prior information about the expected
frequency structure and mode degeneracies from a set of observed

MNRAS 000, 1-11 (2025)
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Figure 4. Power spectrum of v2 Lupi, zoomed to show the strongest example
of a potential £ = 2 mode in the spectrum, detected at ~ 2648 uHz. Red lines
show multiple draws from the posterior distribution of the power spectrum as
sampled by the MCMC. The close-by ¢ = 0 mode is visible at ~ 2640 uHz.

Kepler oscillators. The parameter space is defined via Principal Com-
ponent Analysis (PCA), which reduces the dimensionality of the data.
The frequency, line width, and amplitude of each mode are identified,
informed by both the asymptotic relation for p-modes (Eq. 1) and the
characteristics of the observed power spectrum. Mode identification
is then performed using a Markov Chain Monte Carlo (MCMC)
method to explore this space, producing posterior distributions for
each mode’s parameters. Then, a spectrum model is iteratively fitted
to the power spectrum, without the tight priors that are used in the
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Table 3. Oscillation mode frequencies for v2 Lupi using the methods in
Nielsen et al. (2021).

Frequency [uHz |
2580.71 £ 0.44
2523.15+£1.69
2704.29 £0.21
2645.85 +£4.22
2828.70 +0.48
2770.32 £3.30
2948.67 £ 1.14
2893.90 + 1.68
3075.81 £2.07
3016.36 + 4.44

O~ O~ OO RO FSN

mode identification stage. This allows for greater freedom in fitting,
which is necessary because Eq. 1 is an approximation. This also
provides mode frequency uncertainties.

We validated the mode identification by-eye, using the échelle
diagram and a heavily smoothed version of the spectrum. Due to the
low SNR, ¢ = 2 modes were not easily identifiable visually, so this
analysis included only ¢ = 0 and ¢ = 1 modes. Figure 4 shows the
most prominent example of a £ = 0 and £ = 2 mode pair in the data,
in grey, and as detected and modelled by PBiawm, in red. More TESS
sectors of data should allow for a more robust determination of these
values, 2 of which will become available in April and May 2026.

As an independent confirmation of the PByam analysis, mode fre-
quencies were also determined following a third method, as outlined
by Li et al. (2020). Lorentzian profiles were fit to the power spec-
trum, with a model which included background noise and granulation
signals to isolate the oscillation modes. This method found frequen-
cies that agree well with the PByam output, but without significant
detection of £ = 2 peaks.

The frequencies of radial and diple modes adopted from PBiam,
are listed in Table 3, which we use for stellar modelling. We note
that £ = 0 modes are less precise than the ¢ = 1, due to the relative
strength of the latter. This can be seen in Figure 2. Even near viax,
¢ = 0 modes are relatively weak.

3 STELLAR MODELLING
3.1 Grid-Based Modelling

To determine precise stellar parameters, we employed four stellar
models and fitting tools. This was done in order to compare the results
of fitting the same observables with different methods, and generate
estimates of systematic uncertainties for the estimated parameters.

3.1.1 BASTA

We used BASTA in conjunction with the dense grid of stellar models
also used in Weeks et al. (2024). Briefly, this grid consists of ~
6000 stellar evolutionary tracks computed with the Garching Stellar
Evolution Code (GarsTEC, Weiss & Schlattl 2008). For equations
of state, we used the OPAL group (Rogers et al. 1996; Rogers &
Nayfonov 2002), and the Mihalas-Hummer-Dippen equation of state
(Mihalas et al. 1988; Hummer & Mihalas 1988; Daeppen et al.
1988; Mihalas et al. 1990), and for opacities we used the OPAL
opacities (Rogers & Iglesias 1992; Iglesias & Rogers 1996) as well as
opacities from (Ferguson et al. 2005) at high and low temperatures,
respectively. We used the NACRE nuclear reaction rates (Angulo
et al. 1999) except for “N(p, )20 and 12C(a, y)'00, for which

% Bestilmodel @ Median LiLo) Toq (K) Freq. constrain
38
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<
]
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o
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TR LY
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Figure 5. Kiel diagram showing several model tracks from GarsTEC, and
the best-fit solutions for v? Lupi, in Tpg- log g space. The constraints from
asteroseismology and effective temperature are shown in mauve and blue re-
spectively, and the constraints from the isoclassify-determined luminosity
are shown in yellow.

the rates from Formicola et al. (2004) and Hammer et al. (2005)
were used. We choose to use the solar mixture from Asplund et al.
(2009). The stellar grid spanned the following dimensions: stellar
masses from 0.7-1.2 Mg, initial iron abundances from —1.0-0.6 dex,
the initial alpha enhancement from —0.2-0.6, initial helium fraction
from 0.24-0.32, the mixing length parameter, which parameterise
the stellar convection (Bohm-Vitense 1958; Kippenhahn et al. 2012),
from 1.6-2.0 with the solar calibrated value being apsp1, = 1.791.
We included the effects of atomic diffusion because it is crucial for
obtaining accurate ages and masses of stars with Myx< 1.15 Mg
(Valle et al. 2014).

The sampling across the dimensions was neither random nor
regularly Cartesian, but instead used Sobol quasi-random, low-
discrepancy sequences (Sobol & Levithan 1976; Sobol 1977;
Antonov & Saleev 1980; Fox 1986; Bratley & Fox 1988; Joe & Kuo
2003) in order to ensure evenly and effective sampling across the
entire multi-dimensional volume of the grid. For each model along a
track, we computed the theoretical asteroseismic mode frequencies
using the Aarhus adiabatic oscillation package (apipLs; Christensen-
Dalsgaard 2008). Bolometric corrections of Hidalgo et al. (2018)
were applied to calculate synthetic magnitudes, which were used
alongside the 3D dustmaps from Green et al. (2019) to calculate the
line-of-sight extinction. We folded in our prior expectation of the
expected mass distribution of stars using the Salpeter initial mass
function (Salpeter 1955) when computing the posterior distribution.
Explicitly, our list of input observables for v Lupi was: effective
temperature T, metallicity [Fe/H], the alpha enhancement [a/Fe],
luminosity, and the set of individual mode frequencies of £ = 0, 1
from PBiyam. The position of the solution from this method with
respect to models in 7g- log g space is shown in Fig. 5.

We also plot the observed frequencies and model frequencies in
an échelle format, in Fig. 6.

3.1.2 MESA I

We also constructed a grid of stellar models with MESA (version
r240301; Paxton et al. 2011, 2013, 2015, 2018, 2019; Jermyn et al.
2023). We adopted default MESA EOS and opacity tables compatible

MNRAS 000, 1-11 (2025)
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Figure 6. Echelle diagram showing the locations of the £ = 0 (orange) and
£ =1 (green) modes of v Lupi. Circles show the locations of the observed
modes, and diamonds and triangles show the mode frequencies in the best-fit
model determined by BASTA. We see the same ridges and frequencies as the
observed frequencies plotted in 3.

with the solar abundance mixture of Asplund et al. (2009). We used
the list of nuclear reactions from pp_and_cno_extras.net. Con-
vection was treated with the mixing-length formulation of Henyey
et al. (1965), and a moderate convective shell overshoot was applied
with foy shent = 0.0174 (Herwig 2000). We used Eddington (1926)’s
T — 7 relation for modelling the atmospheric boundary condition,
with opacity uniformly set to be consistent with the temperature and
pressure at the base of the atmosphere.

We sampled a grid of stellar models in a four dimensional pa-
rameter space: stellar mass from 0.5 to 1.2 Mg, metallicity from
-0.8 to 0.5 dex, mixing length parameter from 1.5 to 2.5 (with solar-
calibrated value being 1.72), and initial helium fraction from 0.22
to 0.34. Approximately 60,000 evolutionary tracks were sampled
using a Sobol sequence, with all models evolved to the end of the
main sequence. The spatial structures were stored and and oscillation
frequencies were computed using GYRE (version 7.1; Townsend &
Teitler 2013).

We used the Bayesian fitting framework employed by Li et al.
(2024) to determine stellar properties. To correct the surface effect
of oscillation modes, we used the empirical cubic correction formula
proposed by Ball & Gizon (2014). Typical procedures determine the
free parameter, namely a3 in the Ball & Gizon (2014) cubic cor-
rection formula, by minimizing the residuals between modelled and
observed frequencies on a model-by-model basis. This can some-
times yield unrealistically large surface corrections as a result of
improper match of the internal structure, therefore biasing posterior
distributions. To mitigate this issue, we assumed that the amount
of correction at vyax follows a normal distribution with a mean of
0.038 Av and a standard deviation of 0.020 Av, based on best-fitting
models. Based on this value, we calculated the cubic term a3 and
applied the correction to all oscillation modes.

3.1.3 MESA I

In the third grid-based modelling method, values and uncertainties
were determined by the bootstrapping procedure described by Ong
et al. (2021) using the main-sequence model grid from that work.
This model grid was generated using MESA r12115, but with chem-
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Table 4. Physical Stellar Properties determined using the four methods de-
tailed in 3.1

Method Radius [Ry] Mass [M4] Age [Gyr]
0.01 0.04 2.6
GARSTEC 1 .OOJjO'Ol 0.829t0V03 11 .9t1.6
MESA I 1.03 +0.04 0.89+0.06 11.76 +2.43
0.03 0.03 1.38
MESA I 1.O4J:0'04 0.84f0'03 10.91:.56
MESA III 1.00 £ 0.01 0.82+0.06 12.64 +0.94
GARSTECT —o——1—o— —o—
MESA | ° 1 ° -
MESA lIt——o { —o °
MESA Il + —o— | o —o-
10.0 12.5 0.8 0.9 1.00 1.05
Age [Gyr] Mass [Ms] Radius [Rs]

Figure 7. Comparison between values for mass, radius and age for v? Lupi,
using the same inputs, but different codes and stellar models, as noted on the
y-axis. See section 3.1 for details.

ical compositions scaled relative to the solar abundances of Grevesse
& Sauval (1998). The correction of Salaris et al. (1993) was applied
to account for a-element abundances. A seismic penalty function
was applied, which combines equally-weighted contributions from
the surface-term correction of Ball & Gizon (2014, with coeflicients
fitted against only the radial modes, but with the cost function eval-
uated with respect to all corrected modes), and from the e-matching
procedure described by Roxburgh (2016). Unlike MESA 1, no regu-
larisation was applied to the coefficients of the free parameters in the
surface-term correction.

3.1.4 MESA Il

The final method employed the differential evolution algorithm im-
plemented by Mier (2017) in order to find stellar parameters that
best match both the spectroscopic and asteroseismic observables.
The spectroscopic and seismic cost functions, as well as MESA (ver-
sion 122.05.1) modelling choices employed in this method, were
the same as by Lindsay et al. (2024), apart from an additional
cost term. This was calculated from the difference between the
asteroseismic surface term coefficient from Li et al. (2023) and
that calculated directly from comparing the model mode frequen-
cies to the observed frequencies (Ball & Gizon 2014). The ini-
tial mass (0.8Mg < My < 1.2Mg), initial helium mass fraction
(0.24 < Yy < 0.27), initial metallicity (0.007 < Zy < 0.017), and
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Figure 8. A Toomre diagram, depicting the kinematics of a sample of stars ob-
served by Gaia DR3, with values of [Fe/H] < 1.4, Renormalised Unit Weight
Error (RUWE < 1.4), and heliocentric distance < 100 pc. The semicircles
depict different total velocities (V) and y2 Lupi is shown by the pink star.

convective mixing length (1.75 < ¢ < 1.85) were varied for each
evolutionary track. Solar calibration results in this formalism have
offered a reference value of @y, ~1.8. To account for the a-element
enhancement of v2 Lupi ([@/Fe] = 0.15), the a-enhanced elemen-
tal mixtures and opacity tables were used in the model calculations.
The errors of each model parameter were determined by taking the
likelihood weighted standard deviation of each parameter.

3.1.5 Final Stellar Parameters

The median values for age, mass and radius from each modelling
method are plotted in Fig. 7, along with their uncertainties. We use
the values from BASTA as our final values (see Table 5), since its
value for mass is the closest to the mean from all methods. We report
random errors as calculated by BASTA, and systematic errors as the
standard deviation of each parameter over the 4 methods. This gives
a more accurate estimate of the true combined (measurement and
systematic) uncertainties on these values, as recommended by Tayar
et al. (2022) and Serenelli et al. (2017). It can be seen in Fig. 5 and
Table 2 that using constraints from Gaia and asteroseismology prefer
a slightly hotter T.g than the spectroscopic value from previous
literature, e.g. Delrez et al. (2021), but agrees more closely with
photometric temperatures from e.g. Stassun et al. (2019). However,
in general we find excellent agreement between the stellar parameters
from BASTA and literature values for this star — see Table 5, now
with the added precision from asteroseismology. We note that for
age, the spread between methods is only ~ 1.7 Gyr, suggesting that
the large random errors for age are conservative.

3.2 Thick Disk Membership

Determining the Galactic component to which each host star be-
longs is of interest when considering the effects of the star’s birth
environment on planet properties (Nielsen et al. 2023; Cabral et al.
2023). Understanding the population of exoplanets that orbit around
thick and thin disk stars can shed light on planet demographics in
the Galactic context (Bashi & Zucker 2019, 2022). In particular, Dai
etal. (2021) found that stars with higher Galactic tangential velocity,

often associated with the thick disk, have a lower occurrence rate
of close-in super Earths and sub-Neptunes, compared to stars which
orbit the centre of the Galaxy more slowly.

To identify the Galactic component to which V2 Lupi belongs, we
inspected its kinematics. We first calculated the cylindrical Galacto-
centric velocities of the star (UVW) to be [105.22, 203.39, 45.58],
using the Gaia parallax, proper motions in RA and DEC directions,
and radial velocity. Fig. 8 shows a Toomre diagram — a plot showing
the kinematics of stars in Galactic Velocity space. Sitting between
the contours which depict Vior = 100 and 200 km/s, v2 Lupi is kine-
matically consistent with the thick disk according to the definitions
in Bashi & Zucker (2022). It is likely to be a member of the Galactic
thick disk given that thin disk stars, with Vior < 100 km/s, often have
higher metallicities than those in the thick disk. This conclusion is
supported by the [a@/H] = 0.15 +0.04 and [Fe/H] = -0.34 +0.04 from
Delrez et al. (2021), which are consistent with the Galactic thick disk
(Vieira et al. 2022).

4 PLANET SYSTEM
4.1 Planet Parameters

With the new, precise asteroseismic values for this star, we recal-
culated parameters for the three planets in the v2 Lupi system. To
re-calculate radius, we used the planet-to-star radius ratio (Rp/ Ry)
from Delrez et al. (2021), alongside our newly calculated stellar
parameters.

New planet masses were determined by using the values for radial
velocity semi-amplitude (K) from Delrez et al. (2021), and

M,,sini:Kﬁoxh—ﬂAAj—;%P‘, @)
as was applied, for example, by Fulton et al. (2018). Here, My is
our new stellar mass, M, is the planet mass, K the radial velocity
semi-amplitude, 7 the inclination, e the eccentricity of the orbit, and
P the orbital period.

These new parameters are shown in Fig. 9 and listed in Table 5.
The parameters are slightly smaller than the values in Delrez et al.
(2021) (3.6% in planet mass, and 5.4% in radius for the smallest
planet), although still in agreement within uncertainties.

wl

4.2 Radius Valley

It is useful to consider the location of the v2 Lupi planets in the
context of the radius valley — a well-studied bimodality in the dis-
tribution of radii of small exoplanets, between 1 and 4 Earth radii
(Fulton et al. 2017; Van Eylen et al. 2018). The dearth, which is
exhibited at 1.5-2 Rg, may be due to one or more of several planet
formation and evolution processes. One branch of models postulates
that atmospheric mass loss causes some of these planets to ‘shrink’ -
from sub-Neptunes (above the gap), to super-Earths (below the gap)
(Burn et al. 2024). This mass loss may be caused by photoevaporation
from the host star (e.g. Lopez & Fortney 2013; Owen & Wu 2013;
Rogers et al. 2021), or by core-powered mass loss (e.g. Ginzburg
et al. 2018; Gupta & Schlichting 2019, 2020). Alternatively, the
super-Earths may have formed after the disc has dissipated, thus pro-
hibiting any significant atmosphere formation (Lopez & Rice 2018;
Lee et al. 2022).

The location and slope of the valley as a function of orbital pe-
riod was precisely determined by Van Eylen et al. (2018) using a
population of 117 planets orbiting stars that were homogeneously
and precisely characterised through asteroseismology. We added the

MNRAS 000, 1-11 (2025)
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Figure 9. The three planets orbiting »> Lupi. We plot recalculated values for mass and radius in the left panel. Compositional tracks are from Zeng et al. (2016).
In the right hand panel, the updated asteroseismic radius valley is plotted. Planets from Van Eylen et al. (2018), which orbit stars which have been analysed
with asteroseismology, are plotted as white circles. The radius valley determined from Van Eylen et al. (2018) is shown in the black line, with dashed grey line
showing the upper and lower limits of the valley from the support vectors. The new asteroseismic radius of sub-Neptune 7z Men ¢, from Huber et al. (2022), is
plotted as the green star. The recalculated values for v2 Lupi planets using asteroseismology in this work are plotted as the pink stars. Errors on both axes are
smaller than the markers. As a visual aid, the area below the valley in orange is where we expect to see super-Earths. The blue-shaded area above is representative

of sub-Neptunes.

three planets orbiting v2 Lupi to this asteroseismic radius valley
sample, along with the planet orbiting the TESS asteroseismic host
star, 7 Mensae (Huber et al. 2022). We have plotted this expanded
sample in Fig. 9 (right panel). We observe that the new additions to
the asteroseismic sample agree with the asteroseismic radius valley
from Van Eylen et al. (2018). We also plotted the mass and radius of
the three planets orbiting V2 Lupi, together with planet composition
tracks from Zeng et al. (2016), in Fig 9 (left panel). From this figure,
it can be seen that planet d, which is located below the radius valley,
is consistent with a rocky composition, while planets b and ¢, which
are located above the radius valley, are consistent with less dense,
sub-Neptune like planets.

4.3 Planet Composition-Age connection

The connection between the properties of small, rocky exoplanets
and their host stars provides important insights into planet forma-
tion (Bitsch & Battistini 2020; Mah & Bitsch 2023). Previous stud-
ies found rocky planets to have compositions which depend on the
metallicity of their host star (Adibekyan et al. 2021), although when
sub-Mercury sized planets are re-analysed, this trend became much
weaker (Brinkman et al. 2024). Rocky planet density may also be
linked to stellar age, with younger host stars (1-8 Gyr) forming
rocky exoplanets with a greater diversity of compositions, whereas
older stars host less dense planets (Weeks et al. 2024). This may be a
result of Galactic chemical evolution — older stars are typically more
alpha-enhanced and iron-poor.

We plotted 2 Lupi on a mass-radius diagram alongside members
of the sample from Weeks et al. (2024) in Fig. 10. This shows planets

MNRAS 000, 1-11 (2025)

in mass-radius space, compared to models of rocky planet composi-
tion from Zeng et al. (2016). Planets with compositions dominated
by rocky materials in this plot are generally older, while the inverse
is true for those which are more iron-rich. This may imply that more
dense, iron-rich planets form preferentially around younger stars. In
this sample, only four planets have asteroseismic host star ages, mak-
ing any further such measurements important. The Earth-like planet
in the v2 Lupi system is less dense than the Earth — estimated to
be made of primarily rocky compounds, and with a low core mass
fraction. This composition, in combination with the old age of the
star, is in agreement with the trend observed by Weeks et al. (2024):
older stars may host less dense rocky planets. Furthermore, the star
is alpha-enhanced [a/Fe] ~ 0.15 (Spitoni et al. 2020), which is also
consistent with the expected trend.

5 CONCLUSIONS

We presented a re-characterisation of the bright planet host star,
v2 Lupi, using analysis of individual frequencies of oscillation modes
with asteroseismology. This target is the brightest host star for which
oscillations have been detected in the TESS 20-second cadence
data, with a TESS magnitude of 5.05 +0.01, and the closest host
star for which oscillations have been detected using photometry, at
14.73 + 0.02 pc (Gaia Collaboration et al. 2016). We found M,=
0.8370-038 (random error) +0.04 (systematic error) Mg, and Rx=

-0.030
1.00f%'%1137 (random error) +0.07 (systematic error) Rg. We also
found it to be a likely member of the Galactic thick disk, with Galac-

tocentric velocities of UVW = [105,203, 45] and an age of 11.9J:21'.66
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Parameter Delrez et al. (2021) This work
Star
Mass [Mo] 0.88+0:03 0.8370-04 (ran) £0.07 (sys)
Radius [Ro] 1.05 £ 0.04 1.00*990 (ran) +0.04 (sys)
Age [Gyr] 11.743% 11.9*2€ (ran) £1.7 (sys)
Planet b
Mass [Mg] 4.72+0.42 4.55 +0.40
Radius [Ro] 1.66 + 0.04 1.57 +0.04
Period [d] 11.6+4,00008
Planet ¢
Mass [Me)] 11247063 10.87 +0.62
Radius [Re] 2.9670.08 2.75 +0.06
Period [d] 27.6 + +0.001
Planet d
Mass [Mg)] 8.82+0.% 8.52+0.90
Radius [Re] 2.5670.0% 2.42£0.08
Period [d] 107.2+0.1

Table 5. Physical properties of the v Lupi system constituents, from Delrez
et al. (2021) (left) and this work (right). Period is not recalculated in this
study.

(randon error) +1.7 (systematic error) Gyr, in agreement with pre-
vious studies. The precise asteroseismic parameters have allowed us
to redetermine the planet parameters. Comparing these planets to
other planets with asteroseismically determined stellar parameters,
we showed that the asteroseismic radius valley remained empty. In
addition, the precise asteroseismic age of the star supports the hypoth-
esis that older stars host less dense rocky planets, and younger stars
may be able to form planets with greater compositional diversity.

Asteroseismic characterisation of v2 Lupi provides precise pa-
rameters for a close, bright system with transiting exoplanets whose
densities are well understood, as well as exquisite precision on its
host star radius, mass and age. With three transiting planets located
on both sides of the radius valley, one of which has a long 107-day
orbital period, this system serves as a benchmark to better understand
the formation of close-in transiting planets.

TESS will collect two more sectors of 20-second cadence data
of this star — sectors 102 and 103, in April and May 2026. These
will potentially enable detection of more oscillation modes, and thus
a more tightly constrained stellar age. This may also offer insights
into the spin-obit alignment of the system (Campante et al. 2016), as
has been done with previous Kepler targets using asteroseismology
(e.g. Huber et al. 2013a; Lund et al. 2014; Campante et al. 2016;
Van Eylen et al. 2014). Finally, continued TESS 20-second cadence
observations will provide asteroseismic ages for similar bright stars
(e.g. Chontos et al. 2021; Hon et al. 2024), which may be found to host
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Figure 10. v2 Lupi’s super-Earth (HD 136352-b), shown with a bold outline,
in the context of other super-Earth planets with measured masses and radii.
The sample and data are taken from Weeks et al. (2024). Planet composition
models are again from Zeng et al. (2016). The highest, lighter orange line
is the model of planetary composition of 100% MgSiO3, i.e. 100% rocky
mantle. The middle, darker orange line corresponds to Earth-like planets
with 67.5% MgSiO3, and 32.5% Fe. The lower darkest line represents planets
composed of 100% Fe.

planets in future via direct imaging (Harada et al. 2024). These are
crucial for the interpretation of possible atmospheric biosignatures
that may be detected on planets orbiting these stars using future
direct imaging missions, such as the Habitable Worlds Observatory
(Bixel & Apai 2020). Such missions may also enable transmission
spectroscopy for atmospheric studies of planets above and below the
valley, in an exceptionally well characterised, thick-disk system.
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