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ABSTRACT6

Some physical processes that occur during a star’s main-sequence evolution also affect its post main-sequence7

evolution. It is well known that stars with masses above approximately 1.1 M⊙ have well-mixed convective8

cores on the main sequence, however, the structure of the star in the neighborhood of the convective core9

regions is currently underconstrained. We use asteroseismology to study the properties of the stellar core, in10

particular, convective boundary mixing through convective overshoot, in such intermediate mass stars. These11

core regions are poorly constrained by the acoustic (p) mode oscillations observed for cool main sequence12

stars. Consequently, we seek fossil signatures of main sequence core properties during the subgiant phase of13

evolution. During the subgiant phase, modes of mixed character that sample the deep interior, can be observed.14

These modes sample the regions of the stars that are affected by the main-sequence structure of these regions.15

We model the global and near-core properties of 62 subgiants observed by the Kepler, K2, and TESS space16

missions. We find that the effective overshoot parameter, αov, eff, increases from M = 1.0M⊙ to M = 1.2M⊙ before17

flattening out. We situate these results within existing studies of main-sequence convective core boundaries.18

Keywords: asteroseismology - stars: solar-type - stars: oscillations - stars: interiors19

1. INTRODUCTION20

Physical processes occurring within a star during its main-21

sequence dictate its future evolutionary history. Stars with22

masses above about 1.1 M⊙ host well-mixed convective23

cores, but the structure of the regions near the outside of24

the convective core is currently not well understood. Phys-25

ical processes such as convective overshooting, the process26

by which parcels of convective fluid pass the classical con-27

vective boundary because of their momentum, are thought28

to extend the well-mixed convective cores past the classical29

boundary, usually defined by the Schwartzchild or Ledoux30

criterion. Determining how best to model overshooting in 1-31

D stellar evolutionary codes is important, since incorporating32

core overshoot into stellar models increases the amount of33

hydrogen available to a main-sequence star, thereby increas-34

ing its main-sequence lifetime and altering the star’s evolu-35

tion, see Fig. 1. A better understanding of this convective36

boundary mixing will better anchor our calibration of abso-37

lute ages in stellar modelling, in turn clarifying the ages of38

other astrophysical systems of interest, such as Milky Way39

Corresponding author: Christopher Lindsay
christopher.lindsay@yale.edu

progenitors (Chaplin et al. 2020) and exoplanet hosts (Huber40

et al. 2019).41

Convective overshoot from the stellar core is known to be42

necessary in order for stellar models to reproduce observa-43

tions of eclipsing binaries (e.g. Schroder et al. 1997; Pols44

et al. 1997; Ribas et al. 2000; Claret 2007; Claret & Tor-45

res 2018, 2019; Claret et al. 2021; Constantino & Baraffe46

2018; Costa et al. 2019) and the color-magnitude diagrams47

of clusters (e.g. Maeder & Mermilliod 1981; Aparicio et al.48

1990; Bertelli et al. 1992; VandenBerg et al. 2006; Rosen-49

field et al. 2017). Extra mixing beyond the convective core50

is also known to emerge from numerical hydrodynamics, al-51

though internal gravity waves also contribute to the convec-52

tive boundary mixing (e.g. Higl et al. 2021). See Anders53

& Pedersen (2023) for a recent review of observational and54

theoretical constraints on mixing processes at the convective55

boundaries in main-sequence stars.56

Different investigations find that the amounts of core over-57

shoot needed to match a star’s observable quantities depend58

on global stellar properties. For example, Claret & Tor-59

res (2016) studied a sample of eclipsing binary stars with60

observed masses, radii, temperatures, and elemental abun-61

dances and found that the size of the overshoot region has62

a positive dependence on the stellar mass. This result re-63

mains debated due to uncertainties in calibrating convective64

overshoot using eclipsing binaries (Constantino & Baraffe65
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Figure 1. Two evolutionary tracks showing the effects of incor-
porating core overshooting into a stellar model. Both tracks show
M = 1.2M⊙, Z = Z⊙ models evolved using MESA version r12778
from the pre-main sequence to the red giant branch. The track with
overshooting parameter αov = 0.4, shown in red, shows that incor-
porating overshoot changes the evolution leading up the subgiant
branch.

2018; Claret & Torres 2019) and the exact relationship be-66

tween overshoot and stellar properties such as mass, metallic-67

ity, and evolutionary state remains uncertain. Even so, pub-68

lished grids of stellar evolution models also frequently make69

use of core overshooting prescriptions, typically scaling the70

amount of overshooting with stellar mass (Demarque et al.71

2004; Pietrinferni et al. 2004; Bressan et al. 2012).72

Asteroseismology, or the study of stellar oscillations, has73

provided the means to directly study the interiors of stars.74

The global oscillation properties of solar-like oscillations are75

νmax, the frequency of maximum oscillation power, and ∆ν,76

the large frequency separation, have been used extensively77

to determine global stellar parameters (Yu et al. 2018), they78

cannot be used to probe the deep stellar interiors we are in-79

terested in. Additionally, even modelling individual p-mode80

(pressure-mode) oscillation frequencies cannot give us de-81

tailed insights into the near-core structure of main-sequence82

stars with convective cores. In a previous paper (Lindsay83

et al. 2023), we have shown that pure p-modes are not able84

to sample the near-core regions directly, making inferences85

about the amount of core overshooting occurring in main-86

sequence stars difficult for some targets. Instead of analyz-87

ing the global asteroseismic properties (νmax or ∆ν) or the88

p-mode oscillations of main-sequence stars, we study dipo-89

lar oscillation modes which exhibit mixed character, which90

only arise after a star leave the main sequence.91

After a star depletes its reserves of hydrogen in the core,92

its core begins to contract while its envelope begins to ex-93

pand. At this stage of evolution, hydrogen is burned in a94

thin shell surrounding the now inert helium core. Since the95

convective motions in the core have also ceased by the time96

the star becomes a subgiant, the chemical composition gra-97

dient in these overshooting regions, having been frozen in98

at the main-sequence turnoff, serve as a fossil signature of99

the main sequence structure around the convective core. At100

the same time, the contraction of the stellar core is accompa-101

nied by an expansion of the envelope outside the hydrogen102

burning shell, leading to a large density contrast between the103

stellar core and envelope, allowing the study of these inner104

layers through mixed-mode asteroseismology (see Hekker &105

Christensen-Dalsgaard 2017, for a review of evolved star as-106

teroseismology). Thus, studying the structure of subgiant107

stars can answer questions about main-sequence processes108

occurring above convective cores, since the main-sequence109

structural details of the star will be frozen into the subgiant’s110

inert core and the subgiant’s structure render their inspection111

observationally feasible through the asteroseismic analysis of112

mixed modes.113

The effects of main-sequence core overshoot on the struc-114

tural properties of subgiants can be seen in Fig. 2. The left115

panel of the Fig. 2 shows the propagation diagrams of two116

main-sequence stellar models with the same mass and chem-117

ical compositions but with different amounts of convective118

core overshoot. While significant difference can be seen119

in the deep, near-core layers, these are inaccessible to in-120

spection using non-radial p-modes. After a main-sequence121

star evolves to a subgiant (right panel of Fig. 2), a large122

density contrast develops between the stellar core and enve-123

lope. During this stage of evolution, ℓ = 1 oscillation modes124

with frequencies near νmax may propagate in two different125

regions: the envelope, which supports pressure modes (p-126

modes where the restoring force is pressure, with frequencies127

ν ≥ N and S ℓ=1 in both panels of Fig. 2) and the core, which128

supports gravity modes (g-modes where the restoring force129

is buoyancy, with frequencies ν ≤ N and S ℓ=1 in the Fig. 2130

propagation diagrams). The observed mixed modes couple131

these two regions, with g-like character in the core and p-like132

character in the envelope (Scuflaire 1974; Aizenman et al.133

1977). We use individual mixed-mode oscillations, whose134

frequencies directly probe the core/envelope boundary, to in-135

vestigate the properties and structures around stellar cores in136

this work.137

Space based photometry missions such as CoRoT (Baglin138

et al. 2006), Kepler (Borucki et al. 2010), and TESS (Ricker139

et al. 2015) which observe many stars over long temporal140

baselines have made possible the observational detection of141

mixed modes in many stars possible. Since these mixed142

modes sample the interior layers of evolved stars near the143

core-envelope boundary, they can, and have been, used to144

constrain the amplitude of overshooting above convective145

cores. In particular, Deheuvels & Michel (2011) found from146

the CoRoT data of the solar-like oscillator HD49385 that147

the oscillation spectrum of the star can only be properly148

explained by an avoided crossing (a characteristic freature149

of on-resonance mixed modes), whose shape constrains the150

amount of core overshooting above the stellar core to either151
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Figure 2. Propagation diagrams showing two 1.3M⊙ main sequence star stellar models (left panel) with and without overshooting. Both
models’ future subgiant structures are show in the right panel. The Brunt–Väisälä (buoyancy) frequency (N) is indicated with the solid lines,
while the ℓ = 1 Lamb frequency (S ℓ=1) is indicated with the dotted lines. The horizontal dot-dashed lines show the frequency of maximum
oscillation power, νmax. The models incorporating convective core overshoot with overshoot parameter αov = 0.3 are shown in red, while the
models without overshoot are shown in black. Both models have the same initial metallicity ([Fe/H]0 = −0.025), initial helium abundance
(Y0 = 0.284), and mixing length parameter αMLT = 1.75.

very small or moderate values. Deheuvels et al. (2016) also152

made seismic estimates of the extent of convective cores in 8153

low mass main sequence stars using data from Kepler. Noll154

et al. (2021) then studied the Kepler subgiant, KIC10273246,155

and found again that accounting for core overshooting im-156

proved their models’ agreement with the observed oscillation157

mode frequencies. Building on these studies, we now make158

similar measurements from an analysis using a grid based159

modelling approach to determine the interior properties of a160

larger sample of subgiants observed by Kepler.161

In this paper, we look at a sample of 62 subgiants to de-162

termined how much convective core overshoot was present163

in these stars during their main sequence. Our objective in164

doing so is to determine relationships between global stel-165

lar properties and near core-mixing processes. For example,166

Viani & Basu (2020) examined 9 intermediate mass main-167

sequence stars from the Kepler LEGACY sample (Lund et al.168

2017; Silva Aguirre et al. 2017) and found through astero-169

seismic modelling that the amplitude of convective overshoot170

from the main-sequence core increases with stellar mass. The171

rest of this paper is organized as follows. We discuss our172

sample of subgiant stars in section 2 and describe our grid of173

models in section 3. In section 4 we explain how we com-174

pare the observed spectroscopic and asteroseismic properties175

of the subgiant target stars to our model grid. In section 5 we176

show how the main-sequence core properties of the stars in177

our sample depend on the global stellar parameters and place178

our results into the context of other studies focused on de-179

termining the relationship between core overshoot properties180

and stellar parameters.181

2. THE SAMPLE OF SUBGIANTS182

We study a total of 62 subgiant stars in this work, 36183

observed during the Kepler mission, 8 observed during the184

K2 mission, and 18 observed with TESS, of which 12 were185

observed in the TESS Southern Continuous Viewing Zone186

(CVZ) during its first year of operations. Fig. 3 shows a Kiel187

diagram (log(g) vs. Effective Temperature) of our sample188

of subgiant stars. The different missions observed the stars189

for varying lengths of time, consequently, the quality of the190

power spectra used to determine the oscillation frequencies191

varies tremendously.192

2.1. Kepler Subgiants193

The nominal Kepler mission ran for just over 4 years, giv-194

ing the best possible scenario for determining the asteroseis-195

mic mode frequencies we require for our fitting procedure.196

For this work, like in Ong et al. (2021a), we study a sam-197

ple of subgiants observed with short cadence which was al-198

ready examined using a grid-based modeling approach (Li199

et al. 2020a,b). The mode frequencies used in our analysis200

were measured in Li et al. (2020b). The global asteroseis-201

mic parameters, ∆ν and νmax, for these targets were derived202

in Serenelli et al. (2017), while the spectroscopic observ-203

ables Teff and [Fe/H] were taken from Table 1 of Li et al.204

(2020a). When available, we also used stellar luminosity (L)205
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Figure 3. The sample of subgiant stars used in the work on a Kiel
(log(g) vs. Teff) diagram. The different symbols refer to which
mission observed the subgiant. The background gray curves show
solar-abundance evolutionary tracks with masses between 1.0 and
1.8 M⊙ in steps of 0.2M⊙. The tracks are for modes without core
overshoot.

measurements derived from the Gaia mission Gaia Collabo-206

ration et al. (2018).207

2.2. K2 Subgiants208

The time series photometry available from the K2 mission209

are only about 75 days long in each campaign (Howell et al.210

2014), with 60 second sampling at short cadence. This results211

in significantly degraded frequency resolution, and, since the212

photometric noise was also higher due to decreased pointing213

stability, only 8 K2 subgiants studied in Ong et al. (2021a)214

showed significant oscillation power excess. The oscillation215

frequencies and spectroscopic properties for these stars are216

the same as those used in Ong et al. (2021a) (see section 3.3),217

although the mode frequencies for some of these stars were218

reanalyzed in González-Cuesta et al. (2023).219

2.3. TESS Subgiants220

During its nominal mission, stars observed by TESS can,221

in the worst case, be observed for only a single sector (27222

days) which is not much longer than the average oscillation223

mode lifetime. Therefore, in the frequency domain, the lim-224

ited spectral resolution of the power spectrum is comparable225

to the mode line widths. In addition, the TESS pixels are226

much larger than Kepler’s meaning the subgiant star oscil-227

lation mode frequencies derived from TESS photometry are228

more sensitive to noise and suffer from more contamination229

when compared with Kepler-derived subgiant mode frequen-230

cies. Since the detection and extraction of oscillation mode231

frequencies is not the focus of this work, our TESS sample232

of subgiants is relatively small and made from studies al-233
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Figure 4. Comparison of sampling of the mass-overshoot plane in
the model grid used in this work (gray points — Sobol sampling in
a finite range) against that of the grid used in Ong et al. (2021a) (or-
ange points — random sampling over the mass-overshoot relation
of Viani & Basu 2020, shown with the blue points).

ready communicated through the asteroseismology commu-234

nity. The spectroscopic and asteroseismic observables of our235

sample of 6 stars observed by the nominal TESS mission (β236

Hyi, δ Eri, η Cep, ν Ind, TOI 197, and HD 38529) is further237

described in section 3.2 of Ong et al. (2021a).238

In addition to these 6 subgiants, our sample includes 12239

subgiant stars observed by TESS in its Southern Continuous240

Viewing Zone. The oscillation mode frequencies for these241

stars were fitted against the power spectra using 7 different242

peakbagging pipelines (J. M. J. Ong, in preparation). The243

spectroscopic properties (Teff and [Fe/H]) were taken from244

the 17th data release of the Sloan Digital Sky Survey (Ab-245

durro’uf et al. 2022), while luminosity measurements were246

found with SED measurements in conjunction with GAIA247

parallaxes.248

3. OUR GRID OF MODELS249

There are two main classes of techniques to model the inte-250

riors of subgiant stars using asteroseismic and spectroscopic251

data. One that uses large scale grid searches to study many252

targets (as in McKeever et al. 2019; Jørgensen et al. 2020;253

Li et al. 2020a; Nsamba et al. 2021; Ong et al. 2021b,a), and254

another, where the parameter space of the grid is adapted to255

each target individually (as in Ball et al. 2018, 2020; Huber256

et al. 2019; Chaplin et al. 2020; Noll et al. 2021). These two257

approaches are often combined, with the results of coarser258

grid searches used to restrict the parameter space for further259

individual study. While boutique modelling involving opti-260

mization based parameter searches or individual dense grids261

created separately for each target is a good method for de-262

termining the properties of individual stars, it can be very263

slow and computationally expensive. Instead, we used a large264

scale grid search method for this study.265

The grid we use in our fitting procedure is largely based on266

that used in Ong et al. (2021a). It consists of subgiant mod-267
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els created with MESA version r12778 (Paxton et al. 2011,268

2013, 2015, 2018, 2019). These models use the solar chemi-269

cal abundance mixture detailed in Grevesse & Sauval (1998),270

an Eddington gray atmospheric boundary condition, and the271

mixing-length prescription of Cox & Giuli (1968). Element272

diffusion was handled using the formulation of Thoul et al.273

(1994), and we included a mass-dependent scaling prefac-274

tor (see Viani et al. 2018). The parameters of the models275

in the grid, Sobol-sampled in almost an identical fashion to276

that used in Ong et al. (2021a), were the initial stellar mass277

(M ∈ [0.8M⊙,2.0M⊙), the mixing length parameter (αmlt ∈278

[1.3,2.2]), initial metallicity ([Fe/H]0 ∈ [−1,0.5]), and initial279

helium abundance (Y0 ∈ [0.176,0.32]). We construct mod-280

els with sub-primordial (Yprimordial ∼ 0.248) to avoid edge-281

effects from our grid’s construction affecting the fitting re-282

sults, but we down-weight the likelihoods of stellar models283

with, Y0 < Yprimordial, as we explain in section 4. Convective284

overshoot from the stellar core was incorporated according285

to MESA’s implementation of overmixing with a step profile286

(cf. §2 of Lindsay et al. 2022). Unlike the grid used in Ong287

et al. (2021a), we Sobol-sample the step overmixing param-288

eter, αov, between 0 and 0.6, as shown in Fig. 4.289

The result of MESA’s implementation of step overmix-290

ing is that the well-mixed stellar core extends beyond the291

Schwarzschild boundary by a distance rov, given by292

rov =

 αovHp if Hp ≤ rcz

αovrcz if Hp > rcz
, (1)293

where Hp is the pressure scale height at the convective294

boundary and rcz is the radius of the core convection zone.295

This ensures that when the convective core is very small,296

the overshooting region does not become unphysically large,297

as would be the case for overshooting by αovHp. An-298

other feature of the MESA implementation of step over-299

mixing is that the overshoot region does not start exactly at300

the Schwarzschild boundary (estimated by where ∇radiative =301

∇adiabatic) but rather begins at a location f0Hp into the convec-302

tive core from the Schwarzschild boundary. This is because303

the mixing coefficient approaches 0 at the Schwarzschild304

boundary. In our grid, f0 is set to 0.005. In order to avoid305

confusion when referencing the step overshooting parameter,306

and to make it easier to compare our results with studies that307

used other stellar evolutionary codes, we save the following308

three different overshoot parameters in our grid.309

1. Input Overshoot, αov: This is the value entered into the310

MESA controls inlist when creating the stellar model311

tracks. We varied this parameter in our grid from 0 to312

0.6.313

2. Scaled Overshoot, αov, scaled: We define Scaled Over-314

shoot based on the input overshoot parameter as315

αov, scaled = αov min(rcz/Hp,1) − f0 where αov is the316

input overshoot parameter, rcz is the radius of the317

MESA-defined convective zone, Hp is the pressure318

scale height at the convective zone boundary, and f0319

is equal to 0.005.320

3. Effective Overshoot, αov, eff: The effective overshoot321

parameter is calculated directly from the MESA-322

generated profile file for the time step at which the323

MESA-defined convective core mass was at its max-324

imum. We define the effective overshoot parameter325

as αov, eff = (rwell-mixed − rcz)/Hp where rwell-mixed is326

the well-mixed core boundary, defined by looking for327

the central-most grid point where the gradient of the328

mean molecular weight gradient, ∂∇µ∂r , spikes to at least329

|
∂∇µ
∂r | = 0.001cm−1.330

For the subsequent analysis of the scaled and effective331

overshoot parameters, αov, scaled and αov, eff are both set to 0 in332

our grid if the corresponding model tracks maintain a convec-333

tive core for less than 25% of their main sequence lifetime.334

This ensures that the overshoot parameters for models which335

do not maintain a convective core is 0.336

The grid input parameters which we vary, M, αmlt,337

[Fe/H]0, Y0, and αov, are distributed uniformly using joint338

Sobol sequences of length 16382 over the ranges described339

previously. Each of these tracks were evolved using MESA340

from the pre-main sequence until the point where ∆ν = 9µHz341

(following Ong et al. 2021a). For each subgiant model in342

our grid, the oscillation mode frequencies are calculated us-343

ing GYRE version 6.0 (Townsend & Teitler 2013). The ra-344

dial and quadrupole (ℓ = 0 and ℓ = 2) p-mode frequencies345

are calculated within ±6∆ν of νmax. For the dipole (ℓ = 1346

modes, we calculated both π-mode and γ-mode frequencies347

and mixed-mode coupling matrices according to the mode348

isolation construction of Ong & Basu (2020). π-modes re-349

fer to the pure p-modes whose frequencies only depend on350

the p-mode cavity of the stellar model, while γ-modes refer351

to the pure g-modes whose frequencies only depend on the352

g-mode cavity; mixed modes are those linear combinations353

of π and γ modes that are also eigenfunctions of the wave354

operator. Following Ong et al. (2021a), we compute γ-mode355

frequencies and matrix elements for γ modes from a lower-356

bound frequency of νmax − 7∆ν up to ng = 1 γ-mode. The357

ℓ = 0 and ℓ = 2 modes, as well as the ℓ = 1 π− modes were358

corrected for inadequate modelling of the near surface layers359

(surface effects or surface term), before comparison with the360

observed mode frequencies, as discussed further in section 4.361

4. MODELLING PROCEDURE362

Many grid-based pipelines have been used to analyze as-363

teroseismic data from spaced based missions, including those364

described in Basu et al. (2010); Gai et al. (2011); Campante365

et al. (2019); Stello et al. (2022), among others. Cunha et al.366

(2021) compared different asteroseismic pipelines using arti-367

ficial asteroseismic data.368

For this work, we start with a given set of observables and369

corresponding uncertainties for a target star. In this work,370

these include the spectroscopic parameters effective temper-371

ature (Teff), metallicity ([Fe/H]), and when available, Lumi-372

nosity (L). These variables are used to define the spectro-373

scopic likelihood. The global asteroseismic observables, ∆ν374
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and νmax, are also used just in the down-selection of the large375

grid.376

4.1. Down-selecting the Complete Grid377

The first step in our modelling procedure is to search for all378

models in the complete grid with properties close to the target379

subgiant’s observed values of Teff, [Fe/H], ∆ν, and νmax. We380

calculate a penalty function based on individual χ2 values for381

each observed parameter, P, given by,382

χ2
P =

(Pobs−Pmodel)2

σ2
Pobs

, (2)383

and the total χ2 is given by384

χ2
downselect = χ

2
Teff
+χ2

[Fe/H]+χ
2
∆ν+χ

2
νmax . (3)385

If luminosity is available for the target star, we include χ2
L386

in the calculation ofχdownselect. We down-select the complete387

grid to models satisfying χ2
downselect < 102. This greatly re-388

duces computational cost by restricting the number of mod-389

els requiring an expensive seismic likelihood evaluation from390

more than 14 million (the whole grid) to around ten thousand391

models per target subgiant star.392

4.2. Spectroscopic Likelihoods393

To quantify how well the models in the down-selected grid394

matches the spectroscopic observables of the target subgiant,395

we calculate the following spectroscopic cost function,396

χ2
spec = χ

2
Teff
+χ2

[Fe/H]+χ
2
L (4)397

following Equation 2. For the 6 target stars for398

which we could not find reliable luminosity measure-399

ments, we omitted χ2
L from the calculation of χ2

spec.400

These stars are KIC6442183, KIC11137075, KIC11414712,401

EPIC212478598, EPIC246305274, and δ Eri.402

The spectroscopic likelihood for every model in the down-403

selected grid is then calculated as404

Lspec = exp

−χ2
spec

2

. (5)405

Finally, we find the normalized spectroscopic likelihoods,406

Lspec, norm, by dividing each model’s spectroscopic likeli-407

hood by the sum of all spectroscopic likelihoods in the down-408

selected grid, such that the sum of all the normalized spec-409

troscopic likelihoods is 1.410

4.3. Seismic Likelihoods411

In order to calculate a seismic cost function, we must quan-412

tify how well a stellar model’s oscillation mode frequencies413

match the observed frequencies of a given target. To do this,414

the model’s set of oscillation modes must be compared to415

the set of observed modes, which entails matching each of416

the observed oscillation mode frequencies to a correspond-417

ing model mode frequency. The model modes also must be418

corrected for the surface effect, a frequency-dependent error419

in stellar model oscillation mode frequencies caused by our420

inability to model the near-surface layers of a star in one di-421

mension.422

We match the model oscillation mode frequencies to the423

observed frequencies in two different ways, depending on the424

angular degree (ℓ) of the mode. The radial and quadrupole425

modes (ℓ = 0 and 2) are matched based on their inferred val-426

ues of radial order np. We infer the np values of the observed427

modes based on the observed mode frequency, the observed428

∆ν as np, obs = (νobs/∆ν)− (ℓ/2). The np values for a mod-429

els’ oscillation frequencies are returned from GYRE along430

with the mode frequencies. The matched ℓ = 0 and 2 modes431

are then used to determine the coefficients of the two-term432

surface term from Ball & Gizon (2014) by minimizing the433

quantity,434

∑
ℓ∈{0,2}

N∑
np=0

νobs, npℓ − (νmodel, npℓ +δνsurf, npℓ)

σν,obs, npℓ
(6)435

where n denotes the radial order of the mode, ℓ denotes436

the angular degree of the mode, N is the total number of437

modes, νobs, nℓ is the observed mode frequency, σν,obs, nℓ is438

that modes associated frequency error, νmodel, nℓ is the uncor-439

rected model mode frequency, while δνsurf, nℓ is the two term440

parametric correction of Ball & Gizon (2014). This correc-441

tion is given by,442

δνsurf, npℓ =
1

Inpℓ

(
a−1

[νnpℓ

ν0

]−1
+a3

(νnpℓ

ν0

)3)
, (7)443

where νnℓ is the model mode frequency, Inℓ is the model444

mode inertia, ν0 is set to νmax, and the coefficients (a−1 and445

a3) are chosen to minimize the quantity in Eq. (6).446

The above procedure gives us surface corrected model447

mode frequencies for ℓ = 0 and ℓ = 2 modes, and we can448

now define νmodel, corr = νmodel, uncorr + δνsurf. For the ℓ = 1449

modes though, following Ong et al. (2021c), we apply the450

surface correction to the dipole πmodes, and recover surface-451

corrected model mixed modes by coupling these surface cor-452

rected π modes to the γ modes, which remain unaffected by453

surface effects (Ong & Basu 2020). Surface-corrected dipole454

(ℓ = 1) mode frequencies are matched to the observed mode455

frequencies using an iterative nearest-neighbor search.456

Next, for each combination of models in the down-selected457

grid and subgiant target, we calculate a seismic cost function458

with the form,459

χ2
seis =Wν

1
Nν

Nν∑
n

 νobs,n− νmodel,n√
σ2
νobs,n +σ

2
ν,eff


2

, (8)460

where Nν refers to the total number of matched oscillation461

modes in the set, Wν is a weighting term that we describe462

later. σν, eff accounts for the systematic error in the modeling463

due to grid undersampling (following Li et al. 2020a; Ong464

et al. 2021a). We first calculate the seismic cost function465
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Figure 5. The best mode match for the subgiant target KIC4346201,
as determined by minimizing Eq. (8) for all models in the down-
selected grid (with σν, eff set to 0). The observed modes are shown
with open circles, and the surface-corrected modes of the model are
shown with dots. Each observed mode is connected to its corre-
sponding model mode with a line. The colors of the points and lines
indicate the angular degree of the modes (ℓ = 0 in blue, ℓ = 1 in or-
ange, and ℓ = 2 in gray.

(Eq. (8)) with σν, eff set to 0 to identify the best fit model.466

As an illustrative example, the best mode match for the sub-467

giant target KIC4346201 is shown in Fig. 5. Then we set468

σν, eff as the root-mean-squared difference between the ob-469

served mode frequencies and the best fitting model’s surface470

corrected mode frequencies.471

The surface term makes the model mode frequencies larger472

than the observed frequencies, and this difference increases473

with frequency. The model of the surface term shown in474

Eq. (7) does not take this into account, and it is possible that475

after the surface term correction, a model that has frequen-476

cies lower than the observed frequencies would end up with477

a smaller χ2
seis than a model with the expected behavior of the478

surface term. To account for this, we add a weight, Wν, in479

Eq. (8) to give a larger weight to models whose uncorrected480

frequencies were larger than the observed frequencies. To do481

this, we assignWν a value of 0.5 if all model mode frequen-482

cies are higher than their corresponding observed frequen-483

cies. If this condition is not satisfied, we setWν to 1.484

For models with interiors that match observed stars, it is485

a known property of the surface term that the frequency dif-486

ferences between the observed and model p-modes should487

be largest at high frequencies, and lowest at low frequencies.488

We follow Basu & Kinnane (2018) and Ong et al. (2021b)489

in accounting for this by adding another penalty function to490

χ2
seis with the form,491

χ2
low n =

1
4

1
10

4∑
n

 νobs,n− νmodel,n√
σ2
νobs,n +σ

2
ν,eff


2

. (9)492

The factor 1/4 comes from the number of modes that we are493

summing, and the factor 1/10 gives a lower weight to χ2
low n494

compared to χ2
seis, calculated in Eq. (8). We do this because495

this term is incorporated for the purpose of regularization,496

and is not meant to influence the overall posterior distribu-497

tion.498

For each of the 62 targets in our sample of subgiants, we499

calculate the two terms (χ2
seis and χ2

low n) of the seismic cost500

function. We then calculate a seismic likelihood (Lseis) for501

each model in the target star’s associated down-selected grid502

as503

Lseis = exp

−
(
χ2

seis+χ
2
low n

)
2

. (10)504

The normalized seismic likelihood, Lseis, norm, is also cal-505

culated in the same way as for Lspec, norm by dividing all the506

model’s values of Lseis by the sum of all Lseis values in the507

down-selected model grid, such that
∑
Lseis, norm = 1.508

4.4. Estimating Stellar Parameters509

For each of the stars in our sample, we determine total like-510

lihoods, Ltot, for each model in the down-selected grid by511

combining the spectroscopic and seismic normalized likeli-512

hoods as513

Ltot = tmodel×WHe×Lseis, norm×Lspec, norm (11)514

where tmodel is a time interval defined below, and WHe is a515

helium weight. By using the normalized seismic and spectro-516

scopic likelihoods, we ensure that neither component of the517

cost function dominates the overall total likelihood. tmodel is518

the length of time (in seconds) each model spends during that519

model’s specific MESA time step, and is included to down-520

weight the likelihoods of models in portions of the model521

grid which are more densely sampled in time. WHe is given522

by523

WHe =


1 if Y0 > Yp

exp
[
−

(
(Y0−Yp)

0.016

)2
]

if Y0 ≤ Yp
, (12)524

with Yp = 0.248 (Steigman 2010). The total likelihood of a525

given model incorporates this weight term in order to penal-526

ize models with initial helium abundance lower than the pri-527

mordial value of helium, Yp.The helium-weighted total like-528

lihoods are also normalized, leaving us with an associated529

likelihood value, Ltot, norm for every model in the target star’s530

down-selected grid.531

To obtain the best fit parameters and parameter errors for532

each of the subgiants in our sample (section 2), we calcu-533

late the likelihood weighted means of each parameter saved534
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Figure 6. Effective overshoot parameter αov, eff versus stellar mass for our sample of 62 subgiants. The points are colored by the modelling
results for initial metallicity. Each point’s position and color represents the 50th percentiles of the given parameter for each target. The error
bars are given by the 16th and 84th percentiles of each parameter’s posterior distribution.

in the grid discussed in section 3 10,000 times for different535

realizations of the spectroscopic parameters. The likelihood536

weighted mean for a given parameter, P̄, is calculated as,537

P̄ =
∑N

i=0(Ltot, normi Pmodeli )∑N
i=0(Ltot, normi )

, (13)538

where N is the number of models in a subgiant target’s539

downselected grid and Pmodel is the model parameter.540

We draw 10,000 sample values of each parameter from541

a normal distribution with the mean equal to the literature-542

reported value of the parameter and standard deviation equal543

to the reported error, as was done in Ong et al. (2021a). Each544

sampling of the spectroscopic parameters results in a differ-545

ent likelihood weighted mean for our model output parame-546

ters, and hence, performing a Monte–Carlo over the spectro-547

scopic parameters allows us to determine posterior distribu-548

tions of our output parameters. The 16th, 50th, and 84th per-549

centiles of the posterior distributions for stellar mass (M), ra-550

dius (R), luminosity (L), temperature (Teff), age, initial metal-551

licity ([FeH]0), initial helium abundance (Y0), mixing length552

(αmlt), and effective overshoot parameter (αov, eff) are listed553

in tables Table 1 and Table 2 for the stars observed by Kepler554

and TESS respectively.555

5. RESULTS AND DISCUSSION556

Fig. 6 shows the results for the effective overshoot param-557

eter (αov, eff) as a function of the stellar mass. The errors bars558

for both parameters show the 16th and 84th percentiles of the559

output parameter posterior distributions. We can see that for560

sufficiently low mass stars (M ≤ 1.0M⊙) the modelled αov, eff561

is 0. This is because the stellar models at this mass do not562

maintain a convective core for a sufficiently long amount of563

time (> 25% of their main sequence lifetimes.) At slightly564

higher masses, from M ≈ 1.0M⊙ to M ≈ 1.15M⊙, the value of565

the effective overshoot parameter increases with stellar mass566

from αov, eff ≲ 0.05 to αov, eff ≈ 0.1 – 0.15. At masses higher567

than 1.2M⊙, our results for αov, eff are seemingly independent568

of stellar mass. The points in Fig. 6 are colored by our initial569

metallicity ([Fe/H]0) results. We do not see a strong relation-570

ship between our results for αov, eff and [Fe/H]0.571

To place our results shown in Fig. 6 into context, we com-572

pare them with other studies of convective core overshoot-573

ing. Studies that have used asteroseismic data to estimate574

overshooting in main-sequence convective cores have been575

carried out by Deheuvels et al. (2016), Viani & Basu (2020),576

and Noll & Deheuvels (2023), directly measuring the extent577

of the well-mixed convective core in a total of 19 main se-578

quence stars (9 by Viani & Basu (2020), 8 by Deheuvels et al.579

(2016), and 2 by Noll & Deheuvels (2023)). In addition, Noll580

et al. (2021) modelled one subgiant star and produced an es-581

timate for that star’s convective core overshooting parameter.582

Fig. 7 shows our αov, eff vs stellar mass results alongside the583

results of Deheuvels et al. (2016), Viani & Basu (2020), Noll584

et al. (2021), and Noll & Deheuvels (2023).585

Overall, the results from this work agrees with the previ-586

ous overshooting versus mass results from Deheuvels et al.587

(2016), Noll et al. (2021), and Noll & Deheuvels (2023), as588
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Figure 7. αov, eff versus stellar mass results (red points) in compar-
ison with other asteroseismic studies of convective core overshoot.

0.8 1.0 1.2 1.5 2.0 3.0 4.0
Stellar Mass [M�]

0.0

0.1

0.2

0.3

0.4

0.5

α
ov

,
eff

Claret & Torres (2018, 2019)

Deheuvels et al. (2016)

Viani & Basu (2020)

Noll et al. (2021, 2023)

Mombarg et al. (2021)

This Work

Figure 8. Our αov, eff versus stellar mass results (red points) in com-
parison with other studies of convective core overshoot, including
those shown in Fig. 7 as well as the eclipsing binary work of Claret
& Torres (2018) and Claret & Torres (2019), shown in black trian-
gles. The machine learning results for γ Doradus stars from Mom-
barg et al. (2021) are shown in maroon triangles.

well as with the results at the low mass end of the sample589

from Viani & Basu (2020). The spread in our reported values590

of αov, eff for stars in the mass range of 1.1M⊙ ≤ M ≤ 1.4 is591

also similar to the spread in the overshoot amplitude results592

of Deheuvels et al. (2016), for the same range of masses.593

On the higher mass end of their sample (M ≥ 1.3M⊙), Viani594

& Basu (2020) reported significantly larger values of effec-595

tive overshoot parameter, when compared with our results for596

stars in our sample with comparable masses. We identify two597

possible reasons for this discrepancy. First, the models calcu-598

lated in Viani & Basu (2020) had set the temperature gradi-599

ent, ∇ to∇ad in the convective overshooting regions above the600

models’ convective cores. This is analogous to the ”Step Pen-601

etrative Overshoot” we describe in section 2 of Lindsay et al.602

(2022) or the ”convective penetration” described in Anders603

& Pedersen (2023). As shown in figure 8 of Viani & Basu604

(2020), the effective overshoot parameter results are larger,605

for a given stellar mass, if the stellar models used in the anal-606

ysis maintained an adiabatic temperature gradient in the over-607

shooting region. This temperature gradient difference alone608

cannot fully explain the large discrepancy between our re-609

sults and the results of Viani & Basu (2020). The second610

major difference between the two modelling methods is that611

our modelling procedure sampled αov, input far more densely612

(see Fig. 4) when compared to the procedure of Viani & Basu613

(2020), which only allowed about 8 different αov, input values614

per target star. The denser sampling of both αov, input and ini-615

tial mass in our work results in more precise results of stellar616

mass and overshoot parameter, whereas the sparse sampling617

of αov, input in Viani & Basu (2020). means that one model618

with a high overshooting parameter could dominate the like-619

lihood function and significantly increase the output αov, eff620

result. It should also be noted that the Viani & Basu (2020)621

models did not include the gravitational settling of heavy ele-622

ments, and this too could increase their estimate of overshoot,623

however, that is unlikely to explain the large difference.624

Mombarg et al. (2019) and Mombarg et al. (2021) stud-625

ied convective core overshoot properties in intermediate mass626

stars through asteroseismology of γ Doradus stars. Mom-627

barg et al. (2021) used machine learning techniques to study628

core overshooting in the same sample of stars from Mom-629

barg et al. (2019), and we show how our results compare630

to theirs in Fig. 8. We note that the masses of the stars in631

their sample are higher than most of the stars in our sam-632

ple. The reported exponential overshoot parameters, fov from633

Mombarg et al. (2021) are multiplied by 10 before plotting in634

Fig. 8, as Mombarg et al. (2021) uses the conversion factor635

of 10 in their analysis. We also include the stellar mass and636

overshooting amplitude results of Claret & Torres (2018) and637

Claret & Torres (2019) in Fig. 8. The stars studied in these638

works were higher-mass main-sequence stars in double line639

eclipsing binary systems, with M ≥ 1.2M⊙. Claret & Tor-640

res (2018) and Claret & Torres (2019) modelled the stars’641

masses and core overshoot parameters by comparing the ob-642

served masses, radii, and effective temperatures of the stars643

to stellar models made with varying amounts of convective644

core overshoot. In order to convert the exponential over-645

shoot parameters, fov, reported in Claret & Torres (2019) to646

step overshooting parameters, αov, we follow Claret & Tor-647

res (2019) and multiply the reported values of fov by 11.36648

(11.36 fov = αov) before plotting those points in Fig. 8. When649
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a star is reported in both Claret & Torres (2018) and Claret &650

Torres (2019), we plot the value from Claret & Torres (2019).651

Comparing our results (red points in Fig. 8) to the re-652

sults of Claret & Torres (2018), Claret & Torres (2019),653

and Mombarg et al. (2021) shows significant differences in654

stellar mass/overshooting amplitude relationship. The com-655

bined results of Claret & Torres (2018) and Claret & Torres656

(2019) show the overshoot amplitude increasing with stel-657

lar mass from αov, eff ≈ 0 at M = 1.2M⊙ to αov, eff ≳ 0.15 at658

M = 2.0M⊙. On the other hand, for the same mass range,659

Mombarg et al. (2021) finds that the step overshooting pa-660

rameters for their sample of γ Doradus stars are larger in661

magnitude (αov, eff > 0.1) and less dependent on stellar mass.662

Although our sample of subgiant stars do not go past663

masses of M ≈ 1.5M⊙, we report higher values of αov, eff for664

stars in the mass range of 1.2 to 1.5 M⊙ range when compared665

to the eclipsing binary work of Claret & Torres (2018), Claret666

& Torres (2019). The majority of the γ Doradus stars stud-667

ied by Mombarg et al. (2021) appear to have higher values of668

αov, eff compared to the results from our sample of subgiants669

at similar masses. This is not an apples to apples compar-670

ison though, since we are using detailed asteroseismic data671

of individual oscillation modes while Claret & Torres (2018)672

and Claret & Torres (2019) produced their overshooting re-673

sults based on the masses, radii, and effective temperatures674

of binary stars, without asteroseismology, while Mombarg675

et al. (2021) trained a machine learning model to return stel-676

lar masses and overshoot parameters based on observed pe-677

riod spacings between adjacent modes. In addition, the grid678

of models used in this work sampled the input parameters679

more densely, and covered a wider range of parameters when680

compared to the grids of models used in the eclipsing bi-681

nary and γ Doradus work. Finally, the models calculated by682

Claret & Torres (2018), Claret & Torres (2019), and Mom-683

barg et al. (2021) implemented penetrative overshoot which,684

as discussed previously, would cause higher output values of685

αov, eff, when compared with an analysis done with models686

with a radiative temperature gradient in the overshooting re-687

gion.688

Overall, Fig. 7 and Fig. 8 show that our stellar mass versus689

overshooting results agree well with other studies in the lit-690

erature which use asteroseismology to study main-sequence691

stars (Deheuvels et al. 2016; Noll & Deheuvels 2023) though692

differ from asteroseismic results at the high mass end of our693

subgiant sample (Viani & Basu 2020; Mombarg et al. 2021).694

The differences between the overshooting results at high stel-695

lar mass could be a result of how the stellar models were con-696

structed (a radiative versus an adiabatic temperature gradient697

in the overshooting region), but could also dependent on how698

dense the model grids in each study sampled the input param-699

eters (M, Y0, [Fe/H]0, αmlt, and αov, input), in addition to what700

input data are used (individual mode frequencies are used in701

this work, while other works used global stellar parameters).702

6. SUMMARY AND CONCLUSION703

We have conducted a study analyzing 62 subgiant stars704

with high quality asteroseismic data from Kepler and TESS.705

The goal of this work was to better understand convective706

overshooting above main sequence star convective cores, a707

process by which moving parcels of fluid in the well-mixed708

convective core overshoot the classical convective boundary,709

leading to extra mixing above the core and a prolonged main710

sequence lifetime. Previous studies have analyzed main se-711

quence convective core properties using asteroseismology,712

but the total number of targets that are bright enough and713

in the mass range of interest is quite small (Deheuvels et al.714

2016; Noll & Deheuvels 2023). Additionally, Lindsay et al.715

(2023) showed that core regions of stars are poorly con-716

strained by non-radial p-mode oscillations on the main se-717

quence. Therefore, we analyze subgiant stars, which are718

much brighter, and whose dipolar mixed-mode oscillation719

frequencies sample the interior structures of subgiants. The720

main sequence structure of stars with convective cores (oc-721

curring when M⋆ ≳ 1.1M⊙) alter the stellar structure, and722

these effects persist after the main sequence, when the star723

evolves into a subgiant (see Fig. 2).724

Our sample of 62 subgiant stars consisted of 45 stars ob-725

served during the Kepler and K2 missions, as well as 17 stars726

observed with TESS. The spectroscopic parameters, as well727

the individual oscillation mode frequencies, were taken from728

various different literature sources (see section 2). To deter-729

mine the amount of convective core overshooting, as well as730

the other properties of the stars in our sample, we implement731

a grid-based modelling technique, as opposed to performing732

a boutique modelling of every star in our sample. The grid we733

use densely samples stellar mass, mixing length, initial he-734

lium abundance, metallicity, and the input overshoot parame-735

ter, αov, input. The model tracks were calculated using MESA736

(Paxton et al. 2011, 2013, 2015, 2018, 2019; Jermyn et al.737

2023) and the model oscillation mode frequencies were cal-738

culated using GYRE (Townsend & Teitler 2013). We match739

the observed mode frequencies of each star in our sample to740

the surface corrected model mode frequencies for each model741

in a down selected grid, based on the observed global proper-742

ties of the target star. Using the matched mode frequencies,743

we then calculate a seismic cost function (Eq. (8)), as well744

as the associated seismic likelihood (Eq. (10)) for each com-745

bination of star and model. These seismic likelihoods are746

combined with a spectroscopic likelihood (Eq. (5)) to pro-747

duce a combined ’total’ likelihood (Eq. (11)), which we use748

to determine the likelihood weighted mean parameter values749

for all the different quantities in our model grid. The poste-750

rior distributions of our output quantities were determined by751

taking 10,000 samples of the spectroscopic observables and752

recalculating the likelihood weighted mean parameter values753

for each random sample.754

These modelling results of the stars observed by Kepler755

are detailed in Table 1 while Table 2 contains our results for756

the stars observed by TESS. Our results for stellar mass and757

effective overshoot parameter, αov, eff, are visualized in Fig. 6758

which shows that αov, eff increases with stellar mass from M =759

1.0M⊙ to M = 1.2M⊙. For stars with masses greater than 1.2760

M⊙ our results indicate a weak, or no correlation between761

stellar mass and overshooting amplitude. We compare these762
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findings to previous work in section 5 while discussing how763

differences between our results and previous works can be764

explained by differences in modelling procedure.765

CJL would like to thank Y. Asali, D. Bowman, M.
Michielsen, J. Mombarg, J. Guerra, I. Pasha, M. G. Pedersen,
J. van Saders, and R. Townsend for insightful and helpful dis-
cussions. We thank the Yale Center for Research Computing
for guidance and use of the research computing infrastruc-
ture. SB and CJL acknowledges support from NSF grant
AST-2205026. CJL also acknowledges support of a Gru-
ber Science Fellowship. JMJO acknowledges support from
NASA through the NASA Hubble Fellowship grants HST-
HF2-51517.001-A, awarded by STScI, which is operated by
the Association of Universities for Research in Astronomy,
Incorporated, under NASA contract NAS5-26555.

766

767

768

769

770

771

772

773

774

775

776

777

Software: MESA (Paxton et al. 2011, 2013, 2015, 2018,
2019; Jermyn et al. 2023), GYRE (Townsend & Teitler 2013)
, SciPy (Virtanen et al. 2020), Pandas (Reback et al. 2021)

778

779

780

REFERENCES

Abdurro’uf, Accetta, K., Aerts, C., et al. 2022, ApJS, 259, 35781

Aizenman, M., Smeyers, P., & Weigert, A. 1977, A&A, 58, 41782

Anders, E. H., & Pedersen, M. G. 2023, Galaxies, 11, 56783

Aparicio, A., Bertelli, G., Chiosi, C., & Garcia-Pelayo, J. M. 1990,784

A&A, 240, 262785

Baglin, A., Auvergne, M., Barge, P., et al. 2006, in ESA Special786

Publication, Vol. 1306, The CoRoT Mission Pre-Launch Status -787

Stellar Seismology and Planet Finding, ed. M. Fridlund,788

A. Baglin, J. Lochard, & L. Conroy, 33789

Ball, W. H., & Gizon, L. 2014, A&A, 568, A123790

Ball, W. H., Themeßl, N., & Hekker, S. 2018, MNRAS, 478, 4697791

Ball, W. H., Chaplin, W. J., Nielsen, M. B., et al. 2020, MNRAS,792

499, 6084793

Basu, S., Chaplin, W. J., & Elsworth, Y. 2010, ApJ, 710, 1596794

Basu, S., & Kinnane, A. 2018, ApJ, 869, 8795

Bertelli, G., Mateo, M., Chiosi, C., & Bressan, A. 1992, ApJ, 388,796

400797

Borucki, W. J., Koch, D., Basri, G., et al. 2010, Science, 327, 977798

Bressan, A., Marigo, P., Girardi, L., et al. 2012, MNRAS, 427, 127799

Campante, T. L., Corsaro, E., Lund, M. N., et al. 2019, ApJ, 885,800

31801

Chaplin, W. J., Serenelli, A. M., Miglio, A., et al. 2020, Nature802

Astronomy, 4, 382803

Claret, A. 2007, A&A, 475, 1019804
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Table 1. Modelling results for the subgiants in our sample observed by the Kepler and K2 missions.

Target M [M⊙] R [R⊙] L [L⊙] Teff [K] Age [Gyr] [FeH]0 Y0 αmlt αov, eff

KIC2991448 1.05+0.07
−0.06 1.73+0.04

−0.03 2.72+0.24
−0.18 5639+99

−78 8.21+0.93
−0.87 −0.08+0.14

−0.13 0.276+0.005
−0.005 1.753+0.057

−0.041 0.050+0.024
−0.050

KIC3852594 1.19+0.07
−0.06 2.01+0.04

−0.04 5.59+0.33
−0.31 6270+66

−68 4.12+0.42
−0.38 −0.31+0.13

−0.10 0.275+0.006
−0.006 1.972+0.026

−0.053 0.069+0.005
−0.006

KIC4346201 1.24+0.05
−0.06 1.95+0.03

−0.03 4.84+0.29
−0.32 6134+76

−85 4.31+0.49
−0.36 −0.13+0.14

−0.11 0.266+0.007
−0.006 1.801+0.069

−0.045 0.055+0.008
−0.005

KIC5108214 1.50+0.07
−0.09 2.57+0.04

−0.05 6.96+0.40
−0.40 5855+72

−75 3.14+0.19
−0.17 0.16+0.11

−0.14 0.270+0.007
−0.007 1.778+0.025

−0.024 0.077+0.013
−0.009

KIC5607242 1.25+0.09
−0.10 2.43+0.06

−0.07 4.85+0.38
−0.37 5500+82

−87 4.63+0.63
−0.47 −0.11+0.15

−0.16 0.274+0.006
−0.006 1.789+0.011

−0.012 0.126+0.016
−0.013

KIC5689820 1.11+0.09
−0.07 2.29+0.07

−0.05 2.96+0.28
−0.22 5002+78

−70 8.69+1.07
−1.39 0.09+0.11

−0.13 0.281+0.004
−0.005 1.837+0.050

−0.066 0.107+0.028
−0.034

KIC5955122 1.17+0.08
−0.08 2.09+0.05

−0.05 4.71+0.33
−0.37 5887+77

−86 5.03+0.69
−0.55 −0.19+0.15

−0.16 0.274+0.006
−0.005 1.787+0.025

−0.029 0.087+0.011
−0.012

KIC6064910 1.28+0.06
−0.07 2.31+0.04

−0.04 7.41+0.42
−0.44 6272+73

−69 3.20+0.34
−0.28 −0.24+0.12

−0.11 0.287+0.005
−0.005 1.890+0.046

−0.038 0.101+0.015
−0.017

KIC6370489 1.16+0.08
−0.08 2.01+0.04

−0.05 5.22+0.37
−0.35 6154+80

−77 4.47+0.60
−0.53 −0.29+0.13

−0.14 0.278+0.004
−0.005 1.856+0.059

−0.040 0.071+0.005
−0.009

KIC6442183 0.98+0.04
−0.04 1.64+0.02

−0.02 2.55+0.19
−0.16 5697+90

−89 9.07+0.90
−0.84 −0.18+0.11

−0.13 0.278+0.003
−0.005 1.775+0.059

−0.062 0.000+0.033
−0.000

KIC6693861 1.00+0.08
−0.06 2.03+0.05

−0.04 3.71+0.29
−0.27 5616+82

−79 7.22+1.02
−0.93 −0.41+0.15

−0.13 0.277+0.005
−0.005 1.751+0.032

−0.019 0.039+0.039
−0.039

KIC6766513 1.30+0.06
−0.04 2.10+0.04

−0.03 5.91+0.31
−0.31 6203+71

−66 3.58+0.18
−0.19 −0.10+0.10

−0.08 0.275+0.007
−0.006 1.830+0.082

−0.083 0.061+0.005
−0.005

KIC7174707 1.09+0.09
−0.07 2.09+0.06

−0.05 2.83+0.28
−0.24 5180+89

−84 8.31+1.17
−1.21 0.02+0.14

−0.14 0.277+0.004
−0.005 1.797+0.021

−0.042 0.097+0.029
−0.037

KIC7199397 1.31+0.09
−0.07 2.55+0.06

−0.05 6.96+0.39
−0.38 5876+67

−64 3.46+0.31
−0.26 −0.18+0.14

−0.13 0.278+0.007
−0.007 1.751+0.044

−0.023 0.124+0.009
−0.014

KIC7668623 1.56+0.04
−0.06 2.39+0.02

−0.03 8.08+0.26
−0.43 6297+46

−77 2.69+0.10
−0.05 0.19+0.07

−0.10 0.273+0.005
−0.006 1.920+0.036

−0.042 0.164+0.077
−0.084

KIC7747078 1.10+0.07
−0.07 1.94+0.05

−0.04 4.07+0.31
−0.29 5894+82

−79 5.82+0.77
−0.66 −0.25+0.15

−0.15 0.278+0.006
−0.005 1.767+0.051

−0.044 0.070+0.021
−0.028

KIC7976303 1.09+0.09
−0.07 1.99+0.05

−0.04 4.88+0.33
−0.34 6083+76

−76 5.14+0.68
−0.62 −0.41+0.16

−0.13 0.277+0.006
−0.006 1.857+0.053

−0.046 0.064+0.011
−0.025

KIC8026226 1.47+0.07
−0.06 2.87+0.05

−0.04 10.99+0.45
−0.40 6206+63

−65 2.29+0.15
−0.10 −0.21+0.14

−0.11 0.272+0.007
−0.006 1.796+0.020

−0.017 0.083+0.011
−0.007

KIC8524425 1.08+0.07
−0.06 1.80+0.04

−0.03 2.74+0.26
−0.21 5549+91

−85 8.01+0.97
−0.88 0.02+0.12

−0.12 0.279+0.005
−0.005 1.743+0.037

−0.027 0.071+0.028
−0.027

KIC8702606 1.19+0.10
−0.10 2.43+0.07

−0.07 4.90+0.38
−0.38 5517+77

−84 4.83+0.80
−0.56 −0.22+0.16

−0.17 0.277+0.006
−0.006 1.773+0.024

−0.020 0.124+0.014
−0.028

KIC8738809 1.40+0.06
−0.08 2.21+0.03

−0.04 5.86+0.35
−0.41 6055+66

−86 3.54+0.36
−0.26 0.15+0.11

−0.14 0.277+0.006
−0.006 1.841+0.046

−0.041 0.069+0.012
−0.011

KIC9512063 1.10+0.09
−0.08 2.03+0.06

−0.05 4.26+0.36
−0.29 5819+86

−79 5.77+0.72
−0.70 −0.28+0.18

−0.15 0.278+0.005
−0.005 1.796+0.047

−0.063 0.076+0.028
−0.033

KIC10018963 1.21+0.06
−0.08 1.96+0.03

−0.04 4.98+0.28
−0.32 6162+72

−70 4.36+0.58
−0.40 −0.18+0.14

−0.14 0.274+0.007
−0.006 1.892+0.039

−0.042 0.068+0.006
−0.006

KIC10147635 1.47+0.08
−0.09 2.71+0.05

−0.06 8.31+0.44
−0.44 5954+71

−70 2.82+0.19
−0.10 −0.03+0.15

−0.16 0.271+0.007
−0.007 1.790+0.042

−0.037 0.105+0.021
−0.011

KIC10273246 1.40+0.06
−0.06 2.25+0.03

−0.04 6.31+0.36
−0.36 6106+91

−75 3.33+0.28
−0.25 0.10+0.12

−0.12 0.278+0.005
−0.005 1.854+0.019

−0.023 0.067+0.010
−0.016

KIC10593351 1.62+0.08
−0.10 3.16+0.06

−0.07 9.84+0.46
−0.42 5764+71

−65 2.45+0.18
−0.14 0.12+0.13

−0.19 0.274+0.005
−0.006 1.767+0.028

−0.031 0.135+0.050
−0.021

KIC10873176 1.12+0.06
−0.05 2.05+0.04

−0.03 5.98+0.35
−0.39 6294+72

−71 4.04+0.53
−0.40 −0.41+0.12

−0.10 0.297+0.007
−0.005 1.999+0.053

−0.043 0.082+0.013
−0.021

KIC10920273 1.00+0.05
−0.04 1.79+0.03

−0.02 2.47+0.21
−0.18 5415+86

−95 9.70+0.81
−0.90 −0.10+0.09

−0.10 0.273+0.004
−0.004 1.696+0.070

−0.067 0.000+0.064
−0.000

KIC10972873 1.06+0.08
−0.06 1.80+0.05

−0.04 3.08+0.25
−0.24 5694+85

−95 7.50+0.94
−0.89 −0.12+0.15

−0.14 0.277+0.004
−0.005 1.797+0.036

−0.040 0.054+0.017
−0.054

KIC11026764 1.09+0.10
−0.08 2.01+0.06

−0.05 3.48+0.30
−0.26 5553+84

−75 6.69+0.94
−0.81 −0.11+0.17

−0.16 0.286+0.005
−0.005 1.796+0.023

−0.028 0.087+0.028
−0.040

KIC11137075 0.98+0.05
−0.04 1.63+0.03

−0.02 2.22+0.17
−0.16 5513+91

−92 10.27+0.94
−1.04 −0.08+0.11

−0.12 0.279+0.003
−0.004 1.699+0.054

−0.062 0.000+0.046
−0.000

KIC11193681 1.39+0.07
−0.09 2.44+0.04

−0.06 5.10+0.37
−0.33 5558+86

−76 4.13+0.34
−0.24 0.16+0.12

−0.16 0.273+0.005
−0.005 1.772+0.031

−0.025 0.119+0.011
−0.013

KIC11395018 1.22+0.08
−0.08 2.16+0.05

−0.05 4.49+0.35
−0.34 5720+94

−90 5.04+0.63
−0.52 −0.04+0.16

−0.15 0.278+0.007
−0.007 1.824+0.044

−0.041 0.113+0.008
−0.010

KIC11414712 1.16+0.13
−0.11 2.25+0.08

−0.08 4.49+0.52
−0.47 5599+99

−95 5.40+1.16
−0.86 −0.20+0.20

−0.19 0.277+0.001
−0.002 1.770+0.021

−0.014 0.099+0.017
−0.037

KIC11771760 1.56+0.10
−0.09 3.05+0.07

−0.06 9.92+0.41
−0.43 5864+69

−70 2.38+0.09
−0.06 −0.05+0.18

−0.15 0.265+0.007
−0.006 1.776+0.028

−0.032 0.096+0.008
−0.011

KIC12508433 1.25+0.09
−0.10 2.27+0.06

−0.07 3.63+0.32
−0.31 5295+89

−82 5.93+0.91
−0.63 0.13+0.13

−0.16 0.277+0.005
−0.006 1.770+0.033

−0.026 0.131+0.009
−0.014

EPIC212478598 0.98+0.05
−0.04 2.44+0.04

−0.03 3.55+0.25
−0.23 5081+86

−89 9.22+0.53
−0.66 −0.32+0.12

−0.13 0.275+0.004
−0.004 1.745+0.113

−0.122 0.000+0.055
−0.000

EPIC212516207 1.19+0.18
−0.05 1.70+0.07

−0.02 3.78+0.26
−0.18 6165+42

−40 4.84+0.38
−0.98 −0.01+0.19

−0.11 0.279+0.008
−0.011 2.018+0.021

−0.042 0.073+0.017
−0.009

EPIC212586030 1.13+0.11
−0.08 3.51+0.12

−0.09 6.14+0.40
−0.36 4851+64

−63 8.33+1.25
−1.52 0.07+0.11

−0.14 0.280+0.005
−0.004 1.872+0.090

−0.120 0.122+0.020
−0.036

EPIC212683142 1.28+0.09
−0.09 2.27+0.05

−0.05 5.56+0.36
−0.37 5885+85

−77 4.14+0.44
−0.37 −0.09+0.17

−0.16 0.272+0.006
−0.006 1.866+0.068

−0.063 0.088+0.020
−0.009

EPIC246154489 1.12+0.10
−0.08 4.65+0.15

−0.13 12.32+0.49
−0.46 5017+64

−70 5.85+1.12
−1.14 −0.43+0.15

−0.12 0.274+0.004
−0.002 1.808+0.109

−0.129 0.118+0.021
−0.038

EPIC246184564 1.33+0.09
−0.10 5.62+0.15

−0.16 16.88+0.48
−0.47 4941+66

−63 3.87+0.71
−0.64 −0.24+0.13

−0.15 0.273+0.004
−0.003 1.833+0.105

−0.132 0.147+0.012
−0.013

EPIC246305274 1.17+0.12
−0.09 2.15+0.07

−0.05 5.90+0.69
−0.54 6146+97

−97 4.19+0.71
−0.69 −0.34+0.17

−0.15 0.282+0.003
−0.004 1.846+0.027

−0.043 0.069+0.007
−0.021

EPIC246305350 1.31+0.09
−0.05 2.21+0.05

−0.03 5.68+0.33
−0.35 5999+72

−88 3.87+0.26
−0.24 −0.03+0.16

−0.09 0.271+0.008
−0.006 1.741+0.113

−0.084 0.081+0.008
−0.006
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Table 2. Modelling results for the subgiants in our sample observed by the TESS mission.

Target M [M⊙] R [R⊙] L [L⊙] Teff [K] Age [Gyr] [FeH]0 Y0 αmlt αov, eff

HD 38529 1.48+0.07
−0.09 2.68+0.10

−0.08 6.24+0.38
−0.42 5564+83

−93 3.30+0.24
−0.19 0.20+0.13

−0.17 0.281+0.003
−0.003 1.782+0.014

−0.017 0.109+0.008
−0.013

ν Ind 0.89+0.04
−0.03 2.94+0.04

−0.03 6.11+0.36
−0.32 5298+61

−66 8.63+0.73
−0.96 −0.89+0.05

−0.03 0.274+0.003
−0.004 1.745+0.101

−0.104 0.000+0.000
−0.000

δ Eri 1.08+0.07
−0.06 2.29+0.05

−0.04 2.85+0.26
−0.22 4958+82

−82 9.11+0.81
−1.06 0.02+0.12

−0.14 0.278+0.003
−0.004 1.731+0.077

−0.095 0.080+0.027
−0.027

β Hyi 1.08+0.09
−0.07 1.82+0.05

−0.04 3.49+0.29
−0.26 5849+81

−81 6.46+0.84
−0.81 −0.16+0.17

−0.15 0.281+0.005
−0.005 1.799+0.061

−0.061 0.057+0.019
−0.024

η Cep 1.02+0.08
−0.06 3.94+0.11

−0.09 8.21+0.40
−0.38 4917+71

−65 8.97+0.89
−1.18 −0.22+0.16

−0.14 0.279+0.004
−0.004 1.843+0.100

−0.128 0.056+0.035
−0.056

TOI 197 1.12+0.13
−0.10 2.91+0.11

−0.09 5.01+0.42
−0.35 5064+72

−75 6.82+1.36
−1.57 −0.18+0.15

−0.15 0.277+0.005
−0.005 1.873+0.081

−0.106 0.082+0.016
−0.031

TIC300088321 1.05+0.05
−0.05 1.67+0.03

−0.03 2.41+0.19
−0.17 5568+90

−83 8.76+1.05
−0.88 0.03+0.11

−0.12 0.283+0.004
−0.004 1.728+0.044

−0.038 0.055+0.025
−0.055

TIC29987134 1.25+0.11
−0.11 2.26+0.07

−0.07 5.45+0.53
−0.50 5876+93

−94 4.25+0.72
−0.54 −0.12+0.18

−0.18 0.277+0.003
−0.002 1.749+0.022

−0.014 0.088+0.009
−0.012

TIC374858999 1.12+0.15
−0.11 2.90+0.13

−0.10 5.59+0.42
−0.41 5210+90

−95 5.69+1.42
−1.34 −0.45+0.22

−0.18 0.271+0.004
−0.004 1.785+0.065

−0.076 0.082+0.022
−0.036

TIC349059821 1.04+0.11
−0.07 2.91+0.10

−0.07 5.05+0.39
−0.34 5071+73

−76 7.52+1.15
−1.45 −0.34+0.15

−0.15 0.275+0.005
−0.005 1.770+0.108

−0.118 0.064+0.035
−0.064

TIC55270123 1.13+0.14
−0.11 3.09+0.13

−0.10 5.59+0.47
−0.39 5054+79

−82 6.49+1.46
−1.56 −0.21+0.16

−0.16 0.274+0.005
−0.005 1.858+0.085

−0.109 0.086+0.015
−0.032

TIC167548586 1.26+0.12
−0.12 3.24+0.11

−0.12 5.68+0.45
−0.41 4954+76

−73 5.54+1.49
−1.20 −0.02+0.14

−0.16 0.274+0.004
−0.004 1.817+0.095

−0.114 0.116+0.010
−0.017

TIC299899690 1.25+0.15
−0.13 3.52+0.16

−0.15 7.89+0.95
−0.83 5164+85

−85 4.57+1.46
−1.25 −0.31+0.15

−0.16 0.275+0.004
−0.004 1.870+0.066

−0.094 0.106+0.016
−0.020

TIC350343922 1.04+0.10
−0.07 3.67+0.12

−0.09 7.77+0.55
−0.47 5031+66

−73 7.95+1.13
−1.48 −0.29+0.14

−0.12 0.280+0.004
−0.004 1.895+0.085

−0.121 0.074+0.040
−0.074

TIC150442152 1.28+0.11
−0.12 4.14+0.13

−0.14 9.19+0.47
−0.45 4948+70

−69 5.18+1.26
−0.98 −0.04+0.15

−0.16 0.277+0.004
−0.004 1.918+0.074

−0.111 0.116+0.010
−0.014

TIC150166759 1.07+0.09
−0.07 4.21+0.13

−0.11 8.80+0.51
−0.50 4842+70

−68 8.69+0.95
−1.21 −0.11+0.15

−0.16 0.279+0.004
−0.004 1.815+0.110

−0.130 0.093+0.034
−0.040

TIC141757732 1.28+0.11
−0.11 5.40+0.18

−0.17 16.84+0.61
−0.58 5035+74

−76 3.89+0.85
−0.68 −0.41+0.16

−0.16 0.274+0.003
−0.003 1.825+0.103

−0.129 0.141+0.011
−0.015

TIC350335258 1.13+0.10
−0.08 5.79+0.20

−0.19 17.54+0.77
−0.76 4911+75

−74 5.20+1.05
−0.92 −0.57+0.17

−0.15 0.274+0.002
−0.002 1.621+0.131

−0.111 0.137+0.026
−0.050
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