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ABSTRACT

We present the results of an asteroseismic study of HD 118660 (TIC 171729860), being a chemically peculiar (mild Am) star
exhibiting § Scuti (8 Sct) pulsations. It is based on the analysis of two sectors of time-series photometry from the space mission
TESS (Transiting Exoplanet Survey Satellite) and seismic modelling. It yielded the detection of 15 and 16 frequencies for
TESS sectors 23 and 50, respectively. The identified pulsation modes include four radial (¢ = 0) and five dipolar (¢ = 1) ones.
The radial modes are overtones with order n ranging from 3 and 6. Such high values of n are theoretically not expected for
stars with the effective temperature of HD 118660 (7. ~ 7550 K) located near the red edge of the § Sct instability strip. To
estimate the asteroseismic parameters, we have generated a grid of stellar models assuming a solar metallicity (Z = 0.014) and
different values for the convective overshooting parameter (0.1 < o, < 0.3). We conclude that the analysis of the radial modes
is insufficient to constrain «,, and Z for § Sct stars. The value for the equatorial velocity of HD 118660 derived from the seismic

radius and the rotational frequency is consistent with values found in the literature.

Key words: asteroseismology —convection —diffusion —stars: activity — stars: chemically peculiar — stars: evolution.

1 INTRODUCTION

Asteroseismology uses stellar pulsations, which appear as periodic
variations of brightness, radial velocities, and/or line profiles, to
probe the internal structure and evolution of stars. Pulsating stars are
ubiquitous in the Hertzsprung—Russell (H-R) diagram (Kurtz 2022).
The § Scuti (8 Sct) stars are of particular interest for asteroseismology
for several reasons. The richness of their pulsation spectra allows
for the probing of several different internal layers. Their brightness
makes them accessible for high-precision observations using both
photometry and spectroscopy.

The masses of § Sct variables typically range from 1.5 to 2.5 Mg
(Breger 1979; Goupil et al. 2005; Guzik 2021; Kurtz 2022). They
are located in the H-R diagram where the classical instability
strip intersects with the main sequence (Dupret et al. 2004, 2005),
confined to the range of effective temperatures (7.) nearly between
7000 to 9000 K (Uytterhoeven et al. 2011). In this region, stellar
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interiors change from radiative cores with thick convective envelopes
(M < 1Mp) to the convective cores with thin radiative envelopes
(M Z,2M). Hence, the study of §Sct stars can give important
insights into the details of this transition.

Thanks to recent space missions like Kepler (Christensen-
Dalsgaard et al. 2008), K2 (Howell et al. 2014), and the Transiting
Exoplanet Survey Satellite (TESS; Ricker et al. 2015), we have a
plethora of high-precision photometric data. Analysis of these light
curves shows that the § Sct stars mostly pulsate in pressure (p)
modes with observed oscillation frequencies ranging from ~5 to
100d~" (Guzik, Garcia & Jackiewicz 2019; Murphy et al. 2019;
Bedding et al. 2020). At the same time, the space-based photometric
observations have revealed that a significant fraction of § Sct stars
simultaneously exhibit frequencies that are typical for y Doradus
(y Dor) stars, making them hybrids (e.g. Balona 2014, Hey & Aerts
2024). The multiperiodic pulsational nature of § Sct stars make them
an ideal test bed for asteroseismology.

The § Sct stars pulsate in low-order radial and non-radial overtones.
The corresponding observed amplitudes can be as low as a few tens
of p-mag (low-amplitude § Sct stars; Murphy 2014) or as high as
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a few tenths of a magnitude (high-amplitude § Sct stars; Lee et al.
2008). The opacity mechanism operating in the He 11 ionization zone
is believed to be the primary source for driving pulsations in § Sct
stars, although other mechanisms are likely to contribute (Houdek
2000; Antoci et al. 2014; Murphy et al. 2020). Stellar metallicity is
one of the key drivers in the excitation of their pulsations (Guzik,
Fryer & Fontes 2018).

The influence of anomalous chemical abundances on stellar pul-
sations is not yet fully understood. Pulsating A-type stars, including
the § Sct variables, share the same region of the main sequence with
objects whose key feature is an abnormal chemical composition.
These so-called chemically peculiar (CP) stars differ from their
chemically normal counterparts as their spectra exhibit strengthened
or weakened lines of specific elements (Preston 1974). The CP stars
constitute about 10 per cent—15 per cent of the population of stars
with the same spectral type (Renson & Manfroid 2009).

The diffusion of atoms in stellar atmospheres is considered
to be responsible for the formation of peculiarities in CP stars
(Michaud 1970; Michaud, Alecian & Richer 2015). Some elements,
particularly He, N, and O, settle in the atmosphere into the layers
below the surface while others, such as Mn, Sr, Y, and Zr, are
levitated out to the surface (Deal & Monier 2020). When various
mixing effects like convection, rotation, turbulence, or mass loss, are
absent or do not play an important role, atomic diffusion can develop
into a rather stable configuration with a non-uniform horizontal or
vertical distribution of atomic species. A stable magnetic field can
also provide the required stability. As a result, from an observational
point of view, such a CP star may appear to have an abnormal
chemical composition and, hence, metallicity. In reality, its average
composition may not substantially differ from a non-peculiar star of
the same origin and age (Murphy et al.2020).

The CP stars can be divided into smaller subgroups based on their
most prominent chemical anomalies, binarity status, and magnetic
properties. In this region of the H-R diagram, a star is classified
as a magnetic CP star if it possesses a strong, stable, and globally
organized magnetic field with a fossil origin, simple structure and
surface strength of at least ~#300 G. Amongst the magnetic CP stars,
a small fraction pulsates. They are known as rapidly oscillating Ap
(roAp) stars because of their short pulsation periods ranging between
approximately 5 and 30 min (Kurtz 1982). Only about 100 of them
are currently known (Holdsworth et al. 2021, 2024, and references
therein). The metallic-line (Am) peculiar stars are more numerous
and are characterized by an underabundance of light elements (He,
Ca, and/or Sc) in combination with an overabundance of iron-group
metals. Like § Sct stars, Am stars are generally considered to be non-
magnetic CP stars (Fossati et al. 2007, 2008; Donati & Landstreet
2009). However, a limited number of studies have reported on the
detection of a magnetic field in § Sct and Am stars (e.g. Kurtz et al.
2008; Neiner & Lampens 2015; Hubrig et al. 2023).

Axial rotation is an important factor governing stellar pulsations,
but it is not straightforward to fully take it into account when
analysing observations and calculating theoretical models. In the case
of a slowly rotating pulsating star, the axial rotation already causes
a shift in the observed frequencies (Ledoux 1949; Hansen, Cox &
van Horn 1977). This scenario becomes more complicated when fast
rotation also alters the shape of the star into an oblate spheroid, as it
changes the stellar interior and potentially influences other physical
processes that contribute to the pulsation mechanism. Convection
is one of the physical processes that also affect pulsation. When
convective core overshooting occurs, the core boundary is extended,
leading to extra mixing in the stellar interior and enhancing the main-
sequence lifetime of a star as the core gets more fuel. There are very
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few studies about the impact of rotation on the corresponding over-
shooting parameter «,,. Therefore, in-depth asteroseismic studies
of rapidly rotating stars are required to test and improve our current
understanding of the driving of pulsations. In contrast to the magnetic
roAp stars, their non-magnetic pulsating counterparts usually show
much weaker modulation of the brightness, which is observed in the
most precise space-based light curves and can be attributed to the
axial rotation (e.g. Balona 2011, 2019). Hybrid § Sct-y Dor pulsators
and unresolved binaries can show peaks in the same frequency region,
where the rotationally induced modulation is expected (e.g. Sikora
et al. 2019; Rodriguez et al. 2020; Sikora, Wade & Rowe 2020).
This limits the selection of rapidly rotating stars to measure the
broadening of absorption lines in spectra or search for rotationally
split frequencies in time-series data. The spectroscopic survey of
Solano & Fernley (1997) revealed that 6 Sct stars show a broad
distribution in their projected rotational velocity (v sini) and they
found an average value (vsini) of 97 kms™! for the low-amplitude
pulsators and a maximum value exceeding 200 kms~".

More than two decades ago, the Nainital-Cape Survey was initiated
by astronomers from India and South Africa to detect and study
the pulsational variability in Ap and Am/Fm stars (e.g; Ashoka
et al. 2000; Martinez et al. 2001; Joshi et al. 2003, 2006, 2009,
2010, 2012, 2016, 2017). Meanwhile, the project developed into a
multinational collaborative venture for which the most recent results
have been published by Trust et al. (2020, 2021, 2023) and Joshi
etal. (2022). HD 118660 is one of the targets of this survey for which
photometric observations were gathered that were analysed by Joshi
et al. (2006). They discovered & Sct-type pulsations with prominent
pulsation periods of ~ 1 and 2.52h. The subsequent combined
spectroscopic and spectropolarimetric study of Joshi et al. (2017)
revealed that this star has a subsolar Ca abundance of —5.92 £ 0.32
and shows an excess in Fe of —4.76 £ 0.23, where the solar values
are —5.73 and —4.53, respectively and elements of the lanthanides
group typical for the mild metallic-line stars. Given the absence of a
detectable magnetic field in HD 118660 and derived abundances, this
object deserves special attention due to exceptionally high v sini-
value of 108 =8kms™! close to the upper limit (~120kms~")
observed for the Am stars (Abt 2009). Moreover, these authors also
observed line profile variations in two consecutive short-exposure
spectra with a high signal-to-noise ratio (SNR). These facts motivated
us to perform a comprehensive study of HD 118660 using modern
observational techniques and up-to-date theoretical models. In the
meantime, HD 118660 has been subjected to a multisite campaign to
acquire time-resolved spectroscopic data. The results based on these
data will be published in a forthcoming paper (Semenko et al., in
preparation). A preliminary analysis of the TESS time-series data for
the two currently available sectors shows a rich frequency spectrum
with clear evidence of amplitude modulation due to the beating of
two close frequencies (Sarkar, Joshi & de Cat 2024). In this paper,
we perform a comprehensive analysis of these TESS light curves
and theoretical modelling in which we investigate the role of core
overshooting in the seismic activity of this star.

The structure of the paper is as follows. Section 2 describes
the observational data and processing. A detailed presentation of
the asteroseismic modelling and results are given in Section 3. In
Section 4, we end with an overview of the main conclusions drawn
from our study and a discussion of their relevance.

2 OBSERVATIONS AND DATA REDUCTION

TESS (Ricker et al. 2015) is a NASA space-based observatory
launched on 2018 April 18 into a 13.7-d cislunar orbit maintained by a
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2:1 lunar resonance. The primary goals of the mission are finding new
exoplanets and characterizing previously known systems using the
transiting method. Moreover, the data collected by TESS are ideally
suited for detailed asteroseismic studies of pulsating variables.

HD 118660 was observed by the TESS in sectors 23 (S23; from
2020 March 19 to April 15) and 50 (S50; from 2022 March 26 to
April 22).

We used the PYTHON module LIGHTKURVE (Lightkurve Collabora-
tion 2018) to retrieve the TESS data of HD 118660 from the Barbara
A. Mikulski Archive for Space Telescopes (MAST; Fleming 2019).
This object was observed in short cadence mode with a time sampling
of 2 min. The PDCSAP (Pre-Data Conditioned Simple Aperture
Photometry) flux data, corrected for long-term trends and systematic
errors, were considered for analysis. The resulting light curves and
the corresponding frequency spectra of HD 118660 generated using
Discrete Fourier Transform (DFT) in PERIODO4 (Lenz & Breger
2005) are depicted in the upper and lower panels of Fig. 1 for sectors
23 and 50, respectively.

The variations corresponding to the significant frequencies were
extracted from the TESS light curves. We used the software period04
for this purpose, which performs DFT of the input time-series data.
The significance evaluation of frequency peaks is based on an SNR
criterion. As recommended by Baran, Koen & Pokrzywka (2015),
only frequencies with an amplitude exceeding five times the mean
noise level (SNR>5) were retained, where the mean noise level is
evaluated near the Nyquist limit of the frequency spectra.

The uncertainties of the frequencies are calculated as

1 1

=044 — —
o Too. SNR

(€3]

where T is the time span of the observations (e.g. Montgomery &
O’Donoghue 1999; Kjeldsen & Bedding 2012). To determine the
errors of the amplitudes and phases, we have performed a 101000-step
Monte Carlo test in PERIOD04. The resulting significant frequencies
detected along with their corresponding amplitudes, phases, and
SNR values are tabulated in Table 1. In our analysis, we considered
frequencies larger than 1d~! for both S23 and S50 observations. As
for S23, there have no significant frequencies below that level and
for S50 the noise level is too high.

3 ASTEROSEISMIC MODELLING

3.1 Modelling parameters

In our analysis, we performed model-based seismic analysis, esti-
mating the seismic parameters followed by mode identification of
the pulsation frequencies. The stellar evolution models were created
using the Code Liégeois d’Evolution Stellaire (CLES; Scuflaire et al.
2008a). The step-wise radial eigenfrequencies were calculated using
the Liege Oscillation Code (Scuflaire et al. 2008b). The grid of
models encompasses a mass range of 1.10-2.00 My with a step size
of 0.05Mg. The metallicity (Z) varies from 0.002 to 0.020 with a
step of 0.002. Finally, the grid incorporates a convective overshooting
parameter (o) values of 0.1, 0.2, and 0.3. The stellar model
calculation was started with an initial H-abundance of 75 per cent
assuming that the star is on the zero-age main sequence (ZAMS) and
continued until the star reaches the red giant branch. The estimated
rotation velocity of the star is nearly 28 percent of the critical
value. For § Sct stars a 2D numerical approach shows that that
rotation velocity below the 50 per cent of the critical value, the low-
order modes (¢ = 0, 1) normalized by the large separation, these
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modes remain fairly constant (Reese 2022). Therefore, in our model
calculations, we have not considered the effect of rotation.

3.2 Mode identification

The § Sct variables pulsate in low-order overtones of p modes with
pulsation frequencies above 5d~!. Two techniques were used to
identify the modes: the interpretation of the Echelle diagram and the
analysis of frequency ratios. The analysis of the frequency ratios have
done by theoretical Petersen (1973, 1978) diagram. The following
subsections provide the details of the applied procedures.

3.2.1 Echelle diagram

In the asymptotic regime, where n >> [, the modes of a given £ are
approximately equally spaced in the frequency domain by the value
of parameter Av, which is known as large frequency separation. The
inverse value of Av is the time taken by a sound wave to traverse the
star. The frequencies v are related to the order n and degree ¢ of the
pulsation modes and to the large frequency separation Av through
the asymptotic equation of the form (Tassoul 1980)

Ve =Av(n+4L/2+¢€), (2)

where € is a constant of order unity. It is also well established that the
oscillation frequencies (and therefore the large separation Av) scale
as the square root of the mean stellar density () by the empirical
relation Av o< 4/p (Aerts, Christensen-Dalsgaard & Kurtz 2010).

Equation (2) demonstrates that the radial and non-radial modes
appear repetitively with the same overtones for lower ¢ in the Fourier
transform. However, the § Sct stars do not pulsate in the asymptotic
regime (Bedding et al. 2020). Furthermore, HD 118660 is a fast-
rotating star and this fact seriously restricts the use of equation (2) for
detailed seismic analysis. In our study, we refer to equation (2) only
during the identification of radial modes and for the first estimation
of the large frequency separation.

The Echelle diagram is an important tool for analysing spectra of
stellar pulsations. In this diagram, the frequency spectrum is sliced
into equal chunks with a width of Av and stacked vertically towards
higher frequencies (Bedding et al. 2020). We used a dynamic Echelle
interface (Hey & Ball 2022) to fine-tune the value of Av. In Fig. 2,
we show frequency spectra of HD 118660 in Echelle format. The
best visually aligned pattern with two vertical ridges corresponding
to the angular degrees ¢ = 0 (left) and 1 (right) is achieved for
Av =431d7".

For the frequencies detected in the TESS data of both sectors that
are situated on the radial ridge of the Echelle diagram, we have
introduced an additional identifier in the second column of Table 1.
The frequencies aligned in the vertical direction correspond to the
consecutive overtones. The estimated value of Av and the mean
stellar density computed from the best-fitting model for HD 118660
agree well with the corresponding characteristics published in Bed-
ding et al. (2020) for a group of § Sct stars, as shown in Fig. 3.

3.2.2 Frequency ratios

For the frequency ratio analysis, we only considered the observed
frequencies associated with radial modes (¢ = 0), being f 1, fi2,
fr3,and f; 4 (second column of Table 1). We calculated the frequency
ratios for different pairs of radial orders under the assumption that the
star is located on the main sequence. In Fig. 4, we show theoretical
Petersen diagrams obtained for Z = 0.014 and «,, = 0.1,0.2,0.3
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Figure 1. Top row: the left panel displays the TESS light curve observed in short cadence mode (2-min sampling) in sector 23, and its corresponding Fourier
transform is given in the right panel. Bottom row: Idem, but for the data obtained in TESS sector 50.

Table 1. The significant frequencies detected in the variations of the 2-min cadence TESS data of sectors 23
(top part) and 50 (bottom part). Each record lists the identifier (ID), the frequency value f and its error o 7, the
degree ¢ and order n of the pulsation mode it has been identified with (if available), the amplitude A and its
error 04, the phase ¢ and its error oy, and the SNR value of the corresponding peak in the DFT. An additional
ID is given in the second column for the radial modes detected in both sectors (IDrad).

ID Drad  f(@d™") oy(d") (¢,n) A(mmag) o, (mmag) ¢ 04 SNR
Sector 23
fa frr 309202 00001 (0,5 05911 0.0033 04141 00008 131
fa2 fz 266894 00002  (0,4) 03691 00032 05203 00013 82
233 243829 0.0002 - 0.2794 0.0037 02817 00021 62
f23.4 244431 00004  (1,3)  0.2053 0.0037  0.1425 0.0028 46
fas 28.6945  0.0005  (1,4)  0.1561 00032  0.1425 00032 35
fa36 329514 00005 (1,5  0.1467 00032 07954 00035 33
faa  fez 221567 00007 (0,3)  0.1101 00035 03288 0.0051 24
fas 22.0904  0.0010 - 0.0805 0.0035  0.6042 00064 18
f23.9 372650  0.0012  (1,6)  0.0666 00032 04172 00077 15
f23.10 344361 0.0014 - 0.0578 0.0032 04813 0009 13
fan foa 350489 0.0016  (0,6)  0.0479 00032 06645 00107 11
fan 409176 0.0018 - 0.0431 00032 09283 00117 10
fa3 41.8077 00020  (1,7)  0.0394 00033 02859 00134 9
f2a14 41.8920  0.0020 - 0.0384 00014 01522 03292 9
VEERE 1.0846  0.0030 - 0.0246 0.0121 04911 02345 6
Sector 50

f50.1 frr 309204 00001 (0,5  0.6121 0.0047  0.1694 0.0012 107
fsoo  fz 266889 0.0002  (0,4) 03741 0.0047 07713 00020 65
f50.3 243792 0.0002 - 0.2806 0.0057 08311 00033 49
f50.4 244383 0.0004  (1,3)  0.2120 0.0058 02648 00041 33
f50.5 28.6937  0.0005  (1,4)  0.1586 0.0048  0.8905 00053 35
f50.6 329518 0.0006 (1,5  0.1553 0.0047 02479 00048 27
fso7  fez 221629 00007 (0,3)  0.1048 0.0057 09433 00085 24
f50.8 344345 0.0010 - 0.0664 0.0049 09410 00115 18
f50.9 41.8914  0.0012 - 0.0669 0.0058  0.8558 00264 15
f50.10 22,0905  0.0013 - 0.0858 0.0057 07898 0.0102 13
J50.11 372663 0.0016  (1,6)  0.0573 0.0047 08712 00131 11
fsou2  fea 350481 0.0018  (0,6)  0.1169 0.0099 04763 0.029 10
f50.13 409137 0.0020 - 0.0491 0.0006 0384 00778 9
f50.14 33.4568  0.0020 - 0.0438 0.0006 04374 00425 9
f50.15 29.1510  0.0025 - 0.0312 00006  0.1043 0.1100 7
f50.16 1.0983  0.0035 - 0.0239 00118 0.1981 0.1160 5
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Figure 2. Left panel: the Echelle diagram depicts frequencies derived from the TESS light curve in $23. The circular points represent radial (¢ = 0) overtones,
and the triangular points are dipolar overtones (¢ = 1). Right panel: Echelle diagram with same observed frequencies for S50.
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Figure 3. A comparison of HD 118660 (asterisk) to a group of § Sct stars
(circles with errorbar) listed in Bedding et al. (2020) that indicates that the
large separation Av = 4.31d~" found in our study for HD 118660 follows
the Av versus p relation within the 1o spread. The error in p corresponds to
the 1o spread of the mean density of best-fitting models shown in Fig. 5.

(in red, blue, and green colours, respectively). We use the notation
Jut1 to refer to the theoretical frequency of the nth overtone radial
mode. Each panel of Fig. 4 shows the results for another radial
mode in the numerator of the frequency ratios: the first overtone
in the left panel (n = 2), the second overtone in the middle panel
(n = 3), and the third overtone in the right panel (n = 4). The dots
represent the frequency ratios of the observed radial modes, being

fea/ frn ~0.8303d~" (upper dot), fi3/fi1 ~ 0.7167d~" (middle
dot), and f; 3/ fr4 ~ 0.6323 d~! (lower dot). The best visual match
is found in the middle panel of Fig. 2, corresponding to the second
overtone (n = 3) in the numerator.

We did the same exercise for the other values of the overshooting
parameter «,,. It causes small variations of the theoretical frequency
ratios for frequencies below 15d~!, while the frequency ratio values
in the flat part of the diagram remain unchanged. As the detected
radial mode with the lowest frequency is located in the flat region
of the Peterson diagrams, we conclude that the identification of the
radial overtones does not depend on the value of «,,.

Overtones of orders outside the plotted range are not included
intentionally. The possibility of finding another correlation with the
data remains, but we leave it unexplored as, in this case, the large
separation must be an integer multiple or fraction of 4.31d~".

The overall conclusion of our efforts to identify the modes
(Sections 3.2.1 and 3.2.2) is that the radial overtones of orders n = 3—
6 are present in the observed variations of the TESS data. This
interpretation was added in Fig. 2. These radial overtones are almost
equidistant in frequency.

3.3 Stellar models

Our study is based upon a grid of 570 evolution tracks calculated for
different values of the independent parameters M (19 values), Z (10
values), and oy (3 values). We used the seismic- x > distribution from
Murphy et al. (2021) to find minima of the x? values from each of
the grid mentioned earlier.

In Fig. 5, the results of the seismic modelling are shown as
the scattered plots of the mean stellar density M /R> versus mass
M, radius R, and age ¢. The stellar models, corresponding to the
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Figure 4. The evolution of frequency ratios for radial modes (¢ = 0) of consecutive overtones, plotted using theoretical models with Z = 0.014 and ay =
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convective overshooting parameters o,, = 0.1, 0.2, 0.3, are plotted
in red, blue, and green, respectively. The models constrained within
30 and 1o from the observed position in the H-R diagram are marked
using the medium and big markers. In the following subsections, we
outline the details of the modelling.

3.3.1 Overshooting parameter

The overshooting parameter o, strongly depends upon the mass for
the low- and intermediate-mass stars (Umezu 1995; Claret & Torres
2016, 2017, 2018, 2019). The value of o,y increases almost linearly
for stars in the mass range M ~1.2-2.0 M, and saturates near gy ~
0.22 for stars with M up to 4.4 M. Convective overshooting plays
a vital role in stellar evolution as it extends the lifetime of stars
on the main sequence. The significance of overshooting increases
with age and mass while the exact value of «,, remains not well
established (Lovekin & Guzik 2017; Claret & Torres 2018; Johnston
2021; Dornan & Lovekin 2022). Indeed, the uncertainty of «,, at the
saturation point can reach up to 0.4 (Constantino & Baraffe 2018).
In light of these observations and considering the spectral type of
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HD 118660, our choice to constrain «,, between 0.1-0.3 for the
seismic analysis appears to be well justified.

The overshooting parameter o, was implemented in the stellar
evolution code CLES to calculate the size of the overshooting zone
Tovs given by

Toy = T'e & Qoy min(Hpah)v (3)

where r. is the radius of the convective zone at the boundary, 4 is its
size, and Hp is pressure scale height.

To demonstrate the importance of o, as a seismic parameter, we
show two different sets of evolution tracks computed for oo, = 0.1
(solid line) and 0.3 (dotted line) for Z fixed at 0.014 in the right panel
of Fig. 6. The position of HD 118660 is shown with black mark. One
can notice that the overshooting parameter has an increasing effect
on the seismic age in the main-sequence phase. With higher values
of aoy, the more intensive conveyance of fresh hydrogen in the stellar
core extends the stellar lifespan. As a result, the seismic age increases
with the overshooting parameter (Table 2). However, the impact of
oy on the rest of seismically estimated stellar parameters is less
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Table 2. The final values of metallicity, mass, radius, and age calculated in the current study using the
mean values of models constrained within 1o error of the observed log(L/L) and log Tefr. And the error
corresponding to the mass, age, and veq mentioned here for stellar models with o, showing largest spread.

Qov Mﬂe % Age (Gyr) % [solar] Veq (kms™!)
0.1 1.77 £0.04 2.06 £0.01 1.15+0.07 0.20 114 +£1
0.2 1.80 £ 0.04 2.07 £0.01 1.21 £0.07 0.20 115+1
0.3 1.75 +£0.04 2.06 £0.01 1.35+0.07 0.20 114 £1

significant. For example, our study shows that the seismic parameters
of HD 118660, are independent of «,, except for the stellar age.

3.3.2 Metallicity

The stellar metallicity Z is also an important parameter used in
seismic modelling, directly affecting the seismic age. A higher
value of Z results in a higher seismic mass M. Consequently, the
seismic age ¢ of the star appears to be lower, illustration can be
seen in (&, = 0.2) in the left panel of Fig. 6. The tracks computed
for Z =0.008 and 0.014 are given with dotted and solid lines,
respectively.

It demonstrates that an increase of Z results in a shift of the
evolutionary tracks towards the lower values of both the luminosity
L and effective temperature T, resulting in a higher value of the
seismic mass M.

Atomic diffusion is responsible for the emergence of irregularities
in the horizontal and vertical distribution of chemical elements
in stellar atmospheres. It distorts the observed metallicity and
hence complicates asteroseismic analyses. Membership of an open
cluster can potentially resolve the global metallicity problem, but
HD 118660 is a field star located in the solar vicinity at a distance of
~ 70 pc (calculated from the Gaia DR3 parallax). Along with that,
the estimated iron abundance of the star is close to the solar value
(Joshi etal. 2017). In this analysis, we constrain the global metallicity
(Z) value close to solar (Z). We performed the modelling by varying
Z within 0.002 of the solar value (Z5 = 0.014; Asplund, Amarsi &
Grevesse 2021; Buldgen et al. 2024). Irrespective of the exact value

of Z, HD 118660 is situated within the main-sequence band of the
H-R diagram.

3.3.3 Age, luminosity, and effective temperature

Joshi et al. (2017) showed that HD 118660 is a main sequence star.
We used this fact to restrict our grid of models within the main-
sequence region of the H-R diagram.

The standard luminosity relation is used to calculate an updated
value of the luminosity log(L/Lg) of HD 118660. Indeed, a more
accurate value of m = 14.2029 £ 0.0275 mas for the parallax of
HD 118660 has been published recently in the third data release of
Gaia (Gaia Collaboration 2023). For the interstellar extinction, we
used Ay = O mag. It was derived from the interstellar dust map cata-
logued by Green et al. (2019). Like Joshi et al. (2017), the bolometric
correction BC = 0.033 was taken from Flower (1996) and the bolo-
metric magnitude of the sun My, o = 4.74 was published by Willmer
(2018), m, is taken as 6.44 ( Gaia Collaboration ), which is similar
to the mean photometric magnitude observed in TESS band in both
the sectors. In this way, we derived log(L/Lg)= 1.09 = 0.01dex for
HD 118660. This value is slightly lower than 1.12 &= 0.27 published
by Joshi et al. (2017), but they are compatible if the errors are con-
sidered. We adopted the effective temperature 7. = 7550 £ 150K
measured by Joshi et al. (2017) in combination with our updated
value of the luminosity log(L/Lg)= 1.09 £ 0.01dex to define the
observed location of HD 118660 in the H-R diagram in Figs 6 and 7.

One can notice from Fig. 7 that the application of the seismic
x? criterion results in stellar models scattered over a large range of
T and log L /L. The models at a large distance for the observed
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of HD 118660 in the H-R diagram.

position of HD 118660 can be safely ignored. At the same time,
the strict seismic constraints arising from the characteristics of the
identified radial overtones define a dense band that includes the
observed position of HD 118660 in the H-R diagram.

3.3.4 Stellar rotation

For the current study, we ignored the effects of stellar rotation in our
grid of models. Most CP stars are found to be slow rotators (Conti
1965; Abt & Morrell 1995). However, a recent study showed that
the projected rotational velocity v sini for Am stars can reach up
to 120km s~! and shows that they are younger compared to non-CP
stars with the same rotation rate (Qin et al. 2021). For HD 118660, the
available high-resolution spectra have revealed that it is a relatively
fast rotator with a v sin value of about 100110 km s~! (Catanzaro &
Ripepi 2014; Joshi et al. 2017; Gaia Collaboration 2023). Depending
on the value of the inclination angle i, the rotation velocity of
HD 118660 can be high enough to make our simplified approach
unacceptable. To explore this problem in detail, we have analysed
the available photometric data for any signature of stellar rotation.

The Keplerian critical (breakup) rotational velocity (Gagnier et al.
2019) can be calculated as

ve = /G M/R, 4

where G is the gravitational constant. By using the values R =
2.07Ry and M = 1.8Mg for the equatorial radius and mass,
respectively (second line of Table 2), we find v, = 407 kms~! for
HD 118660.

The equatorial rotational velocity veq is given by

Ve = 50.6 R fror- (5)

By using R =2.07Rg (see Table2) and by considering v, =
407kms~! as the maximum and vsini = 108kms~' from Joshi
etal. (2017) withi = 90° as the minimum value for ve,, respectively,
we can estimate the expected range for the rotational frequency fio
of HD 118660 to be &~ 0.9-4d~!.

In the frequency spectra calculated for the TESS light curves,
we find only two peaks with frequencies falling in the specified
range: fr3.15 ~ 1.08d~! for S23 and fs0.16 ~ 1.09d" for S50
(Table 1). If we interpret the average value 1.085 & 0.003d~! (error
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is corresponding to the o of f23 15 and f59,16 from Table 1) as fr,
then we can use equation (5) to estimate the angle i between the
rotational axis and the line of sight. In this way, we derived that
Ueqg A 114 km s™!and i &~ 71° £ 2° (usini taken from Joshi et al.
2017). Hence, we find that v,,/v. ~ 0.28. As this value is below
the limit of v,, /v, = 0.4 that is set as the limit for the rotational
effects to become significant (e.g. Ekstrom et al. 2012), this would
imply that we can consider our modelling of the stellar pulsations of
HD 118660 as adequate.

4 CONCLUSIONS

This paper presents a detailed seismic study of HD 118660, a § Sct
pulsator with mild anomalies of its surface chemical composition.
Our interest in this particular star is based on its brightness and
the accessibility of high-quality and time-resolved photometric and
spectroscopic observations. Catanzaro & Ripepi (2014) and Joshi
et al. (2017) classity this star as a fast rotator with a v sini-value
around 100kms~!, which is close to the observed upper limit for
Am stars. Rapid axial rotation remains challenging to account for
in asteroseismic modelling and new studies may help to verify the
progress achieved in theory. In our study, the effects of rotation are not
incorporated. Instead, we are focused on the seismic determination
of the mass, radius, and age of HD 118660, as well as on the study
of the effects of convective overshooting.

This part of the study is based solely on the currently available
TESS observations from sectors 23 and 50 and the interpretation
and modelling of the observed variations. We estimated the seismic
parameters after identifying the pulsation modes detected in the TESS
photometry. To identify the modes, we used an Echelle diagram and
compared the frequency ratios in the theoretical Petersen diagram.
This allowed us to conclude that the radial overtones with orders
n =3 — 6 are present in the data of HD 118660. Subsequent tests
based on the seismic-x2 distribution have been used to find the
best-fitting model from an appropriate grid of theoretical models
calculated with the code CLES.

HD 118660 is a late A-type & Sct pulsator with To = 7550 &+
150K (Joshi et al. 2017) located near to the red edge of the § Sct
instability strip (Dupret et al. 2004). Theory predicts the excitation
of high overtones near the blue edge of the instability strip. The
observed pulsation pattern of HD 118660 does not seem consistent
with these predictions for stars with a solar metallicity. As the global
metallicity of HD 118660 hardly differs from the one of the Sun,
one can expect that the process of the chemical transport, which is
responsible for the chemical peculiarity, modifies the opacity and thus
the k-mechanism in such stars. We intend to address this problem in
a follow-up study.

In the current study, we found that the constraints of the radial
overtones are not sufficient to constrain the overshooting parameter
(ctoy) and metallicity (Z). Therefore they are subjected to additional
constraints to estimate the seismic parameter. Fig. 7 demonstrates that
the known radial overtones can only produce a cloud of luminosities
and effective temperatures spread over a huge range. For the final
solution, we have selected those stellar models having log(L /L)
and log T within 1o from the values derived from observations.
The problem with an unconstrained metallicity appears even more
critical. In this case, we have adopted Z = 0.014 £ 0.002, based on
an a priori knowledge of the proximity of the studied star to the
Sun. With the metallicity being fixed, the estimated seismic age of
HD 118660 ranges within 1.15-1.35 Gyr that manifests the star HD
118 660 is a ZAMS phase of evolution.
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Atthe same time, we cannot exclude that the real value of the global
metallicity of HD 118660 differs slightly (but enough to impact the
modelling), depending on the specific origin. We have not elaborated
further on this problem as it extends far beyond the scope of the
present study. We conclude that our study has shown that with
the identified radial modes only, asteroseismology cannot provide
sufficient constraints on the convective overshooting and metallicity
in 8 Sct stars.

Finally, the seismic study of HD 118660 has also confirmed that
the star is a fast rotator. In the TESS data, we have identified at
least one frequency that can most likely be attributed to rotational
modulation. This frequency appears in the frequency spectra of TESS
data obtained in both sectors (S23 and S50). If we interpret it as the
rotational frequency f; and use it in combination with the value for
the equatorial stellar radius as found in our study, we could estimate
the equatorial rotational velocity to be ~114kms~'. This value
corresponds approximately to 28 per cent of the breakup rotational
velocity for an A-type star with the characteristics of HD 118660. We
plan to assess the rotational properties of this star in an upcoming
paper containing an in-depth spectroscopic study of HD 118660.
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