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ABSTRACT

Context. Gamma Doradus (hereafter y Dor) stars are gravity-mode pulsators whose periods carry information about the internal
structure of the star. These periods are especially sensitive to the internal rotation and chemical mixing, two processes that are
currently not well constrained in the theory of stellar evolution.

Aims. We aim to identify the pulsation modes and deduce the internal rotation and buoyancy travel time for 106 y Dor stars observed
by the TESS mission in its southern continuous viewing zone (hereafter S-CVZ) for which we have previously compiled 140 detected
period spacing patterns.

Methods. We used the asymptotic expression to compute gravity-mode frequencies for ranges of the rotation rate and buoyancy
travel time that cover the physical range in y Dor stars. Those frequencies were fitted to the observed period-spacing patterns by
minimizing a custom cost function. The effects of rotation were evaluated using the traditional approximation of rotation, using the
stellar pulsation code GYRE.

Results. We obtained the pulsation mode identification, internal rotation and buoyancy travel time for 60 TESS y Dor stars. We
found that period-spacing patterns from 1-yr long TESS light curves can constrain the internal rotation and buoyancy travel time to a
precision of 0.03 d=! and 400 s, respectively, which is about half as precise than literature results based on 4-yr Kepler light curves of
v Dor stars.

Key words. Asteroseismology — Waves — Stars: Rotation — Stars: Interiors — Stars: oscillations (including pulsations) — Stars:

catalogue

1. Introduction

After the Kepler satellite allowed us to probe the stellar inte-
rior in thousands of stars (Koch et al.[2010), it became clear that
the theory of stellar evolution (e.g., Kippenhahn et al.|[2012) still
needs extra tuning to explain the observed internal structure of
stars. Stellar astrophysics has since then experienced a fast pro-
liferation of competing internal stellar processes that aim to ex-
plain the differences between theory and observation, notably
in terms of angular momentum transport and chemical mixing
(e.g., [Rogers| 2015} Moravveji et al.| 2015 2016; [Fuller; 2017
Townsend et al.|2018; [Eggenberger et al.|2019; |Ouazzani et al.
2019; Mombarg et al.|2022; [Pedersen et al.|2021). Those pro-
cesses are currently being tested with the aim to search for the
dominant ones in different stellar classes and at different stages
of the stellar evolution. A critical factor in this research is the
size of the samples of asteroseismically modelled pulsators in
various evolutionary phases (e.g., |Aerts et al.|[2019; |Garcia &
Ballot|2019; |Cdrsico et al.|[2019, for extensive reviews) and the
amount of useful information per star. The available samples of
dwarfs are currently too small to evaluate their complex and in-
teracting processes of internal rotation and mixing, particularly
for intermediate- and high-mass stars, with M > 1.4M, (Bow-
man|[2020; |Aerts|2021)).

The ongoing Transiting Exoplanet Survey Satellite (TESS)
mission has been providing the community with full-frame im-

ages, giving rise to hundreds of thousands of light curves of
bright stars (Ricker et al|2015). These TESS data may help
to tackle the too small sample sizes of pulsating dwarfs with
good asteroseismic modelling, which requires spectroscopy to
get good fundamental parameters, while this is hard to establish
for Kepler stars. The TESS data set keeps on growing in dura-
tion and thus in precision of mode frequencies. This brings the
future potential to test the theoretical advances that have been
suggested to better interpret the asteroseismic data in terms of
the established and new physical signatures included in stellar
evolution and pulsation codes. New methodological frameworks
coupled to high-precision uninterrupted space photometric data
of intermediate-mass gravity-mode pulsators that have been de-
veloped, which include those by [Kurtz et al.[(2014)); |Saio et al.
(2015); Moravveji et al.| (2015} |2016); [Van Reeth et al.| (2016));
Ouazzani et al.| (2017); [Van Reeth et al.| (2018)); |Aerts et al.
(2018)); |Szewczuk & Daszynska-Daszkiewicz (2018)); [Ouazzani
et al.[(2019); L1 et al.| (2020); |Pedersen et al.| (2021)); Michielsen
et al.| (2021); Bowman & Michielsen| (2021)); |Saio et al.| (2021);
Szewczuk et al.|(2022). The powerful tools in these studies have
been used and applied to identify the stars with maximum as-
teroseismic scientific potential among the ever-increasing data
provided by space missions.

The traditional approximation of rotation (TAR; [Eckart
1960; Townsend|2003b; Mathis|2009) is an essential tool to per-
form gravity-mode asteroseismology of intermediate-mass stars,
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because they tend to be fast rotators, demanding the inclusion
of the Coriolis acceleration into the treatment of the pulsation
predictions. Ever more complex versions of the TAR, with in-
clusion of centrifugal and Lorentz forces, have been developed
lately to allow for accurate predictions of gravito-inertial pulsa-
tion frequencies comparable with observations (Prat et al.|2019,
2020; |Van Beeck et al.|[2020; Henneco et al.|[2021; [Dhouib
et al.|[2021alb, 2022). These various versions of the TAR in-
form us how gravity-mode pulsation frequencies of dwarfs are
affected by rotation and magnetism and allow us to search for
such signatures in the space photometry (Van Reeth et al.|2015a;
Christophe et al.|2018}; |Szewczuk et al.|[2021}; |Pedersen et al.
2021; |Garcia et al.[2022). In terms of TESS data, |Garcia et al.
(2022) relied on theoretical predictions to create a catalogue of
106 gravito-inertial pulsators with detected period-pacing pat-
terns affected by rotation. This follow-up paper extracts the as-
teroseismic information from that catalogue with the aim to con-
strain the interior rotation and buoyancy travel time in those
stars, based on ~1 year of uninterrupted space photometry. Our
methodology is validated by analyzing a well-studied sample of
Kepler y Dor stars, and comparing our results with those in the
literature.

The period-spacing patterns are an important observational
diagnostic because they offer a diagnosis to assess the informa-
tion contained in the pulsation mode periods and to couple this
information to internal physical processes. The slope of the pat-
tern is a reflection of the internal rotation (Bouabid et al.|2013;
Van Reeth et al.|2016}; |(Ouazzani et al.|2017), with the pulsators
revealing steeper patterns being the faster rotators. In addition,
the structure in the patterns (by means of dips or wiggles) indi-
cates the presence of trapped modes produced by strong internal
gradients influenced by microscopic and/or macroscopic inter-
nal mixing (Miglio et al.[2008; |Pedersen et al.[2018}; [Michielsen
et al|[2019] [2021}; [Pedersen et al.|2021; Mombarg et al.|[2022).
The processes of internal mixing are poorly understood (Salaris
& Cassisi|2017). Theoretical approximations of these processes
based on the TAR coupled to observed and identified gravito-
inertial modes allow us deduce the mixing and abundance pro-
files in the stellar interior, for a variety of global and local stel-
lar parameters. Therefore we concentrate our efforts on finding
gravity- and gravito-inertial modes (hereafter, collectively re-
ferred to as g modes) in pulsators with period-spacing patterns
from TESS data. In this way, we compose a TESS sample with
the potential to derive the profiles of internal rotation and mixing
inside y Dor stars along the entire core-hydrogen burning phase.

Once the data are assembled, asteroseismic modelling is only
as good as the identification of the pulsation modes involved in
the period-spacing patterns (see Bowman & Michielsen|2021)).
Proper mode identification in fast rotators is a challenging prob-
lem. In this paper, we use a comprehensive approach to test the
likelihood of possible low-degree mode identifications in the de-
tected period-spacing patterns found by|Garcia et al.|(2022)). The
plan of the paper is as follows: Section|2| describes our method-
ology to determine the internal rotation and buoyancy travel time
from period-spacing patterns. Section[3| presents our asteroseis-
mic catalogue of y Dor stars, discusses some of their basic prop-
erties, and identifies the stars with maximum asteroseismic sci-
entific potential. Section[d] characterizes our catalog with spec-
troscopic quantities. Section[5] validates our methodology by a
re-analysis of a sample of Kepler. Finally, Section[6]presents our
main conclusion.
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2. Interior rotation and buoyancy travel time from
g-mode period-spacing patterns

For a non-rotating non-magnetic star, the surface geometry of a
stellar pulsation mode is characterized by a spherical harmonic
function with two quantum numbers: the angular degree ¢ and
the azimuthal order m. Aside from ¢ and m, the radial order n
correlates with the number of radial nodes of the displacement
vector of the mode (e.g., |Aerts et al.|[2010). For such a simpli-
fied approximation of a star, pulsation periods of g modes in the
asymptotic regime, that is when the radial order n > ¢, depend
on the buoyancy travel time across the mode cavity, as follows:

212
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with N being the Brunt—Viisild frequency defined in a cavity
with inner and outer boundaries r; and r,, respectively. Note that
Eq. implicitly involves many details of the internal structure
of the star, notably the local density p, gravity g, pressure p,
temperature gradients V = (dIn7/dIn p) and its adiabatic ver-
sion V,q4, as well as the gradient of the mean molecular weight
V. (e.g.,|Aerts et al.|2010):
2
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In this regime of stellar oscillations in a non-rotating non-
magnetic star, its radial-order series of g-mode periods are
equally spaced as

Iy

P nfm m (I’l + Cl/g),
where «, is a phase term.

If the star is rotating, the pulsation frequencies are affected
by the Coriolis and centrifugal forces. In the current work, we
neglect the centrifugal force and assume rigid rotation with fre-
quency fo- The effect of the Coriolis force on the g modes is de-
scribed well by the traditional approximation of rotation (TAR;
Eckart|[1960; [Townsend 2003b; [Mathis|2009). The geometry of
stellar pulsations in rotating stars is characterized by the Hough
functions, which are solutions to the Laplace tidal equations.
Thus, the oscillation modes can no longer be described by spher-
ical harmonics wih £ and m. Rather, the eigenvalues associated
with the Hough functions are A;,s, which depend on the spin
parameter defined as
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with f°° the mode frequency in the corotating reference frame
with rotation frequency f;,. The TAR then predicts a radial-order
series of g-mode periods as

Iy
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In the inertial reference frame of an observer, this series is mea-
sured as (e.g.,|Van Reeth et al.|2016)
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Where modes with m > 0 and m < 0 are prograde and retro-
grade modes, respectively.
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Corrections to theoretical predictions of g-mode periods due
to magnetic fields, the centrifugal force, and differential rotation
have been explored recently in|Van Beeck et al.| (2020), |Dhouib
et al.[ (2022), Henneco et al.| (2021)), and |Dhouib et al.| (2021b)),
relying on the theoretical frameworks developed by |Prat et al.
(2019, 2020) and |Dhouib et al.| (2021a)), respectively. As with
the Kepler data exploitation of g-mode pulsators so far, this pa-
per will neglect these improvements of the TAR for a first ex-
ploration. Indeed, our aim is to assess the opportunities of TESS
for the exploitation of g-mode patterns. We thus limit this work
to interpretations based on the simplified version of the TAR via
Eq. (3), which also allows for faster calculations for the many
period-spacing patterns in our catalogue compared to the more
complex dispersion relations in the above-mentioned theory pa-
pers.

2.1. Methodological framework for the estimation of the
interior rotation and buoyancy travel time

The input catalogue of this study contains 106 y Dor stars ob-
served by the TESS space telescope in its Cycle 1 in the South-
ern ecliptic hemisphere. These 106 g-mode pulsators exhibit 140
period-spacing patterns as reported by (Garcia et al.| (2022)). The
patterns were detected in the 1-yr light curves of the S-CVZ.
Unlike the 4-yr light curves assembled by the Kepler space tele-
scope, where missing modes are infrequent thanks to the long
time base (e.g., [Van Reeth et al.|2015b), the 1-yr light curves
used in this work are more likely to result in sparse observed pul-
sation patterns, that is, some g-mode periods in the radial-order
series given by Eq. (6) may not be detected.

In this work, we fitted the detected g-mode periods, P;;:Z’
directly. We calculated theoretical predictions for the g-mode
periods, PM,m (hereafter simplified as P,,), in Eq. @ The ef-

fects of rotation are evaluated using the TAR module of GYREE]
(v6, Townsend & Teitler|2013}; Townsend et al.|2018}; |(Goldstein|
& Townsend|2020). It provides tabulated numerical solutions to
the Laplace tidal equation, which were obtained with the spectral
matrix method, as described by Townsend|(2003a)). In SectionE],
we validate our method by evaluating y Dor stars that have been
studied in the literature before, and comparing the results.

The comparison between g-mode periods from asymptotic
theory and the observations was done by adapting the cost func-
tion from |Garcia et al.| (2022) to the parameters to be estimated
as

$ (1 ) = 3

where P, is the theoretical mode period and AP, its local period
spacing, P,°" is the observed mode period, o pons its uncertainty,

A% its observed amplitude, and A%, is the maximum detected
amplitude in the observed Lomb-Scargle periodogram as com-
puted by |Garcia et al.| (2022)). The angular wavenumbers, £ and
m, are omitted in Eq. (7) for readability. Identlﬁcatlon of the ra-
dial orders of the observed mode periods, P >, with respect to
the theoretically predicted period sequence, P,,, was done by
finding the closest match between the dominant frequency in
the observed sequence and the predicted one. In doing so we
included the information about missing radial orders in the ob-
served sequences as reported in |Garcia et al.| (2022)) by setting
their corresponding amplitude to zero.
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2.2. Ildentification of the angular wavenumbers

The identification of the angular wavenumbers deduced from the
observed g-mode patterns was done following the labelling sys-
tem introduced by [Lee & Saio|(1997), where gravito-inertial and
Rossby modes of consecutive radial order n are labelled by the
set of indices (k,m), with k = € — [m| > O for gravito-inertial
modes and k < 0 for Rossby modes. We computed the mode pe-
riods from the TAR for all dipole and quadrupole modes, as well
as the Rossby modes (-2, —1) and (-1, —1). This results in ten
different g-mode patterns (k, m), each of them returning a mini-
mum value of the cost function denoted by S f;”n

To deduce the most likely identification for each detected
g-mode pattern, we considered the coarse grid with parameter
ranges for Iy, fror, and @, as indicated in Table[l} These ranges
for Ty and f; are wider compared to the ones reported in the
literature for the large sample of Kepler y Dor pulsators (e.g.,
Van Reeth et al|2015b} |Li et al.|2020). We thus expect all best-
fit values to show well-defined minima in the cost function. The
phase term «, in Eq. (3) and (E]) captures the effect of boundary
layers inside the star and may attain any value (Aerts et al.[2010).
However, we limit its values in Eq. (7) to the effective range
0 < @, < 1. In other words, we would interpret a value of ;g > 1
and @, < 0 as belonging to a mode with the overtone n+1 and n—
1, respectively. When the cost function changes monotonically
within the parametric range, leading to a solution at the edges of
the range, we reject that solution for the mode identification.

We adopted the global minimum among all the combina-

tions, S glObdl , as the most likely mode identification. This identi-
fication p process is exemphﬁed in Fig.[T]by using the main period-
spacing pattern present in TIC 381950897, that is, the one with
the dominant frequency. This period-spacing pattern has eight
detected g-mode periods and eight missing mode periods, which
is a common case in the catalogue. The figure shows the ratio

S i: z’al/ S"’”n for each mode combination. The relative heights of
the bars represent how likely the identification of (k,m) is for
the detected mode pattern of this star among the considered op-
tions. Whenever the identification was ambiguous, that is if mul-
tiple bars in the identification diagnostic tool as the one shown
in Fig.[[|had a height close to unity, we applied a Bayesian ap-
proach to conclude the identification. This was done by using
a prior according to the mode identification achieved for more
than 600 y Dor pulsators with identified modes from 4-yr Kepler
light curves by |Li et al.[ (2019, their Fig. 6). As already shown in
that work, we expect sectoral modes (k = 0) to be more likely to
be detected because rapid rotation tends to reduce the photomet-
ric visibility of the oscillations by confining the pulsational vari-
ability to the equatorial regions (Townsend|2000; Dhouib et al.
2022). Because this effect is less strong for prograde sectoral
modes, they have a higher visibility in most stars.

Figure[] shows the TAR best-fit solution for the period-
spacing patterns generated with the two most likely pulsation
mode identifications in Fig.E], namely (k,m) = (0, 1) and (0, 2).
The two solutions converged to reproduce the mode with the
highest amplitude, occurring with a period of about 0.49 d, opti-
mally. This is a consequence of using the detected mode ampli-
tudes as weights in the cost function defined in Eq. (7).

2.3. Estimation of fo, and I,

Once the pulsation pattern was identified, we refined the esti-
mates of Il and f;, by searching for a minimum of the cost
function § in a denser parameter space also indicated in Ta-
ble The impact of the resolution of fi,; on the estimation of
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Fig. 1. Mode identification deduced from the main period-spacing pat-
tern detected for TIC 381950897.
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Fig. 2. TAR solution for the first and second most plausible pulsation
mode identifications, that is (0, 1) and (0, 2), resulting from the main de-
tected g-mode pattern of TIC 381950897 from the distribution in Fig.[T]
The grey curve is the Lomb-Scargle periodogram.

Table 1. 3D space considered for the mode identification and parameter
estimation.

HO ﬁ'ot (073

(s) (d™H
min value 2000 0.000  0.000
max value 6000 3.000 1.000
small step 20 0.002 0.125
large step 20 0.010 0.125

Notes. The large step was used to generate a coarse parameter space for
the mode identification while the small step was subsequently used to
generate a dense parameter space to refine the estimation of f;,, and I,.

Il is shown in Fig.[3] for the main pattern in TIC 381950897.
The many local minima in black are due to the finite resolution
of the grid and the strong correlation between Iy and f;o. This is
illustrated in Fig.[d] The left panel represents a prograde mode,
while the middle panel represents a retrograde mode. These pan-
els indicate that a change in Iy can be compensated by a small
change in f.. Proper estimation of both parameters therefore
requires a sufficiently dense parameter grid, particularly for fi,
and proper treatment of degeneracies in the computation of the
uncertainties. The black curve in Fig.[3| results from the rough
sampling for f;, while the red curve stems a five times denser
grid step. As a result of the denser 3D grid search, the estima-
tion of Il results from a smoother curve without numerous local
minima.
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To avoid ending up in local minima for values of I1 differing
by ~ 2505 as illustrated for the case in Fig.[3] we replaced the
actual cost function by its convex approximation and selected
the five data points around its minimum. These points were then
used to fit a parabola, from which we took the vertex as the final
solution for Ily. The convex envelope was computed using the
Qhull library (Barber et al.[1996). The process to obtain the final
value of Il is shown in Fig.[5 where the red and blue vertical
lines represent Iy obtained from the discrete dense parameter
grid and the parabolic fit, respectively.

Figure[6|shows the final result of the TAR model that best fits
the main period-spacing pattern of TIC 381950897. The lower
panel of the figure shows the period spacings in the data where
we made the representation such as to exclude the parts with
missing modes in the data, although these were identified from
the theoretical prediction. Therefore, the lower panel shows a
lower or equal number of symbols labelled as measurements
when compared to the upper panel, but we stress that the TAR fit
was performed using all the detected mode periods indicated in
the upper panel.

2.4. Correlation structure and error estimation

Correlations between f;, and Iy found in the parameter space
were already presented in Fig.[d] The shape of the correlation in
the left panel is the result of the internal rotation rate affecting the
pulsation periods at two separate instances in the methodologi-
cal chain: 1) from the conversion of the asymptotic spacing for
non-rotating values into those for rotating values via the spin pa-
rameter; 2) from transformation of the mode periods computed
in the corotating frame towards the line-of-sight, cf. Eq. (3) and
(). When fio is such that the two instances affect the pulsa-
tion periods similarly, we get a correlation structure as in the
right panel of Fig.[] as already discussed in the theory paper by
(Bouabid et al.[2013)).

In order to deal appropriately with the variety of correlation
structures, we used a residual bootstrap technique to estimate
the uncertainties of fi, and I1y. The errors reported in Table@
are the 1o errors that correspond to the 68% confidence interval
obtained from the bootstrap distributions generated by a non-
parametric residual resampling of the TAR fit. The parameter
space used during the bootstrap application was centered around
the best fit TAR solution and had a full range of 0.12d~! for
Jrot and a range of 1500s for I1y. These ranges were chosen so
as to cover typical uncertainties achieved from 4-yr Kepler light
curves based on the median of the 1o uncertainties reported in
Van Reeth et al.| (2016). The sampling for «, for the bootstrap
was taken to be the same as the dense parameter space indicated
in Table[ll

For each detected pattern, we generated 200 datasets of the
same size as the measured one and subsequently minimized
Eq. (7) for each of them to sample the error distribution and de-
duce its variance. As an example, Fig.[7]shows the bootstrap dis-
tribution for TIC 41483281 from which we estimated the 1o er-
ror for f;or and I1y. We note that the distribution for the parameter
g is not uniform yet well defined despite the modest resolution
we used for this parameter given that it does not offer any astro-
physical information but is only a nuisance parameter with the
adopted approach (see Tablel[T).
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Fig. 3. Effect of the resolution of f,, in the parameter space on the determination of Iy for TIC 381950897. The black and red curves represent
the cost function evaluated on the sparse and dense parameter space indicated in Table[T] respectively.
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Fig. 4. Cost function evaluated for the parameter ranges for the internal rotation and buoyancy travel time. Each panel shows a typical correlation
between fi, and [1y. Left: main pattern in TIC 381950897 with mode identifications (0,1). Middle: secondary pattern in TIC 381950897 with mode
identifications (-2,-1). Right: pattern of TIC 293221812 with mode identifications (0,-1). The blue contour lines indicates S = 100 S ,;, while the
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Fig. 5. Further refinement of the solution shown in Fig. for
TIC 381950897. The red curve is the same as in Fig.[3]

3. Results for the interior rotation and buoyancy
travel time of TESS y Dor stars

We obtained f;; and I, for 60 y Dor stars in the TESS S-CVZ

from the catalogue of [Garcia et al| (2022) from application of
our methodology. The results are listed in Table[A.T] along with

T T T T T T
—— measurement

— TAR

N A~ OO ©

Amplitude (ppt)

<0.12{ ¢ measurement
0.067 —— TAR

0.46 0.47 0.48 0.49 0.50
Period (d)

Fig. 6. Best TAR model for the mode with k = 0 and m = 1 in TIC
381950897. Top: Lomb-Scargle periodogram (gray curve), detected pe-
riods (black vertical lines), and the TAR fit (red vertical lines). Bottom:
Period spacings of both the TAR fit (red curve) and the detected periods
(black circles). The latter omits period spacings of missing modes. The
dotted line connects periods spacings that stretch across missing modes.
The units of the vertical axis AP are kilosecond (ks) or 10° s.

information about the mean period, mean period spacing, and
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Fig. 7. Residual bootstrap distribution for the three fitted parameters of TIC 41483281. The vertical dashed lines indicate the TAR best fit solutions.
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Fig. 8. Distribution of the identified modes for 60 TESS y Dor pulsators
in the catalogue of (2022).

the presence of acoustic modes from|Garcia et al.| (2022). All the
fits to the patterns we obtained are displayed in the supplemen-
tary material available online, in the same format as in Fig.[6] A
subset of the fits are presented in Sect.[3.2] We note that missing
modes were common in the catalogue of|Garcia et al.|(2022) due
to the limited duration of the Cycle 1 S-CVZ TESS data, unlike
in the 4-yr long Kepler light curves.

The distribution of identified pulsation modes is presented
in Fig.[8] It reveals a dominance of dipole (k = 0,m = 1) and
quadrupople (k = 0,m = 2) prograde sectoral modes. This dis-
tribution is consistent with the results for ~ 600 Kepler v Dor

pulsators from (2020). The distributions of our values
for fior and Iy and those for the Kepler sample treated by E]

(2020) are compared in Fig.[9] Both samples have similar
averages despite the factor ten difference in size.

For 46 y Dor stars with detected period-spacing patterns in
the catalogue of [Garcia et al.| (2022) we did not obtain a con-
verged fit due to either too short patterns or ambiguous identifi-
cations because of too many missing modes. Although these 46
stars revealed period-spacing patterns in their TESS 1-yr light
curve, these pulsators require a longer light curve to achieve
mode identification.
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Fig. 9. Distribution of internal rotation and buoyancy travel time in 611
v Dor stars in the Kepler sample and the 60 pulsators in our sample from
the TESS S-CVZ. The PDF of each histogram has been normalized to
unity for comparison.

3.1. Stars with multiple g-mode period-spacing patterns

Stars with two or more period-spacing patterns provide us with
the opportunity to further constrain the stellar interior by fit-

ting the patterns simultaneously (e.g., [Van Reeth et al|[2016).

Garcia et al| (2022) found 26 of the 106 g-mode pulsators to
have multiple patterns. However, some of the secondary patterns

had too few modes to obtain a converged fit. We managed to
get converged simultaneous fits for 5 of the 26 stars, as listed
in Table[A"2] We relied on the pattern with the clearest mode
identification to resolve any uncertainty in the identification of
the secondary pattern, following some criteria: (1) modes with

gelbal gkm - 25 were rejected, see Fig. for an example, (2)

min min
the two independent solutions for Iy must be consistent within
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Fig. 10. Improvement of the determination of f;, and Iy for TIC 381950897 when fitting its two detected period-spacing patterns simultaneously.
It concerns a prograde mode (0,1) and a retrograde mode (-2,-1) pattern. The left panel shows an overplot of the two cost functions in which the
valley of S with an overall dI1y/df,, > O corresponds to the prograde mode while the other valley, refers to the retrograde mode. Contour lines are
omitted for better visibility but were shown in Fig.[d where both cost functions are shown separately. The middle panel shows the cost function
when both patterns are fitted simultaneously. The solution lies at the intersection of the two valleys from the left panel. The right panel shows a
close-up of the middle panel. The blue contour line indicates S = 100 S ,;;, while the cyan one indicates S = 10§ -

20, (3) solutions based on equality of the two independent f;q
are preferred, given that almost all Kepler y Dor stars reveal

near-rigid rotation (Li et al.|[2020), (4) prograde sectoral modes

are preferred following the mode identification distribution ob-
tained by (2020).

An example of a simultaneous two-pattern fit is shown in
Fig.[T0] for TIC 381950897. The left panel shows the cost func-
tion for fix and IIy when the two patterns are fitted indepen-
dently. The middle and right panels show the better constrained
solution when the two patterns are fitted simultaneously. The
minimum of the cost function is indeed more localized, as shown
by the comparison between the contours in Figs[] and This
translates into more precise values for f, and Iy, as indicated
in Table[A2]

3.2. Most promising TESS y Dor stars for future
asteroseismic modelling

Six stars in our sample offer particularly long patterns with few
missing modes and hence have good potential for future astero-
seismic modelling. These are TIC 374944608, TIC 350144657,
TIC 381950897,  TIC 349832567, TIC 141479660, and
TIC38515566. These six stars show period-spacing pat-
terns with 12 to 15 frequencies with high amplitudes and
signal-noise ratio in the Lomb-Scargle periodograms, as pre-
sented in Fig.[TT] Most of these stars are also hybrid pulsators,
that is they reveal both g and p (acoustic) modes. They also have
available spectra as discussed in the next section (and listed in
Table[AT). This makes these stars prime candidates for further

asteroseismic modeling as in[Mombarg et al.| (2020} 2021]).
Adding the TESS Cycle 3 and 5 data to the light curves of
these stars (as all others in our sample) will translate into effec-
tively three and 5-yr long light curves, respectively. Although
those light curves will have one/two 1-yr gaps, they will un-
doubtedly decrease the noise levels in the periodograms, while
still delivering manageable aliasing. This will allow us to detect
some of the currently missing modes and prolong the period-

spacing patterns found here, in addition to increasing frequency
resolution appreciably.

4. Astrophysical properties of the TESS y Dor stars

We searched the literature for homogeneous spectroscopic pa-
rameters of our sample stars and found 34 of them to have spec-
tra available in the Third Data Release (DR3) of the GALAH
Survey . For 22 of them, reliable stellar pa-
rameters were determine

We took the spectroscopic parameters effective temperature,
gravity, metallicity, and the velocity connected with the spectral
line broadening, viroad, Which is an upper limit of the projected
rotation velocity v sini in the analysis method adopted by
(2021). Indeed, the authors fitted the broadened metal lines
in the medium-resolution GALAH spectra assuming the absence
of any macroturbulence, often connected with the occurrence of
pulsations, notably g modes (Aerts et al.[2009). We took the lu-
minosity for these 22 y Dor stars from the TESS Input Catalog,
Version 8 (Stassun et al|2019] based on Gaia DR2 parallaxes).
The distributions of the stellar parameters for these 22 y Dor
stars are shown in Fig.[I2} These distributions for the effective
temperature and surface gravity are consistent with those of Ke-
pler y Dor stars from high-resolution spectroscopy
let alJ2013}; [Van Reeth et al|2015b}; [Gebruers et al]2021). How-
ever, the metallicities reported in the GALAH study by
(2021)) are lower than those found by Gebruers et al.|(2021)
based on much higher quality spectroscopic data, which may
point to major systematic uncertainties in this quantity deduced
for F-type dwarfs from medium-resolution survey spectroscopy.
The distribution for vproad, When compared with the rotational
broadening for Kepler y Dor stars derived by
(2021}, their Fig.5), shows that these 22 TESS y Dor stars with
identified patterns are mainly slow rotators.

Despite the small sample of only 22 22 y Dor stars, we
searched for correlations among fi, Iy and the stellar param-

% Flagged with flag_sp==0 in the GALAH database.
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eters shown in Fig.[T2] Following [Van Reeth et al] (2015b), we

used multivariate linear regression with backwards elimination,
that is each of the rotation frequencies and buoyancy travel times
were modelled as a linear combination of the five stellar param-
eters shown in Fig.[I2] The coefficient with the largest p-value
above 0.05, obtained from a ¢-test, was then removed from the
regression model before repeating it, until only explanatory vari-
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ables with significant p-values remained among the stellar pa-
rameters. We found a weak correlation (R2 = 0.20) between
fiot and Teg as shown in Fig.@ and whose free parameters
are listed in Table Despite the small R? value, this correla-
tion may indicate that stars on the main sequence slow down as
they age, as expected from angular momentum transport mecha-

nisms active during stellar evolution (Aerts et al.]2019). In con-
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Fig. 12. Distribution of spectroscopic parameters and luminosity for 22 stars in our catalog. Typical uncertainties are shown at the top of each

panel. See Section[]for a further description.

trast, no significant correlation was found between f;o; and vproad,
adding evidence for the presence of macroturbulence affecting
the line broadening. We also found a weak bivariate relation-
ship (R?> = 0.23) between II; on the one hand, and log g and
log L on the other hand. The positive parameters of the bivariate
fit listed in Table[3]and shown in Fig.[T4]indicate that the buoy-
ancy travel time increases as the luminosity or surface gravity
increase. [Van Reeth et al] (2016) found similar weak correla-
tions expected from stellar evolution theory for the rotation, yet
none for the buoyancy travel time.

Values for the projected rotational velocity, vsini, were
available in SIMBAD for 15 of the 22 y Dor stars in the GALAH
survey. These values come from [Sharma et al. (2018). We no-
ticed that the distribution of vsini from SIMBAD differs from
the one of the GALAH vy,0,q Values, as shown in Fig.@ This in-
dicates that time-dependent pulsational line broadening is active
in these stars as expected for g modes. Considerable line-profile
broadening in addition to time-independent rotational broaden-
ing is indeed a well-known phenomenon detected and analysed
for bright y Dor pulsators studied with high-resolution spec-
troscopy (De Cat et al|[2006). Time-dependent pulsational line
broadening is often approximated by time-independent macro-
turbulence and its occurrence may prevent proper derivation of
vsini (Aerts et al]2014), which may explain the difference in
distributions in Fig.[I5] In order to investigate this further, we
searched for evidence of line asymmetries in narrow metal lines
of the y Dor stars in our sample. We looked for optimal isolated
iron spectral lines following the analyses by [Bruntt et al.| (2008)
and computed their bisector as a good diagnostic for line asym-
metries. Only 8 of the 15 stars have spectra of high-resolution,
namely R > 4800, with a signal-noise ratio SNR > 100. We
found indications of asymmetric lines in the following eight

stars: TIC 38515566, TIC 350343297, TIC 349092320, TIC
55849446, TIC 382519218, TIC 149540525, TIC 167124706
and, TIC 150392753. Some of those stars, like TIC 350343297
in Fig.[T6] show clear asymmetric lines by visual inspection,
while others are less pronounced but detected in their bisectors
and the change over different epochs, such as TIC 167124706 in

Fig.[7]

Table 2. Multivariate linear regression result for the rotation frequency.

coefficient value uncertainty p-value
const -93.3 42.1 0.039
log Tes 24.5 10.9 0.037

Notes. R? = 0.20. Plot shown in Fig.[13]

Table 3. Multivariate linear regression for the buoyancy travel time.

coefficient value uncertainty p-value
const -04 0.1 0.050
logg 0.094 0.040 0.029
log L 0.074 0.041 0.084

Notes. R = 0.23. Plot shown in Fig.[14}
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Fig. 15. Broadening velocities and projected rotational velocities of our
15 stars in common with GALAH DR3 with bona fide spectra and with
reported values from |Sharma et al.[(2018)). Histograms have been nor-
malized to unity for a comparison.

5. Quality comparison by revisiting Kepler y Dor
stars

To validate our methodology described in Section[2] we applied

it to Kepler 4-yr light curves of y Dor stars whose f;, and Il

have been derived by [Van Reeth et al.| (2016). Their sample in-
cludes 37 stars that have been monitored with high-resolution
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spectroscopy by [Tkachenko et al.| (2013) and were confirmed to
be single y Dor stars. The mass, age, and level of near-core mix-
ing of these stars has been deduced from forward asteroseismic
modelling by Mombarg et al.| (2019} 2021) so this sample consti-
tutes the best characterised y Dor stars to date. We revisited their
Kepler light curve and deduced the g-mode frequencies follow-
ing the same analysis as in|Garcia et al.[(2022]).

Van Reeth et al,| (2016) identified multiple period-spacing
patterns in the 37 Kepler stars, but only the patterns for con-
secutive radial-order modes with (k,m) = (0,1) were used to
constrain fio¢ and Ily. We recovered and identified all patterns
as (k = 0,m = 1). Figure[I§] shows the comparison between
our results and those by [Van Reeth et al.| (2016). The left panel
shows excellent agreement for f,. Previously, |Ouazzani et al.
(2019| their Fig. 5) had already made a comparison of their 37
frot values deduced by [Christophe et al.| (2018)) independently of
Van Reeth et al.| (2016). They found the same f;,; values than
Van Reeth et al.| (2016) for 36 of the 37 stars. The right panel
of Fig[I8| compares our Iy values with those deduced by [Van
Reeth et al.| (2016). Overall, this figure also shows a good agree-
ment for I1y because the larger deviations from the bisector are
accompanied by larger uncertainties than for f;.. Also this quan-
tity for these 37 stars was deduced independently by |Christophe;
et al.| (2018)). Figure@] compares the values from the three ob-
servational studies starting from the same light curves of the 37
pulsators. While there is overall excellent agreement, particu-
larly for fi, [Ouazzani et al.| (2019) and this work both find a
larger range of values for ITy. Finally and as an example, Fig.[20]
compares the TAR obtained by |Van Reeth et al.|(2016) and this
work for a particular period-spacing pattern in KIC 7939065.
The two results are in agreement and the slight offset of some
peaks generates from the coarse parameter space for «, used in
this work and defined in Table [Tl

Overall, we conclude from Figs.[I8] [I9] and 20| that our
method for obtaining the interior rotation frequency and buoy-
ancy travel time works well. Furthermore, the uncertainties we
deduced from our bootstrap method are comparable to those in
the literature deduced from higher-quality Kepler data. By com-
paring the median uncertainties obtained from 1-yr TESS and 4-
yr Kepler light curves, we conclude that period-spacing patterns
from 1-yr TESS light curves can constrain the internal rotation
frequency and buoyancy travel time to a precision of 0.03d™!
and 400 s, respectively, which is about half as good as the values
deduced in the literature and by our re-analyses from 4-yr Kepler
light curves. Therefore, the values and uncertainties for f;o; and
Iy deduced from the 1-yr TESS light curves are robust.

6. Conclusions

We provided rotation frequencies and buoyancy travel times for
a sample of 60 y Dor stars observed in the TESS S-CVZ dur-
ing 352d covered in Cycle | of the mission. These two impor-
tant observables of stellar interiors can readily be decoded from
period-spacing patterns of identified g-mode pulsators. While we
showed that working with 1-yr light curve comes with its draw-
backs, mainly due to missing mode periods in the patterns ham-
pering secure mode identification, the proper information could
be deduced for 60 of the 106 y Dor stars in our sample.

We validated our methodology by reproducing Kepler results
from Van Reeth et al.|(2016)) and concluded that period-spacing
patterns from 1-yr TESS light curves can constrain the internal
rotation frequency and buoyancy travel time to a precision of
0.03d~! and 400, respectively.
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The 60 g-mode pulsators in the TESS S-CVZ made available
in this work offer excellent asteroseismic potential to constrain
their internal mixing profiles and angular momentum transport,
once additional TESS data from the ongoing cycles are added to
the light curves. Indeed, the scientific value of the stars in our
sample will keep increasing as the TESS mission continues be-
yond its nominal mission. Besides the asteroseismic dimension,
this sample has spectroscopic values for ~ 60% of its stars from
spectra available with one or more epochs indicated in Table[A’T]
With the third data release of Gaia newly available, this catalog
is a prime candidate for combined asteroseismic, spectroscopic
and astrometric modeling to test theoretical and computational
tools from generalized TAR and radiative levitation.
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Appendix A: Extended tables

Table A.1. TIC stars in our catalog and their period-spacing pattern parameters.
All patterns were fitted individually.

TIC m7Ess (P) (AP) Patterns frot 11, k m ngn Periods n-span Hybrid Spec
(mag)  (d) (k) ) (s)

38515566  8.85 1.551 291 1 0.197*30%2 3420"% 0 -1 42 12 16 Y 1
40335866 9.72 026 046 1 276070995 5820720 0 1 10 14 Y 1
41483281 1025 0.617 276 1 0.337092 5220*23% 1 0 15 Y 1
55453219 8.84 0396 053 1 1.746*00%  5620*1%0 0 1 16 5 12
140511383 1192 0.436 045 1 1.5787012 4660100 0 1 19 9 20 1
141479660 1123 0465 133 1 0.867093  3980*1% 0 1 12 12 18 Y 3
149540525 839 0.625 094 1 0.91%092  5260*2% 0 1 18 13 21 Y 3
149573437 9.48 0.282 050 1 231%000 4280710 0 1 14 6 Y 1
149630117 9.05 0392 147 1 1.887096 4020730 1 0 12 5 Y
149993830 891 0.551 048 1 2407093 24007100 -2 -1 12 6
150165657  8.66 0411 1.02 1 0.00*300  3520*1% 0 2 29 11 13 Y
150318672 10.16 0.296 036 1 1.05%502 5200739 0 25 6 8
150324086 10.13 0.516 0.66 1 110770913 3660710 0 26 8 12
150392753 852 0304 0.17 1 2.72#002 59807100 0 1 17 11 22 1
150440102 11.72 0933 138 1 2.99+006 22207190 -1 -1 38 6 11 1
150440362  8.02 0.870 131 1 1.027096  4540%%%0 1 0 29 5 9
176874440 11.10 1.159 250 1 0.747006 312015 0 -1 36 6 6 1
176980185 10.86 0.628 1.00 1 0.937091 596039 0 1 20 7 1
177082055 828 1.149 1.78 1 1.007096 2200730 0 -1 47 7 16 Y
177115672 11.70 0.806 050 1 0.803*2913 40802% o0 1 45 8 16 1
177164485 1041 0.707 094 1 0.007008  2280*1% 0 2 59 10 15 1
177386428  9.19 0.269 032 1 2.82*006 58607200 0 1 15 6 Y
231084221 1026 0.482 097 1 1.00%506 38207350 0 1 22 5 Y 1
257721280  9.36 0.860 0.99 1 0.06*301  2940*2%0 0 2 55 10 27
260265631 10.21 0.666 1.56 1 1.24%006 4840113 1 0 18 6 10
260502142 10.58 0.328 032 1 0.867095  3520*%% 0 2 33 9 17 Y 1
260540780 10.30 0.382 032 1 1.78+006  3180*3% 0 1 30 8 11
271639931  8.08 0380 033 1 0.697097  3020%% 0 2 48 4 6 2
279055960 11.02 0.329 024 1 2.35%002 470071% 0 1 21 6 15
279360930 11.30 0290 0.66 1 1.944709% 360071 0 1 15 5 7Y
279510278 1144 0.745 072 1 1187096 2400*1%0 1 0 49 8 9 1
293345700  9.95 0461 026 1 0.51%0035 2020730 0 2 81 6 8 1
293974233 11.32 0466 2.69 1 0.067096  3920*2%0 0 1 11 8 9 Y
294092361 10.56 1.070 079 1 1.2097092 428073% -2 -1 17 7 7 1
300033585 9.99 0378 1.06 1 1307091 4360%1%0 0 1 13 6 8 Y 1
300138080 11.64 0.529 0.70 1 0.98%092  3120*1%0 0 1 25 7 19 1
349092320 9.15 0.751 1.07 1 0.56*006  3380*3% 0 1 29 12 22 1
349096085 11.22 0.438 2.00 1 0.72*303  4820*10 0 1 10 6 10 Y 1
349310718 10.52 0.408 022 |1 1.887001 436020 0 1 31 8 13 3
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Table A.1. continued.

TIC m7Ess (P) (AP) Patterns frot 11, k m ngn Periods n-span Hybrid Spec
(mag)  (d) (k) ™ (s)

349521873  8.96 0.804 156 1 0.497006  4540*7% 0 1 24 7 12
349683884 10.07 0394 083 1 1417002 4380*2%0 0 1 16 7 8 Y 1
349832567 10.80 0.448 025 1 1.697092 43007250 0 1 30 12 20
349902873  8.62 0287 033 1 0.84*00¢ 26001750 0 2 34 7 15 Y
350092538 10.12 0.596 026 1 0.557091 46003 0 2 63 5 17 1
350144657 10.81 0513 027 1 1474000 464072% 0 1 30 15 25 1
350343297  9.00 0.538 0.78 1 0.025709%0 200075 0 2 48 9 21 Y 1
350477538 11.34 0356 1.01 1 0.01*303  2480*3%0 0 2 29 4 5 1
350715741 10.87 0545 059 1 119770920 490072% 0 1 18 7 28 Y 1
350840969 11.36 0.693 0.58 1 0.89*006  4120*7%% 0 1 36 6 13 1
364325752 9.98 0.597 028 1 2957092 59407200 2 0 85 7 15 1
388131027 8.03 0947 1.1 1 0.557091  5020*5% 0 1 32 11 13
391894459 931 0436 13 1 0.05709%  3440+3% 0 2 23 7 1Y
407661375 10.04 0.715 046 1 1787096 2700*2%0 -2 -1 19 5 10 Y 1
381950897  9.56 0.764 0.54 2 1.614709% 3960* -2 -1 16 12 13
381950897  9.56 0.479 022 2 1.60370913 4080730 0 1 34 8 16
374944608 9.90 0439 039 2 151070913 352071 0 1 25 15 22 3
349835272 9.76 0.572 323 2 0.45%096  3880%2%0 0 -2 17 7 11 1
293273274 11.12 0.623 0.68 2 0.10*3%3  2100*2% 0 2 57 8 28 3
293273274 1112 1.009 1.06 2 0.007709% 280071% 2 0 77 7 13 3
293221812 11.20 0346 073 2 0.17+3%¢ 2200%3% 0 2 30 5 13 1
270503717 10.79 0.500 0.53 2 1277092 4160200 0 1 24 11 17
391744540  8.69 0.502 044 2 1.39%006 49407350 0 1 24 6 15 Y

—0.06 —600

Notes. TIC stands for the TESS Input Catalogue identifier, while the column mrgss is the magnitude in the wide-band TESS filter. The columns
(P) and (AP) are the mean period and the mean period spacing, respectively, from|Garcia et al.|(2022)). The column Patterns indicates the number
of detected period-spacing patterns while f., and Il stand for the rotation frequency and buoyancy travel time, respectively. The columns k, m,
Miong Tepresent the mode identification, where 70y, is the radial order of the mode with the longest period in the observed pattern. The column
Periods lists the number of observed mode periods in the pattern. The column n-span is the range of overtones in the theoretical pattern fitted to the
data. Hybrid p- and g-mode pulsators are marker with an “Y” from|Garcia et al.|(2022). The column Spec shows the number of epochs of spectra
available either in the ESO arxiv or in GALAH DR3.

Table A.2. TIC stars in our catalog and their period-spacing pattern parameters.
The fit used two patterns simultaneously.

TIC mTEss (P) (AP) Patterns Srot 11, k m ngng Periods n-span Hybrid Spec
(mag)  (d) (ks) d" (s)

381950897 9.56 0.764 0.54 2 1 .60301’8:88%2 40801’;8 2 -1 16 12 13

381950897 9.56 0.764 0.54 2 1 .60301’8:88%2 4080:28 0 1 38 8 16

374944608 9.90 0.439 0.39 2 1.49’:8:8} 3400f}88 0 1 25 15 22 3
374944608 9.90 0.844 1.38 2 1 .494:8:8% 3400f}88 1 -1 43 5 6 3
349835272  9.76 0.572 3.23 2 0.32f8:8% 4700328 0 -2 15 7 11 1
349835272 9.76 0.535 3.28 2 0.32f8:8% 4700328 1 0 12 4 4 1
293273274 11.12 0.623 0.68 2 0.21f8:8§ 2800388 0 2 48 8 28 3
293273274 11.12 1.009 1.06 2 0.21f8:8§ 2800388 2 0 73 7 13 3
293221812 11.20 0.346 0.73 2 0.43f8:8ﬁ 3340“_’§8 0 2 24 5 13 1
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Table A.2. continued.

TIC mtEss (P) (AP) Patterns frot 11, k m ngne Periods n-span Hybrid Spec
(mag)  (d) (ks) (d™) (s)
293221812 11.20 0.709 2.92 2 0.43’:8:82 3340f§8 0 -1 20 5 8 1

Notes. Columns are the same as in Table [A1]
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