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ABSTRACT

Context. Understanding the effects of rotation in stellar evolution is key to modelling early-type stars, half of which have equatorial
velocities over 100 kms™!. The nearby star Altair is an example of such fast-rotating stars, and furthermore, it has the privilege of
being modelled by a detailed 2D concordance model that reproduces most of its observables.

Aims. The aim of this paper is to include new asteroseismic frequencies to improve our knowledge of Altair, especially its age.
Methods. We processed images of Altair obtained during July 2022 by the Transiting Exoplanet Survey Satellite using the halo
photometry technique to obtain its light curve over this observation period.

Results. By analysing the light curve, we derived a set of 22 new frequencies in the oscillation spectrum of Altair and confirmed 12
previously known frequencies. Compared with model predictions, we could associate ten frequencies with ten axisymmetric modes.
This identification is based on the modelled visibility of the modes. Moreover, nine of the modelled frequencies can be adjusted to
simultaneously match their corresponding observed frequencies, once the core hydrogen mass fraction of the concordance model is
set t0 Xeore/Xini = 0.972, with X;; = 0.739. Using the combined results of a 1D MESA model computing the pre-main sequence and a
2D time-dependent ESTER model computing the main sequence, we find that this core hydrogen abundance sets the age of Altair to

88 + 10 Myr, which is slightly younger than previous estimates.

Key words. stars: rotation — stars: variables: § Scuti

1. Introduction

Within 10 parsecs of the Solar System, Altair is the star with
the fastest rotation rate. Its equatorial velocity projected on the
line of sight (V sini) reaches 240kms~!, while interferometric
observations show that the inclination of the rotation axis on the
line of sight is i = 50.65 = 1.23° (Bouchaud et al. 2020), leading
to an equatorial velocity of 310kms~'. As a consequence of this
high equatorial velocity, Altair is strongly distorted by the cen-
trifugal force, thus making it a privileged target for imaging by
interferometry (van Belle et al. 2001; Domiciano de Souza et al.
2005; Peterson et al. 2006; Monnier et al. 2007; Bouchaud et al.
2020; Spalding et al. 2022). Actually, this star also shows
o-Scuti type oscillations, as revealed by the work of Buzasi et al.
(2005) using data collected in 1999 by the Wide Field Infrared
Explorer (WIRE) satellite star tracker (Buzasi et al. 2005). This
detection was later confirmed by Le Dizes et al. (2021) with data
from the Microvariability and Oscillations of STars (MOST)
satellite (Walker et al. 2003), which observed Altair in 2007,
2011, 2012, and 2013. These first space observations revealed
15 eigenfrequencies of the star. Soon after, using spectroscopic

* Data of the light curve shown in Fig. 2 are available at the CDS
via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5)
or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/
687/A259
** This paper includes data collected by the TESS mission. Funding
for the TESS mission is provided by the NASA’s Science Mission Di-
rectorate.

time series, Rieutord et al. (2023) showed the presence of pro-
grade surface perturbations associated with internal gravito-
inertial waves. This wealth of data from interferometry and
the first seismic frequencies of Buzasi et al. (2005) motivated
Bouchaud et al. (2020) to attempt a 2D modelling of this star
using the public domain ESTER code (Espinosa Lara & Rieutord
2013; Rieutord et al. 2016). Hence, Bouchaud et al. (2020) man-
aged to design the first concordance model of Altair, and based
on this model, it turned out that this star is ~100 Myr old and has
amass of 1.86 +0.03 M.

To progress further in the understanding of the properties of
this star, an improved modelling is needed, and new data are of
course most welcome. In this article, we present the results of
our processing of data recently collected by the Transiting Exo-
planet Survey Satellite (TESS; Ricker et al. 2015) and investi-
gate its first implications on Altair’s modelling. Altair was in the
field of view of TESS from 10 July to 5 August 2022. However,
it is one of the brightest stars in the sky, and therefore, it satu-
rated TESS’ detectors. To circumvent this problem, we resorted
to halo photometry as described by White et al. (2017) in order
to exhibit Altair’s light curve.

In the following, we present the way we derived Altair’s light
curve from TESS data (Sect. 2) and give the list of frequencies
resulting from its analysis (Sect. 3). We then focus on the iden-
tification of the most visible modes using models of adiabatic
oscillations based on the ESTER and TOP codes (Sect. 4). Finally,
we discuss the implications of the results of the estimated age of
Altair (Sect. 5), and conclusions follow.
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2. Preparation of the data

With an apparent visual magnitude of 0.76 (TESS magnitude
is 0.58), the photon flux from Altair largely saturates the pixel
where the star falls. To circumvent this difficulty, one may con-
centrate on pixels that received the overflowing electrons at a
level below saturation or those fed by the scattered light, namely
those on the halo that has been generated by the generous light
flux from the star. White et al. (2017, W17 hereafter) have shown
that this halo still contains information on the flux variations of
the star. Provided that these variations are on a timescale much
longer than the jitter of the instrument or its random noise, W17
showed that one can recover the star light curve by selecting pix-
els that minimise the flux variations during the monitoring of the
star. As shown in this work, the flux at time n may be written as

M
= wipin, (1)
i=1

where w; is the weight of the ith pixel and p;, is the flux in this
pixel at time n. The weights satisfy

M
w;>0  and Zwizl, 2)
i=1

where M is the number of selected pixels. As discussed by W17,
the term w; can be determined by minimising a “normalized first-
order total variation (TV) of fluxes” defined by

SN o = foil
N h

where N is the total number of frames. We refer the reader to the
article of W17 for a detailed presentation and discussion of the
halo photometry method.

From the Mikulski Archive for Space Telescopes (MAST),
we downloaded the target pixel file associated with Altair' on
sector 54. It contains a sequence lasting 26.23 days starting
from MJD 59770.40 with three interruptions of 4.18, 1.19, and
2.90 days. The larger gaps correspond to the time when the Earth
was close to the field of view of the camera recording Altair
(Camera 1), while the small gap of 1.19 days is due to data down-
load at perigee (Fausnaugh et al. 2022). The sampling cadence
was 120s, so we processed 18890 images, out of which we
extracted N = 13 720 images of 430 x 11 pixels with usable data.

As shown in Fig. 1, the images are extremely elongated in
order to capture the overflowing electrons from the saturated pix-
els. As a first step in the processing, we removed the fluctuating
background using the source extractor software (Barbary
2016; Bertin & Arnouts 1996). We then evaluated the satura-
tion of the images at a level of ~148 000 ADU, from which
we decided to mask all pixels with a flux level higher than
120000 ADU. Similarly, we also masked pixels with a level less
than 1000 ADU. All the rows beyond index 270 were also dis-
missed. These thresholds were chosen by varying them so as to
optimise the final signal-to-noise ratio of the detected modes.
These thresholds led to a selection of 230 valid pixels.

The minimisation process of the TV function (Eq. (3)) was
done using the “Sequential Least Squares Programming” of the
scipy library (Virtanen et al. 2020) following W17. The min-
imisation process led to the selection of 55 pixels that actually
monitor the flux of Altair. These pixels are shown in Fig. 1 (red

TV = , 3)

L' tess2022190063128-s0054-0000000070257116-0227-s_tp.fits.

A259, page 2 of 8

0

50

100

Image Row

200+

2501

o 2 4 6 8 10

Image Column

Fig. 1. Thumbnail image of Altair as obtained with TESS. The red dots
mark the position of the selected pixels used to monitor the flux of the
star.

dots) along with a thumbnail image. We cannot exclude the pos-
sibility that the selected pixels are contaminated by some field
stars since Altair lies at a low galactic latitude (—8°91) and the
stellar background density is high. However, inspection of the
TESS field around Altair showed that neighbouring stars are all
fainter than mag 9.5, that is at least 3300 times fainter, allowing
us to believe that any contamination should be less than a per-
cent. This level of contamination is acceptable for our purpose
of extracting oscillation frequencies.

By using the selected pixels, removing a few outliers, and
subtracting a polynomial fit of degree 9 designed for each of
the four sub-sequences, we obtained the neat light curve shown
in Fig. 2. The polynomial fit subtraction increases the signal-
to-noise ratio, but it can also suppress frequencies (typically)
less than one cycle per day. Filtered and unfiltered data used to
compute the light curve are available in electronic form (see title
footnote).
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Fig. 2. Light curve resulting from the processing of TESS images. The
general sampling period was 2min. The time origin corresponds to
MID 59770.40.
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Fig. 3. Altair spectrum as derived from the light curve of Fig. 2. The
power unit is arbitrary.

We then analysed the light curve by computing the clas-
sical Lomb-Scargle periodogram (LSP), pre-whitening the sig-
nal and adjusting a linear combination of sinusoids with a
non-linear least-square optimisation. We used the FELIX code
(Charpinet et al. 2010; Zong et al. 2016) to process the light
curve. The oscillation spectrum of Altair is shown in Fig. 3,
and the extracted frequencies are given in Table 1. We adopted
a conservative detection threshold of S/N = 5, following
the discussion of Zong et al. (2016), with noise being eval-
uated locally around each frequency as the median value of
the residual in the LSP after subtraction of all significant
peaks.

3. Results

In view of the frequencies and amplitudes extracted from the
light curve, we note that Altair’s excited eigenmodes are coher-
ent over a long time base. Mode frequencies found in the
previous data, going back to the years 1999, 2007, 2011,
2012, and 2013 (see Le Dizes et al. 2021), are found again in
2022, except for one frequency at 2.58 c¢/d and two frequen-
cies less than 1c/d. The two latter frequencies, if they are
indeed intrinsic, have most likely been removed by the sub-
traction of the polynomial fit, as mentioned above. The dis-
appearance of the peak at 2.58c/d observed in 1999, 2012,
and 2013, suggests that this is a beating frequency resulting
from the superposition of modes with frequencies f, f3, f7, fio,
which show an average difference of 2.54 c/d. The more accu-
rate data collected by TESS removed this frequency. How-
ever, the new data confirm four of the six new frequencies
exhibited by Le Dizes et al. (2021), namely fs, f27, fi2, and fis,
and add many other new frequencies. The oscillation spectrum
of Altair now contains at least 34 frequencies that need be
explained.

We note that in the 2012 data set, Le Dizes et al. (2021)
noticed a low-amplitude peak near 3.0c/d, namely at the
expected rotation frequency deduced from the concordance
model of Bouchaud et al. (2020). No such peak appears in our

Table 1. Frequencies, f,, and their fitted parameters.

Id. Frequency o A o S/N
(c/d) (c¢/d)  (ppm) (ppm)
fo 1.6693 0.0018 229 20 116
fir 3.5203 0.0031 121 18 6.9
fo 5.4148 0.0027 129 16 7.9
fir 5.4832 0.0037 93 16 5.7
fis 8.8664 0.0030 98 14 6.9
Jio 12.1978  0.0036 74 13 5.8
fie 13.2289  0.0026 95 12 8.0
fo3 14.1887  0.0036 65 11 58
Joa 14.4547  0.0037 64 11 5.7
fi 15.76789  0.00030 731 10 708
fa 15.98242  0.00073 293 10 287
fs 16.19097  0.00091 234 10 23.1
S 17.9326  0.0036  53.6 92 5.8
fo 18.3647  0.0027  69.7 90 7.7
f 20.78755 0.00051 3429 83  41.1
fio 232791  0.0013 1285 7.8 165
fas 24.1551  0.0038 427 77 5.6
fi 254012 0.0033 479 75 64
f 2595061 0.00031 5075 7.6 672
J29 27.5606  0.0030  51.0 73 7.0
fs 27.9016  0.0011 1405 73 194
fi3 283610  0.0013 117.8 72 163
fi 28.40638 0.00079 1913 7.2 265
S 28.8124  0.0023  67.0 72 93
fin 20.0424  0.0013 119.6 72  16.6
fi 29.2514  0.0032 475 72 6.6
3 31.1858  0.0033  44.1 70 63
f 341522 0.0028  50.3 67 15
fos 35.6018  0.0023  61.7 66 93
fis 35.8214  0.0015 91.6 6.6 139
J26 36.5285  0.0025 555 65 86
fia 38.1975  0.0013 1041 64 162
s 38.6778  0.0025  53.0 63 84
f 43.6137  0.0020  65.5 6.1 107

Notes. A minimum S /N = 5 was imposed.

data. If the 2012 detection is real, it may have been generated
by a transient feature at the surface of Altair. A magnetic spot is
then the most natural explanation since Altair is known to have
some magnetic activity in X-rays (Robrade & Schmitt 2009).

Finally, we completed the monitoring of the amplitudes of
the six most important modes by adding the measured ampli-
tudes at the dates of observation, namely at 2022.555. The result
is shown in Fig. 4, where one can see that the mode ampli-
tudes of Altair are continuously varying over the years. How-
ever, we emphasise that the foregoing variations may also be
influenced by the difference in the bandpass of the instruments:
WIRE observed in V + R (Buzasi et al. 2005), MOST used the
[375, 675]nm band (Walker et al. 2003), and TESS uses the
[600, 1000] nm band (Ricker et al. 2015).

A tentative explanation for the amplitude variations given
by Le Dizes et al. (2021) is that modes are coupled to a thin
subsurface convective layer where helium is twice ionised and
where the kappa mechanism operates. This coupling is a possi-
ble mechanism to induce time-varying amplitudes, but it needs
numerical simulations to be confirmed and to show how it oper-
ates.
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Fig. 4. Amplitude variations over the years of the most prominent
modes.

4. Forward modelling

With this new set of frequencies we would like to know how
models compare with these observations, especially the concor-
dance model of Bouchaud et al. (2020), which was built to repro-
duce all data available in 2020. In particular, a few frequencies
of the 1999 data set (Buzasi et al. 2005) could be retrieved. In
this section, we make a larger and more complete investigation
of the oscillation spectrum of Altair’s concordance model and
compare its predictions with our observations.

First, we recall the characteristics of the model of
Bouchaud et al. It is a 2D axisymmetric steady ESTER model
(Espinosa Lara & Rieutord 2013) with a mass of 1.863 M, that
rotates with an equatorial velocity of Veq =313 km s~!, thus at
74.4% of the critical angular velocity. This high rotation rate
induces a rotational flattening of 22%. The metallicity of the
model is Z = 0.0192, and the hydrogen mass fraction is Xj,; =
0.739 in the envelope and X o/ Xini = 0.963 in the core. This lat-
ter ratio was interpreted as corresponding to an age of ~100 Myr
by Bouchaud et al. (2020).

As a first step in deciphering the eigenspectrum of Altair, we
computed the adiabatic oscillations using the TOP code, which
can use a 2D-ESTER model as an equilibrium model (Reese et al.
2021). Since the model is axisymmetric, eigenmodes are charac-
terised by their azimuthal periodicity and equatorial symmetry,
which we denote as m*. Here, m* are modes that are symmet-
ric with respect to the equator and whose azimuthal variation is
oc exp(ime). Conversely, m™ are equatorially anti-symmetric with
the same exp(imyp) dependence. Because TESS observations are
photometric, we only expected m = 0, 1,2 to be visible. Indeed,
in fast rotators such as Altair, eigenmodes are made of a long
series of spherical harmonics strongly coupled in the £ index by
the Coriolis acceleration, the centrifugal distortion of the back-
ground, and the differential rotation. However, since the model is
axisymmetric, modes of different azimuthal wavenumber m are
uncoupled. Just as for the ¢ in a non-rotating star, only the low
m may provide modes with high visibility. Hence, we focused
on eigenmodes with the m = 0%, 1*,2* symmetries. For the non-
axisymmetric ones, we included both retrograde and prograde
modes, that is, m can be positive or negative.

The TOP code determines eigenvalues using the Arnoldi-
Chebyshev algorithm, which is a Krylov-based method
(Valdettaro et al. 2007) that allowed us to compute a small num-
ber of eigenvalues around a given point of the complex plane.
Since we restricted ourselves to adiabatic oscillations, all eigen-
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frequencies are real. We first computed eigenvalues around each
observed frequency, and it revealed a high density of frequen-
cies, especially in the low-frequency range”. We therefore con-
centrated on frequencies larger than 15 c/d, which contain the
oscillations with the highest amplitudes, and we scanned the fre-
quency interval from 15 to 44 c/d.

Interferometric observations have determined quite precisely
the inclination of the rotation axis of Altair with respect to the
line of sight (see introduction). Hence, we could compute the
visibility of each mode and search for the most visible modes.
As we had restricted ourselves to adiabatic oscillations, we had
no predictive power over the mode amplitudes. Yet, we assumed
that those with the largest scales are the least damped or the most
unstable and thus the most visible as well. Noting that the true
visibility is tightly related to the temperature fluctuation, which
in an adiabatic model is itself strongly related to the pressure
fluctuation, we defined a proxy of the visibility as

fsv(ép/P)u -dS

" = “naxs (6p/P) @
where S, is the visible part of the stellar surface, u is a unit vector
pointing towards the observer, and dS = ndS is the surface ele-
ment directed along the normal of the surface. This proxy of the
visibility is faster to compute than the true visibility of a mode as
described in Reese et al. (2013), and it still allowed us to quali-
tatively compare the visibility of different modes and to display
the most visible ones.

The resulting plot of the foregoing proxy is shown in Fig. 5.
In this figure (upper part), each symbol refers to an eigenfre-
quency of Bouchaud et al. (2020) concordance model. One may
note the large density of eigenvalues in any interval of frequen-
cies. As the y-axis shows the visibility of the modes, the peaks of
the upper envelope of the symbols (the blue line) point out fre-
quencies associated with eigenmodes with only large-scale vari-
ations on the surface of the star. In the lower part of Fig. 5, we
have drawn red bars representing the observed oscillation ampli-
tudes (arbitrary unit) at the observed frequencies. Thin vertical
lines show possible identifications between visibility peaks and
observed frequencies. We note that all of these possible identifi-
cations are associated with axisymmetric modes (blue symbols).
Only f;3 (at 20.8c/d) seems to be associated with a non-
axisymmetric 1" retrograde mode. Surprisingly, the most promi-
nent observed mode, at f; = 15.77 c/d, is not associated with any
highly visible mode of the model. We discuss this point below.

Regarding Fig. 5, we also note that the model frequencies
(peaks of visibilities) are systematically lower than the observed
frequencies. If these frequencies are associated with acous-
tic modes, as suggested by Bouchaud et al. (2020), this shift
means that the model is not dense enough since acoustic fre-
quencies scale with the average density of the star (Reese et al.
2008; Garcia Herndndez et al. 2015). In other words, the con-
cordance model of Bouchaud et al. (2020) is slightly too old.
For five axisymmetric modes, which can be associated with
observed frequencies, we examined the frequency dependence
with Xcore/Xini, namely with the hydrogen mass fraction in
the core scaled by its initial value. This dependence is illus-
trated in Fig. 6. We note that the 0" modes, which are axisym-
metric and symmetric with respect to equator, all point to a
ratio of X¢ore/Xini = 0.972, while the concordance model used

2 This is not a surprise since gravito-inertial modes likely form a dense
spectrum in the low-frequency range, as can be argued in some simpli-
fied set-ups (Dintrans et al. 1999).
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Fig. 6. Variation of the frequencies of five axisymmetric island modes
(solid lines) as a function of the hydrogen mass fraction in the core
with respect to that of the envelope. Here, Xepy = Xini = 0.739, as in
Bouchaud et al. (2020). The horizontal dashed lines show the observed
frequencies, while the vertical dashed line points out X, = 0.972, which
is the value where the frequencies of three 0* modes of the model match
the observed ones.

Xeore/Xini = 0.963. We also note that 0~ modes (antisymmet-
ric with respect to equator) do not agree with the Xcqre /Xini value
pointed out by the 0" modes. The 0~ modes even disagree among
themselves: f; suggests a ratio of ~0.963, while f3y points to
~0.99. A misidentification of the associated modes could explain
the different X;ore inferred from the 0~ modes, but this may also
reveal an unrealistic profile of the sound speed along the acoustic
rays. The error in the sound speed may be compensated in sym-
metric modes but emphasised in anti-symmetric ones. Further
investigation is needed.

The previous remarks prompted us to recompute eigenfre-
quencies of a model with X¢ore/Xini = 0.972. However, in this
case we restricted our calculations to axisymmetric modes and
frequencies between 22 and 39 c/d so as to gain clarity and save
computation time. The results are shown in Fig. 7. As expected,

the matching of 0* frequencies is quite good, and that of 0~ fre-
quencies is fair enough.

The foregoing results extend the previous possible
identifications of frequencies of Altair’s spectrum. Indeed,
Bouchaud et al. (2020) identified the frequencies [23.2791,
2595061, 28.4064]c/d with three axisymmetric modes of
symmetry [07,0%,07], respectively. We extend this series
with six additional modes at frequencies [24.1551, 25.4012,
31.1858, 34.1521, 35.8214, 36.5285]c/d of symmetries
[0%,0%,0%,07,0%,0%], respectively. We acknowledge that the
identification of frequency f3g is only tentative.

All foregoing modes are acoustic modes, so-called island
modes in the terminology of Lignieres & Georgeot (2009). They
are associated with periodic orbits of acoustic rays bouncing
between low north and south latitudes, as illustrated in Fig. 8
for three symmetric 0" modes at f>, fa6, and f3s.

As noted previously, the most prominent observed frequency
at 15.76789 c/d does not seem to be associated with any highly
visible mode of the model. However, this value is reminiscent of
the frequency of the fundamental mode of -Scuti stars, as can be
derived from the period-luminosity relation given by Barac et al.
(2022). This relation points to a frequency of ~16 c/d for Altair.
However, Altair is young (see below) and rotating extremely
rapidly (vyor = 3 c¢/d). To find the fundamental mode of Altair,
we therefore reduced the angular velocity of the model to 15%
of the critical angular velocity (instead of its actual 74.4%) while
keeping all other parameters constant. As a result, we found the
fundamental mode at a frequency of 20.88 c/d. This value, which
is higher than the period-luminosity relation prediction, is due
to the quasi-ZAMS nature of our model. We then increased the
rotation rate of the model, following the evolution of the fun-
damental mode. As expected, its frequency decreased due to
the volume increase of the model. However, when the rotation
rate reached 50% of the critical angular frequency, we could no
longer follow the mode, as it mixes with gravito-inertial modes

A259, page 5 of 8
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at this point. Computations of eigenvalues around the expected
value of the fundamental frequency showed many avoided cross-
ings, making identification of the fundamental mode extremely
difficult. An impression of the complexity of the spectrum in this
frequency range is given by Fig. 5, but it can also be appreciated
with Fig. 4 of Reese et al. (2006). To decipher the oscillation
properties of Altair around its dominant oscillation frequency at
15.77 ¢/d, a dedicated study will be needed that likely includes
non-adiabatic and non-linear effects.

5. The age of Altair

The foregoing possible identification of eight eigenfrequencies
of Altair, implying Xcore/Xini = 0.972, prompted us to improve
the estimated age of the star, which was calculated to be 100 Myr
by Bouchaud et al. (2020). To this end, we used a new version of
the ESTER code that can compute time evolution of a 2D model
(Mombarg et al. 2023, 2024). This new version of the code can
tell us how much time is needed to reach the inferred hydrogen
mass fraction in the core, but presently it cannot compute the
pre-main sequence phase of the model. To estimate this latter
phase, we reverted to MESA models (Paxton et al. 2011, 2013,
2015, 2018, 2019; Jermyn et al. 2023). With these 1D models,
we evaluated at 26 Myr, the duration of the pre-main sequence
for a model of 1.863 M and a similar chemical composition
as the ESTER model. The appropriate evolutionary 2D-ESTER
model says that reducing Xcore/Xini from unity to 0.972 takes
62 Myr. Hence, we estimate the age of Altair to 88 Myr. For
further illustration, we give in Table 2, the ages given by the
MESA code for a non-rotating model and a rotating model. For
this latter model, we set the rotation rate to about 65% of the
critical one. This rotation is the highest acceptable by the code.
Although this value is clearly out of the acceptable ones for a
1D model, it gives an idea of the spherically averaged effects
of rotation, which turn out to be quite modest. From the num-
bers shown in Table 2, we observed that MESA models evolve
more rapidly than the 2D-ESTER model, essentially because of
a slightly higher central temperature. The origin of the age dif-
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ferences between the models is likely to be found in the micro-
physics (e.g. opacities, equation of state, nuclear reaction rates).
The dimensionality of the model, 1D or 2D, is crucial to estimat-
ing the fundamental parameters of the star (mass, radii, rotation
rate, for instance) but is no longer crucial for time evolution in
the case of Altair since this star is very young and secular effects
of rotation have not had time to accumulate. Our conclusion is
that in the present state of stellar models, the age of Altair is
close to 90 Myr with an uncertainty we estimate to 10 Myr due
to the differences in microphysics between the models. Finally,
we note that the slight increase of X o /Xini changes the size of
the star by a negligible amount compared to the uncertainties of
interferometric radii measurements.

6. Summary and conclusions

Using the halo photometry technique (White et al. 2017), we
processed the TESS images of Altair and derived its light curve
during the observation period from 10 July to 5 August 2022.
Using the FELIX code (Charpinet et al. 2010; Zong et al. 2016),
we derived the power spectrum of the light curve and exhib-
ited 34 frequencies. Compared to previous works (Buzasi et al.
2005; Le Dizes et al. 2021) that revealed 15 frequencies, we con-
firmed 12 of them, and we add 22 new frequencies thanks to the
high quality of the data. Previous data came from the MOST and
WIRE satellites but were plagued by scattered light of the Earth
due to the low-altitude orbits of their missions. The amplitudes
of the repeatedly observed modes still show variations, which we
tentatively attribute to the probable coupling of the modes with
a thin convective layer near the surface of Altair (Le Dizes et al.
2021).

We then focused on a subset of frequencies that were previ-
ously identified with those of axisymmetric modes during the
making of a concordance model of Altair by Bouchaud et al.
(2020). The identification of modes at the frequencies [23.2791,
25.95061, 28.4064] c/d by this previous work appears reliable.
By knowing the inclination of the rotation axis with respect to
the line of sight, we could compute the visibilities (in fact a
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Fig. 8. Three 0" modes identified in the spectrum of Altair. The top row shows the surface amplitude of the relative pressure fluctuation associated
with the mode as seen from the Earth. The bottom row shows a meridional cut of the same quantity along with a zoom of the subsurface layers,
with the depth being limited to 5% of the equatorial radius. The solid line in the meridional cut of the star shows the trajectory of an acoustic ray
associated with the mode. The dashed black line in the zoomed layers highlights the 50 000 K isotherm around which the second ionisation of

helium takes place.

proxy of it) of all modes, which we determined using the con-
cordance 2D model of Bouchaud et al. (2020) and the TOP code
for the oscillations (Reese et al. 2021). We thus identified seven
new frequencies still associated with axisymmetric modes.

Among these ten candidates, we selected three modes that
are symmetric with respect to the equator and used their frequen-
cies to better determine the size of the star, which meant deter-
mining its age, as we assumed the mass given by Bouchaud et al.
(2020). The three frequencies indeed point to the same hydro-
gen mass fraction in the core, namely Xcore/Xini =~ 0.972, with
Xini = 0.739 (Bouchaud et al. 2020). Re-computing the con-
cordance model with this slightly higher hydrogen mass frac-
tion in the core led to a nice matching between nine observed
frequencies and nine modelled frequencies. With time-evolving
2D-ESTER models, we could then estimate our best model age,
namely 88 Myr, which is slightly younger than estimated by
the previous concordance model of Bouchaud et al. (2020), who
found X.ore/Xini = 0.963 and which corresponds to an age of
108 Myr. Nevertheless, we still estimate the uncertainty of the
age to be about 10 Myr based on comparing the ESTER and MESA
predictions. We argue that the microphysics are the main source
of uncertainty in the evolution of the hydrogen mass fraction of
the core, rather than the dimensionality of the model. Improve-
ments in this direction may help us reproduce more observed
frequencies with the models.

The foregoing results show that the modelling of Altair is
progressing. However, many frequencies still have to be identi-
fied, and it remains a challenge to determine the origin of the

Table 2. Altair’s age given by the models.

Xcore/Xini  MESA  MESA-rot ESTER-2D
0.972 TTMyr 79 Myr 88 Myr
0.963 9Myr 101 Myr 108 Myr

oscillation at 15.76789 c/d, which is the most prominent and has
the highest amplitude. Around this frequency, no highly visi-
ble mode pops out of the model. We investigated the change
of frequency of the fundamental mode of a model of similar
mass but of lower rotation and we found that such a fundamen-
tal mode disappears when rotation is increased beyond 50% of
the critical one. A series of avoided crossings with (presumably)
gravito-inertial modes causes the fundamental acoustic mode to
mix with these modes, whose spectral density is high. It is very
likely that this prominent oscillation results from a combination
of several eigenmodes and requires a non-adiabatic and non-
linear approach to be understood. Investigation of the non-linear
dynamics of all the detected modes remains a highly desired
future step.
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