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ABSTRACT

Context. Magnetic fields influence the formation and evolution of stars and impact the observed stellar properties. Ap stars are a
prime example of this. Access to precise and accurate determinations of their stellar fundamental properties, such as masses and ages,
is crucial to understand the origin and evolution of fossil magnetic fields.

Aims. We propose to use the radii and luminosity determined from interferometric measurements, in addition to seismic constraints
when available, to infer as unbiased as possible fundamental properties of the 14 Ap stars characterized by Perraut et al. (2020).
Methods. We use a grid-based modelling approach, with stellar models computed with the cestam stellar evolution code, and the
parameter search performed with the amvs optimization method. The stellar models gird was built using a wide range of initial helium
abundances and metallicities in order to avoid any bias coming from the initial chemical composition. The large separations (Av) of
HD 24712 and HD 128898 (2 roAp stars of the sample) were used as seismic constraints.

Results. We inferred the fundamental properties of the 14 stars in the sample. Most of the results are consistent within 1o~ with
those of Kochukhov & Bagnulo (2006), but a trend towards a slightly underestimated mass is visible in the results of these authors,
due to the narrower initial chemical composition range considered in their grid, compared to ours. We show that the use of Av in the
modelling significantly improves our inferences, allowing us to set reasonable constraints on the initial metallicity which is, otherwise,
unconstrained. In particular, for HD 24712, we find a [Fe/H] value that is consistent with the iron abundance observed at the bottom
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of the photosphere, as determined by Shulyak et al. (2009).
1. Introduction

Magnetism is ubiquitously present on various scales in the Uni-
verse. Magnetic fields have a significant impact on star formation
(e.g., Commercon et al. 2011; Mackey & Lim 2011), as well
as stellar structure and evolution (e.g., Mestel 1999; Donati &
Landstreet 2009). The first stellar magnetic field of a star other
than the Sun was detected by Babcock (1947). This star, 78 Vir,
is a chemically-peculiar A-type star (Ap star). Consequently, re-
search of Ap stars has a long and rich history (e.g., Babcock
1958; Wolft 1967, 1968; Landstreet 1982; Auriere et al. 2007;
Sikora et al. 2019). They amount to only a few per cent of the
A-type-star population (Power et al. 2007), yet their observa-
tion and modelling has a significant scientific potential. Ap star
characterisation, both on a star-by-star basis and in terms of their
ensemble properties, provides clues to the origin of strong, large-
scale, fossil stellar magnetic fields (e.g., Cowling 1945; Braith-
waite & Spruit 2017; Cantiello & Braithwaite 2019, and refer-
ences therein), and can contribute to our understanding of how
these fields influence both stellar evolution (e.g., Keszthelyi et al.
2019; Schneider et al. 2020) and the physical processes leading
to the segregation of chemical elements via atomic diffusion (e.g.
Michaud et al. 2015; Kochukhov & Ryabchikova 2018). Unfor-
tunately, despite their scientific interest, Ap stars are not easy to
characterise. In fact, classical stellar parameters of Ap stars de-
rived from the analysis of photometric and/or spectroscopic data
can be biased due to the surface chemical peculiarities. This, in
turn, can lead to inaccurate determinations of the stars’ funda-
mental properties, such as the mass, radius and age, compro-

mising tests to our theoretical understanding of how these stars
evolve and become chemically peculiar. In this context, the study
of stars for which one may hope to derive unbiased classical pa-
rameters and fundamental properties, becomes particularly rele-
vant. An example of such benchmarks are stars whose angular
diameter can be directly measured through interferometry. With
this in mind, over the past years an effort has been made to ob-
serve all Ap stars within reach of currently available interfer-
ometric instruments (Bruntt et al. 2008, 2010; Romanovskaya
et al. 2019; Perraut et al. 2011, 2013, 2015, 2016, 2020). To-
gether with state-of-the-art parallaxes and bolometric fluxes, the
measured angular diameters were used to infer nearly model-
independent radii, luminosities, and effective temperatures for
this sample of benchmark Ap stars. The properties of the full
sample, composed of 14 Ap stars, have recently been discussed
by Perraut et al. (2020).

Among the Ap stars, there is a subgroup known as the rapidly
oscillating Ap stars (hereafter, roAp stars) which exhibit high
frequency pulsations (Kurtz 1982). Their effective temperatures
range from about 6000 to 9000 K and their pulsation periods
from about 5 min (Cunha et al. 2019) to 24 min (Alentiev et al.
2012). Up to now, most roAp stars have been discovered through
the analysis of ground-based photometric time series, but the
NASA TESS (Transiting Exoplanet Survey Satellite) is rapidly
increasing the number of new detections (Cunha et al. 2019;
Balona et al. 2019). The combination of interferometric and as-
teroseimic data has significant constraining power in the context
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of stellar modelling (Cunha et al. 2007), making roAp stars with
measured angular diameter primary targets for modelling.

The aim of the present paper is to use the interferometric
radii and luminosities of the 14 stars characterized by Perraut
et al. (2020) to infer their masses and ages. Within these 14
stars, 5 are roAp stars. The inference is performed with the grid-
based optimization method amms (Asteroseismic Inference on a
Massive Scale, Rendle et al. 2019). The stellar models are com-
puted with the cestam evolution code (Code d’Evolution Stel-
laire Adaptatif et Modulaire, the "T" stands for Transport). To
perform inferences as unbiased as possible, the grid includes
various initial chemical compositions. In addition to radii and
luminosities, we assess the benefit of having seismic constraints,
when available. In order to further strengthen the robustness of
these results, we additionally use the Mesa software (Paxton et al.
2011, 2013, 2015, 2018, 2019) where the effects of surface fossil
magnetic fields have previously been implemented by Keszthe-
lyi et al. (2019, 2020).

In Section 2, we present the Ap stars sample and the infor-
mation provided by roAp pulsations to constrain stellar models.
The stellar models used to infer stellar parameters are described
in Section 3 and the optimization procedure in Section 4. We
present the inferred masses, ages and hydrogen mass fraction in
the core (X,) using classical and seismic constraints in Section 5.
We finally discuss the results and address the impact of neglect-
ing the magnetic field in Section 6 and conclude in Section 7.

2. Ap stars sample
2.1. Properties of the sample

This study focuses on the stars characterized by Perraut et al.
(2020). The sample is composed of 14 Ap stars with angular di-
ameters measured through interferometry (5 of them are roAp
stars). They were chosen for the interferometry programme be-
cause they are brighter than the current sensitivity limit of visible
interferometers, set in a magnitude range of about 8-8.5 in the R
band (Ireland et al. 2008; Ligi et al. 2013), and have estimated
angular diameters greater than about 0.2 mas, thus within the
current angular resolution of these instruments. Information on
the individual stars is given in Table 1, where the effective tem-
perature, luminosity, and radius were extracted from table 4 of
the paper by Perraut et al. (2020). For each star, the authors de-
rived these properties from the angular diameter, bolometric flux,
and parallax. The adopted parallaxes were retrieved from the
GAIA DR2 (Gaia Collaboration et al. 2018) for all stars except
for the two brightest targets, namely, HD 128898 and HD 137909
(the latter being a binary) for which the authors adopted, instead,
the parallaxes from Hipparcos (van Leeuwen 2007). The bolo-
metric flux was computed from the observed spectral energy dis-
tribution obtained by combining photometric and flux-calibrated
spectroscopic data at different wavelengths. Figure 1 shows the
stars in an Hertzsprung-Russell diagram along with evolution-
ary tracks and iso-radii, for different initial chemical composi-
tions. Models are computed with the cEstam evolution code us-
ing the input physics as described in Section 3. A core overshoot
of 0.15 Hp is adopted for these tracks.

2.2. Seismology of Ap stars

The roAp stars have an added valuable scientific potential, as
their pulsations may provide additional constraints to stellar
modelling. Unfortunately, the strong magnetic field permeating
the roAp stars distorts the pulsations and perturbs the pulsation
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Fig. 1. HR diagram including the studied stars (blue symbols) listed in
Table 1 and evolutionary tracks for masses between 1.25 and 3.25 M,
at different initial chemical composition (black solid lines). The dotted
lines represent the iso-radius at 2.0, 3.0 and 4.0 R,. See the text for
details about the models.

frequencies with respect to those expected in non-magnetic stars.
Studies of the interaction between the magnetic field and pulsa-
tions have shown that frequencies can be perturbed by a signif-
icant fraction of the typical frequency separation between con-
secutive modes (Cunha & Gough 2000; Cunha 2006; Bigot et al.
2000; Saio & Gautschy 2004). While the results from these the-
oretical studies agree qualitatively, quantitatively they show sig-
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Table 1. Properties of the Ap star sample. Radii, luminosities and effective temperatures are taken from Perraut et al. (2020). The large frequency
separations are derived from the literature following the description given in the text.

HD Other name Terr [K] L[Ls] R [R;] Av [uHz] AVinag [uHZ]
4778 GO And 9135 +£400 349+43 236 +£0.12 - -
24712®) HR1217 7235 £ 280 7.6+12 1.75 £ 0.05 67.76 +0.13  [64.8, 68.8]
108662 17 Com A 8880 + 330 38.1+£49 259 +0.12 - -
108945 21 Com 8430 + 270 36.5+4.2 2.82 +0.09 - -
118022 78 Vir 9100 + 190 28.9+3.0 2.17 £ 0.06 - -
120198 84 UMa 9865 + 370 449 +43 228 £0.10 - -
128898  « Cir 7420+ 170 10.51+£0.60 1.967 +0.066 60.37+0.03 [57.4,61.4]
137909 B CrB 7980 + 180 253+29 2.63 +0.09 - -
153882 V451 Her 8980 + 600 70.8 +£6.5 3.46 +0.37 -

176232 10 Aql 7900 + 190 169+14 2.21 +£0.08 - -
188041 V1291 Agql 9000 + 360 30.5+4.2 2.26 +0.05 - -
201601y Equ A 7253 £235 11.0+0.93 2.11 +£0.07 - -
204411 HRS8216 8520 + 220 85.6+9.2 423+0.11 - -
220825 k Psc 8790 + 230 172+ 1.7 1.78 £ 0.03 - -

Notes. ) oAp stars.

nificant differences in what concerns the perturbation to individ-
ual modes, bringing into question the use of the magnetic models
in direct comparisons with the individual frequencies observed
in roAp stars. Nevertheless, the scenario is different when con-
sidering the large frequency separations, Av, between consecu-
tive modes of the same degree, /. With the exception of modes
experiencing a very strong coupling with the magnetic field, the
frequency perturbation is not expected to vary significantly from
mode to mode: it generally increases slightly with frequency,
with a mode-to-mode variation which typically does not exceed
2 uHz, occasionally decreasing by a fraction of a yHz. As a con-
sequence, the mode frequencies in roAp stars still tend to follow
aregular pattern, often being almost equally spaced in the power
spectrum. When that is the case, the observed large frequency
separation can be determined and used as an extra constraint in
the modelling of the star based on non-magnetic models, so far
as a small magnetic correction is subtracted from the observed
value.

Among the 14 stars in our sample, 5 were known to be
roAp stars prior to the launch of TESS (identified by the sym-
bol = in Table 1). We searched the 2-min cadence TESS ob-
servations of the stars in our sample in search for additional
roAp pulsators. Of the 14 stars analysed in this work, six stars
(HD 137909, HD 153882, HD 176232, HD 188041, HD 201601
and HD 220825) do not yet have TESS photometric observa-
tions. We analysed both the Simple Aperture Photometry (SAP)
and the Pre-search Data Conditioning SAP (PDC_SAP) data to
check for any signal injected to the data by the PDC pipeline.
To search for rotational variations, we calculated a Fourier spec-
trum from 0-10d~" (0-0.12mHz). In the search for pulsational
variability, we iteratively pre-whitened the light curve in the
low-frequency range (0-10d~'; 0-0.12mHz) to the noise level
at high frequency to remove any rotation signal and instrumen-
tal artefacts. This serves to make the noise characteristics white
in the region where pulsations are usually found. Of the 8 stars
with TESS data, we detected pulsational variability in 2 pre-
viously known roAp stars (HD 24712 and HD 128898) and ro-
tational variability in seven (HD 204411 shows no variability).
Thus, the TESS data available so far does not increase the num-
ber of known roAp stars in our sample.

All data considered, we find that only two roAp stars, namely
HD 24712 and HD 128898, show a regular frequency pattern.
For these two stars, we shall use the observed large frequency
separation as an additional constraint to the modelling. Since
the large frequency separation scales with the square root of
the mean density, we expect this extra constraint, together with
the interferometric radius, to improve our inference of the stellar
mass.

HD 24712 was discovered to be a roAp star by Kurtz (1981).
Its pulsation spectrum is well characterised from long photo-
metric time series acquired both from the ground (e.g. Kurtz
et al. 2005) and space (Balona et al. 2019). It shows a series
of equally-spaced modes, along with at least one frequency that
does not follow the same pattern, the latter having been inter-
preted as an example of a mode that is strongly coupled with the
magnetic field (Cunha 2001; Kurtz et al. 2002). There is strong
evidence that the equally spaced modes are of alternating even
and odd degree, from which it is deduced that the large frequency
separation corresponds to twice the separation between adjacent
modes. The frequency separation between the main oscillation
modes of HD 24712 is very similar in the works by Kurtz et al.
(2005) and Balona et al. (2019). Nevertheless, the values pub-
lished in these works still differ by more than the formal error
that would be derived from each of them. Therefore, for our
modelling we combine the results from the two publications as
follows: for each of them we compute three estimates of Ay from
the frequencies v; to vs (where the notation follows that used in
both works), by considering the combinations v3 — vy, v4 — v,
and vs — v3. We then compute the average and the square root of
the variance of the six estimates and use them as estimates for
the value and the uncertainty, finding Ay = 67.76 + 0.13 uHz. In
addition to this pure observational estimate of Av, we consider
a more conservative scenario that takes into account the poten-
tial impact of the magnetic field on the oscillations. From the
discussion above, we know that our non-magnetic models may
systematically underestimate the true Av by up to about 2 uHz
and occasionally overestimate it by up to a fraction of a uHz.
Consequently, in this second scenario, we relax the observational
seismic constraint by allowing Av to vary within the interval [Av-
3.0,Av+1.0].
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HD 128898 was discovered to be a roAp star by Kurtz &
Cropper (1981) and has also been a target of several ground-
based and space-based campaigns. A detailed analysis of its os-
cillation power spectrum has been performed by (Bruntt et al.
2009) based on space-based data collected with the star tracker
on board the Wide-field Infrared Explorer (WIRE) (Buzasi 2002)
and ground-based data collected at the South African Astronom-
ical Observatory. Recently, new space-based data, acquired by
the satellites TESS and BRITE have been analysed by Weiss
et al. (2020), confirming the detection of the three main frequen-
cies reported by (Bruntt et al. 2009) (fs, fi and f7, according
to the notation adopted in both works). Similarly to the case of
HD 24712, these three modes are interpreted as being of alter-
nating even and odd degrees, implying that Av corresponds to
twice the separation between adjacent modes. To estimate the
value of Av and its uncertainty we proceed as before. In the
present case there are only three equally spaced modes and, thus,
only one estimate of Ay from each publication. Moreover, in the
case of Weiss et al. (2020) we considered only the frequencies
derived from the TESS data, since the S/N in the BRITE data
was significantly lower. Taking the average and the square root
of the variance of the values from the two publications we find
Av = 60.37 + 0.03uHz. Finally, as discussed for HD 24712, in
addition to this observational value, we will consider a second
scenario to account for the effect of the magnetic field not in-
cluded in our stellar models, allowing Av to vary in the interval
[Av-3.0,Av+1.0]. The intervals of Av considered for the two stars
with seismic constraints are summarized in Table 1.

3. Stellar models

The stellar models are computed with the cEstam evolution code
(Code d’Evolution Stellaire Adaptatif et Modulaire, the "T"
stands for Transport). A detailed description of the code can
be found in Morel & Lebreton (2008), Marques et al. (2013)
and Deal et al. (2018). The code is able to take into account
several non-standard transport processes of chemical elements
(i.e. atomic diffusion including radiative accelerations) and the
transport of angular momentum which may have a significant
impact on the stellar parameter inference in non-magnetic stars
(e.g. Deal et al. 2020). Despite this, accounting for chemical el-
ement transport in Ap stars is still a challenge. The effect of the
magnetic field on transport processes is currently poorly mod-
elled in stellar evolution codes. Moreover, a realistic transport
of chemical elements (including atomic diffusion) currently re-
quires the addition of a parametric turbulent diffusion coefficient
in order to reproduce surface abundances of F and A-type stars
(Richer et al. 2000; Richard et al. 2001; Michaud et al. 2011;
Verma et al. 2019; Semenova et al. 2020). The parametrization
of such turbulent diffusion coefficient is not possible in Ap stars
because atomic diffusion can be strongly affected by magnetic
fields (Alecian & Stift 2002, 2007; Stift & Alecian 2016; Ale-
cian & Stift 2017, and reference theirin). Consequently, we de-
cided to not take any of these processes into account in the mod-
els computed for this study. However, we estimate the impact of
atomic diffusion and an additional parametrized transport pro-
cess for HD 24712 in Section 5.3. Similarly, the effects of a mag-
netic field on the evolution were neglected. An assessment of the
effect of this assumption on the final properties is presented in
Section 6.5.

The models are computed from the PMS (Pre-Main Se-
quence) to a hydrogen mass fraction in the core of X, = 107!, to
cover a part of the sub-giant phase. We use the OPAL2005 equa-
tion of state (Rogers & Nayfonov 2002) and the OPAL9S5 opacity
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tables (Iglesias & Rogers 1996) complemented at low tempera-
tures by the Whichita opacity data (Ferguson et al. 2005). Nu-
clear reaction rates are from the NACRE compilation (Angulo
1999) except for the "*N(p, ¥)'3 O reaction, for which we use the
LUNA rate (Imbriani et al. 2004). We use an AGSS09 initial
mixture of metal (Asplund et al. 2009) with meteoritic abun-
dances for refractory elements (Serenelli 2010). Convection is
treated following the Canuto et al. (1996) formalism with a so-
lar calibrated acgm = 0.634. Overshoot of the convective core
is taken into account with a step extend of @oys X min(H p, r¢c)
where r.. is the radius of the Schwarzschild convective core. At-
mospheres are computed in the Eddington grey approximation
with no mass loss taken into account.

4. Optimization method
4.1. AIMS code

The amvs! optimization code (Asteroseismic Inference on a Mas-
sive Scale, Lund & Reese 2018, Rendle et al. 2019) applies a
Markov chain Monte Carlo (MCMC) approach in order to find
a representative sample of stellar models that fit a given set of
classic and seismic constraints. This sample is subsequently used
to find the best-fitting values, error bars, and posterior probabil-
ity distribution functions (PDFs) for the different stellar prop-
erties. In order to gain computation time, the aiMs code uses a
precomputed grid of stellar models which includes global stel-
lar properties such as mass and age, as well as pulsation spec-
tra, and interpolates within this grid for each MCMC iteration.
Interpolation is carried out using a multi-dimensional Delaunay
tessellation between evolutionary tracks and a simple linear in-
terpolation along evolutionary tracks. amvs allows the inclusion
of the large frequency separation as a constraint and computes
the model value, Avy,oq4, using the radial modes available in the
grid. The posterior distribution of stellar fundamental properties
A taking into account observational constraints O is defined as
(Bayes’ theorem)

PAIO) & p(OIAYp(A), (1)
with the likelihood function

(OlA) = —— exp(—x2,/2) P
P 2] P(=Xtot/ <)>

where p(A) are prior assumptions and C is the covariance matrix
of the observed parameters. In this study we assume uniform
priors for the stellar fundamental properties. When the large fre-
quency separation is used as a constraint, the y? has the follow-
ing form:

thot = Z/Vzlassical +Xiv’ (3)
with
0, -6\
Xi= (—) , 4)
T

where classical means non-seismic constraints (7.g, luminosity,
etc). O;, 6; and o; are respectively the observed value, the model
value and the observational uncertainty. Otherwise the likelihood
is only the sum of the classical constraint contributions.
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Table 2. Properties of the grid of stellar models used to infer the stellar
parameters.

Variables Range Steps
M (Mp) 1.2-35 0.025
Yini 0.242 - 0.292 0.01
Zini 0.0031 - 0.0381  0.005
ovs (Hp) 0.0-0.2 0.05

4.2. Grid parameters

The grid of models is Cartesian and includes five dimensions,
namely the age, the mass, the initial helium and metal content,
and the amount of core overshoot. The details about the grid can
be found in Table 2. It has been designed to characterize main
sequence stars (minimum hydrogen mass fraction of hydrogen
in the core X. = 107'"). The value of the mixing length param-
eter is fixed to the solar calibrated value acgm = 0.634. The
initial helium and metal mass fractions are chosen to include the
solar calibrated ones as models of the grid (Yin o = 0.252 and
Zinio = 0.0131). The minimum helium is chosen to include the
primordial value and goes slightly below to allow proper prob-
ability distributions. The metallicity range is chosen to obtain
an [Fe/H] coverage between —0.5 and 0.5 dex. We chose to not
include lower metallicities because these are not expected for
Ap main-sequence stars. Both Yi,; and Zj,; vary freely, i.e. no
enrichment law is taken into account, to prevent any bias from
such assumption. The counter part is the large number of models
to compute. The total number of evolutionary tracks in our grid
is 21689, including about 6.6 million models (between 200 and
1200 per track, depending on the mass and chemical composi-
tion). Core overshoot is chosen to cover the typical values for
this parameter in the considered range of mass (Claret & Torres
2019). Oscillation frequencies are computed for each model of
the grid using ADIPLS (Christensen-Dalsgaard 2008) applying
a fully reflective boundary condition (6P = 0) at the top of the at-
mosphere. This boundary condition ensures that the frequencies
are computed up to the observed values, which are greater than
the acoustic cutoff frequency in both stars for which seismic con-
straints are applied. These very high frequencies are observed
in roAp stars because the magnetic field provides a mechanism
for partial refraction of the modes at frequencies higher than
the acoustic cutoff frequency (Sousa & Cunha 2008; Quitral-
Manosalva et al. 2018).

4.3. Classical constraints

We used the radius and the luminosity as classical constraints.
We do not consider the effective temperature, because the latter
is directly related to the other two through the Stefan-Boltzmann
law and does not add an independent constraint. A wide variety
of probability distribution functions can be applied by ams. In
what follows, we used normal distributions, truncated at 3o, for
the two classical constraints.

As discussed in Section 3, the stellar models we use to de-
termine the stellar parameters include no transport of chemical
element. As [Fe/H] can be strongly affected by magnetic fields
(e.g. Shulyak et al. 2009), we cannot use it as classical constraint.

! https://lesia.obspm. fr/perso/daniel-reese/spaceinn/
aims/

4.4. Seismic constraints

We use the large frequency separations observed in HD 24712
and HD 128898 to improve the fits and assess the effect this ad-
ditional constraint has on the probability distributions of the in-
ferred stellar fundamental properties. Following on the discus-
sion in Section 2.2, we consider two different scenarios. First
we employ the constraint Avy,,,, which incorporates a correction
due the possible impact of the magnetic field. Under this sce-
nario, we further consider two possibilities for the probability
distribution of Avy,s, namely, a normal distribution with a cen-
tral value of (Av — 1.0) and standard deviation of 2.0 uHz (here-
after Av(a)) and a uniform distribution with a range [Av — 3.0 ;
Av + 1.0] uHz (hereafter Av(b)). The second scenario disregards
the potential effect of the magnetic field, considering a normal
distribution for the observed values Av,,s (hereafter Av(c)).

5. Parameter inferences
5.1. Masses, X. and ages from classical constraints

In this section we discuss the results of the parameter inferences
with amvs. Table 3 gives the masses, hydrogen mass fractions in
the core (X,.) and the ages of the 14 stars. The corresponding
probability density functions are presented in Appendix C. The
probability density functions are not strictly normal and present
an asymmetry (positive or negative depending on the parame-
ter). The central values given in Table 3 are the medians of the
distributions (i.e. the 50" percentile). We define the asymmet-
ric uncertainties at 1o~ with the 16" and 84" percentile of the
distributions.

Figure 2 (left panel) shows the mass and hydrogen mass frac-
tion in the core (X.) inferred for the stars of the sample. Taking
into account the 1o error bars, the stars have masses between
1.5 and 3.0 Mg,. Most of the stars are in the first half of the main
sequence with X, < 0.35 and ages between 0.01 and 1.7 Gyr,
except for HD 153882 and HD 204411 which seem to be close
to the end of main sequence with respectively X, = 0.22*019 and

1
X.=0. 10”_’8'83. The uncertainties on X, for these stars are smaller
than for the others because they are possibly subgiants and the
minimum hydrogen mass fraction of the models in the grid is
X. = 1071, A more accurate inference of the stellar fundamental
properties of HD 153882 and HD 204411 would require extend-
ing the grid into the subgiant phase.

The inferred ages should be interpreted as estimates only.
The grid of models includes core overshoot, but neglects other
processes that may significantly affect the lifetime of main-
sequence stars. Studies of G and F-type stars using grid-based
modelling and including acoustic seismic constraints show that
atomic diffusion can impact the age of a star by up to 15%
(Nsamba et al. 2018; Deal et al. 2020). Similar results were also
found for A-type stars using gravity modes as constraints (Mom-
barg et al. 2020). The effect of rotation is also not taken into
account in the models. The transport of chemical elements by
rotation has a direct impact on the lifetime of a star on the main
sequence. There is also a degeneracy between the effect of core
overshoot and rotation on the stellar age (e.g. Maeder 2009). In
this context, X, is more reliable than age as it is a measure of the
fraction of evolution on the main sequence.

5.2. Chemical composition

Our results show that the chemical composition of the stars un-
der study is not constrained by the classical observations alone.
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Fig. 2. Left: Inferred mass according to the inferred hydrogen mass fraction in the core (X,) using the classical constraints, for the 14 stars of
the sample (blue symbols). The star and pyramid symbols represent respectively HD 24712 and HD 128898. Right: Same as the left panel for
HD 24712 and HD 128898 (blue symbols). Green symbols are the inferences when the Av(b) seismic constrain is taken into account.

There is a clear degeneracy both in the helium and metal con-
tents. In the case of helium, we find that the probability density
functions are homogeneous for all Y;,; values of the grid (see
lower left panel of Fig. 3 for the example of HD 24712). For
[Fe/H], the probability density functions are pointing towards
the higher metallicities of the grid (see Appendix C) with no
metallicities excluded (except, for HD 204411 for the reasons
previously mentioned). This shape of the distribution of [Fe/H]
is expected for a Cartesian grid (see Appendix A). It means that
[Fe/H] is not constrained at all by the radius and luminosity.

The Z;,; probability density functions are not completely ho-
mogeneous and show an increasing trend towards high initial
metal mass fraction (less pronounced than [Fe/H]) as shown on
the lower middle panel of Fig 3 for HD 24712. Contrarily to
[Fe/H], this is not expected. This comes from the architecture of
the grid (all models are stopped at X. = 10~!!), which was design
to look for main sequence stars. At low metallicities, we can see
on the bottom panel of Fig. 1 that the stars are at the edge of the
tracks (outside for HD 153882 and HD 2044 11). This is the case
at every Yipi. It means that there are less potential fitting mod-
els at lower than at higher metallicities, where all stars lie well
within the evolutionary tracks. Note that we do not expect these
young stars to have such low metallicities. We can thus consider
Zini, similarly to [Fe/H], completely unconstrained, taking into
account the main sequence assumption.

5.3. Benefits from seismic constraints

For two stars of the sample (HD 24712 and HD 128898) we
have a constraint on Ay, in addition to the radius and lumi-
nosity. Figure 3 shows the impact on the parameter inferences
for HD 24712 of adding this seismic constraint, with uncertain-
ties as described in Section 4.4. We can see that all three stel-
lar properties are better constrained when the seismic informa-
tion is considered, regardless of the type of uncertainties we use
on Avp,e (Gaussian or uniform, cases a and b, respectively).
As expected, the constraining power of the seismic information
increases when the more precise observed (uncorrected) value
Avgps, With smaller uncertainties, is adopted (case c¢). The val-
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ues of the inferred masses, ages and X, for the different cases
considered for HD 24712 and HD 128898 are listed in Table
3. As expected, the main improvement brought by the seis-
mic constraint is on the metal content. When Av is taken into
account, the distribution in Z,; (and in [Fe/H]) is better con-
strained. When uniform conservative uncertainties (cases b) are

considered, we obtain 1o intervals of Zy = 0.016*)009 and

[Fe/H] = 0.10f8:§g dex for HD 24712, and Z;; = 0.021fgjgég and

[Fe/H] = 0.22*32% dex for HD 128898. For all stellar properties,
the improvement from adding the seismic constraint is more sig-
nificant for HD 24712 than for HD 128898 (see Fig. B.1 of Ap-
pendix B for HD 128898). This is due to a smaller uncertainty
on the luminosity for HD 128898, inducing a stronger constraint

on the stellar fundamental properties without seismic constraint.

For comparison, we indicate on Fig. 3 (lower right panel)
the value of [Fe/H] observed at the bottom of the photosphere
by Shulyak et al. (2009) (log,((Nre/Niwot) = —4.25) using the so-
lar iron abundance of Asplund et al. (2009) (log,o(Nre/Nio)o =
—4.5) which gives [Fe/H]=0.25 dex. Our 1o interval for [Fe/H]
is in agreement with he observed iron abundance at the bottom
of the photosphere. This indicates that using stellar models in
which the transport of chemical elements is not taken into ac-
count, does not prevent from inferring realistic internal metallic-
ities in this specific context.

As a test, we computed a model with the same evolution code
(cestam), including the effect of atomic diffusion (with radiative
acceleration) as described in Deal et al. (2018), and an additional
parametrized transport process similar to what is expected in Am
stars (e.g. Richer et al. 2000; Richard et al. 2001; Michaud et al.
2011). We used the median values obtained with the constrain
of Av(b) and a free dYdZ to compute the model M=1.54 M,
X. = 0.39 and [Fe/H];,; = 0.10 dex). The models predict an in-
crease of the abundance of iron at the bottom of the photosphere
of about 0.5 dex. This is consistent with an initial [Fe/H] smaller
than the current one (at the bottom of the photosphere), but the
model surface abundance increase is too large compared to what
we expect from the observed abundance. This indicates that the
macroscopic transport of chemical elements may be more effi-
cient in Ap stars than in Am stars. A detailed description of the
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Table 3. Stellar parameters obtained with amvs. Uncertainties are given at 1o~ (16" and 84™ percentiles).

| Free dYdZ | dYdZ = [0.4,3.0]
HD | Mass [Mo] X, Age [Gyr] | Mass [Mo] X, Age [Gyr]
4778 | 2417071 045709 038013 | 239700 0.4510% 0387018
24712 | 167701 0.53*9019  0.78%078 | 166701 0527092 0.80*048
Av(a) | 1557013 0417019 129700 | 15601 0.42%09% 120703
Avb) | 1547005 039109 1.32%037 | 1557003 0407909 1274034
Av(e) | 158701 043109 1.19%03 | 157700 0437000 1174933
108662 | 2.44*017 0387097 045701 | 2407015 036700 046701
108945 | 238016 029709 0567013 | 2377013 0.287097  0.567017
118022 | 233*0)3 0527097 038702 | 230%01% 050709 0347018
120198 | 2.60*0)7  0.53709% 0247015 | 257700 0527098 0.2470.13
128898 | 1.82*010  0.47709%  0.81%043 | 1.807019 045709 0.827933
Av@) | 1777002 0420097 0.97*039 | 1.76%01 041709 0.95%07
Avb) | L7700 041099 0.98*037 | 1757011 0407005 0.97%038
Av(e) | 1.80709 044730 0.91%0 | 1777019 0437005 0.90%022
137909 | 220%38 031709 0707017 | 217791 0.30%597  0.707015
153882 | 2.80*017 0227019 041%007 | 2777004 0227012 0.397008
176232 | 2.03702 042709 0.69'077 | 201701 041%3%7  0.6970%
188041 | 2347076 048709 0.39%94 | 232701 0479% 0387018
201601 | 1.83*014  0.4070%  0.99*03¢ | 1.80*10  0.38*0%  1.00*033
204411 | 293701 0107505 0437008 | 2.89*01%  0.09*003 0447097
220825 | 2.027033  0.607097  0.28%03% | 204701 0.61%0% 024702

effect of the magnetic field on the transport of chemical element
can be found in Théado et al. (2005).

When only classical constraints are taken into account, the
mass probability density functions of HD 24712 and HD 128898
indicate at 30- a minimum mass of 1.21 and 1.28 M, respec-
tively. It changes to 1.21 and 1.38 Mg when Av with uniform
uncertainty is considered. These masses are smaller than the
current mass range typically assumed for Ap stars, which of-
ten starts in 1.5 Mg, based on the assumption of a solar chem-
ical composition. The fact that the metallicity is largely uncon-
strained, leading to a significant uncertainty in the mass, indi-
cates that the minimum mass of Ap stars may need to be shifted
to lower values.

5.4. Enrichment law

An enrichment law characterizes the way the abundance of he-
lium varies with the metallicity. It is suitable to study ensembles
of stars but is less relevant for studies of individual stars, es-
pecially population I stars where the dispersion in this relation
can be significant (e.g. Verma et al. 2019). This is the reason
why we decided to not assume any enrichment law to start with.
Nevertheless, we tested the impact of considering a constrained
enrichment law. According to observations, the helium-to-heavy
element enrichment ratio dY/dZ ranges between 0.4 and 3 (see
Nsamba et al. 2020, for a review). The impact on the posterior

distributions from constraining the value of dY/dZ can be seen
in Table 3 and in Fig. 4. The median values for mass are slightly
smaller when dY/dZ is constrained while remaining very close
for X, and age. As an additional constraint is taken into account,
the 1o~ uncertainties are smaller, as expected.

6. Discussion
6.1. Comparison with Kochukhov & Bagnulo (2006)

Fundamental stellar properties were determined for a large
sample of Ap stars (including the 14 stars of this paper) by
(Kochukhov & Bagnulo 2006, hereafter KB06). Masses and
ages were derived using models with a unique initial metallicity
Zini = 0.018 (in interpolating in two grids with Z;,; = 0.008 and
0.02). As shown in Fig. 5, our inferences are in agreement with
theirs, taking into account our 1o intervals, except for the mass
of HD 204411 and the age of HD 108662 which are in agree-
ment at 20 (between the 5" and 95™ percentiles of the proba-
bility density functions). On the other hand, our median values
are not within their 1o intervals for 9 stars out of 14. Our un-
certainties are always larger. Despite the agreement within our
uncertainties, we see that for 10 stars out of 14, KB06 inferences
underestimate the masses compare to ours. The mean system-
atic differences normalized by each of the errors? are —0.39 and

2 1/14 ¥ (Mxgos; — My)/ o
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Fig. 3. Probability density functions for the mass, age, X., Yini, Zin; and [Fe/H] of HD 24712. The blue distributions take into account the classical
constraints only, while the orange, green and red ones include Av as an additional constraint with different uncertainties (see Section 4.4). The
vertical dashed line is the observed [Fe/H] at the bottom of the photosphere for HD 24712 (Shulyak et al. 2009). Note that the [Fe/H] is the initial

one as no transport is taken into account in the models of the grid.

—1.75 taking into account the 1o intervals from this study (mean
of the asymmetric interval) and from KBO06, respectively. This
comes from the fact that we considered a wider range of initial
chemical compositions. For the age, the systematic difference
are —0.07 and 0.40, using the 1o intervals from this study and
from KBO0G6, respectively.

6.2. HD 24712: Comparison with Cunha et al. (2003)

HD 24712 (HR1217) was previously modelled by Cunha et al.
(2003) using seismic constraints, taking into account different
input physics and initial chemical compositions. However, the
authors did not perform a complete optimization analysis, ex-
ploring the parameter space in a systematic manner to find the
best model fits and characterize the uncertainties in the inferred
properties, as performed in our study. They considered masses in
the range M=[1.40;1.65] M, initial helium mass fraction in the
range Yi,=[0.23;0.30], initial metal mass fraction in the range
Zni=[0.005;0.019] and two values of core overshoot ay,=0.0
and 0.25. They showed that the models that were consistent
with the observed large frequency separation they considered
(Av = 67.91 +£0.12 uHz) were the models with the higher values
of helium (Y;,; = 0.30) and the smaller values of metallicities
(Zini = 0.005 — 0.009). The also demonstrated that the mixing
length parameter and core overshoot amount have less impact of
the inferred stellar parameters that the initial chemical composi-
tion.
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Our determination of the mass for HD 24712, using Ay with
conservative uniform uncertainties (1.54f8;g My) is in agree-
ment with the mass range identified by Cunha et al. (2003). Our
results show that the initial metallicity at 1o (Zin; = 0.016*0959)
is slightly larger than the one of Cunha et al. (2003), while we
have no constraints on the initial helium content. This small dis-
crepancy probably results mainly from the adoption of a different
initial mixture of metals (Grevesse & Noels 1993 in their study
compare to Asplund et al. 2009 in ours) and additional differ-
ences in the input physics.

6.3. HD 128898: Comparison with Bruntt et al. (2009) and
Weiss et al. (2020)

HD 128898 (aCir) was previously characterized by Bruntt et al.
(2009) and Weiss et al. (2020), using seismic constraints. They
estimated a mass of 1.71 +£0.03 Mg and 1.52 + 0.15 Mg, respec-
tively. Our mass determination is in good agreement with that
of Bruntt et al. (2009) and overlaps in the upper part of the 1o
interval with that of Weiss et al. (2020). Similarly to Cunha et al.
(2003), these literature mass estimates were not performed with
a complete optimization analysis and a proper exploration of the
parameter space, as presented in this paper.

6.4. Evolutionary state of Ap stars

The possibility that a correlation may exist between the presence
of a magnetic field and the stellar age is still a matter under de-
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bate. Hubrig et al. (2000) found that for stars with masses smaller
than 3 My, magnetic fields only appear after they have spent
about 30% of their lifetime on the main sequence. Later, other
studies suggested that magnetic fields could appear earlier dur-
ing the main sequence (Bagnulo et al. 2003; Kochukhov & Bag-
nulo 2006). In particular, using a significantly larger and less bi-
ased sample, KB06 found that 22 stars out of 125 with M < 3 Mg
had a fractional age smaller than 0.3, rejecting the conclusion by
Hubrig et al. (2000). Nevertheless, for stars with M < 3 M,
the authors found a tendency for clustering in the middle of the
main sequence, which was even more evident when only stars
with M < 2 M, were considered. Figure 6 shows the fractional
time on the main sequence for the 14 stars in our sample. We find
that a large fraction of the stars in the sample have already spent
at least 30% of their lifetime on the main sequence, reaching a
maximum between 40 and 60%, consistent with the clustering

around the middle of the main sequence found by KB06. More-
over, we find the youngest star (HD 220825) to have spent less
than 20% of its lifetime on the main sequence, while 4 other stars
have completed between 20 and 40% of their main sequence life-
time. Looking only at the stars in our sample, we find that our
results predict, in average, smaller fractional times on the main
sequence than those by KB06. This suggests that stars with mag-
netic fields could in average be even younger than expected from
earlier works.

6.5. Impact of magnetic field

Recent modelling approaches® using the MEsa software instru-
ment have accounted for the surface effects of fossil magnetic

3 https://doi.org/10.5281/zenodo.3250412
https://doi.org/10.5281/zenodo.3734209
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fields in massive star models (Keszthelyi et al. 2019, 2020).
These approaches rely on two long-term phenomena which re-
sult from the magnetospheric-wind interaction, namely, mass-
loss quenching (which reduces the mass-loss rate of the star, e.g.,
ud-Doula & Owocki 2002; Bard & Townsend 2016) and mag-
netic braking (which reduces the rotation rate of the star, e.g.,
ud-Doula et al. 2008, 2009). Thus far such state-of-the-art mod-
els did not cover the mass range presented in this work. To this
extent, we employ this modelling approach with the goal to de-
termine how much these effects can modify the fundamental stel-
lar properties of Ap stars. Of course, an important caveat is that
in these models the internal magneto-hydrodynamical effects are
not yet implemented for fossil fields, however, semi-analytical
methods do exist (Mathis & Zahn 2005; Duez & Mathis 2010).

6.5.1. Mmesa model description

The modelling assumptions are similar to those of Keszthelyi
et al. (2020). The initial abundances are adopted as Zi,; = 0.014,
Yii = 0.266, X;n; = 0.72, and the initial distribution of metals
follows the description of Asplund et al. (2009), with isotopic
ratios adopted from Lodders (2003). The convective mixing is
adopted with aypr = 1.8 and the Ledoux criterion is used to
determine the convective boundary. Overshooting is applied with
the exponential method, with parameters f = 0.021 and fy =
0.006, which approximately corresponds to @oys = 0.15.

For simplicity, we adopt a mass-loss rate of 1074 Mg yr™!
constant in time. Magnetic braking is modelled in the "uniform"
scheme of Keszthelyi et al. (2020), considering that all layers of
the star are torqued. Chemical mixing and angular momentum
transport follow the usual MEsa methods described by Paxton
et al. (2013), and we do not include atomic diffusion.

Here, since we are interested in how much the surface ef-
fects of fossil magnetic fields modify the fundamental proper-
ties, we compute three sets of models in the mass range from 1.5
to 2.6 Mg. The first set is for zero rotation and zero magnetic
field strength (labelled "VOBO0"), the second is for an initial rota-
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tional velocity* of 90 kms~! and zero field strength ("V90B0"),
and the third is for an initial rotational velocity of 90 kms~! and
6 kG magnetic field strength ("V90B6"). In the latter ones, the
magnetic field weakens over time, following Alfvén’s theorem
of magnetic flux conservation.

6.5.2. mesa modelling results

Figure 7 shows the computed model diagnostics regarding their
fundamental properties. In this mass range, the impact on the
stellar luminosity is negligibly small (unlike higher-mass mod-
els, where complete evolutionary paths can be modified, see,
e.g., Petit et al. 2017; Georgy et al. 2017).

The effective temperature and stellar radius differ in the case
of rotating models, shifting the ZAMS location to lower Teg and
larger R, (compared to non-rotating models) to find mechanical
equilibrium. Rotating, non-magnetic models (grey dashed lines)
would therefore evolve differently, affecting the diagnostics.

The models with rotation and an initial magnetic field
strength of 6 kG (black dashed lines), however, spin down due
to magnetic braking. Therefore, as shown in Figure 7, despite
the initially different ZAMS position, they converge to the non-
rotating models (Keszthelyi et al. 2019, 2020).

Considering various phases during the evolution, we find
that the maximum difference in fundamental properties is 2 %
when comparing non-rotating, non-magnetic models with rotat-
ing magnetic models with Mesa. This is, of course, with the im-
portant provision that the magnetic models here concern only
the above-mentioned surface effects. These findings strengthen
the analysis and results with the cestam code (where the surface
magnetic field effects are not yet implemented), underscoring
that in this mass range we do not anticipate a significant short-
coming within the scope of this paper by using non-rotating and
non-magnetic models.

7. Conclusion

We inferred the stellar fundamental properties of the 14 Ap stars
(including 5 roAp stars) characterized by Perraut et al. (2020),
using a grid-base modelling approach. We used the cestam stel-
lar evolution code to compute the models and the Amvs optimiza-
tion method to infer the stellar properties. The grid of models
included a wide range of initial chemical compositions to avoid
any assumptions, and derive as unbiased as possible stellar prop-
erties. Interferometric radii and luminosities were used as clas-
sical constraints. The properties we inferred are consistent with
previous work (e.g. Kochukhov & Bagnulo 2006) but with larger
error bars. They are more conservative due to the wider param-
eter space explored, especially in the initial chemical compo-
sition. Despite the agreement, we see a trend in Kochukhov &
Bagnulo (2006) inferences towards lower masses for stars up to
0.2 M. This comes from the narrower range of initial chemical
composition they considered (solar metallicity).

We considered two different choices for the initial chemical
composition. Firstly, we let the variation of initial helium and
metallicity free, which is more suitable for a star by star analy-
sis. Secondly, we selected only models in which the variation of
these two parameters were constrained by observations, which
is suitable for ensemble analyses. In both scenarios, the inferred

4 The mean vsini of the sample is 30.5 kms™' and the maximum is

75 kms~! (see Royer et al. 2002 for all the stars except for HD 128898:
Desidera et al. 2015 and HD 201601: Uesugi & Fukuda 1970), which
makes 90 kms~! a reasonable upper limit.
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stellar properties were very similar. We also showed that the use
of models that do not incorporate the effects of a magnetic fossil
field and rotation does not significantly affect the inferred prop-
erties.

Our results suggest that stars with magnetic fields can be
younger than what was expected from previous studies (Hubrig
et al. 2000). We found that 5 of the 14 stars have spent less than
40% (below 20% for HD 220825) of their lifetime on the main
sequence. Our results are in better agreement with the results of
Bagnulo et al. (2003) and Kochukhov & Bagnulo (2006).

Finally, our study emphasises how knowledge of the large
frequency separation Av provides an additional important con-
straint to the inference of the stellar properties, as illustrated
by the study of the two roAp stars in our sample, HD 24712
and HD 128898. Most importantly, with the addition of Av it
is possible to constrain the initial [Fe/H], as found for the case
of HD 24712, for which we inferred a value which is consistent
with the results from the abundances analysis of Shulyak et al.
(2009). The use of seismic information thus opens new interest-
ing possibilities to constrain the internal chemical composition
and the transport of chemical elements in Ap stars.
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Fig. A.1. Distribution of [Fe/H] in a dense Cartesian grid (300 equally
spaced values of Yi,; and Z;;) with Y, = [0.242;0.292] and Z;;, =
[0.0031;0.0381] using an AGSS09 solar composition.

Appendix A: [Fe/H] distribution in the grid

Figure A.1 shows the distribution of [Fe/H] in a dense Cartesian
grid with Yy = [0.242;0.292] and Z;,,; = [0.0031;0.0381].

Appendix B: HD128898

Probability density functions for mass, age, X., Yini, Yini and
[Fe/H] of HD 128898.

Appendix C: Mass, age, X, and [Fe/H] distributions

Probability density functions for four parameters of the stars of
the sample (except HD 24712 and HD 128898), considering the
non-seismic constraints (radius and luminosity).
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Fig. C.1. Probability density functions for the mass, radius, hydrogen mass fraction in the core (X.) and [Fe/H] for HD 4778, HD 108662,
HD 108945 and HD 118022.
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Fig. C.3. Same legend as Fig. C.1 for , HD 188041,HD 201601, HD 204411 and HD 220825 .
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