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Abstract.
We developed a method, WhoSGlAd, that provides a comprehensive adjustment of solar-like oscillation

spectra. The method allows for tighter constraints (up to four times smaller standard deviations than those
of analogous ones). We take advantage of this new method and of the quality of the Kepler LEGACY data
to highlight trends in the stellar parameters and the limitations of the current generation of stellar models.
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1 Introduction

In recent years, space missions such as Kepler (Borucki et al. 2010), CoRoT (Baglin et al. 2009) and BRITE
(Weiss et al. 2014) have provided a wealth of data of unprecedented quality. This has allowed asteroseismology
to become a very efficient tool for constraining stellar structure. Moreover, owing to the high quality of the data,
it has become possible to study acoustic glitches. These are oscillating signatures in frequency spectra that
are caused by a sharp variation∗ in the stellar structure. They therefore provide very localized and invaluable
information. For example, several studies have taken advantage of the glitches to infer the surface helium
content in solar-like pulsators, which cannot be measured by any other technique. The idea to use such glitches
to constrain the stellar structure was first formulated by Gough (1990) and Vorontsov (1988). Since then,
several studies involving acoustic glitches have been carried out, among which we cite Basu et al. (2004) and
Verma et al. (2014). A previous paper (Farnir et al. 2019) presented a new method, WhoSGlAd, to adjust
simultaneously the signature of such glitches and the smoothly varying component of the oscillation spectrum.
This method has the advantage of providing constraints that are correlated as little as possible, owing to the
use of the Gram-Schmidt orthogonalisation procedure. Moreover, the standard deviation of the defined seismic
indicators are up to four times smaller than usual. This contribtion recalls briefly the principle of the WhoSGlAd
method and present its application to the study of the Kepler LEGACY sample (Lund et al. 2017) and to an
in-depth study of 16 Cygni A.

2 Principle

2.1 Mathematical description

This section contains a very brief description of the principle of the WhoSGlAd method. More information can
be found in Farnir et al. (2019). To describe a set of observed frequencies, νobs

†, we built a euclidean vector
space of functions. The following scalar product was defined:

〈x|y〉 =

N∑
i=1

xiyi
σ2
i

, (2.1)

where x and y are two sets of N frequencies and σi are the individual standard deviations. In this vector space
we represent the smooth part of the oscillation spectrum as polynomials in the radial order n and the glitch part
as oscillating functions linearized to the fitted coefficients. We then used the Gram-Schmidt orthogonalisation
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∗compared to the wavelength of the incoming wave
†We here denote by the obs subscript the frequencies to be adjusted, be they observed or modelled.
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procedure to build an orthonormal basis over this vector space. If we write pj(n, l) as the former basis elements,
qj0(n, l) as the orthonormal basis elements and R−1j,j0 as the transformation matrix, we have:

qj0(n, l) =
∑
j≤j0

R−1j,j0pj(n, l). (2.2)

Finally, using the scalar product 2.1, we project the frequencies over the successive basis elements. The fitted
frequencies are thus:

νf (n, l) =
∑
j

ajqj(n, l), (2.3)

where aj are the fitted coefficients and qj(n, l) the orthonormal basis elements. It is essential to note that,
owing to the orthonormalisation, all the coefficients aj are completely independent of each other. Therefore,
while the glitch and smooth components are treated simultaneously, they are fully uncorrelated.

HERE

2.2 Useful seismic indicators

Combining in a clever way the adjusted coefficients, we may construct seismic indicators as uncorrelated as
possible for the stellar structure that are proxies of the ‘usual’ ones.

Large separation: At first order, the smooth part of the spectrum is approximated by a straight line. For
a given spherical degree, the slope of this line is the large separation for this degree. In our formulation, we
obtain‡

∆l = al,1R
−1
l,1,1 (2.4)

Averaging this quantity over the range of observed spherical degrees, we get:

∆ =

∑
l

al,1/R
−1
l,1,1∑

l

1/
(
R−1l,1,1

)2 (2.5)

Small separation ratios: Analogous to Roxburgh & Vorontsov (2003), we may define averaged small sepa-
ration ratios as:

r̂0,l =
ν̄0 − ν̄l

∆0
+ n̄l − n̄0 +

l

2
, (2.6)

where the overlined symbols represent the mean value of those quantities calculated using our scalar product.
We show in Farnir et al. (2019) that these ratios are almost independent of surface effects, as expected from
Roxburgh & Vorontsov (2003).

Large separation ratios: We define:

∆0l =
∆l

∆0
− 1 (2.7)

It is straightforward to show that this represents the mean slope of r010, which is the combination of the small
separation ratios r01 and r10 (Roxburgh & Vorontsov 2003).

Helium glitch amplitude: We define the amplitude of the helium glitch, δνHe, as the norm of the helium
glitch term, i.e.:

AHe = ‖δνHe‖ =

√∑
j

a2j,He. (2.8)

‡Note that, for the smooth part, the j index has been separated into the spherical degree l and the polynomial degree k, as we
have different polynomials for each spherical degree.
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3 Applications

3.1 Models

Unless specified otherwise, every model was constructed using the CLES stellar evolution code (Scuflaire et al.
2008b) with the AGSS09 solar chemical mixture (Asplund et al. 2009), the OPAL opacity table (Iglesias & Rogers
1996) combined with that of Ferguson et al. (2005) at low temperatures, the FreeEOS software to generate the
equation of state table (Cassisi et al. 2003) and the reaction rates prescribed by Adelberger et al. (2011). We
also used the mixing length theory (Cox & Giuli 1968), with the solar calibrated value of αMLT = l/Hp = 1.82
(where l is the mixing length and Hp the pressure scale height), to parametrize the mixing inside convective
regions. The microscopic diffusion of elements was included and treated as in Thoul et al. (1994). Moreover, the
temperature conditions above the photosphere were determined using an Eddington T (τ) relationship, τ being
the optical depth. Finally, the model frequencies were calculated using the LOSC oscillation code (Scuflaire
et al. 2008a) which were corrected for the surface effects according to Kjeldsen et al. (2008)’s prescription using
the a and b coefficients fitted by Sonoi et al. (2015).

3.2 The Kepler LEGACY sample

The Kepler LEGACY sample consists of 66 main sequence solar-like stars which have been observed by the
Kepler telescope for at least one continuous year (Lund et al. 2017). This is therefore the best data available
for the asteroseismology of main-sequence solar-like pulsators.

For each star in the sample, we tried to provide a fitted model to the observed seismic indicators defined
in the previous section and built over the frequencies from Lund et al. (2017). To do so, we first used the
AIMS algorithm (Rendle et al. 2019) to provide initial guesses that were then used as starting points by a
Levenberg-Marquardt algorithm.

The constraints used are the following seismic indicators: ∆, r̂01, r̂02, ∆01 and AHe and the metallicity. The
free parameters are: the mass, age, initial hydrogen and metal abundances and the overshooting parameter.

From the whole sample, only 18 stars were properly fitted, with a χ2 =
∑
i

(
yth,i−yobs,i

σobs,i

)2
≤ 40. The results

are shown in Figs. 1 and 2. Figure 1 shows the initial helium content as a function of the initial metallicity.
We observe a correlation which could be a clue for a Galactic enrichment. In Fig.2 we show the adjusted
overshooting parameter versus the stellar mass. We do not observe a correlation between these two quantities
as expected from Claret & Torres (2019). However, the range of masses depicted in their Fig. 10 is much broader
than ours and the apparent absence of a correlation could result from our restricted mass range. Therefore,
to validate both observations, it will be necessary to provide a proper adjustment for as many stars from the
sample as possible.

3.3 Application to 16 Cygni A

In the previous subsection, we showed adjustments that were done by considering only one set of physical
ingredients. To properly understand the dependency of the stellar parameters on the physics as well as to provide
proper standard deviations for these parameters, one has to test different physical ingredients. This is what we
did for the specific case of 16 Cyg A. We show in Fig. 3 the results for the different choices of microphysics we
considered. The frequencies from which we built our seismic indicators were those determined by Davies et al.
(2015). We calculated the models shown in the figure by changing one microphysical ingredient at a time from
the reference described in Sec. 3.1. The reference is shown in black. The considered variations were: the GN93
solar reference (Grevesse & Noels 1993) (in red), the opacity table from the opacity project OP (Badnell et al.
2005) (in green), the LANL/OPLIB opacity table (Colgan et al. 2016) (in blue), the CEFF equation of state
(Christensen-Dalsgaard & Daeppen 1992) (in yellow), the OPAL05 equation of state (Rogers & Nayfonov 2002)

(in magenta), the inclusion of turbulent mixing (in cyan) following the relation DDT = Dturb

(
ρ
ρ0

)n
+ Dct,

where ρ is the density, ρ0 the surface density and Dturb, n and Dct were fixed at −7500, −3 and 0 respectively
(Proffitt & Michaud 1991). A reduced value of 1.7 for the mixing length parameter (in light green) was also
considered. We used ∆, r̂01, r̂02 and AHe as constraints and the mass, age, initial helium abundance and
metallicity as free parameters.

We observe that, given the current precision of both the data and the method, it becomes possible to
discriminate between different choices of input physics. We also show with a grey box the luminosity (deduced
from the interferometric radius) and effective temperature (White et al. 2013). These constraints were not
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Fig. 1: Best fit values for the initial helium abundance as a function of the initial metallicity. The color code
represents the χ2 value for each model.
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Fig. 2: Best fit values for the step overshooting parameter as a function of the mass. The color code represents
the metallicity of the models.

included during the fit; we merely show the discrepancy of the results with them. Only a few models lie in
the box, one of them relying on non-classical physics (the cyan model includes turbulent mixing). This clearly
illustrates the limitations of the forward approach for the stellar modeling as well as that of our knowledge
about the stellar structure. To further improve our results and highlight the necessary improvements to the
stellar models, one should consider making use of inverse techniques as in Buldgen et al. (2016).
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Fig. 3: Ensemble of 16Cyg A best fit models represented in an age - mass diagram (upper left panel), HR
diagram (upper right panel) and initial hydrogen - metallicity diagram (lower panel). The different choices
of microphysics are represented by the colors. The luminosity (deduced from the interferometric radius) and
effective temperature (White et al. 2013) (observed values and standard deviations) are represented by the grey
box in the upper right panel.

4 Conclusions

The WhoSGlAd method allows us to provide a comprehensive adjustment of solar-like pulsator oscillation
spectra as a whole (glitch and smooth parts) and to put tighter seismic constraints (up to four times smaller than
‘classical’ values) on the stellar structure. Combined with the precision of the Kepler LEGACY data, it becomes
possible to observe trends over the whole sample (we note a correlation between the initial helium content and
the initial metallicity) as well as the limitations of the current stellar models. It therefore becomes necessary
to refine those by, for example, improving the treatment of convection or including non-standard physics (e.g.
turbulent mixing, revised abundances and opacities). Moreover, to go even further in the modeling, combining
the promising WhoSGlAd method with inverse techniques may be of great help. Finally, the adaptation of the
method to the more complex case of subgiants exhibiting mixed modes will be a natural step as they present
the regularities of p and g modes, which are well suited for such an approach.
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