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ABSTRACT

Asteroseismology is a powerful way of determining stellar parameters and properties of stars
like the Sun. However, main-sequence F-type stars exhibit short mode lifetimes relative to their
oscillation frequency, resulting in overlapping radial and quadrupole modes. The goal of this
paper is to use the blended modes for asteroseismology in place of the individual separable
modes. We used a peak-bagging method to measure the centroids of radial-quadrupole pairs
for 66 stars from the Kepler LEGACY sample, as well as 6 Cyg, HD 49933, HD 181420, and
Procyon. We used the relative quadrupole-mode visibility to estimate a theoretical centroid
frequency from a grid of stellar oscillation models. The observed centroids were matched +to
the modelled centroids with empirical surface correction to calculate stellar parameters. We
find that the stellar parameters returned using this approach agree with the results using indi-
vidual mode frequencies for stars, where those are available. We conclude that the unresolved
centroid frequencies can be used to perform asteroseismology with an accuracy similar to that

based on individual mode frequencies.
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1 INTRODUCTION

The stellar light curves produced from the Kepler mission (Koch
etal. 2010; Borucki et al. 2010) have given an unprecedented insight
into the physical properties of solar-like oscillating stars. A number
of studies have analysed Kepler light curves and shown that ensem-
ble analysis of main-sequence solar-like oscillators is possible (e.g.
Appourchaux et al. 2012; Metcalfe et al. 2014; Lund et al. 2017;
Silva Aguirre et al. 2017). Future space photometric missions, as
well as ground-based spectroscopic observations, will increase the
number of possible targets. This papers aims to approach one of the
most challenging types of solar-like oscillators, the main-sequence
F stars. These stars have large line widths, which makes mode iden-
tification difficult (see White et al. 2012, and references therein).

The oscillation frequencies of solar-like main-sequence stars
approximately follow an asymptotic relation (see Shibahashi 1979;
Tassoul 1980):

Vp1 = Av(n+1/2+€)+ vy, (1)

where Av is the large separation, 7 is the radial order, / is the angular
degree, € is a dimensionless offset, and dv(; is the small frequency
separation between modes of different angular degree with respect
to the radial modes. Even in the absence of rotational splitting (e.g.
Gizon & Solanki 2003) radial and quadrupole modes cannot be
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resolved if the 6v( > small separation is similar in frequency to the
mode line widths. The full-width at half-maximum (FWHM) of the
mode is dependent on the damping and is given by

= —, @3]
nT

where 7 is the mode lifetime. Solar-like oscillators in which the ra-

dial and quadrupole modes cannot easily be resolved are known as

‘F-like’, while unambiguous stars are called ‘simple’ (see Appour-

chaux et al. 2012). Fig. 1 shows two examples of échelle diagrams.

Due to the unresolved radial and quadrupole modes in F stars,
the possibility of accurate asteroseismology is limited. Bedding
et al. (2010) led a multi-site campaign to observe the F4.5 star Pro-
cyon and identified oscillation modes in the power spectrum. They
suggested that the mode centroids could still be used to do useful as-
teroseismology. The CoRoT space telescope (Auvergne et al. 2009)
also observed a number of F stars including HD 49933 (HR 2530),
but unresolved modes hindered analysis (see Appourchaux et al.
2008; Benomar et al. 2009).

The high-quality Kepler data has since been used to observe
individual mode frequencies on some F stars. Guzik et al. (2016)
measured the oscillation frequencies and compare them to stellar
models for the brightest F star in the Kepler field, 6 Cygni, using
2 quarters of data. Lund et al. (2017) also reported individual fre-
quencies of 22 main-sequence F-like stars included in their so-called
LEGACY sample. However, the blended modes make it difficult to
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Figure 1. The upper panels shows the power spectra échelle diagrams of two Kepler stars, classified as ‘simple’ (a, KIC 7510397) and ‘F-like’ (b, KIC 3632418).
The greyscale contour represents the Gaussian smoothed (FWHM=0.1Av) power. The ridges of the /=0, 1, 2 modes are represented by the red, green, and
blue lines, respectively. The purple line indicates the centroid of the unresolved /=0, 2 modes. The dashed orange line is the midpoint in frequency between
sequential /=0 (a) or /=even (b) radial orders. The lower panels are the collapsed power sum of the upper panels. The red dotted lines represent the value of

Av(e — 1) for each star.

be confident that radial and quadrupole modes have been measured
realiably in all cases.

We investigate ways to analyse solar-like oscillating F type
stars using stellar light curves. The goal of this paper is to confirm
the suggestion by Bedding et al. (2010) that the unresolved /=0, 2
pairs of modes can be useful for asteroseismology. Using the Kepler
LEGACY stars, we extract the centroid frequencies from modified
power spectra (‘simple’ stars made ‘F-like’) and calculate stellar
and surface correction parameters using the approach of Compton
et al. (2018). We also revisit a number of non-LEGACY F stars,
namely Procyon, HD 49933, HD 181420, and ¢ Cyg, using the
same methodology to further test the viability of the centroids as
seismic probes.

2 DATA

The bulk of our sample was taken from the Kepler LEGACY sample
(Lund et al. 2017; Silva Aguirre et al. 2017), which consisted of
22 main-sequence F-like and 44 simple stars that had at least 12
months of short cadence data. Fig. 2 shows their distribution in
the H-R diagram. The boundary between simple and F-like is not
quite clearly defined in Fig. 2. However, there appear to be well
defined boundaries, shown in Fig. 3, when comparing the 6vg o
small separation to the mode line width I' (with the exception of
Procyon, see Bedding et al. 2010), as well as the the quality factor
defined by:
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Figure 2. Hertzsprung-Russell (H-R) diagram of the LEGACY stars (cir-
cles), four other stars in our sample (grey diamonds), and the Sun (0©).
The open and closed circles represent simple and F-like LEGACY stars,
respectively. The solid black lines represent the model tracks calculated by
Compton et al. (2018). The black dash-dotted line indicate the approximate
location of the zero-age main sequence. The red dashed line is the cooler
boundary to the classical instability strip (see Saio & Gautschy 1998).
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where vipax is the frequency of maximum power and ['max is the
mode line width at vpax.

The power spectra for the LEGACY sample were obtained from
the Kepler Asteroseismic Science Operations Center (KASOC;
Handberg & Lund 2014). In general, temperatures and metallici-
ties were adopted from the Stellar Parameters Classification (SPC)
tool (see Buchhave et al. 2012). For a small number of stars, tem-
peratures and metallicities were from one of the following: Ramirez
et al. (2009); Huber et al. (2013); Casagrande et al. (2014); Chaplin
et al. (2014); Pinsonneault et al. (2012) (see Table 1 from Lund
et al. 2017, for details). We considered different effective temper-
atures of two the LEGACY stars compared to Lund et al. (2017)
(see Compton et al. 2018, for additional details). Our analysis also
included four other F stars: the Kepler target 6 Cyg, the CoRoT
targets HD 49933 and HD 181420, and Procyon. For Procyon we
considered both mode identification scenarios.

For 6 Cyg, Guzik et al. (2016) extracted the light curve using a
custom aperture, and calculated the mode frequencies using Quar-
ters 6 and 8. In our calculation we considered all available Kepler
Quarters (Q6, 8, 12 — 17). We noticed a clear difference in qual-
ity between various data releases of the same quarter. Therefore,
the data for each quarter was taken from the Kepler data releases
which provided the highest oscillation signal-to-noise. Additionally,
a manual inspection of each quarter lead to the removal of a number
of segments that had greater rms scatter than the rest of light curve.
Therefore, the first and last 20 days of Q6, the last 20 days of Q12,
and the entire Q16 were excluded in the final light curve of 8 Cyg.

Two F stars observed by CoRoT, HD 49933 and HD 181420,
were included in this work. HD 49933 is one of the few stars to have
an observed oscillation spectrum from ground-based data (Mosser
etal. 2005). Appourchaux et al. (2008) calculated the mode frequen-
cies from a 60 day CoRoT light curve of HD 49933, however, their
analysis favoured what is now believed to be the incorrect mode
classification scenario. This was rectified by Benomar et al. (2009),
who reanalysed a 180 day light curve of HD 49933 and determined
the correct angular degree classification. It has since been one of
the most studied F stars in asteroseismology (e.g. Kallinger et al.
2010; Salabert et al. 2011; Mazumdar et al. 2012; Liu et al. 2014).
HD 181420 has also been studied a number of times (see Barban
et al. 2009; Gaulme et al. 2009; Ozel et al. 2013; Hekker & Ball
2014). For the analysis of HD 181420, neither scenario was clearly
preferred based on the fit of the models to the observed data. How-
ever, the correct mode classification has since been clarified (see
Bedding & Kjeldsen 2010; White et al. 2012).

The final star we considered, Procyon, was the first star to have
an observed power excess due to the solar-like oscillations, other
than the Sun (Brown et al. 1991). The oscillations of Procyon have
been observed a number of other times (e.g. Marti¢ et al. 1999;
Bruntt et al. 2005; Huber et al. 2011), but all these studies were
unable to resolve individual mode frequencies. We considered data
of Procyon from a three week ground-based multi-site campaign
(see Arentoft et al. 2008; Bedding et al. 2010). Bedding et al. (2010)
extracted individual mode frequencies from the observed radial
velocity data and noted an ambiguity in the mode identification, with
a preference for Scenario B over Scenario A. White et al. (2012)
used the relationship between € and 7.g to suggest that Scenario
B provided the preferred mode classification. However, Guenther
et al. (2014) matched their stellar models more consistently with
Scenario A. Note that, Procyon is orbited by a white dwarf in a
wide binary, therefore, the mass is well constrained (e.g., see Girard
et al. 2000; Liebert et al. 2013; Bond et al. 2015).
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3 METHODOLOGY

For each star, the background noise was corrected from the observed
power spectrum. The centroid frequencies for the even- and odd-
degree ridges were extracted using an MCMC peak-bagging routine.
We modified and extended the approach by Compton et al. (2018) to
calculate the asteroseismic and stellar parameters using the centroid
frequencies.

3.1 Background correction

The noise profile was estimated by minimising x> with 2 degrees of
freedom between a two-termed Harvey function (see Harvey et al.
1993; Karoft 2008) plus a white noise offset and the entire observed
power spectrum, given by:

N=2
H=W+4

Lt
32 A
1+ Qavr)” + Qavry)

“

where W is a white noise constant parameter, and I'; and 7; are the
two components for each term in the function. The power spectrum
was then divided by the fitted noise profile to determine the back-
ground corrected power spectrum. As an example, Fig. 4 shows the
raw and corrected power-spectrum of 6 Cyg, as well as the fitted
noise model and its components.

3.2 Centroid fitting

To make a comparison with methods using individual frequencies,
we used the same set of modes that were originally extracted from
these stars. Therefore, we only considered the radial orders for the
even- and odd-degree centroids where the /=0 and /=1 modes, re-
spectively, were measured by their respective sources. For example,
Guzik et al. (2016) reported 39 radial and dipole modes in 6 Cyg,
therefore we extracted 39 centroid frequencies from the power spec-
trum.

To increase our sample of stars with unresolved /=0, 2 pairs,
we degraded the power spectra of the simple stars to simulate F-like
stars. Each power spectrum was convolved with a Gaussian kernel
with a FWHM of 0.1Av, which approximately corresponds to the
minimum width (highest quality factor) of the F-like stars in the
LEGACY sample, shown in Fig. 3. To be consistent, every F-like
star was also treated with this smoothing process.

Each mode centroid was measured using a Markov Chain
Monte Carlo (MCMC) routine that sampled a one-dimensional
Lorentzian function, given by:

I 2
A 3T
Ly(v)= ————— +1, ©)
(r=vm)?+ AT

where A is the height of the mode, v, is the centroid frequency
at radial order n and angular degree [ (either even / = O or odd
[ = 1), and T is the line width FWHM. Note that the +1 term in
Eq. 5 represents the average level of the noise contribution after
background correction.

We assumed that the smoothed power spectrum stills follows
the statistics of a y2 with 2 degrees of freedom. The logarithm
of the likelihood function (see Duvall & Harvey 1986; Anderson
et al. 1990; Toutain & Appourchaux 1994) is the sum of the log
probabilities across all frequency bins v;, given by:

P(v;)

InL(nl) = - R
n, 1

In Ln,l(Vi) + (6)
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