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ABSTRACT

During the survey phase of the Kepler mission, several thousand stars were observed in short cadence, allowing for the detection of
solar-like oscillations in more than 500 main-sequence and subgiant stars. These detections showed the power of asteroseismology in
determining fundamental stellar parameters. However, the Kepler Science Office discovered an issue in the calibration that affected
half of the store of short-cadence data, leading to a new data release (DR25) with corrections on the light curves. In this work, we
re-analyzed the one-month time series of the Kepler survey phase to search for solar-like oscillations that might have been missed
when using the previous data release. We studied the seismic parameters of 99 stars, among which there are 46 targets with new
reported solar-like oscillations, increasing, by around 8%, the known sample of solar-like stars with an asteroseismic analysis of the
short-cadence data from this mission. The majority of these stars have mid- to high-resolution spectroscopy publicly available with the
LAMOST and APOGEE surveys, respectively, as well as precise Gaia parallaxes. We computed the masses and radii using seismic
scaling relations and we find that this new sample features massive stars (above 1.2 M� and up to 2 M�) and subgiants. We determined
the granulation parameters and amplitude of the modes, which agree with the scaling relations derived for dwarfs and subgiants. The
stars studied here are slightly fainter than the previously known sample of main-sequence and subgiants with asteroseismic detections.
We also studied the surface rotation and magnetic activity levels of those stars. Our sample of 99 stars has similar levels of activity
compared to the previously known sample and is in the same range as the Sun between the minimum and maximum of its activity
cycle. We find that for seven stars, a possible blend could be the reason for the non-detection with the early data release. Finally,
we compared the radii obtained from the scaling relations with the Gaia ones and we find that the Gaia radii are overestimated by
4.4%, on average, compared to the seismic radii, with a scatter of 12.3% and a decreasing trend according to the evolutionary stage.
In addition, for homogeneity purposes, we re-analyzed the DR25 of the main-sequence and subgiant stars with solar-like oscillations
that were previously detected and, as a result, we provide the global seismic parameters for a total of 525 stars.

Key words. asteroseismology – stars: solar-type – stars: activity – stars: rotation – stars: fundamental parameters –
methods: data analysis

1. Introduction

The NASA Kepler main mission has shown the power of using
asteroseismology to precisely characterize the properties of
solar-like stars (e.g., Silva Aguirre et al. 2017; Serenelli et al.
2017). Based on the latest catalogs of Kepler stellar properties
(Huber et al. 2014; Mathur et al. 2017; Berger et al. 2018, 2020),
more than 125 000 stars are purported to be main-sequence
solar-like stars according to their effective temperatures, sur-
face gravities as well as the results of their Gaia DR2 observa-
tions (e.g., Andrae et al. 2018; Gaia Collaboration 2018), which

? Full Tables 1–3, B.1, and E.1 are only available at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/657/A31
?? NSF Graduate Research Fellow.

were included in the latest Kepler catalog. The turbulence of the
outer layers of those stars excite oscillations that are known as
solar-like oscillations (e.g., García & Ballot 2019). Given the
radius, mass, and gravity of these stars, the modes are expected
to be above 300 µHz, which means that we need to observe them
in short cadence (sampling of ∼58.85 s) in order to detect the
acoustic modes.

During the survey phase of the Kepler mission, around 2600
stars were observed between May 2009 and March 2010 for
a duration of approximately one month each time and in a
short-cadence mode. Chaplin et al. (2011a) performed a seis-
mic analysis of the data available at that time and detected solar-
like oscillations in more than 500 stars. This led to the seismic
characterization of that sample, providing their masses, radii,
and ages (Serenelli et al. 2017). More recently, Balona (2020)
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analyzed hot main-sequence stars with Teff > 6000 K in order to
study the location of the δ Scuti/γ Doradus instability strip and
detected solar-like oscillations in 70 new Kepler targets.

Subsequently, for the close-out of the nominal Kepler mis-
sion in 2016, a new data release (DR25, Thompson & Caldwell
2016)1 was carried out by the Kepler Science Office. The cali-
bration of the data was improved, particularly with regard to how
some instrumental effects were corrected, which had an impact
on about half of the short-cadence data.

While the effect of the calibration should be negligible, the
Kepler Science Office could not assess the impact on the aster-
oseismic studies. Using the newly calibrated data of DR25,
Salabert et al. (2017a) re-analyzed the new light curves for
18 solar-analogs. In particular, these authors re-computed their
global seismic parameters, such as the mean large frequency sep-
aration that scales with the root-mean-square of the mean stellar
density (Kjeldsen & Bedding 1995) and the frequency of max-
imum oscillation power that is related to the surface gravity of
the star (Brown 1991). Comparing the new results with those
obtained with the previous data release (DR23), Salabert et al.
(2017a) found that the impact on the measurement of the mean
large frequency separation, the frequency of maximum oscilla-
tion power, and the background parameters was negligible for
the stars with high signal-to-noise ratio (S/N). Nevertheless, the
improvement in the light curve data could still have an impact
on the detection of the modes. With this in mind, we conducted
the current work to determine the impact of the improved DR25
on the mode detection for Kepler solar-like stars.

We would have hoped that the newly calibrated DR25 data
would lead to a higher number of detections of solar-like oscil-
lations. However, this does not take into account the surface
magnetism of stars. Indeed, for the Sun and several solar-like
stars, it has been shown that the amplitude of the modes is anti-
correlated with magnetic activity (e.g., García et al. 2010; Howe
et al. 2015; Kiefer et al. 2017; Santos et al. 2018). As a con-
sequence, the non-detection of modes in the remaining stars can
partially be explained by the high magnetic activity level of these
stars (Chaplin et al. 2011b), along with other factors, such as
metallicity or binarity, which may also be at play (Mathur et al.
2019).

In order to learn about the magnetic activity of stars with
photometric data, we can use rotational modulation that results
from the presence of active regions on the stellar surface. Addi-
tionally, the study of stellar rotation can provide key information
for the understanding of angular momentum transport (e.g.,
Aerts et al. 2019; van Saders et al. 2019; Angus et al. 2020;
Curtis et al. 2020; See et al. 2021). Several studies have
been carried out on the basis of Kepler and K2 data to mea-
sure surface rotation periods in a large sample of stars (e.g.,
McQuillan et al. 2014; Santos et al. 2019, 2021; Reinhold &
Hekker 2020; Gordon et al. 2021); furthermore, combined with
the precise ages of stars, such as those obtained with astero-
seismology or for clusters, it is possible to improve the general
understanding of rotation-age relationships (e.g., Barnes 2003;
Mamajek & Hillenbrand 2008; Angus et al. 2015; van Saders
et al. 2016; Hall et al. 2021; Godoy-Rivera et al. 2021).

In Sect. 2, we describe the data we used in our study and
the procedure for calibrating the light curves to optimize them
for asteroseismic studies. In Sect. 3, we explain how the search
for the acoustic modes was carried out and we consolidate the
sample along with the stellar atmospheric parameters. Section 4

1 http://archive.stsci.edu/kepler/release_notes/
release_notes25/KSCI-19065-002DRN25.pdf

presents the study of the convective background parameters as
well as the maximum amplitude of the modes and their correla-
tion with the global seismic parameters. In Sect. 5, we compute
the masses and radii based on the seismic scaling relations and in
Sect. 6 we look at the rotation and magnetism of this new sam-
ple compared to the previously known sample of solar-like stars
with detections of acoustic modes. Finally, we conclude with a
discussion of the stellar parameters of the new seismic detections
and we provide a summary of our work in Sects. 7 and 8.

2. Data description

In this work, we processed both the short-cadence (SC) data
(sampling of 58.85s) and the long-cadence (LC) data (sampling
of ∼29.42 min). The SC data were used for the asteroseismic
analysis whereas the LC data were used for the study of the rota-
tion and magnetic activity given that for those phenomena, a high
cadence is not needed.

For the SC, the light curves used in this analysis are based
on the last Kepler data release DR25, where the Kepler Science
Office improved the calibration of the data. Indeed, as mentioned
earlier, since the beginning of the mission, the short-cadence
light curves were produced by correcting for the effects of
Kepler shutterless readout. This scrambled the collateral smear
and affected half of the short-cadence data. Hence, Presearch
Data Conditioning – Simple Aperture Photometry (PDC-SAP;
Jenkins et al. 2010) light curves were obtained from the Mikul-
ski Archive for Space Telescopes (MAST)2.

The LC data were also obtained from the MAST but the cal-
ibrated light curves produced by the Kepler Science Office are
not necessarily optimized for rotation studies as some filters are
applied. Therefore, from the target pixel files, we first selected a
larger aperture. Starting with the pixel of the center of the star,
adjacent pixels are added to the aperture when the average flux
of the new pixel is decreasing (i.e., new added pixels should have
less flux than the previous one in each direction). The addition of
pixels to the aperture is stopped if: (a) the mean flux of the new
pixel increases, which suggests the presence of a nearby star; or
(b) the mean flux of the new pixel is less than a given thresh-
old, which is established at 100 e-/s. This threshold allows us
to maximize the flux from the target and yields larger apertures
than those employed for the standard PDC-SAP ones.

For both cadences, the obtained light curves were then cali-
brated for asteroseismology with the Kepler Asteroseismic Data
Analysis Calibration Software (KADACS; García et al. 2011).
We first removed outliers, corrected jumps, and removed instru-
mental trends. We also filled the gaps using the inpainting tech-
nique (with a multiscale discrete cosine transform), as described
in García et al. (2014b) and Pires et al. (2015). This gap-filling
technique allows us to reduce the noise at all frequencies, espe-
cially for light curves with rotation modulation. For the long-
cadence light curves, we concatenated the different quarters and
applied three high-pass filters with a cut-off period of 20, 55,
and 80 days. Both the short-cadence and long-cadence corrected
light curves, called KEPSEISMIC, are available on the MAST3.

In Fig. 1, we show the example of KIC 4484238, where
the DR25 light curve leads to a significant improvement in the
S/N. Indeed, while with the previous data release we could not
detect any excess of power due to the oscillation modes, the
DR25 power spectrum density (PSD) presents a bump around

2 https://mast.stsci.edu/portal/Mashup/Clients/Mast/
Portal.html
3 https://archive.stsci.edu/prepds/kepseismic/
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S. Mathur et al.: Detections of solar-like oscillations in Kepler DR25 SC data

Fig. 1. Comparison of the Power Spectrum
Density of KIC 4484238 using the DR24 data
(black curve) and the DR25 data (red curve).

2000 µHz. Finally, for the long-cadence data, we also used the
Maximum A Posteriori (PDC-MAP, Thompson 2013) data, to
which we applied the same KADACS correction software and
gap-filling technique to check the rotation period retrieved from
the light curves and to make sure that there is no nearby star
polluting the aperture.

3. Looking for new detections of solar-like
oscillations

Using the short-cadence light curves calibrated in Sect. 2, we
first performed a blind analysis of 2572 light curves with the
A2Z pipeline (Mathur et al. 2010). This analysis provided global
seismic parameters, in particular, the mean large frequency sepa-
ration, ∆ν, and the frequency of maximum power, νmax. We then
visually checked the stars for which the relation between ∆ν and
νmax agreed within 20% of the empirical relation derived from
the Kepler data (Huber et al. 2011). This led to a sample of 20
stars where the detection seemed to be clear. In addition, fol-
lowing the procedure of Mathur et al. (2010), we found that the
measurement of ∆ν had more than 95% probability of being due
to a stellar signal.

We then visually checked the outputs of the A2Z pipeline
as well as the power spectrum densities of the remaining stars,
flagging some clear detections as well as some candidates. We
also computed the FliPer metric (Flicker in Power, Bugnet et al.
2018). We used the sklearn.ensemble.RandomForest Regressor
function (Pedregosa et al. 2012) to train and combine predic-
tions from a set of 200 independent random trees. By com-
bining the effective temperature of the star (Huber et al. 2014
and Mathur et al. 2017, hereafter M17) and FliPer granulation
parameters (see Bugnet et al. 2018, for more details about the
intrinsic methodology and the training of the supervised machine
learning algorithm), the trained Random Forest (Breiman 2001)
provides rough estimates of the frequency of maximum power.
Based on the power contained in the power spectrum, this pro-
cedure flags stars that have a power spectrum consistent with the
ones of solar-like stars. This allowed us to select 20 additional
stars for which the blind run of A2Z agreed within 20% of the
FliPer predicted νmax.

For the remaining stars, we ran the A2Z pipeline again, forc-
ing νmax to the predicted value from the FliPer metric. For that
subsample, we selected the stars for which ∆ν agrees within 20%
with the value expected from νmax, based on the seismic scaling
relations.

These steps led to a total sample of 105 stars with possible
or confirmed detections. After cross-checking with the sample
of new detections by Balona (2020, hereafter Ba20), we added
43 stars to the analysis that had not been selected and that were
part of our original sample. Our sample of 148 targets includes
60 stars that are part of the new detections of Ba20.

All the stars were also analyzed independently by the COR
pipeline (Mosser & Appourchaux 2009), in a blind way first and
then in an iterative way, consisting of using the seismic infor-
mation provided by the νmax values derived by A2Z, in order to
check for a possible agreement with this pipeline. We further-
more analyzed the sample with pySYD4 (Chontos et al. 2021),
an open-source python-based adaptation of the SYD pipeline
(Huber et al. 2009).

3.1. Consolidating surface gravity, effective temperature, and
metallicity from the literature

In order to better characterize the stellar parameters, we consoli-
dated the atmospheric parameters for the full sample of 148 stars
by collecting values available in the literature. While all targets
had log g, Teff , and [Fe/H] available from the M17, many of those
values were obtained from photometry, which could have large
uncertainties. However, since then, a few spectroscopic surveys
have observed many of the targets in the Kepler field.

This is the case of the Apache Point Observatory for
Galactic Evolution Experiment survey (APOGEE, Gunn et al.
2006; Wilson et al. 2019), which is part of the Sloan Digi-
tal Sky Survey-IV (SDSS-IV, Blanton et al. 2017) and which
provides high-resolution spectroscopy for more than 15 000
Kepler targets. We used the DR16 (Ahumada et al. 2020) for
which the data were calibrated following Holtzman et al.
(2015), Nidever et al. (2015), and García Pérez et al. (2016).

4 https://github.com/ashleychontos/pySYD
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Table 1. Seismic and stellar parameters of the 99 stars with seismic detections.

KIC Teff (K) log g (dex) [Fe/H] (dex) νmax (µHz) ∆ν (µHz) M (M�) R (R�) Flag

2010835 5896± 126 4.07± 0.01 0.12± 0.15 1312± 72 72.73± 4.52 0.91± 0.11 1.46± 0.13 0
2578869 5395± 101 3.84± 0.01 0.01± 0.16 809± 48 48.87± 1.89 0.91± 0.09 1.89± 0.12 0
3102595 5770± 122 3.98± 0.01 −0.11± 0.02 1071± 52 52.20± 1.66 1.83± 0.13 2.30± 0.11 0
3124465 5796± 120 3.85± 0.01 −0.33± 0.01 795± 46 46.00± 1.56 1.23± 0.09 2.18± 0.11 0
3219634 6145± 133 3.98± 0.02 0.20± 0.01 1054± 53 53.86± 1.60 1.69± 0.15 2.19± 0.12 0
3238211 6092± 129 3.82± 0.01 −0.13± 0.01 720± 42 42.44± 1.45 1.35± 0.10 2.38± 0.12 0
3241299 6501± 130 4.07± 0.01 0.28± 0.01 1239± 59 59.70± 2.30 1.99± 0.18 2.16± 0.13 0
3425564 6239± 136 3.82± 0.01 −0.23± 0.02 714± 38 38.50± 5.24 2.04± 0.54 2.92± 0.55 0
3633538 5676± 85 4.34± 0.03 −0.07± 0.01 2500± 119 119.05± 3.91 0.84± 0.13 1.03± 0.09 3
3750375 6110± 129 3.69± 0.01 0.04± 0.01 544± 31 31.16± 4.62 2.02± 0.59 3.35± 0.69 0
3761010 6403± 128 4.02± 0.01 0.05± 0.15 1111± 59 59.67± 1.89 1.38± 0.09 1.92± 0.09 1
3936658 6106± 130 3.70± 0.01 0.10± 0.01 554± 36 36.66± 5.72 1.09± 0.33 2.44± 0.52 0

. . .

Notes. The surface gravity is derived from Eq. (1). The Flags provide the provenances of the atmospheric parameters (Teff and [Fe/H]): 0 =
APOGEE, 1= LAMOST, 2= Kepler-Gaia catalog (B20), and 3= Gaia DR2. The full table is available at the CDS.

The majority of those stars were red giants, along with a
few hundred of dwarfs and subgiants, as part of APOKASC
(Serenelli et al. 2017; Pinsonneault et al. 2018), which is a col-
laboration between APOGEE and the Kepler Asteroseismic Sci-
ence Consortium; however, they also included several thousands
of dwarfs without seismic detections for other science objectives.

Another large spectroscopic survey, the Large Sky Area
Multi-ObjectFiber Spectroscopic Telescope (LAMOST, Zhao
et al. 2012; De Cat et al. 2015; Zong et al. 2018), also observed
the Kepler field with low-resolution spectroscopy. Finally, the
Gaia mission also provides precise parallaxes for a large sam-
ple of the Kepler field stars. Berger et al. (2020, hereafter B20)
derived new stellar parameters for the Kepler-Gaia targets by fit-
ting isochrones using the Gaia DR2 (Gaia Collaboration 2018).

We used the following prioritization to build our list of spec-
troscopic parameters for the 148 targets previously selected.
When available, we first selected the stellar parameters obtained
with high-resolution spectroscopy from APOGEE. Then we
supplemented the parameters with low-resolution spectroscopy
from LAMOST DR5 (Ren et al. 2018). Finally we took the stel-
lar parameters from the latest Kepler-Gaia stellar parameters
catalog. We found 102 stars with APOGEE spectra, 33 stars with
LAMOST stellar parameters, and 13 stars with Gaia parameters.

3.2. Finalizing the sample of confirmed detections

The comparison of the results obtained by the three seismic
pipelines (A2Z, COR, and pySYD) allowed us to build a list of
confirmed detections constituted of 99 stars where at least two
pipelines agree within 10% in νmax, as it has already been demon-
strated that such scatter between pipelines is reasonable, partic-
ularly for low S/N cases (e.g., Zinn et al. 2020). In the remainder
of the paper, we refer to those 99 stars as “our sample”.

The final step was to consolidate the values of the mean large
frequency separation, ∆ν, which was more difficult to determine
for the cases with very low S/N and low resolution. We visu-
ally checked the échelle diagrams of the 99 targets and found 19
stars where the value of ∆ν could be improved to have straighter
ridges for the radial modes. So, we refined ∆ν by applying an
additional analysis with the A2Z+ pipeline, where we created
a template to mimic the modes with five orders when the ini-
tial value for ∆ν was taken as the value expected from scaling
relations. We cross-correlated that template with the region of
the PSD around νmax and swept the value of the mean large

separation by +/−20%. The value for which we obtained the
maximum correlation is taken as the new ∆ν. This allowed us
to make a convergence for seven stars. For the remaining 12
stars (KIC 3124465, 5818478, 6289367, 7009852, 7255919,
7598321, 7708535, 8349736, 8652398, 9892947, 9894195,
9912680), we selected the ∆ν that straightened the ridges. The
associated uncertainties for those stars were obtained by com-
puting the difference between the selected value and the value
obtained by the A2Z pipeline.

For the 60 stars in common with the sample of Ba20, we
confirmed the seismic detections for 53 stars. The values of νmax
of these stars are in agreement with the values reported by Ba20
within 10%. More specifically, there is an average offset of 4.3%
in νmax, with a dispersion of 9.2%, and an average offset of 1.4%
in ∆ν,with a dispersion of 4.1%. The mean large frequency spac-
ings agree within 5%, except for KIC 7669332, which appeared
as an outlier in Fig. 3 of Ba20. Our visual check of the échelle
diagram confirms the reliability of our estimation. We also note
that two targets of our sample (KIC 7215603 and 9715099) were
included in Huber et al. (2013) and Chaplin et al. (2014, here-
after C14) but no νmax values were reported due to the aforemen-
tioned issue in the DR24.

We tested whether the apparent large fraction of stars that
appear more massive than usually observed in previous seismic
data sets could be related to any artifact due to, for instance,
the low S/N of the detection. Any effect translating in an over-
estimation of νmax or underestimation of ∆ν will translate in an
overestimated stellar mass derived from the seismic scaling rela-
tion. A general bias toward high νmax values is not expected for
seismic data dominated by noise (Eq. (23) of Mosser et al. 2019).
In order to identify any bias in ∆ν, we used the formalism devel-
oped by Mosser et al. (2013), which expresses the oscillation
pattern in a parametric form. Therefore, we slightly smoothed
the oscillation spectrum, with a smoothing function with a typi-
cal width of ∆ν/50, and correlated it with the generic oscillation
pattern defined by Mosser et al. (2013). This allowed us to carry
out a more precise measurement of the large separation, so that
we can consider that the fraction of stars more massive than usu-
ally observed is real.

In Table 1, we provide the global seismic parameters as well
as the atmospheric parameters of the 99 stars with confirmed
detection of solar-like oscillations. Figure 2 represents the seis-
mic Hertzsprung-Russell Diagram of the Kepler solar-like stars
for which C14 had detected oscillations (grey symbols) along
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Fig. 2. Seismic Hertzsprung-Russell Diagram where the mean large fre-
quency separation is used instead of the luminosity. The C14 solar-like
stars are represented with grey circles where the effective temperature
is taken from the M17. The 99 stars with confirmed seismic detections
are shown with red squares where the effective temperature is coming
from APOGEE, LAMOST or B20 (see Sect. 3.1). The position of the
Sun is indicated by the � symbol and the grey solid lines represent evo-
lution tracks from ASTEC (Christensen-Dalsgaard 2008) for a range
of masses at solar composition (Z� = 0.0246). Typical uncertainties are
represented in the bottom left corner.

with the new confirmed detections (red symbols). We can see
that many of the stars in our sample are hotter than the Sun,
hence, those that are more on the massive side, as well as more
evolved solar-like stars, with a large proportion of subgiants. We
also populate more the early red giant region where C14 had
reported around tens of such evolved stars.

We note that six of our targets have been flagged as
“BinDet_NoCorr” in the B20 catalog, suggesting that they are
binary candidates, which will have an impact on the derived effec-
tive temperature towards the red. We looked for the Gaia DR2
effective temperatures of those stars. For four of them, the val-
ues agree with those reported in the spectroscopic surveys, within
the uncertainties. For one star, there is no Gaia DR2 Teff . For the
target KIC 3633538, the Gaia effective temperature is 5676 K,
compared to 5100 K in B20. The lower temperature in B20 can
be explained by the binarity, so we used the Gaia effective tem-
perature for that star. This higher value is also more compatible
with the location of the solar-like oscillation modes for that star.

The results of the global seismic analysis are shown in a ∆ν–
νmax diagram (Fig. 3) for the stars in our sample (red squares)
to be compared to the C14 sample (grey circles). We can see
that the relations are very similar. Nevertheless, we can also note
some of the stars in our sample below the general trends, in
particular near νmax of 500 µHz, suggesting that those stars are
slightly more massive than the rest of the sample, which was
shown for instance by Mosser et al. (2010). The average uncer-
tainties are of 2.4% in νmax and 5.8% on ∆ν. The latter is slightly
high compared to the usually 5% reported in C14 but represen-
tative of the low S/N.

Using the surface gravity and effective temperature in the
seismic scaling relations, we can estimate a predicted value for
the frequency of the maximum power as follows:

νmax = νmax,�
g

g�
√

Teff/Teff,�

, (1)

where νmax,� is the frequency of maximum power for the Sun,
taken as 3100 µHz, Teff,�= 5777 K, and log g� = 4.4377 dex.

Fig. 3. Mean large frequency spacing, ∆ν, as a function of the frequency
of maximum power, νmax for the C14 sample (grey circles) and our
sample (red squares). Typical uncertainties are shown in the upper left
corner.

Fig. 4. Ratio of the observed νmax,obs and the predicted νmax,pred using the
log g from B20. The dashed line shows the equality of both values.

In Fig. 4, the measured νmax for the confirmed sample is com-
pared to the predicted value, νmax,pred from Eq. (1). Here we used
the log g from B20, as these values have been shown to be more
reliable. The B20 catalog contains 186 301 Kepler stars and a
surface gravity value was available for 97 of our stars. The agree-
ment between the observed and the predicted νmax is in general
within 20% with an average discrepancy of 1.2%, with the pre-
dicted νmax overestimating the observed one. However, the dis-
agreement can reach up to 50%.

We made a similar comparison by using the spectroscopic
surface gravities (see Appendix A) and the disagreement is larger
with an average discrepancy of 30% – again, with an overestima-
tion of the prediction.

We note that around 10 of the stars have a high-enough S/N
to fit the individual modes. The determination of the frequencies
of the individual modes will allow us to do boutique modeling
for that subsample of stars, which will provide more precise stel-
lar parameters as well as ages. This exercise is beyond the scope
of this paper and is part of a subsequent paper (Mathur et al.,
in prep.).

We also visually checked the échelle diagrams of the
remaining 49 stars of the 148 stars without confirmation of
acoustic-mode detection. A list of candidates of 26 stars was
retained, where either the échelle diagram seemed to show
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Table 2. Global seismic parameters from A2Z for the 525 stars with
previous detection of solar-like oscillations.

KIC νmax (µHz) ∆ν (µHz)

1430163 1807± 43 85.71± 1.79
1435467 1369± 56 70.80± 1.47
1725815 1040± 28 55.97± 1.43
2010607 675± 7 42.44± 1.49
2309595 646± 16 38.97± 1.38
2450729 1078± 36 61.05± 1.95
2837475 1638± 72 75.71± 1.22
2849125 729± 31 40.44± 1.29
2852862 988± 61 54.68± 1.07
2865774 1260± 37 64.20± 2.16
2991448 1127± 34 61.22± 2.91
2998253 2034± 9 89.00± 2.13
3112152 1263± 43 65.00± 1.77
3112889 817± 30 53.09± 1.86
3115178 431± 16 28.72± 0.97
3123191 1704± 51 88.00± 2.13
3236382 1692± 15 73.74± 1.80

. . .

Notes. The full table is available at the CDS.

some ridges, though with a very poor S/N, or when there was
some agreement with the predicted νmax. We note that some of
these candidates did not necessarily have an agreement between
pipelines and three of them are part of the Ba20 sample. We show
the properties of those candidates in the Appendix B.

Finally, we re-analyzed the C14 sample using the DR25, pro-
viding a homogeneous catalog with the global seismic properties
of the main-sequence and subgiant stars with the detection of
solar-like oscillations observed in short-cadence during the sur-
vey phase of the Kepler mission (see Table 2). To that sample,
we also added a few tens of stars from Campante et al. (2011),
Mathur et al. (2011a), Appourchaux et al. (2012, 2015), White
et al. (2017). In 19 stars, we realized that the SAP aperture of the
new DR25 is not appropriate for asteroseismic studies because
they were too small (2 or 3 pixels). By applying the same aper-
ture extraction methodology described in this paper for the LC
dataset, we were able to reduce the noise level of the resultant
light curve and the modes were detectable. In total, we detected
the modes for 525 stars with 514 stars in common with the C14
sample. As shown by Salabert et al. (2017a) who analyzed a sub-
sample of solar analogs with DR23 and DR25, for the high S/N
targets, the global seismic parameters remain the same. The val-
ues reported by C14 and the A2Z results with the DR25 have a
median offset of 0.5% in νmax and of 0.2% in ∆ν. We note that
we also report νmax values for 34 stars that were in C14, but for
which only ∆ν was provided and no νmax was given. We do not
report the seismic parameters for 4 stars from C14 as we could
not detect any solar-like oscillations.

4. Granulation and modes amplitudes

The determination of the global seismic parameters provides
invaluable information on the convective parameters of the solar-
like stars as well as the maximum amplitude of the modes. It has
been shown that there are tight relations between these parame-
ters and the frequency of maximum power of the acoustic modes
(e.g., Huber et al. 2011; Mathur et al. 2011b; Mosser et al. 2012;
Kallinger et al. 2014). Here, we study these parameters and

compare them with the known sample of solar-like stars with
detected oscillations. This comparison allows us to check any
deviation from those known relations.

4.1. Convective background parameters

The study of a large number of stars with solar-like oscillations
from the main sequence to the red-giant branch showed that
the convective background parameters are correlated with the
location of the modes and follow scaling relations (Kjeldsen &
Bedding 2011; Mathur et al. 2011b; Kallinger et al. 2014).

The background fit was performed with a Monte Carlo
Markov chains (MCMC) strategy using the apollinaire mod-
ule5 (Breton et al., in prep.), which uses the emcee package
(Foreman-Mackey et al. 2013). For the fit, we considered the
PSD above 5 µHz. The model is composed of four compo-
nents: a power law for the magnetic activity, two Harvey models
(Harvey et al. 1985) for different scales of granulation, and the
photon noise at high frequency. All the results have been visu-
ally inspected and some PSD were fitted again with a frequency
cut at 50 µHz. For that higher frequency cut, the fitted model was
only constituted of two Harvey models and a flat noise profile.
The Harvey law fitted has the form:

H(ν) =
Pgran

1 + (ν/νgran)α
, (2)

where Pgran is the granulation power, νgran is the characteristic
frequency, and the slope α is fixed to 4 following Kallinger et al.
(2014). Pgran is related to the granulation amplitude as the A2

gran
per frequency bin.

Figure 5 shows the granulation frequency for the second Har-
vey model of convection (the one below the modes), νgran (top
panel), and the granulation power, Pgran (bottom panel), as a
function of νmax. The grey points represent the values for a sub-
sample of 163 stars from the C14 sample. The analysis of that
subsample was also done with the apollinaire pipeline on
data calibrated with the KADACS software that generated the
KEPSEISMIC light curves. This allows us to directly compare
the parameters of the stars in our sample with those of C14. We
can see in both plots that the new confirmed detections have the
convective parameters in the same range as the known oscillating
solar-like stars and have similar trends following the relations
derived for stars from the main sequence to the red-giant branch
(Kallinger et al. 2014), shown with blue dashed lines. For Pgran,
we used the power law relation with a slope of 2.1, as given in
Sect. 5.4 of Kallinger et al. (2014).

4.2. Maximum amplitude of the modes

From the Gaussian fit around the region of the modes, we derived
the bolometric maximum amplitude of the modes following con-
version of Kjeldsen et al. (2008) and Ballot et al. (2011). For
three stars, namely KIC 3633538, 9529969, and 10340511, the
Gaussian fit could not converge due to the low S/N and did
not provide the maximum amplitude of the modes. However, a
value for the frequency of maximum power was obtained from
the maximum around the region of the modes in the power
spectrum density that was smoothed with a boxcar average of
width of 2 × ∆ν.

In Fig. 6, we can see here again that the stars in our sample
have a similar behavior as compared to the C14 sample. We note
that for the most evolved stars of our sample – evolved subgiants

5 The source code is available at https://gitlab.com/sybreton/
apollinaire
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Fig. 5. Granulation frequency (top panel) and power (bottom panel) as
a function of the frequency of maximum power. The stars in our sample
are represented with red squares while the subsample of 163 stars from
C14 are represented with grey circles. The blue dashed lines are the
relations derived by Kallinger et al. (2014).

with νmax down to 500 µHz and early red giants with lower νmax
(see Fig. 1 of Mosser et al. 2014) – Amax is closer to the lower
edge. The blue dashed line corresponds to the fit of the form of
a power law between Amax and νmax for the C14 sample. We find
Amax ∝ ν

−0.95
max . These lower amplitudes combined with the noisier

DR24 data, could explain the difficulty to detect the modes in the
early analysis of those targets by Chaplin et al. (2011a).

5. Global stellar parameters

Using the seismic scaling relations (Brown 1991; Kjeldsen &
Bedding 2011), we computed the masses and radii of our sam-
ple where we combined the global seismic parameters and the
atmospheric parameters from Sect. 3.1 as follows:

R
R�

=

(
∆ν�
∆ν

)−2 (
νmax

νmax,�

) ( Teff

5777

)1/2

, (3)

M
M�

=

(
∆ν�
∆ν

)−4 (
νmax

νmax,�

)3 ( Teff

5777

)3/2

. (4)

where νmax,� = 3100 µHz and ∆ν� = 135.2 µHz.
Among the confirmed detections, 79 stars have APOGEE

spectroscopic parameters and 16 have LAMOST values. The
remaining 4 stars have Teff and [Fe/H] from the Gaia-Kepler
catalog.

Fig. 6. Bolometric maximum amplitude of the modes as a function of
νmax. The legend is the same as in Fig. 5. The blue dashed line corre-
sponds to the fit for the stars from C14.

In Fig. 7, we represent the mass-radius diagram with our
sample with red squares and the previously known sample of
solar-like stars with oscillation detections in Kepler with grey
circles. For the latter sample, the masses and radii were com-
puted by Serenelli et al. (2017, hereafter S17) who used grid-
based modeling where the global seismic parameters (∆ν and
νmax) were combined with spectroscopic observables (Teff , log g,
and [Fe/H]). We can see that our new sample includes a larger
fraction of massive stars, as suggested above.

Given that the observed ∆ν might not be obtained in the
asymptotic regime as it should be measured in a frequency range
above νmax, several approaches have been developed to apply
a correction on the observed mean large frequency separation
in order to reduce the impact on the derivation of the stellar
masses and radii (e.g., White et al. 2011; Mosser et al. 2013;
Guggenberger et al. 2016; Sharma et al. 2016; Kallinger et al.
2018; Benbakoura et al. 2021). For instance, Mosser et al.
(2013) derived an empirical correction by taking into account the
second-order term in the Tassoul relation (Tassoul 1980) and by
using seismic observations for main-sequence to red-giant stars.
The approach by Sharma et al. (2016) used a grid of models of
red giants where the mean large frequency from the sound speed
profile was compared to the one obtained by using the computed
frequencies, leading to a grid of ∆ν corrections for each model of
the grid. Given that our targets have a rather small S/N and that
they are main-sequence stars and subgiants, we decided to adopt
the Mosser et al. (2013) corrections. They led to smaller radii by
1.5% on average and smaller masses by 2.9% on average com-
pared to the radii and masses obtained without ∆ν corrections.

In Fig. 7, we can see that 2 stars have masses above 2 M�,
which was not expected in our sample as they are in the instabil-
ity strip and do not have an external convective envelope needed
for the excitation of solar-like oscillations (Aerts et al. 2010).
Given the high uncertainties on the seismic parameters, which
are reflected by the larger error bars for those stars, they could
be attributed to the low S/N of the modes.

6. Rotation and magnetic activity

For the 99 stars with a confirmed detection of solar-like oscil-
lations, we analyzed the long-cadence time series to look for
the surface rotation periods and measure the level of magnetic
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Fig. 7. Radius versus mass diagram for the C14 stars using S17 param-
eters (grey circles) and the stars in our sample described in this work
(red diamonds). For the latter, corrections on ∆ν were applied following
Mosser et al. (2013).

activity. These measurements are based on the presence of active
regions or spots that come in and out of view and lead to a mod-
ulation in the light curves that is related to the surface rotation.
For this analysis, we applied three different techniques: a time-
frequency analysis based on wavelets (Torrence & Compo 1998;
Liu et al. 2007; Mathur et al. 2010), the auto-correlation function
(García et al. 2014a; McQuillan et al. 2014), and the composite
spectrum that combines the two previous methods (Ceillier et al.
2016, 2017; Santos et al. 2019). The reliable rotation periods,
Prot, were selected following criteria described in Santos et al.
(2019, 2021), and Breton et al. (2021). Briefly, we use the three
different filtered KEPSEISMIC light curves to select the rota-
tion period. We then use the PDC-MAP light curves to confirm
that the rotational signal does not result from pollution (instru-
mental or stellar) as the KEPSEISMIC light curves have a larger
aperture compared to the PDC-MAP and are calibrated without
taking into account the information on the instrumental drifts
embedded in the co-trending basic vectors used in PDC-MAP.
We should note that PDC-MAP light curves are often filtered at
20 days and, in Santos et al. (2019), we showed that solely by
using PDC-MAP light curves, the distribution of retrieved rota-
tion periods is shifted toward shorter values. When the rotation
periods inferred from both calibration systems agree inside the
combined errors, they are less likely to come from some instru-
mental pollution or pollution by nearby stars. Some examples
of light curves are shown in Appendix D. We obtained surface
rotation periods for 63 stars (see Table 3), among which one was
classified as a close binary candidate, based on the fast rotation
and the shape of the light curve (See Santos et al. 2019, 2021,
for more details).

For stars with rotation period measurements, we computed
the photometric magnetic index, S ph, following Mathur et al.
(2014). Briefly, we first calculate the standard deviation of sub-
series of length 5× Prot and compute the mean value. This index
has been shown to provide a relevant proxy for magnetic activity
based on the Sun and a few solar-like stars and comparison with
classical magnetic activity indexes (Salabert et al. 2016, 2017b).

In Fig. 8, we represent Prot as a function of the effective tem-
perature of the stars for the new seismic detections and the sam-
ple of García et al. (2014a, hereafter G14). The stars with new
seismic detection seem to be quite homogeneously distributed.
While we noticed that a significant fraction of those stars are
in their subgiant phase, very few stars have long rotation peri-

Table 3. Rotation periods and magnetic activity levels of the 63 stars
with seismic detections.

KIC Prot (days) S ph (ppm)

3633538 32.10± 4.22 172.9± 4.1
6881330 11.96± 0.70 112.5± 5.6
3102595 14.80± 1.94 330.2± 12.5
3124465 25.91± 1.72 110.6± 3.7
3936993 10.66± 0.85 115.4± 5.8
4255487 8.04± 0.66 1484.4± 67.7
4270687 13.42± 0.81 80.5± 4.8
4859338 5.83± 0.50 313.6± 17.5
5112169 5.03± 0.98 270.0± 17.9
5183581 6.10± 1.23 193.9± 11.1
5394680 43.94± 4.78 523.7± 10.6
5597743 13.75± 1.07 65.0± 3.9
5696625 10.56± 1.33 105.1± 5.9
5771915 9.27± 0.69 92.9± 5.6
5791521 5.10± 0.64 91.4± 6.5
5814512 5.65± 0.67 82.5± 6.5
5856836 7.06± 0.68 60.5± 4.7
6062024 12.97± 2.52 24.7± 2.3

. . .

Notes. The full table is available at the CDS.

Fig. 8. Surface rotation periods, Prot, as a function of effective tem-
perature, Teff , for the G14 sample (grey circles) and our sample (red
squares). Typical error bars are shown in the bottom right corner.

ods. Because stars spin-down as they evolve (e.g., Skumanich
1972; Kawaler 1988; Gallet & Bouvier 2013), a greater num-
ber of slow-rotating (Prot > 40 days) subgiants were expected in
comparison with what was found in this study. However, many
of the subgiants of our sample are generally more massive than
1.2 M�, which corresponds to the Kraft break (Kraft 1967). Stars
above the Kraft break do not undergo magnetic braking due to
stellar winds – in contrast to the lower mass stars. This differ-
ence between the high-mass and low-mass solar-like stars could
explain the rotation periods retrieved for our sample.

7. Discussion

Here, we look at the different properties of the stars with
detections of solar-like oscillations presented in this paper and
compare them to the C14 sample, in particular, to investigate a
possible gain in the parameter space that we are probing.
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Fig. 9. Normalized histogram of the Kepler magnitude for the C14 sam-
ple (black dashed line) and our sample (red solid line).

7.1. Magnitude distribution

We first looked at the magnitude of the targets. Indeed, in
addition to the calibration issue of the data, the previous non-
detection of the modes for those stars could also be affected by
higher photon noise that depends on the stellar magnitude. The
higher noise in the data could lead to a non-detection. Figure 9
shows the distribution of the Kepler magnitude, Kp, for our sam-
ple and the C14 sample. While they probe a similar range of
magnitudes, we can see that the stars in our sample have a larger
fraction of stars fainter than 11 compared to the C14 sample. We
find that 55.5% of the stars in our sample have Kp > 11, com-
pared to 39% for the C14 sample.

We perform a Kolmogorov-Smirnov test to quantify the com-
parison of the distribution of the magnitudes between the C14
sample and our sample of new seismic detections. We find a
deviation value of 0.22 as well as a probability on the distri-
butions differences of 0.05%, which means that the magnitudes
distributions are indeed very different. This confirms the find-
ing that our sample with detections of solar-like oscillations pre-
sented in this paper are fainter.

7.2. Blends explaining the previous non detections

With these detections of solar-like oscillations in our sample
using the new DR25, we may wonder whether the previous non-
detection was related to the presence of nearby stars. To check
for that possibility, we cross-matched the list of stars in our sam-
ple with Gaia EDR3 (Gaia Collaboration 2021) and checked two
possible sources of amplitude dilution: (1) companions that are
unresolved by Gaia, as indicated by high Gaia RUWE (Renor-
malized Unit Weight Error) values (RUWE> 1.4 typically indi-
cates binaries). While the contrast between the main star and
the companions is not known, it is possible that a pollution can
arise; (2) all resolved stars in Gaia within 20′′(5 Kepler pixels)
of the target. For stars with multiple companions, we selected
the brightest star within the search radius.

From that analysis, we find 15 stars where RUWE> 1.4 and
9 stars for which the magnitude difference between our target
and the brightest star within 20′′ is smaller than 3. So, 24 stars
are flagged to have a nearby star that may dilute the amplitude
of the flux and could have prevented the detection of the modes.
This number represents an upper limit of the number of stars
for which oscillations could not be detected due to a blend. We
also checked the amplitude of the modes for those stars that we

Fig. 10. Normalized histogram of the Kepler metallicity for the C14
sample (black dashed line) and for our sample (red solid line) for the
95 stars with new seismic detections and with APOGEE or LAMOST
spectroscopic observations.

flagged and found that 7 of them have a lower amplitude of the
modes, which can thus be explained by the possible blends. For
the remaining 22 stars without a nearby polluting star, it is very
likely that the better quality of the data allows us to detect the
modes presented in this paper.

7.3. Metallicity distribution

Metallicity can play a role on the detectability of solar-like oscil-
lations as was shown by Samadi et al. (2010). Indeed, they sug-
gested that for metal-poor stars, the amplitude of the modes was
decreased. Figure 10 shows the distribution of the metallicity for
the 95 stars of our sample (red solid line), where [Fe/H] comes
from either APOGEE or LAMOST as metallicity from B20 is
not as reliable. We can see that it peaks at solar metallicity. For
comparison the metallicity distribution of the C14 sample is rep-
resented on the same figure with the dashed line, also peaking
at solar metallicity. We note that among the stars in our sample,
51% of them are metal poor compared to the Sun while 54% of
the C14 sample are metal poor but given the typical uncertainties
of 0.1dex the difference does not seem significant. We quantify
the differences between the distributions of the two sample using
a Kolmogorov-Smirnov test. We obtain a deviation of 0.08 with a
probability that one sample is different from the other of 62.4%,
confirming that the distributions are not significantly different.

7.4. Surface magnetic activity

As explained in Sect. 6, from the photometric activity proxy, S ph,
we can also investigate whether the stars with of our sample
have different levels of magnetic activity compared to G14. In
Fig. 11, we show the magnetic activity index S ph as a function
of the rotation period Prot for the stars from G14 with reliable
rotation periods and for which asteroseismic detection had been
obtained (grey circles). The results for the stars in our sample are
shown with the red squares and the close binary candidate with a
blue square. We can see that most stars with detected oscillations
have similar S ph values that are in the same range as the solar
ones between the minimum and maximum of its magnetic cycle
as computed in Mathur et al. (2019) (delimited by the dashed
lines). There are some stars with magnetic activity levels above
the range of the solar cycle for both the previously known sam-
ple and our sample. However, the new sample of this work adds
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Fig. 11. Magnetic activity proxy, S ph vs surface rotation period, Prot
for the G14 sample (grey circles) and our sample (squares). The blue
square is the close binary candidate, KIC 4255487. The dashed lines
correspond to the S ph values between minimum and maximum magnetic
activity from Mathur et al. (2019). The typical error bars are represented
in the bottom right-hand side.

four stars that are slower rotators (Prot ≥ 30 days) and with high
S ph values. We also note that one star (KIC 8165738) has a very
low S ph value of ∼10 ppm. The modulation appears to be factual.
We recall that since we do not have the inclination angles of the
rotation axis of the stars, the S ph values that we measure are a
lower limit of the real magnetic activity level.

Among those stars, three are flagged as potential binary sys-
tems as discussed in Sect. 3.2 (KIC 3633538, KIC 777146,
KIC 10969935).

7.5. Radius comparison with Gaia DR2

As shown in Sect. 3.1, the Kepler-Gaia stellar properties cat-
alog made use of the Gaia DR2 in order to improve the stel-
lar parameters of the Kepler targets by using the new precise
parallaxes measurements. In B20, isochrones were fitted using
spectroscopic and photometric information available from pre-
vious catalogs and combined them with the Gaia data. As stated
earlier in this paper, 97 of our solar-like stars with new seismic
detections are included in the B20 catalog.

We find a general agreement between the seismic radii, Rseis
and the Gaia radii, RGaia, for both our sample (left panel of
Fig. 12) and the S17 sample (right panel of Fig. 12) for compar-
ison. For more clarity in the figure, we represent the S17 sample
without the uncertainties. In our sample, we note that for larger
stars (radii above ∼2.5R�), hence, more evolved stars, the seis-
mic radii uncertainties become larger, due to larger uncertainties
on the seismic parameters in comparison with smaller stars. We
find that in average the Gaia radii are overestimated compared
to the seismic ones by 4.4%, with a scatter of 12.3%. A general
trend can be seen, where with increasing seismic radii RGaia/Rseis
decreases. For main-sequence stars, the average disagreement is
of 10.2%, where the seismic radii are underestimated compared
to the Gaia radii. For subgiants with radii between 1.5 and 3 R�,
we find that the seismic radii are underestimated by 3.3% on
average. Finally, for early red giants with radii above 3 R�, the
seismic radii are overestimated by 1.2% on average.

These results are slightly different from what was found
by Huber et al. (2017), where a similar comparison was
done on a larger sample of stars from the main sequence to
the red giants but using the Tycho-Gaia astrometric solution
(Michalik et al. 2015; Gaia Collaboration 2016). Their sam-

ple included the previously known solar-like stars with a detec-
tion of acoustic modes. They found a disagreement of 5% for
radii between 0.8 and 8 R�, where seismic radii for dwarfs and
subgiants were underestimated compared to Gaia radii. Later
Sahlholdt & Silva Aguirre (2018), Khan et al. (2019), and Zinn
et al. (2019) looked at differences between Gaia radii obtained
with DR2 and the seismic ones, for dwarfs and red giants. For red
giants, Khan et al. (2019) reported a 2% discrepancy between the
seismic and astrometric radius and showed how stellar radii can
be calibrated with Kepler and Gaia (see their Figs. 17 and 19).
For dwarfs, Sahlholdt & Silva Aguirre (2018) and Zinn et al.
(2019) found that the seismic radii were underestimated com-
pared to the Gaia ones by 2%. In particular, Zinn et al. (2019)
investigated random and systematic uncertainties related to lumi-
nosity, effective temperatures, bolometric corrections and esti-
mated the systematic uncertainties to be around 2% as well. Our
findings for the new seismic detections show larger discrepan-
cies. Taking the systematics errors, the results obtained for the
new seismic detections are thus consistent with the previously
known solar-like stars when using Gaia DR2.

To check wether any of the bias or trends between seismic
radii and radii inferred with Gaia observations are due to any
effect of the effective temperature scale, we compute the seis-
mic radii using the effective temperatures from B20. We find
that on average the Gaia radii are overestimated by 3.3% with
a scatter of 12.4%. Using the effective temperatures from B20
should bring the discrepancy closer to 0. Thus, the difference
that remains here is likely to be related to the input from the
global seismic parameters (see Appendix E).

Finally, in order to better assess the agreement between the
two ways of obtaining the stellar radii, we compare the radii dif-
ferences as a function of the combined uncertainties from both
seismology and Gaia (see Fig. 13). For 50.5% of the stars, the
differences between the two methodologies are within 1σ.

8. Conclusions

We analyzed the light curves from the latest data release of
the Kepler mission for about 2600 stars that were observed in
short cadence for one month during the survey phase of the mis-
sion. We obtained reliable seismic detections for 99 solar-like
stars, among which there are 46 stars with newly reported detec-
tions. Our analysis increased, by more than 15%, the number
of Kepler dwarfs with a full seismic study. We also re-analyzed
the DR25 of the sample of stars with previously detected modes
by C14 and provide a homogeneous catalog of global seismic
parameters for additional 525 main-sequence and subgiant stars
observed by Kepler during the survey mission, yielding a homo-
geneous seismic properties catalog for 624 stars for which a
complete table of the global seismic parameters are given in
Appendix E.

For the full sample, we consolidated atmospheric parameters
from APOGEE, LAMOST, and the Kepler-Gaia catalogs. Using
the surface gravity and effective temperature from the Kepler-
Gaia catalog, we predicted frequency of maximum oscillation
power of the modes based on seismic scaling relations. We found
that, on average, the predicted νmax is slightly higher than the
observed one.

The computation of the seismic masses and radii from the
scaling relations and with the Mosser et al. (2013) corrections
on the mean large frequency spacing suggests that our target
stars are, on average, more massive and off the main sequence,
as compared to the existing Kepler dwarfs and subgiants in the
literature.
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Fig. 12. Left panel: comparison between the seismic radii after applying the Mosser et al. (2013) corrections on ∆ν and the Gaia radii (top panel)
and ratio of the radii for our sample (bottom panel). The blue squares represent the median binned data. Only 97 stars are shown as two targets do
not have a Gaia radius. Right panel: same details but for the S17 sample.

Fig. 13. Left panel: Differences between the
Gaia radius and the seismic radius in units of
the statistical uncertainty (σ), computed as the
quadratic sum of the uncertainties from the B20
radii and the scaling relations radii. Right panel:
histogram of the same differences. Dashed lines
show the equality of both radii and the dot-dash
lines represent the ±1σ limits. Only 97 stars are
shown as two targets do not have a Gaia radius.
The blue dashed line shows a Gaussian fit of the
histogram.

While the background parameters have similar trends with
νmax as previously found in the literature, the maximum ampli-
tude of the modes appears to be on the lower end of the known
trends. We also found that the sample of new seismic detections
is constituted of fainter stars, which can lead to lower ampli-
tude of the modes. This could partly explain the non detection of
the acoustic modes for those stars when using the DR24 that was
affected by some calibration issues concerning the short-cadence
data of Kepler. Both our sample and the sample of Chaplin et al.
(2014) exhibit, on average, a solar metallicity.

By using Gaia data to look for stars close to our targets, we
found that 7 of the stars with detections of solar-like oscillations
in our sample have a nearby companion that may pollute the
observations. This could explain the non detections of acoustic
modes with the previous Kepler data releases.

From the analysis of the surface rotation of the light curves,
we obtained reliable rotation periods for 63 stars. These stars
have magnetic activity levels in the same range as the Sun along

its activity cycle. Even though the sample that features new seis-
mic detections has a larger number of subgiants, we did not find
many slow rotators. This is probably because these are massive
subgiants that are above the Kraft break on the main sequence
and have not gone through strong magnetic braking.

Finally, we find that seismic radii are, on average, 4.4%
underestimated compared to the Gaia DR2 radii with a scat-
ter of 12.3% and a decreasing trend with evolutionary stage,
which is in agreement with previous comparisons done for main-
sequence to red-giant stars. Using a different scale of temper-
ature from the Kepler-Gaia catalog, the discrepancy slightly
decreased.

Many of the stars with new seismic detections have a very
low S/N, however, around ten of them could have their individual
modes characterized, which will be part of a subsequent paper.
Even though Kepler stopped operating more than five years ago,
the high precision and continuous data collected by the mission
still represent a goldmine for asteroseismology.
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Appendix A: Frequency of maximum power
comparison with spectroscopic log g

We computed the predicted frequency of maximum power from
the seismic scaling relations (see Eq. 1) using the spectroscopic
surface gravities whenever available. Figure A.1 shows the ratio
between the observed and predicted νmax. We can see that the
disagreement is larger than when using the log g from B20, with
the predicted values overestimated by 14.6% on average.

Fig. A.1. Ratio of the observed νmax,obs and the predicted νmax,pred using
the spectroscopic log g. The dashed line shows the equality of both
values.

Appendix B: Candidates for solar-like oscillation
detections

In this appendix, we present the results for the possible detec-
tions of solar-like oscillations in 26 targets. As explained in
Section 3.2, these targets were not selected because the S/N was
too low. In some cases, only one pipeline reported a detection
and in other cases the location of the possible νmax was within
30% of the predicted value. These candidates do not have a reli-
able mean large frequency spacing but we report their approxi-
mative νmax in Table B.1. In Figure B.1, we show the compari-
son between the predicted νmax and the observed one similarly
to Figure 4, where we used the surface gravities from B20. Like
our sample with confirmed detections, the predicted frequency
of maximum power seems to be overestimated but by a larger
amount of 12.6% on average.

During the visual checks, a few interesting cases were
flagged. KIC 2578869 seems to show modes only below νmax,
which is not something we have seen in the past and, thus, this
star was put in the candidate list. KIC 11498538 has a strong
rotation peak and the background would suggest that the modes
are around 850 µHz, however, the modes are barely visible, prob-
ably due to the high level of activity of the star (e.g., Mathur
et al. 2019; Gaulme et al. 2020). The last star that was flagged is
KIC 11818430, which seems to present two signals in the échelle
diagram and might be a binary star.

As for the confirmed sample, we searched for signature of
rotation modulation in the light curves of these candidates. We
find that 15 stars have a reliable Prot (see Table B.2), among
which 3 stars are flagged as close binary candidates. The mag-
netic activity proxy values of the candidates are similar to
the Sun from minimum to maximum magnetic activity (see
Figure B.2).

Fig. B.1. Ratio of the observed νmax,obs and the predicted νmax,pred using
the log g from B20. Same details as in Figure 4 for the targets with pos-
sible detection of solar-like oscillations represented with red diamonds.

Fig. B.2. Magnetic activity proxy, S ph vs surface rotation period, Prot
for the G14 sample (grey circles) and the targets with possible detec-
tion of solar-like oscillations and with detection of rotation modulation
(squares). Same details as in Figure 11.

Table B.1. Seismic and stellar parameters of the 26 candidates with
possible seismic detections. Frequency of maximum oscillation power,
νmax, is approximated. Same flags as in Table 1. The full table is avail-
able at the CDS.

KIC Teff (K) log g (dex) [Fe/H] (dex) νmax (µHz) Flag

1570713 6814± 147 3.95± 0.03 0.01± 0.16 1100 2
1571088 5957± 125 3.86± 0.08 -0.11± 0.02 500 0
2834481 6017± 128 4.07± 0.08 -0.13± 0.01 1000 0
3329439 6307± 138 4.27± 0.07 0.10± 0.01 1500 0
3425564 6239± 136 3.96± 0.08 0.05± 0.01 650 0
3633694 6531± 149 3.89± 0.07 0.08± 0.02 450 0
3750375 6110± 129 3.75± 0.08 0.08± 0.02 500 0
7601803 6213± 134 3.67± 0.08 0.09± 0.03 400 0
7699517 6041± 137 3.86± 0.08 0.10± 0.01 800 0
7770559 6640± 132 4.06± 0.15 -0.08± 0.15 1337 1
8587192 5791± 116 4.18± 0.08 0.19± 0.01 1800 0

. . .

Finally, the magnitude distribution of the candidates, shown
in Figure B.3, is similar to the one for the C14 sample, peaking
at a magnitude of 11.
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Fig. B.3. Normalized histogram of the Kepler magnitude for the C14
sample (black dashed line) and the targets with possible detection of
solar-like oscillations (red solid line).

Table B.2. Rotation periods and magnetic activity levels of the 15 stars
with possible seismic detections.

KIC Prot (days) S ph (ppm)

1430239 18.39± 3.04 119.8± 4.4
1570713 5.49± 0.58 228.9± 14.8
2834481 14.83± 1.82 78.6± 3.9
3329439 5.47± 0.41 39.6± 4.0
3425564 3.51± 0.63 251.3± 18.9
3750375 5.35± 1.04 320.0± 18.7
7601803 6.31± 1.11 232.6± 13.6
7699517 16.95± 1.47 108.2± 4.7
8604757 7.43± 0.52 130.2± 7.8
8783286 30.84± 2.65 142.9± 4.0
8947442 2.46± 0.17 166.3± 15.3
8959788 8.02± 1.70 195.6± 10.6
10014894 12.80± 1.00 59.0± 3.8
11498538 3.28± 0.21 441.6± 33.4
11818430 6.19± 0.82 342.2± 19.4

Appendix C: Rotation analysis examples

We show here some examples of light curves of stars with mea-
sured rotation periods reported in this paper, along with the rota-
tion analysis as described in Section 6.
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Fig. C.1. Surface rotation analysis of KIC 107775748. Top row: KEP-
SEISMIC light curve for KIC 10775748. Second row: Wavelet power
spectrum (left), and global wavelet power spectrum (right; black),
where the best fit with multiple Gaussian functions is shown in red.
Third row: Autocorrelation function (ACF) of the light curve in black
and its smoothed version in red. Bottom row: Composite spectrum
(black) and best fit with multiple Gaussian functions (red). The dashed
lines mark the rotation-period estimates from each diagnostic.
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Fig. C.2. Surface rotation analysis of KIC 9894195. Same as Figure C.1
for KIC 9894195.

0 200 400 600 800 1000 1200 1400
Time (days)

-2

-1

0

1

2

F
lu

x
 (

×
1
0

4
 p

p
m

)

KIC 10969935

0 200 400 600 800 1000 1200 1400
Time (days)

0.5

2.0

7.0

20.0

100.0

P
er

io
d
 (

d
ay

s)
0 3000

Power (×104)

0 20 40 60 80 100
Lag (days)

-0.5

0.0

0.5

1.0

A
C

F

0 20 40 60 80 100
Period (days)

0.0

0.2

0.4

0.6

C
S

Fig. C.3. Surface rotation analysis of KIC 10969935. Same as
Figure C.1 for KIC 10969935.
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Appendix D: Radii comparison with a different Teff
scale

Fig. D.1. Comparison between the seismic radii after applying the
Mosser et al. (2013) corrections on ∆ν and the Gaia radii (top panel)
and ratio of the radii for our sample (bottom panel) but using the effec-
tive temperature from B20 in the seismic scaling relations to compute
the radii, Rseis. Same details as in Figure 12.

We computed the seismic radii using the effective tempera-
tures from B20. The comparison with the B20 radii is shown in
Figure D.1. The agreement is slightly better than when using the
spectroscopic Teff .

Appendix E: Full table of global seismic parameters
for the 624 solar-like stars

Table E.1. Global seismic parameters from A2Z for the 624 stars detec-
tion of solar-like oscillations. The full table is available at the CDS.

KIC νmax (µHz) ∆ν (µHz)

1430163 1807± 43 85.71± 1.79
1435467 1369± 56 70.80± 1.47
1725815 1040± 28 55.97± 1.43
2010607 675± 7 42.44± 1.49
2010835 1312± 19 72.73± 4.52
2309595 646± 16 38.97± 1.38
2450729 1078± 36 61.05± 1.95
2578869 809± 26 48.87± 1.89
2837475 1638± 72 75.71± 1.22
2849125 729± 31 40.44± 1.29
2852862 988± 61 54.68± 1.07
2865774 1260± 37 64.20± 2.16
2991448 1127± 34 61.22± 2.91
2998253 2034± 9 89.00± 2.13
3102595 1071± 17 52.20± 1.66
3112152 1263± 43 65.00± 1.77
3112889 817± 30 53.09± 1.86

. . .
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