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ABSTRACT

Context. The search for twins of the Sun and Earth relies on accurate characterization of stellar and the exoplanetary parameters age,
mass, and radius. In the modern era of asteroseismology, parameters of solar-like stars are derived by fitting theoretical models to
observational data, which include measurements of their oscillation frequencies, metallicity [Fe/H], and effective temperature Teff .
Furthermore, combining this information with transit data yields the corresponding parameters for their associated exoplanets.
Aims. While values of [Fe/H] and Teff are commonly stated to a precision of ∼0.1 dex and ∼100 K, the impact of systematic errors in
their measurement has not been studied in practice within the context of the parameters derived from them. Here we seek to quantify
this.
Methods. We used the Stellar Parameters in an Instant (SPI) pipeline to estimate the parameters of nearly 100 stars observed by
Kepler and Gaia, many of which are confirmed planet hosts. We adjusted the reported spectroscopic measurements of these stars by
introducing faux systematic errors and, separately, artificially increasing the reported uncertainties of the measurements, and quantified
the differences in the resulting parameters.
Results. We find that a systematic error of 0.1 dex in [Fe/H] translates to differences of only 4%, 2%, and 1% on average in the
resulting stellar ages, masses, and radii, which are well within their uncertainties (∼11%, 3.5%, 1.4%) as derived by SPI. We also find
that increasing the uncertainty of [Fe/H] measurements by 0.1 dex increases the uncertainties of the ages, masses, and radii by only
0.01 Gyr, 0.02 M�, and 0.01 R�, which are again well below their reported uncertainties (∼0.5 Gyr, 0.04 M�, 0.02 R�). The results for
Teff at 100 K are similar.
Conclusions. Stellar parameters from SPI are unchanged within uncertainties by errors of up to 0.14 dex or 175 K. They are even
more robust to errors in Teff than the seismic scaling relations. Consequently, the parameters for their exoplanets are also robust.

Key words. asteroseismology – stars: abundances – stars: low-mass – planets and satellites: fundamental parameters –
stars: oscillations – stars: evolution

1. Introduction

The modern study of cool dwarf stars has been revolutionized
in recent years by ultraprecise measurements of low-amplitude
global stellar pulsations (for a summary of early results, see
Chaplin & Miglio 2013). Traveling through the star before
emerging near the surface, pulsations bring information to light
about the otherwise opaque conditions of the stellar interior, and
thereby provide numerous constraints to the internal structure
and composition of stars. Indeed, connecting theoretical stellar
models to measurements of pulsation frequencies – as well as
other measurements, such as those derived from spectroscopy –
yields precise determinations of stellar parameters such as age,
mass, and radius (for an overview, see Basu & Chaplin 2017).

Precisely constrained stellar parameters are broadly useful for
a variety of endeavours, such as testing theories of stellar and
galactic evolution (e.g., Deheuvels et al. 2016; Hjørringgaard et al.
2017; Nissen et al. 2017; Bellinger et al. 2017) and mapping out
history and dynamics of the Galaxy (e.g., Chiappini et al. 2015;
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Anders et al. 2017; Silva Aguirre et al. 2018; Feuillet et al. 2018).
Combining stellar parameters with transit measurements further-
more yields properties of the exoplanets that they harbor, such
as their masses, radii, obliquities, eccentricities, and semi-major
axes (e.g., Seager & Mallén-Ornelas 2003; Huber et al. 2013;
Van Eylen et al. 2014; Huber 2016, 2018; Campante et al. 2016;
Kamiaka et al. 2018; Adibekyan et al. 2018). This then permits
tests to theories of planet formation (e.g., Lin et al. 1996; Watson
et al. 2011; Morton & Johnson 2011; Lai et al. 2011; Guillochon
et al. 2011; Thies et al. 2011; Teyssandier et al. 2013; Plavchan &
Bilinski 2013; Matsakos & Königl 2015, 2017; Li & Winn 2016;
Königl et al. 2017; Gratia & Fabrycky 2017) and facilitates the
search for habitable exoplanets.

From first principles, one may obtain approximate relations
to deduce stellar radii (R), mean densities ( ρ), and masses (M)
from asteroseismic data by scaling the values of the Sun to the
observed properties of other stars (“scaling relations,” Ulrich
1986; Brown et al. 1991; Kjeldsen & Bedding 1995):
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Here Teff is the effective temperature of the star, νmax is the fre-
quency of maximum oscillation power, and ∆ν is the large fre-
quency separation (for detailed definitions, see, e.g., Basu &
Chaplin 2017). The quantities subscripted with the solar sym-
bol (�) correspond to the solar values: νmax,� = 3090 ± 30 µHz,
∆ν� = 135.1 ± 0.1 µHz, and Teff,� = 5772.0 ± 0.8 K (Huber et al.
2011; Prša et al. 2016). This way of estimating stellar parameters
is often referred to as the “direct method” (e.g., Lundkvist et al.
2018) because it is independent of stellar models and relies only
on physical arguments. We note that there are no such scaling
relations for the stellar age.

The seismic scaling relations are all functions of the stel-
lar effective temperature, which, along with metallicity, can be
derived from spectroscopic observations of a star. A variety of
factors contribute to the determination of these spectroscopic
parameters, such as spectra normalization, corrections for pixel-
to-pixel variations, the placement of the continuum, and so on
(e.g., Massey & Hanson 2013; Škoda 2017). The analysis can
be complicated by effects such as line blending and broaden-
ing. Uncertainties in atmospheric models and the techniques for
obtaining atmospheric parameters such as the measurement of
equivalent widths, fitting on synthetic spectra, and degenera-
cies between spectroscopic parameters can also cause difficul-
ties. Often, parameters for targets in large spectroscopic surveys
are extracted automatically without visual inspection, which can
lead to poor fits that sometimes go unnoticed. Conversely, analy-
sis based on visual inspection sometimes leads to different prac-
titioners coming to different conclusions about the same star.
Thus there are opportunities for systematic errors to be intro-
duced into the determined effective temperatures and metallic-
ities (e.g., Creevey et al. 2013). However, to date, no study
has systematically tested in practice the impact of systematic
errors in spectroscopic parameters on the determination of stellar
parameters for a large sample of stars.

Unlike the effective temperature, the classical scaling rela-
tions presented above are not functions of metallicity, and so
one would expect metallicity to have little importance in the
determination of stellar masses and radii. However, these rela-
tions are approximations, and are not perfectly accurate. Several
studies (e.g., White et al. 2011; Belkacem et al. 2011; Mathur
et al. 2012; Hekker et al. 2013; Mosser et al. 2013; Huber et al.
2014, 2017; Guggenberger et al. 2016, 2017; Sharma et al. 2016;
Gaulme et al. 2016; Viani et al. 2017; Themeßl et al. 2018) have
sought to quantify the validity of the seismic scaling relations –
especially as a function of stellar evolution, when the assumption
of solar homology breaks down – for example by comparison
with stellar models, or via orbital analyses of binary stars. Viani
et al. (2017) have also recently shown theoretically that these
relations neglect a term for the mean molecular weight, which
implies a previously unaccounted for dependence on metallicity.

To obtain more accurate mass and radius estimates – and
stellar ages – one can fit theoretical models to the observations
of a star (e.g., Brown et al. 1994; Gai et al. 2011; Metcalfe
et al. 2014; Lebreton & Goupil 2014; Silva Aguirre et al. 2015,
2017; Bellinger et al. 2016). The connection between observa-
tions and stellar parameters then becomes much more complex,
relying on the details of not only the coupled differential equa-
tions governing the structure and evolution of stars, but also the

choices and implementations regarding the microphysics of the
star, such as the opacities and equation of state of stellar plasma.
This motivates the need for numerical studies to determine the
relationships between the observations of a star and the result-
ing fundamental parameters (e.g., Brown et al. 1994; Angelou
et al. 2017; Valle et al. 2018). Here we examine one impor-
tant aspect of these relations: namely, the impact of systematic
errors and underestimated uncertainties in spectroscopic param-
eters on the determination of stellar parameters via asteroseismic
modeling.

In order to perform this study, we used the Stellar Parame-
ters in an Instant pipeline (SPI, Bellinger et al. 2016), which uses
machine learning to rapidly connect observations of stars to theo-
retical models. The SPI method involves training an ensemble or
“forest” of decision tree regressors (Breiman 2001; Geurts et al.
2006; Friedman et al. 2001) to learn the relationships between
the observable aspects of stars (such as their oscillations) and the
unobserved or unobservable aspects (such as their age). We then
fed the observations of a particular star into the learned forest,
which outputs the desired predicted quantities. In order to propa-
gate the uncertainties of the observations into each of the predicted
quantities, we generated random realizations of noise according
to the uncertainties of the observations (including their correla-
tions), and ran these random realizations also through the forest.
This yields the posterior distribution for each predicted quantity,
from which we may obtain, for example, the mean value and its
corresponding uncertainty for quantities such as the stellar age,
mass, radius, mean density, and luminosity.

Using this approach, one can simultaneously and indepen-
dently vary multiple free parameters corresponding to uncertain
aspects of stellar models, such as the efficiency of convection
and the strength of gravitational settling; and therefore propa-
gate many of the uncertainties of the theoretical models into the
resulting stellar parameters. To this end, we generated a large
grid of stellar models that have been varied in age as well as
seven other parameters controlling the physics of the evolution,
which is described in more detail in the next section. Since
obtaining the parameters of a star with SPI takes less than a
minute (rather than hours or days, as is typical with some other
methods) we were then able to test the robustness of the final
stellar parameters against injections of various amounts of sys-
tematic errors.

The question of how systematic errors in spectroscopy
impact stellar parameter determinations has direct bearing on
exoplanet research. This is due to the fact that the determina-
tion of exoplanetary parameters generally depends very strongly
on the ability to constrain the parameters of the host star (see
Fig. 1).

Given the radius of the host star from asteroseismology (e.g.,
using Eq. (1); or using more sophisticated methods, such as
SPI), and assuming a uniformly bright stellar disk, the radius
of a transiting exoplanet can be found by measuring the transit
depth (e.g., Seager & Mallén-Ornelas 2003). Given the stellar
radius and mean density (e.g., Eq. (2)), and assuming a circular
orbit, one can compute the semi-major axis of an exoplanet from
its orbital period. Combining that information with the stellar
mass (e.g., Eq. (3)), one can find the mass of an exoplanet using
Kepler’s third law. As prevailing theories give that planets form
roughly around the same time as the host star, the stellar age
that is found is generally then attributed to its companions as
well (e.g., Jenkins et al. 2015; Campante et al. 2015; Safonova
et al. 2016; Christensen-Dalsgaard et al. 2018). From this infor-
mation, the composition of an exoplanet can be determined
by connecting these properties to theoretical models of planet
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Fig. 1. Relative uncertainties of the radii of transiting exoplanets as a
function of the relative uncertainty in the radius of their host star. The
dashed line shows a one-to-one agreement. The shaded region shows
the full range of stellar radii uncertainties determined for the 97 stars
examined in this paper. Exoplanet data are taken from the collection by
Han et al. (2014).

Table 1. Parameter ranges for the grid of stellar models.

Parameter Symbol Range Solar value

Mass M/M� (0.7, 1.8) 1
Mixing length αMLT (1, 3) 1.85
Initial helium Y0 (0.22, 0.34) 0.273
Initial metallicity Z0 (0.0001, 0.04)a 0.019
Overshoot αov (0.0001, 1)a –
Undershoot αus (0.0001, 1)a ≤0.05b

Diffusion factor D (0.0001, 3)a 1
Eff. temperature Teff (4000, 14 000) 5772
Metallicity [Fe/H] (−2.2, 0.44) 0

Notes. For reference, values corresponding to a solar-calibrated model
and also the derived initial spectroscopic parameter ranges are listed as
well. (a)Varied logarithmically. (b)Basu (1997).

structure and formation (e.g., Seager et al. 2007; Weiss & Marcy
2014; Rogers 2015; Huber 2018).

Thus, if the parameters derived for the host star are biased,
then so too will be the parameters for its exoplanets. A differen-
tial bias – e.g., a bias that affects mass more than radius – would
furthermore impact strongly on matters such as empirical mass–
radius relations (e.g., Seager et al. 2007; Torres et al. 2010).

2. Methods

We used Modules for Experiments in Stellar Astrophysics
(MESA r10108, Paxton et al. 2011, 2013, 2015, 2018) to con-
struct a grid of stellar models following the procedure given
by Bellinger et al. (2016). The initial parameters were varied
quasi-randomly in the ranges given in Table 1. We introduced
an additional free parameter, αuv, which controls the efficiency
of convective envelope undershooting. As convection is modeled
in MESA as a time-dependent diffusive process, under- and over-

Main Sequence
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~ 2 Gyr

Sub-giant
~ 0.9 Gyr

4.57 Gyr

1.0
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5800 5700 5600
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Fig. 2. Theoretical evolution of the Sun in the HR diagram. The position
of the present-age Sun is given with the solar symbol (�). The points
indicate models that have been selected from the track. They are col-
ored according to their assigned phase of evolution, and the approxi-
mate duration of each phase is indicated.
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Fig. 3. Spectroscopic measurements of 97 solar-like oscillating stars
observed by Kepler. Typical uncertainties (0.1 dex, 100 K) are indicated
with the cross in the bottom right corner. Histograms are affixed to the
top and right side of the figure showing the metallicity and effective
temperature distributions for the sample. The values for the Sun are
given with the solar symbol (�). The background colors indicate the
spectral type (F, G, K).

shooting are achieved by applying convective velocities to zones
within a distance of αHp beyond the convective boundary, where
α is the under- or over-shooting parameter, and Hp is the local
pressure scale height. The convective velocities that are used
are taken from a distance f0 before the boundary; here we used
f0 = 0.01 Hp. The remaining aspects of the models are the same
as in Bellinger et al. 2016.

We calculated N = 8 170 evolutionary tracks which we sim-
ulated from the zero-age main sequence until either an age of
20 Gyr or an asymptotic period spacing of 150 s, which is
generally around the base of the red giant branch. Since the
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Fig. 4. CD diagram showing asteroseismic measurements – the small frequency separation δν and the large frequency separation ∆ν – for the
sample of 97 solar-like stars studied here. The panels are arranged by metallicity. The points are colored by spectral type: F (blue, Teff > 6000 K),
G (orange, 6000 ≥ Teff > 5200 K), K (red, Teff ≤ 5200 K). The cross in the bottom right corner of each panel shows typical uncertainties (see also
Fig. 5). The dotted light gray line indicates where δν = 0. The solid lines trace theoretical tracks of stellar evolution, with each track labeled along
the top by its mass (in solar units) and connected by the dashed lines that are spaced in core-hydrogen abundance (Xc).

initial conditions of the grid are varied quasi-randomly, the res-
olution in each parameter x is given by (xmax − xmin)/N; e.g., the
typical resolution in mass is approximately 0.0001 M�. From
each track we obtained 32 models with core hydrogen abundance
Xc > 0.1 nearly evenly spaced in age (i.e., main-sequence mod-
els), 32 models with 0.1 ≤ Xc ≤ 10−6 nearly evenly spaced in
log Xc (turn-off models), and 32 models beyond Xc < 10−6 again
nearly evenly spaced in age (sub-giant models). These phases are
visualized in Fig. 2.

We calculated p-mode frequencies for these models using
the GYRE oscillation code (Townsend & Teitler 2013).
We obtained frequency separations and ratios (Roxburgh &
Vorontsov 2003) for these models following the procedures
given in Bellinger et al. (2016). We removed models where the
presence of mixed modes made it impossible to calculate these
quantities.

3. Data

We obtained oscillation mode frequencies, νmax values, effec-
tive temperatures, and metallicities for 97 stars observed by the
Kepler spacecraft (Borucki et al. 2010a) from previous studies.
Data for 31 of the stars came from the Kepler Ages project (Silva
Aguirre et al. 2015; Davies et al. 2016), and 66 were from the
Kepler LEGACY project (Lund et al. 2017; Silva Aguirre et al.
2017). The spectroscopic parameters of these stars are visualized
in Fig. 3. We processed the mode frequencies to obtain astero-

seismic frequency separations and ratios in the same way that
we processed the theoretical model frequencies in the previous
section. These stars are visualized in the so-called CD diagram
(Christensen-Dalsgaard 1984) in Fig. 4. The relative uncertain-
ties on the observational constraints for these stars are visualized
in Fig. 5. This figure furthermore illustrates the observational
data we input to SPI.

For comparison purposes, we additionally obtained luminos-
ity and radius measurements for these stars from the recent Gaia
Data Release 2 (DR2, Gaia Collaboration 2018; Andrae et al.
2018). We identified these stars using the 2MASS cross-matched
catalog (Marrese et al. 2019) for all except KIC 10514430 and
KIC 8379927, which we located using a cone search. We note
that these measurements have not been corrected for extinction.

4. Results

We applied SPI to the sample of 97 stars using the grid of
theoretical models that we generated and the observational con-
straints shown in Fig. 5. Random realizations of the observations
that fell outside of the range of the grid of models were dropped.
Figure 6 shows the relative uncertainties in the estimated stellar
parameters for this sample. The stellar parameters themselves
can be found in Table A.1. Figure 7 shows the positions of
these stars on the Hertzsprung–Russell diagram using effective
temperatures from spectroscopy and predicted luminosities from
SPI.
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Fig. 5. Relative uncertainty of each measurement for each of the 97 stars analyzed here. The uncertainties are given in the sense of σ/µ where µ
is the mean of the estimate and σ is the standard deviation – except in the case of [Fe/H], where these quantities are instead given for exp([Fe/H]).
For each type of measurement, the order of the stars is given in order of increasing relative uncertainty, so for example Star 1 is not necessarily the
same star in all the different types of measurements. We note that δν1,3 measurements are only available for 13 of the stars.
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Fig. 6. Cumulative distributions showing the relative uncertainty of each estimated stellar parameter for each of the 97 stars, obtained by running
the data in Fig. 5 through SPI.

4.1. Comparison with Gaia data

The accuracy of SPI can be gauged by comparing its predic-
tions with observations. In Fig. 8 we show a comparison of pre-
dicted luminosities and radii to those from Gaia DR2. Again we
find good agreement, despite the systematic errors that may cur-
rently be present in the Gaia data. Sahlholdt & Silva Aguirre
(2018) recently compared their predicted radii to Gaia radii for
these stars as well and found similar results, although our esti-
mates are in somewhat better agreement, in the sense that we
find fewer discrepant stars. Most likely this is due to the fact
that our models incorporate a greater variety of mixing length
parameters, which is important for determining stellar radii. We
furthermore compare the results from SPI to the BASTA models
for these stars (Silva Aguirre et al. 2015, 2017) in Fig. 9, finding
good agreement.

4.2. Testing the seismic scaling relations

The stellar parameters we derive using SPI can be used to
check the validity of the seismic scaling relations (Eqs. (1)–(3)).
Figure 10 shows a comparison between the masses, radii, and
mean densities obtained in these two ways. Overall, there is good
agreement, albeit with some significant outliers. We note that
two of the discrepant stars – KIC 8760414 and KIC 7106245
(labels 8 and 10 in the figure) – are two of the lowest mass stars
and are by far the most metal poor stars of the sample, with
[Fe/H] values of approximately −0.9 dex and −1 dex, respec-
tively. In contrast, the next most metal poor star has a metal-
licity of approximately −0.5 dex (cf. Fig. 3). However, we find
no apparent metallicity dependence in the residuals of any of
the scaling relations. We note that the large number of out-
liers in mean density estimates in Fig. 10 arise mainly from
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Fig. 10. Comparison of stellar masses, radii, and mean densities (in solar units) determined via the seismic scaling relations (Eqs. (1)–(3)) against
those from stellar modeling using the SPI pipeline. The biases in the residuals are all consistent with zero (0.09 ± 0.11 M�, 0.035 ± 0.045 R�, and
0.005 ± 0.042 ρ�).

their very small uncertainties. Only one of the labeled outliers,
KIC 8478994 is a confirmed planet host (label 9 in the figure –
see Table A.1).

4.3. Testing systematic errors in spectroscopy

We performed two sets of tests aimed at gauging the robustness
of stellar parameters to unreliable spectroscopic parameters. In
the first test, we biased all of the spectroscopic measurements by
systematically changing their reported metallicities and effective
temperatures (both independently and simultaneously). We then
measured the extent to which their estimated radii, masses, mean
densities, and ages changed with respect to the unperturbed esti-
mates of the stellar parameter. In the second test, we increased
the reported random uncertainties for each star and measured the
change to the uncertainties of the resulting stellar parameters.

The results of these experiments are shown in Figs. 11,
12, 13, 14, 15, and 16. There it can be seen that a systematic

error of 0.1 dex in [Fe/H] measurements translates on average
to differences of only 4%, 2%, and 1% in the resulting stel-
lar ages, masses, and radii, respectively. These differences are
smaller than the reported relative uncertainties for these quan-
tities (∼11%, 3.5%, 1.4%). Similarly, a systematic error of
100 K in effective temperature results in relative differences of
6%, 2%, and 0.4%. Furthermore, increasing the reported uncer-
tainty of [Fe/H] measurements by 0.1 dex (100%) increases the
uncertainties of stellar ages, masses, and radii on average by
only 0.01 Gyr, 0.02 M�, and 0.01 R�, which are well below the
reported uncertainties for these estimates (∼0.5 Gyr, 0.04 M�,
0.02 R�). Similarly, increasing the reported uncertainty of Teff by
100 K increases the uncertainties of the estimated stellar param-
eters by 0.2 Gyr, 0.01 M�, and 0.003 R�. Thus, even relatively
large systematic errors and increases to uncertainty result in
essentially the same stellar parameters.

When biasing [Fe/H] estimates by more than 0.1 dex (1σ),
some of the stellar metallicities went beyond the grid of
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Fig. 15. Average relative differences (in percent) in stellar parameter estimates (radius, mass, mean density, and stellar age) between estimates
made using the reported measurements and estimates made using (simultaneously) systematically biased [Fe/H] and Teff values.

Fig. 16. Average relative uncertainties (in percent) in stellar parameter estimates (radius, mass, mean density, and stellar age) as a function of the
amount of additional random uncertainty given to [Fe/H] and Teff measurements.
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models and were dropped. By 0.5 dex (5σ), only half of the stars
remained, and at this point we stopped the experiment. We find
that in order for the relative differences in the resulting stellar
ages, masses, and radii to be equal to their reported uncertain-
ties, [Fe/H] (Teff) measurements would need to be biased by at
least 0.24 dex (175 K), 0.14 dex (200 K), and 0.14 dex (300 K),
respectively.

The results regarding the uncertainties are consistent with the
theoretical findings of Angelou et al. (2017, their Fig. 7). Though
our analysis was done using frequency ratios to account for the
surface term, Basu & Kinnane (2018) have similarly shown that
how the surface term is accounted for does not affect estimates
of the global properties (but see also Aarslev et al. 2017).

The tests regarding effective temperatures also show these
biases propagated through the seismic scaling relations (Eqs. (1),
(2), (3)). We find that estimates obtained using SPI are even more
robust to systematic errors than the scaling relations.

5. Conclusions

We estimated the stellar parameters of 97 main-sequence and
early sub-giant stars observed by the Kepler spacecraft using
the SPI pipeline. We compared the estimates of stellar mass,
radius, and mean density that we obtained from stellar model-
ing for these stars to the estimates from seismic scaling rela-
tions and found good agreement. We found no evidence in the
residuals for a trend with metallicity. We similarly compared the
estimates of stellar radius and luminosity that we obtained from
stellar modeling to the measurements from Gaia DR2, and again
found good agreement.

We used these stars to test the impact of systematic errors
in metallicity and effective temperature on the determination of
stellar age, mass, and radius via asteroseismic stellar modeling.
We found that the resulting stellar parameters from SPI are sta-
ble with respect to even relatively large systematic errors in the
spectroscopic measurements. We emphasize that these results
are only valid for asteroseismic modeling performed using SPI;
results from other methods may vary. We note that we have not
tested the impact on more evolved stars, such as red giants, and
there too the results may differ. We note also that there may be
other sources of systematic errors in the theoretical models, such
as the assumed opacities, nuclear reaction rates, and mixture of
metals, which we have not examined here.

These results should not be taken to imply that spectroscopic
measurements are unimportant. As was shown by Bellinger et al.
(2016) and Angelou et al. (2017), metallicity measurements are
consistently rated as being highly important for constraining
stellar models, as they provide unique information that is
not redundant with the oscillation data. However, measure-
ments of stellar metallicity are most important in constraining
aspects of the models related to the initial chemical composi-
tion and mixing processes that take place during the evolution.
They are, however, comparatively less important in constrain-
ing global parameters such as stellar age, mass, and radius from
existing stellar models, as these quantities are well-constrained
by seismology.

We conclude that asteroseismic modeling is a very reliable
technique for obtaining ages, masses, radii, and other parame-
ters of solar-like oscillators on the main sequence. Consequently,
the parameters for their exoplanets, being that they are based on
these values, are also robust to such systematics.
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Appendix A: Stellar parameters

Table A.1. Stellar parameters for the Kepler Ages and LEGACY stars from the SPI pipeline.

KIC τ/Gyr M/M� R/R� ρ/ρ� L/L� Planets

1435467 2.03 ± 0.37 1.396 ± 0.033 1.712 ± 0.018 0.2789 ± 0.0045 4.22 ± 0.21
2837475 1.34 ± 0.51 1.455 ± 0.061 1.638 ± 0.022 0.331 ± 0.010 4.62 ± 0.30
3425851 3.77 ± 0.58 1.145 ± 0.049 1.354 ± 0.020 0.4625 ± 0.0062 2.67 ± 0.17
3427720 2.34 ± 0.23 1.108 ± 0.032 1.121 ± 0.010 0.7904 ± 0.0079 1.527 ± 0.079
3456181 2.62 ± 0.37 1.428 ± 0.062 2.125 ± 0.035 0.1489 ± 0.0027 6.79 ± 0.38
3544595 6.63 ± 0.64 0.885 ± 0.038 0.924 ± 0.016 1.128 ± 0.025 0.804 ± 0.058 2a

3632418 3.40 ± 0.37 1.271 ± 0.047 1.849 ± 0.026 0.2008 ± 0.0020 4.59 ± 0.33 1b

3656476 9.16 ± 0.80 1.079 ± 0.027 1.318 ± 0.017 0.4749 ± 0.0095 1.62 ± 0.11
3735871 1.81 ± 0.26 1.108 ± 0.032 1.109 ± 0.010 0.816 ± 0.014 1.535 ± 0.063
4141376 3.48 ± 0.56 0.993 ± 0.041 1.038 ± 0.013 0.897 ± 0.031 1.365 ± 0.094 1c

4143755 10.56 ± 0.52 0.898 ± 0.019 1.414 ± 0.013 0.3211 ± 0.0036 1.85 ± 0.11
4349452 2.47 ± 0.55 1.206 ± 0.055 1.312 ± 0.023 0.535 ± 0.011 2.40 ± 0.15 3a,d

4914423 5.60 ± 0.68 1.117 ± 0.059 1.468 ± 0.021 0.3546 ± 0.0058 2.29 ± 0.14 2a

4914923 6.37 ± 0.33 1.123 ± 0.033 1.388 ± 0.014 0.4207 ± 0.0042 2.00 ± 0.11
5094751 5.63 ± 0.79 1.072 ± 0.041 1.353 ± 0.019 0.4346 ± 0.0098 2.09 ± 0.13 2a

5184732 4.84 ± 0.35 1.205 ± 0.022 1.3427 ± 0.0085 0.5034 ± 0.0050 1.912 ± 0.098
5773345 2.24 ± 0.50 1.510 ± 0.044 2.017 ± 0.021 0.1841 ± 0.0026 5.19 ± 0.33
5866724 2.53 ± 0.42 1.273 ± 0.032 1.423 ± 0.017 0.4434 ± 0.0064 2.648 ± 0.098 3e

5950854 9.8 ± 1.1 0.984 ± 0.044 1.236 ± 0.023 0.524 ± 0.012 1.62 ± 0.14
6106415 4.98 ± 0.50 1.069 ± 0.038 1.219 ± 0.018 0.596 ± 0.011 1.78 ± 0.12
6116048 6.80 ± 0.63 1.002 ± 0.031 1.218 ± 0.014 0.5602 ± 0.0080 1.78 ± 0.11
6196457 4.5 ± 1.0 1.268 ± 0.069 1.756 ± 0.029 0.2359 ± 0.0042 3.29 ± 0.25 3 f ,g

622571813 3.02 ± 0.51 1.156 ± 0.043 1.234 ± 0.016 0.6230 ± 0.0082 2.19 ± 0.13
6278762 10.90 ± 0.86 0.753 ± 0.012 0.7588 ± 0.0045 1.741 ± 0.023 0.343 ± 0.022 5h

6508366 2.49 ± 0.19 1.492 ± 0.052 2.177 ± 0.032 0.1446 ± 0.0024 6.91 ± 0.47
6521045 6.44 ± 0.35 1.091 ± 0.031 1.525 ± 0.011 0.3090 ± 0.0034 2.43 ± 0.14 3a

6603624 7.77 ± 0.45 1.065 ± 0.023 1.173 ± 0.012 0.668 ± 0.016 1.283 ± 0.059
6679371 2.13 ± 0.12 1.570 ± 0.030 2.222 ± 0.017 0.1432 ± 0.0018 7.90 ± 0.44
6933899 6.61 ± 0.28 1.104 ± 0.023 1.599 ± 0.012 0.2712 ± 0.0020 2.67 ± 0.18
7103006 2.09 ± 0.45 1.482 ± 0.056 1.954 ± 0.026 0.1985 ± 0.0038 5.60 ± 0.38

710624510 8.36 ± 0.72 0.851 ± 0.025 1.048 ± 0.014 0.752 ± 0.017 1.363 ± 0.098
7199397 3.63 ± 0.33 1.308 ± 0.034 2.526 ± 0.028 0.0821 ± 0.0014 6.69 ± 0.29
7206837 1.80 ± 0.55 1.400 ± 0.041 1.584 ± 0.016 0.3516 ± 0.0052 3.58 ± 0.18
7296438 6.60 ± 0.40 1.158 ± 0.034 1.405 ± 0.017 0.4187 ± 0.0045 2.00 ± 0.11
75103974 3.97 ± 0.35 1.206 ± 0.030 1.784 ± 0.015 0.2127 ± 0.0017 4.18 ± 0.28
7670943 2.36 ± 0.47 1.309 ± 0.046 1.447 ± 0.019 0.4336 ± 0.0055 3.31 ± 0.27
7680114 7.57 ± 0.85 1.108 ± 0.033 1.411 ± 0.022 0.398 ± 0.011 2.07 ± 0.14
7771282 3.28 ± 0.56 1.353 ± 0.064 1.681 ± 0.032 0.2866 ± 0.0049 3.89 ± 0.23
7871531 9.34 ± 0.58 0.830 ± 0.022 0.870 ± 0.011 1.274 ± 0.025 0.632 ± 0.040
7940546 2.80 ± 0.20 1.317 ± 0.026 1.899 ± 0.018 0.1924 ± 0.0025 4.96 ± 0.24
7970740 10.67 ± 0.36 0.760 ± 0.014 0.7819 ± 0.0055 1.610 ± 0.013 0.444 ± 0.029
8006161 4.75 ± 0.25 1.004 ± 0.020 0.9353 ± 0.0070 1.233 ± 0.011 0.717 ± 0.040
8077137 4.48 ± 0.62 1.150 ± 0.043 1.638 ± 0.027 0.2626 ± 0.0056 3.37 ± 0.25 2 f

8150065 3.28 ± 0.55 1.196 ± 0.066 1.393 ± 0.032 0.445 ± 0.011 2.57 ± 0.20
8179536 1.84 ± 0.37 1.248 ± 0.059 1.353 ± 0.027 0.5039 ± 0.0081 2.68 ± 0.20
8228742 4.42 ± 0.49 1.221 ± 0.069 1.791 ± 0.041 0.2128 ± 0.0030 4.11 ± 0.36
8292840 2.79 ± 0.54 1.099 ± 0.036 1.321 ± 0.015 0.4789 ± 0.0060 2.40 ± 0.16 3i

8349582 8.68 ± 0.53 1.144 ± 0.015 1.4520 ± 0.0066 0.3742 ± 0.0072 2.003 ± 0.086 1a

Notes. Columns are: age, mass, radius, mean density, luminosity, and number of confirmed exoplanets. The labels next to some of the KIC numbers
refer to the outliers highlighted in Figs. 10 and 8. The footnotes in the planets column refer to the publication that announced or confirmed their
discovery.
References. (a)Marcy et al. (2014). (b)Howell et al. (2012). (c)Haywood et al. (2018). (d)Steffen et al. (2012). (e)Chaplin et al. (2013). ( f )Xie (2014).
(g)Van Eylen & Albrecht (2015). (h)Campante et al. (2015). (i)Rowe et al. (2014). ( j)Hadden & Lithwick (2014). (k)Barclay et al. (2013). (l)Pál et al.
(2008). (m)Gilliland et al. (2013). (n)Carter et al. (2012). (o)Steffen et al. (2013). (p)Borucki et al. (2010b). (q)Fressin et al. (2011). (r)Batalha et al.
(2011). (s)Cochran et al. (1997).
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Table A.1. continued.

KIC τ/Gyr M/M� R/R� ρ/ρ� L/L� Planets

83799272 1.84 ± 0.29 1.105 ± 0.049 1.122 ± 0.017 0.790 ± 0.012 1.55 ± 0.13
8394589 4.20 ± 0.39 1.024 ± 0.037 1.153 ± 0.023 0.673 ± 0.019 1.70 ± 0.11
8424992 10.00 ± 0.94 0.893 ± 0.038 1.033 ± 0.025 0.819 ± 0.027 1.034 ± 0.083
84789949 5.68 ± 0.96 0.799 ± 0.017 0.776 ± 0.014 1.732 ± 0.063 0.482 ± 0.032 4 j,k

8494142 2.09 ± 0.32 1.458 ± 0.056 1.893 ± 0.025 0.2149 ± 0.0060 4.64 ± 0.33 2 f

85544985 3.49 ± 0.41 1.320 ± 0.026 1.840 ± 0.017 0.2126 ± 0.0030 3.86 ± 0.17
8684730 2.55 ± 0.45 1.475 ± 0.039 2.105 ± 0.039 0.163 ± 0.011 5.01 ± 0.25

869472311 5.26 ± 0.23 1.070 ± 0.023 1.515 ± 0.013 0.3084 ± 0.0039 3.16 ± 0.19
87604148 15.78 ± 0.91 0.761 ± 0.011 0.9755 ± 0.0090 0.828 ± 0.015 1.032 ± 0.064
8866102 1.81 ± 0.27 1.223 ± 0.054 1.357 ± 0.022 0.4902 ± 0.0048 2.66 ± 0.16
8938364 11.02 ± 0.58 0.995 ± 0.023 1.363 ± 0.011 0.3955 ± 0.0046 1.74 ± 0.10
90253701 5.77 ± 0.60 0.921 ± 0.035 0.987 ± 0.019 0.965 ± 0.019 0.709 ± 0.084
9098294 9.42 ± 0.85 0.934 ± 0.041 1.112 ± 0.027 0.682 ± 0.021 1.301 ± 0.081
9139151 1.82 ± 0.19 1.205 ± 0.044 1.168 ± 0.016 0.7566 ± 0.0097 1.96 ± 0.12
9139163 2.09 ± 0.28 1.378 ± 0.039 1.557 ± 0.017 0.3653 ± 0.0038 3.70 ± 0.22

920643212 1.67 ± 0.42 1.355 ± 0.047 1.505 ± 0.021 0.3982 ± 0.0065 3.76 ± 0.21
9353712 2.44 ± 0.21 1.465 ± 0.054 2.164 ± 0.032 0.1446 ± 0.0019 6.60 ± 0.50
9410862 7.34 ± 0.75 0.954 ± 0.028 1.139 ± 0.017 0.650 ± 0.019 1.580 ± 0.099
9414417 2.80 ± 0.22 1.319 ± 0.041 1.882 ± 0.023 0.1978 ± 0.0026 4.89 ± 0.29
9592705 2.21 ± 0.19 1.521 ± 0.044 2.118 ± 0.026 0.1610 ± 0.0036 5.94 ± 0.37
9812850 1.99 ± 0.39 1.417 ± 0.057 1.805 ± 0.025 0.2399 ± 0.0067 4.71 ± 0.24
9955598 6.69 ± 0.48 0.921 ± 0.032 0.893 ± 0.012 1.306 ± 0.015 0.634 ± 0.042 1a

99657156 3.88 ± 0.49 1.030 ± 0.023 1.244 ± 0.011 0.538 ± 0.013 1.78 ± 0.17
100683077 3.98 ± 0.34 1.271 ± 0.045 2.024 ± 0.023 0.1546 ± 0.0015 5.24 ± 0.37
10079226 2.56 ± 0.40 1.153 ± 0.050 1.160 ± 0.016 0.744 ± 0.013 1.521 ± 0.088
10162436 3.29 ± 0.42 1.379 ± 0.052 2.019 ± 0.026 0.1678 ± 0.0017 5.25 ± 0.31
104541133 5.07 ± 0.91 1.078 ± 0.048 1.202 ± 0.022 0.659 ± 0.018 1.94 ± 0.13
10514430 7.01 ± 0.61 1.042 ± 0.029 1.578 ± 0.016 0.2664 ± 0.0034 2.55 ± 0.16
10516096 6.66 ± 0.47 1.108 ± 0.035 1.422 ± 0.017 0.3861 ± 0.0029 2.30 ± 0.17
10586004 6.13 ± 0.89 1.154 ± 0.041 1.643 ± 0.029 0.2605 ± 0.0056 2.73 ± 0.20 2i

10644253 1.28 ± 0.25 1.128 ± 0.027 1.1204 ± 0.0085 0.804 ± 0.012 1.525 ± 0.060
10666592 2.02 ± 0.25 1.556 ± 0.046 2.009 ± 0.023 0.1918 ± 0.0027 5.92 ± 0.42 1l

10730618 4.4 ± 1.1 1.249 ± 0.085 1.716 ± 0.053 0.251 ± 0.012 3.81 ± 0.52
10963065 4.57 ± 0.48 1.065 ± 0.043 1.225 ± 0.026 0.584 ± 0.017 1.93 ± 0.13 1a

11081729 1.66 ± 0.84 1.363 ± 0.039 1.444 ± 0.018 0.4526 ± 0.0082 3.46 ± 0.20
11133306 4.58 ± 0.74 1.081 ± 0.040 1.198 ± 0.016 0.634 ± 0.015 1.66 ± 0.11
11253226 1.34 ± 0.50 1.420 ± 0.071 1.599 ± 0.026 0.3468 ± 0.0094 4.53 ± 0.29
11295426 6.31 ± 0.39 1.099 ± 0.031 1.251 ± 0.013 0.5673 ± 0.0080 1.587 ± 0.096 3m

11401755 6.94 ± 0.78 1.043 ± 0.031 1.601 ± 0.026 0.2552 ± 0.0074 2.91 ± 0.21 2n

11772920 9.9 ± 1.1 0.823 ± 0.040 0.845 ± 0.018 1.373 ± 0.024 0.468 ± 0.068
11807274 2.01 ± 0.28 1.306 ± 0.032 1.597 ± 0.013 0.3223 ± 0.0052 3.51 ± 0.17 2o

11853905 6.60 ± 0.57 1.163 ± 0.046 1.588 ± 0.019 0.2911 ± 0.0042 2.53 ± 0.17 1p

11904151 11.65 ± 0.93 0.880 ± 0.031 1.041 ± 0.016 0.784 ± 0.022 0.995 ± 0.054 2q,r

12009504 3.80 ± 0.29 1.197 ± 0.044 1.411 ± 0.018 0.4266 ± 0.0054 2.63 ± 0.16
12069127 2.31 ± 0.18 1.537 ± 0.051 2.297 ± 0.030 0.1267 ± 0.0015 7.48 ± 0.44
12069424 6.92 ± 0.25 1.056 ± 0.019 1.213 ± 0.011 0.5967 ± 0.0085 1.531 ± 0.076
12069449 7.08 ± 0.22 1.0000 ± 0.0086 1.101 ± 0.012 0.758 ± 0.018 1.201 ± 0.024 1s

12258514 4.40 ± 0.29 1.252 ± 0.054 1.614 ± 0.023 0.2999 ± 0.0024 2.95 ± 0.18
12317678 2.63 ± 0.28 1.288 ± 0.036 1.775 ± 0.022 0.2301 ± 0.0042 5.33 ± 0.25
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