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ABSTRACT

We present revised properties for 196,468 stars observed by the NASA Kepler Mission and used in
the analysis of Quarter 1-16 (Q1-Q16) data to detect and characterize transiting exoplanets. The
catalog is based on a compilation of literature values for atmospheric properties (temperature, surface
gravity, and metallicity) derived from different observational techniques (photometry, spectroscopy,
asteroseismology, and exoplanet transits), which were then homogeneously fitted to a grid of Dart-
mouth stellar isochrones. We use broadband photometry and asteroseismology to characterize 11,532
Kepler targets which were previously unclassified in the Kepler Input Catalog (KIC). We report the
detection of oscillations in 2,762 of these targets, classifying them as giant stars and increasing the
number of known oscillating giant stars observed by Kepler by ~ 20% to a total of ~ 15,500 stars.
Typical uncertainties in derived radii and masses are ~ 40% and ~ 20% for stars with photometric
constraints only, and ~ 5 — 15% and ~ 10% for stars based on spectroscopy and/or asteroseismology,
although these uncertainties vary strongly with spectral type and luminosity class. A comparison
with the Q1-Q12 catalog shows a systematic decrease in radii for M dwarfs, while radii for K dwarfs
decrease or increase depending on the Q1-Q12 provenance (KIC or Yonsei-Yale isochrones). Radii of
F-G dwarfs are on average unchanged, with the exception of newly identified giants. The Q1-Q16
star properties catalog is a first step towards an improved characterization of all Kepler targets to
support planet occurrence studies.

Subject headings: stars: fundamental parameters — stars: oscillations — techniques: photometric —
catalogs — planetary systems
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1. INTRODUCTION

The unprecedented prems1on of photometric data col-
lected by the NASA Kepler mission (Borucki et all[2010;
Koch et all[2010b) has revolutionized planetary and stel-
lar astrophysics over the past years. Examples of break-
through discoveries in exoplanet science include more
than 2700 new planet candidates (Borucki et all20114/b;
Batalha et all[2013; [Burke et alll2013), measurements of
planet densities in multi-planet systems through tran-
sit timing variations (Holman et all[2010; Lissauer et all
[2011); [Carter et all[2012), the detection of small planets
in or near the habitable zone (Borucki et alll2012, 2013;
Barclay et all 2013H), and the discovery of single and
multi-planet systems around binary stars
[2011; Welsh et all 2012; [Orosz et all 2012a). At the
same time, Kepler data allowed key discoveries in stel-
lar astrophysics such as the detection of more than 2000
echpsmg binary stars (Prsa et all 2011; [Slawson et al!

2011 Matijevic et all 2012) including eclipsing triple
Systems Carter et all 2011; Derekas et all 2011)), the
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study of the core structure and rotation of subgiant and

red-giant stars (Bedding et all 2011; Beck et all 2011;

Mosser et all 2012b; [Deheuvels et all 2012), an order

of magnitude increase of known dwarf stars with de-

tected oscillations (Chaplin et all [2011), and the dis-

covery of tidal pulsations in eccentric binary systems
2012).

In addition to characterizing individual exoplanet sys-
tems, a primary mission goal of Kepler is to determine
the frequency of Earth-sized planets in the habitable
zones of Sun-like stars. Planet occurrence rates cru-
cially depend not only on our knowledge of properties
such as radii and luminosities of the host stars (which in
turn determine the properties of the planets), but also on
our understanding of the properties of the parent sample.
For example, if a significant number of subgiant or giant
stars have been misclassified as dwarfs, this would bias
occurrence rates since small planets are harder to detect
around larger stars.

Many studies which have explored planet-occurrence
rates using the Kepler sample (e.g., (Catanzarite & Shad
2011; Howard et all2012; Traub2012; Dong & Zhu2013;
Fressin et al)2013; [Petigura. et _all 2!!1355), have mostly
relied on stellar properties based on the Kepler In-
put Catalog (KIC, Brown et all 2011, hereafter B11).
The primary purpose of the KIC was to discern dwarfs
from giants to optimize the target selection towards
finding Earth-sized planets in the habitable zones of
Sun-like stars (Batalha et all [2010). As emphasized
by B11, the methodology behind constructing the KIC
limits its use beyond target selection. Recent planet-
occurrence studies have used improved stellar properties
either for specific parameter ranges such as cool dwarfs

i [2013; Morton & Swift IM?,
or for a wide range of spectral types for dwarfs
2013). However, a revised characterization of the full
target sample to support the Kepler planet-detection
pipeline and planet-occurrence studies has yet to be com-
pleted.

Since the creation of the KIC, a large number of new
observations have become available. For example, new
broadband photometry covering the full Kepler field
has been completed [2012; |Greiss et all
2012). Additionally, a large amount of spectroscopic
follow-up observations have been performed within the
Kepler Community Follow-Up Program (CFOP?23), and
systematic spectroscopic surveys of the Kepler field us-
ing multi-object fiber-fed spectrographs are currently in
progress (Zasowski et _al! ; 2013).
Importantly, Kepler light curves themselves contain in-
formation about fundamental properties of stars. In
particular, Kepler has allowed the application of as-
teroseismology to stars ranging from hot, compact ob-
jects (Kawaler et all2010 M@M) to clas-
sical pulsators (Iﬁng&hmnm_aﬂ ; Kolenberg et all
2010; Kurtz et all 12011), cool dwarfs (Chaplin et all
12011; [Silva Aguirre et all [2011; Mathur et all2012) and
red giant stars (Bedding et al! [2010; [Hekker et all 2011
Kallinger et alll2010; Mosser et al!2012a4).

Many of these results have not yet been taken into
account in planet occurrence studies due to the lack of
catalogs covering most Kepler targets. In this paper we

23 https://cfop.ipac.caltech.edu/home/login.php

present a catalog of revised properties for 196,468 Kepler
targets based on a consolidation of literature values and
the first characterization of unclassified stars in the KIC.

2. KEPLER INPUT CATALOG

We begin with a brief review of the Kepler Input Cata-
log. As described by B11, the primary observables for the
KIC stellar classification pipeline (SCP) were Sloan griz
and 2MASS J H K broadband photometry, supplemented
by an intermediate-band D51 filter (centered on the Mg
Ib lines at 510nm). These data were used to calculate
seven independent colors, which were then compared to
synthetic colors calculated from ATLAS9 model atmo-
spheres (Castelli & Kurucz 2004). To account for inter-
stellar extinction, B11 adopted a simple reddening model
giving 1 magnitude of V-band extinction per 1kpc in the
galactic plane, decreasing with galactic latitude with an
e-folding scale height of 150 pc. To overcome degenera-
cies of matching broadband colors to models to estimate
effective temperature (Tog), surface gravity (logg) and
metallicity ([Fe/H]), three priors were adopted: a metal-
licity prior based on a solar-neighborhood distribution of

the Geneva-Copenhagen survey (Nordstrom et all2004),

a Tug-log g prior based on the number density of stars in
the Hipparcos catalog (van Leeuwen 2007), and a prior
on the number density of stars as a function of galactic
latitude. Stellar masses and luminosities were derived
from average relations between Tog, log g, luminosity and
mass calculated from Padova isochrones
2000). Finally, stellar radii were calculated from the de-
rived effective temperatures and luminosities.

The difficulty of estimating stellar properties (in par-
ticular log g and [Fe/H]) from broadband colors resulted
in a number of shortcomings which limited the use of
the KIC beyond target selection. Follow-up studies have
since tested stellar properties in the KIC to quantify
these shortcomings. The main conclusions of these tests
can be summarized as follows:

e KIC surface gravities are frequently overestimated
by up to 0.2 dex, resulting in underestimated radii
by up to 50% (Verner et all 2011; [Everett et all
Iﬂym) Observational biases also suggest that the
fraction of subgiant stars in the Kepler target sam-

ple may be underestimated (Gaidos & Mann2013).

e KIC temperatures are on average 200 K cooler than
temperatures based on the Sloan system or the in-
frared flux method (Pinsonneault et al!l2012, here-
after P12). KIC griz photometry also shows a
color-dependent offset to Sloan DR9 photometry.

e A large fraction of bright (Kp < 14) late-
K to mid-M type stars are misclassified as
dwarfs (Mann et all 2012).  Furthermore, sur-
face gravities, metallicities and radii for gen-
uine late-type dwarfs are systematically bi-
ased (Muirhead et all [2012a; [Batalha et all [2013;

i 2013).

e Roughly 5% of Kepler targets have KIC parameters
that should be absent in a well-studied field pop-
ulation, specifically G-type dwarfs with logg ~ 5
and K-dwarfs with Teg ~ 5000K and logg ~ 4.1
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(Batalha et alll2013). We refer to these stars in the
following as “No-Man’s-Land” stars.

Similar conclusions have been found theoretically by
Farmer et all (2013), who processed a synthetic stellar
population of the Kepler field through the KIC classifi-
cation pipeline. We note that most of the above short-
comings have already been anticipated and emphasized
by B11.

3. STELLAR MODELS

In general, determining stellar masses and radii in-
volves a comparison of observations with models. For
the current catalog, we adopted the 2012 isochrones
from the Dartmouth Stellar Evolution Database (DSEP,
Dotter et all [2008)?*. We have used the DSEP interpo-
lation routine to produce a grid of 1 — 15 Gyr isochrones
in steps of 0.5 Gyr in age and 0.02dex in [Fe/H]. Only
models with solar-scaled alpha-element abundances have
been included. In addition to low-mass models, we sup-
plemented the grid with 0.25 — 1 Gyr isochrones with
the default metallicity spacing (—2.5, —2.0, —1.5, —1.0,
—0.5,0.07, 0.15, 0.36 and 0.5 dex). The full grid includes
approximately 1.5 x 10% individual models.

The choice of DSEP was motivated by the good
agreement with models by Baraffe et all (1998), which
have been demonstrated to reasonably reproduce ob-
servations of low-mass dwarfs with empirically mea-
sured radii, masses and effective temperatures from long-
baseline interferometry (Boyajian et all 2012, 2013) or
low-mass eclipsing binary systems (Kraus et all 2011
Carter et all 2011) (although significant offsets still ex-
ist, see Boyajian et all[2013). Additionally, DSEP mod-
els cover a large parameter space and include broad-
band colors based on PHOENIX model atmospheres
(Hauschildt et all [1999) for most filters with available
data for Kepler targets. We note that the adopted
isochrone grid does not include He-core burning models
for stars which undergo the helium flash (M < 2 Mg).
As emphasized in Section [], this introduces a significant
bias for derived masses and radii of giant stars in the
catalog.

The coolest DSEP models for dwarfs have temper-
atures close to 3200K. However, recent spectroscopic
follow-up observations revealed a significant number of
ultra-cool dwarfs in the Kepler field (Martin et all2013),
and additional late-type M-dwarfs have been added to
the Kepler target list through Guest Observer pro-
grams?®. To characterize these stars, we fit second
to fourth order polynomials between colors, tempera-
tures, gravities, and radii to > 2 Gyr BT-Settl isochrones
(Allard et all [2012) with temperatures between 2000 —
3400 K. These polynomials were then used to interpolate
the BT-Settl grid and provide typical stellar properties
for a given color or temperature.

4. CONSOLIDATION OF LITERATURE VALUES

We have collected published values for Tig, log g and
[Fe/H] for all Kepler targets. We only considered publi-
cations that have derived stellar properties for more than
one star, with the exception of confirmed exoplanet host
stars. We considered five main data sources:

24 http:/ /stellar.dartmouth.edu/models/index.html
25 http://keplerscience.arc.nasa.gov/

e Asteroseismology: Stellar oscillations provide ac-
curate measurements of stellar properties such
as density and surface gravity (Stello et all 2008;
Bedding 12011 Miglio et all 12012; |[Huber et all
2012;[Silva Aguirre et alll2012; [Hekker et all2013).
For cool stars with asteroseismic detections but
without published logg values, we have used the
observed frequency of maximum power (Vmax) to
estimate log g through the scaling relation vy ax
9/Ter (Brown et all [1991; [Belkacem et all 2011)),
where Tog was adopted either from photometry or
spectroscopy, as described below.

e Transits: Transiting exoplanets allow accurate
measurements of the mean stellar density if the
orbital eccentricity and impact parameter are ac-
curately known (see, e.g.,[Seager & Mallén-Ornelas
2003; Brown 2010; Winn 2010). For multi-planet
systems in particular, transit-derived stellar densi-
ties reach uncertainties comparable to asteroseis-
mology and are often preferred over constraints
on logg from spectroscopy (Lissauer et all [2013;
Jontof-Hutter et all 2013). This category also in-
cludes host stars in eclipsing double-lined spectro-
scopic binaries with dynamically measured masses
and radii, which can be combined to calculate log g.

e Spectroscopy: Modeling spectra is one of the
most traditional methods to derive Teg, logg
and [Fe/H], although some limitations of spectro-
scopic surface gravities exist (Torres et all 2012;
Huber et all [2013a). We have only adopted pub-
lished solutions based on high-resolution (R 2
20000) spectra. We note that the proper-
ties are based on different spectroscopic analysis
pipelines such as SME (Spectroscopy Made Easy,
Valenti & Piskunov[1996), SPC (Stellar Parameter
Classification,[Buchhave et, alll2012), VWA (Versa-
tile Wavelength Analysis, Bruntt et all|2010), and
ROTFIT (Frasca et all 2003), and hence are not
homogeneous.

e Photometry: Broadband photometry is a well es-
tablished method to determine temperatures (e.g.,
Casagrande et all [2010), with narrow-band filters
allowing some sensitivity to log g and [Fe/H]. This
category includes literature using revised KIC pho-
tometry, in particular the temperature scale revi-
sion by P12.

e KIC: For this category, original Kepler Input Cata-
log values have been adopted. Note that this cate-
gory is listed separately from photometry to discern
it from literature values published after the launch
of the Kepler mission.

Table[lists the adopted prioritization scheme for stars
with literature values from more than one source, and
Figure [Tl shows the main categories in a log g versus Tog
diagram.

Categories 1-2 include the “gold-standard” sample of
~250 stars for which both high-resolution spectroscopy
and either asteroseismology or transit-derived densities
are available. This combination removes degeneracies
in the spectroscopic analysis and typically leads to best
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F1G. 1.— Surface gravity versus effective temperature for the main categories of consolidated literature input for the Q1-Q16 catalog.

Colors denote the logarithmic number density of stars as given in the legend. The black dashed line shows the solar-metallicity zero-age
main sequence for Dartmouth models. Following the notation in Table[I] the panels include the following categories: 1 —5 (top left), 7— 10
(top right), 11 — 12 (bottom left) and 13 (bottom right). Note that unclassified stars (priorities 6 and 14) are not included in this figure.

possible characterization of Kepler targets (except for
bright stars with measured parallaxes).

Categories 3-6 contain stars with asteroseismic surface
gravities for which no spectroscopic effective tempera-
tures or metallicities are available. For most of these
stars, temperatures from P12 were adopted. To ensure
consistency between the P12 temperatures (which were
calibrated to [Fe/H] = —0.2) and the adopted metallic-
ities (mostly based on KIC values), we have corrected
the temperatures using Table 4 in P1226 We emphasize

26 Note that due an error in copying the table, the corrected
temperatures are cooler than when using the original P12 correc-
tions. However, the effect is only a few degrees on average and 20 K

that KIC metallicities are valid only in a statistical sense,
but are not accurate on a star-by-star basis

[2011; Bruntt et all [2011; [Dong et all[2013). Category 6
includes giant stars which were so far unclassified in the
KIC, but yielded an asteroseismic detection in this study
(see Section []).

Category 7 comprises stars characterized by high-
resolution spectroscopy only. This includes large spec-
troscopic surveys such as [Buchhave et all (2012) for F-
K dwarfs, Muirhead et all (20124) for M dwarfs, and
Uytterhoeven et all (2011) for A-F stars. Categories

8-10 include stars for which at least one property has

at maximum, and hence negligible compared to the uncertainties.
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TABLE 1
CATEGORIES OF LITERATURE INPUT

C Test logg [Fe/H] N

1 spectroscopy  asteroseismology spectroscopy 258

2 spectroscopy transits spectroscopy 20

3 spectroscopy  asteroseismology  photometry 7

4 photometry  asteroseismology  photometry 429

5 photometry  asteroseismology KIC 12488

6 unclassified  asteroseismology  unclassified 2762

7  spectroscopy spectroscopy spectroscopy 486

8 spectroscopy photometry spectroscopy 32

9  spectroscopy photometry photometry 310
10 phot./KIC phot./KIC spectroscopy 23
11  photometry photometry photometry 3904
12 photometry KIC KIC 135278
13 KIC KIC KIC 32042
14 unclassified unclassified unclassified 8429
All — — — 196468

Notes: C' indicates the priority for each category, and N denotes
the number of stars in that category.

been determined through spectroscopy, with the remain-
ing properties are constrained by photometry or the KIC.

Category 11 contains stars whose properties are solely
based on new broadband photometry. This category is
dominated by the recent revision of M-dwarf parame-
ters by [Dressing & Charbonneau (2013), and the study
of planet-candidate hosts by |Gaidos (2013).

Category 12 comprises stars with revised temperatures
from P12 combined with KIC log g and [Fe/H]. The same
Teg corrections as described for Category 5 have been
adopted. We note that this category includes nearly 70%
of the full sample.

Category 13 includes stars that only have KIC param-
eters available. Stars in this category make up roughly
15% of the target sample, and either fell outside the tem-
perature range of the P12 calibration, or were not as-
signed T values due to a lack of good 2MASS photom-
etry. To ensure consistency with the remaining sample,
KIC temperatures were corrected by interpolating the
statistical corrections in Table 8 of P12.

Finally, category 14 comprises stars that were unclas-
sified in the KIC and did not yield an asteroseismic de-
tection in this study. The characterization of unclassified
stars is described in detail in the next section.

5. UNCLASSIFIED STARS

Approximately 7% of Kepler targets do not have stel-
lar properties listed in the KIC due to the lack of data
in one or more filters. As described in |[Batalha et al.
(2010) these targets are bright stars (Kp < 14) which
were added to supplement the original exoplanet target
list. Approximately one quarter of these stars were con-
sequently dropped from the target list based on a pho-
tometric luminosity classification using Q1 observations.
In previous runs of the Kepler planet detection pipeline
(Jenkins et al/l2010b) unclassified stars were assumed to
have solar properties, while for planet-candidate catalogs
typical main-sequence values based on J — K colors were
used. In the following section we describe a first effort
for a comprehensive classification of unclassified Kepler
targets based on broadband photometry and asteroseis-
mology.

5.1. Asteroseismic Analysis and Luminosity
Classification

The first step in the classification process was to
discern dwarfs from giant stars. As described by
Batalha et all (2010) and [Huber et all (2013a), as-
teroseismology is an efficient tool to identify giant
stars using Kepler data since the oscillation ampli-
tudes are large enough to be detectable indepen-
dent of shot noise, and because oscillation timescales
are long enough to be measurable with long-cadence
data. We have analyzed Q0-14 long-cadence data
of 13420 unclassified stars using the asteroseismic
detection pipelines described by [Huber et al! (2009),
Hekker et all (2010), Mosser & Appourchaux (2009) and
Mathur et all (2010). We have used simple-aperture
photometry (SAP) data as opposed to the Pre-search
Data Conditioning (PDC) data (Smith et all [2012;
Stumpe et all 2012) in order to preserve long-periodic
oscillations typical for high-luminosity giant stars. In-
strumental trends such as inter-quarter flux discontinu-
ities and pixel-sensitivity dropouts were corrected by fit-
ting linear functions to the start and end of each sub-
set, and by applying a quadratic Savitzky-Golay filter
(Savitzky & Golay [1964) with a width of 20 days. In a
few stars, we have also applied the procedures described
in |Garcia et all (2011) to double check that features in
the light curves were not a consequence of the correction
procedures and hence verify the reliability of the seismic
solutions.

Of the 13420 stars analyzed, 3114 targets showed oscil-
lations that classified them as giants. A subset of 1760 of
these targets have been observed for more than 9 quarters
between Q1-16, with 1176 targets of this subset having
been observed continuously for the entire mission. The
new detections presented here raise the number of oscil-
lating giant stars detected by Kepler by ~ 20% over pre-
vious detections (Hekker et all [2011; [Stello et all 2013)
to a total of ~ 15500 stars. Importantly, the newly
detected oscillating giants predominantly have surface
gravities well below the red clump (log g < 2, see Section
[(3). Such stars are underrepresented in previous astero-
seismic samples and provide the opportunity to study os-
cillations in late stages of stellar evolution such as the tip
of the red giant branch and the asymptotic giant branch
(Bényai et all 2013; Mosser et al) 2013). Our analysis
also yielded 475 classical pulsators, such as ~ Doradus
and 0 Scuti stars, which were identified using the auto-
mated classification pipeline by [Debosscher et all (2011)).

Figure[2lshows a 2MASS J— H versus H — K diagrams
for the unclassified sample considered in this study. Note
that we have rejected stars without AAA-quality 2MASS
photometry from the catalog, reducing the initial sam-
ple to 11191 stars (2762 with asteroseismic detections).
Figure Zh shows the unclassified sample without astero-
seismic detections. The blue lines show near-solar metal-
licity DSEP isochrones described in Section [Bl The ob-
servations are offset from the models due to reddening
(see red arrow in Figure [2)), illustrating the importance
of extinction when deriving temperatures for unclassified
Kepler stars. Note that dwarfs and giants separate for
H—-K 2 0.1 (corresponding roughly to spectral type K5),
with cooler dwarfs retaining a roughly constant J — H
color. For hotter stars, however, the colors of dwarfs
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H-K

H-K

Fic. 2.— (a) 2MASS J — H versus H — K diagram for unclassified stars without asteroseismic detections. The blue line shows near-solar
metallicity DSEP isochrones. The red arrow shows a typical reddening vector for Ay = 0.4mag. Note that temperature decreases from
left to right and from bottom to top, with tracks for dwarfs and giant stars separating near J — H 2> 0.7 and H — K 2 0.1. The red-dashed
box marks the color range for which stars were automatically classified as giant stars independent of an asteroseismic detection. (b) Same
as left panel but for unclassified stars with an asteroseismic detection. Three examples of oscillating giants are marked, and their power

spectra are shown in Figure Bl

and giants overlap and an independent luminosity clas-
sification, e.g. from asteroseismology or spectroscopy, is
required.

Figure Bb shows the same diagram but for unclassified
stars with asteroseismic detections. As expected, aster-
oseismic detections are mainly found in cool stars in the
top right section of the plot. Three typical examples
of oscillating giants are marked, and their power spectra
showing the presence of convection-driven oscillations are
illustrated in Figure[Bl Note that as giants become cooler
and more luminous (larger J—H and H— K colors), their
oscillation periods and amplitudes increase.

Notably, there is a significant fraction of stars in Fig-
ure Zh for which an asteroseismic detection would have
been expected based on their 2MASS colors. Reasons
for an asteroseismic non-detection in giants include that
the star is too cool and too evolved, resulting in pulsa-
tion periods that are too long for an unambiguous de-
tection with 14 quarters of long-cadence data. Similarly,
many unclassified stars have not been observed for the
full mission duration, and hence the data provide lower
frequency resolution. This discussion implies that a seis-
mic detection is strong evidence that a star is a giant,
but a seismic non-detection does not necessarily imply
that a star is a dwarf. We therefore applied an addi-
tional color cut of H — K > 0.1 and J — H > 0.75 (see
red box in Figure Bh) to identify giants based on 2MASS

colors only. Using this procedure, we classify a total of
3302 giants (log g < 3.5) and 7889 subgiant or dwarf stars
(log g > 3.5) in the unclassified sample.

To test our luminosity classifications, we restricted
our sample to the same color-cut applied by [Mann et all
(2012) (Kp—J > 2, Kp < 14) and found a total fraction
of giant stars (selected using the asteroseismic classifica-
tions and 2MASS color cuts) of 90% using all stars, and
92% using only stars with a full set of Kepler data. This
compares reasonably well to the giant fraction of 96%
found by Mann et all (2012) based on photometric and
spectroscopic classifications. The remaining difference
could be due to the fact that Mann et all (2012) con-
sidered both classified and unclassified stars, or implies
that our crude 2MASS color cut to identify giant stars
is slightly too conservative. We also note that, although
all seismic detections were checked by eye, it cannot be
excluded that the unclassified seismic sample includes a
small fraction of outliers which were erroneously classi-
fied as giants (for example due to blends). Future work
including proper motion measurements will enable an im-
proved giant-dwarf discrimination for Kepler targets.

5.2. Effective Temperatures

We determined effective temperatures for unclassified
stars by comparing observed colors to theoretical val-
ues of the DSEP model grid described in Section Bl As
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Figure[2b, showing clear power excess typical for convection-driven
oscillations in giant stars. Note that more evolved giants with
cooler temperatures (larger J—H and H — K in Figure[2b) oscillate
with lower frequencies and larger amplitudes.

shown in Figure 2 interstellar extinction is significant
in this sample. To ensure consistency with the other
Kepler targets, we adopted the same reddening model
as applied in the KIC (see Section 2]). For each star, we
calculated the distance corresponding to each model J-
band absolute magnitude and the apparent J-band mag-
nitude, and determined the reddening at the distance
and galactic latitude of the star. Note that we did not
restrict reddening to a maximum value. This process was
repeated until convergence in distance was reached. We
adopted the reddening law by |Cardelli et all (1989), with
Ay /A; = 0.28. For each star, models were restricted to
a given metallicity (see next Section).

The best-fitting model was identified by finding the
closest matching model color to the observed color. Col-
ors were matched to models depending on the spectral
type of the star. Figure M shows the relation between
J— K, H— K and g — ¢ to effective temperature for
DSEP models of dwarfs (black) and giants (red). J — K
provides the best thermometer for warmer stars with
Teg > 4500 K. For cooler dwarfs, however, J— K becomes
insensitive to Teg. H — K shows some sensitivity, but only
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rive temperatures: DSEP J— K for stars with T,g 2 4500 K, DSEP
H — K and g —1 for Teg ~ 3300 — 4500 K, and Bt-Settl H — K and
g —1 for Tog < 3300 K.

2000 3000 4000

over a color span of ~ 0.1 mag, which is relatively small
compared to typical errors of 0.03 mag in 2MASS colors.
We therefore adopted a third color based on g — ¢ from
the Kepler-INT survey (Greiss et all 2012). Note that
the Kepler-INT Sloan photometry is in the Vega system,
which we converted into the AB system using the trans-
formations by |Gonzalez-Solares et all (2011). For stars
between 3300 — 4500 K, temperatures were then derived
from g — ¢ when available, and otherwise from H — K.
Finally, for the coolest dwarfs (< 3300K), we applied
average polynomial relations from BT-Settl models, as
described in Section Bl

To test the derived effective temperatures, we applied
the same procedure to a subset of stars with available
temperatures from [Dressing & Charbonneau (2013) for
dwarfs with Teg < 4500K and P12 for dwarfs with
Teg > 4500K. The result of this comparison is shown
in Figure Bh. For stars with Teg < 4500K the agree-
ment between the temperatures is excellent, implying
that Kepler-INT and KIC Sloan colors agree well for
these stars. For hotter stars the agreement is good for
Tor < 5800K, but we observe a systematic offset for
hotter stars with DSEP temperatures being hotter than
P12 temperatures. This offset is caused by the fact that
a single color (J — K, H — K, or g — i) does not contain
independent information on temperature and reddening
(or log g), which introduces a bias for hotter stars that
evolve faster off the main sequence. Closer investigation
showed that the hotter DSEP temperatures are caused
by systematically higher reddening values, which in turn



8 Huber et al.
8000 F T ' g = ' ' |
7000 F Dwarfs : ; 3 E_ (a) _E
3 E §s®
o 6000 F i 3 _ _
o 5000F ! 3 N E
O D ) 3 F =
5 o ;
e’ 4000F : E : E
i 4F E
3000F -~ i 3 3 E
3000 4000 5000 6000 7000 8000 5 _ _
Ty DSEP (K) o b : : : e
: 10g,(N) E
E b E
g ® 3
5500_ T T T /'/_ é 0.3 0.8 1.3 1.8 é
r  Giants - ] oF 3
Z 5000 . C: s
Q. [ ] w 3F o) =
- ] ° o ;
: 4500 F ] : E
© ! ] 4E-nrjk 3
z 0003 < 3 E
e [ o gsR¥®
4000F %7 . SF E
4000 4500 5000 5500 8000 7000 6000 5000 4000 3000
T, DSEP (K) Ter (K)
Fic. 5.— (a) Comparison of temperatures from F1G. 6.— (a) Surface gravity versus effective temperature for
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correspond to lower log g values. Hence, the cause of the
Teg offset are systematically underestimated log g values
derived from the DSEP models compared to the KIC,
causing a larger distance of a star at a given apparent
magnitude, and hence larger reddening and higher Teg.

To correct for this bias and ensure consistency of the
unclassified stars with the remaining sample, we apply
an ad-hoc correction for hot stars with the same form as
adopted by P12:

Teft cor = H800K + 0.6(Tesr — 5800 K) , (1)

for all stars with T > 5800 K.

Figure Bb shows a comparison of DSEP temperatures
with temperatures from P12 for a sample of giant stars.
We observe an offset of ~ 80K, which is consistent with
the offset between temperatures derived from the J — K
infrared flux method and temperatures based on Sloan
colors discussed by P12. Since the offset is generally
within the adopted uncertainties, we did not apply a sys-
tematic correction to temperatures of unclassified giant
stars.

5.3. Surface Gravities and Metallicities

The determination of surface gravities and metallicities
from broadband colors is a notoriously ill-posed problem

DSEP models with a typical solar-neighborhood metallicity. Each
model is color-coded according to the prior probability of observing
a star in this parameter space, based on a distribution of stars in
the Hipparcos catalog. Darker colors correspond to a higher prior
probability. (b) Surface gravity versus effective temperature deter-
mined for the unclassified sample. Colors denote the logarithmic
number density of stars as given in the legend.

due to strong degeneracies between fitted parameters.
Our attempts to perform direct fits of observed colors
to model colors quickly showed that many stars would
be frequently matched with physical parameters that are
unlikely to occur, such as massive subgiants in short-lived
phases of stellar evolution.

Following B11, we therefore adopted priors on both
surface gravity and metallicity. The logg prior
was constructed using stars in the Hipparcos catalog
(van Leeuwen 2007) with distances < 100pc and frac-
tional parallax uncertainties < 10%. We first calculated
a grid with a stepsize of 0.05 mag in (B—V') and 0.25 mag
in My (calculated from the parallax assuming Ay = 0)
and counted the number of Hipparcos stars in each grid
cell. For each DSEP model at a given metallicity, we then
found the grid cell containing the (B — V') color and My
magnitude of that model and assigned a prior probability
corresponding to the number density of Hipparcos stars
in that cell. Figure [Bh shows the resulting log g prior for
a typical solar neighborhood metallicity. For the [Fe/H]
prior we adopted the same analytic function as used for
the KIC, which was constructed from metallicities in the
Geneva-Copenhagen survey (Nordstrom et all2004). We
note that the priors have been purposefully chosen to be
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very similar to those adopted by B11 to minimize biases
between the unclassified stars and the remaining sample.

Incorporating these priors still resulted in distributions
of stars that were unrealistically narrow, being confined
to the peak of the prior distribution at a fixed temper-
ature. This confirmed that the adopted colors (J — K,
H — K, g — i) have little sensitivity to either logg or
[Fe/H]. To arrive at more realistic distributions, we cal-
culated for each star a one-dimensional prior probability
distribution in bins of 0.01dex in logg around a slice
of 50K centered on the T,g determined in the previous
section. We then drew a log g value from this distribu-
tion with a probability corresponding to the prior value
at a given logg. The same procedure was applied to
assign metallicities for a given star using the B11 metal-
licity prior. Note that for giant stars with asteroseis-
mic detections, surface gravities were calculated from the
measured frequency of maximum oscillation power, and
hence only metallicities were assigned in this manner.

The resulting log g versus Teg distribution of the un-
classified sample is shown in Figure[@b. By construction,
the distribution in log g closely follows the prior distribu-
tion shown in Figure[Bh. We stress that the procedure de-
scribed in the previous paragraph means that log g and/or
[Fe/H] for unclassified stars are only statistically accu-
rate, but are drawn from a prior probability on a star-by-
star basis. The properties of these stars (except tempera-
tures) are therefore not suitable for scientific analyses on
a star-by-star basis, and we strongly encourage follow-up
observations for stars of particular interest (e.g. if planet
candidates are detected). Future efforts will improve the
properties for these stars by using proper motions or ad-
ditional colors that contain independent information on
surface gravities and metallicities.

Figure[Gb also shows that there is a significant fraction
of ultra cool dwarfs in the unclassified sample, which
form a narrow band of stars with T,g < 3300 K. We recall
that this discrete distribution is caused by the fact that
we adopted typical stellar properties for ultra cool dwarfs
based on polynomial fits to BT-Sett] models (see Section
B). We note that ~ 100 of these stars were matched to
the coolest end of the BT-Settl polynomials due to very
red H — K colors (see Figure[2), and were excluded from
Figure [Bb to avoid biasing the color scale. It is likely
that a fraction of these ultra-cool dwarfs are giants, and
we emphasize that the properties for these stars should
be used with caution.

6. Q1-Q16 CATALOG
6.1. Uncertainties on Input Values

The procedures described in Sections M and [l yielded
input values for Teg, logg and [Fe/H] for a total of
196,468 stars. Prior to fitting these constraints to mod-
els, uncertainties need to be specified for each input
value. Since uncertainties quoted in the literature are
heterogeneous, we adopted typical uncertainties on each
parameter depending on the observational method with
which the parameter was derived.

Asteroseismic surface gravities have been shown to
be accurate to at least 0.03dex (Creevey et all 2013,;
Morel & Miglid 2012; [Hekker et all 2013), which we
adopted as a typical uncertainty independent of the evo-
lutionary state of the star. Transit-derived densities

TABLE 2
UNCERTAINTIES ADOPTED FOR THE INPUT PARAMETERS.

Method T4 Clogg O—[FO/H}
(%)  (dex) (dex)
Asteroseismology — 0.03 —
Transits — 0.05 —
Spectroscopy 2 0.15 0.15
Photometry 3.5 0.40 0.30
KIC 3.5 0.40 0.30

Notes: An error floor of 80 K for spectroscopy and 100 K for pho-
tometry has been adopted for effective temperatures.

have proven to be in good agreement with asteroseis-
mic densities (e.g., Nutzman et all [2011) but are based
on an implicit assumption of circular orbits, and we
hence assigned a slightly more conservative uncertainty
of 0.05dex. Typical spectroscopic uncertainties of 2% in
Ter, 0.15dex in logg, and 0.15dex in [Fe/H] are based
on the comparison of spectroscopic analyses with and
without asteroseismic constraints (Huber et alll2013a).

To estimate typical uncertainties for photometric
methods, we have compared published results for a sam-
ple with combined spectroscopic and asteroseismic con-
straints to properties given in the KIC and P12 temper-
atures. The result is shown in Figure [ The median
and scatter of the residuals are +130 + 120K for the
P12 temperatures (panel a), —130 + 140 K for KIC tem-
peratures (panel b), +0.13 £ 0.33 dex for KIC log g, and
—0.15+ 0.31 for KIC [Fe/H]. Based on these residuals
and previous estimates of uncertainties of KIC proper-
ties (e.g., Bruntt et all2011)), we assigned uncertainties
of 3.5% in Teg, 0.4dex in log g, and 0.3 dex in [Fe/H]. We
note that the P12 temperatures contain homogeneously
derived uncertainties based on the quality of the input
photometry. To preserve this information, uncertainties
were calculated by adding a 2.5% systematic error in
quadrature to the formal uncertainty given by P12. The
typical adopted uncertainties are given in Table 2l and
Table [ lists the input values with adopted uncertainties
for the whole catalog.

6.2. Isochrone Fitting and Derived Uncertainties

The input values in Table @ were fitted to the grid
of DSEP isochrones to derive radii, masses, densi-
ties and luminosities. Matching observations to stellar
isochrones is a non-trivial task, with important system-
atics such as the terminal age bias (Pont & Eyer 2004;
Jorgensen & Lindegren 12005; |Casagrande et al! 2011
Serenelli et all 2013). We adopted an approach follow-
ing [Kallinger et all (2010) and calculated for each star:

<_(Xobs - Xmodcl)Q) (2)

2
20%

L ! e

= ——ex
X V2mox P
where X = {T.q,log g, [Fe/H]} are assumed to be inde-
pendent Gaussian observables. The combined likelihood

is:
L= EchfﬁloggﬁFc/H . (3)

For each parameter, Equation [ yields a probability
distribution that was used to calculate the best-fit, me-
dian and 68% (1-o) intervals.
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The reported value for each stellar property in the cat-
alog corresponds to the best-fitting model, which was
determined by maximizing Equation @]). To specify an
error bar as a single number (as required by the Kepler
planet-detection pipeline), we reported the largest dis-
tance of the best fit to the upper or lower limit of the 1-o
interval around the median of the probability distribu-
tion. For highly asymmetric distributions this procedure
results in conservative estimates, as further discussed be-
low. We have also derived a second set of uncertainties
by calculating the largest difference of the best-fit value
to the lower or upper limit of the closest 1-o interval
around the best-fit.

Figure B shows histograms of the derived uncertainties
for Teg, logg, [Fe/H], R, M and p. As expected, the
uncertainties on Ty, log g, [Fe/H] largely follow the dis-
tribution of uncertainties adopted on the input param-
eters. Uncertainties based on the 1-o interval around
the median (dashed lines) are systematically larger than
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F1G. 8.— Histograms of uncertainties in Teg, logg, [Fe/H], R,
M and p for the full sample. Solid lines show uncertainties based
on the 1-o interval closest to the best-fit, and dashed lines show
uncertainties based on the central 1-o interval (see text). Note
that we show absolute uncertainties for Teg, log g, and [Fe/H], and
relative uncertainties for R, M and p.

estimates based on the 1-o interval around the best-fit
(solid lines) for higher input uncertainties in logg, ra-
dius and density. This is due to asymmetric probability
distributions for main-sequence stars whose initial log g
estimates were based on photometry: assuming a 0.4 dex
uncertainty, the finite extent of the isochrone grid causes
a sharp cut-off at large logg values. For smaller frac-
tional uncertainties the distributions become more sym-
metric, and the two uncertainty estimates agree better.
Temperature and mass mostly yield symmetric distribu-
tions, and so this effect does not arise. Median uncer-
tainties in radius for the full sample over both methods
span 40 — 55% in radius, and 60 — 75% in density. For
stellar mass the typical uncertainty is ~20%, confirm-
ing that mass is mainly constrained by Teg and less af-
fected by large uncertainties in log g. Based on the above
discussion, we conclude that the uncertainty estimates
based on the central 1-o interval (which were used in
the Kepler planet-detection pipeline) are probably con-
servative, especially for main-sequence stars whose input
surface gravities were based on photometry.

It is informative to analyze the relative radius uncer-
tainty as a function of effective temperature, as shown in
Figure @b (see also|Gaidos & Mann 2013). Note that we
show the uncertainties based on the 1-¢ interval around
the best-fit here, but the comparison is qualitatively sim-
ilar for the uncertainties based on the 1-¢ interval around
the median. For G-type dwarfs the median radius uncer-
tainty on photometry is 40%, increasing to higher values
for more massive dwarfs. The “band” of points with
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F1G. 9.— (a) Relative radius uncertainty as a function of effective
temperature for dwarfs (logg > 4). Colors denote the logarithmic
number density of stars as given in the legend. The dashed-dotted
and dashed boxes mark stars with surface gravities based on aster-
oseismology and spectroscopy, respectively. (b) Same as panel (a)
but for giants (logg < 3.5). Note that the majority of these stars
have asteroseismic log g measurements.

large uncertainties at Teg ~ 5000 K is due to K-dwarfs in
the “No-Man’s-Land” zone (see Section B]), which have
highly bimodal radius distributions reaching from the
main-sequence to the subgiant branch. For even cooler
stars, this subgiant degeneracy disappears, and the much
slower evolution of stars constrains the radius to typi-
cal uncertainties of 20%. We emphasize that these un-
certainties do not include potential systematic errors in
the models, which can be significant particularly for cool
dwarfs (see, e.g., Boyajian et all 2012). Dashed-dotted
and dashed boxes highlight the smaller subset of stars
with constraints from asteroseismology and spectroscopy,
respectively. As expected, the relative uncertainties are
smaller, making targets with asteroseismic measurements
the best characterized stars in the Kepler field.

Figure @b shows the relative radius uncertainty distri-
bution for giant stars. Stars with asteroseismic measure-
ments dominate this sample, with typical relative un-
certainties in radius of ~ 30%. We emphasize that such
uncertainties are atypically large since we have only used
asteroseismic constraints on log g and ignored any infor-
mation on the mean density, which is typically much bet-
ter constrained. Ongoing pI‘OJGCtS almed at combining
APOGEE H-band spectra 2011) with
seismic constraints for Kepler giants (the APOKASC
project, see Mészaros et all 12013; [Pinsonneault et all

2013) will soon provide much improved results on radii,

masses and ages of oscillating giants in the Kepler field.

6.3. Comparisons with Published Radii and Masses

We have compared our catalog results with published
radii and masses derived using different methods and
models. Figure shows a comparison for confirmed
Kepler planet host stars taken from the NASA exo-
planet archive®” (black), as well as the larger sample
of planet-candidate host stars by
(red) for stars with relative uncertainties better than
20%. In both cases the majority of the radii and masses
were derived using Yonsei-Yale (YY) evolutionary tracks
2001). Overall the residuals show an offset
of 1% with a scatter of 7% for radius and an offset of
3% with a scatter of 8% for mass. These offsets, which
are more pronounced for the sample by
(2012), are likely due to differences in the interior mod-
els and assumptions of uncertainties on the input values.
We also observe systematic differences at the low-mass
end (< 0.8Mg), resulting in “kink” with higher DSEP
masses and radii between ~ 0.6 — 0.8My, and lower
DSEP masses and radii for < 0.6Mg. This is consis-
tent with systematic differences between DSEP and YY
models due to different equations of state adopted for
low-mass stars (Dotter et alll2008). We also found some
evidence that the lower DSEP masses preferentially oc-
cur for more metal-rich stars, although the scatter in the
residuals with metallicity is large.

As an additional test we calculated radii and masses
from Teg, log g and [Fe/H] using the empirical relations
by [Torres et all (2010), which were calibrated using a
large sample of detached eclipsing binary systems. A
comparison with the radii and masses as given in the
Q1-Q16 catalog is shown in Figure[IT] for the mass range
in which the [Torres et all (2010) relations are valid. We
observe that the catalog radii and masses are system-
atically smaller by ~ 5% than the empirical values. As
noted by [Torres et all (2010), a similar offset in mass is
found when comparing emplrlcally calculated values to
isochrone values by (2005), or when
using observed values for the Sun. Importantly, the off-
set to the Q1-Q16 catalog is constant as a function of
stellar mass and radius, and is typically well within the
quoted uncertainties.

6.4. Catalog Overrides

The primary motivation for fitting Teg, logg and
[Fe/H] to a single set of isochrones was to ensure a
homogeneous treatment for all stars. However, meth-
ods such as asteroseismology provide significantly bet-
ter constraints on other stellar properties such as the
mean stellar density. Hence, restricting such additional
information can yield significantly less accurate stel-
lar radii and masses. More importantly, some of the
studies used in the consolidation of literature values
adopted the same models as in this study, hence remov-
ing the need to re-fit the parameters to ensure consis-
tency with the remaining sample. For these reasons,
we have adopted literature values for all stars with pub-
lished masses, radii and densities that are based on DSEP

models. These studies include [Dressing & Charbonneail

27 http://exoplanetarchive.ipac.caltech.edu/
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(2013) and Muirhead et al! (2012a) for M-dwarfs, and 1 5

Chaplin et all (2013H) and Huber et all (2013a) for F-G
dwarfs with asteroseismic measurements. Note that the
latter two studies used a large variety of models includ-
ing DSEP, hence providing an even more robust estimate
of the uncertainties on stellar properties.

6.5. Final Catalog Description

The complete Q1-Q16 star properties catalog is pre-
sented in Table For each star we list the best-fitting
Tetr, logg, [Fe/H], radius, mass and density, together
with the uncertainty based on the 1-¢ interval around
the best fit, as described in Section E2P®. Each entry
contains provenance flags specifying the origin of the in-
put e, logg, and [Fe/H]. The provenance consists of
a three letter abbreviation of the method used to derive
the parameter and a letter specifying the reference from

28 We note that the procedure also yielded additional parameters
(such as distances) which, however, were omitted from this catalog
due to the large uncertainties. Additional parameters for subsets of
stars are available on request, and will be added to future updates
of the catalog.

Radius from calibration (R)

Fic. 11.— (a) Stellar masses in the Q1-Q16 catalog compared
to empirical values calculated from Teg, log g and [Fe/H] using the

relations by [Torres et all (2010). The dashed line shows the 1:1

relation. (b) Same as panel (a) but for stellar radii.

which the parameter was adopted. The abbreviations
are as follows (see also Section H)):

e AST = Asteroseismology

e TRA = Transits

e SPE = Spectroscopy

e PHO = Photometry

e KIC = Kepler Input Catalog

In addition to the provenances for Teg, logg, [Fe/H],
Table [l also lists a provenance for the source of inte-
rior parameters (R, M and p). The abbreviations are as
follows:
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e DSEP = Derived from the Dartmouth Stellar Evolu-
tion Program Models

e MULT = Derived from multiple
tracks/isochrones, including DSEP

evolutionary

Note that entries specifying DSEP without a reference
number correspond to values derived with the model grid
presented in this work. Interior model flags with refer-
ence numbers correspond to entries which were replaced
by published solutions (see Section [6.4]).

The reference key is provided in Table Using the
three letter abbreviations described above and the ref-
erence number, each parameter is directly traceable to
a single reference and method, and subsets of stars can
be filtered according to individual methods or references.
For example, restricting the sample to provenances con-
taining SPE4+AST+SPE for Teg+log g+[Fe/H] will ex-
tract the “gold-standard” sample of stars with combined
asteroseismic and spectroscopic constraints.

The stellar properties presented in this paper have been
adopted in the Q1-Q16 transit detection run described in
Tenenbaum et all (2013b). We note that the uncertain-
ties adopted in that run (and hence displayed in Kepler
pipeline products such as data validation reports at the
NASA Exoplanet Archive) differ from those reported in
Table [{ for reasons described in Section We empha-
size, however, that uncertainties on stellar properties are
not currently used in the Kepler pipeline, and hence this
difference does not affect the results displayed in the data
validation reports. We also note that targets that have
only been observed in Q0 (commissioning) are not ana-
lyzed in the transit detection run, and hence have also
not been included in this catalog. Additionally, ~ 2000
stars which are unclassified in the KIC and do not have
AAA-quality 2MASS photometry remain unclassified in
this work, and hence have not been included in the cat-
alog (see Section [).

7. COMPARISON TO PREVIOUS CATALOGS

Systematic revisions of stellar properties for Kepler
targets have previously been performed for the Q1-Q6
planet-candidate catalog (Batalha et all [2013). Follow-
ing a similar methodology as to this work, constraints
from spectroscopic follow-up observations and the KIC
were fitted to YY models to reduce well-known biases
that are present in the KIC. The procedure was subse-
quently extended to a larger sample of Kepler targets
and the revised properties were adopted for the Kepler
planet-detection runs producing the Q1-Q8 (Burke et al.
2013) and Q1-Q12 (Tenenbaum et all2013a; Rowe et all
2013) planet-candidate catalogs.

Figure compares radii as a function of effective
temperature for the Kepler target sample as derived in
this work to the catalog used for the Q1-Q12 planet
detection run. Note that we compare stellar radii be-
cause this is the most important property in the context
of exoplanet transits. The Q1-Q12 sample consists of
three categories: P12 temperatures for a fixed metallic-
ity ([Fe/H] = —0.2) which were combined with KIC log ¢
values and fitted to YY tracks (marked with the prove-
nance “Pinsonneault”, 80% of the sample), original KIC
values (marked with the provenance “KIC”, 13% of the
sample) and unclassified stars which were assumed to
have solar values (marked with the provenance “Solar”,

7% of the sample). Note that the latter category was
excluded from Figure 2] to avoid biasing the color scale.

Inspection of Figure shows several important dif-
ferences between the two catalogs. First, cool M-
dwarfs now extend to much lower temperatures and
radii due to the improved coverage of DSEP compared
to YY models and the KIC in this parameter regime
(Dressing & Charbonneau2013). Second, K-dwarfs with
KIC radii ~ 1Rg as well as G-dwarfs with KIC radii
~ 0.5Rg (“No-Man’s-Land” stars) are now forced to
models compatible with 0.25-15 Gyr isochrones, result-
ing in smaller radii for the former and larger radii for
the latter. For K-dwarfs this results in a sharp bound-
ary corresponding to the oldest isochrone for cool stars.
Third, the upper red giant branch in the Q1-Q16 cata-
log is now more populated, with stars reaching up to and
beyond 100Rs5. The majority of these were unclassified
stars which have now been identified as luminous giants.

Figure shows the ratio between radii presented in
this catalog and those in the Q1-Q12 catalog as a func-
tion of temperature. The median ratio for F—G stars is
close to one with a scatter of about 10%. This scatter is
mostly due to the constant metallicity of [Fe/H] = —0.2
assumed in the Q1-Q12 catalog, whereas for the Q1-Q16
catalog we adopted a metallicity distribution. For cer-
tain temperature ranges, large differences in radius can
be observed. First, the two “bands” of stars with radii
up to a factor two or more larger than in the previous
catalog are due to unclassified stars that were previously
assumed to have solar properties, but have now been
classified either as giants (Teg ~ 5000 K) or stars evolved
off the main-sequence (Teg ~ 6000 K). Second, K-dwarfs
(~ 4000 — 5000K) which were peviously fitted to YY
isochrones in the Q1-Q12 catalog now have radii that
are up to ~ 10% larger due to model-dependent differ-
ences between YY and DSEP models (see Section [6.3]).
Third, a large fraction of M-dwarfs (< 4000 K) have radii
that are smaller than in the Q1-Q12 catalog. These are
predominantly stars for which radii were adopted from
the original KIC, and have now been revised with models
more appropriate for cool dwarfs. Remarkably, for the
coolest dwarfs the updated radii are up to 90% smaller
than those used in the Q1-Q12 catalog.

We emphasize that the large changes in the radii of
some Kepler targets will have a significant influence on
the inferred radii of planet candidates (particularly if the
host stars were previously unclassified), as well as esti-
mates of planet-occurrence rates. The stellar radii pre-
sented here should allow an improved identification of
false-positive planet candidates, as well as the identifi-
cation of interesting candidates orbiting in or near the
habitable zones of their host stars.

8. CATALOG SHORTCOMINGS

The methodology in this work inevitably results in a
number of shortcomings that need to be considered when
using this catalog.

8.1. General Considerations
The general trends and biases in the sample can be
summarized as follows:

e For ~70% of all stars the input log g and [Fe/H]
values are still based on the KIC, and hence any
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F1c. 12.— Radius versus temperature for the Kepler target sample in the Q1-Q12 star properties catalog (top panel) and the catalog
presented here (bottom panel). Colors denote the logarithmic number density of stars as given in the legend.

biases in these values (for example potential sys-
tematic overestimates of logg for G-type dwarfs,
see [Verner et al! 2011; [Everett et al. [2013) will be
incorporated into the Q1-Q16 catalog.

The catalog is based on literature values from a
variety of techniques, and hence incorporates sys-
tematic offsets between these different methods.
For example, spectroscopic temperatures are well
known to be systematically offset from photomet-
ric temperatures (see Figure [7]).

Surface gravities and metallicities for dwarfs and
metallicities for giants that are unclassified in the
KIC are valid in a statistical sense only, but are

not accurate on a star-to-star basis. Follow-up ob-
servations of these stars are highly recommended
if they are studied individually, for example if a
planet-candidate is detected. Stellar properties of
ultra cool dwarfs that were previously unclassified
in the KIC should also be treated with caution.

The adopted isochrone grid does not include He-
core burning models for low-mass stars, and hence
radii, masses and densities for red giant stars are
systematically biased as they are more frequently
matched to higher-mass models which include He-
core burning models. To derive realistic radii and
masses for red giants, it is highly recommended to
repeat the isochrone or evolutionary track fits using
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grids which include Helium-core burning models.

e Uncertainties on stellar properties adopted in the
gﬁm planet detection run (Tenenbaum et all
) are conservative estimates and may be over-
estimated for cases with very asymmetric probabil-
ity distributions. This particularly applies to F-K
dwarfs. The uncertainties presented in this paper

provides improved estimates which should be un-
affected by these biases.

e The isochrone fitting method adopted in this study
ignores priors on stellar evolution such as an initial
mass function. Potential biases introduced by e.g.
different evolutionary speeds of stars and different
densities of models in certain parameter ranges are
not yet considered.

8.2. “No-Man’s-Land” Stars
In their revision of properties of Kepler planet-

candidate host stars, Batalha et all (2013) identified two
groups of stars with KIC surface gravities and temper-
atures that were incompatible with isochrones. These
two groups, namely G-type dwarfs with logg ~ 5 and
K-dwarfs with Teg ~ 5000K and logg ~ 4.1, were sub-
sequently matched to the closest YY isochrone. Lacking
any further observational information, the fitting proce-
dure in this work results in a similar classification of these
“No-Man’s-Land” stars.

To test the accuracy of this procedure, we selected
stars in the KIC that are either cooler than a 14 Gyr
isochrone with [Fe/H] = +0.5dex, or have a logg that
is higher than the highest logg of a 1-Gyr isochrone
with [Fe/H] = —2.09dex. Isochrones for this selection
were taken from the BaSTI grid (Pietrinferni et alll2004).
While these age and metallicity cuts are somewhat ar-
bitrary, they do not affect the general conclusions pre-
sented in this section. The selected sample was then
cross-matched to the SEGUE catalog of spectroscopic
classifications (Yanny et all[2009), yielding an overlap of
140 stars (the total overlap between the KIC and SEGUE
includes ~2220 stars). The comparison of temperatures
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sample of KIC stars in the “No-Man’s-Land” zone (black trian-
gles). Solid and dashed lines show 14 Gyr and 1 Gyr isochrones
for two extreme metallicity ranges taken from the BaSTI grid

(Pietrinferni et all [2004), which were used to select the sample.
Red circles show the position of the same sample as determined
from medium-resolution SEGUE spectra. Red lines connect the
KIC and SEGUE values for each individual star.

and surface gravities for this sample is shown in Fig-
ure[Tdl As expected, stars generally move away from the
“No-Man’s-Land”, with most high-gravity G-type dwarfs
moving closer to the main-sequence. For the cool “No-
Man’s-Land” sample, stars move in roughly equal num-
bers towards the main-sequence or the subgiant branch.
Notably, some of the stars are identified as giants in the
SEGUE classification. Additionally, a considerable num-
ber of SEGUE classifications remain in the “No-Man’s-
Land” zone. Such targets may correspond to stars with
unusual properties or rare evolutionary stages, such as
merger products, unresolved binary stars, pre-main se-
quence stars, or cases in which the medium-resolution
SEGUE spectra (R ~ 2000) did not yield a reliable clas-
sification.

While the comparison shows that moving stars to the
nearest isochrone qualitatively yields improved stellar
properties, it is clear from Figure [[4] that for some stars
such a procedure can in fact yield worse stellar proper-
ties than initially given in the KIC. We stress that stellar
radii for some of these targets may be considerably over-
or underestimated.

9. CONCLUSIONS AND FUTURE PROSPECTS

We have presented revised stellar properties for 196,468
stars observed by the NASA Kepler mission. The main
objective of the catalog was to consolidate the large
amount of stellar characterization work that has been
published since the launch of Kepler based on different
observation techniques such as asteroseismology, spec-
troscopy, photometry and exoplanet transits. Addition-
ally, we estimated the parameters of stars previously un-
classified in the KIC, including 2726 new oscillating red
giant stars. The two samples were then combined and
homogeneously fitted to a dense grid of isochrones to de-
rive improved estimates (including uncertainties) of radii,
masses and densities for Kepler target stars. The revised
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radii and temperatures in the catalog should allow an im-
proved identification of false-positive planet candidates
and planet candidates orbiting in or near the habitable
zones of their host stars. We emphasize that the present
catalog still includes a number of important caveats, as
summarized in Section [8

Ideally, a star properties catalog of Kepler targets
should provide the most accurate stellar properties on
a star-by-star basis, while at the same time being as ho-
mogeneous as possible. The present catalog is somewhat
of a compromise between accuracy and homogeneity: on
one hand, using literature values should provide the best
possible properties for a given star, while fitting Teg,
log g and [Fe/H] to a single large grid of isochrones tech-
nically ensures that the whole sample is internally self-
consistent. On the other hand, combining different ob-
servational techniques inevitably introduces systematic
effects that are incorporated into the catalog, and are
nearly impossible to quantify a-posteriori. Compared to
the KIC the Q1-Q16 catalog is significantly more het-
erogenous, which should be kept in mind for studies vul-
nerable to biases such as planet occurrence rates. How-
ever, given the known biases towards unphysical stellar
properties in the KIC, especially for late-type dwarfs,
the approach for the Q1-Q16 catalog will likely still be
an improvement despite the fact that some of the input
sources are not homogeneous.

Several promising prospects exist to improve further
on the current catalog. First, it will be essential to pro-
vide star properties that are independent of KIC-derived
properties by going back to fitting actual broadband col-
ors to models. As partially shown for the unclassified
stars in this study (see Section 5), the newly available
Kepler-INT photometry, which covers nearly 98% of all
Kepler targets, holds great promise to complement the
available KIC griz colors. In particular, the availability
of U and z band photometry, which is mostly incomplete
in the KIC, will be essential for improved constraints on
reddening, surface gravity and metallicity.

Improved reddening models will also be essential to de-
rive accurate properties based on broadband photometry.
The APOKASC collaboration (Pinsonneault et alll2013)
has collected H-band spectra for thousands of oscillating
red giants, which can be combined to derive reddening-
independent estimates of Tog, logg and [Fe/H]. Given
the large number of oscillating red giants spread across
the Kepler field, this should in principle allow the con-
struction of an empirical reddening map. Furthermore,
independent reddening estimates can be derived using
WISE near-infrared photometry (Wright et all 2010).
Large-scale spectroscopic surveys such as APOGEE will
also allow measurements of the metallicity distribution
of stars in the Kepler field, which may be significantly
different than the solar neighborhood.

Asteroseismology of yet unidentified red giants using
long-cadence data will continue to play a major role for
characterizing Kepler targets. In particular, a complete
census of all giants observed by Kepler based on aster-
oseismology will be of prime importance, for example
by verifying the evolutionary state of all cool stars that
were classified as dwarfs in the KIC. Additionally, Fig-
ure [Il shows that a significant number of stars with KIC
log g < 3.5 are not yet included in the asteroseismic sam-

ple, potentially indicating a significant fraction of mis-
classified giant stars in the KIC that are subgiants or
dwarf stars.

One of the most important aspects for future cata-
logs will be the availability of a control sample of stars
with well-determined properties. Such a control sample
will include stars with asteroseismic properties, as well as
the large number of Kepler Objects of Interest with spec-
troscopic follow-up observations obtained by the Kepler
Community Follow-Up Program. A particularly promis-
ing new technique is the determination of empirical sur-
face gravities from the measurement of granulation power
on time scales accessible with Kepler long-cadence data
(Mathur et all2011; Bastien et all2013). This new tech-
nique has great potential for measuring accurate surface
gravities for a large number of stars, especially if the
calibration can be extended to a larger parameter space
than currently available. Based on this potentially large
and diverse control sample, homogenous transformations
from broadband colors to stellar properties for the full
sample of Kepler targets can be calibrated, resulting in
a catalog which is both accurate and homogeneous.

While the Kepler mission has been a spectacular suc-
cess for the detection of exoplanets and stellar astro-
physics in general, our understanding of the underlying
stellar population of the target sample is still limited.
Using new and improved techniques and follow-up ob-
servations, a major future goal will be to improve the
characterization of all Kepler targets to maximize the
science output both for galactic stellar population stud-
ies and for studies of exoplanet occurrence rates and pop-
ulations.
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* Includes references to the following published seismic solutions:

Revised Stellar Properties of Kepler Targets

TABLE 3
REFERENCE KEY
Key Reference Methods

0  Brown et al. (2011) Photometry

1 Pinsonneault et al. (2012) Photometry

2 Dressing & Charbonneau (2013) Photometry

3 Buchhave et al. (2012) Spectroscopy

4 Uytterhoeven et al. (2011) Spectroscopy

5 Muirhead et al. (2012a) Spectroscopy

6 Bruntt et al. (2012) Spectroscopy / Asteroseismology

7 Thygesen et al. (2012) Spectroscopy / Asteroseismology
8 Huber et al. (2013a)" Spectroscopy / Asteroseismology
9 Stello et al. (2013) Asteroseismology

10  Chaplin et al. (2013b) Asteroseismology

11 Huber et al. (2011) Asteroseismology

12 Petigura et al. (2013a) Spectroscopy

13 Molenda-Zakowicz et al. (2013)  Spectroscopy

14  Mann et al. (2012) Spectroscopy

15  Mann et al. (2013) Spectroscopy

16  Gaidos (2013) Photometry

17 Martin et al. (2013) Spectroscopy

18  Batalha et al. (2013) Spectroscopy/Transits

19  White et al. (2013) Spectroscopy / Asteroseismology
20  Bakos et al. (2010) Spectroscopy /Transits/EBs
21  Koch et al. (2010a) Spectroscopy / Transits/EBs
22 Dunham et al. (2010) Spectroscopy /Transits/EBs
23 Jenkins et al. (2010a) Spectroscopy /Transits/EBs
24  Holman et al. (2010) Spectroscopy /Transits/EBs
25  Lissauer et al. (2013) Spectroscopy / Transits/EBs
26  Fortney et al. (2011) Spectroscopy/Transits/EBs
27  Endl et al. (2011) Spectroscopy/Transits/EBs
28  Doyle et al. (2011) Spectroscopy/Transits/EBs
29  Désert et al. (2011) Spectroscopy/Transits/EBs
30  Cochran et al. (2011) Spectroscopy/Transits/EBs
31 Ballard et al. (2011) Spectroscopy/Transits/EBs
32 Fressin et al. (2012) Spectroscopy/Transits/EBs
33  Steffen et al. (2012) Spectroscopy / Transits/EBs
34  Fabrycky et al. (2012) Spectroscopy /Transits/EBs
35  Lissauer et al. (2012) Spectroscopy /Transits/EBs
36  Welsh et al. (2012) Spectroscopy /Transits/EBs
37  Orosz et al. (2012a) Spectroscopy / Transits/EBs
38  Bouchy et al. (2011) Spectroscopy /Transits/EBs
39  Santerne et al. (2011b) Spectroscopy / Transits/EBs
40  Santerne et al. (2011a) Spectroscopy/Transits/EBs
41  Muirhead et al. (2012b) Spectroscopy/Transits/EBs
42  Bonomo et al. (2012) Spectroscopy/Transits/EBs
43 Johnson et al. (2012) Spectroscopy/Transits/EBs
44  Nesvorny et al. (2012) Spectroscopy/Transits/EBs
45  Orosz et al. (2012b) Spectroscopy/Transits/EBs
46  Ballard et al. (2013) Spectroscopy/Transits/EBs
47  Meibom et al. (2013) Spectroscopy / Transits/EBs
48  Barclay et al. (2013b) Spectroscopy / Transits/EBs
49  Charpinet et al. (2011) Spectroscopy / Transits/EBs
50  Howell et al. (2010) Spectroscopy / Transits/EBs
51  Hébrard et al. (2013) Spectroscopy / Transits/EBs
52  Faigler et al. (2013) Spectroscopy /Transits/EBs
53  Sanchis-Ojeda et al. (2013) Spectroscopy / Transits/EBs
54 This work Photometry/Asteroseismology

;[Chaplin_et_all (2013a

(2013H).

);[Borucki et all (2012);

(2012); [Christensen-Dalsgaard et_all
(20133); Gillilanl et all (2013); Carter ot all (2013);
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(2010); Batalha cf all
[Howell'ef all (2012);
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Note that all uncertainties were assigned typical fractional or absolute values for a given method, as listed in Table

Huber et al.

TABLE 4
CONSOLIDATED INPUT VALUES FROM THE LITERATURE

KIC Teﬁ' logg [Fe/H} PTeH Plogg P[FC H}
757076 5164 154 3.601 +£0.400 —0.083+0.300 PHO1  KICO KICO
757099 5521 £168 3.817+0.400 —0.208 £0.300 PHO1  KICO KICO
757137 4751+ 139 2.378 £0.030 —0.079+0.300 PHO1  AST9 KICO
757280 6543 £188 4.08240.400 —0.2314+0.300 PHO1  KICO KICO
757450 5330 £ 106 4.500 £0.050 —0.0704+0.150 SPE51 TRAS51 SPE51
891901 6325+ 186 4.41140.400 —0.084+0.300 PHO1  KICO KICO
891916 5602 165 4.5914+0.400 —0.580+0.300 PHO1  KICO KICO
892010 4834+ 151 2.1634+0.030 0.207£0.300 PHO1  AST9 KICO
892107 5086 & 161 3.3554+0.400 —0.085+0.300 PHO1  KICO KICO
892195 5521 £184 3.9724+0.400 —0.054+0.300 PHO1  KICO KICO
1429653 6636 225 4.6224+0.400 0.239+0.300 PHO1  KICO KICO
1429729 3903 £76  4.7354+0.070 —0.2004+0.200 PHO2 PHO2 PHO2
1429751 6000 185 4.4204+0.400 —0.0124+0.300 PHO1  KICO KICO
1429795 5772 +£164 4.5044+0.400 —0.1044+0.300 PHO1  KICO KICO
1429893 5068 =143 4.583+0.400 —0.071+0.300 PHO1  KICO KICO
1429921 4356 & 125 4.7234+0.400 —0.25440.300 PHO1  KICO KICO
1429977 5155 £ 180 4.3334+0.400 —0.46540.300 KICO KICO KICO
1430118 5070 &£ 155 3.12440.030 —0.137+0.300 PHO1  AST9 KICO
1430163 6520 £84  4.221+£0.014 —0.1104+0.090 SPE6 AST10 SPE6
1430171 4771 £166 4.55940.400 —0.063 +0.300 KICO KICO KICO

Provenance

abbreviations: KIC = Kepler Input Catalog, PHO = Photometry, SPE = Spectroscopy, AST = Asteroseismology, TRA = Transits. The
number at the end of each provenance denotes the reference key, as given in Table Bl Only a portion of this table is shown here to
demonstrate its form and content.

TABLE 5
Q1-Q16 STAR PROPERTIES CATALOG

KIC Stellar Properties Provenances
Tegt log g [Fe/H] R(Ro) M(Me) p (gem™3) Prig  Plogg Plre/n]  Pamrop
757076 | 51607158 3.580703507 —0.10070350  3.137155  1.36707%2 0.0670° 04 PHOl KICO  KICO DSEP
+183 +0.501 +0.340 +1.10 +0.33 +0.83
757099 55197 108 3.822;8%8 —0220%g550  211%10;  LOSTY, 016705 PHO1 KICO  KICO  DSEP
. . el 1o . i3}
757137 4706730, 23747000 —0.1007p5  1545T50e0 2067, 03 0.00079;(()19(())014L PHO1 AST9  KICO  DSEP
fals] . . . . 0
757280 65437500 408270500 —02407p50  LG4TeAs  L18Teun 0.3870 5 PHO1 KICO  KICO  DSEP
. . Vo . .
757450 5332007 45007000 —0.0807p50 08437000 0821700 1937 ae SPE51 TRA51 SPE51  DSEP
bl . D . . . .
BOL901 | 6324774 4356700 —0.1007g500  L15TeR  LOSTERY LoLT PHO1 KICO  KICO  DSEP
BOL916 | 56027 g 4.587;8%%% —0580%5 555 0.74 7550 0'7718:88 2687450 PHO1 KICO  KICO  DSEP
802010 | 472973, 21687000 007070 e 26.007500 8657505 0.00029 o) PHO1 AST9  KICO  DSEP
892107 | 50807,55  3.3547030  —0.080T050  4.207307 152700 0.02710:017 | PHO1  KICO  KICO  DSEP
892195 | 55221129  3.98470350  —0.06070550  1.67709f  0.9870%0 0.307555 PHO1 KICO  KICO DSEP
oy o174 1 +0.069 0+0.150 50.76 24 0.22 510.32 - e e o
1429653 6622137164 4'33118'8%8 0'2101%4;580 1'3218'%%0 1'3718'3% 0.8318' 2 PHOl KICO  KICO  DSEP
. . . . L0
1429729 3903;16% 4 73518'8?8 _0'20018'%88 0'523;8'250 0'54118'86’0 5'3318'28 PHO2 PHO2 PHO2  DSEP2
bsl . . P 29] . .
1429751 60001%% 4 41518'823 _0'02018'%88 1'05;855 1'0418' 2 12718'%% PHOl KICO  KICO  DSEP
bl . 19} . . . .
1429795 57681%% 4 50118'8§§ _0'10018%38 0'9118'93 0'9518' 10 1.801(1)' 1 PHOl KICO  KICO  DSEP
bol . 1o} . . . P19}
1420893 | 5066150 4.578%01000  —0.080%056  0.7550 06 0.785 000 2.58 7012 PHOl KICO  KICO  DSEP
1429921 | 43581157 4.673T0 027 —0.26010520  0.606T0 00 0.62970-058 3.987022 PHOl KICO  KICO  DSEP
1429977 5166%33 4 554?8)1%% —0.440$§1§§§ 0.73%5% 0'69%@% 2 521%;%%39 KICO KICO  KICO DSEP
. . el . .
1430118 | 5094752, 3.12670 020  —0.100702%0  6.25F0%r  1.9070-2°  0.0110700%%9 | PHO1  AST9  KICO  DSEP
1430163 | 6520757 42217005 —0.110%0000 14800050 1340707060 0.57750000 SPE6 AST10 SPE6  MULTI0
1430171 | 47717382 456670030 —0.06010 5%  0.72970-067  0.71475-0%% 2.6075-50 KICO KICO  KICO DSEP

Reported are for each parameter the best-fitting value and the lower and upper limit of the 68% interval closest to the best-fit; Provenance
abbreviations: KIC = Kepler Input Catalog, PHO = Photometry, SPE = Spectroscopy, AST = Asteroseismology, TRA = Transits, DSEP
= Based on Dartmouth models, MULT = Based on multiple models (including DSEP). The number at the end of each provenance denotes
the reference key, as given in Table[Bl Only a portion of this table is shown here to demonstrate its form and content. An electronic version
of this table is available at the NASA Exoplanet Archive (http://exoplanetarchive.ipac.caltech.edu/).
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