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ABSTRACT

Interferometric radius measurements provide a direct @uftthe fundamental parameters of M dwarfs.
However, interferometry is within reach for only a limitedsple of nearby, bright stars. We use
interferometrically-measured radii, bolometric lumiii@s, and effective temperatures to develop new em-
pirical calibrations based on low-resolution, near-irdchspectra. We find thdi-band Mg and Al spectral
features are good tracers of stellar properties, and dinaions that relate effective temperature, radius and
log luminosity to these features. The standard deviatiotise residuals of our best fits are, respectivebk,
0.027Rs, and0.049 dex (an11% error on luminosity). Our calibrations are valid from midt¢&Kmid-M dwarf
stars, roughly corresponding to temperatures betvdéé6 and4800K. We apply ourH-band calibrations to
M dwarfs targeted by the MEarth transiting planet survey tnthe coolKepler Objects of Interest (KOIs).
We present spectral measurements and estimated stelangiars for these stars. Parallaxes are also available
for many of the MEarth targets, allowing us to independevalidate our calibrations by demonstrating a clear
relationship between our inferred parameters and the slasslute X’ magnitudes. We identify objects with
maghnitudes too bright for their inferred luminosities asdidate multiple systems. We also use our estimated
luminosities to address the applicability of near-infchneetallicity calibrations to mid and late M dwarfs. The
temperatures we infer for the KOIs agree remarkably welhwhibse from the literature; however, our stellar
radii are systematically larger than those presented wiquis works that derive radii from model isochrones.
This results in a mean planet radius that i§% larger than one would infer using the stellar propertiesifro
recent catalogs. Our results confirm the derived param&tarsprevious in-depth studies of KOIs 96K&t
pler-42), 254 Kepler-45), and 571 Kepler-186), the latter of which hosts a rocky planet orbiting sstar’'s
habitable zone.

Subject headings: stars: fundamental parameters, stars: late type, plarstatems

1. INTRODUCTION
The characterization of planets is often limited by our

other technique that can be used is the infrared flux method

IRFM; Blackwell & Shallis [19717;| Blackwell et all_19[79,

arxiv:1412.2758v2 [astro-ph.SR] 22 Jan 2015

knowledge of the stars they orbit. Stellar characterizatio
is not yet as reliable for cooler dwarfs as it is for F, G
and K dwarfs, for which fundamental stellar parameters can

be determined with reasonable precision and accuracy (e.g¢

Valenti & Fischel 2005). The interpretation of observalibes
cooler dwarfs is complicated by uncertain sources of opac-
ity and the appearance of complex molecules in their atmo-

spheres, and by discrepancies between their observed an

theoretical properties. For this reason, empirical catibns
remain an important component of our understanding of M
dwarfs.

Empirically-derived relations between basic stellar para

which was extended to M dwarfs/by Casagrande et al.
dm%). The IRFM uses the ratio of infrared to bolometric flux
and a grid of stellar models to determine the effective tampe
ature () and bolometric flux £,,)) of a star.

Planet surveys have driven many authors to investigate
methods to estimate the stellar parameters of cool dwarfs
without parallaxes, which are predominantly based on §ttin
gbservations to grids of stellar models. This has provee par
ticularly fruitful for M dwarfs targeted by th&epler survey,
some of which host confirmed or candidate planets — includ-
ing several likely to be Earth-sized and in their stars’ hab-

itable zone. | Dressin harbonneau (2013) matched ob-
served colors to Dartmouth stellar isochro es (Dotterlet al

eters provide the basis for determining the physical proper {Feiden et 4L, 201.1), Mann 2012) And Mannlet al.

ties of field M dwarfs. For stars with parallaxes, masses ca
be estimated using the mass to absolistdband magnitude

relation of| Delfosse et all (2000), and radii can then be cal-

culated using a mass-radius relation (€.9.. Bayless & O rosz2"

[2006;/ Boyajian et al. 2012). The mass-magnitude and mass*
radius relations are determined from double-lined edligsi
binaries and have precisions of abd%. [Johnson et al.
(2012) circumvented the lack of a distance #apler Ob-
ject of Interest (KOI) 254 by constraining the mass and ra-
dius of this star using four separate empirical relatiopsbie-
tween photometric quantities, mass, radius, gfegdH]. An-
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M) matched optical spectra to “synthetic BT-Settl and
PHOENIX spectra, respectively. Muirhead et al. (2012a)
nd Muirhead et al[ (2014) used moderate resolufiehand
spectra to determiné.g and metallicity for103 cool KOls,
which they interpolated onto Dartmouth isochrones to infer
the stars’ radii.

The methods described above rely on relationships derived
from binary stars or on matching observed properties te stel
lar models. While there is reasonable agreement between
predicted and observed masses and radii (or luminosities),
the observed radii of M dwarfs at a givélg are larger
than expected from models. This was first noted for binary
stars (e.gl_Popger 1997; Torres & Rihas 2002; Berger et al.
12006; [ Lopez Morales 2007; Chabrier etial. 2007), but has
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been demonstrated in stars with interferometric radii mea- In this paper, we present purely empirical relations be-
surements (e.q. Berger eilal. 2006; Boyajian &t al. 2012). Ad tween the EWs of NIR features and a cool dwaif'g, ra-
ditionally, if magnetic activity is responsible for the iafed dius, and luminosity. These calibrations are based on what
radii, as discussed in_Lopez Morales & Ribas (2005), Ribaswe refer to as the interferometric sample: the set of stars
(2006),/ Lopez Morales (2007), and Chabrier etlal. (2007), awith interferometrically-measured angular diameters famd
mass-radiugctivity relationship would be required to ac- which bolometric fluxes and distances have been measured,
curately determine the radii of field dwarfs. On the theo- thereby allowing their effective temperatures and lumiiies
retical side, synthetic spectra — though they have been im-to be determined. We discuss our observations and measure-
proved significantly over the last two decades — suffer from mentsing2. In §3, we discuss the behavior &f-band spectral
incomplete line lists for the molecules that blanket thecspe features and present our new calibrations, including giscu
tra, particularly for TiO, VO, metal hydrides, and water va- sion of systematic errors. We then apply our calibrations to
por (e.g/ Valenti et al. 1998; Allard etlal. 2000; Leggettleta MEarth M dwarfs in§4 and consider the behavior of inferred
[2000;[Bean et al. 200&nehag et al. 2012; Rajpurohit et al. stellar parameters with absoluié magnitude. We also ad-
[2013). dress the applicability of NIR metallicity calibrationsofn

The use of proxies — stars with directly measured parame/Mann et al. ((2013a),_Newton etlal. (2014), gnd Mann kt al.
ters that are similar to the star of interest — enable to param (2014) to mid and late M dwarfs. We consider the cool KOls
eters of a field dwarf to be inferred with limited reliance on in §5, and compare our stellar and planetary parameters to
stellar modeld, Muirhead etlal. (2012b) used Barnard'stetar  those derived using other techniques. §B) we summarize
anchor stellar models to direct measurements and infemeed t our findings.
properties of a similar M dwarf, KOl 96Kepler-42. Building
on the method used by Muirhead et al. (2012b), Ballardlet al. 2. OBSERVATIONS AND MEASUREMENTS
) ltjrsled tfollur stars th_th men;eroGniet'rAlc Eja!d" as r:jrebme Our observations and data reduction were carried out as dis-
0 Inter the Stellar properties Glepier-ol. AS dISCUSSEd DY — cyssed in Newton et al. (2014), which we summarize briefly
Ballard et al. [((2013), the use of proxies fills a particularly nere. We used the SpeX instrument on IRTF with(tte< 15"
crucial niche: while the temperature-sensitive index used it yielding spectra from.8 — 2.4um with R = 2000. Four
Muirhead et al.[(20123,b, 2014) saturafes > 3800K, the  gpservations were acquired of each object, with two observa
Kepler sample is rich in planets orbiting early M and late jons at each of two nod positions. Telluric standards were
K dwarfs. [Ballard et &l.[(2013) did not use models in their opserved directly before or after observations of the fater

derivation of stellar parameters, instead directly ush®gib-  ometry stars used in this work. Flats (using an internaliguar
terferometric radii. However, their method assumes that th lamp) and wavelength calibrations (using internal Thorum

properties ofkepler-61 match those of stars with the same argon lamps) were taken throughout the night, at roughly one
spectral type, and M dwarf spectral types represent a coarsg,qr intervals or after large slews.

binning in stellar properties. It has also been shown that la We reduced our data usin§pext ool (Cushingetadl.
type dwarfs may have different spectral types in the optical3604) and usedt el | cor to perform telluric corrections
and infrared (e.g. Rojas-Ayala etlal. 2012; Pecaut & Mamajek (yacca et al 2003). We determined absolute radial veliti
2013]N ; 4). . .. using the method described.in Newton €tlal. (2014), using tel
The idea of proxies naturally extends to the identification |yic features to provide an absolute wavelength calibrati

of empirical tracers of stellar parameters, and the develop \we then shifted the spectra to rest wavelengths.

ment of such tracers is the motivation for this work. We 1o measure EWs, we defined a wavelength range for the
develop methods to estimate stellar temperatures, radii, @ feature and nearby continuum regions on either side. We over
luminosities that do not require parallaxes or stellar nde  sampled the data and numerically integrated the flux within
that are precise, accurate and extensible, and that can-be agne feature. We estimated errors on the radial velocitiels an
plied to the large body of moderate-resolution near-igflar  equivalent widths by creating 50 realizations of our da; t
(NIR) spectra presently available. This idea was also uged b jnq into account correlated noise for the high S/N obseovati
Mann et al.(2013b), who used the sample of stars with inter- ot the interferometry and MEarth samples. We measured the
ferometric measurements to derive index-based calibvatio E\ys of 26 spectral features and 13 spectral indices in the NIR
for To in the visible,J, H, and K bands (although they use primarily the same lines as examined by Newton &f al. (2014).
model-fitting for the stellar parameters reported theredyr Our H-band features are included in Table 1. We measure the
approach is also based on spectra of the interferometrie SaMemperature-sensitive indices usel in Mann bt al. (2013b) a

ple but differs from their work in several ways. We utilize ihe H,0-K2 index [Rojas-Ayala et al. 2012). Wavelengths
the NIR, which is not as strongly blanketed as the optical by 5,¢ given in vacuum.

molecular bands that are often sensitive to metallicitgtédad
of spectral indices, we use equivalent widths (EWs), whizh d . .
not I?equire flux-calibrated sp?ectra and are Ieés ser)lsdiiiret 2.1. Sarswith interferometric measurements
strument characterization and atmospheric dispersione Du Our calibration sample comprises 25 stars with
to ongoing discussions in the literature on measurements ofinterferometrically-measured radii. We _preferentially
T., we opt to directly calibrate relations ft, radius, and  use the interferometric measurements from_Boyajianlet al.
luminosity, rather than inferring one property and using ad (2012) and incorporate the measurements they collecte fro
ditional relations to determine the others. Finally, weénav the literature. Where more than one such literature measure
the benefit of three new interferometric measurements fromment is available, we use the weighted average. The literatu
ivon Braun et al.[(2014), and include GI 725B, which was ex- sources for measurements are:. _Segransan et al. | (2003);
cluded from the analysis in Mann et al. (201.3b), in our radius [Boyajian et al. [(2008); Demory etlal. (2009); Boyajian €t al.
calibration. (2012) and von Braun etlal. (2012). We also include newer
measurements from von Braun et al. (2014).
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Ly,o1, both of which are subject to this uncertainty. However,
HoBAND STPAEE';EAlL CEATURES we include Gl 725B in our analysis of radius: while changing
a star's temperature affects the interferometrically-sneed
Feature Feature window  Blue continuum  Red continuum _radms through the__adopted limb dar_kenlng model, the eﬁ_eCt
pm pwm pwm is small (see Boyajian et al. 2012). Finally, we note thatievhi
Gl 725B has an unusually cool temperature given its radius
Mg (1.48um)  1.4872 1.4892 1.4790 1.4850 1.4900 1.4950 S e '
Mg (1.50um) 15020 15060 14965 15000 15070 15120 Gl 876 has similar properties; Gl 876 hg$,, = 0.78, typ-
K (1.51m) 15160 1.5180 1.5105 1.5135 15185 1.5215 ical of the values in Mann et al. (2013b), and is not excluded
Mg (1.57um) 15740 15780 1.5640 1.5680 1.5785 1.5815 from any part of our ana]ysis_
Si(1.58um) 15880 1.5925 15845 15875 15925 1.5955
CO (1.61pm)  1.6190 1.6220 1.6120 1.6150 1.6265 1.6295
CO (1.62um)  1.6245 1.6265 1.6120 1.6150 1.6265 1.6295 2.2. MEarth M dwarfs
Al-a(1.67um) 1.6715 1.6735 1.6550 1.6650 1.6780 1.6820 . -
Alb (1.67um) 16745 16775 16550 16650 16780 16820 Newtonetal. [(2014) obtained spectra©f7 mid to late
Mg (1.71zm)  1.7100 1.7125 1.7025 1.7055 1.7130 1.7160 M dwarfs in the solar neighborhood that are targets of the
MEarth transiting planet survey (Berta etlal. 2012; [rwimkt
o [2014). Half of these M dwarfs had previously published
NoTE. — All length . . .
Walelengins are given i vacutm parallaxes, which were compiled In_Newton et al. (2014).
We observed 20 M dwarfs with interferometrically- [Dittmann etal.|(2014) measured parallaxes for most of these
measured radii from the sample described above. We supstars_from MEarth astrometry; with the parallaxes from
plement this sample with the five remaining: spectra for G| Dittmann et al.[(2014), we have distances3&8 of these M
581 and Gl 892 are available in the IRTF spectral library dwarfs. o
: I[2005; Rayner ei al. 2®%nd we include | We note that LSPM J0035+5241S is improperly matched
spectra of GI 876, Gl 649, and Gl 176 that were observed by Newtonetal 1(2014), who identified it as LSPM
Mann et al. [(2013b). We cross-correlated these spectra with!0035+5241N. Itis identified properly in this work as LSPM
the RV standard we use in the rest of our work in order to J0035+5241S.
assure agreement between our wavelength calibrations.
The bolometric fluxes and luminosities(,, andLy,,) for 2.3. Cool KOIs

the stars from Boyajian etlal. (2012) were re-measured using [Muirhead et al. [(2012a) and Muirhead et al. (2014) pre-
spectra and photometry by Mann et al. (2013b). To measuresentedH - and K -band spectra for 103 KOls with— J > 2,
Fiol, |-2) use multicolor photometry to se- which implies they have temperatures belt®90K. They ob-

lect best-fitting template spectra from the Pickles (1998) ¢  tained spectra using the TripleSpec instrument on the Ralom
alog, which they extrapolate to the NIR using photometry. 200-inch (5.1m) Hale telescoge (Herter €f al. 2008), which s
[Mann et al.[(2013b) demonstrated that the fluxes extragblate multaneously obtain& = 2700 spectra inJ-, H-, and K -
beyondl.1um do not match their observed spectra and in- band. We convolved the spectra with a Gaussian of fixed
stead used optical and infrared spectra that they obtaored f width to degrade the resolution to that of IRTF. We then cross
each star. They use models to cover gaps in the spectra andorrelated each spectrum with that of our RV standard toeplac
assume Wein's and Rayleigh-Jeans’ laws at shorter andilongethem on the same wavelength calibration as our observations
wavelengths than covered by their spectra. They then adjust Measurements of EWs should not depend on the resolution
the overall flux level using a correction factor calculatgd b  of the spectrograph. However, most lines in the NIR spectra
comparing photometric fluxes to the fluxes measured fromof a cool dwarf are not free of contaminating features at mod-
the spectra._Mann et al. (2013b) measiigg systematically  erate resolution. We found systematic differences oA be-
higher than Boyajian et al. (2012) lys. tween the EWs of some features measurel at 2000 and

~ We use the updated parameters fiom Mannletal. (2013b)at p = 2700, so we stress the importance of accounting for
in this work, but note that the radii measured are insemsitiv eyen moderate differences in spectral resolution.

to these changes in temperature. We apply the method from \while the subtraction of sky emission lines in IRTF spec-
IMann et al.|(2013b), described above, to the three new abject yra is very robust, it is more difficult for TripleSpec spec-
fromivon Braun et al((2014) that we include in this paper. We tra: because of the tilt of the slit, the removal of sky back-
provide updated parameters for Gl 176, Gl 649, and GI 876 in ground requires that illumination be very well charactetiiz

Table[2. We also use tH#e/H] calibration from Mann etal.  Sky emission features persist in some of the KOI spectra and
(20138) to estimate the iron abundances of these stars (segontaminate many spectral features of interest, nectsgita
4.1 for discussion of NIR metallicity calibrations). the removal of the affected spectra from our analysis. We
Included in the table are the reduceti(x?,,) of the pho-  first identified contaminated spectra by eye, then developed
tometric corrections applied to each spectrum. Laygg, the following quantitative method to remove spectra based o

indicate that errors in the photometry or spectrum are under scatter between the EWs of the components of doublets.
estimated or that there are systematic offsets betweewthe t We compared the EWSs of the two components of the Mg
Theyx?2,, for the three stars presented here are typical of thosedoublet at1.50um, of the Mg | doublet at1.57um, and of
reported by Mann et al. (2013b). the Al | doublet at1.67um. One component in each of

Mann et al. [(2013b) excluded GI 725B (GJ 725B in their the 1.50um Mg doublet and the Al doublet is contaminated
work) due to its atypically largg?,, (7.9). This indicates a by sky emission. Neither component is contaminated in the
large disagreement between this star's photometry and spec1.57m Mg doublet. We found that in the spectra of the
trum, which affects itsF,,; in an unknown manner. There- MEarth and interferometry stars, for which sky emission is
fore, we also exclude Gl 725B from our analysisigf and not prevalent, the EWs of the doublet components are lin-

early correlated with little scatter. For tHe57um Mg dou-
3 http://irtfweb.ifa.hawaii.edu/ spex/IRTESpectralLibrary/ blet, which is free of sky emission, there is also little seat
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TABLE 2
UPDATED PARAMETERS FOR NEW INTERFEROMETRY STARS
Object Fiol Teg Lol R X2eq®  [Fe/HP
(ergs/sicm x 108) (K) (Le) (Rp) (dex)

Gl 176 1.2544 +0.0099 3701 =90 0.03352 £ 0.00027  0.4525 4 0.0221 0.36 +0.17
Gl 649 1.3171 £0.0071 3604 =46 0.04379 £ 0.00023  0.5387 £ 0.0157 194 +40.05
Gl 876 1.8863 £ 0.0115 3176 =20 0.01290 £ 0.00008 0.3761 £ 0.0059 0.78 +0.35

ax2_, describes the goodness of fit as described in the text dndim fégal. (2013b).
b [Fe/H] estimated from Equation 16 frdm Mann et al. (2013a).

K 1/Si 1, may be useful for studies focusing on later ob-
120,77 VSRV Ve e
lOM Mg Si Cco Al
R Ly l

]

jects. The data points in these figures are colored by their
Fe/H], using the iron abundance calibration from Mann ét al.
(20134).

We measured the same spectral features in BT-Settl model

<
Q

0.8" i .
i spectral(Allard 2014, available onlffjeas we do in our ob-
06L served spectra. We used models based on the Asplund et al.

(2009) solar abundances and degraded their resolutiomto th
of SpeX by convolving the spectra with a fixed-width Gaus-
sian. We then measured EWs numerically using the same
technique that we used with our observed spectra. Figures
[PH3 include the EWs, EW ratios, and spectral features that we
measured for a suite of synthetic spectra. We show tempera-
1.50 155 1.60 1.65 1.70 ture tracks for three surface gravities, using solar mieiisfi
Wavelength (Lm) logg = 5, 4.5, and4. Late dwarfs have long main sequence

FIG. 1.— Representativé/-band spectra of cool dwarfs spanning the tem- “fetlr?es’ ﬁo age does not Strongkly?ﬁm g- Forloglg =5, li
perature range of our calibration. From the top down: a K&nhifthe IRTF we also show temperature tracks for two non-solar metallic-

Normalized flux + offset

spectral library, an M2V composite spectrum, and an M5V aosite spec-  ities, [Fe/H] = —0.5 and[Fe/H] = +0.3, which roughly
trum. The composite spectra are from Newion efal. (2014)indieate the spans the metallicity range of the interferometric samphe

EW measurements with red shading and the elements that dtentite major synthetic spectra witfe/H] = —0.5 have an alpha enhance-
absorption features. Along the top, we show a typical atrhedp transmis- f “th inder h Ioh h h
sion spectrum for Mauna Kea, frdm Lbid (1992). ment of+0.2; the remainder have no alpha enhancement. The

for the KOIs. However, a fraction of the KOIs show incon- EW measurements of M dwarfs should most closely match

sistencies in the EWs of the components of the contaminatedn® theoreticalog g = 5 temperature track. The surface grav-

doublets. The stars that show scatter tend to be those that wii€S Of the late K dwarfsTeq > 4000) decrease with increas-
determined by eye to contain sky emission. Ing temperature, reachingg g = 4.5 for the hottest star in
For each of the two doublets contaminated by sky emis- our sample. Observed EWs for the late K dwarfs are therefore

sion, we used the interferometric sample to determine aline €XPectedto mostclosely match the temperature track vath th

correlation between the doublet components. Objects devi-Surface gravity. -
ating from the best-fitting line by more than75A for Mg Spectral features that show the smallest metallicity depen
at 1.50,1m or 0.5 for Al at 1.67m were discarded. These dence show the most agreement between the EWs measured

limit licate th taminati determined b d in the synthetic spectra and in our observed spectra. The Mg
IMItS replicate n€ contamination we cetermined by €ye and gyyg spow the best agreement (though the slight metallicity
the amount of scatter expected based on observations of th

X ; aependence in the models is not evident in our data). For the
MEarth and interferometry stars. Our final sample of KOIS vy arfs, the EWs closely follow the temperature tracks for
includes 66 stars. The number of spectra excluded by our cut

does not depend sensitively on the limits we adopt. Stars withlogg = 5, as expected. For the four K dwarfs,

the EWs drop due to the lower surface gravities of these ob-
3. INFERRING STELLAR PARAMETERS jects. For the Mgl features atl.50pym and 1.71pum, the

. . . . EWs of K dwarfs closely follow the temperature tracks for
The interferometric sample, which we use to calibrate our logg = 4.5; however for those at.48um and1.57um, the

empirical relationships, consists of 25 cool stars withiirad - p\ys gre smaller than expected for stars with their tempera-
directly measured using interferometry. We discussedrebse {5 and surface gravities. The EWs of thel S¢ature at

vations of these stars if2.1. TypicalHH-band spectra, with | 53,m and the CO feature at62;:m both show tight trends
our EW measurements indicated, are shownin Figlre 1. \yitn'7 . “albeit ones that deviate from those expected from
. . synthetic spectra.
3.1. Behavior of H -bgﬁngctsi?/eec;[ggg?guriasafunctlon of The EWs we observe deyiate most strongly from the EWs
we calculate from synthetic spectra for features where the
In Figures -, we plot selected EWs, EW ratios, and spec-models indicate a strong metallicity dependence in the EWs:
tral indices for the interferometric calibration samplemgt Kl at1.52um, Sil at1.58um, CO atl.61um, and the com-
the measured.. Included in these plots are dll-band EW  ponents of the All doublet at1.67um. The EWSs of our
measurements, the two EW ratios used in our final analysisobserved spectra match neither the strength of the features
(each of which is Mg / Al I, involving different atomic tran-  in the synthetic spectra, nor the amplitude of their metalli
sitions), and one EW ratio that we found to have a strong tem-
perature dependence for mid M dwarfs. This last EW ratio, *http://phoenix.ens-lyon.fr/Grids/BT-Settl/
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ity dependence. This result is similar to what was found by
[Rojas-Ayala et &l.[(2012), who noted disagreement between
EWs measured from synthetic and observed spectra for two
metallicity-sensitiveK -band features, Na at 2.21um and
Cal at2.26um. This suggests that there may be issue with the
treatment of metal abundances in M dwarf atmosphere mod-
els.

Lastly, we note that thé(-band spectral indices we mea-
sure in our observed spectra are broadly in agreement with
those in the synthetic spectra.

3.2. Empirical calibrationsfor stellar parameters using
spectral features

We first conducted a principal component analysis (PCA),
looking for the strongest correlations between the EW mea-

R/Rg = — 0.0489 x Mg(1.57um) )
+0.275 x Al-a(1.67um)
+0.201 x Mg(1.57pm) /Al-a(1.67m)
~0.216
oR R, =0.027
MAD/Rg =0.020

log L/Lg =+ 0.832 x Mg(1.71m) 3)
—0.176 x [Mg(1.71m)]?

+0.266 x Mg(1.50m)
—3.491

surements of our calibration sample. We then fitfog, ra-

dius, and luminosity using a linear combination of between Olog L/ Lo, =0.049

one and five principal components. These fits were not better MAD /dex =0.039

than the simple functions we tried later, and we requiree lin o

ratios to best fit the full temperature range. The PCA was also We show our best fits in Figui@ 4. We present the stellar pa-

hampered by the limited metallicity range of the interfeesm  rameters we estimate for the interferometric calibratioms

try stars, but may be a more useful tool in the future. ple in Table[B; our EW measurements are included in Table
We investigate simple parameterizations of two or three. These fits are calibrated from our sample of 24 calibra-

EWs or EW ratios and simple functions of one EW. The tors (25 for our radlys fit, for WhIC_h Gl 725B is included, see

multi-line functions we test (using, y, andz to represent ~ §2.1). They are valid for stars with200 < Teg < 4800K,

an EW measurement or ratio of measurementsyare by, 0.18 < R < 0.8Rq, and—2.5 <log L/Le < —0.5.

az + by + cz andax + ba? + cy. The single-line functions We note that these calibrations depend on some of the same

we test areix + b/x, ax + by/z, andax + bxr?. We restrict ~ spectral features. More fundamentally, spectral featares

our fits to a single NIR band, and perform a comprehensivedetermined by a star§es, logg, and [Fe/H]| — not by its

search across the possible combinations of features. We usgadius andLy,. It could be argued that it is only appropri-

least-squares regression to determine the best-fittiranper ~ ate to derivelq, log g, and[Fe/H] from spectral features,

ters for each combination and the Bayesian InformatioreCrit Which could then be used to determine radiusigg. We

rion (BIC) to quantitatively compare each fit. After remoyin  Opt to present relations calibrated directly to radius apg

fits that qualitatively show systematics in the residuaks se- for several reasons: we do not have masses for these stars or

lect the fit with the lowest BIC. Our best fits are shown in other constraints ofvg g, efforts are currently underway that
Figure[3. will revise the temperatures and luminosities of our calibr
We found no viableX -band relationship and the only vi-  tion sample, and disagreement continues dvgrscales (e.g.
able.J-band relationship has significantly higher scatter than!/Casagrande etal. 2014).
our adoptedH -band relation. Combining features from dif- . N I
ferent re%ions of the spectrum also did n%t result in sigaific 3.3. Systematic uncertaintiesin the calibrations
improvement. We excluded the §iK I, and CO {.62um) To asses systematic uncertainties in our calibrations, we
features from our fits because the behavior of these featuregperformed two bootstrap analyses with 1000 samples each. In
as observed in our larger samples of MEarth &egdler M each case, we randomly created a new realization of our cali-
dwarfs is not well-represented by the behavior of these fea-bration sample and re-fit our relations using each new @aliz
tures in the interferometric sample, which may be due to tion. In the first bootstrap analysis, we randomly drew stars
metallicity. While empirically these lines can be used to fit from our calibration sample, allowing calibrators to be sam
stellar parameters as well as those we do use, such fits woulghled repeatedly. Despite the limited number of calibragtous
have more limited applicability. fits are well-constrained at the limits of our calibration the
In the following equations, we use the element responsiblesecond bootstrap analysis, we randomly permuted the resid-
for the spectral feature to indicate an EW measurement, foruals from our best fit, assigning each residual to a new data
example,Al-a(1.67m) represents the EW measurement of point. This probes the effect of deviations from our best fit
the blue component of the Al doubletia67um. All EWs are that are not captured in the errors on the measured stelar pa
in Angstroms. After each equation, we indicate the standardrameters. We find no systematic deviatiorZi. For radius
deviation of the residuals-§ and the mean absolute deviation &ndLyo1, Small systematic errors are evidentin the difference
(MAD). Our best fitting relationships are: between the stellar parameters we |r_1fer f_rom.our bootsm_ipp
fits and those we infer from our fiducial fit. For radius,
(1) the difference i$).006 R,. For luminosity, the difference is
—0.014 dex for the coolest starddg L/ L, = —2.5dex) and
reaches-0.021dex for the hottestl¢g L/ Ls; > —1.3dex).

Toir/K = + 271.4 x Al-a(1.67um)
+392.7 x Mg(1.50m)/Al-b(1.67um)

+ 2427 We adopt systematic uncertainties0o06 R, for radius and
TT /K =T3 0.02dex forlog L/ L. .
We additionally demonstrate the robustness of our calibra-
MAD/K =55 tions for small stars by removing Gl 699 (Barnard’s star),
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FIG. 2.— EWs of H-band spectral features plotted against meastitgdfor stars in our interferometric sample. We use the updatetpératures from
Mann et al. [(2013b) and adopt iron abundances using_the Maaih({@013a) calibration. The EWs measured from BT-Setttlei@pectra (Allaid 2014) are
also plotted. Solid lines arlvg g = 5, dashed lines folog g = 4.5, and dotted lines folog g = 4, all with solar metallicity. Fologg = 5, we show three
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which anchors the radius and luminosity fits, and refit our re- dwarfs. In the following, we make use of our estimated stella
lations. The effect on the parameters we infer for otheisstar luminaosities to investigate the best metallicity calimatto

in negligible, and the relations also provide a good fit if we use on our sample of stars.

extrapolate them to Gl 699. Extrapolation gives a radius of |Newton et al. [(2014) looked for systematic trends in the
0.21Rg (the measured value (819R) and a log luminosity ~ metallicities of stars with spectral type, which they deter
of —2.36dex (measured:-2.47 dex) for Gl 699. mined by matching each NIR spectrum to that of a spectral

T, radius andLy,, are not independent parameters and standard. They found that the M5-M7 dwarfs in their sample
our calibrations should produce consistent values. Look-appeared metal-rich b§.1 dex relative to earlier stars (Fig-
ing at the difference betwedng L./ L and2log R/Re + ure 13 in their work). Because M5 dwarfs comprised a quar-
41ogT/5777K, the scatter i§.1 dex with a systematic offset  ter of their metallicity calibration sample, they assumied t
of —0.06 dex. This corresponds to7d difference in radius  metallicities of the MEarth M5 dwarfs - and by extension the
— if the entire systematic offset is assigned to the radilis ca M6 and M7 dwarfs - were estimated accurately. However, M
bration — or &.5% difference inT.¢ — if it is assigned to the  spectral types are a coarse binning in stellar parametars. |
temperature calibration. Figure[®, we show that while the M4V metallicity calibrators

used b [.(20114) are typical of the M4 dwarfs in
4. APPLICATIONTO M DWARFS FROM MEARTH the MEarth sample70% of the M5 dwarfs have luminosities

We applied our calibrations fdf.g, radius and luminosity  lower than the median luminosity of the M5V metallicity cal-
to the sample of MEarth M dwarfs observe tal. ibrators. The calibration from Newton et dl. (2014) may not
(2014). be valid for all M dwarfs assigned an M5V spectral type.

We present measurements of the EWs used in our best fits, In Figure[6, we comparfe/H] values measured for the
the K'-band temperature index from Mann et al. (2013b), and MEarth M dwarfs using the calibrations frdm Newton €t al.
our inferred stellar parameters in Table 5. The quoted error (2014), [Mann et al.a), and Mann et al. (2014). We
on our stellar parameters are random errors (propagated fro only show M dwarfs whose metallicities, as estimated from
EW errors) added in quadrature to the standard deviation ofthe[Newton et al. (2014) calibration, are less tia25dex,
the residuals in our best fits. The errors do not include ourpecause thé Newton etlal. (2014) calibration saturates for
adopted systematic uncertainties, which @6 R, for ra- more metal-rich stars. This demonstrates that while the
dius, and0.02dex forlog L/ L. We found no evidence of [Newton et al. [(2014) calibration is generally valid for M2-

systematic uncertainties fat.g.

M4V stars, it over- and under-estimates the metallicities o

The latest spectral type represented in our interferometrylater and earlier stars, respectively.

calibration sample is M4V (Gl 699, Barnard’s star). The

We compare the Newton etlal. (2014) calibration to the

MEarth targets predominantly have temperatures and radii alMann et al. [(2014) calibration, which is applicable to late
the extreme end of the calibration range, while close to half M dwarfs, in the top panel of Figufd 6. This demonstrates
of sample have EWs that indicate that they are cooler than GlthatNewton et a1/ (2014) overestimates the metallicitied o
699. While our calibrations are not valid for these coolstar dwarfs withlog /L., < —2.25, which includes the ma-
they remain well-behaved for late M dwarfs and are useful di- jority of stars M5V and later. The two calibrations agree
agnostics of stellar properties. We therefore report egioh  for stars with—2.25 < log L/Ls < —1.75 (approximately
stellar properties for stars beyond the limits of our calibr M4V), with a median offset 0o0).03dex. For hotter stars,
tion, but caution that these values may only be used assess ththe[Mann et dl.[(2014) calibration is not applicable, and the
properties of stars relative to one another. estimated metallicities deviate significantly. In the baoit
We limit application of our temperature calibration to ob- panel of Figurd1s, we find an almost linear trend with lu-
jects with small uncertainties in the EWs: when EW uncer- minosity when we compare the Newton et al. (2014) to the
tainties are a large fraction of the measurement, theiosati [Mann et al.[(2013a) calibration, which is applicable to garl
have asymmetric error distributions, and we find that the tem M dwarfs. The two calibrations agree most closely for
peratures of cool stars with large errors are systematibat- —2.0 < log L/Ls < —1.5, (approximately M2V-M3V). For
ter than those of similar stars with small errors. Thergfore earlier stars, the_Newton etlal. (2014) calibration underes
we do not report estimated temperatures for stars for whichmates metallicities, a finding anticipated in that work.
the contribution from EW uncertainties (random error) te th We update the metallicities of the MEarth M dwarfs by
total error exceed$00K. We found no evidence for similar  stitching together thé_Mann etlal. (20l13a) dnd Mann et al.
effects in our radius and luminosity calibrations. (2014) relations. For stars wibg L/ L < —1.75, we use
. N . _ thelMann et dl.[(2014) relation, which was calibrated specifi
4.1. Using luminosities to revisit the metallicities of the cally for late-type dwarfs. For stars withg L/Le, > —1.75,
MEarth sample we use thé Mann et al, (2013a) relation, for which the cali-
Newton et al. [(2014) estimated the metallicities of the bration was dominated by early M dwarfs. We use the code
M dwarfs in our sample from the EW of the Na fea- provided by A. Manf to calculate metallicities. We note that
ture at2.2um in the K-band of IRTF spectra (see also the method we use to measure EWs (over-sampling and using
IRojas-Ayala et al. 2010, 2012; Terrien ellal. 2012). Their em the trapezoidal rule to numerically integrate the flux béinea
pirical relation was based on M dwarfs with NIR spectral the pseudo-continuum), while more robust than the IDL rou-
types M5V and earlier._Mann etlal. (2013a) constructed atinesTOTAL or SUMwithout over-sampling, produces differ-
similar calibration for K5-M5 dwarfs, using a combination ent (typically larger) EW measurements.
of the Na feature and other NIR spectral features. Mann et al. _ _
(2012) used early-late M dwarf pairs to bootstrap a calibra- 4-2- Comparison to the Mann et al. temperature and radius
tion valid for M dwarfs with spectral types M4V-M9V and calibrations
showed that Newton etlal. (2014) and other previous works
either over- or underestimated the metallicities of M7 to M9

5 https://github.com/awmann/metal
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[Mann et al. [(2013b) developed empirical relations for cool calibration.
dwarf temperatures that are based on spectral indices in vi- We compare the stellar parameters we estimated for the
sual and infrared bands. As we have done in this work, theyMEarth M dwarfs to those we calculated usinglthe Mann et al.
used stars with interferometric measurements to calithate ~ (2013b).J-, H-, and K-bandT,g calibrations in Figur&l7.
relationships. The temperature-sensitive indices aresrbe- We then applied their temperature-radius polynomial (Equa
tween the median flux in three wavelength windows (Equa- tion 6 in their work) to convert thé({-band temperatures to
tion 13 in their paper) and quantify the curvature of the spec radii. Accurate transformation requires additional sfigaint
trum in each band. Mann etlal. (2013b) chose the continuum
windows to minimize the scatter in the resulting tempematur
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TABLE 3
INFERRED PARAMETERS FOR THE INTERFEROMETRIC SAMPLE
Star Measured parameters Inferred parameters
Tog? Radiu® Lpo® Tog® Radiug Lyo®
(K) (Ro) (log L/Le) (K) (Ro) (log L/ L)
Gl 7258 3142 £29 0.3232 £0.0061 —2.0329 +0.0052 (3295 +81) 0.2814+0.030 (—2.02 4 0.06)
Gl 8767 3176 £20 0.3761 £0.0059 —1.8893 4+ 0.0027 3281 4+ 105 0.346 + 0.037 —1.94+0.08
Gl 699 3238 £ 11 0.1869 £0.0012 —2.4660 £+ 0.0038 3248 + 81 0.188 £ 0.029 —2.44 +0.06
Gl 725A 3417 £17 0.3561 £0.0039 —1.8033 £ 0.0052 3375 £ 81 0.352 £ 0.030 —1.82+0.05
Gl 687 3457 £35 0.4183 £0.0070 —1.6521 £ 0.0086 3483 £ 80 0.413 £ 0.028 —1.62+0.05
Gl 581 3487 £ 62  0.2990 £ 0.0100 —1.9278 +0.0077 3354 + 74 0.329 £ 0.027 —1.86 +0.05
Gl 436 3520 £ 66 0.4546 +£0.0182 —1.5476 +0.0110 3477 £ 81 0.400 £ 0.028 —1.59+0.05
Gl 411 3532 +£17 0.3924 £0.0033 —1.6708 & 0.0061 3532 £ 85 0.401 £ 0.029 —1.58 £0.05
Gl 412A 3537 £41 0.3982 £0.0091 —1.6548 +0.0047 3664 +227  0.425 4+ 0.041 —1.61+0.12
Gl 15A 3602 + 13 0.3863 £0.0021 —1.6467 &+ 0.0052 3534 £+ 79 0.388 £ 0.028 —1.60+0.05
Gl 649 3604 46 0.5387 £0.0157 —1.3586 £ 0.0023 3683 £+ 79 0.497 £ 0.028 —1.37+£0.06
Gl 526 3646 &34 0.4840 £0.0084 —1.432540.0060 3716 +125 0.450 = 0.033 —1.50+0.11
Gl 887 3695 +35 0.4712 £0.0086 —1.4325 4+ 0.0088 3698 + 86 0.478 £ 0.028 —1.37+0.05
Gl 17¢? 3701 £90 0.4525 +0.0221 —1.4746 £ 0.0034 3574 £+ 78 0.514 £ 0.029 —1.44 +0.06
Gl 880 3731 +£16 0.5477 £0.0048 —1.2856 £ 0.0049 3749 £+ 76 0.555 £ 0.028 —1.30 £ 0.06
Gl 809 3744 £ 27 0.5472 £0.0067 —1.2798 £+ 0.0057 3758 £ 82 0.522 £+ 0.028 —1.29+0.06
Gl 205 3850 £22 0.5735 £0.0044 —1.1905 £ 0.0094 3872 £+ 75 0.597 £ 0.027 —1.19+0.06

GI 338B 3926 £37 0.5673 £0.0137 —1.1627 £ 0.0145 3892 £ 92 0.562 £ 0.028 —1.154+0.13
GI 338A 3953 £41 0.5773£0.0131 —1.1357 £0.0164 3955+ 106 0.571 £ 0.029 —1.09 £0.10
Gl 820B 4025 £24 0.6010 £0.0072 —1.0722 £ 0.0064 4047 £ 97 0.591 £ 0.028 —1.10 £0.07
GI 380 4176 £19 0.6398 £0.0046 —0.9518 £ 0.0065 4168 =107 0.634 £ 0.036 —0.94+0.13
Gl 702B 4475 £33  0.6697 £0.0089 —0.7972 £ 0.0108 4360 =102  0.635 £ 0.030 —0.66 + 0.07
GI 570A 4588 £58 0.7390 £0.0190 —0.6654 £ 0.0064 4623 £ 85 0.708 + 0.031 —0.63 £0.05
Gl 105A 4704 £21  0.7949 £0.0062 —0.5589 £ 0.0056 4825 £202 0.811 £ 0.061 —0.59 +0.06
Gl 892 4773 +£20 0.7784 £0.0053 —0.5521 £ 0.0060 4673 £106 0.773 £ 0.036 —0.61 +£0.05

a Calculated from the interferometric radius and boloméiuig as describe i§2.1. Values are fron Mann etlal. (2013b) Table
1 unless otherwise noted.

b Measured from interferometry; see Boyajian et[al, (2012)d4 for references unless otherwise noted.

¢ Inferred from EWSs using Equatidd 1; fit shown in Figlie 4, tef.|

d Inferred from EWs using Equatidd 2; fit shown in Fig[ite 4, tiyht.

€ Inferred from EWs using Equatidd 3; fit shown in Figlie 4, bottleft.

f Gl 725B was excluded from odF.g and Ly, calibrations, as discussedd@. TheT,g and Ly, we infer from Equations
[[and3 for this star are nevertheless included in this table.

9 Values for interferometric radii are from von Braun et aD14); updated.g and Ly, from this work.

TABLE 4 " " i "
MEASURED QUANTITIES FOR THE INTERFEROMETRIC M4V
SAMPLE 0.3 B
This table is available in the online version of this article 02
>
TABLE 5 g~
MEASURED QUANTITIES AND INFERRED STELLAR g
PARAMETERS FORM DWARFS IN THE MEARTH SAMPLE i 00— T T }
. . . . . . . . <]
This table is available in the online version of this article 2 M5V MEarth sample
k<! 0.3 Metallicity calibrators 0 —
[J]
figures, included here for completeness: T 02k |
R/Rs = — 16.883175 4 1.1835396 x 1072 x (Te/ K)
0.1+ =
—2.7087196 x 107% x (T.g/K)? (4) |_|
+2.1050281 x 1071 x (Tog/K)? 0.0l : - ‘
o ) o o 3.0 25 2.0 -1.5
We limit our comparison to those stars within the limits of Log (L/Le) from EWs

the calibrations in question; only these objects are iredud
q Y J FIG. 5.— The distribution of inferred luminosities for M4 dwarf{top

in Figurel]’. We note that the Mann et ml%)band panel) and for M5 dwarfs (bottom panel). M dwarfs in the MBasam-

calibration saturates for stars withg < 3300K, so there ple are represented by the light green shaded histogram.MTtharfs in
is a minimum value for the temperatures derived from this thelNewfon et al[(2014) metallicity calibration sample rgresented by the
relation. dark green histogram.

The[Mann et al.[(2013by- and H-band indices are not
good predictors ofl.¢. The differences between tHE ¢ oatr = 140K for the J-band calibration and70K for the
inferred from our two calibrations have standard deviaion H-band calibration. This is because the wavelength windows
(ocaT) larger than expected from the errors in the calibrations: for these indices fall in regions with strong telluric aljsor
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[Newfon et al. [[2014, N14), arid Mann ef al. (2014, M14). [he Menal.
(2013R) relation is calibrated for M4V stars and earlierilevtne[Mann et al. FiG. 7.— A comparison of the calibrations frdm Mann et &l (20)18hd
(2014) relation is calibrated for stars M4V and later. Poiate colored by from this work, showing thd,g and radii estimated for the M dwarfs from
the NIR spectral type assigned by eye by Newton lefal. (2014). [Newton et al. [(2014). On the horizontal axis, we show the rpatars we

infer using the EW-based methods we develop in this work. l@nvertical
axis, we show the parameters we infer using the index-bastdous from
[Mann et al.[(2013b). We use the polynomial presented in tha v convert
temperatures estimated from tlé-band index to radii. The color of the

tion. Temperatures from th€-band index and our EW-based points indicate the stars’ metallicities.

calibration agree within the errors of the calibrationsthwi .
oar = 90K, although for3500 < Tws < 3800, the median 4.3. Trends between absolute My and inferred steflar
temperature we infer from EWs i$)K hotter. parameters

The radii we infer directly from EWs and the radii calcu- ~ We consider the relationship betwekh and thel.g, ra-
lated from theK -band using the temperature-radius relation dius, orLy,, estimated from EWs in Figufd 8. NIR photom-
haveoar = 0.05R.. However, there is evidence for a sys- etry is from 2MASS 06). We excluishe
tematic offset for stars with.3 < R/Rs < 0.4, where the  objects withoyg,, > 0.2 and9 objects lacking high quality
median offset i©).045R (12%), with radii calculated from  magnitudes from 2MASS (for which tlgual _f | ag is any-
EWs being larger. We believe this is due to systematics in thing other than AAA). FofT.g, we also exclude those ob-
thelMann et dl[(2018b) relations: tt&band temperaturere-  jects that have random errors @k > 100K as discussed at
lation predicts temperatures that are too coobby— 100K the beginning offd. We fit a quadratic foMx as a function
for the three interferometry stars with temperatures adoun of stellar temperature, radius, or log luminosity; the dteal
3500K (Figure 11 in their work). Because the slope of the deviation inMy is about0.5 mag for each fit. Becausdk
temperature-radius relation is steep for stars of this s&rm- is an independent indicator of stellar parameters — for exam
peratures that ar80-100K too cool result in radii that are  ple, it was tied to stellar mass by Delfosse etlal. (2000) — the
0.03-0.06 R, (15%) too small. This is consistent with the dif- existence of a clear relationship betwellix and theT.g,
ferences we find and supports the temperatures and radii weadii, andLy,. we infer provides additional validation of our

infer from EWs. Additionally, the temperature-radius t&a method.
has larger scatter for stars of this size relative to hddteyér Visually, our plot ofMk versusT. shows the largest scat-
stars (Figure 4 in their work). ter. Large variations iff.g andM are also seen in the Dart-

Intriguingly, we find that stars withFe/H] < —0.2dex mouth models| (Dotter et €l. 2008; Feiden et al. 2011) which
are assigned larger radii by the Mann et al. (2013b) rela- predict that a star witliFe/H] = —0.5 dex andT.g¢ = 3400
tions than stars are witfFe/H] > +0.2dex. The mean  will be 1 magnitude fainter than a star with the same tem-
difference is0.05R,. The effect persists when applying perature but withFe/H] = +0.3 dex. While neither our
the temperature-radius relation to temperatures infemed T estimates nor the interferometric measurements indicate
ing our EW relations, so the difference must either be a re-such a metallicity dependence, the models still demorstrat
sult of thelMann et all (2018b) temperature-radius relation  the strong influence atmospheric opacities can havé&.gn
of our radius calibration. We suggest that the root cause is(they predict less sensitivity favlx versus radius oL,1).
the temperature-radius relation for two reasons: (1) we ex-Unresolved binaries also contribute significantly to thatsc
pect a metallicity dependence in the temperature-radlas re ter, which we discuss if4.4.
tion from theory (one has yet to present itself in observegio . i i
of the interferometry stars, but the metallicity range syh 4.4. |dentifying over-luminous objects
by these data is narrow) and (2) we do not see a metallicity An object that is an unresolved multiple will have &k
dependence when we consider inferred radius as a function o§maller than that of a single star with the same valu&,of

Mk (§4.3). predicted from our Equatidd 3: the EWs of spectral features
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FiG. 8.— AbsoluteK magnitude versus inferréfl.¢, radius, orLy,., for MEarth M dwarfs froni Newton et all (2014). Included ararstwithoyk < 0.2
mag; the symbol indicates the size of the error on stellaampater (plus symbols for smaller errors, crosses for leggers). We over-plot the properties of
the interferometry stars (filled stars); we show the meabuaeli and the temperatures and luminosities calculatélann et al. [([2013b) and in this work.
The [Fe/H] of each data point is indicated by its color. We also indidateries that are unresolved in 2MASS but resolved in ourHRbservations (filled
black squares). In the radius plot (upper right), we alstute anMk -radius relation, calculated from the Delfosse ét[al. (3QaG; -mass relation and the
[Boyajian et al.[(2012) mass-radius relation. The shadeidmegdicatest-15%.

are largely unchanged by the object’s multiplicity (thodigh given by:
very tight binaries features might appear broadened),ewhil

the object appears brighter. Our sample contains bindrés t g Mg — Mk st (5)
are unresolved in 2MASS but for which independent spec- \/W
tra of the components were obtained: when two stars could Mgk M sie

be identified in the SpeX guider, Newton et al. (2014) aligned o - L

the slit along both components and extracted each object sep Ve show the distribution of-values in Figur€l9, which is
arately. As expected, many of these objects are brighter tha wgll_—mocieled by a Gausaag Wgh a W'Oflth @f:h1'5' An
single stars with similar spectrally-inferred stellargaeters. ~ OPVIOus feature is an overabundance of stars that appear too

The diagram obMx versusL.; shows the excess scatter at Pright for the Ly, we infer (objects withS' < 0), and we
brighter magnitudes most clearly. identify objects with very negativg-values as potential mul-

To quantify the likelihood of an object being a multiple, we tiples. We note that the width of the Gaussian indicates that

calculate the significance of the magnitude offgtifetween ~ OUr estimates of the errors do not account for all of the scat-
the object and a quadratic that describes our empiNbat ter in the relation. One possible contributor is binarietwi
luminosity sequence. We filx as a function ofog L /L., more extreme mass ratios, as the secondary would increase
for stars withlog L/Lo, > —2.5, which is the limit of our ~ the combined brightness by a lesser amount. .
calibration, usingry;, as our measurement error. We then e selectthose stars with< —3.76 (~2.50) as candidate
exclude those objects whose magnitudes are brighter tiean thMultiples. We include the list of candidates in Téblle 6, vahic
best-fitting magnitude by more than the&s2 mag, which is e note does not include the systems identified as visual bi-

the standard deviation in the residuals, and re-fit the déa. ”a”ES bﬁwﬂl—@llﬂ' WhliCh car:).be founﬁ in that
extrapolate the fit to stars with fainter luminositiesis then ~ WOrK. 18 of these stars are in fact known binaries that were

not resolved in our IRTF observations, as indicated in the ta
ble. Others may be previously-unidentified multiples. Whil
youth is another possibility for explaining their brighgses,
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T T T T T T T
: ) TABLE 6
5p % Binary resolved with SpeX . CANDIDATE OVERLUMINOUS OBJECTS
(]
% Object |S|2  Binary Ref® Binary Typé
s 0 LSPM J0008+2050 4.8 B04 VB
%5 LSPM J0028+5022 4.1 D07 VB
© LSPM J0105+2829 4.1 ... Lo
2 LSPM J0111+1526 49 BO4 VB
_8 LSPM J0159+0331E 4.6 S10 SB2
E Sr LSPM J0259+3855 3.9 LO8 VB
'(% Overluminous LSPM J0409+0546 4.1 LO8 VB
candidates LSPM J0438+2813 40 B0O4 VB
N LSPM J0528+1231 6.0 ... Lo
-10[ b LSPM J0540+2448 54 D76 VB
! ! ' ' ' ; ' LSPM J0711+4329 4.2 MO06 VB
5 6 7 8 9 10 50 100 LSPM J0736+0704 5.1 H97 VB
My (mag) N LSPM J0810+0109 39 ... .
LSPM J0835+1408 6.0 ..
LSPM J0918+6037W 4.1 ..

Fic. 9.— SignificanceS versus absolute K magnitude for the MEarth M LSPM J1000+3155 4T ... -
dwarfs. S is the offset in magnitudes from our empiridel - -log luminosity LSPM J1233+0901 57 WDOS VB
main sequence divided by the error, which includes the @rabsolute mag- LSPM J1331+2916 7.1 GO02 SB2
nitude and in inferred luminosity. On the right side of theufig, we include B0O4 VB
a histogram of the significances for our entire sample (bkastogram) and LSPM J1332+3059 42 ... ...
the best-fitting Gaussian, which has a widthlo$ (solid curve). We also LSPM J1419+0254 3.7 ..
show the histogram of significances for the IRTF-resolverhtes (solid red LSPM J1547+2241 56 ... .
histogram). In the histogram panel, we indicate 2tf&> cut we use to select LSPM J1555+3512 4.2 MO1 VB
candidate over-luminous objects, which are listed in T@ble LSPM J1604+2331 50... ...

LSPM J1616+5839 48 ... S
a candidate over-luminous object would need to be younger tggm ﬁ;g?%ég g-g P05 VB
than several hundred Myr to show an enhanketand mag- LSPM 31841:24473 68  G96 " 'sp2
nitude, which is unlikely for a field M dwarf. LSPM J2010+0632 46 S10 SB2
LSPM J2040+1954 3.9 WwWDS VB
5. APPLICATIONS TOKepler OBJECTS OF INTEREST LSPM J2117+6402 71 ... L.
LSPM J2223+3227 4.8 W60 VB

We apply our calibrations to the high fidelity sample of
66 KOlIs selected as described in Sectfiod 2.3. The KOls are 3 — : ——

. . . . Absolute value of the significance of the magnitude offsetrfrour empirical main sequence as
pr_lmarlly early M _to mld K dWarfS, Wlth a Sma” number Of defined by Equatidi]5. All objects are over-luminous givesirtferred luminosities.
m|d M dWarfS MUIrhead et ¢| o (20[].4) |dent|f|ed th ree KOIS as b Reference for previous discovery of the object as binaryolfeference is listed, our literature

Visua| binaries (tWO Of Wh|Ch meet our Sky emission CUtS) and search did not identify that the object is known to be binRgferences: W60E Worlely (1960); D76

H _ H H H H =[Dahn efdl [(1976); G96[=Gizis & Reid (1996); HOV = Henry é{&B9Y); MO1 £McCarthy et al.
KOI 256 as a white dwarf-M dwarf eclipsing binary, which Y —— L —————
we exclude from this analysis. Unlike for the MEart_h _objects (MO 23 206 Do T=DAEaea ET2007): LOEREEz. [Z00F): S10 E-SAROTIET.
the EWs for the KOIs do not approach zero and it is there- 201)

fore not necessary to use the limits on the errors we adopted e of binay: VB =visualbinary; SB2 = double-lned spestopic binary _

for the MEarth objects. However, for ease of comparison, we Dot o e ey

reStriCt the diSCUSSion in th|5 SeCtion to those KOIS Wlmn' ra € This object is Iis';ed in the Washington Double Star Catalsgavisual bina&. discovered by

dom errors less of thaIBOK on TCH'- This leaves us W|ﬂ51 Riddle et al. (in prep) using Robo-AO, who indicate that iaishance alignment.

non-visual binaries in our KOI sample. peratures and metallicities fan3 cool KOIs. Their temper
The cool KOI sample has been the subject of several recen . : -

works, and as part of this work, we compare the stellar param-atures are based on tfig,0-K2 index (Covey et 2l._2010),

eters we infer to those presente(ﬂI in Dressin% & CharbohneayVhich was calibrated by Rojas-Ayala et al. (2012) as a tracer

[2013), [Mann et al. [(2018b), and_Muirhead et al. (2014). of Teq using measurements of BT-Settl model spectra. Typi-

Dressing & Charbonneali (2013) matched observed colors t£@! formal errors fofl.; areG5K. The authors then inferred

Dartmouth models of different ages, metallicities, andseas ~ the Stars’ radii by interpolating th&.q and metallicities onto

From the best-fitting model, they revised the temperaturesPartmouth isochrones, achieving a median formal error on

and radii for all the M dwarfs irkepler with formal errors  Stellar radius of).06 R, We note that Muirhead etlal. (2014)

typically betweens0 to 100K for Tog and 0.06R., for ra- used new stellar models, and provided updated parameters

dius.[Mann et 81 (2013b) fit flux-calibrated optical speetra {0 those objects that were first presented in Muirheadlet al.

PHOENIX models to determine thig g of Kepler M dwarfs (2012b).

with an estimated error 07K, and used relations derived . :

from stars with interferometric measurements to calcutate 5.1. Comparison to previous work

dius and luminosity fronif,¢. Their radius and luminosity We compare our inferred temperatures and radii to those

errors arer% and13%, respectively. They refined and tested from previous works in Figurels 10 afd]11. The literature

their method using the interferometric sample, which i als sources we query ate Mann et al. (2013b), Muirhead|et al.

the basis for our work. We note that when fitting spectra with- (2014), and Dressing & Charbonneau (2013). We also apply

out continuum removal, the spectral shape — and therefere th the K -band calibration frorh_ Mann etlal. (2013b) to the KOI

color — is an important determinarit._Muirhead €t al. (2014) spectra to estimatE.g, after which we use their temperature-

followed the method developed in_Muirhead €t al. (2012a), radius relation to estimate radii (s€d.2). We adopt the

using moderate resolutiofi-band spectra to determine tem- metallicities from Muirhead et al. (2014).
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We cannot make statements about temperature differences

above3900K. The literature sources we query have their own Kbandindex 0548 ] Mann etal (2010) ,
target selection criteria, each of which places an uppait lim 42001 .o 0T o]
of roughly 4000K on the temperatures of the stars in their 3900 __,',;E a1 AT
sample. This is particularly important for the sample from Py T
Dressing & Charbonnea 13), whose sample is strictly * 3600} e 1 o |
limited to stars with updated temperatures of less tHmoK. £ 3 agrem
Mann et al.[(2013b) arid Muirhead et al. (2014) both use color € 3300 » /- pu— 1.« " ]
cuts to select red objects, which could also bias the result- 5,/ ~ 7. <7 -07-05-03-0.1+01+0.3 | :
ing temperatures since their methods are related to spectra o - ! L) ot
colors. Finally, theH,0-K2 index used bdal. 3 4200 Murmeadetal Qo) 7 o ’
(2014) saturates fdf.g > 3800K. g o A0 A
The temperatures we find generally agree well with those & 3%/ B T . BAE
from other works. They are cooler than those inferred = .. | LT | .‘._'!m . |
from previous spectra-based approaches: the median tem- e s
perature difference i80 + 90K considering theK-band 3300 & Lot |
index, 10 &+ 60K consideringl Mann et al.| (2013b), and TR BTEIS0K e

30 4+ 70K considerind Muirhead et al. (2014). Compared to 3000 ‘ ‘ - : ‘ :
H (2013) the temperatures we infer 3000 3300 3600 3900 3000 3300 3600 3900 4200
are hotter by a median @b + 90K. The errors we quote are Temperature (This work, K)
the median absolute deviations in the temperature diftan FIG. 10.— Comparison between the temperatures we infer for K
The radii we infer are larger than those fount al. and those inferred from previous works. Our estimates ar®ihorizontal

5013l : : : : axis, and those from the literature are on the vertical afibe literature
2013)’ with a median difference 0f02R@ and a median works are indicated on each panel. We show the one-to-oeefid indicate

absolute deviation 00.04R. This difference may be due 1150k as the shaded region. Stars wifhg > 3900K (T, > 3800K for
to their use of a temperature-radius relation, which assume [Muirhead et al_2014) are shown as open squares; due toiseleffects, we
that all stars at a given temperature have the same radius, buimit our discussion to cooler stars.

is within reasonable systematic uncertainties for thebcadi

tions.

Our radii are also larger than the radii estimated using o K-band index 2| Mann etal. (2013b)
methods based on model isochronespli)s + 0.03 R, rel- 0.6 +Terradius relation '."!Vl.a-f“'xv 1 R
ative tolMuirhead et al! (2014) ar@l09 + 0.04R, relative o5k A . LA
to [Dressing & Charbonnelali (2013). Because our tempera-
tures are in agreement, the difference in the radii must re- —~ 041 O T E L 1
sult from their use of models to estimate radius from tem- & .1~ 7" i L om 1
perature. Indeed, Boyajian et al. (2012, Figure 14) found £ T |
that for stars with interferometrically-measured radivibeen g 02V 7. 070503 01401403 170, 8
0.4 < R/Rg < 0.6, the model radii — predicted by interpo- 2 iead otel, 201 2 Dressing & Charbonneau (2012)
lating each starsT.; onto Dartmouth models — are smaller 3 o6 " o 0P oA ]
than the measured radii by abol%, or 0.05R;. We il- 5 ;%
lustrate the disagreement between observations and models € °°] LT 1
by comparing the temperatures and radii of the interferomet 0.4f Syl . 1 S i
ric sample to Dartmouth isochrones in Figliré 12. This effect A - 4
is sufficient to explain the differences between our radd an 031 o4, Iy ]
those from Muirhead et al. (2014). 021/ BR=0.05Rg:-- - |

The discrepancy between models and observations also af- e e
fects the radii from_Dressing & Charbonneau (2013). How- 02 03 04 O'sadi(l':ﬁhis(xork?:@) 04 05 06 07

ever, the difference between our radii and those from
Dressing & Charbonneau (2013) is larger because of the Fic. 11.— Comparison between the radii we infer for the KOIs drube
metallicities they estimate. In the Dartmouth models, an M inferred from previous works. Our estimates are on the baota axis,
d f with [Fe/H] = - b AR I F\ and those from the literature on the vertical axis. The diteie works

warf with | e./. | = —0.2is about0.04R, smaller than are indicated on each panel. We show the one-to-one line ratidaie
a solar-metallicity dwarf of the same temperature; such a-0.05R., using the shaded region. Stars wifgg > 3900K (> 3800K
metallicity dependence is not seen in the temperatures andor Muirhead et al.[(2014) are shown as open squares; duddctisa ef-
radii of the interferometry stars|_Dressing & Charbonheau fects. we limit our discussion to cooler stars.
(2013) estimated sub-solar metallicities for most of thel(O
whereas the metallicities fromn_Muirhead et al. (2014) are 5.2. Updated stel-lar and planetary parameters .
closer to solar (see Figure 7 in Dressing & Charbonneau) and We use the data available on the NASA Exoplanet Archive

i 1 (2013) therefore find smaller radii. to update the properties of the planet candidates orbitiag t

This can also be seen in Figlird 12. The overall offset betweercool KOls. We compare the planets properties that we get
the observed and theoretical temperatures and radii, and thusing our stellar parameters to those that one would infer
sub-solar metallicities they estimated are what causerour i Using the stellar parameters in the catalog fiom Huber et al.
ferred radii to be substantially larger than those repoitied (2014). [Huber et al.[(2014) synthesized stellar parameters

[Dressing & Charbonneau (2013). available in the literature for objects in théepler Input

6 http://exoplanetarchive.ipac.caltech.edu/, acces8éd/26/10
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FIG. 13.— Planet radius versus planet equilibrium temperatvten us-
ing stellar properties frorh_Huber efl dl. (2014) or updatechpeeters from
this work (filled circles). Thé Huber etlal. (2014) catalogngarily draws M
dwarf stellar parameters from Dressing & Charbonhéau (2048 crosses)
and fron{ Muirhead et al_(2012b, blue pluses), with small bars of objects
from other works (black open triangles). We use planet pt@sefrom the
NEXxSci database (accessed 2014/06/10). Gray lines cottregetevious and
updated values for each planet.

FIG. 12.— Temperature-radius diagram for the stars in this wshiow-
ing the measured values for the interferometric sampley(gtars) and the
values we infer using EWs for the MEarth sample (plus symbaf&l the
KOls (crosses). We color the MEarth and KOI samples by theiimated
metallicities. For MEarth, we estimate metallicities wysirelations from
[Mann et al. [[2013a) and Mann ei dl._(2014), and for the KOlIs & thhe
metallicities from Muirhead et al[ (20114). We also includeiMann etdl.
(2013b) temperature-radius relation (solid black linej &rGyr, solar alpha-
enhancement Dartmouth isochrones|fiés/H] = 0.0 (dashed orange line)
and [Fe/H] = —0.4 (dashed dark red line). Gl 725B (measufBdy =
3142K, R = 0.32R) was used to calibrate our radius relation but not our
temperature relation, and is not shown. The largest odtten the interfer- jol
ometric sample is Gl 876 (measurégy = 3176K, R = 0.38Rp). |.|_(2_Ql].2) presentgd KOI ZMap{Ier-45), an

. early M dwarf hosting a hot Jupiter, and foud= 0.55 +
Catalog. For the M dwarfs, measurements primarily come 0.11R, andT.g = 3820 + 90, again consistent with our re-
from IMuirhead et al.[(2012b) and Dressing & Charbonheau g its of R — .58 + 0.03Rs andThg = 3870 + 80.
(2013). . KOI 571 (Kepler-186) was recently announced as host-

_To update the planetary radii we use the planet-to-star ra-ing an Earth-sized planet in its habitable zoKep(er-186f,
dius ratio ¢/ R.) and calculate using either our new stellar Quintana et al. 2014). The stellar parameters listed far thi
radius or that from Huber etlal. (2014). To update planetequi gar in [Huber et al.[(2014) and in our Tallé 7 are from
librium temperaturesl(,), we assume that the planet radiates 1 irhead et al. (ZOiZbD. Quintana et &l. (2014) separately d
the same amount as heat as it receives, that heat is disthibut {ermined the radius for this star by finding the Dartmouth
isotropically, that the planet has an albedouof= 0.3, and  64e| best matching the mean stellar density, determined
that.t.he star gnd planet radiate as blackbodies. This gn_&st from transit photometry, and the metallicity afdy from
familiar equatiorilz, = T, x (1 —a)'/*\/R./2d. Theratio  [Muirhead et al.[(2012b). Their radius 6f47 + 0.05Rc is
between the planet-star distance and the stellar radjtiz.{ smaller than our estimate 0f53 + 0.03R, but is consis-
is another directly measured transit parameter. We cadkula tent. We also revise the radius képler-186f upward, from
T4 using either our new stellar effective temperature or that 1.02R, to 1.17R.,; a planet of this size is still likely to be
from|Huber et al.[(2014). _rocky (e.g[ Rogetis 2014). TH& (3624 & 80) and luminos-

We present our updated stellar and planetary parameters ifity (0.048 + 0.008L,) we infer for this object are also con-
TablelT. In Figuré 3, we show how the planet radii and equi- sistent with the properties from Quintana et Al. (2014), who
librium temperatures change when using our updated parameestimatedl .z = 3788 + 54K and L = 0.041 + 0.009 L.
ters. The difference in equilibrium temperature is largedg-  Therefore, our results support the conclusion ket er-186f
ligible, but our new stellar radii have a significant effenttbe is a rocky, habitable-zone planet.
radii of orbiting planets: the typical planetis% larger with
our stellar parameters than with thos 2014)

very good agreemen. 17 &+ 0.04 R, in their analysis versus
0.19 4 0.04 in this work.

6. SUMMARY

L We presented empirical calibrations for the effective tem-
5.3. Comments on individual systems peratures, radii, and luminosities of cool dwarfs. We uséd 2
Two KOls stand out because our new radii are smaller thanM dwarfs with interferometrically-measured parameters (2
those in_Huber et all (2014). These are the candidate planetor our radius calibration) to calibrate our relationshiphich
orbiting KOI 2715, for which the previous best stellar paeam  are based on EWs df-band spectral features. Our relation-
ters come from th&epler Input Catalog 1). ships are applicable to dwarfs wii00 < T, (K) < 4800,
ThreeKepler targets in our sample have previously received 0.2 < R/Rs < 0.8, and—2.5 < logL/Ls < —0.5. The
significant attention. KOI 961Kgpler-42) hosts a suite of  standard deviations in the residuals of the best-fitsrakg
sub-Earth-sized planets and was analyzed by Muirhead et al0.027 R, and0.049 dex (11%). From our bootstrap analysis,
(20124), who inferred this star’s properties by tying medel our luminosity calibration is the only one for which system-
Barnard’s star, which has a directly measured radius. Whileatic error is important, but comparing temperature, raging
the temperature we estimate is nea20)pK hotter than the  luminosities indicates that there may be additional sairce
temperature from their analysis, the two estimates areigons of systematic uncertainty. Our calibrations can be applied
tent 3068 + 174K versus3254 + 110K). The radii are also in  to stars without parallaxes and to non-flux calibrated spec-
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tra, and can be used very effectively for early M dwarfs with and Figurd_1R2). Additional interferometric measurements —
3700 < Teg(K) < 4000, where theH,O-K2 index used particularly of mid-to-late M dwarfs and stars of extreme
by Muirhead et dl.[(2012a) and Muirhead €t al. (2014) to es- metallicity — would improve both our empirical calibrat®n
timate temperature saturates. This is an important regime f and our general understanding of the physical properties of
understanding planets orbiting cool stars, because these a low-mass stars.

the late-type dwarfs with the greatest representatidtepher.

Figure[12 summarizes our results: we show the measured pa-

rameters for the interferometric stars on which the cafibra

is based, and the properties we infer for the MEarth lded

pler samples.

Our investigation off/ -band spectral features also revealed
that the EWs we measure of features in our observed spectra
that are not strongly dependent on metallicity — in particu-
lar, Mg | features — show the best agreement with the EWs
we measure from synthetic spectra. Conversely, the EWs we
measure for features for which a metallicity dependence is
apparent are the most discrepant.

We applied our calibrations to the MEarth sample of M
dwarfs and validated the stellar parameters we infer by
demonstrating that they display a clear relationship with,
which is an independent tracer of the stars’ underlying phys
cal properties. By comparinglk to inferred stellar luminos-
ity, we identified31 candidate multiples.18 of the objects
we identified in this manner are known binaries. We also
used the luminosities we estimated to demonstrate that the
[Newton et al.[(2014) metallicity calibration over-estiesthe
metallicities of late M dwarfs, and updated the metall@sti
of the sample using the calibrations from Mann etlal. (2013a)
and Mann et &l 4).

Using spectra from_Muirhead etlal. (2014), we applied
our calibration to the cool stars froikepler that host can-
didate planets. The temperatures that we find agree re-
markably well with the temperatures reported in previous
works, particularly given the different methods used, whil
our new stellar radii are larger. The largest discrepana+(m
dian difference).09R) arises when we compare our radii
to [Dressing & Charbonneau (2013), who fit photometry to
Dartmouth models to estimate stellar parameters. The pri-
mary cause of the discrepancy is that at a giZen, the
interferometrically-measured radii are larger than those
dicted by models by about% (Bovajian et al. 2012), so the
model-based radii from _Dressing & Charbonneau (2013) are
too small. The sub-solar metallicities they infer for the IKO
also contribute. Using our new stellar parameters, we @odat
the properties of the candidate planets, finding that the typ
cal planet is larger than what one would calculate using the
recent catalog fromn Huber etlal. (2014) by%. The proper-
ties we infer for KOIs 961Kepler-42), KOI 254 Kepler-45),
and KOI 571 Kepler-186) are consistent with the results from
previously-published in-depth studies of those objects.

Our new calibrations have the benefit of being independent
of stellar models. Because of the discrepancies between the
oretical and observed stellar parameters, methods tlyabmel
fixing stellar parameters to models will be subject to system
atic errors. We note two important considerations that were
discussed by Boyajian etlal. (2012). First, stellar radii fo
these low-mass stars generally are measured to be larger tha
predicted. Second, the effect of metallicity on radius does
not appear to be as strong in the interferometric sample as is
predicted by models, so metal-poor M dwarfs may be partic-
ularly misrepresented by such methods. We note, however,
that we see some evidence of a metallicity dependence in the
temperature-radius plane when considering the largerlgamp
of stars to which we have applied our calibrations (§&&
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TABLE 7

HIGH-FIDELITY SPECTRA

Huber et al. (2014) This work Literature This work
KOINum. Kepler ID T.g® Radiu§ Ref? Togr Radius Luminosity Ry Teq Rp Teq
(K) R@ (K) R@ log L/L@ R@ K R@ K

247.01 11852982 3741 0.49 SPE5 3850475 0.556 +0.027 —1.18 £0.06 1.85 507 2.10 522
250.01 9757613 3887 0.53 SPE5 3899 +100 0.572+0.028 —1.10£0.14 2.83 453 3.05 455
250.02 9757613 3887 0.53 SPE5 3899 +100 0.572+0.028 —1.10£0.14 2.70 405 2.91 406
250.03 9757613 3887 0.53 SPE5 3899 +100 0.572+0.028 —1.10£0.14 1.04 686 1.12 688
250.04 9757613 3887 0.53 SPE5 3899 +100 0.572+0.028 —1.10£0.14 2.73 290 2.94 291
251.01 10489206 3810 0.52 SPE5 3827 + 84 0.542 £0.029 —1.20 £ 0.07 2.61 665 2.72 668
251.02 10489206 3810 0.52 SPE5 3827 +84 0.542 +0.029 —1.20£0.07 0.83 595 0.86 598
254.01 5794240 3820 0.55 SPE43 3867 £ 82 0.578 £0.028 —0.97+0.10 10.23 691 10.71 700
255.01 7021681 3770 0.51 SPE5 4027 £81 0.616 £0.027 —1.01+0.12 2.46 334 2.98 357
255.02 7021681 3770 0.51 SPE5 4027 +£81 0.616 £0.027 —1.01 +£0.12 0.74 497 0.90 531
314.01 7603200 3841 0.50 SPE5 3841473 0.512 £ 0.027 —1.33 +£0.05 1.58 467 1.62 467
314.02 7603200 3841 0.50 SPE5 3841+ 73 0.512 £0.027 —1.334+0.05 1.68 392 1.72 392
314.03 7603200 3841 0.50 SPE5 3841473 0.512 £ 0.027 —1.33 +£0.05 0.64 515 0.66 515
463.01 8845205 3387 0.30 SPE5 3377+ 79 0.372 +0.028 —1.71 £0.06 1.50 244 1.87 244
478.01 10990886 3744 0.50 SPE5 3727+ 74 0.529 £0.027 —1.27 +0.06 2.63 468 2.78 466
531.01 10395543 4030 0.60 SPE5 4065 4 76 0.630 £0.028 —0.92 +0.07 3.40 490 3.57 495
571.01 8120608 3761 0.46 SPE5 3624+ 79 0.525+0.029 —1.32£0.07 1.44 705 1.64 679
571.02 8120608 3761 0.46 SPE5 3624+ 79 0.525£0.029 —1.3240.07 1.59 576 1.81 555
571.03 8120608 3761 0.46 SPE5 3624+ 79 0.525£0.029 —1.3240.07 1.21 870 1.39 839
571.04 8120608 3761 0.46 SPE5 3624+ 79 0.525+0.029 —1.32+£0.07 1.45 484 1.66 466
571.05 8120608 3761 0.46 SPE5 3624+ 79 0.525+0.029 —1.32£0.07 1.02 182 1.17 175
596.01 10388286 3678 0.47 SPE5 36354+ 78 0.536 £0.028 —1.3540.08 1.29 874 1.47 864
818.01 4913852 3721 0.52 SPE5 3723 +86 0.537 £0.028 —1.36 £0.10 2.34 581 2.41 582
854.01 6435936 3593 0.47 SPE5 3694 +85 0.470 £0.032 —1.12£0.06 2.05 271 2.05 279
898.01 7870390 3893 0.52 SPE5 4025 +99 0.632 £0.038 —0.71 4+ 0.09 2.42 530 2.94 548
898.02 7870390 3893 0.52 SPE5 4025 +99 0.632 £0.038 —0.714+0.09 1.86 656 2.27 679
898.03 7870390 3893 0.52 SPE5 4025499 0.632 +0.038 —0.71£0.09 2.02 419 2.45 433
899.01 7907423 3568 0.42 SPE5 3636 77 0.448 +£0.030 —1.28 £0.06 1.34 554 1.43 565
899.02 7907423 3568 0.42 SPE5 3636 77 0.448 £0.030 —1.28 +0.06 1.02 715 1.09 729
899.03 7907423 3568 0.42 SPE5 3636 77 0.448 +£0.030 —1.28 £0.06 1.31 428 1.40 436
936.01 9388479 3581 0.44 SPE5 3544 + 78 0.511 +£0.028 —1.40£0.07 2.28 520 2.65 515
936.02 9388479 3581 0.44 SPE5 3544 + 78 0.511 £0.028 —1.40 +0.07 1.30 1143 1.51 1132
947.01 9710326 3750 0.46 SPE5 3780 4+ 92 0.543 £0.034 —1.24 +0.07 2.23 450 2.63 454
961.01 8561063 3068 0.17 SPE41 32544106 0.185+0.043 —2.73£0.07 0.86 570 0.94 605
961.02 8561063 3068 0.17 SPE41 32544106 0.185+0.043 —2.73£0.07 0.79 790 0.86 838
961.03 8561063 3068 0.17 SPE41 32544106 0.185+0.043 —2.73£0.07 0.77 494 0.83 524
1085.01 10118816 3939 0.52 SPE5 3777 +097 0.532 +0.030 —1.07=£0.09 1.05 634 1.07 608
1397.01 9427402 3957 0.54 PHO2 4104 +107 0.624+0.032 —1.21+0.16 2.01 501 2.31 520
1408.01 9150827 4023 0.57 SPE5 4192 4+ 84 0.631 £0.029 —0.78 £ 0.07 1.31 462 1.45 482
1408.02 9150827 4023 0.57 SPE5 4192484 0.631 +£0.029 —0.78 £0.07 0.80 260 0.89 271
1422.01 11497958 3517 0.37 SPE5 3580 4+ 98 0.426 +£0.031 —1.50£0.08 1.41 457 1.63 465
1422.02 11497958 3517 0.37 SPE5 3580 4+ 98 0.426 £0.031 —1.50 +0.08 1.45 303 1.67 309
1422.03 11497958 3517 0.37 SPE5 3580 4+ 98 0.426 £0.031 —1.50 +0.08 1.13 373 1.30 380
1422.04 11497958 3517 0.37 SPE5 3580 4+ 98 0.426 +£0.031 —1.50£0.08 1.19 206 1.37 210
1422.05 11497958 3517 0.37 SPE5 3580 4+ 98 0.426 £0.031 —1.50 +0.08 1.03 254 1.19 258
1649.01 11337141 3767 0.48 PHO2 38334102 0.574+0.030 —1.29+0.13 0.98 580 1.18 590
1681.01 5531953 3608 0.40 PHO2 37224132 0.483+0.033 —1.46+0.09 1.00 470 1.21 485
1681.02 5531953 3608 0.40 PHO2 37224132 0.483+0.033 —1.46+0.09 0.88 1193 1.07 1231
1681.03 5531953 3608 0.40 PHO2 37224132 0.483+0.033 —1.46=£0.09 0.78 647 0.95 667
1702.01 7304449 3304 0.26 PHO2 3334 +99 0.339 £0.031 —1.91£0.08 0.82 796 1.07 803
1843.01 5080636 3584 0.45 PHO2 3650 4+ 92 0.529 +£0.031 —1.40=£0.09 1.16 536 1.37 546
1843.02 5080636 3584 0.45 PHO2 3650 4 92 0.529 £0.031 —1.40 +0.09 0.73 463 0.85 472
1867.01 8167996 3799 0.49 PHO2 3938 £112 0.578 £0.029 —1.20£0.12 1.13 737 1.33 764
1867.02 8167996 3799 0.49 PHO2 3938 +112 0.578 £0.029 —1.20£0.12 2.01 415 2.36 430
1867.03 8167996 3799 0.49 PHO2 3938 £112 0.578 £0.029 —1.20£0.12 1.01 579 1.18 600
1868.01 6773862 3950 0.56 PHO2 4163 +133 0.627 +0.035 —0.94£0.12 2.14 316 2.39 334
1902.01 5809954 3763 0.46 PHO16 3737+ 114 0.4904+0.032 —1.36+0.12 18.43 172 19.77 171
1907.01 7094486 3901 0.54 PHO2 38514109 0.591+0.033 —1.244+0.17 2.01 476 2.19 470
2006.01 10525027 3809 0.46 PHO2 3792493 0.592 £0.030 —1.2440.10 0.77 732 1.00 729
2036.01 6382217 3903 0.52 PHO2 4060 +112 0.589 +0.031 —1.03£0.15 1.49 504 1.68 525
2036.02 6382217 3903 0.52 PHO2 4060 +112 0.589 +0.031 —1.03£0.15 0.96 568 1.09 591
2057.01 9573685 3900 0.54 PHO2 3997 118 0.585+0.029 —1.02+£0.11 1.14 636 1.24 652
2130.01 2161536 3972 0.56 PHO2 4251 4+130 0.635+0.037 —0.75=£0.09 1.72 367 1.94 392
2191.01 5601258 3724 0.46 PHO2 39104107 0.567 +0.030 —1.24+0.11 1.15 584 1.42 613
2306.01 6666233 3878 0.52 PHO2 4029 4+ 89 0.616 +£0.029 —0.92£0.10 0.94 1546 1.11 1607
2329.01 11192235 3815 0.50 PHO2 3929 +135 0.624 +0.036 —1.32£0.13 1.26 983 1.58 1012
2347.01 8235924 3972 0.56 PHO2 4084 4+108 0.609+0.029 —1.25+0.14 1.07 1637 1.16 1684
2542.01 6183511 3339 0.29 PHO2 3417+ 113 0.3444+0.041 —1.65+0.11 0.60 1365 0.72 1397
2650.01 8890150 3735 0.40 PHO2 4040 102 0.599 +0.028 —1.12£0.10 0.98 319 1.47 346
2650.02 8890150 3735 0.40 PHO2 4040 £102 0.599 +0.028 —1.12£0.10 0.86 545 1.29 590
2662.01 3426367 3410 0.34 PHO2 3646 +128 0.471+0.031 —1.30£0.11 0.69 816 0.94 872
2704.01 9730163 3327 0.19 PHO54 31344102 0.2744+0.034 —2.17£0.10 2.02 414 2.92 390

17
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TABLE 7 — Continued

Huber et al. (2014) This work Literature This work
KOINum. Kepler ID T,.g2 i Refb Teor Radius Luminosity Rp Teq Rp Teq
(K) (K) R@ log L/L@ R@ K R@ K
2704.02 9730163 3327 0.19 PHO54 3134 £102 0.2744+0.034 —2.17+0.10 1.36 529 1.97 499
2705.01 11453592 3400 0.27 PHO54 3592+ 134 0.534+0.044 —1.52+0.18 1.39 876 2.79 925
2715.01 9837661 4385 0.71 KICO 4150 £129 0.660 £0.029 —0.90 +0.22 6.83 588 6.38 557
2715.02 9837661 4385 0.71 KICO 4150 £129 0.660 £ 0.029 —0.90 4+ 0.22 3.69 1035 3.45 980
2715.03 9837661 4385 0.71 KICO 4150 £129 0.660 £ 0.029 —0.90 4 0.22 3.16 879 2.95 832
2764.01 10073672 3952 0.55 PHO2 4124 4+117 0.608 +0.029 —1.02+£0.15 1.59 1204 1.76 1257
2839.01 6186964 3900 0.54 PHO2 39354136 0.555+0.031 —1.13+0.14 1.29 740 1.33 747
2845.01 10591855 3954 0.55 PHO2 4066 +146 0.618 £0.031 —0.78 +0.22 0.84 940 0.95 966
2926.01 10122538 3903 0.52 PHO2 4208 157 0.603 +0.034 —0.95+0.16 2.28 515 2.63 555
2926.02 10122538 3903 0.52 PHO2 4208 +157 0.603 +0.034 —0.95+0.16 2.00 610 2.30 658
2926.03 10122538 3903 0.52 PHO2 4208 + 157 0.603 £0.034 —0.95+0.16 2.45 364 2.82 392
2926.04 10122538 3903 0.52 PHO2 4208 + 157 0.603 £0.034 —0.95+0.16 2.36 310 2.72 335
2992.01 8509442 3952 0.55 PHO2 4088 141 0.578 +£0.034 —0.90+0.19 2.04 184 2.14 190
3090.01 6609270 3854 0.53 PHO2 3850 128 0.560 £0.030 —1.29+0.16 1.17 748 1.24 747
3090.02 6609270 3854 0.53 PHO2 3850 +128 0.560 £0.030 —1.29+0.16 2.14 694 2.26 693
3282.01 12066569 3894 0.54 PHO2 3944 +127 0.571+0.031 —1.23+0.13 2.24 305 2.36 309
3414.01 6023859 3900 0.54 PHO2 38344159 0.563+0.039 —1.32+0.16 18.48 239 19.37 235
3749.01 11547869 3311 0.22 PHO2 33624112 0.348£0.039 —1.81+0.10 8.17 314 12.62 319
4252.01 10525049 3842 0.53 PHO2 3809 +117 0.586 +0.033 —1.36£0.22 0.67 344 0.74 341
4427.01 4172805 3668 0.43 PHO2 4037 +155 0.573+0.050 —1.20£0.14 1.46 176 1.94 194

a Stellar parameter in catalog fram Huber €t fal. (2014)

b Reference fdr Huber etlal. (2014) data. Data primarily coromf
SPES5 =[(Muirhead et &, 2014); PHO2[= (Dressing & Charborineau
[2013); SPE41=Muirhead etldl. (2012b)
¢ Planet properties one infers using the stellar parametera f
[Huber et al.[(2014) and the planet parameters from the NAS@ Ex
planet Archive
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