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1 INTRODUCTION

ABSTRACT

We describe a search for infra-red excess emission frony @dirsumstellar material around
180,000 stars observed by tKepler and WISE missions. This study is motivated by i) the
potential to find bright warm disks around planet host sigra,need to characterise the dis-
tribution of rare warm disks, and iii) the possible idengfion of candidates for discovering
transiting dust concentrations. We find about 8,000 staattthve excess emission, mostly
at 12um. The positions of these stars correlate with thei@@®ackground level so most of
the flux measurements associated with these excesses HorispWe identify 271 stars with
plausible excesses by making a 5MJy/sr cut in the IRAS:h®8mission. The number counts
of these excesses, at both 12 ang22 have the same distribution as extra-Galactic number
counts. Thus, although some excesses may be circumstedlar,can be explained as chance
alignments with background galaxies. The one exceptior2uan excess associated with a
relatively nearby A-type star that we were able to confirmanse the disk occurrence rate is
independent of stellar distance. This detection impliessk dccurrence rate consistent with
that found for nearby A-stars. Despite our low detectior rttese results place valuable up-
per limits on the distribution of large mid-infrared excesse.g. fewer than 1:1000 stars have
12um excessesH,.s/ F) larger than a factor of five. In contrast to previous studiesfind

no evidence for disks around 1790 stars with candidate fdame attribute one significant
12um excess to a background galaxy), and no evidence that thdidisibution around planet
hosts is different to the bulk population. Higher resolatimaging of stars with excesses is
the best way to rule out galaxy confusion and identify motialée disk candidates among
Kepler stars. A similar survey to ours that focusses on nearby stawdd be well suited to
finding the distribution of rare warm disks.

Key words: planets and satellites: formation — stars:individual, HEB80, BD +20 307,
HD 172555, Corvi, HIP 13642, KIC 7345479

architecture has been the reproduction of these minor bopylga-
tions and their properties (e glorbidelli et al. 2005 Levison et al.

Kepler (Borucki etal. 2003 is revolutionising our perspective .
on extra-Solar planets (e.gdolman etal. 2010 Lissauer et al. 2008 Nesvorny et al. 2007
20113 Batalha et al. 20L1Doyle et al. 2011 Howell et al. 2011

Borucki et al. 2012and will likely yield many Earth-sized planets The exquisite detail with which the Solar System minor body
in the terrestrial zones of their host stars. Like the Solzst&n, populations are characterised is made clear when they are co
these planetary systems will comprise not only planets,alad trasted with their extra-Solar analogues, collectivelgwn as “de-

smaller objects that for one reason or another did not gregeta ~ bris disks.” First discovered around Vegaufmann etal. 1984
In the Solar System these make up the Asteroid and Kuipes,belt they are almost always detected by unresolved infra-repefis-
along with other populations such as the Oort cloud, andafroj ~ sion, visible as an excess above the stellar photosphetectiva
and irregular satellites. Characterisation of these mifmris has ~ Of an excess at multiple wavelengths yields the dust teryrera

been critical to building our understanding of how the S6lgstem ~ and thus the approximate radial distance from the star (toinvi
formed. For example, one of the primary validation methddte® a factor of a few). The radial location can be refined furthbemw
so-called “Nice” model for the origin of the outer Solar Systs spectral features are present (e.gsse et al. 200§ However, be-
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cause the temperature of a dust or ice grain depends ontsizevié
radial location (and any radial, azimuthal, or verticalisture) can
generally only be found by resolved imaging (eSgnith & Terrile
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1984 Kalas et al. 200por interferometry (e.gAbsil et al. 2006
Smith et al. 200R

It is therefore difficult to draw links between the regions of
planetary systems occupied by planets and small bodiesjfand
and how they interact. The best examples of extrasolar regste
where known dust and planets are likely to interact Aare@ic-
toris, Fomalhaut, and HR 879B(rrows et al. 1995Mouillet et al.
1997 Kalas et al. 20052008 Marois et al. 2008Su et al. 2009
Moro-Martin et al. 201D In these cases, the spatial dust distribu-
tion is fairly well known because the disk is resolved, bt t-
bits of the planets, which were only discovered recentlyhitect
imaging, are not. These are rare cases however, and typtball
search for links between the major and minor body comporats
extra-Solar planetary systems means asking whether tiserpre
of one makes the presence of the other more or less likelyarSwf
statistically significant correlation between the preseoicplanets
and debris has been founk@spal et al. 2009Bryden et al. 2009
Dodson-Robinson et al. 201.However, there is new tentative ev-
idence that nearby stars with low-mass planetary systeensare
likely to harbour debris than those with no planet detectiMiyatt
et al, in press), an exciting possibility that has only begnievable
recently with better sensitivity to such planetary systersund
nearby stars.

One of the key limiting factors in the search for links betwee
debris and planets is the small number of stars known to ikt b
Two recentSpitzer surveys observed about 150 planet host stars, of
which about 10% were found to have diskryden et al. 2009
Dodson-Robinson et al. 20L1The small number of disk detec-
tions is therefore the product of the number of nearby staosvia
to host planets that could be observed v@titzer, and the~10%
disk detection rate (for both planet and non-planet hossst@ne
way to sidestep this problem is therefore to look for disleuad
a much larger sample of planet host stars; Klepler planet host
candidatesBorucki et al. 2011Batalha et al. 2012

The method we use to look for disks in this study is to find
infra-red (IR) excess emission above that expected fronstilkar
photosphere. An IR excess is usually interpreted as bergnl
emission from an Asteroid or Kuiper-belt analogue, whidhgated
by the star it orbits. We use photometry from the Wide-field In
frared Survey Explorer (WISE) mission8\ight et al. 2010 all-
sky catalogue, which is most sensitive to dust in the telestse-
gion of Sun-like stars. Three properties of warm dust ateheta-
tively close radial distances provide motivation.

First, this warm dust, if discovered, is located in the viiyin
of the planets being discovered wikepler. Currently, only one
system, HD 69830, is known to host both a planetary systeimein t
terrestrial region and warm du®€ichman et al. 2003.ovis et al.
2006. The origin of this dust is unclear, but given the proxim-
ity to the planetary system is plausibly relatédsée et al. 2007
Beichman et al. 2001 Through discovery of similar systems the
links between planets and warm dust can be better understood

For planets discovered tepler, the knowledge that a transit-
ing planetary system is almost exactly edge-on providesehend
motivational aspect. If planets pass in front of the hogt s@will
coplanar minor body populations. Indeed, the discoverystesns
where multiple planets transit their stars (éplman et al. 2010
Lissauer et al. 2011k) provides striking evidence that the Solar
System’s near-coplanar configuration is probably typi¥shile
transits of individual small bodes will be impossible to et it
may be possible to detect concentrated populations tree om
a recent collision Kenyon & Bromley 200% or perturbations by
planets Stark 201}. The dust must reside on a fairly close orbit—

within a few AU—to allow multiple transits within the missio
lifetime. Thus, the WISE sensitivity to terrestrial dusbdalikely

difficulties in discerning dust transits from other instremal and
real effects, mean that the odds of finding dust transits trtigh
maximised by the prior identification of dusty systems.

Finally, but most importantly, detections of terrestriaktiare
rare (e.gAumann & Probst 1991Hines et al. 2006Bryden et al.
2006 Beichman et al. 2006b Because only a few such systems
are known, their occurrence rate is poorly constrained.evis-
coveries are therefore needed to add to our understanditige of
processes that create it. The collision rate in a debris idigko-
portional to the orbital period, so warm terrestrial deldlisks de-
cay to undetectable levels rapidly, hence their rarityebd] the
few that are known are usually thought to be the result of re-
cent collisions, and thus transient phenomena (e.g. HD %983
HD 172555, BD +20 307y Corvi, HD 165014, HD 169666,
HD 15407A Beichman et al. 20Q5Song et al. 2005Wyatt et al.
2007 Lisse etal. 2009 Moor et al. 2009 Fujiwara et al. 2010
Lisse et al. 2011Fujiwara et al. 201R Possible scenarios include
objects thrown into the inner regions of a planetary systeamf
an outer reservoirGaidos 1999 Wyatt et al. 2007 Booth et al.
2009 Raymond et al. 20%1Bonsor & Wyatt 2012, or the rem-
nant dust from a single catastrophic collisidBofg et al. 2005
Beichman et al. 20Q8NVeinberger et al. 2091

Clearly, there are reasons that discovery of debris in the te
restrial regions of known planetary systems is importactvever,
because WISE is sensitive to the rarest and brightest disksmad
Kepler stars, the third point above is of key importance. As stars
become more distant, they and their debris disks becomégefain
and the number of background galaxies at these fainter flux le
els increases. Thus, the bulk of the stars inKbgler field, which
lie at distances of hundreds to thousands of parsecs mayenot b
well suited to debris disk discovery. Practically, the impace of
contamination depends on the galaxy contamination frezyuesi-
ative to the disk frequency (i.e. only if disks are too rard thiey
be overwhelmed by contaminatiorherefore, because the occur-
rence rate of the rare disks that WISE is sensitive to is unknown,
whether Kepler stars are a good sample for disk detection with
W SE is also unknown.

Characterising the occurrence rate of rare bright diskseiset
fore the main goal of this study, because this very distidiousets
what can be discovered. While the sampleKepler stars is not
specifically needed for this goal, there is the possibitiatthe disk
occurrence rate is higher for stars that host low-mass fdaSech
a trend could make this particular sub-sample robust tousior,
even if the general population is not.

An additional potential issue specific to tKepler field is the
importance of the Galactic background. High backgroundbresy
are sometimes avoided by debris disk observations becaage t
make flux measurement difficult, and can even mask the presenc
of otherwise detectable emission. Unfortunately thiséssannot
be avoided for the present study, as Kepler field is necessarily
located near the Galactic plane to maximise the stellarijeos
the sky.

In what follows, we describe our search for warm excesses
around~180,000 stars observed I{epler using the WISE cata-
logue. We first outline the data used in this study;and in§3
describe our SED fitting method for finding excesses and the va
ious issues encountered. We discuss the interpretatidresétex-
cesses irg4, and place our findings in the context of disks around
nearby stars ir§5. We discuss the disk-planet relation, rarity of
warm bright excesses, and some future prospects iand con-
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clude in§7. Readers only interested in the outcome of this search
may wish to skip the details describedsi§2-3.

2 CATALOGUES

The Kepler mission is observing-200,000 stars near the Galac-
tic plane to look for planets by the transit methdb(ucki et al.
2003. TheKepler field of view (FOV) covers about 100 square de-
grees and is rotated by 9@very three months. Not all stars are
observed in all quarters, but Figuteshows that the focal plane has
four-fold rotational symmetry (aside from the central pasd most
will be visible for the mission lifetime. Stars observed Kgpler
are brighter than about 16th magnitude and selected to nigxim
the chance of transit detection and follow afalha et al. 2010
The stars are drawn from the Kepler Input Catalogue (KIC)ctvh
contains optical photometry, cross-matched 2MASS IDs,sied
lar parameters for millions of objects within the FOBréwn et al.
2011).

The entireKepler FOV is covered by the all-sky WISE mis-
sion (Wright et al. 201, as shown by the coloured dots in the right
panel of Figurel. The scanning strategy used by WISE means that
the sky coverage varies, and is highly redundant at thetixtiples
(seeJarrett et al. 2011 WISE photometry comprises four bands
with isophotal wavelengths of 3.4, 4.6, 12, and.22(called W1-

4). The sensitivity is fairly well suited to stars observediepler,
with 50 sensitivities of 17.1, 15.7, 11.4, and 8 magnitudes for 8
frames in W1-4 (corresponding to 44, 93, 800, and %&80re-
spectively).

Fractional luminosity

2.1 Cross matching

There were 189,998 unique KIC objects observed in quartérs 1
of the mission, which we refer to as Kepler OBserved objéas,
“KOBs". These KOBs are matched with three photometric cata-
logues: Tycho 2Klag et al. 200]) the 2MASS Point Source Cat-
alogue Gkrutskie et al. 2006 and the WISE all-sky catalogue
(Wright et al. 2010. Matching with 2MASS is straightforward be-
cause designations are already given in the KIC. The refevan
189,765 rows were retrieved using Vizfelycho 2 objects were
matched using a 1” search radius and retaining only the siade
ject, again using the Vizier service. This match returnedt3ad
objects. The KIC itself contains photometry in SDSS-likends
(ugriz each with 1092, 189383, 189829, 186908, 177293 KOB
measurements respectively) and a DDO51-like narrowbatet fil
centered on 510nm (with 176170 measurements). Finally,BNVIS
objects are matched using the IPAC Gator sefvigith a radius of

1", which returns 181,004 matches. It is these 181,004 tbjbat
are the focus of this study.

3 FINDING EXCESSES

The method used to identify debris disk candidates is fitireg-

lar atmospheric model spectral energy distributions (SE®$he
available photometry (known as “SED fitting”). Optical anelan-

IR bands are used to fit the stellar atmosphere and make predic
tions of the photospheric flux at longer wavelengths, which a

1 Retrieved fromhttp://archive.stsci.edu/pub/kepler/catalogs/
2 http://vizier.u-strasbg.friviz-bin/VizieR
3 http://irsa.ipac.caltech.edu/Missions/wise.html
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Observing Keplerstars with WISE
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Figure 2. WISE W2-4 (4.6-222m) 3o sensitivity to blackbody emission
around a typical star in thiéepler field, a 5460K star with; = 13.5mag
(black lines). Also shown is the sensitivity with MIPS at 24da7Qum to
55 Cancri, a typical nearby star at 12pc with, ~ 4.2 (grey lines).

compared to the WISE observations. An IR excess indicates th
possible presence of thermal emission from circumsteliat,dut
can also arise for other reasons; overestimated flux due igha h
Galactic background, chance alignment with a backgroutakga
that has a cooler spectrum than a star, and poor photospireric
diction are three examples. Excesses are usually quanitifiseb
ways: the first is the flux ratio in a barigl

Rp = Fp/FiB, 1)

where Fy is the photometric measurement aRgs is the photo-
spheric prediction. The flux from the disk is therefore

Faisk, = (R — 1) Fip. 2
The second is the excess significaﬁce,
_ s — Fi @)

Vo +0olg 7
where eaclr is the photometric or stellar photospheric uncertainty.
Typically a star is said to have excess emission whign > 3,
though other (usually higher) values appropriate to thepbarim
question may be used.

Figure2illustrates the sensitivity of WISE to blackbody emis-
sion around a “typical” KOB; a 5460K star witR; = 13.5mag.
Only disks that have a combination of fractional luminogify=
Laisk/L,) and temperature that lies above the line for a specific
band can be detected in that band. Disks detected at a siagks w
length lie somewhere along a single curve similar to (butvapo
those shown, and may be constrained by non-detections at oth
wavelengths (e.g. Figure 9 &ryden et al. 2006 Temperatures
can only be derived for disks that lie above multiple lines.(are
detected at multiple wavelengths). Compared to the MIP®rmebs
vations of the nearby (12pc) star 55 Candril{ing et al. 2009,
the WISE sensitivity is much reduced. While MIPS;24 obser-
vations are generally “calibration limited” by the preoisiof the

4 This quantity is usually called usually callegs, but we instead dub it
Xp to avoid confusion with the goodness of fit indicaggt. In this study
we usually use the term “excess significance” instead ofyhebsl.
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Figure 1. Kepler field of view (rectangles) with IRAS 1@on (left panel,
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scale is log MJy/sr) and 2% (right panel) IRIS maps as background

(Miville-Deschénes & Lagache 20pNorth is up and East is left. The Galactic plane is towahds $outh-East, and in the left panel galactic latitudes of
5and 22 are shown as dashed lines. The WISE W1 mean pixel coveraganie$ (called “wlcov” in the catalogue, coloured dots amde3dés shown in the
right panel. Nearly all objects are observed by 20-60 frarthese with less or more have the colour at the respectivektig colour scale.

stellar photospheric predictions (ie.s > og), WISE can at best
detect a flux ratio of about 50 at 2éh for the example shown here
(sois “sensitivity limited” andr,. s < o, seeWyatt 2008 for fur-
ther discussion of sensitivity vs. calibration limited eeys). The
WISE 22:m observation is actually slightly deeper than the MIPS

Reconnaissance in the Infrared/Submillimetre (DEBRIS) Reo-
gramme (e.gMatthews et al. 201)thave found that there is little or
no difference between these models in terms of photosppesic
dictions for A-stars.

In addition to being near the Galactic plane, most stars ob-

24um one (both are sensitive to about 1mJy), so the reason for theserved byKepler are hundreds to a few thousands of parsecs dis-

difference in disk sensitivity is simply the brightnessiué star. The
radial scale shows that WISE is well suited to finding excessgth
large fractional luminosity that lie within the terrestidanet zone
of Sun-like stars. To detect dust at larger distances waeddire
either much greater sensitivity and/or longer wavelengtiad

Because the sensitivity depends strongly on the brightoiess
the star, it also varies widely for KOBs. For the nearest amnghb-
est stars the sensitivity is about two orders of magnitudiebtan
shown for the KOB in Figur@. However, the longest WISE wave-
length is 22:m, so even for the brightest stars the sensitivity to
disks cooler than 100K drops significantly. Therefore, rdtgss
of brightness, the wavelength range of WISE and the brigistio¢
most KOBs means that any detections will be due to very luoméno
warm excesses. It is less likely that the Wein side of coateise
sion will be detected because much higher fractional lusities
are required (i.e. the curves in Figuzeise very steeply to cooler
temperatures and larger radii).

3.1 SED fitting

Our SED fitting method uses filter bandpasses to computeatynith
photometry and colour corrections for the stellar modelsictv
are fit to observed photometry by a combination of brute force
grids and least-squares minimisation. We use Phoenix AI@B&d
models from the Gaia gridBfott & Hauschildt 2005, which cover

a wide range of stellar parameters. However, these moddys on
haveT.sx < 10, 000K, so stars pegged at this temperature are re-
fit with Kurucz models Castelli & Kurucz 2003 Previous efforts
for theHerschel (Pilbratt et al. 201PDisc Emission via a Bias-free

tant, so are reddened by interstellar dust. The 100 apth2RIS
maps$ in Figure1 show that cool emission from dust generally in-
creases towards the Galactic plane, but also varies onsstaleh
smaller than th&kepler FOV. We correct for this effect using the
Rieke & Lebofsky(1985 reddening law.

There are five possible stellar parameters to include in the
SED fitting: the effective temperaturédg), surface gravitylpg g),
metallicity ([M/H]), reddening @dv'), and the solid angle of the star
(€2,). The stellar radiug, can subsequently be estimated fram
by adopting some model for Galactic reddening (&8igwn et al.
2011 or by assuming the star has a specific luminosity class. In
early SED fitting runs where all parameters were left freedet®
were commonly driven to implausible regions of parametacep
in order to minimise the?. Similar issues leaBrown et al.(2011)
to use a Bayesian approach, with priors based on obser#ar ste
populations. Rather than duplicate and/or verify theirhodt we
use some of their KIC stellar parameters as described betew b
cause our goal is to obtain the best photospheric predittidfiSE
bands, not to derive stellar parameters.

Verner et al(2011) show that the KIC gravities systematically
differ from those derived by astroseismology by about 0eX3d
though unfortunately the discrepancy is strongest forehoih
logg > 4 (i.e. dwarfs). In order to reduce the number of fitted
parameters, we therefore fixg g in our fitting to the KIC value
minus 0.23dex. Where riog g is tabulated, we set it to 4.5, appro-
priate for the Solar-type stars that make up the bulk of KORs.

5 Retrieved fromhttp://skyview.gsfc.nasa.gav/

(© 0000 RAS, MNRASDOG, 000-000


http://skyview.gsfc.nasa.gov/

30000F 30000
_ 25000 _ 25000
8 20000 S 20000t
£ 15000 E 15000
£ 10000 € 10000
5000+ 5000

o2y ‘ ‘ ol | : ‘

0 1 2 3 4 05 1.0 15 20

wilrchi2 w2rchi2

3000 3000
_ 2500 _ 2500
8 2000 2 2000
£ 1500 £ 1500
€ 1000 € 1000
5000 5000
0 0},

0608101214
wa3rchi2

06 0.8 1.0 1.2 1.4
wdrchi2

Figure 3. Goodness of fit quality for WISE source extraction in bands W1
4 (Wi, 2, 3, 4r chi 2). The non-Gaussian W1 distribution is an indication
of confusion with nearby sources. The black histograms sabwVISE
sources, and the pink histograms show those remaining #itecut in
goodness of fit described in the text.

further reduce the number of parameters, we also fix [M/Hhto t
KIC value.

We use least squares minimisation to find an adequatelygfittin
model, starting with the parameters tabulated in the KICeWho
parameters are given (most likely because a good fit could@ot
found for the KIC,Brown et al. 201}, we do a grid search over
Tog andQ, at Ay = 0 to find an initial fit, and then iterate to the
best fit with these as free parameters (we apply a cut in fititgual
below so if the fits remain poor the stars are excluded).

We use photometric bands up to and including WISE W1 to
fit the stellar atmosphere. Including W1 in the stellar fiteagon-
able because main-sequence stars rarely show excesstgastior
of about 1@m. In fact, bands such as IRAS 4 and AKARI
9um can usually be used to fit the photosphere, and it is only in
rare cases, mostly for A-type stars, that these bands shax-an
cess. In the present case however, the sample is two to thderso
of magnitude larger than a typical debris disk survey, armdgoal
is to find rare excesses in these bands.

3.1.1 Discarding suspect and poor photometry

Observing KeplerstarswithWISE 5

extraction or image artefactsWe first consider the reduceg?
from the source extraction for each WISE bands, whose bistri
tions are shown in Figuré(the columns in the catalogue are called
wXr chi 2 whereXis 1, 2, 3, or 4). These measure the quality of
the profile fitting source extraction; a high value is a likelglica-

tor that the source is not well described by a point sourcepsdd

be resolved or confused with another object. Any deviatiomfa
point source cannot be due to a resolved debris disk; Keser
stars are hundreds to thousands of parsecs away and WISE is se
sitive to warm excesses that lie at small stellocentricadisgs (i.e.
have very small angular size)

The most noticeable feature in FiguBeis that W1 shows
a non-Gaussian distribution. Given that the difference éarb
FWHM from W1 to W2 is only 61 vs. &4 and the wavelength
difference is small, it seems unlikely that such a largeedéhce
in the x? distributions is astrophysical. However, we found that
sources with poor W1 source extraction were more likely tmnsh
excesses (abowlr chi 2 of about 2), which we attribute to con-
fusion with nearby sources. Based on this result and theilaist
tions in Figure3 we avoid poor source extraction by keeping WISE
photometry only when thg? is smaller than 2, 1.5, 1.2, and 1.2
in W1-4 respectively. A similar, but less stringent cut iscamade
by only retaining sources where the extension flegt(_f | g) is
zero, which means that no band hag?> 3 and the source is not
within 5” of a 2MASS Extended Source Catalogue entry.

The WISE catalogue also provides flags (teef | ags col-
umn) that note contamination from diffraction, persistenicalo,
and ghost artefacts. These flags indicate the estimateuzlisagss
of the contamination; whether the artefact may be affeciimgal
source, or the artefact may be masquerading as a source.dile av
photometry with any indication of contamination (i.e. bogpes).

Applying these quality criteria to the WISE data results in
126743, 128610, 78340, and 9790 detections with a signalisen
ratio of greater than three in W1-4 respectively. A total 4#655
sources have a WISE detection in at least one band.

The 2MASS catalogue also has columns for the profile fitting
source extraction? in each band (called, H, Kpsf chi ).” Early
SED fitting runs found that nearly half of the W1-2 excessas ha
a 2MASS reduced® > 2, particularly in theJ band. Given that
only about 5% of all 2MASS sources matched with KOBs have a
bandy? > 2, we concluded that the higher W1 and W2 excess oc-
currence rate was related to the poorer 2MASS source exinact
As with the WISE W1 source extraction we attribute this clerre
tion to confusion. We therefore only use 2MASS data whenthe
from source extraction for all three bands is less than 2.

We exclude 2MASS photometry for about 5,000 2MASS ob-
jects that have the E, F, X, or U photometric quality flags. Titst
two flags represent the poorest quality photometry, thel tisifor
detections for which no brightness estimate could be mautktre

Care must be taken when using the photometry from the 2MASS last is for upper limits.

and WISE catalogues. The very large number of sources mieains t
small issues that are usually ignored result in hundredpuicus
excesses. Both catalogues have various quantities thdtecased
to identify and mitigate these problems. These are eithgs filaat
indicate contamination, saturation, upper limits, etcvyalues that
quantify some property such as the goodness of fit achievétbin
source extraction. Most issues were uncovered in early SERfi
runs, where the distribution of some catalogue propertyr(soex-
traction quality for example) was very different for excesshan
for the bulk population.

We also used early SED fitting runs to assess the quality of
the photometry in each band. We found that Tycho 2 photonetry
poorly suited to the task at hand. While the measurementsaapp
accurate, only a few thousand KOBs are brighter than abatht 11
magnitude Batalha et al. 201)) and objects fainter than this have
large Tycho 2 uncertainties (sétag et al. 200D Because most
KOBs are near or beyond the Tycho 2 magnitude limits, thedr pr
cision is poor and we did not use this photometry.

The WISE catalogue has several indicators that can be useds http:/iwise2.ipac.caltech.edu/docs/release/allsipgiap/sec22a. html

to remove suspect photometry, which are related to eithercso
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Figure 4. Metallicity-dependent absorption in the W2 bandiet g = 4.5
and a range of [M/H] for a Solar-type star. The W2 bandpask&shown
(arbitrary units, grey line).

Finally, we found that the KIG: photometry was commonly
offset below the photospheric models. Given that only 1082ss
haveu photometry we also excluded this band from the fitting.

3.1.2 W2 absorption

Number where J; > 4400K

40000

30000

20000

10000

Figure 5. SED reducedy? for stars hotter (filled bars) and cooler (empty
bars) than 4400K (number multiplied by 14). Cooler starsartyehave
poorer fits, due either to missing opacity or incorrect barsdps.

3.2 Selecting stars with excesses

With a complete set of SEDs, the task of finding excesses isnn p
ciple very simple; stars with excesses greater than a derssimif-
icance threshold are selected. In practise this step is locatgd

by several factors. Atmospheric models for M dwarfs are kmow
to overestimate the stellar flux in the Rayleigh-Jeans redieng.
Lawler et al. 2009. Some stars have poor fits and many of these

The W2 band lies on top of the fundamental CO bandhead, whoseresultin excesses that are not real and should be exclutiecsan-

depth varies strongly with metallicity for the bulk of ournsple.
This effect is shown in Figurd, where the lines of model spectra
within the W2 bandpass (grey line) become deeper with irsinga
metallicity. In this plot the flux at the W2 isophotal waveigin
varies by 10% between [M/H] of -2 to +0.5.

ple also contains many giants, whose excesses may be tttitou
mass loss rather than a debris disk.

In our sample, there is a clear transition in the quality &f th
SED fits around 4400K. Stars cooler than this value have sonsi
tently poorer fits than those that are hotter. Such a trend leay

As the metallicity increases, the spectrum changes and the gye to missing opacity in the stellar atmospheres, but calsd

colour correction that should be applied to the catalogoenés
times called “quoted”) flux also increases. Commonly, IRocol
corrections are simply taken to be those for a blackbodyeastél-

lar effective temperature. With this approach the examipldsg-
ure4 would all have the same colour correction. Thus, inaccasaci
in the derived metallicities would lead to a (spurious) treflarger
W2 excesses for more metal rich stars. However, when compute
properly the colour correction increases with the level lnsaap-
tion by a similar amount (see als@right et al. 201Q. That is, in

the metallicity range considered at 5800K, the actual flweeg by
about 10% but the quoted fluxes vary by only 1%. WISE is there-
fore not actually very sensitive to metallicity for Sundiktars. This
sensitivity depends on effective temperature and is sasinfgr M
dwarfs. This conclusion is borne out by the analysi§3r? below.

3.1.3 Final photospheric models

be caused by poor filter characterisation. FigBirshowsy? his-
tograms for the SED fitting, wheng® is the reduced sum of squared
differences between the photometry and the photospheridemo
When split by effective temperature at 4400K there is a alfifar
ference between the two sets, so we apply a different cyt ifor
each; for stars hotter than 4400K we keep stars w?th< 10, for
those cooler than 4400K we keep stars with< 100. We do not
simply ignore these cool stars, because the photospheudogtions
are generally reliable (though not always, as we fingliri).

Having made this cut in the quality of the SED fits, Figure
6 shows the excess significance for bands W1-4. Though we have
included W1 in the photospheric fitting, if the photometrytire
shorter wavelength bands is of high quality then W1 willl stilow
an excess if present. The dot colours indicate the graviiyet&for
the KIC (and used by us with the offset noted above), and shatv t
some W3-4 excesses are present around stars with lowetigsavi
(i.e. bluer dots around brighter stars with excess sigmitieabove
3-4). We therefore remove giants using the critericardi et al.

The final SED models are generated based on the conclusions 0f(2011), where a star witlT.¢ > 6000 is assumed to be a giant if

this section. These were computed for all but five of the WISE
matches (that have no reliable photometry and are identifidte
KIC as galaxies). With the photospheric predictions in tha-¥
bands made based on the optical and near-IR photometry, we no
look for excesses.

log g < 3.5 and a star witll.g < 4250 is assumed to be a giant if
log g < 4.0, with a linear transition for intermediate temperatures.
Because we have adjusted the gravity of giants as deriveldein t
KIC, we likewise shift their giant criterion down accordlggso
our criterion selects the same stars.

(© 0000 RAS, MNRASDOG, 000-000
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Figure 7. Excess significance histograms for the W1-4 bands for stitsrh
(filled bars) and cooler (empty bars, number multiplied by 10, and 1
respectively) than 4400K.

A feature present in Figuré for the W3-4 bands is a flux-
dependent cut-off below about 0.5 and 5mJy respectivelys Th
cut-off is simply the WISE sensitivity limit, which showsahthe
faintest stars can only be detected if the W3-4 flux is gretéizn
the photosphere (due to statistical variation or real ex@ssis-
sion).

Having removed poor SED fits and giants, the remaining task
in identifying excesses is to set the threshold level ofifiicance.
Normally this level would be around 3-4 if the uncertaintae
estimated appropriately, but there are a very large numb&/3
excesses above this level. Figurehows the significance distribu-
tions, and W3 clearly has many excesses that would be caadide
significant (as does W4, but to a lesser degree). These caenot
debris disks, because the excesses that WISE can detectl&®u
pler stars are rare. The distribution should therefore appegelia
Gaussian with a dispersion of unity, with only a few objects a
higher positive significance. Aside from being affected bps-
tivity limits as seen for W3-4, the negative side of the histmm
should be Gaussian (i.e. negative excesses cannot aesdf pos-
itive excesses arise due to true astrophysical phenomand)the
extent can be used to estimate a reasonable significanshdfae
Because the histograms do not show negative excesses bsigw a
nificance of—4, we set the threshold at4 for W1-4, and address
the origin of the large number of excesses below.

We make an exception to this threshold for W2 excesses
around cooler stars. The significance distribution for Wenisch
wider than for hotter stars and skewed to larger values (Big.
This difference presumably arises due to greater absorptithe
W2 band (se€3.1.2). Plotting the significance against metallicity
indeed shows a strong correlation, which could either bgratkiat
W2 excesses around M stars are strongly correlated withlmeta
licity or that the metallicity of these stars in the KIC is tba@h
(i.e. the absorption in the model is stronger than in repliBiven
that debris disks around nearby M dwarfs appear to be vegy rar
(Lestrade et al. 2006>autier et al. 2007Lestrade et al. 200%nd
show no such trend, the latter is the more sensible concilesid
we set the significance threshold at 7.

(© 0000 RAS, MNRASD0Q, 000—-000

Figure 8. Flux ratios in the W1 and W2 bands compared for all stars with
excesses (the dotted linegs= =z, not a fit to the data). The strong cor-
relation is not expected for dust emission and is due to pbotgspheric
predictions.

4 INTERPRETATION OF EXCESSES

With our chosen significance criteria, there are 7,965 datde

dates. There are 79, 95, 7480, and 1093 excesses in bands W1-4

respectively. These excesses correspond to an occurratecefr
about 4%. Since about 4% of nearby Sun-like stars hayendx-
cesses (e.dlrilling et al. 2009 from calibration limited observa-
tions (flux ratios>1.05), the finding of a similar rate from much
less sensitive WISE observations (see Rigindicates that unless
the stars observed i¥epler are somehow unique, most of the ex-
cesses cannot be due to debris. We therefore take a closeatioo
the origins of these excesses in the next two subsectionghéi
follows, we group stars into three effective temperatures piM-
type” (Tesr < 4400K), “FGK-type” or “Sun-like” (4400 < Tex <
7000K), and “A-type” (7000 < Teg < 10,000K). Only ten ex-
cesses are found for stars hotter than 10,000K, all in W3nané
survive the following analysis.

4.1 W1-2 excesses: poor photospheric predictions

A handful of targets show W1-2 excesses, but Figueegues that
they are probably not due to circumstellar debris. Plotthegflux
ratios in the W1 and W2 bands shows that these quantitiesare c
related, with a slope of approximately unity. The excessthare-
fore be accounted for by shifting the stellar spectrum upwar

Inspection shows that the objects with the largest (5) flux
ratios in W1-2 are the result of failed photospheric fits, wehthe
optical photometry is at odds with the WISE photometry. lesth
cases the stellar temperature is generally below 4400K wamd
not cut due to the relaxed photospheric it for these objects.
These objects typically have no temperature in the KIC, rmgan
that no reasonable fit could be found there either.

Some objects have smaller flux ratios in W1-2 that are also
significant, but these ratios remain well correlated. Wadme are
still due to poor photospheric predictions, another exautiam is
that the W1-2 photometry includes two stars. The excess flux i
the W1-2 bands could be caused by the emission from a coaler st
that lies within the instrumental PSFs of all photometryd(amay
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Figure 6. Excess significance vs. predicted photospheric flux in theAands. The colour scale lisg g. Any object with significance greater than 3-4
plausibly has a real excess.

or may not be associated with tKepler star in question). Itisalso  the cause of, the W3-4 excess population. Further, the loadsa
possible that the higher resolution 2MASS and optical pmetioy tic latitude of theKepler field means that IR flux levels from dust
used to predict the photosphere measured flux from one of afpai  within our Galaxy can be significant (see Fig.
stars, while WISE measured flux from both. Such a situation ca
also lead to identification of an excess where there is fione.

Based on the strong correlation between the flux ratios in W1
and W2, we conclude that while some excesses are likely meal i

that the spectrum departs from our model of a single stelatq 421 Galactic background contamination
sphere, it is unlikely that any are excesses are due to cgtmliar
dust. The hypothesis that the Galactic background level is theeard

the very large number of W3 excesses can be tested by singity pl
ting their locations on the sky, shown as dots in Figlr&he ex-
cesses clearly reside in clumps, and appear more frequesgrcl
to the Galactic plane. Therefore, the bulk of the W3 exceases
While we have taken care to remove spurious detections (seelikely spurious.

4.2 W3-4 excesses: disks or background?

§3.1.7), the WISE sensitivity and resolution and the very large To remove these false excesses in a way unbiased for or
sample size mean that extra-Galactic contamination dubanae against the presence of excess emission therefore redgmi@ing
alignments, even at very low levels, could contribute tce\a@n be excesses in the highest background regions. Ideally thiwauld

be made based on the WISE catalogue itself. In general howeve
the backgroundv@sky column in the catalogue) is smooth, and

8 An example is HIP 13642, identified dgoerner et al(2010 as an ex- shows no relation FO the clumpiness seen for excesses evept
cess because the MIPS observation includes two stars, thieil@MASS near to the Galactic plane. This smoothness is perhaps & oésu
observation used to predict the photosphere resolves the pa the dynamic WISE calibration, which attempts to remove terap

(© 0000 RAS, MNRASDOG, 000-000
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Figure 9. Clumping of stars with W3 excesses (yellow dots) indicatmat
the excesses are due to the high background level. The 5My/based
on the IRAS 10@m background image is shown by the white contours.

instrumental variation$.We found that instead the 1M IRAS
IRIS map is a very good indicator of the background level,clthi
we use to exclude sources below.

Figure 10 shows how the cumulative number of excesses
changes as a function of the IRAS background level. To mae th
plots comparable with those below, we scale the number of ex-
cesses by dividing by the area covered by the WISE obsengtio
We take the observed area for a single star to be that enclysed
a circle whose diameter is the WISE point spread functiorFjPS

9 http://wise2.ipac.caltech.edu/docs/release/allsigep/secda.html
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full-width at half-maximum (FWHM, 65 and 12" for W3-4 re-
spectively). These areas are multiplied by the number ofgiant
stars with satisfactory SED fits that were observed and lieein
gions below the given background level (and for which phattygn
was not removed for any of the reasongil.1).

In each plot the highest line shows the full set of excesstsoun
The lower lines show how the excess counts decrease as aasacr
ing cut in the IRAS 10pm background level is made. Once the cut
level reaches about 5MJy/sr the excess counts stop deweasi
dicating that the excesses that are due to the high backdgjteuel
have been removed. Higher cut levels do not decrease thibdist
tions further and simply result in fewer remaining excesses

The region where the IRAS background level is lower than
5MJy/sr is shown in Figur8. The contours mark out and avoid re-
gions where excesses clump together well. Based on thisagipr
we conclude that 5MJy/sr is a reasonable cut level to avoid co
tamination from the high Galactic background level. Of thigial
7,965 disk candidates, 271 remain after this cut.

4.2.2 Extra-Galactic counts

The remaining 271 excesses are generally real in the seattbdly
arise from point-like flux above the photospheric emissibthe
location of theKepler stars. However, we now test whether these
could arise from chance alignments with background gataxie
estimate the number of excesses expected from extra-@atact
tamination we therefore first derive galaxy counts specdfiour
sample. The galaxy counts are derived by counting the nuwmfber
sources above a given flux at a given wavelength after theibant
tion of Galactic stars has been removed.

Because galaxy counts may be subject to cosmic variance, and
could appear to be different in tikpler field due to stellar crowd-
ing and a relatively high background level near the Galgutoe,
we show the results from several different fields and surireffsg-
ure11. For comparison with WISE W3 we show A& 1SO results
(La Franca et al. 200Q4and for W4 we show 24m Spitzer MIPS
results Papovich et al. 2004Clements et al. 20)1We compare
these with counts from two fields we extracted from the WISE ca
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Figure 11. Comparison of cumulative galaxy source counts in W3 (leftghpand W4 (right panel). The grey lines show galaxy courdsfISOCAM at
15um (left panel,La Franca et al. 20Q4and Spitzer MIPS at 24.m (right panel,Papovich et al. 2004and from WISE in two different fields (see text). The
black lines show the same WISE fields, but with the additianas$ outlined in§3.1.1(i.e. the same cuts as were applied in our search for excassesd

Kepler stars).

alogue. The first is a box in thiepler field between 286-296
right ascension and 40-5eclination (71 square degrees). The
second is a “random” box farther away from the Galactic pliane
Bootes, between 210-220ight ascension and 30-4@leclination
(82 square degrees, at a Galactic latitude of abotit. 70

For our analysis of the WISE data we require A, B, or C qual-
ity photometry ph_qual ), andS/N > 4, and remove the stel-
lar contribution by keeping sources witi1 — W3,4 > 1.2 (see
Jarrett et al. 2011 These source counts are shown in Figlitén
grey, and follow the ISO an@pitzer counts well. The agreement
suggests that cosmic variance is not significant for thekisf{ee.
the distribution of background galaxies is similar in Kepler field
to elsewhere). The WISE counts are similar for both fieldsytfn
theKepler field shows somewhat increased counts at the lowest flux
levels.

We then add the cuts outlined§.1.1, which were made with
the intention of minimising galaxy contamination, for whithe
results are shown as black lines. The black lines lie belagtiey
ones, indicating that the extra cuts do indeed remove sotariga.
The cuts are more effective in W4 with an overall decreasédlewh
at W3 the cuts are only effective for brighter galaxies. Bseawe
want to quantify the extra-Galactic contribution to our esses,
we use the black line from th€epler field as the expected level of
galaxy contamination.

4.2.3 Extra-Galactic contamination

average fainter and brighter (i.e. farther and nearer),enbg ex-
cess count lines left and right respectively. Thus, the &xceunts
from disks for samples of brighter stars lie higher abovegdiaxy
counts than samples of fainter stars, and again the likeditod con-
tamination is lower. This advantage arises because for figdto
star flux ratio (i.e. fixed disk properties), the absolute fitom a
debris disk around a bright star is more than that from a ftiut
At brighter flux levels the number of galaxies per unit skyaaie
smaller, so the likelihood of confusion lower. Finally, hag instru-
ment resolution means less chance of confusion with a baakgr
galaxy because the area surveyed per star is smaller. Dherdie
same population of excesses observed with a larger telesemydd
also be further above the galaxy counts and more robust tiocon
sion.

In Figure 12, we make one additional cut to the number of
stars that count towards the total area observed, by onlydnc
ing stars whose photospheres are equal to or brighter tlzrmoth
the faintest star found to have an excesses. This photasgher
cut makes use of the fact noted above, that brighter stansare
robust to confusion (assuming that the presence or othermfis
disk is independent of stellar brightness for fixed spedypé).
This cut has little effect for most excesses because theefdintar
with an excess is near the limit for all stars. However, itfle@
tive for the W4 excess associated with an A-type star bectise
star is brighter than the bulk of the sample. In W3 the totahber
of non-giant stars that survive the cut in background levdl1i98,
24916, and 1462 for M, FGK, and A stars respectively. In W4 the

We now proceed with the remaining excesses where the IRAS numbers are 750, 23742 and 10 for M, FGK and A-types. The very

100um background is lower than 5MJy/sr (listed in Tali)e The
comparison of these excesses (again expressed as courstisyper
area) and the galaxy counts derived above is shown in Fit@jre
where we have now separated the excesses by spectral tyipesén
plots, the galaxy counts do not move. The excess counts figka d
depend on their occurrence rate and the distance to tharstalh-
ple. Naturally, a higher disk fraction would move the excemsnts
upward on this plot, away from the galaxy counts, and the ohan
of an individual excess being due to a background galaxy avoel
lower. For a fixed excess distribution, samples of starsdhabn

small number of A-type stars as bright or brighter than thewith
an excess shows why the cut in photospheric flux is useful.

For W3 (left panel of Figl2) the excess counts for 19 M-
type, 235 Sun-like and 11 A-type stars lie very close to thet®
expected from background galaxies. Thus, not many, if aheo
excesses appear attributable to debris disk emission. iBkeod-
currence rate is insufficient to allow detection of debriskdithat
are robust to galaxy confusion (e.g. have a less than 1/18ceha
of being a galaxy). The singlk€epler planet host candidatéépler
Object of Interest, or KOI) found to have an excess ((KOI 8&laa

(© 0000 RAS, MNRASDOG, 000-000
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single W4 excess around a nearby A-type stars.

Table 1. The 271Kepler stars with WISE 3-4 excesses (full table in the appendix isfanXiv version). Columns are: KIC identifier, predict&dpler (K )
magnitude from the KIC, Quarters the star was observed ino(6, fitted effective temperature, W3-4 flux ratio and escggnificance (wher&(yw sz 4 > 4).
The note column notes the single KOI, and potential planstshitomTenenbaum et a(2012) (“T12").

KIC K, Quarters Tog Rws Xws Rwa Xwa Notes
5866211 15.19 456 6585 4.2 5.0

5866341 15.06 123456 6296 4.9 6.7

5866415 15.33 123 6029 4.7 4.4

6198278 14.86 123456 5436 2.8 4.1

6346886 14.96 12346 5869 3.9 4.6

6431431  14.87 123456 8147 5.9 7.8

6503763 15.78 12346 5275 4.3 4.1

6515382  13.29 123456 6265 1.7 4.2

6516101 13.88 123456 6062 2.3 6.1

6599949  15.42 123456 5773 4.0 4.1

6676683 14.58 123456 6356 4.1 6.2

6685526  15.00 123456 5103 2.7 4.1 KOI 861,T12

KIC 6685526 Borucki et al. 2011Batalha et al. 2014s shown as

a single point, as one of 348 KOIs that survive the IRAS back-
ground cut. It lies very close to the A, FGK, and M-type sample
counts, so is equally likely to be confused. Because thessese
are heavily contaminated, the excess distributions reptean up-
per limit on the distribution of W3 excesses (we return tosthe
limits in §§5.3and6).

For W4 (right panel of Figl2) the 16 Sun-like excess counts
lie sightly below the galaxy counts, the single M-type esces
slightly above, while the single A-type excess lies well\ahdBe-
cause galaxy counts are independent of stellar spectraj thpre
should be no difference between the contamination leveMer
type, Sun-like and A-type stars. Therefore, the.22A-type ex-
cess, which has a moderate 22 flux ratio of 1.63, is very likely
due to debris disk emission. Because the difference bettineeh-
type excess counts and the WISE galaxy counts is about a f#cto
one hundred, there is about a 1/100 chance that this A-stasex
is a galaxy. It is likely that all Sun-like W4 excesses anddimgle
M-type excess can be explained as galaxy confusion, so #gain
disk occurrence rate is too low to allow robust disk detectad
the excess counts represent an upper limit.

(© 0000 RAS, MNRASD0Q, 000—-000

It is perhaps surprising that the excess and galaxy counts in
Figurel2 agree as well as they do. The galaxy counts were derived
from all sources that met certain criteria within a specifitch of
sky with the assumption that confusion only happens withi t
WISE PSF FWHM, while the excess counts were the result of the
SED fitting method using WISE photometry at positions of know
stars. We applied a cut in the background level to removei@psir
excesses, but no such cut was required for the galaxy cotimgs.
extra-Galactic counts in thigepler field agree well with those for
the Bootes field, where the IRAS 106 background level never
reaches more than about 3MJy/sr (i.e. is always below oumcut
background level), so the extra-Galactic counts inKkgler field
are relatively unaffected by the background. Thereforeretap-
pears to be a preference for stars (which are almost alwagstdd
in W1-2) to show a spurious W3-4 flux due to high background
levels, while galaxies (which are generally not detectewvih2)
do not. This difference may be attributed to the WISE methibd o
source extraction, which attempts to measure fluxes achossia
bands if a source is detected in at least one.
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4.3 Comparison with previous results

Our study is not the first to use WISE to look for warm
emission from disks aroundepler stars Ribasetal. 2012
Lawler & Gladman 201p Ribas et al(2012 found 13 candidate
disk systems using the WISE preliminary release, 12 of whieh
observed byKepler (the other is WASP-46, a nearby system with a
transiting planetAnderson et al. 20)2However, they use an ex- =
cess significance threshold of 2 (see 8q.At this level 2.3% of =
systems are expected to have significant excesses purety thee
fact that the uncertainties have a distribution (that isiae to be
Gaussian). Therefore, of the 4B8pler planet host candidates they 102
considered, 11 should lie above this threshold. This nunsb&m-
ilar to their 12 disk candidates, so these candidates argistent
with being part of the expected significance distributionafstars
have disks. 10° ! ' :

Three of their twelve disk candidates have significancedtigh 10 10 wavelen 13:‘@”1) 10
than 3, but all lie in regions where the 0@ background is higher g

than SMJy/sr so are excluded from our analysis because gkeir Figure 13. SED for the A-type W4 debris disk candidate KIC 7345479.
cesses are likely due to the high background lejla.9." The stellar spectrum is shown in blue, and the fitted blackboded. The

In contrast to our conclusion®ibas et al.(2012 find that sum of the two is shown in black. KIC and WISE photometry isvhas
background contamination is negligible, wittsax 10~° chance black dots, and synthetic photometry of the star in the saaneéldas open
of a galaxy brighter than 5mJy appearing within 10" of a seurc  circles. Grey symbols show the star-subtracted fluxes, avitrangle above
at 24um, using counts frorfPapovich et al(2004. However, these  indicating the 4 upper limit if necessary.
counts show about0® sr—! for sources brighter than 5mJy (see
Fig. 11), so a target area of 314 square arcseconds (10” radius)
yields 10° x 314 x 2.35 x 107" = 0.001 probability of hav- (2012). However, these are the three noted above with a signifi-
ing a 5mJy background source within 10" of a target. However, cance greater thasw, soLawler & Gladman(2012) find the same
the WISE beam is in fact smaller than 10" radius, so using 6" is candidates aRibas et al(2012 with an additional five disk can-
more appropriate (see previous subsection). Furthermeneov- didates. Of their eight, the WISE W3 and W4 measurements of
ing WISE photometry that is flagged as extended decreas#84he KOl 904 and KOI 1099 are upper limits in the newer all-sky WISE
counts (Fig11), so thePapovich et al(2004) counts overestimate  catalogue, and KOIs 871, 943, 1020, and 1564 were rejected by

1

10"

v

L

the confusion Igvel that applies here by a factor of aboutiMnerg- Ribas et a|(201a after image inspection. The same two p|ausi_
fore, 0.06 spurious excesses are expected from 468 taifits.  ble disk candidates remain, corresponding to the numbienastd
expectation is in line with the two sources they report with - above to arise from confusion. Though the details vary,eties

cesses, KIC 2853093 and KIC 6665695, since these have W4 S/Nstudies are basically consistent if a 8-5ignificance criterion is
of 2.2 and 2.5 respectively and as noted above we would net con ysed and candidates are rejected based on the images.
sider these significant given the sample size.
All of their candidates have 12n excesses, so should be com-
pared with galaxy counts at a similar wavelength (e.g:h3SO 4.4 Debris disk candidate
counts). Based on Figufil, abouts x 10° background galaxies per

steradian are expected down to the detection limit of abouty3 . ' .
which for a target radius of 3.25” (33 square arcsecond$)lyian candlda_tte, _KIC 7345479 (\_N'th Kepler_ Ko m_agnltude of _7'9)’
shown in Figurel3. Assuming that this star is a dwarf yields a

expected contamination rate ®fx 10° x 33 x 2.35 x 107! = .
0.004. Thus, about 2 spurious excesses among 468 targets is ex distance of 280pc, much closer than misspler stars. The SED

pected at this wavelength. Of their W3 disk candidates ethave ;hows the 9700K stel] ar spectrum, along with a simple b ladib
excesses more tham Zignificant. However, KOI 1099 has W3-4 fit to the excess that includes the W2-4 photometry. With a-mea

upper limits in the newer all-sky release, so the expeatatidwo sured flux 0fl0.84+0.9mJy and a photospheric flux 6f6+0.2mJy

spurious excesses appears to be met. Both sources lie iegiloas the W4 excess has a flux ratidw, = 1.6, with significance

we excluded due to the high background so the WISE photometry XW4, - 4.5..The disk temperature is constrained b.y the V.V3 up-
may still be spurious. per limit, so is cooler than about 200K, corresponding todiala

In a similar studyLawler & Gladman(2012) reported the dis- distance of greater than 15AU and lies beyond the regidtepifer

covery of excess emission around eifflepler planet-host stars us- E?ni'gv'(;y to t(rjarllsﬁng pltgr;;ts. I§P5ff0t'onalhlum!"y’5§8r Ithe
ing the WISE Preliminary release. They used a significanite-cr ackbody model shown x - As we show ing5 below,

rion of 50, so their excesses should be astrophysical (i.e. not-statis as.|de. fro.m the potential for plan.et.dlscovery around thq s,
tical). There are only three candidates in common \Ritbas et al. this disk is fairly unremarkable within the context of whakinown

about disks around nearby A-stars.

We now briefly outline some properties of our most promisirsdxd

10 KOl 469 has a very bright moving object (i.e. an asteroid anet)

visible in the WISE images at a separation of about 6 arcregutvhich 5 NEARBY STAR COMPARISON

may have affected the source extraction. Given the raritgxoksses, it

seems more likely that the apparent excess is due to thenoeesé the There should be nothing particularly special ab&epler stars
bright object, rather than coincidental. compared to nearby stars, so we compare our survey wjiim24
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results from two large unbiase®hitzer surveys of nearby stars.
Because the results can only be interpreted within the gbufe
what was possible with each survey, we first compare the sensi
tivity to disks for theSpitzer surveys in the fractional luminosity
vs. temperature space introduced in Figiir#Ve also make a brief
comparison with IRAS results at L#h.

5.1 Disk sensitivity at 22-24.m

The left panels of Figur&4 show the sensitivity to disks with WISE
at 22um, split into Sun-like and A-type stars. The plots are simi-
lar to Figure2, but now represent the cumulative sensitivity for all
objects. Disks in the white region could have been detectmahal

all stars, and disks in the black region could not have betactil
around any star.

For the Sun-likeKepler stars observed with WISE (top left
panel), the region covered for the bulk of the stars is sinbddhat
predicted in Figure2. Only the brightest few stars have sensitiv-
ity to fractional luminosities lower than about 0.1%. Noldisare
shown on this plot because the W4 excesses around Sundile st
are consistent with arising entirely from background gilsx

The WISE sensitivity is in contrast to that for nearby Suk i
stars observed witBpitzer at 24um (top right panelTrilling et al.
2008, which could detect disks with much lower fractional lumi-
nosities (i.e. the white region extends to lowdr The WISE sen-
sitivity does not extend into the region where disks werected
with Spitzer, so does not probe the same part of the disk distribution
as theSpitzer study.

Compared to nearby A-stars observed wgbitzer (lower
right panel), the disk and lowest contours for WISE extertd in
the region covered by the brightest excesses foundGbt al.
(20089 (i.e. whereTyi ~ 100-200K andf ~ 1073-10~%). Un-
like the Sun-like stars, there is therefore some overlapénparts
of the disk distributions that are detectable with each euriFor
the WISE A-star disk candidate (dot in lower left panel) welase
the disk properties shown in Figui&. Because this temperature is
an approximate upper limit, the disk could lie anywhere gltre
white line that curves towards the upper left of the figur@(th
cooler disks must have significantly higher fractional Inosities).
The WISE detection is very likely typical based on wheregsliel-
ative the known distribution of A-star excesses.

5.2 Excess distribution at 22-24m

Figure 15 shows cumulative 22 and a4 flux ratio distributions,
again splitinto Sun-like and A-type samples. The nearhbrydisari-
butions are simply the cumulative distribution of flux ratisince
all observed stars were detected.

For Sun-like stars (left panel), because we concluded that a
W4 Sun-like excesses were consistent with arising fromarait
nation by background galaxie$4( 2, Fig.12), the WISE part of the
distribution is an upper limit on the occurrence rate of taght
disks. It is found by assuming upper limits on flux ratios aee d
tections (i.e. by assuming that all stars could have diskstjalow
detectable levels, whereas the true distribution lies sdmees be-
low this level). The lack of overlap in the distributions digethe
rarity of large 22-24m excesses, and the limitations of WISE ob-
servations oKepler stars, is clear.

While lower levels of excess (flux ratios ef1.1-2), have an
occurrence rate of around 2-4% around Sun-like stars (égg. F
15, Hines et al. 2006Beichman et al. 200§blarge £2) excesses
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were previously constrained to less than about 0.5% basékeon
Trilling et al. (2008 sample. We have set new limits 1-2 orders of
magnitude lower and as the left panel of Figdfeshows, these
limits apply to large flux ratios of 10-300.

For the A-type stars (right panel), we show the excess occur-
rence rate for the single A-star with a W4 excess of 1.63. @f th
nine stars in the photospheric flux limited sample withoutean
cess (stars as bright or brighter than the one with an exoess)
has an upper limit higher than 1.63, while the others are idire
the observations could have detected a disk like the onedjoun
The occurrence rate at this flux level therefore lies betwig¢@mand
1/10, with these extremes set by assuming that the highgstrup
limit is either a detection above 1.63 or unity (a non-detecbe-
low 1.63). This point is shown as “flux limited” on Figufi&, and
is consistent with the sample 8U et al.(2006. With only a single
detection this occurrence rate is of course very uncertain.

Considering the full sample of our A-stars yields a lowekdis
occurrence rate, with at least 145 stars for which this fliora
could have been detected. If all upper limits are assumed tmh-
detections below 1.63 then the occurrence is one from 1&#8.st
The vertical line in Figurel5 shows the range set by these two
limits, which lies below the point set from the photosphédhix
limited sample, and below the distribution of nearby A-star

While these two occurrence rates are very uncertain due to
only a single disk detection, we consider some possibleoresas
for the discrepancy. One possibility is an age bias, as ntas$ s
in Su et al.(2006 were chosen based on cluster or moving group
membership and are therefore younger on average then field A-
stars. Cutting the nearby A-star sample to only contairssihter
than 400Myr shows that a difference in sample ages has disigni
cant effect on the flux ratio distribution (i.e. disks evolith time,
Rieke et al. 2005Siegler et al. 200y Though the extrapolation of
the >400Myr population is very uncertain, this older subsample
is more consistent with the WISE excesses from the full sampl
The difference in the distributions could therefore be usti®d if
A-stars in theKepler field are typically older than about 400Myr.
While there should be no such bias for stars of the same gpectr
type, there is in fact a difference in the typical spectrglety be-
tween theSpitzer A-star survey and those observed with WISE.
While the Spitzer sample comprises late B and early A-types, our
Kepler A-stars are mostly at the lower end of the 7000-10,000K
temperature range (i.e. are late A and early F-types). Ispectral
types both have lower disk occurrence rates and are typickler
due to longer main-sequence lifetimes (eSgegler et al. 200y
which could account for the lower detection rate. It is tfiemethe
higher detection rate inferred from the single WISE excassund
a 9700K star) that may be odd, but given the small numberXi.e.
disk from 10 stars) can be attributed to chance and thatanevith
an excess is hotter than most.

5.3 Excess distribution at 12m

We have also set stringent limits on the distribution of walisks

at 12um. At 12um, previous knowledge of the excess distribution
was derived from the all-sky IRAS survey (eAumann & Probst
1997). While many authors have used the results of this sur-
vey to discover and study warm excesses (8ang et al. 2005
Chen et al. 2006Moor et al. 2009Smith & Wyatt 2010, few have
published the results from an unbiased sample at this wagtle

in a manner that allows the distribution of the d®2 flux ratios

to be determined. Figur&6 shows our upper limit on the Ln

flux ratio distribution for Sun-like stars, showing thatditt ex-
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Figure 14. Sun-like (top row) and A-type (bottom row) disk sensitivigmparison between WISE @2 (left column) and nearby stars wiSipitzer MIPS at

24um (right column). Disks in regions of the parameter spacedtewhite could

be detected around all stars, and diskatklyegions could not be detected

around any star. The colour scale is a linear stretch, com&how 8 linearly spaced levels from 1 to the number of staseiwed in each case. The top radial
scale assumeb, = 0.5L¢ for Sun-like stars and.. = 20L¢, for A-types. The A-star disk candidate is shown at the teatpee fitted in Figurel3, but

could lie anywhere along the white line because the temyerat only an appro.

cesses at this wavelength are extremely rare. For companig®
show the lack of excess detection among 71 FGK stars detected
at 12um (Aumann & Probst 1991 which was calibration limited
and could not detect flux ratios smaller than 1.14. We alsavsho
the distribution of IRAS 12m flux ratios for 348 FGK stars in the
Unbiased Nearby Star (UNS) sampkh(llips et al. 201} based

on photospheric modelling done for thkerschel DEBRIS survey
(e.g.Matthews et al. 20L,Kennedy et al. 2012 which has a sim-
ilar flux ratio sensitivity. The only significant excess is fpCorvi

(HD 69830 is the second largest excess, but with a flux ratio of
1.13 is only about & significant)'! These constraints and detec-
tions are all consistent, and set limits on the rarity of brig2:m
excesses to less than one in every thousand to ten thousasfost
flux ratios greater than about 5.

11 Several other stars in this sample show significant excebséshese
can be shown to be spurious based on more regataer MIPS andHer-
schel PACS observations that resolve the star and a nearby backgjro
source.

ximate upper limit.

6 DISCUSSION

One of several goals for this study was to test for a cortati
between the existence of debris disks and planets disabumre
Kepler. However, the distribution of the rare bright excesses that
WISE is sensitive to arounidepler stars was not known at the out-
set, so whether this goal was possible was not known either. W
noted that even if bright disks were too rare among the butiufze
tion, that a possible correlation between disks and lowsmpémets
may allow robust disks detections among this subset.

Only oneKepler planet candidate host (of 348 KOls that were
not excluded by the 1Q@n background cut) was found to have an
excess, so this possibility appears unlikely. In additieigure 12
shows that this detection rate is close to that expected falaxy
confusion. Thus, for the bright warm excesses that WISErisise
tive to, there is no evidence that planet host candidates aalisk
occurrence rate that is different from the bulk population.

Similarly, excesses around the remainiepler stars are also
consistent with arising from chance alignments with backgd
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Figure 15. Comparison of 22 and 24m flux ratio distributions for WISE and nearby stagui(et al. 2006Trilling et al. 200§. The left panel shows Sun-like
stars, for which the WISE distribution is an upper limit. Thight panel shows A-type stars, and the WISE points are basettie full and flux limited
samples and the single disk candidate (see text). We also aldistribution for nearby A-stars older than 400Myr. Thekdagions mark where thgpitzer
observations were calibration limited, below 1.1 (Idftiling et al. 200§ and below 1.06 (rightSu et al. 2005
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Figure 16. Upper limits on the 12m flux ratio distribution from IRAS
(dashed line) and WISE (solid grey line), compared to th&ibision for
stars in the UNS sample using IRAS. The dark region marks evite
IRAS detections were calibration limited (below 1.14).

galaxies, with the exception of a single A-type star. Howetle
possibility that a small number of the excesses are trudsidisks
means that the chance of detecting transiting dust coratents is

at least as good as féfepler stars without excesses, and may be
higher (the 271 Kepler stars with W3 or W4 excesses are listed
Table 1). Discovery of many such dust transits that preferentially
occur around stars with excesses would argue that at least so
excesses are debris disks, though this method of verifitatems
unlikely.

We have therefore set new limits on the distribution of warm
excesses. The range of flux ratios for which we have set limits
for Sun-like stars is 2-20 at L2n (Fig. 16) and 10-300 at 22m
(left panel of Fig.15). For such large 12-22m excesses to arise
from steady-state processes the planetesimal belts wawiel to

(© 0000 RAS, MNRASD0Q, 000—-000

be either around very young stars or relatively distant ftogir
central star \(Wyatt et al. 200), which in turn requires fractional
luminosities >21% (see Fig.2). Detecting large warm excesses
around main-sequence stars is very unlikely because iocoliis
evolution depletes belts near the central star to unddtiectav-
els rapidly, so the conclusion is that such mid-IR excessemast
likely transient. Two main processes seem to be plausihisesaof
such excesses. The first, delivery of material from an o@serr
voir (Beichman et al. 2005MVyatt et al. 2007, is appealing because
short-lived warm dust can be replenished using materiah feo
long-lived outer belt. Alternatively, because we are haterested
in large excesses, the debris from a giant impact betwege bad-
ies is a possibility (i.e. perhaps similar to the Earth-Mdoming
event,Jackson & Wyatt 201

Several possibilities exist for the delivery of objectsnfro
an outer belt to terrestrial regions. A system of sufficigmtlany
planets on stable orbits can pass objects inwards from ar out
belt Bonsor & Wyatt 2012, or a planetary system instability can
severely disturb a planetesimal population, some of whiah @
in the terrestrial zoneGomes et al. 2005 Such possibilities have
been suggested as mechanisms to generate the warm dust-compo
nent observed aroungCorvi (Booth et al. 2009Lisse et al. 201)L

Because at least 15% of Sun-like stars have cool outer plan-
etesimal belts (e.grilling et al. 2009, our limits of 0.01-0.1% for
warm belts (for the flux ratios noted above for 12 ang22 mean
that fewer than 1 in 150-1500 can be generating large leviels o
warm dust from cool outer belts at any given time. This fiacti
could in fact be larger because the 15% only represents daska
to a particular detection limit, and cool disks too faint tetett
could still have enough material to produce large warm daistls
(Wyatt et al. 200Y. Booth et al.(2009 placed similar limits on the
number of systems that could be caught in the act of an ingyabi
that delivers large amounts of debris to the terrestriabregesti-
mating that less than about 0.2% (i.e. 1/500) of Sun-likesstaght
be observed undergoing an instability aj24

Whether such instabilities do produce very large excesses
is another question. In studying the dust emission gerriate
their model of the Solar System’s proposed planetary iilgiab
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Booth et al.(2009 find that while the relative changes can be very
large, the flux ratios are near unity at &8 and of order 10 at

stars in theKepler field with WISE is limited by the high back-
ground level and galaxy contamination. While high backgcbre-

24um. However, these ratios may be underestimated because theygions can be avoided, background galaxies will always besan i

do not incude emission that could arise from the sublimatibn
comets within 1AU. Itis therefore hard to say whether theselts
are representative, since they will also depend on the fipsyis-

sue for such distant stars. Though it means being unableity st
the planet-disk connection with such a large planet-hostpéz,
nearby stars should be the focus of studies that aim to hisfeare

tem architecture. The Corvi system has been suggested as a pos- the distribution of warm excesses. Characterising thisiligion

sible candidate currently undergoing such an instabditgl shows
a 12um flux ratio of 1.3. If typical, these results suggest thatdns
bilities may not produce the larger excesses considered her

In contrast, the giant impact scenario can produce extgemel
large excesseddckson & Wyatt 201R The relatively nearby star
BD+20 307 (at 96pc), which has a /M flux ratio of about
100, is a good candidate for such an evefor(g et al. 2005
Weinberger et al. 2031 While such events would generally be

is very important, particularly for estimating the possilipact
of terrestrial-zone dust on the search for extrasolar Earéthogues
(e.g.Beichman et al. 2006&0berge et al. 20)2For example, ex-
tending the distribution to the faintest possible levelilatde with
photometry (calibration limited to as3evel of ~5%) yields a start-
ing point to make predictions for instruments that aim tedefaint
“exozodi” with smaller levels of excess. Because brightrwale-
bris disks must decay to (and be observable at) fainterdetied

expected to be associated with young systems, where the finaldistribution will also provide constraints on models thiah & ex-

~10-100Myr chaotic period of giant impacts and terrestriahpt
formation is winding down (e.gChambers & Wetherill 1998
Chambers 2001 BD+20 307 is a>Gyr old main-sequence binary
(Zuckerman et al. 2008The excess may therefore be indicative of
a recent instability that has greatly increased the chahoelb-
sions within the terrestrial zone, and is unrelated to piléo@na-
tion (Zuckerman et al. 2008 Clearly, age estimates for the host
stars are important for understanding the origin of dustichssys-
tems.

While the WISE mission might appear to permit near-
unlimited sample sizes to help detect the aftermath of thesta
collision events, we have shown that their detection anmexer
stars is fundamentally limited. This limit arises becalsedccur-
rence rate of excesses that can be detected is too low, siskse d
are overwhelmed by galaxy contamination. Becakisgler stars
represent a sample that will remain unique for the forsexfbl
ture, it is desirable to find ways to overcome this issue. Base
the findings of§4.2, one option is to create sub-samples that max-
imise the chance of disk detection, because higher diskrmmuee
rates are more robust to galaxy contamination. Younges stzd
to have larger excesses that are also more frequenRieke et al.
2005 Siegler et al. 2007Carpenter et al. 2009s0 a sub-sample
of young stars will be more robust to confusion. The longrter
monitoring ofKepler stars may provide some help if accurate stel-
lar ages can be derived, for example if rotation periods eades
rived to yield age estimates via gyrochronolo@k(manich 1972
Barnes 2007Mamajek & Hillenbrand 2008 Another way to split
the sample is by spectral type, because earlier-type starsadh
brighter and have higher disk occurrence rates (for fixediten
ity). This approach is less appealing for studying the linésveen
disks and planets however, because the bulk of stars olosbywe
Kepler are Sun-like.

If we allow for the possibility of observinglepler stars with
WISE excesses with other instruments, there is a potergiahgth
better resolution. A galaxy that is unresolved with WISE mige
resolved withSpitzer's IRAC instrument, or using ground-based
mid-IR observations on 8m-class telescopes for examplsuis
ing that it could be detected, the high@’5) resolution of such

plain the frequency and origin of warm dust.

7 SUMMARY

We have described our search of about 180,000 stars obseyved
Kepler for debris disks using the WISE catalogue. With the com-
pletion of the AKARI and WISE missions, such large studielf wi
likely become common. We have identified and addressed sbme o
the issues that will be encountered by future efforts, winieinly
relate to keeping spurious excesses to a minimum by using-inf
mation provided in photometric catalogues.

We used an SED fitting method to identify about 8000 infra-
red excesses, most of which are in the.a2W3 band around Sun-
like stars. The bulk of these excesses arise due to the highRni
background level in th&epler field and the way source extrac-
tion is done in generating the WISE catalogue. From comparin
the number counts for excesses in low background regiorts wit
cosmological surveys and WISE photometry from iepler field,
we concluded that a 2&n excess around a single A-type star is the
most robust to confusion, with about a 1/100 chance of ayidire
to a background galaxy. We found no evidence that the diskrecc
rence rate is any different for planet and non-planet hass st

In looking for these disks we have set new limits on the occur-
rence rate of warm bright disks. This new characterisatfmws
why discovery of rare warm debris disks around Sun-Kepler
stars in low background regions is generally limited by ggleon-
fusion. Though the planetary aspect would be lost, neasss st
should be the focus of future studies that aim to charaetehs
occurrence of warm excesses.
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Table Al: The 271Kepler stars with WISE 3-4 excesses. Columns are: KIC
identifier, predicteKepler (K,) magnitude from the KIC, Quarters the star was
observed in, fitted effective temperature, W3-4 flux ratid arcess significance
(whereXws,4 > 4). The note column notes the single KOI, and potential planet
hosts fromTenenbaum et a(2012 (“T12").

KIC Kp Quarters Ter Rw3 Xw3 Rwa Xwa Notes
5866211 15.19 456 6585 4.2 5.0

5866341 15.06 123456 6296 4.9 6.7

5866415 15.33 123 6029 4.7 4.4

6198278 14.86 123456 5436 2.8 4.1

6346886 14.96 12346 5869 3.9 4.6

6431431 14.87 123456 8147 5.9 7.8

6503763 15.78 12346 5275 4.3 4.1

6515382 13.29 123456 6265 1.7 4.2

6516101 13.88 123456 6062 2.3 6.1

6599949 15.42 123456 5773 4.0 4.1

6676683 14.58 123456 6356 4.1 6.2

6685526 15.00 123456 5103 2.7 4.1 KOI 861,T12
6773853 14.89 123456 6041 2.9 4.0

6935614 15.73 123456 5832 7.1 7.1

7022341 15.52 456 6111 51 4.4

7104629 15.41 123456 5824 4.9 4.6

7104793 15.51 123456 5013 3.6 4.8

7184587 15.61 123456 3963 33.2 4.1
7187014 15.46 123456 5940 4.9 5.1

7187096 15.07 123456 4153 2.0 4.9

7189185 15.18 123456 5359 4.9 5.9

7268366 14.52 123456 6034 4.6 7.7

7345479 7.93 123456 9686 1.6 4.5
7349062 14.90 123456 6606 3.8 4.7

7349090 14.76 123456 6173 4.1 6.2

7350204 14.85 1256 6385 3.7 4.6

7354462 15.29 123456 6388 4.5 4.5

7516798 15.10 123456 5582 3.1 4.0

7581686 12.61 123456 6342 1.9 7.4 14.7 5.8
7593434 14.92 123456 5559 3.3 51

7595932 13.44 123456 5039 2.5 9.8

7597096 15.78 256 6273 6.2 4.7

7659091 13.57 123456 5844 1.8 4.5

7667940 14.48 123456 5716 3.3 6.2

7673565 15.62 23 6363 55 4.7

7730130 16.17 2 4860 4.9 4.6 T12
7731810 15.55 2 7482 3.8 4.2

7744202 15.52 456 5246 4.0 4.6

7744209 15.70 123456 5143 5.0 51

7746956 15.27 123456 6976 4.7 5.0

7808214 15.49 123456 4611 4.3 9.6

7811074 15.43 123456 5742 4.5 4.5

7877878 15.86 456 6026 7.2 4.7

7877962 14.46 123456 5937 2.4 4.1

7879639 15.90 123456 4896 55 5.7

8005470 14.18 123456 5608 2.0 4.3

8013236 15.72 23456 5241 4.6 4.6

8016698 13.45 123456 7910 2.0 4.9

8075618 15.67 123456 5666 4.5 4.3 T12
8077083 15.92 123456 5456 12.7 10.2 293.7 9.2
8085263 15.76 23456 6369 12.9 8.5

8145154 14.09 123456 6144 2.2 4.8

8145181 14.98 123456 5240 2.6 4.5
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KIC K, Quarters Teg Rws Xws Rwsa Xwas Notes
8153997  15.14 123456 5841 35 4.8
8212592  16.66 2 3840 3.6 5.5
8213938  13.14 123456 5650 1.8 5.8
8284699 1542 123456 5303 3.8 4.1
8284814  14.92 123456 6368 3.2 4.3
8345414 1529 123456 4184 2.0 4.0
8349926  14.78 123456 5819 2.6 4.2
8350421  15.69 123456 4674 2.7 4.3
8351168  13.93 123456 5230 2.3 7.5
8410210 15.36 123456 5957 4.7 4.1
8410749  15.01 456 6608 4.9 7.3
8417035  15.84 456 4680 3.4 4.0
8607558  15.29 123456 5937 3.7 4.4
8611027  15.56 23456 4869 35 5.0
8612202 1456 123456 8504 2.6 4.4
8612850 15.29 123456 6206 5.3 6.2
8672241  14.03 123456 5852 2.2 5.0
8736331  15.86 123456 6269 7.4 5.9
8736639  14.73 123456 5092 2.2 4.2
8741807  15.15 123456 6855 4.2 4.6
8800998  13.72 123456 9000 6.7 103
8803050  13.92 123456 6376 34.0 4.4
8807242  14.31 123456 5850 2.7 4.5
8870902  13.55 123456 6342 2.4 55
9071384  15.64 123456 4734 3.3 4.9
9074768  14.72 123456 5915 81 129 89.0 6.1
9074812 1453 123456 5961 2.3 4.2
9076617  14.49 123456 5921 25 4.3
9137443  13.76 123456 5879 1.9 4.6
9138286  14.15 123456 5603 21 4.3
9139782  15.76 456 5949 5.0 5.0
9142411  15.19 123456 5953 4.2 4.0
9206761  15.82 23456 6021 7.2 5.0
9264468  14.36 123456 5440 21 4.3
9267353  14.78 123456 6200 3.8 6.4
9269492  14.64 123456 4856 24 5.8
9328535  13.87 123456 5900 1.8 4.6
9329967  13.35 123456 6356 2.8 9.3
9452213  13.40 123456 8410 1.7 4.8
9511303  14.95 123456 5975 2.9 4.3
9511944  14.12 123456 6364 2.3 4.3
9512868  13.86 23456 5289 2.3 6.5
9575361  15.86 123456 4139 4.1 7.8
9691491 1575 123456 4117 2.3 4.0
9703058  16.77 5 3995 4.4 5.2
9762054  15.84 456 6044 5.6 4.2
9813767  15.99 123456 5039 4.8 4.9
9823991  15.74 123456 5520 5.4 5.0
9824039  14.99 123456 5487 35 4.1
9873729 13,55 123456 3903 1.3 4.4
9873862  15.28 123 5040 2.8 45
9875170  15.28 123456 5469 2.9 4.3
9875827  15.36 123456 5114 5.7 8.7
9883553  12.93 123456 6586 1.6 45
9883654  14.96 123456 6351 3.2 4.3
9883689  14.74 123456 5409 2.7 54 334 4.0
9883939  14.82 123456 5852 3.0 4.4
9933368  15.03 123456 6037 5.5 7.0
9933625  12.82 123456 5550 1.5 5.0
9936573  14.62 123456 5527 24 4.5
10002543 13.24 123456 7313 1.7 45
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KIC K, Quarters Teg Rws Xws Rwsa Xwas Notes
10002794 15.96 23456 5259 7.0 5.1
10056410 15.24 123456 5778 35 4.3
10062742 15.77 23 6370 5.6 55
10063763 13.31 123456 7532 2.0 6.1
10065701 14.51 123456 6145 2.6 4.7
10119646 15.74 123456 5418 4.7 4.9
10120908 15.83 123456 4915 43 5.3
10128226 15.16 123456 6157 4.5 5.4
10128466 13.18 1 6249 1.7 4.2
10128553 15.18 123456 5428 4.1 5.2
10128580 15.44 123456 5208 3.7 4.3
10128587 15.17 123456 4813 25 4.7
10131814 14.15 123456 5415 2.1 4.9
10192175 15.12 123456 5624 3.9 5.3
10195974 1496 123456 5539 3.0 4.4
10199239 13.66 123456 5605 1.9 4.4
10199401 15.49 123 5556 6.1 7.7
10252275 13.75 123456 5132 1.5 4.1
10252286 14.94 123456 6057 4.0 6.1
10252364 13.55 123456 5984 1.7 4.2
10253878 15.86 456 6377 7.8 6.7
10255817 15.37 123456 5071 4.7 6.7
10256442 15.48 123456 5469 3.7 4.4
10256507 1491 123456 5119 25 4.7
10264259 14.92 123456 4967 2.6 6.0
10265238 15.08 123456 5767 2.8 4.7
10265241 15.11 123456 5631 3.1 4.9
10265602 15.55 23456 5855 4.8 5.0
10318128 14.80 123456 6628 4.0 5.8
10321367 15.22 123456 6176 4.7 5.4
10321406 14.95 123456 5853 3.3 5.2
10321407 15.30 456 6306 3.9 4.2
10321422 15.06 123456 4832 25 4.8
10322187 15.69 23 5578 4.7 4.1
10322220 15.30 456 5028 2.8 4.7
10328472 14.72 123456 5934 2.7 4.1
10330579 14.53 123456 6281 24 4.4
10382415 15.63 56 4073 3.6 8.9
10383222 15.51 23456 4959 2.9 4.1
10386716 16.86 2 4844 105 6.1
10386900 14.88 123456 5583 2.7 4.3
10387564 15.35 123456 5909 4.0 4.6
10395762 1550 123456 6072 4.1 4.0
10395814 15.89 456 4806 95.1 4.4
10447798 14.74 123456 5241 24 5.0
10451070 15.00 123456 5038 24 4.0
10451135 14.24 123456 5354 2.3 52
10451251 15.66 456 4705 3.1 5.2
10451497 15.20 123456 5460 3.2 4.7
10451632 15.33 123456 4771 2.8 5.3
10461970 15.77 123456 5645 5.5 4.8
10513479 14.97 123456 8410 6.4 9.8
10513812 14.41 123456 6256 25 4.8
10515235 15.53 23456 5924 5.0 5.1
10515276 15.26 123456 3917 2.2 7.4
10516147 14.84 123456 6136 3.6 6.5
10516255 15.34 123456 5948 4.1 5.2
10517028 13.48 123456 6630 2.0 4.8
10517486 15.35 1256 5050 2.9 4.4
10579318 15.42 123456 5304 35 4.3
10580355 14.78 123456 5473 3.2 5.9
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KIC K, Quarters Teg Rws Xws Rwsa Xwas Notes
10580447 15.84 123456 3987 2.7 5.8
10580525 13.86 123456 6388 2.0 4.6
10580779 15.64 123456 5470 4.5 5.7
10580786 15.38 123 5897 5.0 5.9
10581163 13.60 123456 5973 1.7 4.4
10581308 13.77 123456 5460 1.8 5.1
10581836 15.39 123456 4841 3.8 6.8
10582786 14.68 123456 5765 2.3 4.3
10583400 14.86 123456 5217 2.4 4.6
10583563 14.11 123456 5482 1.8 4.3
10591195 14.67 123456 5941 3.6 6.5
10644697 14.17 123456 6396 2.3 5.3
10645900 15.83 145 5624 4.2 4.0
10645926 14.33 123456 6393 2.2 4.1
10646068 17.51 6 3813 55 43
10646091 15.04 123456 4117 1.8 4.8
10646106 15.33 123456 5585 3.4 4.6
10646263 1556 123456 6091 5.9 55
10646283 15.40 123456 5465 3.9 4.7
10646426 14.69 123456 4768 1.8 4.3
10646589 14.62 123456 5149 25 5.4
10649444  15.37 456 3900 1.6 4.1
10649541 15.63 123456 5704 4.2 4.9
10649562 14.14 123456 5436 21 55
10656438 15.99 123456 4574 3.0 4.7
10710753 15.50 123456 4044 1.9 4.3
10711021 15.96 123456 4852 4.1 5.0
10711045 15.88 123456 4857 34 4.3
10711052 15.53 123456 4924 4.5 7.1
10711088 14.03 6 6153 24 5.0
10711259 15.16 123456 6207 34 4.0
10711510 15.02 123456 6210 3.2 4.1
10714422 15.33 123456 4759 24 4.6
10714459 15.58 23 6000 6.0 6.4
10714581 13.95 145 4388 1.5 55
10716598 14.37 123456 5350 2.0 4.0
10721855 13.86 123456 5212 16.2 4.0
10722535 15.84 123456 5348 55 5.1
10724544 15.01 123456 5546 5.1 8.0
10777410 15.09 123456 3900 14 4.4
10777448 15.71 123456 4067 2.4 5.4
10777591 13.33 123456 5517 2.2 8.1
10777728 15.15 123456 6080 3.6 45
10778016 15.24 123456 5919 3.8 4.5
10845333 15.64 123456 5221 3.7 4.8
10907059 14.50 123456 6276 25 4.1
10907132 15.68 23456 6167 4.6 4.3
10908054 13.44 123456 6353 2.0 5.4
10958951 12.67 123456 6459 24 9.9 123 4.4
11017907 11.80 123456 5873 7.9 6.7
11074521 15.57 123456 4921 3.7 5.7
11075222 14.33 123456 5593 24 5.8
11086203 14.30 123456 6543 2.9 6.1
11086359 15.83 456 6052 4.7 4.1
11125136 15.33 123456 5767 45 5.5
11180691 15.94 456 5065 4.0 4.1
11181653 15.25 123456 5936 3.8 4.6
11190125 13.75 123456 6737 1.9 4.4
11288574 13.46 123456 5408 1.7 5.6
11296807 15.06 123456 6036 43 6.3
11341446 13.42 123456 5553 1.6 45
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KIC K, Quarters Teg Rws Xws Rwsa Xwas Notes
11393569 15.99 123456 4563 3.3 4.8

11401060 15.36 123456 7981 12.3 13.0

11401954 13.21 123456 5870 1.6 4.3

11404100 15.00 123456 5045 2.3 45 419 5.2
11442840 15.07 123456 5322 35 5.6

11444855 15.10 145 5642 4.2 6.3

11456355 13.57 123456 7298 1.8 4.4

11457002 15.94 2 5889 4.7 5.6 T12
11457020 14.90 123456 6120 2.7 4.4

11457038 14.32 123456 5744 2.2 5.1

11493473 13.63 123456 6125 32 103 223 4.8
11493497 15.41 123456 3897 2.3 8.5

11507003 12.67 123456 5467 1.3 4.2

11507053 15.84 456 5565 5.3 5.7

11507127 14.27 123456 5925 3.0 7.3 287 4.1
11507139 15.94 2456 5979 8.6 7.2

11546374 15.74 123456 3854 1.9 4.9

11546397 15.99 123456 4758 3.3 4.3

11551210 12.83 123456 5863 3.3 9.0

11558249 15.17 123456 6210 3.6 4.5

11598638 13.73 123456 6165 35 9.1

11649347 1593 123456 5043 7.6 8.3 148.9 5.9
11649744 13.88 123456 5014 21 7.4

11700640 15.24 123456 6151 4.2 4.6

11753371 15.42 123456 5527 4.4 6.5

11803544 15.14 123456 5038 2.7 4.8

11855348 15.21 456 6286 13.7 152 119.7 5.9
11855417 13.80 123456 5841 1.8 4.2

11903173 14.99 12356 4938 3.0 6.3

12053791 15.46 123456 5721 3.9 4.4

12056198 15.68 123456 5577 204 156 262.3 9.1
12058865 14.42 123456 6125 3.1 6.1 515 4.9
12058904 14.88 145 5095 34 7.1

12350553 14.53 123456 5935 35 7.1

12506956 15.09 123456 5030 2.7 4.9
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