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1. Introduction

This documentescribeslataproductselatedto thereportedplanetaryparameterand
uncertaintiesgor the Kepler Objectsof Interest(KOIs) basedon a Markov-ChainMonte-
Carlo(MCMC) analysis. Reportecharametersjncertaintie@nddataproductscanbe
foundatthe NASA ExoplanetArchive'. Therelevantpaperfor detailsof the calculations
is Roweetal. 2015.

TheKepler Mission(Boruckietal. 2010)useda 0.95m aperturespacebasedelescope
to continuouslyobservemorethan150000starsfor 4 years(Kochetal. 2010). We
modelandanalyzemostKOls listed at the ExoplanetArchive usingthe Kepler data.
KOls arenot modeledwith MCMC whenthetransiteventdoesnot havesufficientS/N
for propermodeling(S/N >~ 7) or the KOI doesnot correspondo atransitevent(e.g.,
KOI-54). As shownin Figurel, the planetcandidatefiaveorbital periodsrangingfrom
lessthana dayto greaterthana yearandradii rangingfrom thatof themoonto larger
thanJupiter. Theseparameterareinferredby fitting amodel(Mandel& Agol 2002)to
the photometridime-seriesproducedrom Kepler observationsndconvolvingthose
parametersvith measuredtellarparametersThe KOI modelsassumehatall transit
like eventsare producedby planets. This assumptiormeanghatfitted parameteror
stellarbinariesandstellarblendswill havesignificantsystematicrrors.

Whena planetis observedo transita starwe seeadropin theobservedlux thatis
proportionalto theratio of projectedsurfaceareasf the planetandstar. Theduration
of thetransitis dictatedby the orbital motion of the planetandthe shapés sculptedoy
thetilt of theorbital planerelativeto the observeiandthe brightnessrofile of the host
star. Usingatransitmodelparameterizetdy the meanstellardensity(! *), theratio of the
planetandstarradii (r/R*), impactparamete(b), orbital period(P) andtransitepoch(T0)
we determinghedepth,durationandshapeof thetransit. Our adoptedparameterization
assumeshatthe combinedmassof all transitingplanetss muchlessthanthe massof the
hoststar. We havealsoadoptedhoninteracting,circularorbits. For eccentricorbitsthe
planetstarseparatiorduringtime of transt canbe significantly differentthanthe semi
majoraxis. Thusaconsequencef usingcircularorbitsis thatthemodelderivedvalues
of I * will besystematicallydifferentfrom thetruestellarvalues.

Detailsof thetransitmodelcanbefoundin @4 of Roweetal. 2014. Theprocedurdor
determiningghe modelparametersanbe summarizedy thefollowing tasks:

1. DetrendQ1-Q17PDCMap Kepler photometryretrievedirom MAST,
2. Obtainabestfit modelusinga LevenbergMarquardtroutine(More etal. 1980),

3. Inspectmodelfits with visualandnumericaldiagnosticandupdateproblematic
models,

4. Measurdransittiming variations(TTVs), incorporatel TVs in fits asneeded,

! http://exoplanetarchive.ipac.caltech.edu
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5. RunMCMC routines,
6. InspectMCMC resultsandupdateproblematiccasesand
7. Generateadoptel modelparameterandposteriors.

Thedetailsfor eachof thesetaskscanbefoundin @4 anda5 of Roweetal. (2014)and
(2015)respectively. Herewe describethe productsproducedoy steps?, 4 and7 above.

O
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Figurel: A plot of radiusvs periodfor the Q1-Q12 catalogugRoweetal. 2015) The
blackpointsindicateplanetcandidatesndthered pointsshowfalsepositives.
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2. Directory Structure

ForeachKOI systenthereis a singledirectoryasshownin Figure2. Thedirectoryhas
the namingconvenion: koiXXXX.n OwhereXXXX is theintegerKOIl numberstarting
with 1. All KOls aroundthe samestarwill befoundin this onedirectory. Forexample
the six-planetsystemkKOI157, with planets157.01,157.02,E , 157.06,is all contained
in asingledirectory namedXoi157.rQ In this directoryyouwill find datafiles
containingbestfit parametergransittiming variationsandMarkovw-Chainsasindicated
in Figure2. Thenextthreesectionsexplaintheformatof eachfile type.

B koil56.n
v koil57.n

n0.dat «— simultaneous best fit solution to all planets

nl.dat

- best fit solutions for each planet individually
né.dat

koi0157.01.tt

Transit timing measurements
koi0157.06.tt

mcmc.157.nl.dat

Markov-Chains

mcmc.157.n6.dat

> koil58.n
Figure2: ExampleDirectory Structure
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3. BestFit, Chi-SquareMinimization Parameters

EachKOI systemhastwo typesof bestfits: simultaneousndindependentA file named
n0.daOcontainsa globalfit for all planetsassociatedvith thetargetstar. In the caseof
KOI157,the parameterarea simultaneoudit of all six knowntransitingplanetsto the
Kepler observations.Therearealsofiles namednl.dat,n2.dat,etc.,thatcontainfit
parameter$or eachplanetfitted independently. Hereis anexampleof the contentsf a

bestfit file:

RHO 1.2236880239E+00 0.0000000000E+00 -1.0000000000E+00 0.0000000000E+00
NL1 4.2010000000E-01 0.000000000O0E+00 0.0000000000E+00 0.0000000000E+00
NL2 2.5400000000E-01 0.000000000O0E+00 0.0000000000E+00 0.0000000000E+00
NL3 0.0000000000E+00 0.0000000000E+00 0.0000000000E+00 0.0000000000E+00
NL4 0.0000000000E+00 0.0000000000E+00 0.0000000000E+00 0.0000000000E+00
DIL 0.0000000000E+00 0.0000000000E+00 0.0000000000E+00 0.0000000000E+00
VOF 0.0000000000E+00 0.0000000000E+00 0.0000000000E+00 0.0000000000E+00
ZPT 3.5852870878E-06 0.0000000000E+00 -1.0000000000E+00 0.0000000000E+00
EP1 7.1176453358E+01 0.0000000000E+00 -1.0000000000E+00 0.0000000000E+00
PE1 1.3024927141E+01 0.0000000000E+00 -1.0000000000E+00 0.0000000000E+00
BBl 1.3931409177E-01 0.0000000000E+00 -1.0000000000E+00 0.0000000000E+00
RD1 2.5819765742E-02 0.0000000000E+00 -1.0000000000E+00 0.0000000000E+00
EC1 0.0000000000E+00 0.0000000000E+00 0.0000000000E+00 0.0000000000E+00
ES1 0.0000000000E+00 0.0000000000E+00 0.0000000000E+00 0.0000000000E+00
KR1 0.0000000000E+00 0.0000000000E+00 0.0000000000E+00 0.0000000000E+00
TE1 0.0000000000E+00 0.0000000000E+00 0.0000000000E+00 0.0000000000E+00
EL1 0.0000000000E+00 0.0000000000E+00 0.0000000000E+00 0.0000000000E+00
AL1 0.0000000000E+00 0.0000000000E+00 0.0000000000E+00 0.0000000000E+00

Thereare5 columns. Thefirst columngivesthe nameof thefitted parameterthe second
columngivesthevalueof thefitted parameteandthefourth columndeterminesvhether
avariablewasfitted or heldfixed. Thethird andfifth columnsarenotused. Thefourth
columnis zeroif thevariablewasheldfixed duringthefitting procedureanyothervalue
indicatesthatthe parametewasfitted. Thefitted variablesare:

RHO- ! * , meanstellardensity(g/cnt).

NL1-4 - limb-darkeningparameterslf NL3=NL4=0, thena quadratidaw wasadopted,
otherwisea nontlinearlaw (Claret& Bloemen2011)wasused.

DIL - fractionof light from additionalstasin theapertureghatdilutedthe observed
transit. O - nodilution is present,l - additionalsourcecorresponds$o 100%of flux.

VOF - radialvelocity zeropoint (m/s). We did notincluderadialvelocitiesin ourfits.
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ZPT - photometriczeropoint (relative). Detrendingaimsto haveZPT ~ 0.

EPy- TO, time of first transitfor eachplanety in unitsof BJD-254900.For a multi-planet
fit, therewill beanentryfor eachplanet EP1,EP2,EP3E

PEy- P, orbital periodfor eachplanety (days).

BBy - b, impactparametefor eachplanety.

RDy - r/R*, ratio of planetradiusandstarradiusfor eachplanety.

ECy, ESy- eccentricityvectore cos(w), e sin(w) for eachplanety.

KRy - radialvelocity amplitudefor eachplanety. Dopplerbeamings included(m/s).
TEYy - secondareclipsedepthfor eachplanety (ppm).

ELy - amplitudeof ellipsoidalvariationsfor eachplanety (ppm).

ALy - amplitudeof phasecurvevariationsfrom albedofor eachplanety (ppm).

Tablel gives the matchingvariablenamesaslistedin the NASA ExoplanetArchive.
Figure3 showsa modelfit to Kepler observation®f Kepler-18b.

Parameter = NASA Exoplanet Archive Description

RHO koi_srho fitted mean stellar density (g/cms)
NL1-4 koi_ldm_coeff1,2,3,4 limb-darkening parameters

ZPT N/A photometric zero point

EPy koi_timeObk transit epoch. Archive uses BKJD.
PEy koi_period orbital period (days)

BBy koi_impact impact parameter

RDy koi_ror planet-star radius ratio

Table 1: Variable names and corresponding labels from the NASA Exoplanet Archive.
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Figure3: Thetransitof Kepler-5b (KOI-18.01). Theblackdotsshowthelong-cadence
photometryfrom Kepler phasedo theorbitd periodof Kepler-5b. Theredline shows

the bestfit model.
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4. Transit Timing Variations

Whentransittiming variations(TTVs) aredetectedyou will find afile with gOttC’)
extensiorin theKOI directory. The namingconvections &koiXXXX.0Y .ttOwhere
OXXXX Ostartsat 0001andOr Ostartsat 1. An exampleof the contents:

71.1764397960000 -4.705630182499476E-003 4.615523227458581E-003
84.2013671450000 1.198424344565296E-003 4.624050832207679E-003
97.2262944940000 -5.091152929310283E-003 5.244599663771094E-003
110.251221843000 -9.378087396754609E-003 4.027120757461007E-003
123.276149192000 -5.578341643371232E-003 4.682547373515807E-003
136.301076541000 -2.281073656746457E-003 4.438034810820665E-003
149.326003890000 1.567907907126198E-002 4.714838517840220E-003
162.350931239000 7.833819010485854E-003 5.927128525079041E-003

Thefirst columnis the calculated expected}ime (BJD-254900)of transitbasedn the
orbital periodof the bestfit model. The secondcolumngivesthe observedninus
calculated O-C) transittime (days)basedon afit of thetransitmodelto theindividually
observedransitevens. Thethird columnis theuncertaintyonthe O-C time (days). If a
OttOfile is presentthen transittiming variationsareincludedin thetransitmodels.

Figure4: Thetop panelshowsthe O-C diagramof TTVs measuredrom Kepler-18c
(KOI-137.01). Thebottompanelshowsa Fouriertransformof the TTVs. Thegreenline
isa3-! detectionthreshold.
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5. Markov-Chains

Usingthebestfit modelandif necessaryT TVs, aMarkow-ChainMonte-Carloroutine
wasrunto calculatea seriesof modelparametesetsthatwerethenusedto estimate
posteriordistributionsfor eachmodelparameter. Thefiles have the namingconvention,
koiXXXX.nY.dat, whereXXXX is the KOl numberandstartsat 1 andY is theplanet
numberstartingwith 1. An exampleof the contentsshowingthefirst 3 linesof thefile:

18

1.4914682798E+04 0 11 1.2533986362E+00 4.2010000000E-01 2.5400000000E-01
0.0000000000E+00 0.0000000000E+00 0.0000000000E+00 0.0000000000E+00
6.6148941153E-07 7.1176263245E+01 1.3024925322E+01 1.9651895472E-02
2.5704275054E-02 0.0000000000E+00 0.0000000000E+00 0.0000000000E+00
0.0000000000E+00 0.0000000000E+00 0.0000000000E+00

1.4914718902E+04 0 1 1.2545401112E+00 4.2010000000E-01 2.5400000000E-01

0.0000000000E+00 0.0000000000E+00 0.0000000000E+00 0.0000000000E+00
6.6148941153E-07 7.1176263245E+01 1.3024925322E+01 1.9651895472E-02
2.5704275054E-02 0.0000000000E+00 0.0000000000E+00 0.0000000000E+00
0.0000000000E+00 0.0000000000E+00 0.0000000000E+00

Thefirst line givesthe numberof parameterd\p, in themodel. For asingleplanetfit,
thereareNp=18parameterdor 2 planetshereareNp=28,and10 additionalparametes
for eachadditionalplanet. After thefirst line, eachsubsequenine has3+Npentries.
Thefirst columnreportschi-squarefor the parameteset,the secondcolumnis aflag to
indicateif the parametesetwasaccepted0) or rejected(1), andthethird columnis a
flag to indicatewhich parametewasvaried(0 for avectorjump (Gregory2011),
otherwisel throughNp). If achainwasrejectedthelastaccepteathainis listed. The
modelparametersarelistedin ordermatchingthe contentsof the bestfit file asdescribed
in 3. Thus,thefourth columnlists the meanstellardensity.

Wl

Figure5: Posterioristributionsfor Kepler-186f (KOI-571.05). Startingat thetop and
movingleft we have:stellardensity,photometriczeropoint, TO, P, b, r/R*, a/R*, transit
depthandtransitduration.
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6. Using the Files to Estimate Your Own Posteriors

MCMC routinestypically requirewhatis knownas®urnin® To accountor burnin we
recommenaxcluding atleastthefirst ~20%of the providedchains.

To estimateany posteriorsyou mustusebothaccepteandrejectedflaggedchains. For
examplejf youwishto estimatehe averagesalueof themodeledstellardensityyou
would calculatethe averageébasedn everyentryin thefourth columnof the MCMC file
afterexcludingthefirst ~20%. Figure5 showshistogramsasedna MCMC analysisof
Kepler-186f, which canbe usedto estimateposteriordistributions.

As anotherexample the valuesfor a/R* listedat the archivewerecalculatedvia Kepler(3
3rd law:

(a/R)*=1*GP(3").

We usedthevaluesfor fitted meanstellardensity(! *) andperiod(P) to calculatea chain
for theratio a/R* for whichwe thenestimatedhe medianvalue andconfidencanterval.
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Figure6: Thevalueof the meanstellardensityfor 100000 chainsbasdon Kepler
observation®f Kepler-186f (KOI-571.05). Thefirst ~20%of the chainsarenotwell
mixedor behaved.This is dueto burn-in of the MCMC routineandstabilizationof the
Gibbsfactorto achieveanacceptanceateof 20-30%.

14 0f 15



KSCI-19084-001: MCMC Data ReleaseNotes 03/02/2015

7. References

Borucki, W., etal. 2010,Science 327,977
Claret,A., & Bloemen,S.2011,A&A, 529,75
Gregory,P.C.2011,MNRAS, 410,94
Koch,D., etal. 2010,ApJ, 713,79
Mandel,K., & Agol, E. 2002,ApJ,580,L171

More, J.,Garbow,B., & Hillstrom, K. 1980, Argonne NationalLaboratoryReportANL -
80-74

Rowe,J.F.,Bryson,S.T., Marcy,G. W., etal. 2014,ApJ, 784,45.
RoweJ.F.,Coughlin,J.L., Antoci, V., etal. 2015,ApJS,acceptedastroph/1501.07286).

150f 15



