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ABSTRACT

CHEOPS(CHaracterisingexOPlanetSatellite) is an ESA S-classmissionthat observesbright starsat high cadencefrom
low-Earth orbit. The main aim of the missionis to characterizeexoplanetghat transitnearbystarsusing ultrahigh precision
photometry.Here,we reportthe analysisof transitsobservedoy CHEOPSduringits Early Scienceobservingprogrammefor
four well-known exoplanetsGJ 436b, HD 10631%, HD 97658b, and GJ 1132b. The analysisis doneusing PYCHEOPS an
open-sourcsoftwarepackageve havedevelopedo easilyandef ciently analyseCHEOPSlight-curvedatausingstate-of-the-
arttechniqueghatarefully describecherein.We showthatthe precisionof the transitparametersneasuredising CHEOPS
is comparableo that from larger spacetelescopesuchas SpitzerSpaceTelescopeand Kepler. We usethe updatedplanet

parameterérom our analysisto derivenew constrainton theinternalstructureof thesefour exoplanets.

Key words: methodsdataanalysis- software dataanalysis- planetsandsatellitesfundamentaparameters.

1 INTRODUCTION

The CHaracterisingeExOPlanetSatellite(CHEOPS wasselectedas
the rst S-classnissionin theEuropearspaceAgency(ESA)science
programmeand was successfulljaunchedon 2019 Decemberl8
(Benzetal. 2021). Nominalscienceoperationstartedon 2020April
18 after a period of in-orbit commissioning(Randoet al. 2020.
CHEOPSIs a follow-up missionthat generatesiltrahigh precision
photometryfor bright starsalreadyknownto hostexoplanet§Benz,
Ehrenreich& lIsaak 2018. It hasthe exibility to observestars
at speci ed times over a large fraction of the sky! The observing
time is split betweenthe GuaranteedTime Observation(GTO)
programme(72 percent), the GuestObservers(GO) programme
(18 percent), and the Monitoring and CharacterisatiofM&C)

E-mail: p.maxted@keele.ac.uk
Lhttps:/iwww.cosmos.esa.imeb/cheops/theheopssky

© 2021TheAuthor(s)

Publishedby Oxford University Presson behalfof Royal AstronomicalSociety

programme(10 percent). The CHEOPSGTO programmencludes
observationsto searchfor transits of planetsdetectedin radial
velocity suneys (Delrez et al. 2021), to provide preciseradius
measurementgor known transiting exoplanets(Bonfanti et al.
2021, Leleu et al. 2021), to characterizeexoplanetatmospheres
from measurementsf their eclipses(Lendl et al. 2020, to study
the dynamicsof exoplanetsystemsusing transit time variations
(TTVs; Borsatoet al. 2021), to searchfor moons and rings in
exoplanetssystems(Akinsanmi et al. 2018, to measurethe tidal
deformationof planets(Akinsanmiet al. 2019, and somestellar
sciencethatis relevantto exoplanestudiese.g.characterizatioof
very low massstarsin eclipsingbinary starsystemqSwayneet al.
2021).

The CoRoT (Baglin et al. 2009 and Kepler (Borucki et al.
2010 surweys hawe provided valuableinformation on the Galactic
exoplanepopulationbasednintensivemonitoringof smallareasof
thesky.However,mostof theexoplanetsdenti ed fromtheirtransits
by thosesuneys aretoo faint to allow for detailedcharacterization.
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Thebest-characterizeekoplanetsaretypically thosediscoreredby
radial velocity surveysorbiting bright starsthat were subsequently
foundto be transiting,e.g. HD 209458 (V = 7.8),HD 189733
(V= 7.8),GJ436b (V= 10.2),or 55 Cancrie (V = 6.0). Detailed
characterizatiohasalsobeenpossiblefor gas-andice-giantplanets
transiting bright starsdiscovered by ground-basedransit suneys
suchasWASP (Pollaccoet al. 2006, HATNet (Bakoset al. 2007),
KELT (PepperStassun& Gaudi2018, and MASCARA (Snellen
et al. 2012. Surwys such as Mearth (Charbonneatet al. 2009
and SPECULOOS(Delrezet al. 2018 are ableto discover Earth-
sizedplanetsby looking for transitsaroundM-dwarf hoststars.The
Kepler K2 mission surweyed a larger areaof the sky aroundthe
ecliptic than the original missionand so increasedhe numberof
planetsdiscovered orbiting bright starswith this instrument,e.g.
HD 106315(Barroset al. 2017 Cross eld et al. 2017 Rodriguez
etal. 2017). NASA's TransitingExoplanetSurwey Satellite(TESS
Ricker et al. 2014 is an all-sky surwey with the aim to discover
exoplanet®orbiting starsbright enoughfor detailedcharacterization
with NASA’s JamesWebb SpaceTelescopgJWST Gardneret al.
2006. Thefocusof the CHEOPSmissionis the characterizatiorf
a setof most promising objectsfor constrainingplanetformation
andevolutiontheoriesandto supportspectroscopistudiesof these
planets’ atmospheresvith JWST Ariel (Tinetti et al. 2018, and
instrumentationon 30-m classtelescopegMarconi et al. 2021).
With its unique characteristicsCHEOPSis complementaryto all
other transit sureey missionsas it provides the agility and the
photometricprecisionnecessaryo re-visit suf ciently interesting
targetsfor which further measurementare deemedvaluable.The
CHEOPSmission is also providing valuable experiencefor the
Europearspacesciencecommunitythat is feedinginto the devel-
opmentof the PLATO mission,an ESA M-classmissionwith the
challenginggoalto detectandcharacterizéarth-sizelanetswith
orbital periodsup to oneyearthat transitbright stars(Raueret al.
2014.

During the rst 8 monthsof scienceoperationsthe CHEOPS
guaranteed-timebservingprogramme(GTO) scheduledand ob-
sened over 300 transitsandeclipsesof known transitingexoplanet
andeclipsingbinary star systemsAnother24 long-durationobser-
vationswereobtainedfor 12 bright starsto searchor transitsdueto
exoplanetsdiscoveredby radial velocity surweys. In addition, over
600 observationsvith a durationof 1-3 orbits’ eachwereobtained.
These ller’ observationgnsurehat CHEOP Scontinuedo collect
useful scienceobservationsduring short intervals betweentime-
critical observation®f transitsandeclipsesThe ller programmes
within the GTO are being usedto study the variability of low-
mass stars on short time-scales,and to searchfor remnantsof
planetarysystemsaround hot subdwarfstars (Van Grootel et al.
2021).

Thesdargedataratesthepeculiaritiesof observingrom a nadir-
lockedorbit with arotating eld of view, andthevery high precision
of the CHEOPSdatarequirespecialisedoftwareto enableef cient
and accurateanalysisof the light curves,and timely publication
of the results.Very accuratemodelsare neededo preciselymatch
the featuresvisible in theseultrahigh precisionlight curves.The
softwareshould be easyto run and ef cient so that everyoneon
the scienceteammembershasthe opportunityto contributeto the
data analysiseffort without requiring accessto large computing
resourcesr extensiwetraining. Theserequirementsed usto develop

2Thedurationof CHEOP Sobservationsiremeasuredh orbitsof 98.725min
each.
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the pycHEOPSSsoftwarepackage puilding on previouswork to test
thepower-2limb-darkenindaw (Maxted2018 andthedevelopment
of thegpower2algorithm(Maxted2018.

The pycHEoPSsoftwarepackageis describedfully in Section2
of this paper.The analysisof the CHEOPSlIight curvesfor four
transitingexoplanetsobsenred during the Early Scienceobserving
programmas describedn Section3. Sectiord describeshemethod
we haveusedto placeconstrainton the internal structureof these
planetsTheseresultsarediscussedn Section5 andconclusionsare
brie y givenin Section6.

2 THE PYCHEOPS SOFTWARE PACKAGE

2.1 Implementation and dependencies

PYCHEOPSIs written in PYTHON version 3.7 and makesextensive
useof the packagesiumpPy (Harrisetal. 2020 andscipy (Virtanen
etal. 2020. MATPLOTLIB (Hunter2007) is usedfor datavisualization
and plotting. Tabular data, celestial coordinates,and time-scales
are handledusing routinesfrom the ASTROPY? software package
(The Astropy Collaboration2018. The package.MFIT* (Newville
et al. 2020 is usedfor non-linearleast-squaresinimization and
parametehandling.For Bayesiandataanalysistechniqueswe use
the af ne-invariant Markov chain Monte Carlo ensemblesampler
by Goodman& Weare(2010 implementedn EMCEE® (Foreman-
Mackey et al. 2013 to generatesamplesfrom the posteriorprob-
ability distribution. Correlatednoise is modelled using Gaussian
process(GP) regressionin the form of the celerite algorithm
implementedin software packageCELERITE2® (Foreman-Mackg
etal. 2017 Foreman-Mackg 2018. We userun-time compilation
with NUMBA7 (Lam, Pitrou& Seibert2015 to reducethe execution
time for a few key subroutineghatarecalledfrequentlyby EMCEE.
Parametecorrelationplotsaregeneratedisingthe PYTHON module
CORNER (Foreman-Mackg 2016. CHEOPSdataare archivedat
the Data & Analysis Center for Exoplanets(DACE) hosted by
the University of Geneva.Thesedata can be accessedlirectly
from PYCHEOPSuUsing the PYTHON-DACE-CLIENT PYTHON module
availablefrom the DACE website? Thisclienthandlesaccesso both
proprietarydatafor scienceaeammemberandpublicdatafor general
users.

We havesuccessfullynstalledandtestedrYCHEOPSON machines
runningmacOS Windows10, andLinux operatingsystems.

2.2 Packagestructure

Almostall thefunctionality of PYCHEOPSISs implementedasasingle
PYTHON moduleof the samenamethat containsthe following sub-
modules.

core — handlesthe softwarecon guration, e.g. datalocations
anduseroptions.

constants  — containsfundamentalconstantsand nominal
valuesfor selectedsolar and planetaryquantitiesde ned by IAU
2015ResolutiorB3 (Mamajeketal. 2015. The Newtonianconstant

Shttps://wwwastropyorg/
“https://Im t.github.io/Imfit-py/
Shttps://github.com/dfm/emcee
Shttps://github.com/dfm/celeg?
"https:/humba.pydata.org/
8https://cornereadthedocs.io
°https://dace.unige.ch
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is takento be G = 6.67408x 1051 m3kg®! s52 (2014 CODATA
value).Theradiusof theEarthis de nedtobeR = 6371km sothat
thevolumeof aspherewith thisradiusequalghenominalvolumeof
the Earthde ned in IAU 2015ResolutionB3. Similarly, the radius
of Jupiteris de nedto be Ry, = 69911km.

funcs —providedunctionsrelatedo orbitsandeclipse®f stars
andplanetdn Keplerianorbits,e.g.thesolutionof Kepler'sequation
(Markley 1995 and the time of mid-eclipsein an eccentricorbit
using Lacy’s method(Lacy 1992. This sub-modulealsoincludes
a function to calculatethe massand radius of a planetfrom the
observegarametersf its transit,andto plot theplanetin themass—
radiusplanecomparedo variousmodelsand/orthe parameter®f
otherknown exoplanetsakenfrom TEPCat(Southworth2011).

instrument  — containsdataspeci ¢ to the CHEOPSinstru-
ment,e.g.theinstrumentesponsdunction.

utils  —provideautility functions e.g.formattingof valueswith
errorsfor outputandlight-curvebinning.

Id — providegheparametersf the power-2limb darkeningasa
functionof stellareffective temperaturéTes), surfacegravity (log g),
and metallicity ([Fe/H]). This sub-modulealso containsfunctions
to convertbetweendifferent parametrizationsf the power-2limb-
darkeninglaw. Dataareincludedfor the CHEOPS,TESS Kepler,
NGTS, and CoRoTpassbandsaswell asvarious lters within the
SDSSand Johnson/Cousinphotometricsystems.The parameters
areinterpolatedromtablesgenerateffom synthetic3D-LTE spectra
from the STAGGER(rid calculatedby Magic et al. (2015. For stars
outsidetherangecoveredby thesTAGGERgrid we usethecoef cients
for a4-parametelimb-darkeningaw providedby Claret(2019 for
theGaia G band which givesacloseapproximatiorto the CHEOPS
passbandThe transformatiorfrom the coef cients a;, ... a4 from
table10 of Claret(2019 to the parameter$, andh, of the power-2
limb-darkeninglaw wasdoneusingaleast-squares$ totheintensity
pro le asafunctionofr = 1S p2in theregionr < 0.99.

models — providesmodelsfor photometriceffectsobservedn
transitingexoplanetandeclipsingbinary starsystemse.g. transits,
eclipsesellipsoidaleffect,etc.,anda2-bodyKeplerianradialveloc-
ity model. Thesemodelsareprovidedin the form of LMFIT Model
classesand so can be easily combinedusing arithmeticoperators.
Trendsin the datacorrelatedwith parametersuch as spacecraft
roll angle, sky backgroundevel, telescopetube temperaturegtc.
canbe modelledusing the FactorModel  classprovidedby this
sub-module.

DATASET — providesthe Dataset classthatis usedto down-
load, inspect,and analysea single eclipseor transit observation
obtainedwith CHEOPS The light-curve plots in this paper for
observationgonsistingof a single visit were generatedising this
class.

MULTIVISIT — provideshe MultiVisit classfor thecombined
analysisof multiple Dataset objects.For the analysisof multiple
transitsit is possibleto include parametersty 01, ttv _02, etc.
in the modelto allow for transittiming variationsarounda linear
ephemeris Similarly, the depthsof the eclipsesL 01, L_02, etc.
canbeincludedasfree parameterin the analysisof visits obtained
during different occultations.MultiVisit can be usedfor the
analysisof a single visit. The light-curve plots in this paperfor
observationgomposedf multiple visits weregeneratedisingthis
class.

STARPROPERTIES- providesthe StarProperties classfor
convenienthandling of information about the target star. This
classwill automaticallydownloadand extract stellar atmospheric
parameterfor thetargetstarfrom the SWEET-Catatalogug Santos
etal. 2013 Sousaetal. 2018, if available.

CHEOPSEarly Scienceandpycheops 79

PLANETPROPERTIES- providesthe PlanetProperties class
for convenienthandling of information aboutplanetsorbiting the
target star. This class will automatically download and extract
the propertiesof the transiting planetfrom the TEPCatcatalogue
(Southworth2011), if available.

In additionto thesesub-moduleghepackagalistributionincludes
a script MAKE XML _FILES as an aid to planning and execution
of observingrequests,and the script COMBINE to calculate the
weightedmeanof valueswith errorestimatesiccountingor possible
systematierrorsusingthe algorithmdescribedn AppendixA.

Distribution of PYCHEOPSIS donevia the PYTHON packagdandex
website'® Bug reportsand software developmentre coordinated
using GITHUB.!! Severalexamplesthat demonstrateand test the
capabilitiesof PycHEOPSareincludedwith the softwaredistribution
packagén theform of JupyterNotebooks? Theseincludeananal-
ysis of the CHEOPSdatafor 4 eclipsesof the transitinghot Jupiter
WASP-18% rst presentedby Lendl et al. (2020 and a tutorial
basedon the observatiorof a singletransitof KELT-11b usingthe
samedataanalysedy Benzetal. (2021). The‘pycheopscookbook’
includedin thedistributionprovidesnstallationinstructionsanddata
analysisrecipes.

2.3 Transit and eclipsemodels

Transit light curves are calculatedusing the gpower2 algorithm
(Maxted& Gill 2019. Thisalgorithmusesananalyticapproximation
toef ciently calculatehe ux blockedby asphericaplanetof radius
R, orbiting a sphericalstar of radiusR with an intensity pro le
describedby the power-2limb-darkeninglaw | (u) = 1S ¢(1 S
M ), wherep is the cosineof the anglebetweerthe surfacenormal
andthe line of sight. The algorithmis accurateto about100 ppm
for broad-bandoptical light curvesof systemswith a star—planet
radiusratio k = Ry/R = 0.1. This is suf cient to recover transit
parametersiccurateto + 0.5 percentor betterfor planetswith k <
0.15(Maxted& Gill 2019.

The parametersf the transit model for a planet with orbital
semimajoraxisa andorbital inclinationi areasfollows.

To = time of mid-transit
P = orbital periodin days

b = acos(i)/R

D= (R/R)?*= K

W= (R/a) (1+ k)2S b2/
fo= ecoq )

fs= esin( ) )
hy=1(3)=1Sc(1S2°)
he=1(3)S1 (0)=c2° .

For planetsin circular orbits (eccentricitye = 0), the parameter
W is the width of the transitin phaseunits and b is the transit
impactparameterD is thedepthof thetransitin theabsenc®f limb
darkening.The parameterd, andfs are usedbecausdhey havea
uniform prior probability distributionassuminghatthe eccentricity,
e, and the longitude of periastron, , both have uniform prior
probability distributions(Andersonet al. 2011 EastmanGaudi&
Agol 2013. The parameterdy; and h, are usedbecausesuitable
priorscanbeappliedto theseparameter;ndependentipasednthe
resultsfrom Maxted (2018, at leastfor inactive solar-typestars—

1Ohttps://pypi.org/projedpycheops/
Uhttps://github.com/pmart/pycheops
L2https:/jupyter.org/
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seealsoShortetal. (2019 for thecorrectcalculationof the physical
limits ontheseparameters.

The secondaryeclipsemodel usesthe sameparametrizatiorfor
the geometryof the star—planesystem.The additionalparameters
for thismodelaretheplanet—starux ratio, L, andthecorrectionfor
thelight traveltimeacrosghe orbit a;. The eclipsemodelsassumes
thatthe ux distributionacrosghevisible hemispheref the planet
is uniform.

For the sampling of the posterior probability distribution of
the model parameterswithin Dataset and MultiVisit we
assumehatcosi, logk, andloga/R haveuniform prior probability
distributions.The logarithmof the prior probability distributionfor
the parametersf thetransitmodelis then

log(P (D, W, b)) = log(2kW) S log(k) S log(a/R ),

wherethe factor 2kW is the absolutevalue of the determinantof
theJacobiamatrix J = d(D, W, b)/d (cosi, k, a/R ) (Carteretal.
2008.

2.4 Parameterdecorrelation

Trendsn adatasetdueto instrumentahoiseareoftencorrelatedvith
parametersuchastheinstrumentemperaturethepositionof thestar
onthedetectorpackgroundtountrate,etc. Removingtheserendsis
knownasdecorrelationor detrendingandthe coef cient thatrelates
the changein a parameterto the changein countrate is known
as a decorrelation parameteror detrending parameter Seweral
decorrelationparametersare available for use within PYCHEOPS
Thesedecorrelatiorparameterganbe includedasfree parameters
in theanalysisof transitsandeclipsesothatthecovariancéetween
theparametersf interest(transitdepth eclipsedepth etc.)andthese
‘nuisanceparameterstanbe quanti ed. Of particularrelevanceto
CHEOPSaretrendsin countrate,f, thatdependon spacecraftoll-
angle, . CHEOPSIs nadir-lockedwhich resultsin the rotation of
thestellar eld aroundheline of sightonceperorbit. Straylight from
the Earth(animportantbackgroundccontaminatiorin theimages)s
highly dependenbn the roll angle.The decorrelationparameters
availableto model thesetrends are df/dsin(j ) and df/dcos(j ).
Within the module Dataset the decorrelationcan be done for
theseroll-angledecorrelatiorparametersip to the 2nd harmonicof
theroll angle,i.e.j = 1, 2, or 3. Within the moduleMultiVisit

the decorrelationagainstroll angleis doneimplicitly, i.e. without
explicit calculationof the decorrelatiorparametersandthereis no
limit to the numberof harmonicghatcanbe used- seeSection2.9
for details.

Since sine and cosinefunctions have a rangefrom S1 to + 1,
the magnitude of the decorrelationparametersdf/dsin(j ) and
df/dcos(j ) are approximatelyequal to the amplitude of the in-
strumentalnoise in the light curve due to correlationswith each
harmonicof . In a similar way, we shift and scalethe variables
usedfor decorrelationso that all the decorrelationparametersare
approximatelyequalto the amplitudeof the instrumentalnoisein
the light curvethatis correlatedwith the parameterFor example,
decorrelatioragainsthe x positionof the staron the detectordueto
the pointingjitter of the spacecraftisesthevariable

XS Xmax* Xmin)/ 2
(XmaxS Xmin) / 2
whereXmin andxmax arethe minimumandmaximumvaluesof x, and
similarly for y. Themetadatgrovidedwith CHEOPSlight curves

includesestimate®f the countratein the photometricaperturedue
to threeeffects— thebackgroundevelin theimages photoelectrons

MNRAS 514, 77—104(2022)

from nearbystarsaccumulatediuringthe CCD frame-transfet? and
extracountsaccumulatedluringthe exposuredueto contamination
of the photometricapertureby nearbystars.Theseare all positive
quantitiesso we scalethembetweentheir minimumandmaximum
valuesso that the decorrelationis done againstthe variablesbg,
smear , andcontam , respectivelythatrangefrom 0 to 1.

Linearandquadratictrendswith time, e.g.dueto intrinsic stellar
variability, canbeaccountedrom usingthedecorrelatioparameters
dfdt andd2fdt2 , respectivelyThedecorrelatioris doneagainst
the variablet S tmeq, Wheretmeq in the medianobservatiortime of
observationgor thevisit in days.

2.5 Internal reRections(glint)

Brightobjectawithin 24 fromthetargetcancausenternalre ections
that appearas small peaksin the light curve once per spacecraft
rotationcycle. We referto this phenomenoras‘glint’. Glint dueto
moonlightdoesnot occurat exactlythe samespacecraftoll angle
ewery cycle becausef the motionof theMoon onthesky duringthe
observationThemoduleDataset includesafunctionadd _glint
thatcanbe usedto createa periodiccubic splinefunctionto model
this effect. The cubic splineis calculatedusinga least-squares to
theresidualdrom theprevioustransitor eclipset tothelight curve,
or to the dataeitherside of the transitor eclipse.The independent
variablefor this cubic splineis eitherthe spacecrafroll angle,or
the positionangleof the Moon relativeto the spacecraftoll angle
on the sky. Oncethe glint function, fgin(t) hasbeencreated,the
light-curvemodelwill includeatermglint _scale x fgin(t). The
factorglint _scale 1 canbeincludedin theanalysisasafree
parametesothattheimpactof theuncertaintyin correctingfor glint
canbequanti ed. Thefunctionaddedo themodelto correctfor glint
alsoaccountsor much of the instrumentahoisedueto spacecraft
roll angle,sothis featurecanalsobe usedasanalternativeto linear
decorrelatioragainstsin( ), cos( ), sin(2 ), etc.

2.6 Ramp effect

Long-duratiorobservationsf brightstarswith CHEOPSsometimes
showchangesén thecountrateatthestartof avisit with anamplitude
up to a few hundredparts-per-million(ppm) that decayssmoothly
over seweralhours.This is aninstrumentakffectcausedy changes
in theinstrumenpointspreadunction(PSF) Thechange# thePSF
arecorrelatedwith temperatureehangesecordedat variouspoints
on the telescopetube, particularly the value of thermFront 2
providedin themetadatdor eachvisit. Basedonthis correlationthe
following equationhasbeendevelopedo correctthe measuredux
(fmeasured for the‘ramp’ effect:

f corrected= T measured® (L+ 1 X (thermFront_2+ 12 C)).

The value of the coefcient | variesfrom = 140ppm cs?
to , = 330ppm C>! for photometricapertureradii from 22.5to
30pixels, respectiely. This ramp correctionis not implemented
by default in PycHEOPS but can be easily applied using the
function Dataset.correct _ramp . This empirical approachto
correcting the ramp effect is suf cient for most purposes,but
investigationsare continuinginto more complexmethodsthat may

1I3CHEOPShas no shutterso pixels remain exposedduring the readout
processDuring the 25ms of the frame transfer,eachchargewell collects
light from eachpixel crossedon its way to the storagearea.This produces
vertical‘'smear’trails on theimagefrom nearbystars.
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provide a more accuratecorrectionfor this effect (Wilson et al.,
in preparation).

2.7 Model selection

2.7.1 AkaikeandBayesiarinformationcriteria

Foramodelwith k freeparameterandmaximumlikelihoodfor a t
to n observationsthe Akaike andBayesiarinformationcriteriahave
thefollowing de nitions:

AIC = 2k S 2In(L);
BIC = kIn(n) S 2In(L).

Modelswith alower AIC and/orBIC havea betterbalancebetween
the complexity of the modelandthe quality of the t. For a least-
squarest to observations; with independentGaussiarstandard
errors, j, thelog-likelihoodfor amodelthatpredictsvaluesc; is

n

h 23 gm(z ), (1)

In(L)=S— S !

2
2 2.,
where

2 _ " (0 S c)?

= —
i=1 [

The constanég In(2 ) is sometimegroppedfrom this de nition.
This is the casefor the valuesof the AIC and BIC returnedby
functionsin LMFIT, but not for thelog-likelihoodvaluesreturnedoy
CELERITE2. For consisteny, andto enablélik e-for-like comparison,
we overwrite the valuesof AIC and BIC returnedby LMFIT with
valuescalculatedusing equation(1) beforethe valuesarereported
in the outputfrom routinesin Dataset andMultiVisit

2.7.2 Bayesfactors

The questionof which decorrelationparametergo include in the
analysisof a given light curve is a model selectionproblem. For
nestednodelsMy andM; with parameterso = {p1, p2, - - - » Pn, O}
and ;= {p1,p2,---,Pn, },QgiventhedataD, theBayesfactorBy;
is de ned by

P(Mo[D) _ P(Mo) P(D[Mo) _ P(Mo)
P(M1|D) P(M)P(D[M1) P(My)

where P(D|Mg)= P(D]| o)P(o)d" and similarly for
P (D |My). P( o) is the prior probability distribution for the
parametersf modelMy. The prior on the extraparameter is the
samefor bothmodelssowe canusethe Savage—Dickegensityratio
(Dickey & Lientz197Q Trotta2007) to calculatethe Bayesfactor
P( =0|D)

P( =0)

For a parameterassumedto have a normal prior with standard
deviation o,P( =0)=1 o 2 .

For the speci c casewhere D is a CHEOPSlIight curve, we
nd thatthe posteriorprobability distributionsfor the decorrelation
parametersare usually well-behavedand close to Gaussian,as
expectedfor a linear model. Assuming that they are normally
distributedand that the standarddeviationis given accuratelyby
the error on the parametemiven by LMFIT, and that a priori the
two modelsareequallylikely, we cancalculatethe Bayesfactor for
modelswith/without a parametewith valuep + , using

Bo1,

Boy =

By = S@®/ p)?2 o o
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These Bayes factors are listed in the output from the Im-
fit _report methodfor Dataset objectsParameterwith Bayes
factors > 1 are not supportedby the data and can be removed
from the model. This statisticis only valid for comparisonof the
modelswith/without oneparameterso parametershouldbe added
or removed one-by-oneandthe testrepeatedor every new pair of
models.

2.8 Noisemodels

The standarderror estimategrovidedwith CHEOPSIight curves
accountfor the known sourcesof noisein the data, e.g. photon-
counting statistics,detectorread-outnoise, errorsin background
subtractionetc. Therewill beadditionalsource®f noisethatarenot
accountedor in theseerrorestimatesg.g.undetectedosmicray hits
to the detectoryvariability of starsthatcontaminatehe photometric
aperture thermaleffects,scatteredight, intrinsic variability of the
targetstar,etc. The tting routinesin Dataset andMultiVisit
include a parameter ,, that accountsfor this additional noise
assuminghatit is Gaussiarwhite noise,i.e. a procesghatperturbs
eachmeasuremernhdependentlypy someamountthathasanormal
distribution.Thelog-likelihoodfor themodelusingthesamenotation
asaboveis then

nL)=5—5% ;n 2+ 23%n@ ).
272, 2
where
.. " @Sa)y
) i=1 erod

The tting routinesin Dataset and MultiVisit canusea
more sophisticatechoise model that accountsfor correlatednoise
assumingthat this is describedby a GaussiarprocessThe kernel
thatdescribeshecorrelationdetweerobservationsbtainedattimes
t, andty, is the SHOTermkernelimplementedn CELERITEZ, i.e.

ko : S0, Q. 0)= S 0Qe°® x

cosh( )+%sinh( o) 0<Q<V2;
2(1+ o), Q=12
cos( o )t zgsin( o)  V2<Q;

where = |15 (4Q?)5YY2 and om = |tn S tm|. This kernel
representastochasticallyriven,dampedcarmonicoscillator,andis
commonlyusedwith Q = 1/ 2 to modelgranulatiomoisein stars
(Foreman-Macke et al. 2017). The softwarepackagecELERITEZ is
usedto calculatethe log-likelihood to observea light curve for a
givenmodelandchoiceof the hyper-parameter®, (and&. The
dampingtime-scalefor thisprocesss = 2Q/ o andthestandard
deviationof theprocesss gp= S 0Q.TheDataset module
includesa function to plot the fast Fouriertransform(FFT) of the
residualsfrom the best- tting transit or eclipsemodelin log—log
spaceso that the usercanlook for a slopeor peaksin the power
spectrunmdueto stellargranulationor oscillations(Sulisetal. 2020).

2.9 Implicit correction for trends correlated with spacecraft
roll angle

The eld of view of the CHEOPSinstrumentrotatesat an angular
frequency 2 /98.725radiansmin>t. This rotationintroduces
instrumentahoiseatthisfrequencyandits harmonicsThe CHEOPS
point spreadfunction (PSF)is approximatelytriangularin shape
so to accountfor instrumentalnoise not removed by the data

MNRAS 514,77-104(2022)
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reductionpipeline(DRP)wetypically usealinearmodelof theform
1-3:1 jsinj -t )+ ;cogj -t ). Addingthe6extracoef cients
i, jasfreeparameteri theanalysiof asingleobservingsequence
(‘visit’) is not generallya problem,but this becomesnconvenient
for the analysisof largerdatasetsbecausdlifferentcoef cients are
neededfor eachuvisit. Insteadof explicitly including the nuisance
parameters;, 1,... inouranalysiswecanmarginalizeoverthem
usingthetrick describedby Luger,Foreman-Mackg& Hogg(2017).
Thistrick (implicit decorrelatior) requireshatwe assumesaussian
priorson thesenuisanceparametersan which casethelikelihood to
obtaintheobservediatay from ameanmodelp () with parameters
is amultivariatenormaldistributionof the form

p(yl )=N y;p,C+ A AT, )

wherethe columnsof the matrix A arethe basisfunctionsof our

instrumentallinear model,i.e. sin( t), cos( t), etc.,andC is the

covariancematrix that describeshe measuremenerrorson vy. If

we assumeéndependenGaussiarpriorson the nuisanceparameters

all with the samestandarddeviation then = |. Theterm
AAT is of theform

Nroll
S¢j S¢j ;
a e ™cosd nm + b€ "™sind oam,
i=1

where m= |t, S ty| for observation®btainedat timest, andt,.
This meanswe caneasily calculatethe likelihood p(y| , ) using
the CELERITE2 algorithm developedby Foreman-Mackey(2018.
Somesimple trigonometryis suf cient to showthatly = ¢ = 0
and = g = ,d =], j=12...Na .Thisinstrumental
noise model can be combinedwith both the white noise and the
correlatechoisemodelsdescribedn Section2.8.

This implicit roll-angle decorrelatiormethodis implementedn
thesub-moduleMultiVisit . Thenumberof harmonictermsN,qy
can be selectedwith the keyword option nroll . CHEOPS roll-
anglerotationrateis not exactly constantparticularly for starsfar
from the celestialequator,so implicit decorrelatiormay not be as
effective asexplicit decorrelatiorusingtheparametersif/dsin , etc.
This issuecanbeignoredif the trendswith roll angleareweak,or
mitigated by using a largervalue of Nyo. A third optionis to use
the unwrap keyword option to removethe best- tting roll-angle
trendfrom eachdatasetprior to analysiswith MultiVisit using
implicit roll-angledecorrelationThis is doneby dividing the light-
curvedatafrom eachvisit by the valuesgeneratedy the following
function:

1+ sin( (t))df /dsin( )+ cogj (t))df /dcogj ),
j

where (t;) is the spacecraftoll angleat observatiortime t;. The
decorrelationparametersif/dsin(j ) anddf/dcos(j ) arethe best-
tting valuestakenfrom thelast t to the light curve. Thesebest-
tting parametewraluesarestoredtogethemwith otherdetailsof the
t whenthe datasetis savedto anoutput le. Fortrendscorrelated
with parameterstherthanroll angle,MultiVisit automatically
selectghe samedecorrelatiorparametershatwereusedin the last
t tothelight curvefrom eachvisit.

2.10 Analytical maximume-likelihood transit bt

A key part of the sciencecasefor the CHEOPSmission is to
have a facility that can be usedto searchfor transits of small
exoplanet®rbiting brightstarsdiscoveredn radialvelocity surveys.
The analysisof the long visits usedto searchfor transitsbene ts
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from a methodto inject and recover synthetictransitsin the light
curve.Transitinjectionandrecoverycanalsobeusedto characterize
thenoisein thelight curveon differenttime scalesThe methodwe
hawe dewelopedfor this task,describedelow,is implementedn the
pycHeopPsfunctionscaled _transit it

We can usea factor s to modify the transitdepthin a nominal
model my calculatedwith approximatelythe correctdepththat is
scaledasfollows:

m(s)= 1+ sx (mpS 1).

Thedataarenormalizeduxes f = f4, ..., fy with nominalerrors
= 4,..., n.Assumethatthe actualstandarderrorsareunder-
estimatecby somefactor , andthatthesearenormally distributed

andindependentsothatthelog-likelihoodis
N
nL=38_= 28

1 ) & <~ N
22 éi: In “SNIn SEIn(Z)

1
where
NCFi S 1S s(m S 1) °

2
i i

2

The maximumlikelihood occursfor parametewaluess, and

suchthat "= = 0and "t = 0, from whichwe obtain
, N
N - -~ % 112 S1
(fi S 1)(mo; S 1) (Mo, S 1)
2 2 1

i=1 ! i !

0]
=

and
= 2/N .

For the standarderrors on these parameterswe use 52 =

- 2 & 2 .
S |5 and °?= S5 | toderive

. S12
(Mo, S 1)

s~ 2

= 3% 48N/ 252
Whetheror how muchof the dataoutsidetransitto includedepends
on whetherthesedata can be assumedto have the samenoise
characteristicasthe datain transit. Note that including thesedata
hasno effectonsor s, becausef the factors(mg S 1) in their
calculation butwill affecttheestimate®f and

If the noisescalingfactor is large (> 2) thenit may be more
appropriateto assumethat the nominal errors provided with the
dataare a lower boundto the true standarderrors, e.qg. if thereis
an additionalnoisesourcethat is not well quanti ed suchas poor
cosmicray rejection.We canassumethat actualstandarderror on
observatiomumberkis  with probability distribution

0 k< ok
P(kl ok)= ok

z ok ok

This is a lessinformative prior on the standarderror distribution
than the ‘error scaling’ method and so the results tend to be
morepessimisticAssumingndependenmeasuremengnduniform
priors,the posteriorprobability distributionis then

N
InL=C+ In
k=1

1S exp(SRZ/2)
RE
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whereC is anormalizingconstanandRy = (my S fi)l ok (Sivia&
Skilling 2006 section8.3.1). This is a function of one parameter
only so the minimum can be found ef ciently using any suitable
numericalalgorithm. The standarderror on s is then found from
the valuesof s that give a log-likelihood that is 0.5 lessthan the
maximumlog-likelihood,i.e. onestandardeviation(1 ) assuming
a Gaussiardistribution.

2.11 Massand radius calculationsfor the star and planet

Theanalysisof thelight curvefor atransitingexoplanein acircular

orbit provides constraintson three geometricalparameters- the

scaledsemimajoraxis,a/R , the planet-staradiusratio,k = Ry/R ,

andtheimpactparameteh = acos()/R (Seage& Mallen-Ornelas
2003. Kepler'slaw canbe usedto convertthe parametea/R to a

directconstrainon the meanstellardensity

_3m 3 £
T 4R3 GP2(1+q) R

In general,the massratio g = My/M is negligible for transiting
exoplanetsThe sameinformationis availablefrom the analysisof
transitsfor planetsin non-circularorbits providedthatindependent
constraint@areavailablefor boththeeccentricityg, andthelongitude
of periastron, (Kipping 2014). Theseparametergombinedwith
thesemi-amplitudef thestar'sspectroscopiorbit dueto theplanet,
K, leaddirectly to a measuremertf the planet’'ssurfacegravity,

®)

2 18e 7% .
%= B (Rya)zsini @)
(SouthworthWheatley& Sam=007). Onemoreconstraintsneeded
to obtain the massand radius of the planet. This is typically an
estimatefor eitherthe massor radiusof the hoststar.Estimategor
bothmassandradiuswill beneededn casesvherethestellardensity
is poorlyconstrainedby thelight curve,e.g.if thetransitsareshallow
comparedo thenoise.

The function funcs.massradius within pycheopsimple-
ments these calculationsusing the nominal solar and planetary
constantsde ned in the module constants . Con dence limits
and standarderrors on parametersare calculatedusing a Monte
Carloapproachwith a sampleof 100000 valuesper parameterfFor
parameterspeci ed as a meanwith standarderror the sampleof
valuesis generatecissuminga normaldistribution. For parameters
provided as a sample of points from the posterior probability
distribution (PPD), e.g. using the output from EMCEE, we select
100000valuesfrom thesamplewith re-selectionf required Where
multiple input sampleswith the samelength are provided, e.qg.
samplesgeneratedrom EMCEE, valuesare sampledin a way that
preservexorrelationsbetweentheseparametersOutput statistics
generatedrom the Monte Carlo sampleinclude: mean, median,
and half-samplemode, standarderror, and asymmetricerror bars
calculatedromthel15.9percent,mediarand84.1percentpercentile
pointsof the sample.The function funcs.massradius accepts
input of the parameteraM , R, and @/R independentlyso it is
possibleto calculateavalueof  froma/R thatis inconsistentvith
theinputvaluesof M andR . Thisleadsto anambiguityoverwhich
valuesof M andR to usein the calculationof the planetmassand
radius.To resolvethisambiguity,R, is calculatedromk andR , and
is only calculatedf both of thesevaluesareprovided.Similarly, g,
is only calculatedrom equation(4). Themeanplanetdensity, p, is
calculatedrom g, andmy, i.e.theinputvalueof R is notusedin the
calculationof . The sub-modulesVultiVisit and Dataset
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both providemassradius  classmethodghatusethe outputfrom
thelast t to thelight curve(s)asinput to funcs.massradius

For theseclassmethodsjf only oneof the parameterd or R is
provided by the userthenthe otheris calculatedfrom a/R using
equation(3).

If the width of the transitis not well de ned by the light curve
itself, e.g.dueto gapsin thelight curveor if the transitis shallow,
thenit is very usefulto placea prior on the meanstellardensity.As
canbeseernfrom equation(3), this stellarpropertyis directly related
totheparameteR /aandthisparameteisitselfdirectlyrelatedtothe
transitwidth, e.g.for circularorbitsthetransitwidth in phaseunitsis
W= (R/a) (1+ k)2Sb? .TheStarProperties classcan
beusedto estimatehemeanstellardensity, , for starswith surface
gravities3.697< logg< 4.65usingalinearrelationbetweerog ( )
andlog g derivedusingthemethodanddatadescribedn Moyaetal.
(2018.

3 EARLY SCIENCE PROGRAMME

In this section,we reportthe resultsfrom the rst exoplanetransits
observedby CHEOPSduring its Early Scienceprogrammefor
four well-known exoplanetsGJ436b, HD 106315, HD 97658b,
and GJ 1132b. Theseobservationsare usedto assesshe in- ight
performancesf CHEOPSfor measuringransitparametersandto
comparethis performancewith the resultsobtainedby reanalysing
transitlight curvesfrom the Kepler K2 mission, TESS and Spitzer
SpaceTelescopdSpitzer hereafter) Thetargetsvereselectedrom
a list of well-known transitingexoplanetsasedon their visibility
aroundthe dateswhen CHEOPSnominal scienceoperationswvere
dueto start.Severatargetsvereselectedn orderto demonstratéhe
capabilitiesof CHEOPSfor transitingplanetsover arangeof stellar
andplanetanypropertiesTheEarly Sciencgprogrammaelsoincludes
observation®f the eclipsesof WASP-18%, the orbital phasecurve
of 55 Cncb andthe transitsof 2 Lupib. The resultsfrom these
observationsrereportedelsewherdLendl etal. 202Q Delrezetal.
2021, Morris etal. 2021).

3.1 Obselrvations

Thelog of CHEOPSobservationss presentedn Tablel. Thedata
setcomprisesthreetransitseachfor GJ 436b and GJ 1132b, two
transitsof HD 106315 andonetransitof HD 97658b. CHEOPS
observedrom low-Earthorbit so observationgreofteninterrupted
becausehe line of sightto the targetis blocked by the Earth or
becausé¢he satelliteis passinghroughthe SouthAtlantic Anomaly
(SAA). Theratiobetweertheuninterruptedbservatioriime andthe
total durationof the observationrsequencg'visit’) is alsonotedin
Tablel andis atleast58 percentfor all of thevisits analysechere.

3.2 Photometric extraction

All CHEOPSdata are automatically processedat the CHEOPS
scienceoperationgentre(SOC).Thedatareductionpipeline(DRP)
calibrategherawimagesge.g.it applieshias,gainandnon-linearity
corrections, subtractsthe dark current and scatteredlight, and
appliesa at- eld correction.The CHEOPS eld of view rotates
continuouslyso the photometricapertureusedto measurehe ux

from thetargetstaris periodicallycontaminatedby theread-outrail

from otherstarson the CCD. This ‘smear’ effectis also corrected
for by the DRP. The DRP also simulatesthe eld of view based
on the positionsand magnitudesof the targetand nearbystarsas
listed in the Gaia DR2 catalogue(Gaia Collaboration2018. The

MNRAS 514,77-104(2022)
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Table 1. Log of CHEOPSobservationsDatasetsarelabelledby the sequenc&iumbergivenin the rst columnthroughouthis paper.Eff. is the fraction of
the observingnterval coveredby valid observation®f thetarget.R,p is theapertureradiusin pixelsusedto computethelight curveanalysedn this paper.The
columnTeyp givesthe exposurdime in termsof theintegrationtime perimagemultiplied by the numberof imagesstackedon-boardprior to download.

# Target G Startdate Duration Texp Nobs Eff. File key Rap
(mag) (UTC) (s) (percent)
1 GJ436 9.57 2020-03-27T23:56:16 27433 1x 60s 340 74 CH_PR100041TG000302Vv0102 25.0
2 2020-04-02T06:53:35 27433 1x 60s 334 73 CH_PR100041TG000303Vv0102 25.0
3 2020-04-23T11:05:36 28153 1x 60s 300 64 CH_PR100041TG001301Vv0102 25.0
1 HD106315 8.89 2020-04-02T22:43:57 87305 1x 41s 1954 92 CH_PR100041TG000802Vv0102 25.0
2 2020-05-01T14:59:19 85992 1x 41s 1510 72 CH_PR100041TG001401Vv0102 25.0
1 HD97658 7.51 2020-04-22T04:59:16 27650 3x 11s 607 72 CH_PR100041TG001201Vv0102 25.0
1 GJ1132 1214 2020-03-26T23:52:36 26052 1x 60s 301 70 CH_PR100041TG000401Vv0102 155
2 2020-03-28T14:27:57 27613 1x 60s 269 58 CH_PR100041TG000402V0102 15.0
3 2020-04-04T02:48:40 30674 1x 60s 314 61 CH_PR100041TG000403Vv0102 15.0

contaminatiorof thephotometriapertureby nearbystarss reported
in the DRP dataproductssothatthe userhasthe optionto apply or

ignore this contaminationcorrection.Light curvesare calculated
usingthreepre-de nedapertureradii with radii of 22.5,25, and 30

pixels' labelled RINF, DEFAULT, and RSUP, respectively.Light

curveslabelledOPTIMAL are also providedfor a fourth aperture
radiuscalculatedo maximizethe signal-to-noiseatio for thetarget
while minimizing contaminatiorfrom otherstarsin theimage.The

data les generatedy the DRPincludea datareductionreportthat
summarizegachdataprocessingtepandthatprovidesvariousdata
quality metrics. Full detailscan be found in Hoyer et al. (2020.

All light curvesin this paperwere processedising CHEOPSDRP

versioncn03-20200703T111359.

3.3 Host star characterization

For all targetswe determinedthe stellar radii utilizing a modi ed
version of the infrared ux method (IRFM; Blackwell & Shallis
1977). Themethodallowsfor derivationof angulardiameter®f stars
usingknown relationshipsbetweenthis parameterstellar effective
temperatureand an estimateof the apparentolometric ux. The
angulardiametercombinedwith the parallaxcanthen be usedto
calculatethe stellarradius.In this study, we useda Markov chain
Monte Carlo (MCMC) methodto comparethe synthetic uxes,
determinedy attenuatingtellaratmospherienodelswith agalactic
extinctionlaw parametrizetby thereddenindg(B S V). Thereddened
spectrawereconvolvedwith the broad-bandesponséunctionsfor
the choserbandpasse§hesewerecomparedo the observedGaia
G, Ggp, and Ggp, 2MASS J, H, and K, and WISE W1 and W2
ux esandrelative uncertaintiesetrieved from the mostrecentdata
releasegSkrutskieetal. 2006 Wrightetal. 2010 GaiaCollaboration
2021 in orderto obtaintheapparenbolometric uxes. Theresulting
anguladiametersrecombinedwith theoffset-correcteaiaEDR3
parallaxes(Lindegrenetal. 2021 to derive stellarradii.

In this study, we usedthe ATLAS stellar atmosphericmodels
(Castelli& Kurucz 2003 for HD 106315and HD 97635,however,
for the coolerstarsin the sample(GJ436 andGJ1132)we adopted
theradii derivedusingPHOENIX models(Allard, Homeier& Freytag
2011 asthesespectralenergydistributionscontainmolecularband
absorptiorthatcanbeimportantin thecharacterizatioof M-dwarfs.
Atmospherianodeldor calculatiorof thesynthetigphotometrywere
built from stellarparameterseasuredrom theanalysiof thestar’s

14Theimagescalefor CHEOPSIs 1 arcsecondperpixel.
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spectrum,as describedin the individual subsectionon eachstar
below.

Foreachstartheeffectivetemperatureles, themetallicity, [Fe/H],
andtheradius,R , wereusedasinput parameterso infer the mass
M andaget from two differentsetsof stellarevolutionarymodels,
namelyPARSECV1.2S(Marigoetal. 2017 andcLES (Scu aire etal.
2008. TheisochronalM andt from PARSECV1.2Swerederived
by applyingthegrid-basednterpolationmethodknownasisochrone
placementand describedin Bonfanti et al. (2015 and Bonfanti,
Ortolani & Nascimbeni(2016. In the caseof CLES, instead,a
directcomputatiorof theevolutionarytrackbasednthesetof input
parametersvas performed.The consistencyof the two pairs was
successfullycheckedfollowing the validation procedurebasedon
the 2 testpresentedn detailsin Bonfantietal. (2021), sothatwe
nally mergethetwo probabilitydistributionsof bothM andt and
computedheir respectivenediansandstandardieviation.

The resultsand additional details of the analysisare presented
separatelyfor eachtargetin the subsectionbelow. Photospheric
abundanceatios are quotedrelative to the solarcompositionfrom
Asplundetal. (2009.

3.4 Light-cur ve analysis

WeusedrPyYCcHEOPS/ersionl.0.0to analysahedata.Thephotometric
aperturewasselectedbasedon the lowestpoint-to-pointroot mean
squargRMS) reportedn the datareductionreports.The correction
for contaminationcalculatedby the DRP was appliedto all light
curves.We applieda correctionfor the rampeffectto all datasets
apartfrom the observation®f GJ1132.This correctionis generally
very small (< 100ppm).Observationsvith high backgroundevels
dueto observingcloseto the Earth'slimb (>5 percentabore the
medianbackgroundevel) wereexcludedirom theanalysisWe also
excludeddatapointsmorethan5 standardleviationdrom amedian-
smoothedversionof eachlight curve. Typically, fewerthan5 data
pointsarerejectedfrom the analysisusingthis criterion.

To selectdecorrelationparametersve did an initial t to each
light curvewith no decorrelatiorandusedthe RMS of theresiduals
from this t, |, to setthe prior on the decorrelationparameters,
N (O, ) or, for df/dt, N (0, ,/t ) where t is the duration of
thevisit. We thenaddeddecorrelatiorparameterso the t one-by-
one, selectingthe parametemwith the lowest Bayesfactor at each
stepandstoppingwhenB, > 1 for all remainingparametersThis
processsometimedeadsto a setof parameterincluding somethat
are strongly correlatedwith one anotherand so are thereforenot
well determinedi.e. they havelargeBayesfactors.We thereforego
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through a processof repeatedlyremovingthe parametewith the
largestBayesfactorif anyof theparameterbiavea BayesfactorsB,
> 1. Thesecondstepof this procesgypically remos/esno morethan
1 or 2 parameters.

Gaussian-proceg&P) regressioris an effective way to account
for the additionaluncertaintyin the parameterglerived from ob-
servationaldatain caseswhere the time-correlatednoise sources
(‘systematics’)are present.The use of GP regressionis common
practicewithin the exoplanetresearchcommunity, partly because
much of the researchinto exoplanetdor the rst two decadesf
thisrelatively new branchof astrophysicéiadto useinstrumentation
thatwasneverdesignedo observehe weaksignalsfrom exoplanet
systemsTime-correlatechoisesourcesnay arisewithin the instru-
ment,the environmentparticularlyfor ground-basedbservations)
or from astrophysicahoisesourcesg.g. intrinsic variability of the
hoststar.By design,CHEOPShasvery low levelsof instrumental
noise. Analysis of long-durationobservationf bright starswith
CHEOPShavedemonstratedhat instrumentahoiseis betweenl5
and 80 ppm on time-scalef a few hoursfor isolatedstarsin the
magnituderangecoveredhere. Theseobservationsalso show that
the standarderror estimateson the count ratesprovided with the
DRP data les arereliablebut slightly underestimatéhe true noise
in the light curvesby a factor 1.3. This may be due to small
errorsin the calibrationof thedata,e.g. at- elding errors,or weak
cosmicray eventsthat are dif cult to identify if they affect pixels
nearthe peaksin the imageof the star. To accountfor this small
amountof extranoisewe assumethat it is Gaussiarwhite noise
with standardleviation ,. Theamplitudeof thenoisedueto stellar
granulationand stochasticallydriven oscillationsfor late-typestar
hasbeencharacterizedh detail usingdatafrom the Kepler mission
(Kallinger et al. 2014). For dwarf stars(logg < 4), the amplitude
of this noiseon time scalesrelevant to the observationgresented
here( 10°—10° uHz) is typically no morethan100ppm.Therefore,
thereis little justi cation a priori to include a GP in the analysis
of a CHEOPSlight curvefor moderatelybright dwarf stars.For all
thelight curvesanalysechere,we checkedhatthe powerspectrum
plottedin log—log spaceis at, i.e. consistenwith white noise,as
expected Consequentlywe do not include GPsin the analysisof
the light curvesanalysedhere.Note that the sameargumentdoes
notapplyto subgiantstars.e.g.we observedyranulatiomoisein the
CHEOPSlight curveof KELT-11 (logg 3.7) andincludeda GP
in the analysisof that systemusing PYCHEOPS(Benzet al. 2021).
Similarly, CHEOPSis able to detectand characterizegranulation
noiseand solar-like oscillationsfor very bright Sun-like starssuch
as 2 Lupi (V= 5.65,Delrezetal. 2021).

For all of thevisits analysechere,we repeatedhe analysisusing
different photometricaperturespr without rejectingdatawith high
backgroundevels,or without the correctionfor the rampeffect, or
(exceptfor GJ 1132) excluding the correctionfor contaminating
backgroundstars. For the analysiswith MultiVisit we also
experimentedvith differentvaluesN,q; . In all thesecasestheresults
arenegligibly differentto theresultsreportechere.

Samplingof thePPDfor themodelparametergs donewith EMCEE
using256walkersand512stepgollowing a‘burn-in’ phaseof 1024
stepsto ensurethatthe samplerhascorverged.Convergenceof the
samplemwascheckedisingvisualinspectiorof theparametersalues
from all the walkers plotted versusstepnumber.These'trail plots’
showno trendsin meanvalueor width andall thewalkersappeared
to be randomly sampling the parametervaluesin very similar
way.

For conweniencethelight curvesarenormalizedto their median
value prior to analysis.We storethe original light curve prior to
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normalizationandusethis posthocto convertthe parameter; used
to modelthe out-of-transitievel for dataseti to anobservecut-of-
transitcountratein photoelectrongerseconde® s°1].

3.4.1 GJ436b

The warm-NeptuneGJ 436b orbits a moderatelybright M2.5V
star(V = 10.6,G = 9.6) with an orbital period of 2.64 d (Butler
etal. 2009. It wasthe rst Neptune-masexoplanefoundto transit
its host star (Gillon et al. 2007). Seeral studieshawe scrutinized
the evaporatingatmospheref this planetusing observationgrom
ultraviolet (Kulow et al. 2014 Ehrenreichet al. 2015 Lavie et al.
2017 dos Santoset al. 2019 to infrared wavelengthgPontet al.
2009 Knutsonet al. 2011, 2014 Lanotteet al. 2014. A second
planethasbeenpositedto explainthe signi cant orbital eccentricity
of GJ436b (e  0.15;Manesset al. 2007 Ribas,Font-Ribera&
Beaulieu2008 butrecentstudieshasedon extensiw radial velocity
datahave not con rmed previousclaims for the existenceof this
secondplanet(Lanotteet al. 2014 Trifonov et al. 2018. The orbit
of GJ436b is signi cantly misalignedwith the rotationaxis of its
hoststar(Bourrieretal. 2018.

To estimatethe massand mean stellar density of GJ436 we
usedthe empirical calibrationsimplementedn the softwarekmb-
WARFPARAM (Hartmanet al. 2015. Theseempirical relationsare
well-determinedor starswith massesndradii similar to GJ 436.
For the input to KMDWARFPARAM we usedthe apparenmagnitudes
in the V, J, H, and K bandslisted on SIMBAD and the parallax
from Gaia EDR3. The results are summarizedin Table 3. The
massand radius obtainedfrom KMDWARFPARAM agreevery well
with our values obtained using the methodsdescribedin Sec-
tion 3.3 (M = 0.444+ 0.034M , R = 0.444+ 0.059R ) but are
moreprecise . Theseradiusestimatesalsoagreewell with the value
R = 0.455+ 0.018R measuredirectly using interferometryby
von Braunetal. (2012.

We observedthree transitsof GJ 436b (Table 1). The transit
ingresswvasobservedn all threevisits butonly the nal visit covers
the point of mid-transitand the egresswas only partly observed
duringthe rst visit. We rst analysedhetransitsindividually using
Dataset.Imfit _transit  in orderto identify which decorrela-
tion parameterareneededor eachvisit. We xed theorbital period
atthevalueP = 2.6438980d (Lanotteet al. 2014). We also xed
thelimb-darkeningparameterstthevaluesinferredfrom thetables
providedby Claret(2019. The resultsare summarizedn Table 2.
Betweenl and3 usefuldecorrelatiorparametersvereidenti ed per
visit, with the highestorderterm neededfor decorrelationagainst
roll anglebeingsin( ). GJ436 is moderatelybright and thereis
little contaminatiorof the photometricaperturefrom otherstars.As
aresult,the instrumentainoisetrendsin the light curveshawe very
low amplitudeg< 300ppm).A smallbutsigni cantlineartrendwith
time is seerfor all threevisits which we ascribeto stellarvariability
on time scaleslonger than the visit duration. The power spectral
density (PSD) of the residualsfrom theseinitial ts are shownin
g. B1 of the supplementarynline material. The small amountof
powernearorbital frequencyof the CHEOP Sspacecrafandits rst
harmonicfor dataset1 is not statisticallysigni cant, i.e. the PSDs
of the residualsare consistentwith the white-noiselevel expected
basednthetypical errorbarperdatum.Thetrendsin the datawith
spacecraftoll angleandour t to thistrendfor dataset3 areshown
in g. Clof thesupplementargnline material.

For the combinedanalysisof the visits using MultiVisit we
setpriors on f, andfs basedon the valuesof e = 0.152+ 0.009
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Table 2. Summaryof the initial analysisfor individual visits for targetswith morethanonevisit using Dataset.Imfit

_transit . T

is thetime of mid-transitandRMS is the standarddeviationof the residualsfrom the best t. The numberingof the visits is the sameasin
Tablel. Notethatthe standarcerrorsquotedherearebasedon the estimatedcovariancematrix, somay be underestimated/aluespreceded
by = wereheld xed in theanalysis Datafrom theindividual visits to GJ1132provideno usefulconstrainton theimpactparameterb. The
variablesin nal columnareasfollows: time, t; spacecraftoll angle, , PSFcentroidposition, (x, y); smearcorrection,smear ; aperture
contaminationcontam ; imagebackgroundevel, bg. Digits in parenthesearestandarcerrorsin the nal digit of the preceedingalue.

# Target BJIDrpe T¢ D w b RMS Decorrelatiorparameters
S$2458900  (percent) (ppm)

1 GJ436 36.6865(1) 0.49(5 0.0156(4) 0.74+ 0.03 262 t

2 41.975(1) 0.63(3 0.0160(5) 0.77+ 0.02 265 t,contam,bg

3 63.1321(3) 0.65(1) 0.0196(2) 0.67+ 0.02 266 t,sin( )

1 HD 106315  42.944(1) 0.031(3 0.0161(2) 0.63+ 0.04 238 t,X, bg,smear,x

2 71.592(13)  0.027(9 0.0160(5) = 0.63 250 sin( ), x

1 GJ1132 =35.6559 0.30(3 0.0193(3) = 0.77 1262 contam ,smear,t, cos( ),sin(2 ),cos(2 ),

2 =37.2849 0.22(9 0.0118(18) = 0.77 1125 contam , bg,t, X, y, sin( ), cos(2 ),sin(2 )

3 =43.8006 0.27(13 0.0138(12) = 0.77 1408 contam , bg,t, sin( ), cos(2 )

Table 3. Resultfromouranalysiof GJ436b. Gaussiapriorsonparameters
with meanu andstandardleviation arenotedusingthenotationN (4, ).
For eachdataseti = 1, 2, 3, ¢ is the meancountrateout of eclipse,dfi/dt
is thelineartrendwith time, df j/ dcontam is the correlationof ux with the
predictedcontaminationof the apertureby backgroundstars,anddf i/ dbg
is the correlationof ux with the estimatedbackgroundevel in theimage.
The quantitiescontam andbg arenormalizedso thatthe coef cients give
the amplitudeof the trendin eachlight curve. This analysisusesimplicit
roll-angledecorrelatiorwith Ny = 1.

Parameter Value Notes
Input parameters
Terr (K) 3505+ 51 1
logg (cgs) 491+ 0.07 1
[Fe/H] $0.04+ 0.16 1

M (M) 0.445+ 0.018

P(d) 2.643898 2

K (ms>1) 17.38+ 0.17 3
Model parameters

D 0.00700+ 0.00018
w 0.01593+ 0.00015

b 0.802+ 0.012
To 0.26212+ 0.00012 N (0.262 0.01),4
hy 0.733+ 0.051 N (0.73,0.1)
hy =0.633

In w S12.1+ 3.3 N ($10, 5)
c1 (10° e-/s) 15.36531+ 0.00045
dfy/dt (d°1) 0.00059+ 0.00017
C2 (10° e-/s) 15.40448+ 0.00082
dfp/dt (d°1) 0.00076+ 0.00016
df o/ dbg $0.00036+ 0.00016
df o/ dcontam 0.000373+ 0.000094
cs (10° e-/s) 15.34905+ 0.00054
dfa/dt (> 0.00034 + 0.00020

Derivedparameters

Mp (M ) 21.72+ 0.63

Ro(R) 3.85+ 0.10

RR) 0.422+ 0.010

Ro/R 0.0837+ 0.0011
a/R 14.56+ 0.30
i() 86.84+ 0.11
log( / ) 0.773+ 0.027 N (0.724,0.032)
gp (Ms>2) 14.35+ 0.67

p (geme3) 2.09+ 0.15

(ppm) 6+ 29

Notes 1: Schweitzertal. (2019. 2: Lanotteetal. (2014). 3: Trifonov etal.
(2018. 4: BJDrpg S 2458947.
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and = 325.8 + 5.7 from Trifonov et al. (2018. The limb-

darkeningparameteih, hasonly a subtleeffect on the light curve
during the ingressand egressphasesf the transit so we decided
to x this parametesat the value inferredfrom the tablesprovided
by Claret(2019. We includeh; asa free parametein the analysis
with a Gaussiarprior centredon the value obtainedfrom the same
tableswith anarbitrarychoiceof 0.1 for the standarcerror. We also
imposeda prior on the meanstellar density basedon the values
obtainedrom KMDWARFPARAM (Hartmanetal. 2015. Basedonthe
resultsof the analysisfor the individual visits we decidedto use
Nron = 1.Increasinghisvalueby 1 or 2 hasanegligibleeffectonthe
results Theresultsfrom thisanalysisaregivenin Table3 andthe ts

tothelight curvesareshownin Fig. 1. Correlationdbetweerselected
parameterérom this analysisareshownin Fig. 2. Theseresultsare
discusseth thecontextof previousstudief GJ436bin Sectiorb. 1

3.4.2 HD 106315b

HD 106315is a F5V starwith a V-bandmagnitudeof 8.95thatis
knownto hostatleasttwo planetyCross eldetal. 2017 Rodriguez
etal. 2017. The inner planet(b) is a super-Earthwith a radiusof
2.44R andan orbital period of 9.55 d; the outer planet(c) is a
Neptune-sizeglanetwith aradiusof 4.35R andaperiodof 21.06d
(Barrosetal. 2017). Kosiareket al. (2021 havemeasure@ccurate
masse$or theseplanetdbhasednextensive multi-yearradialvelocity
measurement®r theseplanetstogethemwith transitsobservedvith
Spitzer Thatstudywasmotivatedby on-goingandplannedbserving
programmeswvith Hubble SpaceTelescopgHST) and JamesNebb
SpaceTelescopgJWST to characterizehe atmospheresf these
planets. Theseauthors nd that the orbital eccentricity of these
planetsis closeto e = 0 basedon their extensiwe radial velocity
dataandon stability arguments.

Therotationof HD 106315measuredrom spectraline broaden-
ing is moderatelyfast (v,sini 13kms>?) butthe K2 light curve
and ground-baseghotometryshowthat the intrinsic variability of
this staris < 0.2 percentat optical wavelengthgCross eld et al.
2017 Kosiareket al. 2021). Thereare severalpublishedestimates
for the massandradiusof this starbasedon a variety of methods
— thesearesummarizedn Table4 togethemwith our own estimates
basedon the methodsdescribedn Section3.3 We haveusedthese
resultsto estimatehe massof this starandto seta prior onthemean
stellardensityfor the analysisof the light curve.In both caseswve
haveusedheweightedmeanvalueandtheweightedsamplestandard
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Figure 1. CHEOPStransitlight curvesof GJ436b. Upperpanel All dataafterremovingtrends.Observedight curvesaredisplayedin cyan.Thedarkblue
pointsarethe datapointshinnedover 0.002phaseunits. The best- tting transitmodelis shownin green Middle panel Observedight curvesaredisplayedin

cyanoffsetby multiplesof 0.005units. The dark blue pointsarethe datapointsbinnedover 0.002phaseunits. The full modelincludinginstrumentatrendsis

shownin brownandthe transitmodelwithout trendsis shownin green.Lowerpanel Residualobtainedafter subtractiorof the best- tting modelin thesame
orderasthe upperplot offsetby multiplesof 0.002units.

Figure 2. Correlationplot for selectecparameterérom our analysisof GJ436.

MNRAS 514,77-104(2022)
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Table 4. Mass,radius,andmeanstellardensityestimatesor HD 106315.

M (M) R (R) log( / ) Ref.
1.227+ 0.064 1.257+ 0.014 $0.209+ 0.027 1
1.154+ 0.042 1.269+ 0.024 $0.248+ 0.029 2
1.091+ 0.036 1.296+ 0.058 $0.300+ 0.060 3
1.027+ 0.034 1.281+ 0.058 $0.311+ 0.061 4
1.07+ 0.03 1.18+ 0.03 $0.186+ 0.035 5
1.088+ 0.043 1.252+ 0.041 §0.229+ 0.045  Mean

Notes 1. This work. 2. Kosiareket al. (202]). 3. Barroset al. (2017). 4.
Rodriguezetal. (2017). 5. Cross eldetal. (2017).

deviationto setthe valueandits error. We usethe samplestandard
errorratherthanthestandarcerrorin themeanbecauséhevaluesin
Table4 arenot completelyindependenandthedifferencesbetween
theseestimatesnayre ect systematicourcef uncertaintye.g.the
unknownheliumabundancéor this star.

To derive the stellar atmospherigparametergor HD 106315in
Table 4 we used version 5.22 of the SpectroscopyMade Easy
SME package(Piskunov& Valenti 2017 to analysethe spectrum
of this star observedwith the High Accuracy Radial velocity
PlanetSearche(HARPS) spectrograpton the EuropeanSouthern
Observatory(ESO) 3.6-mtelescopeAll availableHARPS spectra
weredownloadedrom the ESOsciencearchiveandco-addedorior
to analysis.In this packagesyntheticspectraare calculatedstarting
froma rst guesf individual stellarparameterandutilizing agrid
of stellarmodels,n this casetakenfrom the ATLAS-12 set(Kurucz
2013. Atomic parametersvere downloadedirom the VALD data
base(Piskunowvetal. 1995. Keepingall butoneparameterxed and
iterating and minimizing until no further improvementis realized
onearriveseventuallyat a setof stellarparametergFridlund et al.
2017).

Weobservedwo transitsof HD 106315 with CHEOPSTablel).
The rst transitwasobservedvhenthetargetwascloseto the anti-
Sun direction so the observingef ciency is very high. The data
set for the secondvisit shows spuriousjumps in values of the
spacecraftoll angle versustime dueto a softwarebug that was
xed in DRP version13.0. Thesespuriousroll anglevalueswere
correctedorior to theanalysispresentedhere We rst analysedoth
transitsindividually usingDataset.Imfit _transit  in orderto
identify which decorrelationparameterare neededfor eachvisit.
We xed theorbital periodatthevalueP = 9.552105 andassumed
thatthe orbital eccentricityis e = 0 (Kosiareketal. 2021). We also
xed thelimb-darkeningparameterst the valuesinferredfrom the
tablesprovided by Maxted (2018. The seconddata set doesnot
cover the ingressor egressto the transit so the impact parameter
is unconstrainedy thesedata.We xed the impact parameteito
the value determinedrom the analysisof the rst datasetfor the
analysiof thesecondlataset.Theresultsaresummarizedn Table2.
Between2 and4 usefuldecorrelatiorparametersvereidenti ed per
visit, with the highestorderterm neededfor decorrelationagainst
roll angle being sin( ). HD 106315is bright and there is little
contaminationof the photometricaperturefrom other stars.As a
result,theinstrumentahoisetrendsin thelight curveshavevery low
amplitudes(< 120ppm). A small but signi cant linear trend with
timeis seerfor the rst visit whichweascribeo stellarvariability on
time-scalesongerthanthevisit duration.Thepowerspectradensity
(PSD)of theresidualdrom theseinitial ts areshownin g. B2 of
the supplementargnline material. Thereis a smallexcessn power
atlow frequenciedor the seconddatasetthatwe assumes related
to rapidchangesn thescatteredight level towardsthe startandend
of eachvisit. This canleadto a gradientsin the backgroundevel
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in someimagesthatis not (yet) accountedor in the datareduction
pipeline.Thetrendsin thedatawith spacecraftoll angleandour t
to thistrendfor dataset2 areshownin g C2 of the supplementary
onlinematerial.

We usedthe same xed valuesof e and P for the combined
analysisof the two visits using MultiVisit . We setpriors on
the limb-darkeningparameter$; andh, basedon the resultsfrom
Maxted (2018. We includedthe small correctionto the tabulated
valuesrecommendetly Maxted(2018 basedntheobservemffset
betweerthesevaluesandthe observedraluesof h; andh, for stars
similar to HD 106315.Basedon the resultsof the analysisfor the
individual visits we decidedio useN,,; = 1. Changingthis valueby
+ 1 hasanegligibleeffectontheresults Theresult§romthisanalysis
aregivenin Table5. Correlationdbetweerselecteparameterérom
this analysisare shownin Fig. 3. The ts to the light curvesare
shownin Fig. 4.

We also attempteda similar analysiswithout the prior on the
stellardensity. Theresultsfrom thatanalysisareconsistentvith the
resultspresentederebut with increasedincertaintiesparticularly
for the impact parameterp (D = 0.000283 + 0.000028, W =
0.01647 + 0.00043,b = 0.54+ 0.31). The meanstellar density
obtainedfrom this analysisof thelight curvewith no prioron is
log( / )= S0.16% 0.26.

Theseresultsare discussedn the contextof previousstudies
of HD 106315 in Section5.2 To aid this discussion,we also
performedan analysisof the 6 transitsof HD 106315 in the K2
light curve of HD 106315(Howell etal. 2014 usingvery similar
assumptionto thoseusedn ouranalysisof theCHEOPSight curve.
We usedthe light curvecorrectedor instrumentakffectsusingthe
ks2c algorithm(Aigrain etal. 2015 downloadedrom the Mikulski
Archive for SpaceTelescope$ (MAST). Thereareclearoffsetsin
themeanux leveleithersideof eachtransitin thislight curvesowe
useda smoothfunctiongeneratedvith a Gaussiarprocesst to the
databetweerthetransitsto putthe ux levelonto aconsistenscale
for everytransit We usedhesamdight-curvemodelfrom PYCHEOPS
usedfor the analysisof the CHEOPSIight curve and setthe same
priorsonthetransitparametersandmeanstellardensity.The priors
onthelimb-darkeningparametersveresimilar to thoseusedfor the
analysisof the CHEOPSight curvealthoughthevaluesdiffer dueto
the differentinstrumentresponsdunctions.We did accountfor the
nite integrationtime of the K2 observationdutdid notincludeany
additionalparameterfor decorrelatiorf instrumentahoisesources.
Theresultsfrom this analysisarealsogivenin Table5. Theseresults
andtheresultsfrom previousstudies(Barrosetal. 2017 Cross eld
etal. 2017 Rodriguezet al. 2017) areconsistenwith oneanother
butthe errorson the transitparametersary by afactor 2 because
of the different assumptionsnadein eachstudy, e.g.the error on
a/R is sensitiveto the prior usedfor

3.4.3 HD 97658b

The super-EartrtHD 97658b orbits a moderatelybright K1V star
(V= 7.7,G = 7.5)with a period of P = 9.43d (Howard et al.

2011). Transitsof the host star by this planetwere found using
ground-basedbservationgHenryetal. 2011 andcon rmed using
follow-up obsenationswith Spitzer(Van Grootelet al. 2014 and
the Microvariability and Oscillationsin STars (MOST) telescope
(Dragomir et al. 2013. Guo et al. (2020 analysednear-infrared
spectraof HD 97658b observediuringfour transitswith the WFC3

Bhttps://archive.sici.edu/
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Table 5. Resultfrom ouranalysisof thetransitsfor HD 106315. Gaussian
priors on parametersvith meanp andstandarddeviation arenotedusing

the notationN (u, ). For eachdataseti, ¢; is the meancountrate out of

eclipse dfi/dt is thelineartrendwith time anddf ;/ dsmearis the correlation
of ux with thesmearcorrection.Thequantitysmear is normalizedsothat

thecoef cient givestheamplitudeof thetrendin thelight curve.Thisanalysis
usesmplicit roll-angledecorrelatiorwith Ny = 1.

Parameter Value Notes
Input parameters
Tett (K) 6450+ 105
logg (cgs) 4.28+ 0.10
[Fe/H] $0.09+ 0.05
[Mg/H] $0.09+ 0.12
[Si/H] $0.05+ 0.06
M M) 1.091+ 0.029
P() 9.552105 1
K (ms°1h) 2.88+ 0.85 1
Model parameters
D 0.000284+ 0.000014
w 0.01637+ 0.00038
b 0.601+ 0.045
To 1952.4979% 0.0017 2
hy 0.777+ 0.012 N (0.777,0.012)
hy 0.419+ 0.055 N (0.421, 0.055)
In w $9.34+ 0.10 N (59.3,1.0)
c1 (10° e-/s) 20.05254+ 0.00028
dfy/dt (dS1) $0.000154t 0.000020
df 1/ dbg 0.000029+ 0.000037
df 1/ dsmear 0.000089+ 0.000030
c2 (1CP e-/s) 20.02291+ 0.00024
Derivedparameters
Mp (M ) 10.1+ 3.0
Ry (R) 2.25+ 0.10
R (R) 1.222+ 0.045
Ro/R 0.01686+ 0.00041
alR 15.95+ 0.55
i() 87.84+ 0.23
log( / ) $0.224+ 0.045 N (50.229, 0.045)
gp (Ms>2) 19.5+ 6.0
p (gem®3) 48+ 1.6
w (PpPmM) 87+ 9
K2 light curveanalysis
D 0.000277+ 0.000016
W 0.01662+ 0.00050
b 0.586+ 0.054
To 0.2030+ 0.0020 2
hy 0.778+ 0.012 N (0.78,0.012)
hy 0.422+ 0.054 N (0.419, 0.055)
In w $9.942+ 0.037
Ro/R 0.01663+ 0.00048
alR 15.92+ 0.56
i() 87.89+ 0.25
log( / ) $0.227+ 0.046 N (50.229, 0.045)
w (ppm) 48+ 2

Note 1: Kosiareketal. (2027). 2: BIJDrpg S 2457615.

instrumenbnHST, togethemwith extensive observationsf thetransit
from the STISinstrumenton HST, Spitzer andMOST. Despitethis
wealthof datatheiratmospherienodelingresultswereinconclusive.
Guoetal. wereableto rule out previousclaimsof additionalplanets
in the HD 97658 systembasedon a large set of radial velocity
observationsobtainedover two decadesTheir analysisof these
radial velocitiesalsoshowsthatthe orbit of HD 97658b is circular
or nearlyso (e < 0.03). Variability of the activity indicatorsin the
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samespectroscopiclatasetleadto an estimateof P,y  35d for
the rotation period of this star. They concludethat HD 97658b
is a favourable target for atmosphericcharacterizationthrough
transmissiorspectroscopwith JWST

The TESSIight curve of HD 97658 showsvery little intrinsic
variability in this star (< 0.02 percent), asis expectedfor a very
slowly rotating K-dwarf. The resultsfrom recentstudiesof the
host star propertiesare summarizedn Table 6 togetherwith the
resultsfrom our own analysis We haveusedthe weightedmeanof
theseresultsto calculatethe valuesof the stellar massand mean
density usedin this analysis,and the weighted sample standard
deviationto estimatethe errors on theseparameters\We usethe
samplestandardieviationratherthanthe standarderrorin themean
becausé¢hevaluesin Table6 arenotcompletelyindependenandthe
differenceshetweentheseestimatesnay re ect systematicsources
of uncertaintye.g.theunknownheliumabundancéor this star.

We observeda singletransitof HD 97658b with CHEOPS(Ta-
ble 1). Althoughthe observingef ciency is quite high (72 percent)
the coverageof the ingressto the transitis poor. HD 97658is a
moderatelybrightandisolatedstarsothelevel of instrumentahoise
in thelight curveis very low.

We wused an initial analysis of this transit with
Dataset.Imfit _transit to determinewhich decorrelation
parametershouldbeusedin our nal analysisWe xed theorbital
period at the value P = 9.489295d and assumedh circular orbit
(Guo et al. 2020. The stellar atmosphericparametersare taken
from the SWEET-Catcatalogue(Santoset al. 2013 Sousaet al.
2018. Theseare a homogeneouset of parametersierived using
theARES+ MOOG methodology(Sousa2014) whichwereoriginally
presentedn Mortier et al. (2013. The limb darkeningparameters
h; and h, wereincludedas free parametersn this initial t. The
meanstellardensitywith its error from Table 6 wasincludedasa
constraintin the least-squareanalysis.This initial analysisshows
that thereare weak trendsin the datawith amplitudes 100 ppm
correlatedvith sin( ) andthebackgroundevelin theimagesThere
areno othersigni cant instrumentatrendsin thelight curve.If we
include a linear trend with time in the least-squareanalysiswe

nd thatit hasanamplitude< 40ppmd°!. Basedon theseresults
we usedDataset.emcee _sampler to samplethe joint PPD
for the transitmodelparametersthe two decorrelatiorparameters,
andthe hyperparameteln , for our noisemodel. The resultsare
givenin Table7. We setpriorson thelimb-darkeningparameter$;
and h, basedon the resultsfrom Maxted (2018. We includedthe
small correctionto the tabulatedvaluesrecommendedn Maxted
(2018 basedon the observedoffset betweenthesevaluesand the
observedvaluesof h; and h, for starssimilar to HD 97658.The
t to the light curveis shownin Fig. 5 and correlationplots for
selectecparametersreshownin Fig. 6. The powerspectraldensity
(PSD)of theresidualsshownin g. B3 of thesupplementarpnline
material is consistentwith the expectedwhite-noiselevel based
on the medianerror bar per datum. The trendsin the data with
spacecraftoll angleandour t to thistrendareshownin g. C3of
the supplementargnline material.

Theseresultsare discussedn the contextof previousstudiesof
HD 97658b in Section5.3 To aidthisdiscussionye alsoperformed
an analysisof the 2 transitsof HD 97658b in the TESSlight
curve of HD 97658 using very similar assumptiongo thoseused
in our analysisof the CHEOPSlight curve.We usedthelight curve
PDCSARFLUX valuesprovidedin the data le downloadedrom
MAST. Although the variability betweenthe transitsin this light
curve is very small (< 0.02 percen) we useda smoothfunction
generatedvith aGaussiamprocesst to thedatabetweerthetransits
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Figure 3. Correlationplot for selectecharameterérom our analysisof HD 106315.

Figure 4. CHEOPStransitlight curvesof HD 106315%. Upperpanet Observedight curvesaredisplayedn cyanoffsetby multiplesof 0.002units. Thedark
blue pointsarethe datapointsbinnedover 0.001phaseunits. The full modelincludinginstrumentakrendsis shownin brown andthe transitmodelwithout
trendsis shownin green.Lower panel Residualobtainedafter subtractionof the best- tting modelin the sameorderasthe upperplot offsetby multiplesof

0.002units.

to ensurethatthe ux levelis onaconsistenscalefor bothtransits.

We usedthe samelight curve modelfrom pycHeEOPsusedfor the
analysisof the CHEOPSlight curveandsetthe samepriors on the
transitparametereand meanstellardensity. The priors on the limb-
darkeningparametersvere similar to thoseusedfor the analysisof
theCHEOPSight curvealthoughthevaluediffer dueto thedifferent
instrumentesponséunctions.Theresultsfrom thisanalysisarealso
givenin Table7.

MNRAS 514,77-104(2022)

3.4.4 GJ1132b

GJ 1132is a nearbyM4.5V star(d  12pc) that was found to
host a transiting exoplanetusing ground-baseghotometryfrom
the MEarth project (Berta-Thompsoret al. 2015. GJ 1132b is a
smallrocky planetwith aradiusof 2.4R ,amassof 1.7M ,
and an orbital period of P = 1.63d. Additional photometryfrom
the MEarth-Southtelescopesand over 100 h of observationswith
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Table 6. Mass radius,andmeanstellardensityestimatesor HD 97658.The
errorquotedon the meanvalueis the standardieviationof the sample.

M (M) R(R) log( /() Ref.
0.758+ 0.044 0.761+ 0.009 0.236+ 0.030 1
0.74+ 0.02 0.74+ 0.02 0.26+ 0.04 2
0.74+ 0.01 0.73+ 0.01 0.279+ 0.019 3
0.77+ 0.05 0.741+ 0.024 0.276+ 0.053 4
0.752+ 0.035 0.743% 0.017 0.263+ 0.037 Mean

Notes 1. Thiswork. 2. Breweretal. (2016. 3. Bonfantietal. (2016. 4. Van
Grooteletal. (2014).

Table 7. Resultsfrom our analysisof HD 97658. Gaussianpriors on
parametersith meanu andstandardieviation arenotedusingthenotation

N (4, ). RMSisthestandardeviationof theresidualfrom thebest t.
Parameter Value Notes
Input parameters
Terr (K) 5137+ 36 1
logg (cgs) 4.47+ 0.09 1
[Fe/H] $0.35+ 0.02 1
[Mg/H] $0.25+ 0.03 1
[Si/H] $0.31+ 0.04 1
M (M) 0.752+ 0.035
P() _ 9.489295 2
K (ms°1) 2.81+ 0.15 2
Model parameters
D 0.000825+ 0.000017
w 0.012440+ 0.000051
b 0.475+ 0.037
To 1961.87839+ 0.00023 3
hy 0.715+ 0.011 N (0.72,0.012)
hy 0.406+ 0.054 N (0.397, 0.055)
In w $10.70+ 0.64
c (10° e-/s) 56.55066+ 0.00082
df/dsin( ) 0.000110+ 0.000013 N (0.0, 0.00015)
df /dbg $0.000101+ 0.000032 N (0.0, 0.00015)
Derivedparameters
Mp (M ) 7.62+ 0.42
Ry(R) 2.293+ 0.070
M (M) 0.741+ 0.018
Ro/R 0.02872+ 0.00030
a/lR 23.35+ 0.51
i() 88.83+ 0.12
log( 7 ) 0.278+ 0.029 N (0.267, 0.029)
gp (Ms°2) 142+ 1.1
p (gemPd) 3.48+ 0.36
w (ppm) 23+ 14
RMS (ppm) 137
TESSanalysis
To 0.9407+ 0.0010 4
D 0.000805+ 0.000039
W 0.01235+ 0.00020
b 0.498+ 0.046
hy 0.771+ 0.012 N (0.773 0.012)
hy 0.391+ 0.056 N (0.39, 0.055)
In w §7.905+ 0.018
Ro/R 0.02838+ 0.00068
a/lR 23.21+ 0.52
i() 88.77+ 0.14
log( / ) 0.270+ 0.029 N (0.267,0.029)
(ppm) 369+ 7

Notes 1. Sousaetal. (2018. 2. (Guoetal. 2020. 3: BJDrpg S 2458961 4:
BJDrpg S 2458904.
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Spitzer by Dittmann et al. (2017 did not reveal ary additional
transiting exoplanetsin this system.NeverthelessBon s et al.

(2018 found evidencefor a secondnon-transitingplanetin this

system(GJ1132c) with anorbital periodP  8.83d from extensiwe

radial velocity observationsSouthworthet al. (2017 claimedthe

detectionof an extendedatmosphereon GJ 1132b basedon an

increasedtransit depth in the z and K bandsrelative to other
wavelengthsSubsequenspectrophotometriobservationsith the

LDSS3Cmulti-objectspectrograplonthe MagellanClay Telescope
by Diamond-Loweetal. (2018 failed con rm theanomalousransit
deptharoundwavelength®f 1 um andareconsistentvith afeature-
lessspectrumjmplying that GJ 1132b hasa high meanmolecular
weight atmospherer no atmospherat all. More recently, Swain

etal. (2021 haveclaimedthe detectionof atmospheri@bsorption
featuredn thetransmissiorspectrunof GJ1132b obtainedwith the

WFC3instrumenbnHSToverthewawelengthrangel.13—1.64um,

but at a muchlower level thanthe broad-bandeaturesclaimedby

Southworthetal. ( 250ppmcf. 1500ppm).Mugnaietal. (2021

found no evidencefor molecularabsorptionin the transmission
spectrumof GL 1132b from their analysisof the sameWFC3 data
analysedy Swainetal. (2021).

Basedon its V-bandmagnitude(V  14.9, Girard et al. 2011),
GJ1132lies beyondthefaint magnituddimit of CHEOPS(V = 12-
13). However, the high scienti ¢ interestof small planetstransiting
M dwarfs, which are favourablefor atmosphericcharacterization,
motivatedus to assesshe precisionthat CHEOPScan achievefor
suchfainttargetsCHEOP Shasavery broadspectratesponsevhich
is very similar to the Gaia G band,so the countratefor cool stars
like GJ 1132 is equivalentto a Sun-like star with the sameG-
bandmagnitudebut approximatelyl mag brighterin the V band.
Nevertheless3J1132is afaint star(G = 12.1)in acrowdedpartof
thesky (Fig. 7) andthetransitsdueto GJ1132b areshallow,sothis
is a challengingtargetfor observationsvith CHEOPS

Thethreetransitsof GJ1132b we observedvith CHEOP Shave
an observingef ciency from 58 to 70 percent. The duration of
the transitis approximatelyhalf that of a CHEOPSorbit but we
were unfortunatethat the majority of the transitfalls in a gap for
two of the visits. The light curvesare dominatedby instrumental
noisedueto contaminatiorof the apertureby nearbystars.For this
reasonthe OPTIMAL photometricaperturenasaradius 15pixels,
much smaller than the aperturesize typically usedfor CHEOPS
observationsin additionto the problemswith contaminationand
unfortunateschedulingjt wasfound that usingthe scienceimages
to trackthestarduringthevisits givesworseperformancehanusing
the off-axis startrackers.This modeof operation(‘payloadin the
loop’) wasdisabledfor the nal visit. The RMS pointing residual
wasreducedrom 2.7 arcse@and3.8 arcsedor the rst two visitsto
0.36arcsedor the nal visit.

GJ1132showslittle intrinsic variability. MEarth photometryof
GJ1132showsrotationalmodulationwith aperiodP,,; 125days
andan amplitude 0.1 percent(Berta-Thompsoret al. 2015. To
estimatethe massof GJ1132we usedthe mass-Mg relationfrom
Benedictet al. (2016. The absoluteK-bandmagnitudeof GJ 1132
basedon the parallaxfrom Gaia EDR3( = 79.321+ 0.018mas)
andthe Ks-bandmagnitudefrom 2MASS (Ks = 8.322+ 0.027)is
Mg = 7.819+ 0.027.To estimatetheerrorin this valuewe usedthe
standardleviationof theresidualdrom thisrelationfor the9 starsin
Benedictet al. with My in therange7.62—8.02Includingthe small
additionaluncertaintyinheritedfrom the errorin M we estimate
thatthemassof GJ1132is 0.192+ 0.022M .

To estimatethe mean stellar density of GJ 1132 we com-
piled a sampleof starswith accurateand precisesurfacegravity
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Figure 5. CHEOPStransitlight curveof HD 97658b. Upperpanel Observedight curvedisplayedascyanpoints. The dark blue pointsarethe datapoints
binnedover 11.5min. Thefull modelincludinginstrumentatrendsis shavn in brown andthetransitmodelwithouttrendsis shavn in green Multiple versions
of thefull modelsampledrom the PPDarealsoshownin light brown.Middle panel Sameasthe upperpanelafterdividing-outtheinstrumentatrendsin the
data.Lowerpanel Residualdrom the best- tting model.

Figure 6. Correlationplot for selectecharameterérom our analysisof HD 97658.

measurement§Ve usesurfacegravity ratherthanmeanstellarden- starsaregivenin Table8. Notethatthevalueof log g quotedn table4
sity directlybecaus¢his parametecanbedeterminedndependently  of Casewellet al. (2018 is incorrectso we havere-calculatedhis
of anyassumptionabouttheprimarystarmasdor eclipsingbinaries valuebasedon the massandradiusvaluesgivenin the sametable.
wherean M-dwarf transitsa solar-typestar. The propertiesof these ~ We found that the 5-Gyr solar-metallicityisochronedrom Baraffe

MNRAS 514,77-104(2022)
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Figure 7. A typical image of GJ 1132 obtainedwith CHEOPSprior to
calibrationand cosmicray removal. The blue circles indicate photometric
aperturesvith radii of 15.0and22.5pixels.

Table 8. Low-massstarswith preciselogg measurement®igits in paren-
thesesarethe standarcerrorin the nal digit of the preceedingalue.

Star Mass/M logg (cgs) [Fe/H] Ref.
J0543556B 0.1641(59 5.09(9 023 1
J103%37B 0.1735(67 5.04(4 0.31 1
J1013-01B 0.1773(77 5.02(9 029 1
J111536B 0.1789(6) 5.12(3 030 1
J033% 03B 0.2061(9% 5.12(9 025 1
J234%32B 0.174(9 5.104(13 028 2
SAO 1069898 0.256(9 4.82(13 502 3
HD 24465B 0.233(3 05.029(7 0.3 3
CM DraA 0.2310(9 4994007 S030 4,5
CM DraB 0.2396(9 05.0106 S030 4,5
J0528525A 0.1739(13 5.057(2) - 6
J052525B 0.2168(43 5.007(20 - 6
J193642B 0.1864(5% 5.045(13 029 7
J2046- 06 B 0.1974(62 05.074(8 000 7

Notes 1.vonBoetticheretal. (2019. 2. Gill etal. (2019. 3. Chaturvedetal.
(2018. 4. Moraleset al. (2009. 5. Terrienet al. (2012. 6. Casewellet al.
(2018. 7. Swayneetal. (2021).

etal. (2015 givesagoodestimatdor themass-logg relationin this
massrange.Thereis no cleartrendwith [Fe/H] in the residualsfor
thesestarssowe do not accountor [Fe/H] whenwe estimatdogg.
Basedon this isochroneandthe standarderror of the residualswe
estimatehatthesurfacegravityof GJ1132islogg= 5.070+ 0.056.
The mean stellar density and radius implied by thesevalues of
the massand logg are R = 0.212+ 0.018R andlog( / ) =
1.307+ 0.089,respectively.This radiusestimateis in very good
agreementvith thevalueR = 0.202+ 0.016R inferredfrom the
absoluteG-band magnitudeusing the Mg —R relation from Rabus
etal. (2019. Our massandradiusestimatesarein goodagreement
with the valuesM = 0.181+ 0.019,R = 0.207+ 0.016R from
Berta-Thompsoret al. (2019. The slightincreasein the massand
radiusarea consequencef theslightly smallerparallaxfor GJ1132
from Gaia EDR3 comparedo the value usedby Berta-Thompson
etal.( = 83.07x 1.69mas).

The Ter and [Fe/H] estimatesfor GJ 1132 in Table 9 were
obtainedusing ODUSSEAS a machinelearningtool to derive effec-
tive temperatureand metallicity for M dwarf starsbasedon the
measuremenbf the pseudoequivalent widths of stellar absorp-
tion lines in high-resolutionoptical spectra(Antoniadis-Karnavas
et al. 2020. We applied obUsSEASto the spectrumobtainedby
combining the spectraof GJ 1132 observedwith the HARPS
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Table9. Resultsromouranalysioof GJ1132.Gaussiapriorsonparameters
with meanpu andstandardieviation arenotedusingthenotationN (p, ).

For eachdataseti, ¢; is the meancountrate out of eclipse,dfi/dt is the

linear trend with time, df ;/ dcontam is the correlationof ux with the

predictedcontaminationof the apertureby backgroundstars,df / dsmear

is the correlationof ux with the smearcorrection,and df ;/ dbg is the

correlationof ux with the estimatedbackgroundevel in the image.The

guantitiescontam , smear , andbg arenormalizedso thatthe coef cients

givetheamplitudeof thetrendin eachight curve. Theseesultswereobtained
usingimplicit roll-angledecorrelatiorwith Ny = 2.

Parameter Value Notes
Input parameters
Tert (K) 3090+ 65
logg (cgs) 5.07+ 0.06
[Fe/H] $0.31+ 0.10
M M) 0.192+ 0.022
R (R) 0.207+ 0.0124
P(d) =1.6289287 1
K (ms>h) 2.85+ 0.34 2
Model parameters
D 0.00244+ 0.00020
W 0.01876+ 0.00054
b 0.43+ 0.16
To 0.91419+ 0.00044 N (0.9138 0.002),3
hy 0.861+ 0.069 N (0.75,0.1)
hy =0.753
In w §7.034+ 0.056 N ($7.0,0.5)
c1 (10P e-/s) 1.32092+ 0.00074
dfy/dt (dS1) 0.00421+ 0.00091
df 1/ dsmear 0.00117+ 0.00063
df 1/ dcontam $0.00149+ 0.00052
c2 (10P e-/s) 1.2976+ 0.0016
dfy/dt (d51) 0.0041+ 0.0014
df »/ dbg $0.0022+ 0.0011
df o/ dcontam $0.00158+ 0.00052
cs (10P e-/s) 1.3038+ 0.0023
dfa/dt (d51) 0.00398+ 0.00077
df 3/ dbg $0.0022+ 0.0010
df 3/ dcontam $0.0060+ 0.0011
Derivedparameters
Mp (M ) 1.74+ 0.25
Ry (R) 1.11+ 0.10
R (R) 0.207+ 0.016
Ro/R 0.0494+ 0.0021
alR 16.3+ 1.1
i() 88.50+ 0.66
log( / ) 1.338+ 0.086 N (1.307, 0.089)
gp (Ms>2) 13.7+ 2.8
p (geme3) 7.0+ 1.9
(ppm) 881+ 50

Notes 1. Southworthet al. (2017). 2. BonIs et al. (2018. 3: BJDmpg S
2458938.

spectrographThis estimateof T is in reasonablygyoodagreement
with the value T = 3203+ 53K basedon the star’s absolute
G-band magnitudeand the T.s—Mg calibrationfrom Rabuset al.
(2019.

We wused an initial analysis of each transit with
Dataset.Imfit _transit to determinewhich decorrelation
parametershouldbeusedn thecombinedanalysisof thethreelight
curves.Thecorrectionof therampeffecthasnot beencalibratedfor
apertureradii lessthan 22.5 pixels so we did not apply the ramp
correctionto the light curvesusedhere calculatedwith aperture
radii 15 pixels. Extrapolatingthe rampcorrectionasa function of

MNRAS 514,77-104(2022)
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Figure 8. Correlationplot for selectecpbarameterérom our analysisof GJ1132.

apertureradius suggestghat this correctionis < 30ppm for these
light curvesWe xed theorbitalperiodatthevalueP = 1.6289287d
(Southworthetal. 2017 andassumedh circularorbit for this initial
analysis,and the limb-darkeningparameterd, andh, were xed
at the valuesdeterminedfrom table 10 of Claret(2019. We nd
that the individual transits provide no constrainton the impact
parametesowe xed this parameterat a nominalvalueb = 0.77.
The meanstellar density estimatedescribedabove (log( / ) =
1.307+ 0.089)was included as a constraintin the least-squares
analysis. Contaminationby backgroundstars is the dominant
sourceof instrumentalnoise in the light curvesso we included
dfdcontam asadecorrelatiorparametein the analysisof all the
light curves.Other decorrelationparametersvere selectedin the
usualway basedon their Bayesfactorsusingthe methoddescribed
in the introductionto this section.A summaryof the resultsfrom
this initial analysisis givenin Table2. The powerspectraldensity
(PSD)of theresidualsshownin g. B4 of thesupplementargnline
materialis consistenwith the expectedvhite-noiselevel basedon
the medianerror bar per datumfor all threedatasets.The trends
in the datawith spacecraftroll angleand our t to thesetrends
for eachdatasetareshownin g. C4 of the supplementarynline
material.

Bon Is etal. (2018 nd thattheeccentricityof theorbitise< 0.22
at the 95 percentcon dencelevel so for the combinedanalysisof
thevisits usingMultiVisit we assumedhatthe orbit is circular.
The limb-darkeningparameterh, hasonly a subtle effect on the
light curveduringtheingressandegresphase®f thetransitsowe
decidedto x this parametemt the value inferred from the tables
provided by Claret (2019. We include h; as a free parameterin

MNRAS 514,77-104(2022)

the analysiswith a Gaussianprior centredon the value obtained
from the sametableswith anarbitrarychoiceof 0.1 for the standard
error. We imposedthe sameprior on the meanstellar density as
usedin the analysisof the individual visits. Basedon the results
of the analysisfor the individual visits we decidedto use N =
2. Theresultsfrom this analysisaregivenin Table9. Correlations
betweerselectecparameterérom this analysisareshownin Fig. 8.
The ts to the light curvesare shownin Fig. 9. The resultsfound
for an analysiswith Ny = 3 or using the unwrap option are
almostindistinguishablefrom thosepresentechere.We also tried
ananalysiswith Nyoy = 1 buttherearecleartrendsin the residuals
relatedto theroll angle Evenso,theresultsareconsistentith those
presentedhere.Very similar resultswerealsofound usingthe RINF
aperturewith aradiusof 22 pixels. The optimumvalue of N;o for
the RINF aperturedatais Nyo = 3; the valuesof D andb obtained
areinsensitiveto thechoiceof Ny or whethertheunwrap optionis
used.

Dittmann et al. (2017 notedthat the value of R,/R that they
measuredisingMEarth datais inconsistentvith the valueobtained
usingSpitzemphotometryat4.5um. We havereanalysedhe MEarth
photometryprovidedin their table 1 becausehereis a clearnon-
lineartrendin thesedatawhenplottedasa function of airmass.To
model thesedatawe usethe gpower2transit model implemented
in PYcHEOPSplus a 5th-orderpolynomialasa functionof secz S 1
to accountfor trendswith airmass(wherez is the zenith distance
of GJ 1132 at the time of observation)plus a sinusoidalmodel
&0:SIN(2 t/Pror) + brotCoS(2 t/Por) With a period Proy = 125d to
accounfor stellarvariability modulatecby the starsrotationperiod.
Wedid notimposeaprior onthemeanstellardensityfor theanalysis
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Figure 9. Top CHEOPSobservationsf 3 transitsof GJ1132b. Upperpanel: All dataafterremoving trends.Obsenedlight curvesaredisplayedn cyan.The
darkblue pointsarethe datapointsbinnedover 0.0025phaseunits. The best- tting transitmodelis shownin green.Middle-upperplot Observedight curves
aredisplayedin cyanoffsetby multiplesof 0.01 units. The full modelincludinginstrumentakrendsis shownin brown andthe transitmodelwithout trends
is shownin green.Middle-lowerpanel Sameasthe middle-uppempanelafterremovingtrendscorrelatedwith space-craftoll angle.Lower panel Residuals
obtainedaftersubtractiorof the best- tting modelin the sameorderasthe upperplot offsetby multiplesof 0.005units.

of the MEarth dataand only datawithin 0.075 phaseunits of the
mid-transitwereincludedin the t. Theresultsfrom this reanalysis
arealsogivenin Table10.

Theseresultsare discussedn the contextof previousstudiesof
GJ1132bin Section5.4.

3.4.5 Accuracyof the gpower2algorithm

We usedthe ELLC light-curve model (Maxted 2016 to calculatea
transitlight curvefor eachof the 4 planetsusing direct numerical
integrationof thepower-2limb-darkenindaw. Wethen t thesdight
curveswith light curvescalculatedusingthe gpower2algorithmto
measure¢hesystematierrorin theparameterf,/R anda/R . In all
casesye nd thatthis systemati@rroris negligiblecomparedo the
randomerrorin thesequantities.

3.5 Updated transit ephemerides
3.5.1 GJ436b

Weusedalinear t tothetime of mid-transitfrom Table3, 8 timesof
mid-transiffrom Lanotteetal. (2014, and4 timesof mid-transittrom
Lothringeret al. (2018 to establishthe following linear ephemeris
for thetimesof mid-transit:

BJIDrps(To) = 245547582450(3+ 2.64389759(7k E.

Valuesin parenthesegive the standarcerrorin the nal digit of the
precedingquantity. Thereis no evidencefor any changein period
greatethanP/P 6.0 x 10°'° from thesedata.

3.5.2 HD 106315b

We usedalinear t to thetwo timesof mid-transitfrom Table5 to
establisithe following linearephemerigor the timesof mid-transit
for HD 1063150:

BJDrpg(To) = 2458427132(1)+ 9.55211(2)x E.

3.5.3 HD 97658b

We useda linear t to the two times of mid-transitfrom Table 7,
one time of mid-transit from Van Grootel et al. (2014, and
18 times of mid-transitfrom variousinstrumentsfrom Guo et al.
(2020 to establishthe following linear ephemerigfor the times of
mid-transit:

BJDrps(To) = 245723482213(16)+ 9.4893072(25) E.

Valuesin parenthesearethe standarcerrorin the nal two digits
of the precedingyuantity. This is a slightimprovementon the value
of theorbital periodgivenby Guoetal. (2020 (P = 9.489295(5)d),
partly becauseof the extendedbaselineincluding the observation
from CHEOPS but also becauseve chooseour referencetime of
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Table 10. Resultsromourreanalysi®ftheMEarthlight curvesor GJ1132.
Gaussiampriorsonparametersith meanu andstandardleviation arenoted
usingthe notationN (i, ). The parametergy. . . zs arethe coef cients of
the polynomialusedto modelthe trend of tabulatedux with airmassThe
tabulatedux valuesareassumedo all havethe samestandarcerror, .

Parameter Value Notes
Model parameters
D 0.00237+ 0.00010
w 0.01903+ 0.00033
b 0.41+ 0.23
To 2457184.5585+ 0.00069 BJDrpe
P (d) 1.6289227+ 0.0000041
hy 0.805+ 0.037 N (0.769, 0.15)
hy =0.76
2 0.000070+ 0.000079
Pl 0.0082+ 0.0012
2 $0.0423+ 0.0055
z3 0.0723+ 0.0095
24 $0.0504+ 0.0069
Z5 0.0125+ 0.0018
Aot $0.000108+ 0.000034
brot $0.000034+ 0.000025
In ¢ §$5.6410+ 0.0039
Derivedparameters
Ro/R 0.0487+ 0.0010
a/lR 16.2+ 1.8
i() 88.6% 1.0
log( / ) 1.33+ 0.15
t (ppm) 3549+ 14

Figure 10. Observed calculatedimesof mid-transitfor HD 976580 based
on thelinearephemerisrom Guo et al. (2020. The dashedine showsour
updatedinearephemerisThesolidline with shadedandshowsourupdated
quadraticephemerig: 1 standardieviation.

mid-transit(cycle E = 0) to minimize the covariancebetweenthis
valueandP.

Usingthesamedatasetwe nd thefollowing quadraticephemeris
for thetime of mid-transit:

BJDrpg(To) = 245723482195(12)+ 9.4892968(38x E
+0.5x% (L46% 0.48)x 10°" x E2,

The Bayesianinformation criterion for this ephemerisis 37.9
cf. 55.5 for a linear ephemerisj.e. thereis strongevidencefrom
thesedatathat the orbital period of HD 97658b is not constant.
Theobservedimesof mid-transitandour updatedephemerideare
shown as residualsfrom the linear ephemerisfrom Guo et al. in
Fig. 10.
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Figure 11. In order of increasingmass— GJ 1132b, HD 97658,
HD 10631%h, and GJ 436b in the mass—radiuplane comparedto other
extrasolaplanetswith well-determinegarametergakenfrom TEPCaf(cyan
points) and modelsfrom Zeng, Sasselov& Jacobsen(2016 for planets
composedf 100 percentrock (lower line) or water (upperline). The mass
and radiusof Earth, Uranusand Neptuneare also shownusing the initial
lettersof theseplanets’names.

3.5.4 GJ1132b

Weusedalinear t tothetimesof mid-transitfrom Table9, 27times
of mid-transitfrom Dittmannetal. (2017), 5timesof mid-transifrom
Mugnai et al. (2021), and 9 times of mid-transitfrom Southworth
etal. (2017 to establisithefollowing linearephemerigor thetimes
of mid-transit:

BJDrpg(To) = 245755432450(9)+ 1.6289292(4) E.

Theerrorsreportedon the timesof mid-transitin table3 of Mugnai
etal. (202 areclearlytoo small. We usedthe RMS residualfrom a
linear t tothesetimesof mid-transitto assigna morerealisticerror
of 0.00042d to thesevalues.Thereis no evidencefor anychangen
periodgreatetthanP/P 3.6 x 10°° from thesedata.

3.6 Planet massand radius estimates

Thevaluesof the planetmass(M,) andradius(R;) givenin Tables3,
5,7, and9 arebasednthevaluesof /R , i andk = R,/R measured
from the CHEOPSIlight curvesonly. In this section,we make
improved estimategor M, andR; usingall publishedestimategor
theseparametershatareof similar precisionto the valuesobtained
from the CHEOP Sdata,or better.For all four planetswe haveused
our bestestimatefor the stellarmass,M , togetherwith the mean
stellardensity, derivedusingKepler'slaw from a/R , to infer a
valueof R and,henceR, = kx R . Themassesndradii obtained
areshownin Fig. 11.

3.6.1 GJ436b

Lothringeretal. (2018 observedwo transitsof GJ436b usingthe
STIS spectrograpton HST with the G750L low-resolutiongrism
covering the wavelengthrange0.53—- 1.03um. Theseobservations
do not cover the egressof thetransitso Lothringeretal. used x ed
valuesfor a/R andi from Morello etal. (2019 in theiranalysisThe
weightedmeantransitdepthfrom the valuesat variouswavelengths
givenin their table 3 using our methoddescribedin Appendix A
is 6746+ 30ppm.Lothringeretal. nd thatusingvaluesof a/R
andi from different sourcesintroducesan additional uncertainty
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130ppmin thetransitdepth.Takingthisinto accountwe nd that
theplanet—staradiusratiofromthisstudyisk= 0.08213+ 0.00081.

Knutsonet al. (2014 usedthe Wide Field Camera3 (WFC3)
instrumenton HST to observe4 transits of GJ 436b over the
wavelengtirangel.2— 1.6um. Fromtheir Tablel we usethevalues
a/R = 14.41+ 0.10andi = 86.774 £ 0.030, andthefour values
of Ry/R from eachvisit which we combineto obtainthe weighted
averagevaluek = 0.08362+ 0.00015.

Transitsof GJ 436b observedseveraltimeswith Spitzerat 3.6,
4.5,and 8.0um. Someor all of thesedatahavebeenanalysedby
Knutsonetal. (2011), Beaulieuet al. (2011), Morello etal. (20195,
andLanotteetal. (2014). Thesestudiesuseavarietyof techniqueso
accounfor instrumentahoisethatis comparableo thetransitdepth
in thesdight curvesHere we usetheresultsfrom Lanotteetal. since
thisistheonly studyto useall theavailabledata Fromtheparameters
in their table 3 we obtainthe valuesk = 0.08258 + 0.00017,i =
86.858 + 0.52,anda/R = 14.54+ 0.15.

Noneof thestudiesabore nd ary strongevidencefor variationsn
transitdepthwith wavelengthdueto opacitysourcesn anextended
atmospheren GJ436b, sowe havecombinedall theseestimate®f
Ry/R irrespectie of wavelength.Thevaluesof a/R , sini andR,/R
obtainedby combiningthe above estimateswith the resultsfrom
Table3 aregivenin Table 11, togethemwith the resultingplanetary
massandradiusestimates.

3.6.2 HD 106315b

Thevaluesof sini andR,/R in Table11 comefrom combiningour
resultsin Table5 basedntheanalysisof the CHEOPSandK2 light
curveswith thosefrom Kosiareket al. (2021) basedon the analysis
of two transitsof HD 106315 observedwith Spitzerat 4.5um.
We havenot usedthe valuesof a/R from Kosiareket al. because
they are eitherinconsistenwith the meanstellardensitymeasured
independentlyby severalauthorsshownin Table 4, or not precise
enoughto beuseful. Thevaluesof a/R in Table5 from theanalysis
of the CHEOPSandK2 arenotindependentTheyarebothstrongly
constrainedy the sameprior thatwe placedon  for the analysis
of both theselight curves,sowe only usedthe valueof a/R from
theanalysisof the CHEOPSight curve.WhereKosiareketal. quote
asymmetricerror barson a parameteme usethe largerof the two
error bars.The valuesfrom different sourceshavebeencombined
usingthealgorithmdescribedn AppendixA. Kosiareketal. argued
thattheorbitaleccentricityof HD 10631%his likely to besmallbased
on the observedadial velocitiesand on stability argumentgor the
orbitsof thetwo planetdn this systemBasedonthisanalysisve x

e = 0for our calculationof themassandradiusof HD 106315b.

3.6.3 HD 97658b

Extensivephotometryof the transitsof HD 97658b using Spitzer
and HST hasbeenpresentedby Guo et al. (2020. Their Table 2
seemdo imply thatthey wereableto establisha value of a/R =

26.7 = 0.4 from the analysisof their HST light curves.However,
this seemaunlikely given thatthesedatahavepoor coverageof the
transit,e.g.the egressvasnot observedat all, soit is unclearto us
wherethis estimateof a/R comesfrom. It alsoappeardrom their
table2 thattheyassumedbr theanalysisof thetransitshattheorbital
eccentricityis e = 0.078andthatthelongitudeof periastroris =

90 . Again, it isuncleamwheretheseestimatesomesrom— previous
estimate®f haveverylargeuncertaintiebecauséhe eccentricity
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Table 11. Improved planetmassandradiusestimatesSeeSection3.6 for
detailsof thedatasourcesombinedo obtaintheinputvaluesof Ry/R , a/R ,

andsini usedhere.

Parameter Units Value Error Notes
GJ436b
P (d) 2.64389759
M M) 0.445 +0.018
K (ms>1) 17.38 +0.17 1
e 0.152 + 0.009 1
sini 0.99843 + 0.00004
Ro/R 0.08261 + 0.00022
alR 14.46 £ 0.09
R R) 0.425 + 0.006
Mp M) 21.68 £ 0.63
Ry (R) 3.83 + 0.06
9 (ms>2) 14.50 +0.24
p (gem3) 2.12 + 0.06
HD 106315
P (d) 9.55211
M M) 1.088 +0.043
K (mset) 2.88 +0.85 2
Ro/R 0.01686 + 0.00041
alR 15.95 £ 0.55
sini 0.99931 + 0.00013
R R) 1.221 + 0.045
Mp M) 10.1 +30
Ro (R) 2.25 £0.10
9 (ms2) 19.6 + 6.0
P (geme?d) 4.9 + 1.6
HD 97658b
P (d) 9.4893072
M ™M) 0.752 +0.035
K (ms>1 2.81 +0.15 3
Ru/R 0.02863 + 0.00030
alR 23.69 +0.49
sini 0.999816 + 0.000034
R R) 0.724 +0.019
Mp M) 7.69 +0.47
Ry (R) 2.26 + 0.06
O (ms>2) 14.7 + 1.0
p (geme3) 3.65 +0.33
GJ1132b
P (d) 1.6289289
M M) 0.192 +0.022
K (ms>1) 2.85 +0.34 4
Ro/R 0.04901 + 0.00054
alR 16.38 £ 0.55
sini 0.9997 £ 0.0001
R R) 0.205 +0.010
Mp M) 1.74 +0.25
Ry (R) 1.10 +0.06
(oY (ms°2) 14.2 +20
P (geme?d) 7.2 £1.2

Notes 1: Trifonov etal. (2018. 2: Kosiareketal. (2021). 3. Guoetal. (2020.

4.Bon s etal. (2018.

of the orbit is low.'® Unfortunately,this valueof = maximizesthe
difference betweenthe value of the meanstellar density inferred
from thetransitwidth via Kepler'slaw assumingeitheracircularor
eccentricorbit. Theresultsof theirradialvelocity analysigpresented
in their table7 assumeahatthe orbit is circular. Using equation(34)

16\ attemptedo contactXueying Guo via her co-authorsbut, at the time
of writing, we havenot obtainedclari cation of thesepoints.
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Table 12. Planet-staradiusratio asafunctionof wavelengttfor GJ1132b.
The ux-weighted meanphotonwavelengthfor eachobservationand its
standardleviationareindicatedin thecolumnheaded

Bandpass (nm) Ro/R Ref.
CHEOPS 787+ 126 0.0494+ 0.0021 1
MEarth 842+ 79 0.0487+ 0.0010 1
Spitzer 4442+ 284 0.0492+ 0.0008 2
LDSS3C 901+ 90 0.0490+ 0.0010 3
Mean 0.0490+ 0.0005

MEarth 842+ 79 0.0455+ 0.0006 2
g 482+ 35 0.0493+ 0.0014 4
r 626+ 34 0.0519+ 0.0012 4
i 764+ 36 0.0498+ 0.0008 4
z 900+ 52 0.0575+ 0.0019 4
J 1235+ 68 0.0457+ 0.0058 4
H 1648+ 76 0.0418+ 0.0057 4
K 2166+ 87 0.0610+ 0.0075 4
g 482+ 35 0.0565+ 0.0013 5
i 482+ 35 0.0511+ 0.0009 5
WFC3 1366+ 146 0.0495+ 0.0010 6
TESS 890+ 107 0.0481+ 0.0010 6

Notes 1. Thiswork. 2. Dittmannetal. (2017). 3. Diamond-Loweetal. (2018.
4. Southworthetal. (2017, GROND.5. Southworthetal. (2017, PISCO.6.
Mugnaietal. (2027).

from Kipping (2014, the differenceis 26 percent, with the value
derivedfor e = 0 beinglargerthanthe true valueif e > 0. A full
re-analysisof the datain Guo et al. (2020 is beyondthe scopeof
this studysowe havedecidedhotto usetheresultsfrom theanalysis
of the HST and Spitzerlight curvesby Guo et al. in this analysis.
However, the resultsfrom the radial velocity analysisby Guoetal.
are unambiguousso we have followed themin assumingthat the
orbitis circularandhaveusedthevalueof K from theirtable7.

Four transitsof HD 97658b observecdby Dragomiretal. (2013
with the MOST satellite provide the following estimatesfor the
transitparametersk = 0.0306+ 0.0014,a/R = 24.365%Y", i =
89.4553. Fromthe analysisof a singletransitobservedat 4.5um
with Spitzerby Van Grootelet al. (2014 we obtainthe following
values:k = 0.0278¢050075 /R = 24.9+ 1.4,i = 89.14:532
where the value of a/R has beencalculatedfrom the values of
D, W, and b in their table 2. We have combinedtheseestimates
with the valuesof k, a/R , andi from Table 7 to obtainthe values
shownin Table 11 using the algorithm describedin Appendix A.
Where asymmetricerror barsare quotedon valueswe have used
the largervalue asthe standarderror estimate Similarly to the K2
light curveof HD 106315, we havenotusedthevalueof a/R from
the analysisof the TESSlight curvein this calculationbecausét is
notindependentf thevaluefrom theanalysisof the CHEOPSlight
curve— bothvaluesare strongly constrainedoy the sameprior on

. Guoetal. (2020 did not nd any strongevidencefor features
in the transmissiorspectrumof HD 97658b so we haveignored
any possiblewavelengthdependencén the planetaryradiusfor the
calculationssummarizedn Table11.

3.6.4 GJ1132b

Measurement®f Ry/R for GJ 1132b from various sourcesare
listedin Table12. We havenot usedthe estimatesrom Southworth
etal. (2017 in our calculationsfor reasonghat will be discussed
in Section5.4. The valuesof a/R andsini in Table 11 are the
weightedmean®f thevaluesfrom thesamesourcesisedo calculate
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Table 13. List of equationof state(EoS)usedin theforwardmodel.

Layer Composition EoS
Core Fe,FeS Hakimetal. (2018,
Feietal. (2016
Mantle [Mg,Fe]SiCs,
[Mg,Fe]O,

[Mg,FelSiO;,

[Mg,FelSi»O¢ Sotinetal. (2007)
\olatile H>0 Haldemanretal. (2020

k calculatedusingthe algorithmdescribedn AppendixA. We have
ignoredanypossiblewvavelengthdependenc the planetaryradius
for the calculationssummarizedn Table11. This pointwill alsobe
discussedn Section5.4.

4 CONSTRAINTS ON THE INTERNAL
STRUCTURE

We usedtheretrieval codealreadyemployedn thecaseof TOI-178
(Leleuetal.202]) to constrairtheplanetaryinternalstructure Here,
we brie y recalltheingredientsof the modelandapply it to three
of the exoplanetsobsened with CHEOPSduringthe Early Science
observingprogramme More details on the code can be found in
Leleuetal. (202)).

We usea global Bayesiarmodelto t the observedoropertiesof
the starandplanet.The observedpropertiesof the starareits mass,
radius,age,effective temperatureandthe photospheri@bundances
[Si/Fe] and [Mg/Fe]. The observedpropertiesof the planetarethe
planet—staradiusratio, the radial-velocitysemi-amplitudeandthe
orbital period.Thehiddenplanetarypropertiesarethe massof solids
(where'solids’ refersto the massof planetnotdueto H or He gas),
themasdractionsof thecore,mantle ,andwater,themassof thegas
envelopethe Si/FeandMg/Fe mole ratiosin the planetarymantle,
the S/Fe mole ratio in the core, and the equilibrium temperature
dueto irradiation by the star. Then, for ary given combinationof
hiddenplanetarypropertiesandstellarpropertiespnecancompute
the resulting planet—staradiusratio and the radial-velocity semi-
amplitude.

Thetwo importantingredientof suchacalculationarethephysics
includedin the forward modelthatis usedto calculatethe radiusof
a planetwith a given massand structure ,andthe prior distribution
on the planetaryhiddenparametersWe assumen the calculations
presentedelow a fully differentiatedplanet,consistingof a core
composeddf Fe and S, a mantlecomposedof Si, Mg, and Fe, a
purewaterlayer,anda gaslayer composedf H andHe only. The
equationsof stateusedfor thesecalculations(Table 13) are taken
from Hakimetal. (2018 andFeietal. (2016 atpressurebelow240
GPa,andfrom Sotin, Grasset& Mocquet(2007 and Haldemann
etal. (2020 athigherpressuresThetemperaturgro le is assumed
to be adiabatic.For the gasenvelope we usethe semi-analytical
modelof Lopez& Fortney (2014 whichprovideshethicknesof the
gasenvelopeasa function of the gasmassfraction, the equilibrium
temperaturethe massand radius of the solid planet,and the age
(assumedo be equalto the stellarage).

We assumehatthelogarithmof thegas-to-solidatioin theplanet
hasa uniform distribution. The massof the planetcore,the planet
mantle,and the massof water haveuniform priors exceptthat the
massfraction of waterin the solid planetis limited to a maximum
valueof 0.5. We assumehatthe bulk Si/Feand Mg/Fe moleratios
in theplanetis equalto the onein the star. This assumptiorwill not
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bevalid for planetghathaveundergoneventssuchasgiantimpacts
that can strongly affect thesemole ratios. From the knowledgeof

the bulk ratio in the planetaswell asthe core-to-mantlenassratio,

the Si/Fe and Mg/Fe mole ratios in the mantle can be computed
analytically Importantly the solid and gas part of the planetare
computedindependentlywhich meansthat we do not include the

compressioreffect of the planetaryenvelopeon its core.Including

thefeedbackrom thegasenvelopeonto theplanetarycoreis left for

future work, andis well justi ed a posteriorigiventhe smallvalue
of thegasenvelope.

5 DISCUSSION

In this section,we comparetheresultsfrom Section3 to theresults
from previousstudiesof theseplanetsanddiscusgheimplicationof
all theseresultsandtheanalysign Sectior4 for ourunderstandingf
theseplanetarysystemsandthe performancef CHEOPScompared
to otherinstrumentation.

5.1 GJ 436b

Thetransitdepthfor GJ436b thatwe havemeasuredisingCHEOPS
(7000 + 180ppm) is consistentwith the weighted mean value
6800+ 30ppmfrom8transitobservedvith Spitzemat3wavelengths
by Lanotteet al. (2014). Theresultsin their table 8 showthat this
weightedmeanis dominatedby a singleobservatiorat 3.6um with
anuncertaintyof 40ppmcf. atypical uncertaintyof 100ppmfor the
othertransits.Thus,the precisionin the transitdepthmeasurement
wehaveachievedrom 3visitscovering half of two transitss about
half that achievedwith a typical observationof a single visit with
Spitzer This is a consequencef the largerapertureof the Spitzer
SpaceTelescopef. CHEOPSthegapsn theCHEOPSobservations,
and the red colour of this M-type star favouring observationsat
infraredwavelengths.

Although the precision of the transit depth measuremenby
Lanotteetal.is 6 timesbetterthanour measuremenisingCHEOPS
theprecisionin theplanetradiusmeasurementsingall availabledata
in Table11 (3.85+ 0.06R ) is only afactor of two betterthanthe
valuebasedbn CHEOPSdataonly in Table3 (4.00+ 0.13R ). This
is becausehe uncertaintyin the stellarradiusis now the dominant
sourceof uncertaintyin the calculationof the planet'sradius.The
high cadenceof the CHEOPSobservationshelpsto reducethis
uncertainty becausethis allows for an accuratemeasuremenbf
the transit shapeand width, from which we caninfer an accurate
measuremerdf the meanstellardensity.

GJ 436 is a slowly rotating star (P,  50d) that showslittle
intrinsic variability at optical wavelength{< 0.5 percent,Knutson
etal. 2011, Lothringeretal. 2018§. We mightthenexpectedchanges
in ux attheratedf/dt 0.0001d°! if thisintrinsic variability is due
to modulationin the visibility of long-lived star-spotdy rotation.
The observedvaluesof df/dt in Table 3 showv variability at a rate
severatimeslargerthanthisestimateveratime-scale 8h.If there
is variability with anamplitude 0.002dueto short-livedbright or
darkregionsn thephotospheref GJ436thatarenotoccultedby the
planetthentherewill beasystematierror 0.1 percentin Ry/R .

Our internal structuremodels(see g. D1 of the supplementary
onlinematerial)suggesthatGJ436bhasa signi cant gasenvelope,
with a massbetween0.67and1.73M (all givenvaluesarethe 5
or 95 percentquantiles) The massfraction of waterin the planetis
essentiallyunconstraineqcomprisedbetween0.08 and 0.41 of the
massof thecore).
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5.2 HD 106315b

Thevalueof theorbitalperiodderivedin Section3.5.2is signi cantly
differentfromthevaluegivenby Kosiareketal. (2021) basedntheir
analysisof two transitsobservedvith Spitzerandthepublishedime
of minimumbasedon K2 data(9.55287 + 0.00021d). Thetime of
conjunctiongiven by Kosiareket al. for the transit observedwith
Spitzeronthedate2017-09-10s clearlydiscrepanby overanhour.
This discrepancyntroducesa systematicerrorin the predictediime
of mid-transitof almost7 h using their linear ephemerisfor the
observingdate 2025 discussedy Kosiareket al.. The uncertainty
onthetime of mid-transitfor observationsn 2025with our updated
linearephemeriss now lessthan10 min.

The precisionin the planetradiuswe derive from two transits
of HD 10631%h observedwith CHEOPSis very similar to that
obtainedrom about80d of observationsvith K2 covering6 transits.
Although Kepler hasa largeraperturethat CHEOPSand observed
moretransitsduring the K2 mission,3 of the transitscontainonly
1 or 2 valid obsenationsandall the transitsareaffectedby missing
datapoints. As a result, there are only 20 valid K2 observations
during the transitof HD 106315b. Thesedataare also affectedby
inaccuraciesn the correctionfor spurious ux variationsdueto the
spacecraftnotion. Thereis very goodagreemenbetweerthetransit
depthmeasuremenfsom thetwo instrumentsCHEOPSs verywell
suitedto observation®f bright, isolatedstarslike HD 106315,and
thevery low levelsof instrumentahoisefor suchtargetsallows for
accurateandprecisecharacterizatiof broad,shallowtransitssuch
asthoseproducedoy HD 106315.

In termof internalstructure theinternalstructuremodelling(see
g. D2of thesupplementargnlinematerial)lshowshatHD 106315b
hasa gasenvelopesmallerthan10°3 M  (all givenvaluesarethe 5
or 95 percentquantiles),a large massfraction of water(comprised
betweerD.04and0.47of themassof thecore,with somepreference
for large water fraction), and an iron massfraction in the planet
smallerthan for the Earth. Both explainswhy the density of the
planetis smallerthan the one of the Earth,and of a pure silicate
sphergseeFig. 11).

5.3 HD 97658b

HD 97658is the brightesttargetobservediuring the Early Science
programmesoanysystematicoisesourcesotremovedy theDRP
or ourdecorrelationtechniquegremostlikely to beseenn thelight
curveof this star.We experimentedvith usinga Gaussiamprocesso
modelcorrelatednoisein the analysisof this visit usingthe kernel
describedn Section2.8. Thisrequiressomethoughtabouttheuseof
priorsonthehyper-parametersf thenoisemodelto avoid thetransit
signalbeingmodelledasnoisewith anamplitude D correlatedon
atime-scale W. To avoid this problemwe useanintermediatestep
wherethe transit parameterd, W, Ty, etc.are xed at the values
obtainedin the least-squares andwe useEMCEE to samplethe
joint PPDof thedecorrelatiorparameterandthe hyper-parameters
of theGP,S), and ( (Qis xed atthevaluel/ 2). We nd thatthe
convergencef the sampleiis improvedif we alsoseta prior onthe
parameterc, the mean ux level out of transit. We seta Gaussian
prior on ¢ with the samemeanasthe ux valuesout of transitanda
width 4 timesthe standarderroron the meanon thesevalues Based
ontheresultsfrom this intermediatestep,we setGaussiarpriorson
S and ( centredon the meanof the valuessampledrom the PPD
andwith standardieviationequalto twice the standardieviationof
the sampledPPD. This enablesus explorethe correlationsbetween
the transitparametersndthe hyper-parametersf the noisemodel
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Figure 12. Planet—staradiusratioasafunctionof wavelengttfor GJ1132b.
Pointsare colour codedasfollows: blue— CHEOPS red— MEarth,orange
— Diamond-Loweetal. (2018, green— Southworthet al. (2017, magenta-
WFC3,cyan— TESS.Theradiusratio obtainedfrom Spitzerobservationst
4.5um is indicatedwith dottedlines. The planet—staradiusratio measured
usingMEarth databy Dittmannet al. (2017 is plottedwith an opencircle
symbol.

without exploring unreasonabl@arts of the parameteispace.e.g.
solutionswherethelight curvecontainsno transit. The resultsfrom
thisanalysisareindistinguishabléromtheresultsn Table7,e.g.D =
0.000822+ 0.000019,W= 0.012442+ 0.000054.Theamplitude
of correlatednoise estimatedfrom the standarddeviation of the
Gaussiarprocess, cp= S 0Q, is 25+ 35ppm basedon this
analysis.The valueof the Bayesianinformationcriterion (BIC) for
thebest t including a Gaussiarprocesss slightly lower thanthat
without a GP, but the differenceis lessthan 10 sothe evidencethat
theGPis tting arealsignalis notstrong.

Theprecisionof ourtransitdepthmeasuremeritom asinglevisit
with CHEOPSimproveson the measuremerttasedon two transits
observedwvith TESSby a factor 2. Thereis good agreementin the
transitdepthmeasuredy the two instrumentsThe precisionof the
planet—staradiusratio from thecombinedmeasuremeris lessthan
1 percent. The errorin the planetradius,Ry,, is now dominatecdby
theuncertaintyin the stellarradius(Table11).

The internal structureof HD 97658b(see g. D3 of the supple-
mentaryonline material)is comparabléo the oneof HD 106315b,
with however alargermassof thegasenvelopgsmallerthan 10°2
M ), a similar water massfraction (between0.06 and 0.48 of the
massof the core), and a similar iron massfraction in the planet.
Interestingly,the posteriordistribution of the water massfraction
peaksat large valuescomparedo the two planetsdiscussedbove
(in particularGJ436b).

5.4 GJ 1132b

Somecareis neededvhencomparingvaluesof R,/R asafunction
of wavelengthfor observation®btainedthroughbroad-bandlters
becaus&J1132is anM4.5V-typestarthathasa very red spectrum
with strongfeaturesdueto molecularabsorption Thesefeaturesof
thestellarspectraknergydistributionshouldbe accountedor when
calculatingthe effective wavelengthandbandwidthfor observations
obtainedwith differentinstrumentsFor theresultsshownin Fig. 12
andgivenin Tablel2we usedasyntheticspectrunfrom theBT-Settl
grid of models(Allard 2014 to calculatethe effective wavelength
and bandwidthfor eachobservationfrom the ux-weighted mean
photonwavelengthand its standarderror. The MEarth instrument
usesa long-pass Iter with a cutoff wavelengthof 715nm. We
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assumedhatMEarthhasthesamenstrumentespons@asCHEOPS
for wavelengthgedderthan this cutoff and 0 responseotherwise.
FortheLDSS3Cinstrumenusedby Diamond-Loweetal. (2018 we
assumeauniformresponseverthewavelengthrange710-1030hm.

From Fig. 12 it is clear that thereis signi cant disagreement
betweerthevalueof R,/R observednthez bandpasby Southworth
etal. (2017 andthevaluesobtainedusingCHEOPS MEarth, TESS
andLDSS3C despitehesubstantiabverlapin thebandpasfor each
instrumentLight curvesof GJ1132from ground-basethstruments
usingbroad-bandlters will beaffectedby systemati@rrorsbecause
theseobservationgequire the use of nearbystarsto monitor the
atmospheridransparencyand extinction. Thesecomparisonstars
typically have very different spectrato GJ 1132, so they are not
affectedby changesin observingconditionsin the sameway as
GJ 1132. This is particularly true for observationsat infrared
wavelengthshatareaffectedby variablewaterabsorptiorbandsWe
concludethatthelargeradiusfor GJ1132b observedy Southworth
etal.in thez is not strongevidencefor anextendecatmospheren
this planet.

In the caseof the MEarth datawe were ableto accountfor the
systematicnoise correlatedwith airmassbecausehereis a large
amountof dataavailablefor this star obtainedover mary nights.
Thedatafrom the LDSS3Cinstrumentarenot affectedby this effect
becausehe extinctioncorrectionwasdonein multiple narrowpass
bands.Thereis excellentagreemenbetweenthe valuesof R,/R
andothertransitparametersneasuredising theseinstrumentsand
with thevaluesderivedusingextensivedatafrom Spitzerat4.5um.
This givesus somereassurancthat CHEOPSdataanalysedusing
PYCHEOPScan provide accurateand precisemeasurementor the
propertief transitingplanetsevenin casesuchasthiswherethere
is poor coverageof the individual transits,the eld of observation
is crowded,andthetargetis fainter thanthe designspeci cation of
the instrument.It shouldbe notedthatthis is partly dueto a well-
determinednass—densitgndmass—absolute-magnitudsationsfor
starswith masses 0.18M . This demonstratethe importanceof
havinga goodunderstandinghe hoststarfor accuratecharacteriza-
tion of exoplanesystems.

Thefocusof the studyby Swainetal. (2021 usingobservations
of GJ1132b with the WFC3instrumenton HST wasthe detection
and interpretationof subtle featuresin the transmissiorspectrum
overthewawvelengthrangel.13-1.64um. Thatstudydoesnotreport
all the transitparameterslerivedfrom their analysisof the ‘white
light' light curve producedby combiningthe dataat all observed
wavelengthsThetime of mid-transitis reportedn theirtable1 with
‘MJD’ in the units column. The value given hasthe wrong number
of digits for a modi ed Juliandateandis 0.5 d lessthanthe time
of mid-transitfrom Southworthet al. (2017 quotedas a prior in
the sametable. We assumehat this time of mid-transitis actually
givenasBJDrpg S 0.5.1n thatcase the offsetof this time of mid-
transitfrom the value predictedby our updatedinear ephemeriss
§118+ 18s,i.e. signi cantly earlierthanexpectedThereis some
ambiguityhereasit is unclearwhattime-scalehasbeenusedfor the
value givenin their table 1. Swain et al. statethat they derive the
key parameteR,/R from the white-light databut do not quotethe
result. It appearghat the value of the parameteR /a was xed in
their analysisalthoughthe valueselecteds notgiven.A x edvalue
for the orbital semimajoraxis, a, is providedin their table 1 but it
is unclearwhy sincethis parametehasa negligible effect on the
shapeanddepthof thetransit,unlesst is usedindirectly with some
otherparameteto infer R /a. Thevalueof the orbital inclinationis
quotedin theirtablel asi = 87.3577with upperandlower limits of
0.0430105and0.044457 respectivelyWetakethisto mearthatthey
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hawe deriveda valuei = 87.358+ 0.044.This valueis marginally
consistentvith theaveragevaluei = 88.62+ 0.30derivedfrom the
four datasetsusedto determinehe massandradiusof the planetin

Table11.

During the preparatiorof this manuscriptMugnai et al. (2021)
publishedan analysisof the sameHST datausedby Swain et al.
(2021 usingtwo differentmethodsIn contrastto the resultsfrom
Swainet al. andMugnai et al. found no evidencefor any molecular
signaturesn thewavelengthrangecoveredy theWFC3instrument.
This study was publishedsubsequento the analysispresentedn
Sections3.6and4. We havenotupdatedheanalysisn thosesections
becaus¢heplanetradiusderivedfrom their‘white-light’ light curves
is very closeto thevalueusedn ouranalysisThereis alsoverygood
agreemenbetweerthe planet—staradiusratio obtainedby Mugnai
et al. from their analysisof the TESSlight curve andthe valuewe
haveobtainedfrom the analysisof the CHEOPSand MEarth light
curves,ascanbe seenfrom the valueslisted in Table 12 andfrom
Fig. 12

The internal structuremodels(see g. D4 of the supplementary
online material)indicatethatthe planetis a baredry core.The gas
fraction is negligible and the water massfraction could be up to
27 percent Themasdractionof theiron corerangedetweer? and
35percent,with asmallfractionof sulphurin it. All thesevaluesare
similarto someextentto Earthvalues sotheplanetcouldbepictured
asa very hot (massive)Earthanalogue This scenarias consistent
with the lack of any detectedspectralfeaturesin the transmission
spectrumof GJ1132b.

6 CONCLUSIONS

Wehaveusedobservationsf starsobservediuringtheEarly Science
programmeto demonstratethat CHEOPS data can be analysed
straightforwardlyusing PYCHEOPSIn order to determineaccurate
andprecisetransitparametergor transitingextrasolamplanets.The
performancef CHEOPSs comparabléo or betterthanotherspace-
basedinstrumentationdespiteits modestaperturebecauseof the
very low levels of instrumentahoiseby designfor this instrument.
Comparedo K2, MOSTandSpitzef CHEOPSalsohasthe distinct
advantagethat it is currently operational. CHEOPSalso has the
exibility to schedulebservationso coincidewith the transitsand
eclipsesof known exoplanetspr to searchfor suspectedransiting
exoplanetsn multiplanetssystemgBonfantietal. 2021). PYCHEOPS
hasalreadybeenusedfor the analysisof CHEOPSdatain several
studies(Lendl et al. 2020 Benzet al. 2021, Bonfanti et al. 2021,

Borsatoet al. 2021, Leleu et al. 2021, Van Grootel et al. 2021).

CHEOPSobservationsre on-goingso we canlook forward to the
publication of many exciting resultsfrom the partnershipof this

uniqueinstrumentandthe PYCHEOPSsOftware.
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APPENDIX A: MEAN AND ERROR ESTIMATES
FOR QUANTITIES THAT MAY BE AFFECTED
BY SYSTEMATIC ERRORS

Wherewe havemultiple estimategor astellaror planetaryparameter
that may be affected by systematicerrors, we assumethat the

systematicerror on all theseestimateshasthe samevalue, gy

Notethat sys mayalsobe usedto characterizehe variancedueto

interestingastrophysicatignals,e.g.changesn planetradiuswith

wavelengthor transittiming variations.Thelog-likelihoodto obtain
theobservedneasurementg = {y; + ;,i = 1,...,N}isthen

« 1 i S p)?
np(ylK =53 b 2“) thh2sf
i S
wheres?= 2+ 2. We assumea broad uniform prior on the

mean, . and a broad uniform prior on In s We then sample
the posteriorprobability distribution using EMCEE with 1500 steps
and 128 walkers. We discardthe rst 500 ‘burn-in’ stepsof the
Markov chainand usethe remainingsampleto calculatethe mean
andstandardieviationof theposteriomprobabilitydistributionfor 1,
i.e. our bestestimatefor the valueof the parameteandits standard
error.
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