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The Search for Exomoons Through Transit Timing

Introduction

As the number of known exoplanetscontinues to soar, astronomersare becoming increasingly
interested with characterisingthese alien worlds. Part of this characterisationwill undoubtedly
involvesearchingfor the moonsof theseplanets. With our own moonplayingsuchan important role
in the 9ŀǊǘƘΩǎhistory and the possibilityof life existingon moonswithin our own solar system,the
resultsof sucha searchcouldhavefar-reachingimplications.

Herewe outline the conceptof usingtransit timing effectsto searchfor exomoons,particularly with
regardto the new ideaof usingtransit duration variation(TDV)asa detectiontool, asoutlined in our
recent publication [1]. We show that transit time variation (TTV)and TDV are complementary
techniqueswhichcanbeusedto measurethe massof anexomoon.

The Problems of TTV

TTVsuffersfrom two significantproblems. Firstly,TTVcanbe causedby a multitude of phenomenon,
not just exomoons. For example,TTVcanbe inducedby generalrelativisticprecessionof the orbit,
gravitationalinfluenceof other planetsin the systemor companionstars,torquesdueto spin-induced
quadrupolemoment of the star, tidal deformationsof both the star and the planet, stellar peculiar
motion andparallaxeffects[3,4,5,6,7,8].

Secondly,the period of the exomoon is always much lower than the planetary period, due to
dynamicalarguments[1]. Thismeanswe samplethe TTVsignalbelow the Nyquistrate and thus it is
impossibleto saywhat the periodof the exomoonis. If we do not knowthe exomoonperiod,we also
do not know the exomoonorbital distance,aS. SinceTTVis proportional to MS* aS, we are therefore
unableto estimatethe massof exomoonusingTTV.

The Complementary Nature of TTV and TDV

ÁTTVandTDVarepredictedto 90 degreesout-of-phase,creatingauniqueexomoonsignature,which
shouldquite distinguishablefrom other effects.
ÁTTVisproportionalto MS* aS

ÁTDVisproportionalto MS* aS
-1/2

ÁThusthe ratio of TDV:TTVallowsusto calculateaS

ÁWe may then useYŜǇƭŜǊΩǎThird Lawto get the exomoonperiod and compareit to the observed
harmonicfrequencies.
ÁThisallowsfor a further refinementof the periodandnow we canderivethe exomoonmass.

Transit Duration Variation (TDV)

ÁIf a planethasa moon,it appearsto wobbleduringits orbit.
ÁThiscausesthe positionof the planetto changeeachtransit,givingustransit time variation(TTV).

Figure5ςAnŀǊǘƛǎǘΩǎimpressionof a hypotheticalEarth-likeexomoonarounda Saturn-like exoplanet.

Conclusions

Wehaveshownthat anexomooncouldbe readilydetectedwith current telescopetechnologyaround
many candidateplanetsusing transit timing effects. Space-basedtransit searches,like CoRoT, are
particularlywell placedto conductsucha hunt, sincethe method relieson a largenumberof transit
measurementsfrom the sametelescope,in order to control systematics.

Combiningtransit time variation (TTV)and transit duration variation (TDV)allows an observer to
measurethe exomoonmassand orbital separationin a completelyrigorousmanner. Theexpected
magnitudeof the TDVeffect isaroundtensof seconds,similarto TTV,andshouldbequite detectable.

Further theoreticalwork in this field shouldfocuson the effect of multiple moons,which may dilute
the timing signals. Additionally,the observationsof somelongerperiod transitingexoplanetswould
offer significantlymorestableenvironmentsfor possiblesatellitesystems,relativeto hot-Jupiters.
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Figure1ςLeft : Cartoonof the orbital motion of a planet-moonsystem. Theplanetappearsto wobbleduringits orbit.
Right: !ǊǘƛǎǘΩǎimpressionof a hypotheticalhabitableexomoonaroundanextrasolargasgiant.

Wobbling planets and TTV

In aplanet-moonsystem,the planetandmoonboth orbit a commoncentreof gravity. Asa result, the
planetappearsto wobbleabout duringits orbit aroundthe hoststar.
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Figure4ςThetransit durationvariationeffect.
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If the planet transits, then these transits will
occur sometimesslightlyearlier,andsometimes
slightlylater than expected. Thiseffect isknown
as transit time variation (TTV) and was first
proposed as a detection method by Sartoretti
andSchneider(1999) [2].

Theamplitudeof the TTVeffect is proportional
to massof the exomoon(MS) multiplied by the
orbital distanceof the moon aroundthe planet
(aS).

ÁWobblingalsocausesthe velocityof the planet
to changeeachtransit.
ÁIf the velocity of the planet changes, the
durationof the transit mustalsochange.
ÁThis gives rise to transit duration variation
(TDV).
ÁFormostof the knowntransitingexoplanets,an
exomoon can induce a TDVsignal comparable
andoften largerthan the TTV.

Figure6ςThecalculatedconfidencelimits to detectingan exomoonof between0 and 2 EarthmassesaroundGJ436b.
Theleft panelshowsthe sensitivityof a telescopewith 12 secondstiming error on eachtransit. In this panel,consider
measuring15 transits of the exoplanet; we would be able to find an Earth-massexomoon to around 2-3 sigmas
confidence.

Figure3 ςAn exampleof the calculatedTTVandTDVeffectsfrom an exomoonat one third the Hill radiusarounda hot
Jupiter. Notice that the x-scalespansone transit epoch,thus illustrating the high frequencynature of exomoontiming
signals. Blackisa circularexomoonorbit, blue isanexomoonwith 0.3 eccentricityandred is0.6.

Figure2 ςIllustration of three lightcurves of a planetarytransit taken at three epochswith a TTVeffect present. By
measuringa seriesof transits,the root-mean-squareTTVamplitudemaybedetermined.


