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Introduction Transit Duration Variation (TDV)

As the number of known exoplanetscontinuesto soar, astronomersare becoming increasing|
Interested with characterisingthese alien worlds. Part of this characterisationwill undoubted|
Involvesearchingor the moonsof theseplanets With our own moon playingsuchan importantrole
in the 9 I NJhigta®yzand the possibility of life existingon moonswithin our own solar system,the
resultsof sucha searchcould havefar-reachingimplications

Alf aplanethasa moon, it appearsto wobble duringits orbit.

AThiscauses:he positionof the planetto changeeachtransit, givingustransit time variation (T TV)
ANobblingalso causegshe velocity of the planet

to changeeachtransit.

Af the velocity of the planet changes, the

duration of the transit mustalsochange

AThis gives rise to transit duration variation
(TDV)

AFormost of the known transitingexoplanetsan
exomoon can induce a TDV signal comparable
andoften largerthanthe TTV

Herewe outline the conceptof usingtransit timing effectsto searchfor exomoons particularly with
regardto the new ideaof usingtransit duration variation (TDV)as a detectiontool, asoutlined in our
recent publication [1]. We show that transit time variation (TTV)and TDV are complementar
techniqueswhich canbe usedto measurethe massof an exomoon

Figure4 ¢ Thetransit duration variationeffect.

Figurel ¢ Left: Cartoonof the orbital motion of a planetmoon system Theplanetappearsto wobble duringits orbit.
Right | NI im@drésSiénof a hypotheticalhabitableexomoonaroundan extrasolargasgiant

Wobbling planets and TTV

Figure5 ¢ Anl NI inaréssianof a hypotheticalEarthlike exomoonarounda Saturnlike exoplanet

The Complementary Nature of TTV and TDV

In a planetmoonsystem the planetand moon both orbit a commoncentre of gravity. Asaresult,the
planetappearsto wobbleabout duringits orbit aroundthe host star

If the planet transits, then these transits will
occur sometimesslightlyearlier,and sometimes
slightlylater than expected Thiseffectis known
as transit time variation (TTV)and was first
proposed as a detection method by Sartoretti
and Schneide1999 [2].

Theamplitude of the TTVeffect is proportional
to massof the exomoon(Mg) multiplied by the
orbital distanceof the moon aroundthe planet

(8-

A TTVand TDVare predictedto 90 degreesout-of-phase creatinga unique exomoonsignature which
shouldquite distinguishabldrom other effects

A TTVis proportionalto Mc* ac

A TDVis proportionalto M* ag¥2

A Thusthe ratio of TDVTTVallowsusto calculateas

A We maythen useY S LJt TRiMiXBivto get the exomoonperiod and compareit to the observec
harmonicfrequencies

A Thisallowsfor a further refinementof the period and now we canderivethe exomoonmass

Figure2 ¢ lllustration of three lightcurves of a planetarytransit taken at three epochswith a T TVeffect present By
measuringa seriesof transits,the root-meansquareT TVamplitudemay be determined

The Problems of TTV

TTVsuffersfrom two significantproblems Firstly, TTVcanbe causedoby a multitude of phenomenon
not just exomoons Forexample, TTVcanbe inducedby generalrelativistic precessionof the orbit,
gravitationalinfluenceof other planetsin the systemor companionstars,torquesdue to spininduced
guadrupolemoment of the star, tidal deformationsof both the star and the planet, stellar peculia
motion and parallaxeffects[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 andthusit Is
Impossibleto saywhat the period of the exomoonis. If we do not knowthe exomoonperiod, we also
do not know the exomoonorbital distance,as SinceTTVis proportionalto Ms* a5, we are therefore
unableto estimatethe massof exomoonusingT TV

Figure6¢ The calculatedconfidencelimits to detectingan exomoonof between0 and 2 Earthmassesaround GJ4136b.
Theleft panelshowsthe sensitivityof a telescopewith 12 secondsiming error on eachtransit. In this panel,conside
measuringl5 transits of the exoplanet we would be able to find an Earthmassexomoonto around 2-3 sigmas
confidence

Conclusions

We haveshownthat an exomooncouldbe readilydetectedwith currenttelescopetechnologyaround
many candidate planets using transit timing effects Spacebasedtransit searchesJike CoRoTaref
particularlywell placedto conductsucha hunt, sincethe method relieson a large number of transitf
measurementdrom the sametelescopejn order to control systematics

Combiningtransit time variation (TTV)and transit duration variation (TDV)allows an observerto
measurethe exomoonmassand orbital separationin a completelyrigorousmanner The expected
magnitudeof the TDVeffectis aroundtens of secondssimilarto TTV.andshouldbe quite detectable |
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Figure3 ¢ An exampleof the calculatedT TVand TDVeffectsfrom an exomoonat one third the Hill radiusarounda hot
Jupiter Noticethat the x-scalespansone transit epoch,thus illustrating the high frequencynature of exomoontiming
signals Blackis a circularexomoonorbit, blueis an exomoonwith 0.3 eccentricityandred is 0.6.

Furthertheoretical work in this field shouldfocuson the effect of multiple moons,which may dilute
the timing signals Additionally,the observationsof somelonger period transiting exoplanetswould |
offer significantlymore stableenvironmentsfor possiblesatellite systemsyelativeto hot-Jupiters
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