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ABSTRACT

Aims. Hot Jupiters are thought to belong to single-planet syst&omewhat surprisingly, some hot Jupiters have been exptwt
exhibit transit timing variations (TTVs). The aim of thispex is to identify the origin of these observations, idgnpibssible periodic
biases leading to false TTV detections, and refine the saro@dew candidates with likely dynamical TTVs.

Methods. We present TTV frequencies and amplitudes of hot Jupiteksejpler Q0—6 data with Fourier analysis and a frequency-
dependent bootstrap calculation to assess the false atatrahjlity levels of the detections.

Results. We identified 36 systems with TTV above four standard dematonfidence, about half of them exhibiting multiple TTV
frequencies. Fifteen of these objects (HAT-P-7b, KOI-12%,1183, 188, 190, 196, 225, 254, 428, 607, 609, 684, 774,)1dd6ably
show TTVs due to a systematic observatiorfig&: long cadence data sampling is regularly shifted ttdastransit, interacting with
the transit light curves, introducing a periodic bias, agalling to a stroboscopic period. For other systems, theitsgcind rotation

of the host star can modulate light curves and explain thergbd TTVs. By excluding the systems that were inadequatatypled,
showed TTV periods related to the stellar rotation, or tdroet to be false positives or suspects, we ended up with ssxsams.
Three of them (KOI-186, 897, 977) show the weakest stelltatian features, and these are our best candidates for dyalyn
induced TTV variations.

Conclusions. Those systems with periodic TTVs that we cannot explain syttematics from observation, stellar rotation, actjvity
or inadequate sampling may be multiple systems or even esxorosts.

Key words. planetary systems — stars: binaries: eclipsing — techsiquetometric

1. Introduction variations of the systems in the origingkpler data up to Q9

o _ . . . . . besides exploring the catalog itself. The main conclusidtisis
Transit timing tariation (TTV) is a major diagnostics of isar study are trF])e foll%wing. g

ous system parameters of extrasolar planets (Holman & Murra
[2005;/ Agol et all 2005). In multiplanet systems, ?Ianet:tggbr 1. Timing data of some already published systems with sus-

each other, leading to correlated TTVs of th tal. pected TTV can be satisfactorily explained by nondynamical
[2010; [ Lissauer et al. 2011). TTVs have also uncovered the reasons, such as stroboscopic period due to even sampling or
presence of further non-transiting planets in planetasesys light curve distortions due to stellar activity;
; 2a). 2. About 2% of the Jupiter-size candidates passed all tests a

According to our current view, hot Jupiters occur as single show a TTV that presently has an unknown origin, and obvi-
planets, since they have been not detected in multiplareet sy ously needs further studies with follow-ups.
tems. This picture suggests that hot Jupiters occupy wmbexd 3. A fraction of systems with TTV signals tend to exhibit niult
orbits, hence their orbital motion is Keplerian, and thekibit ple TTV periods (confirmed by Mazeh et al. (2013)) that are
strictly periodic transit times. In contrast to this piaurcur- incompatible with sampling or stellar rotatioffects.

rent literature reports a considerable number of hot Jigitéh

; o ; We briefly introduce the most exciting systems and discuss
TTV, which are often perlodld_(_S@n_el_alLZQﬂd._EQLd_etJal.the possible sources of TTVs for these pianets.

2012b).
In this work we publish TTV periods, TTV amplitudes, and
significance levels for hot-Jupiter candidateKiepler data. 2. Data selection and analysis

Transittimes &)overing Q0-Q6were published in a catalog %e selected all single companions from the second liktegfier
IFord et al.(2012B)(see Stéen et al.|(2012b) for more details), : . .
whose data set has become the basis of several TTV studi@inet candidates (Batalha etlal. 2012), and filtered thddis
The main aims of this study are to critically revisethe Fdrelle P'anets larger than Be. Then all systems with incomplete data
(2012b) catalog and to look for possible nondynamical pgses "€€0rds, too few observed minima (we required more than 12

that may cause virtual TTVs. To this end, we analyzed théastelransits of a given system for our analysis) or inaccuralétair
periods were neglected. In total, 159 candidates weretselec

1 httpy/www.astro.ufl.edieforddatakepley for further analysis. The median planet size and orbitaioglsr
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Fig. 1. lllustration of the detection of a super-Nyquist modulatio the orbital motion with Fourier analysis. Top panel: oarter
(90-d) long detail from a 600-d long simulation. Dots regr@ssampling by transits. Bottom panel: Fourier series ef@a0 d
long data set, extended beyond the Nyquist frequency. Ttualatequency and the sub-Nyquist detections are higtdihT his
specific model had an orbital (sampling) and modulationqueaf 11.21 and 4.76 days (which were taken from the ZIP code an
altitude-above-sea-level of the Budapest station of Kn&doservatory, as uncorrelated random numbers).

were 11.23Re and 5.70 days in the sample, and the longest avf all systems, we simulated a large number (20,000) of artifi
bital period was 54 days. After our vetting process the maxim cial time series, containing no signal but the noise of thgi-or
orbital period became 8.36 days (sample of 19 candidates, sal measurement. (Artificial data points had the same time co
also Tablef1l ar[d Al 1) and finally 3.2 days (sample of three sysdinates as original data, their value was normally disted
tems), so that the reduced sample contains really clos&in p around zero mean, and the errors of the observed transit data
ets, mostly hot Jupiters. points were the standard deviation of test data belongirigab

Transit times of these systems were taken from the TTme coordinate.) Test data were Fourier-transformednThe
catalog of_Ford et al/ (2012b) and were processed by standeeg¢h frequency, we observed the 0.9995 and 0.995 quantile of
Fourier analysis with thMUFRAN package h-1990). Here amplitudes, as indicators of the FAP levels belonging to the
we wish to illustrate the most serious drawback of applyhng t 0.05% and 0.5% levels. The distribution was slightly smedth
Fourier approach in such an analysis. Once the orbital pisaséo remove the local numerical fluctuations but to conseree th
modulated by a periodic signal, a periodic TTV will be obsety general frequency dependence envelope of FAP levels. Ghe hi
that is, a periodic TTV confidently proves a periodic modulaest peak exceeded the 0.5% FAP level in the case of all candi-
tion of the orbital motion. However, the period of the moduladates.
tion cannot be reconstructed from the TTV if it is shortemtha  In the next step, we explored how observational and astro-
two orbital periods. This is because transits undersamputh s physical artifacts can mimic TTV signals and whether such a
frequent variations, and the observed frequency will beliais a bias acts in the case of our candidates. We identified two pro-
of the super-Nyquist peak. This is illustrated in Hig. 1. et cesses capable of enhancing the TTV signal without any dynam
general case, this can lead to an order-of-magnitufierdhce ical reason, such as stroboscopic TTV due to sampling ahd ste
between the detected and the actual period. This is unfaleoradar activity. We discuss them in the following.
in the sense that one can practically tell nothing about éreg
of the TTV, and the detected period will only signify a lower
frequency limit for a periodic process. However, the anoplié 3. Nondynamical processes mimicking TTV signals
of the modulation can be properly reconstructed from TT\ada
(except strictly resonant cases), and the TTV amplitudebean
involved in further analysis.

The Fourier transforms were evaluated individually. The/e found that in some cases, TTVs exhibited prominent fre-
presence of TTVs were characterized by the detected pehied, quencies that can be easily explained by samplifects. Most
TTV amplitude, and the height of the detected peak above tbtthe data are long cadence, and they have a sampling rate of
noise level. We considered the planet candidates with at [e29.424 minutes. This is in the order of the duration of onel@ho
one peak higher than four standard deviations above the graansit, resulting in three to six points belonging to madsthe
level as systems exhibiting periodic TTVs. We emphasizé th@ansits. Since the orbital period is not an exact multidléhe
we do not assume a normal distribution for the noise, sincectidence rate, the consecutive transits are samplefiexedit po-
is most probably non-Gaussian. Nevertheless, the stamt#ard sitions, but the lags will evolve very regularly, thankstie even
viation can be computed for any skewed distributions, b& ogampling rate. The instantly realized sampling can intoedbi-
has to be careful when interpreting the significance leviels® ases in the transit time determination, and because of thuare
detections. evolution of the entire process, a virtual variation in Biatimes

The reliability of the detected peaks was characterizel witmay be measured. (A similar feature is seen, e.g., in tralled
bootstrap FAP levels, calculated from the timing error ichea images of asteroids, where the very regular sampling ieBué
transit as provided by the Ford et al. (2012) catalog. In #eec virtually undulating motion with a subpixel amplitude.)

5.1. Stroboscopic frequencies due to regularly-spaced
sampling



R. Szabo et al.: Hot Jupiters with TTVsikepler data

N
\,\\A/‘\
| N N

1 1 —e ,

]

relative flux

20

A -

A\ 4

-
3
[
log Prob. dens

c
<—>=|||

C-frac(P/C) &'

0 2000 4000 6000 8000 10000

Amplitude of highest OOT peak [ppm]

Fig. 2. Calculating the stroboscopic frequency in transit timings. o ) )

the orbital period and the cadence, respectivilgc means the Out-of-transit periodogram of the 159 Jupiter-sized cdatiis
fractional part. (blue dots, lower curve) and the TTV suspect sample congisti

of 36 members (red triangles, upper curve).

In Fig.[2. we illustrate the derivation of the stroboscopés
quency. Because the cadence of exposures is (obviously) fighsit times. Obviously, theffect highly depends on the actual
synchronized to transit midtimes, a systematic lag willedep  aigorithm of transit time fitting, thus in our special case,the
between the sampling structure of the consecutive trariéis  a|gorithm used to build the Ford et al. catalog. Finding ast-t
sampling comb will be fi one transit later by a time lag of ing a transit time-fitting algorithm that is optimized to alsility
|P — nC|, whereP andC are the orbital period and the cadencggainst stellar activity is beyond the scope of our papet ves
rate, anch is an appropriate integer. We know thre& [P/C]*G,  are in no position to check the lowest activity level that stifh
where [] means the integer part. There are two cases, one WR{x the algorithms in the currekiepler pipeline. We will as-
nC is slightly less tharP (by less thenP/2, see this case in syme, however, that any activity with uncommon level may be
Fig.[2.), and another one, whe is slightly larger tharP. In - 3 source of an artificial TTV signal. Because this activityele
the two cases, denoting the fractional part with ][ brackets || be a strong alert against a dynamically excited TTV, wg-s

can write gest simply rejecting such hot-Jupiter candidates fronlishef
p P P p dynamically induced TTV candidates.
P- [E] C= C(E - [E]) = C]E[’ 1) Almost all of our stars in the TTV sample show some vari-

_ _ _ _ _ ability due to rotation an@r spots in their light curves. To quan-
and following the same logic and inverting the sign becahee ttify what fraction of the TTV candidate sample is contamétat

quantity in absolute value brackets is negative we explored the out-of-transit light variation, and regised the

p p amplitude and the frequency of the highest peak in the Fourie
’p - [_ + 1] c' = C]l - _[. (2) transform. This is a proxy of stellar activity, and it alspoets

C C about any pulsation, systematics, etc., that are also alddé-t
Thus, the time lag can be written &- s if we defines = fecttransittimes. The sample of TTV suspects was compared t

min(JP/C[, 1-]P/C[). TheC - stime lag isstimes one cadence, _the sar_n_ple of all hot Jupiters. If the bla_s caused by FheIB_;CtIV
and after s occurrences (i.e transits), the initial cadence-tés Negligible, the distribution of frequencies and ampulés will
transit configuration will be repeated. This means that tree s e statistically indistinguishable in the two samples.

boscopic peak ha®/s period, hence/P frequency. Becaussis

always less than.B by definition, the stlroboscopic peak will al-3d3_ Possible influence of stellar activity on TTVs

ways emerge, but will not always be high enough to be detecte

In summary, if a transiting system exhibits a TTV period nedfo test whether there is a systematic bias in the TTV-pasitiv
P/s, this period should be considered to be suspicious, becasaenple toward more expressed stellar rotation signal lsecau
it may refer to the stroboscopic period of the system. We ¢lirof higher activity, we compared the out-of-transit signafs
inated fifteen objects (HAT-P-7b, KOI-13, 127, 183, 188, 19@he TTV-positive sample to the set of all single Jupiteediz
196, 225, 254, 428, 607, 609, 684, 774, 1176) owing to strobglanet candidates. After stitching sections together ir-Q3
scopic TTV periods in this step. Some frequencies in thetspecdata where there are no prominent gaps, and internal shifts a
of the remaining candidates were also found to be strobdscopminimal, transits and secondary eclipses were masked odt, a
a high-pass filter with a characteristic frequency at 70wlas
applied to remove long-period signals. Then we calculated a
Fourier transform of the data series. The out-of-transitti@ns
were characterized by the height of the highest frequena¥ pe
that emerged in the processed data set.

Stellar activity is a known source of TTV, because star spots The amplitude of the highest frequency peak is compared in
can modulate light curve shape, hence periodically modtltee Fig.[3 in the case of TTV positive and all hot Jupiters. Thergu

3.2. Stellar activity



R. Szabo et al.: Hot Jupiters with TTVsikepler data

Table 1. Periodic TTV detections above the level of 4 standard d®natthat survive our sequence of rigorous tests. Boldface
denotes our three best candidates. Periods in italic ar@anmiss based on the analysis of the optical light curvesettndidates.
Stroboscopic periods are omitted.

KOl R/Re P (d) M.,  Ter R TTV per. (d) Amp. (min) Sign. lev. (s.t.d.) Notes

131.01 9.61 5.0142325 1.13 6244 1.21 114.377216 0.6192 4.2 1

186.01 12.35 3.2432603 1.06 5826 0.97 13.877132 0.3888 6.1
7.2431227 0.3744 5.8

256.01 25.34 1.3786789 0.65 3639 0.52 41.755397 0.4464 4.4 2

823.01 7.89 1.028414 1.1 5976 0.96 142.897970 2.2608 18.8
59.477785 1.6272 13.0
48.562549 1.2960 10.0
84.061870 1.1952 9.0
343.28870 1.0800 8.0
19.033480 0.8784 6.2

882.01 12.17 1.9568102 0.93 5081 .79 41.879554 0.5328 6.4 2

897.01 12.41 2.0523497 1.07 5734 1.03 81.973932 0.3888 4.7 2

977.01 63.45 1.3537763 0.21 4204 16.48 101.522843 12.2832 5.6 3
20.029644 9.6768 4.0

Notes. (1):[Santerne et &l (2012), Préa et al. (2011),[(2): Batethal. [2012) V-shaped (3): Ford et al. (2011) phase linkeihtions, a: During
the revision of this work slightly dierent stellar radii have become available in the MAST datalfar most of our candidates, but we decided
to stick to the values published earlier for two reasonst, finsorder to have consistent masses that were not updatedesmond, because the
changes are small and do not influence our conclusions in agy Ve only exception is KOI-882, which had a radius of 0.2pbReviously.
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Fig. 4. Upper panels:Fourier spectra of the transit timing variation of our bemtdidates. The horizontal dashed lines show the
5 s.t.d detection level, while the curves denote the frequélependent, bootstrap false alarm probability (fap) efkpeetections.
Spurious peaks are denoted by vertical dashed lines in #eeafdOI-186 Middle panels: Folded TTV curves by the best periods.
In case of KOI-977 the highest, 101.5 day peak was useder panels: Transit shapes of the best candidates.
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is log-scaled, to emphasize thdfdrences that mostly emerge in ~ We also plotted the folded TTV curves with the fitted peri-
the wings of distributions. Evidently, the two samples adféed- odicities in the middle panels. In the case of KOI-977 wetglbt
ent for out-of-transit variations, and stellar rotatioreigressed the fit with the 101.5-day periodicity. To assess the reliigbi
more in a subset of the TTV-positive list. The smallest amplof the period detections of our best candidates, we perfdrme
tude peaks were observed at around 300-500 ppm amplitlittelihood ratio test, according to Lupidn (1993). Thisttemkes
in the large sample, while three of our TTV-positive cantikda use of the deviance (often denoted as D) defined as

had peak amplitudes below 400 ppm (these are: KOI-186, 897,

and 977), which are therefore the best TTV-positive cartdigla D = —~2logLo — 210gLmode» ©))
those leastféected by stellar rotationfects. . ,

We note that the frequency of the out-of-transit peak where the Iog_ terms represent the Iog_-llkellhopd of the fitted
widely separated from the TTV frequency in practically aises "Ull hypothesis and the model, respectively. D is companeal t
of the TTV-positive hot Jupiters with expressed stellararotX -distribution with a degree of freedom that is théeiience of
tion (see the discussions for each individual target in B€R). the degree of freedom (dof) of the. mdmdua! fits. In our gase
Therefore, one cannot make a direct link between TTVs arid st'€ null hypothesis was the zero signal (having one paramete
lar rotation. However, based on the amplitude distribugjan -€- the mean value), and the fitted model was the monoperiodi
indirect connection seems to exist. In summary, we vettezbth Signal with three additional parameters (the assumed gherfio
TTV candidates (KOI-412, 822, 895) solely on the fact thatith the TTV, and its best-fit amplitude and phase). Thereforedhe
transit fits may be influenced by the rotational light vadatpf —culatedD statistics were compared tgcd-distribution of 3 dof.
the host star. Some other stars showing strong rotatiogatsi | "€ resultingp parameters (showing how likely random fluctu-

were found to be false positives or eclipsing binary systéergs ations can mimic at least as strong a signal as we detected) we
KOI-1003 and KO|-1152) p = 00027, 00004, and M0O02 for KO|-186, KO|-897, and

KOI-977, respectively, which is independent evidence f ple-
riodicity in the measured TTVs. We note that the origin of the
4. Results higherpin the case of KOI-186 might be the presence of the two
) ] ] N ~ additional frequencies in the TTV spectrum (one strobomcop
Thirty-six systems out of the 159 were identified showing-perand the other related to the stellar rotation).
odic TTVs. Fifteen detections showed stroboscopic peroodis Finally, in the lower panels of Fidl 4 the transit shapes are
(Sec[3.1), and two additional systems were excluded fr@n thotted for our best candidates based on available Q0—-@6 dat
beginning, because the TTV period was found to agree with thie same detrending method was applied a5 _in_Szabb et al.
rotation period of the host star: (KOI-883) and Kepler-1#t-(  (2011). The orbital periods were taken frdm Batalha bt al.
merly KOI-203 [ Désert et all (2011)). Of the remaining dand(2012). The large scatter in the case of KOI-977 is primatilg
dates, 19 candidates show TTV peaks that are convincingly {g the large size of the host star (for discussion see inSEd)4
from the stroboscopic periods and also they were not sugdiesind to the correspondingly smaller observable transitrd&fie
to be blended objects. We introduce these systems in tt@voll have found no indication of a possible diluted eclipsingaiyn

ing section. . . scenario in these cases.
We found that the TTV periods of three more objects are

related to the stellar rotation period (SEC.]3.2) based eir th o
Kepler light curves (KOI-412, 822, 895). During the revision of#-1. Remarks on individual systems

this paper, some of these candidates were also rejectetsas fl@lost of our candidates in Tabldg 1 afd A.1. are listed in

positives or reclassified as eclipsing binaries. Thesetegeob- [(2011). We onl : ;
! . . . . . y refer to that paper in the tables if
jects from the sample of 19 candidates are listed in TaDIé A provides relevant information in the context of this work

Until this writing, there are seven TTV-positiidepler tar- e g -
gets that have still survived as planet candidates. These Su;pkgsmgly, afew of these systems exhibit multiple freqey

listed in Table[1l. The tables contain stellar and planetary Of the systems listed below, KOI-189, 897, and 977 show

rameters taken from the PlanetQuest weBsitéese are com- . :
patible with the values frorm B kietlal (2011), the Keplethe least prominent rotatiorffects, therefore these are our best

candidates. The periods of the best candidates are 14, 82, an
Input Catalogl(Brown et al. 2011), ahd Batalha etlal. (20P). . U 1 e
Batalha et dl.[(2012), however, the KIC values were improle 1.5 days. Since the detected TTV period is only an uppér lim

. . . r the actual period of the modulations, it may be that the ac

b]y matching them :tol: t! heszonsel-l Yale stellar evolution mede ual periods are shorter than the detected ones (even anafrde
D ron r £ 1h .2 d'r(; ILO_JiS). d that th magnitude dierence can easily be suspected). The amplitude of

ut of the seven candidates we found that three SySterigyq is |ess than one minute in two cases (KOI-186 and 897)
namely KOI-186, 897, and 977, are the best ones based on theif 1 5 inutes for KOI-977
clear separation of the frequencies resulting from pre&lyna ’
stellar variations and other remaining TTV periodiciti€lse fre-
quency spectrum of the TTVs of our best candidates are shodm.1. Best candidates
inthe upper panels of Figl 4. The detection level for five dead KOI-186 This Jubiter-sized planet orbit lar-t ¢
deviations (s.t.d.) and the false alarm probabilities fay levels 122 ISW Ufpl er(—jstlrz]e p_ani_ ort s .ad.s‘?tf"‘r' ype slar
(0.005 and 0.0005, the latter corres_plondmg to our 5 sad) (3_87.7 7'\%3{'3 edoflnSSSrze S|gr_|1_|h|ca}n tp.erlfo |c:j|<tas,bnarrge)t/)
also shown. We note that al_though it is more ]udICIOU_S to _con]l- o0 m than ' q ays. ihe las 'f ‘t)#n o be zdroto_
pute the false alarm probability levels to assess the sigmitie lscc’p'f’tw ne _edse7cgzd°ne Is very CI Offe 't?] ?I"Fl){/esumdm ste
of the individual peaks, the relative flatness of the fapleire 1 rotation period (7.84 d), so we are left with a candeia
dicates that the actual noise distributions are not far ftben [€aturing a single periodic variation with 13.877 days péri

Gaussian in our cases. The star exhibits a low-amplitude (338 ppm), long-perioat- 0
of-transit variation with a 94-day period, which is likelgde-
2 httpy/planetquest.jpl.nasa.gtxepley pendent of the TTV signal.
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KOI-897 This planetary candidate is slightly larger than Jupiter 102
and orbits a close-to solar mass host star with a period & 2.6
days. There is a single period in its TTV Fourier-spectrurthwi .00 | 1
82.0 days, while another peak of 4.45d is found to be strobo-
scopic. The highest peak out-of-transit has a relatively dm- 098 - 1
plitude of 338 ppm and a period of 115d, making KOI-897
serious target for a dynamically caused TTV.

KOI-977 The host star of this object has a mass @fl0M;, and
aradius of 1648 R, with an dfective temperature of 4204 K ac-
cording to the Kepler Input Catalog. The nature of this stasw
corroborated by Muirhead etlal. (2012), who clearly idesdifi o2 - 1
it as a giant based on near-infrared spectroscopic obgangat
The radius of the companion is correspondingly large4 5 8¢, 080 - 1
the largest in our sample. The mass estimate of the hostsstar i
obviously too low, most probably a result of the procedusd th  oss o pros o e - o pros
was optimized to select main-sequence targets forktapler BID - 2.454.833

Mission. Since the stellar parameters for KOl 977 seem suspi

cious, the hot Jupiter classification of this candidate maynb Fig.5. A small part of theKepler light curve of KOI-1152,
question. Two significant frequencies were found in the TT¢learly showing transits and secondary eclipses. The siecpn
spectrum at 101.5 and 20.0 days. eclipses occur at phase 0.34, indicating an eccentric.orbit

normalized flux®
o
©
(<)
T

0.94 - 1

4.1.2. Other candidates trum of the transit timing data of this object is located ekeat

KOI-131 [Santerne et al[ (20112) observed this object as part i€ Nyquist-frequency, i.e. twice the orbital period of fianet.
their large spectroscopic follow-up program kEpler planet We cannot exclude a signal resulting from a resonant objitist w
candidates. They found a relatively fast-rotating exoptdrost 1:2 mean motion resonance in the system. The amplitude of the
star withvsini = 27+1 kms? and placed an upper limit of TTV is uncertain for the same reason.

14.3M; on the mass of the companion. The authors note tH&P1-822 For similar reasons to the case of KOI-412, Q5 data
both the planetary and blend scenarios are compatible gih t are is missing. Strong rotational modulation is seen in ijtet |
data. In addition, the object is listed in tKeepler eclipsing bi- curve with about half the detected TTV period, as well asis i
nary catalog/(Prsa et! 11) with twice the orbital perithis harmonic, so it may influence the transit timing measurement
is presumably because of the slightlyfdient depth of the odd Therefore we flagged this star as an uncertain case.

and even minima based on the phased light curve on the w&§)1-883 Based on its KIC-parameters, the host star is an early
sitdl. KOI-131 is listed as a planet candidatelin Batalha et dype K dwarf. We found two peaks in the Fourier spectrum of the
(2012) as well. The highest out-of-transit peak has a 86 @ay firansit times of its companion (6.6 d and 9.1 d). The 6.6 d peak
riod for this system. Therefore it is likely that the TTV obged uncomfortably close to the alias caused by the samplifege

at 114 days period is not related to brightness variatiortaef While the latter coincides with the rotation period derifesin

host star. We conclude that although this object passewuall #s light curve presumably caused by the presence of a spot or
test, it is not a strong hot-Jupiter candidate based on thi-avSpots. Thus, this object is no longer a candidate showiriggier
able information. TTVs. We decided to leave it out of Table_A.1.

KOI-256 According ta_ Muirhead et all (2012) the host star is KOI-895 is a single-period companion around a solar-mass star
metal-rich M3 dwarf. Their measurement significantly reetlic with 11.4 d TTV period. The stellar rotation, however, cesat
the size of the planet candidate from 25.34 to 5.60Re com- a periodicity of 5.6 d, which is almost exactly half of the TTV
panion shows a single 41.8 d periodicity in its transit tigiin ~ period. This renders the main TTV period questionable.
KOI-823 This object fell on the dealepler module in Q6. It KOI-1003 This is a monoperiodic TTV candidate with a long
shows complicated, multipeaked Fourier-spectrum. Whitaes  but highly significant period (277 days). The activity leeéthe

of the peaks are close to peaks seen in the light curve itsgliér is very high, and it ma%ct timing, so may result in a
(142.9,59.5, 19.0 d, 1.02 d - which is the highest out-afigia  TTV. Most important r 2) list this objecsa
peak), others are found to be independent of stellar andlsampan eclipsing binary.

effects. KOI-1152 A larger-than-Jupiter companion orbits an early M1
KOI-882 Single-periodic TTV candidate. The long period seedwarf (Muirhead et al. 2012)). The star shows a three-day ro-
in the TTV (41.9d) is unlikely to be disturbed by other relatation period. Besides the deep transits, the secondaryrain
tively long-period periodicities found in the light cuntlg clos- (occultation) are also easily seen. In addition, the orbithe

est one is 37.1d. The highest out-of-transit peak with 3.98-d companion is obviously eccentric, since the secondarpsedi

riod has 7300 ppm amplitude, and alerts for severe actifity @re detected around the 0.34 phase instead of 0.50 (sdg)Fig. 5
fects. However, it is not clear how the long period TTV sigisal The lagged occultation refers to a minimum eccentricity .@60
affected by such a short rotation period. (Sterne 0), or more recently Eq. (2)in_ Dong ét n13)
The circularization time scale for this systemrig. ~ 120—

. , 270 Myr, assuming a planet mass of 1;,M tidal quality fac-
4.1.3. Rejected candidates tor of 1(°, and other necessary system parameters as derived in
KOI-412 Data from Q5 is missing because the target fell on tH/C and inBatalha et all (2012). The shorter time scale agsum

failed Kepler Module 3. The highest peak in the Fourier spec@n eccentricity of 26, and the longer time scale is tee~ 0
limit. Because the circularization time scale is much ldsmnt

3 httpy/keplerebs.villanova.edu the expected lifetime of aM, = 0.58Mp star, it is reasonable
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that the system is older thawg;c, and the eccentricity is main- planets in the system, which are not observed in transits be-
tained by a dynamical process. Therefore, this system i®d gaause of the viewing geometry. A known case for a nonsingle ho
candidate for having an outer companion that perturbs thie. or Jupiter is in HAT-P-13, hosting a hot Jupiter and a distang-ma
Ofir & Dreizler (2012) classify this object as an eclipsingdniy. sive planet on an eccentric orbit, which is not observedindits
KOI-1285 The optical light curve of this multifrequency TTV [.2010). In the Batalha €t al. (2012) catalog3@fl2
candidate shows peaks close to the 53 and 70d TTV periodigianet candidates, there are several examples of hot dupite
ties. This is an active star, exhibiting an out-of-trangtjuency in multiple systems, e.g. KOI-338, a system with two planets
at 1.07 d with 1450 ppm amplitude; however, this peak is farhere both are hot Jupiters. KOI-94 consists of four tramgit
from the detected TTV signal. Based on the latest releadeeof tandidates, one hot Jupiter, two hot Neptunes, and a hot-supe
list of KOls, it is a false positive. Earth, KOI-1241 hosts a hot Jupiter and a hot Neptune. WASP-
KOI-1382 This system shows two very clear periodicites (witd2 is a candidate for a two-planet system, where the TTV $igna
34.4 and 17.4 days), close to, but not exactly at, a 1:2 periotithe transiting component and a slight modulation of riacka
ratio. The rotation period of the M, host star is 4.8 days. This locity data both suggest a second compariion (MaciejewsH| et

is another false positive. [201B).

KOI-1448 According to Batalha et all. (20112), the system con- However, as the lefthand panel of F[d. 6. shows, the dis-
sists of a relatively large companion €R24.25Re) orbiting a tribution of hot Jupiter candidates with TTV is veryfigirent
solar-like host star with a relatively strong 11.18d perioV  from the distribution of planets in multiplanet systems phr-
signal. However, lately it has been found to be a false p@siti ticular, very few multiple systems exhibit planets abowe lihe
KOI-1452 The size of the companion of this star is twice thaR/Rg > 5/P/day. On the other hand, all TTV hot Jupiters re-
of the Jupiter. The system exhibits multiple TTV period&st side above this line, therefore they are compatible withdilse
The 74.4 and the 58.3 d peaks are close to peaks detectediiiution of non-TTV, single hot Jupiters. One could arghatt
the Fourier spectrum of the photometric light curve, theref massive, nontransiting companions on an inclined orbitpean

are ambiguous. The stellar rotation period is estimate@t®.5 turb the transiting planet, but in this case, the planetst raiss
days based on thepler light curve. The system survived allbe close-in types to support the median detected TTV pefiod o
our criteria, and it would remain a strong multiperiodic TT\50 days, and these planets would also show up in radial veloc-
candidate. Mazeh etlal. (2013), however, concludes thatahi ity planet-searching surveys. This point is discussed taibie
eclipsing binary system. Steffen et al. [(2012c). We note that these systems would look
KOI-1540 If indeed a planet, this is one of the largest candirery diferent from, e.g., HAT-P-13.

dates in our vetted sample with almost three Jupiter radius,

biting a solar-mass star. One of the six significant peri@8s)

is found to be spurious from the light curve analysis. Théquer 5-2. Are there exomoons out there?

mtahplz;rl\iz (t(:“:ss ;ﬁggsrgnmfge) ,avsvr:(i)cnhgi Sa i_tzhgsocrflttﬁ :afe?:;:: ao nother — however, still unconfirmed — explanation of TTVs is

biguous. According to Ofir & Dreizler (2012) and the IatestIinrEQg_resemie of moons.pu_mping TTI Vs (S{:lrt(_)ref[ti & %((:)gnle_ilgher
release it is not a bona fide planetary system. 1 Szabo et 8. 2006: Simon et 007; Kiping 2009%

KOI-1543 According to our analysis, KOI-1543 is a monoperi?XpeCted rate of a TTV can be estimated if we assume that the

; ; . . satellite has no sign in the light curves, but that it orfigets the
qdlc TTV candidate with a 3.96 d Orb'tl anda 9.7'00 dTrv P&t ansit time of the planet. In this case, the TTV'’s full anypdie is
_rlod around a star of.06 M, mass and 86 R, radius. However, asMsP(naMp)‘l Wwherea, anda are the semi-major axis of the
Eg’quesiglflfgp bebz_a fatlsf,e F;OS'“V?H ichest ¢ f transs tellite and the planet, Mand M, are their mass, respectively,
el IS object teatures ne richest spectrum of ransif, 4 p js the orbital period (Sartoretti and Schneider, 1999). For
timing variations in our sample. Three frequencies (6254, 3,

74.3 d) are uncertain, because these appear in the light esrv order-of-magnitude estimate of the expectéelots, we as-
well, another ten peaks reach the four standard deviatici.le signed 1 Mjmass to the planet, 1 #mass to the exomoon, and

. o . S~ assumeds = ay, 1.e., the moon orbits at the Hill-radius. With
0 E E EI t S bl [
'So‘;gtzrrgmg to Mazeh IL(2013), it is also an eclipsing bJ'nathese assumptions, TTV caused by a moon can be calculated as

a function of the orbital period of the planet.

In the righthand panel of Fil] 6, we plot the measured TTV
amplitudes for the hot Jupiters. Systems with multiple Tevip
ods are plotted with dlierent symbols, and they follow the same
Observing periodic TTV variations in hot Jupiters has been-c trend as the monoperiodic systems. The linear model ovisrplo
pletely unexpected in light of the loneliness paradigm, @ndthe expected TTV amplitude of dupiter + Earth system. We
would imply that one of the following three scenarios acts ieonclude that the distribution of TTV points above an oflpex
systems with hot Jupiters, anffects the transit times: riod of two days follows a similar trend as the model, but for

shorter orbital periods, TTVs significantly exceed thisdice
— systems with transiting hot Jupiters having non-trangijtintion. However, TTV can be underestimated by a factor of 2-5
massive close-in planets on highly inclined orbits; based on the Sartoretti & Schneider (11999) assumptions; esp
— hot Jupiters with significant TTVs host large moons; or  cially when the moons are quite large ($ee Szabdl €t al. [j2006
— some other, still unidentified source of periodic TTV is ifSimon et al.|(2007)), and the detected TTVs may be explained
action. with less massive exomoons.

An argument against the exomoon scenario is that at least
some fraction of hot Jupiters should have distant and massiv
moons to explain our findings. Although the existence ofdarg
Hot Jupiters are not necessarily single. If that is the cpse, (M>1 Mg) exomoons is an attractive possibility, an appropri-
riodic TTVs may be tracers of perturbations from additionalte — still unknown — scenario needs to address the formation

5. Interpretation

5.1. Are there more planets out there?
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Fig. 6. Left: Test for singleness of TTV hot Jupiters. Stars: multipleesyss; crosses: single hot Jupiters; large dots: hot Jaspiter
with significant TTV. The line shows the upper boundary oftbgion occupied by known coplanar multi systeiRight: Test for
moons. Large dots: hot Jupiters with single TTV periodic#tyars: systems with multiple frequencies taken from TablEhe line
plots the expected TTV amplitudes assuminigl 1 planet with a IMg moon orbiting at the Hill radius.

of large exomoons around hot Jupiters. Besides the origin a2012¢) focused on long-term TTV periodicities is that isatvh
prevalence of such systems, any interpretation also fadwes one physically expects for near-resonant configuratiome T
question of stability. Hot Jupiters with a moonfiar tidal forces sensitivity to nonresonant perturbations is dramaticatiuced.
from both the star and from the close-in, massive exomoom. A3 hus, it is a priori unlikely to find dynamically induced TTV
consequence, the rotation rate of the planet evolves, andrth signals with short periods.

bital distance of the exomoon can swing very significantties The diverging results of these studies are alerting sighats
toward spiral-in, or escape, or oscillation, or chaoticdaebr even currently available data are ifiscient for firm detections
(Barnes & O'Briefi 2002). Considering this argument, ondaou(especially for long-period variations). In spite of thiesting
raise a reasonable doubt about the assumption of massive gthods and seeking TTV candidates are in the forefront bf ho
omoons around a significant fraction of hot Jupiters, thoiighJupiter studies.

may be possible to observe such moon-planet systems that are

young or formed in exotic scenarios, such as capture.

5.4. Summary and conclusions

5.3. Comparison with independent studies In this paper, we have shown that
During the submission process of this paper, Kipping et al- Equidistant sampling leads to periodic, artificial TTV sigsm
(2013) published a set dfepler planet candidates, seeking for  in Kepler exoplanet photometry, and data analysis must be
scenarios that are compatible with moons. The two studies ar cleared for the stroboscopiffect;
based on dferent methods: Kipping et al. analyzed TTV distri- — Stellar rotation and activity can also be linked to TTV sig-
butions, and here we applied a period analysis. The two eandi nals and, in many cases, can mimic a virtual transit timing
date lists are also disjointed, becalise Kipping el al. (p0d-3 variation that is still nonphysical;
stricted their analysis to candidates smaller than sixtE@dlii.  — In the case of three Kepler targets (KOI-186, 897, 977), a
There are nevertheless prominent similarities betweerivibe periodic TTV signal is measured that is a nonstroboscopic
studies: neither we nor Kipping etldl. (2013) succeededrimyir signal from relatively anactive stars, and might have a dy-
concluding that TTV signals have a clear dynamical origin, a  namical origin.
though a few strong candidates survived all tests.
Mazeh et al. [(2013) have followed a similar approach to [Santerne et all (2012) have recently estimated that thefate
ours, and during the revision of this paper published andigte false positives among short-period Jupiters in Kepler sam-
of candidates based on an extended time base up to Q12. Spieecan be as high as 34.8%6.5%. In the framework of their
of our candidates (especially the multifrequency TTV oras) radial velocity follow-up survey, none of our candidatesreve
confirmed, a few are found to be false positives, but othexs aonfirmed as planets, but a few were rejected as discussed in
not mentioned as significant detections by Mazeh et al. (R013Sec[41l. Previously, Morton & Johnsan (2011) estimate @ rat
Stefen et al. [(2012c) conducted an independent analysistbat is closer to 5-10 %. Depending on which value is taken,
find TTV variations and a photometric search for additiorett the number of nonplanetary candidates may be between one and
sits inKepler systems containing hot Jupiters based on the saisig in our sample of nineteen hot Jupiter TTV candidatespeve
data we used (Q0-Q6). They conclude that there is a sigrifforown dwarfs are permitted. More follow-up observatians
icant diference in the presence of additional components l&early needed to settle this problem. It is worth noting tiea
tween hot Jupiters and other populations (warm Jupiters, legntly nine in this sample were found to be eclipsing birsoie
Neptune candidates), which may be the consequence of thlter false positives (Ofir & Dreizler 2012; Mazeh et al. 2013
different dynamical histories. They failed to identify thosa-ca It is remarkable that except for KOI-977, which should be an
didates that were retained as showing short-term or otgeifsi evolved star orbited by the largest substellar companiaruin
icant (most probably multifrequency or nonperiodic) TTWiva sample as we discussed in 9ec] 4.1, and for KOI-256 which is an

ations by Mazeh et al. (2013). (One such example is KOI-882 M dwarf hosting a large Jupiter-type planet, the remainiug fi
our final list of seven TTV candidates.) The reaEEEEEi al. of our best candidates in Tallé 1 are very similar, both in the
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parameters of their host stars and in the parameters oftthair Lupton, R. 1993, Statistics in theory and practice, Primeédniversity Press
siting hot Jupiters. The stellar masses are slightly abolar s Maciejewski, G., Dimitrov, D., Seeliger, M., et al. 2013Xar.1301.5976
(ranging form 0.93 to 1.13 M), while the corresponding radii Mzggeﬁs""\iaecﬁn'f;’?ag”'HFEIYC';{::%% sé't' g %fg%bﬁf‘ﬁég%
(0.97-1.21 R) suggest main-sequence objects. The size of tgon T p. & Johnson, J. A. 2011, ApJ, 738, 170
companions point to ‘canonical Jupiters’ in the 7.9-12.4tlca Muirhead, P. S., Hamren, K., Schlawin, E., et al. 2012, A0, T.37
radius range. The orbital periods are between 1.0 and 5 dayfir, A. & Dreizler, S. 2012, arXiv:1206.5347
If the seemingly periodic TTV indeed has a dynamical origirf;5& A., Batalha, N., Slawson, R.W., etal. 2011, AJ, 181, 8
then maybe it is not a coincidence that we find objects withsugan o £+ 2% 8. = Vottos, %&‘231233’125’5%&“ SA36
similar architecture and so any explanation should als@aefl simon, A', Szatmary, K., & Szabo, G. M. 2007, A&A, 470, 727
this tendency. We note that the TTV amplitudes of most of tteeefen, J. H., Fabrycky, D. C., Agol, E., et al. 2013, MNRAS, 42871
best candidates are considerably smaller than the TTV amSfieten, j : EabéyCEkyé D-RC-, FOde,FE- ?']etzfa)lizzt?l:aj l\gfglgAlgé@“
tudes of most systems confirmed or characterized by TTVs ( 321 T Roe:gézz'iné', D?lere‘é\b}yc'l’(; o C. otal gdlZc, g of the
Holman et al I-(;OJOL—S—@n—e—La”-(LOJS)) National Academy of Science, 109, 7982

In many cases we suspect that the Q0-Q6 data set is SimPlyne, T. E. 1940, Proceedings of the National Academy iefie, 26, 36
not long enough to assess the real TTV behavior of our cafrabd, G. M., Kiss, L. L., Benkd, J. M., etal. 2010, A&A, 5784
didates. Longer observations and ground-based followeaps Szab0, G. M., Szabo, R., Benkg, J. M., et al. 2011, ApJ, £86
confirm the nature of the TTV-positive hot Jupiters. With thg?220 & M., Szatmary, K., Diveki, Z., & Simon, A. 2006A, 450, 395
help of furtherKepler short cadence observations, or even with
accurate transit photometer with large telescopes appiyinch
denser sampling thalkepler, sampling &ects in long-cadence Appendix A: On-line table
data can be eliminated. If the physical nature of the obskrve
hot Jupiter TTVs can be confidently confirmed, only dynamical
explanations survive: additional planets on exotic orbitshe
exomoons.
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Table A.1. Rejected periodic TTV detections in orepler hot-Jupiter candidate sample. The vetting was based edharongravitational
processes at work (e.g. stellar rotation) th@et the transit time determination or on the reported impdaostatus (false positive giod eclipsing
binary) of the candidates. Periods in italics are ambigubased on the analysis of the stellar optical light curvethefcandidates. Stroboscopic
periods are omitted. In the last column we refer to the catisgjection FP: a false positive based on the 2013 Januargteddaelease of Kepler

Objects of Interest.

KOl R/Re P (d) M. Tert R TTV per. (d) Amp. (d) Sign. lev. (s.t.d.) Remarks
412.01 6.72 41470197 1.09 5584 1.17 8.29 >1.4544 >4.1 rot, 1
822.01 9.79 7.9193704 1 5458 0.74 24.523629 1.7424 7.4 rot
895.01 10.51 4.4094114 1.04 5436 0.93 11.436544 0.432 51 rot
1003.01 10.84 8.3605703 0.96 5126 0.8 277.700639 2.9808 @B EB, 2
1152.01 15.97 4.7222521 0.58 4069 0.55 20.868549 0.7056 99 FPEB,2

11.810977 0.5616 7.5
1285.01 6.36 0.9374439 0.98 5278 0.83 374.812594 5.8608 1 65. FP
106.826193 1.9440 20.3
162.786912 1.4976 15.2
53.455926 0.5616 45
70.229651 0.5472 43
1382.01 22.64 4.2023359 1.1 5921 1.07 34.449497 1.4688 17.8FP
17.397961 0.9792 11.3
1452.01 22.39 1.1522169 1.27 6834 1.76 30.290180 2.1312 6 37.EB,3
6.308352 1.8144 31.7
4.802105 1.2960 22.1
74.432453 1.2672 21.6
144.927536 1.1952 20.3
44.359668 0.5328 8.1
58.309038 0.5184 7.8
192.864031 0.4608 6.7
50.584248 0.4320 6.2
1448.01 24.25 2.4865874 1.08 5658 1.17 11.177805 0.9360 8.4FP
1540.01 31.64 1.2078535 1 5390 0.77  390.015601 0.6192 9.5 EEER
55.962841 0.5904 8.9
2.426855 0.5904 8.9
44.640864 0.5472 8.1
2.485046 0.4176 5.8
32.99894 0.3888 53
1543.01 13.69 3.9643337 1.06 5821 0.87 96.99321 0.4464 91 P F
1546.01 9.92 0.9175471 0.93 5505 0.86 141.74344 5.3136 77.6B,3
62.63702 2.7648 39.5
357.90981 2.2752 32.2
74.32181 1.4976 20.6
230.36167 1.4544 20.0
107.71219 1.3968 19.1
44.161809 0.9216 12.0
55.694793 0.6912 8.6
33.392326 0.6480 7.9
86.625087 0.5472 6.4
36.549708 0.4896 5.5
10.897400 0.4464 4.9
21.113973 0.4176 4.5

! the peak close to the Nyquist-freq., i.ePg,

2 Classified as eclipsing binary by Ofir & Dreizler (2012)
3 Classified as eclipsing binary by Mazeh etfal. (2013)
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