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ABSTRACT

Context. The CoRoT satellite searches for planets by applying thesiranethod, monitoring up to 12 000 stars in the galactio@la
for 150 days in each observation run. This search is con&ainby a large fraction of false positives, caused Iffedént binary
configurations that might be confused with a transiting ptan

Aims. We evaluate the rates and nature of false positives in theeC@Roplanets search and compare our results with semiieapir
predictions.

Methods. We consider the detected binary and planet candidates ifirshéhree extended CoRoT runs, and classify the results of
the follow-up observations completed to verify their plmg nature. We group the follow-up results into undilutéudbies, diluted
binaries, and planets and compare their abundances wilicpoms from the literature.

Results. 83% of the initial detections are classified as false passtivsing only the CoRoT light-curves, the remaining 17%irequ
follow-up observations. Finally, 12% of the follow-up cadates are planets. The shape of the overall distributidghefalse positive
rate follows previous predictions, except for candidatés wansit depths below about 0.4%. For candidates withsitadepths in
the range from 0.1 - 0.4%, CoRoT detections are nearly camed this dierence from predictions is probably real and dominated
by a lower than expected abundance of diluted eclipsingigina

Key words. Techniques: photometric — binaries: eclipsing — planesgisfems

1. Introduction

* The CoRoT space mission, launched on December 27th 20d8!€ COROT (Baglin et al.. 2006) Exoplanet Program is devoted
has been developed and is operated by CNES, with the cotitribu t0 @ planet search by the transit method. In each pointing it
of Austria, Belgium, Brazil , ESA (RSSD and Science Prograym observes up to 12000 targets inffdrent fields close to the
Germany and Spain. Galactic center and anticenter. Detections by the transihod
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are contaminated to a large extent by ‘false positives’- prdable 1. Number of observed targets, detections, follow-up can-
duced by sources other than transiting planets. Becaubesét didates and solved follow-up candidates in each field.

false positives, a sequence of tests - as originally owtlioyg
Alonso et al. [(2004) - is employed, beginning with detailed r
visions of the detection light-curves, and continuing far-s

viving candidates with follow-up observations, to eitheject #targets #det. % det. # cand. # solved
them as planetary candidates or verify their planetaryreatu "|r;01 9872 230 33 39 19
Results from these tests provide also in many cases insights LRa01 11408 299 B2 45 6
the nature of the sources of the false positives, which ane ge  Anticentet 19878 499 &1 80 24
erally produced by one of several kinds of configurations in- Center (LRc01) 11408 226 .98 42 25
volving eclipsing binaries (EB). Hence, we obtain resulisut Total 31286 725 &2 122 49

the population of these systems, which may be useful to the
study of the distribution of binary systems, and for thelwal * Note that the two runs in the anticenter direction, IRa01lzRd01
tion of the expected number and nature of false positivepin u  overlap partially, with 1402 targets, 30 detections, 4 cdaies in
coming and planned space missions for transit searchels, suc follow-up and 1 solved follow-up candidate in common.

as Kepler|(Borucki et al., 2008; Gautier et al., 2007, forugad-

based follow-up), TESS (Brown & Latham, 2008), and PLATO

(Catala & the PLATO consortium, 2008).

ALL DETECTIONS

2. The sample of candidates 200 ]
CoRoT fields are located close to the Galactic plane. CoRoT ]
obtains photometry for up to 12 000 stars simultaneousliR-of
band magnitudes between 11 and 16. The photometry is oltaine
from onboard aperture photometry by means of large aperture
masks, with a size and shape adapted to the lpsef its ex-
oplanet focal plane, where 50% of the flux is contained in an
elliptical area of about 35 23”.

Previous ground-based observations characterized all the
possible targets in each field (Deleuil et lal., 2009); dutimetar-
get selection, this allowed preference to be given to likilxarf
stars and hence to maximize the probability of finding a tran- A
sit. For the brighter targets, CoRoT provides photometrg in 0.01 0.10 1.00 10.00 100.00
different uncalibrated ‘colors’ that can be used to reject pilane Transit Depth [%0]
candidates.

In our present study, we used data from the first three londeig. 1. Number of candidates found by the detection program,
CoRoT observing runs, on which a significant part of the candiandidates in the observational follow-up program and eand
date follow-up was completed, i.e. the ‘Initial Run’ IRa0456 dates with solved follow-up observations. Candidate nusbe
days in the anticenter direction) and the first two ‘Long Runsare given in bins of a width of 0.25 log(transit depth); chrose
lasting about 150 days each, which targeted the center a&nd ithorder to make this graph appear similar to Higs. 2[and 3.
anticenter (LRcO1 and LRaO1, respectively). We did not con-
sider data from the Short Runs’ since results from their izatd
follow-up program remain largely incomplete. Several gt Table 2. Classification of the solved candidates from follow-up
Teams’ studied CoRoT light-curves for planetary transitsp observations.
finding by coincidence a large number of EBs. A description
of this detection fort and the properties of the entire sample
will be given by Barge et all (2009). Detection results asoal

200 -
z ]

100 -

FOLLOW-UP

soLveD

described in more detail by Carpano et al. (2009) for the IRa0 5; Solélése:\;g?c);(;”ow' Number | Classification Number
observing run data and by Cabrera etial. (2009) for the LRcOtgg7 3

data, descriptions of the later runs being in preparatidindé: SB2 5 | Undiluted binary 18
tections from the light-curves (planets and EBs) are inetlich BlendTriple 51 . _

a commondetection list. Most of these detections are then re- contaminating EB 19 Diluted binary 25

jected by means of an analysis of the light-curves, taking in ~Planet 6| Planet 6

account the depth, duration, shape and color signatureng@mo ~Total 49 | Total 49

others, and become classified as unspecified binary systems (
details of this procedure see Carpano et al., 2009). Theinema
ing candidates are classified in terms of their “planethifless”,
and forwarded to the observational follow-up. For the threes
considered, this amounts to 122 candidates wiffedknt prior-
ities. For each of these runs, Table 1 shows the numbers of ob-

served targets, detections from the light-curves, catelidaith mately constant (see Figl. 1), without significant dependemc
follow-up programs, and candidates whose follow-up progra the transit depth, except for candidates with depths abéte 5
have finished. We note that the ratio of candidates with ¥allo which were normally not selected for follow-up because they
up programs to candidates with finished follow-up is approxare obvious binaries.
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3. Classes of false positives from follow-up
observations

The main part of this study centers on an interpretation ef th
results from the observational follow-up, since only thessilts
provide sufficient detail to ascertain the nature of the false posi-
tives.

Brown (2003) completed the pioneering work on the types
of false positives expected in transit searches. Discogiiiilse
positive sources based on observational or instrumental ar
facts or produced by statistically possible coincidendemse-
features in low-amplitude detections, such sources arelatied
to eclipsing systems. The main types of false positivestae t
EBs that are observed directly ('undiluted binaries’), dtigis
whose light is diluted by a nearby third star, which might be
physically related to the system (triple star system) or teu
lated, with a third star being close to the line of sight toliheary
system. Typically, this third star is brighter than the lbjnand

Probability

0.012 ]

0.010
o.oos—f
o.ooe—f
o.oo4—f

0.002 -

0.000

ALL DETECTIONS

DILUTED BINARIES
R ~ UNDILUTED BINARIES

- PLANETS

0.01

0.10

1.00 10.00 100.00
Transit Depth [%]

corresponds to the observing target, whereas the binarfaista Fig. 2. Probability of occurrence of the classes of false positives
background system. Only for low-amplitude candidates may wletected by CoRoT, per unit log of transit depth, based on the

also have to consider (elg. Léger, Rouan, Schneider 20419,
for the detection of CoRoT-7b) a transiting system consistif

amplitude found in the original CoRoT light-curve. The clas
fications based on observational follow-up have been niigtp

a star and a giant planet that is in the background and dilstedby 2.5; see text. The upmost line indicates the distributiball
a brighter star, thereby mimicking a small-planet trarsihong ~ candidates found by the detection program, identical to[Fig

the undiluted binaries, planet-like eclipses may be calmsed
grazing EBs and the (central) eclipses of two stellar corepts
with large ratios in area or surface brightness, typicallg tb a
large mass ratio. False positives caused by the transitisuofsy
by main sequence stars are estimated to be negligible byrBrow
(see his Table 1).

From the 122 candidates included in the observational
follow-up, 49 of them were completely resolved at the time of 2
submission, that is, 40% of the total. The results of follow-
observations (see TaHlé 2) are a mixture of results fromgphot
metric follow-up (Deeg et all, 2009), which identifies canta
nating’ diluted EB’s that are more than abodtdistant from the
third star - which usually coincides with the observing trg,
and from spectroscopic (radial velocity) results, which oaly
identify signals from sources that fall into the spectrgdraen-
try slit; that is, they have to be very close (less than’)i@ the
target. Spectroscopy may thereby identify spectroscdpiutds,
which correspond to diluted EBs (these may be bound tripde sy
tems or be unbound), or undiluted EBs in the form of single or
double-lined spectroscopic binaries (SB1, SB2), or lastyra-
solar planets.

Probabil

0.0020 |
: ALL DETECTIONS
0.0015 - (MSD+MSU+MPU) L
] \\ . DILUTED BINARIES . __~._
0.0010 \ - (MSD) / \\‘ =
| (MSDF)\\ ) _~UNDILUTED",
] \ . y BINARIES\ |
1 N Msu) 1\ |
0.0005 N T N\ -
] (MSDT) =X - e
] i ,/c/’i\‘\’; \”\.v L
0.0000 | el oo
0.01 0.10 1.00 10.00 100.00

Transit Depth [%]

Fig. 3. Adaptation of Figure 3 from Brown (2003), of probabil-
ity estimates for a ground based survey in a field in Cygnus. In

Since the physical nature of the diluted systems can ofterackets the notation from Brown. Axes are similar to Elg. 2.

not be established, we have used in this analysis only thase ¢
sifications: undiluted binaries, diluted binaries, andnpla, as
shown in TabldR2. We note that a candidate-by-candidate
scription of results from the follow-up is given for IRa01 b
Moutou et al.|(2009) and for LRc01 by Cabrera etlal. (2009); f
the other runs, similarly detailed descriptions will be [isied
once follow-up has been completed.

€of 9< R< 12inaregionin Cygnus. We select these estimates
instead of newer ones from Brown & Latham (2008) made for
®he TESS satellite, because Brown (2003) considers a région
the Galactic plane similar to CoRoT, whereas Brown & Latham
(2008) integrate over the entire sky. In the original work by

Brown, slightly diferent classes of false positives were used:

4. Discussion

MPU (main-sequence star with a giant planet); MSU (undi-

luted binaries); and the two types of diluted binaries, MSBir
Figure[2 shows the probability of the occurrence of the vamclipsing binary+ a third non-related star) and MSDT (triple
ous classifications among CoRoT targets, per unit log ofitansystems). In Fig.]3, we have summed these last two types into
depth. It also shows the distribution of all the candidatesfi a group called 'diluted binaries’. Among the undiluted bina,
by the detection fort (independent of whether they were sewe note that Brown only mentions grazing binaries as a princi

lected for observational follow-up or not).

pal source of false positives; however, as can be seen ire Tabl

In comparison, we show in Fif] 3 semi-empirical estimat& eclipses among stellar components with large area caicanf
of these probabilities calculated by Brown (2003) for a gravu  brightness ratio (SB1 in Tablg 2) are the cause of a significan
based small telescope transit search on a somewhat brigimer fraction of false positives.
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As for Brown, the summed distribution of CoRoT candid12, and Brown considers these estimates to be valid to wéthin
dates exhibits a peak around 10% eclipse depth, probatdy afsctor of 2 for the ground-based surveys that were the subjec
caused by the population peak of undiluted binaries. Thi-higof his study. Factorsféecting that diference apart from those
amplitude region of depths over 5% is not covered by cand&atlready mentioned are: thefidirent angular distance from a tar-
in the follow-up program, because the eclipse depth as sleth i get within which EBs become diluted and cause a false posi-
tifies these cases as false positives in planet finding, éixau tive; here Brown uses a radius of’2@vhereas for CoRoT, di-
them automatically from follow-up observations. luted EBs found by the photometric follow-up infer a radids o

Classifications of the type of false positive (indicated g t about 17 (Deeg et al., 2009).The area is then 1.4 times larger
lower linefl in Fig.[2) could be derived only for candidates rein Brown than for CoRoT. Furthermore, the Brown sample has
solved from follow-up observations. In these classificaiove a lower dwarf-to-giant ratio, being about one third. Thibés
note that the distributions of 'diluted binaries’ and 'ulutiéd bi- cause of the brighter stellar sample that he uses, and frdohwh
naries’ from CoRoT follow the same trends as in Brown dowhe considerall stars, whereas CoRoT targets are being assigned
to transit depths of about 0.4%, below which the overall caafter a preselection that rejects giant stars, resultirgfraction
didate population begins to decline. This decline is préyab of dwarfs of about 67%; this fierence #ects the undiluted bi-
true property of the CoRoT sample, and not caused by failurery and planet distributions, that is, they should be afauft2
in detecting existing candidates, at least in the zone oftgephigher in CoRoT than in Brown. The stellar density of the con-
between 0.1% and 0.4%. Here, candidate detections should@®inants, dominated in CoRoT by stars 3 magnitudes fainter
nearly complete; with incomplete detection returns onlyndo than the faintest target (Deeg et al., 2009), is an estimfaied
inating below amplitudes of 0.1% (Barge et al., 2009). We irfor of 9 times larger in CoRoT than for the sample analyzed by
stead expect that there are fewer faint diluted binary systeBrown. This factor is estimated from the counts of faint star
(which cause these low-amplitude candidates) than assimethe CoRoT fields (Fig. 7 in Deleuil et'gl., 2009), comparingth
the simulations by Brown. Results from the photometricdiel  at the dominant magnitude for both contaminants in CoRoT and
up of CoRoT candidates (Deeg ef al., 2009) show that mosttbe sample analyzed by Brown. A higher contaminant density
the diluted binaries that have been identified from low-amge can be expected to linearly increase the fraction of targes s
(0.1 - 0.5%) candidates fall into the magnitude range of 96-1that are contaminated by faint background binaries.
Differences between the extinction of that population and that Finally, the planet-distribution af Brown (2003) is one of
of the corresponding one in Brown, which would be of the ohot giant planets; CoRoT’s results contain to date 5 hot gi-
der of 12-15 mag, and in the real-versus-simulated fraation ants which follow approximately the distribution of Bronamd
binary stars, are most likely the causes for thefieint trends. one terrestrial planet (CoRoT-7b), visible as a small peak a
Brown assumes a constant fraction of 0.49 for main-sequerg@nsit depth of 0.04% in Fid.] 2. The hot giant yield is close
stars. We note that the population of background stars inoToR(less than a factor of 2) to the expected one based on ground-
is ~3 magnitudes fainter than those of Brown. In consequend@sed transit surveys. The current lack of small planetceete
this population will typically be of later spectral typeshish tions is likely to correspond to underabundances of these ob
presents lower fractions of binary systems (Lada, 200&)cée jects, as noted previously (Mazeh et al.. 2005; Southwdrah e
the impact of false alarms from faint EBs is less for deeper-sa2007) and probably corresponds to a lower limit to the eriste
ples. Thus, the sharp rise toward shallower transits prediioy 0f gaseous planets because of evaporation. Davis & Wheatley
Brown for diluted binaries is an overestimate, as obserwed (2009) present evidence of this limit that can be descrilsed a
CoRoT. line in theM3 /RS versusa? plane (witha being the orbital dis-

The relatively small size of the sample of candidates in ti@nce). Short-periodic Neptune-like planets are closeetovb
follow-up program illustrates thefléiciency of false positive re- this limit, and consequently transform into smaller andsien
jections based solely on the light-curves from CoRoT. Thegéanets, whose transit detection still eludes us in mostsias
procedures use combinations of transit depth, duraticapesh COR0T-7b being the first possible member of the remaining pop
and the presence of color signatures for the selection aficartilation of nuclei of gas-planets that have undergone siifi
dates worthy of further follow-up; however, a classificatioto ~ €vaporation.
false positive types based on these light-curve rejectiasaot
been possible since many of the criteria employed do noi@€ovs conclusions
this information. However, we note that the fraction of Gditec-
tions’ to candidates in the follow-up program’ is approxteltg Candidate detections have been obtained for about 2.3% of al
constant below transit depths of 3% (see Eig. 1). CoRoT targets. Of these, a very high fraction (83% ) has been

Summing up the all detections’ probabilities from Browrfejected as planet candidates solely on the basis of ansismaly
that are deeper than 0.23% (corresponding to the lower tamitthe discovery light-curve, and only 17% needed follow-up ob
which this can be done from Brown’s graph and the CoRoT sagervations to clarify their planetary or non-planetaryunet Of
ple can be considered almost complete), we derive an ovetBpse targeted by follow-up observations, about 12% of eand
predicted detection rate of 0.34%, whereas from CoRoT ddtates were verified as planets. For the first three runs destri
we obtain a 1.88% actual detection rate, or 5.5 times highegre, the selection of the candidates for the follow-up plzse
than that of Brown. The estimations of Brown were made fdions was based on very wide criteria aimed to avoid the tiejec
a planet transit search centered on the Galactic plane in@ygof valid candidates, and only clearly unsuitable candslatere
(matching the Kepler field) for a sample of stars brightenthd€ejected from the light-curve analysis. Among these 83%eef r

jected cases, were mostly binaries with clear primary aid se
1 Probabilities for the results from follow-up observatidres/e been ondary eclipses, or with primary eCI'_pseS of depths gr_ah'&n .
multiplied by a factor of 2.5, which corresponds to the rafighe 122 5%- Furthermore, cases with cleafférences among eclipses in
candidates in the program to the 49 solved ones; here we ashan the three CoRoT passbands were rejected. The results fem th
the unresolved candidates follow the same distributiorhasesolved follow-up of the first runs, as described here, have also show
ones. that none of the candidates with low planet likeliness’ &an
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out to be a planet. In later CoRoT-runs, this has led to a more
stringent rejection of candidates from the light-curvelgsia,
thereby reducing the observational load from numerousieand
dates with low planet-likeliness.

Since we cannot determine the true naturalbthe CoRoT
detections, — only the non-planet status is known for caatdil
rejected on the basis of light-curve analysis alone — we can-
not directly compare with the predictions fram Brown (2003)
However, we can evaluate the overall distribution of caatéd,
as well as the trends for those that have been classified from
follow-up observations.

Regarding the overall distribution, the CoRoT candidates
with amplitudes of 0.5% or larger closely follow that of Brow
except for being lower by a scale factor of about 5.5. CoRoT
candidate abundances in the range of 0.1-0.4% are sigrilfican
lower, probably due to an observed trend indicating fewlet e
binaries than predicted, where as for even lower amplitudes
detection €iciencies begin to dominate.

The lower abundance of diluted binaries between 0.1 and
0.4% transit depth, which possibly continues towards lewer
amplitude candidates, may facilitate the transit-searcloe
small extrasolar planets in both CoRoT data and in upcoming
or planned search projects, such as Kepler or PLATO, reducin
the load of required follow-up observations.

When more candidates have become observed in follow-up,
it will be very interesting to divide the CoRoT sample intmea
didates in the center and anticenter fields, which haffergint
stellar densities; this should provide more detailed inisigto
the abundances of diluted and undiluted binaries. Alsodite
tribution of planet detections, currentlffected by small number
statistics, should become better established.
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