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Abstract.  Exoplanets can be detected by thdransit method

when the star, planet and observer are aligned. The transitseans-

late into a shallow dip in the stellar light curve. When comhied

with radial velocity measurements, the transit method pernts the

determination of a planet's mass, radius and density. In tlichap-
ter we describe the main features of transit light curves, ste

issues about the method and we compare its capabilities ant-o
servables to other methods for the detection and characteation

of extrasolar planets.
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1. Introduction

Indirect methods are so far the most e cient ways to detect ad
characterise extrasolar planets. The radial velocity (RV)method (see
Bouchy, this volume) provided most of the known planets (ahd 160
in October 2005), while the transit method, presented herallowed the
discovery of six planets and the con rmation/characterisdaon of three
RV planets.

The transit method met its rst success in 1999 with the trang
observation of the RV planet HD 209458b (ref. 17, 30 and Fig., left).
It then became popular for two reasons: 1) the detection of dgmetary
transit around a bright star requires a telescope as small &9)-cm in
diameter, and many transit surveys were initiated after the rst success;
2) studies of a planetary system seen edge-on is much richaan for
systems at any inclination, because the radius and the masealirectly
measured.

After the current success of ground-based transit searchdike
OGLE, major transit discoveries are expected from space, aiready
obtained (Fig. 1, right). The future space-borne projects GRoT and
Kepler are the next milestones to be considered, since they couldchver
the rst Earth-sized planets, using the transit method.

This paper presents the transit method and its measured paregeters
(Sec. 1), the principle of transit detection surveys (Sec. )2and the
characterisation of transiting planets (Sec. 3).
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Figure 1.: Left: the light curve of HD 209458, showing the rst observed
planetary transit (17). Right: the same system observed bySH/STIS,
the highest signal-to-noise ratio transit light curve obeeed so far (15).
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2. The transit method
2.1 Principles

The transit method consists in detecting the shallow dip in atel-
lar light curve when a planet crosses the line of sight towasdits host
star during its revolution. It thus requires an almost perfet alignment
between the observer, the planet, and the star. The transitppears pe-
riodically, with a period equal to the revolution period of he planet.
The probability Py for a planetary system to show a transit is a direct
relation to the star radius R and the semi-major axisa: Py, = R=a

Applying this equation to the solar system, it follows that he Earth
in front of the Sun has a 1/214 probability to produce a trangifor a
distant observer; for Jupiter the value is 1/1100. It implis that, assuming
1% of stars have a Jupiter, one transit may occur, every 12 ysa(the
orbital period of Jupiter) if 100,000 stars are monitored! &h events are
too rare to be observed, even if a Jupiter transit with a 1% ddjp and 30
hour duration would in principle be detectable from the grond. With
the discovery of the \hot Jupiter” class of planets in 1995,He prospects
of detecting exoplanets by looking for transits improved dmatically.
For 51 Peg b, the transit probability is about 10% and transitevents
recur every' 4 days. The order of magnitude of the number of stars to
be monitored for detecting a hot Jupiter by the transit methal is 1,000,
within easy reach of any wide- eld CCD imaging.

A planetary system observed edge-on, as in the case of traimg
systems, also o ers the geometry for the strongest radial leity (RV)
signal to be observed; moreover, the \siri indetermination related to the
velocimetric method disappears because the orbital angke known and
the measured RV amplitude is directly related to the true plaet mass.
The synergy of both transit and RV methods will be further disussed in
Section 4.

2.2 Measured parameters

The planetary transit measured in the stellar light curve ismainly
described by three parameters: its depth, its duration, andts shape.
Depending on the latitude of the transit on the stellar diskthe transit
light curve will be U-shaped (central occultation) or V-shaed (grazing
occulation). Quantitatively, the related parameter is theduration of the
ingress and egress (alternatively, the duration of the at bttom of the
transit).

Let us calculate these parameters in the simpli ed case of aaular
orbit and a stellar disc of uniform brightness. The sketch cd planetary
transit is given in Figure 2. Ingress (resp. egress) is de das the phase
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Figure 2.: Sketch of a planetary transit.

from contact 1 (resp. 3) to contact 2 (resp. 4). The "at bottom"
corresponds to phases 2 to 3.

Transit depth. The depth of the transit is related to the star and planet
radii (R and r respectively):

Foff

Fott IS the observed stellar ux out of transit, and F,, is the observed
ux during transit. This formula neglects the phenomenon kown as
limb darkening i.e. the fact that stars appear slightly brighter in their
center than near the edge. Taking limb darkening into accotirmakes
the transits slightly deeper than §=R)?, and gives the lightcurve a more
rounded shape (see Figure 3).

F =

Transit duration. The total duration of the transit, for a circular orbit,
is related to the orbital parameters and to the star radius:
S 2 2

PR r a .
— 1+ = — cosl 2

a R R (2)
Parameter P is the orbital period, in the same unit asd, and a is the
orbital radius in the same unit ask andr: i is the inclination of the orbit.

d 1
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The expressiong cosi is the impact parameter,b, the projected distance
of the planet's center to the star's equator in units of stas radius. The
exact formalism for the transit duration is given in ref. 54 while more
user-friendly equations are (as expressed against period semi-major
axis):

R

R -
M 172 P a (3)

q B q
d' 130 (1 ) a¥d' 1.8 (1 @)W
where M is the star's mass, the mass of the planet being negligible.
Contrarely to Eq. 2, d is here in hours,P in days, a in astronomical unit,

and R and M are both in solar units.

Ingress duration. Another temporal parameter of the transit is the du-
ration of the ingress or egress:

P ——
tde 1B (4)

One may also consider the transit shape by deriving the ratiof the
durations of the at bottom ( tg) over the total transit (d):

tr 2_ (1 £)? (&cosi)?
d ~ (1+5%)?2 (&cos)?

(5)

The three equations describing a planetary transit (depthtotal du-
ration and ingress duration), can be used to constrain fournknown
parameters of the systemr, R, M, b. The star's mass and radius may
be independently constrained by other observations, spexlly high-
resolution spectroscopy, as well as with stellar evolutiomodels. For
instance, for low-mass starsM / R is a fairly good approximation.

2.3 Elliptical orbits

Due to the higher probability of detecting transits of shortperiod
planets, which orbits are rapidly circularised by tidal e ects, it is usually
su cient to consider the transit formalism for circular orbits, as given
above. However, the eccentricity of even close-in planets sometimes
above 0.1. Also, future space missions will be able to obserthe same
stars for years (e.g. Kepler, 9), and thus to search for planets with
longer periods (and thus larger eccentricities). It will tlen be important
to handle the case of elliptical orbits. In that case, the trasit duration
(and shape) depends on the planet position on its orbits (heafter, the
phase angle , with respect to the periastron of the ellipse). Figure
4 shows how the transit duration evolves with orbital eccentity and
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Figure 3.: Left: Modelisation of a planetary transit (in this example Sat-
urn passing the Solar disc at 88inclination) with various limb-darkening
coe cients, corresponding to dwarf stars of e ective tempeatures 4000
to 7000K. Right: the same, in various photometric bands. Theansit
light curves have been calculated using the routine of Mahdad Agol
(36).

phase angle. The transit duration in an elliptical orbit with eccentricity
eis (58):

P p =

v @@
d—Zﬁ 1 ( cosi)?
B 1+ecos 2GM

(R+r)?

where G is the gravitational constant, and is the star-planet distance
at the time of the transit, corresponding to a phase angle.

Another e ect of an eccentricity greater than zero is to chage the
timing of the secondary eclipse. It; t; is the time interval between
the primary and secondary eclipses, then we get (19):

(6)

(R+7r)

ﬁ(tl t, P=2)' ecos (7)

The exact timing of a secondary eclipse may thus be derivedtife
orbit is precisely known, or alternatively, the observatia of the secondary
eclipse may provide an accurate estimate of the orbital ectacity (as
in ref. 19).

3. Transit detection

The success expected in detecting planetary transits is lgmson sev-
eral parameters, among which: the number of monitored staesd their
type; the temporal sampling and total duration of the obserations; the
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Figure 4.. Left: orbital geometry showing the phase angle (from 58).
Right: the range of transit durations is shown as a functionf éhe orbital
eccentricity, for a Jupiter-sized planet crossing the Saladisc (b = 0,

P = 10 days). The thick lines show the largest (resp. shortest) @ur
tions corresponding to a transit occurring at apastron (rgs. periastron).

Several intermediate geometrical positions are also pledt

photometric accuracy and sensitivity; the algorithms usedor detrend-
ing! the light curves and for detecting shallow and periodic boghaped
events.

3.1 Survey type and targets

The discovery in 1999 of the rst transiting exoplanet HD 20958b
triggered a large number of transit detection surveys. Schmatically,
there are four types of surveys: shallow, wide-angle surgeyintermedi-
ate surveys in the Galactic plane; deep and narrow-angle says; and
surveys in clusters. They all include a large number of targstars due
to the low probability of catching a transit (about 0.1% for $iort period
planets).

Among the shallow, wide-angle surveys, only the TrES collalation
announced a con rmed planet detection so far (4), despite ¢hlarger
expectations of such programs (review by Horne, 31). Deeprgeys (37),
as performed with HST or on 8m-class telescopes, and surveégwards
clusters (14, 39, 55, 13, 29) have not announced yet the digery of any
planet. This lack of detections probably results from the iadequate
accounting for stellar populations, contamination sourc and real in-

ldetrending: removing medium-term variations in the light curve (due for instance
to systematics trends in the photometric errors and intrinsic variability of the target
stars).
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strumental capabilities, including systematic residuals the photometry
(see Section 3.8) as well as the practical di culties of aceuulating a
su cient number of nights of observation. The search for plaets in the
globular cluster 47 Tuc with the Hubble Space Telescope, diag to no
detection, comforted the observation that planets are mor&equent in
metallicity-enriched stellar environments (27) and therfore very rare in
the metal-de cient globular clusters. Transitearches in ratal-rich open
clusters were also negative (e.g. 13).

An optimal magnitude range for transit surveys seems to be 10{
16. It allows to get many thousands of stars in a typical wide eld
of 1 square degree. It also permits spectroscopic follow-amd then
con rmation of the transit candidates. Galactic elds with the largest
proportion of main-sequence stars are optimal, since giastars are too
large for planetary transits to be detectable.

3.2 Temporal sampling and length of the survey

The typical duration of planetary transits is 1 to 6 hours (Setion 2.1)
for periods less than 25 days, or transit probability more tan 1% for the
smallest stars. Detectivity simulations have shown that odervation time
series of more than about 5 times the orbital period are nesasy to have
a good probability of detection of transits, in good weatheconditions
(43). Thus, the detection of hot planets P up to 10 days) from the
ground requires a mimimum of 50 nights of observation.

A correct determination of the transit shape requires a timeampling
of about 1 min, in order to get about 10{20 data points duringie critical
ingress and egress periods.

3.3 Photometric accuracy

The nal accuracy obtained on a photometric light curve resits from
contributions of the photon noise, the background or stelfavicinity, and
the systematics such as airmass, seeing, twilight and extiion e ects.
The photon noise is often not the limiting source of noise inhe search
for transit-like signals. The presence of a faint neighbotstar combined
with seeing variations may induce photometric uctuationsat time scales
of few hours. Airmass and twilight have impacts on the light erve with
a 8-hour time-scale but seeing variation may be rapid and wrgty
identi ed as an ingress/egress. Colour terms may be corrext by cross-
referencing light curves from stars of similar colours. A @ was recently
designed to correct all such e ects by grouping stars withsiilar patterns
and subtracting systematics in light curves (56).

In wide transit-search surveys, photometric accuracies bétter than
10 mmag are commonly achieved (61). For photometric folloup obser-
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vations of detected transits, an even higher accuracy can lmbtained
with good spatial resolution, using image subtraction (2,)3and/or care-
ful calibration with reference stars: typical values of 1 miag can then be
obtained from ground-based observatories (e.g. 40) and Griinag from
space (15).

3.4 Detection algorithms

The transit detection algorithms may use the two main charaer-
istics of transits: their box shape, encircled by " at" area of longer
duration, and their repeatability. They should be sensitie enough to
retrieve the shallow transits, while not producing too maydlse alarms.
Hereafter we quickly review the di erent methods that have ken adapted
from classical mathematical tools in view of detecting platary transits.

Using Fourier analysis of the light curve does not suit the &msit
detection problem, because of the extreme concentration fime of the
transit event (the ratio of the transit duration over period is typically a
few percents), and the presence of gaps in the light curve pesially for
ground-based transit observations (32, 7). In the frequepaomain, the
transit energy is not highly concentrated and is masked by skrvational
noise. The detection of transits is thus easier in the time daain, or in a
speci ¢ wavelet domain that includes the time con nment of he transit
events.

Bayesian methods have been applied to the transit search: i
the Fourier space, maximizing the likelihood function witha parameter
corresponding to the frequency of the signal period (22), 2) in the time
domain, assuming square-shaped transits (1).

The best performances are achieved with the following metts:
matched Itering and box- tting algorithms. The matched | ter is a
powerful tool which is optimal in case of white gaussian n@s The
stellar light curve is correlated with a simulated transit emplate curve,
the parameters of which (epoch, period and duration of trais) are
optimized by maximizing the correlation function. A statidical analysis
of the correlation products is necessary to estimate the & alarm rate
and assess the con dence level of the obtained maximum (32)he box-
tting algorithm or BLS (Box Least Square, 35) utilises the anticipated
squared shape of the transit signal. It performs direct legsquare ts
of step functions to the signal, after folding at several tal periods. The
transit shape is approximated by a two-level signal, i.e. #ngradual light
dip during ingress/egress is ignored, but such an approximan is valid
for a detection tool. It performs well on long time series, tluding many
transits of a given planet, and in presence of strong obsetimal noise.
A comparison of di erent transit detection algorithms was ecently done
(57) and showed that the matched ter, the BLS and slight varations of
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them are the best tools; several types of algorithms shoulaapplied to
a given time series, as their relative performance depends the actual
transit signal and noise sources present.

Finally, one should consider the very signi cant step of deending
the light curves before applying detection tools. This is rired to re-
move systematics or variability at a level several times thgansit signal.
The blind test performed on simulated light curves in the caext of
CoRoT has shown the importance of the denoising step, and hgisis-
trated the highest performance of a harmonics- tting detrading coupled
with the BLS detection (41).

3.5 Two examples: OGLE and COROT

Let us focus now on two programs which are intermediate in ters
of eld of view and magnitude depth, the OGLE experiment and e
future CoRoT satellite.

The OGLE experiment is based on observations performed in $a
Campanas in Chile, on a 1.3m telescope which dedicates60 nights
per year to the photometric monitoring of crowded stellar dds in
the Galactic disc. The eld of view is 25x25 arcmin and more #n
100,000 stars are observed. 137 transit candidates with aptie 0.6-8%
were announced in 2002 and 2003 (60, 61, 62) . The spectrostop
follow-up of the 60 most promising candidates showed that tn ve
were planetary transits (see Table 1). Despite the large nuyer of
polluting binaries among the transit candidates, the OGLE xperiment
is the most successful survey of planetary transits condwct so far.
It has put emphasis on the necessity of a thorough RV followpuof
transiting candidates for con rmation. It also revealed a ew class of
exoplanets with periods less than 2 days, the \very hot jupdrs” that
were not detected yet by the RV method (33, 10). The transit nt@od is
even more biased towards the very short periods than the velmetric
method (transit probability and detection rate are higher) The success
of the OGLE transit search and its RV follow-up throws some ddbt on
the usefulness of deep transit searches, as their targetslwe too faint
for any spectroscopic observations: no possible accuratetermination
of the stellar parameters (which often limits the accuracyni deriving
planetary parameters), no con rmation of the planetary natire of the
transit (as opposed to eclipsing binary stars), and no meamment of
the planet mass.

Towards the future, the space mission CoRoT will also be pdyt
dedicated to transit searches, and will be launched in lateOR6. The
advantages of space observations are: continuous and lomgé series and
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more precise photometry. There will be 60,000 stars monited during
150 days each, and 120,000 stars with shorter time series lobat 25 days.
The domain of \super-Earths" to Jupiters will be probed in phnet radius,
for planets at periods shorter than 50 days. CoRoT has the sgeity of
getting three-colour light curves, for 80% of the targets, ich will help
the discrimination of planetary transits against eclipsig binaries and
stellar activity. The detection rate expected for CoRoT gratly depends
on the frequency of \hot Neptunes" and on the actual target dection
that will be done. Tentative estimates of CoRoT detectionsre described
in references 8 and 41. The next space missikepler, with longer time
series on a given eld and a more sensitive instrument, wilg few years
later, have the capability of discovering Earth sisters (snilar period and
size, around Sun-like stars) (9).

3.6 Biases of the method

The biases of the transit method are simply derived from thegga-
tions given in Sec. 2. The probability of observing the transis larger
for i) a large star, ii) a short star-planet distance. The send parame-
ter is the most sensitive, since the star radius does not chge by large
factors along the main sequence. The star-planet distancésa plays a
role in the transit detection since it is directly related tothe number
of events present in a light curve for a given observing pedo If the
presence of three transits is a detection criterion (to edvéish the peri-
odicity of the transit signal), it is obvious that shorter paiods will be
favored by having more than three transits within the obsemtion win-
dow. The method is also biased towards larger planets, or shea stars;
both making the r=R ratio larger and thus producing a deeper transit
signal. Finally, ground-based transit searches may also suan observ-
ing bias in detected planetary periods due to the Earth rotabn. Periods
being a multiple of Earth's day are more favourable since senal tran-
sits may be consecutively observed in good conditions (stalevation).
This bias was recently evidenced by the hot Jupiters found ithe OGLE
survey (e.g. OGLE-TR- 111, ref. 45).

3.7 Eclipsing binaries and false positives

One conclusion of the ground-based photometric campaigng o
OGLE was the high proportion of eclipsing binary stars whichmimic a
planetary transit: the transit depth, duration, and the orbital period re-
semble those expected for planets. A statistical analysissuch planetary
transit mimics in transit surveys was proposed by Brown (16xomparing
detection rates of planets and binaries of any types in grodrbased and
space-based transit searches. This kind of analyses showatthfor any
transit depths, the number of mimics is expected to be highaghan the
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Figure 5.: The detection probability against the orbital period, in
OGLE survey, according to Monte Carlo simulations, for the transit
depths: 3, 2.5 and 2 times the dispersion of the photometriatd.

number of actual planetary transits. Several confusion scarii may be
distinguished:

Grazing binaries (Figure 7a). Two large stars, when eclipsing at an
inclined angle, can produce shallow transit-like dips in #n light curve.
These cases produce, on average, rather deep signals in tghticurve
and are the easiest to discriminate. Several hints are uslyapresent in
the light curve itself, such as a V-shaped transit curve, glisoidal modu-
lations due to tidal e ects (24 and gure 8), or a mismatch betveen the
transit duration and the transit depth assuming a planet-sded transiting
body. Nevertheless, at low signal-to-noise such systemsiadso be mis-
taken for planetary transits. They are easy to resolve withpgectroscopic
observations, thanks to the presence of two sets of lines ihet spectra
with large velocity variations.

Small-radius stellar companion (Figure 7b). A small M-dwarf transit-
ing a larger star can produce a photometric signal closelynsiar to a
planetary transit. If the companion is not larger than a hot dipiter,
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and the orbital distance is too large for tidal and re ectione ects to be
detectable in the light curve, then the photometric signalg strictly iden-
tical to that of a planetary transit. Two examples of planetsized stars
were recently found, OGLE-TR-122 and OGLE-TR-123 (46, 47)Only
radial-velocity follow-up of these transiting candidateshas the capacity
of resolving the nature of such systems.
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Figure 6.: The phased light curve and radial-velocity curve of
OGLE-TR-122, one of the transit candidates (62). The photoatric
curve precisely mimics the transit of a planet in front of a str, but the
Doppler curve shows that the mass of the companion is not catiigle
with this scenario: it is a planet-size M dwarf (46).

Note that such impostors among binary systems are generatlyose
with a large temperature di erence between components. Thdepths
of the primary and secondary transits are di erent by a facto (T,=T,)*,
and in case of a binary with a hot primary star and a cool secoady, the
primary transit will be much deeper than the secondary, as ia transit-
ing planetary system. In the case of a binary with equal tempatures,
however, both transits have the same depth, and then, the hy curve
could also mimic a transiting planet, with a period twice astsort.
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Eclipsing binaries which light is diluted by a third star (a foreground
star, or a gravitationally bound triple system, Figure 7c). In most
cases, multiple systems are readily discriminated with higresolution
spectroscopy from the presence of several systems of limethe spectra.
However, in some cases, the parameters can conspire not aolymimic
the light curve of a planetary transit, but also to induce plaet-like vari-
ations of the inferred radial velocity, produced by the bleting of several
sets of lines in the spectra. OGLE-TR-33 (59)) is such a casAnother
similar case was found in the TrES survey (38).

False positives (Figure 7d). They are patterns in the light curve, which
are detected and wrongly identi ed as transit events. They my origi-
nate either from observational artefacts, instrumental fatures or stellar
activity patterns. They can be recognized either by compang other
photometric data (e.g. in a second campaign on the same s&ell eld,

with a low probability of nding the same artefact), or by RV follow-up
(no RV signal associated to the transit phasing). Note thathe blind
test of transit detection performed for CoRoT light curves ndicated a
dependence of false positive detections on the method usdd); False
positives were never identi ed on the same light curve by vendepen-
dent teams. Also, e cient detrending such as performed by SSREM
(56) considerably decreases the false alarm rate.

3.8 Detection threshold

A recent study of the e ect of the measurement noise in photoetric
surveys pointed out the importance of "red noise" (48). It sbws that the
usual assumption of white, independent noise to estimate éhdetection
yields of transit surveys can be misleading. The contributn of covariant
red noise is not negligible and must be accounted for as welln the
presence of red noise, the signi cance of a transit deteatias:

SNR = ¢ .DF (8)
2 e i COVIisi]
wt—

n2

where is the photometric uncertainty on individual points, n is the
number of data points during the transit, andcoVi;j] are the elements
of the covariance matrix. The origins of the covariant noisare atmo-
spheric or instrumental uctuations, which create systemacs in light
curves on the timescale of an hour. This limits considerablhe detec-
tion rate of a given survey and yields predicted numbers wticare in
better adequation with the announced detection (49). The geendence
on period and magnitude is also di erent than when only whitenoise is
assumed. Figure 9 shows an example of transit detectabilitg the case
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a) Grazing binaries b) small stellar companion

c) eclipsing binary in a triple system d) false positive

Figure 7.: Sketches of confusion cases: a) grazing binaries, b) bireai
with an M dwarf companion, c) binaries in a triple system, d)dise pos-
itive (caused by stellar activity or instrumental feature)

of the OGLE survey, when white noise is assumed, and when redise
Is included. The di erence between the two thresholds has arge e ect

on the expected rate of detection of hot Jupiter transits, sice those are
expected to produce typical transits near 1% depth, exactly the region

where the prediction of white noise and red noise diverge. Gally, tak-

ing the red component of the noise into account can result in @astic

downward revision of the expected yields.

4. Planet characterisation

The search for transits in a photometric survey requires a ses of
observing con rmations, most importantly RV observations The combi-
nation of both techniques gives access to a rich determinati of plane-
tary parameters. Conversely, a photometric search for traits is always
conducted on planets detected by radial velocity.

4.1 Planet con rmation

When planet candidates are proposed by transit surveys, & neces-
sary to perform additional observations to con rm the plan&ary origin
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Figure 8.: A grazing binary star light curve shows strong sinusoidal ©ho
ulations in addition to the occultation, due to tidal e ects The case
shown here corresponds to mass ratio 0.8 and period about JslaSuch
feature may help distinguish planetary and stellar transit

of the transit. As stated in previous sections, the number afmpostors or
false positives may be greater than the number of true plaraty events.
Radial-velocity follow-up of transit candidates has provue to be an e -
cient way of removing impostors (11, 44, 33), even if some dfetm may
be identi ed on the light curve itself, searching for the seandary eclipse,
V-shaped transits and sine-wave modulations, all e ects pical of binary
star light curves. A few RV data points are usually enough todentify
grazing eclipsing binaries, since the amplitude of the RV wuations is
large. Blended systems or triple systems may be more tricky tiden-
tify. For the remaining candidates with low amplitudes in tre RV curve,
still compatible with planets, then the RV measurements pndde an es-
timate of the true planetary mass. For edge-on systems, theis indeed
no indetermination on the mass (sim' 1).

4.2 Light curves of RV planets

Alternatively, one may discover a planet using the RV methodnd
search for a potential transit. This is the way the rst trandgting planet
HD 209458b was found (17), and more recently, the smaller plket
HD 149026b (52) and the short-period HD 189733b (12). All she
period planets discovered in RV surveys are systematicaligonitored in
photometry. Knowing the ephemeris and expected duration diie transit
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Figure 9.: Detection threshold with (plain line) and without (dashedrie)
systematics, against magnitude, for a 3.5-day period plane the OGLE
survey (48).

from the RV curve is a di erent problem than the blind search ér transits

in a wide set of light curves. Higher-sensitivity detectios are possible,
which is illustrated by the transit observations of HD 1490&b, with a

depth of only 3 mmag. Such shallow transits are probably misd, for

sensitivity reasons, in wide transit surveys although theitne series may
contain several such events. The second advantage of obseg\ransits

around planets found by the RV technique is that the main targt is

bright enough to permit the observations of several \by-prducts": the

Rossiter-McLaughlin e ect, the thermal emission during tle secondary
eclipse, the search for atmospheric elements in high-ragan spectra,

etc... (see Section 4.4). Such detailed secondary obseiwas of planets
discovered by OGLE, or CoRoT in the future, are more di cult because
the targets are fainter. New RV programs were recently iniited with

the goal of detecting transiting short-period planets (2025); the strat-

egy is to focus on metal-rich stars, for which the probabiltto detect a

planet is 4 to 5 times larger than for stars with solar abundase (53).
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4.3 The mass-radius diagram

One of the main product of transiting planet searches is tollin the
mass{radius diagram of transiting extrasolar planets (Tale 1 and Fig-
ure 10). Theories of planet formation and evolution, and maas of the
internal structure of giant planets then bene t from essenal constraints
(28). For instance, the larger mass and smaller radius of ster-period
planets observed in Fig. 10 could be explained by the e ciencof the
evaporation process (5). The M-R diagram of transiting extrsolar plan-
ets will get further populated by future transit searches (GRoT, Super-
WASP, Kepler, and continuations of OGLE and TrES, ...). From the
large breakthrough done in the few past years, based on thestrnine
transiting planets, one can expect outstanding results malye expected
in the eld of exoplanetology from transiting planets in thenear future.

Table 1.: Parameters of all known and con rmed transiting extrasolar
planets. References are in 33, 10, 45, 4, 52, 17, 30, 12, 34.

Star name Sp type r m a P

Ryup My gcm? AU days
HD 209458 GOV  1.347 0.69 0.35 0.046 3.5248
HD 149026 GOlvV  0.725 0.36 1.17 0.042 2.8766
HD 187933 K1V 126 11 0.69 0.03 2.219

OGLE-TR-56 Ga2v 1.23 1.45 1.0 0.0225 1.212
OGLE-TR-113 K2V 1.09 1.08 1.3 0.0228 1.43
OGLE-TR-132  F6V 1.13 1.19 1.02 0.0303 1.69
OGLE-TR-111 K1V 1.0 0.53 0.66 0.047 4.016
OGLE-TR-10 GOov  1.117 0.63 0.56 0.0416 3.10
TrES-1 KOV 1.08 0.75 0.74 0.0393 3.03

4.4 Further analysis of transiting planets

In addition to the transit caused by the planet body, one maytsidy
and characterise the transiting system through various sendary e ects
occuring in transiting planetary systems.

Thermal emission of the transiting planet. In transiting systems, a
secondary eclipse (when the planet passes behind the stal3caoccurs
except in extreme cases with very eccentric orbits. The sewtary
eclipse, however, is more dicult to detect in visible light since the
ux emitted by the planet (including re ection) is very small compared
to the star's ux. But in the infrared, where the star/planet contrast
is lower, the secondary eclipse may be detected. It oers a igue
opportunity to estimate the e ective temperature of the planet, by
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Figure 10.: The mass-radius diagram of known transiting planets. Isode
sity curves are also shown, and, for comparison, the locatiof Jupiter
and Saturn.

assuming that the depth of the secondary dip is the ratio of #h planet
emissivity over the star emissivity, modulated by the facto (r=R)2.
Recent detections of the thermal emission of the planets HD0O2458b
and TrES-1b give equilibrium temperatures of the order of D K for
these hot jupiter objects (19, 23).

Re ected light/Albedo. For planetary systems seen edge on, the light
re ected by the planet surface is modulated by the phase argl and
depends on the geometric albedp. The planet to star ux ratio f is
then:

(sin +( )cos )

f()= X ) 9)

The rst observing campaign on HD 209458 by the space photoirne
ric satellite MOST gave an upper limit of the geometrical albdo of the
planet, which appears to be less than half as bright as Jupiten the
same bandpass (51). Such observations would give strong stoaints
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for the atmospheric models of giant planets. The latest tragiting sys-
tem HD 189733 has the most favorable set of parameters for aelgion

of this e ect (its short period and late spectral type implies a reduced
planet-star contrast).

Satellites and rings. The presence of a satellite orbiting the transiting
planet may have a detectable imprint on the transit shape. S8iilarly,
planetary rings have a signature on the transit light curvering features
in transit light curves were recently investigated by Barne and Fortney
(6). These secondary e ects, however, require a light curweith preci-
sion of about 104, and a good temporal sampling. The detectability of
such features is greater during ingress or egress (6).

Finally, the spectroscopy of the planetary system during aransit
may also reveal some characteristics of the system:

The Rossiter-Mc Laughlin e ect. During the transit, the planet sequen-
tially blocks the light coming from di erent regions of the dar disc. As

the star rotates, this produces a distortion of the stellarihes (Figure 11).
This e ect, measured in RV curves, allows to derive the projed angle
between the star-planet axis and the star spin axis, and thergjected

rotation velocity of the star. It was measured for the tranging plan-

ets HD 209458 (50) and HD 189733 (12), which both showed a cooim
direction for the planetary orbit and the star rotation axis It was also
recently discussed analytically by Ohta et al. (42).

Detection of the extended planetary atmosphereDuring the transit of
the planetary body, signatures from the planet atmosphere &y appear
superimposed to the stellar spectrum. This implies that atigh spectral
resolution, the transit depth depends on the wavelength: asome at-
mospheric species (such as alkali metals) may absorb therstght with
strong absorbing e ciencies, the e ective radius of the plaet in these
wavelengths will include a larger part of the atmosphere anbe corre-
spondingly higher. Several observing campaigns followeklet discovery
of HD 209458 in search for these transmissive atmospheriatiges. It
turned out to be impossible from the ground, due to the contamation
by the Earth's atmosphere, but gave striking results from sgpce obser-
vatories. Atomic Sodium was rst detected by HST observatins (18),
and then Hydrogen in the Ly line, which showed a 15% depth (63),
compatible with a high evaporation rate. More species wereitatively
detected (oxygen and carbon, 64), which illustrates the pettial of de-
tailed observations of transiting systems to learn about th physics of
exoplanetary atmospheres.
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Figure 11.: The pro le due to the Rossiter-McLaughlin e ect shows up in
the RV curve of a transiting planetary system at the transitgoch. This
model curves for several system parameters are from Ohta &t §2);

is the projected angle between the planet orbital axis ane tstar spin
axis.

5. Conclusion

The principles of the transit method for the detection and caracter-
isation of extrasolar planets was presented. In summary, weay recall
a few important facts:

{ The radius of transiting planets is accurately determinedas long
as the stellar radius is precisely known). Combined with raal-
velocity measurements, it thus gives access to an estimatétbe
mean planetary density.

{ Several scenarii of transit impostors complicate the dettion and
identi cation of candidates in large photometric surveys.A care-
ful analysis of the light curve and follow-up observationsra then
required for con rmation.
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{ Transiting systems, especially when the star is bright angeriod is
short, are ideal targets for performing additional obsert®ns and
constrain: the e ective temperature of the planet, its atmgpheric
composition and escape rate of its extended atmosphere,albedo,
or the presence of rings or satellites...

New transit candidates are currently searched for in deditad ground-
based photometric surveys and will soon be the targets of sggamissions:
CoRoT launched in 2006, andKepler to come next. Another extension
of transit searches from the ground could be carried out in Aartica,

where the duty cycle is larger and skies potentially transpant and sta-
ble for high-accuracy photometry (26, 21). Expectations &m all these
searches are huge since they strongly constrain the physicgmation and

evolution of irradiated planets, and in the longer term, thg may vyield

the rst detections of telluric planets. One must only keepn mind that

transit detections should always be accompanied by a thorgh strategy
of complementary observations for the rejection of imposte and planet
mass determination.
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