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Contraintes sur la Formation Planétaire
grâce à la Découverte et l’Étude

de
Planètes Extrasolaires en Transit

Après des siècles de questionnement sur la présence d’autres mondes en dehors de notre Sys-
tème Solaire, les premières planètes extrasolaires ont été découvertes il y a une quinzaine d’années.
Depuis, la quête a continué. La plus grande découverte de notre nouvelle ligne de recherche scien-
tifique, l’exoplanétologie, a sans aucun doute été la grande diversité que ces nouveaux mondes nous
offrent ; une diversité en masse, en taille, en périodes orbitales ainsi que sur l’architecture de ces
systèmes que nous découvront. Des planètes bien différentes que celles composant notre système
ont été détectées. Ainsi nous connaissons l’existence des Jupiters chauds, géantes gazeuses dont la
période orbitale n’est que de quelques jours, des mini-Neptunes, corps de cinq à dix fois la masse
de notre Terre mais couvertes d’une épaisse couche gazeuse, des super-Terres, planètes de masse
similaire mais rocheuses, des mondes de lave, et récemment, peut-être la première planète océan.
D’autres surprise nous attendent sûrement.

Cette thèse se porte sur une classe de planètes bien particulière : les Jupiters chauds. Ces mon-
des étonnants sont encore mal compris. Mais, grâce à l’évolution des techniques d’observation
et du traitement de leurs signaux, nous en connaissons maintenant autant que ce que nous con-
naissions de nos propres géantes gazeuses avant leur visite par des sondes spatiales. Ce sont des
laboratoires pour toute une série de phénomènes physiques intenses causés par leur proximité
avec leur étoile. Notamment, ces planètes sont en moyenne bien plus large qu’attendu. Au-delà
de ces étrangetées, leur présence si proche de leur étoile est anormale, les conditions nécessaires
pour former des planètes aussi massive, aussi proche, ne semblant pas réalisables. Dès lors il est
plus raisonnable d’expliquer leurs orbites actuelles par une formation loin de l’étoile suivie d’une
migration orbitale. C’est sur ce dernier sujet que porte cette thèse : l’origine des Jupiters chauds.

Les lois de la physique sont universelles. Ainsi utilisant les mêmes phénomènes physiques
nous devons pouvoir expliquer l’existence des Jupiters chauds tout en expliquant pourquoi le
Jupiter de notre Système Solaire se trouve à cinq fois la distance Terre-Soleil. En Astronomie,
on ne peut faire d’expérience - nous en faisons partie. À la place, nous cherchons et caractérisons
plusieurs objets similaires afin de dégager statistiquement des informations. Pour répondre à notre
question il faut ainsi trouver plusieurs objets et détecter les indices de leur histoire passée afin de
pouvoir remonter aux processus qui ont mené à leur formation.

Il y a plusieurs manières de trouver des planètes. Pour cette thèse, la méthode dite des transits
a été employée. Elle consiste à detecter une perte périodique de la lumière originant d’une étoile
devant laquelle une planète passe : un transit. Cette méthode est particulièrement sensible à la
présence de Jupiters chauds. Pendant cette thèse une cinquantaine de nouvelles planètes de ce
type ont ainsi été découvertes, consistant près d’un tiers des Jupiters chauds connus. Ces planètes



sont confirmées grâce des mesures de vitesses radiales, ces-mêmes qui menèrent à la découverte de
la première planète extrasolaire, autour de l’étoile 51 Pegasi. L’analyse de l’ensemble des signaux
lumineux produits par la présence d’une planète autour de son étoile, notamment ceux reçus pen-
dant un transit permettent de connaître la masse, la taille de la planète, sa période orbitale, la forme
de son orbite, sa température, même la composition chimique de son atmosphère. Par ailleurs ces
observations permettent aussi d’étudier l’étoile autour de laquelle se trouve cette planète, comme
sa masse, sa taille, sa vitesse de rotation ainsi que son âge dans une certaine mesure.

Un type d’observation en particulier fut employé : l’effet Rossiter-McLaughlin. Lors du tran-
sit, cet effet crée une anomalie par rapport aux vitesses radiales attendues. Par la modélisation de
cette anomalie, il est possible de mesurer la projection de l’angle entre le plan orbital de la planète
et le plan équatorial de l’étoile, sur le ciel.

Dans notre Système, toutes les planètes se situent dans un même plan à peu de chose près :
l’écliptique. Le plan équatorial du Soleil est aussi presque aligné avec l’écliptique. Cette observa-
tion mena Kant et Laplace à postuler sur la formation de planètes à partir de matériaux disposés
dans la forme d’un disque primordial entourant le Soleil, disques observés de nos jours autour
d’étoiles jeunes.

Cet angle orbital a été mesuré pour les planètes découvertes, et, de manière surprenante, au
lieu d’observer des planètes en orbite au dessus de l’équateur de leur étoile, une énorme variété
a été trouvée. Certaines planètes sont même en orbite dans le sens contraire de celui attendu.
Ces observations combinées avec d’autres du même type, ainsi qu’avec les autres paramètres déja
connus de cette étonante population de planètes, permettent d’explorer les phénomènes s’étant
produit sans doute peu de temps après leur formation.

Ces Jupiter chauds ont eu une histoire mouvementée. Lorsque le disque dans lequel ils se
sont formés s’est dissipé, des interactions gravitationelles avec d’autres planètes au sein du même
système, ou causées par la présence d’une seconde étoile dans le système, ont mené ces géantes
gazeuses sur des orbites inclinées voire rétrogrades, et très elliptiques. Lors de leurs passages
au plus proche de l’étoile, la dissipation des forces de marées au sein de ces planètes ainsi que
dans l’étoile ont progressivement mené à une circularisation et une réduction de leurs périodes
orbitales, sur lesquelles nous les observons de nos jours.



Forewords

After centuries of wondering about the presence of other worlds outside our Solar System, the
first extrasolar planets were discovered about fifteen years ago. Since the quest continued. The
greatest discovery of our new line of research, exoplanetology, has probably been the large diversity
that those new worlds have brought forward; a diversity in mass, in size, in orbital periods, as well
as in the architecture of the systems we discover. Planets very different from those composing our
system have been detected. As such, we found hot Jupiters, gas giants which orbital period is only
of a few days, mini-Neptunes, bodies five to ten time the mass of the Earth but covered by a thick
gas layer, super-Earths of similar masses but rocky, lava worlds, and more recently, maybe the first
ocean planet. Many more surprises probably await us.

This thesis has for subject this very particular planet class: the hot Jupiters. Those astonishing
worlds are still badly understood. Yet, thanks to the evolution of observational techniques and of
the treatment of their signals, we probably have gathered as much knowledge from these worlds,
than what was known of our own gas giants prior to their visit by probes. They are laboratories
for a series of intense physical phenomena caused by their proximity to their star. Notably, these
planets are found in average much larger than expected. In addition to these curiosities, their
presence so close to their star is abnormal, the necessary conditions for the formation of such
massive bodies, this close, not being plausible. Thus it is more reasonable to explain their current
orbits by a formation far from their star, followed by an orbital migration. It is on this last subject
that this thesis is on: the origin of hot Jupiters.

The laws of physics are universal. Therefore, using the same physical phenomena, we need to
explain the existence of hot Jupiters, while explaining why the Jupiter within our Solar System is
found five times the Earth-Sun distance. In Astronomy, we cannot do experiments; we are a part
of it. Instead, we search and characterise several similar objects in order to extract information out
of them statistically. To answer our question, we needed to find several objects and detect the clues
from their past history bringing us back to the processes that led to their formation.

There are several manners with which one can find planets. For this thesis, the so-called transit
method was used. It consists in detecting a periodic loss of light from a star in front of which a
planet passes: a transit. This method is particularly sensitive to the presence of hot Jupiters. Dur-
ing this thesis, about fifty planets of such type have been discovered, about a third of the known
hot Jupiters. Those planets are confirmed thanks to radial velocity measurements, the same tech-
nique that led to the discovery of the first extrasolar planet, around the star 51 Pegasi. The analysis
of the stellar light affected by the presence of a planet around it, notably the light received during
transit, allows us to know about the mass, the size of the planet, its orbital period, the shape of
its orbit, its temperature, even the chemical composition of its atmosphere. Furthermore, these
observations give us the occasion to study the star around which is found the planet, such as its
mass, its size, its rotation speed, as well as give estimates on its age.
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One type of observations was employed in particular: the Rossiter-McLaughlin effect. During
transit, this effect creates an anomaly compared to the expected radial velocities. Through a mod-
elisation of this anomaly, it is possible to measure the projection of the angle between the orbital
plane of the planet and the equatorial plane of the star, on the sky.

In our System, all planets are located more or less in a same plane : the ecliptic. The equatorial
plane of the Sun is also almost aligned with the ecliptic. This observation led Kant and Laplace to
postulate on the formation of planets from matter spread in the form of a primordial disc around
the Sun; such discs are nowadays observed around young stars.

This angle was measured for the newly discovered planets, and, surprisingly, instead of ob-
serving planets in orbit above the equator of their star, a wide variety was found. Some planets are
even in orbit in the direction counter to that which was expected. Those observations, combined
with others of similar type, as well as with those already known parameters from that astonish-
ing planet population, allow us to explore the phenomena that occurred probably soon after their
formation.

Those hot Jupiters have had an eventful history. When the disc in which they formed dissi-
pated, gravitational interactions with other planets in the same system, or caused by the presence
of another star in the system, have led those gas giants on inclined, some retrograde, and very
elliptic orbits. During their regular passage at the closest point with their star, the dissipation of
tidal forces within the planet and the star induced a circularisation and a reduction of their orbital
periods, on which we observe them nowadays.
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À la source de toute science se trouve la surprise que les choses soient comme elles sont
ARISTOTE

At the beginning of all science is the surprise that things are the way they are
ARISTOTLE
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Chapter 1
Introduction & Basic Principles

One has to start somewhere. I have decided to take that starting point as far in the past as I
could, from knowledge that was gathered, not for this production but for public performances,
mostly given at the Observatoire in the course of public visits. Having gathered this historical
material in order to answer the multiple questions that inevitably come from the public, I thought
it would make a good starting point to this thesis by positioning it in the long and slow evolution
of our species’ understanding of the Universe.

1.1 Historical Background

The definition of the word planet has changed a few times throughout human history. Se-
mantically, planet, in most European languages, comes from the ancient Greek planetos meaning a
wandering star; a star, a point of light in the night sky, that moves a contrario with the others that
do not. Those wandering stars are fairly easy to spot in the sky thanks to their brightness, their
lack of scintillation and their position: aligned with the evening and morning zodiacal lights, very
evident in a clear and dark night. Astronomy was born from that dichotomy between the motion
of planets and the apparently eternal position of stars.

Traditionally (at least since Babylonian times), and for the majority of human history, there has
been seven planets: the Sun, the Moon, Mercury, Venus, Mars, Jupiter and Saturn. They appear to
have been known by most civilisations and have probably given the number of days in a week. A
planet then was not considered the same as a world. The Earth was not considered a planet: for its
apparent lack of motion and its lack of light emission. So, in the third century BC, when the Greek
philosopher Epicurus wrote to Herodotus:

[...] there is an infinite number of worlds, some like this world, others unlike it. [...]
Hence there will be nothing to hinder an infinity of worlds.

[...] we must not suppose that the worlds have necessarily one and the same shape.
For nobody can prove that in one sort of world there might not be contained, whereas
in another sort of world there could not possibly be, the seeds out of which animals
and plants arise and all the rest of the things we see.

the worlds that he writes about are not the planets of then. For planets to be considered as worlds
we have to wait for the Galilean revolution, happening during the European Renaissance, and
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1.1. Historical Background

marking the beginning of modern science. Before this, Astronomy could only rely on one sole
type of measurement: astrometry; positioning.

From the position of planets and from clear reasoning, the ancients modelled mathematically
the apparent motion of the planets in the night sky to an incredible level of sophistication which
lead to their mechanical modelisation in a geocentric orrery called the Antikythera mechanism1. It
comprised many wheels for each planet, some used as epicycles in order to reproduce the appar-
ent retrograde motion of the outer planets in the sky, but also the analemma, the varying distance
between Earth and Moon and the phases of the Moon. This machine intended for use on Earth
therefore reproduced accurately the position of the planets in the night sky and the coming of solar
and lunar eclipses.

Heliocentric ideas permeate history, from Greece in the IIIrd century BC, to India in the Vth

century, Persia in the XIIth century, Andalucia in the XIVth and Nikolaus Copernicus in XVIth cen-
tury Poland. A probable reason why they never took a hold was that none could answer its main
criticism: that if Earth is hurtling through space around the Sun, why are the stars not showing a
parallax. The answer we now give to this question is that stars are incredibly far away, but this
argument was not receivable then since it could be perceived as a completely unconstrained fudge
factor: one could always place the stars further than the current best astrometric measurements.

Galileo Galilei, having improved the optics of a Dutch spyglass for the count of the Venetian
navy, proved that the image the instrument showed was not an alternate reality by accurately re-
porting details such as the type of ships and crews approaching the Serenisssime Republic. His
observations of mountains on the Moon’s surface in contradiction with the held belief of its per-
fectly uniform sphericity gave a first blow to Aristotelian philosophy. Turning to Jupiter he be-
came the first known human to record the presence of unknown wanderers by discovering the
four satellites that now bear his name. His careful observation of that system lead quickly to a
unique conclusion: these wanderers had to orbit Jupiter, in contradiction, again, to Aristotelian
principles.

Let’s remark here that thus far nothing that was shown is against planets orbiting around the
Earth; these observations alone nevertheless meant a great deal: it ushered a new era by demon-
strating that not everything is explained and mentioned in philosophical or religious texts, thus,
that one needs systematic, independent and objective checks. It was also the beginning of a new
era for Astronomy, for Galileo invented a new manner with which to look at the heavens: Galileo
invented imaging.

His images showed moving spots on the Sun and Jupiter as well as stars in the Milky Way.
But above else, he showed the shape of a crescent on Venus which slowly turned to full and then
waned again, while its angular diameter changed. Galileo solved a long standing Greek philo-
sophical problem about why Venus was changing so much in brightness by demonstrating for the
first time, that a wanderer other than the Moon was merely reflecting light and not producing it.
Venus became a world. More importantly it showed the direction of the unique source of light: the
Sun and its position inside Venus’s motion. Venus around the Sun, to explain all other planetary
motion, the Earth must orbit the Sun. Therefore, indeed, stars were pushed so incredibly far away
that we couldn’t measure their parallax until 200 years later. Galileo’s observations made of Earth
a planet, and made of all the other wanderers, worlds (except for the Sun).

In fact one could probably have proven the geocentric model prior to Galileo’s observations.
Tycho Brahe had remarked that comets crossed the wanderers’ orbits at odds with the Aristotelian
concept of crystalline celestial spheres bearing the planets in their course around the Earth. He
had also reported a Nova, while Kepler observed a supernova: the heavens were dynamic and not

1http://www.antikythera-mechanism.gr/
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The phases of Venus

still. The precision of Tycho Brahe’s astrometry was used by Johannes Kepler who deduced the
laws of planetary motion from these exquisite measurements.

From then on thoughts evolved quite rapidly. The scientific method became the philosophy
through which one could make sense of the Universe. Kepler’s notion of force was extended
by Newton by postulating on the universality of natural laws and producing the mathematical
description of the force of gravitational attraction. Newton’s postulate led to the various successes
of science to understand the workings the world around us and the use of those to create newer
technologies.

Advances in Optics led to better telescopes, the development of mathematics allowed a precise
calculation of planetary ephemerides which lead to Halley’s prediction for the return of a comet.
These also permitted the improvement of clock making and time measurement which in turn were
used during the international campaign launched for Venus’ transits in front of the Sun and the
first meaningful estimate of celestial distances. Then came Herschel’s discovery of Uranus in 1781
from whose perturbed orbit, predictions were made for the presence of an eighth planet, Neptune,
first observed in 1846 near its predicted position2 and whose first orbit since detection will close
in July this year.

The XIXth century saw the development of two new techniques that revolutionised astronomy:
multiband photometry & spectroscopy and photography. Both multi-band photometry and spec-
troscopy are new ways to look at the heavens, the first was allowing image comparison between

2I have to mention an unease at this prediction since both Le Verrier and Adams apparently used Titius-Bode law as
a help in their calculations. A colleague reflected recently on this: how valid is a prediction relying on wrong principles.
Yet the proximity of Neptune to the calculated position is a little astonishing if we consider this prediction was bogus.
See Greg Laughlin’s oklo.org http://oklo.org/2011/01/17/neptune-after-one-orbit/
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different regimes in the light spectrum, the other by breaking the picture into its distribution in
wavelength. Both are at the source of the principles located at the heart of contemporary astro-
physics: the deduction of physical processes from a distance through the manipulation of the light
we receive. Photography made possible the archiving of data in a more accurate and objective
way with the possibility of reanalysis for mistakes or time variation as well as estimating system-
atic errors by comparing several independent plates.

Although there have been many a spectacular discovery in the last century, for what matters
to the subject treated in this thesis there has been one revolution: the computer. The capacity to
compute fast and store information turned astronomy from a science that was mostly concerned
about humanly manageable numbers of objects to the prospect of doing meaningful statistics, to
estimate our biases, to store information like nothing before. In parallel, it also rendered possible
the computation of equations on scale unimagined earlier, the solution of complex problems and
the capacity to start doing experiments in astronomy where one can produce simulation of nature
and by twitching parameters and initial conditions, produce different, testable results. Those re-
sults can be compared with observations to vindicate the science on which they are based. They
have also provided an additional driver for observers by showing which of the many observable
parameters hold the keys to distinguish between competing scenarii.

The computer also allowed the adjustment of models on data with the possibility of varying
parameters, the estimation of the likelihood of solutions between different hypotheses and the
determination of accurate intervals of confidence.

1.2 Orbits, Spectroscopy & Binary stars

This section will very briefly describe the physics that is necessary to detect extrasolar planets.
The physics has been well described and formalised in the XIXth and XXth centuries.

1.2.1 Orbital motion

Galileo and Kepler’s discoveries led Isaac Newton to formalise physically the processus behind
planetary motion. In most of what is of concern to us in this thesis, Newtonian physics is sufficient
because the vast majority of the systems dealt with here are single planets around a star. In the case
where more than one body is discovered one might want to apply the perturbation theory, but in
most cases found in the Genève and California search for extrasolar planets, the level of precision
on individual measurements and the small timespan of observations makes it an unnecessary
treatment for most systems, even those in which some planets are in a mean motion resonance
(famous exceptions are GJ 876 (Correia et al. 2010) and Kepler 9 (Holman et al. 2010)). One of the
indirect methods of detection, transit timings, relies on this perturbation theory (see section 1.3.2).

In addition, while General Relativity is needed to explain the full motion of Mercury’s orbital
precession, it is also in most cases unneeded to describe extrasolar planet systems.

Thus, for the moment we will stick with the classical description. Kepler’s first law states that
orbits are ellipses whose equation is, in polar coordinates:

r =
a(1− e2)
1 + e cos θ

(1.1)

where r is the separation, a the semimajor axis of an ellipse with eccentricity e. θ is the true
anomaly. In an infinitesimal time we can write a change of area as

Ȧ = r2 θ̇

2
(1.2)
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Integrating to the total area of an ellipse (πab) in a time P we reach Kepler’s second law:

r2θ̇ =
2πa2(1− e2)

P
= constant (1.3)

Using Newton’s laws, the total angular momentum is given as:

J = µr2θ̇ =
√
GM?Mpµa(1− e2) (1.4)

with µ = M?Mp/(M? + Mp) the reduced mass of the system. Replacing in equation 1.3 and
reorganising we obtain Kepler’s third law:

P 2 =
4π2

G(M? +Mp)
a3 (1.5)

1.2.2 Spectroscopy and the Doppler effect

Coincidentally, spectroscopy also originates from Newton, credited to be the first to study the
dispersion of white light into its colour components through a prism. He called this phenomenon
the light spectrum. The XIXth century saw the discovery of the infrared (Herschel) and the ultra-
violet (Ritter) as two regions of the spectrum unseen by the eye. About the same time the first
wavelength measurements were also done (Young).

Quickly after, Fraunhofer building the first spectroscope, observed that instead of having an
uninterrupted stream of light, some dark bands appeared in the light spectrum, what we now
call absorption lines. He started to measure precisely at which wavelength these laid. In the
meantime, physicists such as Wheatstone, Alter, and Ångström, realised that heated metals were
emitting light at particular wavelengths, now called emission lines. Later, Bunsen and Kirchhoff
realised the wavelengths of metallic emission lines corresponded to the Fraunhofer absorption
lines and thus appeared the possibility of studying the chemical composition of the Sun. Kirchhoff
formalised his findings into three laws that bear his name

1. A hot solid object produces light with a continuous spectrum, a so called black body

2. A hot tenuous gas produces light with spectral lines at discrete wavelengths which depend
on the energy levels of the atoms in the gas.

3. A hot solid object surrounded by a cooler tenuous gas produces light with an almost con-
tinuous spectrum which has gaps at discrete wavelengths depending on the energy levels of
the atoms in the gas

This lead in time to the discovery of a unknown atomic element present in emission line in the
solar spectrum, by Janssen: Helium.

Fraunhofer not just turned his instrument on the Sun, but also observed several stars including
Sirius and realised that their spectra were different from the Sun’s. Astronomical spectroscopic
analyses originate from this work. Relying on the postulate that the laws of Physics are universal,
the spectral lines observed in a star can be compared to that of chemical elements in a lab on
Earth and one can determine the chemical composition of stars and of any absorbing or emitting
medium in the Universe.

In the mid XIXth century, Doppler derived equation showing that the determination of fre-
quencies emitted by a moving source are affected by its motion (he sought through this work the
explanation of why some binary stars have such different colour). It was experimentally verified
with sound and quickly put in practice in Astronomy with the first velocity determination done
on Sirius. What we measure is the velocity on our line of sight, the so-called radial velocity.
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The solar spectrum. Credits N.A.Sharp, NOAO/NSO/Kitt Peak FTS/AURA/NSF.
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Doppler’s equation can be written as

fobs =
(

1− v? − vobs

c

)
.fi (1.6)

where,fobs is the observed frequency; v? is the velocity of the star, or the source; vobs is the velocity
of the observer; c, is the velocity of light and fi is the initially emitted frequency. We thus can
rearrange and get the velocity of a star as a function of wavelength:

v? =
λi − λobs

λi
c+ vobs (1.7)

λi can be determined from laboratory experiments. A reddening is caused by an object receding
from our point of view. A reddening also corresponds to a positive velocity. The above equation
shows that one needs to take into account the radial velocity of the observer. In order to get precise
and accurate radial velocities we therefore need to know well the motion of the Earth around the
barycentre of the solar system.

Careful analysis of stellar spectra allow the determination of the effective temperature of the
star, its rotation projected in the line of sight, the amount of metals on its surface and its gravity at
surface.

1.2.3 Binary stars

The tools used to search for extrasolar planets come directly from the study of binary stars.
Binary, or multiple stars (when more than two components inhabit the system) are defined as stars
on orbits around a common centre of mass.

Spectroscopically we can distinguish two types of binaries. A double-lined binary, or SB2, is a
system where the light of both stars is shone onto one spectrum. If both components have a differ-
ent velocity, they will imprint absorption lines at two different shifts from rest. Thus the velocity
of both can be estimated3 (see also figure 3.11). An SB1, or single line binary, is a system were one
the components does not contribute enough to the combined spectrum (because of its rotation, or
lack of flux), we therefore only see one set of lines.

Observing spectroscopically an SB2, we can determine from the amplitude and period of the
motion, the mass ratio of both components since they orbit around a common centre of mass. We
can transform the equation presented earlier in section 1.2.1 and express them in terms of velocity.

Using the formalism presented in Hilditch (2001) our object has orbital polar coordinates r cos(θ+
ω) and r sin(θ + ω). We observe the projection of that second component on its orbit, giving us
r sin(θ + ω) sin i of which we take the time derivative to obtain:

Vrad = sin i (sin(θ + ω)ṙ + r cos(θ + ω)θ̇) (1.8)

where θ is the true anomaly. The longitude of periastron is noted here as ω. Using r defined in
equation 1.1 and Kepler’s 2nd law (eq 1.3) we finally get:

Vrad = K(cos(θ + ω) + e cosω) + γ (1.9)

with
K =

2πa sin i√
P (1− e2)

(1.10)

called the semi amplitude. This is directly measurable from as half the peak to peak variation in
velocity. γ is called the systemic velocity: the velocity of that system in space with respect to the
Solar System’s barycentre.

3An SB3, would be a system where we have three spectra combined: three stars at least in the system
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In a double lined binary we can measure K1 and K2 and obtain:

a1 sin i =
√

1− e2

2π
K1P

a2 sin i =
√

1− e2

2π
K2P (1.11)

Kepler’s third law give us:

(M1 +M2) =
4π2

G

a3

P 2
(1.12)

since M1a1 = M2a2 we can solve the equations and get to the minimum masses M1 sin i and
M2 sin i. Since we cannot solve for the semi major axis a or the inclination i but only their combi-
nation we have to settle for the mass ratio.

If both components are in our line of the sight, they will eclipse periodically. Thanks to this the
inclination, i is known and thus a as well and the real masses can be measured. Alternatively, we
can make astrometric measurement and observe the orbital motion of the target being drawn on
the sky with respect to background stars, assumed immobile. There, i and a are resolved. Similarly
to spectroscopic binaries one can observe one, two or more components.

In the case of an SB1, we can only measure K1. The only quantity one can estimate is the mass
function:

f(m) =
M3

2 sin3 i

M1 +M2
(1.13)

Having a measurement of i is not sufficient to solve the system and one need to assume for a cer-
tain M1 that one can try to estimate from other observables. Again, if you want to know more,
consult Hilditch (2001).

Extrasolar planets are essentially the same as SB1s: something that will cause a periodic motion
of its host star around their common centre of mass. Because the planet does not emit light, only
reflecting it, we see no secondary set of lines. One can search for planets in the same way that one
can search and study binary stars, the only difference being the mass ratio.

As instruments got more and more precise, it was possible to detect smaller amplitudes, lead-
ing to greater mass ratios and a discovery by Latham et al. (1989) of an object with a minimum
mass of 11.2 Jovian masses around HD 114762 4. The old spectrographs just reached about the
precision needed to discover planets. A newer, more precise and stable generation of instruments
was designed to push further down and enter fully into the planet realm.

1.3 Extrasolar Planets

In a quest to check Epicurus’ intuition and answering if life is ubiquitous in the Universe or
not, it was logical to search for planets. That search for other worlds started with William Herschel
in our own Solar System. Results from the currently flying WISE satellite5 are placing enormous

4For i > 60◦ the mass of that object is well into the Brown Dwarf regime, and thus was not considered a planet
candidate then. Now, witth better knowledge of the mass distribution of substellar objects around stars, it has been
included, though doubts remain as to its exact nature.

5A NASA infrared, all sky survey http://wise.ssl.berkeley.edu/
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constraints on the absence of other as-of-yet undetected planets in our system. The search had to
go elsewhere. According to the universality of physical laws nothing should prevent planets from
forming around other stars, but also under the principles ruling the scientific method, one had to
check. Furthermore, other questions relating to the uniqueness of our Solar System and the posi-
tion of Earth - and of our humanity - in the Universe, needed answering. In addition, and it has
proven so, the more one observes, the more one can discover. Nature is a giver of surprises. Those
surprises, also called outliers when first found, are what constrain theories most efficiently as even
those need explaining and thus, too, help answering the debate on our origins. In this context the
discovery of the first extrasolar planet being a Jupiter-like planet orbiting the star 51 Pegasi in a
four day orbit by Mayor & Queloz (1995) came somewhat as a surprise and strongly shaped the
way planet formation and orbital evolution became thought of. It is not always that one starts
exploration by detecting outliers. This detection is a direct result of the method of detection used:
the radial velocity method, an indirect way of identifying a planet with which this object, and others
of the same type, are easiest to find. Each detection method is plagued with the same problem:
the easiest objects are detected first but are not necessarily representative of the overall, then un-
detected, distribution. 51 Peg b became the first object in a new planet class, absent from our Solar
System: the hot Jupiters.

1.3.1 Direct detection method

The most simple manner one can imagine in order to search for planets is to look, literally,
much as William Herschel did: to do what is called direct imaging. This method, working well
within our system, is nevertheless probably one of the hardest to use in the context of extrasolar
planets because of the enormous contrast between the light emitted by the star and the reflected
light from the planet. One also has to achieve high angular resolution, therefore needing a large
mirror or a powerful interferometric system. In addition one has to tackle the atmospheric distor-
tion and all the various and many inaccuracies originating from the instrument, the way it is built
and residual effects from applied corrections. Direct imaging has found a few planet candidates
in recent years, probably massive and on the outer regions of their system, mostly around cold
stars and brown dwarfs. The most emblematic objects are probably the quadruple planet system
around HR 8799 (Marois et al. 2008, 2010) and the planet candidates around β Pictoris (Lagrange
et al. 2009, 2010) and Fomalhaut (Kalas et al. 2008).

An alternative direct detection was recently claimed on the already known planet HD 189733 b.
Snellen et al. (2010) claimed having detected the planet’s signal similarly to that of an SB2. The
work focused on the detection of CO absorption lines that moved across the combined spectrum
of the star and the planet by several tens of km s−1.

The direct method is possible but being currently too challenging for a wide survey because of
the time needed to integrate at the telescope in order to detect the tiny contrast between a star and
its planetary companions, astronomers circumvented the problem and envisioned several indirect
methods to start searching for exoplanets; all of those are currently being used. Direct detections
nevertheless have a very promising future for the discovery of long period planets whose orbital
motion are so slow (let’s think here of Neptune’s 160 year cycle6) that they would practically be
undetectable by indirect methods relying on time series.

6and let’s imagine a PhD thesis with the aim to find one!
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Figure 1.1: Direct detection
of four planets around the
star HR 8799. Figure ob-
tained from Marois et al.
(2010)

LETTER
doi:10.1038/nature09684

Images of a fourth planet orbiting HR 8799
Christian Marois1, B. Zuckerman2, Quinn M. Konopacky3, Bruce Macintosh3 & Travis Barman4

High-contrast near-infrared imaging of the nearby star HR 8799
has shown three giant planets1. Such images were possible because
of the wide orbits (.25 astronomical units, where 1 AU is the Earth–
Sun distance) and youth (,100Myr) of the imaged planets, which
are still hot and bright as they radiate away gravitational energy
acquired during their formation. An important area of contention
in the exoplanet community iswhether outer planets (.10 AU)more
massive than Jupiter form by way of one-step gravitational instabil-
ities2 or, rather, through a two-step process involving accretion of a
core followed by accumulation of a massive outer envelope com-
posed primarily of hydrogen and helium3. Here we report the pres-
ence of a fourth planet, interior to and of about the samemass as the
other three. The system, with this additional planet, represents a
challenge for current planet formation models as none of them can
explain the in situ formation of all four planets.With its four young
giant planets and known cold/warm debris belts4, the HR 8799
planetary system is a unique laboratory inwhich to study the forma-
tion and evolution of giant planets at wide (.10 AU) separations.
New near-infrared observations ofHR 8799, optimized for detecting

close-in planets, were made at the Keck II telescope in 2009 and 2010.
(See Table 1 for a summary.) A subset of the images is presented in
Fig. 1. A fourth planet, designated HR 8799e, is detected at six different
epochs at an averaged projected separation of 0.36806 0.003’’
(14.56 0.4 AU). Planet e is bound to the star and is orbiting anticlock-
wise (see Fig. 2), as are the three other knownplanets in the system. The
measured orbitalmotion, 466 10mas yr21, is consistentwith a roughly
circular orbit of semimajor axis (a) 14.5 AU with a,50-year period.
Knowledge of the age and luminosity of the planets is critical for

deriving their fundamental properties, including mass. In 2008 we
used various techniques to estimate an age of 60Myr with a plausible

range between 30 and 160Myr (here we represent this as 60z100
{30 Myr),

consistent with an earlier estimate of 20–150Myr (ref. 5). Two recent
analyses (R. Doyon et al., and B. Zuckerman et al., manuscripts in
preparation) independently deduce that HR 8799 is very likely to be
a member of the 30Myr Columba association6. This conclusion is
based on common Galactic space motions and age indicators for stars
located between the previously-known Columba members and HR
8799. The younger age suggests smaller planet masses, but to be con-
servative, we use both age ranges (30z20

{10 Myr (Columba association)
and 60z100

{30 Myr1) to derive the physical properties of planet e.

Table 1 | HR 8799e astrometry, photometry and physical
characteristics
Epoch, band, wavelength Separation [E, N] from the host star

2009 Jul. 31, Kp band 2.124 mm (60.0190) [20.2990, 20.2170]
2009 Aug. 1, L9 band 3.776 mm (60.0130) [20.3030, 20.2090]
2009 Nov. 1, L9 band 3.776 mm (60.0100) [20.3040, 20.1960]
2010 Jul. 13, Ks band 2.146 mm (60.0080) [20.3250, 20.1730]
2010 Jul. 21, L9 band 3.776 mm (60.0110) [20.3240, 20.1750]
2010 Oct. 30, L9 band 3.776 mm (60.0100) [20.3340, 20.1620]

Parameter Value

Projected separation, avg. from all epochs* (AU) 14.560.4
Orbital motion (arcsec yr21) 0.04660.010
Period for a face-on circular orbit (yr) ,50
DKs 2.146 mm{ (mag) 10.6760.22
DL9 3.776 mm{ (mag) 9.3760.12
Absolute magnitude at 2.146 mm, MKs (mag) 12.9360.22
Absolute magnitude at 3.776 mm, ML’ (mag) 11.6160.12
Luminosity (log L[) 24.760.2
Mass for 30z20

{10 Myr (MJup) 7z3
{2

Mass for 60z100
{30 Myr (MJup) 10z3

{3

*The projected separation error (in AU) also accounts for the uncertainty in the distance to the star.
{Planet-to-star flux ratios, expressed as difference of magnitude. No reliable photometry was derived
for the Kp-band 2009 Jul. 31 data.

1National Research Council Canada, Herzberg Institute of Astrophysics, 5071West Saanich Road, Victoria, British Columbia V9E 2E7, Canada. 2Physics & Astronomy Department, University of California,
Los Angeles, California 90095, USA. 3Lawrence Livermore National Laboratory, 7000 East Avenue, Livermore, California 94550, USA. 4Lowell Observatory, 1400 West Mars Hill Road, Flagstaff, Arizona
86001, USA.
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Figure 1 | HR 8799e discovery images. Images of HR 8799 (a star at
39.46 1.0 pc and located in the Pegasus constellation) were acquired at the
Keck II telescope with the Angular Differential Imaging technique (ADI)22 to
allowa stable quasi-static point spread function (PSF)while leaving the field-of-
view to rotate with time while tracking the star in the sky. The ADI/LOCI22,23

SOSIE software24 was used to subtract the stellar flux, and to combine and flux-
calibrate the images. Our SOSIE software24 iteratively fits the planet PSF to
derive relative astrometry and photometry (the star position and its
photometry were obtained from unsaturated data or from its PSF core that was
detectable through a flux-calibrated focal plane mask). a, An L9-band image
acquired on 21 July 2010; b, a Ks-band image acquired on 13 July 2010 (arrows
in a andbpoint towards planet e); c, an L9-band image acquired on 1November
2009. All three sequences were,1 h long. No coronagraphic focal plane mask
was used on 1 November 2009, but a 400-mas-diameter mask was used on 13
July and 21 July 2010. HR 8799e is located southwest of the star. Planets b, c and
d are seen at respective projected separations of 68, 38 and 24AU from the
central star, consistent with roughly circular orbits at inclinations of,40u (refs
11–13). Their masses (7, 10 and 10MJup for b, c and d for 60Myr age1; 5, 7 and
7MJup for 30Myr age) were estimated from their luminosities using age-
dependent evolutionary models25. North is up and east is left.
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Macmillan Publishers Limited. All rights reserved©2010

1.3.2 Indirect detection methods

Most indirect methods rely on one principle: the manner with which the target star will be af-
fected by the presence of a planet. Pulsar timing, radial velocities, astrometric measurements and
transit time delays all use the propriety that an applied force causes an equal and opposite reaction.
Both planet and star attract each others; both orbit a common centre of mass called barycentre. In
our solar system, the barycentre is located near the surface of the Sun.

radial velocities

Widely used in the case of binary star, we saw that with HD 114762 b (Latham et al. 1989) the
planet limit was approached. One only needed to improve this well proven method to a pre-
cision allowing the detection of planets treating them as SB1 (see section 1.2.3). It has been the
most successful method until 2011 when NASA’s Kepler satellite released a host of planets can-
didates discovered via the transit method. Nevertheless, the radial velocity method remains one
of the most efficient means to search for planets and the most reliable and accepted manner with
which one can check results from other methods. The results from Kepler are being confirmed pro-
gressively via radial velocity measurements, and until a mass determination (also measurable via
transit timing) remain planet candidates.

The reason for the resilience of that method in an age of fast discovery thanks to planetary
transits is largely due to its sensitivity to longer periods and smaller masses, the capacity to obtain
most orbital parameters such as the eccentricity, the ability to search brighter and nearer stars, and
the information it gives to prevent a false detection.
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Figure 1.2: Radial velocity announc-
ing the detection of 51 Peg b, the
first extrasolar planet, the first hot
Jupiter. Figure obtained from Mayor
& Queloz (1995)

Its major results are: the first detection of a planet around a solar type star (Mayor & Queloz
1995); the detection of the smallest mass planet7 (Mayor et al. 2009a); the discovery of a vast distri-
bution of planet less massive than Neptune but more than Earth located closer to their star than is
Mercury to the Sun (Mayor et al. 2009b) and of packed planetary systems (Lovis et al. 2011). These
have subsequently been confirmed by Kepler.

Used alone, unfortunately this method suffers from two drawbacks: that a stellar mass, a no-
tably hard quantity to accurately determine for field stars, needs to be assumed in order to get to
the companion’s mass. Then, only a minimum mass, Mp sin i is determined.

From equation 1.10 we can deduce the type of signal this method is likely to deliver:

K =
28.4 m s−1

√
1− e2

Mp sin i
MJup

(
M?

M�

)−2/3( P

1 yr

)−1/3

(1.14)

expressed in terms of Jovian masses MJup and solar masses M� 8.

planetary transits

Only when 51 Peg b was discovered did this method became seriously considered. Prior to
that, the knowledge about the presence of planets near to their stars was lacking. Mercury, with its
88 day period was the closest planet known to its star then. A posteriori, this method is probably
one of the easiest with which one can expect to detect exoplanet candidates: one hopes to observe
a planet transit in front of its host star. It only requires a light detector with a good enough preci-
sion to obtain reliable photometry, a large number of stars (achieved either by observing a small,
deep field, or a wide and shallower field), time, and the capacity to sort through the photometric

7minimum mass that is
8obtained from Allen’s Astrophysical Quantities (Cox 2000)
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Fig. 1.— Illustration of transits and occultations. Only the combined flux of the star and planet is observed. During a transit, the flux

drops because the planet blocks a fraction of the starlight. Then the flux rises as the planet’s dayside comes into view. The flux drops

again when the planet is occulted by the star.

as well align theX axis with the line of nodes; we place the

descending node of the planet’s orbit along the +X axis,

giving Ω = 180◦.
The distance between the star and planet is given by

equation (20) of the chapter by Murray and Correia:

r =
a(1− e2)
1 + e cos f

, (1)

where a is the semimajor axis of the relative orbit and f
is the true anomaly, an implicit function of time depending

on the orbital eccentricity e and period P (see Section 3 of

the chapter by Murray and Correia). This can be resolved

into Cartesian coordinates using equations (53-55) of the

chapter by Murray and Correia, with Ω = 180◦:

X = −r cos(ω + f), (2)

Y = −r sin(ω + f) cos i, (3)

Z = r sin(ω + f) sin i. (4)

If eclipses occur, they do so when rsky ≡
√

X2 + Y 2 is

a local minimum. Using equations (2-3),

rsky =
a(1 − e2)
1 + e cos f

√
1− sin2(ω + f) sin2 i. (5)

Minimizing this expression leads to lengthy algebra (Kip-

ping 2008). However, an excellent approximation that we

will use throughout this chapter is that eclipses are centered

around conjunctions, which are defined by the condition

X = 0 and may be inferior (planet in front) or superior
(star in front). This gives

ftra = +
π

2
− ω, focc = −π

2
− ω, (6)

where here and elsewhere in this chapter, “tra” refers to

transits and “occ” to occultations. This approximation is

valid for all cases except extremely eccentric and close-in

orbits with grazing eclipses.

The impact parameter b is the sky-projected distance at
conjunction, in units of the stellar radius:

btra =
a cos i

R!

(
1− e2

1 + e sinω

)
, (7)

bocc =
a cos i

R!

(
1− e2

1− e sinω

)
. (8)

For the common case R! $ a, the planet’s path across
(or behind) the stellar disk is approximately a straight line

between the pointsX = ±R!

√
1− b2 at Y = bR!.

2.2 Probability of eclipses

Eclipses are seen only by privileged observers who view

a planet’s orbit nearly edge-on. As the planet orbits its star,

its shadow describes a cone that sweeps out a band on the

celestial sphere, as illustrated in Figure 3. A distant ob-

server within the shadow band will see transits. The open-

ing angle of the cone, Θ, satisfies the condition sinΘ =

2

Figure 1.3: Diagram showing the change in flux received on Earth as a planet orbits its star. Figure
taken from Winn (2010).

timeseries comprising thousands of data points on thousands of stars. Because of geometrical con-
straints, this method is mostly concerned with the detection of short-period planets. It also suffers
from quite a number of false positives. This thesis relies on data acquired with a transit survey
and thus will be described at length later.

Transits also provide another means to look for planets via the timing of those events. There
are two manners to use that timing. The easiest, similar to pulsar timing is to check for a variation
in the middle of transit time due to the motion of the star around its barycentre, caused by another
undetected companion. This is mostly used in the context of eclipsing binaries around which plan-
ets are searched. The second manner relies on the dynamical perturbation two planets can cause
on each other’s orbit, especially when located in a mean motion resonance. This perturbation will
be observed as a transit time variation caused by a planet being early or late due to its interactions
with a second one, that is or is not transiting (see section on timing).

On a first order the signal we expect: a drop in flux F , can be described from the radii of the
planet Rp and of the star R? as:

∆F
F

=
πR2

pB?

πR2
?B? + πR2

pBp

'
(
Rp

R?

)2

∼ 1
100

(
Rp

RJup

)2(R�
R?

)2

(1.15)

where we assume the planet’s brightness B? to be null during transit. In order for a transit to
happen we need a special geometrical configuration, something most other methods do not suffer
from as much (except microlensing, see later). Let us now estimate the probability that a planet
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Figure 1.4: Diagram show-
ing some of the quantities in
the text. Observer would on
the right hand side, looking
towards the star

does transit its host star. For that, the projection of the separation between planet and star needs
to be smaller than the sum of their radii:

a cos i < Rp +R? (1.16)

where a is the semimajor axis, i is the inclination of the orbital plane with respect to the sky (see
figure 1.4). This means there is a band drawn around each star on the sky where transit would be
visible to far away observers. Now, assuming planetary systems are randomly orientated in space
(uniform in cos i) we expect the probability of a transit to be simply:

Prob =
Rp +R?

a
' R?

a

∼ 1
10

(
R?
R�

)(
P

3 days

)−2/3(M?

M�

)−1/3

(1.17)

assuming for a complete transit rather than grazing. We immediately see that we are sensitive to
large planets at small orbital separation.

The first exoplanetary transit was observed on HD 209458, by Charbonneau et al. (2000) and
formally confirmed that those radial velocity signals found by Doppler surveys were indeed those
of planets and not of stellar binaries in nearly face-on orbits as some were arguing then.

While all other methods are solely detection methods, transits also give us physical information
about the planets and brought a treasure trove of observables which led to an intensive theoretical
development about the physics happening on those planets. Check Winn (2010) for a review on all
what one can do when a planet is known to transit. Eventually, direct imaging will provide such
opportunities as well.

timing method

Under this term are gathered various manner to observe a single physical phenomenon. As a
planet orbits the centre of mass of the system, so does the central object, which we are observing. If
that object emits regular pulsations, then sometimes that pulsation is emitted as the object is closer
to Earth and other times when it is further thus creating a periodic signal in the arrival time of the
pulsations.

Pulsars, shortened of pulsating stars are understood to be fast rotating neutron star emitting
radiation in a focused beam in the direction of the object’s magnetic poles. We can detect this
emission for those objects whose beam is sometimes directed towards Earth. An unseen body
in orbit around such an object will cause it to oscillate around the barycentre. Thus sometimes
pulses will appear to be late as coming from a little further way, and sometime early. The pre-
cision of those instrument, the otherwise regularity of the pulses and the number of events one
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Figure 1.5: Composite of
two transits showing the
change in flux with time
of the first observed transit
by an extrasolar planet:
HD 209458 b, as presented
in Charbonneau et al.
(2000)

L46 DETECTION OF PLANETARY TRANSITS Vol. 529

Fig. 1.—Shown are the photometric time series, corrected for gray and color-
dependent extinction, for 1999 September 9 and 16 plotted as a function of
time from . The rms of the time series at the beginning of the night onTc
September 9 is roughly 4 mmag. The increased scatter in the September 16
data relative to the September 9 data is due to the shorter exposure times. The
data from September 16 are offset by !0.05 relative to those from Septem-
ber 9.

Fig. 2.—Shown are the data from Fig. 1 binned into 5 m averages, phased
according to our best-fit orbit, plotted as a function of time from . The rmsTc
variation at the beginning of the time series is roughly 1.5 mmag, and this
precision is maintained throughout the duration of the transit. The increased
scatter at the end of the time series is due to increasing air mass which occurred
at roughly the same time for both transits, since the two occurred very nearly
1 week apart. The solid line is the transit shape that would occur for our best-
fit model, , . The lower and upper dashed lines are theR = 1.27 R i = 87!.1p Jup

transit curves that would occur for a planet 10% larger and smaller in radius,
respectively. The rapid initial fall and final rise of the transit curve correspond
to the times between first and second and between third and fourth contacts,
when the planet is crossing the edge of the star; the resulting slope is a function
of the finite size of the planet, the impact parameter of the transit, and the
limb darkening of the star. The central curved portion of the transit is the time
between second and third contacts, when the planet is entirely in front of the
star.

M99. The important elements were the orbital period P and
the time of maximum radial velocity of the star Tmax. For this
Letter, we have analyzed four nights of data; two of these
(August 29 and September 13) occur off transit and establish
the nonvariability of the star, while two (September 9 and 16)
encompass the time of transit. We produced calibrated images
by subtracting a master bias and dividing by a master flat.
Sixteen images from September 16 were averaged to produce
a master image. We used DAOPHOT II (Stetson 1994) to pro-
duce a master star list from this image, retaining the 823 bright-
est stars. For each time series image, we then estimated a co-
ordinate transformation, which allowed for a linear shift dx and
dy. We then applied this coordinate transformation to the master
star list and carried out aperture photometry for all the images.
For each star, a standard magnitude was defined from the result
of the aperture photometry on the master image. We corrected
for atmospheric extinction using a color-dependent extinction
estimate derived from the magnitudes of the 20 brightest stars
in the field (excluding HD 209458 and two obviously variable
stars). For two of the nights of data (August 29 and September
13), the residuals for HD 209458 are consistent with no var-
iation. However, on the other nights (September 9 and 16), we
can see a conspicuous dimming of the star for a time of several
hours. These residuals are shown in Figure 1. The root mean
square (rms) variation in the resulting time series at the be-
ginning of the night of September 9 is 4 mmag; the dominant
source of noise for these bright stars is atmospheric scintillation.

3. ANALYSIS OF LIGHT CURVE

3.1. Orbital Parameters

As presented in M99, the derived orbital parameters from
the combined radial velocity observations are P = 3.52447 "
0.00029 days and Tmax = 2,451,370.048 " 0.014 HJD.
Since we observed two transits, it is possible to estimate

independently both a period and the time at the center of the
transit, , for the orbit. To derive the period, we phased theTc
data to an assumed value of P in a range surrounding 3.5 days
and interpolated the data from the first transit onto the grid of

observation times for the later transit. The weighted sum of
the square of the difference was calculated as a function of
assumed period, resulting in a clear minimum and a well-
defined error. We find the orbital period to be P = 3.5250"

days, consistent with but less precise than the value0.003
determined from the radial velocity observations. As discussed
in M99, the best-fit value of the mass for this star is M =s

M,; assuming this value, we determine the semimajor axis1.1
to be AU.a = 0.0467
We used the data from the earlier transit, which was the

more precisely observed, to determine Tc. For each assumed
value of Tc, we folded the light curve about Tc and calculated
the weighted sum of the square of the difference between
the two halves of the folded curve. We find that T =c

HJD. This value is consistent with2,451,430.8227" 0.003
but is much more tightly constrained than the value deter-
mined from the radial velocity observations.
Projecting the errors in P from the radial velocity obser-

vations and Tc from the photometry observations, the time of
transit can be calculated with a precision of better than half an
hour for the next 6 months.

3.2. Interpretation of the Transit Curve

For the purpose of interpreting the light curve, we binned
the residuals from both transits into 5 minute time bins ac-
cording to the orbit derived above. The time series rms of these
binned data is 1.5 mmag throughout the time span covered by
the observations, with an increase to larger scatter roughly
1 hr after the point of last contact due to the increasing air
mass. These binned data are plotted in Figure 2.
Five parameters participate in determining the precise shape

gets thanks to the rapidity of pulsars’ rotation allows very fine measurements. Four planets have
been found around two pulsars (Wolszczan & Frail 1992; Wolszczan & Kuchner 2010). They have
small masses. Although prior, the impact of their discovery was never as big as that of 51 Peg b
because of the unusual nature of the central-most object: a supernova remnant and the paucity of
such objects. It is thought those planets may have form from dust accretion, dust ejected during
the supernova event and reorganised into a disc later. A few other scenarii are investigated (see
Wolszczan & Kuchner (2010) for references).

Similar to pulsar timing is the detection of a variable signal in the oscillations of V391 Peg
compatible with a gas giant giant orbiting at a few AU (Silvotti et al. 2007). The planet yield from
these techniques is small, but interesting as they explore the future of planetary systems, after stars
evolved off the main sequence.

Another way to use timing is through eclipse or transit timing. The idea is that one uses the
transit/eclipse mid transit time as the frequency on which one attempts to detect a periodic change
in arrival time. Search on planet transit have a successful detection only on the multiplanetary
systems found using the Kepler satellite (eg. Holman et al. (2010)). They are used as a way to
estimate the mass of planets, not yet as a detection tool. Other photometric, ground based surveys,
have produced mainly hot Jupiters. Those are, for reasons explained later, found most of the time
alone. Transit timing detections have thus far showed no credible detections. A few signals have
been found, but associated with stellar rotation (Alonso et al. 2009).

One detection of a slow shift of about 30 seconds in the eclipses’ mid time of the binary
CM Draconis, over 30 years, could be caused by a circumbinary planetary body (Deeg et al. 2008).
More observations are needed to conclude on that system.

astrometry

In a similar fashion to work on binary stars, it is possible to measure accurately the position
of a star to others in the field assumed to have fixed positions during the required length of the
observations. Progressively the orbit can draw itself on the sky, on top of the star’s proper motion
and of its parallax. The big advantage of this method is to obtain information on the semimajor axis
and inclination of the orbit. Another very important point of interest is that its highest sensitivity
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is for gas giants orbiting at a few AU from their star. It is thus more sensitive to Solar System
analogues than radial velocities are. So far it has not detected any planets, but showed a few
planet candidate are in fact stellar, places some upper limits on some masses (Sahlmann et al.
2011b) and possible confirmation of a few planets (eg ε Eridani (Benedict et al. 2006)).

A large investment is underway to make precise astrometric measurement. This method is key
to probe the outer reaches of stellar systems for which neither the radial velocities, let alone the
transit method, can reach. Ultimately, astrometry, very much as Doppler surveys will suffer from
the time an orbit takes to close, when that time is of comparable size to one’s lifetime.

microlensing

Microlensing is a method yielding few results due to the low probability of catching an event.
Its principles are outlined in: Gaudi (2010). Credited with a dozen planet discoveries, this method
detects the light amplification caused by a planet passing in the line of sight of a background star.
The planet acts as a lens thanks to the deflection of light due to its mass. It is most sensitive to
planets located at a few AU from their host, and to planets around low mass stars, as these are
in greater numbers in our galaxy than solar type stars. Often deemed of interest to probe the dis-
tribution of the planets at large orbital separation and build a statistical picture, this technique is
plagued by the lack of detection. This said, thanks to better alert systems, detection rates should
augment. These will help fill a gap in parameter space which is hard to reach by other detection
methods. Unfortunately, the objects that have been detected are also useless for further studies,
notably, because the short time events occur for, means that only in special circumstances does one
measure orbital motion and get constrains on eccentricity. Microlensing events are a one-off. Most
of the time the host star is not even detected; only its effect on the background star is. This makes
any characterisation practically impossible.

1.3.3 Characterisation methods

If, from 1995, the number of researchers aiming to detect new planets has increased enor-
mously, what has progressed dramatically is the effort to characterise those new worlds and learn
the most one can about them. New physics in regime beforehand unreachable is being theorised
and checked. This effort is truly remarkable and some say that what we now know on those far
away hot Jupiters has reached a similar level to what we knew about the gas giants in our own
solar system prior to their visit by the Voyager probes.

high precision photometry

Be it for checking whether a planet detected in radial velocity could be transiting, or for planet
founds by transit surveys, the initial photometry is usually obtained from small telescope, thus
poor. The first effort one can achieve after detection, is to obtain better photometry. The range of
telescope and opportunities varies on the means and ability of researchers. One can ask time on
a space telescope such as Hubble, as was the case for HD 189733b (Pont et al. 2007), but its short
orbit around the Earth forces one to only take bits of transit, rather than a complete transit, or use
a VLT, as will be presented in section 2.3.2.

Another efficient way is to use a well built machine, not necessarily big and observe a lot of
events, as demonstrated by KeplerCam on the 1.2m at Fred L. Whipple Observatory (eg. Winn et al.
(2009a), or more recently by the 60 cm robotic telescope TRAPPIST build in a collaboration between
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Figure 1.6: Example of characterisation on WASP-4: grey open triangles: WASP discovery pho-
tometry; black open circles: Euler telescope confirmation of the transit; red full discs: VLT FORS2
data. Residuals from the best fit are displayed. Data from Gillon et al. (2009b), see section 2.3.2.

Genève and Liège astronomy departments. Our own EulerCam on the 1.2m Swiss telescope at La
Silla is used for the same reasons; that work is part of Monika Lendl’s thesis.

In all cases one can obtain an exquisite lightcurve, and precise estimates of the ratio of radii,
impact parameter, limb darkening, and on the presence of stellar spots. If observed on a long
timespan, it also helps producing reliable ephemeris. One is still limited while extracting physical
parameters of the planet, by our knowledge on the star’s mass. Work presented in this thesis will
show how the addition of precise transit lightcurves can lead to accurate determination of the stel-
lar density (using eq. 2.10) can lead to the determination of a star’s age (see section 2.6).

In the case of a series of transit, one can use their mid transit point to search for transit timing
variation as explained briefly earlier, or search for a variation in impact parameter which could
also be caused by the interactions with another planet. If the planet happens to cross stellar spots
one can try to estimate the spin/orbit angle, like done in the case of WASP-4 by Sanchis-Ojeda
et al. (2011).

Finally one can detect a change in transit depth from which can be estimated the area of the
star covered with stellar spots (Huber et al. 2010). This is of particular concern. Planet radii are
estimated using eq. 1.15, assuming F? is not hidden by any other component.
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GAUDI & WINN 2007

In function of the spin/orbit angle, the shape changes

! = -"

where I is the orbital inclination with respect to the sky plane. In
the latter equality we have assumed mTM and e ¼ 0.

Assuming that the width of the absorption line is dominated
by rotational broadening, and further assuming that the stellar
Doppler shift is small, the first-moment approximation mentioned
previously gives (Ohta et al. 2005)

!VR(t) ¼ "VS sin IS

R R
xI (x; y) dx dyR R
I (x; y) dx dy

: ð4Þ

Here, VS is the equatorial rotation speed of the stellar photo-
sphere, IS is the inclination of the stellar spin axis relative to the
sky plane, and I (x; y) is the surface brightness of the observed
stellar disk (including the dark spot due to the planet). The sky-
plane coordinates x and y are measured in units of the stellar
radius, have their origin at the projected center of the star, and
are perpendicular and parallel to the projected stellar rotation
axis, respectively. In fact, equation (4) also holds for lines that
have additional broadening mechanisms, such as thermal broad-
ening, provided that the additional broadening mechanisms pro-
duce no net Doppler shift (i.e., the broadening kernel is symmetric
about its centroid).

For convenience, we write the RM effect as

!VR(t) ¼ KRg(t; xp; yp; !; "; : : :); ð5Þ

separating the overall amplitude KR of the RM effect from the
dimensionless function g(t) P 1. The amplitude is given by

KR % VS sin IS
!2

1" !2

¼ 52:8 m s"1 VS sin IS
5 km s"1

! "
r

RJup

! "2
R

R&

! ""2

; ð6Þ

where ! % r/R. In the latter equality, we have assumed !T1.
For convenience, we will define V % VS sin IS . The dimen-
sionless function g depends primarily on the projected position
of the planet (xp; yp), but also on ! and the limb-darkening
function. For simplicity, we use a single-parameter ‘‘linear’’

description of the limb-darkening law, such that the (unocculted)
surface brightness of the star is

I (x; y)

I0
¼ 1" "

h
1" 1" x2 " y2

# $1=2i
; ð7Þ

with " the linear limb-darkening parameter. Note that in some
circumstances—for example, the case of differential rotation,
as discussed in x 3—the function g will depend on additional
parameters.

Figure 2 shows three different trajectories of a transiting planet
across the stellar disk. These trajectories all have the same impact
parameter b, and consequently they all produce exactly the same
photometric signal.3 However, the trajectories differ in the value
of k, and consequently produce different RM waveforms, as
plotted in the lower row of panels. The sensitivity of the RM
waveform to k is what enables the observer to assess spin-orbit
alignment. The question of the achievable accuracy in k will be
taken up in x 3.

An especially simple case is when the planetary disk is fully
contained within the stellar disk, and limb darkening is negli-
gible (" ¼ 0). In that case, g is the perpendicular distance from
the projected stellar spin axis, g(t) ¼ xp(t). If we consider a
rectilinear trajectory across the face of the star with impact
parameter b, we can write the position of the center of the planet
as a function of time as

xp(t) ¼ # cos k" b sin k;

yp(t) ¼ # sin kþ b cos k; ð8Þ

where # % (t " ttra)/Ttra, ttra is the time of the transit midpoint,
Ttra ¼ R/vorb is the radius crossing time corresponding to the
planet’s orbital velocity at the time of transit [so that the transit
duration is approximately 2Ttra 1" b2ð Þ"1=2], and k is the angle
of the trajectory with respect to the apparent stellar equator. We
define k to be between "180( and +180(, such that for k > 0,
the planet moves toward the stellar north pole as it proceeds

Fig. 2.—Dependence of the RMwaveform on k. Three different possible trajectories of a transiting planet are shown, alongwith the corresponding RMwaveform (as
computedwith the formulae of Ohta et al. 2005). The trajectories all have the same impact parameter and produce the same light curve, but they differ ink and produce different
RM curves. The dotted lines are for the case of no limb darkening (" ¼ 0), and the solid lines are for " ¼ 0:6.

3 The impact parameter is given by b ¼ a cos I /R, where a is the orbital
semimajor axis.

TRANSITING EXOPLANETS 553No. 1, 2007

Figure 1.7: Different configurations for the Rossiter-McLaughlin effect. In this thesis we will use
the projected spin/orbit angle as β instead of λ on the figure. β = −λ. Figure taken from Gaudi &
Winn (2007) and coloured.

the Rossiter-McLaughlin effect

In a proposition to have an estimate of stellar rotation, Holt (1893) predicted that would a star
eclipse partially another star, if their rotation axes are aligned with their orbital axes, it would
cover first the approaching, blue shifted, hemisphere of the eclipsed thus making the overall light
appear redder. As it made it way across, the transiter would reach the red-shifted hemisphere and
covering it would create an anomalous blue shift in the radial velocities. Holt proposed that from
this change in colour one could estimate the rotation of star, at a time when there was no other
estimator.

It was observed not too long afterwards by Schlesinger (1910); Rossiter and McLaughlin both
observed it deliberately (Rossiter 1924; McLaughlin 1924). Attempts were quickly made to model
it (Petrie 1938; Kopal 1942; Hosokawa 1953) but its adjustment was troublesome. One interest of
observing this effect is not only about gathering information on the rotation of stars but rather, to
estimate the angle between the rotation spin of the primary and the secondary’s orbital spin. A
non coplanar case would produce an asymmetric colour anomaly in the radial velocities. Several
Rossiter-McLaughlin effects observed on eclipsing binaries are mentioned in the literature all of
them symmetric except one observation of Algol (despite other symmetric observations) reported
in Kopal (1942), but I could not find the data.

Then this effect almost disappears from the literature. Probably because of the difficulties about
modelling it, observers deliberately avoided taking data during transit, else this data is not pre-
sented. It reappears on the scene in 1999 when Michel Mayor hears a presentation by Jean Schnei-
der about it in Antofagasta, Chile. His conclusions were that only for fast rotators would this
effect be measureable. Michel thought otherwise and shortly after the announce of the first tran-
siting planet, HD 209458 b, the first Rossiter-McLaughlin effect is measured for a planetary system
by Queloz et al. (2000).

Applications to binary stars are still rare, but recently a paper clearly demonstrated that the
components of the eclipsing binary DI Herculis were on pole-on orbits and thus reconciled the
observed apsidal motion with the predictions of General Relativity (Albrecht et al. 2009).
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Figure 1.8: Two radial velocity time-
series, one during transit (bottom),
one a night later (top) after the
Doppler reflex motion caused by
HD 209458 b’s motion on its star has
been removed. The anomaly that
appears during transit is the first
Rossiter-McLaughlin effect observed
for an extrasolar planet, as presented
in Queloz et al. (2000)

L14 D. Queloz et al.: Spectroscopic transit by the planet orbiting the star HD209458

not strong enough to force coplanarity. Comparison between

the coplanarization time and the stellar circularization time in-

dicates that the alignment time is 100 times longer than the circu-

larization time.The stellar circularization time is of the order of a

billion years (Rasio et al. 1996).Usually onemakes the assump-

tion that the orbital plane is coplanar with the stellar equatorial

plane for close-in planets. Combined with the v sin i measure-
ment of the star, this ad-hoc assumption is used to set an upper

limit to the mass of the planet (e.g. Mayor & Queloz 1995). The

shape of the radial velocity anomaly during the transit provides

a tool to test this hypothesis. Moreover, the coplanarity mea-

surement is also a way to test the formation scenario of 51-Peg

type planets. If the close-in planets are the outcome of exten-

sive orbital migration, we may expect the orbital plane to be

identical to the stellar equatorial plane. If other mechanisms

such as gravitational scattering played a role, the coplanarity

is not expected. A review of formation mechanisms of close-in

planetsmay be found inWeidenschilling & Mazzari (1996) and

Lin et al. (1999).

The amplitudeof the radial velocity anomaly stemming from

the transit is strongly dependent on the star’s v sin i for a given
planet radius. A transit across a star with high v sin i produces a
larger radial velocity signature than across a slow rotator. How-

ever it is more difficult to measure accurate radial velocities for

stars with high v sin i. It requires higher signal-to-noise spec-
tra because the line contrast is weaker. A star like HD209458

with v sin i about 4 km s−1 is a good candidate for such a de-

tection.With the large wavelength domain of ELODIE (3000Å)

approximately 2000 lines are available for the cross-correlation

thus only moderate signal-to-noise ratio spectra (50-100) are

required.

If we use the planet’s radius derived from the photometric

transit, the v sin i of the star can be estimated from the mea-

surement of the spectroscopic transit. Unlike spectral analysis,

the measurement of the v sin i provided by the spectroscopic
transit is almost independent of the accurate knowledge of the

amplitude of the spectral broadening mechanism intrinsic to the

star. A complete description of transit measurements is given in

Kopal (1959) for eclipsing binaries and Eggenberger et al. (in

prep.) for planetary transit cases.

2. The measurement of the spectroscopic transit

During the transit, on November 25th 1999, we got a continu-

ous sequence of 15 high precision radial velocity measurements

with the spectrograph ELODIE on the 193cm telescope of the

Observatoire deHaute Provence (Baranne et al. 1996) using the

simultaneous thorium setup. The following night we repeated

the same sequence, but off-transit this time, in order to check for

any instrumental systematics possibly stemming from the rela-

tive low position on the horizon. For both nights the sequence

was stopped when a value of two airmasses was reached. The

ADC (atmospheric dispersion corrector) does not correct effi-

ciently at higher airmass.

As usual for ELODIEmeasurements, the data reductionwas

made on-line at the telescope. The radial velocities have been

Fig. 1. Two sequences of radial velocity residuals for the star

HD209458 taken at the same time during the night but one day apart.

The data are corrected for the orbital motion of the planet with the

Mazeh et al. 2000 ephemeris. Top out of the planetary transit, the

residuals agree with random error. Bottom during the planet transit

an anomaly is detected. The duration of the photometric transit is in-

dicated by the thick dashed line. Notice the good timing agreement

between the beginning of the photometric transit and the beginning

of the radial velocity anomaly. Our best model of the radial velocity

anomaly (see below) is superimposed on the data (solid line). The 1σ
confidence level of the anomaly model is illustrated by the dotted area

measured by a cross-correlation technique with our standard

binary mask and Gaussian fits of the cross-correlation functions

(or mean profiles) (see Baranne et al. 1996 for details).

The residuals from the spectroscopic orbit of HD209458

(Mazeh et al. 2000) are displayed for two selected time spans

in Fig. 1. During the transit an anomaly is observed in the resid-

uals. The probability to be a statistical effect of a random noise

distribution is 10−4 (χ2 = 53.4). The second night with the
same timing sequence no significant deviation from random

residuals is observed. Note that the usual 10m s−1long-term

instrumental error has not been added to the photon-noise er-

ror since the instrumental error is negligible on this time scale,

accordingly with the 40% confidence level measured for the

non-signal model during the off-transit night.

3. Modeling the data

In Fig. 2 the geometry of our model is illustrated. The orbital

motion is set in the same direction as the stellar rotation. This

configuration actually stems from the transit data themselves:

the radial velocity anomaly first has a positive bump and then a

negative dip. This tells us that the planetary orbit and the stellar

rotation share the same direction whatever the geometry of the

crossing may be (direct orbit).

L
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E
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Since this thesis is mostly about this effect, more attention will be spent on its intimate work-
ings, the results that we obtained and their implications. A first order expression for the semi-
amplitude of a symmetric Rossiter-McLaughlin effect is:

δv ' 15
V sin I

2.2 km s−1

(
Rp

RJup

)2(R�
R?

)2√
1− b2 m s−1 (1.18)

With the Rossiter-McLaughlin effect we obtain two observables, the V sin I , the projected ro-
tation velocity of the star (whose spin axis is inclined by I degrees to the sky) but above else, the
projection of the obliquity ψ which is the angle between the stellar spin axis and the planet’s orbital
spin. That projected angle is called β.

searching for other companions

This is done basically using the same detection techniques, direct or indirect. Except for sys-
tems in which hot Jupiters are present, it appears that the probability of a finding a 2nd planet in a
system where we have one is very high, especially when looking at planets with masses compara-
ble or smaller to that of Neptune. It is likely that this is a function of stellar mass, which is linked
to the disc mass, intrinsically linked to the presence of planets.

In our case the search for other planets was done using radial velocity measurements to search
for additional periodic changes, or trends. We also monitored the lightcurves we obtained, but so
far no other transit signal has appeared.

secondary occultation

Similar to the transit technique, we expect a change in received flux as the planet is occulted
by a star. When we have confirmed the presence of a transiting planet on a circular orbit, it has
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CHAPTER 1. INTRODUCTION & BASIC PRINCIPLES

to be occulted by the star. The thermal radiation, and reflected stellar light from the planet will
disappear as the planet occults. This allows a determination of a planet’s albedo and temperature.
Similarly one can measure the flux during the orbit and hope to detect its phase curve (Knutson
et al. 2009) (see figure 1.3). Because the planet is colder than the star, the planet will reemit ther-
mally at longer wavelength than the star (thus at longer wavelength than the reflected light).

Detecting an occultation also allows a determination of the eccentricity of the system. Those
will be treated later in section 2.4

transmission and reflection spectroscopy

Stellar light crossing the planet’s atmosphere during transit, or being reflected or reemitted
during occultation will be affected by the atmospheric composition of the planet. This of course
is one intense field of research as it opens the opportunity to study the atmospheric composition
of planets. In the search for the detection of life on other worlds, that knowledge is paramount.
More and more measurements are done on bright targets, but to this day, the field of exoplanet’s
atmosphere is a hard one. The needed precision is extreme and the interpretation of the data is a
complex problem.

In transmission spectroscopy one plays with apparent changes in the depth of the transit. If
certain species are present in the atmosphere, they might absorb stellar light more than if they
were not and their presence at certain heights in the atmosphere will make the transit appear more
or less deeper and wider. The spectrum of the planet is thus reconstructed from the apparent size
of the planet.

As the planet occults, the variation in flux depends on the ratio of the two brightness, which,
through the Planck function is linked to the brightness temperature of the planet. From several
measurements at several wavelength, one can also recreate the planet’s spectrum.

In transmission spectroscopy, the spectrum that is obtained is created in the upper atmosphere
of the planet, while in reflection spectroscopy, the spectrum is that integrated over the whole disc
of the planet. For more information, see for example Seager (2011).

knowing the star

Be it for radial velocity, or transits, or really any method, we are dominated by the star’s flux.
Any variation in it will affect our measurements. Furthermore, the precise and accurate deter-
mination of stellar parameters for field single stars has traditionally been hard, yet, from those
parameters are derived the planets’ parameters. Thus characterising planets, means characteris-
ing the host star. This is something which is often missed, as we are still in an intense discovery
age with people focused more in building a statistical sample. But as efforts to understand better
the physics involved in planetary systems are increasing, so will efforts in understanding the star.
This is paramount especially if one wants to have an accurate understanding of planet’s spectra
as described just previous section. Knutson et al. (2011) show that transits taken at different times
but at the same wavelength show variation in depth, probably caused by a varying stellar spot
coverage.

In another twist, as instruments increased their precision, stars that appeared stable turned
out not to be. In order to detect smaller transit, and smaller mass planets, one also now needs to
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1.3. Extrasolar Planets

understand how the star behaves. Because of the precision used in the survey described in this
document, I have not been very worried with this. (not yet)

1.3.4 State of the field

September 2007 was when I have started working in Genève for this thesis. According to the
Extrasolar Planet Encyclopaedia9 there were about 230 known exoplanets, of which about 25 were
known to transit their star. All of those were hot Jupiters but for one, GJ 436b (Gillon et al. 2007), a
hot Neptune, which we will see may not be so different from the majority of hot Jupiters in origin.
I arrived at a ripe moment in the still short history of that new field of science. The many surveys
to discover transiting planets had just started producing results promising many detection to come
and the capacity to draw statistics from the distribution and do what has been progressively called
comparative planetology. The WASP survey (Pollacco et al. 2006), without which collaboration this
thesis would have been completely different, had detected their first two objects (Cameron et al.
2007a) and about to publish three more (Pollacco et al. 2008; Wilson et al. 2008; Anderson et al.
2008). The HAT network (Bakos et al. 2004) had announced their first candidates of many; the
OGLE, TrES, SWEEPS and XO surveys completed the collection.

Those planets are found in average too large to be explained by the equation of state of a heated
Hydrogen and Helium ball (Bodenheimer et al. 2003). Various processes have been invoked to ex-
plain the hot Jupiters’ inflated radii, one of the most promising is the so-called Ohmic dissipation
(Batygin & Stevenson 2010).

A widely accepted idea was that gas giants cannot form in the inner parts of a stellar system,
but only where ices have not sublimated: where they can be used as building blocks to create the
cores of future gas giants. The observations of so many gas giants within the traditionally accepted
snow line (about 3 to 5 AU) meant that planets have moved between the location of their birth and
their current location. The most emblematic population are the so-called hot Jupiters, gas giants of
mass comparable to Jupiter’s but on orbits < 5 days.

An equally widely accepted idea was that planets migrate from interactions with the proto-
planetary disc (Lin et al. 1996; Ward 1997). Actually the process behind this disc migration is so
effective at bringing in planets that we should expect that all should have fallen into their stars,
contradicting our detections, and also, our mere existence. People thus started looking into re-
fining this theory and finding a stopping mechanism. As more multiplanetary systems were dis-
covered, the hot Jupiters looked increasingly lonely which led Doug Lin to propose that maybe
we were seeing the lasts of the Mohicans where the last migrating planet pushes all the others into
the star and remains as the only one left. The consequences of many gas giants falling into a star
have been studied by Garaud (2011). We shall see later that we may indeed observe a surviving
population of hot Jupiters, but for entirely different reasons.

Alternative theories10 have been competing with disc migration such as planet-planet scattering
(Rasio & Ford 1996), or Kozai migration (Wu & Murray 2003). The migrating mechanism here is a
mix of dynamical interactions and of an orbital decay due to the dissipation of angular momentum
through tides.

The distinction between both migration pathways was hard to bring out from the data. This
thesis attempts to provide that distinction through a use of a new observable: the projected spin/orbit

9http://www.exoplanet.eu
10alternative is good (please, do not see this just as a political statement)
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CHAPTER 1. INTRODUCTION & BASIC PRINCIPLES

angle β. At the time only five measurements of the Rossiter-McLaughlin effect had been measured,
all five appeared aligned, in accordance with disc migration.

As I write these words, the number of extrasolar planets is between 500 and 600 of which about
130 are known to transit. In addition the satellite Kepler has announced a thousand candidates, of
all sizes. The rate of discovery continues to increase. Those worlds continue to surprise us by the
immense diversity they have.

1.4 Organisation of the Thesis

It is not always an easy task to arrange the work of several years in an order. Chronologically, it
makes no sense since different topics are treated alongside without necessary have much in com-
mon. In the meantime some things are intrinsically linked, but more importantly, they evolve.
Thus what was done at some time may no longer be used later on. Yet the papers included in this
work are there as snapshots of how things were perceived then. How best then to capture the new
and old, and various concepts in one document?

I have chosen to give a brief introduction, especially regarding the description of the physical
phenomena, in order to develop on them later. In chapter 2, the models for those phenomena are
better described, as well their inclusion into a fitting algorithm and a description of that algorithm.
After describing a piece of code, it seemed logical to show it at work and thus, papers using the
code in various circumstances are presented. Those papers also should reflect on the evolution of
the code as newer needs and refinements appeared.

The biggest achievement of this thesis is the work regarding the Rossiter-McLaughlin. This
work is presented in chapter 4 along with the current state of affairs regarding the distribution of
the projected spin/orbit angle β. Following this is the interpretation, in chapter 5; I felt it necessary
to separate observations from interpretation. The earlier should remain true, while the latter will
change with additional observations and newer observables since it only shows a reflection from
an incomplete description of nature. Moreover, the theoretical ideas that provide the backbone for
the interpretation are likely to change.

But prior to presenting all that work, one needed to find the targets on which to observe the
Rossiter-McLaughlin effect. Without the many southern transiting planets that we discovered,
it would have been impossible task. Thus, the many discoveries made by the collaboration of
Genève and the WASP consortium are described prior to the Rossiter-McLaughlin work: in chap-
ter 3. There, will be given a description of the project, how planets were discovered and an outlook
onto our achievements over these past four years.

A short conclusion will be given in chapter 6, notably including a part about other projects on
which work has started, or might, in the near future.

Several papers are included in the text. For each of them I have written a short introduction to
outline the historical context in which they were written, which part I had in them, and how they
influenced my thoughts, for example leading to improvements into my fitting algorithm.
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The Transit of Venus, taken at the Observatoire de Paris.
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Chapter 2
Tools to Study Extrasolar Planets

One one hand we have data and on the other, a mathematical model linked to a physical phe-
nomenon. We want to compare both and see if the physics can reproduce the observations. This
model has a number of parameters that can vary and change the model. For instance, if one
changes the orbital separation and the mass of a planet, the period and the amplitude of the radial
velocity signal will change. When models can be linearised, equations can be solved and a solu-
tion can be found. However sometimes this is not possible. We remind here that since we cannot
be sure that we have all the information necessary about a system, we cannot prove a particular
model is true. We can only compare it with another model, say a random distribution and have
information that one is better than the next. This chapter is dedicated to the manner with which a
model and its parameters are searched so as to find the best model to the currently available data.

2.1 The Models

After a quick introduction to the type of signal one can expect from various planet finding
methods, we will here go a little more into their details. Since the Keplerian orbit has already been
described (section 1.2.1) and its application in the context of radial velocity measurements also ex-
plained, I won’t go into further details. It is also something well known in Genève and a number
of other thesis have this covered in more details than I would. The focus will therefore be on what
happens while a planet transits. The following equations can found in Seager & Mallén-Ornelas
(2003) or in Winn (2010).

2.1.1 A planetary transit

Transits occur when the true anomaly θ = π/2− ω. Occultation would be at θ = −π/2− ω. A
note while on the subject: for RV planets phase φ = 0 is traditionally at periastron passage (circular
orbit have by convention ω = π/2), for transits we often used φ = 0 as the transit mid point.

We saw in the introduction that for a transit to happen, once must fulfil the following criterion:

a cos i < Rp +R? (2.1)
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Figure 2.1: Diagram showing a transiting extrasolar planet with the quantities used in the various
equations included in the text.

This is for a grazing transit where only part of the planet covers the stellar disc. For a full transit
this criterion changes to

a cos i < Rp −R? (2.2)

Using these one can define the impact parameter b as the closest approach to the centre of the
star as:

b =
a cos i
R?

(
1− e2

1 + e sinω

)
(2.3)

b is in units of stellar radiiR?. Thus for a transit b cannot exceed 1+Rp/R?. For a circular orbit, and
from the total time T of the transit, we can estimate the scaled size of the star R?/a geometrically
(see figure 2.1):

h = Rp +R?

= R?

(
1 +

Rp

R?

)
(2.4)

2x = 2
√
h2 − y2 with y = bR? (2.5)

but also = a sin
(

2πT
P

)
(2.6)

equating both and assuming a small sine:

R?
a
∼ T

P

π√(
1 + Rp

R?

)2 − b2
(2.7)

From the change in flux, we obtained Rp/R?. We therefore also have the scaled size of the
planet Rp/a. For eccentric orbit we have to add to correct for the fact that the planet-star instant
separation is no longer the semi-major axis. We can approximate to:

R?
a
∼ T

P

π√(
1 + Rp

R?

)2 − b2
1 + e sinω√

1− e2
(2.8)
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in the slit, which do not precisely repeat from orbit to orbit. In or-
der to properly account for all noise sources in our error estimates
for the points in our time series, we chose to set the error for all
points within a given bandpass as the standard deviation of the
out of transit points for the data in that bandpass.

3. FITTING THE TRANSIT CURVE

We use the complete analytic formula given in Mandel &
Agol (2002) without approximations, to calculate our transit
curves. The expression given inMandel &Agol (2002) is a func-
tion of six dimensionless parameters, including the ratio of the
planetary radius to the stellar radius, the impact parameter in
units of stellar radii, and four nonlinear limb-darkening coefficients.
We would like to fit for the first two variables, as these variables

determine the best-fit values for the mass and radius of the star, the
radius of the planet, and the inclination of the planet’s orbit relative
to the observer.We have designed our fitting routine to use the latter
four parameters as its input, calculating the two dimensionless pa-
rameters for the analytic expression from Mandel & Agol (2002).
Rather than fitting for the period P and initial transit time TC

simultaneously, we fix these parameters to an initial estimate,
taken from Brown et al. (2001) and Charbonneau et al. (2004)
and fit for the best planet radius, inclination, stellar mass, and
stellar radius. We then go on to find P and TC using the method
described in x 4. We then take the new best-fit P and TC and re-
peat our fits for planet radius, inclination, stellar mass, and stel-
lar radius. We iterate this process until our best-fit values for all
six parameters converge to a consistent solution. Because we are

Fig. 3.—Normalized data for the 10 bandpasses shown in Fig. 2, with theoretical transit curves using the best-fit parameters from a simultaneous fit of all bandpasses
(Tables 4 and 6) andmodel four-parameter nonlinear limb-darkening coefficients overplotted. Note that each bandpass contains data from two separate visits, consisting of
four spacecraft orbits each (visits are plotted individually in Fig. 1 for reference). Each successive transit curve is offset by 0.004. Although the transit curves are a good fit
for most of the data, there are some systematic deviations on timescales comparable to that of a HST orbit (see Fig. 4) that are discussed in x 5.2.

KNUTSON ET AL.568 Vol. 655

Figure 2.2: Multiband observations of the planet HD 209458 b transiting its star, in several bands,
using Hubble. One clearly sees the effect of limb darkening, more marked at 0.32 µm (bottom) than
at 0.97 µm (top). Figure obtained from Knutson et al. (2007).

The full shape of a transit is obtained by estimating the depth for a changing h. That quantity
is called δ, the projected distance between the two bodies, which is described in units of semimajor
axis as:

δ =
1− e2

1 + e cos θ

√
1− cos2(θ + ω) sin2 i (2.9)

The time for which the planet’s disc is entering the stellar disc is called the ingress. As the planet
exits, the time between the moment where last the planet’s disc is entirely above the star and the
moment where no part of the planet covers the star is called the egress. Because stars have a limb
darkening, we also have to estimate the stellar intensity that is effectively covered at each posi-
tion of the planet. Limb darkening is usually much weaker as one observes in the infrared, thus
approaching the equations displayed above. Several papers show how to integrate various limb
darkening laws such as Giménez (2006a).

We saw in the introduction that we get directly from the transit (eq 1.15), the ratio of radii
Rp/R?; if we obtain radial velocities, we get the ratio of masses. Transforming quickly Kepler’s
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Figure 2.3: Diagram representing a planet transiting in front of a rotating star and showing the
quantities used in the equations displayed in the text.

law (eq. 1.12) and as used in Sozzetti et al. (2007), we can get to the stellar density:

M?

R3
?

=
4π2

GP 2

(
a

R?

)3

− Mp

R3
?

(2.10)

where the second term on the right hand side can be approximated to zero. Assuming for a M?

thus solves for the stellar radius which helps us get to Rp. This same assumption on M? leads us
to the planet’s mass thanks to radial velocity measurements.

Stellar density is something that stellar evolution models can predict. Section 2.6 will attempt
to use this equation in order to obtain stellar masses without making too many assumptions. Other
quantities of interest can be obtained directly from the transit lightcurve, independently from stel-
lar parameters assumptions: Southworth et al. (2007) showed for example that once you have a
radial velocity confirmation of the transiting planet, one can determine the planet’s gravity directly
too:

gp =
2π
P

K
√

1− e2(
Rp

a

)2
sin i

(2.11)

2.1.2 The Rossiter-McLaughlin effect

The description of the effect is well described in Giménez (2006b) and Ohta et al. (2005), but a
recent paper by Albrecht et al. (2011) provided an elegant way to explain the Rossiter-McLaughlin
effect pedagogically. In my work, I have been using the formalism from Giménez (2006b) which
denotes the spin/orbit angle as β while Ohta et al. (2005) takes the opposite and names it λ (thus
two different notations in the literature). That difference is not interesting as all the interpretation
needs to be done in absolute values, between 0 and 180◦, anyway.

Using figure 2.3, we have, geometrically, and in units of stellar radius R?:

c = b tanβ (2.12)

x1 =
(√

1− b2 − c
)

cosβ =
√

1− b2 cosβ − b sinβ (2.13)

x2 =
(√

1− b2 + c
)

cosβ =
√

1− b2 cosβ + b sinβ (2.14)

According to Gray (2008) the apparent velocity of a point on the stellar surface is:

v(x) = x (v? sin I) (2.15)
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with x estimated from the stellar spin axis. Extrema are thus at (v? sin I)x1 and (v? sin I)x2. Their
sum will give the maximum change in velocity that the planet covers. The shift in velocity of the
centre of the effect is estimated by taking the difference. This second quantity gives an idea of the
departure from the usual double peaked, symmetric effect. Those relations are:

v? sin I (x1 + x2) = 2
√

1− b2 (v? sin I cosβ) (2.16)
v? sin I (x1 − x2) = 2 b (v? sin I sinβ) (2.17)

We see that for β = ± 90◦ we have no change in velocity, but a large shift in the velocity for the
centre of the transit. For β = ± 90◦, equation 2.17 gives the amplitude of the effect. Those equa-
tions are a simplified truth: in fact the Rossiter-McLaughlin effect will show a change in velocity
as the planet covers progressively some part of the velocity information from the star. The limb
darkening will also play a role.

When the impact parameter b → 0, relation 2.17 → 0. We thus only have information from
relation 2.16. The effect is symmetric; v? sin I and β are linked into one quantity creating a degen-
eracy between both quantities. The only way to measure β is to have an independent measure of
v? sin I . This can be obtained for example from analysing the broadening of spectral lines.

This problem can also be solved by modelling the way the rotationally broadened spectral lines
are affected by the planet by retrieving the part of velocity space that the planet hides. This has
been done by Albrecht et al. (2009) in the context of binaries and Cameron et al. (2010a) for exo-
planets.

2.2 Adjusting Models to Data and Extracting Meaningful Error Bars

The ultimate adjustment tool is to search all of parameter space at infinitesimal steps, building
a slightly different model every time which can be compared to the data. Because the range over
which we need to search those parameters can be arbitrary and because of the number of parame-
ters that need to vary can be important, this not usually done: it is not practical and would require
too much computation. Several algorithms have been devised to search for a likely solution and
then approach it, each has some qualities and some issues.

For the work presented in this thesis, two fitting tools were used, one, developed by Damien
Ségransan and Maxime Marmier, called YORBIT, solves linearly equations when possible and oth-
erwise searches parameter space with a genetic algorithm (Ségransan et al. 2011 in prep). This tool
for the moment only accepts radial velocity measurements as input.

For the majority of the work here presented I used a Markov Chain Monte Carlo with a Metropolis-
Hastings algorithm. I started its development while doing by Masters thesis at the University of St
Andrews under supervision by Andrew Collier Cameron. The beauty of the MCMC as it will now
referred to (or sometimes simply as a Markov Chain, or a chain) is to explore parameters around
the solution and produce confidence intervals on each parameters. Its issue is on how to find the
most likely solution. One needs a few other tools in order to guide it. YORBIT served some of that
purpose as its genetic algorithm is very efficient at finding a good solution (while being poor at
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producing robust error bars except when the data constrains the model very well1). This chapter
is dedicated to this MCMC, on how it works, and what it can do. Following this, a series of papers
for which an evolution of the code was needed are presented.

The specificity of that MCMC is that it allows us to adjust several signals caused by the same
physical phenomenon: that of a planet orbiting over the disc of its host star. By combining all
those different manners of observing the same object we reduce the total number of parameters
that we need to use per datapoint and ensure that the solution we get is the best compromise. In
essence in the case of our planet search with the WASP survey, the period is well determined by
the long timespan of the photometric observations. Thus the adjustment of the semi-amplitude of
the Doppler reflex motion caused by the planet has a smaller parameter space to explore and we
get finer error bars on the planet’s mass than if we were only fitting the radial velocities.

2.2.1 A Markov chain Monte Carlo

The algorithms and underlying theorems will not be discussed here, only their implications.
For reference read for example, Gregory (2005) or Tegmark et al. (2004). A Markov Chain Monte
Carlo is powerful tool using Bayes’ theorem which from the data, comparing with models and
according to some a priori knowledge recreates what is called the posterior distribution in its true
shape, from which we estimate how well our model is constrained.

A Markov Chain Monte Carlo is a process depending on two ideas: the randomness of the
search - the Monte Carlo bit - and the property that a new solution only depends on the current
state and on nothing else nor the past, nor the future - the Markov bit. The term chain gives the
indication that this is a process with several steps.

Markov’s property can be written as (Seneta 1996):

p(Hn = xn|Hn−1 = xn−1, ... H0 = x0) = p(Hn = xn|Hn−1 = xn−1) (2.18)

where the properties xn of a new state Hn at time n, are estimated from the properties of present
state Hn−1 without taking into account what happened in the past (from n − 2 → n = 0 states).
Each of our states is a set of parameters from which we derive a model which is compared with
the data. Our aim is to vary those parameters and estimate their likelihood. The set of parameters
we use is described next section. In practise Markov’s property has been included into the code
as:

Pn, j = Pi−1, j + fσPjG(0, 1) (2.19)

where P is the set of parameters we search, j denotes each parameter in turn and i is the step in-
crement. Pn,j is thus a newly proposed jth parameter. In the text and the papers that are included,
we also call that set: the jump parameters, those for which the chain is varying (jumping about).

The present state is i− 1 from which a new state n is estimated2. This new state will be tested
and be accepted or rejected. fσPjG(0, 1) is the step size: the amount by which a new state will be
different from the new one. G(0,1) is a Gaussian random number of mean 0 and standard devia-
tion 1. It is multiplied by σPj , a standard deviation attached to each parameter, and f a general
factor ensuring that about 25% of steps are accepted. This criterion was estimated in Tegmark et al.
(2004). It ensures a good balance between the exploration of parameters space and efficiency in
computation.

1although this is changing...
2we make a difference between n and i. i counts the number of accepted states, while n counts the number of proposed

states.
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An immediate question arises: which value of σPj one should use. This topic is subject of a
long debate (and referred to as an art3 (Gregory 2005)) and linked to other questions regarding for
example, the length each chain ought to be. This will be described later in the text (section 2.2.5).

We now use our new set of parameters Pn to estimate a model. We use a χ2 statistics (thus
assuming our data errors are following a normal distribution) as a means to estimate its badness of
fit: quantitatively how data ν and model µ compare.

χ2
n =

l∑
k=1

(νk − µk)2

σ2
νk

(2.20)

νk is a data point with a Gaussian error bar of σνk
compared to what the model made with a Pn

set of parameters predicts it ought to be: µk. This is summed over the total number of datapoints
l. From this we define a new merit function including a set of priors on our parameters denoted
as P0, j ± σP0, j , with their Gaussian error bars. Those priors come, as their name suggest, from a
prior idea of the end solution: it might be due to a physical model, or to previous observations.
This new merit function is:

Q2
n = χ2

n +
∑
j

(Pn, j − P0, j)2

σ2
P0, j

(2.21)

The aim of the MCMC is to recreate a probability density function (PDF) for each parameter:
meaning a continuous function comprising the range of possible values for our set of parameters
giving their relative likelihood. It essentially gives a measure of our ignorance on the values of
our parameters. In order to recreate this function, we should now estimate how our new state Pn
compares with our present state Pi−1:

We will now use the Metropolis-Hastings algorithm. This algorithm will make a choice be-
tween our two states Pn and Pi−1 from the merit functions that we defined earlier. We accept the
new state by computing the likelihood that Pn describes a closer fit to the data than Pi−1 namely:
r = e−0.5(Q2

n−Q2
i−1). In practise this amounts to:

1. if r ≥ 1 (ie. Q2
n ≤ Q2

i−1) we accept the step and denote it as Q2
i = Q2

n with Pi = Pn. We then
propose a new n and increment i. Q2

i becomes our new Q2
i−1, Pi our new Pi−1

2. if r < 1 (ie. Q2
n > Q2

i−1) we draw a uniformly distributed number between 0 and 1, called u.

• if r ≥ u we accept the step and denote it as Q2
i = Q2

n with Pi = Pn. We then propose a
new n and increment i. Q2

i becomes our new Q2
i−1, Pi our new Pi−1

• if r < u, we reject the step and denote it as: Q2
i = Q2

i−1 with Pi = Pi−1. We then propose
a new n and increment i. Q2

i−1 and Pi−1 are left unchanged.

Demonstrated in Gregory (2005), this algorithm will converge to a stationary distribution cor-
responding to the posterior distribution. In a manner of speaking, it reaches an equilibrium state.
It will do so regardless of the step size, the only difference being the number of steps one need to
compute to reach it. If the step size is too small, it will take a lot of steps to explore Pj far from the
most likely value (r ≥ u is what we obtain most of the time: new states are always accepted). If
the step size if too long, we obtain r < u most of the time, new states are rarely accepted. Even in
that case we can get an idea of the final distribution (with a poor resolution). This property comes
from the fact that we keep the older state at each proposed state, so if a new state is not accepted,
we still increment i though n would not. We thus have the information that the current state i− 1
is much better than most of the proposed states n.

3I knew it! I am an artist!
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2.2. Adjusting Models to Data and Extracting Meaningful Error Bars

This is where the factor f from equation 2.19 intervenes. After 100 accepted steps i, the num-
ber of proposed steps n is estimated. f is adjusted to try reach a 25 % acceptance rate, enough to
explore the most likely solution as well as its surroundings. f essentially scales the step size so the
exploration is done more efficiently.

During the initial steps, because we can at best, only start in the vicinity of the most likely
solution (if we knew the solution there would be no need to estimate it), the first criterion in the
Metropolis-Hastings algorithm plays an essential part drawing the Pj towards smaller and smaller
Q2. Initially too, f is let deliberately large: in this manner the step size is rather large and the so-
lution wanders about exploring Q2 space. Because the acceptance rate is bad, f is reduced and we
progressively search on a smaller region around the best Q2. This is called the burn-in. Eventually
the chain settles and the second Metropolis-Hastings criterion becomes mostly used. By launching
several chains it is possible to estimate if all chains converge to similar final distributions. Once
the chain has settled we record the evolution of f and compute its mean. Then we start the chain
that we will use to draw statistics from, where f is kept frozen for the rest of the computation.

σPj are kept fixed during the entire chain. They can be guessed from the knowledge we have
of the data and the error bars that are usually obtained from fitting it. They can also be estimated
by doing a few preliminary chains. Those chains will give estimates of the dispersion for each Pj
which can be used to set newer values of σPj before a new chain is started.

All the beauty of this manner of adjusting models resides in the second criterion of the Metropolis-
Hastings algorithm. Most other techniques focus on minimising χ2 (which means finding the
model that fits the data perfectly). This is not statistically right as a smaller χ2 does not necessarily
represent the true solution: after all χ2 also has its intrinsic natural variance: we can observe a
same physical reality but once have bad data, and another time data that fits too well. While other
techniques can fall in the trap of a false signal in the data, the MCMC is less likely to do so since
it describes how well (rather, how bad) the model compare with the data for varying parameters.
The computation explores parameter space and recreates the χ2 probability density function for j
degrees of freedom (only the models are flexible, the data remains constant). The most likely solu-
tion is where the mode of the distribution is, in other words, where we have the largest density of
accepted steps. and not where Q2 has the smallest value.

The MCMC is a Bayesian fitting method. Bayes’ Theorem is written as:

p(H|D, I) =
p(D|H, I) p(H|I)

p(D|I)
(2.22)

where we multiply the probability of observing our data D, if our hypotheses H and priors I are
true, to the prior probability of our hypothesis to give us the probability of this same hypothesis,
p(H|D, I), given the data and the prior. p(D|I) is a normalisation factor. In the text above, we
expressed our hypothesis H as a vector P with j dimensions: p(D|H, I) → p(D|Pj , I), which
defined is by χ2. The priors, also in a vector, P0,j , are comprised in p(H|I). The output from the
MCMC is thus the posterior distribution p(Pj |D, I). The Metropolis-Hastings algorithm checks
p(Pn,j |D, I) against p(Pi−1,j |D, I) by computing r:

r =
p(Pn|D, I)
p(Pi−1|D, I)

q(Pi−1|Pn)
q(Pn|Pi−1)

(2.23)

q is the description of how our parameter vector is chosen: the step size and notably, in our case,
the Gaussian sampling. Because they are symmetric (one step in a direction is similar to one in
another direction) they cancel out.
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Thanks to this, the MCMC can output non Gaussian probability density distributions for each
parameter. Because we obtained probability density distributions and not probability maps, we
already have marginalised parameters and do not need to estimate covariances. Confidence in-
tervals are given instead of a solution with error bars (for practical purposes, the mode of each
distribution can be quoted as the solution and error bars estimated from the confidence intervals).

2.2.2 Adapting the models

We will use the models parametrised in the first chapter and in section 2.1. The parameters
that describe them are the physical parameters of the effect, those for which we gain meaningful
information about the nature of the objects we observed and those parameters that will be used
to be compared with other objects. As often in Astronomy (and other sciences), what is measured
is not always the physical parameter we seek. In addition following Bayes’ theorem, the manner
(the opinion, the prejudice) with which we adjust data can influence our results. We thus need to
introduce which parameters are used and the reasons why they have been chosen.

Because the choice of parameters has evolved during the thesis and indeed will continue to
evolve following the critics of our peers, this sections will describe what has been mostly used.
The changes will be highlighted in the following sections, on the application of the code to various
datasets and its mutations.

Whenever possible the observables, such as the transit’s total width W and depth D, or the
signal’s period P and mid transit time T0 were used. We also need the impact parameter b to
adjust for the photometric signal of a transiting planet. To fit a Keplerian on the radial velocity
measurements, P and T0 are also used. In addition we fitted using e cosω and e sinω where e is
the orbital eccentricity and w the longitude of the periastron. The reason for combining them is
a practical one, first pointed out by Ford (2006). Using eq. 2.19, it is quasi impossible to have
e = 0 as a possible solution, we thus bias our chain to non zero eccentricities. In addition, an
eccentricity just above 0 will have a very undefined ω while for jumps at higher eccentricities, it
becomes better determined. By linking both, we ensure the step size stays consistent. Similarly
we will combine V sin I cosβ and V sin I sinβ to fit for the Rossiter-McLaughlin effect 4. The
combination of V sin I and β is made clear from equations 2.16 & 2.17. The other parameters
needed to model the Rossiter-McLaughlin effect are the same than for a planetary transit.

In addition to those, we will also need to add correction parameters such as the systemic ve-
locity γ. Because instruments are calibrated a little differently, this value will depend on the obser-
vation site. We need one per data set. The photometry is included as flux. We need to ensure the
out-of-transit photometry is normalised. Those values are determined by an optimal scaling and
thus are not jump parameters as the others are.

Cameron et al. (2007b) show that choosing W and D as jump parameters instead of using
R?/a and Rp/R? (as other authors in the literature) leads to posterior distributions that are less
correlated with notably, b (compare figure 2.4 and 2.5). Correlated parameters make the MCMC
sampling less efficient: because each step is drawn randomly, a large area of parameters space is
sampled uselessly. I find that iterating on observable quantities rather than on physical parameters
is always better as one can check visually if indeed the chain has converged to credible most likely
solutions and confidence intervals.

As pointed out in section 2.1, in order to model the transit shape correctly, one needs to take
into account the time taken during ingress and egress when the disc of the planet only partially

4The two pairs of paired parameters, e cosω & e sinω and V sin I cosβ & V sin I sinβ have since been replaced by√
e cosω &

√
e sinω and

√
V sin I cosβ &

√
V sin I sinβ. The reasons are explained later in section 2.4 and 3.4.4
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Figure 2.3: Example of an MCMC output showing the 11 jump parameters used in a fit for WASP-8
plotted against each others. Most show no correlation but some appear notably linked to b. There
is a small conflict between the photometric transit and the Rossiter-McLaughlin effect. The scale
are hidden as they would clog the graph. A blown-up version of W against b is shown in figure
2.4. A comparison with figure 2.5 shows that correlations could have been worse.

transit covers the star, as well as a variation in brightness over the stellar surface known as the
limb darkening. A code from Mandel & Agol (2002) was used in order to determine the flux as
a function of orbital phase. As input this code needs the ratio of the radii Rp/R?, coefficients for
limb darkening and the distance between the centre of the planet and centre of the star δ (given by
equation 2.9). Using these, it will output the flux expected from the star for a planet at that phase.
We do this for each individual data point. This code is used as much for the primary transit as
well as for the secondary occultation. Alternatively, we can also choose to use a model developed
by Giménez (2006a).

A code written by Giménez (2006b) will provide the model with which to fit the Rossiter-
McLaughlin effect. This code is using a formalism notably published in Kopal (1942) and Hosokawa
(1953) in the context of stellar binaries. Its input also requires limb darkening coefficients, the ratio
of radii and δ as input, but also the sum of relative radii Rp/a + R?/a. In output we obtain the
radial velocity anomaly caused by the planet covering part of the velocity space of the star.
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Limb darkening has been modelled by several laws, in most of cases, the quadratic law has
been good enough. The two limb darkening coefficients are extracted using stellar parameters
obtained from a spectral analysis5 from tables compiled by Claret (2000, 2004) for the photome-
try. For the Rossiter-McLaughlin effect, we used new coefficient tables computed by Claret from
HARPS’s spectral response and first used in Triaud et al. (2009) (section 2.5.2).

Since we chose our iterative parameters as often as possible as direct observables, we need to
convert those into values receivable by both codes (like in Seager & Mallén-Ornelas (2003)). The
ratio of radii is taken as:

√
D as exposed in eq. 1.15. In case of a grazing transit where the planet

does not totally enter over the stellar disc, we can use a correction:

Rp

R?
=

1
2

(
(b− 1) +

√
(1− b)2 + 8D

)
(2.24)

At each step both values are estimated the maximum of the two is taken as the ratio of radii. R?/a
is obtained from equation 2.8 but using substituting for W = T/P :

R?
a

= W
π√(

1 + Rp

R?

)2 − b2
1 + e sinω√

1− e2
(2.25)

The phase φ is determined:

φ = 2π
(t− T0)
P

(2.26)

where t designs the date of the observations, usually as a Barycentric Julian Date. From it a first
guess at the eccentric anomaly E is made and iteratively we solve the Kepler Equation

E − e sinE = φ− ω′ (2.27)

where ω′ denotes a corrected longitude of periastron6. Using E we then determine a modified δ
function (from eq. 2.9) as the separation between the centre of the planet and the centre of the star.

δ =
1− e2

1 + e cos θ

√
1− cos2(θ + ω′) sin2 i (2.28)

where θ corresponds to the true anomaly. So now, we have a flux estimate for every point. In
the mean time, with the same parameters we estimate the radial velocity using eq. 1.9. Using the
lightcurve and convolving it with Giménez’s routine, we obtain the colour anomaly caused by the
transiting planet and source of the Rossiter-McLaughlin effect. The proposed model is compared
to the data and χ2 is calculated. As χ2 is estimated, we solve for the adjustment parameters (RV’s
γ velocities and photometric normalisation factors) thanks to an optimal scaling (Keith Horne’s
Astronomy Data Analysis lectures). This means those parameters do not influence the jumping of
the model parameters (numerical proof for is displayed in section 2.2.5).

5usually realised by Barry Smalley at Keel University
6A note of caution here: convention in astronomy state that φ = 0 is when the orbit passes at periastron. For transits,

mid transit is always φ = 0 which is when φRV = π/2 for a circular orbit, reason why ω′ is used.
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2.2.3 Inserting priors

Part of the interest of the MCMC and of the philosophy of combining different datasets is to
also include as much information as possible about the physics we already know of this object to
help affine our knowledge of it. It is also an occasion to help speed the fitting process as not neces-
sarily all the proposed sets of parameters are physical. A quick example is the case of the impact
parameter b. Being the shortest distance between the centres of the two bodies and expressed as
units of stellar radii, this value cannot be negative. In order to make sure that solutions as close
to 0 as possible are explored, when eq. 2.19 is used, negative values for b are produced. If those
happen, they are immediately rejected. Similarly for the depth D and width W .

If one has prior information on say, the stellar radius, for example on a host star whose parallax
has been detected, we can take this knowledge into account using eq. 2.21. In order to do that we
need to compute which stellar radius the model we just estimated from observable corresponds
to. In short, we need to estimate a host of physical parameters that can be deduced thanks to the
proposed jump parameters.

As seen in section 2.1 apart from the stellar density, we need to assume the mass of the host
star in order to derive most other physical parameters. From Kepler’s law and geometrically:

a = 3

√
P 2GM?

4π2
for Mp « M? (2.29)

i = cos−1

b R?

a
(

1−e2
1+e sinω

)
 (2.30)

Mp =
KM?

sin i

√
a

GM?

√
1− e2 (2.31)

Rp is obtained from eq. 2.24 and a that we just found. Good care should be taken when using priors
and a comparison between several such priors is recommended. One also should fit without prior
and estimate by how much they influence the results. It is important to quote the observable
quantities and their error bars as one can always find the physical quantities later. For instance,
any error on M? will be propagated to Mp, R? and Rp.

2.2.4 Extracting statistics

For each object several chains are launched and only if they converge to a similar χ2 posterior
distribution can we proceed with a longer chain, this one aimed at exploring fully and refining our
knowledge about the posterior. To obtain converging chains, the correlation step (the interval in
takes for any Pj to come back to a similar value) needs to be small compared to the length of the
chain. For practical reasons we do not want too long chains, as they take time to compute and thus
need to reduce that correlation step. This is done by tweaking the step size. In essence initial runs
are made and the root mean square is estimated for each parameter. This value is forwarded to
σPj iteratively until we arrive to a stable solution. That solution is then checked by taking different
starting parameter values and see if we still converge.

All jump parameters and derived parameters, with the values of χ2 for each dataset, at each
step are kept. At the end of each chain, we can derive directly the marginalised distribution for
each parameters (a feature of the Markov chains, see figures 2.4 and 2.5), get the mode of the distri-
bution as our most likely solution and get confidence intervals at 1, 2 and 3 σ. If a distribution is a
bimodal, only the highest mode is quoted, except in the case where two modes are clearly resolved
and of similar significance.
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Figure 2.4: Zoom on the
joint probability density
function of the transit
width W against impact
parameter b and confi-
dence intervals presented
in figure 2.3. Marginalised
probability density func-
tions for each parameter are
drawn in the side boxes.
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Differing models are compared by means of the χ2
reduced. Several chains are run, each with

different hypotheses. For instance, one could assume a circular model, or an eccentric model.
From the distribution in χ2 for each dataset as a function of jump parameters, one can see that
eccentricity is usually not constrained by photometry and that the radial velocities are the mea-
surements that can act on the Metropolis-Hastings algorithm to choose eccentric solutions. Thus
just the χ2

reduced from the radial velocities are compared. If there is no significant improvement
in χ2 within its variance by having two extra parameters, using Ockham’s razor, we choose the
simpler, circular solution. This procedure comes as a simple version of a Bayes factor estimate. A
more robust model selection is something that remains to be developed. The first steps are out-
lined next section.
A manner to have an effective model selection might be to use the Metropolis-Hastings algorithm
between the two posterior distribution coming as output of two chains with different models, or
even to run parallel chains with differing models, choosing at each step which of both is more
likely.

2.2.5 A toy model

We here will describe a small toy model to illustrate the statements made since the start of this
chapter and as a showcase on how the MCMC performs. We will take a simple polynomial model,
create fake datasets around it and let them be adjusted by means of a Markov Chain, in every way
similar to the one used for extracting planetary parameters. The model is:

y = ax3 + bx2 + cx+ d (2.32)
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Figure 2.5: Joint probability
density function of the
scaled planetary radius
Rp/a against impact pa-
rameter b and confidence
intervals. Marginalised
probability density func-
tions for each parameter
are drawn in the side boxes.
The distribution shows a
stronger correlation than
in figure 2.3, validating
the choice of W as a jump
parameter instead of Rp/a.
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Figure 2.6: Cubic toy model
with one example of 200
randomly selected points
over it, as described in the
text. Because values in y
were very large, the axis has
been scaled.
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Figure 2.7: left evolution of χ2 on the first 100 steps. right, evolution of χ2 in the range of steps
used for statistics. We clearly see the burn-in of the chain in the first few steps (check the scale).
The chain then settles in a stationary state. One of the main features of the Metropolis-Hastings
algorithm is also obvious: χ2 jumps up and down, we are not doing a χ2 minimisation. We can
also observe that some steps are repeated: at about the 20th, we see that χ2 is constant for a little
while. This happened because no proposed set of parameters had a χ2 such that the new set would
be accepted.

200 data points are created from a random uniform distribution in x on a range between −15
and +15. Values in y are computed randomly around the model in a Gaussian manner with mean
corresponding to that calculated by the polynomial. Standard deviation is the same for every point
(one could as easily create non Gaussian error bars, and variations in the size of error bars. Those
simulation are not presented here).

testing the chain

A toy is made to play with. Before playing with our new little toy, let’s test it and see if we can
reproduce what we would expect from a Markov chain.

We use here, a, b and c as jump parameters, while d is estimated via optimal scaling as are
the γ velocities (see section 2.2.2). The data covers enough range in x to distinguish between the
quadratic and cubic models as shown in figure 2.6. A chain of 5 000 accepted step is launched.
With a few iterations, it is possible to get good estimates on the step sizes by taking the final
rms on individual parameters as described in section 2.2.4. To check convergence, ten chains are
launched, all end up with the same posterior distribution showing good convergence. Figure 2.7
shows one such chain.

By accepted steps, one should understand, unique steps. Because of the Metropolis-Hastings
algorithm and the 25% acceptance criterion, in average each step is repeated four times, for ex-
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ample to a total of 18 977 steps for one particular chain we will now consider. Because of burn-in,
(see figure 2.7) we leave out the 300 first steps and will draw statistics on the remaining steps.
On figure 2.8 the resulting χ2 distribution is shown. This is obtained by doing a histogram in the
χ2 direction on the data displayed in figure 2.7. The vertical axis is such that the area under the
histogram is normalised.

Over, is plotted a χ2 probability density function (equation 2.33 as given in Gregory (2005))
with k = 3 degrees of freedom and shifted to have both modes coincide. This is easily under-
standable since only the three jump parameters influence how χ2 evolves thus only three degrees
of freedom. The fourth parameter being estimated, does not participate. The good adjustment
between χ2

PDF and the MCMC output demonstrates we are reproducing well the posterior distri-
bution as one would expect it does.

Convergence of the chain can be checked thanks to this property: estimate the mode of the
output χ2 distribution from several separate chains. The root mean square of the modes should
correspond to the standard deviation of χ2

PDF for k equal to the number of jump parameters.

χ2
PDF =

1
2k/2Γ(k/2)

xk/2−1e−x/2 (2.33)

This is an equation we will use several times in the text. As k →∞, χ2
PDF tends to a Gaussian. The

variance of χ2
PDF is 2k.

One can now extract the resulting distribution for each of the parameters and check them
against the initial parameters. The mode of each distribution (and not the best χ2) is chosen as
the most likely solution. Confidence intervals can be estimated easily, here we will only quote the
68.3%. a = −4.015+0.062

−0.062 instead of -4.0; b = 200.48+0.57
−0.37 instead of 200.0539; c = 850.9+7.6

−11.8 instead
of 850.4309 and d = −846+173

−161 instead of -850.694. The solution is found within 1σ in each case
except for b which is a little above that. You can check on figure 2.9 where those solutions are
located, compared to those from which the model is defined and the data derived.

We obtain a χ2
mode = 210 (fig. 2.8) giving a χ2

reduced = 1.06 indicating a good adjustment.
But now we have to remember that χ2 has a variance. We estimated it for the chain where the
data was fixed and where parameters were evolving, but our data is only one realisation of a noise
around a model. We thus also have a variance, this time attached on each value of χ2 that the
MCMC outputs. Variance is thus ∼ 2χ2, hence the mode of the χ2

PDF we obtain in our case is at
χ2

mode = 210 ± 20 and χ2
reduced = 1.06 ± 0.10. This natural variance on the data is important to

keep in mind when trying to detect more complex models. Here we see that our result is entirely
compatible with a χ2

reduced = 1.0 leaving no room for a more complex model.

mis-estimated error bars

Error bars are sometimes mis-estimated. A typical example would be an extra source of noise,
due to stellar activity for example, or bad weather affecting the data. How would that influence
the fit? The same fake dataset was run in a new chain in every similar way, but the error bars on
individual points were halved. In another run, those error bars were doubled. Because the shape
of the output χ2

PDF depends only on the number of jump parameters, we would expect it to be
entirely unaffected, which the simulation confirmed. Only the position of χ2

mode changed. The χ2

posterior distribution is thus free from influence. What will be influenced are the marginalised
posterior distributions of the parameters:

As one could expect from the way χ2 is calculated: for a halving of error bars, χ2
mode is increased

and the parameter space that the MCMC explored was halved. For a doubling of error bars on the
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Figure 2.8: χ2 probabil-
ity density function out-
puted by the chain, in
black. Overplotted in red,
a smooth χ2

PDF with k =
3 degrees of freedom, cor-
responding to the number
of jump parameters in the
MCMC. The shape is only
dependent on the number
of jump parameters and
not on the number of dat-
apoints, thus not on the
value of χ2 at any mo-
ment. Mis-estimated error
bar on the data would only
affect where χ2

mode is lo-
cated. Comparing the out-
put with the expected χ2

PDF

is a test that the chain is
statistical.
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Figure 2.9: χ2 distributions
for each of the three jump
parameter and the adjust-
ment parameter. In grey,
the initial solution. Run-
ning a chain for longer
would smooth the distri-
butions and explore pa-
rameter space a little fur-
ther. Mis-estimated error
bars on the data would
give you the same range in
χ2 (vertical axis), but not
on the horizontal axis, thus
leading a wrong estimate
of confidence intervals for
each parameter.
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data, that range was doubled. Thus, for underestimated error bars and χ2
reduced > 1, error bars on

parameters are underestimated. This is in favour of increasing error bars when χ2
reduced > 1, but

this should only be done once we are sure that the bad χ2 is not due to another signal in the data,
which we should then model so that its errors are propagated to all parameters.

data can naturally be good, or naturally be bad

People have been surprised when I started producing error bars on the χ2 in the papers for
which I had a role to play in the analysis. I was also surprised when I first saw Damien Ségransan
use them (eg. Ségransan et al. (2010)). This paragraph aims to show why producing those errors
is of interest. Underlying this paragraph is the intense will to avoid announcing fake signals. It is
also a realisation that whatever we observe, is an incomplete image of reality.

Just previously I was making a distinction between the data being fixed during the chain but
having to account that we only have one realisation of a noise around a model, of which we ignore
the shape. So, let us make the data change and see what happens. For that, we will use our little
toy which previous paragraph showed performs as expected:

Using the same set up, we will instead of running several chains on one dataset, run one chain
on 10 000 different datasets of 200 points, each randomly drawn as described in the previous para-
graph. This way we explore 10 000 different incomplete versions of a same reality. Each of the
modes of the χ2 distributions are kept. The probability density function of those 10 000 modes
is shown in figure 2.10. For confirmation of the shape and the validity of the simulation, a χ2

PDF

with k = 200 − 3 degrees of freedom (200 datapoints - 3 fitted parameters) is plotted above the
histogram of our simulation. That distribution shows that we have about 0.5% chance to obtain
χ2

PDF < 150 and 0.5% chance to obtain χ2
PDF > 250. Thus, if we were to only obtain one dataset

which χ2
mode > 250 from the MCMC’s output, we have as much chance to have been unlucky in

our data acquisition7, than to have had a lucky draw, but missing an extra degree of complexity in
our understanding of reality. Similarly, if we obtain χ2

mode < 150, we can’t know for sure whether
we had a lucky draw, or whether we have been over-fitting a bad dataset from a simpler reality.
In this simulation we know which reality we have and its complexity, but when observing real
astronomical object, we do not anymore.

Usually we have only one chance to get data and when getting more, we have no reason to
separate it in many smaller sets. Is it a lucky or or unlucky draw? There is no way of knowing.
What we can do is take that uncertainty into account: using the variance of χ2. For example, taking
the chain that was used to build figures 2.7 and 2.8, we will compute equation 2.33 for each value
of χ2 produced by the chain, taking k = χ2−3. We had 18 677 steps in that chain, thus we combine
18 677 individual χ2

PDF into one, which is the offset blue curve on figure 2.10.

The two curves displayed on figure 2.10 represent the expected χ2
PDF for a model of a complex-

ity we have chosen to adjust for, and the distribution representing our measurements accounting
for all uncertainties. Comparing both distributions as produced in figure 2.10 is a potentially good
way to distinguish between two competing models. Here we see the overlap between both is large,
thus, there is no room for a more complex model. This is the same conclusion we had obtained
from looking at χ2

reduced when its standard deviation had been estimated. Often in the refereed
papers that I produced I compared χ2

reduced with their error bar as an indicator for choosing a more
complex model over a simpler one.

7just statistically, even if observational conditions were pristine (which is what is assumed in the current toy model)
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2.2. Adjusting Models to Data and Extracting Meaningful Error Bars

Figure 2.10: The black
histogram represents the
distribution of the modes
of the 10 000 different χ2

PDF

resulting from MCMCs for
10 000 different datasets
of 200 randomly selected
points each. Overplotted
in red is the χ2

PDF with
k = 200 − 3 degrees of
freedom showing a match.
In blue and shifted to
the right, are the results
extracted from the chain
presented in figure 2.8,
transformed as described
in the text. The overlap
between both curves indi-
cates both are compatible.
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detecting complexity

Let’s continue playing with the toy model and try to make a choice between two models. In-
stead of the large range of data points displayed in figure 2.6, let us restrict ourselves to a part
where the cubic parameter does not affect much the model’s shape and try to estimate the detec-
tion of the cubic model (or M3) over a simpler quadratic model (M2). We will draw only 150 data
points this time8. The data set that was randomly drawn is displayed in figure 2.11 along with the
model from which it has been selected.

Two chains are run, one assuming the model is a quadratic polynomial (from eq. 2.32 a = 0),
the other assuming a cubic polynomial (from eq. 2.32 a free). The resulting posterior distributions
for χ2 are shown in figure 2.12, both are well separated with the cubic distribution’s mode at
χ2
M3
∼ 158 and the quadratic model at χ2

M2
∼ 197 (note now that the shapes are very different,

since for one chain we had three jump parameters while for the other, only two. Both distributions
are reproducing what is expected statistically for k = 3 and k = 2). We then treat each of these
as we have done earlier using the variance of χ2 to obtain figure 2.13. Both distributions are now
overlapping. To decide the likelihood of one model over another, we need to compare them with
the distribution that would be expected: two χ2

PDF with k = 150− 3 and k = 150− 2 respectively
(dashed functions on figure 2.13).

Visually we can see that χ2
PDF,M3

and its expected distribution match well, but also, that be-
cause the peak of the χ2

PDF,M2
is within 3σ of its expected distribution, we won’t be certain that

we have a statistical bad luck draw from a quadratic model, or a rather good statistical draw from
a cubic model.

8because estimating the χ2 for large k is testing the limits of possible computation
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Figure 2.11: Second toy
model with one example
of 150 randomly selected
points over it, zoomed
in. Initial model is cu-
bic (M3) and represented as
the plain blue line. The dot-
ted black line is the best
quadratic model (M2) one
can fit through the same
data. Both models are
buried within the data.
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Figure 2.12: χ2 probability
density function outputed
by two chains, in black.
left with a cubic model
(M3). right with a quadratic
model (M2). Overplotted
in red, a smooth χ2

PDF with
k = 3 and k = 2 de-
grees of freedom respec-
tively, and corresponding
to the number of jump pa-
rameters that were used.
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2.2. Adjusting Models to Data and Extracting Meaningful Error Bars

Figure 2.13: The red plain
distribution (with a mode
∼ 158) shows χ2

PDF,M3
ac-

counting for the variance
of χ2. The blue plain
distribution (with a mode
∼ 197) shows the same
but from fitting a quadratic
model (M2). Both dashed
distributions are the ex-
pected χ2

PDF from fitting
150 points with a cubic and
a quadratic models respec-
tively. The expected dis-
tribution for M3 is a lit-
tle shifted towards lower
values.
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Figure 2.14: In red: the
absolute difference in χ2

between the expected and
obtained χ2 distributions,
shown in figure 2.13, for
the cubic model (M3).
Same in blue (shifted to
higher values) but for the
quadratic case (M2). The
overlap between both is
large: 49.1 %. M3 is thus
only favoured over M2 by
67 %.
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Let’s attempt to estimate the likelihood of M3 (red curves) over M2 (blue curves). We will
do that by computing the difference between the obtained χ2

PDF,M and its expected distribution.
Then, the overlap between both differences is a measure of how significant our models will be
from each others.

Thus, we proceed by randomly drawing pairs of individually obtained χ2 and expected χ2 for
M3 (100 000 times), then for M2 (100 000 times too) and doing the absolute difference between the
χ2

PDF,M and expected χ2
PDF(since we are as likely to get a dataset giving us a χ2 better than ex-

pected than worse), we obtain figure 2.14. We observe that distributions for M3 and M2 moved a
little closer to each other’s (this is because the cubic model is penalised compared to the quadratic
model for having an extra degree of complexity). The overlap between both distributions gives us
the probability that both are similar: 49.1 %, in other words, the cubic model is favoured, but only
with a probability of 67 % over the quadratic model: barely above 1σ.

Let’s now see if we can use χ2
reduced as an approximation to such an approach: in the cubic

case we have χ2
reduced, 3 = 1.07 ± 0.12 while the quadratic model has χ2

reduced, 2 = 1.33 ± 0.13 (the
expected χ2

reduced = 1.00 ± 0.12). Both 1σ error bars are nearly touching each other, showing both
posterior distributions are not significantly different. We can thus prefer the cubic model here but
with absolutely no certainty over the quadratic model, reaching the same conclusion as the more
thorough analysis.

To distinguish both models, one either needs more data into that range, increased precision, or
obtain data on a larger range where the distinction between both models becomes easier to detect.
One point at x = −15 would suffice.

It is worth noting that when fitting the cubic model, we obtain a = 4.0+1.7
−1.9 within a 99.73 %

confidence interval. This does not mean a is detected by about 6σ (twice the error bar on the 3σ
interval) since we have not managed to detect the model. Such misconception are common when
trying to detect extra parameters like, from our planetary experience: the orbital eccentricity.

applications on real data

Working on the shape of the posterior distribution for χ2 is still an ongoing work and reflec-
tion. The idea that I am pushing relies on the property that χ2 function can be summed; can we
decompose the output χ2

PDF in several components? We also see that the output from the MCMC
depends on the number of jump parameters. The semi-amplitude of the radial velocity varia-
tion, K, is not affected by photometry, the period is mostly adjusted from photometry, thus, if I
were to plot χ2

PDF for a subset of the data (just for the radial velocity, say), would its shape change?

I will show early results on this matter for WASP-8 and WASP-23, two stars around which
we have discovered planets (see section 3.4.3 and section 3.4.4). Those stars have also been used
as benchmarks for testing the way model behaves when being adjusted (see section 2.6.1). The
reason why those results are given here instead of in their respective section is that the topic is a
little more a propos here, following the experimentation with the toy model. A series of graphs will
illustrate the most of the results; as written, this is preliminary.

The χ2
PDF distribution coming out of the MCMC are well behaved for both WASP-8 and 23

and follow the properties that have been shown earlier: the number of jump parameters affect the
shape of the posterior. Namely, the normalisation factors and γ velocities do not affect the way χ2

distributes (and quite a few of those were used in both cases).

Now, I tried to separate various components from those χ2 distributions: the CORALIE sam-
ple, the HARPS sample, and the photometric sample. For WASP-23, the following graphs show
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2.2. Adjusting Models to Data and Extracting Meaningful Error Bars

Figure 2.15: Marginalised
χ2

PDF from a chain fit-
ting the WASP-8 data as
presented in section 3.4.3.
Overplotted, a χ2

PDF func-
tion with k = 11 degrees
of freedom, the number of
jump parameters used in
the MCMC.
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Figure 2.16: Marginalised
χ2

PDF from a chain fit-
ting the WASP-23 data as
presented in section 3.4.4.
Overplotted, a χ2

PDF func-
tion with k = 8 degrees of
freedom, the number of pa-
rameters that were let free.
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Figure 2.17: Marginalised
χ2

PDF for the CORALIE data
only from a chain fitting the
WASP-23 data as presented
in section 3.4.4. Overplot-
ted, a χ2

PDF function with
0.5 degrees of freedom. The
CORALIE data only affects
the parameter K but does
so jointly with the HARPS
data.
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Figure 2.18: χ2 distribution
of the CORALIE data as a
function of K from a chain
fitting the WASP-23 data as
presented in section 3.4.4.
The CORALIE data only af-
fects the parameter K but
does so jointly with the
HARPS data
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Figure 2.19: Marginalised
χ2 probability density
function for the HARPS
data only from a chain
fitting the WASP-23 data
as presented in section
3.4.4. Overplotted, a χ2

function with 3.9 degrees of
freedom. The HARPS data
influences the parameter
K but has also influence
on other parameters, no-
tably those controlling the
Rossiter-McLaughlin effect.
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Figure 2.20: χ2 distribu-
tion of the HARPS data as
a function of K from a
chain fitting the WASP-23
data as presented in sec-
tion 3.4.4. The HARPS
data influences the parame-
ter K but has also influence
on other parameters, no-
tably those controlling the
Rossiter-McLaughlin effect.
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Figure 2.21: Marginalised
χ2

PDF for the photometric
data only from a chain fit-
ting the WASP-23 data as
presented in section 3.4.4.
Overplotted, a χ2 func-
tion with 4.0 degrees of
freedom.
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Figure 2.22: χ2 distribution
of the photometric data as a
function of K from a chain
fitting the WASP-23 data as
presented in section 3.4.4.
The photometric data does
not influence the parame-
ter K (hence the flat bot-
tom in K) but has an in-
fluence on other parameters
controlling the transit and
the period (thus the high
dispersion in the χ2 axis).
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that the different data sets are influencing parameters differently. I attempted to over plot χ2

function, but the shape never shows a completely good adjustment showing this may be a wrong
course of action. I also tried on WASP-8 where results are worse: the shape of subset χ2

PDF were
also greatly affected by the size of error bars on data whereas the overall χ2

PDF’s shape (figure 2.15)
was unaffected with only a translation in the position of χ2

mode.

The fact that the distribution shape differ between the CORALIE and HARPS sample in the
case of WASP-23 should nevertheless be an incentive to understand what is happening more
closely as it could give the possibility to estimate the number of effective free parameters that
each sets has an influence on. Analysing the distribution’s shape could also provide tests showing
whether the chain is performing as it ought to.

2.3 First Applications on Photometry & Radial Velocities

I shall now show a couple of papers for which I conducted an analysis using the MCMC that
was described earlier in this chapter. Those papers were the drivers behind improvements in the
code. As for other papers presented in this thesis, I will give a short introduction to describe what
part I had, which improvements to the code were made and what the historical context was.

2.3.1 Improved parameters for HD 17156 b

The following work became my first publication at Genève. The project began shortly after
my arrival. Michaël Gillon then in a post-doctoral position at Genève had acquired a transit of
HD 17156 b using the Mercator telescope at La Palma. That star had a known radial velocity planet
around it, fairly massive and in a highly eccentric orbit. What also made that planet special was
that it became for a while the planet with the longuest period known to transit. It also was among
the brightest stars to show a transiting planet.

Using the available spectroscopy from the Keck and Subaru telescopes (Fischer et al. 2007) with
the detection photometry (Barbieri et al. 2007) and the new photometry, it was possible to refine
the orbital parameters by ensuring the period derived from the radial velocities was in accordance
with the precise timing of the transits. Those ephemerides allowed us to estimate the probability
that the star occults the planet. Unfortunately with 4 chances in 10 000 that probability is really low.

Above the scientific interest, this collaboration initiated a long working collaboration with
Michaël which still goes on today in a variety of exciting projects. In addition, it was the per-
fect object with which to improve and test the MCMC that I had developed in St Andrews, see
how well it behaved in a regime for which it had not been written for originally: a highly eccentric
system, and offer a first analysis to the scrutiny of the scientific community.

Finally, several Rossiter-McLaughlin effects were observed on that star, the first of which, by
Narita et al. (2008), claimed the orbit was misaligned. Having all the analysis done, it was an
easy job to include the extra data and present a more conservative interpretation. This work was
presented as a poster at the IAU Boston Symposium on transiting planets showing the interest of
combining all possible data to obtain the best compromise between the radial velocities and the
photometry.

Subsequent observations and analyses led to the conclusion that HD 17156 b has a coplanar
orbit with the stellar equator (Narita et al. 2009a).
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ABSTRACT

We report high-precision transit photometry for the recently detected planet HD 17156b. Using these new data with previously
published transit photometry and radial velocity measurements, we perform a combined analysis based on a Markov Chain
Monte Carlo approach. The resulting mass Mp = 3.09+0.22

−0.17 MJup and radius Rp = 1.23+0.17
−0.20 RJup for the planet places it at the

outer edge of the density distribution of known transiting planets with ρp = 1.66+1.37
−0.60 ρJup. The obtained transit ephemeris is

TTr = 2 454 438.48271+0.00077
−0.00057 + N × 21.21747+0.00070

−0.00067 BJD. The derived plausible tidal circularization time scales for HD 17156b
are larger than the age of the host star. The measured high orbital eccentricity e = 0.6719+0.0052

−0.0063 can thus not be interpreted as the clear
sign of the presence of another body in the system.

Key words. binaries: eclipsing – planetary systems – stars: individual: HD 17156 – techniques: photometric

1. Introduction

Currently, exoplanets that transit their parent stars are undoubt-
edly the most important source of information about the physics
and composition of the planetary objects outside our Solar
System (see review by Charbonneau et al. 2007). The discov-
ery rate of such transiting planets has increased recently thanks
mainly to the excellent efficiency of ground-based wide-field
surveys such as WASP (Pollaco et al. 2006) and HAT (Bakos
et al. 2002). Also, a thorough characterization of the few transit-
ing planets orbiting stars that are bright enough has brought very
interesting results, most due to the high capabilites of the Spitzer
Space Telescope (see e.g. Harrington et al. 2007; Knutson et al.
2007). With the space mission CoRoT that is now in operation
(Baglin et al. 2006) and the future launch of Kepler (Borucki
et al. 2007) and JWST (Gardner et al. 2007), we can expect that
transiting planets will continue to play a major role in our under-
standing of extrasolar planets in the coming years.

Most of the known transiting planets are hot Jupiters, i.e.
very short period (less than 5 days) tidally circularized plan-
ets with masses ranging from ∼0.5 to ∼2 MJup and densi-
ties spanning a rather large range with an upper limit close to
that of Jupiter. Nevertheless, some planets very different from
this description have been observed recently in transit. Among
them are the very massive HD 147506b (Bakos et al. 2007),

� Based on observations made with the Mercator Telescope, operated
on the island of La Palma by the Flemish Community, at the Spanish
Observatorio del Roque de los Muchachos of the Instituto de Astrofísica
de Canarias.
�� Photometric measurements are only available in electronic form at
the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/485/871

CoRoT-Exo-2b (Alonso et al. 2008) and XO-3b (Johns-Krull
et al. 2008), and also the hot Neptune GJ 436b (Butler et al.
2004; Gillon et al. 2007a). Interestingly, three of these four plan-
ets have a non-null eccentricity despite their small periods.

Another exceptional transiting planet was announced re-
cently: HD 17156b (Fisher et al. 2007; Barbieri et al. 2007). It
orbits around a bright (B = 8.8, V = 8.2) G0V star. Its period
P ∼ 21.2 days is by far the longest one among the transiting
planets. Furthermore, this massive planet (M ∼ 3.1 MJup) has
a very eccentric orbit (e ∼ 0.67). After GJ 436b, it is the sec-
ond one for which the transiting status is detected after the an-
nouncement of the radial velocities (RV) orbit. This transit de-
tection (Barbieri et al. 2007) was done under the auspices of the
Transitsearch.org network (see e.g. Shankland et al. 2006)
which is based on a collaboration between professional and am-
ateur astronomers and aims to detect the possible transits of the
planets detected by RV.

One transit of HD 17156b was observed by Barbieri et al.
(2007). The quality of their photometry was high enough to de-
tect the transit with a good level of confidence. Nevertheless, ob-
taining a more precise transit lightcurve at a different epoch was
desirable to constrain more thoroughly the transit parameters
and to obtain a more precise orbital period than the one deduced
from RV measurements (21.2 ± 0.3 days). This motivated us to
observe another transit of HD 17156b on December 3th 2007
from La Palma with the 1.2 m Mercator Belgian telescope. We
present these observations in Sect. 2, and their reduction is de-
scribed in Sect. 3. We analyzed this new photometry in combi-
nation with published transit photometry and RV measurements
using a method based on a Markov Chain Monte Carlo (MCMC)
approach described in Sect. 4. The results of our analysis are pre-
sented in Sect. 5 and discussed in Sect. 6.

Article published by EDP Sciences
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2. Observations

Based on the ephemeris presented in Barbieri et al. (2007), a
transit of HD 17156b was expected to be clearly visible from
Canary Islands during the night of December 3, 2007. We ob-
served it with the 1.2 m Mercator Belgian telescope located at
the Roque de los Muchachos Observatory on La Palma Island.
The instrument used was the MEROPE CCD camera. It has a
field of view (FOV) of 6.5′ by 6.5′ and a pixel scale of 0.19′′. A
set of 213 exposures were taken in the B2 filter (λeff = 447.8 nm,
Δλ = 13.9 nm) from 19h54 to 04h34 UT. The exposure time
varied from 30 s to 60 s. A large defocus was applied to obtain
a good trade-off between duty cycle, time sampling and scintil-
lation mitigation. Transparency conditions during the night were
good. The airmass decreased from 1.57 to 1.37 then increase to 2
at the end of the run.

During the first out-of-transit (OOT) part of the run, a prob-
lem of defocus adjustment caused a minority of the pixels of
HD 17156b image to fall outside the linearity range for parts
of the images. This problem was fixed just before the ingress.
Another technical problem occured in the dome during the tran-
sit that led to a loss of ∼30 min of observation. Fortunately, this
problem occured during the long bottom of the transit, not in the
ingress or egress.

3. Data reduction

After a standard pre-reduction, all images were reduced with the
IRAF/DAOPHOT aperture photometry software (Stetson 1987).
As the defocus was not the same for the whole run, the re-
duction parameters were adapted to the FWHM of each image.
Differential photometry was then performed using the flux of the
nearby star BD+71 168 (B = V = 9.6) as the reference flux. The
resulting lightcurve was finally decorrelated for airmass varia-
tions using its OOT parts. No correlation with the other external
parameters was found.

The rms for the first OOT part is 2 × 10−3. It is ∼2 times the
theoretical error bar per point. As can be seen clearly in Fig. 1,
this part of the curve is noisier and less populated than the rest of
the curve. The cause is the too small defocus in the first part of
the run and the resulting linearity problems. The rest of the curve
is better. The rms of the residuals of the fit during the transit is
1.2 × 10−3, while it is 1.7 × 10−3 for the second OOT part. The
increase of the noise at the end of the run is due to the increase
of the airmass and the resulting increase of the scintillation.

We estimated the level of red noise σr in our photometry
using the equation (Gillon et al. 2006):

σr =

⎛⎜⎜⎜⎜⎝Nσ2
N − σ2

N − 1

⎞⎟⎟⎟⎟⎠1/2

, (1)

where σ is the rms in the original OOT data and σN is the
standard deviation after binning the OOT data into groups of
N points. We used N = 10, corresponding to a bin duration sim-
ilar to the ingress/egress timescale. The obtained value for σr is
compatible with purely Gaussian noise.

4. Data analysis

In addition to our Mercator photometry, we used the “Almenara”
transit photometry (Barbieri et al. 2007) and published Keck
and Subaru RVs (Fischer et al. 2007) to determine the param-
eters of the system. The data were analysed with a program

Fig. 1. Top: Mercator/MENOPE photometry for the transit of
HD 17156b. The best fitting theoretical transit curve is superimposed
in red. Bottom: residuals of the fit (rms = 1.6e−3).

called FullTransit. It carries out a combined multi-band pho-
tometry and spectroscopy fit based on a MCMC approach. The
models used for the photometry are, that of Mandel & Agol
(2002) and Giménez (2006a) with a quadratic limb darkening
law, for the spectroscopy, a standard eccentric orbit model, and
for the Rossiter-McLaughlin effect, Giménez (2006b) models.
Since no spectroscopic measurements were taken during transit,
the Rossiter effect is presented for information purposes.

4.1. Motivations

It seems normal to use all the available data in order to charac-
terise a planet. By fitting at the same time different models in
various datasets, the fit finds the best compromise between all
of them and also reveals discrepancies between timings if they
arise. It is also a way of remaining consistent in the model fitting
of the data.

Our choice of MCMC is due to the now abundant literature
on the subject (see Collier Cameron et al. 2007, and references
thererein), but also because it seems the easiest way to have a
single set of parameters common to each model for the fit. Also,
the MCMC allows us to determine precise errors on the model
from the simulations performed.

4.2. Method

The program currently fits 10 free parameters: the depth of the
transit D, the rotational velocity of the star V sin I, the RV semi-
amplitude K, the impact parameter b, the width of the transit W,
the angle between the equatorial plane of the star and the or-
bital plane of the planet β, the orbital period P, the middle of
transit date Ttr, the eccentricity e, and the angle to the perias-
tron ω0. Most of these parameters are directly observable or can
be estimated from the data. This set has been choosen so as to
minimize the correlation between parameters, which could lead
to a non convergence or a biased result.

From these 10 parameters, physical parameters needed by
the models are calculated. The model is created in phase for
each point and χ2 statistics is used to estimate the goodness of
fit. A penalty on the χ2 using Bayesian errors can be added if
necessary.
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In addition to these 10 parameters, there is also an optimal
scaling for each set of data. In the current situation, we have
2 sets of radial velocity and 2 sets of photometry, hence 4 other
parameters. These do not participate in the MCMC, they are
rather the result of the χ2 statistics.

Each of the parameters is calculated as follow:

parameter2( j) = parameter1( j)σ( j) G(0, 1) f (2)

where σ( j) is the standard deviation of the parameter, G(0, 1)
is a random Gaussian number, and f is a factor ensuring that
25% of the MCMC steps are being accepted. For each step in
the MCMC a set of 10 parameters is created. This step is chosen
to be accepted or not by a Metropolis-Hastings algorithm (see
Collier Cameron et al. 2007).

At the start of the MCMC, some guessed parameters are in-
serted along with their respective σs. These have been fixed to
make sure that each parameter explores randomly the parame-
ter space around their best χ2. The σs act as the error on the
prior; fσ( j) is the step size of the MCMC, f is estimated every
100 steps to make sure that 25% of the steps are accepted.

After n steps, the best χ2 is found and its associated set of
parameters becomes the best fit. The other sets are scrutinised
and the 68.3% sets around the best fit give the error. It is not
calculated using a Δχ2 because some of the distributions are not
Gaussian.

It has been decided not to have limb darkening coefficients as
free parameters so to not overload the MCMC as well as to avoid
discrepancies in stellar parameters between individual photo-
metric bands and a fitting of the Rossiter. Using Mandel & Agol
(2002), this would add 4 more parameters, 4 in the case of fitting
using the Giménez models, plus 2 others used for the Rossiter.
As FullTransit is a characterization program, previoulsy inde-
pendently fitted limb darkening coefficients can be inserted in
the calculations of the models.

For a convergence, it is necessary to have a good idea of the
period. We thus first fitted a theoretical transit on the Mercator
photometry using the method described in Gillon et al. (2007b),
then used the obtained timing and the one presented in Barbieri
et al. (2007) to deduce a precise initial guess for the orbital pe-
riod before starting the MCMC.

FullTransit is used to characterize the parameters of a planet,
not to find them. Once the period is found, it is straightforward
to find parameters approaching the best fit and to launch the
MCMC. These, though, should not be too close to the final solu-
tion – if known in advance – so as to let the MCMC explore the
χ2 potential around the solution.

4.3. Analysis

A 2 m s−1 error was added to the existing error for the radial
velocity measurements to allow for the jitter reported in Fischer
et al. (2007).

The limb darkening coefficients were extracted for the two
bands B2 and R from the table produced by Claret (2000) for the
quadratic law. These were selected for a 6000 K star with log g =
4.5, [Fe/H] = 0.2, close to the physical parameters presented in
Fischer et al. (2007). A stellar mass of 1.2 ± 0.1 M� was used
(Fischer et al. 2007); the mass was inserted randomly as M� =
1.2+ 0.1 G(0, 1) and a Bayesian error was added to χ2 to make a

quality function Q j = χ
2
j +

(1.2−M�, j)2

0.12 at each step j.
Two analyses could be done, one using the Mandel & Agol

(2002) models, the other Giménez (2006a). Both were per-
formed and being similar, only the Mandel & Agol (2002) was

Table 1. Fitted and derived parameters for the HD 17156 system, host
star and transiting planet. See Sect. 4.2. for a description of the fitted
parameters.

MCMC fitted parameters

D 0.00605+0.00041
−0.00051

K [m s−1] 272.6+4.5
−4.2

b 0.591+0.088
−0.191

W [phase] 0.00626+0.00015
−0.00016

P [days] 21.21747+0.00070
−0.00067

Ttr [BJD] 2 454 438.48271 +0.00077
−0.00057

e 0.6719+0.0052
−0.0063

ω0 [◦] 121.14+0.76
−0.89

Deduced transit parameters

p = Rp/R� 0.0777+0.0026
−0.0034

r� = R�/a 0.0476+0.0045
−0.0058

rp = Rp/a 0.00371+0.00047
−0.00059

Deduced stellar radius∗

R� [R�] 1.63+0.17
−0.20

Deduced planetary parameters

Mp [MJup] 3.09+0.22
−0.17

Rp [RJup] 1.23+0.17
−0.20

ρp [ρJup] 1.66+1.37
−0.60

Deduced orbital parameters

a [AU] 0.1589+0.0054
−0.0044

i [◦] 85.4+1.9
−1.2

Probability of secondary eclipse 0.04039%
∗ The value for the stellar mass was kept fixed to the one presented in
Fischer et al. (2007): 1.2 ± 0.1 M�.

pursued, as it took much less time to run than the other. If there
has been a radial velocity point during the transit, the whole
analysis could have been conducted using Giménez (2006a,b)
to remain consistent throughout the fitting process. For the same
reason, because there is no Rossiter involved with this star, the
two parameters V sin I and β are not effectively used in the fit.

Various starting parameters were tried on a range larger than
the error bars on the final parameters calculated by each chain.
All chains converged to within the error bars of each other. The
chains allowed a large safety burn-in period of 15 000 steps,
and a simulation of 100 000 steps each. The final results give
an average over the chains that were calculated. The probability
of a secondary transit was estimated by examining how many
sets of parameters have a secondary eclipse impact parameter
bsec < 1 − Rp

R�
. For a grazing secondary transit, the probability is

not much higher and would probably not be observable.

5. Results

Table 1 shows the 8 fitted parameters. For each set of parameters
recorded by the simulations, a set of physical parameters – de-
duced transit parameters and stellar, planetary & orbital parame-
ters – was calculated. The error on physical parameters was cal-
culated the same way as the fitted parameters: by taking 68.3%
of the sample around the best fit.

The impact parameter is the most volatile parameter in this
fit, because of a lack of data at the bottom of the lightcurve
trough.
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Fig. 2. Model fitted using FullTransit on the photometric (top) and RV
(bottom) data. Bottom left: red triangles = Keck, blue circles = Subaru.
Bottom right: zoom on the transit phase. Top: blue triangles =Mercator
photometry, green circles = “Almenara” photometry.

An average Q was estimated as 684.57 (25.99 on the spec-
troscopic data, 658.55 on the photometric data) giving an overal
reduced Q = 1.63.

Figure 2 shows the global fit of the data, including the
Rossiter-McLaughlin effect as it would occur for a V sin I of
2.8 km s−1. Its amplitude is small due to the high slope of the
eccentric orbit.

Optimal scaling for the Keck data is 93.8241 m s−1 while
for the Subaru it is 93.1092 m s−1. The optimal scaling for
the Mercator photometry is a factor of 1.00005, while for the
Almenara data, it is 1.0018.

6. Discussion

Irwin et al. (2008) presented new photometry for one transit
of HD 17156b observed from three separate observatories. The
agreement between their deduced parameters and ours is sat-
isfactory. Our error bars on the planet radius are larger than
theirs, and this comes from the fact that our photometry was
good enough to independently determine the stellar radius, while
Irwin et al. applied a Bayesian constraint on the stellar radius to
keep its fitted value close to the one determined by spectroscopic
analysis (Fischer et al. 2007). We notice that our error bars on the
planet and star radius are larger than 10%, so the characterization
of this system would benefit from further high-precision transit
photometry.

Fortney et al. (2007) presented theoretical radius values for
planets over a wide range of masses, using realistic atmospheric
boundary conditions and equations of state for core materials.
For a planet similar to HD 17156b, their theoretical radii range
from 1.02 RJup for a 100 M⊕ core to 1.1 RJup if no core is present.
The presence of a core has thus a very weak influence on the

Fig. 3. Mass radius diagram for the known transiting planets with an
error bar on the mass and radius smaller than 10% (except GJ 436b).
While most of them (open circles) have a density comparable to or
lower than the one of Jupiter, the three massive planets HD 17156b,
HD 147506b and XO-3b are much denser, as predicted by theory, while
CoRoT-Exo-2b appears to be “anomalously” large. The 1-sigma error
bars are represented only for the 4 massive planets for clarity.

planetary radius in this planetary mass regime. Our measured
radius seems to argue against a heavy core for HD 17156b, but
the error bar is too large to constraint the core mass. As can
be seen in Fig. 3, HD 17156b has the highest density among all
transiting exoplanets except HD 147506b and XO-3b.

The very high orbital eccentricity of HD 17156b could indi-
cate intense interaction with a still undetected third body. The
circularization timescale τcirc of a planet can be computed using
(Goldreich & Sotter 1966):

τcirc =

(
2QpP

63π

)(
Mp

M∗

)(
a

Rp

)5

(3)

where Qp is the tidal quality factor. For Jupiter, Qp is estimated
to lie between 105 and 2 × 106 (Goldreich & Soter 1966; Peale
& Greenberg 1980) Assuming the lowest of these values for the
tidal quality factor of HD 17156b, the obtained value for τcirc
is 208 Gyr, largely exceeding the estimated stellar age of 5.7 Gyr
(Fischer et al. 2007). Thus, the high eccentricity of HD 17156b
does not necessarily indicate the presence of a third body in the
system. If nevertheless such a perturber is present, it could be de-
tected with more RV measurements or through the precise mea-
surement of a large number of transits of HD 17156b, as was
attempted for several other transiting planets by e.g. the TLC
project (Holman & Winn 2006). In the case of a mean-motion
resonance, the amplitude of the timing variations is proportional
to the period of the perturbed body (see e.g. Holman & Murray
2005). As HD 17156b has the longest period among the known
transiting planets, a dedicated monitoring of its transits should
thus have a good sensitivity to any other planet in resonance
with it.

HD 17156b is very different from all the other known tran-
siting planets, and measuring its thermal emission would be very
desirable to study its atmospheric heat distribution efficiency,

2.3. First Applications on Photometry & Radial Velocities

54



M. Gillon et al.: Improved parameters for the transiting planet HD 17156b 875

albedo and chemical composition, but the secondary eclipse
probability we obtain is unfortunately very near to zero (0.04%).
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2.3.2 Improved parameters for WASP-4 b & WASP-5 b

The importance of discovering objects around bright targets is the ease with which one can
start characterise them and learn more. If radial velocity planets, or the numerous candidates
observed and released earlier this year by the space mission Kepler are of a definite interest, they
mostly deal with the statistics of systems: the type and number of planets, their repartition in
single or multiple systems, their orbital parameters. They give us a general outlook on the planet
population and constraints on their formation.

Transit surveys on bright stars are of a different philosophy: one can start studying more in
detail those planets and extend our knowledge on what physics goes on there. So far almost most
known transiting planets around bright stars are hot Jupiters, because transit surveys suffer of a
similar bias in nature of radial velocity surveys, but magnified due to the quick lowering of transit
probabilities for orbits greater than a few 10s of days. Thus we started studying what was study-
able: this special class of planets: the hot Jupiters. This lead to development in theoretical physics
on the mechanisms which inflate those planets found with larger than expected radii, but also ob-
servationally with attempts of studying their atmospheric temperatures and compositions.

The following paper is just about that: it presents the finest lightcurve yet obtained from a
ground telescope of a planetary transit. This allowed an exquisite determination of the system
parameters and the realisation of something quite unexpected then: we are limited in our charac-
terisation, not by the technology but by our knowledge on the host star. Because of equations 2.10,
1.15 and 1.13 we see that one determines very precisely the stellar density, the ratio of radii and
ratio of masses from photometry and spectroscopy. In order to have useful physical parameters,
one needs an assumption on the stellar mass. It is during the estimation of the stellar mass that
we need our greatest improvement, something impaired at the moment by the lack of knowledge
of those stars. If the targets WASP observes are considered bright (meaning: easy to do follow up
observations), they are still faint when it comes to distance determination. This prevents knowing
their absolute magnitude and thus an independent radius measurement. Even then, we still have
uncertainties knowing their metallicity and Teff , something critical to improve the precision on
stellar mass estimates.

We were also limited by technology too. The observations were obtained using the imager
FORS2, on the the VLT. To achieve an interesting duty cycle as well as help produce precise pho-
tometry, it was necessary to heavily defocus the telescope. The point spread function of our main
target, WASP-4, was around 12". The constraints proved too hard and enormous sytematics ap-
peared on the lightcurves, fortunately out of transit for WASP-4, but during it for WASP-5. This
became something of a proof that a larger telescope is not always better: our targets were too
bright. A good, stable instrument on a smaller telescope might do better. This will have an im-
pact for future follow-up, namely the characterisation of rocky planets’ atmospheres around bright
stars.

Nevertheless this paper was another occasion to progress and test the fitting algorithm in a high
precision context, one where one can even adjust the limb darkening coefficients from the shape
of the transit. It was also the start of a newer approach (as pioneered by Sozzetti et al. (2007))
to help in the estimation of stellar mass, using a modified Herztsprung-Russell diagram plotting
stellar density (instead of the inaccurate log g) versus effective temperature. This led further to
a reflection on how to insert stellar parameters within the MCMC to determine the stellar mass,
reducing a serious assumption, and a further step in combining most of the available information,
which will be presented in section 2.6.
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ABSTRACT

The gaseous giant planets WASP-4b and WASP-5b are transiting 12-magnitude solar-type stars in the Southern hemisphere. The aim
of the present work is to refine the parameters of these systems using high cadence VLT/FORS2 z-band transit photometry and high-
resolution VLT/UVES spectroscopy. For WASP-4, the new estimates for the planet radius and mass from a combined analysis of our
VLT data with previously published transit photometry and radial velocities are Rp = 1.30+0.05

−0.04 RJ and Mp = 1.21+0.13
−0.08 MJ , resulting

in a density ρp = 0.55+0.04
−0.02 ρJ . The radius and mass for the host star are R∗ = 0.87+0.04

−0.03 R� and M∗ = 0.85+0.11
−0.07 M�. Our ground-based

photometry reaches 550 ppm at time sampling of ∼50 s. Nevertheless, we also report the presence of an instrumental effect on the
VLT that degraded our photometry for the WASP-5 observations. This effect could be a major problem for similar programs. Our new
estimates for the parameters of the WASP-5 system are Rp = 1.09 ± 0.07 RJ , Mp = 1.58+0.13

−0.10 MJ , ρp = 1.23+0.26
−0.16 ρJ , R∗ = 1.03+0.06

−0.07 R�,
and M∗ = 0.96+0.13

−0.09 M�. The measured size of WASP-5b agrees well with the basic models of irradiated planets, while WASP-4b is
clearly an “anomalously” large planet.

Key words. binaries: eclipsing – planetary systems – stars: individual: WASP-4 – stars: individual: WASP-5 –
techniques: photometric – techniques: spectroscopic

1. Introduction

So far, the planets that transit their parent stars have undoubt-
edly brought the most important pieces of information about
the physics and composition of the planetary objects outside our
Solar System (see review by Charbonneau et al. 2007). Most of
the transit detections are due to a few ground-based wide-field
surveys targeting stars brighter than V ∼ 13: HAT (Bakos et al.
2004), SuperWASP (Pollaco et al. 2006), TrES (O’Donovan
et al. 2006), and XO (McCullough et al. 2005). Among these
surveys, SuperWASP is the one showing the largest harvest so
far. This efficiency is not only due to the constant optimiza-
tion of the observational and follow-up strategy, reduction and
data analysis (Cameron et al. 2007), but also to the recent start-
ing of the Southern counterpart of the SuperWASP-North fa-
cility. Located at the Sutherland Station of the South African
Astronomical Observatory, SuperWASP-South brings a second
field of view of 482 square degrees to the survey, allowing it to
search for transiting planets in a large portion of the sky.

The planets WASP-4b (Wilson et al. 2008, hereafter W08)
and WASP-5b (Anderson et al. 2008, hereafter A08) were the
first transiting planets detected by SuperWASP-South. They are
both gas giants slightly heavier than Jupiter and orbiting very

� Based on data collected with the FORS2 imager at the VLT-UT4
telescope and with the UVES spectrograph at the VLT-UT2 telescope
(Paranal Observatory, ESO, Chile) in the programme 280.C-5003.

close (P = 1.338 and 1.628 days) to 12 mag solar-type stars.
The analysis of the WASP and follow-up data led to radius val-
ues of about 1.4 and 1.1 RJ . With an estimated density ∼0.4 ρJ ,
WASP-4b appeared to belong to the subgroup of the planets with
a radius larger than predicted by basic models of irradiated plan-
ets (Burrows et al. 2007a; Fortney et al. 2007) unlike WASP-5b
(ρ ∼ 1.2 ρJ). WASP-4b is slightly less massive than WASP-5b
(1.2 vs. 1.6 MJ), while both planets have a similar irradiation
(1.89 vs. 1.92 × 109 erg s−1 cm−2), semi-major axis (0.023 vs.
0.027 AU) and host star spectral type (G7V vs. G4V).

Several hypotheses have been proposed to explain the
radius anomaly shown by some highly irradiated planets
such as WASP-4 b (see Guillot 2008), most importantly tides
(Bodenheimer et al. 2001; Jackson et al. 2008), tides with at-
mospheric circulation (Guillot & Showman 2002) and enhanced
opacities (Guillot et al. 2006; Burrows et al. 2007a). Receiving
similar irradiation from their host stars while having signifi-
cantly different radii, WASP-4b and WASP-5b represent a good
test for theory and an interesting opportunity of progress on our
understanding of the radius heterogeneity observed among the
highly irradiated planets. It is thus desirable to obtain for these
two planets the highest precision possible on the system param-
eters. This motivated us to use the VLT to obtain (1) a high ca-
dence high precision transit light curve with the FORS2 cam-
era; and (2) a high resolution spectrum of the host stars with the
UVES spectrograph. We present respectively in Sects. 2 and 3
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these new VLT photometric and spectroscopic observations and
their reduction. We analyze these new data in combination with
former transit photometry and RV measurements in Sect. 4. The
results of our analysis are discussed in Sect. 5.

2. VLT/FORS2 transit photometry

2.1. WASP-4

The photometry for WASP-4 was obtained on October 23, 2007.
Altogether 339 exposures were acquired with the FORS2 cam-
era on the VLT/UT4 telescope from 01h01 to 06h50 UT. To have
enough reference flux to properly correct the photometry from
atmospheric effects, the standard resolution mode was used, re-
sulting in a 6.8′ × 6.8′ field of view. To obtain a good time sam-
pling of the light curve, a 2 × 2 binning of the pixels was per-
formed, resulting in a pixel scale of 0.25′′/pixel. The exposure
time was tuned by the ESO staff astronomer to 20 s while the
mean read-out plus overhead time was 34 s. We chose to observe
in the z-GUNN+78 filter (λeff = 910 nm, FWHM = 130.5 nm)
to minimize the impact of the stellar limb-darkening uncertainty
on the deduced system parameters. A very large defocus was
used to obtain a good duty cycle and to minimize the influence
of flat-fielding errors: the mean characteristic profile width was
50 pixels = 12.5′′. Despite this large defocus, there was no PSF
overlap for the target and the reference stars. The guiding sys-
tem was turned on to make the stellar fluxes registered on nearly
the same pixels during the run (centroid jitter ∼3.5 pixels for the
whole run). There was an interruption of 25 min in the sequence
due to a technical problem with the secondary mirror setting,
fortunately before the transit. The quality of the night was photo-
metric. The moon illumination was 87%. It was at 44◦ at closest
from the target. The airmass decreased from 1.08 to 1.05 then
increased to 1.95 during the run (Fig. 1). The defocus was tuned
several times to adapt it to atmospheric transparency variations
due to the increase of airmass.

After a standard pre-reduction, the stellar fluxes were ex-
tracted for all the images with the IRAF DAOPHOT aperture pho-
tometry software (Stetson 1987). As the defocus was not the
same for the whole run, the reduction parameters were adapted
to the characteristic profile width of each image.

The transit is already very clear in the absolute flux curve
of WASP-4. But as shown in Fig. 2, the absolute photometry
of WASP-4 and of several other stars in the field suffer from
an unexpected effect: while the shape of the largest part of
these curves shows a nice airmass-flux correlation indicating that
the night transparency conditions were very good, the first part
seems to be affected by a large systematic dependent on the po-
sition on the chip. High-accuracy transit photometry has already
been obtained with the FORS cameras (e.g. Gillon et al. 2007a;
Pont et al. 2007), and this systematic was not detected in these
former data. The main difference between these former obser-
vations and ours is the large defocus that we used. The expla-
nation that we and the ESO staff favor is linked to the strange
shape taken by the primary mirror M1 with respect to the sec-
ondary M2 in case of out-of-focus observations, with variations
induced by the different amount of tangential component of the
gravity as the dominant effect. Indeed, the active optics system
of the telescope is supposed to compute for each exposure an op-
timal shape for the M1 so to correct for tangential gravity pull,
and actuators perform micrometrical shifts of the M1 to obtain
the computed shape, but here the active optics system was turned
off at the beginning of the run to obtain the required huge defo-
cus. Thus the needed correction for the tangential gravity pull

Fig. 1. Evolution of the airmass during the WASP-4 VLT/FORS2 run.

Fig. 2. Top left: normalized absolute VLT/FORS2 photometry for
WASP-4. Top right and bottom: normalized absolute photometry for
other stars of the field.

was not applied. The resulting spatial difference in illumination
of the chip could then have been rather large at the beginning
of the run, when the telescope was close to the meridian. As
it moved away from meridian, the tangential correction became
less important, and so did the effect.

Differential photometry was performed using the flux of sev-
eral bright stable stars in the field, but the obtained curve is
still plagued with a large systematic in its first part (see Fig. 3).
Fortunately, the transit occured in the second part of the run for
which the effect seems to be absent. We thus decided to use only
the data after BJD = 2 454 396.625, for which the photometry
seems to be reliable and accurate.

After a careful selection of the reference stars and the re-
duction parameters, we subtracted a linear fit for magnitude vs.
airmass to correct the photometry for differential reddening
using the out-of-transit (OOT) data. The corresponding fluxes
were then normalized using the OOT part of the photometry. The
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Fig. 3. Differential photometry for WASP-4 before rejection of the part
of the curve damaged by the systematic and differential reddening
correction.

Fig. 4. Top: VLT/FORS2 z-band transit photometry for WASP-4. The
best-fit transit curve is superimposed in red. Middle: residuals of the fit
(rms = 570 ppm). Bottom: residuals of the fit after binning per 20 points
(rms = 200 ppm).

resulting transit light curve is shown in Fig. 4, with the best-fit
transit model (see Sect. 4) superimposed. The rms of the first
OOT part is 420 ppm. This value is very close to the theoretical
error per point obtained from the photon noise of the target and
the reference stars, the sky background, read-out and scintilla-
tion noises (Gilliland et al. 1993): 400 ppm. For the second OOT
part, the measured rms is 740 ppm while the median theoretical
error is 510 ppm. This largest discrepancy between both values
comes probably from the amplification of the effect of any trans-
parency inhomogeneity across the field at high airmass. Indeed,
the airmass ranges from 1.45 to 1.95 in the second OOT part.

The rms and the time sampling are not the only parameters
needed to evaluate the quality of a photometric time series, the
level of low-frequency noise (red noise) has also to be taken
into account, especially for high SNRs (Pont et al. 2006). We

Fig. 5. Evolution of the airmass during the WASP-5 VLT/FORS2 run.

estimated the level of red noise σr in our photometry using the
equation (Gillon et al. 2006):

σr =

(
Nσ2

N − σ2

N − 1

)1/2

, (1)

where σ is the rms in the original OOT data and σN is the
standard deviation after binning the OOT data into groups of
N points. We used N = 20, corresponding to a bin duration sim-
ilar to the ingress/egress timescale. The obtained value for σr is
quite small: 110 ppm.

2.2. WASP-5

The photometry for WASP-5 was obtained on November 15,
2007. 337 exposures were acquired from 00h24 to 05h45 UT,
again with the FORS2 camera. The same observational strategy
as for WASP-4 was used. The quality of the night was photomet-
ric. The moon was in its first quarter (illumination = 24%), and
its closest distance to the target was 48◦ at the end of the run.
The airmass decreases from 1.06 to 1.04 then increased to 1.97
(Fig. 5).

The same reduction procedure as for WASP-4 was used.
Here again, the photometry of the first part of the run shows the
presence of a systematic at the percent level (Fig. 6). We notice
that the amplitude of the effect depends here too on the position
on the chip and appears to affect only the low-airmass photom-
etry, it is thus probably the same effect than for WASP-4 (see
above). Unfortunately, the transit happened at the beginning of
the run and its photometry is too damaged to be useful. We thus
decided to use only the UVES spectroscopy (see Sect. 3) and
former data to characterize this system.

3. VLT/UVES spectroscopy

High-resolution spectra of WASP-4 and WASP-5 were obtained
using the UVES spectrograph on the VLT/UT2 telescope on
November 27, 2007. The red arm was used with standard set-
ting 580, giving spectral coverage from 4780 to 6808 Å, except
from 5758 to 5833 Å due to the gap between to two CCD de-
tectors. A 1-arcsec slit was used giving a spectral resolution
of 40 000. Exposure times of 600 s were used yielding mean S/N
of 94:1 and 102:1 for WASP-4 and WASP-5, respectively. The
standard pipeline reduction products were used in the analysis.

The analysis was performed using the uclsyn spectral
synthesis package (Smith 1992; Smalley et al. 2001) and
atlas9 models without convective overshooting (Castelli et al.
1997). The Hα line was used to determine the effective temper-
ature (Teff), while the Na i D and Mg i lines were used as sur-
face gravity (log g) diagnostics. The parameters obtained from
the analysis are listed in Table 1.
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Fig. 6. Top left: normalized absolute VLT/FORS2 photometry for
WASP-5. Top right and bottom: normalized absolute photometry for
other stars in the field.

Table 1. Spectroscopic parameters obtained in this work for WASP-4
and WASP-5.

WASP-4 WASP-5
Teff 5500 ± 100 K 5700 ± 100 K

log g 4.5 ± 0.2 4.5 ± 0.2
ξt 1.1 ± 0.2 km s−1 1.2 ± 0.2 km s−1

v sin i 2.0 ± 1.0 km s−1 3.5 ± 1.0 km s−1

[Fe/H] −0.03 ± 0.09 +0.09 ± 0.09
[Si/H] +0.08 ± 0.05 +0.21 ± 0.06
[Ca/H] +0.04 ± 0.14 +0.07 ± 0.14
[Sc/H] +0.07 ± 0.13 +0.21 ± 0.10
[Ti/H] +0.11 ± 0.12 +0.14 ± 0.08
[V/H] +0.09 ± 0.07 +0.16 ± 0.07
[Cr/H] +0.06 ± 0.08 +0.07 ± 0.10
[Co/H] +0.07 ± 0.07 +0.20 ± 0.07
[Ni/H] +0.02 ± 0.10 +0.15 ± 0.05

log N(Li) <0.8 <0.5
Teff(IRFM) 5470 ± 130 K 5740 ± 130 K
θ(IRFM) 0.031 ± 0.002 mas 0.032 ± 0.002 mas

The equivalent widths of several clean and unblended
lines were measured. Atomic line data was mainly taken
from the Kurucz & Bell (1995) compilation, but with up-
dated van der Waals broadening coefficients for lines in Barklem
et al. (2000) and log g f values from Gonzalez & Laws (2000),
Gonzalez et al. (2001) or Santos et al. (2004). A value for micro-
turbulence (ξt) was determined from Fe i using Magain’s (1984)
method. The ionization balance between Fe i and Fe ii and the
null-dependence of abundance on excitation potential were used
as additional Teff and log g diagnostics (Smalley 2005).

In addition to the spectral analysis, we have also used pub-
lished broad-band photometry to estimate the total observed
bolometric flux ( f⊕). For WASP-4, TYCHO-2 (Høg et al. 2000),
USNO-B1.0 R-mag. (Monet et al. 2003) and 2MASS (Cutri
et al. 2003) were used, while for WASP-5 GALEX nuv flux
(Morrissey et al. 2007), NOMAD (Zacharias et al. 2004),

DENIS (Fouqué et al. 2000) and 2MASS were used, but no
TYCHO photometry was available. The photometry was con-
verted to fluxes and the best-fitting Kurucz (1993) model flux
distribution found, which was integrated to determine f⊕. The
Infrared Flux Method (Blackwell & Shallis 1977) was then used
with 2MASS magnitudes to determine Teff and stellar angular
diameter (θ). The results are given in Table 1 and are consistent
with those from the spectroscopic analysis.

We have determined the elemental abundances of several el-
ements (listed in Table 1) from their measured equivalent widths.
The quoted error estimates include those given by the uncertain-
ties in Teff , log g and ξt, as well as the scatter due to measurement
and atomic data uncertainties. In our spectra the Li i 6708 Å
line is not detected. Thus we can only give upper-limits on the
Lithium abundances.

4. Data analysis

4.1. Determination of the system parameters

4.1.1. WASP-4

We derived stellar and planetary parameters for the system by
fitting simultaneously our new VLT z-band transit light curve
with the data presented in W08, i.e. (1) the WASP R-band pho-
tometry; (2) the FTS i-band transit light curve; (3) an EulerCAM
R-band transit light curve and (4) 14 CORALIE radial velocity
measurements.

The data were used as input into the Monte Carlo Markov
Chain (MCMC) code described in Cameron et al. (2007) which
was designed specifically to solve the multi-variate problem of
transiting star-planet systems. Via the MCMC approach, the fit-
ting code repeatedly adopts trial parameters until it converges
on a set of values which produces the best model velocity curve
and model light curves. In short, nine parameters were used to
describe the light curves and radial velocity curve of the host star
including the orbital period P, the time of minimum light T0, the
transit depth δ, the total transit duration tT , the impact parame-
ter b, the stellar mass M∗, the stellar velocity amplitude K1, the
systemic radial velocity γ, the orbital eccentricity e, and the lon-
gitude of periastron ω. These nine fitted parameters determine
the physical properties of the star-planet system, including the
masses and radii of the star and planet and the orbital inclination
and separation. The goodness-of-fit statistic used to assess the
best parameters is the sum of the χ2 for all the data curves with
respect to the models. Model light curves were derived according
to the formalism outlined in Mandel & Agol (2002), adopting
the small-planet approximation and using the non-linear limb
darkening coefficients from Claret (2000, 2004) for the appro-
priate photometric filters. The code also has the option to apply
a Bayesian main sequence prior on the stellar mass and radius
which acts to keep the star on the main sequence. However, due
to the exceptional quality of the follow-up photometry, we did
not apply this constraint in the analysis of WASP-4.

We ran the MCMC code in an iterative fashion to derive
the best overall solution for the properties of the star-planet sys-
tem. We also combined the physical properties derived from the
MCMC code with the stellar parameters from the spectral syn-
thesis to determine the evolutionary status of the host star and
to confirm that the stellar properties, including mass (which is
not directly measured), were consistent with each other and with
theoretical stellar evolution models.

In the initial run of the MCMC code, we adopted initial
guesses for the light curve parameters from the results of the
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box-least squares analysis of the WASP data. We also assumed
a starting value for the eccentricity of 0.02, a systemic RV equal
to the mean of the velocity data, and a velocity amplitude de-
rived by fitting a sinusoidal velocity variation to the observed
RVs by minimizing χ2. The initial guess for the stellar mass
was derived by interpolating the zero age main sequence, so-
lar metallicity stellar evolution isochrone of Girardi et al. (2000)
at the temperature of the host star. In addition, the input light
curves had theoretically derived uncertainty values for each
photometric measurement. The uncertainties were computed by
considering shot noise, scintillation, read-out and background
noises, but did not include correlated noise. For the RV measure-
ments, the MCMC code adds quadratically an additional RV jit-
ter to the theoretical uncertainties so that the reduced χ2 of the
RV data compared to the model curve is approximately equal
to 1. Finally, we allowed the eccentricity to float freely.

The results of this initial run were used to inform the second
and final run of the code in the following ways. First, the initial
eccentricity result was well within 1σ of zero. Thus, for final
run, we fixed the eccentricity to zero, assuming a circular orbit
for the planet. Next, the best fitting model light curves from the
initial run were used to make a correlated noise measurement
for each photometric time-series. We employed the method de-
scribed in Sect. 2.1 (Eq. (1)), but using the entire residual time-
series, rather than just the OOT parts. Table 2 presents the red
noise values obtained. For each photometric measurement, we
added the appropriate correlated noise value in quadrature to the
theoretical uncertainty. The resulting light curves were input into
the final run of the MCMC code.

Finally, the first MCMC run produced a measurement of the
mean stellar density (ρs = Ms/R3

s ) which we used to refine the
initial guess of the stellar mass. We converted the derived stellar
density to Rs/M

1/3
s in solar units, and compared this property and

the stellar temperature in a modified Hertzsprung-Russell (HR)
to the Girardi solar metallicity models. The quantity, Rs/M

1/3
s ,

depends only on the observed transit properties (duration, depth,
impact parameter, and orbital period) and is independent of the
measured temperature. We generated the same property from
the mass and log g values in the models, and then interpolated
the models in the R/M1/3 − Teff plane to determine a mass and
age for WASP-4. We interpolated linearly along two consecutive
mass tracks to generate an equal number of age points between
the zero-age main sequence and the evolutionary state defined as
Te-M which is the stage where the star reaches core Hydrogen
exhaustion. We then interpolated between the mass tracks along
equivalent evolutionary points to find the mass and age from the
models that best match the stellar properties derived from the
MCMC code (density) and the spectral synthesis (temperature).
In this way, we obtained a new intital guess for the stellar mass
of, M∗ = 0.93 M�.

We then implemented a second and final run of the MCMC
code, (1) fixing e = 0; (2) including correlated noise in the
photometric uncertainties; (3) applying the results from the first
MCMC run as the initial guesses for the fitted parameters; and
(4) adopting a prior on the stellar mass of M∗ = 0.93 M�. The
results of this run are given in Table 3. The obtained value for
the RV jitter is 7 m s−1, identical to the value deduced in W08.

Lastly, we plotted the final stellar parameters on the modi-
fied HR diagram and interpolated the model tracks as described
above to determine the age of the system. We derive an age of
5.2+3.8
−3.2 Gyr. We also confirmed that the final mass derived in the

MCMC code was consistent with the observed temperature and
the stellar evolution models (Fig. 7). The MCMC result gives a

Fig. 7. Modified HR diagram showing R/M1/3 in solar units versus ef-
fective temperature. The properties of the of WASP-4 are overplotted on
the theoretical stellar evolutionary models of Girardi et al. (2000). The
mass tracks are labeled and the isochrones are 100 Myr (solid), 1 Gyr
(dotted), 5 Gyr (dot-dashed), 10 Gyr (dotted). According to the models,
the host star has an age of 5.2+3.8

−3.2 Gyr. The y-axis error bars are smaller
than the data point.

mass of 0.85+0.11
−0.07 M� which is within the 1σ uncertainty on the

mass determined from the theoretical tracks (0.93 ± 0.05 M�).
We also made an independent analysis aiming to test if the

quality of our VLT z-band transit photometry is good enough to
constraint reliably the limb-darkening of the star. In this analy-
sis, we used as data our VLT transit light curve with only the
WASP photometry and the CORALIE radial velocities. We as-
sumed a quadratic limb-darkening law for the photometric mod-
els to minimize the number of free parameters and allowed
the two limb-darkening coefficients u1 and u2 to float for the
VLT photometry only, using as jump parameters not these co-
efficients themselves but the combinations 2 × u1 + u2 and
u1 − 2 × u2 to ensure that the obtained uncertainties are un-
correlated (Holman et al. 2006). We obtain values for the tran-
sit depth and duration that are slightly different from the val-
ues shown in Table 3, but all the deduced physical parameters
are in good agreement with the previous values. The obtained
values for the limb-darkening coefficients are u1 = 0.299+0.006

−0.026
and u2 = 0.248+0.016

−0.023. These values are physically plausible in
the sense that they produce a monotonically decreasing intensity
from the center of the star to the limb, but they are not consistent
with the values interpolated from Claret’s tables (2000, 2004):
u1 = 0.266 and u2 = 0.302. This disagreement could be due to
the fact that our VLT photometry has a small but significant level
of correlated noise able to modify slightly the actual shape of
the transit. The amplitude of this red noise is in fact similar to
the difference between the models fitted with and without free
limb-darkening coefficients. We thus prefer to consider the val-
ues for the system parameters obtained with a fixed non-linear
limb-darkening law as our final ones.

4.1.2. WASP-5

An analysis similar to the one described above was performed
for WASP-5 using data presented in A08: (1) the WASP pho-
tometry; (2) a FTS i-band transit light curve; (3) an EulerCAM
R-band transit light curve and (4) 11 CORALIE radial veloci-
ties. As in A08, no additional RV jitter was needed to obtain a
final reduced χ2 close to 1 for the RV model. No Bayesian main
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Table 2. Typical red noise values and mid-transit times evaluated for the photometric time-series used in this analysis.

Light curve σr [ppm] Mid-transit timing (MCMC) [BJD] Mid-transit timing (“prayer bead”) [BJD]

WASP-4 WASP06 R-band 3150 2 453 963.10863+0.00074
−0.00081 2 453 963.1086+0.0025

−0.0023
WASP-4 WASP07 R-band 4020 2 454 364.57722+0.00068

−0.00075 2 454 364.5757+0.0021
−0.0033

WASP-4 Euler R-band 0 2 454 368.59244+0.00022
−0.00019 2 454 368.59266+0.00025

−0.00027
WASP-4 FTS i-band 510 2 454 371.26812+0.00033

−0.00028 2 454 371.26738+0.00097
−0.00087

WASP-4 VLT z-band 190 2 454 396.695410 ± 0.000051 2 454 396.69548+0.00015
−0.00026

WASP-5 WASP06 R-band 3260 2 453 945.71962+0.00091
−0.00093 2 453 945.7187+0.0041

−0.0028
WASP-5 WASP07 R-band 1490 2 454 364.2283+0.0012

−0.0013 2 454 364.2285+0.0057
−0.0069

WASP-5 Euler R-band 360 2 454 383.76684+0.00025
−0.00024 2 454 383.76738+0.00031

−0.00032
WASP-5 FTS i-band 790 2 454 387.02221+0.00034

−0.00037 2 454 387.02197+0.00071
−0.00050

Fig. 8. Similar modified HR diagram than Fig. 7 but here for WASP-5.
According to the models, the host star has an age of 5.4+4.4

−4.3 Gyr.

sequence prior was used as for WASP-4. The orbital eccentricity
obtained in the first MCMC run was non-zero at the 2σ level,
so it was kept as free parameter in the second run, leading to a
final value of 0.04 ± 0.02 (see Table 3). Nevertheless, e and ω
are not orthogonal parameters because e cannot be <0, and this
asymmetry could lead to an overestimation of e for low eccen-
tricity orbit. To check that our marginal detection of a non-null
eccentricity is reliable, we made a new analysis using as jump
parameters e.cosω and e.sinω, which are orthogonal, and cal-
culated e and ω afterwards. We obtained e = 0.049+0.020

−0.017 and
ω = 0.73+0.30

−0.45, in very good agreement with the values presented
in Table 3. We thus claim the marginal detection of a non-null
eccentricity for WASP-5b.

WASP-5 is slightly super solar metallicity with [Fe/H] =
+0.09 ± 0.09 (see Table 1), so mass tracks of the Girardi models
in metallicity at +0.09 were first linearly interpolated between
the zero and +0.20 metallicity mass tracks before the obtained
stellar parameters were plotted on the modified HR diagram and
model tracks were interpolated (Fig. 8). From this final step, we
derive an age of 5.4+4.4

−4.3 Gyr and a stellar mass of 1.00+0.07
−0.05 M�,

within the error bar of the MCMC value of 0.96+0.13
−0.09 M� (see

Table 3).

4.2. Transit timings

Fixing all the system parameters except epoch to the ones de-
duced from the above analysis, we fitted with our MCMC code

a transit profile to each transit to obtain individual timings. For
the WASP data, the transits of the season 2006 and 2007 were
folded together to obtain a timing per season. Table 2 gives the
obtained timings and error bars. From these results, the VLT
z-band photometry for WASP-4 appears to show a formal error
of ∼5 s on its deduced timing, comparable to the best precision
obtained from space (see e.g. Knutson et al. 2007). Such a pre-
cision is doubtful for our ground-based data, because we know
that despite their high quality they have a low but still signif-
icant level of covariant noise able to bring a systematic error
on the deduced timing. To assess the influence of this covari-
ant noise on our timing precision, we analyzed each transit with
the method described in Gillon et al. (2007b), for which the es-
timation of the errors is based on the “prayer bead” procedure:
after having determined the best-fitting eclipse model, a large
number of fits are performed and for each of them the residuals
of the initial fit are shifted sequentially about a random number
and then added to the eclipse solution. This procedure allows
to take into account the actual covariant noise of the data. At
the end, the error bars of the fitted parameters are determined
from the distribution of their derived values. Table 2 presents
also the values and error bars obtained with this method. We no-
tice that for the data showing the largest level of covariant noise,
the WASP data, the error bars on the timing is ∼4 times larger.
For the Euler transits having a rather low level of covariant noise,
the difference is much smaller. Interestingly, the error bars on the
WASP-4 VLT transit timing is 3−4 times larger than the one ob-
tained with the MCMC code and is only slightly better than the
one of the Euler transits. This shows clearly that covariant noise
has an important impact on the transit timing precision. While
Table 2 presents the timings and errors obtained with both meth-
ods, we outline that our final results are the ones obtained with
the “prayer bead” method: only these values should be used in
future analysis.

Figure 9 shows for both planets the residuals from the sub-
traction to these timings of the calculated transit timings based
on ephemeris presented in Table 3. The transits of WASP-4 show
no clear sign of period variability. A linear fit to the transit tim-
ings as a function of the transit epoch results in a period of
1.3382319 ± 0.0000068 days, in excellent agreement with the
period obtained from our combined MCMC analysis. The re-
duced χ2 of the fit is 1.35, indicating that the epoch – timing
relation is well modeled by a line. For WASP-5, the period de-
duced from a similar fit is 1.628430 ± 0.000013 days, in good
agreement with the value obtained from the combined analysis,
but here the reduced χ2 is 5.7. At this stage, we cannot assign
any firm significance to a possible period variability, because a
shift of one of the two most precise timings (FTS or Euler) due to
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Table 3. WASP-4 and WASP-5 system parameters and 1-σ error limits derived from MCMC analysis.

Parameter Symbol WASP-4 WASP-5 Units

Transit epoch (HJD) T0 2 454 383.313070+0.000045
−0.000074 2 454 373.99598+0.00025

−0.00019 days
Orbital period P 1.3382324+0.0000017

−0.0000029 1.6284279+0.0000022
−0.0000049 days

Planet/star area ratio (Rp/Rs)2 0.02357+0.00010
−0.00008 0.01180+0.00022

−0.00029
Transit duration tT 0.08831+0.00016

−0.00021 0.0987+0.0022
−0.0020 days

Impact parameter b 0.063+0.047
−0.062 0.31+0.06

−0.28 R∗
Stellar reflex velocity K1 0.2476+0.0139

−0.0068 0.2797+0.0092
−0.0063 km s−1

Centre-of-mass velocity γ 57.7387+0.0026
−0.0013 20.0087+0.0032

−0.0025 km s−1

Orbital semi-major axis a 0.02255+0.00095
−0.00065 0.0267+0.0012

−0.0008 AU
Orbital inclination I 89.35+0.64

−0.49 86.9+2.8
−0.7 degrees

Orbital eccentricity e 0.0 (fixed) 0.038+0.026
−0.018

Longitude of periastron ω – 0.60+0.47
−0.39 rad

Stellar mass M∗ 0.85+0.11
−0.07 0.96+0.13

−0.09 M�
Stellar radius R∗ 0.873+0.036

−0.027 1.029+0.056
−0.069 R�

Stellar surface gravity log g∗ 4.487+0.019
−0.015 4.395+0.043

−0.040 [cgs]
Stellar density ρ∗ 1.284+0.013

−0.019 0.88 ± 0.12 ρ�
Planet radius Rp 1.304+0.054

−0.042 1.087+0.068
−0.071 RJ

Planet mass Mp 1.21+0.13
−0.08 1.58+0.13

−0.10 MJ

Planetary surface gravity log gp 3.212+0.025
−0.011 3.485+0.054

−0.043 [cgs]
Planet density ρp 0.546+0.039

−0.025 1.23+0.26
−0.16 ρJup

Planet temperature (A = 0, F = 1) Teq 1650 ± 30 1706+52
−48 K
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Fig. 9. Observed minus calculated (O−C) transit timings for the light
curves included in this study. Table 2 lists the actual transit timings.
The calculated timings were obtained from the ephemeris due to our
combined MCMC analysis (see Table 3).

an unknown systematic effect could lead to a much bettered re-
duced χ2, but obtaining more precise transit timings for WASP-5
is desirable.

5. Discussion

5.1. Ground-based photometry

Until recently, it was considered by many that ground-based
photometry could not reach the high cadence sub-mmag regime

because of the presence of the atmosphere. Indeed, high fre-
quency atmospheric noises (mainly scintillation) limit the preci-
sion that high SNR photometry can reach within small time bins.
If one is willing to compromise on the sampling of their photo-
metric time-series, binning the data (or using longer exposures)
allows for getting better errors, but the obtained precision will be
finally limited by low frequency noises. To observe several times
the same planetary eclipse and to fold the photometry with the
orbital period is thus generally considered as the only option to
get very well sampled and precise eclipse light curves from the
ground. Nevertheless, we show here that reaching the sub-mmag
sub-min regime for one eclipse is possible with a large aperture
ground-based instrument. Photon noise and scintillation are not
a concern even for small time bins when a rather bright tran-
siting system like WASP-4 is monitored with a large aperture
telescope like the VLT. The high standard quality of such a tele-
scope and the excellent atmospheric conditions at Paranal lead
furthermore to a very low level of covariant noise in the differ-
ential photometry.

Unfortunately, we report the presence of an instrumental ef-
fect on the VLT that damaged a part of our photometry and that
could be a major problem for similar programs. It was unfor-
tunately the case for WASP-5: the photometry is too damaged
by the effect to be useful. As mentioned in Sect. 2, the effect is
probably due to the fact that we had to turn off the active optics
system of the VLT to obtain the required very large defocus. We
emphasize that imaging in this manner is not at all a standard ob-
servational mode on the VLT. We suggest for similar programs
a milder level of defocus combined with the use of the active
optics system.

Recently, exquisite ground-based transit photometry for the
hot Neptune GJ 436b was obtained by Alonso et al. (2008) us-
ing a different approach. They observed a transit in the H-band
with the TCS telescope and its CAIN-II near-IR detector. As
the red dwarf GJ 436 is very bright in the H-band (H = 6.3),
the background variability is not a concern, so no dithering pat-
tern was used and the images were severely defocused, i.e. the
strategy was very similar to the one that we choose for our

CHAPTER 2. TOOLS TO STUDY EXTRASOLAR PLANETS

63



266 M. Gillon et al.: Improved parameters for WASP-4b and WASP-5b

VLT observations. The most surprising point is that no differ-
ential photometry was used by Alonso et al. to reach such a
high photometric quality. These authors explain this by the much
smoother behavior of the transparency variations in the H-band
compared to the visible. It is very desirable to confirm this point
by obtaining more high-quality eclipse light curves in the near-
IR. Unfortunately, this method is limited to stars that are very
bright in the near-IR, and only a few are known to harbor a tran-
siting planet (e.g. HD 189733, HD 209458).

5.2. The hot Jupiters WASP-4b and WASP-5b

The high-quality of the WASP-4 VLT z-band transit photometry
allows a significant improvement of the precision on the impact
parameter (0.063+0.047

−0.062 vs. 0.13+0.13
−0.12 in W08) that leads to a better

precision on the orbital inclination (89.35+0.64
−0.49 vs. 88.59+1.36

−1.50 de-
grees in W08), but our analysis fails to give a more precise
value for the planetary mass (1.21+0.13

−0.08 MJ vs. 1.215+0.09
−0.08 MJ

in W08) and even for the planetary radius (1.304+0.054
−0.042 RJ vs.

1.416+0.068
−0.043 RJ in W08) despite a significantly more precise

determination of the planet/star area ratio (0.02357+0.00010
−0.00008 vs.

0.0241+0.0005
−0.0002 RJ in W08). This is due to the fact that our new

spectroscopy does not improve significantly our knowledge of
the host star because it is now limited by the accuracy/validity
of the stellar atmospheric and evolution models, and this uncer-
tainty on the stellar parameters propagates to our final accuracy
on the planet parameters. This fact is also illustrated with our
results for WASP-5b: our new values for the planetary mass and
radius agree well with the ones quoted in A08 (1.58+0.13

−0.10 MJ and
1.087+0.068

−0.071 RJ vs. 1.58+0.13
−0.08 MJ and 1.090+0.024

−0.058 RJ in A08) but
are not more accurate. This “stellar” accuracy limit relates to
all transiting systems, except the putative systems (1) that could
be studied by asteroseismology (see e.g. Christensen-Dalsgaard
et al. 2007), allowing a more precise estimation of their age
and radius; or (2) the systems that would be bright and nearby
enough to allow a very precise direct determination of the stel-
lar radius by long baseline interferometry (see e.g. Baines et al.
2008).

With a radius measurement Rp = 1.30+0.05
−0.04 RJ, we confirm

here that WASP-4b is larger than predicted by basic models of
irradiated planets (Burrows et al. 2007a; Fortney et al. 2007). For
instance, the theoretical value presented by Fortney et al. (2007)
for an irradiated 1.46 MJ core-less planet of 4.5 Gyr orbiting a
0.02 AU from a sun-like star is only 1.17 RJ . WASP-4b is thus
another case demonstrating that something is missing in basic
models.

Fortney et al. (2008) proposed the theoretical division of hot
Jupiters into two classes based on their level of irradiation. By
analogy with M-dwarfs, the “pM” class would be composed of
the planets warmer than required for condensation of Ti and
V-bearing compounds, and these planets should show a strato-
spheric temperature inversion due to the absorption of most of
the large incident flux by the high-opacity gaseous TiO and VO.
The cooler planets would compose the “pL” class. Burrows et al.
(2008) proposed a similar bifurcation into two groups, but with-
out firmly identifying TiO and VO as the high opacity gaseous
compounds causing the thermal inversion. Interestingly, recent
S pitzer secondary eclipse measurements detected such tempera-
ture inversions for the highly irradiated planets HD 209458b and
XO-1b (Burrows et al. 2007b; Knutson et al. 2008; Machalek
et al. 2008). The updated estimation for the incident flux re-
ceived by WASP-4b is now 1.7 × 109 erg s−1 cm−2, class-
ing it clearly in the theoretical pM planetary class proposed by

Fig. 10. Location of WASP-4b (W4) and WASP-5b (W5) in a mass-
radius diagram. The location of the other transiting planets receiving an
incident flux larger than 109 erg s−1 cm−2 (open circles) or smaller than
5 × 108 erg s−1 cm−2 (closed circles) is also shown.

Fortney et al. Figure 10 shows the location of WASP-4b in a
mass-radius diagram. The location of the other transiting plan-
ets receiving an incident flux larger than 109 erg s−1 cm−2 (i.e.
belonging clearly to Fortney’s pM class) or smaller than 5 ×
108 erg s−1 cm−2 (i.e. belonging clearly to Fortney’s pL class) is
also shown for comparison. We notice that the pL planets seem
to have a smaller radius than their pM counterparts having a sim-
ilar mass. WASP-4b follows this tendency. This is in favor of the
proposition done by Burrows et al. (2007a) that the enhanced
opacity of the highly irradiated giant planets could alter their
cooling history and thus be part of the solution to their “anoma-
lously” large radius. However, WASP-5b is even more irradiated
then WASP-4b (2.0 × 109 erg s−1 cm−2) but according to our re-
sult it is not extremely bloated (Rp = 1.09 ± 0.07 RJ). As shown
in Fig. 10, WASP-5b seems to be smaller than the other planets
of similar mass that fall clearly in the pM class. This favors the
fact that the size of highly irradiated gazeous planets is not only
dependent on their level of stellar irradiation but also of other
factors. The planetary core mass is probably one of them. In this
context, it is interesting to notice that WASP-5 is more metal-
rich than WASP-4. This goes in the right direction towards the
existence of a correlation between the metallicity of the parent
star and the core mass of the planet (Guillot et al. 2006; Burrows
et al. 2007a; Guillot 2008).

More transit photometry for WASP-5 is needed to confirm
the possible period variability shown by our transit timing mea-
surements. Such an apparent period variability could be due to
the presence of another close-in lighter planet in the system (see
e.g. Holman & Murray 2005). A precise timing of the secondary
eclipse of this planet is also desirable, because it could confirm
the non-null eccentricity that we marginally deduce from our
analysis. Such a non-null eccentricity could also be the sign of
the presence of another planet around WASP-5.
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2.4. Planetary Occultations

2.4 Planetary Occultations

In the direct line to the estimation of a planetary occultation probability presented in section
2.3.1, fitting the capacity to adjust for an occultation was added to the code. In many ways it was
one of the simplest additions, being but another transit shape model (without limb darkening) at
phase 0.5 or around. A slight displacement in the occultation mid point T0.5 gives information on
the orbital eccentricity on the form of e cos ω. From Hilditch (2001) we have:

2π
(T0.5 − T0)

P
= X − sinX (2.34)

where
X = π + 2 tan−1 e cosω√

1− e2
(2.35)

The width of the occultation can also be let to float in the MCMC thus potentially bringing
information on the harder to estimate e sin ω:

e sinω =
Wocc −W
Wocc +W

(2.36)

The radial velocities also help in adjusting that parameter but thus far detecting a significant
deviation from zero has proved a little elusive. Most measurements of occultations give eccentric-
ities compatible with zero at the 3σ level. A reason for this is given in section 3.4.4.

The depth of the secondary transit is of prime interest here as it is dependant on the bright-
ness temperature of planet. Having this depth in several bands amounts to build a low resolution
spectrum of that planet. Many efforts have been undertaken by several members of the commu-
nity, first using space-based observations then moving onto ground near-infrared instrumentation.
These measurements are driving an intense theoretical and numerical work on modelling hot gas
giant’s atmospheres and participate to solving the problem of their larger than expected radii.

To find what type of signal to expect one needs to get the amount of flux reflected by the planet.

Fi(λ) =
L?(λ)
4πa2

(2.37)

where Fi(λ) is the incident flux on the planet, as a function of wavelength and L? is its luminosity.
We need to define now the albedo as the ratio of reflected flux to incident flux when the planet is
at its fullest phase φ:

A(λ) =
Fr(φ = 0.5, λ)

Fi(λ)
(2.38)

The planet’s flux arriving to Earth is at most:

fp(λ) = A(λ)Fi(λ)
R2

p

D2
(2.39)

with D the distance between the target and the Earth. The type of signal we seek is the contrast
with the total flux approximated as the sole stellar flux f?:

∆f(φ, i, λ) ∼ fp(φ, i, λ)
f?(λ)

= A(λ)
R2

p

a2
g(φ, i) (2.40)

where g is the phase function. This deficit in flux depends heavily on λ which depends on the
opacity of the planet and its capacity to redistribute its incident flux into other wavelengths. By
measuring in several bands we get an idea on the planet’s spectrum.

A few observations like that of Knutson et al. (2009) have observed half an orbital phase and
thus see the slow rise in flux as the planet progresses on its orbit and its reflected face becomes
larger. By observing only at occultation we only measure ∆f
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ABSTRACT

We present VLT eclipse photometry for the giant planet CoRoT-1b. We observed a transit in the R-band filter and an occultation in a
narrow filter centered on 2.09 μm. Our analysis of this new photometry and published radial velocities, in combination with stellar-
evolutionary modeling, leads to a planetary mass and radius of 1.07+0.13

−0.18 MJup and 1.45+0.07
−0.13 RJup, confirming the very low density

previously deduced from CoRoT photometry. The large occultation depth that we measure at 2.09 μm (0.278+0.043
−0.066%) is consistent

with thermal emission and is better reproduced by an atmospheric model with no redistribution of the absorbed stellar flux to the night
side of the planet.

Key words. binaries: eclipsing – planetary systems – stars: individual: CoRoT-1 – infrared: stars – techniques: photometric –
techniques: radial velocities

1. Introduction

Transiting planets play an important role in the study of plan-
etary objects outside our solar system. Not only can we infer
their density and use it to constrain their composition, but sev-
eral other interesting measurements are possible for these objects
(see e.g. review by Charbonneau et al. 2007). In particular, their
thermal emission can be measured during their occultation, al-
lowing the study of their atmosphere without spatially resolving
their light from that of the host star. The Spitzer Space Telescope
(Werner et al. 2004) has produced a flurry of such planetary
emission measurements, all at wavelengths longer than 3.5 μm.
From the ground, several attempts to obtain occultation mea-
surements at shorter wavelengths than the Spitzer spectral win-
dow were performed (Richardson et al. 2003a,b; Snellen 2005;
Deming et al. 2007; Knutson et al. 2007; Snellen & Covino
2007; Winn et al. 2008). Very recently, two of them were suc-
cessful: Sing & López-Morales (2009) obtained a ∼4σ detec-
tion of the occultation of OGLE-TR-56b in the z-band (0.9 μm),
while De Moiij & Snellen (2009) detected at ∼6σ the thermal
emission of TrES-3b in the K-band (2.2 μm). It is important to

� Based on data collected with the VLT/FORS2 and VLT/HAWK-I in-
struments at ESO Paranal Observatory, Chile (programs 080.C-0661(B)
and 382.C-0642(A)).
�� The photometric time-series used in this work are only avail-
able in electronic form at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/506/359

obtain more similar measurements to improve our understanding
of the atmospheric properties of short-period extrasolar planets.

CoRoT-1b (Barge et al. 2008, hereafter B08) was the first
planet detected by the CoRoT space transit survey (Baglin et al.
2006). With an orbital period of 1.5 days, this Jupiter-mass
planet orbits at only ∼5 stellar radii from its G0V host
star. Thanks to this proximity, its stellar irradiation is clearly
large enough (∼ 3.9 × 109 erg s−1 cm−2) to make it join
OGLE-TR-56b, TrES-3b and a few other planets within the
pM theoretical class proposed by Fortney et al. (2008). Under
this theory, pM planets receive a stellar flux large enough to
have high-opacity compounds like TiO and VO present in their
gaseous form in the day-side atmosphere. These compounds
should be responsible for a stratospheric thermal inversion, with
re-emission on a very short time scale of a large fraction of
the incoming stellar flux, resulting in a poor efficiency of the
heat distribution from the day-side to the night-side and to en-
hanced infrared planetary fluxes at orbital phases close to the
occultation. Like the other pM planets, CoRoT-1b is thus a good
target for near-infrared occultation measurements. Furthermore,
CoRoT-1b belongs to the subgroup of the planets with a ra-
dius larger than predicted by basic models of irradiated planets
(e.g. Burrows et al. 2007; Fortney et al. 2007). Tidal heating has
been proposed by several authors (e.g. Bodenheimer et al. 2001;
Jackson et al. 2008b) as a possible extra source of energy able to
explain the radius anomaly shown by these hyper-bloated plan-
ets. As shown by Jackson et al. (2008b) and Ibgui & Burrows
(2009), even a tiny orbital eccentricity is able to produce an

Article published by EDP Sciences
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intense tidal heating for very short-period planets. Occultation
photometry does not only allow to measure the planetary ther-
mal emission, but also strongly constrains the orbital eccentricity
(see e.g. Charbonneau et al. 2005). Such an occultation measure-
ment for CoRoT-1b could thus help for understanding its low
density.

These reasons motivated us to measure an occultation of
CoRoT-1b with the Very Large Telescope (VLT). We also de-
cided to obtain a precise VLT transit light curve for this planet to
better constrain its orbital elements. Furthermore, CoRoT transit
photometry presented in B08 is exquisite, but it is important to
obtain an independent measurement of similar quality to check
its reliability and to assess the presence of any systematic effect
in the CoRoT photometry.

We present in Sect. 2 our new VLT data and their reduction.
Section 3 presents our analysis of the resulting photometry and
our determination of the system parameters. Our results are dis-
cussed in Sect. 4, before giving our conclusion in Sect. 5.

2. Observations

2.1. VLT/FORS2 transit photometry

A transit of CoRoT-1b was observed on 2008 February 28 with
the FORS2 camera (Appenzeller et al. 1998) installed at the
VLT/UT1 (Antu). The FORS2 camera has a mosaic of two 2k ×
4k MIT CCDs and is optimized for observations in the red with
a very low level of fringes. It was used several times in the past
to obtain high-precision transit photometry (e.g. Gillon et al.
2007a, 2008). The high-resolution mode was used to optimize
the spatial sampling, resulting in a 4.6′ × 4.6′ field of view with a
pixel scale of 0.063′′/pixel. Airmass increased from 1.08 to 1.77
during the run that lasted from 1h16 to 4h30 UT. The quality of
the night was photometric. Because of scheduling constraints,
only a small amount of observations were performed before and
after the transit, and the total out-of-transit (OOT) part of the run
was only ∼50 min.

One hundred fourteen images were acquired in the
R_SPECIAL filter (λeff = 655 nm, FWHM = 165 nm) with
an exposure time of 15 s. After a standard prereduction, the
stellar fluxes were extracted for all the images with the IRAF1

DAOPHOT aperture photometry software (Stetson 1987). We no-
ticed that CoRoT-1 was saturated in 11 images because of seeing
and transparency variations, so we rejected these images from
our analysis. Several sets of reduction parameters were tested,
and we kept the one giving the most precise photometry for the
stars of similar brightness to CoRoT-1. After a careful selection
of reference stars, differential photometry was obtained. A lin-
ear fit for magnitude vs. airmass was performed to correct the
photometry for differential reddening using the OOT data. The
corresponding fluxes were then normalized using the OOT part
of the photometry. The resulting transit light curve is shown in
Fig. 1. After subtraction of the best-fit model (see next section),
the obtained residuals show an rms of ∼520 ppm, very close to
the photon noise limit (∼450 ppm).

2.2. VLT/HAWK-I occultation photometry

We observed an occultation of CoRoT-1b with HAWK-I
(High Acuity Wide-field K-band Imager, Pirard et al. 2004;

1 IRAF is distributed by the National Optical Astronomy Observatory,
which is operated by the Association of Universities for Research
in Astronomy, Inc., under cooperative agreement with the National
Science Foundation.

Fig. 1. Top: VLT/FORS2 R-band transit light curve with the best-fitting
transit + trend model superimposed. Bottom: residuals of the fit.

Casali et al. 2006), a cryogenic near-IR imager recently installed
at the VLT/UT4 (Yepun). HAWK-I provides a relatively large
field of view of 7.5′ × 7.5′. The detector is kept at 75 K and is
composed of a mosaic of four Hawaii-2RG 2048 × 2048 pix-
els chips. The pixel scale is 0.106′′/pixel, providing a good spa-
tial sampling even for the excellent seeing conditions at Paranal
(seeing down to 0.3 arcsec measured in K-band).

Instead of using a broad band K or Ks filter, we chose to ob-
serve with the narrow band filter NB2090 (central wavelength =
2.095 μm, width= 0.020 μm). This filter avoids absorption bands
at the edge of the K-band, its small width minimizes the effect
of differential extinction, and furthermore its bandpass shows
much less sky emission than the one of the near Brγ filter (cen-
tral wavelength = 2.165 μm, width = 0.030 μm), leading to a
flux ratio background/star more than twice better than in Brγ or
K-band filters. Because of the large aperture of the VLT and the
relative brightness of CoRoT-1, the expected stellar count in this
narrow filter is still good enough to allow theoretical noise of
less than 0.15% for a 1 min integration.

Observations took place on 2009 January 06 from 1h54 to
7h56 UT. Atmospheric conditions were very good, while the
mean seeing measured on the images was 0.47′′. Airmass de-
creased from 1.36 to 1.08 then raised to 1.65. Each exposure was
composed of 4 integrations of 11 s each. A random jitter pattern
within a square 45′′-sized box was applied to the telescope. This
strategy aimed to obtain an accurate sky map from the neigh-
boring for each image. Indeed, the near-IR background shows a
strong spatial variability on different scales, and an accurate sub-
traction of this complex background is crucial, except when this
background has a negligible amplitude when compared to the
stellar count (see e.g. Alonso et al. 2008). In total, 318 images
were obtained during the run.

After a standard pre-reduction (dark subtraction, flatfield di-
vision), a sky map was constructed and removed for each image
using a median-filtered set of the ten adjacent images. The re-
sulting sky-subtracted images were aligned and then compared
on a per-pixel basis to the median of the 10 adjacent images in
order to detect any spurious values due, e.g., to a cosmic hit or
a pixel damage. The concerned pixels had their value replaced
by the one obtained by linear interpolation using the 10 adjacent
images.

Two different methods were tested to extract the stel-
lar fluxes. Aperture photometry was obtained using the IRAF

2.4. Planetary Occultations
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Fig. 2. Top: VLT/HAWK-I 2.09 μm occultation light curve binned per
10 min, with the best-fitting occultation + trend model superimposed.
Bottom: residuals of the fit.

DAOPHOT software and compared to deconvolution photometry
obtained with the algorithm DECPHOT (Gillon et al. 2006, 2007b;
Magain et al. 2007). We obtained a significantly (∼25%) better
result with DECPHOT. We attribute this improvement to DECPHOT
optimizing the separation of the stellar flux from the background
contribution, while aperture photometry simply sums the counts
within an aperture.

To avoid any systematic noise due to the different character-
istics of the HAWK-I chips, we chose to use only reference stars
located in the same chip than our target to obtain the differen-
tial photometry. As CoRoT-1 lies in a dense field of the Galactic
plane, we have enough reference flux in one single chip to reach
the desired photometric precision. After a careful selection of the
reference stars, the obtained differential curve clearly shows an
eclipse with the expected duration and timing (Fig. 2). We could
not find any firm correlation of the OOT photometric values with
the airmass or time, so we simply normalized the fluxes using the
OOT part without any further correction. The OOT rms is 0.32%,
much larger than the mean theoretical error: 0.13%. This differ-
ence implies an extra source of noise of ∼0.3%. We attribute this
noise to the sensitivity and cosmetic inhomogeneity of the de-
tector combined with our jitter strategy. In the optical, one can
avoid this noise by staring at the same exact position during the
whole run, i.e. by keeping the stars on the same pixels. In the
near-IR, dithering is needed to properly remove the large, com-
plex, and variable background. This background varies in time
at frequencies similar to the one of the transit, so any poor back-
ground removal is able to bring correlated noise in the resulting
photometry. It is thus preferable to optimize the background sub-
traction by using a fast random jitter pattern even if this leads
to extra noise, because this is dominated by frequencies much
higher than the one of the searched signal and is thus unable to
produce a fake detection or modify the eclipse shape.

3. Analysis

3.1. Data and model

To obtain an independent determination of the system parame-
ters, we decided to use only our VLT R-band transit and 2.09 μm
occultation photometry, in addition to the SOPHIE (Bouchy
et al. 2006) radial velocities (RV) presented in B08 as data for
our analysis.

These data were used as input into a Markov-Chain
Monte-Carlo (MCMC; see e.g. Tegmark 2004; Gregory 2005;
Ford 2006) code. MCMC is a Bayesian inference method based
on stochastic simulations and provides the a posteriori probabil-
ity distribution of adjusted parameters for a given model. Here
the model is based on a star and a transiting planet on a Keplerian
orbit about their center of mass. More specifically, we used a
classical Keplerian model for the RV variations and fitted inde-
pendent offsets for the two epochs of the SOPHIE observations
to account for the drift between them mentioned in B08. To fit
the VLT photometry, we used the photometric eclipse model of
Mandel & Agol (2002) multiplied by a trend model. To obtain
reliable error bars for our fitted parameters, it is indeed prefer-
able to consider the possible presence of a low-amplitude time-
dependent systematic in our photometry due, e.g. to an imperfect
differential extinction correction or a low-amplitude low-
frequency stellar variability. We chose to model this trend as
a second-order time polynomial function for both FORS2 and
HAWK-I photometry.

3.2. Limb-darkening

For the transit, a quadratic limb darkening law was assumed,
with initial coefficients u1 and u2 interpolated from Claret’s
tables (2000, 2004) for the R-band photometric filter and for
Teff = 5950 ± 150 K, log g = 4.25 ± 0.30 and [Fe/H] = −0.30 ±
0.25 (B08). We used the partial derivatives of u1 and u2 as a func-
tion of the spectroscopic parameters in Claret’s tables to obtain
their errors σu1 and σu2 via

σux =

√√√ 3∑
i=1

(
δux

δS i
σS i

)2

, (1)

where x is 1 or 2, while S i and σS i are the ith (i = 1, 3)
spectroscopic parameter and its error from B08. We obtained
u1 = 0.279 ± 0.033 and u2 = 0.351 ± 0.016 as initial values.
We allowed u1 and u2 to float in our MCMC analysis, using as
jump parameters not these coefficients themselves but the com-
binations c1 = 2 × u1 + u2 and c2 = u1 − 2 × u2 to minimize the
correlation of the obtained uncertainties (Holman et al. 2006).
The following Bayesian penalty on c1 and c2 was added to our
merit function:

BPlimb−darkening =
∑
i=1,2

(
ci − c′i
σc′i

)2

, (2)

where c′i is the initial value deduced for the coefficient ci and σc′i
its error computed from σu1 and σu2 . We let c1 and c2 be free
parameters under the control of a Bayesian penalty to propa-
gate the uncertainty on the limb-darkening to the deduced transit
parameters.

3.3. Jump parameters

The other jump parameters in our MCMC simulation were the
transit timing (time of minimum light) T0, the planet/star area
ratio (Rp/Rs)2, the transit width (from first to last contact) W,
the impact parameter b′ = a cos i/R∗, three coefficients per
photometric time series for the low-frequency systematic, one
systemic RV for each of the two SOPHIE epochs, and the
two parameters e cosω and e sinω, where e is the orbital ec-
centricity and ω the argument of periastron. The RV orbital
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semi-amplitude K was not used as jump parameter, but instead
we used the following parameter:

K2 = K
√

1 − e2 P1/3 = (2πG)1/3 Mp sin i

(Mp + M∗)2/3
, (3)

to minimize the correlation with the other jump parameters.
We notice that our used jump parameter b′ is equal to the

actual transit impact parameter b only for a circular orbit. For a
non-zero eccentricity, it is related to the actual impact parame-
ter b via

b = b′
1 − e2

1 + e sinω
· (4)

Here too, the goal of using b′ instead of b is to minimize the
correlation between the jump parameters.

The orbital period P was let free in our analysis, constrained
not only with the data presented above but also with the tim-
ings determined independently by Bean (2009) for each of the
35 CoRoT transits. Practically, we added the following Bayesian
penalty BPtimings to our merit function:

BPtimings =
∑

i=1,35

(
T0 + Ni × P − Ti

σTi

)2

, (5)

where Ti is the transit timing determined by Bean (2009) for
the ith CoRoT transit, σTi is its error and Ni is its differential
epoch compared to our VLT transit. This procedure relies on
the reasonable assumption that the timings determined by Bean
(2009) are uncorrelated with the other transit parameters.

3.4. Photometric correlated noise and RV jitter noise

Our analysis was done in 4 steps. First, a single MCMC chain
was performed. This chain was composed of 106 steps, the first
20% of each chain being considered as its burn-in phase and
discarded. The best-fitting model found in the first chain was
used to estimate the level of correlated noise in each photomet-
ric time-series and a jitter noise in the RV time series. For both
photometric time series, the red noise was estimated as described
in Gillon et al. (2006), by comparing the rms of the unbinned and
binned residuals. We used a bin size corresponding to a duration
of 20 min, similar to the timescale of the ingress/egress of the
transit. The results were compatible with purely Gaussian noise
for both time series. Still, it is possible that a low-amplitude cor-
related noise damaging only the eclipse part had been “swal-
lowed” by our best-fitting model, so we preferred to be conser-
vative and to quadratically add a red noise of 100 ppm to the
theoretical uncertainties of each photometric time-series. The
deduced RV jitter noise was high: 23 m s−1. Nevertheless, we no-
ticed that it goes down to zero if we discard the second RV mea-
surement of the first SOPHIE epoch. Furthermore, this measure-
ment has a significantly larger error bar than the others, so we
decided to consider it as doubtful and to do not use it in our
analysis. A theoretical jitter noise of 3.5 m s−1 was then added
quadratically to the error bars of the other SOPHIE measure-
ments, a typical value for a quiet solar-type star like CoRoT-1
(Wright 2005).

3.5. Determining the stellar density

Then, 10 new MCMC chains were performed using the updated
measurement error bars. These 10 chains were then combined,
using the Gelman & Rubin statistics (Gelman & Rubin 1992) to

Fig. 3. R/M1/3 (in solar units) versus effective temperature for CoRoT-1
compared to the theoretical stellar stellar evolutionary models of Girardi
et al. (2000) interpolated at −0.3 metallicity. The labeled mass tracks
are for 0.8, 0.9, and 1.0 M� and the isochrones are 100 Myr (solid),
5 Gyr (dotted), 10 Gyr (dashed), 16 Gyr (dot-dashed). We interpolated
the tracks at −0.2 metallicity and included the uncertainty on the metal-
licity (±0.25) in the overall uncertainties on the mass and the age.

verify that they were converged and mixed enough, and the best-
fitting values and error bars for each parameter were obtained
from their distribution. The goal of this MCMC run was to pro-
vide us with an improved estimation of the stellar density ρ∗
(see e.g. Torres 2007). The stellar density that we obtained was
ρ∗ = 0.84+0.11

−0.07 ρ�.

3.6. Stellar-evolutionary modeling

The deduced stellar density and the spectroscopic parameters
were then used to better constrain the stellar mass and age via a
comparison with theoretical stellar evolution models. Two inde-
pendent stellar analysis were performed to assess the impact of
the stellar evolution models used on the final system parameters.

– Our first analysis was based on Girardi’s evolution models
(Girardi et al. 2000), as follows. We first perform a linear
interpolation between the solar (Z = 0.019) and subsolar
(Z = 0.008) metallicity theoretical models to derive a set
of mass tracks at the metallicity of the host star ([M/H] =
−0.3). We then compare the effective temperature and the
inverse cube root of the stellar density to the same values
in the host star metallicity models. We interpolate linearly
along the mass tracks to generate an equal number of age
points between the zero age main sequence and the point cor-
responding to core hydrogen exhaustion. We then interpo-
late between the tracks along equivalent evolutionary points
to find the mass, M = 0.94 M�, and age, τ = 7.1 Gyr, of
the host star that match the measured temperature and stel-
lar density best. We repeat the above prescription using the
extreme values of the observed parameters to determine the
uncertainties on the derived mass and age. The large errors
on the spectroscopic parameters, particularly the ±0.25 dex
uncertainty on the metallicity, lead to a 15−20% error on the
stellar mass (M = 0.94+0.19

−0.16 M�) and an age for the system
no more precise than older than 0.5 Gyr. Figure 3 presents
the deduced position of CoRoT-1 in a R/M1/3−Teff diagram.
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– In the second analysis, we applied the Levenberg-Marquard
miniminization algorithm to derive the fundamental param-
eters of the host star. The merit function is defined by

χ2 =

3∑
i=1

(Oobs
i − Otheo

i )2

(σobs
i )2

· (6)

The observables (Oobs
i ) we take into consideration are effec-

tive temperature, surface metallicity, and mean density. The
corresponding observational errors are σobs

i . The theoreti-
cal values (Otheo

i ) are obtained from stellar evolution models
computed with the code CLES (Code Liégois d’Evolution
Stellaire, Scuflaire et al. 2008). Several fittings have been
performed, in all of them we use the mixing-length the-
ory (MLT) of convection (Böhm-Vitense 1958) and the
most recent equation of state from OPAL (OPAL05, Rogers
& Nayfonov 2002). Opacity tables are those from OPAL
(Iglesias & Rogers 1996) for two different solar mixtures,
the standard one from Grevesse & Noels (1993, GN93) and
the recently revised solar mixture from Asplund et al. (2005,
AGS05). In the first case (Z/X)� = 0.0245, in the second
one (Z/X)� = 0.0167. These tables are extended at low tem-
peratures with Ferguson et al. (2005) opacity values for the
corresponding metal mixtures. The surface boundary condi-
tions are given by grey atmospheres with an Eddington law.
Microscopic diffusion (Thoul et al. 1994) is included in stel-
lar model computation. The parameters of the stellar model
are mass, initial hydrogen (Xi), and metal (Zi) mass frac-
tions, age, and the parameters of convection (αMLT and the
overshooting parameter). Since we only have three observa-
tional constraints, we decided to fix the αMLT and Xi values
to those derived from the solar calibration for the same input
physics. Furthermore, given the low mass we expect for the
host star, all the models are computed without overshooting.
The values of stellar mass and age obtained for the two dif-
ferent solar mixtures are: M = 0.90 ± 0.21 M� with GN93
and M = 0.92 ± 0.18 M� with AGS05, and respectively
τ = 7.5 ± 6.0 Gyr and τ = 6.9 ± 5.4 Gyr.

The result of our two independent stellar analyses are thus fully
compatible, and the uncertainty due to the large errors on the
spectroscopic parameters dominates the one coming from our
imperfect knowledge of stellar physics. The large uncertainties
affecting the stellar mass and age mainly come from the lack
of accuracy in determining metallicity. We estimate from sev-
eral tests that an improvement in determining the atmospheric
parameters leading to an error in metallicity of 0.05 dex would
translate in a reduction in uncertainty by a factor three for the
stellar mass and a factor two for the stellar age. Moreover, de-
creasing the effective temperature error to 75 K would imply
a subsequent reduction of stellar parameter errors by an addi-
tional factor two. Getting more high-SNR high-resolution spec-
troscopic data for the host star is thus very desirable.

3.7. Determining the system parameters

For the last part of our analysis, we decided to use 0.93 ±
0.18 M�, i.e. the average of the values obtained with the two dif-
ferent evolution models, as our starting value for the stellar mass.
A new MCMC run was then performed. This run was identical to
the first one, with the exception that M∗ was also a jump parame-
ter under the control of a Bayesian penalty based on M∗ = 0.93 ±
0.18 M�. At each step of the chains, the physical parameters Mp,
Rp, and R∗ were computed from the relevant jump parameters

including the stellar mass. Table 1 shows the values deduced for
the jump + physical parameters and compares them to the val-
ues presented in B08. It also shows the Bayesian penalties used
in this second MCMC run.

4. Discussion

4.1. The density and eccentricity of CoRoT-1b

As can be seen in Table 1, the transit parameters that we obtain
from our VLT/FORS-2 R-band photometry agree well with the
ones presented in B08 and based on CoRoT photometry. Our
value for the transit impact parameter is in good agreement with
the one obtained by B08, and has a similar uncertainty. The
planet/star area ratio that we deduce is within the error bar of
the values obtained by B08, while our error bar is smaller. Our
deduced physical parameters also agree very well with the ones
presented in B08. Our analysis thus confirms the very low den-
sity of the planet (see Fig. 4) and its membership in the subgroup
of short period planets too large for current models of irradiated
planets (Burrows et al. 2007; Fortney et al. 2008).

In this context, it is worth noticing the marginal non-zero
eccentricity that we deduce from our combined analysis: e =
0.071+0.042

−0.028. As outlined in recent works (Jackson et al. 2008b;
Ibgui & Burrows 2009), tidal heating could play a major role in
the energy budget of very short period planets and help explain
the very low density of some of them. Better constraining the or-
bital eccentricity of CoRoT-1b by obtaining more radial veloc-
ity measurements and occultation photometry is thus desirable.
To test the amplitude of the constraint brought by the occultation
on the orbital eccentricity, we made an analysis similar to the
one presented in Sect. 3 but discarded the HAWK-I photometry.
We obtained similar results for the transit parameters, but the
eccentricity was poorly constrained, so we obtained much less
precise values for e cosω and e sinω, respectively, 0.020+0.024

−0.029
and −0.170+0.062

−0.078. The HAWK-I occultation thus brings a strong
constraint on these parameters, especially on e cosω.

Table 1 shows that our analysis does not agree with B08 for
one important parameter: the stellar density. Indeed, the value
presented in B08 is significantly lower and more precise than
ours. Still, B08 assumed a zero eccentricity in their analysis,
while the stellar mean density deduced from transit observables
depend on e and ω (see e.g. Winn 2009). To test the influence
of the zero eccentricity assumption on the deduced stellar den-
sity, we made a new MCMC analysis assuming e = 0. This
time we obtained ρ∗ = 0.695+0.043

−0.030 ρ�, in excellent agreement
with the value ρ∗ = 0.698 ± 0.033 ρ� presented by B08. This
nicely shows that not only are VLT and CoRoT data fully com-
patible, but also that assuming a zero eccentricity can lead to
an unreliable stellar density value and uncertainty. In our case,
this has no significant impact on the deduced physical param-
eters because the large errors that we have on the stellar ef-
fective temperature and metallicity totally dominate the result
of the stellar-evolutionary modeling (see Sect. 3.6). Still, this
point is important. As shown by Jackson et al. (2008a), most
published estimates of planetary tidal circularization timescales
have used inappropriate assumptions that lead to unreliable val-
ues, and most close-in planets could probably keep a tiny but
non-zero eccentricity during a major part of their lifetime. In this
context, very precise transit photometry like the CoRoT one is
not enough to reach the highest accurary on the physical parame-
ters of the system, and a precise determination of e and ω is also
needed. This strengthens the interest in getting complementary
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Table 1. CoRoT-1 system parameters and 1-σ error limits derived from the MCMC analysis.

Parameter Value Bayesian penalty B08 Unit
Jump parameters
Transit epoch T0 2 454 524.62324+0.00009

−0.00013 2 454 159.4532 ± 0.0001 BJD
Planet/star area ratio (Rp/Rs)2 0.01906+0.00020

−0.00040 0.01927 ± 0.00058
Transit width W 0.10439 ± 0.00094 day
2.09 μm occultation depth 0.00278+0.00043

−0.00066

b′ = a cos i/R∗ 0.398+0.032
−0.043 0.420 ± 0.043 R∗

RV K2 215+15
−16 216 ± 13

RV γ1 23.366+0.020
−0.017 km s−1

RV γ2 23.350+0.012
−0.011 km s−1

e cosω 0.0083+0.0038
−0.0025

e sinω −0.070+0.029
−0.042

Atransit 0.99963+0.00028
−0.00009

Btransit 0.017+0.003
−0.018 day−2

Ctransit −0.10+0.12
−0.02 day−1

Aoccultation 1.00041+0.00096
−0.00052

Boccultation −0.008+0.007
−0.023 day−2

Coccultation 0.029+0.079
−0.029 day−1

Orbital period P 1.5089686+0.0000005
−0.0000006 from timings in Bean (2009) 1.5089557 ± 0.0000064 day

Stellar mass M∗ 1.01+0.13
−0.22 0.93 ± 0.18 0.95 ± 0.15 M�

R-filter c1 0.794+0.047
−0.048 0.909 ± 0.067

R-filter c2 −0.444+0.054
−0.032 –0.423 ± 0.046

Deduced parameters
RV K 188 ± 14 188 ± 11 m s−1

btransit 0.426+0.035
−0.042 0.420 ± 0.043 R∗

boccultation 0.370+0.037
−0.049 0.420 ± 0.043 R∗

Orbital semi-major axis a 0.0259+0.0011
−0.0020 0.0254 ± 0.0014 AU

Orbital inclination i 85.66+0.62
−0.48 85.1 ± 0.5 degree

Orbital eccentricity e 0.071+0.042
−0.028 0 (fixed)

Argument of periastron ω 276.7+5.9
−4.3 degree

Stellar radius R∗ 1.057+0.055
−0.094 1.11 ± 0.05 R�

Stellar density ρ∗ 0.86+0.13
−0.08 0.698 ± 0.033 ρ�

R-filter u1 0.229+0.025
−0.022

R-filter u2 0.336+0.012
−0.020

Planet radius Rp 1.45+0.07
−0.13 1.49 ± 0.08 RJ

Planet mass Mp 1.07+0.13
−0.18 1.03 ± 0.12 MJ

Planet density ρp 0.350+0.077
−0.042 0.31 ± 0.06 ρJ

The parameters A, B, and C are the zero-, first- and second-order coefficients of the polynomial used to model the photometric trend. The values
and error bars used in the Bayesian penalties are shown in the third column. Fourth column shows the values presented in B08.

occultation photometry in addition to high-precision radial ve-
locities to improve the characterization of transiting planets.

4.2. The atmospheric properties of CoRoT-1b

The flux at 2.09 μm of this planet is slightly more than the
one deduced from the (zero-albedo) equilibrium temperature,
∼2660 K, obtained if the star’s effective temperature is allowed
to be as high as 6100 K (maximum within the 1-σ error-bars
from B08). An irradiated planet atmosphere model (following
Barman et al. 2005) for CoRoT-1b was computed by adopting
the maximum observational allowed stellar effective temperature
and radius and by assuming that zero energy is transported to the
night side. Solar metallicity was assumed and all other parame-
ters were taken from Table 1. This model (Fig. 5) falls short of
matching the observations within 1-σ, while a black body with
the same equilibrium temperature as the irradiated planet model

is in better agreement. The atmosphere model is hot enough for
a significant temperature inversion to form for P < 0.1 bar and
is nearly isothermal from 0.1 down to ∼100 bar. A model that
uniformly redistributes the absorbed stellar flux across the entire
planet surface (lower curve in Fig. 5) is far too cool to match the
observations and is excluded at ∼3σ. The flux at 2.09 μm alone
is suggestive that very little energy is redistributed to the night
side; however, additional observations at shorter and/or longer
wavelengths are needed to better estimate the bolometric flux of
the planet’s day side. Occultation measurements in other bands
will help provide limits on the day side bolometric flux and de-
termine the depth of any possible temperature inversion and the
extent of the isothermal zone.

Recently, Snellen et al. (2009) have measured the dayside
planet-star flux ratio of CoRoT-1 in the optical (∼0.7 μm) to be
1.26± 0.33× 10−4. The hot, day-side only model shown in Fig. 5
predicts a value of 1.29 ± 0.33 × 10−4, which is fully consis-
tent with the optical measurement. Consequently, it appears as
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Fig. 4. Position of CoRoT-1b (in red) among the other transiting planets
(black circles, values from http://exoplanet.eu) in a mass-radius
diagram. The error bars are shown only for CoRoT-1b for the sake
of clarity.

Fig. 5. Comparison of our 2.09 μm occultation depth measured for
CoRoT-1 with models of planet-star flux density ratios assuming that
the absorbed stellar flux is redistributed across the dayside only (top
curve) and uniformly redistributed across the entire planetary atmo-
sphere (lower curve). A black body model is also shown (dotted) for
T = 2365 K.

though very little energy is being carried over to the night side
of this planet.

4.3. Assessing the presence of another body in the system

As shown in Table 1, our deduced systemic RV for each SOPHIE
epoch agrees with each other, so we do not confirm the RV drift
mentioned in B08. Our combined analysis presented in Sect. 3
leads to a very precise determination of the orbital period:
1.5089686+0.0000005

−0.0000006 days, thanks to a lever arm of nearly one
year between CoRoT transits and the VLT one. A simple linear

Fig. 6. Top: residuals of the linear fit timing vs. epoch for CoRoT-1b
(see text for details). The rightmost point is our VLT/FORS2 timing.
Botttom: zoom on the CoRoT residuals.

fit to timing versus epoch data based on the CoRoT and
VLT transits lead to a similar level of precision, giving P =
1.5089686+0.0000003

−0.0000005 days. This fit has a reduced χ2 of 1.28, and
the rms of its residuals (see Fig. 6) is 36 s. These values are fully
consistent with those reported by Bean (2009) for CoRoT data
alone. We also notice the same 3-σ discrepancy with transit #23
that, once removed, results in a reduced χ2 of 1.00, hereby con-
firming the remarkable periodicity of the transit signal.

Limits on additional planetary companions in CoRoT-1 sys-
tem were extensively discussed for transit timing variations
(TTVs) by Bean (2009). Here we compare the approach pro-
posed by Holman & Murray (2005) and the one from Agol et al.
(2005). We have plotted the detection diagram related to the for-
mer in Fig. 7, where we represent the maximum successive tran-
sit timings interval as a function of mass and period of a putative
perturbator.

Furthermore, Fig. 7 illustrates the domain where additional
planets could be found through TTVs (white) and RV measure-
ments (above colored curves). We focused on short period ob-
jects, since TTVs are more sensitive to nearby perturbators as
compared to the known transiting planet. We assumed an ec-
centricity of 0.05 for a putative coplanar planet and used the
Mercury package described in Chambers (1999) to estimate
the maximum TTV signal expected for CoRoT-1b by numerical
integration. White is the domain with >3-σ detection by TTVs
according to CoRoT data rms, while the black area is below the
1-σ detection threshold. Although approximate, this shows that,
for a typical 3 m s−1 accuracy of radial velocities (dashed curve
in Fig. 7) routinely obtained with HARPS spectrograph (Mayor
et al. 2003), planetary companion detection is not possible by
TTVs alone with this approach for this system.

Figure 8 shows the detection domain for Agol et al. (2005)
approach, where the authors benefit from the TTV being cumula-
tive in resonances yielding a larger amplitude signal. In this case,
the minimum detectable mass in 2:1 resonance with available

CHAPTER 2. TOOLS TO STUDY EXTRASOLAR PLANETS

73



366 M. Gillon et al.: VLT transit and occultation photometry for CoRoT-1b

Fig. 7. Detectivity domain for a putative CoRoT-1c planet according to
Holman & Murray (2005) approach, assuming ec = 0.05. In white, the
period-mass region where planets yield maximum TTV on CoRoT-1b
above 100 s (5σ detection based on CoRoT data). Companions in the
black area yield maximum TTV below the 1σ threshold. Solid, dashed
and dotted curves shows RV detection limits for 1, 3 and 10 m/s rms.

timings is about 2.5 Earth masses. In the case of planets near/in
resonance, this approach provides an important gain in detec-
tion, provided observations on a long timescale are available.
We evaluated our numerical integrations over a time scale corre-
sponding to the interval between the first CoRoT-1b transit ob-
servation and our VLT transit, which spans 256 epochs. Those
observations sample, only partly in most cases, the libration pe-
riod of the putative planet, yielding an amplitude that is smaller
than the one that would be obtained over a longer range. This
approach does not require observation of successive transits in
contrast to the Holman & Murray (2005) method.

The search for smaller temporal variations is more sensitive
to noise. However, a comparison between Figs. 7 and 8 shows
that for a short observation time span and outside resonances,
observation of successive transits may be a fruitful strategy.

The TTV search method may be applied to active and/or stars
for which RV measurements accuracy is limited, increasing a
detectability area that RVs are not, or far less sensitive to. Each
transit timing may be compared to a single RV measurement.
The increased free parameters in a TTV orbital solution raise
degeneracies that cannot be lifted by considering the same num-
ber of datapoints that would allow an orbital solution recovery
with RVs. The determination of a large number of consecutive
transits and their addition to occultation timings helps to deter-
mine a unique of the solution, as well as lowering constraints
on timing accuracy (Nesvorný & Morbidelli 2008). This is thus
a high-cost approach that is the most potentially rewarding for
carefully determined target stars.

5. Conclusion

We have obtained new high-precision transit photometry for the
planet CoRoT-1b. Our deduced system parameters are in very
good agreement with the ones presented in B08, thus providing
an independent verification of the validity of the CoRoT pho-
tometry. Thanks to the precision of the CoRoT and VLT transit

Fig. 8. Same as Fig. 7, but for the Agol et al. (2005) TTV approach. See
text for details.

photometry and the long baseline between them, the orbital pe-
riod is now known to a precision better than 1/10th of a second.
The precision on the planetary mass and radius is limited by the
large errors on the stellar spectroscopic parameters, and a signif-
icant precision improvement should be made possible by getting
new high-quality spectra of CoRoT-1.

We also successfully measured the occultation of the planet
with HAWK-I, a new wide-field near-infrared imager mounted
recently on the VLT. The large occultation depth that we mea-
sure is better reproduced by an atmospheric model with no re-
distribution of the absorbed stellar flux to the night side of the
planet. This measurement firmly establishes the potential of the
HAWK-I instrument for the study of exoplanetary atmospheres.
At the time of writing, Spitzer cryogen is nearly depleted, and
soon only its 3.6 μm and 4.5 μm will remain available for occul-
tation measurements, while the eagerly awaited JWST (Gardner
et al. 2006) is not scheduled for launch before 2013. It is thus
reassuring to note that ground-based near-infrared photometry
is now able to perform precise planetary occultation measure-
ments, bringing new independent constraints on the orbital ec-
centricity and on the atmospheric physics and composition of
highly irradiated extrasolar planets.
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2.5 Applications Using the Rossiter-McLaughlin Effect

So far, so good: it was possible to use the combined fitting tool in some extreme situations thus
calling for a broader use. Originally it had been developed to adjust the Rossiter-McLaughlin ef-
fect over a photometric transit so as to reduce the total number of free parameters: each set would
be controlling the other producing the best compromise possible.

A next step was therefore to continue testing the program and make it accepted in the literature
and by the community has an accurate tool. The first test came by adjusting the newly published
Rossiter-McLaughlin effect observed for HD 17156 b. The combined analysis allowed to present
more conservative error bars on that tentative first detection of a misaligned effect (see section
2.3.1). Results were presented at the IAU symposium on transiting planets in Boston. Subsequent
papers confirmed that the angle is not misaligned (Narita et al. 2009a) now something of a greater
puzzle than if it was not aligned (see last chapter).

The first real life adjustment of a Rossiter-McLaughlin effect was made for CoRoT-2 b 9:

2.5.1 The Rossiter-McLaughlin effect of CoRoT-2b

Shortly after my arrival in Genève, I was involved with the CoRoT space mission as well as the
WASP follow-up. Because of the faintness of CoRoT targets it would be hard to obtain a Rossiter-
McLaughlin effect out of them, except really for one target: CoRoT-2. CoRoT-2 b is a regular hot
Jupiter orbiting a G7V star, but, unlike most solar type stars, this one rotates five to six times faster
than the Sun, indicating a likely young age. The amplitude of the Rossiter-McLaughlin effect de-
pends, on the ratio of radii Rp/R?, but also scales roughly linearly with the v? sin I of the star.
CoRoT-2’s fast rotation made it a very interesting target to observe. Both the HARPS and SOPHIE
spectrographs were used and both detected neatly a radial velocity anomaly at the time and with
the shape expected of a Rossiter-McLaughlin effect.

My code being the only ready and able to fit with a single set of parameters the photometric
transit, the radial velocity Doppler reflex motion and the Rossiter-McLaughlin effect, I was asked
to make a fit which would be compared to another independent analysis. Within the 1σ error bar
both analyses agreed.

This paper became my first related to the Rossiter-McLaughlin effect.

9then named CoRoT-Exo-2b

76



A&A 482, L25–L28 (2008)
DOI: 10.1051/0004-6361:200809433
c© ESO 2008

Astronomy
&

Astrophysics

Letter to the Editor

Transiting exoplanets from the CoRoT space mission

III. The spectroscopic transit of CoRoT-Exo-2b with SOPHIE and HARPS�

F. Bouchy1, D. Queloz2, M. Deleuil3, B. Loeillet1,3, A. P. Hatzes4, S. Aigrain5, R. Alonso3, M. Auvergne6, A. Baglin6,
P. Barge3, W. Benz7, P. Bordé8, H. J. Deeg9, R. De la Reza10, R. Dvorak11, A. Erikson12, M. Fridlund13, P. Gondoin13,

T. Guillot14, G. Hébrard1, L. Jorda3, H. Lammer15, A. Léger8, A. Llebaria3, P. Magain16, M. Mayor2, C. Moutou3,
M. Ollivier8, M. Pätzold17, F. Pepe2, F. Pont2, H. Rauer12,19, D. Rouan6, J. Schneider18, A. H. M. J. Triaud2,

S. Udry2, and G. Wuchterl4

(Affiliations can be found after the references)

Received 21 January 2008 / Accepted 6 March 2008

ABSTRACT

We report on the spectroscopic transit of the massive hot-Jupiter CoRoT-Exo-2b observed with the high-precision spectrographs SOPHIE and
HARPS. By modeling the radial velocity anomaly occurring during the transit due to the Rossiter-McLaughlin (RM) effect, we determine the
sky-projected angle between the stellar spin and the planetary orbital axis to be close to zero λ = 7.2± 4.5 deg, and we secure the planetary nature
of CoRoT-Exo-2b. We discuss the influence of the stellar activity on the RM modeling. Spectral analysis of the parent star from HARPS spectra
are presented.

Key words. planetary systems – techniques: radial velocities

1. Introduction

Measurement of the spectroscopic signal during the transit of
an exoplanet in front of its host star – known as the Rossiter-
McLaughlin (RM) effect – provides an assessment the trajec-
tory of the planet across the stellar disk and, more precisely, the
sky-projected angle between the planetary orbital axis and the
stellar rotation axis. This misalignment angle, denoted by λ, is
a fundamental property of planetary systems that provides clues
about the process of planet migration. Among the 30 transiting
exoplanets known so far, λ has been reported for only 5 exo-
planets (HD 209458b, Queloz et al. 2000; HD 189733b, Winn
et al. 2006; HAT-P-2, Winn et al. 2007, Loeillet et al. 2008;
HD 149026b, Wolf et al. 2007; and TrES-1, Narita et al. 2007).
For all of these cases, λ is close to zero, as in the solar system,
and the stellar rotation is prograde relative to the planet orbit.
Such measurements should be extended to other transiting sys-
tems to understand whether this degree of alignment is typical.

The massive hot-Jupiter CoRoT-Exo-2b (Alonso et al. 2008)
was revealed as planetary candidate by the CoRoT space mis-
sion (Baglin et al. 2003) and its planetary nature and mass
was established thanks to ground-based facilities, including
high-precision spectrographs SOPHIE (Bouchy et al. 2006) and
HARPS (Mayor et al. 2003). This second CoRoT exoplanet
is a 3.3 Jupiter-mass planet orbiting an active G7 dwarf star
(mv = 12.6) every 1.743 days. We report here the measurements
of the spectroscopic transit observed with both SOPHIE and

� Observations made with SOPHIE spectrograph at Observatoire de
Haute Provence, France (PNP.07A.MOUT) and HARPS spectrograph
at ESO La Silla Observatory (079.C-0127(F)). The CoRoT space mis-
sion, launched on December 27th 2006, has been developed and is oper-
ated by CNES, with the contribution of Austria, Belgium, Brasil, ESA,
Germany, and Spain.

HARPS spectrographs. These observations were made simulta-
neously with the space-based photometry with CoRoT. Such si-
multaneous monitoring is useful to assess anomalies in the tran-
sit parameters due to star spots or transient events.

Our data permits us to determine the sky-projected angle
between the stellar spin and the planetary orbital axis, and it
provids additional constraints on the orbital and physical param-
eters of the system. Furthermore, our data confirms and secures
the planetary nature of the transiting body, excluding blending
of an eclipsing binary with a third star as the cause of the ob-
served shallow transits. We used HARPS spectra to perform the
spectroscopic analysis of the parent star.

2. Observations

We performed high-precision radial velocity observations of
CoRoT-Exo-2 (mv = 12.6) with the SOPHIE spectrograph,
based on the 1.93-m OHP telescope (France), and the HARPS
spectrograph, based on the 3.6-m ESO telescope (Chile). These
two instruments are cross-dispersed, fiber-fed, echelle spectro-
graphs dedicated to high-precision Doppler measurements based
on the radial velocity techniques of simultaneous-thorium cali-
bration. SOPHIE was used with its high efficiency mode (spec-
tral resolution R = 40 000). We reduced HARPS and SOPHIE
data with the same pipeline based on the cross-correlation tech-
niques (Baranne et al. 1996; Pepe et al. 2002). We observed
CoRoT-Exo-2 with SOPHIE on 16 July 2007 and with HARPS
on 1 September 2007. The exposure times were respectively
10 and 20 min on HARPS and SOPHIE corresponding to
S /N per pixel at 550 nm of 16 and 25, respectively. We obtained
the radial velocities by weighted cross-correlation with a numer-
ical G2 mask constructed from the Sun spectrum atlas including
up to 3645 lines. We eliminated the first 8 blue spectral orders
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Fig. 1. Phase-folded radial velocity measurements of CoRoT-Exo-
2 during the transit of the planet with SOPHIE (dark circle) and
HARPS (open circle). The solid line corresponds to the Rossiter-
McLaughlin model ajusted to these data assuming the semi-amplitude
K = 563 m s−1 from Alonso et al. (2008). The dotted line corresponds
to the Rossiter-McLaughlin model with K as free parameters.

containing only noise. Radial velocities are given in Table 1 and
displayed in Fig. 1.

3. Rossiter-McLaughlin modeling

The RM effect corresponds to a distortion of the spectral lines
observed during a planetary transit due to stellar rotation. The
transiting body hides some of the velocity components that usu-
ally contribute to line broadening resulting in an Doppler-shift
anomaly (see Otha et al. 2005; Giménez et al. 2006b; Gaudi &
Winn 2007).

To model this RM effect, we used the analytical approach
developed by Otha et al. (2005). The complete model has 12 pa-
rameters: the orbital period P; the mid-transit time Tc; the ec-
centricity e; the angle between the node and periastron ω; the
RV semi-amplitude K; the velocity zero point V0 (these first six
are the standard orbital parameters); the radius ratio rp/Rs; the
orbital semi-major axis to stellar radius a/Rs (constrained by
the transit duration); the sky-projected angle between the stel-
lar spin axis and the planetary orbital axis λ; the sky-projected
stellar rotational velocity v sin I; the orbital inclination i; and the
stellar limb-darkening coefficient ε. For our purpose, we started
with the orbital parameters and photometric transit parameters
as derived by Alonso et al. (2008). We fixed the linear limb-
darkening coefficient ε = 0.78, based on Claret (2004) tables
for filter g′ and for the stellar parameters derived in Sect. 4. Our
free parameters are then λ and v sin I. We introduced two addi-
tional parameters: the offset velocity of HARPS and SOPHIE,
∆HARPS and ∆SOPHIE, which differ from V0 due to the stellar ac-
tivity. We determined the v sin I independently from SOPHIE
cross-correlation functions (CCFs) to be 9.5 ± 1.0 km s−1 and
from HARPS CCFs to be 10.7 ± 0.5 km s−1 with the calibra-
tion techniques described by Santos et al. (2002). However, we
decided to leave it as free parameter in our fit.

The result of our fit, displayed in Fig. 1 and listed in Table 2,
first shows that the stellar rotation is prograde relative to the
planet orbit. During the first part of the transit the starlight is
redshifted, indicating that the planet is in front of the approach-
ing (blueshifted) half of the stellar disk. During the second part
of transit, the sign is reversed as the planet moves to the reced-
ing (redshifted) half of the stellar disk. The sky-projected angle

Table 1. Radial velocity measurements of CoRoT-Exo-2 obtained by
HARPS and SOPHIE during the transit. BJD is the Barycentric Julian
Date.

BJD RV Uncertainty
–2 400 000 [km s−1] [km s−1]

SOPHIE 2007-07-16
54 298.4641 23.341 0.026
54 298.4862 23.285 0.027
54 298.5030 23.369 0.028
54 298.5198 23.378 0.027
54 298.5381 23.123 0.027
54 298.5550 22.926 0.028
54 298.5714 22.891 0.029
54 298.5879 23.023 0.030

HARPS 2007-09-01
54 345.5225 23.371 0.020
54 345.5298 23.371 0.019
54 345.5371 23.392 0.018
54 345.5444 23.360 0.018
54 345.5517 23.347 0.019
54 345.5590 23.370 0.018
54 345.5663 23.456 0.018
54 345.5736 23.488 0.020
54 345.5809 23.496 0.022
54 345.5883 23.394 0.019
54 345.5956 23.271 0.018
54 345.6029 23.190 0.018
54 345.6124 23.060 0.018
54 345.6197 23.005 0.017
54 345.6270 22.939 0.018
54 345.6343 22.928 0.018
54 345.6417 23.034 0.019
54 345.6490 23.093 0.019
54 345.6563 23.107 0.019
54 345.6636 23.090 0.019
54 345.6709 23.034 0.020

between the stellar spin axis and the planetary orbital axis λ is
close to zero. The projected rotation velocity of the star v sin I de-
termined by our RM fit (11.85±0.5 km s−1) seems slightly larger
than our spectroscopic determination (2-σ greater). Previous
studies by Winn et al. (2005) showed that the v sin I measured
with Otha formulae was biased toward larger values by ap-
proximatively 10%. But, as already suggested by Loeillet et al.
(2008), it may be due to the differential rotation of the star from
equator to pole. Considering the exoplanet crosses the star near
its equatorial plan, the fitted v sin I corresponds to the maximum
value. Note that if we fix v sin I at the spectroscopic value, it does
not change the value of the fitted λ angle.

We made the 2 epochs of RM observations at a minimum
stellar flux (see Fig. 1 of Alonso et al. 2008), indicating that
the stellar spots were at their maximum phase of visibility.
Following the Saar & Donahue (1997) relation giving the ex-
pected RV jitter as a function of v sin I and spot filling factor, we
found that CoRoT-Exo-2 is expected to present RV variations of
up to 200 m s−1 peak-to-peak with a period of 4.5 days. The
standard deviation of RV residuals (56 m s−1) found by Alonso
et al. (2008) is in agreement with this value. Such an activity-
related RV variation should then change locally the apparent
slope in the RV orbital curve. The maximum effect occurs at
the maximum phase of stellar spot visibility, and should induce
an apparent increase in the semi-amplitude K of up to 40 m s−1.
This explains why our fit in Fig. 1 is not perfect outside of the
transit. If we increase K in our fit or leave it as a free parameter,
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Table 2. System parameters of CoRoT-Exo-2. The reduced χ2 was com-
puted assuming 24 degrees of freedom.

Fixed parameters from Alonso et al. (2008)
P 1.7 429 964 days
Tc 54 237.53562
e 0.0
V0 23.245 km s−1

rp/Rs 0.1667
a/Rs 6.70
i 87.84 deg
ε 0.78 (from Claret)

Adjusted parameters with K = 563 m s−1

v sin I 11.85 ± 0.50 km s−1

λ 7.2 ± 4.5 deg
∆HARPS –21.5 ± 5 m s−1

∆SOPHIE +21.5 ± 12 m s−1

reduced χ2 1.43
Adjusted parameters with K as free parameter
K 656 ± 27 m s−1

v sin I 11.25 ± 0.45 km s−1

λ 5.0 ± 4.0 deg
∆HARPS –25.0 ± 4.5 m s−1

∆SOPHIE +25.5 ± 11 m s−1

reduced χ2 1.01
Combined MCMC fit

K 613 ± 14 m s−1

v sin I 11.46+0.29
−0.44 km s−1

λ 7.1 ± 5.0 deg
∆HARPS –22.5 ± 4.5 m s−1

∆SOPHIE +23.5 ± 11 m s−1

reduced χ2 1.10

it significantly improves the fit and slightly decreases the value
of v sin I and λ (see Table 2).

We also did a combined fitting of the photometry and the
whole set of RV measurements. On each of the out-of-transit
measurements, we inserted an additional error on the RV data
to take the stellar activity into account. We chose this value
as 56 m s−1, corresponding to the standard deviation found by
Alonso et al. (2008). This correction is justified since the ac-
tion of activity on the points taken at random out-of-transit
phases can be assumed as random for these points, while dur-
ing transit we have sets of points with the same activity level
throughout. The fitting was done using a Markov Chain Monte
Carlo (MCMC) with a Metropolis-Hastings Algorithm for the
decision process. We used the models of Giménez (2006a) and
(2006b) for photometry and spectroscopic transits respectively.
A quadratic law of limb darkening was used. For the photometry,
we used the fitted parameters found by Alonso et al. (2008). For
the spectroscopy parameters, we chose the V-band, from tables
published by Claret (2000) for the stellar parameters derived in
Sect. 4 (u+ = 0.748, u− = 0.256). The MCMC was performed
over 20 000 accepted steps after 5000 steps of a burn-in period.
The result of the combined fit is presented in Table 2, and is in
full agreement with the other approachs.

The cross-correlation function (CCF) corresponds more or
less to an average of all the spectral lines (see top of Fig. 2). In
order to characterize the behavior of the spectral lines during the
transit, we computed the difference between the HARPS CCFs
corrected from the orbital velocity and a reference CCF taken out
of the transit (more exactly an average of the 3 first exposures).
This difference was computed at 5 epochs identified and labeled
in Fig. 1 : (1) just before the ingress, (2) maximum of the RM
effect, (3) mid-transit epoch, (4) minimum of the RM effect, (5)
just after egress. These differences ∆CCF = CCFREF − CCF#

Fig. 2. (Top) Averaged cross-correlation function of CoRoT-Exo-2.
(Bottom) Cross-correlation differences computed at 5 different epochs
(see text) illustrating the behavior of the spectral lines during the transit.

are displayed in Fig. 2 and clearly show the spectroscopic
anomaly shifting from the blue side (2) to the red side (4) of
the CCF. During the transit, the depth or contrast of the CCFs is
systematically larger, reflecting the renormalization effect of the
CCF, which maintains a constant surface.

The observation of the spectroscopic transit of CoRoT-Exo-
2b allows us to confirm definitively that the transiting candidate
provided by CoRoT occurred at the central star (and not at a
background star inside the CoRoT PSF). Furthermore, if we as-
sume that the system is not diluted by an other star inside the
HARPS or SOPHIE PSF, the RM anomaly reveals that the tran-
siting body has a planetary size (from the RM anomaly ampli-
tude) and planetary mass (from the RV slope outside the tran-
sit). In the case of an eclipsing binary whose light is diluted
with a brighter third star, one should assume that the spectral
lines of the fainter eclipsing binary move relative to the lines
of the bright star and thus change the blended line-profiles. In
such a configuration, one should consider not only the flux ratio
but the v sin I, velocity zero point, and spectral type of the two
systems. In our present case, we did not find a configuration of
a blended eclipsing binary that could simultaneously reproduce
the RV anomaly and the photometric light curve. Furthermore,
we computed RVs using different cross-correlation mask with-
out significant changes in the shape and amplitude of the RM
anomaly. We, thus, consider that the spectroscopic transit con-
firms and secures the planetary nature of the transiting body.

4. Spectroscopic analysis of CoRoT-Exo-2

We performed the spectroscopic analysis of the parent star us-
ing the HARPS spectra. We corrected individual spectra from
the stellar velocity, rebinned to a constant wavelength step of
0.02 Å, and co-added spectral order per spectral order giving a
S /N per pixel at 550 nm of about 80. We determined the effec-
tive temperature first from the analysis of the Hα line wings,
providing a temperature of 5450 ± 120 K. In spite of the quite
low S /N of the combined spectra, it appears that the star is
at the border of the temperature domain in which the Hα line
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wings are a good temperature indicator (from 5500 to 8500 K).
We then checked this result with other methods. We performed
synthetic spectra fitting using LTE MARCS atmosphere models
(Gustafsson et al. 2005), which are well adapted for this range
of temperature. We compared the synthetic spectra, previously
convolved by the instrumental profile and a rotational profile
with the v sin I value previously measured, to the observed one.
The best-fit model yields a slightly higher temperature, but is
still in agreement with the Hα estimate. Another analysis, using
equivalent width measures of FeI and FeII lines, was also carried
out and yields similar results. The adopted stellar parameters are
Teff = 5625 ± 120 K, log g = 4.3 ± 0.2 and [M/H] = 0.0 ± 0.1,
which correspond to a G7V type star with a solar metallicity.
With these values, we derived the star’s luminosity and mass
with StarEvolv stellar evolution models (Siess 2006; Palacios,
private communication). We combined these estimates of the
star’s mass to the M1/3

s /Rs value provided by the light curve anal-
ysis to derive the final star’s mass and radius values in a consis-
tent way between spectroscopic and photometric analyses. The
method allows us to get rid of the large uncertainty that affects
the estimate of the gravity and to take advantage of the excel-
lent quality of the light curve. The method will be detailed in
a forthcoming paper devoted to the fundamental parameters of
the first CoRoT planet host stars, based on UVES spectra. The
adopted stellar mass is 0.97 ± 0.06 M� and the stellar radius is
0.90±0.02 R�. Interestingly, the solar-like metallicity of the par-
ent star and large radius of the planet is consistent with the trend
that heavy element content in the planet and stellar metallicity
are correlated (Guillot et al. 2006). According to stellar evolu-
tion models (Lebreton, private communication), the age of the
star could be between 0.2 and 4 Gyr if the star is on the main
sequence. However, the presence of the Li I absorption line and
the strong emission line core in the CaII H and K lines, suggest
that the star is still close the ZAMS and could be thus younger
than 0.5 Gyr in full agreement with the observed stellar activity
and the measured rotation period.

The knowledge of the main rotational period of
CoRoT-Exo-2 determined from the light curve (4.54 days)
and the spectroscopic v sin I determined from HARPS and
SOPHIE CCFs (10.3 km s−1) may be used to independently
estimate the minimum radius of Rssin I = 0.92 R� in very good
agreement with our previous determination based on spectral
classification. We note that this estimate, based on the well-
determined stellar rotation thanks to the high-precision CoRoT
light curve, does not depend on any spectral classification. On
the other hand, if we assume the stellar radius from spectral
analysis, we can deduce that sin I is close to 1, indicating a
further constraint on the alignment of orbit and stellar spin.

5. Conclusions

In addition to the previous 5 transiting exoplanets where λ angle
have been reported, CoRoT-Exo-2b presents a prograde orbit rel-
ative to the stellar rotation and an angle λ = 7.2 ± 4.5 deg, close
to zero. Our observations illustrate and demonstrate the capabil-
ity of extending the reach of the RM technique to relatively-faint
host stars (mv ≥ 12) like the CoRoT targets even with a 2-m
class telescope.
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2.5.2 Exploring the limits of fitting the Rossiter-McLaughlin effect

Testing on the code continued with the following paper. It presents two Rossiter-McLaughlin
effects in two completely different regimes: on two stars: HD 189733 and CoRoT-3.

Three events had been observed for HD 189733 b and had remained unpublished. This star
being the brightest transiting planet host, one could achieve high signal to noise measurements at
a high cadence, both a requirement of a good observation of the Rossiter-McLaughlin effect. With
this case we could test how the chain would be responding in a high precision environment.

One event had been observed for CoRoT-3 b. This object in one of those for which it is unclear
whether they are a Brown Dwarf, or a very massive planet10. Observing spectroscopically the
transit for this object was testing observations at a low signal to noise and low cadence, but also
for an extreme object.

The results showed a slight misalignment in the case of CoRoT-3 b, something which ought
to be checked by renewed observations. Later work on Brown Dwarfs and eclipsing M Dwarfs
showed those massive bodies tend to be very rarely misaligned (Triaud et al, in prep). The lack of
observations prior to the transit allows some freedom to the fit and makes the results sensitive to
individual points. Furthermore, to reach a sufficient signal to noise, exposures were quite long and
thus blurred the effect. My code does not take that blurring into account, something which I have
been thinking about doing for a while now. This may bias the determination of β as an uneven
sampling would appear as an asymmetry. The effect itself is well detected: the high rotation of the
star makes it very large.

Results on HD 189733 were interesting as they showed a residual effect, reproduced for each
of the observed events. After some work and the construction of a model, it was found out that
the way the radial velocities are extracted (by comparing a Gaussian to the CCF) was showing its
limits. With a planet hiding part of the stellar surface, some of the velocity space is missing in
the CCF: we resolve the transiting planet in velocity space. The CCF no longer being a Gaussian,
fitting with one is no longer appropriate. In addition to non flat residuals, it also forces the fit to
overestimate V sin I .

Pushing the analysis further it was estimated that only in the case of very high data precision
and in the case of fast rotators would this effect be detectable. Also, we concluded that being a
low order deviation from the model and symmetrical in shape, it would not affect estimates of the
spin-orbit angle. This was confirmed analytically by Hirano et al. (2010).

This production became the first paper for which I conducted the analysis entirely.

10if there is a difference, the debate rages
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ABSTRACT

We present radial-velocity sequences acquired during three transits of the exoplanet HD 189733b and one transit of CoRoT-3b. We
applied a combined Markov-chain Monte-Carlo analysis of spectroscopic and photometric data on these stars, to determine a full set
of system parameters including the projected spin-orbit misalignment angle of HD 189733b to an unprecedented precision via the
Rossiter-McLaughlin effect: β = 0.85◦+0.32

−0.28. This small but non-zero inclination of the planetary orbit is important to understand the
origin of the system. On CoRoT-3b, results seem to point towards a non-zero inclination as well with β = 37.6◦+10.0

−22.3, but this remains
marginal. Systematic effects due to non-Gaussian cross-correlation functions appear to be the main cause of significant residuals that
prevent an accurate determination of the projected stellar rotation velocity V sin(I) for both stars.

Key words. binaries: eclipsing – techniques: photometric – techniques: radial velocities – planetary systems –
stars: individual: CoRoT-3b, HD 189733

1. Introduction

The spectroscopic transit, also known as the Rossiter-
McLaughlin (RM) effect (Rossiter 1924; McLaughlin 1924),
is a radial velocity (RV) anomaly superimposed on the radial-
velocity curve arising from the Keplerian reflex orbit of the host
star about its common centre of mass with a planet. As the planet
transits, it covers – in the case of a prograde orbit – first the
blue shifted part of the rotating star, shifting the overall spec-
trum slightly to the red. As the planet moves across the stel-
lar disc, the radial velocity of the star’s light centroid changes
rapidly. The first RM effect caused by a transiting planet was
observed on HD 209458 by Queloz et al. (2000). In addition to
the standard information that a photometric transit brings us, the
RM effect permits us to measure the V sin(I)1 of the star and
is the only way to estimate the projected spin-orbit obliquity

� Using observations with the Harps spectrograph from the ESO 3.6 m
installed at La Silla, Chile, under the allocated programmes 072.C-
0488(E) and 079.C-0828(A). The data is publicly available in electronic
form at the CDS.
�� Tables 3 and 4 are only available in electronic form at
http://www.aanda.org
1 We used the Ohta et al. (2005) notation differentiating the V sin(i)
to the V sin(I). i is the projected inclination of the planet’s orbit on the
sky, whereas I is the projected inclination of the stellar equator on the
sky.

angle β (Giménez 2006b; Hosokawa 1953) (equal to −λ Ohta
et al. 2005). This angle reflects the history of the planet and can
therefore be used to constrain models of planetary orbital evolu-
tion.

HD 189733 is a most interesting target due to its brightness
and the possibility of observing it from both hemispheres fairly
easily, while CoRoT-3b, orbiting a very fast rotating star and
being itself in the middle of the Brown Dwarf desert (Deleuil
et al. 2008) (D08), is a unique object to study. Also, HD 189733b
has been extensively studied (Bouchy et al. 2005; Winn et al.
2006 (W06); Winn et al. 2007 (W07); Boisse et al. 2009 (B09)).
The present paper is motivated by our recent acquisition of
high-precision data - photometric for CoRoT-3, photometric
and spectroscopic for HD 189733. Combining spectroscopic and
photometric transits in one analysis allows us to refine the tran-
sit parameters, but also to ensure that the V sin(I) of the star and
the spin-orbit angle β, which are solely extracted from the RM
effect, are tightly constrained. This is especially effective when
analysing high precision data ; thus we use the high precision
obtained on HD 189733 and present this star as a test-case for
combining data sets.

We describe the observations of these stars in Sect. 2, then
move to a description of the fitting process and its results with
Sect. 3 and explore a few reasons to explain the observed residu-
als that we obtained in Sect. 4. Finally we will discuss the results
and conclude.

Article published by EDP Sciences
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2. The observations

The observations were acquired using the High Resolution
échelle spectrograph Harps mounted on the 3.6 m at the ESO
observatory of La Silla, in Chile. The data were extracted using
the Data Reduction Software present at the telescope. A reanal-
ysis of the data was performed later in Geneva, using the latest
version of the software as in Mayor et al. (2009).

One sequence of 11 Harps RV measurements in addition to
those in the discovery paper (D08) was obtained on CoRoT-3 on
August 26th 2008 as part of the spectroscopic follow-up (072.C-
0488(E)); all are around the transit. On average the new data has
an estimated photon noise of 28.4 m s−1 (Table 3).

Four sequences were taken of HD 189733 on July 30th,
August 4th and September 8th 2006, and on August 29th 2007
under the allocated programme 079.C-0828(A) and as part of
the GTO, three of which are during transit. One sequence was
taken off-transit to act as a comparison sequence. Out of the three
RM sequences, two were obtained using a low cadence (one
point every 10.5 min). One of these suffered from bad weather
and one was taken with a high cadence (one point every 5.5 min).
In total we have 78 new RV measurements including 37 during
transit. The mean estimated uncertainty in the radial velocities
due to photon noise is 0.98 m s−1 (Table 4).

3. Fitting the data

Transiting planets have an important role to play in constraining
planetary evolution models as well as atmosphere and interior
models, therefore it is important that everything is done to en-
sure that information extracted from the data is accurate. Both
spectroscopic and photometric effects can be observed on a star
experiencing a planetary transit. The two types of observation
constrain parameters differently but arise from the same cause.
Hence it is logical to fit both types of data simultaneously to de-
termine a single set of parameters for the planet and ensure full
consistency between the models.

3.1. the modelling

A code was developed using full Bayesian statistics in a Markov
Chain Monte-Carlo (MCMC). The code is similar to the one de-
scribed in Collier Cameron et al. (2007) and has already been
used (Gillon et al. 2008; Bouchy et al. 2008). The philosophy
here is to combine everything that is known about each star into
the fitting process to better constrain the final result. So far, the
periodic Doppler shift caused by the planet, the RM effect and
a drift can be fitted to the spectroscopy. For the photometry, re-
quiring data stripped of instrumental or stellar effects, primary
and secondary transits can be fitted. Limb darkening coefficients
can also be allowed to float if data of very high photometric pre-
cision are available.

The present version of the code fits up to 12 free parameters:
the depth of the primary transit D, the RV semi-amplitude K,
the impact parameter b, the transit width W, the period P, the
middle of transit T0, e cos(ω0) and e sin(ω0) (with e being the
eccentricity and ω0 the angle between the line of sight and the
periastron), V sin(I) cos(β) and V sin(I) sin(β), the RV drift Γ
and the secondary transit depth D2. If some parameters are ir-
relevant, they can be fixed. These parameters have been chosen
to reduce correlations and increase the exploration of parameter
space.

At each step i of the Markov chain, one set of j parameters is
calculated from the previously accepted value (i − 1) following:

Pi, j = Pi−1, j + fσP j G(0, 1) (1)

where P j is a parameter, σP j is the 1σ uncertainty, f is a factor
ensuring 25% of steps are being accepted (see Tegmark et al.
2004) and G(0, 1) is a random Gaussian number centred on zero
with a standard deviation equal to 1. From these parameters a
large variety of other – more physical – values can be inferred
such as the stellar density ρ� (see Table 1).

The parameters are then used to calculate three different
models. Both primary and secondary transit are calculated by
using either codes developed by Mandel & Agol (2002), or by
Giménez (2006a). The RV curve is modelled by the standard
orbital equations (Mayor & Queloz 1995; Hilditch 2001) and
by the code presented in Giménez (2006b) for the RM effect.
To model the stellar limb darkening, we use the quadratic law
(Claret 2000). The model and the data are compared using a
χ2 statistics.
χ2 from the photometry is added to the value found for the

spectroscopy. On that value Bayesian penalties are added. These
can be estimated for every parameter for which we have inde-
pendent prior knowledge of their value and error. The stellar
mass M� is allowed to vary subject to a Bayesian penalty on a
value and its 1σ error bar. All added, it creates a merit function:

Qi = χ
2
i +

(M�i − M�0 )2

σ2
M�

+

P∑
j=1

(Pi, j − P0, j)2

σ2
P j

(2)

where here, P j can be any parameter, fitted or physical and P0, j
is the value of the prior as M� is the floating parameter for stellar
mass and M�0 is the prior on the mass.

This Qi is compared to the Qi−1, value calculated from the
previous set of parameters, with the Metropolis-Hasting algo-
rithm. This is repeated as many times as is necessary to ensure
that the fitting has converged and that the exploration of param-
eter space around the best value is truly random (meaning that
the correlation length for each parameter is small compared to
the number of accepted steps) and gives credible error bars.

Obviously in addition to all these parameters, we also have
to add one γ velocity for each RV set and one normalisation
constant for each photometric set; they are estimated by optimal
averaging and optimal scaling in χ2 calculations. The γ veloc-
ity reflects the mean radial velocity due to the motion of the star
in comparison to the Sun; its measured value varies with activity
levels and between instruments by a small offset. The normalisa-
tion factors re-estimate the normalisation of the lightcurves. The
best fit parameters are chosen to be the set with the lowest χ2 and
the error bars are calculated by taking the 68.3% lowest values
of χ2 and finding their extremes.

3.2. the results

One chain of 500 000 accepted steps was calculated for each star.
Results for both stars appear in Table 1. The corresponding fits
are displayed in Figs. 1 and 2.

3.2.1. CoRoT-3b

Nine free parameters, four γ velocities and one photometric nor-
malisation factor were used for CoRoT-3b to fit four RV se-
quences totalling 29 measurements and one sequence of pho-
tometry – the binned and phase folded data from D08 – with
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Table 1. Fitted and physical parameters found after fitting photometric
and spectroscopic data of CoRoT-3b and of HD 189733b.

Parameters (units) CoRoT-3b HD 189733b
Fitted parameters
D 0.004398+0.000084

−0.000091 0.0200+0.00015
−0.00017

K (m s−1) 2169.9+35.1
−22.7 201.96+1.07

−0.63

b (R�) 0.54+0.041
−0.081 0.6873+0.0047

−0.0078

W (days) 0.1566+0.0012
−0.0014 0.07527+0.00020

−0.00037

P (days) 4.2567994+0.0000039
−0.0000031 2.21857312+0.00000036

−0.00000076

T0 (bjd) 54283.13388+0.00026
−0.00022 53988.80339+0.000072

−0.000039

e cos(ω0) −0.0083+0.0054
−0.0041 0.0038+0.0020

−0.0020

e sin(ω0) 0.000+0.021
−0.020 −0.0017+0.0024

−0.0034

V sin(I) cos(β) 28.4+6.5
−5.6 3.316+0.017

−0.068

V sin(I) sin(β) 21.9+8.3
−14.1 0.049+0.018

−0.017

Γ (m s−1 yr−1) – −0.2+2.7
−3.9

Derived parameters

Rp/R� 0.06632+0.00063
−0.00069 0.15812+0.00046

−0.00052

R�/a 0.1257+0.0057
−0.0064 0.1142+0.0006

−0.0012

ρ� (ρ�) 0.372+0.064
−0.047 1.831+0.059

−0.029

R� (R�) 1.5400.083
0.078 0.766+0.007

−0.013

M� (M�) 1.359+0.059
−0.043 0.823+0.022

−0.029

V sin(I) (km s−1) 35.8+8.2
−8.3 3.316+0.017

−0.067

Rp/a 0.00834+0.00042
−0.00050 0.01805+0.00011

−0.00025

Rp (RJ) 0.9934+0.058
−0.058 1.178+0.016

−0.023

Mp (MJ) 21.23+0.82
−0.59 1.138+0.022

−0.025

a (AU) 0.05694+0.00096
−0.00079 0.03120+0.00027

−0.00037

i (◦) 86.10+0.73
−0.52 85.508+0.10

−0.05

e 0.008+0.015
−0.005 0.0041+0.0025

−0.0020

ω0 (◦) 179+170
−170 −24.1+33.9

−34.5

β (◦) 37.6+10.0
−22.3 0.85+0.28

−0.32

γ Velocities (m s−1)

Sophie –56182.46 –2273.59
TLS –56652.08
Keck – –15.84
Harps –56156.08 –2161.14
Harps (RM) –56160.84 –2191.92

– –2225.44
– –2204.07

Normalisation factors

CoRoT 0.9999998 –
FLWO 1.2 m z-band – 0.99974
T10 (b + y)/2 band – 0.99977
MAGNUM 2 m V-band – 0.99979
Wise 1 m I-band – 0.99977

χ2
reduced 1.17 ± 0.08 1.21 ± 0.03

The reduced χ2 were calculated with 414 degrees of freedom for
CoRoT-3b and 2890 for HD 189773b.
Nota Bene: β = −λ; β is used since the first reference of a projected
spin-orbit angle was named thus, in Hosokawa (1953). V sin(I)s are
probably overestimated, see Sect. 4 for details.

Fig. 1. Top: overall Keplerian fit of the RV data for CoRoT-3b. Bottom:
composite plot showing both the spectroscopic and the photometric
transit for CoRoT-3b. (red) squares are Harps measurement which are
not part of the RM sequence, (green) crosses are Sophie measurements,
(blue) triangles show TLS data and (magenta) diamonds indicate the
RM Harps sequence; (red) circles are for the CoRoT photometry.

400 points in it. This amounts to 414 degrees of freedom. Results
between this last paper and the present analysis are not very dif-
ferent. The transit spectroscopic sequence covers little outside
the RV anomaly of the RM effect and due to the faintness of the
star and poor sampling during the transit, V sin(I) and β are not
well defined. V sin(I) is found abnormally large at 35± 8 km s−1

(see Sect. 4.3); β is different from zero only at the 2σ level.
Bayesian penalties were imposed for priors on the stellar

mass M�0 = 1.37 ± 0.09 M� and also for the period P0 =
4.25680 ± 0.000005 days because we made use of an already
folded lightcurve as the data from D08 was released, rather than
individual transits; the RM effect was not strong enough to con-
strain P. T0 was allowed to float and is found to differ from the
published value of 54 283.1383 ± 0.0003. This is possibly an
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Fig. 2. Top: Overall Keplerian fit of the RV data for HD 189733b.
Bottom: RM effect on HD 189733. (red) squares shows Keck data from
W06, (green) crosses are Sophie data from B09, (blue) triangles, (or-
ange) circles, (magenta) diamonds are the new three Harps sequences
on the RM effect and (black) oblique crosses show the off transit Harps
sequence. Residuals are displayed below and show a clear correlated
signal during the transit.

artefact due to using a folded lightcurve. The RM sequence also
suffers from a lack of continuum on either side of the transit. We
employed the same limb darkening coefficients as D08.

Our initial fit had a Bayesian penalty on the V sin(I) for the
value of 17 ± 1 km s−1 published in D08. Removing the penalty
allowed us to find the current value of 35±8 km s−1 and permitted
a minimisation of χ2 on the spectroscopy. See Table 2 where we
show that having a V sin(I) = 35 km s−1 and a β = 37.6◦ is a
significant improvement of the model compared to an aligned
system with the spectral analysis value of V sin(I) = 17 km s−1

(because of a difference in P and T0 we also show results using
parameters found by D08).

We have 11 RV data points and three free parameters here
(one γ velocity, V sin(I) and β) making the total number of de-
grees of freedom eight. Thanks to the photometry, we have a se-
cured detection of the planetary transit and of the Keplerian orbit
and hence have a 100% chance that the RM effect will occur. It is
only a matter of V sin(I) being different from zero. We obtain a
χ2

reduced = 1.575 just for the RM effect which has to be compared
with a χ2

reduced = 5.962 if we adjust with a V sin(I) = 0. Hence,
there is a clear detection of an RV deviation from the Keplerian
orbit at the location of the RM effect.

Table 2. Comparing χ2 for various solutions proposed for CoRoT-3b.

χ2 P, T0 V sin(I) (km s−1) β (◦)
12.6 ± 5.0 this paper 35 37.6
24.1 ± 6.9 this paper 17 0
47.7 ± 9.8 this paper 0 0

14.0 ± 5.3 D08 35 37.6
23.2 ± 6.8 D08 17 0
47.7 ± 9.8 D08 0 0

3.2.2. HD 189733b

A total of 127 RV measurements were used for the fit includ-
ing those published in B09 and W06 outside of the RM region.
The RM effect in W06 is not used here. The RV data were fitted
along with 2735 photometric points representing data from four
transits in the z, (b+y)/2, V and I bands from W07. Compared to
CoRoT-3b, 11 parameters were allowed to float, adding a drift Γ
and P, plus two γ velocities and three photometric normalisation
factors more. This gives 2890 degrees of freedom.

We applied a Bayesian penalty on M� alone, with the value
0.82± 0.03 M� (Bouchy et al. 2005), i.e. using a Qi from Eq. (2)
with the two first terms only. We obtain very good constraints
on P and T0 to a similar order of magnitude compared to Agol
et al. (2008) who used five Spitzer transits and four secondary
transits. Most notable is the precision on the spin-orbit angle β =
0.85◦+0.32

−0.28, a 99.92% (3σ) confident detection (W06 had found
β = 1.4◦ ± 1.1). This value is found by comparing χ2 with the
value obtained by fixing β = 0 and calculating the probability
that indeed χ2 was improved.

HD 189733 is known to be active (Bouchy et al. 2005), and
stellar activity (stellar spots) causes changes in RV. Because the
activity is acting on a timescale of the order of the rotational
period, each of the four Harps sequences are expected to have
no jitter related to stellar activity. But, the sequences were taken
at different epochs, therefore at different activity levels. This is
why each of the four sequences is fitted with its own γ velocity.
The change in γ velocity of 33.5 m s−1 is consistent with activity
levels found by W06 and by B09.

The results on HD 189733 confirm it is an exceptional tar-
get against which to test the models, fitting techniques and data
extraction.

4. Residual analysis

It is clear when looking at the residuals of HD 189733b’s RM
effect that a systematic error is present. The rms of points within
transit is 57% larger than outside and their dispersion is corre-
lated the same way for all three sequences. We also note that the
residuals have a form very similar to those found by W06 (see
Fig. 1 of that paper).

On CoRoT-3 the rms is comparable to the mean error bar out-
side and inside the transit indicating a good fit of the RV anomaly
caused by the RM effect.

For both stars we find V sin(I) values larger than those
present in the literature and found by an analysis of the spectral
lines. For HD 189733, we have a 10% difference (or 2σ from
the accepted value); for CoRoT-3, the value found is twice that
which is inferred from spectral line analysis. We considered sev-
eral possible causes of the effect observed in the residuals of
HD 189733b and the large V sin(I) found on both stars.
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4.1. limb darkening

We assumed that Harps was centred on the V band and limb
darkening coefficients were chosen accordingly. The Harps
spectral response was used to determine a new table of coeffi-
cients in the manner described in Claret (2000). The difference
between those newly found coefficients was small: ua = 0.6454
instead of 0.6355 and ub = 0.1375 instead of 0.1488. χ2, for just
the three HD 189773b RM Harps sequences, passed from 213
to 206 ± 20, consistent with no change at all. The shape in the
residuals was not altered; this difference in limb darkening coef-
ficients cannot explain the problem.

Limb darkening being less well constrained near the limbs
than at centre of the star, we omitted observations taken dur-
ing ingress and egress, and re-fitted the RM effect. This tested
whether the limb-darkening law itself could be causing the prob-
lem. The fit was no better, the shape in the residuals was still
present, ruling out this possibility as well.

4.2. differential rotation

The Sun exhibits surface differential rotation as a function of
latitude. It is reasonable to assume that other solar like stars ro-
tate differentially. The change in apparent rotational velocity for
HD 189733b, thanks to a misaligned orbital angle and by tak-
ing a value of differential rotation to be 10% between the stellar
poles and the equator, affects the amplitude of the RM effect very
little:

ΔV sin(I) = 0.3 km s−1.ΔR� (3)

δ h � | 2 .
√

1 − (b . cos β)2 . tan β | = 0.0218 R� (4)

δV sin(I) = ΔV sin(I) . δ h = 0.0065 km s−1 (5)

with h the altitude of the planet’s path above the stellar equa-
tor, projected onto the star (see Fig. 3). The value is an order of
magnitude lower than our error bars.

It would also be expected to have an effect similar to a non
zero spin-orbit angle: a difference in the amplitude on either side.
Here the residuals are symmetric with respect to the centre of the
transit. This said, with the level of precision now obtained on the
spin-orbit angle of HD 189733b, it would be interesting to see
how much of the β value is due to differential rotation, but this
analysis goes beyond the scope of this paper. It can be empha-
sised here that thanks to misaligned planets and in conjonction
with more precise observations the Rossiter-McLaughlin effect
will allow to detect differential rotation on stars without needing
the spots that are used at the moment by Doppler tomography on
stars like AB Dor.

4.3. a systematic effect in the data reduction

Winn et al. (2005) (W05) pointed out that by fitting a symmet-
ric Gaussian to a – by definition – non symmetric and varying
cross correlation function (CCF) of the spectra in order to find
the RVs and comparing these with a model which takes the cen-
troid of the velocity weighted by the light emitted, we introduce
a systematic error. The RV amplitude based on the symmetric
Gaussian fit would be larger than that which a model with the
same parameters would create. W05 tried to correct this effect
by adding a polynomial on the RM model. This action was re-
peated on W06 and subsequent papers.

Fig. 3. Problem geometry and parameters used in equations present in
Sect. 4.2.

In W05, it was not shown what effect such a misuse of
the model would have on the fit. Thus, we created two mod-
els: one would act as the theoretical RM model does (Ohta’s or
Gimenez’s), the other recreates the way the spectroscopic data is
affected by the transiting planet, and the way the RVs composing
the RM sequences are extracted.

We created a grid on a star. Each element of the grid had two
pieces of information on it: its intensity (taking limb darkening
into account) and its apparent velocity on the line of sight. For
the theoretical model, a planet was passed with similar charac-
teristics as the two planets studied in this paper and the centroid
of velocity weighted by the light was found for each position
thereby recreating the RM effect. For the simulated data, a planet
was also passed and a CCF of the star minus the contribution
hidden by the planet was generated for each position assuming
a Gaussian spectral line for each point on the star. A Gaussian
function was fitted to that CCF and its minimum was taken as
the simulated RV measurement.

A comparison of the simulated data and the theoretical
model showed what W05 had demonstrated: that the simulated
data, using the same parameters, has a higher amplitude than the
model predicts (see Fig. 4). Now, we want to see what a fit of that
data would create. All transit parameters are heavily constrained
by the photometry save the spin-orbit angle and the V sin(I).
Assuming a β of zero we determined what would happen if only
V sin(I) was varying.

On HD 189733, our test-case, by changing the V sin(I) value
of the simulated data and comparing it to a model using the
found value of 3.30 km s−1 (see Table 1), we achieved a very
good agreement when V sin(I) = 3.05 km s−1. By subtracting
one from the other, we obtained the theoretical residuals ex-
pected for a fit such as that produced by the MCMC. The ob-
served residuals from Fig. 2 were added on the graph (Fig. 4)
and showed a match, therefore indicating that a likely reason
was found for these residuals.

The error bars presented in Table 1 seem to exclude such
a large difference on V sin(I) at first sight, but it must be re-
membered that error bars depend on the model used; if the a pri-
ori is wrong, then the a posteriori must be too. The presence of
similar residuals in Fig. 1 of W06 shows that not everything is
corrected with their method. Nevertheless, the value of V sin(I)
(2.97 ± 0.20 km s−1) is similar to what this study infers showing
the method developed by W06 is a good tool to estimate
V sin(I).

2.5. Applications Using the Rossiter-McLaughlin Effect
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Fig. 4. Top: For HD 189733: dash (red) is the simulated spectroscopic
data with V sin(I) = 3.05 km s−1; dash double dot (blue) is a RM model
with V sin(I) = 3.30 km s−1; dash dot (green) is the same model for
a V sin(I) = 3.05 km s−1; solid (magenta) is representing the residuals
expected by subtracting the RM model by the simulated data; in (black)
points, a sequence of residuals from Fig. 2 with Harps. These residu-
als are reproduced! Bottom: For CoRoT-3b: dash (red) is the simulated
spectroscopic data with V sin(I) = 17 km s−1; dash double dot (blue) is
a RM model with V sin(I) = 35 km s−1; dash dot (green) is the same
model for a V sin(I) = 17 km s−1; solid (magenta) is representing the
residuals expected by subtracting the RM model by the simulated data;
with the (black) points, a sequence of residuals from Fig. 1 with Harps.

The data for HD 189733b were good enough to allow an
adjustment. In the case of CoRoT-3b, where the sizes of er-
ror bars are large, such an adjustment was not possible. Instead
we compared a theoretical model with the V sin(I) value found
in Table 1 to simulated data with the value found by spectral
analysis: 17 ± 1 km s−1 (D08). The expected residuals and the
residuals of the Harps sequence were added on top (see Fig. 4).
Were it not for the abnormally large value of V sin(I) found
by the fit, which gave clues that something might be going
wrong, little information would have been extracted to support
the idea the model is not adapted to the data because of error bars
of the same order of magnitude as the RM effect itself, let alone
the residuals! The absence of a clear signal due to a misfit of the
model in the residuals is not enough to rule out the conclusions
found with the case of HD 189733b that indeed the correlated

residuals are caused by the imposition of a model not adapted
to the data, or vice-versa that the data is not extracted with the
same assumptions taken in the model.

Two main paths are now being investigated to rectify the dis-
covered problem: altering the models to take the effect into ac-
count, which is the path already taken by W05 (but incomplete
as the same residuals are observed), or finding alternative ways
of looking at the data to extract it properly. It may be worth not-
ing than tackling asymmetries in the CCF is underway in various
areas, be it to understand stellar spots or classical cepheids stars
(Nardetto et al. 2006). The RM effect is gaining popularity as a
new powerful tool to estimate the rotation of stars. Potentially,
on misaligned objects like XO-3b (Hébrard et al. 2008; Winn
et al. 2009) HD 80606b (Moutou et al. 2009) and CoRoT-3b, if
confirmed, we could study differential rotation of stars other than
the Sun. Before this can be achieved, however, we have to make
sure that the RM effect is properly fitted.

5. Discussion and conclusions

The results that we find are in accordance with previously pub-
lished results, V sin(I)s aside.

A spin-orbit angle is obtained for an exoplanet with unprece-
dented precision with the value β = 0.85◦+0.32

−0.28 and is a 3σ detec-
tion of an angle different from zero for HD 189733b’s orbit. We
confirm a marginal eccentricity which has been strengthened by
the addition of the Harps data. It remains consistent with values
found in Agol et al. (2008) and B09. Both values are important
to constrain planetary formation and evolution models. Results
are consistent with the star having no radial velocity drift with
time with Γ = 0.2+2.7

−3.9 m s−1 yr−1. A comparison with a fit fix-
ing Γ to zero showed that the variation in χ2 was not significant:
Δχ2 = 10 for an error on χ2 of 30. The V sin(I) value found by
the fit is spurious, as demonstrated in Sect. 4.3. The real value
is probably closer to 3.05 km s−1, value found for the simulated
data to explain the theoretical models.

On CoRoT-3b, the fit yields an implausibly high V sin(I) at
35±8 km s−1, a two fold increase compared to the spectral analy-
sis value, which is only explainable because of a discrepancy of
assumptions between the model and the extraction of the data.
This overestimation of V sin(I) can also be read in the literature:
in Loeillet et al. (2008) a V sin(I) of 29.5 ± 3 km s−1 is found
for Hat-P-2 by fitting the RM effect without a prior. This value
has to be compared to the value of 21 ± 1 km s−1 found with an
analysis of the spectral lines and of the photometry. Similarly for
CoRoT-2b, in Bouchy et al. (2008), a V sin(I) extracted from the
RM model is found to be larger than its spectral and photomet-
ric analyses counterparts. The discrepancy between the data and
the model has for the moment mostly been observed in the case
of fast stellar rotators. Yet, this effect is also dependent on the
Rp/R� ratio. This means that in the case where the RM effect
is fitted independently of photometry leaving every parameter
free, this mismatch between the centre of a fitted Gaussian and
the true velocity of the star’s light centroid could lead to incor-
rect fitting of RM effects on slowly-rotating host stars of planets
with high Rp/R� ratios, and be mistaken for a V sin(I) problem.

On CoRoT-3b we also get a marginal 97% probability detec-
tion (equivalent to 2σ) of an asymmetry in the current RM data.
This result, if confirmed could shed a light into the debated ori-
gins and the uncertain nature of CoRoT-3b, a Brown Dwarf ac-
cording to its mass and the presence of Deuterium burning, but a
planet if created by accretion. A tormented history, reflected by
a misaligned orbit, could point towards a more planetary origin
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for this body, notably via coalescence of large planetary bodies
as outlined in Baraffe et al. (2008), who also point out the con-
fusion of having Deuterium burning as the only limit between
Brown Dwarfs and planets. The measure of β could become a
way of segregating Brown Dwarfs from planets.

Our study of HD 189733b began as a test-case for com-
bining two different data sets. It also tested the RM model.
CoRoT-3b came as an application of the analysis developed for
HD 189733b and validates that a problem exists between the cur-
rent models and the way the RV data is extracted.

This paper shows the significance of fitting the various data
sets in a combined way. In conclusion this combined analysis,
(1) helps reduce the number of free parameters applied to fitting
all the data; (2) breaks correlations between some parameters as
they are fitted differently, hence exploring parameter space better
and (3) insures a consistency on the transit parameters between
the models and helps reveal model inconsistencies, as it did here
with the case of the Rossiter-McLaughlin effect, therefore ensur-
ing that systematics are not mistaken for physics.
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2.6 Adding Stellar Isochrones

This is as yet unpublished work, but the first application should come out quite soon. As
already written earlier, we depend on an estimate of the stellar mass in order to get to other inter-
esting physical parameters such as the stellar radius, planet radius and planet mass. Early on (eg.
Wilson et al. (2008)) the mass estimate could crudely be estimated from the effective temperature
and stellar gravity (log g). The WASP-4 b paper (section 2.3.2) shows clearly that the limitations
we had were not the photometric precision but the knowledge we have of the star, or rather - and
this is what this section will try dealing with - how and what information we use.

Sozzetti et al. (2007) remarked that under the reasonable assumption that the planet’s mass is
much smaller than the stars, we obtain directly from the transit, the stellar density (see equation
2.10). While log g is poorly and unaccurrately determined from spectral analysis, stellar density
could help determine stellar mass. Fairly easily one could run a first chain and obtain the density,
which interpolated along with the effective temperature and metallicity within stellar evolutionary
tracks could give an estimate of the stellar mass with error bars which could then be forwarded
into a second chain. Some WASP papers (see next chapter) have been using such a technique of
which Hebb et al. (2009) is a good example.

Other possibilities exist such as using a so-called Main-Sequence prior (Cameron et al. 2007a).
Such a prior is known to influence the parameters extracted from a fit (eg. Anderson et al. (2010),
Brown et al. in prep.). It is used only when photometry is too poor to determine the impact
parameter (and thus bring a good constraint on stellar density). One can also use an empirical
calibration for stellar mass obtained from detached eclipsing binaries (Torres et al. 2010), refined
by Enoch et al. (2010). Its use it very similar to the procedure described lower, with the difference
that they do not extract stellar age.

Ultimately, it would be nice to explore the (Teff , ρ?, [M/H]) space in the MCMC itself. All non
physical stars (falling beyond the main sequence) could be discarded and help refine the measure
on stellar density to keep within the bounds of what is physically possible, and thus help refine all
other physical parameters. It would also show a less ad hoc manner to providing a stellar mass in
the fit and obtain, in the spirit of fitting combined datasets, the most consistent model for all data
we have acquired.

At Genève, there is a stellar evolution group producing stellar evolution models that act as
reference in many fields of astrophysics. I took the opportunity to have the possibility to talk to
those experts, to access the newer, refined models (using the adjusted solar abundances and stellar
rotation into account), as well as an improved interpolation between the tracks (Mowlavi et al. in
prep), to start working on the matter. Key aspects describing the models can be found in Maeder &
Meynet (1989), Schaller et al. (1992), Charbonnel et al. (1999) and Eggenberger et al. (2008, 2010a,b).
The first application was on WASP-23, for which I had just finished a thorough analysis. This work
will now be presented. I also made an attempt on WASP-8.

2.6.1 Description of the method

First and foremost, I took the assumption that the [Fe/H] provided by spectral line analysis
is similar to [M/H] the content in metals. In addition, the models provide the stellar content in
metals Z which can be a little different from the observed surface metallicity. This has been ne-
glected as current error bars are large enough. Harder to deal with are the new Asplund solar
abundances: the Geneva models use the revised abundance of Z� = 0.014 instead of the more
widely used Z� = 0.019 that Barry Smalley 11 uses in his spectral analyses (Smalley et al. 2010).

11(Keele University) the collaborator within WASP that provides the spectral analysis
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Figure 2.23: Traditional representation of the Herzsprung-Russell diagram with the Geneva stellar
tracks at interval of 0.05 M�, from 0.5 to 3.5 M�. In plain is the main sequence. The dotted part
starts when Hydrogen-core burning stops and goes into the start of Helium-core burning. Tracks
are still incomplete at the lower mass range, because the evolution takes a very long time (but
complete for the range that interest us). These are at solar metallicity.
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Figure 2.24: Same as previous figure, but having the stellar radius instead of luminosity. We are
less likely to find evolved stars with transiting planets because of their larger radii diluting the
transit, and the shorter time they spend in that region. For masses < 0.8 M�, the plain tracks are
longer than a Hubble time. These are at solar metallicity.
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Figure 2.25: Again the same, this time using stellar density ρ?. We see an enormous variation
and sharp slopes towards the lower masses, not so practical for interpolation. These are at solar
metallicity.
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Figure 2.26: Modified HR diagram showing the relevant parts of the Geneva stellar tracks as a
function of ρ−1/3

? . Because of our detection limits at the moment we effectively have a range from
0.5 to 1.5 in ρ−1/3

? . These are at solar metallicity.
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Figure 2.27: Only the main sequence between 0.5 and 1.5 M� for solar metallicity (grey), half solar
metallicity (lighter grey) and twice solar metallicity (darker grey)
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Interpolating within the stellar tracks become degenerate once stars evolve to from H-core
burning to H-shell burning due to a kink in the tracks (see figure 2.23 and 2.26). Another assump-
tion is that we only find hot Jupiters around main-sequence stars. The chance to catch a star in the
region between H-core burning and H-shell burning is negligible. Once in H-shell burning, a star
has a relatively fast increasing radius making it much harder to detect a transit in front of them
(but being brighter those objects will be over-represented in a magnitude limited survey such as
WASP). Only a handful of object may have been detected around stars in the Hertzprung gap. We
thus restrict ourselves between the Zero Age Main Sequence and the end of H-core burning at the
moment. Work is on progress to include tracks so that evolved objects be studied too.

Instead of using the stellar density ρ?, (ρ?/ρ�)−1/3 was used instead. (ρ?/ρ�)−1/3 is linked to
Rp/a one of the major parameters extracted from a lightcurve. The main reason is computational:
it was easier to use as the range over which (ρ?/ρ�)−1/3 varies for the majority of star around
which we can detect hot Jupiters is less extended than for ρ?. The Main Sequence has also a shal-
lower slope, making the simple interpolation that I conduct to supplement the good one, more
accurate and faster. The choice of (ρ?/ρ�)−1/3, or other parameters linked to that value is not set-
tled yet.

The principle on which the inclusion in the MCMC is simple: the tracks have a regular mesh
at constant evolutionary stages produced from a complex interpolation between calculated tracks
(see Mowlavi et al. in prep), notably using equivalent evolutionary points. An additional inter-
polation is conducted along the tracks along (ρ?/ρ�)−1/3 so as to obtain a very fine grid. Those
numbers are transformed into integers, corresponding to indices in a large matrix.

The stellar density is estimated from the jump parameters using in the MCMC (see section
2.2.2), and made to correspond to one particular index. A random value for Teff and [Fe/H] is
drawn assuming Gaussianity and using the values and error bars from spectral analysis. [Fe/H]
is transformed into Z?. The tracks are read at the right (density) index, between the two nearest Teff

for the two nearest Z? (each of those four points bears a certain stellar mass at a certain age). Then
the real position in (Teff , Z?) is triangulated. The mass and the age are estimated similarly. If the
proposed ((ρ?/ρ�)−1/3, Teff , Z?) falls outside the tracks’ range (below the main sequence), the step
is not accepted and a new set of parameters is drawn. This insures we only keep "physically possi-
ble" stars. In that line, I have to point that currently, each step for which an age > 12 Gyr is found,
is rejected as the likelihood to find them is small, especially if the proposed step ((ρ?/ρ�)−1/3, Teff ,
Z?) is not metal poor. A prior on metal enrichment could replace this ad hoc barrier.

Because the models can also disagree between each others (Southworth 2009), the stellar mass
distribution is convolved, at each step, with an additional random error which final value remains
to be determined. The method just described is only computationally intensive at the beginning.
One could think of adding tracks from several groups within the MCMC and derive parameters
from the best compromise.

In short, they are not directly affecting χ2 as one is never estimated: there is no better or worse
stellar track to be on. χ2 will nevertheless be affected if the distribution, as shown on figure 2.28
goes beyond what the stellar models describe. This will mostly affect object for which we have a
poor determination of ρ?, the models will give a prior restricting parameter space and help pro-
duce only physically realistic values. For star with great precision in ((ρ?/ρ�)−1/3, Teff , [Fe/H]),
the tracks provide a direct estimate for stellar mass, taking in account the true probability distri-
bution and departures from Gaussian distribution.
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Figure 2.28: WASP-8: Out-
put from the MCMC and
stellar evolution tracks in
((ρ?/ρ�)−1/3, Teff , Z) space
for the most likely value
of Z? = 0.018. Bold
tracks are every 0.05 M�.
1, 2 and 3 σ confidence
intervals are shown. We
see that the distribution is
truncated because of the
proximity of the Zero Age
Main Sequence.
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Figure 2.29: WASP-8: Out-
put from the MCMC and
stellar evolution tracks in
((ρ?/ρ�)−1/3, Teff , Z) space
for the most likely value of
M? = 0.99M�. Bold tracks
show solar metallicity and
twice solar metallicity. 1,
2 and 3 σ confidence inter-
vals are shown.
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Figure 2.30: WASP-8: His-
togram of the marginalised
probability density func-
tion for the stellar mass as
estimated by the MCMC
interpolating in the stellar
tracks. The plain curve
is the Gaussian with mean
and variance estimated in
the paper. That value
was an estimate based on
a Gaussian density result
from an earlier chain, in-
terpolated in the Girardi
tracks. The cut due to the
Zero Age Main Sequence
biases our result towards
lower stellar masses.
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Figure 2.31: WASP-8: His-
togram of the marginalised
probability density func-
tion for the stellar age as
estimated by the MCMC
interpolating in the stellar
tracks .
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Figure 2.32: WASP-8: His-
togram of the marginalised
probability density func-
tion for the stellar effective
temperature as estimated
by the MCMC interpolat-
ing in the stellar tracks. The
plain curve is the Gaussian
with mean and variance es-
timated via spectral analy-
sis in the paper.
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Figure 2.33: WASP-8: His-
togram of the marginalised
probability density func-
tion for the stellar metal-
licity as estimated by the
MCMC interpolating in the
stellar tracks. The plain
curve is the Gaussian with
mean and variance esti-
mated via spectral analysis
in the paper.
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Figure 2.34: WASP-8: His-
togram of the marginalised
probability density func-
tion for the stellar den-
sity as estimated by the
MCMC while interpolating
in the stellar tracks. The
plain curve is a Gaussian
model with mean and vari-
ance estimated from the
distribution.

2.6.2 Case study on WASP-8 & WASP-23

In the case of WASP-8, the transit and the Rossiter-McLaughlin effect constrain ρ? sufficiently
well that its distribution is close to Gaussian (see figure 2.34). This means that the mass deter-
mination is also close to what other methods would derive by more traditional means, using an
assumed Gaussian distribution for ρ? (figure 2.30). The values of [Fe/H] and Teff obtained from
spectral line analyses place the star in the middle of the main sequence and are small enough not
to be affected much by its edges. We can place an age (figure 2.31), albeit low precision on it, of
about 5 Gyr.

Because the final ρ? probability distribution function is symmetrical figures 2.28 & 2.29, to ob-
tain a better estimate on M? one has therefore to improve mostly its precision in Teff and [Fe/H]
as the tracks are almost vertical. Increasing the precision in photometry will make the ρ−1/3

? distri-
bution narrower, which will mostly refine the age of the star.

In the case of WASP-23, the transit does not well constrain the impact parameter, and this af-
fects the distribution in ρ? which is far from Gaussian (figure 2.41). Thus, it was a hard distribution
to interpolate into the Girardi tracks when the analysis for the paper was done, and this led to a
rather wide estimate for the mass as M? = 0.79 ± 0.13M�. The same graphs as for WASP-8 are
given. One can see the mass is better determined now, with the interpolation in the MCMC of the
tracks givingM? = 0.84±0.04M�. An approximate Gaussian distribution is also given and shows
an improvement of a factor three in precision! The age distribution peaks around 8.5 Gyr, showing
the star is probably quite old. The temperature distribution is well reproduced, the [Fe/H] comes
out thinner from the MCMC than when it entered it.

Checks were done on the well observed and studied planet hosting stars, HD 17156, HD 189733

99



2.6. Adding Stellar Isochrones

Figure 2.35: WASP-23:
Output from the MCMC
and stellar evolution tracks
in ((ρ?/ρ�)−1/3, Teff , Z)
space for the most likely
value of Z? = 0.012. Bold
tracks are every 0.05 M�.
1, 2 and 3 σ confidence
intervals are shown.
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Figure 2.36: WASP-23:
Output from the MCMC
and stellar evolution tracks
in ((ρ?/ρ�)−1/3, Teff , Z)
space for the most likely
value of M? = 0.84M�.
Bold tracks show half
solar metallicity, solar
metallicity and twice solar
metallicity. 1, 2 and 3 σ
confidence intervals are
shown.
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Figure 2.37: WASP-23: His-
togram of the marginalised
probability density func-
tion for the stellar mass as
estimated by the MCMC
interpolating in the stellar
tracks. The plain curve
is the Gaussian with mean
and variance estimated in
the paper. That value
was an estimate based on
a Gaussian density result
from an earlier chain, in-
terpolated in the Girardi
tracks. The dotted curve
is a Gaussian with ap-
proximate mean and vari-
ance as the histogram, for
comparison.
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Figure 2.38: WASP-23: His-
togram of the marginalised
probability density func-
tion for the stellar age as
estimated by the MCMC
interpolating in the stellar
tracks .
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Figure 2.39: WASP-23: His-
togram of the marginalised
probability density func-
tion for the stellar effective
temperature as estimated
by the MCMC interpolat-
ing in the stellar tracks. The
plain curve is the Gaussian
with mean and variance es-
timated via spectral analy-
sis in the paper.
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Figure 2.40: WASP-23: His-
togram of the marginalised
probability density func-
tion for the stellar metal-
licity as estimated by the
MCMC interpolating in the
stellar tracks. The plain
curve is the Gaussian with
mean and variance esti-
mated via spectral analysis
in the paper.
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Figure 2.41: WASP-23: His-
togram of the marginalised
probability density func-
tion for the stellar den-
sity as estimated by the
MCMC while interpolating
in the stellar tracks. The
plain curve is a Gaussian
model with mean and vari-
ance approximated from
the distribution.

and WASP-4. Each has exquisite lightcurves, giving good estimates for ρ?. HD 17156 also has as-
teroseismologic measurements. From the values in the literature, and placing them in the tracks,
the mass estimates were close to those using other models. A full analysis is needed on these ob-
jects and should constitute a forthcoming work.

High precision in ρ?, combined with a high precision in the determination of stellar parameters
like Teff and [Fe/H] can give us a tool to measure the age of stars for singleton. This is of interest as
one could then plot ρp against age, or β against age and see if any relation appears. High precision
unfortunately does not necessarily mean high accuracy.

In the case of measuring ρ?, a varying stellar spot coverage, even out of the transit chord will
affect ∆F from which ρ? is determined. A variation in transit depth should warn us and one can
imagine always taking the deepest transits as a better indication of the true ratio of radii. Worse
cases would be for stars with constant spot coverage at latitudes never crossed by the planet. We
would thus stay oblivious to their presence and obtain a systematically wrong ρ? (this of course
would also mean all other parameters, for the star and the planet are also wrong).
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Figure 2.42: Transit planet host stars in the HR diagram. Diamonds: RV surveys. Open triangles:
CoRoT; open inverted triangles: Kepler, blue squares: Hat; red discs: WASP. WASP tend to find
planets on smaller star than HAT. Tracks have solar metallicities. Most objects appearing above
the Main Sequence are around more metal rich stars. Higher metallicities would move the tracks
sideways to the right.
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Chapter 3
Discovering Transiting Extrasolar Planets

We have thus far learned much about how to analyse the signal caused by a transiting planets
with the trove of information that can be extracted. Because Astronomy is a science where the
experiment is impossible, in order to guess at physical processes and their evolution, it is necessary
to gather data from as many objects as possible and check if theoretical predictions hold.

This chapter will focus on how to find a great number of transiting planets that are relatively
easy to follow-up and characterise to learn about the physics of these other worlds.

Shortly after my arrival in Genève I was placed in charge of the confirmation of WASP planet
candidates. This work has been an exciting one and still, after dozens of planets found, it is still a
pleasure to discover a new one. It also taught me a great lesson: being at the source of the data is
of utmost importance as then one can choose what to focus on and still work on many other topics
in collaboration with others.

3.1 The WASP Survey

The WASP survey (Wide Angle Search for Planets) is a consortium of British Universities,
among them, Queen’s University Belfast, the University of St Andrews, of Leicester, of Keele and
the Open University (Pollacco et al. 2006). The consortium built two instruments, SuperWASP-
North and SuperWASP-South, located at La Palma, Canary Islands, and in Sutherland in South
Africa. It is the only survey operating in both hemispheres (a contender, the HAT network (Bakos
et al. 2004) has installed a few telescopes1).

Both WASP sites have the same set-up: eight 11.1 cm refractive telescopes2 on one mount. Each
has a 2048 x 2048 pixel CCD with a field of view of 7.8◦ x 7.8◦. Observations are done using a broad
band filter with a defined passband from 400 to 700 nm.

Both sites operate in the same manner. Seven to eight fields at one hour in right ascension are
selected and followed during the night. Every hour when one field sets it is dropped and another
picked-up. No new field is observed that is not observable for at least four hours. The instruments
return to the same field every 8 minutes. SuperWASP-North has been operating since 2004. The
South started in 2006. 30 237 250 individual stars from 7 126 480 images have been observed over
most of the sky with only the poles and the galactic plane left out, this over 1654 individual nights3.

1rumors about their first southern planet have reached my hears, but still nothing on astro-ph.
2Canon zoom lenses
3numbers given by Pierre Maxted and estimated at mid May 2011
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3.1. The WASP Survey

Figure 3.1: Photo showing the SuperWASP in-
strument, its robototic mount supports eight
11.1 cm refractive telescopes. We also see the roof
which automatically opens and closes. Photo
courtesy www.superwasp.org.

The data needs to come back to the UK
and is stored at Leicester4. The frames
are treated following a traditional approach
of flat fielding and debiasing. The stellar
fields are recognised and aperture photome-
try done on all stars but typically between
V magnitude 9 and 13. The Hunter algo-
rithm (Cameron et al. 2006) is used to search
transit signals on a range of periods between
0.5 and 10 days. Periodograms are produced
with estimates of transit depth, width and
impact parameter. Stellar masses are esti-
mated from all sky survey colours indices;
possible stellar and planetary radii are com-
puted.

Then comes a process of verifying by eye
each candidate’s lightcurve. The smallest pho-
tometric aperture used by SuperWASP is quite
large (∼ 34”) and the light from nearby stars
can fall in, altering the photometry on the de-
sired target. Some tools have been devised to
help spot those cases. The transits’ shapes are
also verified and their occurence. A planetary
transit is expected to have a fairly flat bottom.
Candidates are classified in terms of the qual-
ity of the lightcurve, the robustness of their pe-
riod and the lack of nearby sources of contam-
ination. The position of the star in a colour
proper-motion diagram also helps diagnose gi-
ants, very likely to be false positives5. From experience, a minimum of five complete transits are
needed before a candidate can be reliably detected from the archive. This places quite strong con-
straints on the detection of objects with period longer than 10 days, as the number of transits in
one season is not enough (not counting in weather, technical difficulties and Moon brightness) for
immediate detection. One would need to observe several seasons. The selection process is de-
scribed in Cameron et al. (2007a) and the impact of correlated noise in Smith et al. (2006).

Once vetted, the candidates are placed in a list. The confirmation and follow-up can now
start. A total of 689 candidates6 have been sent to Genève for confirmation using the spectrograph
CORALIE, mounted on the Euler 1.2 m Swiss Telescope, at La Silla, Chile.

Information between WASP and Genève is organised around a website nicknamed The Hunter
page. Though this site one can access the candidate lists produced by the entire consortium (3.3).
Each of the candidates has its own page, automatically created and containing all relevant infor-
mation. The photometry is present, per field, per season, per reduction or combined. Each of

4a public archive is now reacheable at the following address: http://www.wasp.le.ac.uk/public/
5as giants have larger radii than the orbital periods that we seek
6numbers until mid spring 2011, since we have received more
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Figure 3.2: All sky images from WASP. top location of individually detected objects. bottom number
of data points per individual source. Courtesy Pierre Maxted.
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3.2. Using Euler to Confirm Transiting Hot Jupiters

these has a periodogram and folded lightcurve on the most likely period. Other periods can be
accessed easily (figure 3.4). Finding charts are available and show the proximity of other stars and
likely sources of contamination (figure 3.5). One can also do its own periodogram choosing which
datasets and which period range, as well as bin the data to help visual confirmation of the tran-
sit and checking the presence ellipsoidal variation or occultations, indicative of eclipsing binaries.
First estimates of physical parameters such as the stellar mass, stellar radius, and planet radius are
available. One can check easily at which orbital phase a planet is at any moment with predictions
of coming transits.

Not least in the interesting features is a comment box where people can leave their impression
about the data, the observations they conducted, what is in need to do next and flags, for observing
but also for classifying false positives. Files can be uploaded for other colleagues to download
or check the presented evidence. The photometric data can be downloaded from the website;
Ephemeris can be updated. All in all, the Hunter page is a great communication and data sharing
tool for our collaboration spanning many people in several institutions. It also means that when
observations are conducted, all relevant information is readily available.

3.2 Using Euler to Confirm Transiting Hot Jupiters

Figure 3.8: Photo showing the 1.2 m Euler Tele-
scope, at La Silla, Chile. The échelle spectrograph
CORALIE is connected at the Nasmyth focus via
optical fibre. An imager is located at the sec-
ondary focus. Photo courtesy www.eso.org.

In the last few years, about half the time
given to the exoplanet’s group on the Euler
telescope has been dedicated to the confir-
mation of WASP planet candidates. This in-
cludes follow-up photometry as much as spec-
troscopic follow-up. I am mostly involved with
the latter.

CORALIE is a high resolution fibre-bed
échelle spectrograph, mounted on the Euler
telescope as soon as the telescope was built,
in 1998. Since it has surveyed a sample of
stars limited in volume for periodic radial ve-
locity shifts, indicative of a perturbing body
and found about 50 planets on a variety of or-
bits (cf. forthcoming PhD thesis by Maxime
Marmier). In 2007, the instrument received a
major upgrade which saw its throughput in-
creased by a factor six while keeping the much
sought after stability, precision and accuracy.
This upgrade allowed to observe fainter targets
and reach about 25 m s−1 in a 30 minute expo-
sure on a quiet V = 13 star while achieving
regularly below 5 m s−1 on the brighter targets.
Without this upgrade, the work on the WASP
follow-up would not have been near as suc-
cessful as it became. Details of the operations
can be found in the discovery paper for the
first CORALIE/WASP planet: WASP-4 (Wil-
son et al. 2008).
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Figure 3.3: Page for the CORALIE List 31. We notably see links towards each of the individual
planet candidates and the current observing flag. We are usually only provided A-class candidates.
Sometimes some are downgraded to B, after further scrutiny, or additional data. RAF stands for
Rejected After Follow-up, EB for Eclipsing Binary, EBLM for Eclipsing Binary of Low Mass, Blend,
for false positive due to a nearby EB or EBLM, P for planets
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Figure 3.4: Candidate page for an object that was confirmed as a planet by CORALIE. Links on
top right lead to similar pages the difference being the data reduction or individual cameras and
observing seasons or combinations of. Each gives a different periodogram with a different phase
folded lightcurve. Most interesting links are Nearby SW objects?, Transit Scheduler and RPM(new).
At the bottom we see the comments’ and observing flags’ section, with the possibility to upload
files.
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Figure 3.5: By clicking on the link Nearby SW objects?, on the top of the page shown on figure 3.4,
we obtain a small finding chart with showing the three beams used by WASP to conduct aperture
photometry. This is star is alone in the field. In the case where other stars are detected, we get,
in the list above the chart, the possibility to check the photometry on nearby stars folded on best
period and see if the transit is deeper or fainter. Deeper meaning usually that that other star is
the transited and we have a blend scenario. The number of additional sources within the different
beams also prompts the need for an On/Off to check which star has a transit.
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Figure 3.6: Following the link Transit Scheduler on figure 3.4 we have a way to compare the transit
time predictions given by the five most important peaks detected in the periodogram. One can
also input its own information and updated ephemeris.
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Figure 3.7: Proper Motion-Colour dia-
gram for the candidate shown in fig-
ure 3.4. It is well inside the main se-
quence. (in magenta: the main sequence;
in cyan: the giant branch. Compiled by
Pierre Maxted and Heather Cegla from
the RAVE survey (Steinmetz et al. 2006))

The inner workings of CORALIE are similar to other instruments such as ELODIE and HARPS,
which are described in several thesis and papers realised at Genève, amongst those I can point to
Didier Queloz’s, Claudio Melo’s, Dominique Naef’s and Christophe Lovis’s theses, as well as to
Baranne et al. (1996). In short the stellar light comes through the fiber and is dispersed. The spec-
trum is cut by the échelle into several orders which are all illuminated onto one CCD. On a parallel
fiber, a Thorium-Argon lamp’s spectrum is obtained and through the same optical path as the stel-
lar spectrum, is shone on the same CCD, in between the different stellar orders. The position of the
Th-Ar emission lines is known to a high degree of precision (Lovis & Pepe 2007). They are used
to calibrate the instrument insuring a constant zero point in time. CORALIE has systematic error
bars and a long term stability < 6 m s−1.

An optimised binary7 mask (or template) with holes at the location of expected stellar absorp-
tion cross correlates the stellar spectrum and recreates a function (the CCF) that we can see as the
mean absorption line, which shape is close to a Gaussian (Pepe et al. 2002). A Gaussian is adjusted
to it and its mean gives the radial velocity, by comparison with the Th-Ar lamp. The height of the
CCF is called contrast. The full width at half maximum (FWHM) of the Gaussian is a convolution
between the instrument’s resolving power, the atmospheric broadening of the photosphere and
the rotational broadening caused by the rotation of the star. The profile stays close to Gaussian
up to FWHM 20 km s−1, after which the shape approaches a rotation profile. The reduction of
the data into precise radial velocity measurement is done as soon as the exposure is finished. This
quick and automated process (called DRS, for Data Reduction Software) has proven to be impor-
tant in our rejection of false positives (see next section). As they can be identified right away, we
suffered no loss of time. Two masks were used: one matching the expected stellar spectrum of a
K5V star and one matching a G2V.

When a list is published on the Hunter page, I check every candidate WASP is proposing and in-
sert all relevant information in a spreadsheet8 which will help observers confirm planets with high
efficiency. Those candidates that have a nearby source of contamination are flagged for On/Off, a
few photometric observations during transit and out of transit to check on which star and what
depth the transit really is. Likely orbital periods and ephemeris are entered into the spreadsheet.
The phase at every hour of the night is calculated guiding to the observer to acquire data at the

7not a binary star, but binary as in 1s and 0s
8the famous spreadsheet, loved by so many observers!
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Most candidates can be explained by phenomena others than planets
Planet transit: a depth of 1 to 2% in stellar flux

?!

PLANET M DWARF

GRAZING BINARIES
BACKGROUND BINARIES

FALSE POSITIVES

50+ PLANETS, 1 BROWN DWARF   AND 50+ MDSORTING STUFF

Figure 3.9: Diagram showing a few scenarios through which a 1 to 2 % periodic drop in flux can
be observed. Most are astrophysical false positives, while some can be instrumental.

orbital phases where confirmation is fastest. Internet communication proved extremely useful as
the acquired data could be repatriated to Genève at the end of the night where I could compared
it with previous observations and send back updated instructions to the observer before the start
of the night. This allowed to keep a fast pace of false positive rejection and planet confirmation.

When dealing with detecting weak signals on faint stars, one is sensitive to all sorts of noise
sources. One of the major sources of that noise is the reflected sunlight on the Moon which imprints
a second spectrum on the CCD and creates a second peak in the CCF. Other teams place a fibre
on the sky to estimate the Moon contamination and remove it from their data. More or less free
of scheduling constraints, we tackled the problem altogether differently: we only observe in dark
time and when our stars are more than 90◦ from the Moon.

3.3 From a Candidate to a Confirmed Planet

Many objects can mimic the signal caused by a planet. Amongst others, a grazing eclipsing
binary, or a diluted eclipsing binary (either a background object, or physically linked to a third
star) can show depth of order of 1%. Usually their shape is recognisable as a being triangular in-
stead of being box like. The low photometric precision of WASP does not always allow for such
a distinction. Another traditional source of false positives are low mass eclipsing binaries, where
the transiter is a M dwarf of size roughly similar to that of a planet (1 to 2 RJup). Although many
authors consider them as such, here, those are not here considered as false positives but more as
other object of interest: they were followed up and provide a unique comparison sample for our
planet survey (see section 3.6). For a review of what type of objects can resemble a planetary tran-
sit please refer to Brown (2003) and Torres et al. (2011). The aim of this section is to show the
process of verification and confirmation of candidates produced by WASP. The results from this
verification process are given later, in table 3.1.
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Figure 3.10: This WASP candi-
date had two bright star within
the smallest aperture and seven
altogether within the largest
aperture. Michaël Gillon used
the 70 cm TRAPPIST robotic tele-
scope to observe in transit (On)
and out of transit (Off ) and de-
termine which of the star was be-
ing transited. In this case a faint
nearby star shows a 20 % depth
eclipse. Not a planet. Plot &
analysis by Michaël Gillon.

Observations usually starts with spectroscopy with the observer’s first job is to first acquire a
couple of spectra using CORALIE at φ = 0.25 and φ = 0.75 location of the expected quadrature
points of the Doppler motion. If no variation is observed, another alternative period from the
Hunter page can be tried. If that fails too, an On/Off is asked to check if the transit really exists.

3.3.1 On/Off photometry

The On/Off is usually done by Michaël Gillon (now also by Monika Lendl), first using the
Euler telescope, then also his 70 cm robotic telescope called TRAPPIST and located in La Silla,
Chile9 (Gillon et al. 2011). The aim is to obtain a quick photometric timeseries in (On) and out
(Off ) of transit to check the reality of the signal announced by WASP while saving telescope time.
This is also done for distinguishing a candidate within a crowded stellar field, or for verifying an
ephemeris when several possible options are provided.

To produce transit lightcurves such as those presented in this document, one needs notably to
correct for the airmass of the star, which light will cross different atmospheric width with time. On
a long timeseries this is an obvious effect which is easily corrected. It is harder for short timeseries.
If one observes the On and the Off at the same airmass, the problem is evaded. This is certainly
enough to distinguish which star in a crowded field is the transited, and certainly if that transit is
larger than that expected for a planet (see figure 3.10).

It is also possible to obtain measurements on two nights, one with an On and an Off, and one
with two Off s. This allows to correct better for atmospheric variation and allows a confirmation
of when a transit is, and update its ephemeris. This has been used to disentangle periods which
the Hunter algorithm had had wrong because only few transits were detected, or because it locked
onto an alias of the period. The On/Off can also be used to attempt the detection of an occultation
at φ = 0.5, invisible for WASP but a sure sign of a eclipsing binary when observing in the visible
at our precision. On/Off sequences at different wavelengths can also distinguish between a planet
transiting a star, or a star eclipsing another.

9this is a project jointly run with his colleague Emmanuel Jehin from the Université de Liège, and Genève
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3.3. From a Candidate to a Confirmed Planet

Typically those sequences last about 10 minutes. An On/Off thus last between 25 and 50 min-
utes of telescope time. Thanks to large availability of time that TRAPPIST enjoys, recently Michaël
has taken full transits, confirming the shape of the signal and allowing us to exclude blending
scenarios in triple systems more easily.

A lack of radial velocity variation and a negative result from On/Off point to a true false posi-
tive - different from astrophysical false positives - where the signal in WASP is artificially caused
by the instrument, the data reduction or period searching algorithms.

3.3.2 Checking the spectrum

After the first spectrum has been obtained (and often before the second is) a number of diag-
nostics can be carried out, triggering different responses:

is it a binary?

In the regular radial velocity survey that CORALIE is used for, the targets have been selected
in a certain volume of space as single peak and slow rotators. The stars we observe with WASP are
generally unstudied; we get all kind of things. It is the observer’s job to run the automated cross
correlation on a larger window (typically ± 200 km s−1 instead of the traditional ± 30 km s−1) to
search for a second peak in the CCF indicative of a double line binary (SB2). Having two peaks
reduces seriously the probability for the candidate to be planetary. The first argument is that there
are two stars so the effective transit depth should be larger. Other arguments come as follow:

If both peaks are several 10s of km s−1 apart there is a good chance both objects orbit around
each others on a short period. One would expect two stars on a short orbit to be synchronised
therefore having large FWHM, if both peaks are thin (<15 km s−1), another spectrum is obtained
at a later date to verify if any of the peaks has moved. If a planet was around one of them, we
should not expect one to move by more than the expected planetary signal. If both peaks are wide,
no more observations are conducted and the candidate is flagged as an eclipsing binary.

If both peaks are thin and blended, or not too far away from each others, it indicates that their
orbital period is probably long and a planet may exist around one of the components. Another
spectrum is therefore taken. If one of both is a fast rotator, it is assumed something make it rotate
fast; the candidate is flagged as an eclipsing binary, although the lack of a third spectrum may
indicate this is in fact a low mass eclipsing binary. A number of cases are represented in figures
3.11 to 3.15.

So far all SB2s have been rejected. If three or more (not happened yet) peaks are observed, the
candidate is immediately rejected and flagged as eclipsing binary.

If no SB2 is detected and after the observer has acquired a second spectrum we can quickly
see if there are variations in the radial velocity. If those variations are of order 10 to 100 km s−1,
the candidate is flagged a likely low mass eclipsing binary, an astrophysical false positive, but also
interesting in their own right. Subsequent lower precision spectra have been acquired on a number
of objects to check their period and their orbital parameters.

maybe a giant?

After observing the first spectrum and if the contrast of the CCF is close or exceeds 50%, the
object we observe is a cold slow rotating star, quite typical of giants (see Didier Queloz’s thesis).
If the candidate’s position in the colour magnitude diagram is also close to the giants’ branch,
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Figure 3.11: Cross Correlation func-
tion and Gaussian fit as outputed
from the Coralie Data Reduction
Software. Here the very clear case of
a triple line binary (SB3). The tran-
sit can be caused by a paire of either
peak, or due to a fourth undetected
companion.

Figure 3.12: CCF and Gaussian fit
as outputed from the DRS Here the
case of a blended double line binary
(SB2). We observe an assymetry on
left hand side of the CCF, indicat-
ing a second component. This is a
fairly long period binary (∼100 day
period). The transit WASP detected
can be on either companion, or on an-
other unseen component but is prob-
ably on the secondary which is seen
emerging.

Figure 3.13: CCF and Gaussian fit
as outputed from the DRS. Here the
case of a blended double line binary
(SB2). A second peak is clearly re-
solved. The deeper CCF (the pri-
mary) is seen moving from another
epoch by several km s−1. This sys-
tem is probably an fairly short period
binary ( 20 day period). The transit
WASP detected is most probably on
the primary.
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3.3. From a Candidate to a Confirmed Planet

Figure 3.14: CCF and Gaussian fit as
outputed from the DRS. Here the case
of a triple line binary (SB3). Around
the main peak, we can see two much
shallower peaks moving. On the top
picture the deeper of the two in on
the left at ∼ 40 km s−1 while on the
bottom picture we see it around −60
km s−1. Those two are very likely re-
sponsible for the transit signal, and
could well be in orbit around the
primary.

Figure 3.15: CCF and Gaussian fit as
outputed from the DRS. Here the case
of the same triple line binary (SB3) as
above. Now the deeper of the two
shallow peaks in on the left of the
main one at ∼ −60 km s−1 instead
of 40 km s−1 above. Those two are
very likely responsible for the tran-
sit signal, and are in orbit around the
primary.

the spectrum is sent to Barry Smalley who performing a spectral analysis determines at which
evolutionary stage it is. If a dwarf, observations are resumed.

It can also happen that we have variations in RV which do not phase with the photometry. If
many solar type stars have stellar activity able to produce such variations, so do giants. In that
case the spectra are sent and analysed.

fast rotators...

Alternatively, the DRS might return what appears like a straight line. A correlation on a larger
window might show that instead of the usual 8 to 9 km s−1 expected usually for the FWHM,
this object has a 30, 50, 150 km s−1 wide CCF: a hot, fast rotating star. If they are SB1s, there are
re-observed. If the peak does not move more than 10 km s−1, it is re-observed and placed for
photometric follow-up. Then, one can use the same technique as used for the discovery and con-
firmation of WASP-33 b (Cameron et al. 2010b) where Doppler imaging during transit confirmed
the presence of a transiting body around that star (on a retrograde orbit), and placed upper limits
to the transiter’s mass. A couple of such candidates remain, but no firm detection has happened
yet with CORALIE using this technique.
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Figure 3.16: CCF and Gaussian fit as
outputed from the Coralie DRS online
at the telescope, without blaze correc-
tion. We barely see the peak in the
ccf, and the software could not adjust
a solution to it.

Figure 3.17: Same as above but
zoomed in.

Figure 3.18: same as above but with
blaze correction. A Gaussian model
is adjusted and an estimate of the ra-
dial velocity can be made. Because
the CCF is no longer approximated by
Gaussian at this width and because of
the low depth of it, we suffer system-
atics effect of order 1 km/s. Enough
for characterising low mass eclipsing
binaries if present and if not: enough
precision to detect reliably that there
is no motion making a planet still a
valid solution. In this case more spec-
tra are taken, and a series during tran-
sit to attempt detecting it using the
Doppler shadow method.
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3.3. From a Candidate to a Confirmed Planet

Prior to the WASP program starting on CORALIE, the DRS was not correcting for the blaze
function of the spectrograph. This was not an issue for the CORALIE RV survey because using
small correlation windows for slow rotators, it was unnoticeable. Because some of our target are
faster rotators or hotter stars than the targets selected for the CORALIE RV survey, we needed to
increase the size of the correlation window by about an order of magnitude, making a clear slope
appear. Correcting for the blaze allowed the extracting of radial velocities on fast rotators (see
figure 3.16 to 3.18).

3.3.3 No variations, or another period

We have cases where the star is single peaked and shows no variation in radial velocity. On/Off
shows the transit is on target and confirms the period. We reobserve, still see nothing. Increase
exposure time and still see nothing. This is very likely at least a binary star (gravitationally linked
or not). The transiter could be a planet, or a third star, orbiting around the secondary that we do
not resolve. Not resolving it in the spectrum means it is either a cold star, or that it rotates fast
and the width and shallow depth of the second CCF peak went unnoticed (or both). Those are
classified as false positives.

Alternatively we could start observing a slope in the RV, with time, or a quadratic motion, this
confirms that we are very likely in the case of a binary system whose secondary is being eclipsed.
A few points now and then can help confirm the outer period. Similarly to the previous case, we
won’t be able to confirm if it is a planet or not and thus those are progressively dropped.

3.3.4 Bissector, FWHM & mask variations

Imagine now that we have observed a single line star, at φ = 0.25 and φ = 0.75 and obtain a
variation compatible with that expected for a planet with the period that WASP has given. We need
to do the same checks than those that are done for discovering planets with the Doppler method:
check if the variation in radial velocity can be explained by another physical phenomenon.

A true Gaussian would have a vertical bissector. The motion of a planet around a stars causes
a translation of the line and thus a translation of the bissector with time. Its slope does not change.
If the radial velocity measured by the DRS is due to a misfit of the Gaussian on a CCF which shape
is changing, this will appear as a change in the slope of the bissector. The estimate we use is the
bissector-span, the difference in the slope at the top of the bissector with the the slope at its bottom.
Queloz et al. (2001) show the definition of the span of the bissector, as a measure of the line’s shape.

The bissector span will be anti-correlated to the radial velocities if those are caused by presence
of stellar spots (Queloz et al. 2001). We are quite immune to such a a configuration: we decided
to observe that particular star because it presented a periodic transit-like signal. The photometric
signal caused by activity is very different10. This bissector diagnosis only becomes important to
understand the residuals from fitting a Keplerian. If those are anti-correlated with the bissector,
they are likely caused by stellar activity.

What we are quite likely to see is a correlation between the bissector span and the radial ve-
locity, as described in Santos et al. (2002). This is caused by the motion of a second peak over the
primary peak in a blended SB2 scenario. This secondary can be within the primary peak: reason
why we have not noticed it earlier, or can be very wide and shallow and thus has been unnoticed

10Actually observing a weak slope could be indicative of stellar activity induced by the planet
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too. Both cases occurred in our survey. Another way to check this is to plot the FWHM with radial
velocity and see if a structure there also appears. Santos et al. (2002), modelling the line concluded
that the radial velocity signal they observed was caused by a brown dwarf orbiting the secondary
component of a K+M binary.

There is a relative occurrence of this effect: this is because the stars we observe are not pres-
elected: we can have visual binaries too close for Euler to resolve, and thus the light of two stars
falling into the fibre, or the simple scenario of a background eclipsing binary whose systemic ve-
locity matches that of the foreground star11.

A final test can be conducted: cross correlating the spectra using both the G2 and K5 mask.
A planetary signal is achromatic while a signal caused by another star, or the parasite signal pro-
duced by stellar activity will have an RV amplitude changing with the mask used. Good examples
are provided in Santos et al. (2002) and Huélamo et al. (2008).

3.3.5 Doppler imaging for odd cases

Until now, those were fairly obvious cases, others, more treacherous, lurk in the darker recesses
of data and require great attention to be spotted. Some were close calls; hopefully no such false
positive has been published as a planet12.

A good example of what can happen is the case of WASP-9 which should become a paper
(Ségransan et al., in prep). Since, another similar system was spotted, showing their relative fre-
quency and our sensitivity to them. The Hunter page announced that we had a transit signal close
to a 2.00 day period. We observed in radial velocity and saw a variation. That variation was
not correlated to the bissector slope and was similar to that of a planet. At a later date we ob-
served a fast drop in the radial velocity caused by an object that we now know, has a period above
1 000 days and a minimum mass compatible with an M dwarf. We continued following it with
CORALIE while obtaining a Rossiter-McLaughlin effect with HARPS. Something odd appeared:
the Rossiter-McLaughlin effect did not have the same width as the photometric signal. A second
effect was observed and matched the first one completely. When using the HARPS data one could
start observing a correlation with the bissector and the FWHM. Photometric transits in several
band were observed, and we realised the orbit was 0.666 days. Transit depths appeared consistent
with each others. That change of orbital period meant we had never obtained radial velocity on
our target at the expected quadrature. Observing again the correlations became more evident: a
blend scenario.

To be sure the CCFs were sent to be analysed by Andrew Collier Cameron, who using Doppler
imaging techniques reached the conclusion that we have a hierarchical quadruple system com-
posed of a star which we see as the single peak in the CCF around which an M dwarf orbits, with
another pair of stars eclipsing each other. Of this second pair we can observe a very wide and shal-
low CCF that eluded me when looking at single CCFs but appeared clear after Andrew’s treatment
(check Hilditch (2001) for examples of that technique). Furthermore we could see the Doppler
shadow of the transiter clearly showing that it was not around the star creating the strongest peak
in the CCF (with a similar treatment to Cameron et al. (2010b)). A wicked case!

11unlikely, but we are biased to detect some
12I really dread this!
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3.4 Using the Tool for Discovery & Immediate Characterisation

The interest of having a MCMC ready is to use it as soon as data (magically) lands on your
desk. Now coming are a few example of planet discovery papers for which I had a prime role in
the analysis of the signal.

3.4.1 WASP-6 b

This paper marks quite an important step as it was one of my first, but above else, the first
planet to which I had a hand in discovering, analysing and characterising. It is one of many pa-
pers done in close collaboration with Michaël Gillon.

This star also carries a funny story: after two photometric transits observed 10 days apart with
Euler showed another feature. For one transit it was during during egress, on the second it was
before ingress. We immediately thought we had a second planet in the system, smaller (depth
was compatible with something round about a Neptune size). After a long search, in RV and
photometry we could not find it. The feature finally turned out to be instrumental and caused
by the meridian passage. That interlude gave the time to gather more data and produce a paper
which is quite complete showing good photometry (without those embarrassing features), radial
velocities on a few epochs and even a Rossiter-McLaughlin effect, the first published from the
HARPS program (chapter 4). This is becoming progressively the standard type of paper for planet
discovery.
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ABSTRACT

We report the discovery of WASP-6b, an inflated sub-Jupiter mass planet transiting every 3.3610060+0.0000022
−0.0000035 days a mildly metal-poor

solar-type star of magnitude V = 11.9. A combined analysis of the WASP photometry, high-precision followup transit photometry and
radial velocities yield a planetary mass Mp = 0.503+0.019

−0.038 MJ and radius Rp = 1.224+0.051
−0.052 RJ, resulting in a density ρp = 0.27 ± 0.05 ρJ.

The mass and radius for the host star are M∗ = 0.88+0.05
−0.08 M� and R∗ = 0.870+0.025

−0.036 R�. The non-zero orbital eccentricity e = 0.054+0.018
−0.015

that we measure suggests that the planet underwent a massive tidal heating ∼1 Gyr ago that could have contributed to its inflated
radius. High-precision radial velocities obtained during a transit allow us to measure a sky-projected angle between the stellar spin
and orbital axis β = 11+14

−18 deg. In addition to similar published measurements, this result favors a dominant migration mechanism
based on tidal interactions with a protoplanetary disk.

Key words. binaries: eclipsing – stars: individual: WASP-6 – planetary systems – techniques: photometric –
techniques: radial velocities – techniques: spectroscopic

1. Introduction

Transiting planets play an important role in our understanding
of the nature of the extrasolar planetary objects. They are the
only exoplanets for which an accurate measurement of the mass
and radius is available. The deduced density is a key parameter
to constrain theoretical models for the formation, evolution and
structure of planets (e.g. Fortney et al. 2007; Liu et al. 2008). For
the brightest transiting systems, a study of the atmospheric com-
position and physics is possible, even with existing instruments
like HS T or Spitzer (e.g. Charbonneau et al. 2008; Swain et al.
2008). The discovery rate of transiting planets has increased
recently thanks mainly to the efficiency of the CoRoT space-
based survey (Baglin et al. 2006) and of a handful of ground-
based wide-field surveys targeting rather bright stars (V < 13):
HATNet (Bakos et al. 2004), WASP (Pollaco et al. 2006), TrES
(O’Donovan et al. 2006), and XO (McCullough et al. 2005).

� Based on data collected with the HARPS spectrograph at ESO La
Silla Observatory in the programs 082.C-0040(E) and 082.C-0608.
�� The photometric time-series and radial velocities (Tables 4, 5) used
in this work are only available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/501/785

The ∼50 transiting planets known at the time of writing show
a broad range of mass and radius. Their masses go from 23 M⊕
for the hot Neptune GJ 436b (Butler et al. 2004; Gillon et al.
2007) to more than 10 MJ for XO-3 (Johns-Krull et al. 2008).
Many planets have a size in agreement with basic models of ir-
radiated planets (e.g. Burrows et al. 2007; Fortney et al. 2007),
some of them like HD 149026 b (Sato et al. 2005) appearing
to be very rich in heavy elements. Nevertheless, a few plan-
ets like HD 209458 b (Charbonneau et al. 2000; Henry et al.
2000) are “anomalously” large. Several hypothesis have been
proposed to explain this radius anomaly, most importantly tides
(Bodenheimer et al. 2001; Jackson et al. 2008b), tides with at-
mospheric circulation (Guillot & Showman 2002) and enhanced
opacities (Guillot et al. 2006; Burrows et al. 2007). The existence
of several correlations between parameters of transiting systems
has been proposed, for instance between the planet mass and the
orbital period (Mazeh et al. 2005; Gaudi et al. 2005) and between
the heavy-element content of the planet and the stellar metallic-
ity (Guillot et al. 2006; Burrows et al. 2007). The astrophysics
supporting these correlations has still to be fully understood.

It is highly desirable to detect and characterize thoroughly
many more bright short period transiting systems to improve
our understanding of the highly irradiated gaseous planets and
to constrain the structure and evolution models for these objects.

Article published by EDP Sciences
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Fig. 1. WASP photometry of WASP-6 phase-folded with the best-fit pe-
riod from the transit search algorithm presented in Collier Cameron
et al. (2006).

With its very high detection efficiency, the WASP transit survey
is making a large contribution to this goal. It is the only tran-
sit survey operating in both hemispheres: it uses an instrument
named WASP-North and located at La Palma to search for plan-
ets from the Northern hemisphere and a twin instrument named
WASP-South and located at Sutherland to do the same from the
Southern hemisphere. Each of these instruments covers a huge
field of view of 482 square degrees per pointing, allowing them
to search for transiting planets in a large portion of the sky. Due
to the brightness of the host stars, planets detected by WASP are
very good targets for high-precision followup observations. For
instance, it is possible to measure for most of them the align-
ment between the stellar rotation axis and the planetary orbital
axis via the observation of the Rossiter-McLaughlin effect (RM;
Queloz et al. 2000). The measured value for this spin-orbit angle
is a strong constraint for inward planetary migration models (see
Winn 2008, and references therein).

We report here the discovery and characterization of WASP-
6b, a new sub-Jupiter mass planet transiting a mildly metal-poor
solar-type star of magnitude V = 11.9. We present in Sect. 2 the
WASP discovery photometry plus high precision followup tran-
sit photometry and radial velocity measurements confirming the
planetary nature of WASP-6b and including the observation of a
spectroscopic transit. Section 3 presents the determination of the
host star parameters. Our determination of the system parame-
ters is presented in Sect. 4. These parameters are discussed in
Sect. 5.

2. Observations

2.1. WASP photometry

The host star 1SWASP J231237.75-224026.1 (=USNO-B1.0
0673-1077008= 2MASS 23123773-2240261; hereafter WASP-
6) was observed by WASP-South during the 2006 and 2007 ob-
serving seasons, covering the intervals 2006 May 07 to 2006
November 12 and 2007 July 05 to 2007 November 13 respec-
tively. The 9630 pipeline-processed photometric measurements
were de-trended and searched for transits using the methods de-
scribed in Collier Cameron et al. (2006). The selection process
(Collier Cameron et al. 2007) elected WASP-6 as a high priority
candidate presenting a periodic transit-like signature with a pe-
riod of 3.361 days. A total of 18 transits are observed in the data.
Figure 1 presents the WASP photometry folded with the best-fit
period.

2.2. High-S/N transit photometry

Followup transit photometry was obtained on 2007 October 13
using the 2048 × 2048 pixels camera HawkCam2 (Wilson et al.
2008; Anderson et al. 2008) on the 2.0-m Faulkes Telescope
South (FTS) at Siding Spring Observatory . The camera has
a scale of 0.135 arcsec/pixel and a field of view of ∼4.6 ×
4.6 arcmin2. We observed the target field using the SDSS i′ band
in the 2 × 2 bin mode to improve the duty cycle. We acquired
247 frames of 60 s exposure during the run. The telescope was
sufficiently defocussed to keep the stellar flux within the linear
range of the CCD. The images were bias subtracted and flat-field
corrected with a master bias and twilight flat field images using
IRAF1. DAOPHOT aperture photometry (Stetson 1987) was per-
formed around the target and comparison stars. We substracted
a linear fit from the differential magnitudes as a function of air-
mass to correct for the different colour dependance of the ex-
tinction for the target and comparison stars. The linear fit was
calculated from the out-of-transit (OOT) data and applied to all
the data. The corresponding fluxes were then normalized using
the OOT part of the photometry. We discarded the first 17 mea-
surements because they were obtained during twilight. Figure 2
shows the resulting lightcurve folded on the best-fit orbital pe-
riod and the residuals obtained after removing the best-fit transit
model (see Sect. 4). Their rms is 1.67 × 10−3. This can be com-
pared to 9.54 × 10−4, the mean theoretical error bar taking into
account photon, read-out, scintillation and background noises.

High precision transit observations of WASP-6 were also
carried out using the 1024 × 1024 pixels thermoelectrically
cooled frame transfer CCD camera RISE mounted on the 2-m
Liverpool Telescope (LT) in La Palma (Steele et al. 2008). The
camera has a scale of 0.55 arcsec/pixel and a total field of view
of ∼9.4 × 9.4 arcmin2. We observed the target field using a sin-
gle broad band V + R filter in the 2 × 2 bin mode. We acquired
4200 frames of 3 s exposure on the night of 2008 July 25 and
2880 frames of 5 s exposure on the night of 2008 August 11. The
telescope was, here too, defocussed. A similar reduction proce-
dure as for the FTS photometry was used. The resulting nor-
malized light curves of WASP-6 folded with the best-fit orbital
period are shown in Fig. 2. The rms of the residuals is respec-
tively 0.54% and 0.5% for the first and second run, while their
mean theoretical error bar are 0.51% and 0.40%.

As can be seen in Fig. 2, our three high-S/N transit photo-
metric time-series, and especially the FTS one, show a signifi-
cant level of correlated noise. We could not identify the origin
of this noise, but we take it into account in our derivation of the
system parameters (see Sect. 4).

2.3. Spectroscopy

As soon as WASP-6 was identified as a high priority target,
spectroscopic measurements were obtained using the CORALIE
spectrograph mounted on the Euler Swiss telescope (La Silla,
Chile) to confirm the planetary nature of the eclipsing body and
measure its mass. WASP-6 was observed from 2007 September
16 to 2007 October 26 and from 2008 September 11 to
2008 September 25. Radial velocities (RV) were computed by
weighted cross-correlation (Baranne et al. 1996; Pepe et al.
2005) with a numerical G2-spectral template. RV variations
of semi-amplitude ∼75 m s−1 were detected consistent with a

1 IRAF is distributed by the National Optical Astronomy Observatory,
which is operated by the Association of Universities for Research
in Astronomy, Inc., under cooperative agreement with the National
Science Foundation.
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Fig. 2. FTS i′-band (top) and LT/RISE V+R (bottom) transit photometry
for WASP-6 and residuals after subtraction of the best-fit transit curve
(superimposed in blue).

planetary-mass companion whose period closely matches that
from the WASP transit detections.

44 additional spectroscopic measurements were obtained
with the HARPS spectrograph (Mayor et al. 2003) based on
the 3.6-m ESO telescope (La Silla, Chile) in the context of
the programs 082.C-0040(E) and 082.C-0608(E). These pro-
grams aim to improve the characterization of WASP transiting
planets. As CORALIE, HARPS is a cross-dispersed, fiber-fed,
echelle spectrograph dedicated to high-precision Doppler mea-
surements. HARPS data were reduced with a pipeline very sim-
ilar to the CORALIE one. In addition to several measurements
covering the whole orbital phase, high-cadence measurements
of a spectroscopic transit were obtained with HARPS on 2008
October 08 in order to determine the sky-projected angle be-
tween the planetary orbital axis and the stellar rotation axis and
included two points taken the night before, a point as far as possi-
ble from the transit on the transit night and a point the night after.
This strategy aims to determine the systematic RV with greater
accuracy than if the RM effect was taken on its own, assuming
that stellar activity is the same over the three nights.

Our RV measurements are shown phase-folded and over-
plotted with the best-fitting orbital+RM model in Fig. 3.

To exclude that the RV signal shown in Fig. 3 is due
to spectral line distortions caused by a blended eclipsing bi-
nary, the CORALIE and HARPS cross-correlation functions
were analyzed using the line-bisector technique described in

Fig. 3. Top: the RV measurements of WASP-6 obtained with CORALIE
(red triangles) and HARPS (green squares). The systematic velocity has
been subtracted. The solid line is the MCMC solution (see Sect. 4); it
includes the RM effect. Bottom: zoom on the transit phase showing the
RM effect.

Queloz et al. (2001). No evidence for a correlation between the
bisector spans and the RV variations was found (Fig. 4). The
most likely cause for the periodic signal observed in photometry
and RV measurements and for the RM effect observed on 2008
October 08 is thus the presence of a giant planet transiting the
star WASP-6 every 3.36 days.

3. WASP-6 stellar parameters

The individual CORALIE and HARPS spectra are relatively low
signal-to-noise, but when co-added into 0.01 Å steps they give
a S/N of in excess of 100:1 which is suitable for a photospheric
analysis of WASP-6. The standard pipeline reduction products
were used in the analysis.

The analysis was performed using the uclsyn spectral syn-
thesis package (Smith 1992; Smalley et al. 2001) and atlas9
models without convective overshooting (Castelli et al. 1997).
The Hα line was used to determine the effective temperature
(Teff), while the Na i D and Mg i b lines were used as surface
gravity (log g) diagnostics. The parameters obtained from the
analysis are listed in Table 1.
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Fig. 4. Bisector versus RV measured from all the observed CORALIE
(top) and HARPS (bottom) spectra. We adopt uncertainties of twice
the RV uncertainty for all bisector measurements. There is no corre-
lation between these two parameters indicating the RV variations are
not caused by stellar activity or line-of-sight binarity.

Table 1. Stellar parameters derived for WASP-6.

Parameter Value
RA (J2000) 23h12m37.74s

Dec (J2000) −22◦40′26.′′2
V 11.9

Teff 5450 ± 100 K
log g 4.6 ± 0.2
ξt 1.0 ± 0.2 km s−1

Vrot sin I 1.4 ± 1.0 km s−1

[Fe/H] −0.20 ± 0.09
[Na/H] −0.17 ± 0.06
[Mg/H] −0.13 ± 0.07
[Al/H] −0.15 ± 0.10
[Si/H] −0.12 ± 0.08
[Ca/H] −0.09 ± 0.10
[Sc/H] −0.22 ± 0.15
[Ti/H] −0.05 ± 0.09
[V/H] −0.02 ± 0.08
[Cr/H] −0.17 ± 0.09
[Mn/H] −0.20 ± 0.13
[Co/H] −0.16 ± 0.14
[Ni/H] −0.21 ± 0.08

log N(Li) <0.5
Teff(IRFM) 5470 ± 130 K
θ(IRFM) 0.037 ± 0.002 mas

The equivalent widths of several clean and unblended lines
were measured. Atomic line data was mainly taken from the
Kurucz & Bell (1995) compilation, but with updated van der
Waals broadening coefficients for lines in Barklem et al. (2000)
and log g f values from Gonzalez & Laws (2000), Gonzalez
et al. (2001) or Santos et al. (2004). A value for microturbulence
(ξt) was determined from Fe i using Magain’s (1984) method.
The ionization balance between Fe i and Fe ii and the null-
dependence of abundance on excitation potential were used as
an additional the Teff and log g diagnostics (Smalley 2005).

We have determined the elemental abundances of several el-
ements (listed in Table 1) from their measured equivalent widths.
The quoted error estimates include that given by the uncertain-
ties in Teff , log g and ξt, as well as the scatter due to measurement
and atomic data uncertainties. In our spectra the Li i 6708 Å line
is not detected (EW < 2 mÅ), allowing us to derive an upper-
limit on the Lithium abundance of log n(Li/H) + 12 < 0.5. The
lack of lithium implies an age in excess of ∼3 Gyr (Sestito &
Randich 2005).

Projected stellar rotation velocity (Vrot sin I) was determined
by fitting the profiles of several unblended Fe i lines in the
HARPS spectra. We used a value for macroturbulence (vmac,
see Gray 2008) of 2 km s−1 and an instrumental FWHM of
0.060 ± 0.005 Å, determined from the telluric lines around
6300 Å. A best fitting value of Vrot sin I = 1.4 ± 1.0 km s−1 was
obtained. If, however, mactroturbulence is lower, then higher ro-
tation values are found, with Vrot sin I = 3.0 ± 0.5 km s−1 ob-
tained for vmac = 0 km s−1. If, on the other hand, vmac is slightly
higher than 2 km s−1, then Vrot sin I could be undetectable.

In addition to the spectral analysis, we have also used broad-
band photometry from TYCHO-2, USNO-B1.0 R-mag, CMC14
r′, DENIS and 2MASS to estimate the total observed bolometric
flux. The Infrared Flux Method (Blackwell & Shallis 1977) was
then used with 2MASS magnitudes to determine Teff and stel-
lar angular diameter (θ). This gives Teff= 5470 ± 130 K, which
is in close agreement with that obtained from the spectroscopic
analysis and implies a spectral type of G8V (Gray 2008).

4. Derivation of the system parameters

We derived stellar and planetary parameters for the system by
fitting simultaneously the WASP, FTS and LT/RISE photometry
with the CORALIE and HARPS RVs. These data were used as
input into the Markov Chain Monte Carlo (MCMC, Ford 2006)
code described in Gillon et al. (2008) and Triaud et al. (in prep.).
MCMC is a Bayesian inference method based on stochastic sim-
ulations and provides the a posteriori probability distribution of
adjusted parameters for a given model. Here the model is based
on a star and a transiting planet on a keplerian orbit about their
center of mass. Specifically, we used the photometric transit
model of Mandel & Agol (2002) and the spectroscopic transit
model of Giménez (2006) in addition to a classical Keplerian
model for the orbital part of the RV variations. To model the
transit lightcurves, a quadratic limb darkening law was assumed,
with coefficients interpolated from Claret’s tables (2000, 2004)
for the appropriate photometric filters. For the RISE broad band
filter, the average from V and R bands was taken to be our theo-
retical limb darkening parameters.

We used 16 jump parameters in our MCMC simulations:
the orbital period P, the time of minimum light T0, the tran-
sit depth D, the total transit width W, the impact parameter b,
the stellar mass M∗, the orbital RV semi-amplitude K, a system-
atic radial velocity γ for each spectroscopic instrument (HARPS
and CORALIE), the parameters e cosω and e sinω where e is
the orbital eccentricity and ω is the argument of periastron, the
products Vrot sin I cos β and Vrot sin I sin β where Vrot sin I is the
projected stellar rotational velocity and β is the spin-orbit angle
(see Giménez 2006), and a normalization factor for each of the
4 light curves (assuming the same normalization for the whole
SW photometry). As explained in the now abundant literature
on the application of MCMC to perform Bayesian inference for
transiting planets (see e.g. Collier Cameron et al. 2007, and ref-
erences therein), each MCMC simulation is composed of a large
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Fig. 5. R/M1/3 (in solar units) versus effective temperature for WASP-6
compared to the theoretical stellar stellar evolutionary models of Girardi
et al. (2000). The labeled mass tracks are for 0.8, 0.9 and 1.0 M� and
the isochrones are 100 Myr (solid), 1 Gyr (dashed), 5 Gyr (dot-dashed),
10 Gyr (dotted). We have interpolated the tracks at −0.2 metallicity and
have included the uncertainty on the metallicity (+−0.1) in the overall
uncertainties on the mass and the age. According to the models, the host
star has an age of 11 ± 7 Gyr.

number of consecutive steps for which the jump parameters are
randomly modified or not depending of the result of a test on the
merit function (MF). The MF used here is the sum of the χ2

for all the data with respect to the models added to a Bayesian
prior on Vrot sin I and M∗ representing our constraints on these
parameters from spectroscopy:

MF = χ2 +
(Vrot sin I − (Vrot sin I)0)2

σ2
Vrot sin I

+
(M∗ − (M∗)0)2

σ2
M∗

(1)

where (Vrot sin I)0 = 1.4 km s−1,σVrot sin I = 1 km s−1, M∗ = 0.87
and σM∗ = 0.08. These last two values were obtained by interpo-
lation of Girardi stellar evolution models (Girardi et al. 2000) in
order to find the mass and age that best match the spectroscopic
parameters. We notice that our data do not constrain strongly M∗
and that it is a free parameter under the control of a Bayesian
prior in our simulations only to propagate its uncertainty to the
other physical parameters.

A first MCMC run was performed and led to a refined value
for the stellar density. We converted it to R∗/M1/3

∗ in solar units,
and compared this property and the stellar temperature to the
Girardi models interpolated at −0.2 metallicity. The quantity,
R∗/M1/3

∗ , depends only on the observed transit properties (du-
ration, depth, impact parameter, and orbital period) and is inde-
pendent of the measured temperature. We generated the same
property from the mass and log g values in the models, and
then interpolated the models in the R/M1/3-Teff plane to deter-
mine a mass and age for WASP-6. We interpolated linearly along
two consecutive mass tracks to generate an equal number of age
points between the zero-age main sequence and the evolutionary
state where the star reaches the end of core hydrogen burning.
We then interpolated between the mass tracks along equivalent
evolutionary points to find the mass and age from the models
that best match the stellar density derived from the MCMC and
the effective temperature. In this way, we obtained a value for
the stellar mass of, M∗ = 0.83+0.07

−0.09 M� and a derived age for the
system of 11 ± 7 Gyr (see Fig. 5).

The best-fitting model found in the first MCMC run was
used to estimate the level of correlated noise in each photometric

Table 2. Deduced values for the photometric red noise (top), and the
RV jitter and systematic velocities (bottom).

Photometric time-series Red noise [ppm]

FTS 545
RISE-1 317
RISE-2 770

RV time-series Jitter [ m s−1] systematic RV [km s−1]

CORALIE 0 11.449
HARPS 6.4 11.485

time-series and a jitter noise in the RV time series. For each pho-
tometric time-series, the red noise was estimated as described in
Gillon et al. (2006), by comparing the rms of the unbinned and
binned residuals. We used a bin size corresponding to a duration
of 25 min, similar to the timescale of the ingress/egress of the
transit. For the SW data, the red noise was estimated to be negli-
gible when compared to the theoretical error bar of the measure-
ments and it was thus neglected. The deduced red noise values
(Table 2) were added quadratically to the theoretical uncertain-
ties of each corresponding time-series. No jitter is detected in
the CORALIE data. For the HARPS data, a significant jitter is
obtained, but it seems to be originating mostly from the residuals
of the RM effect and is probably more due to lower-than-usual
S/N on the spectra and a worsening of airmass (reaching 1.8 at
the end of the sequence) than stellar activity. For this reason, no
jitter noise was added to the RV uncertainties.

Using the updated value of the stellar mass as initial value,
a second MCMC run was then performed. This chain allowed
a large safety burn-in period of discarded 50 000 steps followed
by a simulation of 500 000 steps allowing a robust determina-
tion of the a posteriori probability distributions for the jumped
parameters. The parameter set (jump+ deduced parameters) cor-
responding to the lowest MF was considered as the best solution,
and for each parameter upper and lower 1-σ error bars were ob-
tained from respectively the 68.3% larger and smaller values.
Best-fitting jump + physical parameters are shown in Table 3.
The reduced χ2 of the best-fitting solution is 0.86.

5. Discussion

With half of the mass of Jupiter and a radius significantly larger,
WASP-6b appears too large for basic models of irradiated plan-
ets (Burrows et al. 2007a; Fortney et al. 2007), even if an absence
of core is assumed. For instance, tables presented in Fortney
et al. (2007) predict a maximum radius of ∼1.1 RJ for a 0.5
Jupiter-mass planet orbiting at 0.045 AU of a 4.5 Gyr solar-type
star. WASP-6 is smaller, cooler and probably older than the Sun,
so 1.2 RJ is clearly too large for these models. In this context,
it is worth noticing the non-null eccentricity that we infer for its
orbit (e = 0.054+0.018

−0.015). The fact that the planetary orbit is still
not circularized despite the large age of the system indicates that
the tidal evolution of WASP-6b probably played an important
role in its energy budget. As outlined by Jackson et al. (2008b),
tidal heating could have been large enough for many close-in
planets to explain at least partially the large radius of some of
them. To assess the past and future tidal evolution of WASP-
6b, we integrated the equations for da/dt and de/dt presented in
Jackson et al. (2008a) and computed at each step the tidal heating
rate H using the formula presented in Jackson et al. (2008b). We
assumed values of Q′p = 106.5 and Q′∗ = 105.5 for respectively the
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Table 3. Values and 1-σ error limits derived in this work for the jump and physical parameters of the WASP-6 system.

Parameter Value Units

Transit epoch T0 2 454 596.43267+0.00015
−0.00010 HJD

Orbital period P 3.3610060+0.0000022
−0.0000035 days

Planet/star area ratio (Rp/Rs)2 0.02092+0.00019
−0.00025

Transit duration tT 0.10860+0.00073
−0.00067 days

Impact parameter b 0.26+0.07
−0.11 R∗

RV semi-amplitude K 74.3+1.7
−1.4 m s−1

e cosω −0.007+0.011
−0.008

e sinω 0.054+0.018
−0.017

Vrot sin I cos β 1.57+0.28
−0.10

Vrot sin I sin β 0.32+0.49
−0.50

Orbital semi-major axis a 0.0421+0.0008
−0.0013 AU

Orbital inclination i 88.47+0.65
−0.47 degrees

Orbital eccentricity e 0.054+0.018
−0.015

Argument of periastron ω 1.70+0.12
−0.23 rad

Spin-orbit angle β 0.20+0.25
−0.32 rad

Stellar mass M∗ 0.880+0.050
−0.080 M�

Stellar radius R∗ 0.870+0.025
−0.036 R�

Stellar surface gravity log g∗ 4.50 ± 0.06 [cgs]

Stellar density ρ∗ 1.34+0.11
−0.10 ρ�

Projected rotational velocity Vrot sin I 1.60+0.27
−0.17 km s−1

Planet radius Rp 1.224+0.051
−0.052 RJ

Planet mass Mp 0.503+0.019
−0.038 MJ

Planetary surface gravity log gp 2.940 ± 0.063 [cgs]

Planet density ρp 0.27 ± 0.05 ρJ

Planet temperature (A = 0, f = 1/4) Teff 1194+58
−57 K

planetary and stellar tidal dissipation parameters2. These values
were found by Jackson et al. (2008a) to conciliate the eccentric-
ity distribution of close-in planets before their tidal evolution to
the one of the planets detected further from their star. We also
took into account the evolution of the stellar rotation period due
to the tide raised by the planet using (Goldreich & Soter 1966):

dΩ∗
dt
= −sign(Ω∗ − n)

9
4

G
R3∗

α∗M∗Q′∗

M2
p

a6
, (2)

where G is the gravitational constant, n is the mean orbital mo-
tion, Ω∗ is the stellar spin angular rate and α∗ = I∗/(M∗R2∗) with
I∗ being the moment of inertia though the spin axis of the star.
For α∗, we assumed a value of 0.07 (Pätzold et al. 2004). To
assess the reliability limits of the model, we also computed the
evolution of the total angular momentum of the system (assum-
ing a negligible contribution of the planet rotation):

Ltot =
M∗Mp

M∗ + Mp
na2
√

1 − e2 + α∗M∗R2
∗Ω∗. (3)

Neglecting the possible decrease due stellar wind (Dobbs-Dixon
et al. 2004), Ltot should be a conserved quantity during the whole
tidal evolution of the system.

2 We use here the same convention as Jackson et al. (2008a): the co-
efficients Q′p and Q′∗ used here are equal to the actual tidal dissipation
parameters Qp and Q∗ multiplied by the ratio 3/2k where k is the Love
number.

Figure 6 shows the obtained evolution for a, e, H, Ltot and the
orbital and stellar rotation period from 2 Gyr ago to 5 Gyr in the
future. Interestingly, the model predicts (1) that the eccentricity
and semi-major axis of WASP-6b were significantly larger in
the past; (2) that the orbit will be fully circularized 1 Gyr from
now; and (3) that the planet will continue to slowly approach
the star until finally reaching its Roche limit. This last results
agrees well with the fact that the ratio Ltot/Lc, where Lc is critical
angular momentum (see Levrard et al. 2009), has a value of∼0.6,
implying that the system is tidally unstable and will ultimately
merge. Levrard et al. (2009) showed that all the other transiting
systems, except HAT-P-2, are in the same case.

Under this tidal evolution model, WASP-6b was brought to
a distance >0.05 AU of its host star in the very early life of the
system, then its orbital evolution has been totally dominated by
tides until now. This evolution does not consider the possible in-
fluence of one or more other planets able to pump the eccentric-
ity of WASP-6b (Mardling 2007), but our RV data do not reveal
the presence of another planet so it seems reasonable at this stage
to assume that the orbital evolution of WASP-6b was not dom-
inated by planet-planet interactions. The model assumes also a
constant radius for the planet during the whole tidal evolution,
which is not very likely (Liu et al. 2008). Furthermore, Fig. 6
shows that it does not conserve Ltot for e >∼ 0.3 and during the
final runaway merging of the planet with the star. Considering
as valid only the part of the tidal evolution for which Ltot is
conserved at the 1-% level, we can nevertheless conclude from
Fig. 6 that WASP-6b experienced 0.6–1.2 Gyr ago a large tidal
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Fig. 6. Tidal evolution for WASP-6b computed using the method de-
scribed in Jackson et al. (2008b) . Top left: evolution of the semi-major
axis. The dashed line shows the Roche limit of the system. Top right:
evolution of the eccentricity. Middle left: evolution of the tidal heating
rate. Middle right: evolution of the total angular momentum. Bottom:
evolution of the orbital (left) and star rotational (right) period. For each
parameter, the solid line shows the evolution computed with the best-
fitting present eccentricity and semi-major axis while the red dotted
lines assume the maximum and minimum tidal heating consistent with
their 1-σ error bars.

heating rate of 5–10 × 1019 W. Such a large heating rate in the
past should have modified drastically the thermal history of the
planet and could have contributed significantly to the measured
inflated radius.

It is worth exploring the influence of the assumed values of
Q′p and Q′∗ on the future tidal evolution of the planet. Q′p is found
to be of order 105–106 for Jupiter (Golreich & Soter 1966; Yoder
& Peale 1981). It is unknown for extrasolar planets, but the the-
oretical analysis of Ogilvie & Lin (2004) suggests that its most
probable value should be of order 5×106. WASP-6b is not a good
case to constrain this parameter, because its small mass makes
negligible the tides that it raises on the star: the tidal history that
we compute does not change for any value of Q′p ranging from
105–109. Most studies assume Q′∗ to be around 105–106, but val-
ues up to 109 are still considered as plausible (Eggleton et al.
1998). We computed the tidal evolution of the system for Q′∗ val-
ues ranging from 105 to 109. As can be seen in Fig. 7, we cannot
constrain Q′∗ either: even with a value for Q′∗ of 105, the future
lifetime of the planet would still remain a significant fraction of
its age and its detection would not have been an extremely im-
probable event. We can only conclude from Fig. 7 that for the
smallest Q∗ values WASP-6b could fall on its host star before
this latter leaves the main sequence.

The large radius of WASP-6b (∼1.2 RJ) and the metal defi-
ciency of its host star seem to strengthen the existence of a cor-
relation between the heavy-element content of giant planets and
the stellar metallicity (Guillot et al. 2006; Burrows et al. 2007).
Still, this proposed correlation is not obvious at all in a plane-
tary mass-radius diagram presenting separately the planets for
which the host star has a sub-solar metallicity (see Fig. 8, top

Fig. 7. Future tidal evolutions for WASP-6b computed with different
values for Q′∗ (see text for details). The labeled evolutions correspond
to Q′∗ = 105, 105.5 and 106.

Fig. 8. Mass-radius diagrams for the transiting gaseous giant planets
less massive than 4 MJ. The error bars are shown only for WASP-6
(red dot) for the sake of clarity. In the top panel, the filled circles indi-
cate the planets for which the host-star metallicity is sub-solar, while in
the bottom panel they indicate the planets receiving a stellar insolation
<109 erg s−1 cm−2.
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panel): both populations seem well mixed without any hint of
a smaller density for planets orbiting around metal-poor stars.
On the other side, the division of transiting planets into two well
separated groups in the mass-radius diagram seems clearer when
the level of irradiation is considered (Fig. 8, bottom panel). This
apparent correlation density-irradiation does not necessarily in-
dicate a direct influence of the incoming stellar flux on the planet
size, it could also be explained by a more indirect action. For in-
stance, the most irradiated planets are the ones being the closest
to their host star, so the ones for which tidal heating should be
the largest.

With a stellar irradiation ∼4.7× 108 erg s−1 cm−2, WASP-6b
belongs to the theoretical pL planetary class proposed by Fortney
et al. (2008; see also Burrows et al. 2008). Under this theory, Ti
and V-bearing compounds should mostly be condensed in the
planetary atmosphere and occultation measurements at different
wavelengths should not reveal any stratospheric thermal inver-
sion. Such occultation observations would not only constrain
atmospheric models of giant close-in planets, they would also
constrain the eccentricity of the orbit and thus the tidal thermal
history of the planet.

The value that we determine for the sky-projected angle be-
tween the stellar spin and the planetary orbital axis is compatible
with zero (β = 11+14

−18 deg). This good alignment was observed for
ten other close-in giant planets (see Winn 2008, and references
therein), while a misalignment was observed only for the planet
XO-3 (Hébrard et al. 2008; Winn et al. 2009). Together, these
results favor migration via tidal interactions with a protoplane-
tary disk (Lin et al. 1996) as the dominant mechanism of plane-
tary migration, because it should preserve spin-orbit alignement
(Ward & Hahn 1994) contrary to migration via planet-planet
scattering (Rasio & Ford 1996) or Kozai cycles (Fabrycky &
Tremaine 2007).
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3.4.2 Discovery of CoRoT-5 b

This work, in collaboration with the CoRoT science team could a priori be presented as yet
another hot Jupiter discovery. My contribution to that paper was to delay it13. Space based pho-
tometry and HARPS & SOPHIE radial velocities had been collected and I was charged to check
with a Markov chain the results that had been adjusted by other means. I kept getting an eccentric
orbital solution fitted to the RVs instead of a circular one. Forcing the eccentricity to zero I was
confirming their results. Although it was unlikely that the orbit was as eccentric as I was fitting
it - it would be the first hot Jupiter to have one on a 4 day orbit - what the fit was showing was a
possibility and the non uniqueness of the circular solution. Two reasons can be found to explain
the fit: the orbit was not well covered in phase because of a period close to an integer number of
days: only three epochs had data, notably at the quadrature points, leaving a lot of freedom for
the fits. In addition there is a little bit of scatter in the data, probably due to the faintness of the
host star.

More data was obtained at phases which could constrain the orbit better. The orbit was pub-
lished circular.

This benign episode was an illustration of a constant attention to check about other explana-
tions and see whether our solutions are unique or not: is there not another way to explain the same
observations? To discover planets for WASP and avoid missing too many I had to adopt a course
of action where every variation is considered a potential planet14. This also showed how often one
can have a wrong impression about reality when having only partial information.

This paper also marked the end of my collaboration with the CoRoT team which was a little too
large already and onto which I could only have little impact. In addition, operations with WASP
we very well underway and were keeping me very busy.

13should I be proud of that?
14observers can probably testify of my excitement at any variation in radial velocities, even after two RV measure-

ments
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ABSTRACT

Aims. The CoRoT space mission continues to photometrically monitor about 12 000 stars in its field-of-view for a series of target fields to search
for transiting extrasolar planets ever since 2007. Deep transit signals can be detected quickly in the “alarm-mode” in parallel to the ongoing target
field monitoring. CoRoT’s first planets have been detected in this mode.
Methods. The CoRoT raw lightcurves are filtered for orbital residuals, outliers, and low-frequency stellar signals. The phase folded lightcurve is
used to fit the transit signal and derive the main planetary parameters. Radial velocity follow-up observations were initiated to secure the detection
and to derive the planet mass.
Results. We report the detection of CoRoT-5b, detected during observations of the LRa01 field, the first long-duration field in the galactic anti-
center direction. CoRoT-5b is a “hot Jupiter-type” planet with a radius of 1.388+0.046

−0.047 RJup, a mass of 0.467+0.047
−0.024 MJup, and therefore, a mean density

of 0.217+0.031
−0.025 g cm−3. The planet orbits an F9V star of 14.0 mag in 4.0378962 ± 0.0000019 days at an orbital distance of 0.04947+0.00026

−0.00029 AU.

Key words. planets and satellites: general – techniques: photometric – techniques: radial velocities

1. Introduction

CoRoT searches for the photometric signal of transiting extra-
solar planets. Radial-velocity follow-up measurements help us
understand the nature of the transiting body and allow us to
derive its mass.

The nominal lightcurve analysis for small transiting signals
has to await the completion of an observing run and detailed sig-
nal analysis. The mission “alarm-mode” (Quentin et al. 2006;
Surace et al. 2008), however, can be used to quickly trigger
follow-up measurements during ongoing observations of a tar-
get field. The “alarm-mode” is used to increase the transmitted
time-sampling for individual stellar lightcurves in the CoRoT ex-
oplanet channel. The sampling is increased from 512 s to 32 s if
a transit-like signal is detected during the observations. It there-
fore provides planetary candidates early during an observing
run, which are, however, biased towards relatively large plan-
etary candidates because of the limited data set available at this
point.

� Observations made with SOPHIE spectrograph at the Observatoire
de Haute Provence (07B.PNP.MOUT), France, and HARPS spectro-
graph at ESO La Silla Observatory (072.C-0488(E), 082.C-0312(A)),
and partly based on observations made at the Anglo-Australian
Telescope. The CoRoT space mission, launched on December 27, 2006,
was developed and is operated by CNES, with the contribution of
Austria, Belgium, Brasil, ESA, Germany, and Spain.

CoRoT-5b is the fifth secured transiting planet detected by
CoRoT. As CoRoT-1b to CoRoT-4b (Alonso et al. 2008; Barge
et al. 2008; Deleuil et al. 2008; Moutou et al. 2008; Aigrain
et al. 2008), it was first detected by the alarm-mode. Here, we
present the photometric detection of CoRoT-5b by the satel-
lite based on pre-processed alarm-mode data, the accompanying
radial-velocity observations confirming its planetary nature, and
the resulting planet parameters.

2. Observations and data reduction

CoRoT-5b was detected in the LRa01-field, the second long-run
field of CoRoT. The field is located near the anti-center direc-
tion of the galaxy at RA(2000): 06h46m53s and Dec(2000): –
00◦12′00′′ (Michel et al. 2006). The observing sequence started
on October 24, 2007 and finished after 112 days duration.
CoRoT observations usually have a very high duty cycle since
data gaps are mainly caused by the regular crossings of the
South Atlantic Anomaly (SAA), which typically last for about
10 min. During the observations of the LRa01 field, however,
two longer interruptions occurred. An intermediate interruption
of about 12 hours occurred eight days after the beginning of the
observing run, and a longer data gap of about 3.5 days started
on January 18, 2008, after a DPU reset. Finally, a duty cycle of
93% was achieved.

Article published by EDP Sciences
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Fig. 1. Lightcurve of CoRoT-5 re-sampled to 512 s time resolution. No
corrections for data jumps due to “hot pixels” have been applied in this
figure to show the raw data quality.

The alarm-mode was triggered after 29 days of observations.
When seven transit-like signals were detected, the time sampling
was switched to 32 s. The alarm-mode data for CoRoT-5 are
based on the analysis of “white light” lightcurves, without using
the color information of the CoRoT prism. In total 219 711 data
points were obtained, 214 938 of it in oversampling mode. The
data pipeline flags data points taken during the SAA crossing or
affected by other events decreasing the data quality. When tak-
ing only unflagged data into account, the number of data points
reduced to 204,092 in total and 199,917 as highly sampled.

The alarm-mode data were processed with a first version
of the data reduction pipeline (Auvergne et al. 2009). The
pipeline corrects for the CCD zero offsets and gain, the sky back-
ground intensity and the telescope jitter. In addition, “hot pix-
els” (Pinheiro da Silva et al. 2008) affect the lightcurves, causing
sudden jumps in intensity of varying duration. The lightcurve of
CoRoT-5 was, however, only moderately affected by such jumps,
as can be seen in Fig. 1, which shows the full lightcurve. The
oversampled part of the data set was re-binned to display the
whole lightcurve with a 512 s time sampling. The measured in-
tensity decreases during the observing run, as observed for all
stars in the fields. Overall, CoRoT-5 only shows a minor level of
variability, without clear periodicity.

CoRoT measures stellar intensities by aperture photometry
using optimized masks (Llebaria et al. 2003) that encompass the
shape of the stellar point-spread-functions (PSFs). The bi-prism
introduced in the light path of the exoplanet channel (Auvergne
et al. 2009) causes relatively wide PSFs of unusual shapes that
vary with e.g. stellar magnitude. Contaminating eclipsing binary
stars within the PSF could mimic a planetary transit-like signal.
Based on the pre-launch observations of the target field included
in the Exo-Dat data base (Deleuil et al. 2009), the contamination
of the mask of CoRoT-Exo5 is estimated to 8.4%. Refinement of
this value will be performed in a more detailed future analysis
using the dedicated windowing mask for this target star. We sub-
tracted this flux level from the lightcurve before normalization
to take low level contamination into account.

The overall intensity trend and smaller scale variability
of the lightcurve were removed. To do this, we resampled
the lightcurve to 512 s sampling rate first and convolved this
lightcurve with a fourth order Savitzky-Golay filter (similar to
the treatment for CoRoT-2b, Alonso et al. 2008). Then median
averages were calculated for 24 h segments of the lightcurve

Table 1. Radial velocity measurements of the star CoRoT-5 obtained by
SOPHIE and HARPS spectrographs from December 2007 to December
2008.

BJD RV Error
–2 400 000 km s−1 km s−1

SOPHIE
54463.4939000 48.947 0.017
54465.5247100 48.816 0.028
54506.3770000 48.767 0.016
54525.3478500 48.860 0.020
54528.2886100 48.933 0.031
54544.3463300 48.925 0.026

HARPS
54548.583775 48.933 0.014
54550.577783 48.792 0.021
54551.584161 48.865 0.013
54553.525234 48.883 0.010
54554.546158 48.819 0.012
54556.554191 48.929 0.010
54768.852140 48.820 0.009
54769.848137 48.900 0.008
54771.850953 48.851 0.009
54772.841289 48.827 0.010
54773.847921 48.900 0.008
54802.777527 48.929 0.009
54805.748602 48.852 0.012

(excluding the transit points and the data jumps), which was fit-
ted by a spline-curve. The original lightcurve was then divided
by the spline fit. The filtered lightcurve was used for normaliza-
tion and further analysis. The out-of-eclipse scatter of CoRoT-5
was determined from the standard deviation of data points in the
phase-folded lightcurve. It was found to be 0.0017 mag.

3. Photometric follow-up observation

Photometric follow-up observations with higher spatial resolu-
tion than CoRoT’s (of ≈20′′× 6′′) are used to exclude the pres-
ence of nearby contaminating eclipsing binaries (Deeg et al.,
this volume). Such observations of CoRoT-5 were performed
at the IAC 80 cm telescope at Teide Observatory, Tenerife, on
the January 12, and March 11, 2008 at a spatial resolution of
about 1.5′′. These data showed only one star bright enough to
cause a potential false alarm, about 8′′ southwest of the target.
Observations obtained during and out of a transit (“on/off pho-
tometry”) showed, however, that this contaminating star varies
by less than 0.08 mag. This is far below the variation of about
0.55 mag that is required by this star in order to explain the ob-
served signal in the CoRoT data.

4. Radial velocity follow-up observations

In January 2008, after the identification of a transit signal by the
alarm-mode, CoRoT-5 was observed with the SOPHIE spectro-
graph installed on the 193 cm telescope at the Haute Provence
Observatory. Two radial velocity measurements were taken at
opposite quadrature phases of the radial velocity variation ex-
pected from the transit ephemerides assuming a circular orbit.
At this time the data were found to be compatible with a radial
velocity amplitude suggesting a Jupiter mass planet. Additional
measurements were obtained later in the season to confirm the
reality of the signal but not enough to obtain a precise mea-
surement of the orbit eccentricity. One year later, a new se-
ries of measurements was obtained with the HARPS spectro-
graph installed on the 3.6 m ESO telescope at La Silla in Chile
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Fig. 2. Radial velocity measurements and Keplerian fit to the data in-
cluding the Rossiter effect. Red: SOPHIE, green: HARPS.

Fig. 3. Bisector analysis of CoRoT-5.

(Mayor et al. 2003). Both sets of data (SOPHIE and HARPS)
have been processed as in Bouchy et al. (2008). Radial ve-
locities (RV) were computed by weighted cross-correlation
(Baranne et al. 1996; Pepe et al. 2005) with a numerical
G2-spectral template excluding spectral orders below 4200 Å.
Radial velocity values are listed in Table 1 and plotted in Fig. 2.

We analyzed the cross-correlation function computed from
the HARPS spectra using the line-bisector technique according
to the description in Queloz et al. (2001) to detect possible spec-
tral distortions caused by a faint background eclipsing binary
mimicking a small RV amplitude signal. No correlation between
the RV data and the bisector span was found at the level of the
uncertainty on the data (Fig. 3).

The stability of the bisector, combined both with the am-
plitude of the radial velocity and the accuracy of transit of the
lightcurve, is enough to discard an alternate background eclips-
ing binary scenario. In the case of a hypothetical background
eclipsing binary, obtaining a sine-shaped radial-velocity signal
would require a superimposed spectrum moving with the same
systemic velocity as the brightest component, and on an RV

range corresponding to the sum of the width of both CCF line
profiles. This prerequisite constrains both on the mass of the
potential eclipsing component and its companion. The example
of HD41004 provides us with an interesting benchmark (Santos
et al. 2002). This system was detected with a similar radial ve-
locity amplitude but with a strong bisector correlation, and could
be explained by a superimposed spectrum with 3% flux of the
bright star. If one scales down this result to CoRoT-5, which has
no bisector correlation, one finds that the contrast ratio between
the brightest star and the hypothetical eclipsing binary is such
that the eclipse must be very deep and the radius of the eclips-
ing stars much smaller than CoRoT-5. Considering the quality
of the CoRoT lightcurve such a binary scenario does not match
the transit ingress and egress timing and the detailed shape of the
curve.

5. Properties of the central star

We determined the fundamental parameters of the host star
carrying out a spectral analysis of the set of HARPS spectra ac-
quired for radial velocity measurements. The individual spec-
tra were reduced with the HARPS standard pipeline. The ex-
tracted spectra were corrected for cosmics impacts, for the Earth
and the stars velocity, and then corrected for the blaze func-
tion and normalized, order by order, to increase the signal-to-
noise (S/N). The S/N level in the continuum is around 40 in the
range 5000–6500 Å and it decreases to 15 towards the blue at
4000 Å.

Spectroscopic observations of the central star have also been
performed in January 2008 with the AAOmega multi-object fa-
cility at the Anglo-Australian Observatory. By comparing the
low-resolution (R = 1300) AAOmega spectrum of the target
with a grid of stellar templates, as described in Frasca et al.
(2003) and Gandolfi et al. (2008), we derived the spectral type
and luminosity class of the star (F9 V).

As for the previous planet host stars, we used different meth-
ods to derive Corot-5 atmospheric parameters: line profile fitting
with the SME (Valenti & Piskunov 1996) and the VWA pack-
ages (Bruntt et al. 2002, 2008). We find general agreement and
here we quote the results from VWA. The star has a very low
projected rotational velocity, v sin i = 1 ± 1 km s−1. More than
600 mostly non-blended lines were selected for analysis in the
wavelength range 3990–6810 Å. VWA uses atmosphere mod-
els from the grid by Heiter et al. (2002) and atomic parameters
from the VALD database (Kupka et al. 1999). The abundance
determined for each line is computed relative to the result for
the same line in the solar spectrum from Hinkle et al. (2000),
following the approach of Bruntt et al. (2008). The results for
CoRoT-5 are shown in Table 2. Using these parameters for the
atmospheric model, we determined the abundances of 21 indi-
vidual elements. The uncertainty on the abundances includes a
contribution of 0.04 dex due to the uncertainty on the funda-
mental parameters. The abundance pattern is shown in Fig. 4.
The overall metallicity is found as the mean abundance of the
elements with at least 20 lines (Si, Ca, Ti, Cr, Fe, Ni) giving
[M/H] = −0.25 ± 0.04. We did not include Mn, as this has a
significantly lower abundance. The metallicity and the 1-σ er-
ror bar is indicated by the horizontal bar in Fig. 4. There is no
evidence of the host star being chemically peculiar, except Mn.

The fundamental parameters of the parent star, its mass
and radius were subsequently derived using stellar evolution-
ary tracks as presented in Deleuil et al. (2008) plotted in a
M(1/3)/R − Teff HR diagram. The stellar density parameter was
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Table 2. Parameters of the parent star CoRoT-5.

parameter value source
RA 06h45m07s Exo-Dat
Dec 00◦ 48′ 55′′ Exo-Dat
epoch 2000.0
type F9V Exo-Dat,

AAOmega
V 14.0 Exo-Dat
GSC2.3 ID N82O011953
2MASS ID 06450653+0048548
v sin i [km s−1] 1 ± 1 VWA
ξt [km s−1] 0.91 ± 0.09 VWA
Teff [K] 6100 ± 65 VWA
log g 4.19 ± 0.03 VWA
[M/H] −0.25 ± 0.06 VWA
Mstar [M�] 1.00 ± 0.02 Evolut. tracks
Rstar [R�] 1.186 ± 0.04 Evolut. tracks
M(1/3)/R [M1/3

� /R�] 0.843 ± 0.024 lightcurve
age [Gyr] 5.5–8.3 photometry

+Evolut. tracks

Fig. 4. Stellar abundances of CoRoT-5. Abundances found from neutral
lines are marked by circles, for ionized lines box symbols are used.

Fig. 5. The O – C diagram of the CoRoT-5b system. No clear period
variation can be seen.

derived from the lightcurve fitting (see Sect. 7). We determined
the mass and radius of the star to: Mstar = 1.00 ± 0.02 M� and
Rstar = 1.186 ± 0.04 R�. As a final check, we calculated the
corresponding surface gravity logg = 4.311 ± 0.033 while the
spectroscopic value is 4.19± 0.03. These two values of log g are
comparable with each other at the 3σ level. Based on our pho-
tometric analysis, we estimate the age of the star to 5.5–8.3 Gyr.
The spectra show no sign of Ca II emission or of a strong Li I
absorption line, which is consistent with a relatively evolved star.

Table 3. Parameters of the CoRoT-5 system derived from the combined
MCMC analysis.

Fitted parameters Value Units

(Rp/Rstar)2 0.01461+0.00030
−0.00032

tT 0.0290+0.00038
−0.00053

b 0.755+0.017
−0.022

K 59.1+6.2
−3.1 m s−1

e cosω −0.057+0.048
−0.020

e sinω −0.071+0.147
−0.130

tT denotes the transit duration given in fraction of phase; b the impact
parameter and K the RV semi-amplitude.

6. Period determination and transit timing
variations

In total, 27 individual transit events are clearly seen, separated
by an orbital period of about 4.03 days. One event was lost in a
data gap.

First, we estimated the mid-times of each transit by applying
the so-called Kwee-van Woerden method (Kwee & van Woerden
1956). This method mirrors the lightcurve around a pre-selected
time-point, T, computes the differences of original and mirrored
lightcurves and then searches for an optimum T. The O – C dia-
gram of the system was constructed, based on the resulting tran-
sit times and an initial guess of the period. A linear fit of this
diagram yielded an improved estimate of the period. This pe-
riod value was then refined with the following procedure. The
lightcurve was phase-folded using this previously determined
period and then averaged. The size of the bin used was 0.001
in phase (or to 5.81 min, using the final period). Then, this
lightcurve was fitted (see the next section) by a theoretical tran-
sit lightcurve. The transit mid-times were then determined again
by cross-correlating the observed and the theoretical lightcurve.
This resulted in more precise mid-times of the transit and a new
O – C curve. Another linear fit to this O – C diagram yielded
a better period value, and the whole procedure was repeated.
The final O – C diagram can be seen in Fig. 5. The resulting
ephemeris is given in Table 4.

There is no obvious period variation present in the O – C dia-
gram. The first part of the lightcurve was obtained with the 512 s
sampling rate, so the first seven minima typically consist of only
20 data points. Thus, they have larger scatter and uncertainties.
The next twenty minima were obtained with the high sampling
rate (32 s) and typically consist of a few hundred data points,
leading to much higher accuracy. If one takes only these high-
resolution minima into account, the constancy of the period is
clearer. However, we cannot exclude that small period variations
are present in the system. The upper limit of such a period vari-
ation was estimated by a quadratic fit to the data, which showed
that it should be less than 0.42 s/cycle.

7. Analysis of parameters of CoRoT-5b

The final phase-folded lightcurve of the transit event is seen in
Fig. 6. The transit signal shows a depth of about 1.4% and lasts
for about 2.7 h. We derived the planetary parameters by fitting
simultaneously the lightcurve of CoRoT-5 with the SOPHIE and
HARPS radial velocities. A planetary model on a Keplerian orbit
in the formalism of Giménez (2006a) and Giménez (2006b) was
fitted to the data using a Markov Chain Monte-Carlo (MCMC)
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Table 4. The derived planet parameters.

Derived physical parameters Value Units
Transit epoch T0 2454400.19885 ± 0.0002 HJD

Orbital period P 4.0378962 ± 0.0000019 days

Orbital semi-major axis a 0.04947+0.00026
−0.00029 AU

Orbital inclination i 85.83+0.99
−1.38 degrees

Orbital eccentricity e 0.09+0.09
−0.04

Argument of periastron ω −2.24+5.05
−0.84 rad

Planet radius Rp 1.388+0.046
−0.047 RJ

Planet mass Mp 0.467+0.047
−0.024 MJ

Mean planet density ρp 0.217+0.031
−0.025 g cm−3

Planetary surface gravity log gp 7.77+0.14
−0.08 cgs

Zero albedo equilibrium temperature Teq 1438 ± 39 K

Fig. 6. Top: phase-folded lightcurve of CoRoT-5b. Bottom: residuals of
fitted transit curve.

code described in Triaud et al. (in prep.) but using e. cosω and
e. sinω instead of e and w as free parameters for better error es-
timation. In the fit a quadratic limb-darkening law was assumed
at u+ = 0.616 and u− = 0. In the initial burn-in phase of the
MCMC adjustment, 15 000 steps were chosen to allow the fit to
converge. A further 50 000 steps were used to derive the best pa-
rameters and their errors. In the fit, there are eight fitted parame-
ters plus two γ velocities and a normalization factor, totalling
11 free parameters. In addition, the fit assumed the presence
of a Rossiter-McLaughlin effect with the two fixed parameters
vsin i = 1.0 km s−1 and λ = 0 (λ: angle between stellar rotation
axis and normal vector of the orbital plane). A Bayesian penalty
is added to the χ2 creating a prior for M� = 0.99 ± 0.02. The fit
to the rv measurements is shown in Fig. 2, and the derived fitting
parameters are shown in Table 3.

In addition, a model transit curve (Mandel & Agol 2002) was
fitted to the photometric phase folded transit curve separately.
The parameters fitted are the center of transit, the planet radius
expressed in stellar radii, the semi-major axis in stellar radii and
the orbital inclination. In this fit the limb-darkening coefficients
(u1 and u2) were free parameters, assuming a quadratic limb-
darkening law. The fitting method follows a Metropolis-Hastings
algorithm, which is a kind of Markov Chain Monte-Carlo proce-
dure. The fitting procedure was performed ten times with dif-
ferent starting values to find the global minimum in χ2. The

errors of the fit were estimated from the standard deviations
of the points in the chain. In addition to the transit curve, a
third light component is included as a free parameter in the
fit. In this way, we could check whether another contaminant is
present, which remained unresolved in the photometric follow-
up. However, no such additional source of light was found. The
transformation between contamination factor c and the third
light l3 is c = l3/(1 − l3). We had c = 0.005 ± 0.024. Since
we already removed the known contaminant factor from the
lightcurve (see Sect. 2), we could therefore conclude that no
further observable contaminant is present in the lightcurve of
CoRoT-5. The planet parameters derived from this fit agree with
the simultaneous fitting within the error bars, so we do not report
them again here.

The resulting planetary parameters based on the MCMC ap-
proach with fixed limb-darkening coefficients and without any
third light are summarized in Table 4. The major uncertainties
on the planet are, as usual, introduced mainly from the uncer-
tainty of the stellar parameters.

8. Summary

We report the discovery of a “hot-Jupiter-type” planet, CoRoT-
5b, orbiting a type F9V star of 14.0 mag. The planet mass and
radius were derived to 0.467+0.047

−0.024 MJup and 1.388+0.046
−0.047 RJup, re-

spectively. It orbits its central star at 0.04947+0.00026
−0.00029 AU orbital

distance. The determined eccentricity is low (see Table 4), but
further radial velocity measurements would be needed for a more
accurate determination.

CoRoT-5b has a density of 0.217+0.031
−0.025 g cm−3, similar to

the planets WASP-12b and WASP-15b (Hebb et al. 2009; West
et al. 2009), implying that it belongs to the planets with the
lowest mean density found so far. As such, it is found to be
larger by 20% than standard evolution models (Guillot et al.
2006) would predict. Standard recipes that account for missing
physics (kinetic energy transport or increased opacities) can ex-
plain this large size, and predict that the planet is mostly made of
hydrogen-helium, with at most 28 M⊕ of heavy elements (maxi-
mum value obtained in the kinetic energy model, assuming 0.5%
of the incoming energy is dissipated at the planet center). Thus,
CoRoT-5b supports the proposed link between the metallicity of
planets and of their host star.
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3.4.3 The WASP-8 triple star system

This planet was found quite early in the project, its high amplitude signal was easy to spot
but an error in the estimation of the period by WASP was showing the radial velocities were not
in phase. Quickly Didier (who observed then15) realised that we were at three times the period
announced and that this candidate was on a fairly long orbit for a transiting object. With an orbit
of about 8 days and an eccentricity of 0.3 (its periastron distance is similar to that of a typical hot
Jupiter), WASP-8 turned out to be a very interesting catch.

Observations resumed on this object the following year and immediately it became clear the
points were not covering the expected orbit. With a few more observations we could reliably adjust
a linear drift in radial velocity, an additional acceleration caused by another body in that system.
Immediately suspicions fell on a tiny dot near the star observed from the CORALIE guiding cam-
era. Photometric observations at good seeing and deconvolved confirmed a star four arcseconds
away, on a common proper motion with the primary compared with 70 year old observations.

An estimation of the probable orbital separation was found around 600 AU. With its observed
brightness temperature and position, this body cannot be responsible for the additional accelera-
tion seen in the radial velocities computed about 60 times larger than one would expect otherwise.
We could only conclude there is yet a second unseen body in this system, mayber stellar, maybe
substellar.

Furthermore, its Rossiter-McLaughlin effect was measured and detected to be retrograde. This
was the first such measurement (other observations on WASP-17 b (Anderson et al. 2010) and Hat-
P-7 b (Narita et al. 2009b; Winn et al. 2009b) published earlier were in fact observed later) and in
fact the first fully confirmed misaligned planet as then, there was still a doubt on XO-3 b spin/orbit
angle (Hébrard et al. 2008). WASP-8 is a very good example of system which could be dynamically
active. All this information was gathered in a letter written by Didier, presented next page and for
which I produced the analysis .

To date the drift continues with only a hint of a departure from linearity which may be con-
firmed when it will reappear in the sky in Summer 2011. A current adjustment indicates a mini-
mum mass of 4 MJup on a 1 300 day orbit for that second unseen companion.

This paper led to an adjustment of the MCMC in order to include that drift (you can see it as
part of the other jump parameters in figure 2.3).

15this was, if I recall well, my first mission in Chile and Didier was teaching the tricks of planet hunting and being a
decent observer
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ABSTRACT

We report the discovery of WASP-8b, a transiting planet of 2.25 ± 0.08 MJup on a strongly inclined eccentric 8.15-day orbit, moving
in a retrograde direction to the rotation of its late-G host star. Evidence is found that the star is in a multiple stellar system with two
other companions. The dynamical complexity of the system indicates that it may have experienced secular interactions such as the
Kozai mechanism or a formation that differs from the “classical” disc-migration theory.

Key words. stars: individual: WASP-8 – techniques: photometric – techniques: spectroscopic – planet-star interactions –
planetary systems – techniques: radial velocities

1. Introduction

Transiting planets provide a wealth of information on the struc-
ture and formation of planets. The measurement of planet ra-
dius combined with its mass has found a surprising diversity
in the mean densities and in particular “inflated” hot Jupiters.
Spectroscopic measurement of the Rossiter-McLaughlin effect
on the radial velocity during transits indicates that some of these
planets may not be aligned with the rotation axes of their stars
(see references in Winn 2010). The diversity in the observed
spin-orbit misalignments is somewhat similar to that seen ear-
lier in period and eccentricity distribution of planets detected by
radial velocity surveys (see references in Udry & Santos 2007,
and references therein). The recent sharp rise in the detections
of transiting planets is the outcome of successful ground-based
wide transit searches surveys among which WASP (Pollacco
et al. 2006) is the most prolific.

These discoveries have stimulated theoretical investigations
of alternative formation scenarios to the migration theory (Lin
et al. 1996; Wu & Murray 2003). These alternative theories ac-
count for the discoveries of eccentric hot Jupiters on orbits not
aligned with the rotation equator of their star (Wu & Murray
2003; Fabrycky & Winn 2009; Nagasawa et al. 2008; Barker &
Ogilvie 2009).

� Based on observations made with HARPS spectrograph on the
3.6-m ESO telescope and the EULER Swiss telescope at La Silla
Observatory, Chile.
�� Radial velocity data are only available in electronic form at the CDS
via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5)
or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/517/L1

2. Observations

2.1. The WASP-8 multiple stellar system

The star WASP-8 (TYC2 7522-505-1) at α(2000): 23h59m36.07s,
δ(2000): −35◦1′52.9′′, was observed in 2006 and 2007 by the
WASP-south telescope (Pollacco et al. 2006). It is a V =
9.79 mag star with a Tycho (B−V) color of 0.73 which is indica-
tive of a G8 spectral type. The Infra-red Flux Method (IRFM)
(Blackwell & Shallis 1977), using GALEX, TYCHO-2, USNO-
B1.0 R-magnitude, and 2MASS broad-band photometry, yields
a distance of 87 ± 7 pc.

WASP-8 is identified in the CCDM catalogue (CCDM
23596-3502) as the A component of a system of three stars. The
B component is a 15th magnitude red star, 4 arcsec south of A,
and the third component C is a 10th magnitude star (HIP 118299,
HD 224664) 142 arcsec north of A. The radial velocity of
HD 224664 is 4.7 km s−1 and stable over two years (Mayor, priv.
com.) but differs from the WASP-8 value of −1.5 km s−1. The
proper motions of the components also differs. It is therefore un-
likely that C and A are physically associated.

We measured the photometry and position of WASP-8 and
its nearby star (B component) with the Euler CCD camera of the
1.2 m swiss Euler telescope at La Silla (see Fig. 1). By com-
paring with nearby stars, we obtained a magnitude difference
ΔmV = 4.7, ΔmI = 3.5. A separation and a projected angle
was measured on the deconvolved images (Gillon et al. 2007)
and we obtained 4.83 ± 0.01′′ and PA = 170.7 ± 0.1◦ (only
internal errors being considered). Assuming that WASP-8 and
its B component are part of a multiple system, the color in-
dices would represent those of an M star. A similar photomet-
ric analysis of the individual 2MASS archive images indicates
that ΔmJ = 2.7, ΔmH = 2.2, and ΔmK = 2.1, which are also
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Fig. 1. Original (left) and deconvolved (right) V-band image from the
Euler telescope of the A and B component of WASP-8.

indicative of an M star. The value mentioned in the Washington
Visual Double Star Catalog measured 70 years ago indi-
cates 4.0′′ and PA = 170◦ (Mason et al. 2001). This suggests
little, if any, relative motion of the two stars over the 70-year
time span between these observations. When compared with the
proper motion in right ascension of WASP-8, about 100 mas/yr
(Zacharias et al. 2004), this indicates a common proper motion
pair. Given the distance of WASP-8 the sky-projected separation
of the pair is about 440 AU. Using available differential pho-
tometry, we estimate the temperature of the B component to be
about 3700 K.

2.2. Photometric and radial-velocity observations

WASP-8 was recorded simultaneously by two cameras of
the WASP-south telescope during two seasons (2006 and
2007). Altogether 11 224 independent photometric points were
recorded with a typical sampling of 8 min. Transit events
were detected in data from the first observation season. This
triggered radial velocity follow-up observations of WASP-8 in
November 2007 with the Coralie spectrograph mounted at the
Swiss Euler telescope (Baranne et al. 1996; Queloz et al. 2000;
Pepe et al. 2002). With a combined analysis of the radial-
velocity data and the photometry including additional WASP
data from the 2007 season, a transit period of 8.15 days was
found. No changes to the spectroscopic profile were detected,
ruling out a blended eclipsing binary or starspots as the cause
of the radial-velocity variation (Queloz et al. 2001) (see bot-
tom diagram in Fig. 2). In the next season, observations with
CORALIE were continued, revealing an additional drift in the
γ velocity of the system (Fig. 3). No second-order curvature term
was detected.

On 25 August 2008, following up on the confirmation of
the planet, a complete and densely sampled transit event was
recorded in R band with the Euler telescope to improve the deter-
mination of the transit parameters (Fig. 4). On 4 October 2008,
a spectroscopic transit was measured with the HARPS spectro-
graph installed on the 3.6 m telescope at La Silla. During the
sequence, 75 spectra (44 in the transit) were measured with an
exposure time of 300 s, corresponding to a typical signal-to-
noise ratio per pixel of 50. The radial velocity measurement from
these spectra shows an obvious Rossiter-McLaughlin effect with
a shape suggesting a non-coplanar orbit (Fig. 4). In addition, four
spectra were measured on the same night before and after the
transit to help us to determine the rate of change in the radial
velocity outside the transit. Three measurements were obtained
later at other phases of the system to improve the matching
and zero point correction between CORALIE and HARPS data.

Fig. 2. Top: overall Keplerian fit to the RV data for Wasp-8b. Black trian-
gles indicates Coralie data and red dots the Harps data. The long-term
drift was removed to plot the velocity in phase (the zero is set at the
time of the transit). Bottom: bissector span and FWHM (in km s−1 unit)
plotted with the phase of the orbit. The HARPS radial velocity data were
shifted to correct from the γ velocity difference with CORALIE.

Fig. 3. CORALIE radial velocity measurements (red dots) of WASP-8
superimposed on the best-fit solution (solid line).

During the measurement of the transit sequence, a significant
change in telescope focus happened at JD 54 744.592, improv-
ing the flux entering the fiber by a factor of 2.

3. Determination of system parameters

3.1. Spectral analysis

The individual HARPS spectra were coadded and used for a de-
tailed spectroscopic analysis of WASP-8. The results are dis-
played in Table 1. As in previous WASP-papers (Cameron et al.
2007), the analysis was performed using the uclsyn spectral
synthesis package and atlas9 models without convective over-
shooting with Hα and Hβ Na i D and Mg i b lines as diagnostics
for Teff and (log g). The abundances and the microturbulence
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Fig. 4. Top: radial velocity measurement phased with the transit (mid-
transit is at 0). Black triangles are CORALIE data and red dots
HARPS data. Bottom: normalized transit photometry measurement of
WASP-8. Black triangles indicates SuperWASP data and red dots the
R-band Euler photometry data. The best-fit model is superimposed
in blue.

were determined in a similarly way to the work of Gillon et al.
(2009) and used as additional Teff and log g diagnostics (Smalley
2005).

The Li i 6708 Å line is detected in the spectra indicating an
abundance of log A(Li/H)+ 12 = 1.5± 0.1, which implies an age
of 3−5 Gyr according to Sestito & Randich (2005). However,
Israelian et al. (2009) noted that stars with planets have lower
lithium abundances than normal solar-type stars, so the lithium
abundance may not be a good age indicator for them.

The rotational broadening v sin i was measured by fitting the
observed HARPS profiles of several unblended Fe i lines. A typ-
ical value of macroturbulence vmac = 2 km s−1 was adopted and
an instrumental profile determined from telluric absorption lines.
We found that v sin i = 2.0 ± 0.6 km s−1, which is typical of
a G dwarf of intermediate age.

3.2. Analysis of the planetary system

This whole data set was found to detect without doubt a planet
transiting the star WASP-8. We analyzed together the photomet-
ric (WASP and Euler data) and the radial velocity data, includ-
ing the spectroscopic transit sequence in this context. Our model
was based on the transit modeling by Mandel & Agol (2002)
and the radial velocity description by Giménez (2006). The best-
fit model parameters and their error bars were computed using
a MCMC convergence scheme that solves all parameters to-
gether. For details of the code and fitting techniques, we refer to

Table 1. Stellar parameters of WASP-8 derived from spectroscopic
analysis.

Teff 5600 ± 80 K [Na/H] +0.22 ± 0.07
log g 4.5 ± 0.1 [Mg/H] +0.21 ± 0.04
ξt 1.1 ± 0.1 km s−1 [Si/H] +0.29 ± 0.09
v sin i 2.0 ± 0.6 km s−1 [Ca/H] +0.24 ± 0.12
[Fe/H] +0.17 ± 0.07 [Sc/H] +0.23 ± 0.05
log A(Li/H)+12 1.5 ± 0.1 [Ti/H] +0.24 ± 0.08

[V/H] +0.30 ± 0.08
dist 87 ± 7 pc [Cr/H] +0.17 ± 0.09
age 3−5 Gyr [Co/H] +0.29 ± 0.07

[Ni/H] +0.23 ± 0.07

Notes. The quoted error estimates include those given by the uncertain-
ties in Teff , log g, and ξt, as well as atomic data uncertainties.

Fig. 5. Comparison of the best-fitting stellar parameters from the tran-
sit profile and spectroscopic analysis with evolutionary models interpo-
lated at [Fe/H] = 0.17. The isochrones are 100 Myr, 1 Gyr, 5 Gyr and
10 Gyr. The evolutionary tracks are indicated for 0.9, 1.0 and 1.1 Msun.

Triaud et al. (2009); Collier Cameron et al. (2007). To obtain a
coherent solution, we determined the mass of the star by compar-
ing the spectroscopically-determined effective temperature and
the stellar density outcome of the MCMC adjustment, with evo-
lutionary tracks and isochrones of the observed metallicity from
the stellar evolution model of Girardi et al. (2000). We converged
iteratively on a stellar mass of 1.04(+0.02−0.09) M� and an age
younger than 6 Gyr (see in Fig. 5).

The free parameters of our model were the depth of transit D,
the width of transit W, the impact parameter b, the period P, the
epoch of transit centre T0, the RV semi-amplitude K, e cos ω
and e sin ω (e being the eccentricity and ω the angle of the peri-
astron), and V sin I cos β and V sin I sin β, with V sin I being
the projection of the stellar equatorial rotation, and β the pro-
jection of the angle between the stellar spin axis and the plan-
etary orbit axis. In addition, we employed free normalization
factors for each lightcurve (WASP and Euler) and each set of
radial velocity (γH for HARPS and γC for CORALIE), which en-
abled variations to be made in instrumental zero points. From
these parameters, physical parameters were derived to charac-
terise the planetary system. The best-fit set of parameters that
minimize the χ2

r (reduced χ2 is 0.86) are listed in Table 2 as well
as their related computed physical parameters. With this best-fit
solution one computes for the CORALIE data χ2 = 204 with
48 measurements, and for HARPS data χ2 = 188 with 82 mea-
surements which implies that additional jittering is present that
is not accounted for by the fitted model. Since the main deviation
is related to the CORALIE data, the uncertainties in the orbital
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Table 2. Fitted and physical parameters of the WASP-8 planetary
system.

D 0.01276 (+0.00033 − 0.00030)
W (days) 0.1832 (+0.0030 − 0.0024)
b (R�) 0.604 (+0.043 − 0.040)
P (days) 8.158715 (+0.000016 − 0.000015)
T0 (BJD-2 450 000) 4679.33394 (+0.00050 − 0.00043)
K (m s−1) 222.23 (+0.84 − 0.60)
dγ/dt (m s−1 yr−1) 58.1 (+1.2 − 1.3)
e cos ω 0.02307 (+0.0010 − 0.0010)
e sin ω −0.3092 (+0.0024 − 0.0029)
V sin I cos β −0.873 (+0.059 − 0.064)
γC

a (m s−1) −1565.76 (+0.16 − 0.21)
γH

a (m s−1) −1548.10 (+0.60 − 0.13)
V sin I sin β 1.59 (+0.08 − 0.09)
Rp/R� 0.1130 (+0.0015 − 0.0013)
R�/a 0.0549 (+0.0024 − 0.0024)
ρ� (ρ�) 1.22 (+0.17 − 0.15)
R� (R�) 0.945 (+0.051 − 0.036)
M� (M�) 1.030 (+0.054 − 0.061)
V sin I (km s−1) 1.59 (+0.08 − 0.09)
Rp/a 0.00620 (+0.00036 − 0.00033)
Rp (RJ) 1.038 (+0.007 − 0.047)
Mp (MJ) 2.244 (+0.079 − 0.093)
a (AU) 0.0801 (+0.0014 − 0.0016)
i (◦) 88.55 (+0.15 − 0.17)
e 0.3100 (+0.0029 − 0.0024)
ω (◦) −85.73 (+0.17 − 0.18)
β (◦) 123.3 (+4.4 − 3.4)

Notes. The error bars are calculated at 68% of the statistical
distributions.
(a) Computed at JDB = 2 454 691.15781.

solutions are most likely underestimated. However, the error bars
in the Rossiter parameters are driven mostly by the HARPS on-
transit data, and one can assume that they are almost correct.

Our best-fit solution corresponds to a giant planet with an
eccentric (e = 0.3) 8.16-day orbit and an additional long-term
radial-velocity drift of 58 m s−1 yr−1. The planet is dense with
2.25 Mj and a radius of 1.04 Rj, in contrast to the substan-
tial fraction of “inflated” hot Jupiters. Surprisingly, the pro-
jected angle between the orbital and stellar spin axes is found
to be β = 123.3◦, indicative of a retrograde orbit. We note that
V sin I = 1.59 km s−1 is in accordance with the line rotation
broadening v sin i (in Table 1) derived by the spectral analysis.

We checked whether the partial defocusing of HARPS dur-
ing the transit spectroscopic sequence had any effect on our re-
sult. We divided the series into two subsets and considered for
each of them an independent offset (γ). We obtain a solution
with a marginal improvement in the χ2. By comparing the solu-
tion obtained from these two sets with that for the complete set,
the angle β was changed by 1.5σ. The defocusing problem does
not affect the results of this paper.

4. Discussion

The detection of a hot Jupiter on an eccentric orbit that is mis-
aligned with the stellar rotation axis and moving in a retrograde
direction raises many questions about the origins of this sys-
tem. Although the answer is beyond the scope of this paper,
the visual faint companion and the drifting γ velocity of the
system are key components of the puzzle. From the observed
separation between the A and B components, one can derive

a most likely orbital semi-major axis (a = 1.35ρ ≈ 600 AU)
(Duquennoy & Mayor 1991). The observed radial-velocity drift
is therefore unlikely to be related to the B component of the bi-
nary (γ̇ < GMa−2 < 1 m s−1 yr−1), suggesting that these is an
additional closer companion of both unknown mass and period.
The lack of curvature indicates that the companion is more mas-
sive than the transiting planet. This intermediate body is very
likely to play a significant dynamical role in the system.

Apart from the complex dynamics of the whole system, the
planet WASP-8b is a “standard” hot Jupiter. It orbits a metal-
rich star, which accounts for the observed increase in the in-
cidences of hot Jupiters with the metallicity of the host star
(Udry & Santos 2007). The period of WASP-8b is longer than
the 3−4 days typical value, but considering the eccentricity of
its orbit, its periastron distance is typical of hot Jupiters.

The orbit misalignment of the planet with the stellar rotation
axis of WASP-8 is measured with the β parameter. The true angle
between the axes of the stellar and planetary orbits is usually
called ψ and is statistically related to β through sin I (unknown)
and the orbital inclination (i) (see Fabrycky & Winn 2009, for
details). When β deviates significantly from zero, this provides
us with a lower limit to the ψ. When β is beyond 90◦, the orbital
spin has the opposite direction to the stellar rotation provided
that the orbit does not transit the star between its pole and its
limb. According to Eq. (9) from Fabrycky & Winn (2009), this
condition is met when I > 3.6 degree. By combining V sin I,
with the estimated age of the star, one can exclude such a small
I angle. Interpreted with the large β value, we can conclude that
a true retrograde orbit is the most likely scenario for WASP-8b.

The origin of the unusual shape and orientation of the orbit
of WASP-8b is possibly related to the Kozai mechanism (Kozai
1962; Wu & Murray 2003) or the outcome of a violent dynam-
ical interaction history. The evidence of two other bodies and a
possible series of secular effects (Takeda et al. 2008) make the
WASP-8 system unique and interesting for additional dynamical
studies and a test case for formation scenarios of hot Jupiters that
constitute an alternative to the disc-migration mechanism.
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3.4.4 Analysing WASP-23 b

As part of the effort that I give for WASP, the discovery paper for WASP-23 was awarded to
me. Although a pretty straight forward analysis, it took a long while before being submitted be-
cause of the many other results regarding the Rossiter-McLaughlin effect that will be exposed next
chapter. This allowed to gather more data, add transit lightcurves, add additional CORALIE data;
we even observed it with HARPS and got a Rossiter-McLaughlin. I don’t know if this was a curse
or an opportunity. A curse since its analysis, because of the slow rotation of its host star, was made
more harduous, which delayed the paper further. An opportunity since it gave the occasion to
explore a little more the jump parameters for the MCMC and the role of priors in fitting for the
Rossiter-McLaughlin model.

In this paper were explained the reasons for using
√
e cosω and

√
e sinω instead of e cosω and

e sinω as jump parameters. The latter pair is equivalent to have a prior proportional to e. Using the
new pair avoids biasing the chain towards finding higher, apparently significantly detected values
for the eccentricity. Similarly was introduced the pair for

√
V sin I cosβ and

√
V sin I sinβ to fit

the Rossiter-McLaughlin effect. These two changes might have led us to slightly different results
in earlier paper (especially think about the Rossiter-McLaughlin effect of WASP-2 (see next chap-
ter) (and actually confirmed by Albrecht et al. (2011)).

As can be seen in the following paper, a degeneracy develops between V sin I , β and b when
b, the impact parameter goes to zero. In fact, using equations 2.16 and 2.17 (and Albrecht et al.
(2011)), one sees that only V sin I cosβ can be detected. V sin I sinβ being meaningless, we loose
information about any asymmetry making it impossible to distinguish an angle. We can only
decide whether the system is prograde or retrograde. In WASP-23’s case the matter is made worse
because the photometry does not constrain b well enough, thus the RVs push the chain towards
the most flexible solution, where b = 0. This shows the Rossiter-McLaughlin effect in our case is
very symmetric. Any slight asymmetry would help adjust b rather than hamper it.

In principle, if one has prior knowledge about either of V sin I or β, one could solve the degen-
eracy. We thus hunted for values of v? sin I , which can be determined from spectral line broaden-
ing. Imposing that prior, forces the solution to highly inclined orbits. In order to test the robustness
of it, we hunted for another value, and attempted an old dream. Using the log R′HK, an index for
stellar activity based Calcium emission in the H and K bands, one can draw from empirical rela-
tionship, an estimate for the stellar period. Having the stellar radius as output of the MCMC, it
is an easy task to get a stellar rotation velocity. We now have I and β. Assuming I = 90◦, we
get the highest value possible for an estimate of v? sin I . Although technically an upper limit, we
found that value quite lower from the previous. Imposing it on the chain as a prior gives out a less
inclined orbit. Playing with the priors was a stark reminder that those depend heavily on our own
biases, and that any fit with a prior is meaningless without a fit not using it, to allow comparison.

Getting to the stellar rotation v? accurately (from the log R′HK for example) and to reliable
v? sin I can be of enormous use, as this, would help us find the real obliquity ψ instead of its
projection on the sky β. This has also other uses for example in the recent astrometric paper by
Sahlmann et al. (2011a) where it is possible to determine the planet’s orbital inclination i, then to
determine the star spin inclination I for non transiting systems and get to the obliquity ψ.

Doppler imaging , is also a way to lift the degeneracy, as β can be measured from the location
in velocity space at which the planet enters, and exits. This chord also gives a very precise measure
on b (Cameron et al. 2010a).
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ABSTRACT

We report the discovery of a new transiting planet in the southern hemisphere. It was found by the WASP-south transit survey and
confirmed photometrically and spectroscopically by the 1.2 m Swiss Euler telescope, LCOGT 2m Faulkes South Telescope, the 60 cm
TRAPPIST telescope, and the ESO 3.6 m telescope. The orbital period of the planet is 2.94 days. We find that it is a gas giant with a
mass of 0.88 ± 0.10 MJ and an estimated radius of 0.96 ± 0.05 RJ. We obtained spectra during transit with the HARPS spectrograph
and detect the Rossiter-McLaughlin effect despite its small amplitude. Because of the low signal-to-noise ratio of the effect and a
small impact parameter, we cannot place a strong constraint on the projected spin-orbit angle. We find two conflicting values for the
stellar rotation. We find, via spectral line broadening, that v sin I = 2.2 ± 0.3 km s−1, while applying another method, based on the
activity level using the index log R′HK, gives an equatorial rotation velocity of only v = 1.35 ± 0.20 km s−1. Using these as priors in
our analysis, the planet might be either misaligned or aligned. This result raises doubts about the use of such priors. There is evidence
of neither eccentricity nor any radial velocity drift with time.
Key words. binaries: eclipsing – planetary systems – stars: individual: WASP-23 – techniques: spectroscopic –
techniques: photometric – stars: rotation

1. Introduction

Finding planets by detecting their transit has proven to be
very successful there having been detections past the hun-
dred mark. After the discovery that HD 209458b was transit-
ing (Charbonneau et al. 2000), a plethora of ground-based small
aperture wide-angle photometric surveys have been put in place
to find similar bodies, such as WASP (Pollacco et al. 2006),
the HAT network (Bakos et al. 2004), XO (McCullough et al.
2005), TrES (O’Donovan et al. 2006), or the OGLE search

� Using WASP-South photometric observations confirmed with
LCOGT Faulkes South Telescope, the 60 cm TRAPPIST telescope, the
CORALIE spectrograph and the camera from the Swiss 1.2 m Euler
Telescope placed at La Silla, Chile, as well as with the HARPS spec-
trograph, mounted on the ESO 3.6 m, also at La Silla, under proposal
084.C-0185. The data is publicly available at the CDS Strasbourg and
on demand to the main author.
�� RV data is only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/531/A24
��� Appendix is available in electronic form at
http://www.aanda.org

(Udalski et al. 1997; Snellen et al. 2007). WASP is the only sur-
vey currently operating in both hemispheres. About 20% of ex-
trasolar planets discovered so far are currently known to transit
their host stars, the vast majority of which are the so-called hot
Jupiters, planets similar in mass to Jupiter but on orbits with pe-
riods <5 days.

Transiting planets provide a treasure trove of observables al-
lowing the study of a special class of planets that is absent from
our Solar System. A transiting system, observed with photome-
try and radial velocities, allows us to measure the planet’s mass
ratio with the star, and both the stellar density and ratio of radii.
Through observations at the time of occultation, it is possible
measure the temperature of the planet. Careful analysis during
transit and occultation can provide insight into its atmospherical
composition.

Another observable that has been under intense scrutiny re-
cently is the spin-orbit angle. As the planet transits, it covers
a part of the approaching or receding hemisphere of the star,
therefore red-shifting or blue-shifting the spectrum. This appears
as a radial velocity anomaly in the main reflex Doppler motion
curve. It is called the Rossiter-McLaughlin effect (Holt 1893;
Rossiter 1924; McLaughlin 1924) and was first measured for
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a planet by Queloz et al. (2000) and modelled by Ohta et al.
(2005), Giménez (2006), and Hirano et al. (2010). Recently it
was found that hot Jupiters are located on a vast range of or-
bital planes with respect to the stellar rotation, some even on
retrograde orbits (Hébrard et al. 2008; Winn et al. 2009; Narita
et al. 2009; Anderson et al. 2010; Queloz et al. 2010). The study
of this angle’s distribution is being used to distinguish the pro-
cesses through which hot Jupiters have arrived at their current
orbits (Triaud et al. 2010; Winn et al. 2010a; Morton & Johnson
2011).

All this gathered data helps developments in theoretical
physics in regimes beforehand out of reach: intense heat transfer
between hot and cold hemispheres (Guillot & Showman 2002)
and on supersonic winds (Dobbs-Dixon et al. 2010) to name
only two. The few detections of multi-planet systems in which
at least one component is transiting can also provide insight into
the interior structure (Batygin et al. 2009). Obviously the study
of these special exoplanets is also shedding light on how planets
form as well as on the evolution of their orbits with time. The
hot Jupiters are thought to have experienced a migration to the
star after their formation beyond the ice-line, be it through some
angular momentum exchange with the primordial protoplanetary
disc (Lin et al. 1996), or via dynamical interactions and subse-
quent tidal friction (Fabrycky & Tremaine 2007; Nagasawa et al.
2008; Malmberg et al. 2011), an explanation now preferred to
the previous one. The history of that post formation evolution
might hold a key to the understanding of the various processes
that planetary systems are likely to experience thus shed light on
the events surrounding the origin of our own Solar System.

In this light, we announce the discovery of a new transiting
gas giant by the WASP consortium, in close proximity to its host
star, which participates in providing a deeper understanding of
these objects.

2. Observations

The object, WASP-23, (1SWASP J064430.59-424542.5) is a
K1V star with V = 12.68 that was observed during two seasons
of the WASP-South survey, located in Sutherland, South Africa,
in a single camera field from 2006 October 13 to 2007 March 11
and from 2007 October 11 to 2008 March 11 representing 10 846
photometric measurements. The WASP-South instrument, part
of the WASP survey is amply described in Pollacco et al. (2006).
The Hunter algorithm (Collier Cameron et al. 2007b) searched
the data and found 11 partial transits with a period of 2.94 days
and a depth of 1.7% in both seasons (Fig. 1). It was selected
for spectroscopic follow-up. No rotational variability could be
found in the photometric data, which is indicative of slow rota-
tion and few stellar spots.

The 1.2 m Euler Swiss telescope, in La Silla, Chile, estab-
lished the planetary nature of the object by detecting a Doppler
variation of semi-amplitude 145 m s−1 with the same period and
epoch as the WASP-South photometry. Observations started on
2008 August 31 and were pursued until 2010 April 08 totalling
38 radial velocity measurements (Fig. 2), each a 30 min expo-
sure.

A photometric timeseries was acquired with the cam-
era mounted on the Euler telescope, in the z-band on 2008
December 13. We gathered 254 measurements and confirmed
the reality of the photometric signal discovered by WASP-South
(Fig. 3). In addition we gathered another 215 measurements
in the z band during transit with the Faulkes South Telescope
on 2009 September 27. We observed a third transit on 2010

Fig. 1. Phased WASP-South photometry, of two seasons, and residuals.
R band model superimposed.

February 7, with Euler, collecting 193 datapoints in the R-
band filter (Fig. 3). Two further transits were observed during
December 2010 using the newly built 60 cm TRAPPIST robotic
telescope (Gillon et al. 2011), also located in La Silla, were fi-
nally added to this analysis (Fig. 4).

Under ESO proposal 084.C-0185, we observed with the
spectrograph HARPS, mounted on the ESO 3.6 m telescope, at
La Silla, Chile, obtaining 35 spectra between 2009 December 18
and 2010 February 9. Twenty-eight spectra at a mean cadence of
roughly 600 s were acquired on the first night, 14 of which are
positioned as the planet transits (Figs. 2 and 3). The others were
observed a few months later because of scheduling contraints
and have exposure times of 1200 s.

3. Data analysis

3.1. The Euler z-band transit

The transit was observed in the z-band, on 2008 December 12,
from 2h15 to 7h35 UTC using the Euler camera. The z-band fil-
ter was used to minimise the impact of stellar limb-darkening on
the deduced system parameters. The images were 2×2 binned to
improve the duty cycle of the observations, resulting in a pixel
scale of 0.7 arcsec. We acquired 254 exposures during the run, of
exposure times ranging from 45 s to 60 s. Two outliers were re-
moved from our analysis. To keep a good spatial sampling while
minimising the impact of interpixel sensitivity inhomogeneities
and seeing variations, the telescope was heavily defocused and
produced a mean profile width of 4.8 ± 0.2 arcsec. The airmass
decreased from 1.43 to 1.03 then increased to 1.09.

After a standard pre-reduction, stellar fluxes were extracted
using the IRAF1 version of the DAOPHOT aperture photometry
software (Stetson 1987). After a careful selection of reference
stars, we subtracted a linear fit from the differential magnitudes
as a function of airmass to correct for the different colour depen-
dance of the extinction for the target and comparison stars. The
linear fit was calculated from the out-of-transit (OOT) data and
applied to all the data. The corresponding fluxes were then nor-
malised using the OOT part of the photometry. Figure 3 shows
the resulting timeseries. The OOT rms is 2.2 mmag for a mean
time sampling of 75 s. Comparing this OOT rms to the one

1 IRAF is distributed by the National Optical Astronomy Observatory,
which is operated by the Association of Universities for Research
in Astronomy, Inc., under cooperative agreement with the National
Science Foundation.
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Fig. 2. Black triangles: CORALIE data; red discs: HARPS data. Top: ra-
dial velocities with model superimposed, and residuals (both in m s−1),
as a function of orbital phase. Added are the 1σ error bars. Bottom:
phased bisector span and FWHM (both in km s−1). The HARPS data
has been translated to have its mean correspond to the CORALIE data.

obtained after binning the data in units of 25 min (a duration
comparable to that of ingress/egress) as described by Gillon et al.
(2006) indicates that a correlated noise of ∼600 ppm is present
in the photometry.

3.2. The Euler R-band transit

A similar reduction was performed for the transit of 2010
February 7. After outlier rejection, we were left with 183 im-
ages of a mean sampling time of 63 s. In this instance the tele-
scope was not defocused, the mean profile width being 2.3 arc-
sec. Transparency was good and airmass ranged from 1.03 to
2.22. Five stars were used as reference totalling a comparative
flux 4.2 times that of the target. We also observe some corre-
lated noise, of ∼600 ppm in the photometry. The photometry is
shown in Fig. 3.

3.3. The FTS z-band transit

An additional transit of WASP-23b was obtained with the
LCOGT2 2.0 m Faulkes Telescope South (FTS) at Siding Spring
Observatory, Australia on the night of 2009 September 27.
Observations took place between 15:30 UTC and 19:00 UTC
and the airmass decreased throughout the night from 1.9 at the
start of the night to 1.1. The em03 Merope camera was used with
a 2× 2 binning mode giving a field of view of 5′ × 5′ and a pixel
scale of 0.278 arcsec/pixel. The data were taken through a Pan-
STARRS-z filter and the telescope was defocussed to prevent
saturation and allow longer 35 s exposure times to be used.

2 http://lcogt.net
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Fig. 3. HARPS radial velocity data corrected for the reflex Doppler mo-
tion due to the planet and model of the Rossiter-McLaughlin effect with
residuals. Below: three photometric transits (instruments are indicated),
the best-fit model and residuals. All are presented as a function of the
orbital phase.

The data were pre-processed in the standard manner to per-
form the debiassing, dark subtraction, and flatfielding steps.
Aperture photometry was performed using DAOPHOT within
the IRAF environment using a 10 pixel radius aperture and the
differential photometry was performed relative to 14 comparison
stars that were within the FTN field of view.
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During the course of the FTS observations, we de-
tected a �0.55 mag deep flat-bottomed partial eclipse on a
nearby (∼109 arcsec) star (USNO-B1.0 0472-0093932, α =
06h44′37.63′′ δ = −42◦45′13.5′′) which appears to be an eclips-
ing binary. A cursory search of the WASP archive indicates that
it is has an ephemeris of HJD(Min I)= 2 454 021.573377E +
1.421933 days with an eclipse depth of ∼0.75 mag.

3.4. The TRAPPIST I + z band transits

A complete and a partial transit of WASP-23 was also observed
with the robotic 60 cm telescope TRAPPIST3) (Gillon et al.
2011). Located at La Silla ESO observatory (Chile), TRAPPIST
is equipped with a 2K × 2K Fairchild 3041 CCD camera that has
a 22′ × 22′ field of view (pixel scale = 0.64′′/pixel). The transits
of WASP-23 were observed on the nights of 2010 December 21
and 30. The sky conditions were clear. We used the 1 × 2 MHz
read-out mode with 1 × 1 binning, resulting in a typical read-
out + overhead time and read noise of 8.2 s and 13.5 e−, re-
spectively. The integration time was 35 s for both nights. We ob-
served through a special “I + z” filter that has a transmittance of
zero below 700 nm, and >90% from 750 nm to beyond 1100 nm.
The telescope was defocused to average pixel-to-pixel sensitivity
variations and to optimize the duty cycle, resulting in a typical
full width at half-maximum of the stellar images of ∼5.2 pixels
(∼3.3′′). The positions of the stars on the chip were maintained
to within a few pixels over the course of the two runs, thanks
to the “software guiding” system that regularly derives an astro-
metric solution from the most recently acquired image and sends
pointing corrections to the mount if needed. After a standard pre-
reduction (bias, dark, flatfield), the stellar fluxes were extracted
from the images using the IRAF/DAOPHOT aperture photometry
software (Stetson 1987). Several sets of reduction parameters

3 http://arachnos.astro.ulg.ac.be/Sci/Trappist

Table 1. Stellar parameters of WASP-23 from spectroscopic analysis.

Teff 5150 ± 100 K [Fe/H] −0.05 ± 0.13
log g 4.4 ± 0.2 [Mg/H] +0.15 ± 0.15
ξt 0.8 ± 0.2 km s−1 [Si/H] +0.03 ± 0.08
vmac 0.8 ± 0.3 km s−1 [Ca/H] +0.17 ± 0.16
v sin I 2.2 ± 0.3 km s−1 [Sc/H] +0.03 ± 0.12

[Ti/H] +0.18 ± 0.13
B − V 0.88 ± 0.05 [V/H] +0.34 ± 0.13
log R′HK −4.68 ± 0.07 [Cr/H] +0.04 ± 0.10
S MW 0.32 ± 0.04 [Mn/H] +0.05 ± 0.15

[Co/H] +0.11 ± 0.15
log A(Li) <1.0 [Ni/H] −0.03 ± 0.12

were tested, and we kept the one giving the most precise pho-
tometry for the stars of brightness similar to WASP-23. After a
careful selection of reference stars, differential photometry was
obtained. The data is shows in Fig. 4.

3.5. The spectral analysis

A total of 26 individual CORALIE spectra of WASP-23 were
coadded to produce a single spectrum with a typical signal-to-
noise ratio of around 50:1. The standard pipeline reduction prod-
ucts were used in the analysis.

The analysis was performed using the methods given in
Gillon et al. (2009). The Hα line was used to determine the ef-
fective temperature (Teff), while the Na i D and Mg i b lines
were used as surface gravity (log g) diagnostics. The parameters
obtained from the analysis are listed in Table 1. The elemen-
tal abundances were determined from equivalent width measure-
ments of several clean and unblended lines. A value for micro-
turbulence (ξt) of 0.8 km s−1 was determined from Fe i using
the Magain (1984) method. The quoted error estimates include
those given by the uncertainties in Teff , log g and ξt, as well as
the scatter due to measurement and atomic data uncertainties.

The projected stellar rotation velocity (v sin I )4 was deter-
mined by fitting the profiles of several unblended Fe i lines.
Because the value of v sin I was paramount to the model fitting,
we used the combined HARPS spectra. A value for macrotur-
bulence (vmac) of 0.8 ± 0.3 km s−1 was assumed, based on work
by Bruntt et al. (2010) and an instrumental FWHM of 0.060 Å,
determined from the telluric lines around 6300 Å. A best-fitting
value of v sin I = 2.2 ± 0.3 km s−1 was obtained. Using a macro-
turbulence based on the tabulation by Gray (2008) of 1.2 km s−1;
we obtain the same result for v sin I showing its robustness.

The HARPS spectra show that there is weak emission in the
cores of the calcium H & K lines. Activity levels on the star are
estimated by means of the log R′HK (Noyes et al. 1984; Santos
et al. 2000; Boisse et al. 2009) and obtained using a B − V =
0.88±0.05 estimated from the effective temperature. The Mount
Wilson index, S MW is also given.

3.6. The RV extraction

The spectroscopic data were reduced using the online Data
Reduction Software (DRS) for the HARPS instrument. The
radial velocity information was obtained by removing the

4 We make a distinction between v sin I and V sin I. The latter is a
result of the Rossiter-McLaughlin fit. i traditionally being the planet’s
orbital inclination, we denote by I, the inclination of the stellar spin
axis.
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instrumental blaze function and cross-correlating each spectrum
with a K5 mask. This correlation was compared with the Th-
Ar spectrum used as a wavelength-calibration reference (see
Baranne et al. 1996; Pepe et al. 2002, for details). The DRS
was shown to achieve remarkable precision (Mayor et al. 2009)
thanks to a revision of the reference lines for thorium and argon
by Lovis & Pepe (2007). A similar software package was used
the prepare the CORALIE data. A resolving power R = 110 000
for HARPS provided a cross-correlation function (CCF) binned
in 0.25 km s−1 increments, while for the CORALIE data, with a
lower resolution of 50 000, we used 0.5 km s−1. The CCF win-
dow was adapted to be three times the size of the full width at
half maximum (FWHM) of the CCF.

1σ error bars on individual data points were estimated from
photon noise alone. HARPS is stable in the long term to within
1 m s−1 and CORALIE to better than 5 m s−1. These are smaller
than our individual error bars, thus were not taken into account.

The absence of any variation in bisector span correlated with
the phase, or any variation in the FWHM, indicate that the pho-
tometric and spectroscopic signals are indeed those of a planet.
For comparison, we invite the reader to read Santos et al. (2002),
studying HD 41004 for which it has been proven that a blend by
a star and its brown dwarf companion produced a spectroscopic
Doppler shift similar to that of a planet on a foreground object.

4. Modelling the data

The data was fitted using a Markov Chain Monte-Carlo
(MCMC) method in a code allowing us to combine both pho-
tometry and spectroscopy. It has been used in several occasions
(Bouchy et al. 2008; Gillon et al. 2008) and is described at
length in Triaud et al. (2009). It is similar to those presented
in Collier Cameron et al. (2007a). The code uses a common set
of free parameters from which physical parameters can be de-
rived to construct models for the photometric and spectroscopic
signals.

4.1. Parameter choice

We used the following free (or jump) parameters: P for the
period of the object, T0 the mid-transit time, D the depth of
the transit, W its width, b the impact parameter, and K the
semi-amplitude of the Doppler reflex motion by the star. To
fit the Rossiter-McLaughlin effect, we use

√
V sin I cos β and√

V sin I sin βwhere V sin I is the projected stellar rotation and
β the projected spin-orbit angle. To estimate whether the orbit is
eccentric, we used

√
e cos ω and

√
e sin ω where e is the ec-

centricity and ω is the argument of the periastron. In addition,
we added at times γ̇ , a radial-velocity drift with time, to assess
the presence of an additional body in the system. We also fitted
one normalisation factor for each photometric dataset (five in our
case) and two γ velocities for the radial velocities, one for each
set. We used Gaussian priors to randomly draw each parameter.

We decided to use
√

e cos ω and
√

e sin ω as free param-
eters instead of the more traditional e cos ω and e sin ω be-
cause this would amount to imposing a prior proportional to
e2 as noted in Ford (2006). Figure 5 shows the difference be-
tween both runs. Considering

√
e cos ω &

√
e sin ω ensures

that the eccentricity is less biased towards high values. We
therefore made a similar change to another pair of variables,
defining

√
V sin I cos β and

√
V sin I sin β as free parameters

rather than using V sin I cos β and V sin I sin β. We conducted
checks of these parameters to validate our choice of jump param-
eters.
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Fig. 5. In the central box we show the a posteriori probability den-
sity function for e and ω, resulting from a chain using

√
e cos ω and√

e sin ω as free parameters (from which e and ω were computed to fit
an eccentric model to the data). The white contour marks the 68.27%
confidence region. The black dashed contour shows the 95.45%, and the
black dotted contour is the 99.73% confidence region. Marginalised dis-
tributions are also shown as black histograms in side boxes, which have
been normalised to the mode. Grey histograms in the side boxes show
the same fit but instead having e cos ω and e sin ω as jump parameters.

Table 2. Limb darkening coefficients used (quadratic law).

Band ua ub Band ua ub

VHARPS 0.576 0.191 z 0.284 0.289
R 0.450 0.260 I + z 0.325 0.275

4.2. Models and hypotheses

We used the models of Mandel & Agol (2002) to fit the pho-
tometric transit and of Giménez (2006) to adjust the Rossiter-
McLaughlin effect as well as a classical Keplerian model for the
orbital variation in the radial velocities. Limb darkening coeffi-
cients for the quadratic law were extracted from Claret (2000,
2004) for the photometry. To fit the Rossiter-McLaughlin effect,
we used coefficients specially inferred from HARPS’s spectral
response, which were presented in Triaud et al. (2009). Table 2
shows the values we adopted.

These models are compared to the data using a χ2 statistics.
A first series of four chains was performed to derive a stellar
density estimate. This values were used to determine a stellar
mass from the evolutionary models of Girardi et al. (2000) as
described in Hebb et al. (2009) using the metallicity and temper-
ature determined in the spectral analysis and the stellar density
from fitting the photometric transit. By interpolating between the
tracks, we found that M� = 0.79+0.13

−0.12 M� (Fig. 6). This stel-
lar mass was inserted as a prior in a new series of chains. The
stellar age could not be constrained but is likely to be old; the
star sits above the 10 Gyr isochrone. This first series of chains
also allowed the quantification of the correlated noise in the data,
which is accounted for in the following chains by increasing the
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Fig. 6. Modified Hertzprung-Russell diagram comparing the stellar den-
sity and temperature of WASP-23 to theoretical stellar evolutionary
tracks interpolated for a metallicity of [M/H] = −0.05. The star sits
just above the 10 Gyr tracks (dashdotted line). Other tracks are 0.1 Gyr
(solid), 1 Gyr (dotted), and 5 Gyr (dashed). Models are those of Girardi
et al. (2000).

individual error bars. This allows us to place evaluate credible
error bars for parameters determined by the photometry.

Two families of chains, each with 2 000 000 random steps,
were run. A family consists of four chains based on different
hypotheses:

– eccentricity and RV drift are allowed to vary freely;
– no eccentricity but RV drift varie freely;
– no RV drift but eccentricity varies freely;
– no eccentricity and no RV drift.

We considered two families, one where the Rossiter-McLaughlin
effect is allowed to vary freely and another that neglects this
effect, our null hypothesis. Hence from these eight chains we
tested for the presence of a linear trend in the radial veloci-
ties, for the detection of eccentricity, and for the detection of
the Rossiter-McLaughlin effect.

5. Results

We have computed eight different chains, each based on different
hypotheses. All chains agree in their results within each others’
error bars in their common parameters, giving strong evidence
that they have indeed converged to the solution. Results were
extracted from each chain and their comparison with each oth-
ers led to the final results presented here. This comparison, the
most salient points of which are presented in Appendix, made
us choose a circular, non-drifting model for the radial velocity.
WASP-23b’s parameters were extracted by taking the mode of
the marginalised distributions computed by the Markov chains.
When two clearly separated mode appeared, each was estimated
and its errors bars calculated (see Fig. 8). Error bars are com-
puted by taking the 68.27%, 95.45%, and 99.73% marginalised
confidence regions in the a posteriori probability density distri-
bution. Models using eccentricity and a drift as free floating pa-
rameters are useful for placing upper constraints on these param-
eters. Results are presented in Table 3. The final reduced χ2 for
the radial velocities, for both CORALIE and HARPS observa-
tions, is consistent with one. We therefore saw no need to add
any additional terms to our error bars.
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Fig. 7. Same legend as in Fig. 5 but here showing V sin I and β, for a
circular, non-drifting orbital solution using no prior on V sin I.

Hence, WASP-23b is a 0.88 MJ planet with a 0.96 RJ ra-
dius on a 2.94 day orbit, placing it among the normally sized
hot Jupiter planets. We can reasonably estimate upper limits to
the eccentricity and RV trend at the 99% exclusion level, from
the chains that had these as free parameters. Thus, we find that
e < 0.062 & | γ̇ | < 30 m s−1 yr−1.

Using no prior, we detected a radial velocity anomaly com-
patible with the expected location and shape of the Rossiter-
McLaughlin (χ2 changes from 19.6 ± 6.2 to 6.4 ± 3.6 for the
14 data points positioned during transit and one on either side).
We detected this effect to a confidence of 3.2σ from a sim-
ple Keplerian model. We see a degeneracy arising between β,
V sin I, and b, the impact parameter: V sin I increases to ex-
tremely large values (up to 60 km s−1, Fig. 7) by forcing β to a
severely misaligned solution and b to becloser to an equatorial
transit.

Because of the non-physicality of this result for V sin I we
had to resort to using some prior in order to constrain the space
within which the MCMC can explore. We do this by imposing a
Bayesian penalty on χ2. This additional analysis is presented in
the discussion.

Our chains indicate that the effect is mostly symmetrical with
respect to the centre of transit (see Fig. 7), and that we can ex-
clude a retrograde orbit.

6. Discussion

Figure 7 unambiguously shows that we have a strong degener-
acy between β and V sin I. This is a well-known problem that
was reported in particular in Narita et al. (2010) & Triaud et al.
(2010). The spectral line analysis (Sect. 3.5) showed that the pro-
jected stellar rotation velocity v sin I = 2.2 ± 0.3 km s−1. From
Fig. 7, we observe that a V sin I at such a value would lead to
a severely misaligned orbit. This is confirmed when running the
MCMC for an additional family of chains using this value of
v sin I as a prior on V sin I.
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Table 3. Fitted and derived parameters for WASP-23 & WASP-23b with their error bars for confidence intervals of 68.27%, 95.45%, and 99.73%.
For asterisked parameters, please refer to the text. Underscripted 1 and 2 indicate two distinct solutions for the same parameter.

Parameters (units) 1σ 2σ 3σ

Fitted parameters

P (days) 2.9444256 +0.0000011
−0.0000013

+0.0000024
−0.0000024

+0.0000036
−0.0000036

T0 (bjd-2 450 000) 5320.12363 +0.00012
−0.00013

+0.00023
−0.00026

+0.00036
−0.00039

D 0.01691 +0.00010
−0.00011

+0.00024
−0.00024

+0.00053
−0.00034

W (days) 0.09976 +0.00031
−0.00039

+0.00081
−0.00077

+0.00188
−0.00116

b1 (R�) * 0.04 +0.05
−0.04

+0.17
−0.04

+0.33
−0.04

b2 (R�) * 0.05 +0.23
−0.05

+0.31
−0.05

+0.37
−0.05

K (m s−1) 145.8 +1.5
−2.1

+3.4
−4.0

+5.3
−5.6√

V sin I1 cos β1 * 0.57 +0.18
−0.16

+0.42
−0.34

+0.66
−0.46√

V sin I1 sin β1 * −1.4 +2.8
−0.1

+3.0
−0.3

+3.0
−0.4√

V sin I1 cos β2 * 1.00 +0.09
−0.29

+0.16
−0.56

+0.23
−0.79√

V sin I1 sin β2 * −0.9 +1.9
−0.2

+1.9
−0.2

+2.1
−0.4

Derived parameters

Rp/R� 0.13004 +0.00040
−0.00045

+0.00095
−0.00091

+0.00203
−0.00132

R�/a 0.09429 +0.00041
−0.00047

+0.00212
−0.00091

+0.00675
−0.00124

ρ� (ρ�) 1.843 +0.025
−0.027

+0.054
−0.119

+0.069
−0.347

R� (R�) 0.765 +0.033
−0.049

+0.068
−0.098

+0.102
−0.164

M� (M�) 0.78 +0.13
−0.12

Rp/a 0.012260 +0.000077
−0.000077

+0.000340
−0.000168

+0.001093
−0.000222

Rp (RJ) 0.962 +0.047
−0.056

+0.095
−0.118

+0.139
−0.199

Mp (MJ) 0.884 +0.088
−0.099

+0.178
−0.203

+0.262
−0.321

a (AU) 0.0376 +0.0016
−0.0024

+0.0034
−0.0046

+0.0049
−0.0078

i (◦) 88.39 +0.79
−0.45

+1.50
−0.69

+1.56
−1.03

V sin I1 (km s−1) * 2.03 +0.37
−0.35

+0.70
−0.70

+0.99
−1.00

| β1 | (◦) * 69 +6
−9

+14
−24

+18
−65

V sin I2 (km s−1) * 1.21 +0.17
−0.23

+0.42
−0.39

+0.64
−0.52

β2 (◦) * −43 +99
−17

+109
−22

+122
−35

e <0.062
| γ̇ | (m s−1 yr−1) <30
γ velocity (m s−1)

CORALIE 5674.403 +0.040
−0.046

+0.085
−0.088

+0.130
−0.136

HARPS 5691.60 +0.33
−0.84

+0.90
−1.38

+1.44
−1.97

Normalisation factors

WASP-South 1.00068 +0.000011
−0.000011

+0.000021
−0.000022

+0.000032
−0.000033

- 1.000272 +0.0000020
−0.0000021

+0.0000041
−0.0000041

+0.0000060
−0.0000062

Euler z-band 1.00013 +0.000052
−0.000086

+0.000125
−0.000159

+0.000190
−0.000232

Euler R-band 0.99998 +0.000064
−0.000052

+0.000122
−0.000112

+0.000178
−0.000176

FTS z-band 1.01110 +0.00011
−0.00010

+0.00022
−0.00021

+0.00032
−0.00033

TRAPPIST I + z-band 1.000117 +0.000078
−0.000078

+0.000163
−0.000160

+0.000239
−0.000239

1.000150 +0.000059
−0.000068

+0.000125
−0.000130

+0.000192
−0.000195
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Fig. 8. Square boxes present the a posteriori probability density functions for V sin I, β and impact parameter b, from which we extract our results.
The white contour marks the 68.27% confidence region. The black dashed contour shows the 95.45%, and the black dotted contour the 99.73%
confidence regions. Marginalised distributions are also shown as black histograms in side boxes, normalised to the mode. At the top right, in red,
we have the results for a circular, non drifting solution with use of a prior of v = 1.35 ± 0.20 km s−1. On bottom left, in blue, we show a circular,
non-drifting solution with the application of a prior of v sin I = 2.2 ± 0.3 km s−1. Grey histograms in V sin I and β show results in the photometry
limited runs; for b, we plotted the resulting distribution by fitting the photometry alone without the Rossiter-McLaughlin effect.
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We call this our solution 1: we obtain two modes for β sym-
metrically opposite each other (see Fig. 8, bottom left corner).
We therefore choose to denote this result by its absolute value as
| β1 | = 69◦+6

−9 V sin I1 = 2.03+0.37
−0.35 km s−1, and the impact param-

eter b1 = 0.04 ± 0.05 R�. This prior choice makes the detection
of the Rossiter-McLaughlin effect close to 7.5σ.

Before claiming that an additional misaligned planet is
present, one around a cool star (thus a strong exception accord-
ing to Winn et al. 2010a), we searched for another independent
estimate of the stellar rotation.

From spectral analysis, we obtained a value quantifying
the emission in the calcium II lines expressed in the form of
log R′HK = −4.68 ± 0.07. This value can be used as an indi-
rect measurement of the true stellar rotation period. We used two
methods, developed by Noyes et al. (1984), finding 28.6+5.3

−5.3 days
and a more recent estimate by Mamajek & Hillenbrand (2008)
and got the value 28.2+4.4

−5.3 days in very good agreement with the
previous value. Using the distribution of R� computed from our
MCMC chains, we transformed these values into the equatorial
rotation v obtaining 1.30+0.24

−0.19 and 1.35+0.28
−0.20 km s−1 respectively.

Combining both, we have our new prior that we included as
1.35±0.20 km s−1 into a new series of four chains. The results of
these indicate that the planet is most likely on an aligned orbit,
but error bars remain large.

We refer to these results as our solution 2. We only have
one large range of values for the projected spin-orbit angle β2 =
−43◦+99

−17. V sin I2 = 1.21+0.17
−0.23 km s−1 and b2 = 0.05+0.23

−0.05 R�. The
detection of the Rossiter-McLaughlin effect is more secure in
this case as well, increasing to a value close to 7σ.

To test our results, we simulated whether an infinitely precise
photometry would help us discriminate between our different so-
lutions for β since the parameter b, for example, is influenced
by the adjustment of the Rossiter-McLaughlin model. We there-
fore removed the Rossiter-McLaughlin effect before running a
chain using only photometry to adjust for the transit parameters
keeping the non-drifting, non eccentric model. Having photom-
etry as the sole influence on the impact parameter, one finds that
b = 0.28+0.08

−0.14 R�. The value found for b1 and b2 are not at odds
with this value. We fixed the parameters controlled by photome-
try to the most likely values (i.e. b = 0.28) and ran an additional
three chains. Those three “photometry limited” chains had the
following characteristics:

– no imposed prior;
– a prior of 2.2 ± 0.3 km s−1;
– a prior of 1.35 ± 0.20 km s−1.

We refer to Fig. 8 for the resulting probability distributions (grey
histograms). By fixing all parameters to the values that can be
determined by photometry alone and again allowing all remain-
ing parameters to be free, we see some changes in the posterior
probability distributions (see grey histograms in Fig. 8). The dis-
tribution of V sin I1 is shifted to lower values, while that of β1,
although still bimodal, is offset to a far smaller extent. V sin I2 is
left almost unchanged, but β2 is more closely confined to zero.
This illustrates the effect of our poorly constrained impact pa-
rameter on our fit, but this also indicates that, unless a new transit
lead us to a higher value of b, even an infinitely precise photome-
try would not enable us to break entirely the degeneracy between
β and V sin I for b < 0.28 R�.

The measurement of the projected spin-orbit angle β is
mostly affected by the small amplitude of the signal and in
part by the poorly determined impact parameter, which, float-
ing to small values, creates a degeneracy between small β, small
V sin I and high β, high V sin I.

7. Conclusions

After analysing more than four years of photometric and spec-
troscopic data, we are able to confidently conclude that we have
detected a typical hot Jupiter around the K1V star called WASP-
23. The analysis was a bit more arduous than anticipated because
of a degeneracy that arose when fitting the Rossiter-McLaughlin
effect. A total of 19 Markov chains were used to derive our con-
clusions.

Despite the slow rotation and likely old age of the star, we
have managed to detect the Rossiter-McLaughlin effect, which
is of similar amplitude to that of WASP-2b (Triaud et al. 2010)
and of a similar signal-to-noise as detections such as that on Hat-
P-11b (Winn et al. 2010b; Hirano et al. 2011). Imposing priors
on V sin I increases our detection level but seriously affects the
posterior probability distribution (see Figs. 7 and 8) and thus
our results and possible interpretations. This is mostly because
of the difference between our two priors, which are 2.7σ away
from each other, although our value of v sin I = 2.2±0.3 km s−1

(solution 1) should be seen as a lower value, while v = 1.35 ±
0.20 km s−1 (solution 2) is more of an upper value.

There is strong evidence that for stars colder than 6250 K,
planets tend to have a high a priori probability of being aligned
with the stellar spin (Winn et al. 2010a). This would then be
consistent with our solution 2 , thus imply that the spectral line
broadening method is not accurate enough to determine v sin I.
This would demonstrate that there is a potential difficulty in es-
timating v sin I and its use as a prior. However solution 2 is not
without its problems either because the determination of the stel-
lar rotation from activity indices could be altered by the presence
of a nearby hot Jupiter as well as by long term magnetic cycles.

To resolve WASP-23b’s spin orbit angle, one has several op-
tions. One could acquire additional and higher quality photome-
try. If b were found to be small, then the degeneracy would not
be lifted, but the larger its value is found to be, the more likely
the system is to be aligned. In addition, further observations of
the Rossiter-McLaughlin effect might be needed. There is also
a possibility that the current data is enough as one could use
the Doppler shadow method pioneered in Collier Cameron et al.
(2010) and Miller et al. (2010). This method provides precise
determinations of V sin I, β, and b but is most effective best for
fast rotators and bright targets.

Either way, the solution to the degeneracy of our results is
interesting. If solution 1 (prior on V sin I = 2.2 ± 0.3 km s−1)
were confirmed, we would have a misaligned system around a
cold star and a need to rectify the determination of stellar ro-
tation based on activity levels. If solution 2 (prior on V sin I =
1.35±0.20 km s−1) were instead the most likely one, then we are
observing probably an aligned system and one will need to be
careful when using v sin I prior infered by spectral line broad-
ening.

We therefore recommend extreme caution when using priors,
as final results can depend entirely on those and a small initial
systematic error can lead to dramatic changes in interpretation.

Nota Bene. We used the UTC time standard and Barycentric
Julian Dates in our analysis. Our results are based on the equa-
torial solar and jovian radii and masses taken from Allen’s
Astrophysical Quantities.
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Appendix A: Comparisons between different chains.

In order to lighten the text, here are placed the results of the Markov Chains using various starting hypotheses and from which we
estimated upper limits on eccentricity and long term radial velocity trends.

Table A.1 compares the results in χ2 by instrument and during the Rossiter-McLaughlin effect for eights chains. From this we
concluded that the eccentric orbit model is compatible with the circular, that a drift that can be fitted is statistically indistinguishable
from zero, but that we detect an anomaly in the reflex Doppler motion, corresponding to the location where the Rossiter-McLaughlin
effect is expected.

Table A.2 explores the parameters issued from chains where the Rossiter-McLaughlin effect was fitted in order to make sense
of the results and see their dependency on initial hypotheses.

Table A.1. Comparison of the results in χ2 by instrument and during the Rossiter-McLaughlin effect 2 different families of chains: having no prior
on V sin I, and not fitting the Rossiter-McLaughlin effect.

(e, | γ̇ |) (Free, free) (Free, fixed) (Fixed, free) (Fixed, fixed)
Rossiter-McLaughlin effect fitted, no Prior
χ2

CORALIE, 38 RVs 38.1 ± 8.7 45.9 ± 9.6 41.3 ± 9.1 48.5 ± 9.8
Nparam 7 6 5 4
χ2

reduced 1.23 ± 0.28 1.44 ± 0.30 1.25 ± 0.28 1.43 ± 0.29

χ2
HARPS, 35 RVs 25.2 ± 7.1 23.8 ± 7.0 27.1 ± 7.4 26.2 ± 7.2

Nparam 12 11 10 9
χ2

reduced 1.10 ± 0.31 1.00 ± 0.29 1.08 ± 0.29 1.01 ± 0.28

χ2
in RM, 16 RVs 6.8 ± 3.7 6.8 ± 3.7 6.3 ± 3.6 6.4 ± 3.6

all 73 RVs, 2 sets
χ2

RV 63.4 ± 11.3 69.7 ± 11.8 68.4 ± 11.7 74.7 ± 12.2
Nparam 13 12 11 10
χ2

reduced 1.06 ± 0.19 1.14 ± 0.19 1.10 ± 0.19 1.19 ± 0.19
Rossiter-McLaughlin effect absent
χ2

CORALIE, 38 RVs 38.1 ± 8.7 45.1 ± 9.5 40.7 ± 9.0 48.4 ± 9.8
Nparam 7 6 5 4
χ2

reduced 1.23 ± 0.28 1.41 ± 0.30 1.23 ± 0.27 1.42 ± 0.29

χ2
HARPS, 35 RVs 39.7 ± 8.9 38.9 ± 8.8 40.8 ± 9.0 39.5 ± 8.9

Nparam 7 6 5 4
χ2

reduced 1.42 ± 0.32 1.34 ± 0.30 1.36 ± 0.30 1.27 ± 0.29

χ2
in RM, 16 RVs 21.2 ± 6.5 21.2 ± 6.5 19.6 ± 6.3 19.6 ± 6.2

all 73 RVs, 2 sets
χ2

RV 77.9 ± 12.5 84.1 ± 13.0 81.5 ± 12.8 87.9 ± 13.3
Nparam 8 7 6 5
χ2

reduced 1.20 ± 0.19 1.27 ± 0.20 1.22 ± 0.19 1.29 ± 0.20
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Table A.2. Results from various Markov chains of the three parameters which control the shape of the Rossiter-McLaughlin effect.

V sin I (km s−1) ± β (◦) ± b (R�) ±
1σ 2σ 3σ 1σ 2σ 3σ 1σ 2σ 3σ

V sin I Prior off
0.82 +0.11

−0.35
+1.98
−0.82

+9.45
−0.82 -1 +38

−41
+76
−76

+89
−86 0.27 +0.05

−0.27
+0.10
−0.27

+0.15
−0.27

V sin I Prior on, 1.35 km s−1

1.21 +0.17
−0.23

+0.42
−0.39

+0.64
−0.52 -43 +99

−17
+109
−22

+122
−35 0.05 +0.23

−0.02
+0.31
−0.05

+0.37
−0.05

V sin I Prior on, 2.2 km s−1

2.03 +0.37
−0.35

+0.70
−0.70

+0.99
−1.00 68 +7

−8
+14
−23

+18
−155 0.04 +0.05

−0.04
+0.17
−0.04

+0.33
−0.04

-69 +8
−7

+25
−14

+155
−18

Rossiter-McLaughlin effect not fitted

0 (fixed) 0 (fixed) 0.28 +0.08
−0.14

+0.11
−0.26

+0.15
−0.28

Photometry Limited runs

V sin I Prior off
0.87 +0.28

−0.28
+0.57
−0.53

+0.87
−0.80 4 +23

−36
+46
−57

+70
−77 0.28 (fixed)

V sin I Prior on, 1.35 km s−1

1.15 +0.19
−0.17

+0.37
−0.33

+0.54
−0.49 -15 +42

−21
+67
−40

+84
−55 0.28 (fixed)

V sin I Prior on, 2.2 km s−1

1.37 +0.35
−0.17

+0.66
−0.35

+0.95
−0.55 -44 +98

−14
+106
−19

+120
−30 0.28 (fixed)

Notes. These are for circular non drifting orbital solutions.
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3.5 The Southern WASP Planet Collection

The candidates come, and the planets go.

Being responsible for the transmutation of a nameless candidate into a fully fledge transiting
planet (section 3.2) inside our collaboration between WASP and Genève, I am at the bottleneck
of the data flow and get a ride as a co-author on most WASP discovery papers. This is the main
source the high paper rate throughout my thesis. Although having a crucial role for the planet-
hood determination, I have only a small role in the write up and analysis of those papers. I tried
to read each as they got submitted to the collaboration, making comments when I felt necessary.
Because most of them are fairly similar, and similar to the WASP-6, 8 and 23 papers, only the 1st

pages are now shown. It should give an idea about the high success that WASP and Genève en-
joyed.

The papers (only those that have been released publically) are in order of WASP numbering,
and not of publication date (when possible, since recently the planets got bundled with numbers
not necessarily following each others)16.

Some objects are more special than others because they were harder to find, or around atypical
stars, or even just with a funny17 coordinate number. One of the objects I am most proud of
having found is WASP-30, which, strangely enough is probably not a planet18 (see Sahlmann et al.
(2011b)).

For bodies below about 4 MJup the radius rises sharply, it then transforms into a slow down-
ward slope up to masses of round about 80 MJup before rising again sharply (see figure 3.23). Few
low M dwarves have had a radius measured to constrain that fast rising slope. But fewer than that
were the Brown Dwarfs for which no direct radius measurements existed until very recently.

Ever since I saw this gap in the mass/radius diagram for bodies between 15 and 100 MJup

during Brice-Olivier Demory’s PhD defence, the so-called Brown Dwarf desert, have I yearned to
find an object there. Thus I changed the instructions sent to the observers who started obtaining
more data on candidates classified as fast rotators and stars for which we had a variation of order
10 km/s, all of which had been discarded. Needless to say that newer contemporaneous candi-
dates with such characteristics were also included. On the previously observed star: nothing was
found, indicating Brown Dwarfs are indeed much rarer than planets. Many eclipsing M-dwarfs
(SB1) were detected and now have characterised orbits thanks to that process.

But finally the search yielded results: CoRoT had found one candidate, around a hotter star
than traditionally observed by RV surveys (Deleuil et al. 2008). Its photometric precision made the
transit clear, but was of a depth which with WASP is hard to detect. The confirmation with radial
velocities was easier than for planets: the signal is larger.

Not too long after, CORALIE finally confirmed one such object from the WASP survey: WASP-
30 (Anderson et al. 2011). It is to date the smallest transit depth that has been detected by the
instrument. It is around a hot star too. About the same time, CoRoT announced another such
object (Bouchy et al. 2011). A fourth detection was found by Kepler: a brown dwarf around an M
dwarf in what may be a more traditional binary with a small mass ratio (Johnson et al. 2011a).

One of the main interest in finding those objects, especially on a bright target, is to determine
accurately their radius and compare it with theoretical predictions such as Chabrier et al. (2000a,b).

16There is only one gap in the numbering: WASP-9 (see 3.3.5). Other missing numbers indicate planets found in the
North, or for which the paper is not ready yet (such as WASP-20 (Collier Cameron, in prep))

17the definition of funny being very culturally dependent, I won’t define what a funny coordinate number is.
18again problems of definition, what is a planet, what is a brown dwarf, what is a low mass star? Is there any

difference? I won’t enter the debate.
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ABSTRACT

We report that a Jupiter-mass planet, WASP-7b, transits the V = 9.5 star HD 197286 every 4.95 d. This is the
brightest discovery from the WASP-South transit survey so far and is currently the brightest transiting-exoplanet
system in the southern hemisphere. WASP-7b is among the densest of the known Jupiter-mass planets, suggest-
ing that it has a massive core. The planet mass is 0.96+0.12

−0.18 MJup, the radius is 0.915+0.046
−0.040 RJup, and the den-

sity is 1.26+0.25
−0.21 ρJup

(
1.67+0.33

−0.28 g cm−3
)
.

Key words: stars: individual (WASP-7, HD 197286) – planetary systems

1. INTRODUCTION

Transiting exoplanets are valuable discoveries since they offer
the most opportunities for parameterization and study. The
WASP project (Pollacco et al. 2006) is one of the number
of wide-area surveys, along with HAT (Bakos et al. 2002), TrES
(O’Donovan et al. 2006), and XO (McCullough et al. 2005),
all aimed at finding exoplanets transiting relatively bright stars,
where they are easiest to observe. A prime aim is to fill out
diagrams such as the exoplanet mass–radius plot, which has the
potential to be a diagnostic tool for exoplanets comparable to the
Hertzsprung–Russell diagram for stars, possibly leading to an
understanding of the large disparity in the parameters of known
hot Jupiters.

WASP is the only one of the above surveys operating in
both hemispheres. We report here on WASP-7 (= HD 197286),
a new discovery from WASP-South that, at magnitude 9.5,
is currently the brightest transiting-exoplanet system in the
southern hemisphere, being three magnitudes brighter than the
previously announced WASP-4 (Wilson et al. 2008) and WASP-
5 (Anderson et al. 2008). WASP-7b is also among the densest
known Jupiter-mass exoplanets, extending the populated region
of the mass–radius plot.

2. OBSERVATIONS

The WASP-South survey is described in Pollacco et al. (2006)
and Wilson et al. (2008), while a discussion of our candidate
selection methods can be found in Collier Cameron et al.
(2007a), Pollacco et al. (2007), and references therein.

WASP-7 (= HD 197286) is a V = 9.5 F5V star in Micro-
scopium. It was observed by WASP-South from May to mid-
October in both 2006 and 2007, being recorded in two overlap-
ping cameras, each having an 11.1 cm aperture Canon 200 mm
f/1.8 lens backed by a 2k × 2k e2V CCD. Exposure times were

30 s, with a typical cadence of 8 minute. We obtained 5800 pho-
tometric data points from each camera in 2006, and a further
5700 data points from each in 2007.

The WASP-South lightcurves revealed dips with a depth
of 0.007 magnitudes recurring with a 4.95 day period
(Figure 1). Spectroscopic observations were then obtained us-
ing the CORALIE spectrograph on the Euler 1.2m telescope.
Eleven radial-velocity measurements were obtained during 2007
September 15–October 12 (Figure 2; Table 1), establishing
WASP-7b as a Jupiter-mass companion.

We used a line-bisector analysis to look for asymmetries in
the spectral line profiles, as could be caused by contamination
from an unresolved eclipsing binary (Queloz et al. 2001). Such a
binary would produce bisector spans that vary in phase with the
photometric period with an amplitude comparable to the radial-
velocity amplitude. This is not seen in our data, supporting the
conclusion that the radial-velocity variations are caused by a
planet.

3. WASP-7 PARAMETERS

The CORALIE spectra, when co-added, give a signal-to-noise
ratio of ∼ 50 in 0.01 Å bins, which is suitable for a preliminary
photospheric analysis of WASP-7.

We analyzed the spectra using the uclsyn package and
atlas9 models, without convective overshooting (Castelli et al.
1997), leading to the parameters in Table 2. The effective
temperature (Teff) comes from an analysis of the Hα line,
while the surface gravity (log g) comes from the Na i D and
Mg i b lines. An estimate of the microturbulence (ξt) comes
from several clean and unblended Fe i and Fe ii lines, while
the ionization balance between Fe i and Fe ii was used as an
additional diagnostic of Teff and log g.

In addition to the spectral analysis, we have also used
TYCHO, DENIS, and 2MASS magnitudes to estimate the
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ABSTRACT

We report the discovery of a low-density exoplanet transiting an 11th magnitude star in the Southern hemisphere.
WASP-15b, which orbits its host star with a period P = 3.7520656 ± 0.0000028 d, has a mass Mp =
0.542 ± 0.050 MJ and radius Rp = 1.428 ± 0.077 RJ, and is therefore one of the least dense transiting exoplanets
so far discovered (ρp = 0.247 ± 0.035 g cm−3). An analysis of the spectrum of the host star shows it to be
of spectral type around F5, with an effective temperature Teff = 6300 ± 100 K and [Fe/H] = −0.17 ± 0.11.

Key words: binaries: eclipsing – planetary systems – stars: individual (WASP-15) – techniques: photometric –
techniques: radial velocities – techniques: spectroscopic

1. INTRODUCTION

Transiting exoplanets represent the best current opportunity to
test theoretical models of the internal structure of such planets,
and the formation and evolution of planetary systems. At the
time of this writing the discovery of approaching 60 transiting
systems had been announced in the literature by numerous well-
established survey projects, such as HATnet (Bakos et al. 2004),
XO (McCullough et al. 2005), TrES (O’Donovan et al. 2006),
and WASP (Pollacco et al. 2006).

The WASP project operates two identical observatories,
one at La Palma in the Canary Islands, and the other at
Sutherland in South Africa. Each telescope has a field of view of
approximately 500 square degrees. The WASP survey is capable
of detecting planetary transit signatures in the light curves of
hosts in the magnitude range V ∼ 9–13. A full description of
the telescope hardware, observing strategy and pipeline data
analysis is given in Pollacco et al. (2006).

2. OBSERVATIONS

The host star WASP-15 (= 1SWASP J135542.70-320934.6
= 2MASS 13554269-3209347 = USNO-B1.0 0578-0402627
= NOMAD1 0578-0409366 = TYCH2 7283-01162-1) is cat-
aloged as a star of magnitude V = 11.0 and coordinates
α = 13h55m42.s71, δ = −32◦09′34.′′6. WASP-15 was observed
by the WASP-South observatory in a single camera field from
2006 May 4 to 2006 July 17, and in two overlapping camera
fields from 2007 January 31 to 2007 July 17 and from 2008
January 31 to 2008 May 29.

The data were processed using the project’s routine analysis
pipeline, de-trending, and transit-detection tools as described
in Pollacco et al. (2006) and Collier Cameron et al. (2006,
2007). A total of 24,943 data points were acquired, in which a
recurrent transit signature with a period of 3.7520 days and a
depth of 0.011 ± 0.001 mag was detected (Figure 1, top panel).

In total, some 11 full or partial transits were observed by
WASP-South.

Follow-up photometric observations were made using the
EulerCAM photometer on the 1.2 m Euler telescope in the
I-band on 2008 March 29 and the R-band on 2008 May 13
(Figure 1, middle and lower panel), which confirmed the
presence of a flat-bottomed dip expected from the transit of
an exoplanet. Both transit light-curves from EulerCAM exhibit
excess variability likely due to systematic noise.

Subsequent observations using the CORALIE spectrograph
on the Euler telescope between 2008 March 6 and 2008 July 17
yielded 21 radial velocity measurements (Table 1; Figure 2,
upper panel) which show a sinusoidal variation with a semi-
amplitude of around 65 m s−1 on the same period as the transit
signature. An analysis of the bisector spans (Figure 2, lower
panel) shows no correlation with the measured radial velocity,
which rules out the possibility that the RV variations were due
to a blended eclipsing binary system.

3. EVOLUTIONARY STATUS OF THE HOST STAR

The individual CORALIE spectra have a relatively low signal-
to-noise ratio (S/N), but when co-added into 0.01 Å steps they
give an S/N of around 80:1 which is suitable for a photospheric
analysis of WASP-15. In addition, a single HARPS spectrum
was used to complement the CORALIE analysis, but this
spectrum had a relatively modest S/N of around 50:1.

An analysis of the available spectral data was performed using
the uclsyn spectral synthesis package (Smith 1992; Smalley
et al. 2001) and atlas9 models without convective overshooting
(Castelli et al. 1997). The Hα and Hβ lines were used to
determine the effective temperature (Teff), while the Na i D and
Mg i b lines were used as surface gravity (log g) diagnostics.
Additionally, the Ca H and K lines provide a further check on
the derived Teff and log g. This fit yielded a Teff = 6300±100 K
and log g = 4.35 ± 0.15 (Table 2).
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ABSTRACT

We report the discovery from WASP-South of a new Jupiter-like extrasolar planet, WASP-16b, which transits
its solar analog host star every 3.12 days. Analysis of the transit photometry and radial velocity spectroscopic
data leads to a planet with Rp = 1.008 ± 0.071 RJup and Mp = 0.855 ± 0.059 MJup, orbiting a host star with
R∗ = 0.946 ± 0.054 R� and M∗ = 1.022 ± 0.101 M�. Comparison of the high resolution stellar spectrum
with synthetic spectra and stellar evolution models indicates the host star is a near-solar metallicity ([Fe/H] =
0.01 ± 0.10) solar analog (Teff = 5700 ± 150 K and log g = 4.5 ± 0.2) of intermediate age (τ = 2.3+5.8

−2.2 Gyr).

Key words: planetary systems – stars: abundances – stars: individual (WASP-16b)

1. INTRODUCTION

There are currently over 300 known exoplanets15 with the
majority of them discovered through the radial velocity (RV)
technique. A growing number of exoplanets in recent years
have been discovered through the transit method. Transiting
exoplanets are particularly valuable as they allow parameters
such as the mass, radius, and density to be accurately determined
and further studies such as transmission spectroscopy, secondary
eclipse measurements, and transit timing variations to be carried
out.

There are several wide angle surveys that have been successful
in finding transiting exoplanets around bright stars, namely
HAT (Bakos et al. 2002), TrES (Alonso et al. 2004), XO
(McCullough et al. 2005), and WASP (Pollacco et al. 2006). The
WASP Consortium conducts the only exoplanet search currently
operating in both hemispheres although HATnet is planning a
southern extension and several groups are planning searches
from Antarctica (e.g., Strassmeier et al. 2007; Crouzet et al.
2009).

We report the discovery from the WASP-South observatory
of a ∼ 0.86 MJup mass companion orbiting a V ∼ 11.3 close
solar analog WASP-16 (=TYC 6147-229-1, USNO-B1.0 0697-
0298329).

2. OBSERVATIONS

2.1. Photometric Observations

WASP-South, located at SAAO, South Africa, is one of two
SuperWASP instruments and comprises eight cameras on a

15 http://exoplanet.eu

robotic mount. Each camera consists of a Canon 200mm f/1.8
lens with an Andor 2048×2048 e2v CCD camera giving a field
of view of 7.◦8 × 7.◦8 and a pixel scale of 13.′′7. Exposure times
were 30 s and the same field is returned to and reimaged every
8–10 minutes. Further details of the instrument, survey, and data
reduction pipelines are given in Pollacco et al. (2006); and the
candidate selection procedure is described in Collier Cameron
et al. (2007), Pollacco et al. (2008), and references therein.

WASP-16 was observed for a partial season in 2006, a full
season in 2007, and a further partial season in 2008 with the
distribution of data points as 3324 points (2006), 6013 (2007),
and 4084 (2008). The 2007 light curve revealed the presence
of a ∼ 1.3% dip with a period of ∼ 3.11 days. The transit
coverage in the other two seasons was very sparse, particularly
in 2006, and there is only evidence for two partial transits in the
2008 data. WASP-16 was a fairly strong candidate for follow up
despite the small number of transits, passing the filtering tests
of Collier Cameron et al. (2006) with a signal to red noise ratio,
Sred = 9.38 (with Sred > 5 required for selection), “transit to
antitransit ratio” Δχ2/Δχ2− = 2.5(Δχ2/Δχ2− � 1.5 required
for selection) and no measurable ellipsoidal variation.

The SuperWASP light curve showing a zoom of the transit
region, along with the model transit fit, is shown in Figure 1.
In order to better constrain the transit parameters, follow-
up high precision photometric observations with the Swiss
1.2m+EULERCAM on La Silla, were obtained in the Ic band
on the night of 2008 May 4 and are shown in Figure 2.

2.2. Spectroscopic Observations

In order to confirm the planetary nature of the transit sig-
nal, we obtained follow-up spectroscopic observation with the
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4 School of Physics and Astronomy, University of St. Andrews, North Haugh, Fife, KY16 9SS, UK
5 Department of Physics and Astronomy, University of Leicester, Leicester, LE1 7RH, UK
6 Las Cumbres Observatory, 6740 Cortona Dr. Suite 102, Santa Barbara, CA 93117, USA

7 Astrophysics Research Centre, School of Mathematics & Physics, Queen’s University, University Road, Belfast, BT7 1NN, UK
Received 2009 August 11; accepted 2009 November 30; published 2009 December 29

ABSTRACT

We report the discovery of the transiting giant planet WASP-17b, the least-dense planet currently known. It is
1.6 Saturn masses, but 1.5–2 Jupiter radii, giving a density of 6%–14% that of Jupiter. WASP-17b is in a 3.7
day orbit around a sub-solar metallicity, V = 11.6, F6 star. Preliminary detection of the Rossiter–McLaughlin
effect suggests that WASP-17b is in a retrograde orbit (λ ≈ −150◦), indicative of a violent history involving
planet–planet or star–planet scattering. WASP-17b’s bloated radius could be due to tidal heating resulting from
recent or ongoing tidal circularization of an eccentric orbit, such as the highly eccentric orbits that typically result
from scattering interactions. It will thus be important to determine more precisely the current orbital eccentricity
by further high-precision radial velocity measurements or by timing the secondary eclipse, both to reduce the
uncertainty on the planet’s radius and to test tidal-heating models. Owing to its low surface gravity, WASP-17b’s
atmosphere has the largest scale height of any known planet, making it a good target for transmission spectroscopy.

Key words: planetary systems – stars: individual (WASP-17)

Online-only material: color figures, machine-readable table

1. INTRODUCTION

The first measurement of the radius and density of an extra-
solar planet was made when HD 209458b was seen to transit
its parent star (Charbonneau et al. 2000; Henry et al. 2000).
The large radius (1.32 RJup) of HD 209458b, confirmed by later
observations (e.g., Knutson et al. 2007), could not be explained
by standard models of planet evolution (Guillot & Showman
2002). Since the discovery of HD 209458b, other bloated
planets have been found, including TrES-4 (Mandushev et al.
2007), WASP-12b (Hebb et al. 2008), WASP-4b (Wilson et al.
2008; Gillon et al. 2009a, Winn et al. 2009a, Southworth
et al. 2009), WASP-6b (Gillon et al. 2009b), XO-3b (Johns-Krull
et al. 2008; Winn et al. 2008), and HAT-P-1b (Bakos et al. 2007;
Winn et al. 2007; Johnson et al. 2008). Of these, TrES-4 is the
most bloated, with a density 15% that of Jupiter, and a radius
larger by a factor 1.78 (Sozzetti et al. 2009).

The mass, composition, and evolution history of a planet
determines its current radius (e.g., Burrows et al. 2007;
Fortney et al. 2007). Recently, numerous theoretical studies
have attempted to discover the reasons why some short-orbit,
giant planets are bloated. A small fraction of stellar insola-
tion energy would be sufficient to account for bloating, but no
known mechanism is able to transport the insolation energy deep
enough within a planet to significantly affect the planet’s evolu-
tion (Guillot & Showman 2002; Burrows et al. 2007). Enhanced
atmospheric opacity would cause internal heat to be lost more

∗ Based in part on data collected with the HARPS spectrograph at ESO
La Silla Observatory under programme ID 081.C-0388(A).
8 Current address: Centre for Astrophysics & Planetary Science, University of
Kent, Canterbury, Kent, CT2 7NH, UK.

slowly, causing a planet’s radius to be larger than otherwise at a
given age (Burrows et al. 2007). Indeed, the more highly irradi-
ated planets are thought to have enhanced opacity due to species
such as gas-phase TiO/VO, tholins or polyacetylenes (Burrows
et al. 2008; Fortney et al. 2008). These upper-atmosphere ab-
sorbers result in detectable stratospheres (e.g., Knutson et al.
2009) and prevent incident flux from reaching deep into the
atmosphere, causing a large day–night temperature contrast,
which leads to faster cooling (Guillot & Showman 2002). That
some planets are not bloated, though they are in similar irra-
diation environments and have otherwise similar properties to
bloated planets, may be due to differences in evolution history
or in core mass (Guillot et al. 2006; Burrows et al. 2007).

Currently, the most promising explanation for the large
radii of some planets is that they were inflated when the
tidal circularization of eccentric orbits caused energy to be
dissipated as heat within the planets (Bodenheimer et al. 2001;
Gu et al. 2003; Jackson et al. 2008a; Ibgui & Burrows 2009).
Indeed, Jackson et al. (2008b) found that the distribution of the
eccentricities of short-orbit (a < 0.2 AU) planets could have
evolved, via tidal circularization, from a distribution identical
to that of the farther-out planets.

The angular momenta of a star and its planets derive from that
of their parent molecular cloud, so close alignment is expected
between the stellar spin and planetary orbit axes. When a planet
obscures a portion of its parent star, we observe an apparent
spectroscopic redshift or blueshift, which we see depends on
whether the area obscured is approaching or receding relative
to the star’s bulk motion. This manifests as an “anomalous”
radial velocity (RV) and is known as the Rossiter–McLaughlin
(RM) effect (e.g., Queloz et al. 2000a; Gaudi & Winn 2007).
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LETTERS

An orbital period of 0.94 days for the hot-Jupiter
planet WASP-18b
Coel Hellier1, D. R. Anderson1, A. Collier Cameron2, M. Gillon3,4, L. Hebb2, P. F. L. Maxted1, D. Queloz3, B. Smalley1,
A. H. M. J. Triaud3, R. G. West5, D. M. Wilson1, S. J. Bentley1, B. Enoch2, K. Horne2, J. Irwin6, T. A. Lister7, M. Mayor3,
N. Parley2, F. Pepe3, D. L. Pollacco8, D. Segransan3, S. Udry3 & P. J. Wheatley9

The ‘hot Jupiters’ that abound in lists of known extrasolar planets
are thought to have formed far from their host stars, but migrate
inwards through interactions with the proto-planetary disk from
which they were born1,2, or by an alternative mechanism such as
planet–planet scattering3. The hot Jupiters closest to their parent
stars, at orbital distances of only 0.02 astronomical units, have
strong tidal interactions4,5, and systems such as OGLE-TR-56 have
been suggested as tests of tidal dissipation theory6,7. Here we
report the discovery of planet WASP-18b with an orbital period
of 0.94 days and a mass of ten Jupiter masses (10 MJup), resulting in
a tidal interaction an order of magnitude stronger than that of
planet OGLE-TR-56b. Under the assumption that the tidal-
dissipation parameter Q of the host star is of the order of 106, as
measured for Solar System bodies and binary stars and as often
applied to extrasolar planets, WASP-18b will be spiralling inwards
on a timescale less than a thousandth that of the lifetime of its host
star. Therefore either WASP-18 is in a rare, exceptionally short-
lived state, or the tidal dissipation in this system (and possibly
other hot-Jupiter systems) must be much weaker than in the
Solar System.

Through monitoring by the WASP-South transit survey8, coupled
with radial-velocity observations from the Coralie spectrograph, we
have discovered a 10-MJup planet transiting the star WASP-18
(5 HD 10069) every 0.94 days (Fig. 1). WASP-18b is the first con-
firmed hot-Jupiter planet that has a period of less than one day
(candidates with periods of less than a day have previously been
announced based on photometry alone9, though experience shows
that less than 10% of such candidates are actual planets10).

From comparison of the host star to stellar evolutionary tracks11,12

(see the Supplementary Information) we find a stellar mass of
1.24 6 0.04 solar masses, M8, and an age of 630z950

{530 Myr, which is
short compared to the approximately 5-Gyr main-sequence lifetime
of a star of this mass. A further age constraint is that the observed
lithium abundance of WASP-18 is below that typical of F6 stars in the
Pleiades (age 120 Myr) but comparable to that in the Hyades13 (age
600 Myr). Thus we conclude that WASP-18 has an age of 0.5–1.5 Gyr,
making it one of the youngest known planet-hosting stars.

The theory of tidal interaction for hot Jupiters in close orbits4,5,14

predicts that the tidal bulge on the star, raised by the planet, exerts a
torque that drains angular momentum from the planet’s orbit, caus-
ing it to spiral inwards (this arises when the planetary orbit is shorter
than the stellar rotation, and contrasts with the Earth–Moon system
where the longer orbit of the Moon compared to Earth’s spin causes it
to move away over time). The spiral infall timescale is determined by

the mass and orbital distance of the planet, and by the tidal dissipa-
tion parameter of the host star, Q. This quality factor is the ratio of the

1Astrophysics Group, Keele University, Staffordshire, ST5 5BG, UK. 2School of Physics and Astronomy, University of St Andrews, North Haugh, Fife, KY16 9SS, UK. 3Observatoire de
Genève, Université de Genève, 51 ch. des Maillettes, 1290 Sauverny, Switzerland. 4Institut d’Astrophysique et de Géophysique, Université de Liège, 17 Allée du 6 Août, Batiment B5C,
Liège 1, Belgium. 5Department of Physics and Astronomy, University of Leicester, Leicester, LE1 7RH, UK. 6Department of Astronomy, Harvard University, 60 Garden Street, MS 10,
Cambridge, Massachusetts 02138, USA. 7Las Cumbres Observatory, 6740 Cortona Dr. Suite 102, Santa Barbara, California 93117, USA. 8Astrophysics Research Centre, School of
Mathematics and Physics, Queen’s University, University Road, Belfast, BT7 1NN, UK. 9Department of Physics, University of Warwick, Coventry, CV4 7AL, UK.
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Figure 1 | Discovery data for WASP-18b. a, The WASP-South lightcurve
folded on the 0.94-day transit period, together with the model curve from the
parameters of Table 1. Monitoring from May–December in 2006 and 2007
resulted in 8,235 photometric data points. b, Coralie radial-velocity
measurements, again with the best-fitting model. The parameters of the
system, derived from26 the radial-velocity data, the WASP photometry, and
additional transit photometry from the Euler telescope, are given in Table 1.
The parameters of the host star in Table 2 were derived independently27 from
the stellar spectra. The stellar rotation rate (vsini) is 11.0 6 1.5 km s–1, which
(assuming that the spin and orbit are aligned) implies a rotation period of
5.6 days, typical for a young F star.
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ABSTRACT

We report on the discovery of a new extremely short period transiting extrasolar planet, WASP-19b. The planet has
mass Mpl = 1.15 ± 0.08 MJ , radius Rpl = 1.31 ± 0.06 RJ , and orbital period P = 0.7888399 ± 0.0000008 days.
Through spectroscopic analysis, we determine the host star to be a slightly super-solar metallicity ([M/H] = 0.1 ±
0.1 dex) G-dwarf with Teff = 5500 ± 100 K. In addition, we detect periodic, sinusoidal flux variations in the light
curve which are used to derive a rotation period for the star of Prot = 10.5 ± 0.2 days. The relatively short stellar
rotation period suggests that either WASP-19 is somewhat young (∼ 600 Myr old) or tidal interactions between the
two bodies have caused the planet to spiral inward over its lifetime resulting in the spin-up of the star. Due to the
detection of the rotation period, this system has the potential to place strong constraints on the stellar tidal quality
factor, Q′

s , if a more precise age is determined.

Key words: planetary systems – techniques: photometric – techniques: radial velocities

Online-only material: color figure

1. INTRODUCTION

Since the unexpected discovery of the first “hot Jupiter,”
51 Peg b (Mayor & Queloz 1995), exoplanets with an exception-
ally wide variety of properties have been detected which have
dramatically changed our understanding of planetary physics.
In particular, through the discovery of various transiting plan-
ets, we have learned that extrasolar planets can have radii much
larger (e.g., Hebb et al. 2009) or densities much higher (Sato
et al. 2005) than Jupiter. Many, but not all, “hot Jupiters” have
temperature inversions in their atmospheres (e.g., Knutson et al.
2008), and they can have very low optical albedos (Rowe et al.
2008). Despite their short periods, not all transiting exoplanets
have been tidally circularized (Gillon et al. 2009a), and both
rocky (e.g., CoRoT-Exo-7, P ∼ 0.85 days) and gas giant (e.g.,
WASP-12b, P ∼ 1.09 days) planets can exist in extremely
short period orbits. Here, we report on the discovery of a new
extreme transiting extrasolar planet with the shortest orbital pe-
riod yet detected which is on the verge of spiraling into its host
star. This transiting planet not only can inform us about the
properties and evolution of close-in planets, but also has the
potential to provide information about the characteristics of its
host star.

In this paper, we first describe all the observations that were
obtained to detect and analyze the transiting star–planet system
(Section 2). We describe the data analysis in Section 3 where
we present the planet and its host star. Finally, in Section 4,
we discuss the implications of the planet’s short period and its
future evolution.

2. OBSERVATIONS

2MASS J09534008-4539330 (hereafter WASP-19) is an ap-
parently unremarkable 12th magnitude (V = 12.59), G8V
star in the southern hemisphere located at α = 09:53:40.08,
δ = −45:39:33.0 (J2000). The target was observed with the
WASP-South telescope and instrumentation (Pollacco et al.
2006; Wilson et al. 2008) in the winter and spring observing
seasons from 2006 to 2008. Between 2006 May 4–June 20,
1496 photometric data points were obtained, 6695 measure-
ments were made between 2006 December 18–2007 May 18,
and 8968 observations were taken from 2007 December 18–
2008 May 22. All data sets were processed independently with
the standard WASP data reduction pipeline and photometry
package (Collier Cameron et al. 2006). The individual data
points have typical uncertainties of ∼0.02 mag including Pois-
son noise and systematic noise. The resulting light curves were
then run through our implementation of the box least squares al-
gorithm (Kovács et al. 2002) designed to detect periodic transit-
shaped dips in brightness.

The target was initially flagged as a transiting planet candidate
because a strong periodic signal was detected in the 2007 data.
The phase-folded light curve showed a square-shaped dip in
brightness with a depth δ ∼ 25 mmag and duration τ ∼ 1.2 hr,
consistent with a planet-sized object around a main-sequence
star. Further, a periodic transit was also apparent in the 2006
data when phase folded with the 2007 ephemeris, and a transit
was subsequently detected in the 2008 season of data. Therefore,
we classified the object as needing follow-up photometry and
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ABSTRACT

We report the discovery of WASP-21b, a new transiting exoplanet discovered by the Wide Angle Search for Planets (WASP)
Consortium and established and characterized with the FIES, SOPHIE, CORALIE and HARPS fiber-fed echelle spectrographs.
A 4.3-d period, 1.1% transit depth and 3.4-h duration are derived for WASP-21b using SuperWASP-North and high precision photo-
metric observations at the Liverpool Telescope. Simultaneous fitting to the photometric and radial velocity data with a Markov Chain
Monte Carlo procedure leads to a planet in the mass regime of Saturn. With a radius of 1.07 RJup and mass of 0.30 MJup, WASP-21b
has a density close to 0.24 ρJup corresponding to the distribution peak at low density of transiting gaseous giant planets. With a host
star metallicity [Fe/H] of –0.46, WASP-21b strengthens the correlation between planetary density and host star metallicity for the five
known Saturn-like transiting planets. Furthermore there are clear indications that WASP-21b is the first transiting planet belonging to
the thick disc.

Key words. planetary systems – techniques: photometric – techniques: radial velocities

1. Introduction

Observations of planets that transit their host star represent cur-
rently the best opportunity to test models of exoplanet struc-
ture and evolution. These last ten years, the photometric surveys
have led to an increasing list of transiting planets. More than
seventy transiting planetary systems have been identified from

� Based on observations made with the SuperWASP-North camera
hosted by the Isaac Newton Group on La Palma, the FIES spectro-
graph on the Nordic Optical Telescope, the CORALIE spectrograph on
the 1.2-m Euler Swiss telescope on La Silla Observatory, the SOPHIE
spectrograph on the 1.93-m telescope on Haute Provence Observatory
and the HARPS spectrograph on the 3.6-m ESO telescope at La Silla
Observatory under programs 081.C-0388, 082.C-0040, 084.C-0185.
�� Tables of photometric data are only available in electronic
form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr
(130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/519/A98

Super-Earth to Jupiter-like planets. The WASP project operates
two identical instruments, at La Palma in the Northern hemi-
sphere, and at Sutherland in South Africa in the Southern hemi-
sphere and led recently to the detection of about 30% of known
transiting planets. Each WASP telescope has a field of view of
just under 500 square degrees. The WASP survey is sensitive to
planetary transit signatures in the light curves of stars in the mag-
nitude range V ∼ 9–13. A detailed description of the telescope
hardware, observing strategy and pipeline data analysis is given
in Pollacco et al. (2006).

Here we present the WASP photometry of
SWASPJ230958.23+182346.0, high-precision photometric
follow-up observations with the RISE instrument on the
Liverpool Telescope and high-precision radial velocity (RV)
observations with the FIES (2.6-m NOT), SOPHIE (1.93-m
OHP), CORALIE (1.2-m Euler) and HARPS (3.6-m ESO)
fiber-fed echelle spectrographs. These observations lead to the
discovery of WASP-21b, a hot-Saturn transiting exoplanet.
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ABSTRACT

We report the discovery of a transiting planet orbiting the star TYC 6446-326-1. The star, WASP-22, is a moderately
bright (V = 12.0) solar-type star (Teff = 6000±100 K, [Fe/H]= −0.05±0.08). The light curve of the star obtained
with the WASP-South instrument shows periodic transit-like features with a depth of about 1% and a duration of
0.14 days. The presence of a transit-like feature in the light curve is confirmed using z-band photometry obtained with
Faulkes Telescope South. High-resolution spectroscopy obtained with the CORALIE and HARPS spectrographs
confirms the presence of a planetary mass companion with an orbital period of 3.533 days in a near-circular orbit.
From a combined analysis of the spectroscopic and photometric data assuming that the star is a typical main-
sequence star we estimate that the planet has a mass Mp = 0.56 ± 0.02MJup and a radius Rp = 1.12 ± 0.04RJup.
In addition, there is a linear trend of 40 m s−1 yr−1 in the radial velocities measured over 16 months, from which
we infer the presence of a third body with a long-period orbit in this system. The companion may be a low mass
M-dwarf, a white dwarf, or a second planet.

Key words: planetary systems

Online-only material: color figure

1. INTRODUCTION

The WASP project (Pollacco et al. 2006) is currently one
of the most successful wide-area surveys designed to find
exoplanets transiting bright stars (V < 12.5). Other successful
surveys include HATnet (Bakos et al. 2004), XO (McCullough
et al. 2005), and TrES (O’Donovan et al. 2006). There is
continued interest in finding transiting exoplanets because they
can be accurately characterized and studied in some detail, e.g.,
the mass and radius of the planet can be accurately measured.
This gives us the opportunity to explore the relationships
between the density of the planet and other properties of the
planetary system, e.g., the semimajor axis, the spectral type of
the star, the eccentricity of the orbit. Given the wide variety
of transiting planets being discovered and the large number
of parameters that characterize them, statistical studies will
require a large sample of systems to identify and quantify the
relationships between these parameters. These relationships can
be used to test models of the formation, structure, and evolution
of short period exoplanets.

A particular puzzle related to the properties of hot Jupiters is
the wide range in their densities. Very dense hot Jupiters such as
HD 149026 are thought to contain a dense, metallic core (Sato
et al. 2005). There is currently no generally agreed explanation
for the existence of hot Jupiters with densities 5–10 times lower
than the density of Jupiter, e.g., WASP-17 b (Anderson et al.
2010), TrES-4 b (Mandushev et al. 2007), and WASP-12 b
(Hebb et al. 2009). One possibility is that the planets are heated

by tidal forces and that these are driven by the presence of a
third body in the system (Mardling 2007). Other possibilities
include enhanced opacity in the atmosphere (Burrows et al.
2007), the distribution of heavy elements in the core (Baraffe
et al. 2008), and kinetic heating from the irradiated atmosphere
into the interior (Showman & Guillot 2002).

Here, we report the discovery of a hot Jupiter system, WASP-
22, identified using the WASP-South instrument and present
evidence that it is a member of a hierarchical triple system.

2. OBSERVATIONS

The WASP survey is described in Pollacco et al. (2006) and
Wilson et al. (2008) while a discussion of our candidate selection
methods can be found in Collier Cameron et al. (2007), Pollacco
et al. (2008), and references therein.

The WASP-South instrument consists of eight cameras,
each with a Canon 200 mm f/1.8 lens and a 2k × 2k e2V
CCD detector resulting in an image scale of approximately
14 arcsec pixel−1. The star TYC 6446-326-1 (=1SWASP
J033116.32 − 234911.0) was observed 3133 times by one
camera on the WASP-South instrument from 2006 August
to 2007 January. A further 6282 observations were obtained
with the same camera from 2007 August to 2008 January.
The star also appeared in the images obtained with a second
camera during the second observing season, so further 5889
observations were obtained with this camera during that interval.

The WASP-South light curves of WASP-22 show transit-like
features with a depth of approximately 0.012 mag recurring
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ABSTRACT

We report the discovery of a new transiting close-in giant planet, WASP-24 b, in a 2.341 day orbit, 0.037 AU from
its F8-9 type host star. By matching the star’s spectrum with theoretical models, we infer an effective temperature
Teff = 6075 ± 100 K and a surface gravity of log g = 4.15 ± 0.10. A comparison of these parameters with theoretical
isochrones and evolutionary mass tracks places only weak constraints on the age of the host star, which we estimate
to be 3.8+1.3

−1.2 Gyr. The planetary nature of the companion was confirmed by radial velocity measurements and
additional photometric observations. These data were fit simultaneously in order to determine the most probable
parameter set for the system, from which we infer a planetary mass of 1.071+0.036

−0.038 MJup and radius 1.3+0.039
−0.037 RJup.

Key words: planetary systems

Online-only material: color figures

1. INTRODUCTION

Large-scale, ground-based surveys for transiting planets are
yielding a surprisingly diverse set of close-in giant planets.
The last few years have seen the discovery of a number of so-
called bloated close-in Jovian planets, for example, WASP-17 b
(Anderson et al. 2010) and Kepler-7 b (Latham et al. 2010).
The very low densities of these objects present an ongoing
challenge to theories of planet formation and evolution (Fortney
et al. 2008; Guillot et al. 2006; Burrows et al. 2007). Ultra-
short period planets such as WASP-19 b (Hebb et al. 2010)
offer a testbed for the physics of the dissipation of tidal energy,
thought to both bolster the planetary radius (Fortney et al. 2007;
Burrows et al. 2007) and perhaps cause the planet’s orbits to
decay (Jackson et al. 2009), ultimately leading them to spiral
into their host stars. Each new wave of planets discovered has
produced new surprises. As the surveys searching for new
systems reach maturity, and are complemented by targeted
space-based missions, we are populating a wider range of
the planetary orbital and physical parameter space. A more
complete picture of the planetary menagerie will lead to a better
understanding of the formation and evolutionary forces at work.

There is a particular value in completing a census
of the transiting planets of bright stars, which is evident from
the extraordinary insights offered by follow-up work into the
composition, structure, and even weather of their atmospheres
and exospheres (e.g., Désert et al. 2009; Knutson et al. 2009;
Burrows et al. 2009, and references therein). We may even
be able to detect changes in weather patterns over the course

of an orbit for the long period and eccentric planets (Iro &
Deming 2010). Ground-based instruments survey large num-
bers of bright stars spanning spectral types F–M and produce
targets well suited for further study.

We report the discovery of a new close-in giant planet orbiting
an 11.3 mag, F8-9 type host star. Our observations are described
in Section 2, including both our discovery data and follow-up
work. In Section 3, we present the fitting procedure from which
we determine the overall system parameters. We discuss the new
system in the context of the current sample of known planets in
Section 4.

2. OBSERVATIONS

2.1. SuperWASP Discovery Data

The WASP Consortium14 operates two fully robotic, dedi-
cated observatories: WASP-North, sited at the Observatorio del
Roque de los Muchachos (ORM), La Palma, Canary Islands,
Spain, and WASP-South, hosted by the South African Astro-
nomical Observatory at Sutherland, South Africa. Both stations
support eight cameras, each consisting of a Canon 200 mm,
f/1.8 lens, and an Andor 2048 × 2048 pixel thinned e2v CCD.
Each camera has a 7.◦8 × 7.◦8 field of view and a pixel scale
of 13.′′7 pixel−1. Every clear night the stations execute pre-set
observing programs, repeatedly imaging a sequence of 6–12
planet fields every ∼8 minutes for as long as they are visible.
Full details of the hardware and data reduction procedures are

14 www.superwasp.org
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ABSTRACT
We report the detection of a 0.6 MJ extrasolar planet by WASP-South, WASP-25b, transiting
its solar-type host star every 3.76 d. A simultaneous analysis of the WASP, FTS and Euler
photometry and CORALIE spectroscopy yields a planet of Rp = 1.22RJ and Mp = 0.58MJ

around a slightly metal-poor solar-type host star, [Fe/H] = −0.05 ± 0.10, of R∗ = 0.92 R�
and M∗ = 1.00 M�. WASP-25b is found to have a density of ρp = 0.32 ρJ, a low value
for a sub-Jupiter mass planet. We investigate the relationship of planetary radius to planetary
equilibrium temperature and host star metallicity for transiting exoplanets with a similar mass
to WASP-25b, finding that these two parameters explain the radii of most low-mass planets
well.

Key words: planetary systems.

1 IN T RO D U C T I O N

To date, over 440 exoplanets have been discovered, including more
than 70 detected by the transit method.1 The transit method to-
gether with follow-up radial velocity observations allow measure-
ment of both the mass and radius of the planet, leading to a value
for the planet’s bulk density (Charbonneau et al. 2000). The at-
mospheric composition of transiting exoplanets can also be in-
vestigated through high-precision photometric and spectroscopic
measurements, see e.g. Charbonneau et al. (2002).

A wide range of transiting exoplanets radii has been found and
there has been much investigation into the factors that may influ-
ence a planet’s radius. For example, Guillot et al. (2006) propose a
negative relationship between the metallicity of a host star and the
radius of an orbiting planet, caused by an increase in the amount
of heavy elements in the planet, leading to a more massive core
and hence smaller radius for a given mass. Alternatively, Burrows
et al. (2007) consider that increasing the metallicity may increase
the opacity of an exoplanet’s atmosphere, retarding cooling and

�E-mail: becky.enoch@st-andrews.ac.uk
1 www.exoplanet.eu

leading to a larger radius for a given mass. Another influence on
a planet’s radius may be the equilibrium temperature of the planet
(Guillot & Showman 2002), determined by the stellar irradiation
and the planet’s distance from its host star. Tidal heating due to the
circularization of the orbits of close-in exoplanets may also play
a role in inflating the planetary radius (Bodenheimer, Laughlin &
Lin 2003; Jackson, Greenberg & Barnes 2008). One motivation of
the SuperWASP project is to detect enough transiting exoplanets,
with a wide range of orbital and compositional parameters, to allow
analyses that may distinguish between such differing models.

In this paper, we report the discovery of a 0.6MJ planet orbiting a
solar mass star, WASP-25 (TYC6706-861-1, 1SWASP J130126.36-
273120.0), in the Southern hemisphere. Analysis of photometric and
spectroscopic data reveals WASP-25b to be another low-density
planet, comparable to HD 209458b (Charbonneau et al. 2000). We
also analyse the dependence of the radii of low-mass planets on host
star metallicity and planetary equilibrium temperature, including
WASP-25b and 18 other transiting planets, finding a relationship
using singular value decomposition (SVD) analysis that gives an
excellent agreement between observed and calibrated radii.

In Section 2 we describe the photometric and spectroscopic obser-
vations and data reduction procedures. In Section 3 we present the
stellar and planetary parameters extracted from these data. Finally,

C© 2010 The Authors. Journal compilation C© 2010 RAS

3.5. The Southern WASP Planet Collection

166



A&A 520, A56 (2010)
DOI: 10.1051/0004-6361/201014705
c© ESO 2010

Astronomy
&

Astrophysics

WASP-26b: a 1-Jupiter-mass planet around an early-G-type star�

B. Smalley1, D. R. Anderson1, A. Collier Cameron2, M. Gillon3,4, C. Hellier1, T. A. Lister5, P. F. L. Maxted1,
D. Queloz4, A. H. M. J. Triaud4, R. G. West6, S. J. Bentley1, B. Enoch2, F. Pepe4, D. L. Pollacco7,

D. Segransan4, A. M. S. Smith1, J. Southworth1, S. Udry4, P. J. Wheatley8, P. L. Wood1, and J. Bento8

1 Astrophysics Group, Keele University, Staffordshire, ST5 5BG, UK
e-mail: bs@astro.keele.ac.uk

2 School of Physics and Astronomy, University of St. Andrews, North Haugh, Fife, KY16 9SS, UK
3 Institut d’Astrophysique et de Géophysique, Université de Liège, 17 Allée du 6 Août, Bât. B5C, Liège 1, Belgium
4 Observatoire de Genève, Université de Genève, 51 Chemin des Maillettes, 1290 Sauverny, Switzerland
5 Las Cumbres Observatory, 6740 Cortona Dr. Suite 102, Santa Barbara, CA 93117, USA
6 Department of Physics and Astronomy, University of Leicester, Leicester, LE1 7RH, UK
7 Astrophysics Research Centre, School of Mathematics & Physics, Queen’s University, University Road, Belfast, BT7 1NN, UK
8 Department of Physics, University of Warwick, Coventry CV4 7AL, UK

Received 1 April 2010 / Accepted 24 June 2010

ABSTRACT

We report the discovery of WASP-26b, a moderately over-sized Jupiter-mass exoplanet transiting its 11.3-mag early-G-type host star
(1SWASP J001824.70-151602.3; TYC 5839-876-1) every 2.7566 days. A simultaneous fit to transit photometry and radial-velocity
measurements yields a planetary mass of 1.02 ± 0.03 MJup and radius of 1.32 ± 0.08 RJup. The host star, WASP-26, has a mass of
1.12 ± 0.03 M� and a radius of 1.34 ± 0.06 R� and is in a visual double with a fainter K-type star. The two stars are at least a
common-proper motion pair with a common distance of around 250 ± 15 pc and an age of 6 ± 2 Gy.

Key words. planets and satellites: general – stars: individual: WASP-26 – binaries: visual – techniques: photometric –
techniques: spectroscopic – techniques: radial velocities

1. Introduction

Most of the known exoplanets have been discovered using the
radial velocity technique (Mayor & Queloz 1995). However,
in recent years an increasing number have been discovered us-
ing the transit technique, via ground-based and space-based sur-
vey projects. Transiting exoplanets allow parameters such as the
mass, radius, and density to be accurately determined, as well
as their atmospheric properties to be studied during their transits
and occultations (Charbonneau et al. 2005; Southworth 2009;
Winn 2009).

The SuperWASP project has a robotic observatory on La
Palma in the Canary Islands and another in Sutherland in South
Africa. The wide angle survey is designed to find planets around
relatively bright stars in the V-magnitude range 9−13. A detailed
description is given in Pollacco et al. (2006).

In this paper we report the discovery of WASP-26b, a
Jupiter-mass planet in orbit around its V = 11.3 mag host star
1SWASP J001824.70-151602.3 in the constellation Cetus. We
present the SuperWASP-South discovery photometry, together
with follow-up optical photometry and radial velocity measure-
ments.

2. Observations
2.1. SuperWASP photometry

The host star WASP-26 (1SWASP J001824.70-151602.3;
TYC 5839-876-1) was within two fields observed by

� RV and photometric data are only available in electronic form at the
CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/520/A56

Fig. 1. SuperWASP photometry of WASP-26 folded on the orbital of
period of 2.7566 days.

SuperWASP-South during the 2008 and 2009 observing
seasons, covering the intervals 2008 June 30 to November 17
and 2009 June 28 to November 17. A total of 18 807 data points
were obtained. The pipeline-processed data were de-trended
and searched for transits using the methods described in Collier
Cameron et al. (2006), yielding a detection of a periodic,
transit-like signature with a period of 2.7566 days and a depth
of 0.009 mag (Fig. 1).

There is a second star (1SWASP J001825.25-151613.8;
USNO-B1 0747-0003869), ∼2.5 mag fainter, 15′′ from WASP-
26. Both stars are contained within the 3.5-pixel (≡48′′) reduc-
tion aperture. Hence, from the SuperWASP photometry alone,
we could not be totally sure that WASP-26 was the star varying
and not the fainter one in deep eclipse. Targeted photometry was

Article published by EDP Sciences Page 1 of 4
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ABSTRACT

We report the discovery of a Saturn-sized planet transiting a V = 11.3, K4 dwarf star every 3.9 days. WASP-29b has
a mass of 0.24 ± 0.02 MJup and a radius of 0.79 ± 0.05 RJup, making it the smallest planet so far discovered by the
WASP survey, and the exoplanet most similar in mass and radius to Saturn. The host star WASP-29 has an above-
solar metallicity and fits a possible correlation for Saturn-mass planets such that planets with higher-metallicity
host stars have higher core masses and thus smaller radii.

Key words: stars: individual (WASP-29) – planetary systems

Online-only material: color figures

1. INTRODUCTION

Searches for transiting exoplanets have now found more than
50 “hot Jupiters” with masses of ∼0.5–3 Jupiters. At much
smaller masses there are several transiting “Neptunes” (GJ 436b,
Gillon et al. 2007; HAT-P-11b, Bakos et al. 2010; & Kepler-4b,
Borucki et al. 2010) and “super-Earths” (GJ1214b, Charbonneau
et al. 2009; CoRoT-7b, Léger et al. 2009).

By 2009 there were only two known transiting planets of
Saturn-mass (∼0.3 MJup), namely, HD 149026b (Sato et al.
2005) and HAT-P-12b (Hartman et al. 2009). In 2010 this
number is growing fast, with near simultaneous announce-
ments of WASP-29b (this Letter), CoRoT-8b (Bordé et al.
2010), WASP-21b (Bouchy et al. 2010), and HAT-P-18b and
HAT-P-19b (Hartman et al. 2010), giving rapidly increasing in-
sight into planets of this mass range.

2. OBSERVATIONS

WASP-South is an array of cameras based on 11.1 cm,
f/1.8 lenses which cover a total of 450 deg2 of sky. The typical
observing pattern tiles 30 s exposures of several fields with a
cadence of 8 minutes, recording stars in the range V = 8–15.
The WASP-South survey is described in Pollacco et al. (2006)
while a discussion of our planet-hunting methods can be found
in Collier Cameron et al. (2007a), Pollacco et al. (2008), and
references therein.

WASP-29 is a V = 11.3, K4V star in the constellation Phoenix.
It was observed by WASP-South from May to November in both
2006 and 2007, accumulating 9161 data points. These data show
periodic transits with a 3.9 day period (Figure 1). There are no
other significant sources within the 48′′ extraction aperture (3.5
14′′ pixels) to dilute the transit depth.

We used the CORALIE spectrograph on the Euler 1.2 m
telescope at La Silla to obtain fourteen radial-velocity mea-
surements over 2009 August–December (Table 1). These show
that the transiting body is a Saturn-mass planet. On 2010

September 6, we obtained a transit light curve with Euler’s
CCD camera, using 20 s, R-band exposures, resulting in a mean
error of 1.5 mmag (Figure 1).

The CORALIE radial-velocity measurements were combined
with the Euler and WASP-South photometry in a simultaneous
Markov chain Monte Carlo (MCMC) analysis to find the
parameters of the WASP-29 system (Table 2). For details of
our methods see Collier Cameron et al. (2007b) and Pollacco
et al. (2008). For limb darkening, we used the four parameter
non-linear law of Claret (2000) with parameters fixed to the
values noted in Table 2. The eccentricity was a free parameter
but the data are compatible with a circular orbit.

One departure from early WASP practice is the way we
determine the stellar mass. The stellar effective temperature
and metallicity are treated as jump parameters in the Markov
chain, and controlled by Gaussian priors derived from their
spectroscopically determined values and uncertainties. At each
step in the chain the stellar density is determined from the
transit duration and impact parameter. The stellar mass is
then determined at each step as a polynomial function of
Teff , [Fe/H], and log ρ/ρ�, as determined by Enoch et al.
(2010a). This calibration is derived from the compilation of 40
stars in eclipsing binaries with well-determined masses, radii,
effective temperatures, and metallicities, published by Torres
et al. (2010).

3. WASP-29 STELLAR PARAMETERS

The 14 CORALIE spectra of WASP-29 were co-added to
produce a spectrum with a typical S/N of 80:1, which we
analyzed using the methods described in Gillon et al. (2009). We
used the Hα line to determine the effective temperature (Teff),
and the Na i D and Mg i b lines as diagnostics of the surface
gravity (log g). The parameters obtained are listed in Table 2.
The elemental abundances were determined from equivalent-
width measurements of several clean and unblended lines. A
value for microturbulence (ξt) was determined from Fe i using
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ABSTRACT

We report the discovery of a 61-Jupiter-mass brown dwarf (BD), which transits its F8V host star, WASP-30, every
4.16 days. From a range of age indicators we estimate the system age to be 1–2 Gyr. We derive a radius (0.89 ±
0.02 RJup) for the companion that is consistent with that predicted (0.914 RJup) by a model of a 1 Gyr old, non-
irradiated BD with a dusty atmosphere. The location of WASP-30b in the minimum of the mass–radius relation is
consistent with the quantitative prediction of Chabrier & Baraffe, thus confirming the theory.

Key words: binaries: eclipsing – brown dwarfs – stars: individual (WASP-30)
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1. INTRODUCTION

A brown dwarf (BD) is traditionally defined as an object
with a mass above the deuterium-burning limit (13 MJup; e.g.,
Chabrier et al. 2000a) and below the hydrogen-burning limit
(0.07 M�; e.g., Chabrier et al. 2000b). However, an alternative
suggestion is that the manner in which an object forms should
determine whether it is a planet or a BD. Thus, if an object
formed by core accretion of dust and ices in a protoplanetary
disk then it would be a planet, and if it formed by gravoturbulent
collapse of a molecular cloud, as do stars, then it would be
a BD.

Studies such as the Caballero et al. (2007) observations of a
young open cluster core find a continuous mass function down
to ∼ 6 MJup, indicating that the star formation mechanism can
produce objects with planetary masses. This is supported by
theoretical studies (Padoan & Nordlund 2004; Hennebelle &
Chabrier 2008) which suggest that gravoturbulent fragmentation
of molecular clouds produces stars and BDs down to a few
Jupiter masses in numbers comparable to the observationally
determined distribution. In contrast, when taking into account
planetary migration through the protoplanetary disk, the core
accretion process might result in giant planets with masses
of up to 10 MJup (Alibert et al. 2005) or even 25 MJup
(Mordasini et al. 2008). Sahlmann et al. (2010) see evidence for a
bimodal distribution in BD masses, with the less-massive group
presumably representing the high-mass tail of the planetary
distribution.

An accurate, precise measurement of an object’s radius is
therefore required to probe for the existence of a core and
thus discriminate between the two formation mechanisms. For
example, the radius of the 8 MJup body, HAT-P-2b, is consistent
with an irradiated planet incorporating a 340-Earth-mass core,
but is smaller than if it were coreless (Leconte et al. 2009). The
22 MJup CoRoT-3b (Deleuil et al. 2008) is sufficiently massive
to qualify as a BD under the traditional definition, but the radius
of this object is uncertain at the 7% level. This is higher than the

3% required to discriminate between the absence or the presence
of a core and thus determine how it formed (Leconte et al. 2009).
Irwin et al. (2010) found a ∼ 30 MJup BD, NLTT 41135C, which
transits one member of an M-dwarf binary system. However, as
the transits are grazing, it is not currently possible to accurately
measure its radius.

There is less ambiguity around the upper end of the BD mass
regime: if a body is sufficiently massive to fuse hydrogen then
it is a star, otherwise it is a BD. High-mass BDs with precise
radius measurements are useful for testing BD evolution models,
as it is in the high-mass regime that models predict the greatest
changes in radius with age (e.g., Baraffe et al. 2003). Stassun
et al. (2006) discovered a BD eclipsing binary system in the
Orion Nebula star-forming region, with masses of 57 ± 5 MJup
and 36 ± 3 MJup. With very large radii of 0.699 ± 0.034 R�
and 0.511 ± 0.026 R�, it seems that these objects are in the
earliest stages of gravitational contraction. Similar to the NLTT
41135 system, LHS 6343 C (Johnson et al. 2010; J. A. Johnson
2010, private communication) is a 63 MJup BD that transits one
member of an M-dwarf binary system. In this case, the transits
are full and so the radius (0.825 ± 0.023 RJup) of this object
is precisely determined. CoRoT-15b (Bouchy et al. 2010) is a
63 MJup mass BD in a 3 day orbit around an F7V star. Due to
the faintness of the host star (V ∼ 16), the BD radius (1.12+0.30

−0.15
RJup) is not yet well determined.

To test and refine models of BD formation and evolution,
a population of well-characterized objects is required. In this
Letter, we present the discovery of WASP-30b, a 61 MJup BD
that transits its moderately bright host star.

2. OBSERVATIONS

WASP-30 is a V = 11.9, F8V star located in Aquarius, on
the border with Cetus. A transit search (Collier Cameron et al.
2006) of WASP-South data from 2008 July to November found
a strong, 4.16 day periodicity. Further observations in 2009 with
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ABSTRACT

We report the discovery of the low-density, transiting giant planet WASP-31b. The planet is 0.48 Jupiter masses and 1.55 Jupiter radii.
It is in a 3.4-day orbit around a metal-poor, late-F-type, V = 11.7 dwarf star, which is a member of a common proper motion pair.
In terms of its low density, WASP-31b is second only to WASP-17b, which is a more highly irradiated planet of similar mass.

Key words. binaries: eclipsing – planetary systems – stars: individual: WASP-31

1. Introduction

To date, 107 transiting extrasolar planets have been discovered1,
the majority of which are gas giants in short orbits. The radii
of a subset of these exoplanets are larger than predicted by
standard models of irradiated gas giants (e.g., Burrows et al.
2007; Fortney et al. 2007), including TrES-4b (Mandushev et al.
2007; Sozzetti et al. 2009), WASP-12b (Hebb et al. 2009), and
WASP-17b (Anderson et al. 2010, 2011b). A number of mech-
anisms have been proposed as potential solutions to the radius
anomaly (see Fortney et al. 2010, for a review), each of which
involves either injecting heat into the planet from an external
source or slowing heat loss from the planet.

One such mechanism is the dissipation of energy within a
planet as heat during the tidal circularisation of an eccentric or-
bit (Bodenheimer et al. 2001; Gu et al. 2003; Jackson et al. 2008;
Ibgui & Burrows 2009). Such studies suggest that tidal heat-
ing may be sufficient to explain the large radii of even the most
bloated exoplanets, though we would have to be observing some
systems at very special times. A high heating rate, as suggested
by Leconte et al. (2010), would mean most tidal energy is ra-
diated away by the age typical of the very most bloated planets

� Based in part on observations made with the HARPS spectro-
graph on the 3.6-m ESO telescope (proposal 085.C-0393) and with the
CORALIE spectrograph and the Euler camera on the 1.2-m Euler Swiss
telescope, both at the ESO La Silla Observatory, Chile.
�� The photometric time-series and radial-velocity data used in
this work are available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/531/A60
1 2010 Nov. 25, http://exoplanet.eu

(a few Gyr) and so could not have played a significant role in
their observed bloating. However, the current uncertainty in tidal
theory allows for a wide range of heating rates (e.g. Ibgui et al.
2011). Though most studies have considered a transient phase of
tidal heating, ongoing tidal heating (e.g. Ibgui et al. 2010) would
occur if an additional companion continues to excite the orbital
eccentricity of the bloated planet (e.g. Mardling 2007).

Burrows et al. (2007) proposed that enhanced opacities
would retard the loss of internal heat and thus slow contraction
of bloated planets. They suggested that enhanced opacities may
arise due to the strong optical and UV irradiation of short-orbit,
gas giants that could alter their atmospheres, producing thick
hazes, absorbing clouds and non-equilibrium chemical species
(e.g. tholins or polyacetylenes).

The bloated planets are all very strongly irradiated by their
host stars, and a small fraction of stellar insolation energy would
be sufficient to account for the observed degrees of bloating.
Guillot & Showman (2002) suggested that the kinetic energy
of strong winds, induced in the atmosphere by the large day-
night temperature contrasts that result from tidal locking, may
be transported downward and deposited as thermal energy in
the deep interior. However, a mechanism to convert the ki-
netic energy into thermal energy would still be required. Li &
Goodman (2010) and Youdin & Mitchell (2010) found that tur-
bulence is efficient at dissipating kinetic energy. Magnetic drag
on weakly ionized winds (Perna et al. 2010) and Ohmic heating
(Batygin & Stevenson 2010) are alternative mechanisms. The
non-bloated planets are also highly irradiated. Hence, such a
mechanism would either have to act more efficiently on the
bloated planets, or some other property must counteract its ef-
fect. One such possibility is the presence of a massive core.

Article published by EDP Sciences A60, page 1 of 6
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ABSTRACT. We report the discovery of a transiting planet orbiting the star TYC 2-1155-1. The star, WASP-32,
is a moderately bright (V ¼ 11:3) solar-type star (T eff ¼ 6100� 100 K, ½Fe=H� ¼ �0:13� 0:10). The light curve
of the star obtained with the WASP-South and WASP-North instruments shows periodic transitlike features with a
depth of about 1% and a duration of 0.10 day every 2.72 days. The presence of a transitlike feature in the light curve
is confirmed using z-band photometry obtained with Faulkes Telescope North. High-resolution spectroscopy ob-
tained with the Coralie spectrograph confirms the presence of a planetary mass companion. From a combined anal-
ysis of the spectroscopic and photometric data, assuming that the star is a typical main-sequence star, we
estimate that the planet has a mass Mp of 3:60� 0:07 MJup and a radius Rp ¼ 1:19� 0:06 RJup. WASP-32 is
one of a small group of hot Jupiters with masses greater than 3 MJup. We find that some stars with hot Jupiter
companions and with masses M⋆ ≈ 1:2 M⊙, including WASP-32, are depleted in lithium and that the majority
of these stars have lithium abundances similar to field stars.

1. INTRODUCTION

The Wide Angle Search for Planets (WASP) project
(Pollacco et al. 2006) is currently one of the most successful
wide-area surveys designed to find exoplanets transiting rela-
tively bright stars. Other successful surveys include Hungarian-
made Automated Telescope Network (HATnet; Bakos et al.
2004), XO (McCullough et al. 2005), and Trans-Atlantic Exo-
planet Survey (TrES; O’Donovan et al. 2006). The Kepler
satellite is now also starting to find many transiting exoplanets
(Borucki et al. 2010). There is continued interest in finding tran-
siting exoplanets, because they can be accurately characterized
and studied in some detail; e.g., the mass and radius of the
planet can be accurately measured. This gives us the opportu-
nity to explore the relationships between the density of the

planet and other properties of the planetary system: e.g., the
semimajor axis, the composition and spectral type of the star,
etc. Given the wide variety of transiting planets being discov-
ered and the large number of parameters that characterize them,
statistical studies will require a large sample of systems to iden-
tify and quantify the relationships between these parameters.
These relationships can be used to test models of the formation,
structure, and evolution of short-period exoplanets. Here, we
report the discovery of a hot Jupiter companion to the star
WASP-32 and show that this star is lithium-poor, compared with
other stars of similar mass.

2. OBSERVATIONS

The two WASP instruments each consist of an array of
eight cameras with Canon 200 mm f/1.8 lenses and 2048×
2048 e2v CCD detectors providing images with a field of
view of 7:8° × 7:8° at an image scale of 13:7″ pixel�1 (Pollacco
et al. 2006; Wilson et al. 2008). The star TYC 2-1155-1
(¼1 SWASP J001550:81þ 011201:5) was observed 5906
times in one camera of the WASP-South instrument in Suther-
land, South Africa, during the interval from 2008 June 30 to
2008 November 17. Our transit detection algorithm (Collier
Cameron et al. 2007) identified a periodic feature with a depth
of approximately 0.01 magnitudes recurring with a 2.72 day
period in these data. The width and depth of the transit are con-
sistent with the hypothesis that it is due to a planet with a radius
of approximately 1 RJup orbiting a solar-type star. The proper
motion and catalog photometry available for TYC 2-1155-1
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ABSTRACT

We report the discovery of WASP-34b, a sub-Jupiter-mass exoplanet transiting its 10.4-magnitude solar-type host star
(1SWASP J110135.89-235138.4; TYC 6636-540-1) every 4.3177 days in a slightly eccentric orbit (e = 0.038 ± 0.012). We find a
planetary mass of 0.59 ± 0.01 MJup and radius of 1.22+0.11

−0.08 RJup. There is a linear trend in the radial velocities of 55 ± 4 m s−1 y−1

indicating the presence of a long-period third body in the system with a mass >∼0.45 MJup at a distance of >∼1.2 AU from the host star.
This third-body is either a low-mass star, a white dwarf, or another planet. The transit depth ((RP/R∗)2 = 0.0126) and high impact
parameter (b = 0.90) suggest that this could be the first known transiting exoplanet expected to undergo grazing transits, but with a
confidence of only ∼80%.

Key words. planets and satellites: general – stars: individual: WASP-34 – techniques: photometric – techniques: spectroscopic –
techniques: radial velocities

1. Introduction

The majority of the known exoplanets have been discovered us-
ing the radial velocity technique (Mayor & Queloz 1995). In re-
cent years, however, an ever increasing number have been dis-
covered as a result of group-based and space-based transit search
survey projects. Transiting exoplanets allow parameters such as
the mass, radius, and density to be accurately determined, as well
as their atmospheric properties to be studied during their transits
and occultations (Charbonneau et al. 2005; Southworth 2009;
Winn 2009).

The SuperWASP project has robotic observatories in the
Canary Islands and South Africa. The wide angle survey is
designed to find exoplanets around relatively bright stars in
the V-magnitude range 9 ∼ 13. A detailed description of the
SuperWASP project is given in Pollacco et al. (2006).

In this paper we report the discovery of WASP-34b, an
exoplanet in orbit around its V = 10.4 mag. host star
1SWASP J110135.89-235138.4 in the constellation Crater. We
present the WASP-South discovery photometry, together with
Euler Telescope photometry and CORALIE radial velocity mea-
surements.

� Radial velocity and photometric data are only available in elec-
tronic form at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/526/A130

2. Observations

2.1. WASP-South photometry

The host star WASP-34 (1SWASP J110135.89-235138.4; CD-
23 9677; TYC 6636-540-1; GSC 06636-00540) was observed
within two WASP-South camera fields during the periods
2006 May 4 to June 20 and 2007 January 4 to June 1, and in
3 fields during the period 2008 January 1 to May 28. A total of
35 351 data points were obtained. The pipeline-processed data
were de-trended and searched for transits using the methods de-
scribed in Collier Cameron et al. (2006), yielding a detection of a
periodic, transit-like signature with a period of 4.3177 days and
a depth of 0.011 mag (Fig. 1).

2.2. Spectroscopic observations with CORALIE

Spectroscopic observations were obtained with the CORALIE
spectrograph on the Swiss 1.2 m telescope. The data were pro-
cessed using the standard pipeline (Baranne et al. 1996; Queloz
et al. 2000; Pepe et al. 2002). A total of 24 radial velocity (RV)
and line bisector span (Vspan) measurements were made between
2009 December 1 and August 1 (Table 1). The bisector spans
are a measure of the asymmetry of the cross-correlation function
and, based on our experience, have standard errors of ≈2σRV.

The RV measurements show velocity variations with the
same period as the transit light curve, but with a relatively

Article published by EDP Sciences A130, page 1 of 5
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WASP-35b, WASP-48b and WASP-51b: Two new planets and an independent

discovery of HAT-P-30b.

B.Enoch1, D.R.Anderson2, S.C.C.Barros3, D.J.A.Brown1, A.Collier Cameron1, F.Faedi3,
M.Gillon4, G.Hébrard5,6, T.A.Lister7, D.Queloz8, A.Santerne9, B.Smalley2, R.A.Street7,

A.H.M.J.Triaud8, R.G.West10, F.Bouchy5,6, J.Bento11, O.Butters10, L.Fossati12, C.A.Haswell12,
C.Hellier2, S.Holmes12, E.Jehen4, M.Lendl8, P.F.L.Maxted2, J.McCormac3, G.R.M.Miller1,

V.Moulds3, C.Moutou9, A.J.Norton12, N.Parley1, F.Pepe8, D.Pollacco3 , D.Segransan8,
E.Simpson3, I.Skillen13, A.M.S.Smith2, S.Udry8 and P.J.Wheatley11

ABSTRACT

We report the detection of WASP-35b, a planet transiting a metal-poor
([Fe/H] = −0.15) star in the Southern hemisphere, WASP-48b, an inflated planet
which may have spun-up its slightly evolved host star of 1.75R⊙ in the Northern hemi-
sphere, and the independent discovery of HAT-P-30b / WASP-51b, a new planet in
the Northern hemisphere. Using WASP, RISE, FTS and TRAPPIST photometry, with
CORALIE, SOPHIE and NOT spectroscopy, we determine that WASP-35b has a mass
of 0.72 ± 0.06MJ and radius of 1.32 ± 0.03RJ , and orbits with a period of 3.16 days,
WASP-48b has a mass of 0.98±0.09MJ , radius of 1.67±0.08RJ and orbits in 2.14 days,
while WASP-51b, with an orbital period of 2.81 days, is found to have a mass of
0.76 ± 0.05MJ and radius of 1.42 ± 0.04RJ , agreeing with values of 0.71 ± 0.03MJ

and 1.34 ± 0.07RJ reported for HAT-P-30b.
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WASP-37b: A 1.8 MJ EXOPLANET TRANSITING A METAL-POOR STAR

E. K. Simpson
1
, F. Faedi

1
, S. C. C. Barros

1
, D. J. A. Brown

2
, A. Collier Cameron

2
, L. Hebb

3
, D. Pollacco

1
, B. Smalley

4
,

I. Todd
1
, O. W. Butters

5
, G. Hébrard
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ABSTRACT

We report on the discovery of WASP-37b, a transiting hot Jupiter orbiting an mv = 12.7 G2-type dwarf, with a
period of 3.577469 ± 0.000011 d, transit epoch T0 = 2455338.6188 ± 0.0006 (HJD; dates throughout the paper
are given in Coordinated Universal Time (UTC)), and a transit duration 0.1304+0.0018

−0.0017 d. The planetary companion
has a mass Mp = 1.80 ± 0.17 MJ and radius Rp = 1.16+0.07

−0.06 RJ, yielding a mean density of 1.15+0.12
−0.15 ρJ. From a

spectral analysis, we find that the host star has M� = 0.925 ± 0.120 M�, R� = 1.003 ± 0.053 R�, Teff = 5800 ±
150 K, and [Fe/H] = −0.40 ± 0.12. WASP-37 is therefore one of the lowest metallicity stars to host a transiting
planet.

Key words: planetary systems – stars: individual (WASP-37, GSC 00326-00658) – techniques: photometric –
techniques: spectroscopic

1. INTRODUCTION

Extrasolar planets show a huge diversity in their properties
and this has important implications for theories of planet
formation, structure, and evolution. Systems with high orbital
inclinations, in which the planet transits across the face of the
host star as seen from Earth, are extremely valuable as they allow
us to precisely measure many fundamental planetary properties,
including radius, mass, and density, which can be used to test
these theories (Haswell 2010).

The parameter space which we are able to explore with
transiting planets is biased by instrumental and observational
limitations. However, many challenges faced by the current
surveys are being overcome by the ability to decrease systematic
noise and optimize follow-up strategies. Although the majority
of the ∼100 transiting planets thus far discovered are short-
period, Jupiter-sized objects, they show a remarkable variety in
their physical and dynamical characteristics, such as the extreme
eccentricity of HD 80606b (Naef et al. 2001; Laughlin et al.
2009; Moutou et al. 2009; Fossey et al. 2009; Garcia-Melendo &
McCullough 2009), the ultra-short period of WASP-19b (Hebb
et al. 2010), and the puzzlingly low densities of WASP-17b
(Anderson et al. 2010) and Kepler-7b (Latham et al. 2010).

Here we describe the properties of a new transiting planet
discovered by the SuperWASP survey, WASP-37b. Super-
WASP has been a major contributor to the discovery of bright

(9 < mv < 13) transiting planets since it began operation in
2004 (Pollacco et al. 2006). The project runs two stations,
SuperWASP on La Palma, Canary Islands, and WASP-S at
SAAO in South Africa, each with a field of view of almost
500 deg2. A number of recent upgrades have been implemented
to reduce systematic noise and improve photometric precision.
These include reducing temperature fluctuations, which cause
changes in the camera focus, by installing heating tubes, air con-
ditioning, and improving dome insulation. As a consequence,
the variation in the stellar FWHM during the course of a night
has been halved. For more details, see Barros (2010).

The planet host star WASP-37 resides in an equatorial region
of the sky which is monitored by both WASP instruments, sig-
nificantly increasing the amount of data collected on the target.
It is accessible to observatories in both hemispheres and we
present follow-up photometric and spectroscopic observations
taken to establish the planetary nature of the transiting object
and characterize it using the RISE (Liverpool Telescope), Spec-
tral (Faulkes Telescope South), SOPHIE (1.93 m OHP), and
CORALIE (Swiss 1.2 m) instruments.

This paper is structured as follows: Section 2 describes the
observations, including the discovery data and photometric and
spectroscopic follow-up. The results of the derived system
parameters are presented in Section 3, including the stellar
and planetary properties. Finally, we discuss our findings in
Section 4.

1
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ABSTRACT

Aims. We report the discovery of WASP-38b, a long period transiting planet in an eccentric 6.871815 day orbit. The transit epoch is
2 455 335.92050 ± 0.00074 (HJD) and the transit duration is 4.663 h.
Methods. WASP-38b’s discovery was enabled due to an upgrade to the SuperWASP-North cameras. We performed a spectral analysis
of the host star HD 146389/BD+10 2980 that yielded Teff = 6150 ± 80 K, log g = 4.3 ± 0.1, v sin i = 8.6 ± 0.4 km s−1, M∗ = 1.16 ±
0.04 M� and R∗ = 1.33 ± 0.03 R�, consistent with a dwarf of spectral type F8. Assuming a main-sequence mass-radius relation for the
star, we fitted simultaneously the radial velocity variations and the transit light curves to estimate the orbital and planetary parameters.
Results. The planet has a mass of 2.69 ± 0.06 MJup and a radius of 1.09 ± 0.03 RJup giving a density, ρp = 2.1 ± 0.1 ρJ. The high
precision of the eccentricity e = 0.0314 ± 0.0044 is due to the relative transit timing from the light curves and the RV shape. The
planet equilibrium temperature is estimated at 1292 ± 33 K. WASP-38b is the longest period planet found by SuperWASP-North and
with a bright host star (V = 9.4 mag), is a good candidate for followup atmospheric studies.

Key words. planets and satellites: detection – stars: individual: WASP-38 – techniques: photometric – techniques: radial velocities

1. Introduction

Transiting planets are important because the geometry of these
systems gives us a wealth of information. Photometry during
transit allows us to derive the inclination of the orbit and the
radii of both the host star and planet. Combining this informa-
tion with radial velocity variations allows us to derive the ab-
solute mass of the planet and, hence, the density. Even just an
estimation of the bulk density gives us an insight into the com-
position of the planet (Guillot 2005; Fortney et al. 2007) and
can be used to put constraints on planetary structure and for-
mation models. These systems also offer a potential for measur-
ing planetary emission spectra through occultation observations
(e.g. Charbonneau et al. 2008) and we can gain an insight into the

� Photometry and RV data are only available in electronic form at the
CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/525/A54

composition of planetary atmospheres using transit spectroscopy
(Charbonneau et al. 2002; Vidal-Madjar et al. 2003; Swain et al.
2009).

For these reasons, there are several ground-based surveys
searching for transiting exoplanets, such as HATNet (Bakos et al.
2004), TrES (Alonso et al. 2004), XO (McCullough et al. 2005)
and WASP (Pollacco et al. 2006). Currently, there are also two
space-based surveys: CoRoT (Baglin et al. 2006) and Kepler
(Borucki et al. 2010). WASP is the most prolific of these sur-
veys having discovered 38 of the 106 known transiting exo-
planets. The WASP project consists of two robotic observa-
tories: one in the Observatorio del Roque de los Muchachos,
La Palma, Canary Islands, Spain and the other in the South
African Astronomical Observatory of Sutherland, South Africa.

In this paper, we report the discovery of WASP-38b, an ec-
centric giant planet in a 6.87 day orbit. The candidate was iden-
tified in February 2010 in SuperWASP-North data. Radial veloc-
ity followup started at the end of March with FIES (2.6 m NOT).

Article published by EDP Sciences A54, page 1 of 6
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ABSTRACT

We present the discovery of WASP-39b, a highly inflated transiting Saturn-mass planet orbiting a late G-type dwarf star with a
period of 4.055259 ± 0.000008 d, Transit Epoch T0 = 2 455 342.9688 ± 0.0002 (HJD), of duration 0.1168 ± 0.0008 d. A combined
analysis of the WASP photometry, high-precision follow-up transit photometry, and radial velocities yield a planetary mass of Mpl =
0.28 ± 0.03 MJ and a radius of Rpl = 1.27 ± 0.04 RJ, resulting in a mean density of 0.14 ± 0.02 ρJ. The stellar parameters are mass
M� = 0.93 ± 0.03 M�, radius R� = 0.895 ± 0.23 R�, and age 9+3

−4 Gyr. Only WASP-17b and WASP-31b have lower densities than
WASP-39b, although they are slightly more massive and highly irradiated planets. From our spectral analysis, the metallicity of
WASP-39 is measured to be [Fe/H]= −0.12 ± 0.1 dex, and we find the planet to have an equilibrium temperature of 1116+33

−32 K.
Both values strengthen the observed empirical correlation between these parameters and the planetary radius for the known transiting
Saturn-mass planets.

Key words. stars: individual: WASP-39 – techniques: photometric – techniques: radial velocities – planetary systems

1. Introduction

The importance of transiting extrasolar planets is related to
their geometrical configuration (Sackett 1999). Transit geometry
severely constrains the orbital inclination of the planet, allow-
ing accurate measurements of its mass and radius to be derived.
The inferred planet’s density provides information on the sys-
tem’s bulk physical properties, and thus is a fundamental param-
eter for constraining theoretical models of planetary formation,
structure, and evolution (e.g. Guillot 2005; Fortney et al. 2007;
Liu et al. 2008).

To date, more than 100 transiting planets have been discov-
ered, which show a huge range of diversity in their physical
and dynamical properties. For example, their mass ranges from

� Spectroscopic and photometric data are only available at the CDS
via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/531/A40

∼5 M⊕ (Kepler-10b, Batalha et al. 2011) to about 12 MJ (XO-3b,
Johns-Krull et al. 2008; Hébrard et al. 2008). Some planets have
radii that agree with models of irradiated planets (Burrows et al.
2007; Fortney et al. 2007), while others are found to be anoma-
lously large (e.g. WASP-12b, Hebb et al. 2009, and TrES-4b,
Southworth 2010; Torres et al. 2008; Mandushev et al. 2007).
The diversity in exoplanet densities, hence in their internal com-
positions, is particularly noticeable at sub-Jupiter masses. For
example, some exoplanets have very high densities and are
thought to have a rocky/ice core (e.g. HD 149026b, ρpl � 1 ρJ,
Sato et al. 2005), while systems such as TrES-4b (ρpl = 0.17 ρJ,
Mandushev et al. 2007), WASP-17b (ρpl = 0.06 ρJ, Anderson
et al. 2010b, 2011b), WASP-31b (ρpl = 0.132 ρJ, Anderson
et al. 2010a), and Kepler-7b (ρpl = 0.13 ρJ, Latham et al. 2010)
are examples of planets with puzzlingly low densities that chal-
lenge standard evolutionary theories in reproducing their radii
(Fortney et al. 2007; Burrows et al. 2007). To assess the inflation
status of a system, generally planetary radii are compared to

Article published by EDP Sciences A40, page 1 of 8
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ABSTRACT. From WASP photometry and SOPHIE radial velocities we report the discovery of WASP-40b
(HAT-P-27b), a 0:6 MJup planet that transits its 12th magnitude host star every 3.04 days. The host star is of late
G-type or early K-type and likely has a metallicity greater than solar (½Fe=H� ¼ 0:14� 0:11). The planet’s mass and
radius are typical of the known hot Jupiters, thus adding another system to the apparent pileup of transiting planets
with periods near 3–4 days. Our parameters match those of the recent HATnet announcement of the same planet,
thus giving confidence in the techniques used. We report a possible indication of stellar activity in the host star.

Online material: color figures

1. INTRODUCTION

While the Kepler mission is currently producing the most
candidates for transiting extrasolar planets (e.g., Borucki et al.
2010), the ground-based transit-search programs continue to
find more planets around stars at brighter magnitudes than those
found in the space missions. Of these, Hungarian Automated
Telescope Network (HATnet; Bakos et al. 2004) and Wide An-
gle Search for Planets (WASP; Pollacco et al. 2006) have been
the most successful. Both projects are based on arrays of

200 mm f=1:8 lenses backed by CCDs, with the biggest differ-
ence being that HATnet operates at several longitudes, while
WASP consists of one station in each hemisphere. The two proj-
ects look at overlapping regions of sky, which has led to some
near-simultaneous discoveries, such as the planet WASP-11b
(West et al. 2009) also being HAT-P-10b (Bakos et al. 2009).
Reporting of such independent discoveries gives important in-
formation on the reliability of the respective techniques and on
the completeness of the transit surveys.

Recently, HATnet announced the planet HAT-P-27b (Béky
et al. 2011), a hot Jupiter in a 3 day orbit around a mV ¼
12:2 star. This planet had been independently discovered by
the WASP project and assigned the name WASP-40b (Hellier
et al. 2011). We report here on the discovery of WASP-40b
made using data from SuperWASP-North and WASP-South
combined, together with radial velocities from the SOPHIE
spectrograph at the Observatoire de Haute-Provence (OHP) ob-
servatory.

2. OBSERVATIONS

We observed WASP-40, an ∼K0-type star located in Virgo,
with the SuperWASP-North and WASP-South cameras during
the three seasons of 2008–2010. A transit search (Collier
Cameron et al. 2006) of the resulting 30,260 photometric mea-
surements found a strong 3.04 day periodicity. The discovery
light curve is displayed in Figure 1a, folded on this period.

Using the SOPHIE spectrograph mounted on the 1.93 m
OHP telescope (Perruchot et al. 2008; Bouchy et al. 2009),
we obtained eight spectra of WASP-40 during 2010 April
and May. The high-efficiency mode and slow readout were
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WASP-41b: A Transiting Hot Jupiter Planet Orbiting a Magnetically
Active G8V Star
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ABSTRACT. We report the discovery of a transiting planet with an orbital period of 3.05 days orbiting the star
TYC 7247-587-1. The star, WASP-41, is a moderately bright G8 V star (V ¼ 11:6) with a metallicity close to solar
(½Fe=H� ¼ �0:08� 0:09). The star shows evidence of moderate chromospheric activity, both from emission in the
cores of the Ca II H and K ines and photometric variability with a period of 18.4 days and an amplitude of about 1%.
We use a new method to show quantitatively that this periodic signal has a low false-alarm probability. The rotation
period of the star implies a gyrochronological age for WASP-41 of 1.8 Gyr with an error of about 15%. We have
used a combined analysis of the available photometric and spectroscopic data to derive the mass and radius of the
planet (0:92� 0:06 MJup, 1:20� 0:06 RJup). Further observations of WASP-41 can be used to explore the
connections between the properties of hot Jupiter planets and the level of chromospheric activity in their host
stars.

1. INTRODUCTION

There is continued interest in finding bright stars that host
transiting exoplanets, because they can be accurately character-
ized and studied in some detail; e.g., the mass and radius of the
planet can be accurately measured. This gives us the opportu-
nity to explore the relationships between the properties of the
planet and its host star: e.g., the orbital eccentricity, the compo-
sition and spectral type of the star, the age of the system, etc.
Given the wide variety of transiting planets being discovered
and the large number of parameters that characterize them, sta-
tistical studies will require a large sample of systems to identify
and quantify the relationships between these parameters. These
relationships can be used to test models of the formation, struc-
ture, and evolution of short-period exoplanets.

Here, we report the discovery by the Wide Angle Search for
Planets (WASP) survey of a planetary mass companion to the
star TYC 7247-587-1. We find that the star is a G8 V star show-

ing moderate chromospheric activity. The planet, WASP-41b, is
a typical hot Jupiter planet with an orbital period of 3.05 days.

2. OBSERVATIONS

The WASP survey is described in Pollacco et al. (2006) and
Wilson et al. (2008), while a discussion of our candidate selec-
tion methods can be found in Collier Cameron et al. (2007),
Pollacco et al. (2008), and references therein.

The star TYC 7247-587-1 (WASP-41, 1SWASP J124228
.50-303823.5) was observed 6767 times by one camera on
the WASP-South instrument from 2007 January 20 to 2007 June
22. A further 5637 observations were obtained with the same
camera from 2008 January 17 to 2008 May 28.

The WASP-South light curves of WASP-41 show transitlike
features, with a depth of approximately 0.02 mag recurring with
a 3.05 day period (Fig. 1). These were independently detected in
the WASP-South photometry from the two seasons using the
detrending and transit detection methods described in Collier
Cameron et al. (2007), which was taken as good evidence that
the periodic transit signal was real. The spectral type of the star
was estimated to be approximately G8, based on the catalog
photometry available for this star at the time. The duration
and depth of the transit are consistent with the hypothesis that
they are due to the transit of a planetlike companion to a main-
sequence G8 star, and the WASP-South light curves show no
indication of any ellipsoidal variation due to the distortion of
the star by a massive companion.

We obtained 22 radial velocity measurements during the in-
terval of 2010 January 3 to 2010 August 5 with the fiber-fed
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ABSTRACT

We report the discovery of WASP-43b, a hot Jupiter transiting a K7V star every 0.81 d. At 0.6-M⊙ the host star has the lowest mass of
any star hosting a hot Jupiter. It also shows a 15.6-d rotation period. The planet has a mass of 1.8 MJup, a radius of 0.9 RJup, and with
a semi-major axis of only 0.014 AU has the smallest orbital distance of any known hot Jupiter. The discovery of such a planet around
a K7V star shows that planets with apparently small remaining lifetimes owing to tidal decay of the orbit are also found around stars
with deep convection zones.

Key words. stars: individual (WASP-43) — planetary systems

1. Introduction

As planet discoveries increase we begin to see patterns in their
distribution, and to find the rarer systems that mark the edges of
the envelope. The ground-based transit searches such as WASP
(Pollacco et al. 2006) and HAT (Bakos et al. 2002) are particu-
larly suitable for finding the systems that delineate the cut-off
of hot Jupiters as orbital radius decreases. This distribution is
expected to tell us about several processes, including diskmi-
gration and possible ‘stopping mechanisms’ (e.g. Matsumura,
Pudritz & Thommes 2007), third-body processes, such as scat-
tering and the Kozai mechanism, that can move planets onto ec-
centric orbits that circularize at short periods (e.g. Guillochon
et al. 2010), and the effect of tidal interactions with the host star
(e.g. Matsumura, Peale & Rasio 2010).

The WASP-South camera array has been monitoring stars
of magnitude 9–13 since 2006, and, in conjunction with radial-
velocities from the Euler/CORALIE spectrograph, is now re-
sponsible for the majority of transiting hot Jupiters currently
known in the Southern hemisphere (see Hellier et al. 2011a).
Here we report the discovery of WASP-43b, which has the small-
est semi-major axis of any known hot Jupiter.

2. Observations

The WASP project uses 8-camera arrays that cover 450 square
degrees of sky with a typical cadence of 8 mins. The WASP sur-
veys are described in Pollacco et al. (2006) while a discussion
of our planet-hunting methods can be found in Collier-Cameron
et al. (2007a) and Pollacco et al. (2007).

WASP-43 is aV = 12.4, K7V star in the constellation
Sextans. It was flagged as a planet candidate based on WASP-
South data obtained during 2009 January–May, and has been

Table 1. CORALIE radial velocities of WASP-43.

BJD – 2400 000 RV σRV Bisector
(km s−1) (km s−1) (km s−1)

55205.7594 –3.058 0.013 0.052
55325.6232 –4.041 0.021 0.055
55327.5745 –3.430 0.026 0.050
55328.5441 –3.067 0.014 0.033
55334.5030 –3.821 0.018 0.023
55359.4824 –3.026 0.022 –0.098
55362.5333 –3.522 0.031 0.050
55364.4596 –3.262 0.017 0.110
55375.4741 –3.830 0.018 0.048
55376.4911 –3.036 0.045 0.097
55378.4837 –3.994 0.018 –0.035
55379.5246 –3.904 0.021 –0.003
55380.4904 –3.282 0.021 0.017
55391.4617 –3.869 0.028 0.036
55392.4602 –4.086 0.021 0.072
Bisector errors are twice RV errors

further observed by both WASP-South and SuperWASP-North
over 2010 January–May, leading to a total of 13 768 data points.
A putative 0.81-d transit period led to radial-velocity followup
with the CORALIE spectrograph on the Euler 1.2-m telescope
at La Silla. Fourteen radial-velocity measurements over 2010
January–July (Table 1) showed that the transiting body is a
1.8-MJup planet. On 2010 December 07 we obtained a transit
lightcurve with the TRAPPIST 0.6-m telescope in a passband of
I+z, while on 2010 December 29 we obtained a further transit
lightcurve with EulerCAM in a Gunnr passband (Fig. 1).
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ABSTRACT
We report the discovery of three extrasolar planets that transit their moderately bright
(mV = 12–13) host stars. WASP-44b is a 0.89-MJup planet in a 2.42-day orbit around
a G8V star. WASP-45b is a 1.03-MJup planet which passes in front of the limb of its
K2V host star every 3.13 days. Weak Ca H+K emission seen in the spectra of WASP-
45 suggests the star is chromospherically active. WASP-46b is a 2.10-MJup planet in a
1.43-day orbit around a G6V star. Rotational modulation of the light curves of WASP-
46 and weak Ca H+K emission in its spectra show the star to be photospherically and
chromospherically active.

We imposed circular orbits in our analyses as the radial velocity data are consistent
with (near-)circular orbits, as could be expected from both empirical and tidal-theory
perspectives for such short-period, Jupiter-mass planets. We discuss the impact of fit-
ting for eccentric orbits for these type of planets when not supported by the data. The
derived planetary and stellar radii depend on the fitted eccentricity and further studies
use these quantities in attempts to understand planet structure, the interdependence
of parameters and the relevant physics for extrasolar planets. As such, we recommend
exercising caution in fitting the orbits of short period, Jupiter-mass planets with an
eccentric orbital model when there is no evidence of non-circularity.

Key words: planetary systems – planets and satellites: individual: WASP-44b,
WASP-45b, WASP-46b – stars: individual: WASP-44, WASP-45, WASP-46

1 INTRODUCTION

The ensemble of well-characterised transiting extrasolar
planets is growing at pace, with over one hundred known
to date. It is important to determine the system param-
eters accurately so that the inferrences on which they
are based are reliable. For example, to determine the
bulk composition of a planet it is necessary to accu-
rately measure its radius (e.g. Fortney, Marley & Barnes
2007). Many short-period, giant planets (e.g. WASP-17b,
Anderson et al. 2010b, 2011) are larger than predicted by
standard cooling theory of irradiated, gas-giant planets (e.g.
Fortney, Marley & Barnes 2007). One potential explanation

⋆ dra@astro.keele.ac.uk

is that energy from the tidal circularisation of eccentric or-
bits was dissipated within the planets’ interiors, causing
them to bloat (e.g. Bodenheimer, Lin & Mardling 2001). To
evaluate the likelihood that a planet was inflated by such
tidal heating, it is necessary to have an accurate determi-
nation of both its radius and its orbital eccentricity (e.g.
Ibgui, Spiegel & Burrows 2011).

A planet’s orbital eccentricity can be determined by
measuring the radial motion of its host star across an or-
bit (e.g. Queloz et al. 2010), or by observing an occultation
of a planet by its host star (e.g. Anderson et al. 2011), or
from a combination of the two. By combining this eccen-
tricity measurement with high-quality transit light curves,
we can measure a star’s density (Seager & Mallén-Ornelas
2003). The stellar mass can be estimated using stellar evolu-

3.5. The Southern WASP Planet Collection
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3.6 Summary of the WASP/CORALIE Survey

Writing this thesis was a good occasion to have a look back at the intense work done with
CORALIE to confirm WASP planet candidates. The partnership between WASP and Genève
started in Summer 2007 when the first CORALIE data got acquired. I arrived in Genève at the
beginning of Septembre, WASP-4 and 5 had just been confirmed, WASP-6 was underway. I re-
member clearly the discovery of WASP-8, observing with Didier Queloz, at La Silla as he was
teaching me how to be an observer. At that time Didier and Michaël Gillon were organising the
Genevan side of the survey. I took progressively over during List 7 (see section 3.1) and was fully
operationnal when List 8 was published, in April 2008.

3.6.1 WASP results in numbers

How best to capture WASP’s results but to show the shear number of results we obtain in a
number of tables and graphs.

Next table, (3.1) summarises in a few quick numbers the broadline of the work done for WASP
(up to date for mid spring 2011). A table showing the status of the 689 candidates provided by
WASP between 2007 and mid spring 2011 could have been presented, but would not have been
that interesting on top of the fact that some of the objects are still being confirmed. In table 3.1 you
will see several categories defined defined following in broad lines from the description of various
objects described in section 3.2:

• P (for planet): WASP candidate observed by CORALIE and confirmed as a planet (the one
brown dwarf we found, WASP-30, is also included in this category while WASP-2, which
was not in any of our Southern candidate list is not);

• M (for M dwarf ): WASP candidate which after some CORALIE follow-up and a Keplerian fit
gives a stellar body < 0.5 M� transiting -eclipsing- a K, G, F or A primary;

• M? (for maybe M dwarf ): WASP candidate with a variation in radial velocity ∆RV < 100 km s−1

and/or that could correspond to stellar body < 0.5 M� transiting a K, G, F or A primary;

• LP (for long period binary): candidates for which we have a period or long term radial velocity
drift without a hint of another orbital frequency linked to that found by WASP. Potential
triple, quadruple+ systems;

• SB2: double line spectral binary

• SB3: triple line spectral binary (no SB4 has been found)

• EB (for eclipsing binaries): candidates with a variation in radial velocity ∆RV > 100 km s−1,
candidates having a transit too deep to be produced by a planet, and candidates with an
observed occultation (secondary eclipse in this case);

• Blend: a star near the candidate selected by WASP is the actual transited star. This is not
linked at all to the nature of the object. It simply points out to a confusion on the target.
Some of the blending star can have a transiting planet, although this is unlikely (we had
only one recent such case); most are EBs, or LPs;

• G (for giant): spectral analyses of reconnaissance spectra show this is a giant star, thus a blend
or a false positive;
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Figure 3.19: Black: histogram in right ascension of the WASP candidates. Grey: all those candidates
for which we have a status, of which in red: top: the planets (P); bottom: (plain), the transiting
M dwarfs (M), (dashed), the potential transiting M dwarfs (M?) and long period non transiting
objects (LP). The "holes" at 6h and 18h show the location of the galactic plane.

182



CHAPTER 3. DISCOVERING TRANSITING EXTRASOLAR PLANETS

 0  5  10  15  20
 0

 10

 20

 30

 40

 50

 60

α

#
 . .

 . .

 0  5  10  15  20
 0

 10

 20

 30

 40

 50

 60

α

#

 . .

 . .

Figure 3.20: Black: histogram in right ascension of the WASP candidates. Grey: all those candidates
for which we have a status, of which in red: top: the binaries (SB2, SB3, and EB) and bottom: the
false positives (Blend, G, H, FP).The "holes" at 6h and 18h show the location of the galactic plane.
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Table 3.1: WASP Statistics

category number frequency
P 50 8.8± 1.2%

M 62 10.9± 1.4%
M? + LP 76 13.4± 1.5%

SB2 + SB3 + EB 221 38.8± 2.6%
Blend + G 102 17.9± 1.8%

FP + H 58 10.2± 1.3%
subtotal 569

n/a 120
total 689

NB: frequencies estimated from subtotal

• FP (for false positive): for some reason the Hunter algorithm found a period but it is spurious,
or caused by instrumental defects;

• H (for stars that are too hot): or rotating too fast that we can’t extract meaningful RVs; this
meaning has changed a little in the course of the past years;

• n/a (for non available): candidates still under scrutiny, not yet observed, not fully confirmed,
waiting for photometric On/Off...;

One has to remember some candidates might belong to several categories physically (see for
example Brown (2003)). The classification was chosen to correspond to what is causing the signal
found in WASP and triggering their presence in the candidate lists. Some changes might occur
with new observations coming in. In Table 3.1, these categories are linked into broader categories:

• planets;

• transiting M dwarfs;

• M? & LP: potentially interesting;

• SB2, SB3 & EB: binaries, detected object for which we are not much interested in;

• Blend & G: both are blend really, demonstrates a capacity for detection, despite being wrong
detections;

• FP & H: not much to learn from those;

In a little under four years we thus have discovered 48 planets19 (two of the 50 were actual de-
tection by SOPHIE that because they were in our candidate lists, we later picked up and followed,
but would probably have been found independently, thus justifying being in that statistics), a
number close to the number of planets found by the CORALIE RV survey which has been ongo-
ing since 1998. I am going to be very quick to point that the comparison is unfair as the type of
planets found is radically different and thus what we learn about them. The WASP/CORALIE
survey is, at the end, a study of a special class of planets, the hot Jupiters, planets that are quite
rare and thus underrepresented in the CORALIE RV survey.

19since more have been discovered :o)
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Figure 3.21: top: Number of exposures as a function of time, binned per trimester. bottom: Number
of hours observed with time, binned in trimester from Spring equinox 2007. Data incomplete for
the last bin.
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Figure 3.22: Position of known transiting planets including WASP, our main competitors, the HAT
network, and the two space missions, CoRoT and Kepler. Courtesy Pierre Maxted.
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Figure 3.23: Updated graph from the thesis by B-O Demory (red symbols, literature in mid 2009)
with results from WASP-South and CORALIE (bleu circles), and other groups (open grey circles).
Overplotted, models by Baraffe et al. (1998). Plain model are 5 Gyr models for solar metallicity.
Other models allow for larger amounts of metals for the planets: 10%, 50% and 90% in content.
(data from B-O Demory, www.exoplanets.eu and this thesis). Caution: data for low mass stars
is preliminary.
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To find those planets, we observed for about 1800 hours in integration time, meaning the work
end to end of roughly 200 nights of observing20 (see figure 3.21). We observed data during more
than 650 individual nights spanning over the 1400 nights since the joint survey started; the survey
is still ongoing. In addition to these observations one would also have to count the time spent for
photometry, for On/Off and for the confirmation and characterisation transit observations.

Roughly estimated, a planet thus costs an effort of about 40h of observing time, or a bit more
than four nights. One such planet is discovered in average every 30 days but that pace is increas-
ing slightly.

Figure 3.23 illustrates well WASP and CORALIE’s achievements. When a similar plot was
presented at Brice-Olivier Demory’s thesis, only the red non circular symbols were populating this
graph. WASP-8 was the last discovered southern planet. Since CoRoT and Kepler have populated
the low mass, low radius end, CoRoT and WASP added objects in the Brown Dwarf desert, and
WASP in the low mass eclipsing binaries21. This graph clearly shows that the radii of hot Jupiters
are larger than expected by theory for isolated planets (like our Jupiter is).

A note of caution. The masses and radii for the low mass M dwarfs are preliminary estimates,
very likely to change. The mass was estimated from assuming the primary’s mass is much larger
than the secondary’s (like in the planet’s case) which is not entirely just. The radii were obtained
from the Hunter page and do not take into account the fact that those are self luminescent objects.
Additionally some of those transits are probably grazing leading to a wrong radius estimation at
the moment. Determining those radii is an undergoing effort with Leslie Hebb and Yilen Gomez.
Occultations will be taken to completely solve the system and get accurate radii.

3.6.2 Evolution of results and detection capacity

Some areas in the sky appear to have a higher probability for discovering planets. This might
sound a little strange but looking at the two bins between right ascensions α = 23h and α = 1h (top
panel of figure 3.19) we confirmed 14 planets. Assuming we have discovered all possible planets
(which is hopefully wrong) and averaging over this area, when we propagate the same probability
for planet detection over the whole sky, we reach a total number of at least 170 ± 40 planets. This
is a simplified argument but shows how much left can be done, but also of how much we have
achieved: a third of the total number! Of course some areas are harder to probe than others, no-
tably the poles and the galactic plane.

WASP has given a fairly constant stream of candidates of similar transit depth which median
is close to 1.5 % (figure 3.24). We can remark that there has not been much improvement in the
announced depth for confirmed WASP candidates. More shallower transits could probably be
found as WASP-7 and WASP-30 were both advertised as having transit depth < 0.5%. Certainly a
survey over the same fields with only a slight improvement in precision would yield many more
objects. Let’s also point out that both WASP-7 and WASP-30 are around hotter stars, object of great
interest for the Rossiter-McLaughlin observations (see next chapter).

The lower panel (figure 3.24) shows the conversion of the advertised transit depths into the
published radii. Outliers do not correlate. WASP-43 is the deepest transit we confirmed, but its
planet’s size is perfectly in the norm (the star is small). WASP-17 had an advertised depth no
different from other candidates, while it is a clear outlier when it comes to its radius22. Finally
WASP-29 is our smallest planet, but its depth, again was lost among that of other candidates.

20this is about as much time as a pregnancy!
21those results should come out fairly soon
22were it not on a retrograde orbit I would have a hard time believing it is a planet
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Figure 3.24: top: depth as advertised on the Hunter page as a function of the WASP planet num-
bering system. bottom: radius after careful analysis as a function of the WASP planet numbering
system. WASP-17b is a clear outlier for radius, but not in depth. Inversely, WASP-43b has a very
deep transit, but is a normal planet in size. This means we probably have missed more WASP-43b
type planets than WASP-17b.
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Figure 3.25: Red dots: plan-
ets. Black triangles: tran-
siting M dwarfs, and his-
tograms (black and dot-
ted for transiting M-dwarfs,
red and plain for transiting
planets). They have differ-
ent period distribution. We
find M dwarfs at longer pe-
riod though with a similar
transit depth. We also do
not find as many low depth
transit in the M dwarfs as
for the planets, pointing to
a deficit of low mass transit-
ing M dwarfs
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WASP-29’s Doppler signal is quite clear, so I do not think we would have missed similar candi-
dates if they were as present as other hot Jupiters. Similarly I think we are quite complete regarding
the typical hot Jupiters around solar type stars. Other WASP-17s should have been found without
too much trouble by either WASP or Genève and thus are probably very rare objects, WASP-30s
might have been missed by WASP more than Genève because of the small transit depth, and so
would WASP-43s whose large transit depth is quite unusual and might have been censored at can-
didate selection. On our side we might have missed a few WASP-7 and WASP-31 which orbital
Doppler amplitude is of order of error bars on individual measurements23. The reason is mostly
because those stars are hotter and faster rotators, degrading the FWHM of their CCF peak and
thus our precision on individual measurements. Apart from WASP-8 and WASP-38, all our objects
have period < 6 days, while our main competitors, the HAT network, have found a few transiting
planets out at 10 day orbits, like Hat-P-15 and 17 b (Kovács et al. 2010; Howard et al. 2010). Did we
miss any of these? This is where we can use the transiting M-dwarfs that we have also confirmed
as a comparison sample to our planet detection.

Figure 3.25 compares the distribution of the advertised transit depths (a proxy for our detection
capacity) on the Hunter page with respect to orbital period. Four out of the five M dwarfs at orbits
> 10 days that were found, have transit depths which are similar to confirmed planets. I thus see no
reason why we should not have been able to find planets at such orbital periods, except of course
if they are less frequent than M dwarfs. Similarly, for orbital periods > 6 days, we have found ten
M dwarfs which depth are planet-like, but only two planets. The main disadvantage WASP has
compared to HAT is that we observe only from one longitude making it harder to detect longer

23but hopefully not too many. Those candidate would be those for which we have an On/Off confirmation of the
transit and no visible RV motion
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period planet which only have few visible transits every year. Taking an astronomical night as a
third of an Earth rotation, we can only catch three times less transits than HAT for similar objects.
Since our detection depends on repeated observations, we are well penalised. Thus, observing the
same fields anew with increased precision would yield more easily long period candidates as we
would require a lesser number of events for a detection. In addition, comparing this new data
with the one already acquired to increase the timespan would help in having precise ephemeris.

3.7 The Rossiter-McLaughlin Effect as a Detection Tool

Besides trying to find more planets, it is also most interesting to detect the transit of known
radial velocity planets. The brightness of their host star makes them brilliant objects to charac-
terise, as HD 189733 b (Bouchy et al. 2005), GJ 436 b (Gillon et al. 2007) and 55 Cancri e (Winn et al.
2011b; Demory et al. 2011) are perfect examples of. Three projects come to mind: the TRANSIT-
SEARCH.ORG, run by Greg Laughlin, using amateurs to check the transit windows of bright stars;
the TERMS project by Stephen Kane, refining the ephemerids of known highly eccentric planet pre-
senting a higher chance of transit despite being on longer periods (Kane et al. 2009); and Michaël
Gillon’s Spitzer program on the HARPS’s small planet candidates (Gillon et al. 2010)24.

One of the most spectacular recent result was the detection of the occultation of HD 80606 b, a
planet on a 0.93 eccentric orbit of 111 days (Laughlin et al. 2009). The chance of occultation was
large enough to be tempted. Once known to occult, the transit probability increased dramatically.
The main issue to catching it was that this object was expected to have a transit longer than a
night, making it very hard to be sure one has observed an ingress or an egress. There comes the
Rossiter-McLaughlin effect. The beauty of it, is that using spectroscopic measurements, we know
the zero point of the instrument and the position and slope in the radial velocity (according to
the Doppler reflex motion) that the star ought to have. It was observed by Moutou et al. (2009)
combining photometry and spectroscopy. Fossey et al. (2009) and Garcia-Melendo & McCullough
(2009) also observed the transit photometrically.

HD 156846 has a planet around it (Tamuz et al. 2008). It was observed by CORALIE and Keck
with some very recent observations produced by the TERMS project (Kane et al. 2011). Its 360 day
orbit is very eccentric, bringing the planet from beyond the orbit of Mars to well within Mercury’s.
Its probability of transit is of order 5 %. Among the interesting features of that planet, is the length
of its orbit, making it a cold Jupiter. Also of great interest is the distance at periastron (Kane et al.
2011), leaving a Hill sphere around the planet large enough for satellites to stay dynamically stable.

Realising the interest of that target, on 2009 September 3rd we attempted catching the Rossiter-
McLaughlin effect, expected if the planet is transiting, using CORALIE. The results will now be
presented and should be taken with all the caution necessary: visually there is a radial velocity
anomaly at the time and of the shape expected for the Rossiter-McLaughlin effect, but statisti-
cally, it is not detected: we have marginal evidence. Other worrying factors come into play: the
night was not the best, being partially cloudy in La Silla (weather was apparently worse at Cerro
Tololo, despite their relative proximity, where Kane et al. (2011) attempted a photometric transit
the same night25). Nevertheless, this is a perfect example to work with and show how a Rossiter-
McLaughlin effect detection can be carried out, in the absence of photometric data.

24yielding a transit detection on a planet not found using HARPS, oh joy, sweet irony! (Demory et al. 2011)
25to continue rambling on bad luck, we attempted catching photometrically the transit from La Palma, which was

also clouded over. That ain’t funny!
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Figure 3.26: RV data on HD 156846. top: all orbit; bottom: zoom on periastron passage. Open sym-
bols: CORALIE. Squares: CORALIE ’98 data, triangle: CORALIE ’07 data, red circle: CORALIE
transit data. Filled circle: Keck HIRES data.
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Figure 3.27: RV data on HD 156846. top: zoom on the transit RV sequence and its residuals.
Open symbols: CORALIE. Squares: CORALIE ’98 data, triangle: CORALIE ’07 data, red circle:
CORALIE transit data. Filled circle: Keck HIRES data. middle: RV residuals if not adjusting for the
RM effect and predicted transit lightcurve. bottom two other series taken after the transit series to
check the level of variability in the RVs.

193



3.7. The Rossiter-McLaughlin Effect as a Detection Tool

Figure 3.28: Joint probabil-
ity distribution function,
resulting from a Rossiter-
McLaughlin effect adjust-
ment to the data in (V sin I ,
β) space. Marginalised dis-
tributions are in histograms.
1, 2 and 3 σ confidence
intervals are drawn.
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The radial velocity data from the transit night was downloaded from La Silla, and immediately
inserted into the code where preliminary chains had been conducted and whose results matched
those given by YORBIT. We had been monitoring the star to also ameliorate the precision in its
orbital parameters and were obtaining data as often as possible during periastron passage (data is
presented in figure 3.26). I was quick to spot a radial velocity anomaly in the Doppler curve and
start adjusting an effect by fixing some parameters to credible values. The transit was not complete
(see figure 3.27, top panel). To convince ourselves (Damien Ségransan and I) that we had detected
a transit and not a systematic caused by a cloud, we asked the observer, Roi Alonso, to acquire a
similar sequence in term of cadence and individual error bars. This was obtained two nights after,
also in poor weather conditions thus providing a good comparison. Another timeseries was ob-
tained a fortnight later. None of those show the level of correlation we observe, though the second
control series is quite noisy (see figure 3.27, lower panels).

I then started running chains trying to adjust for the RV anomaly that we had observed. The
data I had then, consisting mostly of CORALIE, was predicting a mid transit time which was quite
loose and thus I could never be sure that the series we had observed was at ingress, or at egress
or rightly, out of transit. Things stayed as they were, waiting to have more data for the orbit and
maybe another chance to observe during the transit.

Kane’s paper thus helped a great deal since they used HIRES on the Keck Telescope at the
same time as we used CORALIE, though, not during transit. As soon as the paper appeared
on the online archive ASTRO-PH, I read their refined transit ephemeris, and saw the two points
that are located just after the transit (see figure 3.27) were compatible with our data. Combining
everything and reanalysing, we realised our observations coincide well with the expected time
of transit. Following is the analysis of that signal, taking the hypothesis that we indeed have
observed a Rossiter-McLaughlin effect:
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Using the MCMC, progressively more and more parameters were included, reaching the total
number of parameters that can be adjusted for a transit. To help the chain avoid getting lost into
unphysical parameter space, some priors were used on the stellar radiusR? = 2.12±0.12R� (Kane
et al. 2011) (well determined thanks to Hipparcos parallax measurements), the planet’s radius
Rp = 1.0 ± 0.1RJup, (thanks to our knowledge acquired since the discovery of the first transiting
planets. The planet minimum mass being > 10 MJup, its radius should not be inflated, plus that
planet stays all the time further from the star than our hot Jupiters) and the much needed v? sin I =
5.05± 0.5 km s−1 (Kane et al. 2011).

Have we detected a signal? Residuals from the adjustment of the Rossiter-McLaughlin effect
shown in figure 3.27 still show a fairly large scatter. Using the method described in section 2.2.5,
we will compare two models: a straight line through the data (ie. no Rossiter-McLaughlin effect)
that we call M1, and a model with a Rossiter-McLaughlin effect, called M2. We have 41 data
points in the sample including two located a night earlier and one a night later (to adjust for the
γ velocity). M1 has only one parameter: the γ velocity, a scaling parameter for the MCMC. M2

has six more parameters (T0, D, W , b,
√
V sin I cosβ and

√
V sin I sinβ). All other parameters are

entirely constrained by the rest of the data.
Our results show that χ2 over the transit series goes from 84.9± 13.0 to 48.9± 9.9 for the addi-

tion of 6 parameters and 41 measurements. Accounting for the variance of χ2 and comparing (as
described in the previous chapter) with the expected χ2, we favour a Rossiter-McLaughlin model
only with 85.4 % probability above a straight line through the data. This summons for additional
observations.

While there is a chance the cloudy conditions affected the data to make us think there is a
Rossiter-McLaughlin, this would have happened with the right shape and timing to be consistent
with a Rossiter-McLaughlin effect for that planet and that particular star, a relatively fast rotating,
evolved star. If - and only if - this is so, the planet is close to a coplanar orbit with β = −6.5◦+5.5

−39.5

which error bars have been estimated for a 3σ confidence interval26 (figure 3.28).
Now, apart from these considerations, this attempt at adjusting only a spectroscopic transit,

without the help from photometry, shows it is hard business but doable. I was really surprised at
how well the chain was behaving using the various priors and finally giving constraints on many
parameters, even for the impact parameters b.

The following transit, in 2010 was not observable from La Silla. The next transit will happen
on the night starting in 2011 August 23rd. If all goes well, my PhD defence will be a dozen hours
earlier (that was not planned). Only the ingress will be observable from La Silla27 while the egress
could be observed from Hawai’i. In 2012 there should not be a visible transit from either place,
and in 2013, the ingress will be observable from Hawai’i. Then it will remain unobservable from
high resolution, stable spectrographs for 10 to 12 years.

the search for an Earth Twin

Let’s now see how well the Rossiter-McLaughlin effect could be used as a detection method. If
not using the traditional approach, certainly using the Doppler shadow as described in Cameron
et al. (2010a). As the search for less massive and more habitable planets intensify, it will get harder
and harder to confirm them using radial velocities. Our Earth causes a 9 cm s−1 semi-amplitude on
the Sun, something very challenging to detect with the spectrographs projected to be built on the

26still a chance to be severely misaligned [corrections: the code used to fit had a wrong treatment of the eccentricity.
This has now been corrected. Alvaro Gimènez inserted the correction in his code. The fit still allowed a Rossiter-
McLaughlin effect with a very different β.]

27last minute corrections: HARPS radial velocities unfortunately do not confirm the transit
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VLT and ELT. In addition to getting to the precision, correcting for stellar variability and to getting
the observing time on those telescopes, phase coverage will be incomplete for an Earth twin as at
most, half the orbit can be covered since only few stars remain visible at decent airmasses all year
round from Chile. Now, the Rossiter-McLaughlin effect of an Earth over the Sun has a peak to
peak amplitude of order 30 cm s−1 over 12 hours, assuming a coplanar orbit. Any inclined orbit
will show a lower variation. Nevertheless, despite not helping in measuring the planet’s mass, it
could be a used as way to confirm candidates, as advocated in Gaudi & Winn (2007).

Apart from being higher in amplitude than the Doppler reflex motion, the Rossiter-McLaughlin
effect has the advantage of being a relatively short observation over which the stellar noise can be
more easily dealt with than over a year. Finally as demonstrated in the earlier chapters, if this de-
tection is used to confirm a candidate found by a transit survey of bright stars such at the currently
proposed mission to ESA, PLATO, one can use the well determined transit parameters that good
space-based photometry can provide to help with the adjustment. Certainly this could be a tool
to verify that the transit is indeed on target in order to decide then to invest some time trying to
measure the Doppler reflex motion and obtain the mass.

I simulated what kind of observations could be conducted using an instrument similar to the
announced ESPRESSO, to be installed at the VLT which aims to reach a stability and precision of
order 10 cm s−1 on bright stars. Let’s simulate two different strategies: the first would be to detect
the Doppler reflex motion, the second to only detect the Rossiter-McLaughlin effect. Our aim is to
compare the amount of data one needs to observe to obtain the same detection level (examples of
the datasets and signals are found in figure 3.29):

To detect the Doppler reflex motion: one needs to observe in average three radial velocity
points per night for about six months. Those data points were drawn randomly with an RMS
around a model of 15 cm s−1. Individual data points have variable error bars of 10 ± 2 cm s−1.
The RMS and 2 cm s−1 variation on the error bar account for systematic noise and variation due to
night to night conditions and errors in removing stellar activity. In addition, I removed randomly
some epochs from the observations to account for clouds and other observing programs taking up
time. In total 406 RV measurements have been used. The analysis is made hard because χ2

reduced >
1 due to systematics, needing a quadratic addition of 11 cm s−1 on error bars. Then we reach:
χ2

flat = 1.18± 0.08 compared to χ2
reflex = 1.03± 0.07. About 2σ detection.

To detect the Rossiter-McLaughlin effect, one needs to observe continuously for 15 hours at a
cadence of about 9 minutes. Since nights are shorter, only half a transit can be observed per year in
average. Confirmation of an Earth twin would thus take several years but would require less data:
with 80 RV points, 60 of which located inside the transit, one can have a tentative, independent
detection of the Rossiter-McLaughlin effect. Using priors on V sin I thanks to a good knowledge
of v? from photometry and spectroscopic measurement, detection can be made much easier. The
data was drawn similarly to above but with an RMS of 14 cm s−1, for varying error bars of 12± 1
cm s−1. Error bar is larger because we observe less time per data point (we need the cadence to
observe the Rossiter-McLaughlin). Systematics are smaller because our timebase is smaller and
stellar activity treated differently. We are also less sensitive to weather variations. Punching the
numbers we would obtain: χ2

flat = 1.41 ± 0.19 compared to χ2
RM = 0.97 ± 0.16 without using

additional error bars but again with only about 2σ confidence. Adding a bayesian penalty on
V sin I = 2.25 ± 0.25 one raises the χ2

flat to 2.78 ± 0.39, a clear detection. All these efforts would
confirm this is a target worth investigating more, notably to get its mass.

This simple approach should give an idea of what we will soon be confronted with. Find-
ing such Earth twins with the Doppler method around smaller mass stars should be easier than
presented here (notably due to the phase coverage, lower stellar activity and higher Doppler am-
plitude) and a confirmation via Rossiter-McLaughlin effect harder due to smaller v? and smaller
transit width.
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Figure 3.29: Simulated radial velocity data including the Rossiter-McLaughlin effect for an Earth
twin. The data on the top graph cannot cover the entire orbit because of the time the star spends
in the night sky. The data around transit, cannot be taken over one night (except if observing from
several facilities spread in longitude), but the whole transit could in time be observed entirely. The
data is comparable to expectations from the forthcoming ESPRESSO on the VLT, and include an
extra source of noise to account for uncorrected weather, stellar and instrumental noise.

197



3.7. The Rossiter-McLaughlin Effect as a Detection Tool

Earthly and Cosmological clouds;
the rise of the Galactic bulge over the Andes, from La Silla
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Chapter 4
Rossiter-McLaughlin Observations

We arrive at the heart - the beating heart - of this thesis. The Rossiter-McLaughlin effect is
a fascinating thing to study. There is the elegance of it: an additional shape on the otherwise
monotonous planetary signal, there is the information it carries, be it about the rotation of the star,
or as has proven a most valuable observable: the projection of the spin/orbit angle. But there is
another beauty in it given by CORALIE and HARPS, thanks to their automated, fast, accurate and
precise reduction softwares. You see, dear reader, if one can marvel at the heavens, even in dark
La Silla, if one can walk solely lit by the galactic bulge, if one can see its shadow cast by the pow-
erful Venus, and if one can drive with sole view the magnificent Milky Way, there is one thing an
astronomer rarely sees: motion. Most of the beauty we capture is frozen. The Rossiter-McLaughlin
effect is a dynamical observation.

Observing for the regular planet search (WASP or the CORALIE survey), one can get excited
by a new velocity measurements differing from that of the previous night, or that from two nights
before, or a year before. I get excited by watching live the planet pass over its star, changing its
apparent colour and inducing the Rossiter-McLaughlin effect. Live! In the same instant one knows
exactly where the planet is on the stellar disc, which part it covers and how fast it is moving. One
can, live, know whether the orbit is coplanar or retrograde!

Every Rossiter-McLaughlin effect is an event, something to look forward to (I got so addicted
that I started observing M dwarfs transiting their primary to observe more of them!). Some ob-
servers can tell you, how I can at some insane hour in Europe, be up, on SKYPE, collecting point
after point and observe the effect appear on my computer screen1. Maybe the most funny ob-
servation that I carried was that of WASP-15 b. I was on duty at the Euler Telescope, and Gaël
Chauvin was observing on HARPS for the consortium. That night I spent running between the
Euler control room and the then Ritz where HARPS was controlled from, and saw live that planet
orbit retrogradely its star. For WASP-17 b, the CORALIE transit, and for the HARPS transit later, I
was on SKYPE with the observer to check it.

The work that follows, really comes from a deep deep deep love for the subject.

1I still have a life, so I did not follow each effect like that, be reassured, my insanity is still bounded by a slight bit of
rationality
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4.1 The Change that Came

The scientific adventure progresses by incremental steps, a few large changes and a handful of
sweeping transformations. I think - I hope - this work is part of a change which is somewhere in
that second category, that to which belong those moments bringing a new observable on the table
and forcing a rethink and an adjustment of the current paradigm.

Since the discovery of the first of them, the origins of hot Jupiters have been debated. There
are those supporting disc migration (eg. Lin et al. (1996)) and those supporting planet-planet scat-
tering and other dynamical effect followed by tidal capture (eg. Rasio & Ford (1996)) (according
to Bodenheimer et al. (2000), in-situ formation might be possible though hard, but this is the least
currently favoured explanation). We will get into the details of these theories in next chapter, but
their mention is relevant to make clear the aims behind our Rossiter-McLaughlin survey and that
of other groups. What we are looking to answer: we want to learn about the origin of hot Jupiters.

Both in-situ formation and disc migration are expected to deposit planets on modest eccentric
orbits, with orbital planes close to coplanar with their star’s (Goldreich & Sari 2003; Ogilvie &
Lubow 2003). Dynamical interactions (not limited just to planet-planet interactions) are expected
to produce planets on orbits with eccentricity spanning from close to 0 to above 1 (in which case
we can’t observe them). In addition they are expected to be on a range of orbital inclinations (Wu
& Murray 2003; Fabrycky & Tremaine 2007; Jurić & Tremaine 2008; Chatterjee et al. 2008; Naga-
sawa et al. 2008).

Hut (1981); Eggleton & Kiseleva-Eggleton (2001); Winn et al. (2005) point out that if eccentricity
and semi-major axis can decay relatively quickly due to tidal dissipation and blur the distinction
between disc migration and dynamical events followed by a tidal capture (tidal migration), the
orbital obliquity ψ will be decaying on a timescale longer than the lifetime of the system. Thus
getting information about orbital obliquities could provide a manner with which one could dif-
ferentiate between different migration pathways. This is why the Rossiter-McLaughlin effect is so
important. By observing it, we measure β, the projection of ψ on the sky2. Therefore, collecting
those measurements, we may probe how hot Jupiters came to the orbits they now occupy.

The first Rossiter-McLaughlin effect was observed by Queloz et al. (2000). It took five years for
the next to appear thanks to Winn et al. (2005). Josh Winn and Norio Narita produced most of the
first measurements. I started working on it from a suggestion by Michel Mayor and a master’s
work with Andrew Collier Cameron in 2006-07, and started my thesis to work on that particu-
lar subject. By the beginning of the PhD thesis, about five measurements had been done, and all
showed spin/orbit alignment.

In Autumn 2008, came a paper by Hébrard et al. (2008) on XO-3 showing the best evidence of
an asymmetric Rossiter-McLaughlin effect, but a doubt remained because of an incomplete transit
sequence. We had just started our campaign of observations to systematically observe the tran-
siting planets in range of the HARPS instrument. WASP-8 was our first target (WASP-18 had
actually been observed a few months prior with the HARPS GTO time). WASP-8 b was found on
a retrograde orbit3. The signal is extremely clear and could not be doubted. We finished the first
leg of our survey by WASP-17 in summer 2009, and the paper that follows shows six of the eight
Rossiter-McLaughlin effect that we observed, as well as a statistical analysis of the whole known

2let’s remind here to the reader that there are two conventions for the spin/orbit angle. I and Simon Albrecht use a
formalism based on work by Hosokawa (1953) where the angle β is used. Josh Winn, and the majority of other authors
use the formalism of Ohta et al. (2005) who defined that angle as λ. The only difference is that β = −λ.

3Guillaume Hébrard was actually the observer on HARPS for the consortium the night it transited
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sample then, including three claims for retrograde planets. Fabrycky & Winn (2009) produced a
paper summarising Rossiter-McLaughlin measurements on the eleven then known systems. In
the meantime, while the paper was getting ready, Winn et al. (2009c) confirmed XO-3 b’s mis-
alignment, Moutou et al. (2009) found out that HD 80606 b was transiting by notably observing
an asymmetric effect, Johnson et al. (2009) produced a misaligned Rossiter-McLaughlin effect on
WASP-14 and Winn et al. (2009b) and Narita et al. (2009b) found Hat-P-7 b on a retrograde orbit
too just as Anderson et al. (2010) showed officially in WASP-17 b’s discovery paper the three sus-
picious points that indicated a retrograde orbit. In a little over a year, the idea that all planets were
on coplanar orbits with their star’s equatorial plane was gone.

In addition contrary to the misaligned planets XO-3 b and HD 80606 b, which were on highly
eccentric orbits leading one to think they may have suffered some dynamical event in their history,
WASP-15 b and WASP-17 b are retrograde, but on circular orbits. This confirmed that the circular-
isation timescale is probably much shorter than the realignement timescale.

If I was to reanalyse those Rossiter-McLaughlin effects presented in the following paper, a few
things would change like the addition of stellar jitter to obtain a χ2 closer to 1; the jump parame-
ters would change to those taken in the WASP-23 paper using

√
V sin I cosβ and

√
V sin I sinβ

instead of V sin I cosβ and V sin I sinβ which creating a prior proportional to V sin I biased this
observable to a higher - more significant - value (see section 3.4.4); taking in account what the error
bars on χ2 were really showing for WASP-2, this Rossiter-McLaughlin effect is not really detected,
nothing can then be said about its retrogradicity, we in fact have probably fitted a variation due
to statistical noise that looked like a Rossiter-McLaughlin effect (and since confirmed in Albrecht
et al. (2011)).

Yet the main point remains, there are too many misaligned systems, something which standard
disc migration theory cannot explain. Our conclusions were that disc migration alone cannot ex-
plain the observations.

In the course of the refereeing, both the referee and the editor asked that in addition to com-
paring the whole distribution in β with theoretical predictions from Nagasawa et al. (2008) and
Fabrycky & Tremaine (2007), I also attempt comparing how a mix of disc migration and dynamics
+ tidal migration would compare. This paper is primarily about observations. Those are compared
in a simple fashion to theoretical predictions in order to raise questions and show our observations
in context. As Didier Queloz put it: theories come and go, observations stay. Going deeper into
comparing the β distribution with an array of theoretical predictions was to risk over-interpreting
(50 % of disc migration, 30 % of planet-planet scattering, 20 % of Kozai cycles for example?) as well
as using theoretical predictions which would later turn-out wrong (for example the treatment of
the Kozai mechanism has been recently refined by Naoz et al. (2011) in the context of planet-planet
interactions). Such an analysis was presented by Morton & Johnson (2011).
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ABSTRACT

Context. Several competing scenarios for planetary-system formation and evolution seek to explain how hot Jupiters came to be so
close to their parent stars. Most planetary parameters evolve with time, making it hard to distinguish between models. The obliquity
of an orbit with respect to the stellar rotation axis is thought to be more stable than other parameters such as eccentricity. Most planets,
to date, appear aligned with the stellar rotation axis; the few misaligned planets so far detected are massive (>2 MJ).
Aims. Our goal is to measure the degree of alignment between planetary orbits and stellar spin axes, to search for potential correlations
with eccentricity or other planetary parameters and to measure long term radial velocity variability indicating the presence of other
bodies in the system.
Methods. For transiting planets, the Rossiter-McLaughlin effect allows the measurement of the sky-projected angle β between the
stellar rotation axis and a planet’s orbital axis. Using the HARPS spectrograph, we observed the Rossiter-McLaughlin effect for six
transiting hot Jupiters found by the WASP consortium. We combine these with long term radial velocity measurements obtained with
CORALIE. We used a combined analysis of photometry and radial velocities, fitting model parameters with the Markov Chain Monte
Carlo method. After obtaining β we attempt to statistically determine the distribution of the real spin-orbit angle ψ.
Results. We found that three of our targets have β above 90◦: WASP-2b: β = 153◦+11

−15, WASP-15b: β = 139.6◦+5.2
−4.3 and WASP-

17b: β = 148.5◦+5.1
−4.2; the other three (WASP-4b, WASP-5b and WASP-18b) have angles compatible with 0◦. We find no dependence

between the misaligned angle and planet mass nor with any other planetary parameter. All six orbits are close to circular, with only
one firm detection of eccentricity e = 0.00848+0.00085

−0.00095 in WASP-18b. No long-term radial acceleration was detected for any of the
targets. Combining all previous 20 measurements of β and our six and transforming them into a distribution of ψ we find that between
about 45 and 85% of hot Jupiters have ψ > 30◦.
Conclusions. Most hot Jupiters are misaligned, with a large variety of spin-orbit angles. We find observations and predictions using
the Kozai mechanism match well. If these observational facts are confirmed in the future, we may then conclude that most hot Jupiters
are formed from a dynamical and tidal origin without the necessity to use type I or II migration. At present, standard disc migration
cannot explain the observations without invoking at least another additional process.
Key words. binaries: eclipsing – stars: general – techniques: spectroscopic

1. Introduction

The formation of close-in gas giant planets, the so-called hot
Jupiters, has been in debate since the discovery of the first ex-
ample, 51 Peg b, by Mayor & Queloz (1995). Since then, more

� Using observations with the high resolution échelle spectrograph
HARPS mounted on the ESO 3.6 m (under proposals 072.C-0488,
082.C-0040 & 283.C-5017), and with the high resolution échelle spec-
trograph CORALIE on the 1.2 m Euler Swiss Telescope, both installed
at the ESO La Silla Observatory in Chile.
�� RV data is only available at the CDS via anonymous ftp to
cdsarc.u- strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/524/A25

than 440 extrasolar planets have been discovered. Following the
discovery of HD 209548b (Charbonneau et al. 2000; Henry et al.
2000), more than 70 have been found to transit. The known plan-
ets present a rich and growing diversity in planetary parameters,
such as separation, mass, radius (hence density) and eccentricity.

While it is generally accepted that close-orbiting gas-giant
planets do not form in-situ, their previous and subsequent evolu-
tion is still mysterious. Several processes can affect the planet’s
eccentricity and semi-major axis. Inward migration via angular
momentum exchange with a gas disc, first proposed in Lin et al.
(1996) from work by Goldreich & Tremaine (1980), is a natural
and widely-accepted explanation for the existence of these hot
Jupiters.
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Migration alone does not explain the observed distribu-
tions of planetary eccentricities and semi-major axes. Alternative
mechanisms have therefore been proposed such as the Kozai
mechanism (Kozai 1962; Eggleton & Kiseleva-Eggleton 2001;
Wu & Murray 2003) and planet scattering (Rasio & Ford 1996).
These mechanisms can also cause a planet to migrate inwards,
and may therefore have a role to play in the formation and
evolution of hot Jupiters. These different models each pre-
dict distinctive distributions in semi-major axis and eccentric-
ity. Discriminating between various models is done by matching
the distributions they produce to observations. Unfortunately this
process does not take into account the evolution with time of the
distributions and is made harder by the probable combination of
a variety of migration mechanisms.

Transiting planets permit measurement of β, the projection
on the sky of the angle between the star’s rotation axis and the
planet’s orbital axis. This parameter is potentially a sensitive
tracer of past migration history. Dynamical studies indicate that
the obliquity (the real spin-orbit angle ψ) of an orbit evolves only
slowly and is not as strongly affected by the proximity of the star
as the eccentricity (Hut 1981; Winn et al. 2005; Barker & Ogilvie
2009). Disc migration is expected to leave planets orbiting close
to the stellar equatorial plane. Kozai cycles and planet scattering
should excite the obliquity of the planet and should produce a
population of planets on misaligned orbits with respect to their
star’s rotation.

As a planet transits a rotating star, it will cause an overall red-
shifting of the spectrum if it covers the blue-shifted half of the
star and vice-versa on the other side. This is called the Rossiter-
McLaughin effect (Rossiter 1924; McLaughlin 1924). It was first
observed for a planet by Queloz et al. (2000). Several papers
model this effect: Ohta et al. (2005), Giménez (2006), Gaudi &
Winn (2007).

Among the 70 or so known transiting planets discovered
since 2000 by the huge effort sustained by ground-based transit-
ing planet searches, the Rossiter-McLaughlin (RM) effects have
been measured for 20, starting with observations on HD 209458
by Queloz et al. (2000). This method has proven itself reliable at
giving precise and accurate measurement of the projected spin-
orbit angle with its best determination done for HD 189733b
(Triaud et al. 2009). Basing their analysis on measurements of
β in 11 systems, 10 of which are coplanar or nearly so, Fabrycky
& Winn (2009) concluded that the angle distribution is likely
to be bimodal with a coplanar population and an isotropically-
misaligned population. At that time, the spin-orbit misalignment
of XO-3b (Hébrard et al. 2008) comprised the only evidence of
the isotropic population. Since then, the misalignment of XO-
3b has been confirmed by Winn et al. (2009c), and significant
misalignments have been found for HD 80606b (Moutou et al.
2009) and WASP-14b (Johnson et al. 2009). Moreover, retro-
grade orbital motion has been identified in HAT-P-7b (Winn
et al. 2009b; Narita et al. 2009). Other systems show indica-
tions of misalignment but need confirmation. One such object is
WASP-17b (Anderson et al. 2010) which is one of the subjects
of the present paper.

The Wide Angle Search for Planets (WASP) project is
designed to find transiting gas giants (Pollacco et al. 2006).
Observing the northern and southern hemispheres with sixteen
11-cm refractive telescopes, the WASP consortium has pub-
lished more than 20 transiting planets in a large range of pe-
riod, mass and radius, around stars with apparent magnitudes
between 9 and 13. The planet candidates observable from the
South are confirmed by a large radial-velocity follow-up pro-
gram using the CORALIE high resolution échelle spectrograph,

Table 1. List of observations.

Target Date Instrument Paper
WASP-18b 2008/08/21 HARPS this paper
WASP-8b 2008/10/05 HARPS Queloz et al. (2010)
WASP-6b 2008/10/07 HARPS Gillon et al. (2009a)
WASP-4b 2008/10/08 HARPS this paper
WASP-5b 2008/10/10 HARPS this paper
WASP-2b 2008/10/15 HARPS this paper
WASP-15b 2009/04/27 HARPS this paper
WASP-17b 2009/05/22 CORALIE this paper
WASP-17b 2009/07/05 HARPS this paper

Notes. The date indicates when the first point of the Rossiter-
McLaughlin sequence was taken.

mounted on the 1.2 m Euler Swiss Telescope, at La Silla, Chile.
As part of our efforts to understand the planets that have been
discovered, we have initiated a systematic program to measure
the Rossiter-McLaughlin effect in the planets discovered by the
WASP survey, in order to measure their projected spin-orbit mis-
alignment angles β.

In this paper we report the measurement of β in six south-
ern transiting planets from the WASP survey, and analyse their
long term radial-velocity behaviour. In Sects. 2 and 3 we de-
scribe the observations and the methods employed to extract and
analyse the data. In Sect. 4 we report in detail on the Rossiter-
McLaughlin effects observed during transits of the six systems
observed. In Sects. 5 and 6 we discuss the correlations and trends
that emerge from the study and their implications for planetary
migration models.

2. The observations

In order to determine precisely and accurately the angle β, we
need to obtain radial velocities during planetary transits at a high
cadence and high precision. We therefore observed with the high
resolution échelle spectrograph HARPS, mounted at the La Silla
3.6 m ESO telescope. The magnitude range within which planets
are found by the SuperWASP instruments allows us to observe
each object in adequate conditions. For the main survey pro-
posal 082.C-0040, we selected as targets the entire population
of transiting planets known at the time of proposal submission
to be observable from La Silla during Period 82, i.e. WASP-2b,
4b, 5b, 6b, 8b and 15b. The results for WASP-6b are presented
separately by Gillon et al. (2009a) and for WASP-8b by Queloz
et al. (2010). Two targets were added in separate proposals. A
transit of WASP-18b was observed during GTO time (072C-
0488) of the HARPS consortium allocated to this planet because
of its short and eccentric orbit. During the long-term spectro-
scopic follow-up of WASP-17b undertaken for the discovery pa-
per (Anderson et al. 2010), three CORALIE measurements fell
during transit showing a probably retrograde orbit. Observations
of the Rossiter-McLaughlin effect with CORALIE confirmed the
conclusions of Anderson et al. (2010), and a follow-up DDT pro-
posal (283.C-5017) was awarded time on HARPS.

The strategy of observations was to take two high-precision
HARPS points the night before transit and the night after tran-
sit. The radial-velocity curve was sampled densely throughout
the transit, beginning 90 min before ingress and ending 90 min
after egress. The data taken before ingress and after egress al-
low any activity-related offset in the effective velocity of the sys-
tem’s centre of mass to be determined for the night of observa-
tion. In addition, radial velocity data from the high resolution
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Table 2. Stellar parameters used in our model fitting.

Parameters Units WASP-2 (a,b) WASP-4 (c) WASP-5 (c) WASP-15 (d) WASP-17 (a,e) WASP-18 (f)
Spectral Type K1 G8 G5 F7 F4 F6
Teff K 5150 ± 80 5500 ± 100 5700 ± 100 6300 ± 100 6650 ± 80 6400 ± 100
B − V mag 0.86 ± 0.05 0.73 ± 0.05 0.66 ± 0.05 0.48 ± 0.05 0.38 ± 0.05 0.45 ± 0.05
log g dex 4.40 ± 0.15 4.5 ± 0.2 4.5 ± 0.2 4.35 ± 0.15 4.45 ± 0.15 4.4 ± 0.15
[Fe/H] dex −0.08 ± 0.08 −0.03 ± 0.09 +0.09 ± 0.09 −0.17 ± 0.11 −0.19 ± 0.09 0.00 ± 0.09
log R′HK dex −4.84 ± 0.10 −4.50 ± 0.06 −4.72 ± 0.07 −4.86 ± 0.05 – −4.85 ± 0.02
ξt km s−1 0.9 ± 0.1 1.1 ± 0.2 1.2 ± 0.2 1.4 ± 0.1 1.7 ± 0.1 1.6 ± 0.1
Vmacro km s−1 1.6 ± 0.3 2.0 ± 0.3 2.0 ± 0.3 4.8 ± 0.3 6.2 ± 0.3 4.8 ± 0.3
v sin I km s−1 1.6 ± 0.7 2.0 ± 1.0 3.5 ± 1.0 4.0 ± 2.0 9.8 ± 0.5 11.0 ± 1.5
M� M� 0.84 ± 0.11 0.93 ± 0.05 1.00 ± 0.06 1.18 ± 0.12 1.2 ± 0.12 1.24 ± 0.04

Notes. The v sin I (stellar spectroscopic rotation broadening) and stellar mass estimates are used as priors in the analysis. ξt is the microturbulence.
Vmacro is the macrotrubulence.

References. (a) this paper; (b) Collier Cameron et al. (2007); (c) Gillon et al. (2009c); (d) West et al. (2009); (e) Anderson et al. (2010); (f) Hellier
et al. (2009).

échelle spectrograph CORALIE mounted on the Swiss 1.2 m
Euler Telescope, also at La Silla was acquired to help search for
a long term variability in the the periodic radial velocity signal.

All our HARPS observations have been conducted in the
OBJO mode, without a simultaneous thorium-argon comparison
spectrum. The velocities are estimated by a thorium-argon cali-
bration at the start of the night. HARPS is stable within 1 m s−1

across a night. This is lower than our individual error bars and
avoids contamination of stellar spectrum by the Th-Ar lamp, eas-
ing spectral analysis.

3. The data analysis

3.1. Radial-velocity extraction

The spectroscopic data were reduced using the online Data
Reduction Software (DRS) for the HARPS instrument. The ra-
dial velocity information was obtained by removing the instru-
mental blaze function and cross-correlating each spectrum with
one of two masks. This correlation is compared with the Th-Ar
spectrum acting as a reference; see Baranne et al. (1996), Pepe
et al. (2002) & Mayor et al. (2003) for details. Recently the DRS
was shown to achieve remarkable precision (Mayor et al. 2009)
thanks to a revision of the reference lines for thorium and argon
by Lovis & Pepe (2007). Stars with spectral type earlier than G9
were reduced using the G2 mask, while those of K0 or later were
cross-correlated with the K5 mask. A similar software package
is used for CORALIE data. A resolving power R = 110 000
for HARPS yields a cross-correlation function (CCF) binned in
0.25 km s−1 increments, while for CORALIE, with a lower res-
olution of 50 000, we used 0.5 km s−1. The CCF window was
adapted to be three times the size of the full width at half maxi-
mum (FWHM) of the CCF.

All our past and current CORALIE data on the stars pre-
sented here were reprocessed after removal of the instrumen-
tal blaze response, thereby changing slightly some radial veloc-
ity values compared to those already published in the literature.
Correcting this blaze is important for extracting the correct RVs
for the RM effect. The uncorrected blaze created a slight sys-
tematic asymmetry in the CCF that was translated into a bias in
radial velocities.

1σ error bars on individual data points were estimated from
photon noise alone. HARPS is stable long term within 1 m s−1

and CORALIE at less than 5 m s−1. These are smaller than our
individual error bars and thus have not been taken into account.

3.2. Spectral analysis

Spectral analysis is needed to determine the stellar atmospheric
parameters from which limb darkening coefficients can be in-
ferred. We carried out new analyses for two of the target stars,
WASP-2 and WASP-17, whose previously-published spectro-
scopic parameters were of low precision. For our other targets,
the atmospheric parameters were taken from the literature, no-
tably the stellar spectroscopic rotation broadening v sin I 1.

The individual HARPS spectra can be co-added to form a
composite spectrum with SNR > 100, suitable for photospheric
analysis using the uclsyn spectral synthesis package (Smith
1992; Smalley et al. 2001) and atlas9 models without convec-
tive overshooting (Castelli et al. 1997). The spectral analysis fol-
lowed the method described in many discovery papers published
by the WASP consortium (e.g.: Wilson et al. 2008).

The stellar rotational v sin I is determined by fitting the pro-
files of several unblended Fe i lines. The instrumental FWHM
was determined to be 0.065 Å from the telluric lines around
6300 Å.

For WASP-2, a value for macroturbulence (vmac) of 1.6 ±
0.3 km s−1 was adopted (Gray 2008). A best fitting value of
v sin I = 1.6 ± 0.7 km s−1 was obtained. On WASP-17, a value
for macroturbulence (vmac) of 6.2 ± 0.3 km s−1 was used (Gray
2008). The analysis gives a best fitting value of v sin I = 9.8 ±
0.5 km s−1. The error on vmac is taken from the scatter around fit
to Gray (2008) and is propagated to the v sin I .

All stellar parameters, used as well as derived, are presented
in Table 2. Stellar B−V colours were estimated from the effective
temperature and used in the calculations of the log R′HK (Noyes
et al. 1984; Santos et al. 2000; Boisse et al. 2009). Errors refer
to the photon noise: they do not include systematic effects likely
to arise and affect low values of log R′HK due to the low signal to
noise in the blue orders. WASP-17 does not have a value since
this stellar activity indicator is only calibrated for 0.44 < B−V <
1.20.

3.3. Model fitting

The extracted radial velocity data was fitted simultaneously with
the transit photometry available at the time of analysis. Three

1 Throughout this paper we use the symbol I to denote the inclination
of the stellar rotation axis to the line of sight, while i represents the
inclination of the planet’s orbital angular momentum vector to the line
of sight.
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models are adjusted to the data: a Keplerian radial velocity or-
bit (Hilditch 2001), a photometric planetary transit (Mandel &
Agol 2002), and a spectroscopic transit, also known as Rossiter-
McLaughlin effect (Giménez 2006). This combined approach is
very useful for taking into account all of the possible contribu-
tions to the uncertainties due to correlations among all relevant
parameters. A single set of parameters describes both the pho-
tometry and the radial velocities. We use a Markov Chain Monte
Carlo (MCMC) approach to optimize the models and estimate
the uncertainties of the fitted parameters. The fit of the model to
the data is quantified using the χ2 statistic.

The code is described in detail by Triaud et al. (2009), has
been used several times (e.g.: Gillon et al. 2009a) and is similar
to the code described in Collier Cameron et al. (2007).

We fitted up to 10 parameters, namely the depth D of the
primary transit, the radial velocity (RV) semi-amplitude K, the
impact parameter b, the transit width W, the period P, the epoch
of mid-transit T0, e cosω, e sinω, V sin I cos β, and V sin I sin β.
Here e is the eccentricity and ω the angle between the line of
sight and the periastron, V sin I is the sky-projected rotation ve-
locity of the star2 while β is the sky-projected angle between the
stellar rotation axis (Hosokawa 1953; Giménez 2006) and the
planet’s orbital axis3.

These parameters have been chosen to reduce correlations
between then. The use of uncorrelated parameters allows to
explore parameter space more efficiently since the correlation
length between jumps is smaller. Eccentricity and periastron an-
gle were paired as were V sin I and β. This breaks a correlation
between them (the reader is invited to compare Figs. 2d and 3
for a clear illustration for choosing certain jump parameters as
opposed to others). This way we also explore solutions around
zero more easily: e cosω and e sinω move in the ]−1, 1[ range
while e could only be floating in ]0, 1[. For exploring particu-
lar solutions such as a circular orbit, parameters can be fixed to
certain values.

We caution that, as noted by Ford (2006) that the choice
of e cosω and e sinω as jump variables implicitly imposes a
prior that is proportional to e. This approach thus has a ten-
dency to yield a higher eccentricity than would be obtained with
a uniform prior, in cases when e is poorly-constrained by the
data. A similar argument applies to the use of V sin I cos β and
V sin I sin β as jump variables, in cases where the impact param-
eter is low and there is a strong degeneracy between V sin I and
β in modelling the Rossiter-McLaughlin effect. In such cases,
however, the tendency to overestimate V sin I from the Rossiter-
McLaughlin effect can effectively be curbed by imposing an in-
dependent, spectroscopically-determined v sin I prior on V sin I,
as we have done here.

In addition to the physical free floating parameters, we need
to use one γ velocity for each RV set and one normalisation
factor for each lightcurve as adjustment parameters. These are
found by using optimal averaging and optimal scaling. γ veloc-
ities represent the mean radial velocity of the star in space with
respect to the barycentre of the Solar System. Since our analysis
had many datasets, the results for these adjustment parameters
have been omitted, not adding anything to the discussion.

2 We make a distinction between v sin I and V sin I: v sin I is the value
extracted from the spectral analysis, the stellar spectroscopic rotation
broadening, while V sin I denotes the result of a Rossiter-McLaughlin
effect fit. Both can at times be different. Each, although caused by the
same effect, is independently measured making the distinction worth-
while.
3 β = −λ, another notation used in the literature for the same angle.

During these initial analyses we also fitted an additional ac-
celeration in the form of an RV drift γ̇ but on no occasion was
it significantly different from zero. We therefore assumed there
was no drift for any of our objects. We will give upper limits for
each star in the following sections.

The MCMC algorithm perturbs the fitting parameters at each
step i according to the formula:

Pi, j = Pi−1, j + fσP j G(0, 1) (1)

where P j is a free parameter, G is a Gaussian random number of
unit standard deviation and zero mean, while σ is the step size
for each parameter. A factor f is used to control the chain and
ensures that 25% of steps are being accepted via a Metropolis-
Hastings algorithm, as recommended in Tegmark et al. (2004) to
give an optimal exploration of parameter space.

The step size is adapted by doing several initial analyses.
They are adjusted to produce as small a correlation length as
possible. Once the value is chosen, it remains fixed. Only f fluc-
tuates.

A burn-in phase of 50 000 accepted steps is used to make
the chain converge. This is detected when the correlation length
of each parameter is small and that the average χ2 does not im-
prove anymore (Tegmark et al. 2004). Then starts the real chain,
of 500 000 accepted steps, from which results will be extracted.
This number of steps is used as a compromise between computa-
tion time and exploration. Statistical tests, notably by comparing
χ2 are used to estimate the significance of the results.

Bayesian penalties can be added to χ2 to account for any
prior information that we might have on any fitted or derived pa-
rameter. Stellar mass M� can notably be contrained via a prior
in the MCMC in order to propagate its error bars into the es-
timate of the the planet’s mass. Because of the random nature
of a Markov chain, sometimes a step yields an impact parame-
ter close to zero. This can cause V sin I to wander to unphysi-
cal values because of the degeneracy between V sin I and β at
low impact parameters. We therefore imposed the v sin I found
by spectral analysis as a prior in some of our fits to ensure con-
sistency with the spectral analysis and to determine whether this
influenced the fitted value of β. The prior values are in Table 2.

We use a quadratic limb-darkening law with fixed values
for the two limb darkening coefficients appropriate to the stel-
lar effective temperature. They were extracted for the photom-
etry from tables published in Claret (2000). For the radial ve-
locity (the Rossiter-McLaughlin effect is also dependent on limb
darkening) we use values for the V band. Triaud et al. (2009)
showed that HARPS is centred on the V band. The coefficients
were chosen for atmospheric parameters close to those presented
in Table 2.

3.4. Extracting the results

For each star, we performed four analyses, each using a MCMC
chain with 500 000 accepted steps:

– 1. a prior is imposed on V sin I, eccentricity is fixed to zero;
– 2. no prior on V sin I, eccentricity is fixed to zero;
– 3. a prior is imposed on V sin I, eccentricity is left floating;
– 4. no prior on V sin I, eccentricity is left floating.

This is to assess the sensitivity of the model parameters to a
small but uncertain orbital eccentricity and to the v sin I value
found by spectral analysis which, as demonstrated in Triaud
et al. (2009), can seriously affect the fitting of the Rossiter-
McLaughlin effect. The comparative tables holding the results of
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these various fits are available in the Appendices to support the
conclusions we reach while allowing readers to form their own
opinion. In addition, we also conducted control chains fixing
the parameters controlled by the photometry in order to check
whether this was a limiting source of errors in the determina-
tion of our most important parameter: β. The results from these
chains are in the Appendices as well. Although different in their
starting hypotheses all the chains are also useful at checking
their respective convergence. Our final results are presented in
Table 3.

The best solution is found in the best of the four fits by com-
paring χ2 and using Ockham’s principle of minimising the num-
ber of parameters for similar results: for fits with similar χ2

reduced
we usually choose a circular solution with no prior on V sin I.
Results are extracted from the best fit by taking the median of
the posterior probability distribution for each parameter, deter-
mined from the Markov chain. Errors bars are estimated from
the 68.3% confidence region of the accepted steps. The best so-
lution is not taken from the lowest χ2 as it is dependent on the
sampling and chance encounter of a – small – local minimum.
Scatter plots will be presented with the positions of the best χ2,
the average and the median for illustration.

In the following section and in tables, several statistical val-
ues are used: χ2 is the value found for all the data, while χ2

RV
gives the value of χ2 solely for the radial velocities. The reduced
χ2 for the radial velocities, denoted by χ2

reduced, is used to esti-
mate how well a model fits the data and to compare various fits
and their respective significance. In addition we will also use the
residuals, denoted as O–C. These estimates are only for radial
velocities. The results from photometry are not mentioned since
they are not new. They are only here to constrain the shape of
the Rossiter-McLaughlin effect.

When giving bounds, for eccentricity and long term radial
velocity drift, we quote the 95% confidence interval for exclu-
sion. Times are expressed by calculating the Barycentric Julian
Dates using the UTC time standard.

4. The survey results

4.1. WASP-2b

A sequence of 26 RV measurements was taken on WASP-2
using HARPS on 2008 October 15, with additional observa-
tions made outside transit as given in the journal of observa-
tions presented in the Appendices. The cadence during transit
was close to a point every 430 s. The average photon noise
error of that sequence is 5.7 m s−1. We made additional obser-
vations with CORALIE to refine the orbital solution obtained
by Collier Cameron et al. (2007) using the SOPHIE instrument
on the 1.93 m telescope at Observatoire de Haute-Provence, and
to look for long-term variability of the orbit. 20 measurements
were taken with a mean precision of 13.9 m s−1 over close to 11
months between 2008 October 25 and 2009 September 23. All
the RV data is available at the CDS along with exposure times.

To establish the photometric ephemeris and the transit ge-
ometry, we fitted the photometric datasets of Collier Cameron
et al. (2007) (3 seasons by SuperWASP in the unfiltered WASP
bandpass), Charbonneau et al. (2007) (a z band Keplercam
lightcurve) and Hrudková et al. (2009) (a William Herschel
Telescope AG2 R band transit curve).

WASP-2b’s data were fitted with up to 10 free parameters
plus 8 independent adjustment parameters: three γ velocities
for the three RV data sets and five normalisation factors for

photometry. This sums up to 58 RV measurements and 8951
photometric observations.

χ2
reduced does not improve significantly between circular and

eccentric models. We therefore impose a circular solution. The
presence of a prior on V sin I does not affect the results. We find
V sin I = 0.99+0.27

−0.32 km s−1 in accordance with the v sin I value
found in Sect. 3.2. The fit delivers β = 153◦+11

−15. The overall root-
mean-square (rms) scatter of the spectroscopic residuals about
the fitted model is 11.73 m s−1. During the HARPS transit se-
quence these residuals are at 6.71 m s−1.

Figure 3 shows the resulting distribution as V sin I vs. β. We
detect V sin I significantly above zero with confidence interval
showing that 99.73% (3σ) of the posterior probability function
has V sin I > 0.2 km s−1 while β > 77.26◦. We have computed 6
additional chains in order to test the strength of our conclusions.
Table A.1 shows the comparison between the various fits; we
invite the reader to refer to it as only important results are given
in the text.

In all cases, eccentricity is not detected, being below a 3σ
significance from circular which is likely affected by the poor
coverage of the phase by the HARPS points. Circular solutions
are therefore adopted. We fix the eccentricity’s upper limit to
e < 0.070. In addition no significant long term drift was detected
in the spectroscopy: |γ̇| < 36 m s−1 yr−1.

Using the spectroscopically-determined v sin I value of
1.6 km s−1 and forcing β to zero, χ2

reduced changes from 2.14 ±
0.27 to 3.49 ± 0.39, clearly degrading the solution. We are in
fact 7.6σ away from the best-fitting solution, therefore exclud-
ing an aligned system with this large a V sin I. This is also ex-
cluded by comparison to a fit with a flat RM effect at the 6.7σ.
Similarly, a fit with an imposed V sin I = 0.9 km s−1 and aligned
orbit is found 5.6σ from our solution. In Fig 1b, we have plotted
the various models tested and their residuals so as to give a vi-
sual demonstration of the degradation for each of the alternative
solutions.

4.2. WASP-4b

We obtained a RM sequence of WASP-4b with HARPS on 2008
October 8; other, out of transit, measurements are reported in
the journal of observations given in the Appendices. The RM
sequence comprises 30 data points, 13 of which are in transit,
taken at a cadence of 630 s−1 with a mean precision of 6.4 m s−1.
The spectrograph CORALIE continued monitoring WASP-4 and
we add ten radial velocity measurements to the ones published
in Wilson et al. (2008). These new data were observed around
the time of the HARPS observations, about a year after spectro-
scopic follow-up started.

In photometry we gathered 2 timeseries in the WASP band-
pass from Wilson et al. (2008) and an R band C2 Euler transit
plus a VLT/FORS2 z band lightcurve obtained from Gillon et al.
(2009c) to establish the transit shape and timing.

The WASP-4b data were fitted with up to 10 free parameters
to which 6 adjustment parameters were added: two γ velocities
for RVs and four normalisation factors for the photometry. In to-
tal, this represents 56 radial velocity points and 9989 photomet-
ric measurements. Gillon et al. (2009c) let combinations of limb
darkening coefficients free to fit the high precision VLT curve.
We used and fixed our coefficients on their values.

Because the impact parameter is small, a degeneracy be-
tween β and V sin I appeared, as expected (see Figs. 2d and 3).
The values on stellar rotation for our unconstrained fits reach un-
physical values as high as V sin I = 150 km s−1. We imposed a
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Fig. 1. Fit results for WASP-2b. a) Overall Doppler shift reflex motion of the star due to the planet and residuals. b) Zoom on the Rossiter-
McLaughlin effect and residuals. Black inverted triangles are SOPHIE data, black triangles represent CORALIE points, red dots show the HARPS
data. The best fit model is also pictured as a plain blue line. In addition to our best model found with V sin I = 0.99 km s−1 we also present models
with no RM effect plotted as a dotted blue line, RM effect with β = 0 and V sin I = 0.9 km s−1 drawn with a dashed-dotted blue line and RM effect
with β = 0 and V sin I = v sin I = 1.6 km s−1 pictured with a dashed-double dotted blue line. In the residuals, the open symbols represent in the
values with the size of the circle decreasing with the likelyhood of the model. c) Posterior probability distribution issued from the MCMC showing
the distribution of points between e cosω and e sinω. d) Posterior probability distribution issued from the MCMC showing the distribution of
points between V sin I cos β and V sin I sin β. The black disc shows where the distribution would be centred only changing to β = 0. The dotted
line shows where zero is. The straight lines represent the median of the distribution, the dashed lines plot the position of the average values, the
dash-dotted lines indicate the values with the lowest χ2 (some lines can overlap). The size of boxes c) and d) represents 7 times the 1σ distance on
either side of the median.

prior on the stellar rotation to restrict it to values consistent with
the spectroscopic analysis.

The reduced χ2 is the same within error bars whether ec-
centricity if fitted or fixed to zero. Therefore the current best
solution, by minimising the number of parameters, is a circular
orbit.

The eccentricity is constrained to e < 0.0182. Thanks to the
long time series in spectroscopy we also investigated the pres-
ence of a long term radial velocity trend. Nothing was signifi-
cantly detected: |γ̇| < 30 m s−1 yr−1.

Because of the small impact parameter the spin-orbit angle
is poorly constrained with β = −4◦+43

−34, even when a prior is
imposed on V sin I. The high S/N of the Rossiter-McLaughlin
effect allows us to exclude a projected retrograde orbit.

4.3. WASP-5b

Using HARPS, we took a series of 28 exposures on WASP-5 at a
cadence of roughly 630 s with a mean photon noise of 5.5 m s−1

on 2008 October 16. Other measurements were obtained at
dates before and after this transit. Five additional CORALIE
spectra were acquired the month before the HARPS observa-
tions. They were taken about a year after the data published in
Anderson et al. (2008). All spectroscopic data is available from
the Appendices.

To help determine transit parameters, published photometry
was assembled and comprises three seasons of WASP data, two
C2 Euler lightcurves in R band, and one FTS i′ band lightcurve
(Anderson et al. 2008).

WASP-5b’s 49 RV measurements and 14 754 photometric
points were fitted with up to 10 free parameters to which 8
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Fig. 2. Fit results for WASP-4b. Nota Bene: Legend similar to the legend in Fig. 1.

adjustment parameters had to be added: two γ velocities and six
normalisation factors.

The imposition of a prior on V sin I prior has little impact
on the final results (see Appendices) and their 1σ error bars but
prevents V sin I from attaining unphysical values on occasions
when, through the random process of the MCMC, the impact
parameter b gets very close to zero. We constrain the solution
using a prior. The priorless solution gives a V sin I fully consis-
tent with v sin I thereby obtaining an independent measurement
of the projected stellar equatorial rotation speed. Allowing ec-
centricity to float did not produce a significantly better fit. It has
a 99.6% chance of being different from zero: at 2.9σ. Thus, min-
imising the number of parameters for a similar fit, we chose the
solution with a circular orbit and simply place an upper limit on
the eccentricity: e < 0.0351. No long term RV trend appears at
this date: |γ̇| < 47 m s−1 yr−1.

Parameters extracted are similar to those that were pub-
lished in Gillon et al. (2009c), and Anderson et al. (2008)
and with Southworth et al. (2009) using a independent dataset.
The projection of the spin-orbit angle is found to be: β =
−12.1◦+10.0

−8.0 and we obtain an independent measurement of
V sin I = 3.24+0.34

−0.35 km s−1 fully compatible with the spectral
value that was used as a prior in other fits. Results are presented
in Table 3.

The χ2
reduced for spectroscopy (see Table A.1) is quite large, at

3.68±0.44. The O–C for CORALIE data stand at 17.94 m s−1 to
be compared with an average error bar of 18.13 m s−1. The bad-
ness of fit therefore comes from the HARPS sequence which has
a dispersion of 8.98 m s−1 for an average error bar of 5.49 m s−1.
From Fig. 4b we can see that residuals are quite important during
the transit; Fig. 4d also shows that the MCMC does not produce
a clean posterior distribution. This is mostly caused by impact
parameter values nearing zero during parameter exploration and
causing a degeneracy between V sin I and β. This can be ob-
served in Fig. 3 with similitude to what occurs to WASP-4.

No better solution can be adjusted to the data: we remind
that the RM effect is fitted in combination with six photometric
sets which strongly constrain the impact parameter, depth and
width of the Rossiter-McLaughlin effect. The V sin I cos β vs.
V sin I sin β distribution is not centred on zero but close to it.
This may come from the intrinsic dispersion in the data. Among
the six data points which are spread over the rest of the phase,
we have a dispersion of 11.92 m s−1. A likely cause to explain
the data dispersion is stellar activity. Table 2 indicates that this
star is moderately active. A longer discussion on χ2

reduced > 1.
is presented in Sect. 5.3. Santos et al. (2000) show that for the
log R′HK that we find, we can expect a variation in velocities of
the order of 7 to 12 m s−1.
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Fig. 3. Posterior probability distribution issued from the MCMC showing the resulting distributions of points between V sin I and β for our six
WASP targets. These distributions are issued from the chains that gave our preferred solutions as explained in the text. The dotted lines show where
zeros are, the straight lines represent the medians of the distributions, the dashed lines plot the positions of the average values, the dash-dotted
lines indicate the values with the lowest χ2 (some lines can overlap). The scale of the boxes was adapted to include the whole distibutions.
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Fig. 4. Fit results for WASP-5b. Nota Bene: Legend similar to the legend in Fig. 1.

4.4. WASP-15b

Observations were conducted using the spectrographs
CORALIE and HARPS. 23 new spectra have been ac-
quired with CORALIE in addition to the 21 presented in West
et al. (2009) and extending the time series from about a year
to 500 days. We observed a transit with HARPS on 2009 April
27. 46 spectra were obtained that night, 32 of which are during
transits with a cadence of 430 s. Additional observations have
been taken as noted in the journal of observations.

The photometric sample used for fitting the transit has data
from five time-series in the WASP bandpass, as well as one I and
one R band transit from C2 Euler (West et al. 2009). The spectral
data were partitioned into two sets: CORALIE and HARPS.

7 normalisation factors and 2 γ velocities were added to ten
free floating parameters to adjust our models to the data which
included a total of 95 spectroscopic observations and 23 089
photometric measurements.

For the various solutions attempted, χ2
reduced are found the

same (Table A.2). We therefore choose the priorless, circular ad-
justment as our solution.

Compared to West et al. (2009), parameters have only
changed little. Thanks to the higher number of points we give
an upper limit on eccentricity: e < 0.087 (Fig. 5c shows re-
sults consistent with zero); there is no evident long term evolu-

tion in the radial velocities, which is constrained within: |γ̇| <
11 m s−1 yr−1. The projected spin-orbit angle is found rather
large with β = 139.6◦+5.2

−4.3 making WASP-15b appear as a retro-
grade planet with a very clear detection. V sin I is found within
1σ of the spectrally analysed value of v sin I from West et al.
(2009) at 4.27+0.26

−0.36 km s−1 and as such constitutes a precise in-
dependent measurement.

χ2
reduced = 1.51± 0.19 for the spectroscopy, indicating a good

fit of the Keplerian as well as of the Rossiter-McLaughlin effect,
the best fit in this paper. Full results can be seen in Table 3.

4.5. WASP-17b

On 2009 May 22, 11 CORALIE spectra were obtained at a ca-
dence of 2030s with an average precision of 33.67 m s−1 to con-
firm the detection of retrograde orbital motion announced by
Anderson et al. (2010). The sequence was stopped when airmass
reached 2. HARPS was subsequently used and on 2009 July 5
a sequence of 42 spectra was acquired with a cadence of 630 s
during transit. They have a mean precision of 19.02 m s−1. In ad-
dition to these and to data already published 12 CORALIE spec-
tra and 15 HARPS spectra were obtained. All the spectroscopic
data is presented in the Appendices.
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Fig. 5. Fit results for WASP-15b. Nota Bene: Legend similar to the legend in Fig. 1.

Table 4. List of γ velocities for WASP-17’s RV sets.

Instrument Dataset γ (m s−1)
CORALIE Rossiter-McLaughlin effect −49500.80+2.62

−1.57

CORALIE orbital Doppler shift −49513.67+0.46
−0.37

HARPS Rossiter-McLaughlin effect −49490.59+2.72
−1.64

HARPS orbital Doppler shift −49491.68+0.17
−0.17

The photometry includes five timeseries of data in the WASP
bandpass, and one C2 Euler I band transit (Anderson et al.
2010).

The model had to adjust up to 10 free floating parameters and
10 adjustment parameters (6 photometric normalisation factors
and 4 radial velocity offsets) to 15 690 photometric data points
and 124 spectroscopic points.

The RV was separated into four datasets fitted separately as
detailed in Table 4. This was done to mitigate the possibility
that the RM effect was observed at a particular activity level for
the star. Stellar activity adds an additional RV variation. For a
set where this data is taken randomly over some time, one ex-
pects activity to act like a random scatter around a mean which
would be the true γ velocity of the star in space. But for a se-
quence such as the RM effect, we expect only a slowly-varying

radial-velocity bias caused by the activity level on the star on
the night concerned. This analysis method is explained in Triaud
et al. (2009) which showed an offset in γ velocities between
different Rossiter-McLaughlin sequences of HD 189733 which
can only be attributed to stellar variability. The large number of
CORALIE and HARPS measurements outside transit and their
large temporal span allowed us to separate RV sets for WASP-17
but not for the other targets. Table 4 shows the four values of γ.
We remark a difference of 13 m s−1 for CORALIE, justifying our
segmentation of the data.

Among the four computed chains, we select the circular so-
lution, with prior on V sin I since our results show eccentricity
is not significantly detected but that the prior on V sin I prevents
the MCMC from wandering to small impact parameters leading
to the degeneracy between V sin I and β.

The non significant eccentricity presented by Anderson et al.
(2010) was not confirmed, so a circular orbit was adopted. We
confine to within e < 0.110. Eccentricity affects the derived
value of the stellar density, and thereby also affects the planet’s
radius measurement. Our circular solution suggests that WASP-
17b’s radius is 1.986+0.089

−0.074 RJ, making it the largest and least
dense extrasolar planet discovered so far. We looked for an addi-
tional long term acceleration but found none: |γ̇| < 18 m s−1 yr−1.

The Rossiter-McLaughlin effect is well fitted. The residu-
als show some dispersion about the model during the HARPS
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Fig. 6. Fit results for WASP-17b. On a) and b) black circles represent the RM effect taken with CORALIE, while black triangles picture the
remaining CORALIE measurements; red dots show the HARPS RM data, red triangles are the remained HARPS points. Nota Bene: Legend
similar to the legend in Fig. 1.

sequence. At the end of the HARPS transit, the airmass at-
tained high values which account for the larger error bars, the
sparser sampling and higher dispersion. By comparison the
CORALIE sequence appears better: its longer exposures blurred
out short-term variability. Both V sin I and β are unambigu-
ously detected. WASP-17b is on a severely misaligned orbit:
V sin I = 9.92 km s−1 and β = 148.5◦+5.1

−4.2. Full results are dis-
played in Table 3.

4.6. WASP-18b

Soon after WASP-18b was confirmed by the spectrograph
CORALIE, a Rossiter-McLaughlin effect was observed with
HARPS. We obtained 19 measurements at a cadence of 630s
on 2008 August 21. The mean photon noise for the transit se-
quence is 6.99 m s−1. Seeing and airmass improved during the
sequence, increasing the S/N and decreasing the individual error
bars. Additional data were also acquired out of transit. Hellier
et al. (2009) presented 9 RV measurements from CORALIE.
28 more have been taken and are presented in this paper. They
span over three months. The total data timeseries spans close to
500 days. All RV measurements are presented in the journal of
observations at the end of the paper.

Transit timing and geometry were secured by four photomet-
ric series: two SuperWASP seasons and two C2 Euler transits in
R band, presented in Hellier et al. (2009).

The fitted data comprises 8593 photometric measurements
and 60 radial velocities. Ten free parameters were used, with, in
addition, four normalisation constants and two γ velocities.

Eccentricity is clearly detected, improving χ2
reduced from

5.58 ± 0.47 to 3.70 ± 0.36 (from 4.31 ± 0.46 to 2.00 ± 0.32 if
we remove the RM effect from the calculation). We therefore
exclude a circular solution.

The V sin I found in the priorless chain differs from the spec-
tral analysis (15.57+1.01

−0.69 instead of 11± 1.5 km s−1), this solution
is preferred so as to not produce biased results. For this par-
ticular case, we should consider V sin I more like a amplitude
parameter in order to fit the Rossiter-McLaughlin effect rather
than a bone fide measurement of projected rotation of the star.
Therefore, the solution we favour is that of an eccentric orbit,
without a prior on the V sin I.

Results are presented in Table. 3, and the best fit is shown in
Fig. 7. This Rossiter-McLaughlin effect is one of the largest so
far measured, with an amplitude of nearly 185 m s−1. During the
transit sequence O − C = 15.02 m s−1 for a mean precision of
6.95 m s−1: the fit is poor; χ2

reduced = 3.70 ± 0.36. This is likely
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Fig. 7. Fit results for WASP-18b. Nota Bene: Legend similar to the legend in Fig. 1.

caused by a misfit of a symmetric Gaussian on a no longer sym-
metrical CCF4. We are in fact resolving the planet transit in front
of the star like spots can be detected via Doppler tomography.
This has recently been modelled and detected for HD 189733b,
as a Doppler shadow by Collier Cameron et al. (2010). The un-
certainty of the β parameter is not affected by the misfit since
it is measured from the asymmetry of the Rossiter-McLaughlin
effect. It is in essence estimated from the difference between the
time spent in the approaching and receding hemispheres of the
star.

All parameters can therefore be trusted except the V sin I, in-
cluding the much sought after β angle. We find it to be consistent
with zero within 1.5σ: β = −4.0◦+2.5

−2.5. The precision on this an-
gle is the best we measured, something that is not reflected in
the fit, we therefore doubled error bars to β = −4.0◦+5.0

−5.0. This
is in part thanks to the brightness of the star, allowing precise
measurements of a large amplitude effect. Any departure from
the model is quickly penalised in χ2 by the data. Similarly, ec-
centricity is detected above 9σ with e = 0.00848+0.00085

−0.00095 thanks
to the large amplitude of the reflex motion. Note, that fitting
e cos ω and e sin ω can correspond to fitting e proportional to e

4 this was noted in Triaud et al. (2009) in the case of HD 189733b and
CoRoT-3b, but can also be seen on fits of CoRoT-2b (Bouchy et al.
2008), Hat-P-2b (Loeillet et al. 2008) and others.

and tending to bias the search for solutions towards higher val-
ues. We attempted a few control fits exploring instead

√
e cosω

&
√

e sinω. The results showed there is no bias in our analy-
sis, so strongly is the eccentricity constrained by the radial ve-
locities. The spectroscopic coverage gives us the chance to put
some limits on an undetected long term radial velocity drift:
|γ̇| < 43 m s−1 yr−1.

The other parameters are consistent with the values pub-
lished by Hellier et al. (2009) and are presented in Table 3.

5. Overall results

Our fits to the Rossiter-McLaughlin effect confirm the presence
of planetary spectroscopic transit signatures in all six systems.
While three of the six appear closely aligned, the other three
exhibit highly-inclined, apparently retrograde orbits. The orbits
of all six appear close to circular. Only the massive WASP-18b
yields a significant detection of orbital eccentricity.

5.1. Orbital eccentricities

As Gillon et al. (2009b) noted, allowing eccentricity to float as
a free fitting parameter increases the error bars on other parame-
ters; we are exploring a larger parameter space. One might argue
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that allowing eccentricity to float is necessary since no orbit is
perfectly circular, therefore making an eccentric orbit the sim-
plest model available. We argue against this for the simple rea-
son that if statistically we cannot distinguish between an eccen-
tric and a circular model then the eccentric model is not detected.
Actually, the mere fact of letting eccentricity float biases the re-
sult towards a small non zero number, a bias which can be larger
than the actual physical value (Lucy & Sweeney 1971). Hence
letting eccentricity float when it is not detected is to allow val-
ues of parameter space for all parameters to be explored which
do not need to be. This is why, unless χ2 is significantly im-
proved by adding two additional parameters to a circular model,
we consider the former as preferable. In addition to the risk of
biasing, there is a strong assumption that due to tidal effects cir-
cularising the planet’s orbit, eccentricities are really small and
therefore undetectable for the majority of targets. It is therefore
reasonable to assume a value of zero when the data does not con-
tradict it. To facilitate comparison, we also present the results of
fits with floating eccentricity. These are given in the Appendices;
our preferred solutions are described in the text and in Table 3.

Only for WASP-18b, have we detected some eccentricity in
the orbit, thanks primarily to the high amplitude of the RV signal
and the brightness of the target. The amount of RV data taken
on WASP-18b is not really more than for the other targets. In
addition to a high semi-amplitude, sampling is another key to
fixing eccentricity properly. The lack of measured eccentricities
on our other targets shows how difficult it is to measure a small
eccentricity for these planets as long as no secondary transit is
detected to constrain it. Spurious eccentricities tend to appear
in fits to data sets where the radial velocities are not sampled
uniformly around the orbit, and where the amplitude is small
compared to the stellar and instrumental noise levels.

A good example is the case of WASP-17b for which the dou-
bling of high precision RV points solely permitted us to place a
tighter constraint compared to Anderson et al. (2010).

5.2. Fitting the Rossiter-McLaughlin effect

Our observations yielded results from which five sky-projected
spin-orbit angles β have been determined with precision better
than 15◦. Three of these angles appear to be retrograde: half our
sample. Adding the two other stars from our original sample that
have been published separately (WASP-6b and WASP-8b) we
obtain 4 out of 8 angles being not just misaligned but also over
90◦. The precision on the angle depends mostly on the spec-
troscopy as is shown by comparing fits where parameters con-
trolled by the photometry are kept fixed (in the Appendices).

The error bar on WASP-4b’s β is large. A degeneracy appears
when the impact parameter is close to 0 between V sin I and β.
The estimate of the spin-orbit angle therefore relies on a good
estimate of the stellar rotational velocity as well as with getting
a stronger constraint on the shape of the Rossiter-McLaughlin
effect. WASP-5b, WASP-17b and WASP-18b are also affected
by this degeneracy, with much lower consequences, when the
MCMC takes a random step in low impact parameters. This is
controlled by the use of a prior on V sin I.

When the planet is large compared to the parent star, or
the star rotates rapidly, the cross-correlation function develops a
significant asymmetry during transit. This happens because the
spectral signature of the light blocked by the planet is partially
resolved. Fitting a Gaussian to such a profile yields a velocity
estimate that differs systematically from the velocity of the true
light centroid. Winn et al. (2005), and later Triaud et al. (2009)
and Hirano et al. (2010) showed how this effect can lead to

Fig. 8. Top: Smoothed histogram of the ψ distribution for WASP-5b.
The dotted line is when errors on i and β are set to zero. The plain curve
shows the same conversion from β to ψ but with all errors accounted for.
Bottom: 6 smoothed histograms of the distribution in ψ our six targets:
a) WASP-2b; b) WASP-4b; c) WASP-5b; d) WASP-15b; e) WASP-17b;
f) WASP-18b. Bins are of 1◦.

over-estimation of V sin I. Hirano et al. (2010) have developed
an analytic method to compensate for this bias. Collier Cameron
et al. (2010) circumvent the problem altogether by modelling
the CCF directly, decomposing the profile into a stellar rotation
profile and a model of the light blocked by the planet.

Only one star in our sample suffers from this misfit: WASP-
18b where easily we see that the value the fit issues for the V sin I
is above the estimated value taken via spectral analysis. WASP-
17b is the second fastest rotating star. If affected, it is not by
much: the fitted V sin I is found within 1σ of the v sin I .

As shown in Fabrycky & Winn (2009), we can get an idea of
the real angle ψ from β by using the following equation, coming
only from the geometry of the system:

cosψ = cos I cos i + sin I sin i cos β (2)

where I is the inclination of the stellar spin axis and i the incli-
nation of the planet’s orbital axis to the line of sight.

Using the reasonable assumption that the stellar spin axis
angle I is distributed isotropically, we computed the above equa-
tion using a simple Monte-Carlo simulation to draw a random
uniform distribution in cos I. We also inserted the error bars on
i and β, using a Gaussian random number adjusted to the 1σ er-
ror bars printed in Table 5. Figure 8 shows the transformation
from β to ψ for our targets, also illustrating the importance of
including error bars in the calculation. We computed the lower ψ
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(at the 3σ limit) and found that in the stars we surveyed: WASP-
15b is >90.3◦ and WASP-17b >91.7◦ therefore retrograde, while
WASP-2b is >89.8◦ most probably retrograde.

Statistically we will fail to detect a Rossiter-McLaughlin ef-
fect (hence β and ψ) on stars nearly pole-on (with a low I).
WASP-2b, with its small V sin I could be a close case. It could
be one reason why its RM amplitude is so small (or stellar rota-
tion so low). We observe that the spread in ψ is larger than for
our other targets.

5.3. χ2
reduced > 1

It can be remarked from the text or from the Appendices that
a few of our objects have χ2

reduced > 1.; in the case of WASP-5
notably. This shows the models are not adjusted perfectly to the
data. As showcased by model fits to WASP-4, 15 and 17 (with
χ2

reduced < 2.) and in many publications using the CORALIE and
HARPS spectrographs, produced error bars on individual radial
velocity points are well estimated and understood and worth us-
ing as they are (Lovis et al. 2006).

An easy way to solve the problem would be to scale error
bars so as to achieve an acceptable χ2. By increasing error bars
blindly, we risk hiding sources of error that we do not yet un-
derstand: if an extra signal is observed by the instruments, there
may be useful;information in a bad χ2. Error bars can be scaled
with a value of stellar jitter added quadratically to individual
errors, but this applies only if one samples randomly over long
periods of time an extra stellar signal. In our case, part of our
out-of-transit RVs would feel this jitter, but it would not apply
in the same way to the Rossiter-McLaughlin sequences during
which we are sensitive to a correlated noise of a different fre-
quency. This renders the increase of error bars prone to errors of
judgement, thus leading to a wrong computation of the model.

Hence, we decided to produce results without interfering
with the way the data is estimated giving the best optimisation
of the data that we could produce using known and substantiated
physics. We leave to the reader the assessment of where this ex-
tra signal originates from.

5.4. Correlations between parameters

We present a compilation of results from all known observations
of the Rossiter-McLaughlin effect in transiting exoplanetary sys-
tems in Table 5. No clear correlation is evident between impor-
tant planetary parameters such as radii, masses, eccentricities,
orbital periods, β and V sin I, except that planets with M < 2 MJ
and e > 0.1 are rare among transiting systems (the only two are
Neptunes around M dwarfs); this remark is independent from
having a Rossiter-McLaughlin measurement or not. It is hard to
see if this is really a result, or a bias due to observations (eg: tran-
sits harder to extract from the survey photometry, or to confirm
via radial velocity), or a lack of precision during follow-up mak-
ing eccentricity hard to detect with confidence. WASP-17b, for
example, was previously thought to be the most eccentric transit-
ing planet with M < 2 MJ but our analysis yields only an upper
limit e < 0.110. Eccentricities with as great as e = 0.1 have been
published for some planets with masses less that 2 MJ, none of
these results are significant at more than the ∼2σ level.

The current (Mp sin i, e) distribution in radial velocity does
not show this result, but these masses are only minimum masses.

Amongst planets where eccentricity is firmly detected, four
out of seven are misaligned. Some of the hot Jupiters appear
to be in multiple systems but this appears unrelated to other

parameters such as eccentricity or misalignment. Examples are:
HD 80606 (Naef et al. 2001), HD 189733 (Bakos et al. 2006),
Hat-P-1 (Bakos et al. 2007), WASP-8 (Queloz et al. 2010), Hat-
P-7 (Winn et al. 2009b), WASP-2, TrES-2 and TrES-4 (Daemgen
et al. 2009).

6. Discussion

After a long sequence of closely-aligned planets (Fabrycky &
Winn 2009), the sudden appearance of so many misaligned plan-
ets is somewhat surprising if not unpredicted. In a collapsing
gas cloud, conservation of angular momentum will create a disc
from which a star can form. Thus it is expected that star and
disc rotate in the same direction with parallel spin axes. If plan-
ets form in and migrate through the disc, we can extend the idea
that planets’ orbital axes and stellar rotation axes ought to be par-
allel. Tides alone cannot make a planet retrograde (Hut 1981).
Therefore it is expected that the creation of retrograde planets
involves another body: planetary or stellar. Several papers (Wu
et al. 2007; Fabrycky & Tremaine 2007; Nagasawa et al. 2008;
Chatterjee et al. 2008; Jurić & Tremaine 2008; Bate et al. 2000,
2009) produce via various processes, orbits which are not copla-
nar with the host star’s equator. Of these papers Wu et al. (2007),
Fabrycky & Tremaine (2007) and Nagasawa et al. (2008) pro-
duce the largest range of angles.

When combining the 26 RM effects that have been observed,
we now see that eight planets are severely misaligned: XO-3b
(Hébrard et al. 2008; Winn et al. 2009c), HD 80606b (Moutou
et al. 2009; Pont et al. 2009; Winn et al. 2009a), WASP-14b
(Johnson et al. 2009), Hat-P-7b (Winn et al. 2009b; Narita et al.
2009), WASP-8b (Queloz et al. 2010) and WASP-2b, WASP-
15b and WASP17b. Of these eight, five have been found to be in
retrograde orbits, four from our survey.

Three additional targets may be misaligned: Kepler-8b
(Jenkins et al. 2010), CoRoT-1b (Pont et al. 2010) and CoRoT-
3b (Triaud et al. 2009). All three are around faint stars and fairly
fast rotators making it hard to determine the angle. All β mea-
surements have been plotted in Fig. 9a. Because we only mea-
sure the sky-projection of the angle, the planets can in fact be in a
variety of configurations. What is their real angle ψ distribution?

Deconvolving the whole β distribution into ψ is hypothesis
dependent. Hence, to compare the observational data and theo-
retical predictions we chose to produce cumulative histograms of
observational and theoretical β angles in Fig. 9b. We transformed
predictions from Fabrycky & Tremaine (2007) and Nagasawa
et al. (2008), by taking their ψ histograms and transforming them
geometrically into observable β, with the assumption that I is
isotropic. For a fixed ψ, we define an azimuthal angle α mea-
sured from a zero point where the star’s north pole is tilted to-
wards the observer. If we precess the star for α ∈ [0, 2π[ we
obtain β via a Monte Carlo simulation from solving:

tan β 	 tanψ sinα (3)

using the conservative assumption that i = 90◦ since these sys-
tems are transiting.

Results from this transform are in Fig. 9b. The observational
data have been overplotted. Both observations and models by
Fabrycky & Tremaine (2007) agree that about 55% of planets
should appear with β < 30◦5. Overall the theoretical distribution
is a little steeper than the observations. We clearly remark that

5 This criterion of misalignement of β > 30◦, is a limit where, with
current error bars on β, one can generally have a significant detection of
a misalignment.
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Fig. 9. Top: histogram of all the β measured, binned by 20◦. Bottom:
cumulative probability function for models by Fabrycky & Tremaine
(2007) (blued dashed) and Nagasawa et al. (2008) (red dotted) con-
verted from ψ to β, compared with current observations of β (plain
black). The vertical black dotted line shows β = 30◦. Above that, plan-
ets are considered misaligned.

predictions by Nagasawa et al. (2008) agree in range but not in
the shape of distribution of observed β, notably, it lacks enough
aligned systems. This model is handy to illustrate the difference
between the observations and a distribution isotropic in ψ.

Disc migration models would only produce a steep distribu-
tion reaching unity before 30◦. A combination of several models
is not attempted here because of the vast amount of possibilities
and the likelihood that models will evolve.

The theoretical ψ distribution published by Fabrycky &
Tremaine (2007), transformed into β, shown along the angle dis-
tribution obtained from observations, in Fig. 9b gives a remark-
ably close match. If the form of this distribution is borne out by
future observations, we may then conclude that hot Jupiters are
formed by this very mechanism. Wu et al. (2007) predictions are
essentially the same as those from Fabrycky & Tremaine (2007).

We also attempted to generalise the method explained in
Sect. 5.2 to all objects presented in Table 5: we are going to as-
sume two distributions for the stellar spin axis in order to derive
a distribution of real obliquity ψ. Two hypotheses were tested.
The first was to assume an isotropy of the stellar axis orienta-
tion, by taking a uniform distribution in cos I from 0 to 1; the
second was to assume stellar axes are aligned with the plane of
the sky. For this last hypothesis we assumed all cos I followed
a Gaussian distribution centred on 0 with a variance of 0.1, an
error bar corresponding to the best of what observations can give

Fig. 10. The above histogram transformed into the real angle ψ in solid
line and smoothed to bins of 1◦. Red dotted curves show key individual
objects in order to illustrate some of the features of the overall distri-
bution. The blue dashed histogram is the reproduction of the theoretical
histogram published by Fabrycky & Tremaine (2007) and solely plot-
ted over. a) HD 189733b; b) XO-3b; c) HD 80606b; d) WASP-8b; e)
WASP-15b; f) Hat-P-7b. The black dotted line shows ψ = 30◦. Above
that, planets are considered misaligned.

us at the moment to constrain the stellar I. Taking these hypothe-
ses allows us to test for extremes and get an idea of the true pro-
portion of misaligned planetary systems.

The first hypothesis is shown in Fig. 10 plotted in compar-
ison with the theoretical predictions by Fabrycky & Tremaine
(2007). Inferring an isotropic distribution in stellar axes gives
us as an upper bound that 86.2% of the probability density dis-
tribution is at ψ > 30◦. The other hypothesis gives a propor-
tion of 43.6% of misaligned systems. The effect of constrain-
ing the stellar I makes every individual contribution narrower in
range. Taking a stricter constraint does not change this propor-
tion much.

Both hypotheses are at the extremes of what the real distri-
bution of I is. We interpret these results as showing that between
45 and 85% of systems are misaligned with ψ > 30◦. Aligned
systems are no longer the norm, radically altering our view on
how these hot Jupiters formed.

Fabrycky & Tremaine (2007) and Wu et al. (2007) use the
Kozai mechanism (Kozai 1962; Wu & Murray 2003) induced
by an outer binary companion to the inner planet, to move the
planet from the ice line where it is thought to form, to the in-
ner stellar system. As the planet gets closer to the primary, tidal
friction helps to break the Kozai cycles and finalise the planet’s
orbital parameters. Their equations are extracted from work by
Eggleton & Kiseleva-Eggleton (2001). The resulting ψ distribu-
tion extends from 0◦ up to 150◦ away from the primary’s rotation
axis (see Fig. 10). In this scenario, the planet can be created in
a binary star system, or around a single star which acquired a
companion through interactions in its cluster of origin (Pfahl &
Muterspaugh 2006). Fabrycky & Tremaine (2007) following on
a paper by Malmberg et al. (2007), also predict that in multi-
planetary systems undergoing Kozai cycles thanks to a nearby
star, the most massive planet would survive the resulting planet-
planet scattering. Although Kozai cycles are usually associated
with high eccentricities, we should not be surprised by the pres-
ence of so many misaligned planets on circular orbits. As simu-
lated in the case of HD 80606b in Fabrycky & Tremaine (2007),
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the Kozai cycle has ended (is responsible the close proximity
of the planet to the central star at periastron making precession
dominated by general relativity rather than by the action of the
third body). The planet appears now in a process of circularisa-
tion that will take ∼0.7 Gyr, while its angle ψ remains almost
constant.

Nagasawa et al. (2008) model scattering processes between
planets creating a pair where one planet is on a close orbit and
the other around 40 to 100 AU which then drives Kozai cycles
on the inner planet. They also use tidal friction with the star.
These authors predict with orbits with a wide range distribution
of inclinations and eccentricities which does not reproduce our
observations as closely as Fabrycky & Tremaine (2007) do. All
other authors fall short of the wide range of angles that we detect.
This, however does not mean that the processes they describe do
not happen in combination with those talked about here. In ad-
dition we cannot rule out that each of the current theoretical dis-
tributions will evolve thanks to greater scrutiny of their starting
hypotheses leading to new simulations. Typically, tidal interac-
tions between the star and the planet have been understudied.
Any change in the way tidal processes are treated will alter the
rate at which planets would realign the stellar spin axis (Winn
et al. 2010). New effects are also likely to be imagined such as
these Kozai cycles between a misaligned planet and a disc pre-
sented in Terquem & Ajmia (2010).

If the Kozai effect were found to be the dominant process
leading to the creation of hot Jupiters, there is no reason why
longer period planets should not have undergone similar cycles.
The only difference would be that having greater periastron dis-
tances, tidal friction was less active. It would then be expected
that lone Jupiters on large eccentric orbits be misaligned as well.
HD 80606b would be part of that population. We could then have
a lone Jupiter population of which hot Jupiters are a subset, and
another planet population where dynamical interactions and tidal
migration did not act.

7. Conclusions

The observations reported here bring the total number of transit-
ing planets with known sky-projected obliquities from 20 to 26.
Among this enlarged sample, eight show significant projected
spin-orbit misalignments; and of these eight, five show apparent
retrograde motion. This projected angle β can be transformed
statistically into the real spin-orbit angle ψ. Although 1/3 of
planets have β � 0◦, the distribution in ψ shows that up to 85%
of hot Jupiters are misaligned. The angle range and shape of the
overall ψ distribution appears consistent with the predictions of
models by Fabrycky & Tremaine (2007) and Wu et al. (2007)
using the Kozai mechanism to make planets move inwards and
tidal friction to reduce their semi-major axis and eventually, cir-
cularise them.

Our evidence therefore points towards a dynamical – not lim-
ited to Kozai – and tidal origin for making hot Jupiters so close
to their host star. This evidence is the strongest yet to suggest
that processes others than type I or II migration (using exchange
of angular momentum between a planet and a disc) are responsi-
ble for the creation of hot Jupiters. Disc migration alone cannot
explain the observations; we need to invoke another process. Our
interpretation is supported by other facts such as how different
hot Jupiters are spread in semi-major axis compared to multi-
ple systems (Wright et al. 2009), on how lonely hot Jupiters
are, and the rarity of hot Jupiters at orbital distances less than
two Hill radii from the star (Ford & Rasio 2006). These results
and conclusions should also be a call to account for environmen-

tal effects on planetary systems in planet formation simulations.
These systems are not in isolation and interact with their neigh-
bours.

We are seeing the coming of a new diversity in planetary pa-
rameters, coming after large diversities in mass, period, eccen-
tricity and radius. The variety of angles β, transformed into ψ,
is an indication of the physical processes that happened before,
during and after planet formation. Once again the measurement
of a new observable has brought a large variety of values reflect-
ing how rich nature is.

As more transiting systems are discovered in wide-field sur-
veys, and follow-up observations of the kind reported here are
made, the statistical picture that is beginning to emerge will be-
come clearer.
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Appendix A: Comparative tables for each star

Here, for transparency, are the tables recording the results from the various fits that were done for each star, which, par comparing
them, led to the choice of our solutions. χ2 have been tabulated only for the radial velocity data that was used for our analysis.
In addition, to show where the most important contributions come from, χ2 have also been added for each set of radial velocities
separately, as they are presented in the journal of observations in the following Appendix. Finally, because our aim was to measure
β, a line with the χ2 only during the Rossiter-McLaughlin effect has been added. Comparisons between the χ2 contributions of
the overall reflex motion of the star with contributions during the Rossiter-McLaughlin will show that we tend to fit better during
transit than outside. The number of points during the Rossiter-McLaughlin effect have been chosen as all the points measured
during transit, plus one point immediately on either side when available.
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Table A.1. Differences between fits of WASP-2b, 4b & 5b. χ2
reduced has been estimated for the radial velocities only.

WASP-2b
Fixed Photometry

V sin I Prior On Off On Off Off
V sin I (km s−1) 1.08+0.26

−0.31 0.99+0.27
−0.32 1.02+0.28

−0.25 0.93+0.26
−0.30 0.99+0.29

−0.33

β (◦) 154+10
−12 153+11

−15 145+12
−15 143+12

−18 152+12
−16

e – – 0.035+0.016
−0.014 0.036+0.017

−0.015 –
ω (◦) – – −103+6

−12 −103+6
−11 –

all 58 RVs, 3 sets
χ2

RV 100.6 ± 14.2 100.5 ± 14.2 93.2 ± 13.6 92.9 ± 13.6 100.5 ± 14.2
Nd.o.f. 47 47 45 45 47
χ2

reduced 2.14 ± 0.30 2.14 ± 0.30 2.07 ± 0.30 2.06 ± 0.30 2.14 ± 0.30

χ2
SOPHIE, 8 RVs 28.1 ± 7.5 27.9 ± 7.5 26.9 ± 7.3 27.0 ± 7.4 27.9 ± 7.5
χ2

CORALIE, 20 RVs 15.6 ± 5.6 15.5 ± 5.6 21.8 ± 6.6 21.4 ± 6.5 15.7 ± 5.6
χ2

HARPS, 30 RVs 56.9 ± 10.7 57.1 ± 10.7 44.4 ± 9.4 44.5 ± 9.4 57.0 ± 10.7

χ2
HARPS,RM, 17 RVs 20.7 ± 6.4 20.7 ± 6.4 20.9 ± 6.5 20.7 ± 6.4 20.7 ± 6.4

no RM RM fixed RM fixed no RM RM fixed RM fixed
V sin I (km s−1) – 1.6 0.9 – 1.6 0.9
β (◦) – 0 0 – 0 0
e – – – 0.041+0.015

−0.016 0.044+0.016
−0.014 0.044+0.014

−0.016

ω (◦) – - – −96+5
−6 −98+5

−6 −97+5
−6

all 58 RVs, 3 sets
χ2

RV 113.7 ± 15.1 164.0 ± 18.1 135.8 ± 16.5 105.7 ± 14.5 154.0 ± 17.6 126.4 ± 15.9
Nd.o.f. 49 47 47 47 45 45
χ2

reduced 2.32 ± 0.31 3.49 ± 0.39 2.89 ± 0.35 2.25 ± 0.31 3.42 ± 0.39 2.81 ± 0.35
χ2

SOPHIE, 8 RVs 31.0 ± 7.9 29.3 ± 7.7 30.1 ± 7.7 31.3 ± 7.9 30.4 ± 7.8 30.8 ± 7.8
χ2

CORALIE, 20 RVs 15.7 ± 5.6 15.4 ± 5.5 15.4 ± 5.6 21.5 ± 6.6 23.0 ± 6.8 22.8 ± 6.8
χ2

HARPS, 30 RVs 67.0 ± 11.6 119.4 ± 15.5 90.4 ± 13.4 52.8 ± 10.3 100.6 ± 14.2 72.8 ± 12.1
χ2

HARPS,RM, 17 RVs 30.8 ± 7.8 82.7 ± 12.9 53.9 ± 10.4 29.0 ± 7.6 79.1 ± 12.6 51.1 ± 10.1
WASP-4b

Fixed Photometry
V sin I Prior On Off On Off On
V sin I (km s−1) 2.14+0.38

−0.35 4+46
−2 2.15+0.45

−0.39 78+41
−75 2.19+0.35

−0.45

β (◦) −4+43
−34 4+84

−80 0.+34
−41 28+118

−0 −5+39
−38

e – – 0.0105+0.0036
−0.0072 0.0106+0.0038

−0.0074 –
ω (◦) – – −108+282

−58 −107+280
−61 –

all 56 RVs, 2 sets
χ2

RV 77.8 ± 12.5 78.0 ± 12.5 75.3 ± 12.4 75.3 ± 12.3 77.8 ± 12.5
Nd.o.f. 46 46 44 44 46
χ2

reduced 1.69 ± 0.27 1.70 ± 0.27 1.71 ± 0.28 1.71 ± 0.28 1.69 ± 0.27
χ2

CORALIE, 24 RVs 28.4 ± 7.5 29.1 ± 7.6 27.6 ± 7.4 28.0 ± 7.5 28.6 ± 7.6
χ2

HARPS, 32 RVs 49.4 ± 9.9 48.9 ± 9.9 47.8 ± 9.8 47.3 ± 9.7 49.2 ± 9.9
χ2

HARPS,RM, 15 RVs 12.6 ± 5.0 12.5 ± 5.0 12.2 ± 4.9 12.0 ± 4.9 12.7 ± 5.0
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Table A.2. Differences between fits of WASP-5b & 15b. χ2
reduced has been estimated for the radial velocities only.

WASP-5b
Fixed Photometry

V sin I Prior On Off On Off Off

V sin I (km s−1) 3.24+0.35
−0.27 3.24+0.34

−0.35 3.32+0.30
−0.32 3.36+0.32

−0.46 3.18+0.26
−0.31

β (◦) −12.1+10.0
−8.0 −12.4+11.9

−8.2 −14.1+10.8
−7.8 −16.1+14.2

−9.3 −12.0+7.7
−7.3

e – – 0.0209+0.0081
−0.0075 0.0209+0.0071

−0.0087 –
ω (◦) – – −137+14

−16 −137+12
−17 –

all 49 RVs, 2 sets
χ2

RV 143.7 ± 17.0 144.3 ± 17.0 136.8 ± 16.5 136.7 ± 16.5 145.1 ± 17.0
Nd.o.f. 39 39 37 37 39
χ2

reduced 3.69 ± 0.43 3.70 ± 0.44 3.70 ± 0.45 3.70 ± 0.45 3.72 ± 0.44
χ2

CORALIE, 16 RVs 20.4 ± 6.4 20.5 ± 6.4 26.3 ± 7.2 26.0 ± 7.2 20.4 ± 6.4
χ2

HARPS, 33 RVs 123.3 ± 15.7 123.8 ± 15.7 110.6 ± 14.9 110.7 ± 14.9 124.8 ± 15.8
χ2

HARPS,RM, 15 RVs 42.8 ± 9.2 43.9 ± 9.4 40.6 ± 9.0 40.7 ± 9.0 43.9 ± 9.4
WASP-15b

Fixed Photometry
V sin I Prior On Off On Off Off
V sin I (km s−1) 4.26+0.27

−0.32 4.27+0.26
−0.36 4.37+0.29

−0.32 4.36+0.27
−0.34 4.26+0.28

−0.31

β (◦) 139.8+5.1
−4.5 139.6+5.2

−4.3 142.6+5.3
−4.5 142.7+5.3

−5.0 139.7+4.0
−4.0

e – – 0.043+0.020
−0.022 0.043+0.022

−0.023 –
ω (◦) – – 96+45

−22 96+38
−26 –

all 95 RVs, 2 sets
χ2

RV 133.1 ± 16.3 133.3 ± 16.3 130.3 ± 16.1 130.1 ± 16.1 133.1 ± 16.3
Nd.o.f. 85 85 83 83 85
χ2

reduced 1.57 ± 0.19 1.57 ± 0.19 1.57 ± 0.19 1.57 ± 0.19 1.57 ± 0.19
χ2

CORALIE, 44 RVs 53.7 ± 10.4 53.4 ± 10.3 53.5 ± 10.3 54.4 ± 10.4 53.9 ± 10.4
χ2

HARPS, 51 RVs 79.4 ± 12.6 79.8 ± 12.6 76.7 ± 12.4 75.8 ± 12.3 79.2 ± 12.6
χ2

HARPS,RM, 33 RVs 47.3 ± 9.7 47.3 ± 9.7 46.9 ± 9.7 46.5 ± 9.6 47.1 ± 9.7
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Table A.3. Differences between fits of WASP-17b and 18b. χ2
reduced has been estimated for the radial velocities only.

WASP-17b
Fixed Photometry

V sin I Prior On Off On Off Off
V sin I (km s−1) 9.92+0.40

−0.45 10.14+0.58
−0.79 9.95+0.45

−0.43 10.27+0.68
−0.84 10.03+0.63

−0.63

β (◦) 148.5+5.1
−4.2 147.3+5.9

−5.5 150.9+5.2
−5.9 150.5+6.1

5.7 147.5+4.2
−4.0

e – – 0.062+0.024
−0.039 0.066+0.030

−0.043 –
ω (◦) – – 34+34

−72 45+30
−77 –

all 124 RVs, 4 sets
χ2

RV 190.1 ± 19.5 190.4 ± 19.5 187.3 ± 19.4 186.9 ± 19.3 191.6 ± 19.6
Ndof 112 112 110 110 112
χ2

reduced 1.70 ± 0.17 1.70 ± 0.17 1.70 ± 0.17 1.70 ± 0.17 1.71 ± 0.17
χ2

CORALIE, 49 RVs 47.6 ± 9.8 47.4 ± 9.7 47.2 ± 9.7 47.7 ± 9.8 47.5 ± 9.7
χ2

CORALIE, 15 RVs 15.0 ± 5.5 15.0 ± 5.5 16.2 ± 5.7 16.9 ± 5.8 15.0 ± 5.5
χ2

HARPS, 16 RVs 23.6 ± 6.9 23.7 ± 6.9 23.5 ± 6.9 23.7 ± 6.9 23.9 ± 6.9
χ2

HARPS, 44 RVs 103.8 ± 14.4 104.3 ± 14.4 100.4 ± 14.2 98.6 ± 14.0 105.2 ± 14.5
χ2

CORALIE,RM, 13 RVs 9.8 ± 4.4 9.5 ± 4.4 9.9 ± 4.4 10.1 ± 4.5 9.8 ± 4.4
χ2

HARPS,RM, 28 RVs 59.3 ± 10.9 59.8 ± 10.9 59.4 ± 10.9 58.7 ± 10.8 60.7 ± 11.0
WASP-18b

Fixed Photometry
V sin I Prior On Off On Off Off
V sin I (km s−1) * 14.04+0.73

−0.52 * 14.66+0.86
−0.58∗ 14.67+0.81

−0.57 * 15.57+1.01
−0.69 * 15.59+0.56

−0.57 *
β (◦) −11.1+6.6

−5.8 −10.1+6.2
−5.8 −5.0+6.2

−5.6 −4.0+5.0
−5.0 −4.2+4.6

−4.6

e – – 0.0084+0.0008
−0.0010 0.0085+0.0009

−0.00010 0.0085+0.0010
−0.0010

ω (◦) – – −92.8+5.2
−3.9 −92.1+4.9

−4.3 −92.5+2.7
−3.0

all 60 RVs, 2 sets
χ2

RV 283.3 ± 23.8 279.3 ± 23.6 179.7 ± 18.9 177.8 ± 18.9 178.4 ± 18.9
Nd.o.f. 50 50 48 48 48
χ2

reduced 5.67 ± 0.48 5.58 ± 0.47 3.74 ± 0.39 3.70 ± 0.39 3.72 ± 0.39
χ2

CORALIE, 37 RVs 132.4 ± 16.3 131.2 ± 16.2 69.2 ± 11.8 66.7 ± 11.5 67.5 ± 10.4
χ2

HARPS, 23 RVs 150.9 ± 17.4 148.1 ± 17.2 110.5 ± 14.9 111.1 ± 14.9 110.9 ± 14.9
χ2

HARPS,RM, 12 RVs 113.7 ± 15.1 110.2 ± 14.8 98.7 ± 14.0 98.0 ± 14.0 98.6 ± 14.0

Notes. * These values are not really V sin I but more an amplitude parameter for fitting the Rossiter-McLaughlin effect. Please refer to Sect. 4.6
treating WASP-18b.
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4.2 Newer Results

Soon after the appearance of the preprint of the paper on SUPERWASP.ORG and ASTRO-PH,
a number of other papers have been published. From 26 measurements that were then known,
we have now reached beyond 50, and more are coming with the passing months. The tables
and graphs should be mostly up to date. The HARPS Rossiter-McLaughlin survey continued
with WASP-24 shown in Simpson et al. (2011), WASP-19 was published by Hellier et al. (2011),
Three more planets are being prepared in a paper from David Brown (soon to be submitted). Two
more are being prepared by David Anderson (submitted), an additional two by Andrew Collier
Cameron. WASP-30 will be analysed by myself. A few more measurements are being observed
this observing season (and hopefully the next). This is a fast expanding field.

The aim now is the review our newer results as well as those published by our competitors
and get a view on the current situation and on how it evolved to that given in the paper shown in
previous section.

Out of the 54 measurements presented in table 4.1, 42 are deemed "secured" meaning the fi-
nal value for the angle might change a little but not dramatically. The other ten have issues: low
signal-to-noise (WASP-2), uncertainty about the angle (WASP-23), low cadence (CoRoT-3). Fig-
ure 4.1 shows the current situation. With a doubling of the sample, we obtain pretty much the
same distribution as that presented in Figure 9 from Triaud et al. (2010). We remark here that
adding or removing the "unsure" measurements does not affect the distribution, showing a certain
robustness. The two theoretical predictions producing obliquity angles on the range of the obser-
vations which are drawn for comparison are from Nagasawa et al. (2008) and Fabrycky & Tremaine
(2007). It is interesting in that neither predict enough aligned system and neither do they seem to
explain the high level of fully retrograde planets. The observations are not entirely reproduced by
the theory. It may be useful to point that numerical experiments such as those can heavily depend
on which initial conditions one inputs (two separate studies of the Kozai mechanism nevertheless
managed to produce two ψ distributions which are essentially the same, namely: Wu et al. (2007)
and Fabrycky & Tremaine (2007). I am using more often the latter paper, but the previous is equal
in its results).

Fabrycky & Winn (2009) had already noted with only one misaligned angle known then, that
the distribution in projected spin/orbit angle was bimodal and resembled a Γ function around 0◦,
combined with an isotropic component. Morton & Johnson (2011) analysed the 26 measurements
presented in Triaud et al. (2010) and confirmed this. The newer results, here shown, seem to com-
fort this view. This then makes trickier an interpretation of the cumulative distribution as one may
need to insert two models. As will be outlined later, another complication comes from the fact that
ψ (and thus β) may change with time.

Maybe one of the most influential papers was published by Winn et al. (2010a) showing the
clearest pattern so far observed within the current data: plotting β against the stellar effective
temperature, Teff , we obtain a deficit of aligned systems around stars hotter than 6250 K. Behind
these authors’ idea was that it was odd that the first ten Rossiter-McLaughlin measurements were
all aligned, when now we know that about 25 % of hot Jupiters have β > 30◦. This is explained
by realising that the first measurements were observed primarily for planets discovered using the
Doppler method and then found to transit, while the latter measurements only came primarily
from transit surveys, which find planets on hotter stars in average. Another effect might come
from target selection as hotter stars being faster rotators give poorer radial velocity precision.

From Figure 4.2 we observe that about one star (colder than 6250 K) in six has a misaligned
hot Jupiter, while only one star (hotter than 6250 K) in four has an aligned system, and those are
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Figure 4.1: top: recent histogram of all β measurements (taking the absolute value as it is the only
one that really matters). bottom: cumulative distribution. In black the secured measurements.
Grey, adding the unsure measurements. Blue model is taken from Fabrycky & Tremaine (2007)
(and pretty much the same as in Wu et al. (2007)), Red model from Nagasawa et al. (2008). The
addition of the unsure measurements does not change the general shape.
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Figure 4.2: top Projected spin/orbit angle β against the stellar Teff . We observe a lack of aligned
system around stars hotter than 6250 K. Open symbols indicate the unsure measurements. Several
data points are yet unpublished results and likely to move. Triangles are objects < 6150 K, circles >
6350 K, squares are in between. bottom The Pinsonneault law showing the of the outer convective
layer’s mass Mcz as a function of Teff (Pinsonneault et al. 2001).

grouped near the temperature limit. This cold/hot divide is confirmed in a statistical paper by
Schlaufman (2010) where stars more massive than 1.2M� hosting a transiting hot Jupiter have a
rotation deficit compared to what would be predicted from the general stellar population by hy-
pothesising that the stellar spin axis I is similar to the orbital inclination i, around 90◦. This can
be easily understood if one thinks that they tend to be more pole-on which would happen only if
they have misaligned planets around them. The stellar mass value corresponds well to the effec-
tive temperature boundary. I won’t go into the details now (they are in next chapter), but Winn
et al. (2010a) conclude that β may decay more rapidly for planets around stars colder than 6250 K
for planets around stars that are hotter. If this is just, a more realistic comparison of the observa-
tions to theory might be to take only the planets whose host star are on the hot side since their β
would be "frozen". Figure 4.1 is reproduced in figure 4.3 but only for the "hot" subsample. Theory
and observations now clearly disagree.
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Figure 4.3: Similar to figure 4.1 but only taking the objects found around star with Teff > 6250 K.

Another interesting feature was brought to my attention by Guillaume Hébrard which was
recently renewed in a paper by Moutou et al. (2011). Something odd is happening in relation to
the mass of the planet (or brown dwarf). We do not see retrograde systems for planets with mass
> 5MJup. Maybe a statistical fluke, but the distribution in β > 20◦ appears isotropic as outlined
in figure 4.1. If this gap is confirmed, it could have three origins: the mechanism that makes ret-
rograde planets for some reason cannot make planets > 5MJup retrograde, or that they were and
have since been realigning, or that two mechanisms operate to make misalignments, which would
have a mass dependence. This is despite the fact that those massive planets are mostly discovered
around more massive stars, thus more likely to be hotter than 6250 K... Food for thoughts.

Hat-P-11 b is a Neptune around a rather cold star. Winn et al. (2010c) have observed its Rossiter-
McLaughlin effect and concluded the planet is on near pole-on orbit. I have classified it as "un-
sure". Reviewing the paper, there is a strong degeneracy between V sin I and β as in the case of
WASP-23 and requires the use of a prior on V sin I in the analysis. Thus the angle could vary by
quite a lot. Nevertheless this planet - and hopefully more of that type coming - is very interesting
as it shares the same orbital characteristics as hot Jupiters despite being of lower mass. Despite
being an unsure measurements it is interesting to think that the first such object for which the
Rossiter-McLaughlin effect is observed is found severely misaligned. More observations in this
mass range are desperately needed. Another interesting thing is that this planet appears to be
eccentric. The only other transiting hot Neptune for which we have that measurement is GJ 436 b,
also eccentric, an eccentricity which is still unexplained as it ought to circularise quickly. A search
for a perturbing companion has led to no results. More generally, nothing very clear emerges by
comparing eccentricity and β . HD 17156 b is very well aligned and so is Hat-P-2 b despite large
eccentricities. Most of the misaligned systems have no detectable eccentricity. WASP-8 b and 14 b
are misaligned and eccentric.
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Figure 4.4: Same as figure 4.2 but instead top: β as a function of planet mass mp and bottom: β as a
function of eccentricity
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4.2. Newer Results

Artist impression of WASP-8 b. Image courtesy ESO/L. Calçada
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Chapter 5
Interpretation regarding the Origins of hot
Jupiters

Now, on to the controversial stuff. If observations can lead to some controversy - some mea-
surements are sure, others not, for example - nothing unleashes more passion than explaining
nature through a theory. Nevertheless the lure is great: the possibility of understanding the laws
of nature from the power of the human imagination is something fascinating and appealing, cer-
tainly very satisfying to the brain. The understanding of planet formation and orbital evolution is
complex. The challenge is beautiful!

I will tread carefully in those murky waters. Theory regarding planetary systems is lagging
the observations. Those have been laid out in this thesis in great length and I hope enough details;
they are as sure as I care to be. Now, let’s move on to places where I am much less sure, and where
my mind wanders, sometimes fixing itself on an explanation and another day, on another. I will
first try to showcase fairly what is present in the literature before trying to combine it in an idea.
The topic will be focused on the hot Jupiters, those planets for which we have gathered a lot of
information. But some of the results extend to other planet classes, and will be presented as those
might carry the observables needed to understand the whole thing.

5.1 The Origins of hot Jupiters

Several explanations about the origin of hot Jupiters exist. They come broadly in two cate-
gories: disc migration and planet-planet scattering or as I prefer calling it: dynamical interactions
and tidal dissipation1. I will try to show that neither are exclusive of each other as they happen,
well, at different times in the lifetime of a planet. Both pathways appeared in the literature very
early after the discovery of 51 Peg b, mostly because they had been theorised earlier, in case of
Saturn’s satellites for disc migration (Goldreich & Tremaine 1980), and in the case of close binary
stars for dynamical interactions (Mazeh & Shaham 1979). Although hot Jupiters are rare (Howard
et al. 2011), because they are so easy to find, many have been found. This biased the theoretical
development which tried actively to explain those objects sometimes at the expense of what did

1or tidal friction, tidal circularisation, tidal migration... something tidal
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5.1. The Origins of hot Jupiters
EPJ Web of Conferences

Figure 1.: Gas surface density of a disk perturbed by a planet. The star is at the center
of the plot, the planet is on the right, in the middle of the white blob. Light color
corresponds to over-density, dark corresponds to under-density. Left : Wake launched
by a terrestrial planet in a protoplanetary disk. Right : gap opened by a giant planet.
Images made with FARGO by F. Masset, modified by A. Crida.

Differential Lindblad Torque

The perturbation of the planet on the disk can be decomposed in Fourier series along
the azimuth, which makes Lindblad resonances appear in the algebra. Goldreich &
Tremaine (1979) computed analytically the torque associated to a Lindblad resonance.
The total torque exerted by all the outer (resp. inner) Lindblad resonances on the
planet is negative (resp. positive) and called the one sided Lindblad torque.

Ward (1986) found that the torque at an inner and an outer resonance are not
exactly opposite. Therefore, the total torque felt by the planet is not zero, but negative.
It is called the differential Lindblad torque. Tanaka, Takeuchi, & Ward (2002) provide
a refined estimate of the differential Lindblad torque :

ΓdLt = −(3.2 + 1.468ζ)Γ0 (1)

where ζ = d(log Σ)/d(log r), and

Γ0 =
(

Mp

M∗

)2

Σr 4
p Ωp 2

(
H

rp

)−2

. (2)

with Mp and M∗ the masses of the planet and the star respectively, Σ the surface
density of the gas disk, rp and Ωp the orbital radius and angular velocity of the planet,
and H the thickness of the disk.

It appears that the planets lose orbital angular momentum, at a rate proportional
to their masses squared. Consequently, their orbits shrink, they migrate inward, at a
speed proportional to their mass. This is type I migration.

In a standard protoplanetary disk, an Earth-mass planet initially at 1 AU has a
typical migration time of 2× 105 years. This is much shorter than the lifetime of the
disk. Our scenario number one is rather pessimistic :

!"!!#$%&#

Figure 5.1: Two discs showing a planet and the effect it has on the density of the gas. Light shows
over-densities, dark, under-densities. Left is an terrestrial planet (type I migration), right is a gas
giant having opened a gap in the disc (Type II migration). In both cases we clearly see a spiral
density wave developed, which will exert a torque on the planet. Figure obtained from Crida
(2011) from a figure by Masset.

not happen in our own Solar System. The increase in observational timespan and precision in
radial velocity, and the more recent results from the Kepler space satellite have clarified things a
little. Theory has matured a lot.

There is a third alternative to the two proposed pathways: in-situ formation, or more precisely,
formation of giant planets on shorter orbit than the traditional snow line. After formation the two
pathways can nevertheless act on them. I could not find many references on this subject except one
showing it is not an impossible thing (Bodenheimer et al. 2000); the only person I had discussion
with on this subject was Günther Wuchterl.

disc migration

First theorised in the context of satellites and planets by Goldreich & Tremaine (1979, 1980),
it was applied to planets in protoplanetary discs by Lin et al. (1996) and Ward (1997). Under the
words disc migration hide all the interactions that a planet has with the disc in which it formed.
Since disc migration has first been described, it has reveted several forms (for review please read
Lubow & Ida (2010) and Crida (2011)), including three main type of migration: type I, a planet
imbedded in a dust and gas disc, type II, a planet opening a gap in a dusty and gaseous (there is
a type III if gas crosses the gap. Type III is a runaway type II migration). Another mechanism is
planetesimal driven planet migration (Ida et al. 2000; Levison et al. 2008).

As it forms, a planet grows in mass and arrives a time when it will create a density wave in
the gas of the surrounding disc. This wave develops into a spiral arm and exerts a torque onto the
planet in the form of a Lindblad resonance. This process has been revised by Tanaka et al. (2002)
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6 Mordasini et al.

Figure 1.: Simulation of the in-situ formation of Jupiter in the nJ6 case. The top left panel shows
the evolution of the core mass (red solid line), the envelope mass (green dotted line) and the total
mass (blue solid line). The top right panels shows the accretion rate of solids ṀZ (red solid line)
and of gas ṀXY (green dotted line). The limiting gas accretion rate is fixed to 10−3M⊕/yr. The
bottom left panel shows the evolution of the core radius Rcore (red solid line), the total radius R
(blue dashed line) and the capture radius Rcapt (green dotted line). The outer radius is initially
(during the attached regime) very large, as it is approximately equal to the Hill sphere radius. At
about 2.4 Myrs, when the limiting accretion rate is hit, it detaches from the nebula and collapses
to a radius of initially about 2 Jupiter radii. The bottom right panel shows the luminosity of the
planet in present day intrinsic luminosity of Jupiter (LJ=8.7×10−10L#). The red solid line is
the total luminosity L, the blue dashed line is the internal luminosity Lint and the green dotted
line is the core luminosity Lcore. The first peak in the curve is due to the rapid accretion of the
core, and the second to the combined effects of runaway gas accretion and envelope collapse.

Figure 5.2: Planet mass as a function
of time as the planet forms. First a
core is created from accretion of ice
and dust, then, past a critical mass,
gas starts being accreted. Past a sec-
ond threshold runaway gas accretion
happen and the planet reaches is cur-
rent mass. Figure obtained from Mor-
dasini et al. (2010).

and is the type I prescription which is mostly used at the moment despite some heavy shortcom-
ings: a ten Earth mass planet would plunge into its star in a few 1 000 years after formation. It
also predicts that migration gets faster as mass grows (until mass > 0.1MJup then we reach an-
other regime: type II). One can be saved via the development of a corotation torque that will trap
the planet at one particular orbit (Masset et al. 2006). For this torque to develop one needs a per-
manent, strong, outward, positive density gradient in the disc maintained by a certain physical
process that remains to be determined. Some serious possibilities are given in Paardekooper &
Mellema (2006) and Kley & Crida (2008). The addition of this process can lead to outward migra-
tion for a planet in the inner optically thin parts of the disc and inward migration for one planet
situated in the outer optically thick parts.

A core made of ices and dust grows in mass before it reaches a critical mass where it starts ac-
creting gas in a runaway process (Pollack et al. 1996; Alibert et al. 2005)) becoming a gas giant type
planet. With enough mass the planet will open a gap into the disc (Crida et al. 2006) which slows
down mass accretion and make the planet follow a type II migration. The planet then migrates
at the viscous evolution timescale of the disc: inwards, slower than the Tanaka migration rate,
but still too fast. Typical timescale are of the order 105 years depending on the planet’s mass, the
location where it opens the gap (it should undergo type I migration before becoming big enough
to open a gap) and when in the disc’s lifetime it does so. As the ratio between the planet’s and the
local disc’s mass decrease with time and become comparable, migration slows down before finally
stopping (Alexander & Armitage 2009; Mordasini et al. 2009a).

Nelson & Papaloizou (2004) advocate that discs being turbulent, an embedded planet will per-
ceive different density gradients exerting different torques, outwards as much as inwards. One
then should not see a monotonous migration. This also implies that migration rates as described
in Tanaka et al. (2002) should be slower.

Planets are rarely born on their own, our Solar System is a good example, and an increasing
number of system show that having several gas giants in a system is not rare. The presence of
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5.1. The Origins of hot Jupiters

Figure 5.3: Result from a
planet population synthesis
code. Planet embryos start
at the bottom of the graph
at various orbital distances.
They accrete mass and mi-
grate. Colours represent
different migration mecha-
nisms: (red) reduced Type
I, (blue) Type II disc dom-
inated, (green) Type II at
breaking phase. The simu-
lation is stopped when the
disc has dissipated and the
resulting distribution can
be compared to data. Var-
ious initial conditions can
be thus tried and tested.
Figure obtained from Mor-
dasini et al. (2009a).

1150 C. Mordasini et al.: Extrasolar planet population synthesis. I.

Fig. 8. Planetary formation tracks in the mass-distance plane. The large black symbols show the final position of a planet. The shape of the symbols
is explained in the text. Planets reaching the feeding limit at atouch (indicated by the long dashed line) have arbitrarily been set to 0.1 AU. The short
dashed lines have a slope of −π (discussion in Sect. 5.1.3). Each track is color-coded according to the migration mode, and small black dots are
plotted on the tracks every 0.2 Myr to indicate the temporal evolution of a planet.

contain a large sub-population of low mass planets. This is com-
patible with the non-detection of giant planets around 90 to 95%
of nearby solar like stars.

In Fig. 9, left panel, exemplary formation tracks for a number
of such planets are plotted. As expected from Eq. (12) for Miso,
“failed cores” can reach larger masses at larger distances. The
right panel of Fig. 9 shows the temporal evolution of the mass
and semimajor axis of one typical “failed core”. This seed starts
at astart = 3.7 AU in a disk with fD/G = 0.028 ([Fe/H] = −0.15)
and Σ0 = 165 g/cm2. This initial position is situated not far out-
side the iceline. For such a solid surface density, forming the ini-
tial seed takes a significant amount of time (cf. Fig. 7), namely
about 1.1 Myr.

As is shown in the right panel of Fig. 9, the core then quickly
accretes all planetesimals in its reach. Gas accretion is of negli-
gible importance. At about 1.2 Myr, the mass of the core ap-
proaches the local isolation mass2. For the remaining 0.2 Myr of
evolution, the core grows only very slowly. The envelope now

2 From Eq. (11) one would calculate a Miso of about 2.8 M⊕, using
BL = 4. However, as we do not reduce the initial solid surface density
by the amount of material already in the initial seed, a value larger for
the mass by about 3/2 × Memb,0 is obtained.

becomes more massive, due to the reduced luminosity of the
core. The evolution of this planet corresponds to the two first
phases described by Pollack et al. (1996), with the difference
that further evolution is inhibited by the dispersion of the proto-
planetary nebula after 1.45 Myr. At this time, we are left with a
“failed core”, consisting of about 3.6 M⊕ of heavy elements, and
∼0.1 M⊕ of gas. The extent over which migration occurred is tiny
because of fI = 0.001, roughly 0.004 AU, much less than the ex-
tent of the planet’s Hills radius. The fact that further growth is
inhibited by the disappearance of the gaseous disk is character-
istic for this type of planet.

The vast sub-population of “failed cores” is not identical to
the final terrestrial planet population, expected to be located in
a similar a − M region. Rather, they represent an earlier mo-
ment in evolution. “Failed cores” are formed from one large em-
bryo accreting small field planetesimals while the gas disk is
still present. Terrestrial planets on the other hand derive their
final properties from giant impacts between bodies of a sim-
ilar size (several “failed cores”) on much longer timescales, a
phase missing in our model. We expect that after disk dispersal,
all the “failed cores” of one disk would start to interact gravita-
tionally, leading to scattering, ejections and collisions, until the

two planets in a disc disrupts seriously the rates described above. At first one can assume that the
planets migrate as if they were alone, but migrating at different rate they can fall in mean motion
resonances (including Trojan configurations (Thommes 2005)) and then migrate as a pair. Some
configurations are unstable but the presence of the disc can dampen eccentricities and inclinations
leaving the system in a stable configuration when the disc dissipates (Papaloizou & Larwood 2000;
Crida et al. 2008) though this is challenged by Matsumura et al. (2010b). The opening of a common
gap to both planets with the most massive being on an inner orbit, leads to an outward planet mi-
gration like described in Masset & Snellgrove (2001). This outward migration can go back ∼ 100
AU if the disc is viscous enough and large enough (Crida et al. 2009). This scenario is at the core
of the Nice-model (eg. Levison et al. (2008)) which attempts at explaining the planets and asteroid
belts configuration in our own Solar System.

None of these migration scenarii give a stopping mechanism: what happens when a planet
reaches the inner edge of the disc is mostly unknown territory. In addition most of the papers
above depend heavily on α-discs (as in Shakura & Sunyaev (1973)) to describe a mostly unknown
parameter: the viscosity of the disc. The initial conditions such as the disc mass and distribution
is also something being debated. The only stopping mechanism besides when the disc’s mass is
small enough that the planet does not perceive it anymore, is a mechanism developed by Rice et al.
(2008) and involving the magnetospheric gap creating the inner edge of the disc. Furthermore a
host of effects at present neglected could be shown to affect migration rates. But, the picture where
migration was a one way route to the star and quite fast at that, has now changed. The different
inwards and outwards rate give rise to convergence zones where planets can gather. Attempts
to apply the physics of disc migration into codes exploring a vast array of initial conditions are
being pursued by Ida & Lin (2004) and subsequent papers as well as by Mordasini et al. (2009a)
and subsequent papers... If the migration rates needed to be tweaked to avoid all planets falling
into the star and none surviving, the addition of the recent developments outlined above allowed
the removal of those fudge factors, as presented by Mordasini et al. (2011), the unfortunate conse-
quence being that to explain the population of gas giants beyond orbital separation of 1 AU, only
half the hot Jupiters that are observed can now be produced (Mordasini, priv. comm.).
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Figure 8. Tidal evolution of WASP-17 with different initial tidal quality factors along the dashed lines in Figure 7. The black and orange curves correspond to the
semimajor axis and eccentricity evolutions, respectively. The vertical dashed lines are drawn at 0.1 Gyr for comparison. Left: different initial conditions along the
lowermost horizontal dashed line in Figure 7 that indicates the survival time of 0.1 Gyr. Three runs with the same initial stellar tidal quality factor Q′

∗,0 = 9.13 × 104,
and different initial planetary tidal quality factors are shown. The dotted, solid, and dashed curves correspond to Q′

p,0 = 7.43 × 104, 7.43 × 105, and 7.43 × 106,

respectively. Orbital decay time is determined by the tidal dissipation in the star, since the decay time does not change for different Q′
p,0 values. For Q′

p,0 > 7.43×105,
it is clear that the eccentricity damps on the same timescale as the orbital decay. Right: different initial conditions along the leftmost vertical dashed line in Figure 7
that indicates the circularization time of 0.1 Gyr. Three runs with the same initial planetary tidal quality factor Q′

p,0 = 7.43 × 105 and different initial stellar tidal

quality factors are shown. The dotted, solid, and dashed curves correspond to Q′
∗,0 = 9.13 × 103, 9.13 × 104, and 9.13 × 105, respectively. For Q′

∗,0 < 9.13 × 104,
both the orbital decay and the circularization times are much shorter than 0.1 Gyr. For Q′

∗,0 > 9.13 × 104, both become comparable to or longer than 0.1 Gyr.
(A color version of this figure is available in the online journal.)

Figure 9. Same as Figure 7, but with the effects of magnetic braking included.
There is very little difference for the future tidal evolutions with and without
magnetic braking. The vertical and horizontal dashed lines are the same as in
Figure 7.
(A color version of this figure is available in the online journal.)

the orbital distributions of single- and multiple-planet systems
should be different for planet migration. On the other hand,
gravitational interactions combined with tidal circularization

may be able to explain such a difference, because strong
gravitational interactions tend to disrupt the system, and thus
currently observed multiple-planet systems are unlikely to
have been strongly perturbed by stellar/planetary companions,
and/or to have undergone catastrophic scattering events.

Another indication comes from the similarity between the
stellar obliquity distribution derived from the observed systems
and the distribution predicted by the Kozai migration scenario
(Fabrycky & Tremaine 2007; Wu et al. 2007). Triaud et al.
(2010) observed the RM effect for six transiting hot Jupiters
and found that four of their targets appear to be in retrograde
orbits with a projected stellar obliquity >90◦. Combining the
previous 20 systems with such measurements, they pointed
out that 8 out of 26 systems are clearly misaligned and that
5 out of 8 misaligned systems exhibit retrograde orbits. They
also derived the stellar obliquity distribution by assuming an
isotropic distribution of the stellar spin with respect to the
line of sight and found that the distribution closely matches
that expected from the Kozai migration scenario (Fabrycky &
Tremaine 2007; Wu et al. 2007). Fabrycky & Tremaine (2007)
and Wu et al. (2007) independently studied the possibility of
forming a close-in planet by considering the combined effects of
secular perturbations due to a highly inclined distant companion
star (i.e., Kozai-type perturbations) and tidal interactions with
the central star. In this scenario, a Jupiter-mass planet which
was initially on a nearly circular orbit at ∼5 AU can become
a hot Jupiter. The mechanism involves a companion star on
a highly inclined orbit (&90◦), which perturbs the planetary
orbit and increases its eccentricity. Once the pericenter distance
of the planet becomes small enough for tidal interactions
with the central star to be important, energy dissipation leads
to the circularization of the planetary orbit and eventually to
the formation of a hot Jupiter with a small, or nearly zero,

Figure 5.4: Tracks follow the orbital decay of WASP-17 b due to tidal dissipation. In orange, evo-
lution of the eccentricity, in black, evolution of the semimajor axis for various tidal Q′. The planet
is Darwin unstable: it is spiralling towards the star. Left: three different planet Q′p for one stellar
tidal Q′? kept constant. Right: three different tidal Q′? while keeping the planet’s tidal Q′p constant.
WASP-17’s age has been estimated to be < 3 109 years. Figure from Matsumura et al. (2010a).

Attempts to check the physics describing those population synthesis simulations are made by
comparing the simulated planet distributions with observed planet distribution (eg. Mordasini
et al. (2009b)). In my mind those models are still lacking an essential feature (what will now fol-
low): evolution and multiplicity. At the moment only one planet at a time is placed in a disc and
migrated when we know multiplanetary systems exist. As the disc dissipates, configurations that
may have been stable could no longer be, giving rise to planet-planet scattering changing the shape
of the planet distributions. Thommes et al. (2008) attempted a few of those features in a limited ca-
pacity. I have heard that the next generation of population synthesis code will include those effects.

dynamical interactions and tidal friction

Under this title hide several mechanisms, but all are concerned with the gravitational interac-
tions of more than two bodies. Very quickly after the discovery of 51 Peg b, it has been suggested
by Rasio & Ford (1996) that planet-planet interactions could lead to the scatter of one giant planet
towards the inner parts of its system. Since a series of papers have tried to simulate this interac-
tions with various initial conditions and applied physics.

Often people people think of planet-planet scattering as a one-off event of two planet’s skim-
ming each others. This image is wrong. Planet-planet interactions can happen on secular timespan
and can happen from before the disc disperses entirely to well after the disc is gone. A system
which was stable when the disc transformed the repartition of mass can go unstable when the disc
disappears (Matsumura et al. 2010b).

Those dynamical events place a planet on highly eccentric orbit. At periastron passage the
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5.1. The Origins of hot Jupiters

Figure 5.5: Planet mass as a func-
tion of orbital separation in units of
Roche radii. In black transiting sys-
tems. In orange planets found us-
ing the Doppler technique for which
a radius is assumed. Figure obtained
from Matsumura et al. (2010a).

No. 2, 2010 TIDAL EVOLUTION OF CLOSE-IN PLANETS 2009

Figure 10. Planetary to stellar mass ratio as a function of semimajor axis
normalized to the Roche-limit distance. For non-transiting planets (orange
circles) without planetary radius information, we assume a Jupiter radius for
planets with mass larger than 0.1 MJ, and a Neptune radius for planets with
smaller mass. Most close-in planets lie beyond two times their Roche limit. One
planet, WASP-12b, has a non-zero eccentricity and a very small semimajor axis
(a ! 1.3aR).
(A color version of this figure is available in the online journal.)

eccentricity. They found that hot Jupiters formed this way tend
to be in misaligned orbits and frequently in retrograde orbits.
Planet–planet interactions around a single star (without a binary
companion) could also form hot Jupiters via Kozai migration
(Nagasawa et al. 2008).

Yet another clue regarding the origin of close-in planets is
related to the above scenario and comes from the inner edge of
the orbital distribution for hot Jupiters. Ford & Rasio (2006)
proposed that the observed inner cutoff for hot Jupiters is
defined not by an orbital period, but by a tidal limit, and studied
such a cutoff of the distribution of close-in giant planets in
the mass–period diagram by performing a Bayesian analysis.
Assuming that the cutoff slope in such a diagram follows the
Roche limit, they found that the observations suggest an inner
cutoff close to twice the Roche limit. This can be explained
naturally if the planetary orbits were initially highly eccentric
and later circularized via tidal dissipation while conserving
orbital angular momentum. They suggested that this result is
inconsistent with the migration scenario, because migration
would lead to an inner edge right at the Roche limit (a factor of
2 closer to the star than what is observed).

In Figure 10, we extend the work of Ford & Rasio (2006) by
including all more recently discovered planets and plot planetary
and stellar mass ratio against the semimajor axis in terms of the
Roche-limit separation (Paczyński 1971):

aR = 3
2
Rp

(
Mp

3(M∗ + Mp)

)−1/3

∼
Rp

0.462

(
Mp

M∗

)−1/3

. (19)

Here, we assume that the Roche radius of the planet, which
is defined so that its spherical volume is equal to the volume
within the Roche lobe, is equal to the planetary radius. Thus,

the Roche-limit separation used here is the lower limit. For non-
transiting planets without a measured planetary radius (orange
circles), we assume a Jupiter radius for planets with mass larger
than 0.1 MJ, and a Neptune radius for less massive planets. It
is obvious that most planets still exist beyond twice the Roche
limit (the vertical dashed line). However, there are now five
planets which lie within this limit (OGLE-TR-56, CoRoT-1,
WASP-4, WASP-19, and WASP-12) with a/aR ∼ 1.70, 1.67,
1.66, 1.30, and 1.24, respectively. We need to assess whether
these planets will change the claim by Ford & Rasio (2006) and
support the migration scenario over the scattering/Kozai-cycle
scenario. Note that the two recently discovered “extreme” close-
in planets, with orbital periods less than 1 day, CoRoT-7 b and
WASP-18 b, have a/aR ∼ 2.76 and 3.52, respectively.

The existence of at least some of these planets inside 2aR may
still be explained as a result of the tidal circularization of an
eccentric orbit. One of the possibilities is that the orbits of these
planets were originally circularized beyond twice the Roche
limit, but the planets have migrated inward after circularization
due to the tidal dissipation in the star. All of the planets within
2aR can be potentially explained this way. Another possibility
is that their orbits used to have a pericenter distance close to the
Roche limit, but the initial eccentricity was smaller, e ! 0.7.
In such a case, the expected period of the circularized orbit
would be comparable to the current orbital period for OGLE-
TR-56, CoRoT-1, and WASP-4, since they all have a/aR ∼ 1.7.
However, systems with smaller ratios of the semimajor axis to
Roche-limit separation (WASP-12 and WASP-19) are unlikely
to be explained this way. This is because their current semimajor
axes (a/aR ! 1.24 and 1.30) would demand small initial
eccentricities (ei ∼ 0.24 and 0.30), and thus small initial
semimajor axes (a0 ! 0.024 AU and 0.018 AU, respectively).
This means that they have to be either born at such close-in
locations, or scattered into such an orbit, which would be very
difficult. Yet another possibility is that these planets used to
have a smaller Roche-limit separation, due to a larger mass or
a smaller radius. The orbits of these planets might have been
circularized as the planet lost mass (e.g., Lammer et al. 2003;
Lecavelier Des Etangs 2007), or the planetary radius expanded
due to tidal heating (e.g., Bodenheimer et al. 2001; Gu et al.
2003). For OGLE-TR-56, CoRoT-1, WASP-4, WASP-19, and
WASP-12 to be circularized at twice the Roche limit, either
the past planetary masses must have been 2.13, 1.78, 1.53,
4.19, and 5.98 MJ, respectively, or the past planetary radii must
have been 1.18, 1.24, 1.21, 0.829, and 1.11 RJ, respectively.
Since the mass-loss rate can only be at most ∼10%, even for
a low-density planet like WASP-12 (Lammer et al. 2009), it
is unlikely that a larger mass in the past could be the correct
explanation. On the other hand, tidal inflation of the planetary
radius is a transient phenomenon (e.g., Ibgui & Burrows 2009).
To explain the current orbital radius by invoking a smaller
planetary radius in the past, we have to catch the planet just
as its radius is inflating. Such a scenario may be possible,
but appears unlikely. Interestingly, CoRoT-1 is observed to
be strongly misaligned with λ = −77 ± 11 deg (Pont et al.
2010), which suggests a violent origin, while WASP-4 has
a stellar obliquity of 4+34

−43 deg (Triaud et al. 2010), which is
consistent with alignment. We urge observers to determine the
projected stellar obliquity for OGLE-TR-56, WASP-19, and
WASP-12. Alignment does not necessarily support the planet
migration scenario over the violent origin, but misalignment
would clearly imply a significant past dynamical interaction
involving scattering or Kozai cycles.

planets feels strong tidal forces, which dissipates part of the orbital energy away, heating up the
planet in the process. The planet is tidally captured. The semimajor axis thus reduces and the orbit
circularises in what we may call tidal migration. For orbits with e > 0.7 and a starting semimajor
axis of a few AU, periastron is about one Roche limit from the star. After circularisation one ex-
pects to find planets beyond two Roche radii from the star (Ford & Rasio 2006). Planets which
periastron was not within the "hot Jupiter Parking zone" felt weaker tides. Those planets are still
eccentric, and if transiting, should follow the predicted distribution of orbital obliquities. In the
meantime, planet-planet scattering explains well the distribution in orbital eccentricities (Jurić &
Tremaine 2008; Chatterjee et al. 2008; Ford & Rasio 2008).

After being parked on circular orbits of a few days, in most cases their orbit, being within the
stellar corotation orbit, will decay due to being tidally "Darwin unstable" (Darwin 1879; Levrard
et al. 2009; Matsumura et al. 2010a). Thus the few planets whose orbital separation is within two
Roche radii, such as WASP-19 are on in-spiralling orbits. Matsumura et al. (2010a) shows that a
number of planets should fall into their star in a time shorter than the estimated age of the star
around which they orbit. This points towards dynamical events happening well after disc disper-
sion, sometimes even several Gyr later. The treatment of tides could also impact the results.

The major current source of uncertainty comes from the treatment of tides and the use and
values of the tidal Q′ which is obtained from a tidal dissipation quality factor Q as defined in Gol-
dreich (1963) not unlike the quality factor of a damped harmonic oscillator (Murray & Dermott
2000). Q quantifies the dissipated energy for each oscillation and is thus linked to the forcing fre-
quency, which here is given by synodic period between the stellar rotation and the orbital period
of the planet. Q′ also includes information about the internal structure of the studied object by way
of a Love number k (Barker & Ogilvie 2009). Ogilvie & Lin (2004, 2007) remark that although most
papers assume a constant Q′ in their treatment of tides, it has a complex relation with the orbital
frequency, which is changing as the planet’s orbit decays. This area of research is very active.
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Figure 8. Evolution of a three-planet system similar to Figure 4. Left: semimajor axis evolution of three planets. Right: corresponding e and i evolution. Dynamical
instability occurs after the disk dissipation. A planet collides with the central star, leaving the other two planets on eccentric and inclined orbits.
(A color version of this figure is available in the online journal.)

Figure 9. Left: semimajor axis and Mp sin i scatter plot for t7d1. Right: the corresponding eccentricity and Mp sin i scatter plot. Here, i is chosen randomly over
0–180 deg.
(A color version of this figure is available in the online journal.)

6. For the range of disk masses we use, we do not see a
significant difference in outcomes when taking account
of the saturation of corotation resonances, and hence the
reduction in eccentricity damping.

7. We find that the combined effects of disk–planet and
planet–planet interactions lead to both low- and high-order

MMRs. Our results also indicate that, without perturbing
effects (e.g., turbulence), too many planets may be trapped
in MMRs.

8. Starting with relatively well aligned, prograde orbits, we
find that planet–planet interactions are not efficient in
producing retrograde orbits.

Figure 5.6: Simulation following the orbital evolution of a three planet system. The simulation
followed the three planets in the disc and after the disc dispersed. An instability developped and
a planet collides with the central star. The other two are left on eccentric and inclined orbits. Left:
colours contours represent the disc’s surface density and the planet’s orbital evolution. Right:
evolution of orbital eccentricity and inclination. Figure obtained from Matsumura et al. (2010b).

A possible hurdle was solved by Guillochon et al. (2011) and Matsumura et al. (2010a): as the
planet circularises, an enormous amount of energy needs to be dissipated. Critics of tidal circular-
isation of highly eccentric orbit were saying that the dissipated energy is greater than the binding
energy of the planet. Circularisation would lead to the planet’s disruption. Guillochon et al. (2011)
take this into account and manage to tidally bring almost all known hot Jupiters to their current
orbit from another orbit which initial conditions were a semimajor axis reaching beyond the snow
line and a high eccentricity. According to these authors, only a dozen of the known hot Jupiters
could not have arrived on their current orbit through such a process but would have needed a
smaller initial semimajor axis. This dozen includes all those planets which current orbital dis-
tance is smaller than two Roche radii. Since we know those are on infalling orbits, they are not a
contradiction as they could have circularised at larger periods and decayed ever since. Anyway,
dynamical events and tidal migration do not contradict disc migration, they can supplement it
and basically take over from where the planets got deposited, in some grand orbital redistribu-
tion. Furthermore, let’s remark here that planets with orbital period < 3 days are very rare; we
find them very easily in transit surveys thanks to their short period and higher Doppler amplitude
(see Hellier et al. (2011) for a estimate of the chance to catch a planet on its infall). Matsumura et al.
(2010a) find that energy dissipation in the star is greater than in a planet, alleviating the problem.

Various dynamical events leading to an eccentric orbit can be:

• Interactions between a planet and the second star of a binary system can lead to an increase
of the planet’s orbital eccentricity. This eccentricity is exchanged cyclically for a change in
orbital inclination of the binary orbital plane. This interaction start at a critical angle where
the planetary orbital plane and binary orbital plane have an obliquity ψ > 39.2◦. This is
called the Kozai mechanism (Kozai 1962) which can lead to Kozai migration (Wu & Murray
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5.1. The Origins of hot Jupiters

being raised on the star by the planet. The tidal field of the planet
applies a torque to the rotational bulge of its host star, which causes
the spin axis to precess; compared to the fixed reference frame of
the third body’s orbit, the host star’s spin axis oscillates with large
amplitude (panel f ). To conserve angular momentum, the plan-
et’s orbit likewise precesses, but on a considerably smaller scale—
it is the few degree wiggle in the inclination after migration (after
2.8Gyr in panel c).Wewill consider these alignment issues inxx 6
and 7.4.

3. ANALYTIC UNDERSTANDING OF KCTF

In this section we seek an approximate analytical theory of
KCTF. To lowest order in ain/aout, the tertiary component presents
a quadrupole tide to the inner binary. As ain shrinks byKCTF, this

approximation will become better and better. The instantaneous
quadrupole-order Hamiltonian is (Ford et al. 2000)

F ¼ " Gm1m2

2ain
" G m1 þ m2ð Þm3

2aout
þ F q; ð9Þ

F q ¼ " Gm1m2m3

m1 þ m2

r2in
r3out

P2 cos!ð Þ; ð10Þ

where rin is the vector from m1 to m2, rout is the vector from the
inner binary center of mass tom3,! is the angle between rin and
rout, and P2(x) ¼ 3/2ð Þx2 " 1/2.

This quadrupole-order potential may be integrated over the
unperturbed motion in both orbits to remove short-period terms,
which depend on the two orbits’ mean anomalies. However, as in

Fig. 1.—Evolution of a planet initially in an orbit with ain ¼ 5 AU, i ¼ 85:6&, ein ¼ 0:1, and !in ¼ 45&, as a hypothetical progenitor to HD 80606b. The spins of both
the planet and its host star were initialized with zero obliquity. The stellar companion was assumed to havem3 ¼ 1:1 M', aout ¼ 1000 AU, and eout ¼ 0:5. The values of
structural parameters were the same as those used by Wu &Murray (2003), and the viscous times were tV ;star ¼ 50 yr and tV ;planet ¼ 0:001 yr (see the Appendix). Energy
dissipation is dominated by the planet. The diamonds mark the current position of HD 80606 along this possible evolution.

KOZAI CYCLES WITH TIDAL FRICTION 1301No. 2, 2007

Figure 5.7: Simulation of the orbital evolution of a planet inside a wide binary system resembling
HD 80606. For each subfigure, the left hand side shows a zoom on the first steps of what is shown
on the right hand side. Top left we see the evolution of the planet’s eccentricity. Top right, we see
the evolution of the semimajor axis of the planet ain, and of its periastron ain(1 − e). Every time e
is close to 1, ain changes. Eventually it leads the planet to fall towards the star. The obliquity of the
planet ψ with respect to the stellar spin axis is shown at the bottom left. What we measure is β the
projection on the sky of ψ. Figure obtained from Fabrycky & Tremaine (2007).
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2003; Wu et al. 2007; Fabrycky & Tremaine 2007). Binaries which are separated by more than
40 AU have random orbital planes inclinations with respect to their individual rotational
planes (Hale 1994). Any planetary system born in a widely separated binary thus has a
strong chance to experience Kozai cycles. Those can lead a planet to have periodically an
orbit eccentric enough to experience strong tidal interactions with its host star. After a while
precession due to General Relativity become dominant over the influence of the binary and
Kozai oscillations stop. Malmberg et al. (2007a) and Malmberg & Davies (2009) show the
action of the Kozai mechanism on multiplanetary systems: most of the planets are ejected.
We would expect to still be able to detect the binary companions. Those can be located quite
far, up to a few 1 000 AU.

• Planet-planet interactions can lead to a rearrangement of one planet towards shorter orbital
radii and one to larger periods. Through the scatter, it can happen that both orbital plane
are oblique by more than the Kozai criterion in which case further changes in the orbits will
occur as outlined in Nagasawa et al. (2008). It can also happen that planets are ejected from
the system. From this we expect a population of planets on inclined eccentric orbits with
semimajor axis of order 100 AU.

• Many simulations used for planet-planet scattering often start with several planets which or-
bits are unstable to start with. Scattering thus happens on quite short timescales. More recent
developments about planet-planet scattering treat secular effects between planets which a
priori looks like being in stable configurations. A revised treatment of the Kozai mechanism
(for smaller mass perturbers) leading to secular variations in the inclinations of planetary
orbital plane is presented in Naoz et al. (2011). These authors produce retrograde planets,
but still need to start with an outside perturber on an inclined orbit. Why that perturber
is on an inclined orbit is unclear but could be the result of a past planet-planet interaction
as described above. Another secular process is secular chaos theory as outlined in Lithwick
& Wu (2010) in the case of Mercury (see also Laskar (2008) and Laskar & Gastineau (2009))
as well as in Wu & Lithwick (2010) for the production of hot Jupiters. This secular process
again places a planet on a highly eccentric orbit which then tidally migrates. In this partic-
ular case the produced hot Jupiter used to be the innermost gas giant of a multiplanetary
system which orbital inclinations are only slightly different (very much like in our own So-
lar System). If this is true, hot Jupiters should come with planetary companions on circular
orbits. Those could be positioned quite far out but still within a typical protoplanetary disc
size.

Finally, external events can lead a stable system to go unstable. This is work notably presented
in Malmberg et al. (2007b) and Malmberg et al. (2011). They argue that a stellar fly by within
100 AU can insert a perturbation which grows during a few Gyr and leads to an instability and a
scattering event. Those events can happen from the very beginning of a system’s history: in the
birth cluster where stellar densities are large, but also at later stages such as inside open clusters,
or when stars cross spiral arms. From N body simulation of open clusters Malmberg et al. (2007b)
show that a third of stellar systems in their simulation have had dynamical interactions, either due
to a close fly-by by another star, or even by getting inserted into binaries during the lifetime of the
cluster.

As Dan Fabrycky once told me, in system dynamics, configurations that cannot be obtain are
rare. They are many ways to "mess up" planetary systems. Hot Jupiters are found only around
one star in 200. A very low number.
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5.2 Observational Clues

Let’s now review some of the observational evidence in the light of the theoretical develop-
ments outlined just earlier.

5.2.1 Using the multiplicity argument

Different migration pathways could be expected to deposit planets at different semimajor axes.
Thus, can we expect anything from this distribution?

There has been a strong observational effort to try and detect planets via Transit Timing Varia-
tions (TTV) which method is described in Holman & Murray (2005) and Agol et al. (2005), with the
aim to find non transiting planets which could not be detected via the Doppler method. TTVs are
mostly sensitive to the presence of a second planet in mean motion resonance with the one we see
transiting. These configurations could have happened during the migration of a system in a disc
(Kley et al. 2005), but not in the case of multi body dynamics and subsequent tidal circularisation.
A few papers report detections of TTVs but none have undoubtedly detected a small planet in
a system where a hot Jupiter is present2. This simple observational fact is something confirmed
in the results by the satellite Kepler which would have been able to detect small transiting bodies
on orbits of a few days. Out of the 65 hot Jupiter candidates they detected, not one is in a multi-
planetary system (the only candidate they produced with close-in gas giants was KOI-961, with a
Jupiter at 0.45 day, a Neptune at 1 day and another Jupiter on a 2 day orbit (Borucki et al. 2011;
Lissauer et al. 2011b). But a refined analysis of this system (hard to characterise because of the
shortness of the orbit and the 30 minutes integration time of the Kepler satellite) appears to show
that the size of those planets is probably much smaller than that announced. They are more likely
Neptune-sized objects than Jupiter-sized (Darin Ragozzine, Flagstaff conference, April 2011)).

If the lack of observed TTVs for hot Jupiters is not contradicting disc migration (there are num-
ber of reasons why no such planet should exist, for example the planets formed at completely
different times, or an orbital tidal decay could have disrupted the resonance), it also goes along
the way of dynamical interactions where we expect not to see them.

Radial velocity observations also show a dearth of multiplanetary system whose innermost
planet is a hot Jupiter. Those can be counted on one hand: υ Andromeda (McArthur et al. 2010)
and HD 187123 (Wright et al. 2009b). Other systems could be: HD 217107 (Wright et al. 2009b),
HIP 14810 (Wright et al. 2009a) and 55 Cancri (Dawson & Fabrycky 2010), but their inner gas giant
has an orbit > 6 days and often mildly eccentric so that their periastron does not correspond to a
hot Jupiter’s semimajor axis. In fact they resemble a lot WASP-38 b which I have trouble naming
a hot Jupiter3. 55 Cancri, υ Andromeda, HIP 14810 have their second gas giant within 1 AU. In
HD 187123 and HD 217107, the second planet is out at around 5 AU and thus unlikely to have mi-
grated much.

Strong dynamical events are disruptive for planetary systems as we saw earlier. Although the
Kozai mechanism gives little chance to planets other than the one that would have circularised
to have survived, the other mechanisms do predict that hot Jupiters ought to be found in multi-
planetary systems. Strong planet-planet scattering for example predicts the presence of an outer

2Else transit timing variations have been observed on a number of Kepler candidates, but those are not hot Jupiters,
but smaller mass planets and/or at larger orbital radii (Holman et al. 2010; Lissauer et al. 2011a).

3the definition of a hot Jupiter is a little fuzzy, is it determined in semimajor axis, periastron passage or orbital period?
I usually take periastron passage within 0.05 AU; a definition based on the tidal influence might be good too. Barker &
Ogilvie (2009) indicate that tides dominate orbital evolution for orbits < 6 days.
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Figure 5.8: All the Kepler systems where transits from two different planet candidates are detected.
Figure courtesy Dan Fabrycky, present in Lissauer et al. (2011b).
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Figure 5.9: Detection limits for WASP-16. In bold, the 99 % detection limit. Any planet in the space
above would have been detected. Dotted line: same limit but taking the best phase configuration
possible. Thin line: average of the 20 phases that were considered. This plot shows we are reaching
the precision and timespan necessary to detect another gas giant in the midst of the 2nd rise in
planet numbers shown in figure 5.10. Such an analysis planned for each of the WASP planets with
enough baseline and RV precision. For details on the computation needed to realise this plot, see
Maxime Marmier’s thesis. The methodology used is similar to that found in Naef et al. (2005) and
Cumming et al. (2008), which will also appear in Mayor et al. (in prep)

planet on a highly eccentric orbit (Nagasawa et al. 2008). Those are too far for us to detect via the
radial velocity method. Maybe direct detection might image them in the near future. Secular chaos
theory predicts we should find at least two other planets on circular orbits, also quite far from the
central star but on orbits similar to the gas giants in our own system. Those should also be more
massive (Wu & Lithwick 2010).

HD 187123 has an architecture expected from secular chaos; 55 Cancri, υ Andromeda, HIP 14810
have probably disc migrated, having several gas giants within the ice line. The presence of an Earth
size planet inside 55 Cancri b’s orbit is a strong constraint (Winn et al. 2011b; Demory et al. 2011)
for that scenario. So is the apsidal alignment of two of the planets around υ Andromeda (Chiang
et al. 2001). HD 217107 is a bit of a mystery: the inner gas giant looks like one that could have
migrated (it is a little too far from the star to have circularised from a longer, eccentric orbit), but
then, why has not its companion migrated too?

Transit surveys have had less time to complete the detection of extra planets at long periods.
Only two multiplanetary systems have been announced: Hat-P-13, which looks a lot like υ An-
dromeda (a hot Jupiter on a 3 day period and a second 15MJup planet immediately after), and
Hat-P-17 which looks like a good candidate for secular chaos theory. So far no WASP multiplan-
etary system has been announced though several long term drifts have been announced. Those
may be caused by planets or stellar objects. An example of a detection limit to the presence of a
second planet in the WASP-16 system is given in figure 5.9. We could have detected a planet of
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Figure 5.10: Only planets found using the Doppler method with masses > 0.1 MJup orbiting stars
> 0.6 M� top: Plain red histogram shows the distribution in semimajor axis of planets for which
no other planetary companion has been found to date. Dotted histogram shows the distribution
in semimajor axis of planets which are found in multiplanetary sytems. In the case that the system
had planets <0.1MJup, these have not been included. We only compare gas giants. bottom: Same
but as a cumulative distribution. Data obtained from exoplanet.eu, and graph updated from
Wright et al. (2009b).
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Figure 5.11: 100 000 ran-
dom trials to match the
multiplanetary distribu-
tion shown in figure 5.10
to the single planet popu-
lation. For the seven inner
bins (<0.12 AU) we would
expect to have observed
about 15 ± 4 gas giants.
Only five have been dis-
covered and announced.
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about 1MJup out at 3 AU. Increasing to longer period will take some time.

Wright et al. (2009b) have analysed the distribution of semimajor axes of planets found via
the Doppler method and concluded that the distribution of planets in single systems is not the
same than that which characterises the multiplanetary systems. I have updated the graphs to the
current situation, which are presented in figure 5.10. I have only selected planet found on stars
with masses > 0.6M� and planets with masses > 0.1MJup. We still observe the so-called "3-day
peak" characteristic of the hot Jupiter population. I ran a Monte-Carlo simulation to test if both
distributions were the same. Thus, assuming both distributions are the same I drew randomly
from the single planet population, a simulated population of planets in multiplanetary system. I
obtained a distribution of the number of gas giants within 0.12 AU that should have been observed
if both distribution where the same. Figure 5.11 shows the resulting distribution. This result is to
take with caution. Some surveys were biased in metallicity to discovery more planets, and their
completeness is uncertain. Both distributions are also correlated: if a Neptune mass planet were to
be found in a system where only one Jupiter was known before, it would take away a planet from
the single planet population and add one in the "gas giant in multiplanetary system" population.

To illustrate that doubt, I should point out that the three day peak is not at all evident in the
analysis of the distribution of gas giant planets from the Kepler data, done by Howard et al. (2011).

A final point ought to be made. As shown by Dan Fabrycky (at the OHP conference), there
are a number of systems with gas giants in mean motion resonances. Removing the GJ 876 system
which is around an M dwarf4, among all the other systems showing mean motion resonances
between two of their gas giants, the innermost of these giants are located at about 250 day period,

4its snow line was closer to its star than for solar type stars and its planets might have migrated far less than gas
giants around solar type stars
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slightly inward to the 1 AU peak that can be noticed in figure 5.10. Mean motion resonances
are expected to be created while multiple planets are disc migrating, each a slightly different rate
(Kley et al. 2005). The presence of those resonances could then be interpreted as a signpost for disc
migration having been at work. Because we do not see such systems closer than around 1 AU, we
may interpret it has a marker of where most planets stop disc migrating (one system does not obey
that rule: Kepler-9 (Holman et al. 2010)).

5.2.2 The metallicity correlation

Santos et al. (2004) showed there is a correlation between the presence of gas giants and the
metallicity of the star. Population synthesis codes such as Mordasini et al. (2009a,b) reproduce
such a correlation and interpret it as being the sign of a more efficient planet formation. Having
more metals in the disc would facilitate core accretion and thus the presence of gas giants. I’ll
remark here, that having more gas giants in a system may trigger more easily some planet-planet
interactions, those which eventually can lead to the formation of hot Jupiters.

5.2.3 The eccentricity distribution

Wright et al. (2009b) claim that planets which are observed as being single tend to have higher
eccentricities than planets observed in multiplanetary systems (excluding hot Jupiters to avoid
contamination from tidal circularised planets). It is hard to point to one particular phenomenon.
This result is one that could be expected out of strong planet-planet scattering and Kozai migra-
tion, but likewise in secular chaos theory where we would expect other gas giants further out. Jurić
& Tremaine (2008) reproduce the eccentricity distribution well for e > 0.2, meaning another mech-
anism might be responsible for the mildly eccentric orbits. Planet-disc interactions could do that
(Goldreich & Sari 2003). Eccentricity could vary due to secular interactions between the planets as
outlined for the case of υ Andromeda by Chiang et al. (2001). Planet-planet scattering simulations
also eject a large number of planets that we may one day detect as free floaters (a recent detection
claim of such a population is presented in Sumi et al. (2011)).

Furthermore, the highest eccentricities (> 0.8) are at the moment only found in single planet
systems, which are found often in wide binary systems (HD 80606, HD 156846, HD20782) sugges-
tive of the Kozai mechanism; Ford & Rasio (2008) point out that those could also well be explained
with planet-planet scattering, but that a combination of several dynamical effect is not unlikely.

5.2.4 The study of our own Solar System

We fortunately have gas giants in our System (for example we won’t have the same luck when
studying the mini-Neptunes and super-Earths that are being found around other stars. Thanks to the
Cassini spacecraft still in orbit around Saturn, an intense work had been produced to understand
that planet and its satellites and provided interesting clues about its formation. Nearing the end
of its mission, the probe will probably be placed on a grazing eccentric orbit, to study the gravi-
tational field of Saturn (Lunine, priv. comm.) and measure the presence of a core, which would
come as a confirmation of the core accretion scenario, as presented for example in Alibert et al.
(2005). Meanwhile, the study of one of its satellites, Iapetus, has given strong constraints about
the time that Saturn formed. Its rotation, its overall shape, and notably its equatorial ridge which
makes Iapetus stand out amongst all other satellites, along with the radioactive decay of 26Al, all
depend on a precise chain of events which allowed Castillo-Rogez et al. (2007, 2009) to give an age
at which it formed: 3.4 to 5.4 Myr into the history of our System. Iapetus is thought to have formed
from an accretion disc around Saturn, and thus leads to an age estimate at which Saturn existed.
This age would give it ample time to have disc migrated.
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Now this result is interesting to put into context, notably by studying stars similar to our Sun.
Two of the closest spectroscopic solar analogues (Soubiran & Triaud 2004), 47 Ursa Major, and
16 Cygni B, have planetary systems very different from our own. Yet, the initial conditions, pre-
sumably the discs (since most of the matter in the disc ends up onto the star), were sufficiently
similar that they created very similar stars, while in the meantime creating different planetary sys-
tems. Both those systems appear to have had some sort of orbital migration. The Nice model (eg.
Levison et al. (2008)) also allows some disc migration for Jupiter and Saturn, which opening a joint
gap and using the Masset-Snellgrove mechanism, migrated outwards. This mechanism requires
the inner planet to be the more massive of the pair. Such is the set-up around 47 Uma: the inner
gas giant is found at 2 AU. 16 Cyg could be understood as being different: it is a binary system.

5.2.5 Spin/orbit angles

All previous evidence were the tools that people had at their disposal about two years ago.
Since, the fast past of observations of the Rossiter-McLaughlin effect have brought a new observ-
able to play with: β.

There is at the moment very little evidence that a star with a planetary system around it could
change its spin axis from aligned to misaligned. The only such mention I heard about was made
at a conference at the Observatoire de Haute-Provence. The subject was brought up by Claire
Moutou and is presented in Cébron et al. (2011). They argued that a tidal instability caused by the
hot Jupiter raising tides on the star, can develop and affect the stellar spin axis. If this is indeed
what happens, it may invalidate much of my conclusions. I will assume henceforth that the stellar
spin axis cannot be moved away from alignment.

Lai et al. (2011) show that accretion discs could become misaligned with respect to the central
star if the magnetic field produced by the star had a dipole misaligned with the stellar spin axis.
Thus, disc migrating planets inside those disc would be left on inclined orbits. This is unlikely to
the be norm: using the distribution of projected spin/orbit angles as a function of stellar effective
temperature presented in figure 4.2 we see that gas giants around hot stars are mostly misaligned.
If the mechanism described in Lai et al. (2011) was the primary route for creating misaligned plan-
ets, one would expect most discs to be misaligned. Watson et al. (2011) did that analysis and
showed disc are consistent with being coplanar with their star’s equator. Thus this leaves only dy-
namical events as being responsible for non coplanarity. Those events must have happened after
the disc dispersal as otherwise eccentricity and obliquity would have been damped by the disc as
the planet crosses it (Kley, priv. comm.).

An interesting interferometric measurement can be found in Bouquin et al. (2009) who con-
clude the mis-centrered outer disc which triggered observation leading to the direct detection of
Fomalhaut b (Kalas et al. 2008), is aligned with the star’s equator.

Matsumura et al. (2010a) affirm that if an observed orbital misalignment for a hot Jupiter indi-
cates a dynamical event, an orbital alignment does not reject that a dynamical event happened in
the past. This is for two reasons:

• Chatterjee et al. (2008); Jurić & Tremaine (2008); Wu et al. (2007); Fabrycky & Tremaine (2007)
and Nagasawa et al. (2008) produced distributions of orbital inclinations thanks to numerical
experiments involving dynamical interactions between planets, or between a planet and an
outer perturber. While their results show a large dispersion in orbital inclinations, they also
produce a number of systems which remained aligned despite the fact they went through
dynamical interactions.
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• In addition, planets will tend to tidally realign with their star by transferring their angular
momentum by raising a tidal bulge onto the star which will torque its spin axis towards the
orbital spin axis (eg. Winn et al. (2010a) and Barker & Ogilvie (2009)). Matsumura et al.
(2010a) indicate this is especially the case when the orbital evolution is dominated by tidal
dissipation inside the star. Most hot Jupiters do not have enough angular momentum to
fully realign and would thus plunge into the star as they realign. Matsumura et al. (2010a)
show that under certain conditions (high rotation rate for the star and mild orbital inclina-
tion) some planets could reach a stable tidal equilibrium state in which the planet can remain
and be saved from further orbital decay. Barker & Ogilvie (2009) point out that because of
magnetic breaking, all stars rotate slower with time (Skumanich 1972), and thus no true sta-
ble equilibrium state exist.

Winn et al. (2010a) reflect on why there is a such a divide in the distribution of spin orbit angle
as a function of effective temperature. Their interpretation is that at effective temperatures above
6250 K stars do not have an outer convective layer (see figure 4.2) while colder stars do. Planets,
carrying most of the angular momentum, tend to realign their host star. One then could under-
stand a process where planets around colder stars can tidally realign the outer convective layer,
while keeping the stellar interior misaligned, while for planets around hotter stars, the planet
would have to realign the entire object. It would mean planets around hot stars have a realign-
ment timescale different from planets around cold stars. This also implies that while around hotter
stars planets do not have the necessary angular momentum to realign entirely the star (leading to
their destruction), planets around cold star may have just what is necessary to realign the outer
layer and avoid complete orbital decay. This is of course under condition that the outer layer is
decoupled from the inner radiative layer. A similar argument was made to explain the apparent
synchronous rotation of τ Bootis with the orbital period of its planet (Butler et al. 1997). Inter-
estingly, τ Boo is a 6309 K star with an estimated mass of 1.3M� (Nordström et al. 2004). Donati
et al. (2008), assuming the corotation is not coincidental, indicate that it is possible that the planet
has forced the outer convective layer into corotation leaving the central parts of the star rotating
slower. This would presuppose that τ Boo b would be observed as aligned with the stellar spin,
for reasons somewhat in contradiction with the argumentation used by Winn et al. (2010a) who
would see this planet on a misaligned orbit.

Winn et al. (2010a) note that while there is a pattern involving β and Teff , it is unsure whether
the real parameter is not M?, since both are intrinsically linked.

Several mitigating factors can be found: a third parameter could influence. Because stars with
masses above 1.2M� cool down as they age, stellar age may be an issue. In addition the time
available for realignment is of importance too. A cold star can spend 7 to 15 Gyr on the Main
Sequence while more massive stars only stay between 3 and 4 Gyrs, so planets could easily have
time to realign around cold stars, but not around hot stars. Following these ideas, a graph was
realised showing evidence for a pattern between β and stellar age. The divide between where
aligned and misaligned systems are is currently as pronounced than the pattern involving Teff as
in Winn et al. (2010a). From this graph we can now quote a realignment timescale of ∼ 2.5 Gyr.
Observations are in accordance with the tidal timescales showed in Barker & Ogilvie (2009).

Part of this section was compiled in a paper written the weeks after submitting this thesis to the
jury and since submitted to Astronomy & Astrophysics. As I write these words, the third version
has been sent to the referee who recommends publication. Being more concise and presenting a
better analysis, that paper has now replaced the original text.
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ABSTRACT

Via the Rossiter-McLaughlin effect, it is possible to measure the sky-projected angle between the stellar spin and a planet’s orbital spin.
Observed orbital inclinations have been found to range over all possible angles. A correlation between the dispersion in spin/orbit
angle and the youth of the system is revealed, using spin/orbit measurements for hot Jupiters around stars with masses ≥ 1.2 M�
for which age estimates are more accurately determined. This appears in accordance with tidal dissipation where non-coplanar hot
Jupiters’ orbits tidally realign. The results show they would do so within about 2.5 Gyr. For the considered sample, the results give
support to hot Jupiters being placed on non coplanar orbits early in their history rather than this happening late. Such events could
involve strong planet-planet scattering.

Key words. binaries: eclipsing – planets and satellites: dynamical evolution and stability, planet-star interactions – planetary systems

1. Introduction

For transiting planets, the Rossiter-McLaughlin effect (Holt
1893; Rossiter 1924; McLaughlin 1924; Queloz et al. 2000;
Gaudi & Winn 2007), allows the measure of β (also called λ in
the literature), which is the projection on the sky of the obliquity
ψ, between the stellar spin axis and the orbital spin axis.

Up until recently planets were thought to be mostly on orbits
coplanar with their star’s equator (Fabrycky & Winn 2009),
something in line with predictions of disc migration (Lin et al.
1996; Ward 1997). More recently a number of papers have
shown that hot Jupiters on non coplanar orbits are common,
including some planets on retrograde orbits (Hébrard et al.
2008; Moutou et al. 2009; Narita et al. 2009b; Winn et al.
2009a; Anderson et al. 2010; Queloz et al. 2010; Triaud et al.
2010). Those measurements have been interpreted as showing
that dynamical events are probably not uncommon and that not
all systems can be understood by disc migration alone. Strong
dynamical events such as planet-planet scattering (Rasio &
Ford 1996; Jurić & Tremaine 2008; Chatterjee et al. 2008), or
more secular processes such as Kozai-Lidov oscillations (Wu
et al. 2007; Fabrycky & Tremaine 2007; Nagasawa et al. 2008;
Naoz et al. 2011), or chaotic interactions (Wu & Lithwick 2010)
would place a planet on a highly eccentric orbit, whose passage
at periastron is sufficiently close that tidal dissipation causes the
planet to lose angular momentum and circularise around its star.

Understanding the origin of hot Jupiters is one of the keys
to shedding light onto the processes that act during planet
formation as well as those acting after planets have formed.
Those processes allow us to place constraints on what happened
and did not happen in our own Solar System. They will also
help us match more accurately theoretical predictions of planet
formation done in population synthesis simulations to the
parameter space that planets currently occupy, as given by the
observations (eg. Ida & Lin (2004) and Mordasini et al. (2009)).

Send offprint requests to: Amaury.Triaud@unige.ch

Matsumura et al. (2010a) remark that if misaligned hot
Jupiters do not require disc migration, aligned planets are not in
contradiction with a scenario involving dynamical interactions
and tidal migration, as planets will tend to realign with the star
(see also Hut (1981) and Barker & Ogilvie (2009)).

Winn et al. (2010a) point out a correlation between the
stellar effective temperature and the spin/orbit angle. For stars
with Teff > 6250 K, fewer aligned systems are found compared
to stars with lower effective temperatures. They also propose
a theory according to which planets orbiting cooler stars need
only realign the outer convective layer whereas planets around
hotter stars have to realign an entire star, a process taking longer.
Schlaufman (2010) presents an independent confirmation of that
correlation, using a different methodology.

The aim of this letter is to combine the observational facts
and offer an explanation. The results will then be discuss in light
of the currently available theoretical framework.

2. Motivation

The lack of aligned systems for stars with Teff > 6250 K that
is noticed in Winn et al. (2010a) could be explained by stellar
physics combined with an observational bias: as predicted by
stellar evolution, stars with masses greater than about 1.2 M�
start on the Zero Age Main Sequence with temperatures higher
than 6250 K. When H-core burning stops, they have cooled by
several hundred Kelvin (fig. 1). They do so in 3 to 4 Gyrs. This
means that, while the planet and the star progressively realign,
the star itself cools down. We are thus left with an aligned planet
around an older, cooler star. Some, more massive, stars will cool
to temperatures above 6250 K, but the timescale for realignment
might be longer than the Main Sequence lifetime. Once they
leave the Main Sequence, stars becomes too large for planets
to be discovered by ground-based transit surveys as the contrast
becomes too small. We thus have a bias to see misaligned plan-
ets around hot stars, notably because we may not detect their
aligned population.

1
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Fig. 1. Main Sequence showing the Geneva stellar evolution tracks for
solar metallicity as presented in Mowlavi et al. (submitted) and plotted
using R? (in R�) as a function of Teff . Tracks are labelled in units of M�.
Dashed line show the 2 Gyr isochrone. Overplotted are the systems for
which we have Rossiter-McLaughlin measurements. Aligned systems
are red circles, misaligned systems are blue triangles. Higher metallici-
ties will move the tracks to the right. Data obtained from E.

This explanation could be combined to the different realign-
ment timescales described in Winn et al. (2010a) since, as the
star ages and cools, its convective zone would become larger
too. But while it is not certain that convective and radiative layer
can become decoupled, the cooling down of a star is based on
the established physics of stellar evolution. If that explanation
is right, we should expect a correlation between stellar age and
alignment.

The average stellar density, ρ?, is obtained directly from
the planetary transit signal (Sozzetti et al. 2007), the effec-
tive temperature, Teff , and metallicity, Z, can be obtained via
spectral analysis. Stellar mass and stellar age can be estimated
from interpolating the stellar evolution tracks in (ρ?,Teff ,Z)
space. Interestingly, stars > 1.2 M� spend less time on the Main
Sequence, but increase their radii more than solar mass stars do.
We thus have a higher resolution on the tracks to estimate ages
on more massive stars than on solar mass stars. Such a subsam-
ple should give the most precise and accurate ages that we can
get. This is the sample used in this letter.
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Fig. 2. Secure, absolute values of β against stellar age (in Gyr), for stars
with M? ≥ 1.2 M�. Size of the symbols scales with planet mass. In blue
squares, stars with M? ≥ 1.3 M�; in red diamonds 1.3 > M? ≥ 1.2 M�.
Horizontal dotted line show where aligned systems are. Vertical dotted
line shows the age at which where misaligned planets start to disappear.

3. Sample selection

Let us take only the most secure measurements for the projected
spin/orbit angle1, for planets with stars ≥ 1.2 M�. There are 22
objects in the sample (table 1). The sample is divided in two:
stars ≥ 1.3 M� (8 stars) and stars between 1.2 and 1.3 M� (14
stars). The angle and age estimates were obtained from the liter-
ature, but for WASP-17, whose error bar on the age was large. It
was re-estimated for this letter, using the stellar parameters and
density presented in Triaud et al. (2010) and interpolating in the
Geneva tracks (Mowlavi et al. submitted). The new age estimate
is 2.3±0.6 Gyr. Its error bar is consistent with age measurements
made by other teams. The new value is presented along with all
other values in table 1.

Plotting the absolute values of the measured projected
spin/orbit angle β against stellar age (fig. 2), a pattern is obvi-
ous and as sharp as that presented in Winn et al. (2010a). While
observationally, there should be no bias to preferentially detect
aligned systems instead of misaligned systems at any age, stars
older than ∼ 2.5 Gyr show mostly aligned systems (rms = 22◦,
median = 5◦). For stars that are younger we have a large range
of obliquities (rms = 66◦, median = 60◦). Figure 3 displays the
cumulative distributions on either side of the 2.5 Gyr age limit.

To test the robustness of the pattern, a Monte Carlo simu-
lation was performed taking the data with ages < 2.5 Gyr as a
fiducial zone into which random samples of 8 measurements
were drawn, allowing for repetitions. There is < 4% chance
to draw a sample with median < 10◦ and rms < 60◦ which
would allow a sample having seven aligned systems and one
retrograde system. If restricting the rms within 30◦, similar to

1 Some measurements have been omitted for the following reasons:
CoRoT-3 (sampling is poor (Triaud et al. 2009)), CoRoT-11 and Kepler-
8 (transits are incomplete (Gandolfi et al. 2010; Jenkins et al. 2010)) and
WASP-1 (angle is unsure (Albrecht et al. 2011)).
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Fig. 3. Cumulative distributions in orbital inclinations for systems
younger than 2.5 Gyr (dashed blue), and older (plain red). For com-
parison, a uniform distribution (dotted black).

that observed, there is a probability < 1% that the distributions
on either side of the 2.5 Gyr age are the same. In addition
a Kolmogorov-Smirnov test was carried out, also comparing
the distribution in β on either side of the 2.5 Gyr limit. A
D = 0.661 is obtained corresponding to a probability of 1.2%
that both distributions are the same2. The same test shows that
the distribution of angles around stars younger than 2.5 Gyr has
about 22% chance to be compatible with a uniform distribution,
while for the older sample, this chance is of order 10−5. Finally,
drawing randomly in the overall sample, there is a 2.6% chance
to obtain a cluster containing 7 aligned systems and another at
any angle > 20◦. It can be affirmed there is tentative evidence of
a pattern in the data.
We see that stars with masses ≥ 1.3 M� are all younger than
3 Gyr. Thus, when observing few aligned systems on stars
with Teff > 6250 K, Winn et al. (2010a) were in fact detecting
an effect due to stellar age, or rather, time since planet formation.

Like for all multivariate problems, figure 2 offers an incom-
plete picture: it only shows two quantities in relation with time.
At the moment orbital separations and mass ratios are quite sim-
ilar since the bulk of the discoveries have been done by ground-
based transit search programs. With increasing numbers of mea-
surements over a larger parameter space we will eventually need
to account for those extra parameters.

4. Discussion

The large variety of angles around the younger stars suggests that
some misaligning mechanism happens during the youth of plan-
etary systems. Notably, in combination with results by Watson
et al. (2011) showing no evidence for misaligned protoplane-
tary discs, it lends strong support to a planet-planet scattering
scenario occurring during the last stages of planet formation
or soon in the aftermath of the disc dispersal like described in
Matsumura et al. (2010b).

When preparing figure 2, reason dictated that a dearth of old,
misaligned systems was expected, not an absence. The complete
lack of misaligned planets orbiting stars older than 2.5 Gyr in
the current sample came somewhat as a surprise as secular in-
teractions could place planets on inclined orbits well after the

2 the same test on the pattern presented in Winn et al. (2010a) gives
6.1% chance that the distributions on either side of 6250 K are the same.

disc dissipated. A system presenting such characteristics can
be found among the ”older” systems: HAT-P-13, whose cur-
rent configuration may have originated from secular interactions
(Mardling 2010). If that history is right, its observed coplanarity
may be a chance alignment. Chance alignments can occur eas-
ily since firstly, we observe a projected angle, β, and not the
real obliquity ψ and secondly, theoretical predictions such as Wu
et al. (2007), Fabrycky & Tremaine (2007) and Nagasawa et al.
(2008) predict very high orbital inclinations, but also a number
of aligned systems.

There is great interest in matching those theoretical distri-
butions to observations (notably for young hot Jupiters), but the
evolving nature of the spin/orbit angle distribution makes this a
tricky task. Multi-body dynamics are less concerned about abso-
lute masses than about mass ratio. In systems where no Jupiter
has formed, we would expect planet-planet scattering between
Neptune-mass planets producing an inclined hot Neptune popu-
lation. If the inital stages will be similar, the later ones will not:
tidal circularisation and realignment timescales will be different.
Spin/orbit angles for planets of masses < 0.1 MJup will be less
affected by tidal realignment and as such offer a closer picture of
the initial spin/orbit angle distribution than would hot Jupiters.
Such a hot Neptune, Hat-P-11 b has been recently detected mis-
aligned by Winn et al. (2010c) and confirmed by Sanchis-Ojeda
& Winn (2011).

This work has focused on stars with masses ≥ 1.2 M�. If age
is what determines primarily whether a hot Jupiter is observed
aligned or misaligned, since solar mass stars are detected in
average older than more massive stars, it is not surprising that
their planets are coplanar. There nevertheless is an interest in
looking at that population carefully which stems from work by
Burkert & Ida (2007), Currie (2009) and Alibert et al. (2011)
who argue that discs around the more massive stars are not
long lived enough to produce an aligned hot Jupiter population
via disc migration. In the mean time, if planet formation is
more efficient in more massive discs (found around more
massive stars), then one could expect a higher occurrence of
planet-planet scattering around such stars. If this is true, it could
point towards two pathways for bringing hot Jupiters to their
observed location which would be dependent on stellar mass.
Unfortunately stellar ages are less precisely determined for solar
mass stars as illustrated by the isochrone on figure 1.

The change in the shape of the distribution of spin/orbit an-
gles with time is indicative of some orbital evolution, presum-
ably through tidal interactions between the star and the planet.
Barker & Ogilvie (2009) show that retrograde planets decay into
their star on timescales two to three times shorter than prograde
planets would do, for given initial conditions. Incidentally, their
infall timescale for a typical, retrograde, hot Jupiter are of order
of a few Gyrs. Winn et al. (2010a) present similar behaviour. In
addition they show that, for a given stellar mass, a more massive
planet will realign and in-spiral faster than a lighter one3. In both
papers the retrograde planets realign with the star but only very
shortly before falling into it. It would thus be unlikely to observe
them at these very particular phases. Nevertheless such exam-
ples could be found in WASP-12, 18 and 19 (eg. Hellier et al.
(2011)). Matsumura et al. (2010a) describe how planets initially
placed on mildly inclined or aligned orbits, are less likely to in-

3 Incidentally, this could explain a second observed feature in relation
to the angle β. As shown in Moutou et al. (2011), there is a lack of ret-
rograde massive planets (> 5 MJup), something expected if retrograde,
massive planets realign faster to their star than other planets do.

3

5.2. Observational Clues

252



Triaud A. H. M. J.: Age and spin/orbit angle

fall and more likely to survive until observed. Nevertheless, in
most cases tidal realignment corresponds to the disappearance
of the planet.

If retrograde planets plunge into their star as they tidally
realign, a decreasing number of hot Jupiters should be observed
with time. No such decreasing trend can be found when con-
sidering all the hot Jupiters presented in the literature around
stars in the mass range considered for this paper. This is at odds
with evidence of a trend between semimajor axis and stellar
age showing a lack of very short orbits around older stars as
presented by Jackson et al. (2009) who interpreted it as evidence
of the destructive tidal orbital decay of hot Jupiters. Looking
at the semimajor axes of the targets in table 1, a similar trend
appears. This may indicate we do not have enough objects yet
to detect the expected decreasing fraction of hot Jupiters with
time.

Finding out about the ultimate fate of hot Jupiters is of
great interest and a subject of intense on-going research,
fraught with challenges. For example, the tidal circularisation
and realignment timescales notably depend on the orbital
obliquity ψ, the ratio of masses, the scaled radius (a/R?) and
the tidal quality factors, in the planet Q′p and in the star, Q′?
(Hut 1981; Barker & Ogilvie 2009). Most of the theoretical
work currently assumes constant Q′ values when Ogilvie
& Lin (2004) showed they depend on the tidal frequency.
Similarly R? is often assumed constant when clearly, in figure
1 a 1.3 M� star increases its radius by about 30% in about 4 Gyrs.

Stellar age estimates are notoriously difficult to obtain. The
estimates that have been used here have been extracted by a vari-
ety of authors using different techniques on different sets of evo-
lution models. The pattern resisted a blurring caused by system-
atic effects, displaying a certain robustness. Nevertheless, this
letter should also be an incentive to continue obtaining Rossiter-
McLaughlin measurements as well as check those stellar ages
and derive them in a uniform manner. Similarly, accurate and
precise age estimates for solar mass stars are dearly needed. One
can access those via good determination of stellar parameters,
using higher resolution spectroscopy for the Teff and Z, and high
precision photometry which will give ρ?. Stellar ages can also
be estimated from asteroseismologic timeseries underlying the
interest in having a planet-finding space mission with such ca-
pacity, like the proposed PLATO. Astrometric distance measure-
ments from the GAIA satellite will soon give us an independent
access to stellar radii.
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Moutou, C., Hébrard, G., Bouchy, F., et al. 2009, A&A, 498, L5
Nagasawa, M., Ida, S., & Bessho, T. 2008, ApJ, 678, 498
Naoz, S., Farr, W. M., Lithwick, Y., Rasio, F. A., & Teyssandier, J. 2011, Nature,

473, 187
Narita, N., Hirano, T., Sanchis-Ojeda, R., et al. 2010a, PASJ, 62, L61
Narita, N., Hirano, T., Sato, B., et al. 2009a, PASJ, 61, 991
Narita, N., Sato, B., Hirano, T., & Tamura, M. 2009b, PASJ, 61, L35
Narita, N., Sato, B., Hirano, T., et al. 2010b, PASJ, 62, 653
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Table 1. Stellar and planetary parameters used to create figure 2. Values obtained using E.. The values of β here are the absolute values.
Error bars for the age are consistently the lower error bars presented in papers.

Name M? (M�) R? (R�) β (◦) Age (Gyr) Mp (MJup) references
HAT-P-2 1.36 1.64 0.2 ± 12.3 2.7 ± 0.5 8.7 (Pál et al. 2010; Loeillet et al. 2008)
HAT-P-4 1.26 1.59 4.9 ± 11.9 4.2 ± 0.6 0.7 (Kovács et al. 2007; Winn et al. 2011)
HAT-P-6 1.29 1.46 166 ± 10 2.3 ± 0.7 1.1 (Noyes et al. 2008; Hébrard et al. 2011)
HAT-P-7 1.47 1.84 178 ± 9 2.2 ± 1.0 1.8 (Pál et al. 2008; Winn et al. 2009a)
HAT-P-8 1.28 1.58 2.2 ± 10.5 3.4 ± 1.0 1.5 (Latham et al. 2009; Moutou et al. 2011)
HAT-P-9 1.28 1.32 16 ± 8 1.6 ± 1.4 0.7 (Shporer et al. 2009; Moutou et al. 2011)
HAT-P-13 1.22 1.56 0.9 ± 8.5 5.0 ± 0.8 1.9 (Bakos et al. 2009; Winn et al. 2010b)
HAT-P-14 1.38 1.47 171 ± 5 1.3 ± 0.4 2.2 (Torres et al. 2010; Winn et al. 2011)
HAT-P-16 1.22 1.24 10 ± 16 2.0 ± 0.8 4.2 (Buchhave et al. 2010; Moutou et al. 2011)
HAT-P-30 1.24 1.22 74 ± 9 1.0 ± 0.5 0.7 (Johnson et al. 2011)
HD 17156 1.28 1.51 9.4 ± 9.3 3.4 ± 0.5 3.2 (Narita et al. 2009a; Nutzman et al. 2011)
HD 149026 1.30 1.50 1.9 ± 6.1 2.0 ± 0.8 0.4 (Sato et al. 2005; Wolf et al. 2007)
TrES 4 1.39 1.80 6.3 ± 4.7 2.9 ± 0.3 0.9 (Narita et al. 2010b; Chan et al. 2011)
WASP-3 1.23 1.31 5 ± 5 2.0 ± 1.0 2.1 (Pollacco et al. 2008; Miller et al. 2010)
WASP-7 1.28 1.43 110 ± 30 2.4 ± 0.1 1.0 (Southworth et al. 2011, Triaud et al. in prep)
WASP-14 1.32 1.30 33 ± 7 0.8 ± 0.2 7.7 (Joshi et al. 2009; Johnson et al. 2009)
WASP-17 1.20 1.38 149 ± 8 2.3 ± 0.6 0.5 (Triaud et al. 2010); this paper
WASP-18 1.24 1.23 4 ± 5 0.6 ± 0.5 10.4 (Hellier et al. 2009; Triaud et al. 2010)
WASP-33 1.50 1.44 110 ± 0.3 0.2 ± 0.2 < 4 (Cameron et al. 2010)
WASP-38 1.22 1.37 5 ± 32 6.0 ± 0.5 2.7 (Barros et al. 2011; Simpson et al. 2011)
XO-3 1.21 1.38 70 ± 15 2.8 ± 0.8 11.8 (Johns-Krull et al. 2008; Winn et al. 2009b)
XO-4 1.32 1.55 47 ± 8 2.1 ± 0.6 1.7 (McCullough et al. 2008; Narita et al. 2010a)

Wu, Y. & Lithwick, Y. 2010, eprint arXiv, 1012, 3475, submitted to ApJ
Wu, Y., Murray, N. W., & Ramsahai, J. M. 2007, ApJ, 670, 820
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The fact that β evolves in time makes of any attempt to match the cumulative distribution of β
compared to theoretical predictions (as in figures 4.1 and 4.3) a tricky business as they would need
to be debiased for the effect of stellar evolution, tidal realignment and observational biases. We
should therefore not be surprised that our current observations do not match those that have been
predicted. Nevertheless this explanation implies that all hot Jupiters could have been misaligned
in the past, favouring a dynamical origin as being the dominant effect at work to explain the exis-
tence of those planets. Some planets are still realigning: those found around the older stars, such
as WASP-8, or HD 80606, which may also have suffered secular dynamical interactions while the
majority of hot Jupiters might come from stronger gravitational interactions, which happened in
the early history of their planetary system. A few planets, I expect could have disc migrated right
down to a hot Jupiter’s orbit. Those could be differentiated from the dynamical hot Jupiters from
the architecture of their multi-planetary system as outlined briefly in section 5.2.1.

Obviously, we should also try discover other systems similar to WASP-33 b. In general the
discovery of any planet around stars more massive than 1.2M� would be interesting as their age
are more accurately determined thanks to the large increase of their radius and the short time they
spend on the main sequence. From the study of planets around those more massive stars, it would
also nice if we could one day compare the frequency of systems around stars as a function of age
to get to an observational estimate of the tidal in-fall timescale leading to the destruction of those
planets. Currently the only evidence for the destruction of planets has been brought by Jackson
et al. (2009) in the form of a lack of short period planets on older stars.

Further interesting targets are those for which tidal evolution is slow and β is close to frozen.
Smaller planets, such as Saturn-mass, or Neptune mass are better as they don’t carry as much an-
gular momentum as the more massive planets. Longer orbits are also of great interest, especially
those with periastron passage far enough from the star. β measurements from those systems may
provide a more valuable sample to compare to theoretical predictions than the current one.

Discovering multiplanetary systems quite densely packed (indicating low mutual inclinations)
where at least one planet is retrograde with the stellar equator would cast serious doubt on all that
I have just written.

5.3 Planets’ history

Thanks to the gathered observational evidence and the theoretical work notably presented in
Matsumura et al. (2010a), disc migration does not appear to explain the inclined hot Jupiter pop-
ulation. In fact, disc migration does not need to explain it at all. Disc migration can set the initial
conditions for dynamical interactions which will rearrange the orbital distribution as outlined in
Matsumura et al. (2010b). In some extreme (and rare) cases hot Jupiters are produced, of which a
fraction will survive to be observed. The emerging picture is as such:

Stars formed with discs around them. Inside those discs, dust starts to coalesce forming larger
and larger bodies (eg. Johansen et al. (2007)). Beyond the iceline, those grow faster and more
easily. They become protocores and move about due to interactions with the gas around them
(eg. D’Angelo et al. (2010)). Some start accreting gas. The process takes a few millions years (eg.
Pollack et al. (1996) and Alibert et al. (2005)). Planets appear within the disc at different orbital
distances. Interactions with the disc change as it dissipates and as planets grow, some lock into
resonances (eg. Kley et al. (2005)). Most do not migrate much; all move, some inwards, some
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outwards5 (eg. Crida (2011)).
The disc gets thinner and planets feel less and less its presence (eg. Armitage (2007)). The

dissipation also changes the repartition of mass, some resonances get broken. Less gas means that
planetesimals start scattering more effectively, creating other torques leading to further migration
(eg. Levison et al. (2008)). All in all, gas giants are spread out. Around solar mass stars they usu-
ally stop their inward migration around 1 AU if we follow the argument developed at the end of
section 5.2.1; in some instances a few migrate further in and are found in multiplanetary systems.
Some protocores which did not accrete fast enough stayed as Neptune mass planets (eg. Mordasini
et al. (2009a)). The lack of too much inward migration leaves material and time to create planets
like our terrestrial planets from the remaining planetesimal disc (eg. Chambers (2010) and Walsh
et al. (2011)).

Following this (it could also start late in the disc phase), there is an orbital reorganisation (eg.
Matsumura et al. (2010b)):

Most systems have mild interactions where eccentricities are being slightly increased (eg. Chi-
ang et al. (2001) and Mardling (2010)) and the planets stay approximately where they were when
the gas disc and planetesimal disc dissipated. In a small fraction of systems, more violent interac-
tions happen leading to a complete reorganisation (eg. Rasio & Ford (1996), Nagasawa et al. (2008)
and others already mentioned). Those are positioned on a variety of orbits, inclined and eccentric.
The misaligning events are expected to happen quite early in the history of the system, in light of
the evidence presented in section 5.2.5.

Other more secular effects can take their time to create the conditions leading to instability (eg.
Wu & Lithwick (2010)). Outside perturbers could in a number of systems be the originator of a
perturbation growing into an instability well after the perturbation occurred (eg. Malmberg et al.
(2011)). In wide binaries, Kozai cycles are long, and the disc can retain its integrity. Once gone,
planets can start feeling the presence of the perturber. In this case the most massive planets have
more chance to eject all others from the system very much like in strong planet-planet scattering
(eg. Malmberg et al. (2007a)). Depending on the eccentricity and inclination of the last remaining
planet, Kozai oscillations will continue. Some configurations can bring that planet close enough
that it is tidally captured (eg. Wu et al. (2007) and Fabrycky & Tremaine (2007)). They are left alone
in their system on a highly eccentric, and inclined orbit.

In both instances, tidal forces acting on those planets whose periastron passage are close enough,
start reducing the eccentricity and orbital inclination (eg. Barker & Ogilvie (2009) and Matsumura
et al. (2010a)). They become hot Jupiters. Those of higher mass or (and) on retrograde orbits de-
cay rapidly to the star. Some of those on prograde or aligned orbit follow too, with a delay, some
around stars where tidal dissipation exceeds that of the planet can move towards equilibrium
(made precarious due to magnetic breaking).

Some issues remain since planet-planet scattering predicts a population of planets scattered to
the outer reaches of their system, thus far still undetected. In addition the understanding of the
final orbital evolution of hot Jupiters is incomplete: notably can planets realign before they decay
into the star? If not, where is the aligned population around cold (or old stars) coming from? The
exact role of disc migration and its (apparently modest) contribution to the hot Jupiter population
is also something worth further investigation. We have also seen that stellar mass is probably an
important factor affecting the distribution of planets and migration rates. The proportion of hot
Jupiters as a function of stellar mass compared with the orbital angle distribution would help our

5Some discs could be disrupted early on due to a stellar fly-by while still in the birth cluster, due to a nearby hot
star irradiating the disc, or to a supernova, all of which could participate in the diversity of planet masses and orbital
distributions
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understanding of whether the pathway described above is dominant for all stars, or only for some
stars.

Help may come from the study of smaller mass planets, such as the population of Neptunes
and SuperEarths uncovered by the HARPS survey (Mayor et al. 2009b) and the Kepler spacecraft
(Borucki et al. 2011). Their frequent presence in multiplanetary systems and close to mean motion
resonances is a good indication of planetary migration (Lissauer et al. 2011b)).

Dynamical interactions do not care so much about absolute masses but about mass ratios be-
tween interacting bodies. For stars where Neptune mass planets primarily got formed, we should
expect that the same processes that created hot Jupiters would produce hot Neptunes. Those
should have orbits with similar characteristics: eccentric initially and tidally circularising (to about
two Roche radii) and inclined as well as observing a void of other planets in their immediate vicin-
ity.

Smaller mass planets do not have the capacity to tidally realign, meaning their orbital angle is
closer to the initial distribution than would hot Jupiters’. By careful selection it should then be pos-
sible to compare the angle distribution of lone "hot Neptunes" and of Neptunes in multiplanetary
systems and see if there are any differences.
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Chapter 6
Conclusion

Three and a half years of efforts, about four months of gathering most of the information that
I accumulated since the beginning of the work. A few more months till the defence. Now is time
I suppose for some closure. I started writing because I needed too. The start was good and then it
drew on me, this was all about stuff that felt so normal to do that it was strange to have to explain
it all, and do it plainly (well I hope). New ideas kept coming from the papers that appeared on
ASTRO-PH, from newer data (which really keeps coming fast1), but also from interactions with
people, in conferences, by electronic mail, or directly at the institute. All this made it hard to
continue writing about things done instead of producing new. But at the end, very much as Didier
had warned me, this was a useful exercise.

It combined most of my past activities into one document for one thing, which made it way
easier to show people about what I do, and much easier to find the relevant graphs and figures
when asked for them, or when needed for newer projects. The thesis was written in - I am not
ashamed of it - in a Monte-Carlo fashion: a bit here, another there as envy and inspiration came
along. Graphs and words from one part, and another kept flashing by as I was looking for a spot
where I could continue the writing. Then followed a review process revealing some gaps in in-
formation, some lack of continuity, but also connected all the information and ideas that had been
gathered. Having passed over the same diagrams so many times, finally some connections hap-
pened. I don’t think I would have found that quickly about why some planets are aligned while
others are not, if I had not written that thesis. A useful exercise indeed.

Thus in those three and half years, I have, with the help and great expertise of many people,
discovered almost 50 new worlds2, started characterising them, created a new problem to solve,
and days before closing the shop, proposed a solution for it which give clues on the history of
how planetary systems form and evolve, informing us about our own origins and how those can
compare with the general way with which planets form. In the meantime I caught a liking for
statistics3, the way data behaves, how to choose a hypothesis over another while avoiding one’s
biases. There has long been a debate as to why hot Jupiters existed and about what did not happen
in our system. I hope I have now presented the necessary evidence (using my data, that of others,
and bibliography notably regarding theoretical development) in the necessary amount to give an
answer to this question:

1no less than three newer Rossiter-McLaughlin effects measured, and about ten newer planets for WASP
2and I am not getting the least bored of discovering more: actually it was my daily hour of rest from the thesis:

jumping on the previous night’s data arriving from La Silla to find more
3who would have known!
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The creation of hot Jupiters is a fairly rare event needing the concourse of several phenomena:
a gravitational instability, the insertion on an eccentric orbit and tides to bring in the planet close
by, but not too fast so we get a chance to observe some of them as they get progressively engulfed
within their star.

As most often, answering a question can lead to another: how often do systems get unstable
enough to disrupt the overall architecture elevated by the time the protoplanetary disc dissipates?
This question is linked to a more fundamental one, one that many others try to get a grasp on:
how probable could other Earths have formed, but then also, how likely could they have survived
long enough on orbits allowing life to develop and evolve on their surface?

I hope I can stay in the game long enough to help answering those questions.

Along the interest, it was also good fun. Discovering a new planet, finding something no one
knows exist else than you gives quite a thrill. The many missions to Chile in the beautiful region of
the southern Atacama have a been delight despite some terrible weather and technical conditions
at times. But the sky is so gorgeous, the Milky Way and the zodiacal light so evident in the night
sky, than returning there is always a pleasure!

Even higher up in the fun, was observing unlikely events. For example we know that hot
Jupiters are around about one star in 200, and thus only one in 2000 will show a transit. Yet,
observing continuously in photometry a WASP target that I suspected was a false positive during
a night that CORALIE was offline, we caught a complete transit signal on a nearby star, which
turned out to be another WASP candidate which was confirmed later the same month as a genuine
planet (WASP-29)!

When one observes long enough, the integrated probability of catching those object by luck
alone comes close to 1. This is also a good illustration on how ubiquitous planets are. They are
everywhere!

I think I had a lot of luck (beside observing oddities). I arrived in a team where the instru-
mentation was ready and the closest to perfection as is now possible, with automated reliable data
reduction and a target list from a group of hard working people. I only had to use all those various
tools to produce the results that came out. In addition, being responsible for most of the time al-
located on CORALIE for the WASP survey, it gave quite a few opportunities to try and find other
objects of interest than planets. With Euler, I could experiment, try a hunch. The freedom to be
able to do that is something quite unique when usually we have to go through committees and
explain what you are looking for. And I am glad I had that opportunity.
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6.1 Prospects

Time now for a few prospects, ideas that I did not have the time to develop, others which were
not quite ready for this thesis but should lead to publications in the coming months.

6.1.1 The future of WASP

As outlined in the text, WASP is doing good, certainly in the South, where a combination of
high amount of observing time allocated on CORALIE and the lack of competitors have allowed
us to be the most effective ground based survey. A comparison between targets found by Hat and
WASP (eg. graph 2.42) shows that they discover smaller planets on bigger stars on longer orbits
than we do. The chance to catch those is lower than to catch the easier ones, and we find a lot
of those easier ones. I can conclude from that, that WASP is indeed a very good planet finding
project, but that even a slight increase in precision would allow to find way more planets, explor-
ing a larger parameter space.

Now as confirmed by Kepler, there are many Neptune sized planets on short orbits. Finding
those would be of great interest. A newer instrument able to find such planets would inevitably
find the bigger planets too, notably detecting those that we missed which are on orbits of 10 days
and above, whose periods could easily be confirmed by searching the WASP archive. The NGTS
project being launched between Genève and some of our British colleagues aims to do just that: a
wide angle search for planets with increased precision to reach down to Neptune radius.

6.1.2 WASP and binaries

Every research is bent on future prospect, on seeking new questions and new answers. One of
those many questions is: how to find more planets and how learn more about them. One can build
new facilities, or often as researchers all over our world often do by lack of financial resources, we
can resort to grey matter and being clever.

Planets in multistellar systems are interesting laboratories for planetary formation. How much
influence has the companion of the the disc around the primary (and vice-versa). Does it alter
the formation of planets? Does its disrupt it more easily once they have formed? Additionally,
binaries often are of different spectral type, which makes it interesting to fit within an HR diagram
to get the age. Now also, if one of the two components has a planet, could the other have also?
Would they be transiting (ie, are their orbital planes the same?)? Those questions apply to wide
binaries, where one can measure both components

Another line of investigation which is opening is that of finding planets in close visual binaries
and blended double lined binaries. If one takes the Santos et al. (2002) paper on HD 41004 at face
value, one can deduce the presence of an additional body in the brown dwarf mass range thanks
to the variation of the bissector. The transit method gives us a short list of candidates. We know
the transit is there, which period it is in: something must be moving in the system. Assuming the
transit signal is confirmed, observing only one peak in the CCF could be one of three solutions:

• we have one or several, either very hot, or very fast rotating bodies which CCFs are so diluted
that we cannot detect them traditionnally. One method to find them is through Doppler
imaging as in the case of WASP-9 (section 3.3.5).

• we have a wide binary system with similar stars, thus both velocities are close to each other
and we can’t separate their respective peaks. If one of them has an orbiter, it should oscil-
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late. That oscillation will be diluted by the other peak but should be reflected by a similar
frequency in the bissector span and FWHM.

• we have a solar type primary, and another lower mass companion such as an M dwarf. This
one will not produce a detectable CCF and can be on any orbit. If close enough we will soon
detect a linear or quadratic drift in the peak of the primary corresponding to that object. If
this one is being transited one could infer its upper mass from the lack of detection in the
spectrum, and lower mass via radial velocity. Using these as priors, it should be possible to
infer the size of the transiter whose transit will be heavily diluted and get an idea of its mass
(eg: a Jupiter around a small M dwarf produces a nearly 100 % transit which will be diluted
to 1 % by a star 5 magnitude brighter).

Modelling this and starting hunting for those should be possible, but I lacked the time.

6.1.3 The WASP transiting M-dwarfs

This is a subject only lightly touched here and there in text (like in section 3.6.2) because of
the incompleteness of the analysis. As we searched for planets and brown dwarfs such as WASP-
30. Using CORALIE we confirmed and characterised the orbits of about 50 SB1 binaries which
secondary mass is lower 0.5 M�. The aims is to study how they compare with planets in orbital
parameters, a, e, and β. On about 15 of those we observed the Rossiter-McLaughlin effect. The
underlying idea is to test their formation and provide a good comparison sample to the planet
propulation. According notably to Fabrycky & Tremaine (2007) and references there-in, high mass
ratio close binaries are thought to form thanks to Kozai migration and thus should be misaligned.
Preliminary results show that all appear aligned. If tidal theory is right, being aligned does not
mean you were not misaligned before. This notably can participate in showing that being aligned
does not equate to disc migration as M dwarfs cannot migrate in a disc like planet do.

All in all these M dwarfs provide a good comparison for our capacity to detect object, but also
to be compared directly to the properties to planets with similar observation biases. It will also be
interesting to check how those object distribute compare to planets. Do they have a dependence
with the mass of the primary for example?

6.1.4 Treating the Rossiter-McLaughlin effect better

Having shown that adjusting a Rossiter-McLaughlin effect onto Gaussian extracted radial-
velocities was not always the most perfect way to proceed (section 2.5.2), work was started to
search for a better way. In this I had only little part to play unfortunately as this is mostly work
by Andrew Collier Cameron and his collaborators notably in Cameron et al. (2010a). Yet, this is a
development which I intend to follow and had actually started to briefly in the aftermath of the
paper presented in section 2.5.2.

The Doppler shadow method is elegant: finding the missing velocity information on the CCF,
hidden by the transiting planet. By notably using the CCF when undisturbed - out of transit - one
can adjust a model to all CCFs and make appear the contribution hidden by the planet. Then one
can fit that contribution. This method also allows for a precise estimate of the impact parameter b
as one detect onto which isovelocity on the stellar surface the planet is orbiting in front of. This is
also a way to estimate precisely the v? sin I .
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As progress are made, I am convinced this is the way to proceed in the future: adjust directly
on the CCFs which contain much more information than the sole value of the radial velocity. This
in principle could be used for the entire Doppler motion as well.

Setting aside those future prospects, this method also proved to be a fantastic diagnosis tool.
Indeed by detecting the signal of the transiter, one knows exactly that it transits that particular
CCF, thus that particular star, and not that of a background eclipsing binary. Twice it happened
in our search for new planets that bissector was not showing correlated variations with the radial-
velocities. Some Doppler imaging quickly showed another broad CCF was sweeping by what had
looked like the single peak of an SB1, creating just enough disturbance to move the centre of mass
of the CCF.

6.1.5 Calibrating stellar evolution models

We currently use Teff , ρ? and [M/H] as input to determine stellar mass and age. Eventually one
could also easily include parallactic distances when those will become readily available thanks to
the GAIA mission and other age estimates (if those are not biased by the presence of a hot Jupiter)
such as Lithium content, or using gyrochronology. The flexibility of the MCMC allows to insert
them as Bayesian priors which can be switched on and off to compare their effects on the results.
In addition, since one knows the time it takes a star to evolve over one track compared to another
one, it should be possible to use that information using a decision maker similar to the Metropolis-
Hastings algorithm, to choose a new step according to the effective chance of observing our object
at this particular moment of its evolution compared to that other. This would be mostly effective
when the star moves from H-core burning to H-shell burning.

At the moment we have to assume the models are just. It would also be a natural thing to
check their accuracy. Using the tools developed in section 2.6 and the many objects found from the
transit surveys, one may be able to test stellar evolution models and help in a finer understanding
of stellar physics:

Currently they are checked using eclipsing binaries which if they are too close have radii and
evolution different from field singletons (which the models assume), or because of the transit ge-
ometry caused by two rotating eclipsing light emitters of similar size, their physical parameters,
such as radii are hard to estimate. This could be improved: the ultimate objects to study are
systems for which we can cross our various observables several times over: imagine systems for
which we have parallactic information each with a transiting object smaller than the primary, in
open clusters of different ages. To make it better, having astrometric or(and) direct detection of
orbital motion would help.

The orbital motion informs on the total mass of the system, the parallax and luminosity would
give us the stellar radius, a small transiter in a non grazing transit informs us on the primary’s
density precisely and accurately. That transiter can be a planet up to low mass M dwarfs on suffi-
ciently long orbits to insure that the primary has not been much influenced by its orbiter. A small
dark transiter insures that the error in density estimation due to it non spherical shape is negli-
gible. Having an occultation also helps in resolving the system. Density could also come from
asteroseismology, but the requirement of having those objects in open clusters make them faint
and consequently harder to observe asteroseismologically.
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