
Suzanne Aigrain
University of Exeter

and the CoRoT Exoplanet Science Team

Annie Baglin (PI), A. Alapini, J. Almenara, R. Alonso, M. Auvergne, M. Barbieri, P. 
Barge, P. Borde, F. Bouchy, J. Cabrera, L. Carone, H. Deeg, J. De La Reza, 
M. Deleuil, R. Dvorak, A. Erikson, F. Fressin, M. Fridlund, M. Gillon, P. 
Gondoin, T. Guillot, A. Hatzes, G. Hebrard, L. Jorda, P. Kabath, H. Lammer, 
A. Leger, A. Llebaria, B. Loeillet, P. Magain, T. Mazeh, M. Mayor, C. 
Moutou, M. Ollivier, M. Patzold, F. Pepe; F. Pont, D. Queloz, H. Rauer, S. 
Renner, D. Rouan, J. Schneider, A. Shporer, B. Stecklum, Q: Triaud; G. 
Wuchterl, S. Udry, S.Zucker...

Transiting extrasolar planets 
with CoRoT 

DAMTP 18.02.2008



• Why build a space mission to search for transits?

• Brief introduction to the CoRoT mission

• Early results - CoRoT-exo-1b and CoRoT-exo-2b

• A few speculative teasers

Outline

Ⓒ Lynette Cook



Modelling transits



3. THE EQUATIONS AND SOLUTION FOR A LIGHT CURVE WITH TWO OR MORE TRANSITS

3.1. The General System of Equations

There are five equations that completely describe the planet transit light curve. The first three equations (eqs. [1]–[3])
describe the geometry of the transit in terms of transit depth, transit shape, and transit duration (see Fig. 1). For a planet
transit light curve that is due to two spheres passing in front of each other, the geometry is relatively straightforward (see
Sackett 1999 for a derivation of the transit duration eq. [3]). Here we parameterize the transit shape by both tT, the total transit
duration (first to fourth contact), and tF, the duration of the transit completely inside ingress and egress (second to third con-
tact). The three geometrical equations that describe the transit light curve depend on four observables: the period P, the transit
depth DF, tF, and tT. See Figure 1 for an illustrative definition of DF, tF, and tT. In addition to the three geometrical equations,
there are two physical equations (eqs. [4] and [5]), Kepler’s third law and the stellar mass-radius relation. It is these physical
equations that break the degeneracy of the mathematical description of two spheres passing in front of each other, by setting a
physical scale. It is this physical scale, together with the geometrical description, that allows the unique solution.

The equations are as follows: the transit depth, DF, with F defined as the total observed flux,
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Fig. 1.—Definition of transit light-curve observables. Two schematic light curves are shown on the bottom (solid and dotted lines), and the corresponding
geometry of the star and planet is shown on the top. Indicated on the solid light curve are the transit depth DF, the total transit duration tT, and the transit
duration between ingress and egress tF (i.e., the ‘‘ flat part ’’ of the transit light curve when the planet is fully superimposed on the parent star). First, second,
third, and fourth contacts are noted for a planet moving from left to right. Also defined areR*,Rp, and impact parameter b corresponding to orbital inclination
i. Different impact parameters b (or different i) will result in different transit shapes, as shown by the transits corresponding to the solid and dotted lines.

1040 SEAGER & MALLÉN-ORNELAS Vol. 585

Seager & Mallen-Ornelas (2003)

Modelling transits



3. THE EQUATIONS AND SOLUTION FOR A LIGHT CURVE WITH TWO OR MORE TRANSITS

3.1. The General System of Equations

There are five equations that completely describe the planet transit light curve. The first three equations (eqs. [1]–[3])
describe the geometry of the transit in terms of transit depth, transit shape, and transit duration (see Fig. 1). For a planet
transit light curve that is due to two spheres passing in front of each other, the geometry is relatively straightforward (see
Sackett 1999 for a derivation of the transit duration eq. [3]). Here we parameterize the transit shape by both tT, the total transit
duration (first to fourth contact), and tF, the duration of the transit completely inside ingress and egress (second to third con-
tact). The three geometrical equations that describe the transit light curve depend on four observables: the period P, the transit
depth DF, tF, and tT. See Figure 1 for an illustrative definition of DF, tF, and tT. In addition to the three geometrical equations,
there are two physical equations (eqs. [4] and [5]), Kepler’s third law and the stellar mass-radius relation. It is these physical
equations that break the degeneracy of the mathematical description of two spheres passing in front of each other, by setting a
physical scale. It is this physical scale, together with the geometrical description, that allows the unique solution.

The equations are as follows: the transit depth, DF, with F defined as the total observed flux,

DF ! Fno transit " Ftransit

Fno transit
¼

Rp

R$

! "2

; ð1Þ

the transit shape, described by the ratio of the duration of the ‘‘ flat part ’’ of the transit (tF) to the total transit duration (tT),

sinðtF!=PÞ
sinðtT!=PÞ

¼
#
1" Rp=R$

$ %& '2" a=R$ð Þ cos i½ (2
(1=2

#
1þ Rp=R$

$ %& '2" a=R$ð Þ cos i½ (2
(1=2

; ð2Þ

the total transit duration,

tT ¼ P

!
arcsin

R$
a

1þ Rp=R$
$ %& '2" a=R$ð Þ cos i½ (2

1" cos2 i

( )1=2
0

@

1

A ; ð3Þ

F!

*R

*

t 
t T

F

pR

2 3 41

421 3

bR = a cos i

Fig. 1.—Definition of transit light-curve observables. Two schematic light curves are shown on the bottom (solid and dotted lines), and the corresponding
geometry of the star and planet is shown on the top. Indicated on the solid light curve are the transit depth DF, the total transit duration tT, and the transit
duration between ingress and egress tF (i.e., the ‘‘ flat part ’’ of the transit light curve when the planet is fully superimposed on the parent star). First, second,
third, and fourth contacts are noted for a planet moving from left to right. Also defined areR*,Rp, and impact parameter b corresponding to orbital inclination
i. Different impact parameters b (or different i) will result in different transit shapes, as shown by the transits corresponding to the solid and dotted lines.

1040 SEAGER & MALLÉN-ORNELAS Vol. 585
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In practice, use more complex transit models (e.g. 
Mandel & Agol 2002) incorporating limb-darkening. 
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Abstract. Intrinsic stellar variability can hinder the detection of shallow transits, particularly
in space-based data. Therefore, this variability has to be filtered out before running the transit
search. Unfortunately, filtering out the low frequency signal of the stellar variability also modifies
the transit shape. This results in errors in the measured transit depth and duration used to derive
the planet radius, and orbital inclination. We present an evaluation of the magnitude of this
effect based on 20 simulated light curves from the CoRoT blind exercise 2 (BT2). We then
present an iterative filter which uses the strictly periodic nature of the transits to separate them
from other forms of variability, so as to recover the original transit shape before deriving the
planet parameters. On average with this filter, we improve the estimation of the transit depth
and duration by 15% and 10% respectively.
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1. Introduction

1.1. Planet parameters from observations and associated errors

The radius (Rp, eq. 1.1) and the mass (Mp, eq. 1.2) of an exoplanet can be fully solved
when measuring both the flux and the radial velocity variations of the parent star due
to its orbiting planetary companion.
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where, R! and M! are the radius and the mass of the parent star, ∆F
F

the flux variation
due to the planet transiting the disc of its parent star, K the amplitude of the radial
velocity variation of the parent star due the gravitational influence of its orbiting planet,
i and P the orbital inclination and period of the planet, and G the gravitational constant.
∆F
F

, P , and i can be measured from the light curve. A common way to measure R! and
M! is by comparing the stellar spectrum to stellar atmosphere models, allowing to derive
the stellar parameters (Teff , log g, [Fe/H]) used to obtain the stellar mass and radius. R!

can also be measured more precisely, and without the use of models, with interferometry,
or with transit fitting (in the case of high precision light curves).

1.2. Planet parameters and planet evolution and formation models

Improving the precision on observational planet masses and radii is important for both
planet structure and planet formation models. The internal structure of a planet can be
studied by comparing its mass and radius to model predictions of planets with different
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Kepler’s Third Law, assuming a circular orbit, where G is the universal gravitational constant and Mp the
planet mass,

P 2 =
4π2a3

G(M∗ + Mp)
; (4)

and the stellar mass radius relation,
R∗ = kMx

∗ , (5)

where k is a constant coefficient for each stellar sequence (main sequence, giants, etc.) and x describes the
power law of the sequence (e.g., x " 0.8 for F–K main sequence stars (Cox 2000)).

3.2. Analytical Solution

3.2.1. Four Parameters Deriveable from Observables

We ultimately wish to solve for the five unknown parameters M∗, R∗, a, i, and Rp from the five
equations above. It is first useful to note that four combinations of physical parameters can be found
directly from the observables (∆F , tT , tF , and P ) using only the first four equations above (the three
transit geometry equations and Kepler’s Third Law with Mp # M∗); this avoids any uncertainty from the
stellar mass-radius relation.

The four combinations of parameters are: the planet-star radius ratio which trivially follows from
equation (1),
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the impact parameter b, defined as the projected distance between the planet and star centers during
mid-transit in units of R∗ (see Figure 1), and which can be derived directly from the transit shape
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due to the planet transiting the disc of its parent star, K the amplitude of the radial
velocity variation of the parent star due the gravitational influence of its orbiting planet,
i and P the orbital inclination and period of the planet, and G the gravitational constant.
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, P , and i can be measured from the light curve. A common way to measure R! and
M! is by comparing the stellar spectrum to stellar atmosphere models, allowing to derive
the stellar parameters (Teff , log g, [Fe/H]) used to obtain the stellar mass and radius. R!

can also be measured more precisely, and without the use of models, with interferometry,
or with transit fitting (in the case of high precision light curves).

1.2. Planet parameters and planet evolution and formation models
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Kepler’s Third Law, assuming a circular orbit, where G is the universal gravitational constant and Mp the
planet mass,
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and the stellar mass radius relation,
R∗ = kMx

∗ , (5)

where k is a constant coefficient for each stellar sequence (main sequence, giants, etc.) and x describes the
power law of the sequence (e.g., x " 0.8 for F–K main sequence stars (Cox 2000)).

3.2. Analytical Solution

3.2.1. Four Parameters Deriveable from Observables

We ultimately wish to solve for the five unknown parameters M∗, R∗, a, i, and Rp from the five
equations above. It is first useful to note that four combinations of physical parameters can be found
directly from the observables (∆F , tT , tF , and P ) using only the first four equations above (the three
transit geometry equations and Kepler’s Third Law with Mp # M∗); this avoids any uncertainty from the
stellar mass-radius relation.

The four combinations of parameters are: the planet-star radius ratio which trivially follows from
equation (1),
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the impact parameter b, defined as the projected distance between the planet and star centers during
mid-transit in units of R∗ (see Figure 1), and which can be derived directly from the transit shape
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The four combinations of parameters are: the planet-star radius ratio which trivially follows from
equation (1),

Rp

R∗

=
√

∆F ; (6)

the impact parameter b, defined as the projected distance between the planet and star centers during
mid-transit in units of R∗ (see Figure 1), and which can be derived directly from the transit shape
equation (2), together with equation (6),

b ≡
a
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
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1/2

; (7)

the ratio a/R∗ which can be derived directly from the transit duration equation (3),

a

R∗

=

[

(1 +
√

∆F )2 − b2(1 − sin2 tT π
P )

sin2 tT π
P

]1/2

; (8)
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1. Introduction

1.1. Planet parameters from observations and associated errors

The radius (Rp, eq. 1.1) and the mass (Mp, eq. 1.2) of an exoplanet can be fully solved
when measuring both the flux and the radial velocity variations of the parent star due
to its orbiting planetary companion.

Rp = R!

√

∆F

F
(1.1)

Mp = M
2

3

!
K

sin i

(

P

4πG

)
1

3

(1.2)

where, R! and M! are the radius and the mass of the parent star, ∆F
F

the flux variation
due to the planet transiting the disc of its parent star, K the amplitude of the radial
velocity variation of the parent star due the gravitational influence of its orbiting planet,
i and P the orbital inclination and period of the planet, and G the gravitational constant.
∆F
F

, P , and i can be measured from the light curve. A common way to measure R! and
M! is by comparing the stellar spectrum to stellar atmosphere models, allowing to derive
the stellar parameters (Teff , log g, [Fe/H]) used to obtain the stellar mass and radius. R!

can also be measured more precisely, and without the use of models, with interferometry,
or with transit fitting (in the case of high precision light curves).

1.2. Planet parameters and planet evolution and formation models

Improving the precision on observational planet masses and radii is important for both
planet structure and planet formation models. The internal structure of a planet can be
studied by comparing its mass and radius to model predictions of planets with different

1
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3. THE EQUATIONS AND SOLUTION FOR A LIGHT CURVE WITH TWO OR MORE TRANSITS

3.1. The General System of Equations

There are five equations that completely describe the planet transit light curve. The first three equations (eqs. [1]–[3])
describe the geometry of the transit in terms of transit depth, transit shape, and transit duration (see Fig. 1). For a planet
transit light curve that is due to two spheres passing in front of each other, the geometry is relatively straightforward (see
Sackett 1999 for a derivation of the transit duration eq. [3]). Here we parameterize the transit shape by both tT, the total transit
duration (first to fourth contact), and tF, the duration of the transit completely inside ingress and egress (second to third con-
tact). The three geometrical equations that describe the transit light curve depend on four observables: the period P, the transit
depth DF, tF, and tT. See Figure 1 for an illustrative definition of DF, tF, and tT. In addition to the three geometrical equations,
there are two physical equations (eqs. [4] and [5]), Kepler’s third law and the stellar mass-radius relation. It is these physical
equations that break the degeneracy of the mathematical description of two spheres passing in front of each other, by setting a
physical scale. It is this physical scale, together with the geometrical description, that allows the unique solution.

The equations are as follows: the transit depth, DF, with F defined as the total observed flux,

DF ! Fno transit " Ftransit

Fno transit
¼

Rp

R$

! "2

; ð1Þ

the transit shape, described by the ratio of the duration of the ‘‘ flat part ’’ of the transit (tF) to the total transit duration (tT),

sinðtF!=PÞ
sinðtT!=PÞ

¼
#
1" Rp=R$

$ %& '2" a=R$ð Þ cos i½ (2
(1=2

#
1þ Rp=R$

$ %& '2" a=R$ð Þ cos i½ (2
(1=2

; ð2Þ

the total transit duration,

tT ¼ P

!
arcsin

R$
a

1þ Rp=R$
$ %& '2" a=R$ð Þ cos i½ (2

1" cos2 i

( )1=2
0

@

1

A ; ð3Þ

F!

*R

*

t 
t T

F

pR

2 3 41

421 3

bR = a cos i

Fig. 1.—Definition of transit light-curve observables. Two schematic light curves are shown on the bottom (solid and dotted lines), and the corresponding
geometry of the star and planet is shown on the top. Indicated on the solid light curve are the transit depth DF, the total transit duration tT, and the transit
duration between ingress and egress tF (i.e., the ‘‘ flat part ’’ of the transit light curve when the planet is fully superimposed on the parent star). First, second,
third, and fourth contacts are noted for a planet moving from left to right. Also defined areR*,Rp, and impact parameter b corresponding to orbital inclination
i. Different impact parameters b (or different i) will result in different transit shapes, as shown by the transits corresponding to the solid and dotted lines.
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1. Introduction

1.1. Planet parameters from observations and associated errors

The radius (Rp, eq. 1.1) and the mass (Mp, eq. 1.2) of an exoplanet can be fully solved
when measuring both the flux and the radial velocity variations of the parent star due
to its orbiting planetary companion.

Rp = R!

√

∆F

F
(1.1)

Mp = M
2

3

!
K

sin i

(

P

4πG

)
1

3

(1.2)

where, R! and M! are the radius and the mass of the parent star, ∆F
F

the flux variation
due to the planet transiting the disc of its parent star, K the amplitude of the radial
velocity variation of the parent star due the gravitational influence of its orbiting planet,
i and P the orbital inclination and period of the planet, and G the gravitational constant.
∆F
F

, P , and i can be measured from the light curve. A common way to measure R! and
M! is by comparing the stellar spectrum to stellar atmosphere models, allowing to derive
the stellar parameters (Teff , log g, [Fe/H]) used to obtain the stellar mass and radius. R!

can also be measured more precisely, and without the use of models, with interferometry,
or with transit fitting (in the case of high precision light curves).

1.2. Planet parameters and planet evolution and formation models

Improving the precision on observational planet masses and radii is important for both
planet structure and planet formation models. The internal structure of a planet can be
studied by comparing its mass and radius to model predictions of planets with different

1

transit duration (tT )
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; (3)

Kepler’s Third Law, assuming a circular orbit, where G is the universal gravitational constant and Mp the
planet mass,

P 2 =
4π2a3

G(M∗ + Mp)
; (4)

and the stellar mass radius relation,
R∗ = kMx

∗ , (5)

where k is a constant coefficient for each stellar sequence (main sequence, giants, etc.) and x describes the
power law of the sequence (e.g., x " 0.8 for F–K main sequence stars (Cox 2000)).

3.2. Analytical Solution

3.2.1. Four Parameters Deriveable from Observables

We ultimately wish to solve for the five unknown parameters M∗, R∗, a, i, and Rp from the five
equations above. It is first useful to note that four combinations of physical parameters can be found
directly from the observables (∆F , tT , tF , and P ) using only the first four equations above (the three
transit geometry equations and Kepler’s Third Law with Mp # M∗); this avoids any uncertainty from the
stellar mass-radius relation.

The four combinations of parameters are: the planet-star radius ratio which trivially follows from
equation (1),

Rp

R∗

=
√

∆F ; (6)

the impact parameter b, defined as the projected distance between the planet and star centers during
mid-transit in units of R∗ (see Figure 1), and which can be derived directly from the transit shape
equation (2), together with equation (6),

b ≡
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; (7)

the ratio a/R∗ which can be derived directly from the transit duration equation (3),

a
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; (8)
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; (3)

Kepler’s Third Law, assuming a circular orbit, where G is the universal gravitational constant and Mp the
planet mass,

P 2 =
4π2a3

G(M∗ + Mp)
; (4)

and the stellar mass radius relation,
R∗ = kMx

∗ , (5)

where k is a constant coefficient for each stellar sequence (main sequence, giants, etc.) and x describes the
power law of the sequence (e.g., x " 0.8 for F–K main sequence stars (Cox 2000)).

3.2. Analytical Solution

3.2.1. Four Parameters Deriveable from Observables

We ultimately wish to solve for the five unknown parameters M∗, R∗, a, i, and Rp from the five
equations above. It is first useful to note that four combinations of physical parameters can be found
directly from the observables (∆F , tT , tF , and P ) using only the first four equations above (the three
transit geometry equations and Kepler’s Third Law with Mp # M∗); this avoids any uncertainty from the
stellar mass-radius relation.

The four combinations of parameters are: the planet-star radius ratio which trivially follows from
equation (1),

Rp

R∗

=
√

∆F ; (6)

the impact parameter b, defined as the projected distance between the planet and star centers during
mid-transit in units of R∗ (see Figure 1), and which can be derived directly from the transit shape
equation (2), together with equation (6),

b ≡
a

R∗

cos i =







(1 −
√

∆F )2 − sin2 tF π
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(1 +
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
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the ratio a/R∗ which can be derived directly from the transit duration equation (3),
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=

[
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√

∆F )2 − b2(1 − sin2 tT π
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1. Introduction

1.1. Planet parameters from observations and associated errors

The radius (Rp, eq. 1.1) and the mass (Mp, eq. 1.2) of an exoplanet can be fully solved
when measuring both the flux and the radial velocity variations of the parent star due
to its orbiting planetary companion.

Rp = R!

√

∆F

F
(1.1)

Mp = M
2

3

!
K

sin i

(

P

4πG

)
1

3

(1.2)

where, R! and M! are the radius and the mass of the parent star, ∆F
F

the flux variation
due to the planet transiting the disc of its parent star, K the amplitude of the radial
velocity variation of the parent star due the gravitational influence of its orbiting planet,
i and P the orbital inclination and period of the planet, and G the gravitational constant.
∆F
F

, P , and i can be measured from the light curve. A common way to measure R! and
M! is by comparing the stellar spectrum to stellar atmosphere models, allowing to derive
the stellar parameters (Teff , log g, [Fe/H]) used to obtain the stellar mass and radius. R!

can also be measured more precisely, and without the use of models, with interferometry,
or with transit fitting (in the case of high precision light curves).

1.2. Planet parameters and planet evolution and formation models

Improving the precision on observational planet masses and radii is important for both
planet structure and planet formation models. The internal structure of a planet can be
studied by comparing its mass and radius to model predictions of planets with different

1
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star radius with ultra-precise (space-based) light 
curves. Otherwise, star radius as well as mass 
obtained by modelling high-SNR spectra
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3. THE EQUATIONS AND SOLUTION FOR A LIGHT CURVE WITH TWO OR MORE TRANSITS

3.1. The General System of Equations

There are five equations that completely describe the planet transit light curve. The first three equations (eqs. [1]–[3])
describe the geometry of the transit in terms of transit depth, transit shape, and transit duration (see Fig. 1). For a planet
transit light curve that is due to two spheres passing in front of each other, the geometry is relatively straightforward (see
Sackett 1999 for a derivation of the transit duration eq. [3]). Here we parameterize the transit shape by both tT, the total transit
duration (first to fourth contact), and tF, the duration of the transit completely inside ingress and egress (second to third con-
tact). The three geometrical equations that describe the transit light curve depend on four observables: the period P, the transit
depth DF, tF, and tT. See Figure 1 for an illustrative definition of DF, tF, and tT. In addition to the three geometrical equations,
there are two physical equations (eqs. [4] and [5]), Kepler’s third law and the stellar mass-radius relation. It is these physical
equations that break the degeneracy of the mathematical description of two spheres passing in front of each other, by setting a
physical scale. It is this physical scale, together with the geometrical description, that allows the unique solution.

The equations are as follows: the transit depth, DF, with F defined as the total observed flux,

DF ! Fno transit " Ftransit

Fno transit
¼

Rp

R$

! "2

; ð1Þ

the transit shape, described by the ratio of the duration of the ‘‘ flat part ’’ of the transit (tF) to the total transit duration (tT),

sinðtF!=PÞ
sinðtT!=PÞ

¼
#
1" Rp=R$

$ %& '2" a=R$ð Þ cos i½ (2
(1=2

#
1þ Rp=R$

$ %& '2" a=R$ð Þ cos i½ (2
(1=2

; ð2Þ

the total transit duration,

tT ¼ P

!
arcsin

R$
a

1þ Rp=R$
$ %& '2" a=R$ð Þ cos i½ (2

1" cos2 i

( )1=2
0

@

1

A ; ð3Þ

F!

*R

*

t 
t T

F

pR

2 3 41

421 3

bR = a cos i

Fig. 1.—Definition of transit light-curve observables. Two schematic light curves are shown on the bottom (solid and dotted lines), and the corresponding
geometry of the star and planet is shown on the top. Indicated on the solid light curve are the transit depth DF, the total transit duration tT, and the transit
duration between ingress and egress tF (i.e., the ‘‘ flat part ’’ of the transit light curve when the planet is fully superimposed on the parent star). First, second,
third, and fourth contacts are noted for a planet moving from left to right. Also defined areR*,Rp, and impact parameter b corresponding to orbital inclination
i. Different impact parameters b (or different i) will result in different transit shapes, as shown by the transits corresponding to the solid and dotted lines.
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Mandel & Agol 2002) incorporating limb-darkening. 
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1. Introduction

1.1. Planet parameters from observations and associated errors

The radius (Rp, eq. 1.1) and the mass (Mp, eq. 1.2) of an exoplanet can be fully solved
when measuring both the flux and the radial velocity variations of the parent star due
to its orbiting planetary companion.

Rp = R!

√

∆F

F
(1.1)

Mp = M
2

3

!
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sin i

(

P

4πG

)
1

3

(1.2)

where, R! and M! are the radius and the mass of the parent star, ∆F
F

the flux variation
due to the planet transiting the disc of its parent star, K the amplitude of the radial
velocity variation of the parent star due the gravitational influence of its orbiting planet,
i and P the orbital inclination and period of the planet, and G the gravitational constant.
∆F
F

, P , and i can be measured from the light curve. A common way to measure R! and
M! is by comparing the stellar spectrum to stellar atmosphere models, allowing to derive
the stellar parameters (Teff , log g, [Fe/H]) used to obtain the stellar mass and radius. R!

can also be measured more precisely, and without the use of models, with interferometry,
or with transit fitting (in the case of high precision light curves).

1.2. Planet parameters and planet evolution and formation models

Improving the precision on observational planet masses and radii is important for both
planet structure and planet formation models. The internal structure of a planet can be
studied by comparing its mass and radius to model predictions of planets with different
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; (3)

Kepler’s Third Law, assuming a circular orbit, where G is the universal gravitational constant and Mp the
planet mass,

P 2 =
4π2a3

G(M∗ + Mp)
; (4)

and the stellar mass radius relation,
R∗ = kMx

∗ , (5)

where k is a constant coefficient for each stellar sequence (main sequence, giants, etc.) and x describes the
power law of the sequence (e.g., x " 0.8 for F–K main sequence stars (Cox 2000)).

3.2. Analytical Solution

3.2.1. Four Parameters Deriveable from Observables

We ultimately wish to solve for the five unknown parameters M∗, R∗, a, i, and Rp from the five
equations above. It is first useful to note that four combinations of physical parameters can be found
directly from the observables (∆F , tT , tF , and P ) using only the first four equations above (the three
transit geometry equations and Kepler’s Third Law with Mp # M∗); this avoids any uncertainty from the
stellar mass-radius relation.

The four combinations of parameters are: the planet-star radius ratio which trivially follows from
equation (1),

Rp

R∗

=
√
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Abstract. Intrinsic stellar variability can hinder the detection of shallow transits, particularly
in space-based data. Therefore, this variability has to be filtered out before running the transit
search. Unfortunately, filtering out the low frequency signal of the stellar variability also modifies
the transit shape. This results in errors in the measured transit depth and duration used to derive
the planet radius, and orbital inclination. We present an evaluation of the magnitude of this
effect based on 20 simulated light curves from the CoRoT blind exercise 2 (BT2). We then
present an iterative filter which uses the strictly periodic nature of the transits to separate them
from other forms of variability, so as to recover the original transit shape before deriving the
planet parameters. On average with this filter, we improve the estimation of the transit depth
and duration by 15% and 10% respectively.

Keywords. exoplanet, transit, stellar variability

1. Introduction

1.1. Planet parameters from observations and associated errors

The radius (Rp, eq. 1.1) and the mass (Mp, eq. 1.2) of an exoplanet can be fully solved
when measuring both the flux and the radial velocity variations of the parent star due
to its orbiting planetary companion.

Rp = R!

√

∆F

F
(1.1)

Mp = M
2

3

!
K

sin i

(

P

4πG

)
1

3

(1.2)

where, R! and M! are the radius and the mass of the parent star, ∆F
F

the flux variation
due to the planet transiting the disc of its parent star, K the amplitude of the radial
velocity variation of the parent star due the gravitational influence of its orbiting planet,
i and P the orbital inclination and period of the planet, and G the gravitational constant.
∆F
F

, P , and i can be measured from the light curve. A common way to measure R! and
M! is by comparing the stellar spectrum to stellar atmosphere models, allowing to derive
the stellar parameters (Teff , log g, [Fe/H]) used to obtain the stellar mass and radius. R!

can also be measured more precisely, and without the use of models, with interferometry,
or with transit fitting (in the case of high precision light curves).

1.2. Planet parameters and planet evolution and formation models

Improving the precision on observational planet masses and radii is important for both
planet structure and planet formation models. The internal structure of a planet can be
studied by comparing its mass and radius to model predictions of planets with different

1

For circular orbits,
Only break degeneracy between inclination and 
star radius with ultra-precise (space-based) light 
curves. Otherwise, star radius as well as mass 
obtained by modelling high-SNR spectra

Modelling transits

Typical depth 1% (Jupiter on Sun) to 0.01% (Earth on Sun)
Typical duration 2h (0.03 AU) to 13h (1AU)

Periods 1d to years
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Fig. 12. Mass-radius relationships for planets in the
mass range 10 M⊕ - 1 MJ at different ages, as indi-
cated in the panels, and different levels of heavy ele-
ment enrichment: Z = Z" (solid lines); Z =10% (short-
dash lines); Z =50% (dash-dot lines); Z =90% (long-
dash lines). Left panels: without irradiation; right pan-
els: with irradiation from a Sun at 0.045 AU. Symbols
indicate the observed data for transiting Neptune-mass
to Jupiter mass planets, taken from F. Pont’s website
(obswww.unige.ch/∼pont/TRANSITS.htm).

becomes more and more incorrect and yields erroneous
cooling sequences.

– For core mass fractions less than 50% of the planet’s
mass, a variation of the core composition between pure
water and pure rock (iron) yields a difference on the
radius of less than 7% (15%) after 1 Gyr, for all the
planet masses of interest.

– For a total mass fraction of heavy elements Z <∼ 10%-
15%, their impact on the evolution of the planet can be
mimicked reasonably well by assuming that they are all
located in the core.

– For heavy material enrichments Z > 20%, the distri-
bution of heavy elements (everything in the core versus
uniform distribution) can affect significantly the cooling
and thus the radius determination (more than 10% at
a given age). Therefore:

– For metal-rich (Z >∼ 20%) light planets (<∼ 20 M⊕), since
the planets are expected to have a massive ∼ 10 M⊕

core, it seems realistic to put all the heavy material in
the core.

– For massive metal-rich planets (Mp >∼ 50 M⊕ and Z >
20%), however, the evolution is better described by

Table 4. Radii of planets (in RJ) in the mass range 20 M⊕ -
1 MJ for different levels of heavy element enrichment Z (see
text, §7.2, for the choice of the heavy material distribution)
and at different ages.

Z Mp/M⊕ R0.5 Gyr R1 Gyr R5 Gyr

0.02 10. 0.828 0.811 0.758
20. 0.858 0.839 0.800
50. 0.923 0.905 0.876
100. 0.980 0.963 0.937
159. 1.017 0.995 0.968
318. 1.057 1.032 0.998

0.10 10. 0.779 0.763 0.716
20. 0.813 0.797 0.762
50. 0.878 0.862 0.836
100. 0.935 0.919 0.896
159. 0.971 0.951 0.926
318. 1.012 0.990 0.958

0.50 10. 0.598 0.586 0.555
20. 0.632 0.621 0.598
50. 0.683 0.665 0.635
100. 0.717 0.697 0.670
159. 0.739 0.718 0.690
318. 0.781 0.756 0.721

0.90 10. 0.382 0.375 0.357
20. 0.420 0.414 0.403
50. 0.503 0.474 0.439
100. 0.543 0.512 0.469
159. 0.568 0.538 0.492
318. 0.607 0.578 0.524

Table 5. Same as table 4 for irradiated models by a Sun
at 0.045 AU.

Z Mp/M⊕ R0.5 Gyr R1 Gyr R5 Gyr

0.02 10. - - -
20. 1.441 1.391 1.229
50. 1.258 1.192 1.084
100. 1.201 1.155 1.074
159. 1.186 1.151 1.085
318. 1.160 1.137 1.089

0.10 10. 1.517 1.506 1.428
20. 1.416 1.326 1.147
50. 1.173 1.120 1.021
100. 1.131 1.091 1.020
159. 1.120 1.089 1.032
318. 1.106 1.086 1.042

0.50 10. 1.095 1.050 0.927
20. 0.935 0.890 0.800
50. 0.841 0.798 0.725
100. 0.812 0.787 0.737
159. 0.813 0.790 0.747
318. 0.830 0.810 0.772

0.90 10. 0.545 0.528 0.492
20. 0.517 0.502 0.474
50. 0.575 0.534 0.469
100. 0.594 0.560 0.498
159. 0.601 0.574 0.522
318. 0.628 0.604 0.552

models which assume that the heavy elements are dis-
tributed throughout the entire planet than by models
with all heavy elements in the core and none in the
gaseous envelope. The former models yield results sim-
ilar to the ones obtained with a more realistic distri-
bution, namely a ∼ 10 M⊕ core and the rest of heavy
material distributed in the envelope.

Baraffe, Chabrier & Barman (2008)

http://www.obs
http://www.obs


Structure and composition

F. Pont - http://www.inscience.ch/transits

Of the known planets, several are (very) inflated - additional heat source?

Baraffe, Chabrier & Barman: From super Earth to super Jupiter exoplanets. 17

Fig. 12. Mass-radius relationships for planets in the
mass range 10 M⊕ - 1 MJ at different ages, as indi-
cated in the panels, and different levels of heavy ele-
ment enrichment: Z = Z" (solid lines); Z =10% (short-
dash lines); Z =50% (dash-dot lines); Z =90% (long-
dash lines). Left panels: without irradiation; right pan-
els: with irradiation from a Sun at 0.045 AU. Symbols
indicate the observed data for transiting Neptune-mass
to Jupiter mass planets, taken from F. Pont’s website
(obswww.unige.ch/∼pont/TRANSITS.htm).

becomes more and more incorrect and yields erroneous
cooling sequences.

– For core mass fractions less than 50% of the planet’s
mass, a variation of the core composition between pure
water and pure rock (iron) yields a difference on the
radius of less than 7% (15%) after 1 Gyr, for all the
planet masses of interest.

– For a total mass fraction of heavy elements Z <∼ 10%-
15%, their impact on the evolution of the planet can be
mimicked reasonably well by assuming that they are all
located in the core.

– For heavy material enrichments Z > 20%, the distri-
bution of heavy elements (everything in the core versus
uniform distribution) can affect significantly the cooling
and thus the radius determination (more than 10% at
a given age). Therefore:

– For metal-rich (Z >∼ 20%) light planets (<∼ 20 M⊕), since
the planets are expected to have a massive ∼ 10 M⊕

core, it seems realistic to put all the heavy material in
the core.

– For massive metal-rich planets (Mp >∼ 50 M⊕ and Z >
20%), however, the evolution is better described by

Table 4. Radii of planets (in RJ) in the mass range 20 M⊕ -
1 MJ for different levels of heavy element enrichment Z (see
text, §7.2, for the choice of the heavy material distribution)
and at different ages.

Z Mp/M⊕ R0.5 Gyr R1 Gyr R5 Gyr

0.02 10. 0.828 0.811 0.758
20. 0.858 0.839 0.800
50. 0.923 0.905 0.876
100. 0.980 0.963 0.937
159. 1.017 0.995 0.968
318. 1.057 1.032 0.998

0.10 10. 0.779 0.763 0.716
20. 0.813 0.797 0.762
50. 0.878 0.862 0.836
100. 0.935 0.919 0.896
159. 0.971 0.951 0.926
318. 1.012 0.990 0.958

0.50 10. 0.598 0.586 0.555
20. 0.632 0.621 0.598
50. 0.683 0.665 0.635
100. 0.717 0.697 0.670
159. 0.739 0.718 0.690
318. 0.781 0.756 0.721

0.90 10. 0.382 0.375 0.357
20. 0.420 0.414 0.403
50. 0.503 0.474 0.439
100. 0.543 0.512 0.469
159. 0.568 0.538 0.492
318. 0.607 0.578 0.524

Table 5. Same as table 4 for irradiated models by a Sun
at 0.045 AU.

Z Mp/M⊕ R0.5 Gyr R1 Gyr R5 Gyr

0.02 10. - - -
20. 1.441 1.391 1.229
50. 1.258 1.192 1.084
100. 1.201 1.155 1.074
159. 1.186 1.151 1.085
318. 1.160 1.137 1.089

0.10 10. 1.517 1.506 1.428
20. 1.416 1.326 1.147
50. 1.173 1.120 1.021
100. 1.131 1.091 1.020
159. 1.120 1.089 1.032
318. 1.106 1.086 1.042

0.50 10. 1.095 1.050 0.927
20. 0.935 0.890 0.800
50. 0.841 0.798 0.725
100. 0.812 0.787 0.737
159. 0.813 0.790 0.747
318. 0.830 0.810 0.772

0.90 10. 0.545 0.528 0.492
20. 0.517 0.502 0.474
50. 0.575 0.534 0.469
100. 0.594 0.560 0.498
159. 0.601 0.574 0.522
318. 0.628 0.604 0.552

models which assume that the heavy elements are dis-
tributed throughout the entire planet than by models
with all heavy elements in the core and none in the
gaseous envelope. The former models yield results sim-
ilar to the ones obtained with a more realistic distri-
bution, namely a ∼ 10 M⊕ core and the rest of heavy
material distributed in the envelope.

Baraffe, Chabrier & Barman (2008)

Fressin et al. (2007)
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Figure 5 shows examples of radii obtained for Teq = 1000
and 2000, K, and core masses of 0 and 100Moplus, respectively,
compared to available measurements.
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Fig. 5. Theoretical and observed mass-radius relations. The
black line is applicable to the evolution of solar composition
planets, brown dwarfs and stars, when isolated or nearly isolated
(as Jupiter, Saturn, Uranus and Neptune, defined by diamonds
and their respective symbols), after 5 Ga of evolution. The dotted
line shows the effect of a 15M⊕ core on the mass-radius relation.
Orange and yellow curves represent the mass-radius relations
for heavily irradiated planets with equilibrium temperatures of
1000 and 2000K, respectively, and assuming that 0.5% of the
incoming stellar luminosity is dissipated at the center (see sec-
tion 1.4.3). For each irradiation level, two cases are considered: a
solar-composition planet with no core (top curve), and one with
a 100M⊕ central core (bottom curve). The transiting extrasolar
giant planets for which a mass and a radius was measured are
shownwith points that are color-coded in function of the planet’s
equilibrium temperature. The masses and radii of very low mass
stars are also indicated as blue points with error bars.

1.5. Modeling transit events and their detectability

We now descibe how this population of stars, planets and their
interactions during transits are modelled to reproduce real obser-
vations.

1.5.1. PSFs and CCDs

Each image of a star is spread by the atmosphere and by the
telescope to grow to a specific size and shape when reaching
the CCD in the focal plane of the telescope, the so-called point
spread function (PSF). The CCD being composed of many dis-
crete pixels, these PSFs are then effectively discretized, so that
the signal to be analyzed for any given star is composed of many
different lightcurves corresponding to the many pixels over the
size of its PSF. A further complication arises from the fact that
the stellar fields generally chosen by transit surveys are dense,
so that many PSFs overlap. Recovering individual stellar light
curves from real data is a complex problem. Two popular meth-
ods are aperture photometry (Stetson 1987) and image subtrac-
tion (Alard & Lupton 1998). (An adaptation of the latter was
used to extract the OGLE lightcurves).

A refined simulation could include possible spatial and tem-
poral variations of the PSFs, and a realistic data reduction
pipeline. In our case, we choose to simplify the problem by rely-
ing on a posteriori analyses of real light curves to provide us with
a global noise budget. We however include background stars be-
cause of the important effect of signal dilution.

In order to do so, we assume that the PSFs are gaussian with
a uniform, constant FWHM. (Non-gaussian PSFs are not diffi-
cult to include but we tested in the OGLE case that for a fixed
equivalent FWHM, they have a negligible effect on the resulting
signal-to-noise ratio of simulated transit events). We consider
for each target of the survey the global flux from the main star
and the background stars in its neighborhood up to magnitude
22 in the spectral band of observation. The neighborhood zone
for background stars is defined as a circle of diameter equal to
4 times the PSF’s FWHM around the photocenter of each target
star. Each background star whose photocenter is located in that
zone is taken into account for the calculation of the global flux.
The global flux is calculated as the sum of the pixels located at
less than twice the FWHM of the central star.

We thus simulate aperture photometry when image subtrac-
tion was used for OGLE (Udalski et al. 2002). The choice of the
reduction algorithm indeed affects the sensitivity obtained from
real observations. In our simulations, i.e. a relatively idealized
case, it would have marginal effects since realistic noises are
included a posteriori from the analysis of real lightcurves (see
hereafter).

1.5.2. Noise budget and event detectability

We choose to separate noise sources into two categories:

– ‘White noise’ sources, following gaussian and Poisson laws.
The main source of white noise is the photon noise of target
stars and their background. The level of white noise for a
given target star is obtained from the simulation of the flux
of that star and its background in the photometric aperture.

– ‘Red noise’, or systematic effects on photometry, that un-
dergo temporal correlation. The structure of these systemat-
ics in the OGLE photometry have been explored in details by
Pont et al. (2006b). These noise sources are both instrumen-
tal (jitter and breathing of the CCD, frequency spectrum of
stellar field moves on the camera, change of the PSF shapes
accross the CCD during the night), and environmental (dif-
ferential refraction and extinction, changes of airmass and
sky brightness, temperature changes). Rather than trying to
simulate instrumental and environmental noise sources accu-
rately, which is difficult with the relatively poor knowledge
we have of the time spectrum of their combined effects, we
use the effective global ‘red noise’ measurements of OGLE-
III survey real light curvesmentionned in Pont et al. (2006b),
which consider the combined effect of these noise sources.

Pont et al. (2006b) calculated that, in the presence of a mix-
ture of white and red noise (i.e. accounting for photometric sys-
tematics), the detection threshold for a transit survey is well de-
scribed by a limit on the signal-to-noise ratio defined as:

S 2r =
d2n2

∑Ntr
k=1 nk

2(σw2/nk + σr2)
(6)

where Ntr is the number of transits sampled, nk the number of
data points in the k-th transit. σw and σr are the standard devia-
tion of measurement points of white and red noises, respectively,
d is the event depth and n the total number of measurement

Others are very dense - high core mass?



Structure and composition

F. Pont - http://www.inscience.ch/transits

Of the known planets, several are (very) inflated - additional heat source?

Baraffe, Chabrier & Barman: From super Earth to super Jupiter exoplanets. 17

Fig. 12. Mass-radius relationships for planets in the
mass range 10 M⊕ - 1 MJ at different ages, as indi-
cated in the panels, and different levels of heavy ele-
ment enrichment: Z = Z" (solid lines); Z =10% (short-
dash lines); Z =50% (dash-dot lines); Z =90% (long-
dash lines). Left panels: without irradiation; right pan-
els: with irradiation from a Sun at 0.045 AU. Symbols
indicate the observed data for transiting Neptune-mass
to Jupiter mass planets, taken from F. Pont’s website
(obswww.unige.ch/∼pont/TRANSITS.htm).

becomes more and more incorrect and yields erroneous
cooling sequences.

– For core mass fractions less than 50% of the planet’s
mass, a variation of the core composition between pure
water and pure rock (iron) yields a difference on the
radius of less than 7% (15%) after 1 Gyr, for all the
planet masses of interest.

– For a total mass fraction of heavy elements Z <∼ 10%-
15%, their impact on the evolution of the planet can be
mimicked reasonably well by assuming that they are all
located in the core.

– For heavy material enrichments Z > 20%, the distri-
bution of heavy elements (everything in the core versus
uniform distribution) can affect significantly the cooling
and thus the radius determination (more than 10% at
a given age). Therefore:

– For metal-rich (Z >∼ 20%) light planets (<∼ 20 M⊕), since
the planets are expected to have a massive ∼ 10 M⊕

core, it seems realistic to put all the heavy material in
the core.

– For massive metal-rich planets (Mp >∼ 50 M⊕ and Z >
20%), however, the evolution is better described by

Table 4. Radii of planets (in RJ) in the mass range 20 M⊕ -
1 MJ for different levels of heavy element enrichment Z (see
text, §7.2, for the choice of the heavy material distribution)
and at different ages.
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with all heavy elements in the core and none in the
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and 2000, K, and core masses of 0 and 100Moplus, respectively,
compared to available measurements.
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Fig. 5. Theoretical and observed mass-radius relations. The
black line is applicable to the evolution of solar composition
planets, brown dwarfs and stars, when isolated or nearly isolated
(as Jupiter, Saturn, Uranus and Neptune, defined by diamonds
and their respective symbols), after 5 Ga of evolution. The dotted
line shows the effect of a 15M⊕ core on the mass-radius relation.
Orange and yellow curves represent the mass-radius relations
for heavily irradiated planets with equilibrium temperatures of
1000 and 2000K, respectively, and assuming that 0.5% of the
incoming stellar luminosity is dissipated at the center (see sec-
tion 1.4.3). For each irradiation level, two cases are considered: a
solar-composition planet with no core (top curve), and one with
a 100M⊕ central core (bottom curve). The transiting extrasolar
giant planets for which a mass and a radius was measured are
shownwith points that are color-coded in function of the planet’s
equilibrium temperature. The masses and radii of very low mass
stars are also indicated as blue points with error bars.

1.5. Modeling transit events and their detectability

We now descibe how this population of stars, planets and their
interactions during transits are modelled to reproduce real obser-
vations.

1.5.1. PSFs and CCDs

Each image of a star is spread by the atmosphere and by the
telescope to grow to a specific size and shape when reaching
the CCD in the focal plane of the telescope, the so-called point
spread function (PSF). The CCD being composed of many dis-
crete pixels, these PSFs are then effectively discretized, so that
the signal to be analyzed for any given star is composed of many
different lightcurves corresponding to the many pixels over the
size of its PSF. A further complication arises from the fact that
the stellar fields generally chosen by transit surveys are dense,
so that many PSFs overlap. Recovering individual stellar light
curves from real data is a complex problem. Two popular meth-
ods are aperture photometry (Stetson 1987) and image subtrac-
tion (Alard & Lupton 1998). (An adaptation of the latter was
used to extract the OGLE lightcurves).

A refined simulation could include possible spatial and tem-
poral variations of the PSFs, and a realistic data reduction
pipeline. In our case, we choose to simplify the problem by rely-
ing on a posteriori analyses of real light curves to provide us with
a global noise budget. We however include background stars be-
cause of the important effect of signal dilution.

In order to do so, we assume that the PSFs are gaussian with
a uniform, constant FWHM. (Non-gaussian PSFs are not diffi-
cult to include but we tested in the OGLE case that for a fixed
equivalent FWHM, they have a negligible effect on the resulting
signal-to-noise ratio of simulated transit events). We consider
for each target of the survey the global flux from the main star
and the background stars in its neighborhood up to magnitude
22 in the spectral band of observation. The neighborhood zone
for background stars is defined as a circle of diameter equal to
4 times the PSF’s FWHM around the photocenter of each target
star. Each background star whose photocenter is located in that
zone is taken into account for the calculation of the global flux.
The global flux is calculated as the sum of the pixels located at
less than twice the FWHM of the central star.

We thus simulate aperture photometry when image subtrac-
tion was used for OGLE (Udalski et al. 2002). The choice of the
reduction algorithm indeed affects the sensitivity obtained from
real observations. In our simulations, i.e. a relatively idealized
case, it would have marginal effects since realistic noises are
included a posteriori from the analysis of real lightcurves (see
hereafter).

1.5.2. Noise budget and event detectability

We choose to separate noise sources into two categories:

– ‘White noise’ sources, following gaussian and Poisson laws.
The main source of white noise is the photon noise of target
stars and their background. The level of white noise for a
given target star is obtained from the simulation of the flux
of that star and its background in the photometric aperture.

– ‘Red noise’, or systematic effects on photometry, that un-
dergo temporal correlation. The structure of these systemat-
ics in the OGLE photometry have been explored in details by
Pont et al. (2006b). These noise sources are both instrumen-
tal (jitter and breathing of the CCD, frequency spectrum of
stellar field moves on the camera, change of the PSF shapes
accross the CCD during the night), and environmental (dif-
ferential refraction and extinction, changes of airmass and
sky brightness, temperature changes). Rather than trying to
simulate instrumental and environmental noise sources accu-
rately, which is difficult with the relatively poor knowledge
we have of the time spectrum of their combined effects, we
use the effective global ‘red noise’ measurements of OGLE-
III survey real light curvesmentionned in Pont et al. (2006b),
which consider the combined effect of these noise sources.

Pont et al. (2006b) calculated that, in the presence of a mix-
ture of white and red noise (i.e. accounting for photometric sys-
tematics), the detection threshold for a transit survey is well de-
scribed by a limit on the signal-to-noise ratio defined as:

S 2r =
d2n2

∑Ntr
k=1 nk

2(σw2/nk + σr2)
(6)

where Ntr is the number of transits sampled, nk the number of
data points in the k-th transit. σw and σr are the standard devia-
tion of measurement points of white and red noises, respectively,
d is the event depth and n the total number of measurement
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Formation and evolution

With recent discoveries of low and high mass transiting planets, we are starting to see 3 very distinct classes of 
planets in this diagram: normal (very) hot Jupiters, supermassive hot Jupiters, and hot Neptunes. Could this indicate 
distinct formation and/or evolution mechanisms?

Mazeh & Zucker (2005) first pointed out a correlation between the true mass and period of transiting planets.  Today, for giant 
planets it remains suggestive of a minimum mass at a given period - signature of evolutionary processes such as tidal 
evolution or evaporation?
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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).
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Queloz et al. (2000) - HD 209458b
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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).
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The Rossiter-McLaughlin effect, or 
spectroscopic transit, is primarily sensitive to 
relative inclination of the planet’s orbit 
and the star rotational equator.

All measurements to date (a handful of 
planets) are consistent with coplanarity 
or very small relative inclination. A significant 
deviation from co-planarity would be 
challenging to formation models.
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Transmission spectroscopy probes the atmospheric transparency 
gradient near the limb (i.e. at the day-night terminator).
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Transmission spectroscopy probes the atmospheric transparency 
gradient near the limb (i.e. at the day-night terminator).

the Solar and Heliospheric Observatory (SOHO)9 during the last
solar cycle from 1996 to 2001, that is, from quiet to active Sun.
During this time, the total solar Lyman a flux varies by about a
factor of two, while its In/Out ratio varies by less than^6%.Within
a few months, a time comparable to our HD209458 observations,
the solar In/Out ratio varies by less than^4%. This is an indication
that the absorption detected is not of stellar origin but is due to a
transient absorption occurring during the planetary transits.

A bright hot spot on the stellar surface hidden during the
planetary transit is also excluded. Such a hot spot would have to
contribute about 15% of the Lyman a flux over 1.5% of the stellar
surface occulted by the planet, in contradiction with Lyman a
inhomogeneities observed on the Sun10. Furthermore, this spot
would have to be perfectly aligned with the planet throughout the
transit, at the same latitude as the Earth’s direction, and with a
peculiar narrow single-peaked profile confined over the In spectral
region. It seems unlikely that a stellar spot could satisfy all these
conditions.

Finally, we confirmed with various tests that there are no
correlations between the geocoronal variations and the detected
signature in absorption. One method is presented in Fig. 4,
showing that a contamination of the In domain by the geocorona
is excluded. We thus conclude that the detected profile variation
can only be related to an absorption produced by the planetary
environment.
The observed 15% intensity drop is larger than expected a priori

for an atmosphere of a planet occulting only 1.5% of the star.
Although the small distance (8.5 stellar radii) between the planet
and the star results in an extended Roche lobe11 with a limit at about
2.7 planetary radii (that is, 3.6 Jupiter radii), the filling up of this
lobe gives a maximum absorption of about 10% during the
planetary transit. Because a more important absorption is detected,
hydrogen atomsmust cover a larger area: a drop of 15% corresponds
to an occultation by an object of 4.3 Jupiter radii. This is clearly
beyond the Roche limit as theoretically predicted6. Thus some
hydrogen atoms should escape from the planet. The spectral
absorption width shows independently that the atoms have large
velocities relative to the planet. Thus hydrogen atoms must be
escaping the planetary atmosphere.
We have built a particle simulation in which we assumed that

hydrogen atoms are sensitive to the stellar radiation pressure

Figure 2 The HD209458 Lyman a profile observed with the G140M grating. The

geocoronal emission has been subtracted; the propagated errors are consequently larger

in the central part of the profile, particularly in the Geo domain (see text). Dl represents

the spectral resolution. a, The thin line shows the average of the three observations
performed before the transits (exposures A1, B1 and C1); the thick line shows the average

of the three observations recorded entirely within the transits (exposures A2, B3 and C3).

Variations are seen in the In domain as absorption over the blue peak of the line and

partially over the red peak (between 2130 km s21 and 100 km s21). Quoted velocities

are in the stellar reference frame, centred on 213 km s21 in the heliocentric reference

frame. b, ^1j error bars. c, The ratio of the two spectra in the In domain, the spectra
being normalized such that the ratio is 1 in the Out domain. This ratio is plotted as a

function of l1 using l2 ¼ 1;216:10 !A (triangles), and as a function of l2 using

l1 ¼ 1;215:15 !A (circles). The ratio is always significantly below 1, with a minimum at

l1 ¼ 1;215:15 !A (2130 km s21) and l2 ¼ 1;216:10 !A (100 km s21). In the domain

defined by these values, the Lyman a intensity decreases during the transits by

15 ^ 4%. The detection does not strongly depend on a particular selection of the

domain. While the decrease of the Lyman a intensity is not sensitive to the position of l2,

it is more sensitive to the position of l1, showing that most of the absorption occurs in the

blue part of the line. Using the whole domain where the absorption is detected, the

exoplanetary atmospheric hydrogen is detected at more than 3j.

Figure 3 Relative flux of Lyman a as a function of the HD209458’s system phase.

The averaged ratio of the flux is measured in the In (1,215.15–1,215.50 Å and 1,215.80–

1,216.10 Å) and the Out (1,214.40–1,215.15 Å and 1,216.10–1,216.80 Å) domains in

individual exposures of the three observed transits of HD209458b. The central time of

each exposure is plotted relative to the transit time. The vertical dashed lines indicate the

first and the second contact at the beginning and the end of the transit; the exposures A1,

B1 and C1 were performed before the transits, and the exposures A2, B3 and C3 were

entirely within the transits. The ratio is normalized to the average value of the three

observations completed before the beginning of the transits. The ^1j error bars are

statistical; they are computed through boot-strap estimations (see text). The In/Out ratio

smoothly decreases by around 15% during the transit. The thick line represents the

absorption ratio modelled through a particle simulation which includes hydrogen atoms

escaping from the planet. In this simulation, hydrogen atoms are sensitive to the radiation

pressure above an altitude of 0.5 times the Roche radius, where the density is assumed to

be 2 £ 105 cm23; these two parameters correspond to an escape flux of ,1010 g s21.

The stellar radiation pressure is taken to be 0.7 times the stellar gravitation. The mean

lifetime of escaping hydrogen atoms is taken to be 4 h. The model yields an atom

population in a curved comet-like tail, explaining why the computed absorption lasts well

after the end of the transit.
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the Solar and Heliospheric Observatory (SOHO)9 during the last
solar cycle from 1996 to 2001, that is, from quiet to active Sun.
During this time, the total solar Lyman a flux varies by about a
factor of two, while its In/Out ratio varies by less than^6%.Within
a few months, a time comparable to our HD209458 observations,
the solar In/Out ratio varies by less than^4%. This is an indication
that the absorption detected is not of stellar origin but is due to a
transient absorption occurring during the planetary transits.

A bright hot spot on the stellar surface hidden during the
planetary transit is also excluded. Such a hot spot would have to
contribute about 15% of the Lyman a flux over 1.5% of the stellar
surface occulted by the planet, in contradiction with Lyman a
inhomogeneities observed on the Sun10. Furthermore, this spot
would have to be perfectly aligned with the planet throughout the
transit, at the same latitude as the Earth’s direction, and with a
peculiar narrow single-peaked profile confined over the In spectral
region. It seems unlikely that a stellar spot could satisfy all these
conditions.

Finally, we confirmed with various tests that there are no
correlations between the geocoronal variations and the detected
signature in absorption. One method is presented in Fig. 4,
showing that a contamination of the In domain by the geocorona
is excluded. We thus conclude that the detected profile variation
can only be related to an absorption produced by the planetary
environment.
The observed 15% intensity drop is larger than expected a priori

for an atmosphere of a planet occulting only 1.5% of the star.
Although the small distance (8.5 stellar radii) between the planet
and the star results in an extended Roche lobe11 with a limit at about
2.7 planetary radii (that is, 3.6 Jupiter radii), the filling up of this
lobe gives a maximum absorption of about 10% during the
planetary transit. Because a more important absorption is detected,
hydrogen atomsmust cover a larger area: a drop of 15% corresponds
to an occultation by an object of 4.3 Jupiter radii. This is clearly
beyond the Roche limit as theoretically predicted6. Thus some
hydrogen atoms should escape from the planet. The spectral
absorption width shows independently that the atoms have large
velocities relative to the planet. Thus hydrogen atoms must be
escaping the planetary atmosphere.
We have built a particle simulation in which we assumed that
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the spectral resolution. a, The thin line shows the average of the three observations
performed before the transits (exposures A1, B1 and C1); the thick line shows the average

of the three observations recorded entirely within the transits (exposures A2, B3 and C3).

Variations are seen in the In domain as absorption over the blue peak of the line and

partially over the red peak (between 2130 km s21 and 100 km s21). Quoted velocities

are in the stellar reference frame, centred on 213 km s21 in the heliocentric reference

frame. b, ^1j error bars. c, The ratio of the two spectra in the In domain, the spectra
being normalized such that the ratio is 1 in the Out domain. This ratio is plotted as a

function of l1 using l2 ¼ 1;216:10 !A (triangles), and as a function of l2 using

l1 ¼ 1;215:15 !A (circles). The ratio is always significantly below 1, with a minimum at

l1 ¼ 1;215:15 !A (2130 km s21) and l2 ¼ 1;216:10 !A (100 km s21). In the domain

defined by these values, the Lyman a intensity decreases during the transits by

15 ^ 4%. The detection does not strongly depend on a particular selection of the

domain. While the decrease of the Lyman a intensity is not sensitive to the position of l2,
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Figure 3 Relative flux of Lyman a as a function of the HD209458’s system phase.

The averaged ratio of the flux is measured in the In (1,215.15–1,215.50 Å and 1,215.80–

1,216.10 Å) and the Out (1,214.40–1,215.15 Å and 1,216.10–1,216.80 Å) domains in

individual exposures of the three observed transits of HD209458b. The central time of

each exposure is plotted relative to the transit time. The vertical dashed lines indicate the

first and the second contact at the beginning and the end of the transit; the exposures A1,

B1 and C1 were performed before the transits, and the exposures A2, B3 and C3 were

entirely within the transits. The ratio is normalized to the average value of the three

observations completed before the beginning of the transits. The ^1j error bars are

statistical; they are computed through boot-strap estimations (see text). The In/Out ratio

smoothly decreases by around 15% during the transit. The thick line represents the

absorption ratio modelled through a particle simulation which includes hydrogen atoms

escaping from the planet. In this simulation, hydrogen atoms are sensitive to the radiation

pressure above an altitude of 0.5 times the Roche radius, where the density is assumed to

be 2 £ 105 cm23; these two parameters correspond to an escape flux of ,1010 g s21.

The stellar radiation pressure is taken to be 0.7 times the stellar gravitation. The mean

lifetime of escaping hydrogen atoms is taken to be 4 h. The model yields an atom

population in a curved comet-like tail, explaining why the computed absorption lasts well

after the end of the transit.
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gradient near the limb (i.e. at the day-night terminator).

the Solar and Heliospheric Observatory (SOHO)9 during the last
solar cycle from 1996 to 2001, that is, from quiet to active Sun.
During this time, the total solar Lyman a flux varies by about a
factor of two, while its In/Out ratio varies by less than^6%.Within
a few months, a time comparable to our HD209458 observations,
the solar In/Out ratio varies by less than^4%. This is an indication
that the absorption detected is not of stellar origin but is due to a
transient absorption occurring during the planetary transits.

A bright hot spot on the stellar surface hidden during the
planetary transit is also excluded. Such a hot spot would have to
contribute about 15% of the Lyman a flux over 1.5% of the stellar
surface occulted by the planet, in contradiction with Lyman a
inhomogeneities observed on the Sun10. Furthermore, this spot
would have to be perfectly aligned with the planet throughout the
transit, at the same latitude as the Earth’s direction, and with a
peculiar narrow single-peaked profile confined over the In spectral
region. It seems unlikely that a stellar spot could satisfy all these
conditions.

Finally, we confirmed with various tests that there are no
correlations between the geocoronal variations and the detected
signature in absorption. One method is presented in Fig. 4,
showing that a contamination of the In domain by the geocorona
is excluded. We thus conclude that the detected profile variation
can only be related to an absorption produced by the planetary
environment.
The observed 15% intensity drop is larger than expected a priori

for an atmosphere of a planet occulting only 1.5% of the star.
Although the small distance (8.5 stellar radii) between the planet
and the star results in an extended Roche lobe11 with a limit at about
2.7 planetary radii (that is, 3.6 Jupiter radii), the filling up of this
lobe gives a maximum absorption of about 10% during the
planetary transit. Because a more important absorption is detected,
hydrogen atomsmust cover a larger area: a drop of 15% corresponds
to an occultation by an object of 4.3 Jupiter radii. This is clearly
beyond the Roche limit as theoretically predicted6. Thus some
hydrogen atoms should escape from the planet. The spectral
absorption width shows independently that the atoms have large
velocities relative to the planet. Thus hydrogen atoms must be
escaping the planetary atmosphere.
We have built a particle simulation in which we assumed that

hydrogen atoms are sensitive to the stellar radiation pressure

Figure 2 The HD209458 Lyman a profile observed with the G140M grating. The

geocoronal emission has been subtracted; the propagated errors are consequently larger

in the central part of the profile, particularly in the Geo domain (see text). Dl represents

the spectral resolution. a, The thin line shows the average of the three observations
performed before the transits (exposures A1, B1 and C1); the thick line shows the average

of the three observations recorded entirely within the transits (exposures A2, B3 and C3).

Variations are seen in the In domain as absorption over the blue peak of the line and

partially over the red peak (between 2130 km s21 and 100 km s21). Quoted velocities

are in the stellar reference frame, centred on 213 km s21 in the heliocentric reference

frame. b, ^1j error bars. c, The ratio of the two spectra in the In domain, the spectra
being normalized such that the ratio is 1 in the Out domain. This ratio is plotted as a

function of l1 using l2 ¼ 1;216:10 !A (triangles), and as a function of l2 using

l1 ¼ 1;215:15 !A (circles). The ratio is always significantly below 1, with a minimum at

l1 ¼ 1;215:15 !A (2130 km s21) and l2 ¼ 1;216:10 !A (100 km s21). In the domain

defined by these values, the Lyman a intensity decreases during the transits by

15 ^ 4%. The detection does not strongly depend on a particular selection of the

domain. While the decrease of the Lyman a intensity is not sensitive to the position of l2,

it is more sensitive to the position of l1, showing that most of the absorption occurs in the

blue part of the line. Using the whole domain where the absorption is detected, the

exoplanetary atmospheric hydrogen is detected at more than 3j.

Figure 3 Relative flux of Lyman a as a function of the HD209458’s system phase.

The averaged ratio of the flux is measured in the In (1,215.15–1,215.50 Å and 1,215.80–

1,216.10 Å) and the Out (1,214.40–1,215.15 Å and 1,216.10–1,216.80 Å) domains in

individual exposures of the three observed transits of HD209458b. The central time of

each exposure is plotted relative to the transit time. The vertical dashed lines indicate the

first and the second contact at the beginning and the end of the transit; the exposures A1,

B1 and C1 were performed before the transits, and the exposures A2, B3 and C3 were

entirely within the transits. The ratio is normalized to the average value of the three

observations completed before the beginning of the transits. The ^1j error bars are

statistical; they are computed through boot-strap estimations (see text). The In/Out ratio

smoothly decreases by around 15% during the transit. The thick line represents the

absorption ratio modelled through a particle simulation which includes hydrogen atoms

escaping from the planet. In this simulation, hydrogen atoms are sensitive to the radiation

pressure above an altitude of 0.5 times the Roche radius, where the density is assumed to

be 2 £ 105 cm23; these two parameters correspond to an escape flux of ,1010 g s21.

The stellar radiation pressure is taken to be 0.7 times the stellar gravitation. The mean

lifetime of escaping hydrogen atoms is taken to be 4 h. The model yields an atom

population in a curved comet-like tail, explaining why the computed absorption lasts well

after the end of the transit.
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the Solar and Heliospheric Observatory (SOHO)9 during the last
solar cycle from 1996 to 2001, that is, from quiet to active Sun.
During this time, the total solar Lyman a flux varies by about a
factor of two, while its In/Out ratio varies by less than^6%.Within
a few months, a time comparable to our HD209458 observations,
the solar In/Out ratio varies by less than^4%. This is an indication
that the absorption detected is not of stellar origin but is due to a
transient absorption occurring during the planetary transits.

A bright hot spot on the stellar surface hidden during the
planetary transit is also excluded. Such a hot spot would have to
contribute about 15% of the Lyman a flux over 1.5% of the stellar
surface occulted by the planet, in contradiction with Lyman a
inhomogeneities observed on the Sun10. Furthermore, this spot
would have to be perfectly aligned with the planet throughout the
transit, at the same latitude as the Earth’s direction, and with a
peculiar narrow single-peaked profile confined over the In spectral
region. It seems unlikely that a stellar spot could satisfy all these
conditions.

Finally, we confirmed with various tests that there are no
correlations between the geocoronal variations and the detected
signature in absorption. One method is presented in Fig. 4,
showing that a contamination of the In domain by the geocorona
is excluded. We thus conclude that the detected profile variation
can only be related to an absorption produced by the planetary
environment.
The observed 15% intensity drop is larger than expected a priori

for an atmosphere of a planet occulting only 1.5% of the star.
Although the small distance (8.5 stellar radii) between the planet
and the star results in an extended Roche lobe11 with a limit at about
2.7 planetary radii (that is, 3.6 Jupiter radii), the filling up of this
lobe gives a maximum absorption of about 10% during the
planetary transit. Because a more important absorption is detected,
hydrogen atomsmust cover a larger area: a drop of 15% corresponds
to an occultation by an object of 4.3 Jupiter radii. This is clearly
beyond the Roche limit as theoretically predicted6. Thus some
hydrogen atoms should escape from the planet. The spectral
absorption width shows independently that the atoms have large
velocities relative to the planet. Thus hydrogen atoms must be
escaping the planetary atmosphere.
We have built a particle simulation in which we assumed that

hydrogen atoms are sensitive to the stellar radiation pressure
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of the three observations recorded entirely within the transits (exposures A2, B3 and C3).
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partially over the red peak (between 2130 km s21 and 100 km s21). Quoted velocities
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frame. b, ^1j error bars. c, The ratio of the two spectra in the In domain, the spectra
being normalized such that the ratio is 1 in the Out domain. This ratio is plotted as a

function of l1 using l2 ¼ 1;216:10 !A (triangles), and as a function of l2 using

l1 ¼ 1;215:15 !A (circles). The ratio is always significantly below 1, with a minimum at

l1 ¼ 1;215:15 !A (2130 km s21) and l2 ¼ 1;216:10 !A (100 km s21). In the domain

defined by these values, the Lyman a intensity decreases during the transits by

15 ^ 4%. The detection does not strongly depend on a particular selection of the

domain. While the decrease of the Lyman a intensity is not sensitive to the position of l2,

it is more sensitive to the position of l1, showing that most of the absorption occurs in the

blue part of the line. Using the whole domain where the absorption is detected, the

exoplanetary atmospheric hydrogen is detected at more than 3j.
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individual exposures of the three observed transits of HD209458b. The central time of

each exposure is plotted relative to the transit time. The vertical dashed lines indicate the

first and the second contact at the beginning and the end of the transit; the exposures A1,

B1 and C1 were performed before the transits, and the exposures A2, B3 and C3 were

entirely within the transits. The ratio is normalized to the average value of the three

observations completed before the beginning of the transits. The ^1j error bars are

statistical; they are computed through boot-strap estimations (see text). The In/Out ratio

smoothly decreases by around 15% during the transit. The thick line represents the

absorption ratio modelled through a particle simulation which includes hydrogen atoms

escaping from the planet. In this simulation, hydrogen atoms are sensitive to the radiation

pressure above an altitude of 0.5 times the Roche radius, where the density is assumed to

be 2 £ 105 cm23; these two parameters correspond to an escape flux of ,1010 g s21.

The stellar radiation pressure is taken to be 0.7 times the stellar gravitation. The mean

lifetime of escaping hydrogen atoms is taken to be 4 h. The model yields an atom

population in a curved comet-like tail, explaining why the computed absorption lasts well

after the end of the transit.
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Vidal-Madjar et al. (2003, 2004) - evaporating exosphere

Typical signal 1% of transit (0.01% for giant planet)!



Atmospheric composition and dynamics

Vidal-Madjar et al. (2003, 2004) - evaporating exosphere

Transmission spectroscopy probes the atmospheric transparency 
gradient near the limb (i.e. at the day-night terminator).

Tinetti et al. (2007) - IR - H2O (?)

Transmission spectrum of HD 189733 9
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Figure 6. Phased lightcurves in the ten 50-nm chromatic pass-
band from 550 nm to 1050 nm, shifted vertically for visibility. The
lightcurves are corrected for the effect of starspots, occulted and
unocculted (see text). Longer wavelengths towards the bottom of
the figure.

Passband [nm] Transit radius ratio

550 – 600 0.156903 ± 0.000095
600 – 650 0.156744 ± 0.000065
650 – 700 0.156552 ± 0.000057
700 – 750 0.156388 ± 0.000059
750 – 800 0.156501 ± 0.000064
800 – 850 0.156210 ± 0.000073
850 – 900 0.156147 ± 0.000081
900 – 950 0.156120 ± 0.000092
950 – 1000 0.156097 ± 0.000125
1000 – 1050 0.155716 ± 0.000218

Table 2. Transmission spectrum of HD 189733b – transit radius
ratio in ten wavelength passbands, from our reference solution
with correction for unocculted spots, with photon-noise errors.
Systematic uncertainties are discussed in the text.

plitude of the telescope/detector systematics, when larger
than the photon noise. Note that the scale height of the at-
mopshere of HD189733b is of the order of 150 km. The un-
certainties on the transit radius in 50 nm bands correspond
to ∼ 50 km near the central wavelengths.

The cloud-free planetary atmosphere model from
Tinetti et al. (2007), normalized on the Spizer infrared data,
is plotted for comparison. Strong absorption features from
sodium (589 nm Na I doublet), potassium (769 nm K I dou-
blet) and water are predicted. The horizontal dotted line
shows the transit radius value of Knutson et al. (2007) at 8
microns, which also corresponds to the highest level of the
NICMOS transit radius measurements near 2 microns (M.
Swain, private communication).

The main overall property of the 0.55 - 1.05 micron
transmission spectrum of the planet HD189733 from our
data is the lack of large features, such as would be expected

Figure 7. Atmospheric transmission spectrum of HD 189733b
in the 600–1000 nm range. The vertical axis shows the height
in the atmosphere of the effective transit radius of the planet,
relative to an arbitrary reference level. The points are located at
the intensity-averaged center of the 50-nm bins in wavelength, for
our reference solution. The boxes show the extent of the wave-
length bins horizontally and the photon noise vertically. Dotted
boxes correspond to the level of instrument systematics when
larger than the photon noise. The solid line shows the synthetic
spectrum of Tinetti et al. (2007), normalised on the mid-infrared
Spitzer data, with dots marking averages over 50-nm bins. The
dotted line shows the infrared radius discussed in the text.

from sodium, potassium and water in a transparent hot H2

atmosphere. The spectrum is relatively flat at the average
level of Rpl/R∗ = 0.1564.

Two more detailed observed properties are noted: a
smooth slope of ∼1 % in transit radius from 600 to 1000
nm, and a bump in the 750-800 nm passband. These two
features can be affected by systematics. Nevertheless, they
are robust in the face of our tests on these systematics. The
value of the slope, in kilometers of transit radius, is 472 ±

42 (random) ± 106 (syst) kilometers over a 400 nm inter-
val. Flattening the slope of the spectrum could be done by
invoking unocculted spots, but this would require spot lev-
els that would leave signatures that are not observed in the
variability pattern and transmission spectrum.

The mean transit radius in the 600-1000 nm range is
more than 2000 km higher than predicted by the cloud-free
models of Tinetti et al. (2007), and about 1000 km higher
than the transit radius in the mid infrared. The uncertainty
on the mean level is ± 16 (random) ± 61 (syst) km. The
systematic errors are estimated by the quadratic addition of
all sources of systematics studied in Section 3.

Slope changes at the 1-σ level are observed at both edges
of the spectra, and correspond to the expected position of
the sodium line on the blue side, and the edge of a water
band on the red side. Detailed examination of the pixel-by-
pixel spectrum shows no indication that these features are

c© 0000 RAS, MNRAS 000, 000–000

 Pont et al. (2007) - visible - ~ micron size haze



Anti-transits, or secondary eclipses, probe thermal (IR) emission or reflected light (optical) emission from 
the top of the atmosphere.

Atmospheric composition and dynamics

Multiple bandpasses - add result
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Anti-transits, or secondary eclipses, probe thermal (IR) emission or reflected light (optical) emission from 
the top of the atmosphere.

Atmospheric composition and dynamics

Multiple bandpasses - add result

Typical signal 10% of transit in IR, 1% in visible 
(0.1 and 0.01% for giant planet)



Anti-transits, or secondary eclipses, probe thermal (IR) emission or reflected light (optical) emission from 
the top of the atmosphere.

Atmospheric composition and dynamics

IR detections (e.g. Charbonneau et al. 2008 below): hot Jupiters are really hot (1000-2000K)
– 17 –
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Fig. 2.— Time series observations of HD 189733b after correcting for detector effects (see §2). The

central wavelength of observation for each data set is (from top to bottom) 3.6, 4.5, 5.8, 8.0, 16,

and 24 µm. Each time series is binned in 3.5 minute intervals, normalized, and plotted with a

distinct constant offset for clarity. The best-fit eclipse curves are overplotted.
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Fig. 3.— Comparison between IRAC (3.6, 4.5, 5.8, & 8.0 µm), IRS (16 µm), and MIPS (24 µm)

eclipse depths (circles) and model planet-star flux ratios (solid lines). The top black curve is a

model in which the emission of the absorbed stellar flux is constrained to the day side only. The

lower black curve is a model with uniform energy redistribution over the entire planet. Integration

of these synthetic spectra over the Spitzer band-passes are indicated with diamonds. The flux ratio

expected under the assumption that the planet radiates a Planck spectrum with a temperature of

1292 K planet is shown as the dashed line.



Anti-transits, or secondary eclipses, probe thermal (IR) emission or reflected light (optical) emission from 
the top of the atmosphere.

Visible non-detections (MOST satellite - Rowe et al. 2006): Hot 
Jupiters are really dark.

Atmospheric composition and dynamics

IR detections (e.g. Charbonneau et al. 2008 below): hot Jupiters are really hot (1000-2000K)
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eclipse depths (circles) and model planet-star flux ratios (solid lines). The top black curve is a

model in which the emission of the absorbed stellar flux is constrained to the day side only. The

lower black curve is a model with uniform energy redistribution over the entire planet. Integration

of these synthetic spectra over the Spitzer band-passes are indicated with diamonds. The flux ratio

expected under the assumption that the planet radiates a Planck spectrum with a temperature of

1292 K planet is shown as the dashed line.



Atmospheric composition and dynamics

Phase curves, which can be measured for transiting and non-transiting planets, probe thermal 
emission (IR) or reflected and scattered light (visible).
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Harrington et al (2006) - mu And
strong day-night contrast - little atmospheric transport

Phase curves, which can be measured for transiting and non-transiting planets, probe thermal 
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Harrington et al (2006) - mu And
strong day-night contrast - little atmospheric transport Knutson et al (2006) - HD 189733

weak day night contrast, phase offset - large-scale transport

Phase curves, which can be measured for transiting and non-transiting planets, probe thermal 
emission (IR) or reflected and scattered light (visible).
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Harrington et al (2006) - mu And
strong day-night contrast - little atmospheric transport Knutson et al (2006) - HD 189733

weak day night contrast, phase offset - large-scale transport

Phase curves, which can be measured for transiting and non-transiting planets, probe thermal 
emission (IR) or reflected and scattered light (visible).



Why build CoRoT?
2. space =  terrestrial planets + 

more physics



Reaching the terrestrial and habitable regimes

Seager, Kuchner, Hier-Majumder, Millitzer (in prep.)

Solid exoplanets

Current
surveys

CoRoT/present RV

Kepler/future RV

• Will we be able to differentiate between 
planet mostly made of

• H/He

• H2O

• MgSiO3

• Fe

• a mixture?

• Simple calculation - hydrostatic 
equilibrium + EoS - gives mass-radius 
relation for hypothetical planets 

Seager et al. (2007) - simple hydrostatic structure calculations

Space means higher precision, less correlated noise, and long, uninterrupted time-series: detect 
shallower and rarer transits, i.e. smaller and colder planets.

At best, CoRoT is expected to reach ~2 Earth 
radii, i.e. 3-4 Earth masses, for very short period 
orbits, and larger planets out to weeks or 
months.

A word of caution: the mass - radius relation is 
degenerate for ocean and terrestrial planets 
(Adams et al. 2008, Baraffe et al. 2008)

Kepler / Plato / future RV



Improving statistics

Over 120,000 stars will be monitored for 
months.

Over the lifetime of the mission, simultations 
suggest that CoRoT should detect 60-70 
Jupiter- or Saturn-mass planets and 
20-25 Neptune-mass planets or 
super-Earths.

Fressin et al (2007): planet catch 
simulations based on pre-launch simulated 
data, known properties of the RV planet 
population and realistic Galactic stellar 
population model:

The simulations are being recalibrated to 
incorporate the actual properties of the data 
as we speak.
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Fig. 3.— The mass and semimajor axis distribution of extrasolar planets. Units of the mass

(Mp) and semimajor axis (a) are earth mass (M⊕) and AU. (a) The results in disks without the

Σg bump due to the coupling effect of MRI activity and the ice line, (b) those with the bump

in Σg but without the Σd enhancement, and (c) those with both the effects. The top panels are

observational data of extrasolar planets (based on data in http://exoplanet.eu/) around stars with

M∗ = 0.8–1.25M# that were detected by the radial velocity surveys. The determined Mp sin i is

multiplied by 1/〈sin i〉 = 4/π # 1.27, assuming random orientation of planetary orbital planes.

The other panels are theoretical predictions with M∗ = 0.8–1.25M# for various values of C1. The

dashed lines express observational limit with radial-velocity measurement precision of vr = 10m/s.

In these models, the magnitude of the metallicity [Fe/H] = 0.1.

Simulated planet populations (Ida & Lin 2008)



Ultraprecise Hot Jupiter light curves

HD209458b with HST (Brown et al. 2000)

Ingress/egress shape: limits on 
planet oblateness and the 
presence of moons or rings

Transit timing: limits on the 
presence of other planets in the 
system (Agol et al. 2005)

Centre of transit shape: image 
strip of stellar surface (limb-
darkening, spots)

Large ground-based telescopes 
would improve on CoRoT for 
fainter planets

Ultraprecise light curves

Averaged over many orbits, CoRoT will 
provide light curves of similar quality to 
this for giant planets across all but the 
faintest target stars.

This allows very tight constraints 
on the inclination, star 
radius and planet radius.

A detailed analysis of the 
transit shape can also detect 
planet oblateness, 
moons or rings.

CoRoT obtains light curves 
over entire orbits, therefore it 
could detect reflected light 
variations too.



Ultraprecise light curves

1350 F. Pont et al.: Hubble Space Telescope times-series photometry of HD 189733

Fig. 1. Decorrelated lightcurve phased to P = 2.218581 days, with best-fit model transit curve. Top: flux after external parameter decorrelation as a
function of phase; Bottom: residuals around the best-fit transit model. Light blue for the first visit, dark blue for the second and green for the third.
Open symbols indicate data affected by Features A and B (see text), not used in the fit. Dotted lines show the ±10−4 level.

also seen in the zeroth-order image on the CCD. It is accompa-
nied by a detectable change of spectral distribution, which sug-
gests an explanation in terms of the transiting planet occulting a
cool spot on the surface of the star (see Sect. 4.5).

Feature B is also larger than instrumental effects, and does
not correlate with any of our external instrumental parameters.
Its less regular shape and the fact that any colour effect is below
the noise level indicate that, in principle, an explanation in terms
of instrumental noise cannot be entirely excluded. Based on our
experience with previous HST high-accuracy times series, and
the simulations of Sect. 3.3, we believe, however, that Feature B
is also real.

We do not use Features A and B in the analysis of the
lightcurve in terms of planetary transit. They are treated sepa-
rately in Sect. 4.5.

4.2. Stellar activity and variability

HD 189733 is an active star, variable to the percent level. It
is listed in the Variable Star Catalogue as V452 Vul. A chro-
mospheric activity index of S = 0.525 has been measured by
Wright et al. (2004). Activity-related X-ray emissivity has been
measured by both EXOSAT and ROSAT, activity-related radial
velocity residuals of 15 m s−1 were reported by Bouchy et al.
(2005). Winn et al. (2007) have measured the photometric vari-
ability of this star extensively and confirm variability at the
percent level, compatible with an explanation in terms of tran-
sient spots modulated by a rotation period of Prot ∼ 13.4 days.
Moutou et al. (2007) measure strong activity in the CaII line
and infer a strong magnetic field with a complex topology from
spectropolarimetric monitoring. The explanation of Features A
and B in terms of starspots is therefore natural. The presence
of large starspots is also confirmed by an observing campaign

on this object by the MOST satellite (Croll et al., in prep.). The
MOST data yield an improved rotation period of 11.8 days.

The Winn et al. (2007) photometry is contemporaneous with
our HST data. Our absolute measurements are placed within the
context of the ground-based monitoring in Fig. 2, with an ar-
bitrary zero-point shift. The HST data is in agreement with the
periodic variation seen in the long-term lightcurve. If we inter-
pret this variability in terms of starspots moving in and out of
view with the rotation of the star, then the third visit occurs near
the brightest point – with less star spots visible – and the first
visit with a 0.007 dimming due to starspots. The phasing and
amplitude of features A and B are perfectly compatible with an
explanation in terms of the planet occulting part of the starspots
responsible for the photometric variation (see Sect. 4.5).

Before fitting a transit signal, we correct for the variations
of the total stellar luminosity due to the presence of starspots.
Outside of features A and B, the planet crosses a spot-free re-
gion, therefore a region slightly brighter than the average over
the stellar disc, which includes the spots. This is a tiny correc-
tion of the scaling between transit depth and radius ratio (of the
order of 2 × 10−4 in flux). Nevertheless, to the level of the ac-
curacy of the HST lightcurve, it makes a significant difference
and must be accounted for. We use the absolute flux differences
measured in Sect. 3.4.

4.3. Transit signal

A transit light curve computed with the Mandel & Agol (2002)
algorithm was fitted to the light curve, with a downhill simplex
algorithm (Press et al. 1992). Features A and B were removed
with cuts from JD = 877.875 to the end of orbit 3 of visit 1,
and from the beginning of orbit 3 of visit 2 to JD = 882.333.
The limb-darkening coefficients were left as free parameters,

HD189733b with HST (Pont et al. (2007b) The planet “scans” the 
stellar disk as it transits 
and “magnifies” spots on 
the stellar surface.

Potentially, this can be a tracer of 
star-planet magnetic 
interaction - as can the out-of-
transit variability if it is synchronous 
with the planet’s orbit.



Transit timing
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Figure 3: Variations in the interval between successive transits of a planet with P1 = 3 d,
e1 = 0.01,M1 = 10−3M" induced by a second planet with massM2 = 10−3M".
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Holman & Murray (2005)

CoRoT-exo-1b transits observed 40 times 

Individual transits can be timed to ~ 30-40s

Could detect non-transiting Earth-mass planets in a 
variety of outer orbits

But... extremely sensitive to red noise - need fully 
processed data

If there are other planets in addition to the one 
whose transits have been detected, they will 
dynamically perturb the transiting planet’s orbit, 
causing small deviations in from strict periodicity

Transit timing variations

This can potentially be used to detect Earth mass 
planets in systems containing giant planets



How does CoRoT 
work?



The satellite

• PI: Annie Baglin, LESIA, Meudon

• CNES PROTEUS bus

• 27cm aperture telescope

• Soyuz II-1b launcher from Baikonour

• Polar orbit

• 2.5 year minimum lifetime



Payload

telescope layout27cm

focal box
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• Exo field

• up to 6000 LCs / CCD

• 11.5 < m
V
 < 16

• 512s sampling (32s for 500 objects / 
CCD)

• 3 colours for ~ 4500 objects / CCD 
with m

V
 < 15

• some small background windows

• up to 40 10x15 pixel windows

• on-board aperture photometry using 
mask selected form 256 templates 
based on one initial long integration 
image

Exo field
2.8°

RGB
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Full images, windowing and target selection

Seismology detector (Vincent Lapeyrere)

• 10 bright stars

• 10 background windows

Exopplnat detector (Farid Karioty)

• 11600 faint stars

• 400 background windows



Field Dur. (d) RA Dec Rot* (°)

IR1 ~60 06:50:25 -01:42:00 +14.96

LRc1 150 19:23:28.8 +00:28:48 +19.0

LRa1 150 06:46:48.0 -00:11:24 +7.3

• Sequence:
• ~1 month commissioning
• 1 initial run (early science, ~50d)
• then 5 x (150d long run + 21d short run)
• rotate satellite every 6 months
• Currently doing 2nd long run

• Visibility zone
• sun angle constraints imply 2 ‘CoRoT eyes’ 
• 10° diameter, small drift over 2.5 yr lifetime
• intersection of ecliptic & Galactic planes
• field selection = compromise 

Observing strategy

*N-S direction: Rot = -5° in centre, +5° in anticentre



Exoplanet noise budget

• Nominal noise budget

• white noise

• readout, background, jitter

• see plot

• orbital period (6174s)

• jitter, temperature, residual 
straylight

• 120 ppm

• Stellar variability

• few tens of ppm over transit 
timescale

• Correlated noise?

• Blind test light curves contain 0.5 
mmag red noise after detrending



Example light curves 
from the seismo field
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Light curves in the sismo field (1)
1 point every 32 s. abscissa days, arbitrary unit, ordinate relative flux

 A 6th mag F-type star showing daily variability below the 10-3 level

A 6th magnitude A star showing variability below the 10-3 level on a few hours
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Light curves in the sismo field (2)

A 9th magnitude suspected delta Scuti star  from ground based
preparatory observations, showing beat phenomena at a few 10-3

A 7th magnitude giant F star showing very low dispersion of a few  the 10--4 10CoRoT_Booklet_talks_summer2007

Light curves in the sismo field (2)

A 9th magnitude suspected delta Scuti star  from ground based
preparatory observations, showing beat phenomena at a few 10-3

A 7th magnitude giant F star showing very low dispersion of a few  the 10--4
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Light curves in the sismo field (3)

An 8th magnitude B star in an eclipsing binary

A 6th magnitude Be star showing daily variablity
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Light curves in the sismo field (3)

An 8th magnitude B star in an eclipsing binary

A 6th magnitude Be star showing daily variablity6th magnitude, F-type star, daily time-scales, few 10-3

6th magnitude, few hours time-scales, few 10-3

9th magnitude, suspected δ Scuti, few hours time-scales, few 10-3 7th magnitude, F-type giant, few 10-4

8th magnitude, B star, eclipsing binary

6th magnitude, Be star, daily time-scales



Detecting the planets



Steps in the detection process

• Preprocessing

• Identify and remove outliers

• Correct for scattered light (satellite orbital period and daily timescales)

• Identify and remove hot pixels

• Evaluate flux measurement uncertainties

• Detection

• Filter out stellar variability

• Run transit search (most commonly using variants of the BLS agorithm 
of Kovacs, Zucker & Mazeh 2002)

• Prioritise candidates

• Ground-based follow-up



Stellar micro-variability

• Rotational modulation & intrinsic evolution of 
surface structures (spots, faculae, granules)

• Roughly 1/f noise spectrum

• Very ill characterised in stars other than the 
Sun

• Attempts at predicting micro-variability 
for other stars (Aigrain, Favata & Gilmore 
2004, Lanza et al. 2005)

• Major ancillary science goal

• The main noise source for terrestrial transit 
detection from space

• Temporal signature different from transits

• Exploit to construct filters

• Moutou et al. (2005): CoRoT detection 
limits in the presence of variability



Transit detection

Algorithm of Aigrain & Irwin (2004) modified to allow secondaries and trapezoidal eclipses



Transit mimics
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SB2 spectrum
pair of RV measurements
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grazing eclipsing binary 

close inspection of light curve
SB2 spectrum
pair of RV measurements

small secondary star

pair of RV measurements

nothing (false detection)
expensive!

blended eclipsing binary 
(triple system or chance alignment)

high spatial resolution lightcurve
can mimic planet’s RV
line bissector analysis

large primary star

single spectrum

colour indices
transit duration

star + planet

high precision repeat RV

Transit mimics



Follow-up
• Light curve filtering & transit 

detection

• Detailed LC analysis in 
conjunction with EXODAT 
database:

• deep UVRIJHK catalog

• SpT estimate of CoRoT 
targets

• contamination estimate

• Photometric follow-up

• which star in the PSF varies?

• RV follow-up (HARPS)

• companion mass

• Spectroscopy of parent star

•  stellar parameters

Real time candidate prioritisation & 
coordination of follow-up effort



Follow-up
• Light curve filtering & transit 

detection

• Detailed LC analysis in 
conjunction with EXODAT 
database:

• deep UVRIJHK catalog

• SpT estimate of CoRoT 
targets

• contamination estimate

• Photometric follow-up

• which star in the PSF varies?

• RV follow-up (HARPS)

• companion mass

• Spectroscopy of parent star

•  stellar parameters

Real time candidate prioritisation & 
coordination of follow-up effort

known exoplanets

Jupiter

Saturn

Earth
Venus

3m/s

COROT is well matched to current RV facilities

CoRoT limits

transition from gaseous 
to terrestrial planets

Ground
transits
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Fig. 1. Normalized and phase folded light curve of 36 transits of
CoRoT-Exo-1b, and the residuals from the best-fit model. The
bin size corresponds to 2.17min, and the 2σ error bars have been
estimated from the dispersion of the data points inside each bin.

Table 1. Parameters for the best fit of CoRoT-Exo-1b. One-
sigma errors are given in parenthesis.

k = RP /R! 0.1388 (±0.0021)
a/R! 4.9167 (±0.079)
Orbital period (d) 1.5089557 (± 0.0000064)
Transit center (d) 2454159.4532 (± 0.0001) - HJD
Orbit inclination (◦) 85.53 (±0.49)

M1/3
! /R! 0.888 (±0.014)

u+ 0.75 (±0.16)
u− 0.35 (±0.39)

Table 1. Then, the points are binned in 0.001 phase-wide
bins (2.17 mn in time unit), and the error bars are estimated
as the dispersion of the points inside the bin divided by the
square root of the number of points per bin. The median
number of points per bin is 316 and the average 1σ error
bar estimated this way is 0.00039 (∼ 3 times larger than
expected from the photon noise limit). It must be noted
that the noise should be reduced once the jitter corrections
will be effective in the pipeline.
The detrended light curve was phase-folded (see Figure

1) and fitted to a model following the formalism of
Giménez (2006). To find the solution that best matches the
data, we minimized the χ2 using the algorithm AMOEBA
(Press et al. 1992). The fitted parameters are the center of
the transit, the orbital phase at transit start, the planet
over star radius ratio RP /R!, the orbital inclination i and
the two non linear limb darkenning coefficients u+ and u−
(Giménez 2006; Brown et al. 2001). The 1σ uncertainties
were estimated by a bootstrap analysis based on simulated
data sets constructed from the best fit residuals. Building
each data set required: (i) to subtract the best fit model to
the data, (ii) to sort again a fraction of 1/e of the residuals,
(iii) to add again the best fit model to the new residuals.
The AMOEBA minimization algorithm was used to fit all
the parameters in each of the new data sets. Finally, the
uncertainties were estimated as the standard deviation of

Table 2. Radial velocity measurements of CoRoT-Exo-1b ob-
tained by SOPHIE associated to the system orbital phases.

Julian Orbit RV dRV
date (d) Phase km/s m/s
2454184.30498 0.469 23.24067 38.5
2454185.30867 0.134 23.08008 60.0
2454192.30397 0.770 23.58901 27.1
2454197.32090 0.095 23.28268 30.9
2454376.66501 0.948 23.56173 22.6
2454378.66336 0.273 23.32970 32.4
2454379.66472 0.936 23.59852 22.4
2454379.67016 0.602 23.70435 22.9
2454379.63151 0.240 23.37200 22.7

each of the fitted parameters. The values of the fitting pa-
rameters are reported in Table 1.

5. Follow up observations

Observations of CoRoT-Exo-1 were reported in the archive
of the pre-launch photometric survey performed with the
Berlin Exoplanet Search Telescope (BEST); the data how-
ever, were too noisy to clearly identify a transit egress.
Follow up photometry with the WISE telescope confirmed
transit occur on the main target. Images taken at the CFHT
showed only some faint background stars (up to V = 22)
that confirm the weak contamination inside CoRoT’s pho-
tometric mask. The results of these investigations, indica-
tive that none of the CoRoT-Exo-1’s close companions can
be responsible of the transit signal, will be published else-
where.
High precision radial velocity observations of CoRoT-Exo-1
were performed with the spectrograph SOPHIE at Obs.
de Haute Provence in March-April and October 2007.
SOPHIE is an echelle cross-dispersed fiber-fed spectrograph
(Bouchy et al. 2006) installed at the 193cm telescope. The
spectrograph routinely gets to a precision less than 2-3ms−1

with the cross-correlation technics (Baranne et al. 1996) on
bright targets. CoRoT-Exo-1 was observed with the High
Efficiency mode (R=40000) at a typical accuracy of about
30ms−1 in typical exposure times of 45min. Data reduction
was made online and cross-correlation performed with a
mask corresponding to a G2 star. The observations polluted
by Moon illumination have been corrected for the correla-
tion peak of the sky background, which is measured simul-
taneously through a neighbour fiber. The estimated error
bars take into account such residual systematics that affect
the Doppler measurements on faint targets, with signal-to-
noise ratios ranging from 20 to 27.
In total, 9 measurements were performed with SOPHIE

and are reported in Table 2 where are given: Julian date,
planetary orbital phase, radial velocity and error. The
radial-velocity measurements show a variation in phase
with the ephemeris constrained, at a very high precision, by
the CoRoT light curve. The orbital period and the epoch
of the transits are fixed to the CoRoT values. On the other
hand, at the very short periods, tidal circularization easily
justifies a zero eccentricity assumption. The semi-amplitude
of the radial velocity variation, K =188 ±11 m s−1, is com-
patible with a companion of planetary mass and was ad-
justed to the data (see Figure 2). The best fit is obtained
assuming a global drift of 1.02 m s−1 per day. The final solu-
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Fig. 2. Radial-velocity variations of CoRoT-Exo-1b versus
phase from CoRoT’s ephemeris. Top: the data fitted with a
Keplerian circular orbit of semi-amplitude K=188m s−1 and a
drift of 1.02m s−1 per day; bottom: the O-C residuals to the fit.

tion is displayed on Table 3; the O-C residuals have a stan-
dard deviation of 34 m s−1. The radial-velocity curve thus
confirms the planetary nature of the transiting body de-
tected by CoRoT and discards other interpretations involv-
ing background stars, grazing eclipsing binary or a triple
system. Additional radial velocity observations are ongoing
to understand the origin of the drift and will be presented
in a forthcoming paper.

6. Star and planet parameters

To derive the star’s parameters, we took advantage of
SOPHIE’s spectroscopic measurements and secured the re-
sults with the very first observations of CoRoT-Exo-1 with
the HARPS spectrograph (whose sensitivity and resolv-
ing power are larger). For each set of spectra the individ-
ual exposures were: (i) calibrated in absolute wavelength
and rebinned at a constant step of 0.02Å; (ii) co-added
order per order (for HARPS spectra the resulting signal-
to-noise ratio per pixel at 550 nm is ∼ 80). The atmo-
spheric parameters, Teff , log g and [M/H]were derived by
comparing the observed normalized spectrum to a library
of synthetic spectra calculated with LTE MARCS mod-
els (Gustafsson et al. 2005). In this library, temperature
ranges from 4000 K and 8000 K, surface gravity from log
g =1.0 to 5.0 and metallicity from -3.0 up to 5.0. The
temperature was estimated on the Hα line wings, insen-
sitive to any other stellar parameters, and using the new
grids of ATLAS9 models (Heiter et al. 2002). Then, the
gravity and metallicity were obtained by modeling the ob-
served spectrum with the synthetic ones, until the best fit is
achieved. CoRoT-Exo-1 looks similar to the Sun with Teff=
5950K ±100 K and log g =4.25 ± 0.25 but a marked metal
deficiency [M/H]=-0.70 ±0.15. The mass and luminosity
were evaluated from the evolutionary tracks of STAREVOL
(Seiss et al. 2000; Seiss 2006).

Table 3. The star and the planet parameters.

V0 (km/s) 23.354 ±0.008
K (m/s) 188 ±11
M!: star mass (M") 0.9 (±0.1)
R!: star radius (R") 1.09 (±0.04)
MP : planet mass (MJup) 0.99 (±0.09)
RP : planet radius (RJup ) 1.47 (±0.06)
Planet mean density (g.cm−3) 0.35 (±0.06)

Then, the results were combined to the M1/3
! /R! value de-

rived in section 4 from the fit of the folded light curve.
With a stellar mass fixed 0.9M"the estimated stellar ra-
dius is 1.1R". Table 3 summarizes all the star and planet
parameters. The method will be detailed in a next paper
devoted to the analysis of the fundamental parameters of
CoRoT-Exo-1 using UVES spectra. Only the uncertainty
on the stellar mass determination is limiting our knowledge
of the stellar and planet parameters (Brown et al. 2001).

7. Conclusion

CoRoT-Exo-1b is a giant short-period planet orbiting at
∼ 5 stellar radii from a G0V star. It was detected early
in the processing of the CoRoT data thanks to the “alarm
mode”. Forerunner treatments of the data, without any jit-
ter correction, permitted to estimate its radius and main
orbital parameters. The mean density of the planet is es-
timated to 0.35g.cm−3, a very low value that challenges
the models of gaseous giants. The planet could be inflated
by tidally induced dissipation or strong stellar irradiation
(Lammer et al. 2003). A detailed analysis of the full accu-
racy light curve has been initiated; it will help, soon, to
learn more on this new planetary system as, for example,
the possible existence of an outer non-transiting planet, us-
ing the transit timing variations.
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Fig. 1. Normalized and phase folded light curve of 36 transits of
CoRoT-Exo-1b, and the residuals from the best-fit model. The
bin size corresponds to 2.17min, and the 2σ error bars have been
estimated from the dispersion of the data points inside each bin.

Table 1. Parameters for the best fit of CoRoT-Exo-1b. One-
sigma errors are given in parenthesis.

k = RP /R! 0.1388 (±0.0021)
a/R! 4.9167 (±0.079)
Orbital period (d) 1.5089557 (± 0.0000064)
Transit center (d) 2454159.4532 (± 0.0001) - HJD
Orbit inclination (◦) 85.53 (±0.49)

M1/3
! /R! 0.888 (±0.014)

u+ 0.75 (±0.16)
u− 0.35 (±0.39)

Table 1. Then, the points are binned in 0.001 phase-wide
bins (2.17 mn in time unit), and the error bars are estimated
as the dispersion of the points inside the bin divided by the
square root of the number of points per bin. The median
number of points per bin is 316 and the average 1σ error
bar estimated this way is 0.00039 (∼ 3 times larger than
expected from the photon noise limit). It must be noted
that the noise should be reduced once the jitter corrections
will be effective in the pipeline.
The detrended light curve was phase-folded (see Figure

1) and fitted to a model following the formalism of
Giménez (2006). To find the solution that best matches the
data, we minimized the χ2 using the algorithm AMOEBA
(Press et al. 1992). The fitted parameters are the center of
the transit, the orbital phase at transit start, the planet
over star radius ratio RP /R!, the orbital inclination i and
the two non linear limb darkenning coefficients u+ and u−
(Giménez 2006; Brown et al. 2001). The 1σ uncertainties
were estimated by a bootstrap analysis based on simulated
data sets constructed from the best fit residuals. Building
each data set required: (i) to subtract the best fit model to
the data, (ii) to sort again a fraction of 1/e of the residuals,
(iii) to add again the best fit model to the new residuals.
The AMOEBA minimization algorithm was used to fit all
the parameters in each of the new data sets. Finally, the
uncertainties were estimated as the standard deviation of

Table 2. Radial velocity measurements of CoRoT-Exo-1b ob-
tained by SOPHIE associated to the system orbital phases.

Julian Orbit RV dRV
date (d) Phase km/s m/s
2454184.30498 0.469 23.24067 38.5
2454185.30867 0.134 23.08008 60.0
2454192.30397 0.770 23.58901 27.1
2454197.32090 0.095 23.28268 30.9
2454376.66501 0.948 23.56173 22.6
2454378.66336 0.273 23.32970 32.4
2454379.66472 0.936 23.59852 22.4
2454379.67016 0.602 23.70435 22.9
2454379.63151 0.240 23.37200 22.7

each of the fitted parameters. The values of the fitting pa-
rameters are reported in Table 1.

5. Follow up observations

Observations of CoRoT-Exo-1 were reported in the archive
of the pre-launch photometric survey performed with the
Berlin Exoplanet Search Telescope (BEST); the data how-
ever, were too noisy to clearly identify a transit egress.
Follow up photometry with the WISE telescope confirmed
transit occur on the main target. Images taken at the CFHT
showed only some faint background stars (up to V = 22)
that confirm the weak contamination inside CoRoT’s pho-
tometric mask. The results of these investigations, indica-
tive that none of the CoRoT-Exo-1’s close companions can
be responsible of the transit signal, will be published else-
where.
High precision radial velocity observations of CoRoT-Exo-1
were performed with the spectrograph SOPHIE at Obs.
de Haute Provence in March-April and October 2007.
SOPHIE is an echelle cross-dispersed fiber-fed spectrograph
(Bouchy et al. 2006) installed at the 193cm telescope. The
spectrograph routinely gets to a precision less than 2-3ms−1

with the cross-correlation technics (Baranne et al. 1996) on
bright targets. CoRoT-Exo-1 was observed with the High
Efficiency mode (R=40000) at a typical accuracy of about
30ms−1 in typical exposure times of 45min. Data reduction
was made online and cross-correlation performed with a
mask corresponding to a G2 star. The observations polluted
by Moon illumination have been corrected for the correla-
tion peak of the sky background, which is measured simul-
taneously through a neighbour fiber. The estimated error
bars take into account such residual systematics that affect
the Doppler measurements on faint targets, with signal-to-
noise ratios ranging from 20 to 27.
In total, 9 measurements were performed with SOPHIE

and are reported in Table 2 where are given: Julian date,
planetary orbital phase, radial velocity and error. The
radial-velocity measurements show a variation in phase
with the ephemeris constrained, at a very high precision, by
the CoRoT light curve. The orbital period and the epoch
of the transits are fixed to the CoRoT values. On the other
hand, at the very short periods, tidal circularization easily
justifies a zero eccentricity assumption. The semi-amplitude
of the radial velocity variation, K =188 ±11 m s−1, is com-
patible with a companion of planetary mass and was ad-
justed to the data (see Figure 2). The best fit is obtained
assuming a global drift of 1.02 m s−1 per day. The final solu-
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Fig. 2. Radial-velocity variations of CoRoT-Exo-1b versus
phase from CoRoT’s ephemeris. Top: the data fitted with a
Keplerian circular orbit of semi-amplitude K=188m s−1 and a
drift of 1.02m s−1 per day; bottom: the O-C residuals to the fit.

tion is displayed on Table 3; the O-C residuals have a stan-
dard deviation of 34 m s−1. The radial-velocity curve thus
confirms the planetary nature of the transiting body de-
tected by CoRoT and discards other interpretations involv-
ing background stars, grazing eclipsing binary or a triple
system. Additional radial velocity observations are ongoing
to understand the origin of the drift and will be presented
in a forthcoming paper.

6. Star and planet parameters

To derive the star’s parameters, we took advantage of
SOPHIE’s spectroscopic measurements and secured the re-
sults with the very first observations of CoRoT-Exo-1 with
the HARPS spectrograph (whose sensitivity and resolv-
ing power are larger). For each set of spectra the individ-
ual exposures were: (i) calibrated in absolute wavelength
and rebinned at a constant step of 0.02Å; (ii) co-added
order per order (for HARPS spectra the resulting signal-
to-noise ratio per pixel at 550 nm is ∼ 80). The atmo-
spheric parameters, Teff , log g and [M/H]were derived by
comparing the observed normalized spectrum to a library
of synthetic spectra calculated with LTE MARCS mod-
els (Gustafsson et al. 2005). In this library, temperature
ranges from 4000 K and 8000 K, surface gravity from log
g =1.0 to 5.0 and metallicity from -3.0 up to 5.0. The
temperature was estimated on the Hα line wings, insen-
sitive to any other stellar parameters, and using the new
grids of ATLAS9 models (Heiter et al. 2002). Then, the
gravity and metallicity were obtained by modeling the ob-
served spectrum with the synthetic ones, until the best fit is
achieved. CoRoT-Exo-1 looks similar to the Sun with Teff=
5950K ±100 K and log g =4.25 ± 0.25 but a marked metal
deficiency [M/H]=-0.70 ±0.15. The mass and luminosity
were evaluated from the evolutionary tracks of STAREVOL
(Seiss et al. 2000; Seiss 2006).

Table 3. The star and the planet parameters.

V0 (km/s) 23.354 ±0.008
K (m/s) 188 ±11
M!: star mass (M") 0.9 (±0.1)
R!: star radius (R") 1.09 (±0.04)
MP : planet mass (MJup) 0.99 (±0.09)
RP : planet radius (RJup ) 1.47 (±0.06)
Planet mean density (g.cm−3) 0.35 (±0.06)

Then, the results were combined to the M1/3
! /R! value de-

rived in section 4 from the fit of the folded light curve.
With a stellar mass fixed 0.9M"the estimated stellar ra-
dius is 1.1R". Table 3 summarizes all the star and planet
parameters. The method will be detailed in a next paper
devoted to the analysis of the fundamental parameters of
CoRoT-Exo-1 using UVES spectra. Only the uncertainty
on the stellar mass determination is limiting our knowledge
of the stellar and planet parameters (Brown et al. 2001).

7. Conclusion

CoRoT-Exo-1b is a giant short-period planet orbiting at
∼ 5 stellar radii from a G0V star. It was detected early
in the processing of the CoRoT data thanks to the “alarm
mode”. Forerunner treatments of the data, without any jit-
ter correction, permitted to estimate its radius and main
orbital parameters. The mean density of the planet is es-
timated to 0.35g.cm−3, a very low value that challenges
the models of gaseous giants. The planet could be inflated
by tidally induced dissipation or strong stellar irradiation
(Lammer et al. 2003). A detailed analysis of the full accu-
racy light curve has been initiated; it will help, soon, to
learn more on this new planetary system as, for example,
the possible existence of an outer non-transiting planet, us-
ing the transit timing variations.
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Fig. 1. Normalized and phase folded light curve of 36 transits of
CoRoT-Exo-1b, and the residuals from the best-fit model. The
bin size corresponds to 2.17min, and the 2σ error bars have been
estimated from the dispersion of the data points inside each bin.

Table 1. Parameters for the best fit of CoRoT-Exo-1b. One-
sigma errors are given in parenthesis.

k = RP /R! 0.1388 (±0.0021)
a/R! 4.9167 (±0.079)
Orbital period (d) 1.5089557 (± 0.0000064)
Transit center (d) 2454159.4532 (± 0.0001) - HJD
Orbit inclination (◦) 85.53 (±0.49)

M1/3
! /R! 0.888 (±0.014)

u+ 0.75 (±0.16)
u− 0.35 (±0.39)

Table 1. Then, the points are binned in 0.001 phase-wide
bins (2.17 mn in time unit), and the error bars are estimated
as the dispersion of the points inside the bin divided by the
square root of the number of points per bin. The median
number of points per bin is 316 and the average 1σ error
bar estimated this way is 0.00039 (∼ 3 times larger than
expected from the photon noise limit). It must be noted
that the noise should be reduced once the jitter corrections
will be effective in the pipeline.
The detrended light curve was phase-folded (see Figure

1) and fitted to a model following the formalism of
Giménez (2006). To find the solution that best matches the
data, we minimized the χ2 using the algorithm AMOEBA
(Press et al. 1992). The fitted parameters are the center of
the transit, the orbital phase at transit start, the planet
over star radius ratio RP /R!, the orbital inclination i and
the two non linear limb darkenning coefficients u+ and u−
(Giménez 2006; Brown et al. 2001). The 1σ uncertainties
were estimated by a bootstrap analysis based on simulated
data sets constructed from the best fit residuals. Building
each data set required: (i) to subtract the best fit model to
the data, (ii) to sort again a fraction of 1/e of the residuals,
(iii) to add again the best fit model to the new residuals.
The AMOEBA minimization algorithm was used to fit all
the parameters in each of the new data sets. Finally, the
uncertainties were estimated as the standard deviation of

Table 2. Radial velocity measurements of CoRoT-Exo-1b ob-
tained by SOPHIE associated to the system orbital phases.

Julian Orbit RV dRV
date (d) Phase km/s m/s
2454184.30498 0.469 23.24067 38.5
2454185.30867 0.134 23.08008 60.0
2454192.30397 0.770 23.58901 27.1
2454197.32090 0.095 23.28268 30.9
2454376.66501 0.948 23.56173 22.6
2454378.66336 0.273 23.32970 32.4
2454379.66472 0.936 23.59852 22.4
2454379.67016 0.602 23.70435 22.9
2454379.63151 0.240 23.37200 22.7

each of the fitted parameters. The values of the fitting pa-
rameters are reported in Table 1.

5. Follow up observations

Observations of CoRoT-Exo-1 were reported in the archive
of the pre-launch photometric survey performed with the
Berlin Exoplanet Search Telescope (BEST); the data how-
ever, were too noisy to clearly identify a transit egress.
Follow up photometry with the WISE telescope confirmed
transit occur on the main target. Images taken at the CFHT
showed only some faint background stars (up to V = 22)
that confirm the weak contamination inside CoRoT’s pho-
tometric mask. The results of these investigations, indica-
tive that none of the CoRoT-Exo-1’s close companions can
be responsible of the transit signal, will be published else-
where.
High precision radial velocity observations of CoRoT-Exo-1
were performed with the spectrograph SOPHIE at Obs.
de Haute Provence in March-April and October 2007.
SOPHIE is an echelle cross-dispersed fiber-fed spectrograph
(Bouchy et al. 2006) installed at the 193cm telescope. The
spectrograph routinely gets to a precision less than 2-3ms−1

with the cross-correlation technics (Baranne et al. 1996) on
bright targets. CoRoT-Exo-1 was observed with the High
Efficiency mode (R=40000) at a typical accuracy of about
30ms−1 in typical exposure times of 45min. Data reduction
was made online and cross-correlation performed with a
mask corresponding to a G2 star. The observations polluted
by Moon illumination have been corrected for the correla-
tion peak of the sky background, which is measured simul-
taneously through a neighbour fiber. The estimated error
bars take into account such residual systematics that affect
the Doppler measurements on faint targets, with signal-to-
noise ratios ranging from 20 to 27.
In total, 9 measurements were performed with SOPHIE

and are reported in Table 2 where are given: Julian date,
planetary orbital phase, radial velocity and error. The
radial-velocity measurements show a variation in phase
with the ephemeris constrained, at a very high precision, by
the CoRoT light curve. The orbital period and the epoch
of the transits are fixed to the CoRoT values. On the other
hand, at the very short periods, tidal circularization easily
justifies a zero eccentricity assumption. The semi-amplitude
of the radial velocity variation, K =188 ±11 m s−1, is com-
patible with a companion of planetary mass and was ad-
justed to the data (see Figure 2). The best fit is obtained
assuming a global drift of 1.02 m s−1 per day. The final solu-
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Fig. 2. Normalized and phase folded light curve of 78 transits of CoRoT-
Exo-2b (top), and the residuals from the best-fit model (bottom). The
bin size corresponds to 2.5 min, and the 1-sigma error bars have been
estimated from the dispersion of the points inside each bin. The residu-
als of the in-transit points are larger due to the effect of succesive planet
occultations of stellar active regions.

Table 1. Parameters of the CoRoT-Exo-2 system, and one-sigma errors.

RA & Dec To be inserted afterwards
Vmag 12.57

Obtained from the CoRoT photometry
Value Error

P [d] 1.7429964 0.0000017
Tc [d] 2454237.53562 0.00014

Fitted
θ1 0.02715 0.00008
k = Rp/Rs 0.1667 0.0006
i [deg] 87.84 0.10
u+ 0.471 0.019
u− 0.34 0.04

Deduced
ua 0.41 0.03
ub 0.06 0.03
a/Rs 6.70 0.03
M(1/3)

s /Rs 1.099 0.005
Photometry, spectroscopy and radial velocity combined
V0 [ km/s] 23.245 0.010
K [ km/s] 0.563 0.014
e 0 (fixed)
Ms [M"] 0.97 0.06
Rs [R"] 0.902 0.018
Mp [MJup] 3.31 0.16
Rp [RJup] 1.465 0.029
ρp [g/cm3] 1.31 0.04

ther reduced in future improvements to the CoRoT pipeline, as
for instance the inclusion of a correction for the satellite jitter.

4. Radial Velocities

Radial velocity observations of CoRoT-Exo-2 were performed in
July 2007, at the 193cm telescope of the Observatoire de Haute
Provence, France, with the SOPHIE spectrograph (Bouchy &

Table 2. Radial velocity measurements of CoRoT-Exo-2 obtained by
SOPHIE (S), CORALIE (C) and HARPS (H). The radial velocity shifts
between the different spectrographs are not included.

BJD RV Uncertainty Instr.
[km s−1] [km s−1]

54295.48408 22.667 0.017 S
54296.49214 23.700 0.015 S
54298.46418 23.341 0.026 S
54298.48626 23.285 0.027 S
54298.58797 23.023 0.030 S
54303.44629 23.706 0.048 S
54304.51991 23.005 0.063 S
54308.55172 23.820 0.019 S
54309.53356 22.585 0.020 S
54313.45013 23.461 0.019 S
54314.44185 22.684 0.027 S
54329.67560 23.665 0.045 C
54330.66442 22.842 0.039 C
54378.56018 23.339 0.032 C
54345.52251 23.371 0.020 H
54345.52981 23.371 0.019 H
54345.53713 23.392 0.018 H
54345.54444 23.360 0.018 H
54345.55176 23.347 0.019 H
54345.65632 23.107 0.019 H
54345.66364 23.090 0.019 H
54345.67095 23.034 0.020 H
54346.53194 23.267 0.021 H
54347.57772 22.847 0.011 H
54348.63260 23.811 0.011 H
54349.66605 22.813 0.012 H

The Sophie Team, 2006), and from La Silla Observatory (Chile)
using both the 1.2 m Swiss telescope with the CORALIE spec-
trograph (Queloz et al., 2000), and the 3.6 m telescope with the
HARPS spectrograph (Mayor et al., 2003).

Data reduction was done with similar pipelines for the three
spectrographs. A cross-correlation function (CCF) with a mask
corresponding to a G2 star was calculated. The mean position,
width, contrast and bisector span of the cross-correlation func-
tion were then measured. A correction for the Earth motion was
also applied. In total, 11 measurements of the system were per-
formed with SOPHIE, 3 with CORALIE and 12 with HARPS,
spanning 83 days. Knowing the planet ephemeris, we could
optimize the epoch of the measurements in order to cover all
phases. In some measurements, the Moon signature in the cross-
correlation function was identified, without a need of correcting
its contribution since the velocities were distant enough (more
than 30 km/s). The radial velocities are given in Table 2, and
the phase folded radial velocity measurements are plotted in
Figure 3. The radial-velocity points obtained show a variation
in phase with the ephemeris derived from the CoRoT lightcurve.
To fit these measurements, we applied a radial velocity shift be-
tween the different spectrographs (the values are displayed in
Figure 3). The epoch and period of the transit were then fixed to
the CoRoT values. Due to the very short period, we first assumed
zero eccentricity. The semi-amplitude of the radial velocity vari-
ation and the mean velocity were then adjusted to the data. We
repeated the fit with a free eccentricity, resulting in an orbit com-
patible with zero eccentricity (e=0.03±0.03). The final solution
is displayed in Table 1; the observed minus computed (O−C)
residuals have a standard deviation of 56 m/s. This is signifi-
cantly larger than the noise on individual measurements, proba-
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Fig. 3. Phase folded radial velocity measurements of CoRoT-Exo-2, to-
gether with the final fitted semi-amplitude (K) and the applied offsets
between the instruments. Red points: SOPHIE, black points: HARPS,
green points: CORALIE.

bly due to the stellar activity. The semi-amplitude of the radial
motion is large (K=563 m/s) due to a large planetary mass and a
very short period. These measurements thus establish the plane-
tary nature of the transiting body detected by CoRoT and discard
other interpretation such as a grazing or background eclipsing bi-
nary, or a triple system. An analysis of the bisector of the CCF
shows no correlation of the spectral line shapes with the orbital
period. Finally, the observation of the Rossiter-McLaughlin ef-
fect by Bouchy et al. (2008) confirms the planetary nature of
CoRoT-Exo-2b, as no triple system or blend could reproduce
such well-identified radial-velocity anomaly.

5. Stellar and planetary parameters

From the fit to the folded light curve, we can measure with a high
precision the ratio M1/3

s /Rs, and thus get a good estimation of the
stellar radius once an estimation of its mass is given. The uncer-
tainty on the stellar mass determination thus limits our knowl-
edge of the stellar and planetary radii (as was the case in other
space-based observations of transits, like Brown et al. 2001 or
Pont et al. 2007). Assuming a mass of 0.97±0.06M! (Bouchy et
al. 2008), we get a stellar radius of 0.902±0.018 R!. This trans-
lates into planetary mass of 3.31±0.16 MJup, planetary radius of
1.465±0.029RJup and thus planetary mean density of 1.31±0.04
g/cm3.

Using models of the evolution of irradiated planets (Guillot,
2005), CoRoT-Exo-2b appears once again to be anomalously
large: it is about 0.3RJup larger than expected for a hydrogen-
helium planet of this mass and irradiation level. Standard recipes
to explain this large radius (heat dissipation in the interior or in-
creased opacities) are not sufficient and would require a decrease
of the planetary radius by ∼0.15RJup.

Due to its short orbital radius and the high mass, both the
star and the planet exchange strong tidal forces. The Doodson
constants for the star and the planet, a measure of the magni-
tude of the tidal forces, are in the same order of magnitude as
for OGLE-TR-56b and confirms that this system is a good can-
didate for the study of the evolution of the system under tidal
interactions. As the orbital period (1.7 days) is shorter than the
stellar rotation period (4.5-5 days), the planetary rotation will be

synchronized, the orbit will be circularized and will show orbital
decay (Pätzold & Rauer, 2002).

The whole interpretation of the light curve, which requires
a detailed modelling of the effects of the stellar activity in both
the global star luminosity and the parts of the star occulted by
the planet, will provide an unprecedented view of the star-planet
interactions.

Acknowledgements. We thank the OHP staff for the help provided in the obser-
vations with SOPHIE.
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12 Observatoire de la Côte d’Azur, Laboratoire Cassiopée, CNRS
UMR 6202, BP 4229, 06304 Nice Cedex 4, France
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Köln, Abt. Planetenforschung, Aachener Str. 209, 50931 Köln,
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Fig. 2. Normalized and phase folded light curve of 78 transits of CoRoT-
Exo-2b (top), and the residuals from the best-fit model (bottom). The
bin size corresponds to 2.5 min, and the 1-sigma error bars have been
estimated from the dispersion of the points inside each bin. The residu-
als of the in-transit points are larger due to the effect of succesive planet
occultations of stellar active regions.

Table 1. Parameters of the CoRoT-Exo-2 system, and one-sigma errors.

RA & Dec To be inserted afterwards
Vmag 12.57

Obtained from the CoRoT photometry
Value Error

P [d] 1.7429964 0.0000017
Tc [d] 2454237.53562 0.00014

Fitted
θ1 0.02715 0.00008
k = Rp/Rs 0.1667 0.0006
i [deg] 87.84 0.10
u+ 0.471 0.019
u− 0.34 0.04

Deduced
ua 0.41 0.03
ub 0.06 0.03
a/Rs 6.70 0.03
M(1/3)

s /Rs 1.099 0.005
Photometry, spectroscopy and radial velocity combined
V0 [ km/s] 23.245 0.010
K [ km/s] 0.563 0.014
e 0 (fixed)
Ms [M"] 0.97 0.06
Rs [R"] 0.902 0.018
Mp [MJup] 3.31 0.16
Rp [RJup] 1.465 0.029
ρp [g/cm3] 1.31 0.04

ther reduced in future improvements to the CoRoT pipeline, as
for instance the inclusion of a correction for the satellite jitter.

4. Radial Velocities

Radial velocity observations of CoRoT-Exo-2 were performed in
July 2007, at the 193cm telescope of the Observatoire de Haute
Provence, France, with the SOPHIE spectrograph (Bouchy &

Table 2. Radial velocity measurements of CoRoT-Exo-2 obtained by
SOPHIE (S), CORALIE (C) and HARPS (H). The radial velocity shifts
between the different spectrographs are not included.
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54298.46418 23.341 0.026 S
54298.48626 23.285 0.027 S
54298.58797 23.023 0.030 S
54303.44629 23.706 0.048 S
54304.51991 23.005 0.063 S
54308.55172 23.820 0.019 S
54309.53356 22.585 0.020 S
54313.45013 23.461 0.019 S
54314.44185 22.684 0.027 S
54329.67560 23.665 0.045 C
54330.66442 22.842 0.039 C
54378.56018 23.339 0.032 C
54345.52251 23.371 0.020 H
54345.52981 23.371 0.019 H
54345.53713 23.392 0.018 H
54345.54444 23.360 0.018 H
54345.55176 23.347 0.019 H
54345.65632 23.107 0.019 H
54345.66364 23.090 0.019 H
54345.67095 23.034 0.020 H
54346.53194 23.267 0.021 H
54347.57772 22.847 0.011 H
54348.63260 23.811 0.011 H
54349.66605 22.813 0.012 H

The Sophie Team, 2006), and from La Silla Observatory (Chile)
using both the 1.2 m Swiss telescope with the CORALIE spec-
trograph (Queloz et al., 2000), and the 3.6 m telescope with the
HARPS spectrograph (Mayor et al., 2003).

Data reduction was done with similar pipelines for the three
spectrographs. A cross-correlation function (CCF) with a mask
corresponding to a G2 star was calculated. The mean position,
width, contrast and bisector span of the cross-correlation func-
tion were then measured. A correction for the Earth motion was
also applied. In total, 11 measurements of the system were per-
formed with SOPHIE, 3 with CORALIE and 12 with HARPS,
spanning 83 days. Knowing the planet ephemeris, we could
optimize the epoch of the measurements in order to cover all
phases. In some measurements, the Moon signature in the cross-
correlation function was identified, without a need of correcting
its contribution since the velocities were distant enough (more
than 30 km/s). The radial velocities are given in Table 2, and
the phase folded radial velocity measurements are plotted in
Figure 3. The radial-velocity points obtained show a variation
in phase with the ephemeris derived from the CoRoT lightcurve.
To fit these measurements, we applied a radial velocity shift be-
tween the different spectrographs (the values are displayed in
Figure 3). The epoch and period of the transit were then fixed to
the CoRoT values. Due to the very short period, we first assumed
zero eccentricity. The semi-amplitude of the radial velocity vari-
ation and the mean velocity were then adjusted to the data. We
repeated the fit with a free eccentricity, resulting in an orbit com-
patible with zero eccentricity (e=0.03±0.03). The final solution
is displayed in Table 1; the observed minus computed (O−C)
residuals have a standard deviation of 56 m/s. This is signifi-
cantly larger than the noise on individual measurements, proba-

4 Alonso et al.: CoRoT-Exo-2b

Fig. 3. Phase folded radial velocity measurements of CoRoT-Exo-2, to-
gether with the final fitted semi-amplitude (K) and the applied offsets
between the instruments. Red points: SOPHIE, black points: HARPS,
green points: CORALIE.

bly due to the stellar activity. The semi-amplitude of the radial
motion is large (K=563 m/s) due to a large planetary mass and a
very short period. These measurements thus establish the plane-
tary nature of the transiting body detected by CoRoT and discard
other interpretation such as a grazing or background eclipsing bi-
nary, or a triple system. An analysis of the bisector of the CCF
shows no correlation of the spectral line shapes with the orbital
period. Finally, the observation of the Rossiter-McLaughlin ef-
fect by Bouchy et al. (2008) confirms the planetary nature of
CoRoT-Exo-2b, as no triple system or blend could reproduce
such well-identified radial-velocity anomaly.

5. Stellar and planetary parameters

From the fit to the folded light curve, we can measure with a high
precision the ratio M1/3

s /Rs, and thus get a good estimation of the
stellar radius once an estimation of its mass is given. The uncer-
tainty on the stellar mass determination thus limits our knowl-
edge of the stellar and planetary radii (as was the case in other
space-based observations of transits, like Brown et al. 2001 or
Pont et al. 2007). Assuming a mass of 0.97±0.06M! (Bouchy et
al. 2008), we get a stellar radius of 0.902±0.018 R!. This trans-
lates into planetary mass of 3.31±0.16 MJup, planetary radius of
1.465±0.029RJup and thus planetary mean density of 1.31±0.04
g/cm3.

Using models of the evolution of irradiated planets (Guillot,
2005), CoRoT-Exo-2b appears once again to be anomalously
large: it is about 0.3RJup larger than expected for a hydrogen-
helium planet of this mass and irradiation level. Standard recipes
to explain this large radius (heat dissipation in the interior or in-
creased opacities) are not sufficient and would require a decrease
of the planetary radius by ∼0.15RJup.

Due to its short orbital radius and the high mass, both the
star and the planet exchange strong tidal forces. The Doodson
constants for the star and the planet, a measure of the magni-
tude of the tidal forces, are in the same order of magnitude as
for OGLE-TR-56b and confirms that this system is a good can-
didate for the study of the evolution of the system under tidal
interactions. As the orbital period (1.7 days) is shorter than the
stellar rotation period (4.5-5 days), the planetary rotation will be

synchronized, the orbit will be circularized and will show orbital
decay (Pätzold & Rauer, 2002).

The whole interpretation of the light curve, which requires
a detailed modelling of the effects of the stellar activity in both
the global star luminosity and the parts of the star occulted by
the planet, will provide an unprecedented view of the star-planet
interactions.
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Fig. 2. Normalized and phase folded light curve of 78 transits of CoRoT-
Exo-2b (top), and the residuals from the best-fit model (bottom). The
bin size corresponds to 2.5 min, and the 1-sigma error bars have been
estimated from the dispersion of the points inside each bin. The residu-
als of the in-transit points are larger due to the effect of succesive planet
occultations of stellar active regions.

Table 1. Parameters of the CoRoT-Exo-2 system, and one-sigma errors.

RA & Dec To be inserted afterwards
Vmag 12.57

Obtained from the CoRoT photometry
Value Error

P [d] 1.7429964 0.0000017
Tc [d] 2454237.53562 0.00014

Fitted
θ1 0.02715 0.00008
k = Rp/Rs 0.1667 0.0006
i [deg] 87.84 0.10
u+ 0.471 0.019
u− 0.34 0.04

Deduced
ua 0.41 0.03
ub 0.06 0.03
a/Rs 6.70 0.03
M(1/3)

s /Rs 1.099 0.005
Photometry, spectroscopy and radial velocity combined
V0 [ km/s] 23.245 0.010
K [ km/s] 0.563 0.014
e 0 (fixed)
Ms [M"] 0.97 0.06
Rs [R"] 0.902 0.018
Mp [MJup] 3.31 0.16
Rp [RJup] 1.465 0.029
ρp [g/cm3] 1.31 0.04

ther reduced in future improvements to the CoRoT pipeline, as
for instance the inclusion of a correction for the satellite jitter.

4. Radial Velocities

Radial velocity observations of CoRoT-Exo-2 were performed in
July 2007, at the 193cm telescope of the Observatoire de Haute
Provence, France, with the SOPHIE spectrograph (Bouchy &

Table 2. Radial velocity measurements of CoRoT-Exo-2 obtained by
SOPHIE (S), CORALIE (C) and HARPS (H). The radial velocity shifts
between the different spectrographs are not included.

BJD RV Uncertainty Instr.
[km s−1] [km s−1]

54295.48408 22.667 0.017 S
54296.49214 23.700 0.015 S
54298.46418 23.341 0.026 S
54298.48626 23.285 0.027 S
54298.58797 23.023 0.030 S
54303.44629 23.706 0.048 S
54304.51991 23.005 0.063 S
54308.55172 23.820 0.019 S
54309.53356 22.585 0.020 S
54313.45013 23.461 0.019 S
54314.44185 22.684 0.027 S
54329.67560 23.665 0.045 C
54330.66442 22.842 0.039 C
54378.56018 23.339 0.032 C
54345.52251 23.371 0.020 H
54345.52981 23.371 0.019 H
54345.53713 23.392 0.018 H
54345.54444 23.360 0.018 H
54345.55176 23.347 0.019 H
54345.65632 23.107 0.019 H
54345.66364 23.090 0.019 H
54345.67095 23.034 0.020 H
54346.53194 23.267 0.021 H
54347.57772 22.847 0.011 H
54348.63260 23.811 0.011 H
54349.66605 22.813 0.012 H

The Sophie Team, 2006), and from La Silla Observatory (Chile)
using both the 1.2 m Swiss telescope with the CORALIE spec-
trograph (Queloz et al., 2000), and the 3.6 m telescope with the
HARPS spectrograph (Mayor et al., 2003).

Data reduction was done with similar pipelines for the three
spectrographs. A cross-correlation function (CCF) with a mask
corresponding to a G2 star was calculated. The mean position,
width, contrast and bisector span of the cross-correlation func-
tion were then measured. A correction for the Earth motion was
also applied. In total, 11 measurements of the system were per-
formed with SOPHIE, 3 with CORALIE and 12 with HARPS,
spanning 83 days. Knowing the planet ephemeris, we could
optimize the epoch of the measurements in order to cover all
phases. In some measurements, the Moon signature in the cross-
correlation function was identified, without a need of correcting
its contribution since the velocities were distant enough (more
than 30 km/s). The radial velocities are given in Table 2, and
the phase folded radial velocity measurements are plotted in
Figure 3. The radial-velocity points obtained show a variation
in phase with the ephemeris derived from the CoRoT lightcurve.
To fit these measurements, we applied a radial velocity shift be-
tween the different spectrographs (the values are displayed in
Figure 3). The epoch and period of the transit were then fixed to
the CoRoT values. Due to the very short period, we first assumed
zero eccentricity. The semi-amplitude of the radial velocity vari-
ation and the mean velocity were then adjusted to the data. We
repeated the fit with a free eccentricity, resulting in an orbit com-
patible with zero eccentricity (e=0.03±0.03). The final solution
is displayed in Table 1; the observed minus computed (O−C)
residuals have a standard deviation of 56 m/s. This is signifi-
cantly larger than the noise on individual measurements, proba-
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Radial velocity observations of CoRoT-Exo-2 were performed in
July 2007, at the 193cm telescope of the Observatoire de Haute
Provence, France, with the SOPHIE spectrograph (Bouchy &

Table 2. Radial velocity measurements of CoRoT-Exo-2 obtained by
SOPHIE (S), CORALIE (C) and HARPS (H). The radial velocity shifts
between the different spectrographs are not included.
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The Sophie Team, 2006), and from La Silla Observatory (Chile)
using both the 1.2 m Swiss telescope with the CORALIE spec-
trograph (Queloz et al., 2000), and the 3.6 m telescope with the
HARPS spectrograph (Mayor et al., 2003).

Data reduction was done with similar pipelines for the three
spectrographs. A cross-correlation function (CCF) with a mask
corresponding to a G2 star was calculated. The mean position,
width, contrast and bisector span of the cross-correlation func-
tion were then measured. A correction for the Earth motion was
also applied. In total, 11 measurements of the system were per-
formed with SOPHIE, 3 with CORALIE and 12 with HARPS,
spanning 83 days. Knowing the planet ephemeris, we could
optimize the epoch of the measurements in order to cover all
phases. In some measurements, the Moon signature in the cross-
correlation function was identified, without a need of correcting
its contribution since the velocities were distant enough (more
than 30 km/s). The radial velocities are given in Table 2, and
the phase folded radial velocity measurements are plotted in
Figure 3. The radial-velocity points obtained show a variation
in phase with the ephemeris derived from the CoRoT lightcurve.
To fit these measurements, we applied a radial velocity shift be-
tween the different spectrographs (the values are displayed in
Figure 3). The epoch and period of the transit were then fixed to
the CoRoT values. Due to the very short period, we first assumed
zero eccentricity. The semi-amplitude of the radial velocity vari-
ation and the mean velocity were then adjusted to the data. We
repeated the fit with a free eccentricity, resulting in an orbit com-
patible with zero eccentricity (e=0.03±0.03). The final solution
is displayed in Table 1; the observed minus computed (O−C)
residuals have a standard deviation of 56 m/s. This is signifi-
cantly larger than the noise on individual measurements, proba-
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Fig. 1. Normalized flux of the CoRoT-Exo-2 star, showing a low frequency modulation due to the presence of spots on the stellar surface, and the
78 transits used to build the phase-folded transit of the Figure 2. For clarity purposes, data have been combined in 64-points bins.

3. Analysis of the CoRoT ligth curve

The alarm data of CoRoT-Exo-2b consists on ∼369000 flux mea-
surements, with a sampling of 512 sec for the first week of data,
and 32 sec for the rest of the run. These data were corrected
for the CCD zero offset and gain. The contribution of the back-
ground light was estimated and corrected from a 100 pixel win-
dow located close to the target.

To detect and eliminate the outlier data points, caused
mainly by the passages of CoRoT over the SAA (South Atlantic
Anomaly), we subtracted a moving-median filtered version of
the light curve and discarded the points at distances greater than
3.3-times the dispersion of the residuals. This way, 6.2% of the
data were rejected, achieving a duty cycle of ∼93.6%.

A faint orbital signal (with a period of 1.7 hours) is expected
due to the rough correction applied to the data. We calculated
this remaining signal by folding the light curve with the orbital
period between -25 and 25 orbits around each orbit j of the satel-
lite, and by applying a median filter to this folded light curve.
The resulting signal is then subtracted to the portion of the light
curve acquired during the orbit j.

The star shows a close neighbour (3.5 mags fainter in V) that
falls completely inside the CoRoT mask. To estimate the fraction
of flux that comes from this star, we used the magnitudes from
the EXODAT database of CoRoT sample stars (Deleuil et al.,
in preparation), the modelled spectral distributions of Pickles
(1985), and the filter responses of the different bandpasses used
to obtain the EXODAT magnitudes. With these ingredients, we
constructed a model of two stars that reproduces the observed
differences in colors. We integrated the scaled model into the
CoRoT response function, and obtained a fraction of flux of
5.6±0.3%. This fraction of the median value of the light curve
was subtracted to the data, and the light curve was finally nor-
malized by its median value, which is of 711000 (e−/32s).

The final light curve (Fig. 1) shows a total of 78 transits, em-
bedded in a flux that exhibits periodic variations of the order of
a few percents at several periods between 4.5 and 5 days, due to
the presence of spots in the stellar surface at different latitudes. A
full analysis of these variations is out of the scope of this paper,
and will be presented elsewhere. To minimize the effect of this
low frequency modulation on the estimation of the transit pa-
rameters, we performed a parabolic fit to the regions before and

after each transit, and corrected the transit and its neighbour-
hood for this slope. We estimated the ephemeris from a linear
fit to the measured times of transit centers. Finally, we folded
the data using this ephemeris, eliminated a few outliers (1% of
the remaining data points) with a procedure similar to that ex-
plained above, and binned it with a bin size of 0.001 in phase,
corresponding to ∼2.5 min. The error bars at each bin were es-
timated as the standard deviation of the N-points inside the bin
divided by the square root of N. The average 1-sigma error bar
outside of the transits is 7×10−5, rising up to around 1.2×10−4

inside the transits. This larger dispersion inside the folded tran-
sit is due to the presence of inhomogeneties (spots) in the star
surface, as has been noted for other transiting planets around ac-
tive stars (Charbonneau et al. 2007 for TrES-1, Pont et al. 2007
for HD189733). As the rotation period of the star and the orbital
period of the planet are different, the signal of the many occulta-
tions of spots by the planet is averaged in the folded light curve.

The transit was fitted to a model, using the formalism of
Giménez (2006). To find the solution that best matches our data,
we minimized the χ2 using the algorithm AMOEBA (Press et
al., 1992). The fitted parameters were the center of the transit,
the phase of start of the transit θ1, the planet to star radius ratio
k, the orbital inclination i and the two non-linear limb darken-
ning coefficients u+ = ua + ub and u− = ua − ub. To estimate the
errors in each of the parameters we made a bootstrap analysis
with several thousand different sets of data, allowing for varia-
tions on the initial fitting parameters and taking into account the
uncertainty on the fraction of the flux that comes from the close
companion. To build each set, we: 1) subtracted the best solution
to the data, 2) re-sorted a fraction of the residuals (1/e∼37%) and
3) added the subtracted solution in 1 to the new residuals. The
errors were then estimated as the standard deviation from the fit-
ted parameters. We also considered the effect of correlated flux
residuals, by allowing the data to move as a whole by 2×10−4 and
repeating the fits, following the approach of Pont et al. (2007).
The results, reported in Table 1, show a compromise between the
two used methods. The phase folded light curve, the best fitted
solution and the residuals around the fit are shown in Fig. 2.

The standard deviation of the residuals outside the transit
phase is 1.09×10−4, which indicates the presence of uncorrected
noise at a level of a few 10−5. This noise is expected to be fur-

CoRoT-exo-2b
a low transiting planet around a and active G star

Alonso et al. (2008, A&A submitted)
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Fig. 1. Normalized flux of the CoRoT-Exo-2 star, showing a low frequency modulation due to the presence of spots on the stellar surface, and the
78 transits used to build the phase-folded transit of the Figure 2. For clarity purposes, data have been combined in 64-points bins.
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The alarm data of CoRoT-Exo-2b consists on ∼369000 flux mea-
surements, with a sampling of 512 sec for the first week of data,
and 32 sec for the rest of the run. These data were corrected
for the CCD zero offset and gain. The contribution of the back-
ground light was estimated and corrected from a 100 pixel win-
dow located close to the target.

To detect and eliminate the outlier data points, caused
mainly by the passages of CoRoT over the SAA (South Atlantic
Anomaly), we subtracted a moving-median filtered version of
the light curve and discarded the points at distances greater than
3.3-times the dispersion of the residuals. This way, 6.2% of the
data were rejected, achieving a duty cycle of ∼93.6%.

A faint orbital signal (with a period of 1.7 hours) is expected
due to the rough correction applied to the data. We calculated
this remaining signal by folding the light curve with the orbital
period between -25 and 25 orbits around each orbit j of the satel-
lite, and by applying a median filter to this folded light curve.
The resulting signal is then subtracted to the portion of the light
curve acquired during the orbit j.

The star shows a close neighbour (3.5 mags fainter in V) that
falls completely inside the CoRoT mask. To estimate the fraction
of flux that comes from this star, we used the magnitudes from
the EXODAT database of CoRoT sample stars (Deleuil et al.,
in preparation), the modelled spectral distributions of Pickles
(1985), and the filter responses of the different bandpasses used
to obtain the EXODAT magnitudes. With these ingredients, we
constructed a model of two stars that reproduces the observed
differences in colors. We integrated the scaled model into the
CoRoT response function, and obtained a fraction of flux of
5.6±0.3%. This fraction of the median value of the light curve
was subtracted to the data, and the light curve was finally nor-
malized by its median value, which is of 711000 (e−/32s).

The final light curve (Fig. 1) shows a total of 78 transits, em-
bedded in a flux that exhibits periodic variations of the order of
a few percents at several periods between 4.5 and 5 days, due to
the presence of spots in the stellar surface at different latitudes. A
full analysis of these variations is out of the scope of this paper,
and will be presented elsewhere. To minimize the effect of this
low frequency modulation on the estimation of the transit pa-
rameters, we performed a parabolic fit to the regions before and

after each transit, and corrected the transit and its neighbour-
hood for this slope. We estimated the ephemeris from a linear
fit to the measured times of transit centers. Finally, we folded
the data using this ephemeris, eliminated a few outliers (1% of
the remaining data points) with a procedure similar to that ex-
plained above, and binned it with a bin size of 0.001 in phase,
corresponding to ∼2.5 min. The error bars at each bin were es-
timated as the standard deviation of the N-points inside the bin
divided by the square root of N. The average 1-sigma error bar
outside of the transits is 7×10−5, rising up to around 1.2×10−4
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surface, as has been noted for other transiting planets around ac-
tive stars (Charbonneau et al. 2007 for TrES-1, Pont et al. 2007
for HD189733). As the rotation period of the star and the orbital
period of the planet are different, the signal of the many occulta-
tions of spots by the planet is averaged in the folded light curve.

The transit was fitted to a model, using the formalism of
Giménez (2006). To find the solution that best matches our data,
we minimized the χ2 using the algorithm AMOEBA (Press et
al., 1992). The fitted parameters were the center of the transit,
the phase of start of the transit θ1, the planet to star radius ratio
k, the orbital inclination i and the two non-linear limb darken-
ning coefficients u+ = ua + ub and u− = ua − ub. To estimate the
errors in each of the parameters we made a bootstrap analysis
with several thousand different sets of data, allowing for varia-
tions on the initial fitting parameters and taking into account the
uncertainty on the fraction of the flux that comes from the close
companion. To build each set, we: 1) subtracted the best solution
to the data, 2) re-sorted a fraction of the residuals (1/e∼37%) and
3) added the subtracted solution in 1 to the new residuals. The
errors were then estimated as the standard deviation from the fit-
ted parameters. We also considered the effect of correlated flux
residuals, by allowing the data to move as a whole by 2×10−4 and
repeating the fits, following the approach of Pont et al. (2007).
The results, reported in Table 1, show a compromise between the
two used methods. The phase folded light curve, the best fitted
solution and the residuals around the fit are shown in Fig. 2.

The standard deviation of the residuals outside the transit
phase is 1.09×10−4, which indicates the presence of uncorrected
noise at a level of a few 10−5. This noise is expected to be fur-
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Fig. 1. Normalized flux of the CoRoT-Exo-2 star, showing a low frequency modulation due to the presence of spots on the stellar surface, and the
78 transits used to build the phase-folded transit of the Figure 2. For clarity purposes, data have been combined in 64-points bins.

3. Analysis of the CoRoT ligth curve
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to obtain the EXODAT magnitudes. With these ingredients, we
constructed a model of two stars that reproduces the observed
differences in colors. We integrated the scaled model into the
CoRoT response function, and obtained a fraction of flux of
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low frequency modulation on the estimation of the transit pa-
rameters, we performed a parabolic fit to the regions before and

after each transit, and corrected the transit and its neighbour-
hood for this slope. We estimated the ephemeris from a linear
fit to the measured times of transit centers. Finally, we folded
the data using this ephemeris, eliminated a few outliers (1% of
the remaining data points) with a procedure similar to that ex-
plained above, and binned it with a bin size of 0.001 in phase,
corresponding to ∼2.5 min. The error bars at each bin were es-
timated as the standard deviation of the N-points inside the bin
divided by the square root of N. The average 1-sigma error bar
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inside the transits. This larger dispersion inside the folded tran-
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for HD189733). As the rotation period of the star and the orbital
period of the planet are different, the signal of the many occulta-
tions of spots by the planet is averaged in the folded light curve.

The transit was fitted to a model, using the formalism of
Giménez (2006). To find the solution that best matches our data,
we minimized the χ2 using the algorithm AMOEBA (Press et
al., 1992). The fitted parameters were the center of the transit,
the phase of start of the transit θ1, the planet to star radius ratio
k, the orbital inclination i and the two non-linear limb darken-
ning coefficients u+ = ua + ub and u− = ua − ub. To estimate the
errors in each of the parameters we made a bootstrap analysis
with several thousand different sets of data, allowing for varia-
tions on the initial fitting parameters and taking into account the
uncertainty on the fraction of the flux that comes from the close
companion. To build each set, we: 1) subtracted the best solution
to the data, 2) re-sorted a fraction of the residuals (1/e∼37%) and
3) added the subtracted solution in 1 to the new residuals. The
errors were then estimated as the standard deviation from the fit-
ted parameters. We also considered the effect of correlated flux
residuals, by allowing the data to move as a whole by 2×10−4 and
repeating the fits, following the approach of Pont et al. (2007).
The results, reported in Table 1, show a compromise between the
two used methods. The phase folded light curve, the best fitted
solution and the residuals around the fit are shown in Fig. 2.

The standard deviation of the residuals outside the transit
phase is 1.09×10−4, which indicates the presence of uncorrected
noise at a level of a few 10−5. This noise is expected to be fur-
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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.

Note that if we fix v sin I at the spectroscopic value, it does not
change the value of the fitted λ angle. The two identified peri-
ods in the light curve are 4.54 and 4.95 days indicating at least
a 10% difference in the stellar rotation velocity. This difference
corresponds more or less to the difference we observe between
the spectroscopic and Rossiter v sin I. Furthermore, the 2 epochs
of Rossiter observation were made 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. It then indicates that during
these 2 spectroscopic transits, the apparent slope in the RV curve
was larger than the semi-amplitudeK of the Keplerian orbit. This
is confirmed by the fact that our fit in Fig. 1 is not perfect outside
of the transit. If we increase K in our fit, it significantly improves
the fit and slightly decreases the value of v sin I and λ. If we let K
as a free parameters, we find K=656 m s−1, v sin I=11.25 km s−1

and λ=5.0 deg.

We also did a combined fitting of the photometry and the
whole set of RV measurements. On each of the out-of-transit
measurements an additional error on the RV data was inserted to
take the stellar activity into account. This value was chosen as 56
m s−1, corresponding to the standard deviation found by Alonso
et al (2008). This correction is justified since the action of ac-
tivity on the points taken at random out-of-transit phases can
be assumed as random for these points while during transit we
have sets of points with the same activity level throughout. The
fitting was done using a Markov Chain Monte Carlo (MCMC)

using a Metropolis-Hastings Algorithm for the decision process.
The models used were those 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 spec-
troscopy parameters were chosen for the V-band, from tables
published by Claret 2000 for the stellar parameters derived in
section 4 (u+ = 0.748, u− = 0.256) The MCMC was done com-
prising 20 000 accepted steps after a 5 000 steps 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 the Fig. 2).
In order to characterize the behavior of the spectral lines dur-
ing 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 iden-
tified and labeled in Fig. 1 : (1) just before the ingress, (2)
maximum of the RM effect, (3) mid-transit epoch, (4) mini-
mum of the RM effect, (5) just after egress. These differences
∆CCF = CCFREF − CCF# 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. The fact that during the tran-
sit, the depth or contrast of the CCFs are systematically larger

λ = 7.1 ± 5.0 deg
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Fig. 12. Mass-radius relationships for planets in the
mass range 10 M⊕ - 1 MJ at different ages, as indi-
cated in the panels, and different levels of heavy ele-
ment enrichment: Z = Z" (solid lines); Z =10% (short-
dash lines); Z =50% (dash-dot lines); Z =90% (long-
dash lines). Left panels: without irradiation; right pan-
els: with irradiation from a Sun at 0.045 AU. Symbols
indicate the observed data for transiting Neptune-mass
to Jupiter mass planets, taken from F. Pont’s website
(obswww.unige.ch/∼pont/TRANSITS.htm).

becomes more and more incorrect and yields erroneous
cooling sequences.

– For core mass fractions less than 50% of the planet’s
mass, a variation of the core composition between pure
water and pure rock (iron) yields a difference on the
radius of less than 7% (15%) after 1 Gyr, for all the
planet masses of interest.

– For a total mass fraction of heavy elements Z <∼ 10%-
15%, their impact on the evolution of the planet can be
mimicked reasonably well by assuming that they are all
located in the core.

– For heavy material enrichments Z > 20%, the distri-
bution of heavy elements (everything in the core versus
uniform distribution) can affect significantly the cooling
and thus the radius determination (more than 10% at
a given age). Therefore:

– For metal-rich (Z >∼ 20%) light planets (<∼ 20 M⊕), since
the planets are expected to have a massive ∼ 10 M⊕

core, it seems realistic to put all the heavy material in
the core.

– For massive metal-rich planets (Mp >∼ 50 M⊕ and Z >
20%), however, the evolution is better described by

Table 4. Radii of planets (in RJ) in the mass range 20 M⊕ -
1 MJ for different levels of heavy element enrichment Z (see
text, §7.2, for the choice of the heavy material distribution)
and at different ages.

Z Mp/M⊕ R0.5 Gyr R1 Gyr R5 Gyr

0.02 10. 0.828 0.811 0.758
20. 0.858 0.839 0.800
50. 0.923 0.905 0.876
100. 0.980 0.963 0.937
159. 1.017 0.995 0.968
318. 1.057 1.032 0.998

0.10 10. 0.779 0.763 0.716
20. 0.813 0.797 0.762
50. 0.878 0.862 0.836
100. 0.935 0.919 0.896
159. 0.971 0.951 0.926
318. 1.012 0.990 0.958

0.50 10. 0.598 0.586 0.555
20. 0.632 0.621 0.598
50. 0.683 0.665 0.635
100. 0.717 0.697 0.670
159. 0.739 0.718 0.690
318. 0.781 0.756 0.721

0.90 10. 0.382 0.375 0.357
20. 0.420 0.414 0.403
50. 0.503 0.474 0.439
100. 0.543 0.512 0.469
159. 0.568 0.538 0.492
318. 0.607 0.578 0.524

Table 5. Same as table 4 for irradiated models by a Sun
at 0.045 AU.

Z Mp/M⊕ R0.5 Gyr R1 Gyr R5 Gyr

0.02 10. - - -
20. 1.441 1.391 1.229
50. 1.258 1.192 1.084
100. 1.201 1.155 1.074
159. 1.186 1.151 1.085
318. 1.160 1.137 1.089

0.10 10. 1.517 1.506 1.428
20. 1.416 1.326 1.147
50. 1.173 1.120 1.021
100. 1.131 1.091 1.020
159. 1.120 1.089 1.032
318. 1.106 1.086 1.042

0.50 10. 1.095 1.050 0.927
20. 0.935 0.890 0.800
50. 0.841 0.798 0.725
100. 0.812 0.787 0.737
159. 0.813 0.790 0.747
318. 0.830 0.810 0.772

0.90 10. 0.545 0.528 0.492
20. 0.517 0.502 0.474
50. 0.575 0.534 0.469
100. 0.594 0.560 0.498
159. 0.601 0.574 0.522
318. 0.628 0.604 0.552

models which assume that the heavy elements are dis-
tributed throughout the entire planet than by models
with all heavy elements in the core and none in the
gaseous envelope. The former models yield results sim-
ilar to the ones obtained with a more realistic distri-
bution, namely a ∼ 10 M⊕ core and the rest of heavy
material distributed in the envelope.

Corot1

Corot2

http://www.obs
http://www.obs


Mass-radius-
period relations

F. Pont - http://www.inscience.ch/transits

Both planets have low density 
for their mass, challenging 

most current models.

Baraffe, Chabrier & Barman: From super Earth to super Jupiter exoplanets. 17

Fig. 12. Mass-radius relationships for planets in the
mass range 10 M⊕ - 1 MJ at different ages, as indi-
cated in the panels, and different levels of heavy ele-
ment enrichment: Z = Z" (solid lines); Z =10% (short-
dash lines); Z =50% (dash-dot lines); Z =90% (long-
dash lines). Left panels: without irradiation; right pan-
els: with irradiation from a Sun at 0.045 AU. Symbols
indicate the observed data for transiting Neptune-mass
to Jupiter mass planets, taken from F. Pont’s website
(obswww.unige.ch/∼pont/TRANSITS.htm).

becomes more and more incorrect and yields erroneous
cooling sequences.

– For core mass fractions less than 50% of the planet’s
mass, a variation of the core composition between pure
water and pure rock (iron) yields a difference on the
radius of less than 7% (15%) after 1 Gyr, for all the
planet masses of interest.

– For a total mass fraction of heavy elements Z <∼ 10%-
15%, their impact on the evolution of the planet can be
mimicked reasonably well by assuming that they are all
located in the core.

– For heavy material enrichments Z > 20%, the distri-
bution of heavy elements (everything in the core versus
uniform distribution) can affect significantly the cooling
and thus the radius determination (more than 10% at
a given age). Therefore:

– For metal-rich (Z >∼ 20%) light planets (<∼ 20 M⊕), since
the planets are expected to have a massive ∼ 10 M⊕

core, it seems realistic to put all the heavy material in
the core.

– For massive metal-rich planets (Mp >∼ 50 M⊕ and Z >
20%), however, the evolution is better described by

Table 4. Radii of planets (in RJ) in the mass range 20 M⊕ -
1 MJ for different levels of heavy element enrichment Z (see
text, §7.2, for the choice of the heavy material distribution)
and at different ages.

Z Mp/M⊕ R0.5 Gyr R1 Gyr R5 Gyr

0.02 10. 0.828 0.811 0.758
20. 0.858 0.839 0.800
50. 0.923 0.905 0.876
100. 0.980 0.963 0.937
159. 1.017 0.995 0.968
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50. 0.503 0.474 0.439
100. 0.543 0.512 0.469
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Table 5. Same as table 4 for irradiated models by a Sun
at 0.045 AU.
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0.02 10. - - -
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models which assume that the heavy elements are dis-
tributed throughout the entire planet than by models
with all heavy elements in the core and none in the
gaseous envelope. The former models yield results sim-
ilar to the ones obtained with a more realistic distri-
bution, namely a ∼ 10 M⊕ core and the rest of heavy
material distributed in the envelope.
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The tidal evolution 
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be short (Mazeh et 

al. in prep).
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