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Table 1. Parameters for the GJ 436 system, host star and transiting
planet.

Star
Stellar mass [M!] 0.44 (± 0.04)∗
Stellar radius [R!] 0.44 (± 0.04)

Planet
Period [days] 2.64385 ± 0.00009∗
Eccentricity 0.16 ± 0.02∗
Orbital inclination [◦] 86.5 ± 0.2
Radius ratio 0.082 ± 0.005
Planet mass [M⊕] 22.6 ± 1.9
Planet radius [R⊕] 3.95+0.41

−0.28

[km] 25 200+2600
−1800

Ttr [BJD] 2 454 222.616 ± 0.001
∗ From M07.

photometry, or using the lower-accuracy data from St.-Luc and
Wise, leads to changes of ∼5% in the radius ratio.

If the stellar radius is left as a free parameter in the lightcurve
fit, the best-fit values are R = 0.46 R!, Rpl = 26 500 km, and
i = 86◦. This is an independent indication that the radius deter-
mination of the primary is basically correct.

4. Discussion

The measured radius of GJ 436 b is comparable to that of
Neptune and Uranus. Figure 3 places it in the context of the
mass-radius diagram for Solar System planets and transiting ex-
oplanets. In this part of the mass-radius diagram, the position of
a planet is a direct indication of its overall composition, while
other factors such as temperature play only a minor role (see
e.g. Fortney et al. 2007). In the current paradigm, intermediate-
mass planets are composed of some or all of these four layers: an
iron/nickel core, a silicate layer, an ice layer (H2O, CH4, NH3),
and an H/He envelope. The mass and radius that we measure
for GJ 436 b indicate that it is mainly composed of water ice.
It is an “ice giant” planet like Uranus and Neptune rather than a
small-mass gas giant or a very heavy “super-Earth”. It must have
formed at a larger orbital distance, beyond the “snow line” where
the protoplanetary disc is cool enough for water to condensate,
and subsequently migrated inwards to its present orbit.

The temperature profile inside the planet is not expected to
modify this qualitative picture. The atmosphere of GJ 436 b must
be hot: the equilibrium temperature is 520 K to 620 K depend-
ing on the albedo, and a greenhouse effect may heat it to much
higher temperatures. Tidal effects from its eccentric orbit must
also inject energy in its interior, but the iron, rock, and water
equations of state are not very sensitive to temperature at high
pressure.

We can ponder whether the planet has an H/He envelope like
the ice giants in the Solar System, or if its atmosphere is com-
posed mainly of water vapor. Our best-fit radius value places it
slightly above the “pure ice” composition mass-radius line of
Fortney et al. (2007). A small H/He envelope may thus be re-
quired – even more if an iron/rock core is present as expected. At
the upper end of the radius error bar, the H/He envelope would
have to represent up to 10% in mass according to the models of
Fortney et al. (2007) (see Fig. 3). The lower end of the range
is close to the mass-radius line for pure ice planets. Water ice
mixed with methane and ammonia is less dense than pure ice
under high pressures, so the presence of a significant amount

Fig. 3. Planetary mass-radius diagram (adapted from Fortney et al.
2007) comparing the position of Solar System planets, transiting hot
Jupiters (diamonds), and GJ 436 b. The lines indicate the position of
the Fortney et al. models for different compositions: pure iron, pure sil-
icate, pure water ice (with thermal profiles from Solar System planets),
and models for irradiated planets at 0.1 AU from a Solar-type star with
a fraction of 10%, 50% and 100% of hydrogen/helium. The dotted lines
show the models for a cold (a = 10 AU) and very hot (a = 0.02 AU)
pure H/He gas giant.

of these compounds within the ice could make the planet large
enough despite a rock/iron core to account for the observed ra-
dius without invoking an H/He envelope. GJ 436 b could there-
fore be an “Ocean Planet” (Léger et al. 2004). Because of the
high surface temperature, this would imply a steam atmosphere
above supercritical water rather than an Earth-like situation. As
methane and ammonia have very low condensation tempera-
tures, this scenario would imply migration from a wide orbit.

It could be expected that on such a close orbit, an H/He en-
velope would quickly evaporate. But although the planet is very
close to its parent star, the small size and low temperature of the
primary mean that such an envelope could be retained over long
timescales (see M07, Lecavelier des Etangs 2007). A more pre-
cise radius determination can help determine whether the planet
has a water or H/He envelope.

The fact that the orbit of GJ 436 b is not circular indicates
a high tidal quality factor Q for the planet, compatible with an
ice giant rather than a predominantly rocky planet – although the
eccentricity could be due to the influence of an unseen planetary
companion, as pointed out by M07.

GJ 436 b is the first hot Neptune with a radius measurement,
and turns out to be a Neptune-like ice giant, mostly composed
of water ice, not a rock/iron “super-Earth”, nor a low-mass gas

http://obswww.unige.ch/~pont/simpleTABLE.dat

Gillon et al. (2007, A&A, 472, L13)

(very) inflated planets - additional heat source?
dense planets - core mass?
neptune-mass and smaller planets - composition? can we really tell?
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correlation pointed out first by Mazeh & Zucker (2005), looks less convincing today
3 clear classes of planets emerging on log-log plot: supermassive, normal giants, neptunes
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not strong enough to force coplanarity. Comparison between

the coplanarization time and the stellar circularization time in-

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

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

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

tion that the orbital plane is coplanar with the stellar equatorial

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

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

shape of the radial velocity anomaly during the transit provides

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

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

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

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

identical to the stellar equatorial plane. If other mechanisms

such as gravitational scattering played a role, the coplanarity

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

planetsmay be found inWeidenschilling & Mazzari (1996) and

Lin et al. (1999).

The amplitudeof the radial velocity anomaly stemming from

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

ever it is more difficult to measure accurate radial velocities for

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

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

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

approximately 2000 lines are available for the cross-correlation

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

required.

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

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

surement of the spectroscopic transit. Unlike spectral analysis,

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

amplitude of the spectral broadening mechanism intrinsic to the

star. A complete description of transit measurements is given in

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

prep.) for planetary transit cases.

2. The measurement of the spectroscopic transit

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

ous sequence of 15 high precision radial velocity measurements

with the spectrograph ELODIE on the 193cm telescope of the

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

simultaneous thorium setup. The following night we repeated

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

any instrumental systematics possibly stemming from the rela-

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

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

ADC (atmospheric dispersion corrector) does not correct effi-

ciently at higher airmass.

As usual for ELODIEmeasurements, the data reductionwas

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

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

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

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

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

residuals agree with random error. Bottom during the planet transit

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

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

between the beginning of the photometric transit and the beginning

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

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

measured by a cross-correlation technique with our standard

binary mask and Gaussian fits of the cross-correlation functions

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

The residuals from the spectroscopic orbit of HD209458

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

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

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

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

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

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

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

accordingly with the 40% confidence level measured for the

non-signal model during the off-transit night.

3. Modeling the data

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

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

configuration actually stems from the transit data themselves:

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

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

rotation share the same direction whatever the geometry of the

crossing may be (direct orbit).

L
E
T
T
E
R

Queloz et al. (2000) - HD 209458b

wikipedia

Primarily sensitive to relative inclination of 
planet orbit and star rotational equatorial plane

All measurements to date consistent with coplanarity



Small planets
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)



Ultraprecise light curves
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
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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,
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Fig. 6. Schematic configuration of the position of the star and planet during the three HST visits. Longitude and latitude lines are drawn on the star
at 30 degrees intervals. Longitude zero is defined as the longitude pointing towards the Earth at the epoch of the first transit. The arrows indicate
the direction of the stellar rotation and planet orbital motion. The path of the planet during the HST observations is shown for the three visits.
Darker features on the star sketch the configuration for the spots affecting the HST lightcurve.

Figure 6 illustrates the geometric configuration of the star
and planet as seen from Earth during the three HST visits, giv-
ing a schematic indication of the position and size of the spots.
The path of the planet is shown only during HST observations
(at other times the HST line of sight is blocked by the Earth).
A rotation period of 11.8 days is used to rotate the star between
the different visits. The rotation of the star during the transits
is very small (about 2 degrees), and can be neglected. There is a
global north-south degeneracy. The longitudinal extension of the
spots is well constrained, but not their exact sizes and latitudinal
position relative to the planet. The stellar rotation is aligned with
the planetary orbit, as measured by Winn et al. (2007) using the
Rossiter-McLaughlin effect.

The spot responsible for Feature A is not encountered again
during the two other visits. However, the spot complex causing
Feature B is transited again during egress in visit 3. This may ex-
plain the behaviour of the residuals at that point in the lightcurve
(see bottom panel of Fig. 1). Altogether, the planet transits about
10% of the star’s surface during our observations, and occults
starspots about half this time, suggesting that spots of different
sizes are abondant on the stellar surface.

4.6. Host star and planet

The radius of the primary and its mass to the one-third power
are degenerate in transit lightcurves. Second-order effects that
would allow breaking this degeneracy, such as the light travel-
time effect, are far too small to be detectable in the presence of
any realistic amount of photometric noise or stellar variability.
Therefore, the M−1/3 R degeneracy must be lifted with recourse
to stellar evolution models.

Fortunately, HD 189733 is a well-observed, low-mass star,
and evolution models allow for only a small range of masses
compatible with its observed visible and infrared magnitude,
parallax, and spectroscopic temperature. Its Hipparcos parallax
of 51.94 ± 0.87 mas implies a distance of 19.25 ± 0.32 par-
sec, and absolute magnitudes of MV = 6.25 in the visible and
MK = 4.07 in the infrared. These luminosities can be com-
bined with the M−1/3 R = 1.246 ± 0.012 (in Solar units) value
from the HST transit shape and confronted to stellar evolution
models. Figure 7 shows the error box for HD 189733 in these
two projections of parameter space compared to the position of
Padova stellar evolution models (Girardi et al. 2002). The data
are coherent with the models and compatible with a mass in the
0.80−0.85 M" range for HD 189733. Similar results are obtained
using the Baraffe et al. (1998) low-mass star models. We there-
fore confirm the value of M = 0.825± 0.025 M" used in Bouchy
et al. (2005) for the mass of the host star.

It is interesting to note that low-mass eclipsing binaries with
well-determined mass and radius are not compatible with the
model tracks in this range of mass (Ribas et al. 2006), unlike
HD 189733. This is a strong indication confirming the suspicion
that close eclipsing binaries strongly influence each other, and
are therefore not good calibrators for the mass-radius relation of
single stars.

We adopt M = 0.825 ± 0.025 M" to lift the mass-radius
degeneracy, which implies Rstar = 0.753 ± 0.011 R", and Rpl =
1.147 ± 0.017 RJ (with RJ = 71 500 km). These values are listed
in Table 2.

The planetary mass remains unchanged at Mpl = 1.15 ± 0.04
from Bouchy et al. (2005). This corresponds to a planetary den-
sity of 822 kg m−3.

5. Discussion

The ACS spectrophotometric time series presented in this article
shows the capacity of HST to obtain lightcurves of extreme accu-
racy for bright stars. It echoes the HST lightcurve of Brown et al.
(2001) acquired with the STIS spectrograph for HD 209458. The
S/N for HD 189733 is even higher because of the larger wave-
length domain covered (at lower spectral resolution), the fact that
HD 189733 is slightly brighter in the wavelength interval sam-
pled, and the higher throughput of ACS/HRC.

The single-point standard deviation outside the transit is 67×
10−6, for a sampling of one point per minute. Correlated system-
atics left after decorrelation of instrumental parameters such as
tracking drift and focus change have an amplitude well below the
10−4 level. The standard deviation of the mean of measurements
over 10 min is 28 × 10−6. By comparison, systematics in high-
precision ground-based photometry are typically of the order of
one part per thousand, or 1000 × 10−6.

These data allow a very precise measurement of the plane-
tary radius to be obtained. This is also due to the fact that the
constraints on the mass of the star are good, because it is a low-
mass star with a known parallax from Hipparcos.

The HST/ACS lightcurve permits to lift the degeneracy be-
tween primary radius and orbital inclination in the transit signal.
Bakos et al. (2006) show how the data of a ground-based pho-
tometric campaign, even with several telescopes and in several
filters, can lead to misleading conclusions in this respect. The
Bakos et al. data apparently indicated a much smaller primary
(R∗ = 0.68 ± 0.02 R"), but the authors concluded that this was
due to unrecognized systematics in the ground-based photome-
try. We reinforce this conclusion. Our results, on the other hand,
confirm the values of Winn et al. (2007), with smaller uncer-
tainties. We conclude that Winn et al. shows the proper amount
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ABSTRACT

We monitored three transits of the giant gas planet around the nearby K dwarf HD 189733 with the ACS camera on the Hubble
Space Telescope. The resulting very-high accuracy lightcurve (signal-to-noise ratio near 15 000 on individual measurements, 35 000
on 10-min averages) allows a direct geometric measurement of the orbital inclination, radius ratio and scale of the system: i =
85.68 ± 0.04, Rpl/R∗ = 0.1572 ± 0.0004, a/R∗ = 8.92 ± 0.09. We derive improved values for the stellar and planetary radius,
R∗ = 0.755 ± 0.011 R#, Rpl = 1.154 ± 0.017 RJ , and the transit ephemerides, Ttr = 2453931.12048 ± 0.00002+n·2.218581 ± 0.000002.
The HST data also reveal clear evidence of the planet occulting spots on the surface of the star. At least one large spot complex
(>80 000 km) is required to explain the observed flux residuals and their colour evolution. This feature is compatible in amplitude and
phase with the variability observed simultaneously from the ground. No evidence for satellites or rings around HD 189733b is seen in
the HST lightcurve. This allows us to exlude with a high probability the presence of Earth-sized moons and Saturn-type debris rings
around this planet. The timing of the three transits sampled is stable to the level of a few seconds, excluding a massive second planet
in outer 2:1 resonance.

Key words. planetary systems – stars: late-type – techniques: photometric

1. Introduction

The star HD 189733 is transited by a close planetary compan-
ion (Bouchy et al. 2005). The brightness of the host star (V =
7.7 mag), the short period (2.2 days) and the large planet-to-star
radius ratio (Rpl/R∗ $ 0.15) make it the most favourable system
known for detailed studies. In the year following the discovery
of its transiting planet, HD 189733 has already been subjected to
many follow-up observations, including extensive ground-based
transit photometry (Bakos et al. 2006; Winn et al. 2007), mea-
surement of the spin-orbit angle using the Rossiter-McLaughlin
effect (Winn et al. 2006), measurement and mapping of the in-
frared flux distribution of the planet with the secondary eclipse
(Deming et al. 2006; Grillmair et al. 2007; Knutson et al. 2007).

A precise knowledge of the radius of the planet is essential
to all applications. From the transit lightcurve, one can measure
the geometry of the system, hence the orbital inclination, the size
of the star and the size of the planet. However, to first order the
orbital inclination and the stellar radius can compensate almost

! The full version of Table 1 is only available in electronic form at
the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/476/1347

perfectly. With ground-based observations, it is extremely diffi-
cult to lift completely the degeneracy between orbital inclination
and stellar radius, because of systematics induced by the Earth’s
atmosphere. The spectacular precision reached by space-based
transit time series was illustrated with the HST/STIS lightcurve
of HD 209458 by Brown et al. (2001).

With an accuracy in the 10−4−10−5 range, second-order fea-
tures in the transit lightcurve can be detected, such as the transit
of a satellite of the planet, or the presence of Saturn-type debris
rings.

2. Observations

We have observed HD 189733 with the Hubble Space Telescope
during 3 visits of 5 orbits each, using the Advanced Camera
for Surveys (ACS) in HRC mode with the grism G800L (pro-
gram GO-10923). In this configuration, the first-order spectrum
ranges from 5500 Å to 10 500 Å with ∼40 Å per pixel. The first
visit occured on May 22, 2006 (JD 245877.718 to 878.092), the
second on May 26 (882.115−882.408) and the third on July 14
(930.946−931.240).

To achieve the highest possible signal-to-noise ratio (S/N),
we observed with relatively long exposures (25 s), allowing the

Article published by EDP Sciences and available at http://www.aanda.org or http://dx.doi.org/10.1051/0004-6361:20078269



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

Probes atmospheric transparency gradient near the limb



Transmission spectroscopy 

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

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.
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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.

letters to nature

NATURE |VOL 422 | 13 MARCH 2003 | www.nature.com/nature 145© 2003        Nature  Publishing Group

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

Probes atmospheric transparency gradient near the limb



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

Probes atmospheric transparency gradient near the limb



Transmission spectroscopy 

Pont et al. (in press) - optical: ~1 micron haze

Probes atmospheric transparency gradient near the limb

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

Tinetti et al (2008) - IR: H2O? (controversial)



Secondary eclipses
Probes thermal (IR) or reflected (optical) emission from top of atmosphere

Charbonneau et al. (2005), Deming et al (2005), many more since
-> Hot planets are really hot (1000-2000K)

Optical non-detections (MOST satellite)
-> Hot Jupiters are really dark
but ... watch this space: CoRoT may change this



Phase curves

Harrington et al (2006) - mu And
strong day-night contrast

Knutson et al (2006) - HD 189733
weak day night contrast, phase offset 
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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".

12

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

Additional planets in system dynamically perturb the 
planet’s orbit

CoRoT-exo-2b observed over 78 transits with 32s 
sampling... 

... watch this space


