
© CNES



2 S. Aigrain et al.: Transiting exoplanets from the CoRoT space mission

panion was confirmed, a high resolution, high signal-to-noise
spectrum of the host star was obtained to derive accurate stel-
lar parameters.

CoRoT-Exo-4 (GSC designation 0480002187), whose coor-
dinates and magnitude are given in Table 1, was observed as part
of CoRoT’s initial run, during which ∼ 12 000 stars with magni-
tude 12 < R < 16 falling in a 1.3◦ × 2.6◦ pointing close to the
anticentre of the Galaxy were monitored nearly continuously for
58 days, starting on the 6th of February 2007. A total of 72319
flux measurements were obtained for CoRoT-Exo-4. For the first
33 d of the run, the time sampling is 512 s, after which it was
switched to 32 s as the transits were detected by the alarm mode.

Aperture photometry through a mask, automatically selected
from a set of 256 templates at the beginning of the run, is per-
formed on board. For stars brighter than R = 15, the flux is split
along detector column boundaries into broad-band red, green
and blue channels. Although the transits were detected in
the raw data, the analysis presented here was based on the
pipeline-processed light curve. The pipeline (Auvergne et al.
2008) currently includes background subtraction and partial jit-
ter correction. For each exposure, a global background level is
estimated from a handful of 10 × 10 pixel background windows
distributed over each CCD, excluding background windows af-
fected by hot pixels, and subtracted. The jitter correction is based
on the satellite line of sight information, which is derived from
the asteroseismology channel (which lies next to the exoplanet
channel on the focal plane). Currently, the pipeline only applies
a relative jitter correction for the three colour channels. This cor-
rection conserves the total (white) flux, and no jitter correction
for the total flux is attempted. The pipeline also flags data points
collected during the SAA or affected by other events likely to
impair the data quality, such as entrance into and exit from the
Earth’s shadow.

The blue channel light curve is affected by a hot pixel event
a few days after the start of the observations, causing a sudden
rise in the measured flux followed by a gradual decay of ∼ 5
days. This was corrected by fitting an exponential curve to the
decaying segment, excluding a small portion that falls in-transit
(see Figure 1, online only). That section of the blue channel light
curve also shows a gradual rise in flux. To preserve it, a linear
rise between the local mean flux levels before and after the sec-
tion of light curve affected by the hot pixel was added after sub-
tracting the exponential decay. The red and green channels are
free of visible hot pixel events. Note that the transit depth is
the same in all three channels (within the uncertainties), as
expected for a planetary transit.

A single band-pass is sufficient for the present work, so
the flux from the three colour channels was summed to give
a ‘white’ light curve (approximately covering the range 300–
1000 nm). The three-colour photometry will be discussed in
an upcoming paper pending improvements in the pipeline.
Additionally, a version of the light curve with regular 512 s time
sampling was computed by rebinning there over-sampled part
of the original. This version was used to study the out-of-transit
variability, while the over-sampled version was retained to es-
timate the transit parameters. A short-baseline (5 data points)
iterative non-linear filter (Aigrain & Irwin 2004) with 5-σ clip-
ping was applied to both the over-sampled and regularly sampled
light curves to identify and reject further outliers, resulting in a
final duty cycle of 87%.

Based on preliminary ground-based imaging of the field
(Deleuil et al. 2006) and a basic empirical model of the CoRoT
PSF, we estimate the contamination of the photometric aperture
by other stars than CoRoT-Exo-4 to be 0.3 ± 0.1% (the uncer-

Fig. 2. Pre-processed white light curve of CoRoT-Exo-4. The light
curve was normalised by dividing it by its own median, which gives
more weight to the later (oversampled) part of the light curve. This
does not affect the transit analysis, since it is the local out-of-transit
flux around each transit that is taken as a reference (see Section 3).

Table 1. Star and transit parameters derived from the CoRoT light

curve. The quantity M
1/3
s /Rs, which is used in determining the stellar

parameters (see Paper V), is derived directly from a/RS and P.

Parameter Value Bayesian range

RA 06 48 46.70
Dec −00 40 21.97
R −mag 13.45
Prot (d) 8.87 ± 1.12

P (d) 9.20205 ± 0.00037
T0 (HJD) 2454141.36416 ± 0.00089
i (◦) 90.000+0.000−0.085 87.708 − 90.000
a/Rs 17.36+0.05−0.25 14.30 − 17.80
u 0.44+0.16−0.15 0.00 − 1.00
Rp/Rs 0.1047+0.0041−0.0022 0.1000 − 0.1125

M
1/3
s /Rs 0.899+0.003−0.013 0.741 − 0.922

tainty arises from the PSF model). This estimate is compatible
with the transit depths measured from the ground (see Paper V).
We therefore subtracted a constant equal to 0.3% of the median
flux value, before normalising the light curve (the uncertainty
is accounted for separately, see Section 3). The full normalised
light curve is shown in Figure 2. We evaluate the actual noise
level per 512 s by measuring the dispersion about 1 h (7 expo-

sures) bins and scaling it by
√
7, giving 8.9 × 10−4, compared

to a photon noise level of 5.6 × 10−4. Possible factors contribut-
ing to the difference include residual instrumental effects and the
intrinsic variability of the star.

3. Transit analysis

A preliminary ephemeris (orbital period P and epoch T0) was
obtained by least-squares fitting of periodic, trapezoidal tran-
sits to the light curve after filtering out the out-of-transit vari-
ations using a 1-day baseline iterative non-linear filter. A more
careful removal of the variability was then carried out by fit-
ting a straight line to a light curve section lasting a little over
one transit duration before and after each transit. We also ex-
perimented with higher order polynomials, but they did not im-
prove the dispersion of the residuals, and do not change the re-
sults of the subsequent analysis.We folded the corrected seg-
ments of light curve using the preliminary period ephemeris,
rebinned them in bins of 0.0003 in phase, and fitted the re-
sult to obtain preliminary estimates of the system scale a/Rs,
the radius ratio Rp/Rs, the inclination i and the linear limb-
darkening coefficient u, where Rs is the star radius, Rp the

CoRoT light curve of CoRoT-Exo-4
(Aigrain et al. 2008)
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Fig. 3. Folded, binned light curve with the best-fit transit model.

planet radius and a the semi-major axis. The ephemeris was
then refined by fitting for the time of transit centre TC for
each individual transit event (fixing all other parameters)
and fitting a linear relation to the TC’s. Finally, the light
curve was folded again at the refined ephemeris and re-
binned to perform a final fit for a/Rs, Rp/Rs, i and u.

At each stage, we use the formalism of Mandel & Agol
(2002) with quadratic limb darkening to generate model transit
light curves and the I implementationM of the Levenberg-
Marquart fitting algorithm, kindly provided by C. Markwart, to
perform the fit. The period was fixed at the ephemeris value,
and the epoch was also fixed except when fitting individual
transits. The eccentricity was assumed to be zero (the best fit
to the radial velocity data is a circular orbit with an eccen-
tricity uncertainty of 0.1, see Paper V). We also tried fitting
the transits with a quadratic limb-darkening prescription, but this
did not improve the fit, and therefore we reverted to linear limb-
darkening.

To evaluate the noise-induced uncertainties on the transit pa-
rameters, including the effect of red noise, we used a ‘correlated
bootstrap’ approach. The residuals from the global best fit were
divided into bins lasting 1.12 h (2/3 of the transit duration, or
1/4 of the duration of the light curve segments used to cali-
brate the out-of-transit variations around each transit), randomly
shuffled, and added back to the fit before fitting the individual
transits. Over-sampled and non over-sampled bins were shuffled
separately. Each bin is shuffled whole, preserving the detailed
time sampling of individual bins, so the procedure does not ac-
count for the effect of small data gaps, but it does account for
correlated noise on hour timescales, including the effect of star
spots crossed by the planet. We used 100 realisations when fit-
ting individual transits and 1000 when fitting the folded light
curve. At each realisation, we also added a constant drawn from
a Gaussian distribution with zero mean and standard deviation
0.001 to the data, to account for the uncertainty in the contam-
ination fraction. As the frequency distributions for each param-
eter can be strongly non-Gaussian (see in Fig. 4 in the online
material), we measure uncertainties as the interval away from
the best-fit value where the frequency drops below e−1/2 times
the maximum (if the distributions were Gaussian, this would be
equivalent to the standard deviation). The results are reported
in Table 1. For comparison, we also show in Fig. 4 the results
of a standard bootstrap (which simply consists in swapping data
points, and accounts for white noise only). Except for the limb-

darkening coefficient, the two processes give similar results, in-
dicating that red noise affects the other parameters’ only slightly.

To gain an insight into the effect of parameter-to-parameter
correlations, we used a Bayesian approach. Reduced χ2 values
were computed over a grid in 4-dimensional parameter space (i,
a/Rs, Rp/Rs and u) about the best fit. A uniform grid in cos(i)
was used, which is equivalent to assuming an isotropic distribu-
tion of inclinations. The grid was uniform in the other param-
eters, i.e. no a priori information on these parameters was as-
sumed (though u was restricted to the physical range 0–1). The
χ2’s were then converted to relative probabilities for each indi-
vidual model using p ∝ exp(−χ2/2) and normalised. One can
then obtain probability distributions for each parameter (shown
on Fig. 4) by marginalising over successive parameters. For each
parameter, we report in Table 1 the interval over which the prob-
ability is higher than e−1/2 times the maximum. This interval
should be interpreted with some care: it is not a confidence in-
terval in the frequentist sense, but rather an interval containing
∼ 68% of the posterior probability integrated over all other pa-
rameters1. In the present case, this interval is very wide because
the global minimum in the multi-dimensional χ2 surface is very
narrow, but it is located at one end of a valley which widens
significantly away from the minimum, as illustrated in Fig. 4.

In Paper V, the transit parameters are combined with ground-
based follow-up observations to give the stellar and planetary
parameters, which we reproduce here for completeness: Teff =
6190 ± 60K, log g = 4.41 ± 0.05, Ms = 1.16+0.03−0.02M$, Rs =

1.17+0.01−0.03 R$, age 1
+1.0
−0.3Gyr; Mp = 0.72 ± 0.08MJup and Rp =

1.19+006−0.05 RJup.
We checked for transit timing variations in the O − C (ob-

served minus computed) residuals from the refined ephemeris.
The results are given in Figure 5 (online only). The third tran-
sit in the time series shows a strong (> 500 s) deviation. To test
whether this is a real timing variation, we repeated the indi-
vidual transit fits allowing a/Rs and Rp/Rs to vary as well as
TC, and found a clear correlations between the timing residu-
als and a/Rs (see bottom left panel of Figure 5), which points
towards the effect of star spots or instrumental systematics
rather than a real timing variation as the cause of the out-
lier. Closer inspection reveals that this transit contains small
data gaps, and we interpret the deviation in measured timing and
duration as an artefact of these gaps rather than a physical effect.
We also checked for a secondary eclipse (removing the variabil-
ity around phase 0.5 using linear fits as done for the transits) but
none is detected (as expected for this relatively low irradiation
planet).

4. Stellar rotation

The light curve in Fig. 2 shows clear out-of-transit variability
typical of a rotating, spotted photosphere. The semi-coherent na-
ture of the light curve suggests that active regions on the star
are evolving on timescales slightly longer than the rotation pe-
riod. A given active region may therefore cross the visible hemi-
sphere only 2 or 3 times in its lifetime. The form of the light
curve evolves quickly, but partial coherency should persist for
2 or 3 rotations, making auto-correlation an appropriate method
to measure the stellar rotation period. We used an inverse vari-
ance weighted adaptation of the Discrete Correlation Function
method of Edelson & Krolik (1988) (Collier Cameron et al.
2008) to compute the Auto-Correlation Function, or ACF (see

1 For an excellent discussion of Bayesian inference and model selec-
tion and how it differs from frequentist methods, see Trotta (2008).

Folded light curve with best-fit transit model
(Aigrain et al. 2008)



Fig. 4.Mass-period diagram of the N known transiting planets showing
the location of CoRoT-Exo-4b (diamond).

3.2. Planetary mass and radius

Using the values obtained from the transit fit in the CoRoT
light curve (Paper I), the characteristics of the radial-velocity
fit and the stellar parameters from the previous section, we get
a planetary mass of Mp = 0.73 ± 0.1MJup and a planetary ra-
dius Rp = 1.168+0.075−0.035 RJup. The semi-major axis of the orbit is
a = 0.0925 ± 0.0024AU. The mean density of the planet is
0.563±0.15 g cm−3. In the mass-radius diagram, this new planet
behaves as expected from standard models of internal structure
(Guillot 2005). The equilibrium temperature is estimated to be
around 1 090K based on the parameters of the system and the
estimated albedo is about 0.2 (Guillot et al. 1996).

4. Discussion

The planet CoRoT-Exo-4b has the second longest period of the
transiting systems known today. In the mass-period diagram
shown in Fig. 4, this new giant exoplanet is found in an empty
area of the parameter space, but it seems to roughly follow the
trend observed at short periods (see the discussion by Mazeh
et al. 2005).

The mass and radius of CoRoT-Exo-4b and its mean den-
sity of 0.54 g cm−3 makes it a gas-giant with a “normal” internal
structure dominated by H and He.We estimate the age of the par-
ent star to be 1Gyr and thus the star is likely to be fairly active.
This may explain why the photometric noise and radial-velocity
jitter is higher than expected. The age estimate is in qualitative
agreement with the relatively fast rotation of the star: we find the
rotation period to be similar to the planet orbital period of 9.2d.

New discoveries made with CoRoT will likely populate the
diagram in the period range 5–50 days and will allow further in-
vestigations of the importance of star-to-planet distance on the
internal structure of giant planets. This will complement the out-
put from current radial-velocity surveys, and thus we may be
able to probe the early stages of planetary migration and forma-
tion.
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5 Thüringer Landessternwarte Tautenburg, Sternwarte 5, 07778
Tautenburg, Germany
6 School of Physics, University of Exeter, Stocker Road, Exeter
EX4 4QL, United Kingdom
7 Instituto de Astrofı́sica de Canarias, E-38205 La Laguna, Spain
8 LESIA, CNRS UMR 8109, Observatoire de Paris, 5 place J.
Janssen, 92195 Meudon, France
9 Physikalische Institut Universität Bern, Sidlerstrasse 5, 3012
Bern, Switzerland
10 IAS, Université Paris XI, 91405 Orsay, France
11 Institut d’Astrophysique de Paris, UMR7095 CNRS, Université
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