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The RV method
10 Title : will be set by the publisher

Fig. 4. Illustration of the construction of the cross-correlation function. Diagrams on

the left represent the stellar spectrum (dashed lines) and the binary mask (solid lines,
transmission zones depicted as hatched areas). Diagrams on the right show the result of

the cross-correlation process. Courtesy of Claudio Melo.

searches was made by Campbell et al. (1988), who used a hydrogen fluoride (HF)
cell (Campbell & Walker 1979). At present, all planet search programs based on
this technique use an iodine cell and the technique is commonly referred to as the
iodine cell technique.

Instrumentally, the iodine cell technique is easily implemented on any existing
slit spectrograph. The main complication of the method resides in the Doppler
analysis. In practice, spectra taken through the iodine cell are broken up into
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The RV method

Bisector velocity span
a measurement of the symmetry of the lines

The photon noise
the fundamental limit to the RV precision
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Meet SOPHIE (II)
Fiber-fed (3” on the sky) cross-
dispersed echelle spectrograph.

ThAr used for wavelength calibration.

High mechanical and temperature 
stability.

Dispersive elements kept at constant 
pressure.

Two operation modes:

High Resolution: R = 70,000

High Efficiency: R = 40,000
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Meet SOPHIE (III)

 
 

 
 

spectrograph slit is not affected in near-field. Adding a second octagonal piece after the double scrambler allows 
reducing far-field effects on the spectrograph slit, at the price of second octagonal-circular junction loss.  

We benefit from the very good performance of FC-FC connections with circular fibers to prepare the implementation of 
all those possibilities and add FC connectors in all interesting places as shown in the lower part of Figure 5. We paid 
attention to have a minimal fiber length of 45 cm to allow correct azimuthal scrambling from the circular pipes. SOPHIE 
is a fully operational instrument, with more than 90% of nights a year dedicated on the 1.93m – telescope. Each 
instrumental modification has to be implemented in a short time to avoid a too large lack of observations in the scientific 
programs, and with a risk management plan to reduce failure possibilities to a bare minimum. Insertion of octagonal fiber 
pieces is localized near the spectrograph entrance, where no fiber movement happens, constraining to work in the 
isothermal small space available. As the chosen junction technique is to interconnect FC connectors, each initial fiber 
had to be cut, bonded to a FC connector and polished in situ, requiring protection of all the spectrograph optics. No local 
diagnostic except microscope viewing of the polished surface was available during technical intervention. As the 
SOPHIE fibers at f/3.6 are very sensitive to constraints in the termination, a great part of the operation success was based 
on the extensive experience of our technician in handling these fibers.  

 
 

 
 

Figure 5. SOPHIE fiber links before (upper part) and after (lower part) the modification of June 2011: octagonal-
section fiber insertion. 
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Previous precision and limitations

Series on the blue sky

Precision better than 1 m/s over little more than an hour.
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Previous precision and limitations
Series on known constant stars (standards)

HD185144

HD109358
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Previous precision and limitations
Series on known constant stars (standards)

HD185144

HD109358σ =6.6 m/s

σ =7.7 m/s
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Previous precision and limitations
Dispersion on large number of stars

Photon 
Noise
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Previous precision and limitations

The seeing effect
EPJ Web of Conferences

2 Fiber-fed spectrographs

HARPS and SOPHIE are fiber-fed spectrographs with si-
multaneous reference calibrations. The stellar light collected
by the telescope are lead to the instrument through a stan-
dard step-index multi-mode cylindrical optical fiber. SO-
PHIE has two observing mode using two different fibers,
the High-Resolution (HR) and the High-Efficiency mode
(HE). In HR mode, the spectrograph is fed by a 40.5-µm
slit superimposed on the output of the 100-µm fiber, reach-
ing a spectral resolution of λ/∆λ = 75,000. In HE mode,
the spectrograph is directly fed by the 100-µm fiber with a
resolution power of 40,000. Both SOPHIE fibers have an
sky acceptance of 3-arcsec. HARPS has 70-µm fiber with
a sky acceptance of 1-arcsec and a spectral resolution of
110,000 (see Table 1).

Non-uniform illumination of the slit or output fiber at
the spectrograph entrance decreases the radial-velocity pre-
cision. Indeed, variations in seeing, focus and image shape
at the fiber entrance may induced non-uniform illumina-
tion inside the pupil of the spectrograph. The optical aber-
rations lead to variations in the centroids of the stellar lines
on the focal plane.

Optical fibers are used to lead the light from the tele-
scope to the entrance of the spectrograph. They have the
properties to scrambler the atmospheric effects and guiding
and centering errors discussed previously. But the scram-
bling ability of one multimode fiber is not perfect as shown
in Fig. 1. With an input off axes image, the azimuthal scram-
bling is good whereas it remains some effects in the ra-
dial one. This pattern observed is bigger in far field than
in near field. Near field and far field are respectively de-
fined as, the brightness distribution across the output face
of the fiber, and, as the angular distribution of light of fiber
output beam. Therefore, changes in the input beam cause
only circular symmetric changes in the fiber output pattern.
In contrast, imperfect radial scrambling allows small zonal
errors to remain.

HARPS and the SOPHIE HR mode are equipped with
optical double scramblers. It is used to increase and im-
prove the uniformity and stabilization of the illumination
of the spectrograph entrance (refs. [4] and [6]). The near
field of a circular fiber is observed to be better scramble
than the far field. In spite of only one fiber guiding the
light from the telescope to the instrument, double scram-
bler is composed of two fibers coupled with two doublets.
The system is designed to inverse near field and far field
in order to induce a better radial scrambling, although it
causes flux losses (ref. [1]).

Table 1. Comparison of parameters of fiber-fed spectrographs

SOPHIE and HARPS.

Instrument Doppler prec. 1 pixel Resol. ∆λ/λ

HARPS ! 1ms−1 800 ms−1 110,000

SOPHIE (HR) ∼ 4 ms−1 1400 ms−1 75,000

SOPHIE (HE) ∼ 10 ms−1 1400 ms−1 40,000

Fig. 1. Illumination at the output of one cylindrical optical fiber

in the near and the far field. Sources are off axes. A high degree

of azimuthal scrambling is observed. In contrast, it remains some

effects in the radial one.

3 RV effects of fiber imperfect scrambling

3.1 Centering/Guiding on the fiber entrance

The degree of radial scrambling describes the stability of
the output beam as the input image is moved from the cen-
ter to the edge of the fiber. It is possible to detect in RV
some variations due to the insufficiency of radial scram-
bling. The light from a stable star is moved with the guid-
ing/centering system from an edge to the other of the fiber.
We compute the RV with the data reduction pipeline for
different positions of the star. The test was done for the
two modes of SOPHIE and for HARPS. The results are
computed in Table 2.

Because the scrambling of the fiber is not perfect, the
movement of the input image corresponds to a shift on the

Table 2. Variation observed in RV as the input image (star) is

moved from the center to the edge of the fiber. HARPS and SO-

PHIE with High-Resolution fiber used a double scrambler instead

of the High-Efficiency mode of SOPHIE.

Instrument fib. diam. RV effect [ms−1]

HARPS 1” ∼ 3

SOPHIE (HR) 3” ∼ 13

SOPHIE (HE) 3” ∼ 36

New technologies for probing the diversity of brown dwarfs and exoplanets

Fig. 2. Schema illustrating how the vignetting of the telescope

is translated at the output of the fiber HE in the far-field, i.e. at

the entrance of the spectrograph. For external occultation, the RV

decrease whereas, for internal occultation the RV increase.

detector.We observed first that, wider is the fiber, more im-
portant is the RV variations. Moreover, the value of meter
per second per pixel vary as a function of the resolution
power. Moving the input image from the center to the edge
is then expected to have a lower effect for a higher spectral
resolution. In addition, we expect that the double scrambler
improve the radial scrambling, i.e. decrease the RV effect.

3.2 Vignetting telescope

The pupil of the telescope, i.e. the entrance of the telescope
or the far field of the input light is known to be more stable
than the telescope image. We would like to test the effect
in RV of variations of the far field. For that, we vignette
the telescope on day sky with the dome. We computed the
RV with the pipeline SOPHIE, estimating that the varia-
tion of Barycentric Earth RV is not significant during our
measurements. We made this test with the HE mode in or-
der that the variation of the far-field of the telescope are
projected on the grating (i.e. without double scrambler).
We remarked that the way of the RV variations depends on
exterior or interior vignetting (Fig. 2).

3.3 Optical path simulations

We simulated the optical path in the SOPHIE spectrograph.
We observed a displacement of the spectrum in function
of wavelength on the focal plane when the input beam at
the entrance of the spectrograph is center-illuminated or
center-darked, corresponding respectively when vignetting
external and internal part of the pupil in HE mode (cf.
Sect.3.2). Variation of the slit or the optical fiber illumi-
nation are directly translated on the spectrum in Fig. 3. We
observed that the shift is more significant for an external
occultation. Because the effect is not symmetric along an
order and not monitored by the calibration lamp, the final
computed RV vary. So, variations of the far-field pattern
projected onto the grating can introduce radial-velocity shifts
at the detector lowering the final precision in RV.

Fig. 3. Displacement of the position of a nine wavelength as a

function of a internal (green) or an external (red) occultation of

the entrance of the spectrograph on the CCD detector.

Fig. 4.When the seeing is good, the telescope image is less wide.

With the double scrambler in HR mode, near field becomes far-

field and is projected on the collimator at the entrance of the spec-

trograph. The pattern is comparable to that observed in HE when

vignetting telescope (Fig. 2)

3.4 RV effects due to seeing variations

Variations of the far-field of the input beam in HE mode
is equivalent to a variation of the telescope image in HR
mode, due to the double scrambler. Variations in seeing in-
duce a variation of the input image as illustrate in Fig. 4.
The input beam at the entrance of the spectrograph is center-
illuminated (external occultation)when a target is observed
with a good seeing in HR mode. The previous tests and
simulations explain a systematic effect observed with SO-
PHIE named as ”seeing effect”. For a sample of stars ob-
served at high signal to noise ratio (SNR) in HR mode, we
observed a decrease in RV correlated with an estimation of
seeing. The value of the seeing is not monitored with SO-
PHIE. We estimated it with calculating the relative flux by
unit of exposure time :

S =
S NR2

Texp10−MV/2.5
(1)

with SNR, the signal to noise ratio of the spectra, Texp the
time exposure of the measurement, MV the visual magni-
tude of the target. The seeing decrease when the seeing
estimation S increase. With a lower seeing, the input im-
age is smaller than the fiber width, and as shown in the

Boisse, Bouchy, Chazelas, et al. (2011)
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3.4 RV effects due to seeing variations

Variations of the far-field of the input beam in HE mode
is equivalent to a variation of the telescope image in HR
mode, due to the double scrambler. Variations in seeing in-
duce a variation of the input image as illustrate in Fig. 4.
The input beam at the entrance of the spectrograph is center-
illuminated (external occultation)when a target is observed
with a good seeing in HR mode. The previous tests and
simulations explain a systematic effect observed with SO-
PHIE named as ”seeing effect”. For a sample of stars ob-
served at high signal to noise ratio (SNR) in HR mode, we
observed a decrease in RV correlated with an estimation of
seeing. The value of the seeing is not monitored with SO-
PHIE. We estimated it with calculating the relative flux by
unit of exposure time :

S =
S NR2

Texp10−MV/2.5
(1)

with SNR, the signal to noise ratio of the spectra, Texp the
time exposure of the measurement, MV the visual magni-
tude of the target. The seeing decrease when the seeing
estimation S increase. With a lower seeing, the input im-
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SOPHIE Consortium
Large consortium formed for the scientific exploitation and improvement of SOPHIE.

> 80 nights per semester (sometimes around 100 !)

Five research sub-programmes

SP1: High-precision programme.
SP2: Hot Jupiters around solar-type stars.
SP3: Planets around M-dwarves.
SP4: Planets around hot stars (A & F).
SP5: Long-term follow-up of ELODIE planets/candidates.
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A planet or a brown dwarf?

Bouchy, Hébrard, Udry, et al. (2009)

4 F. Bouchy et al.: A massive Jupiter around HD 16760

Fig. 1. Top: Radial velocity SOPHIE measurements of
HD16760 as a function of time, and Keplerian fit to the data.
The orbital parameters corresponding to this fit are reported in
Table 3. Bottom: Residuals of the fit with 1-σ error bars.

Table 2. Radial velocities of HD16760measured with SOPHIE.

BJD RV ±1σ exp. time S/N p. pix.

-2 400 000 (km s−1) (km s−1) (sec) (at 550 nm)

54099.3679 -3.6736 0.0055 300 62.5
54126.3439 -3.7916 0.0058 300 52.1
54127.2914 -3.8085 0.0068 480 36.2
54133.2541 -3.8478 0.0055 224 61.4
54138.3414 -3.8366 0.0054 673 67.1
54148.3393 -3.8898 0.0071 224 35.1
54151.3375 -3.9150 0.0092 225 30.0
54155.2737 -3.9168 0.0063 180 43.5
54339.6353 -3.3666 0.0053 512 78.7
54352.6607 -3.2786 0.0058 380 52.0
54367.6375 -3.2481 0.0055 300 61.2
54407.4733 -3.1806 0.0053 500 79.5
54434.4441 -3.1703 0.0055 620 64.2
54502.2489 -3.3798 0.0057 443 54.5
54513.2880 -3.4358 0.0059 464 53.4
54546.2900 -3.5725 0.0061 1304 47.3
54683.6329 -3.9680 0.0058 393 51.4
54705.6646 -3.9045 0.0058 379 51.2
54739.5899 -3.7242 0.0059 350 50.1
54755.5295 -3.6488 0.0058 270 51.2

period oscillation with a semi-amplitude K = 408 m s−1, cor-
responding to a substellar companion, with a minimum mass
mp sin i = 14.3MJup. The derived orbital parameters are reported
in Table 3, together with error bars, which were computed from
χ2 variations and Monte Carlo experiments.

The standard deviation of the residuals to the fit isσ(O−C) =
10.1 m s−1. This is higher than the 6-m s−1 estimated uncertainty
on the individualmeasurements. Although about 23% of gaseous
giant planets are in a multiple planetary system, we do not iden-
tify yet an indication for a second body orbiting HD16760.With
a maximum semi-amplitude of 20 m s−1, the residuals of the fit
do not exhibit structures, denying a possible inner planet with a
mp sin i ≥ 0.7 MJup. A longer period planet may induce a drift

lower than 20 m s−1yr−1 during our observational period.

Fig. 2. Bisector span as a function of the radial velocity.

Table 3. Fitted orbit and planetary parameters for HD16760b.

Parameters Values and 1-σ error bars Unit

Vr −3.561 ± 0.004 km s−1

P 465.1 ± 2.3 days
e 0.067 ± 0.010
ω −128 ± 10 ◦

K 408 ± 7 m s−1

T0 (periastron) 2 454 723 ± 12 BJD

σ(O −C) 10.1 m s−1

reduced χ2 2.0
Nobs 20

mp sin i 14.3 ± 0.9† MJup

a 1.13 ± 0.03† AU

†: using M$ = 0.88 ± 0.08M$

5. Discussion and Conclusion

Our RV measurements indicates that a substellar companion
with a projectedmassmp sin i = 14.3MJup is orbitingHD16760.
With the degeneracy of inclination angle i, it is difficult to con-
clude about the exact nature of this companion. It may corre-
spond to a massive planet, formed in a gaseous protoplanetary
disk, or a brown dwarf, issued from collapse in a giant molecu-
lar cloud.

Figure 3 shows the mass distribution of massive planets
(mp sin i ≥ 3 MJup) and light brown dwarfs (Mc sin i ≤ 30 MJup)
found by radial velocity surveys. From the Extrasolar Planets
Encyclopaedia list2, we completed with HD137510b (Endl et
al. 2004), HD180777b (Galland et al. 2005b), and HD16760b
(this paper), totalizing 89 objects including 10 with mass in-
between 15 and 30 MJup. The dashed curve corresponds to the

relation M−2 (dN/dM=M−1). The black shaded histogram corre-
sponds to the transiting planets with true masses (excluding non-
confirming objects SWEEPS-11 and SWEEPS-04). It is worth-
while to notice that, although based on a small number of object,
the mass distribution of transiting planets is following the same
trend than non-transiting planets. Indeed, the ratio of transiting
planets over non-transiting planets is about the same : 9.2, 9.5
and 10 for the bins 3-6, 6-9 and 9-12 MJup respectively. In this
histogram, HD16760b seems to be located just at the end of the
mass distribution of giant planets. Although based on small num-

2 http://exoplanet.eu
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bers, sub-stellar companions with minimum mass greater than
17 MJup do not seem to follow the M

−2 relation.
Figure 4 shows the eccentricity - period diagram of mas-

sive exoplanets and light brown dwarfs. The size of circle is
function of the mass (3-5, 5-10, 10-15 MJup). Hexagonal points
corresponds to objets with mass greater than 15 MJup. Black
filled symbols correspond to transiting companions. HD16760b
confirms the observed trend that more massive companions are
found for longer period planets (Udry & Santos 2007). We also
notice that all companions with mass greater than 15 MJup have
an eccentricity greater than 0.2 except CoRoT-exo-3b (Deleuil et
al. 2008) and HD41004Bb (Zucker et al. 2004) in very close-in
orbit (with periods of respectively 4.2 et 1.3 days) tidally cir-
cularized. The properties of HD16760b make it an interresting
sub-stellar companion. With a mass greater than the Deuterium
burning limit (13 MJup), it may be defined as a brow-dwarf.
However its quite circular orbit supports a formation in a gaseous
protoplanetary disk. On another way, Halbwachs et al. (2005)
studied the eccentricity distribution for exoplanets and binary
stars with a mass ratio smaller than 0.8 (non twin binaries). They
found that exoplanets have orbits with eccentricities significantly
smaller than those of the non-twin binaries, reinforcing the hy-
pothesis that planetary systems and stellar binaries are not the
products of the same physical process.

HD 16760b is in a visual and physical binary system.
However, in the mass-period and eccentricity-period diagrams,
HD16760b is located in a region not much populated by plan-
ets in binary systems. The discovery of this long-period low-
eccentricity planet thus adds to the growing evidence that con-
trary to short-period planets, long-period (!100 days) planets
residing in binaries possess the same statistical properties as
their counterparts orbiting single stars (Eggenberger et al. 2004,
Mugrauer et al. 2005, Desidera et al. 2007).

HD 16760b would induce a motion of its host star of at least
±0.35 milli-arcsec. The future Gaia ESA space mission sched-
uled for launch in late-2011, should be able to detect this sys-
tem from astrometry, and thus would allow the inclination of
the system to be measured and the true mass to be determined.
Detailed caracterization of this sub-stellar companion close to
planet/brow-dwarf transition will help to distinguish the differ-
ences of formation processes between these two populations.
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plies a stellar rotation period Prot ! 10 days. This agrees with
our v sin i! measurement, which translates into PRot < 17 days
(Bouchy et al. 2005), depending on the unknown inclination i!
of the stellar rotation axes.

4. A planetary system around HD9446

The SOPHIE radial velocities of HD9446 are plotted in Fig. 2.
Spanning more than two years, they show clear variations of the
order of 200 m s−1, implying a dispersion σRV = 58m s

−1; this
is well over the expected stellar jitter due to chromospheric ac-
tivity (10 to 20 m s−1, see above). In addition, the bisectors of
the CCF are stable (Fig. 3, upper panel), showing dispersion of
the order of σBIS = 20 m s

−1, well below that of the radial ve-
locities. An anticorrelation between the bisector and the radial
velocity is usually the signature of radial velocity variations in-
duced by stellar activity (see, e.g., Queloz et al. 2001, Boisse
et al. 2009a). The bisectors are flat by comparison with the ra-
dial velocities, which suggests that the radial velocity variations
are mainly due to Doppler shifts of the stellar lines rather than
stellar profile variations. This leads to conclude that reflex mo-
tion due to companion(s) are the likely cause of the stellar radial
velocity variations.

Fig. 2. Top: Radial velocity SOPHIE measurements of HD9446
as a function of time, and Keplerian fit with two planets. The or-
bital parameters corresponding to this fit are reported in Table 3.
Bottom: Residuals of the fit with 1-σ error bars.

These facts were known in late 2007, after two seasons of
SOPHIE observations of HD9446. A search of Keplerian fits
then produced a solution with two Jupiter-like planets, on orbits
of 30 and 190 days of period, with low eccentricities. This solu-
tion was thereafter confirmed by the third season of observation;
together with the “flat” bisectors, this provides a strong support
to the two-planet interpretation of the radial velocity variations.

Figs. 2 and 4 show the final fit of the 851-day span SOPHIE
radial velocities of HD9446. This Keplerian model includes two
planets without mutual interactions, which are negligible in this
case (see Sect. 5). All the parameters are free to vary during the

Fig. 3. Bisector span as a function of the radial velocity (top) and
the radial velocity residuals after the 2-planet fit (bottom). For
clarity, error bars are not plotted in the bottom panel. The ranges
have the same extents in the x- and y-axes on both panels.

fit. The derived orbital parameters are reported in Table 3, to-
gether with error bars, which were computed from χ2 variations
and Monte Carlo experiments.

The inner planet, HD9446b, produces radial velocity varia-
tions with a semi-amplitude K = 46.6±3.0 m s−1, corresponding
to a planet with a minimum mass Mp sin i = 0.70 ± 0.06 MJup

(assuming M! = 1.0±0.1M# for the host star). Its orbit has a pe-
riod of 30.052±0.027 days, and is significantly non-circular (e =
0.20±0.06). This period is longer than the stellar rotation period,
as determined above from the logR′

HK
and the v sin i!. A Prot-

value of 30 days would corresponds to v sin i! < 2 km s
−1, which

is incompatible with our data. The outer planet, HD9446c,
yields a semi-amplitude K = 63.9 ± 4.3 m s−1, corresponding
to a planet with a projected mass Mp sin i = 1.82 ± 0.17 MJup.
The orbital period is 192.9±0.9 days. This is about half a Earth-

4 Hébrard et al.: A multi-planet system around HD9446

Fig. 4. Phase-folded radial velocity curves for HD9446b (P =
30 d, top) and HD9446c (P = 193 d, bottom) after removing
the effect of the other planet. The SOPHIE radial velocity mea-
surements are presented with 1-σ error bars, and the Keplerian
fits are the solid lines. Orbital parameters corresponding to the
fits are reported in Table 3. The colors indicate the measurement
dates.

year, which made difficult a good phase coverage for the obser-
vations. As seen in the lower panel of Fig. 4, the rise of the ra-
dial velocity due to HD9446c lacks of measurements, for orbital
phases between 0.0 and 0.3. This implies significant uncertain-
ties on the shape of the orbit. Circularity can not be excluded
(e = 0.06 ± 0.06); furthermore, if the orbit actually is eccentric,
there are nearly no constraints with the present dataset on the
orientation of the ellipse with respect to the line of sight. The re-
sulting error bars on the longitude ω of the periastron and on the
time T0 at periastron are thus large; there are however correlated,
and the timing of a possible transit for this planet is better con-
strained than T0 in Table 3. Our estimations of v sin i# and Prot
allow the constraint i# > 30

◦ to be put. So, if we assume a spin-
orbit alignment for the HD9446-system, i# = i and sin i > 0.5;

Table 3. Fitted orbits and planetary parameters for the HD9446
system, with 1-σ error bars.

Parameters HD9446b HD9446c

P [days] 30.052 ± 0.027 192.9 ± 0.9
e 0.20 ± 0.06 0.06 ± 0.06
ω [◦] −145 ± 30 −260 ± 130
K [m s−1] 46.6 ± 3.0 63.9 ± 4.3
T0 (periastron) [BJD] 2 454 854.4 ± 2.0 2 454 510 ± 70
Mp sin i [MJup] 0.70 ± 0.06† 1.82 ± 0.17†

a [AU] 0.189 ± 0.006† 0.654 ± 0.022†

Vr [km s
−1] 21.715 ± 0.005

N 79

reduced χ2 2.6

σO−C [m s
−1] 15.1

Typical RV accuracy [m s−1] 6.5
span [days] 851

†: using M# = 1.0 ± 0.1M#

this implies projected masses that translate into actual masses
clearly in the planetary range.

The reduced χ2 of the Keplerian fit is 2.6, and the standard
deviation of the residuals is σO−C = 15.1 m s−1. This is bet-
ter than the 58-m s−1 dispersion of the original radial velocities,
but this remains higher than the 6.5-m s−1 typical error bars on
the individual measurements, suggesting an additional noise of
∼ 13.5 m s−1. Such dispersion is precisely in the range of the 10
to 20 m s−1 expected jitter for a G-type star with this level of ac-
tivity (Sect. 3). Stellar activity is thus likely to be the main cause
of the remaining dispersion, as well as the ∼ 20-m s−1 dispersion
of the bisectors. The residuals of the fits do not show significant
anticorrelation with the bisectors (Fig. 3, lower panel), as it could
be expected in such cases (see, e.g., Melo et al. 2007, Boisse et
al. 2009a); this is however at the limit of detection according to
the error bars. A few bisectors values are larger than the other
ones. They could be due to a particularly active phase of the
star, as they are localized in a short time interval (between late
January and early February 2007). Excluding these outliers from
the analysis does not significantly change the results. Finally, as
it can be seen on lower panel of Fig. 2, the residuals are signifi-
cantly less scattered during the first season than during the third
one. This can be mainly explained by the higher signal-to-noise
ratio reached with longer exposure times during the first season,
as well as the simultaneous thorium calibration secured for the
first measurements.

Figure 5 shows Lomb-Scargle periodograms of the radial ve-
locity measurements of HD9446 in four different cases: without
any planet removed, with one or the other planet removed, and
with both planets removed. A similar study was performed in
the case of BD−08◦2823, another star with two detected planets
(Hébrard et al. 2009). In the upper panel of Fig. 5 that presents
the periodogram of the raw radial velocity measurements of
HD9446, periodic signals at ∼ 30 days and ∼ 195 days are
clearly detected with peaks at those periods, corresponding to
the two planets reported above, with the same amplitudes. The
peak at ∼ 1 day corresponds to the aliases of all the detected
signals, as the sampling is biased towards “one point per night”.
A fourth, weaker peak is detected at ∼ 13.3 days. A Keplerian
fit of this signal would provide a semi-amplitude K % 11 m s−1,
corresponding to a projected mass of 40 Earth masses. We do
not conclude, however, that we detect a third, low-mass planet
within the current data.

Indeed, firstly this 13.3-day period is near the stellar rotation
period (∼ 10 days, Sect. 3), so it could be at least partially due

Hébrard, Bonfils, Segransan, et al. (2009)

V = 8.3      B-V = 0.68      G5V 

Hébrard et al. (2010) 

30 jours 
0,7 MJup 

193 jours 
1,8 MJup 

HD 9446b HD 9446c 

P (j) 30.05 +/- 0.03 192.9 +/- 0.9 

e 0.20 +/- 0.06 0.06 +/- 0.06 

m2 sin i 0.70 +/- 0.06 1.82 +/- 0.17 

K (m/s) 46.6 +/- 3.0 63.9 +/- 4.3 

HD 9446b,c 

!O-C= 15,1 m/s 
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Why are massive objects found at long periods?
Why are their orbits predominantly eccentric?

What is a planet?
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Follow-up of transiting candidates
To discard impostors

and characterise the planet (mass, eccentricity, etc.)

L56 ORBIT OF COMPANION TRANSITING HD 209458 Vol. 532

Fig. 1.—Radial velocities of HD 209458 plotted as a function of orbital
phase for the solution detailed in Table 1. The measurements of the three
observational programs are represented by different symbols.

TABLE 1
Orbital Solution for HD 209458

Parameter Value

Period . . . . . . . 3.52433 ! 0.00027 days
g . . . . . . . . . . . . . !14.7652 ! 0.0016 km s!1

K . . . . . . . . . . . . 85.9 ! 2.0 m s!1
e . . . . . . . . . . . . . 0 (fixed)
Tc . . . . . . . . . . . . 2,451,430.8238 ! 0.0029 HJD

. . . . . .M sin ip MJup
2/30.685! 0.018 (M /1.1 M )∗ ,

. . . . . . . . .DH–C "0.2 ! 4.7 m s!1

. . . . . . . . .DE–C "0.5 ! 5.1 m s!1

. . . . . . . . . . . .jH 13.8 m s!1

. . . . . . . . . . . .jE 25.1 m s!1

. . . . . . . . . . . .jC 17.6 m s!1

the discovery of the planetary companion around 51 Peg
(Mayor & Queloz 1995b), the surveyed sample was extended
to about 320 northern hemisphere solar-type stars brighter than

and with small projected rotational velocitiesm = 7.65V

( from CORAVEL; Benz & Mayor 1984). From COR-v sin i
AVEL data, the stars in this sample were known to have con-
stant radial velocities at a 300 m s!1 precision level. Radial-
velocity measurements are obtained with the ELODIE echelle
fiber-fed spectrograph (Baranne et al. 1996) mounted on the
Cassegrain focus of the 1.93 m telescope of the Observatoire
de Haute-Provence. The reduction technique used for this sam-
ple is known as the “simultaneous thorium-argon technique”
described by Baranne et al. (1996). The precision achieved
with this instrument is of the order of 10 m s!1 over more than
3 yr.
After the two independent detections of the short-term var-

iability of HD 209458 by the HIRES and ELODIE teams, we
decided to add this object to the CORALIE planet search sam-
ple (Udry et al. 2000a, 2000b) in order to gather more radial-
velocity data and therefore increase the precision of the orbital
elements. The precision achieved with CORALIE is of the
order of 7–8 m s!1 over 18 months. To check for other possible
sources of line shifts besides orbital motion, we computed the
mean bisector profiles (as described by D. Queloz et al. 2000,
in preparation) for all the ELODIE and CORALIE spectra. No
correlation between the observed velocities and the line profiles
was detected, convincing us that the planetary interpretation
was correct even before transits were detected.

3. RADIAL-VELOCITY ANALYSIS

As of 1999 November 16, we had a total of 150 radial-
velocity measurements of HD 209458 available for analysis:
11 from HIRES, 31 from ELODIE, and 108 from CORALIE.
Initially we applied shifts of!5 m s!1 to the ELODIE velocities
and !14,780 m s!1 to the HIRES measurements to bring them
to the CORALIE system, the latter offset being much larger
due to the arbitrary zero point of the HIRES velocities
(S. Zucker, G. A. Drukier, & T. Mazeh 2000, in preparation).
To account for possible errors in these shifts, the orbital so-
lutions described below included two additional free

parameters— and for the HIRES and ELODIED DH–C E–C
shifts—along with the orbital elements.
In addition, the two transit timings recorded by C00 provide

useful information on the orbital period and Tc, the time of
inferior conjunction. These timings were therefore included in
the derivation of the spectroscopic orbital elements, and we
treated them as independent measurements with their corre-
sponding uncertainties.
In a preliminary solution, weights were assigned to each

observation based on the internal errors. From this fit we com-
puted the rms residuals separately for each data set— , ,j jH E
and —and then scaled the internal errors for each instrumentjC
to match the corresponding rms residuals on average. We re-
solved for the orbital parameters, and the procedure converged
in one iteration with essentially no change in the elements.
Tests allowing for a noncircular Keplerian orbit for HD

209458 resulted in an eccentricity indistinguishable from zero:
. We therefore assume in the following thate = 0.016! 0.018

the orbit is circular. Our final orbital solution is represented
graphically in Figure 1. The elements are given in Table 1,
where the value of the planetary mass depends on theMp

inclination angle and on the adopted stellar mass M* to thepower of . The orbital elements reported by Henry et al. (2000)2
3

are consistent with our results, although their quoted errors are
substantially larger. Robichon & Arenou (2000) have identified
three transits in the Hipparcos photometry and have derived a
more precise period, days, consis-P = 3.524739! 0.000014
tent with the value of Table 1 within 1.5 j.

4. STELLAR PARAMETERS

In this section, we compare theoretical stellar-evolutionary
models with observational parameters of HD 209458 in order
to derive the stellar mass and radius, as done for other parent
stars by Ford, Rasio, & Sills (1999). We use the stellar absolute
visual magnitude together with either the effective temperature
or the B!V color. The comparison between the models and
the observed B!V is somewhat less secure, as the derivation
of B!V in the evolutionary models depends on the color-
temperature calibration, for which the various models adopt
slightly different prescriptions. The effective temperature, on
the other hand, is well defined in the models and can be derived
from the stellar spectra independently of the color. Both ap-
proaches compare the observed with the value derived inMV

the models, a comparison which depends on the bolometric
correction. However, the difference between the bolometric cor-
rection used by the various models is quite small.
The stellar models depend on the chemical abundance, and

therefore a critical first step for both approaches is to determine
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Follow-up of CoRoT candidates
First screening process to discard false positivesP. Bordé et al.: Transiting exoplanets from the CoRoT space mission

Table 2. Abundances of the main elements in CoRoT-8.

Element [X/H] number
of lines

Mg i 0.16 (0.16) 3
Ca i 0.31 (0.05) 4
Ti i 0.26 (0.05) 14
V i 0.49 (0.07) 16
Fe i 0.31 (0.05) 96
Fe ii 0.32 (0.06) 8
Co i 0.30 (0.07) 6
Ni i 0.34 (0.05) 30
Si i 0.37 (0.05) 18

as surface gravity diagnostics instead of the usual Mg ib or Na i
lines. This overcomes the issue of continuum placement for such
broad lines with extended wings when observed with an echelle
spectrum. To provide an additional check of our effective tem-
perature determination, we compared the Hα line profile outside
of the core to theoretical profiles, following the method recom-
mended in Sect. 3.3 of Bruntt et al. (2004). The result agrees with
our estimates obtained independently with VWA and SME. Our
final atmospheric parameters, Teff , log g, and global metallicity
estimates are given in Table 5. The results from the detailed el-
emental abundances analysis are summarized in Table 2. These
correspond to a slowly rotating K1 main-sequence star with no-
ticeable metal enrichment.

To estimate the mass and the radius of the host star, we com-
bined the constraints from the spectroscopic parameters (Teff and
[M/H]) and M1/3

� /R�, the proxy for stellar density derived from
the transit physical model (see Sect. 3 and Table 5). The spec-
troscopic analysis of our spectra gave no evidence of youth: the
Li i line at 670.78 nm is absent and the star’s spectra display no
hint of chromospheric activity. This is consistent with the low ro-
tational velocity we measured. Using STAREVOL stellar evolu-
tionary tracks (Siess 2006, Palacios, private communication), we
thus excluded evolutionary tracks corresponding to pre-main se-
quence stages and assumed that the star is on the main sequence.
In this way, we obtained a stellar mass of M� = 0.88 ± 0.04 M⊙
and furthermore inferred a stellar radius of R� = 0.77± 0.02 R⊙.
The corresponding surface gravity is 4.61 ± 0.07 in good agree-
ment with the spectroscopic value of log g = 4.58 ± 0.08.

Concerning limb-darkening, we also note fair agreement be-
tween measured values reported in Sect. 3, u1 = 0.70 ± 0.09
and u2 = 0.14± 0.09, and theoretical estimates computed for the
CoRoT bandpasses by Sing (2010): u1 = 0.59 and u1 = 0.12 (for
Teff = 5000 K, log g = 4.5, and [M/H]=0.3). Achieving consis-
tency in both surface gravity and limb-darkening is a good in-
dication that the determined orbital and physical parameters are
reliable. Therefore, we can safely derive a planetary radius of
0.57 ± 0.02 RJ, which is 1.7 times the radius of Neptune and 0.7
times that of Saturn.

5. Radial velocity spectrometry

We performed RV observations of CoRoT-8 with the SOPHIE
spectrograph (Perruchot et al. 2008; Bouchy et al. 2009a) at
the 1.93-m telescope located at OHP, and the HARPS spec-
trograph (Mayor et al. 2003) at the 3.6-m ESO telescope at
La Silla Observatory (Chile). These two instruments are cross-
dispersed, fiber-fed, echelle spectrographs dedicated to high-
precision Fizeau-Doppler measurements. SOPHIE was used in
its high-efficiency mode (spectral resolution of 40 000). HARPS
and SOPHIE were both used in the obj AB observing mode,

Fig. 6. Period-folded radial velocities of CoRoT-8. The black
dots and open red squares respectively correspond to HARPS
and SOPHIE measurements.

where the second fiber was made available for monitoring the
background Moon light at the cost of no simultaneous Th-Ar
lamp calibration. This is made possible thanks to the remark-
able intrinsic stability of these spectrographs. Indeed, the con-
tribution of instrumental drift to the global RV errors was al-
ways negligible with respect to the photon noise error. HARPS
and SOPHIE data were reduced with the standard pipeline based
on the work by Baranne et al. (1996), Pepe et al. (2002), and
Bouchy et al. (2009a). In the case of CoRoT-8, radial veloci-
ties were derived by cross-correlating the acquired spectra with
a numerical K5 mask.

The first two measurements on CoRoT-8 were made with
SOPHIE on August 2007 and showed no significant RV vari-
ations at the level of 50 m s−1. As such, they were compatible
with a planetary companion lighter than 1 MJ, so it called for
more observations. Nine more measurements were obtained with
HARPS between the end of July 2008 and the end of September
2008 (ESO program 081.C-0388). Although they yielded RV
variations in phase with the ephemerides computed from the
CoRoT-8 light curve, they did not allow by themselves properly
constraining of the orbit, and above all completely ruling out the
presence of a blended binary (a background eclipsing binary not
angularly separated from CoRoT-8 by the 3.6-m ESO telescope).
Therefore, ten additional HARPS measurements were acquired
to secure the planetary origin of the CoRoT transits from June to
August 2009 (ESO program 083.C-0186).

All RV measurements (Table 3) are displayed in Fig. 6. The
SOPHIE data were shifted by 105 m s−1for this plot. Several
spectra of the third campaign were slightly contaminated by
Moon light. We attempted to correct for the Moon signal, but
it only introduced more noise and did not significantly affect the
target RV values. (The Moon RV was different enough from that
of the target.) We concluded from this study that Moon contam-
ination could be safely ignored in our case.

The period-folded radial velocities in Fig. 6 present clear
variations in phase with ephemerides derived from CoRoT tran-
sits, in agreement with what would be expected for the reflex
motion due to a planetary companion. We fitted RV data with
a Keplerian model assuming a circular orbit and found a sys-
temic RV of −37.468 ± 0.003 km s−1and an RV semi-amplitude
of 26 ± 4 m s−1with χ2

r = 0.8 (showing that the standard devi-
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Fig. 1. Normalized and phase-folded light curve of the 34 best transits
of CoRoT-Exo-1b (top); the residuals from the best-fit model (bottom).
The bin size corresponds to 2.17 min, and the 1σ error bars have been
estimated from the dispersion of the data points inside each bin.

the algorithm AMOEBA (Press et al. 1992). The fitted parame-
ters are the transit center, the orbital phase at transit start, RP/R",
the orbital inclination i, and the two non linear limb-darkening
coefficients u+ and u− (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) subtracts the best-fit model to the data, (ii) re-sort
a fraction of 1/e of the residuals, (iii) add the best-fit model to
the new residuals. AMOEBA was used to fit all the parameters
in each of the new data sets. The uncertainties were estimated
as the standard deviation of each of the fitted parameters (see
Table 2).

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); however, the data were too
noisy to clearly identify a transit egress. Follow-up photome-
try with the Wise observatory 1.0 m telescope confirmed that
a transit occurs 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 photometric
mask. The results of these investigations, indicating that none of
CoRoT-Exo-1’s near neighbors can be responsible for the transit
signal, will be published elsewhere. High-precision, radial ve-
locity observations of CoRoT-Exo-1 were made at Observatoire
de Haute Provence in March-April and October 2007 with
SOPHIE, an echelle cross-dispersed fiber-fed spectrograph at
the 193 cm telescope (Bouchy et al. 2006). The spectrograph
routinely gets to a precision less than 2−3 ms−1 with the cross-
correlation technique (Baranne et al. 1996) on bright targets.
CoRoT-Exo-1 was observed with the high-efficiency mode (R =
40 000) at an accuracy of about 20−30 ms−1 in typical expo-
sure times of 45 min. Data reduction was done online and cross-
correlation performed with a mask corresponding to a G2 star.
The observations polluted by Moon illumination have been cor-
rected for the correlation peak of the sky background, which
is measured simultaneously through a neighbor fiber. The esti-
mated error bars take into account those 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 1 where
we display Julian date, planetary orbital phase, radial velocity,
and error. The measurements show a variation in phase with the
ephemeris constrained, with a very high accuracy, by the CoRoT
light curve. The orbital period and the epoch of the transits are

Fig. 2. Radial-velocity variations of CoRoT-Exo-1b versus phase from
CoRoT’s ephemeris. Top: the data fitted with a circular orbit of semi-
amplitude K = 188 ms−1 and a drift of 1.02 ms−1 per day; bottom: the
O−C residuals to the fit.

Fig. 3. Bisector spans: no variation with amplitude and phase correlates
with the radial velocities (e.g. Queloz et al. 2001).

fixed to the CoRoT values. As the period is very short, tidal cir-
cularization justifies a zero eccentricity assumption. The semi-
amplitude of the radial velocity variation, K = 188 ± 11 ms−1,
is compatible with a companion of planetary mass and was ad-
justed to the data (see Fig. 2). The best fit is obtained assum-
ing a drift of 200 ms−1 between the two epochs of SOPHIE’s
observations or, equivalently, a linear drift of 1 ms−1 per day.
The final solution is displayed in Table 2; the O−C residuals
have a standard deviation of 34 ms−1. The measurements do not
correlate with the bisector of the cross-correlation function (see
Fig. 3). In summary, the radial-velocity curve supports the plan-
etary nature of the transiting body detected by CoRoT and dis-
cards other interpretations involving background stars, grazing
eclipsing binary, or a triple system. Additional observations are
ongoing with HARPS to clarify the nature of the drift which is
possibly caused by a second companion.

6. Star and planet parameters
To derive the star’s parameters, we took advantage of the spec-
troscopic observations used to get the radial velocity measure-
ments. The very first observations recorded with HARPS, whose
resolving power is R ∼ 100 000, were used to perform a spec-
tral analysis. For each set of spectra, we co-added the indi-
vidual exposures, order per order, once calibrated in absolute
wavelength and rebinned at a constant step of 0.02 Å. The re-
sulting signal-to-noise ratio per pixel at 550 nm is ∼80 for the
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Fig. 1. Normalized and phase-folded light curve of the 34 best transits
of CoRoT-Exo-1b (top); the residuals from the best-fit model (bottom).
The bin size corresponds to 2.17 min, and the 1σ error bars have been
estimated from the dispersion of the data points inside each bin.

the algorithm AMOEBA (Press et al. 1992). The fitted parame-
ters are the transit center, the orbital phase at transit start, RP/R",
the orbital inclination i, and the two non linear limb-darkening
coefficients u+ and u− (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) subtracts the best-fit model to the data, (ii) re-sort
a fraction of 1/e of the residuals, (iii) add the best-fit model to
the new residuals. AMOEBA was used to fit all the parameters
in each of the new data sets. The uncertainties were estimated
as the standard deviation of each of the fitted parameters (see
Table 2).

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); however, the data were too
noisy to clearly identify a transit egress. Follow-up photome-
try with the Wise observatory 1.0 m telescope confirmed that
a transit occurs 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 photometric
mask. The results of these investigations, indicating that none of
CoRoT-Exo-1’s near neighbors can be responsible for the transit
signal, will be published elsewhere. High-precision, radial ve-
locity observations of CoRoT-Exo-1 were made at Observatoire
de Haute Provence in March-April and October 2007 with
SOPHIE, an echelle cross-dispersed fiber-fed spectrograph at
the 193 cm telescope (Bouchy et al. 2006). The spectrograph
routinely gets to a precision less than 2−3 ms−1 with the cross-
correlation technique (Baranne et al. 1996) on bright targets.
CoRoT-Exo-1 was observed with the high-efficiency mode (R =
40 000) at an accuracy of about 20−30 ms−1 in typical expo-
sure times of 45 min. Data reduction was done online and cross-
correlation performed with a mask corresponding to a G2 star.
The observations polluted by Moon illumination have been cor-
rected for the correlation peak of the sky background, which
is measured simultaneously through a neighbor fiber. The esti-
mated error bars take into account those 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 1 where
we display Julian date, planetary orbital phase, radial velocity,
and error. The measurements show a variation in phase with the
ephemeris constrained, with a very high accuracy, by the CoRoT
light curve. The orbital period and the epoch of the transits are

Fig. 2. Radial-velocity variations of CoRoT-Exo-1b versus phase from
CoRoT’s ephemeris. Top: the data fitted with a circular orbit of semi-
amplitude K = 188 ms−1 and a drift of 1.02 ms−1 per day; bottom: the
O−C residuals to the fit.

Fig. 3. Bisector spans: no variation with amplitude and phase correlates
with the radial velocities (e.g. Queloz et al. 2001).

fixed to the CoRoT values. As the period is very short, tidal cir-
cularization justifies a zero eccentricity assumption. The semi-
amplitude of the radial velocity variation, K = 188 ± 11 ms−1,
is compatible with a companion of planetary mass and was ad-
justed to the data (see Fig. 2). The best fit is obtained assum-
ing a drift of 200 ms−1 between the two epochs of SOPHIE’s
observations or, equivalently, a linear drift of 1 ms−1 per day.
The final solution is displayed in Table 2; the O−C residuals
have a standard deviation of 34 ms−1. The measurements do not
correlate with the bisector of the cross-correlation function (see
Fig. 3). In summary, the radial-velocity curve supports the plan-
etary nature of the transiting body detected by CoRoT and dis-
cards other interpretations involving background stars, grazing
eclipsing binary, or a triple system. Additional observations are
ongoing with HARPS to clarify the nature of the drift which is
possibly caused by a second companion.

6. Star and planet parameters
To derive the star’s parameters, we took advantage of the spec-
troscopic observations used to get the radial velocity measure-
ments. The very first observations recorded with HARPS, whose
resolving power is R ∼ 100 000, were used to perform a spec-
tral analysis. For each set of spectra, we co-added the indi-
vidual exposures, order per order, once calibrated in absolute
wavelength and rebinned at a constant step of 0.02 Å. The re-
sulting signal-to-noise ratio per pixel at 550 nm is ∼80 for the
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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 Fig. 2. For clarity purposes, data have been combined in 64-points bins (∼34 min).

30 km s−1). The radial velocities are given in Table 2, and the
phase folded radial velocity measurements are plotted in Fig. 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 between
the different spectrographs (the values are displayed in Fig. 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 ec-
centricity. The semi-amplitude of the radial velocity variation
and the mean velocity were then adjusted to the data. We re-
peated 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 signif-
icantly larger than the noise on individual measurements, and
consistent with the expected effect of stellar activity, as described
in Bouchy et al. (2008). The semi-amplitude of the radial motion
is large (K = 563 m/s) due to the large planetary mass and very
short period. These measurements thus establish the planetary
nature of the transiting body detected by CoRoT and reject other
interpretations such as a grazing or background eclipsing binary,
or a triple system. The bisector of the CCF, plotted in Fig. 3,
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 a well-identified radial-velocity anomaly.

5. Stellar and planetary parameters

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

s /Rs, and thus obtain a good estimation of
the stellar radius once an estimation of its mass is given. The un-
certainty 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, such as Brown et al. 2001;
or Pont et al. 2007). Assuming a mass of 0.97±0.06 M# (Bouchy
et al. 2008), we obtain a stellar radius of 0.902 ± 0.018 R#. This
translates into a planetary mass of 3.31 ± 0.16 MJup, a planetary
radius of 1.465±0.029RJup and thus a 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

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 resid-
uals of the in-transit points are larger due to the effect of successive
planet occultations of stellar active regions.

large: its radius is about 0.3 RJup larger than expected for
a hydrogen-helium planet of this mass and irradiation level.
However, contrary to most planets discovered to date, standard
recipes to explain this large radius (heat dissipation in the in-
terior or increased opacities) yield only a ∼0.15 RJup increase,
and thus are not sufficient. Larger deviations from the standard
models (e.g. very large tides) or effects that may alter the radius
determination (e.g. large brightness variations of the stellar sur-
face) should be studied.

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 of 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 should
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Table 1. Parameters of the CoRoT-Exo-2 system. One-sigma errors are
given, when relevant, in the last column. a) From Bouchy et al. (2008).
b) Zero albedo equilibrium temperature.

Star CorotID 0101206560
RA (J2000) 19h27m06.5s

Dec (J2000) 1◦23′01.5′′
Vmag 12.57

Obtained from the CoRoT photometry
Value Error

P [d] 1.7429964 0.0000017
Tc [BJD] 2 454 237.53562 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
a/Rp 40.3 0.3
M(1/3)

s /Rs 1.099 0.005
Photometry, spectroscopy and radial velocity combined
V0 [ km s−1] 23.245 0.010
K [ km s−1] 0.563 0.014
e 0 (fixed)
Ms [M$] 0.97 0.06
Rs [R$] 0.902 0.018
v sin i [km s−1]a 11.85 0.50
Teff [K]a 5625 120
Mp [MJup] 3.31 0.16
Rp [RJup] 1.465 0.029
ρp [g/cm3] 1.31 0.04
Teq [K] b 1537 35

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. Filled circles: SOPHIE, open circles: HARPS,
open triangles: CORALIE. In the bottom panel, the total span of the
CCF bisectors, as measured in the HARPS spectra.

be synchronized, and the orbit should decay due to tidal effects
(e.g. Pätzold & Rauer 2002).

A thorough interpretation of the light curve, which requires a
detailed modelling of the effects of the stellar activity onto both

the global star luminosity and the luminosity during transits, will
provide an unprecedented view of the star-planet interactions.
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Fig. 1. The 152-days long CoRoT-Exo-3b reduced light curve, binned at a constant time sampling of 512 s and normalized. The low activity level
of the star is illustrated in the upper figure which displays a zoomed section of the light curve.

Fig. 2. The phase-folded light curve of the CoRoT-Exo-3b transit with
the best fit solution overplotted (solid line). The residuals of the fit are
plotted at the bottom of the figure. The rms error is 4.4094 × 10−4 out
of eclipse.

It is worth noticing that we found another set of solutions
with comparable χ2 value but at a higher inclination, i # 89◦.
These solutions however give fitted limb-darkening parameters
which are even more inconsistent with theoretical ones. As re-
ported by Brown et al. (2001), for transiting planets at low im-
pact parameters, there is a degeneracy in the orbital inclination
and the limb darkening coefficients, both effects being difficult to
disentangle at the level greater than a few 10−4. We compared the
two solutions, and checked at the level of precision we achieve,
with a rms error of 4.4 × 10−4 out of transit that they could not
be distinguished.

3. Follow-up observations

Ground-based follow-up campaigns of the planet candidates de-
tected by the alarm mode in the CoRoT light curves from the
first long run started in July 2007, or shortly after their detection.

Table 2. Transit parameters derived from the CoRoT light curve
analyses.

Best fit
all parameters free

parameter value uncertainty
Period (day) 4.25680 ±0.000005
T0 (day) 2 454 283.1383 ±0.0003
χ2 1.020
θ1 0.0185 ±1.6 × 10−4

k = Rp/R# 0.0663 ±9.0 × 10−4

i (deg) 85.9 ±0.8
u+ 0.56 ±0.05
u− −0.10 ±0.07
M1/3
# /R# 0.71 ±0.04

a/R# 7.8 ±0.4
b (R#)(a) 0.55 ±0.08

(a) Impact parameter.

Such complementary observations are mandatory to identify the
nature of the transiting bodies and to further characterize the se-
cured planets. Radial velocity measurements as well as ground-
based photometry observations were performed and confirmed
the non-stellar nature of the transiting body. High resolution
spectra of the host star were later acquired with the UVES spec-
trograph on the VLT.

3.1. Photometric follow-up observations

The relatively large PSF of CoRoT (of 20′′ × 6′′ with the
longer axes approximately in N-S direction) and its large aper-
ture masks raise the possibility that any of the nearby fainter
stars (see Fig. 3) that contaminate a target lightcurve might
in fact be an eclipsing binary mimicking a transit-like sig-
nal for the target. Indeed, around CoRoT-Exo-3 there are two
such potential sources for false alarms, at distances of 5.3 and
5.6′′, respectively. As part of the ongoing ground-based photo-
metric follow-up of CoRoT candidates, whose motivation and
techniques are described in more detail in Deeg et al. (2008,
in preparation), time-series imaging was obtained during both
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Table 3. Radial velocity measurements for CoRoT-Exo-3b.

HJD exp time vrad σvrad Spectrograph
(s) km s−1 km s−1

2 454 309.5696 3600 −58.262 0.046 SOPHIE
2 454 316.4672 2700 −54.269 0.060 SOPHIE
2 454 317.4443 3000 −57.122 0.060 SOPHIE
2 454 318.3674 3000 −58.371 0.078 SOPHIE
2 454 336.4002 2700 −55.938 0.047 SOPHIE
2 454 590.6002 3600 −58.386 0.051 SOPHIE
2 454 643.5273 2700 −54.386 0.074 SOPHIE
2 454 331.3590 3600 −57.130 0.250 TLS
2 454 332.3600 3600 −54.460 0.290 TLS
2 454 336.9060 3600 −53.650 0.240 TLS
2 454 341.6815 1800 −53.978 0.052 HARPS
2 454 342.6366 1800 −55.867 0.049 HARPS
2 454 343.6556 1800 −58.331 0.054 HARPS
2 454 344.6816 1800 −56.683 0.057 HARPS
2 454 320.7188 3600 −54.628 0.200 CORALIE
2 454 322.7074 3600 −58.523 0.198 CORALIE
2 454 330.6931 3600 −58.457 0.141 CORALIE
2 454 372.4932 3600 −56.263 0.172 CORALIE
2 454 372.5133 3600 −56.597 0.186 CORALIE
2 454 372.5281 3600 −56.565 0.218 CORALIE
2 454 372.5429 3600 −56.644 0.170 CORALIE
2 454 372.5629 3600 −56.535 0.189 CORALIE
2 454 372.5829 3600 −57.039 0.210 CORALIE
2 454 372.6032 3600 −57.154 0.221 CORALIE
2 454 372.6231 3600 −57.265 0.259 CORALIE
2 454 372.6433 3600 −56.951 0.214 CORALIE
2 454 379.5247 3600 −54.772 0.178 CORALIE
2 454 380.5267 3600 −55.498 0.192 CORALIE
2 454 387.5000 3600 −56.494 0.217 CORALIE
2 454 388.5207 3600 −54.844 0.226 CORALIE
2 454 394.5333 3600 −58.696 0.211 CORALIE
2 454 400.5461 3600 −55.556 0.232 CORALIE
2 454 607.8861 3600 −57.786 0.163 SANDIFORD
2 454 609.8528 3600 −53.187 0.100 SANDIFORD
2 454 613.8684 3600 −53.308 0.157 SANDIFORD

Fig. 4. The phase-folded radial velocity measurements from the differ-
ent spectrographs used for the follow-up campaign, with the best fit
solution over-plotted (solid line).

the CORALIE radial velocity uncertainties of ∼200 m s−1; a fur-
ther such measurement with HARPS is going to be carried out.

In total, the radial velocity measurements cover a duration
of more than 11 months, five additional measurement recently
made on Spring 2008 (Fig. 6). No significant drift was detected
over this period, excluding the presence of an additional massive
companion (>2 MJup) with a period less than 11 months.

Fig. 5. The bisector span, giving the differences in radial velocities be-
tween top and bottom of a bisector, as a function of radial velocity,
measured with HARPS.

Fig. 6. The complete set of radial velocity measurements over a one
year period: SOPHIE (black circle), TLS (open triangle), HARPS (open
circle), CORALIE (black triangle) and SANDIFORD (open square)
spectrographs.

Considering the projected rotation velocity v sin i of 17 ±
1 km s−1 and assuming that the rotation axis of the star is perpen-
dicular to the line-of-sight, the star is rotating in 4.6 ± 0.4 days.
Given the relatively large mass and short period of the compan-
ion, one might expect it to have synchronized the rotation of its
host star to its orbital period via tidal interaction (Dobbs-Dixon
et al. 2004; Jackson et al. 2008). The observed rotational veloc-
ity of the star is indeed compatible with this hypothesis and the
phenomenon has recently been reported for two other massive
planets orbiting an F-star in circular orbit: τ Boo (Donati et al.
2008) and CoRoT-Exo-4b (Aigrain et al. 2008). We attempted
to measure the photometric rotation period of the star from the
out-of-transit light curve, using a discrete autocorrelation func-
tion (ACF) method as was successfully done for CoRoT-Exo-4b
(Aigrain et al. 2008). However, no significant signal was de-
tected, even when computing the ACF using only the second half
of the light curve, where the photometric variability is slightly
more pronounced. It appears that the star is not sufficiently ac-
tive to sustain coherent active regions producing detectable rota-
tional modulation over more than one period.

3.3. High resolution spectroscopy

The SOPHIE and HARPS spectra were of too poor a quality to
allow a proper spectral analysis. Consequently, the star was ob-
served with the UVES spectrograph at the end of October 2007.
Two exposures of 2380 s each were recorded, using the a spec-
trometer slit of 0.7′′ which yielded a resolving power of$65 000.
The co-added spectra gives a S/N ratio greater than 140 per res-
olution element over the entire spectral range.
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Fig. 2. Radial-velocity measurements of CoRoT-Exo-4 with respect to
the orbital phase as estimated from the CoRoT ephemeris and the best-
fit solution. Black filled circles are HARPS data, and red open diamonds
are SOPHIE data.

Fig. 3. Bisector variations (span of the bisector slope) as a function of
orbital phase (top panel) and radial velocity value (bottom panel). Black
filled circles are HARPS data, and red open diamonds are SOPHIE data.

parameters of the target star. A spline function was fitted to the
continuum windows and divided into the observed spectrum to
obtain the normalized spectrum. We made sure that the shapes
and depths of lines in adjacent spectral orders were in good
agreement. In the final spectrum, the orders were merged and
the overlapping parts added using weights based on the mea-
sured S/N.

We analysed the normalized spectrum using the semi-
automatic software package VWA (Bruntt et al. 2004, 2008).
More than 600 mostly non-blended lines were selected for anal-
ysis in the wavelength range 3980−6830 Å. The VWA uses at-
mosphere models interpolated in the grid by Heiter et al. (2002)
and atomic parameters from the VALD database (Kupka et al.
1999). Abundances were calculated relative to the solar spec-
trum from Hinkle et al. (2000) following the approach by Bruntt
et al. (2008). The VWA automatically adjusts the parameters
(Teff, log g, microturbulence) of the applied atmospheric model
to get consistent results for all iron lines. The program iteratively
minimizes the correlation between the abundance and equivalent
width found from weak Fe  lines (equivalent widths <80 mÅ),
the correlation of abundance and excitation potential of Fe  lines

(equivalent widths <140 mÅ), and the mean abundance of neu-
tral and ionized Fe lines must yield the same result. To estimate
the uncertainty on the derived parameters and abundances of
individual elements, we measured the sensitivity of the results
when changing the parameters of the atmospheric model (see
Bruntt et al. 2008).

The result is Teff = 6190±60 K, log g = 4.41±0.05, and a mi-
croturbulence ξt = 0.94 ± 0.07 km s−1. The determined spectro-
scopic parameters do not depend on the adopted value of v sin i.
The overall metallicity is found as the mean abundance of the
elements with at least 20 lines (Si, Ca, Ti, Cr, Mn, Fe, Ni) yield-
ing [M/H] = +0.05 ± 0.07. Details on individual abundances of
CoRoT host stars will be given in a later paper.

3. Estimation of the stellar and planetary
parameters

3.1. Stellar mass, radius, and age

Using evolutionary tracks (Siess et al. 2000; Morel & Lebreton
2007), the spectroscopic determination of Teff and the ra-
tio M1/3

s /Rs estimated from the CoRoT photometry (Paper IV),
we derived the following estimates for the mass and radius of the
star: Ms = 1.16+0.03

−0.02 M" and Rs = 1.17+0.01
−0.03 R". This corresponds

to a surface gravity of logg = 4.37±0.02, which agrees with the
spectroscopic value of 4.41 ± 0.05.

While the details of the process of how lithium is depleted in
F-stars is not yet fully understood, it is now well-established that
lithium is depleted for stars with a temperature below 6200 K
(Steinhauer & Deliyannis 2004). However, lithium depletion in
F-stars is expected to be slow, and data taken for stars with the
same age and spectral type show a huge scatter in the equiva-
lent width. By comparing the equivalent width of the Li  line
at λ6708 (35.2 ± 4.8 mÅ) of CoRoT-Exo-4b with the data for
the Hyades (Boesgaard & Tripicco 1986; Thorburn et al. 1993),
the UMa moving group (Soderblom et al. 1993), and NGC 3960
(Prisinzano & Randich 2007), an age of about 1+1.0

−0.3 Gyr is the
most likely estimate for CoRoT-Exo-4b.

3.2. Planetary mass and radius

Using the values obtained from the transit fit to the CoRoT
light curve (Paper IV), the characteristics of the radial-velocity
fit, and the stellar parameters from the previous section, we
get a planetary mass of Mp = 0.72 ± 0.08 MJup and a plane-
tary radius Rp = 1.19+0.06

−0.05 RJup. The semi-major axis of the or-
bit is a = 0.090 ± 0.001 AU. The mean density of the planet
is 0.525 ± 0.15 g cm−3. This new planet is found in the ex-
pected location of the mass-radius diagram (Fressin et al. 2007).
In terms of composition, Fig. 4 shows that it contains a rel-
atively small amount of heavy elements (0 to up to ∼30 M⊕,
depending on the model chosen), as expected from the empir-
ical correlation between stellar metallicity and mass of heavy
elements in the planet (Guillot et al. 2006; Burrows et al. 2007;
Guillot 2007). The agreement with different models of planetary
evolution implies that we cannot rule out any specific scenario
used to explain anomalously large planets at this point. However,
the discovery of other transiting planets on long-period orbits
will be extremely valuable.
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Fig. 3. Folded, binned light curve with the best-fit transit model.

Finally, the light curve was folded again at the refined ephemeris
and rebinned to perform a final fit for a/Rs, Rp/Rs, i, and u.

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

To evaluate the noise-induced uncertainties in the transit pa-
rameters, including the effect of red noise, we used a ‘correlated
bootstrap’ approach. The residuals from the global best-fit solu-
tion were divided into intervals lasting 1.12 h (2/3 of the tran-
sit duration, or 1/4 of the duration of the light-curve segments
used to calibrate the out-of-transit variations about each transit),
randomly shuffled, and added back to the fit before fitting the in-
dividual transits. Oversampled and non-oversampled bins were
shuffled separately. Each bin was shuffled in its entirety, preserv-
ing the detailed time sampling of individual bins; the procedure
was not able to describe the effect of small data gaps, but it could
account for correlated noise on hour timescales, including the
effect of star spots crossed by the planet. We used 100 realisa-
tions when fitting 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
contamination fraction. Since the frequency distributions of each
parameter can be significantly non-Gaussian (see in Fig. 4 in the
online material), we measure the uncertainties to be the interval
between the best-fit value and the point at which the frequency
drops below e−1/2 times the maximum value (if the distributions
were Gaussian, this would be equivalent to the standard devia-
tion). The results are reported in Table 1. For comparison, we
also show in Fig. 4 the results of a standard bootstrap, which
simply consists of swapping data points, and accounts for white
noise only. Apart from the limb-darkening coefficient, the two
processes yield similar results, indicating that red noise only
slightly affects the other parameters.

To gain an insight into the effect of parameter-to-parameter
correlations, we used a Bayesian approach. Reduced χ2 values
were computed over a 4-dimensional grid (i, a/Rs, Rp/Rs, and u)

centered on the best-fit solution. A uniform grid in cos(i) was
used, which is equivalent to assuming an isotropic distribution
of inclinations. The grid was uniform for all other parameters,
i.e. no a priori information for these parameters was assumed,
although u was restricted to the physical range 0–1. The χ2 val-
ues were then converted to relative probabilities for each indi-
vidual model using p ∝ exp(−χ2/2) and normalised; probability
distributions for each parameter could then be derived 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 the maximum of the distribution multiplied
by e−1/2. This interval should be interpreted with care: it is not a
confidence interval in the frequentist sense, but rather an interval
containing ∼68% of the posterior probability integrated over all
other parameters1. In the present case, this interval is wide be-
cause the global minimum in the multi-dimensional χ2 surface
is narrow, but it is located at one end of a valley that 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 infer the stellar and plane-
tary parameters, which we reproduce here for completeness:
Teff = 6190 ± 60 K, log g = 4.41 ± 0.05, Ms = 1.16+0.03

−0.02 M$,
Rs = 1.17+0.01

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

Rp = 1.19+006
−0.05 RJup. We note that Claret (2004) computed theo-

retical linear limb-darkening coefficients in the range 0.55–0.6
for Teff = 6250 K and log g = 4.5 in r′; this is the standard band-
pass that is closest to the peak of the CoRoT bandpass, although
the latter is far broader (300–1000 nm). This range of theoreti-
cal limb-darkening coefficients is compatible with the value of
0.44 ± 0.15 obtained from the transit fit.

We checked for transit timing variations in the O–C (ob-
served minus computed) residuals from the refined ephemeris.
The results are given in Fig. 5 (online only). The third transit in
the time series shows a strong (>500 s) deviation. To test whether
this is a real timing variation, we repeated the individual transit
fits allowing a/Rs and Rp/Rs to vary as well as TC; we found a
clear correlation between the timing residuals and a/Rs (see bot-
tom left panel of Fig. 5), which points towards the effect of star
spots or instrumental systematics rather than a real timing varia-
tion as the cause of the outlier. 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 variability about phase 0.5 using linear fits as per-
formed for the transits) but none was detected (as expected for
this relatively low irradiation planet).

4. Stellar rotation

The light curve in Fig. 2 shows clear out-of-transit variabil-
ity typical of a rotating, spotted photosphere. Its semi-coherent
nature suggests that active regions on the star are evolving on
timescales slightly longer than the rotation period. A given ac-
tive region may therefore cross the visible hemisphere only 2
or 3 times in its lifetime. The shape of the light curve evolves
rapidly, but partial coherency should persist for 2 or 3 rota-
tions, implying that autocorrelation is 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).
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Fig. 2. Radial velocity measurements and Keplerian fit to
the data including the Rossiter effect. Red: SOPHIE, green:
HARPS.

Fig. 3. Bisector analysis of CoRoT-5.

this contaminating star varies by less than 0.08 mag. This
is far below the variation of about 0.55 mag that is required
to explain the observed signal in the CoRoT data.

4. Radial velocity follow-up observations

In January 2008, after the identification of a transit sig-
nal by the alarm-mode, CoRoT-5 was observed with the
SOPHIE spectrograph installed on the 193 cm telescope
at the Haute Provence Observatory. Two radial velocity
measurements were taken at opposite quadrature phases
of the radial velocity variation expected from the transit
ephemerides assuming a circular orbit. At this time the
data were found to be compatible with a radial velocity am-
plitude suggesting a Jupiter mass planet. Additional mea-
surements were obtained later in the season to confirm the
reality of the signal but not enough to obtain a precise mea-

Fig. 4. Stellar abundances of CoRoT-5. Abundances found
from neutral lines are marked by circles, for ionized lines
box symbols are used.

surement of the orbit eccentricity. One year later, a new se-
ries of measurements was obtained with the HARPS spec-
trograph installed on the 3.6m ESO telescope at La Silla in
Chile (Mayor et al. 2003). Both sets of data (SOPHIE and
HARPS) have been processed as in Bouchy et al. (2008).
Radial velocities (RV) were computed by weighted cross-
correlation (Baranne et al. 1996; Pepe et al. 2005) with a
numerical G2-spectral template excluding spectral orders
below 4200 Å. Radial velocity values are listed in Table 1
and plotted in Fig. 2.

We analyzed the cross-correlation function computed
from the HARPS spectra using the line-bisector technique
according to the description in Queloz et al. (2001) to de-
tect possible spectral distortions caused by a faint back-
ground eclipsing binary mimicking a small RV amplitude
signal. No correlation between the RV data and the bisec-
tor span was found at the level of the uncertainty on the
data (Fig. 3).

The stability of the bisector, combined both with the
amplitude of the radial velocity and the accuracy of tran-
sit lightcurve, is enough to discard an alternate back-
ground eclipsing binary scenario. In the case of a hypothet-
ical background eclipsing binary, obtaining a sine-shaped
radial-velocity signal would require a superimposed spec-
trum moving with the same systemic velocity as the bright-
est component, and on an RV range corresponding to the
sum of the width of both CCF line profiles. This prerequi-
site constrains both on the mass of the potential eclipsing
component and its companion. The example of HD41004
provides us with an interesting benchmark (Santos et al.
2002). This system was detected with a similar radial ve-
locity amplitude but with a strong bisector correlation,
and could be explained by a superimposed spectrum with
3% flux of the bright star. If one scales down this re-
sult to CoRoT-5, which has no bisector correlation, one
finds that the contrast ratio between the brightest star and
the hypothetical eclipsing binary is such that the eclipse
must be very deep and the radius of the eclipsing stars
much smaller than CoRoT-5. Considering the quality of the
CoRoT lightcurve such a binary scenario does not match
the transit ingress and egress timing and the detailed shape
of the curve.

5. Properties of the central star

We determined the fundamental parameters of the host star
carrying out a spectral analysis of the set of HARPS spectra
acquired for radial velocity measurements. The individual
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Table 3. Parameters of the CoRoT-5 system derived from
the combined MCMC analysis.

Fitted Parameters Value Units

(Rp/Rstar)
2 0.01461+0.00030

−0.00032

tT 0.0290+0.00038
−0.00053

b 0.755+0.017
−0.022

K 59.1+6.2
−3.1 ms−1

e cos ω −0.057+0.048
−0.020

e sin ω −0.071+0.147
−0.130

tT denotes the transit duration given in fraction of phase, b
the impact parameter and K the RV semi-amplitude.

better period value, and the whole procedure was repeated.
The final O-C diagram can be seen in Fig. 5. The resulting
ephemeris is given in Table 4.

There is no obvious period variation present in the O−C
diagram. The first part of the lightcurve was obtained with
the 512 sec sampling rate, so the first seven minima typi-
cally consist of only 20 data points. Thus, they have larger
scatter and uncertainties. The next twenty minima were
obtained with the high sampling rate (32 sec) and typi-
cally consist of a few hundred data points, leading to much
higher accuracy. If one takes only these high-resolution min-
ima into account, the constancy of the period is clearer.
However, we cannot exclude that small period variations
are present in the system. The upper limit of such a pe-
riod variation was estimated by a quadratic fit to the data,
which showed that it should be less than 0.42 seconds/cycle.

7. Analysis of parameters of CoRoT-5b

The final phase-folded lightcurve of the transit event is seen
in Fig. 6. The transit signal shows a depth of about 1.4
% and lasts for about 2.7 hours. We derived the plane-
tary parameters by fitting simultaneously the lightcurve of
CoRoT-5 with the SOPHIE and HARPS radial velocities.
A planetary model on a Keplerian orbit in the formalism
of Giménez (2006a) and Giménez (2006b) was fitted to the
data using a Markov Chain Monte-Carlo (MCMC) code
described in Triaud et al. (in prep.) but using e. cosω and
e. sinω instead of e and w as free parameters for better er-
ror estimation. In the fit a quadratic limb-darkening law
was assumed at u+ = 0.616 and u− = 0. In the initial
burn-in phase of the MCMC adjustment, 15,000 steps were
chosen to allow the fit to converge. A further 50,000 steps
were used to derive the best parameters and their errors.
In the fit, there are eight fitted parameters plus two γ ve-
locities and a normalization factor, totalling 11 free pa-
rameters. In addition, the fit assumed the presence of a
Rossiter-McLaughlin effect with the two fixed parameters
vsin i = 1.0 km s−1 and λ = 0 (λ: angle between stellar
rotation axis and normal vector of the orbital plane). A
Bayesian penalty is added to the χ2 creating a prior for
M! = 0.99± 0.02. The fit to the rv measurements is shown
in Fig. 2, and the derived fitting parameters are shown in
Table 3.

In addition, a model transit curve (Mandel & Agol
2002) was fitted to the photometric phase folded transit
curve separately. The parameters fitted are the center of

Fig. 6. Top: Phase-folded lightcurve of CoRoT-5b. Bottom:
Residuals of fitted transit curve.

transit, the planet radius expressed in stellar radii, the
semi-major axis in stellar radii and the orbital inclina-
tion. In this fit the limb-darkening coefficients (u1 and u2)
were free parameters, assuming a quadratic limb-darkening
law. The fitting method follows a Metropolis-Hastings algo-
rithm, which is a kind of Markov Chain Monte-Carlo proce-
dure. The fitting procedure was performed ten times with
different starting values to find the global minimum in χ2.
The errors of the fit were estimated from the standard devi-
ations of the points in the chain. In addition to the transit
curve, a third light component is included as a free param-
eter in the fit. In this way, we could check whether another
contaminant is present, which remained unresolved in the
photometric follow-up. However, no such additional source
of light was found. The transformation between contami-
nation factor c and the third light l3 is c = l3/(1 − l3). We
had c = 0.005±0.024. Since we already removed the known
contaminant factor from the lightcurve (see Section 2), we
could therefore conclude that no further observable contam-
inant is present in the lightcurve of CoRoT-5. The planet
parameters derived from this fit agree with the simultane-
ous fitting within the error bars, so we do not report them
again here.

The resulting planetary parameters based on the
MCMC approach with fixed limb-darkening coefficients and
without any third light are summarized in Table 4. The
major uncertainties on the planet are, as usual, introduced
mainly from the uncertainty of the stellar parameters.

8. Summary

We report the discovery of a “hot-Jupiter-type” planet,
CoRoT-5b, orbiting a type F9V star of 14.0 mag. The
planet mass and radius were derived to 0.467+0.047

−0.024 MJup

and 1.388+0.046
−0.047 RJup, respectively. It orbits its central star

at 0.04947+0.00026
−0.00029 AU orbital distance. The determined ec-

centricity is low (see Table 4), but further radial velocity
measurements would be needed for a more accurate deter-
mination.

CoRoT-5b has a density of 0.217+0.031
−0.025 g cm−3, simi-

lar to the planets WASP-12b and WASP-15b (Hebb et al.
2009; West et al. 2009), implying that it belongs to the
planets with the lowest mean density found so far. As
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Table 2. Parameters for CoRoT-6 and CoRoT-6b as derived from
our analyses.

Parameter Value Uncertainty Unit
Period 8.886593 0.000004 day
Epoch (T0) 2 454 595.6144 0.0002 BJD
θ1 0.00958 4.82057 × 10−5

k = Rp/R� 0.1169 0.0009
i 89.07 0.30 degrees
u+ 0.586 0.068
u− -0.12 0.13
M

1/3
� / R� 0.993 0.018

a/R� 17.94 0.33
b(R�) 0.291 0.091
Rpl 1.166 0.035 RJup

R� 1.025 0.026 R⊙
Prot 6.4 0.5 day
a 0.0855 0.0015 AU
Vr -18.243 ±0.015 km s−1

e < 0.1
K 280 ±30 m s−1

σ(O −C) 57 - m s−1

M� 1.05 ±0.05 M⊙
Mp 2.96 ±0.34 MJup
ρpl 2.32 ±0.31 g cm−3

Teq 1017 ±19 K

Fig. 3. The sky area around CoRoT-6 (brightest star near the cen-
tre). Left: R-filter image with a resolution of ∼2�� taken with the
Euler 1.2m telescope. Right: Image taken by CoRoT, at the same
scale and orientation. The jagged outline in its centre is the pho-
tometric aperture mask used for this object; indicated are also
CoRoT’s x and y image coordinates and positions of nearby stars
from the Exo-Dat (Deleuil et al. 2009) database.

nate’ the light curve obtained when integrating within a pre-set
photometric mask. To exclude the possibility of spurious vari-
ation caused by such a contaminating object a comprehensive
photometric (Deeg et al. 2009) and spectroscopic ground-based
follow-up program is required.

The follow-up program initially consisted of observations
with the radial velocity spectrograph SOPHIE (Bouchy et al.
2009; Perruchot et al. 2008), and photometric observations car-
ried out at both the 0.46m telescope at the Wise observatory
in Israel and the 1.2m Leonard Euler telescope at La Silla,
Chile. These observations were initiated as soon as possible after

Fig. 4. Light curves of CoRoT-6 from ground-based photo-
metric follow-up, given in normalized flux. The squares are
sparse-coverage on-off photometry from the Euler telescope; the
crosses are observations of an egress from WISE. They are plot-
ted against the orbital phase; the vertical lines indicate the phase
of first and last contact. The data clearly show that the transit is
on the target star

Fig. 5. The phase-folded light curve of the CoRoT-6b. The mean
errorbars in this plot have been calculated as the dispersion in
all the points inside the bin and divided by the square root of
the number of events within each bin. The median bin size is
12.9s and the resulting errorbars are 485 ppm. The dispersion
inthe points outside transit is slightly higher, 500 ppm, revealing
uncorrected red noise in the light curve at a low level.

CoRoT-6b had been identified as an exoplanetary candidate by
the alarm mode.

3.1. Photometric observations

As mentioned above, the PSF of CoRoT is relatively large and
covers typically 20�� × 10�� on the sky. The aperture mask used to
calculate the flux from the target star needs to cover all or most
of the PSF (or spacecraft jitter would introduce a periodic signal
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Fig. 7. Top: Radial velocity SOPHIE measurements of CoRoT-
6 as a function of time, and Keplerian fit to the data. The or-
bital parameters corresponding to this fit are reported in Table 2.
Bottom: Residuals of the fit with 1-σ errorbars.

Fig. 8. Top: Phase-folded radial velocity SOPHIE measurements
of CoRoT-6 as a function of the orbital phase, and Keplerian fit to
the data. Orbital parameters corresponding to this fit are reported
in Table 2. Bottom: Residuals of the fit with 1-σ errorbars.

The standard deviation of the residuals to the fit isσ(O−C) =
57 m s−1, implying a χ2 of 18.8 for 12 degrees of freedom. This is
slightly higher than expected, but remains in agreement with the
expected errors in individual measurements, which range from
±39 to ±72 m s−1 (see Table 3). Marginal structures are seen in
the residuals of the fits on timescales similar to the orbital pe-
riod of CoRoT-6b (bottom panels of Figs. 7 and 8). They could
at least be partially due to stellar activity, as the CoRoT photom-
etry exhibits a (rotational) modulation of period 6.4 ± 0.5 days
(see Sect.2.2). The SOPHIE coadded spectrum is of insufficient
S/N in the wavelength region encompassing the Ca II H&K lines
(S/N ∼ 6), so we cannot use this activity indicator. A check of
the CCF bisector could reveal stellar activity or a blend with a
binary as the main cause of the radial velocity variations. This
check does not, however, uncover any significant dispersion in

the bisector nor any trend of it changing as a function of ra-
dial velocity (see Fig. 9, upper panel). The residuals of the fits
do not either show significant anti-correlation with the bisectors
(Fig. 9, lower panel), as could be expected in cases of stellar
activity. This is however at the limit of our detection. These anti-
correlations have allowed in some cases a subtraction of the ra-
dial velocity jitter due to stellar activity (see, e.g., Melo et al.
(2007); Boisse et al. (2009)), which is not possible here because
of the large errorbars. The standard deviation in the bisectors is
σ = 94 m s−1, i.e., about two times the size of the residuals. This
agrees with the errorbars of the bisectors, which are two times
larger than the error in the radial velocities.

Keplerian fits to the radial velocity measurements with free
period and phase infer parameters that are in agreement with the
CoRoT ephemeris, with , however, larger errorbars in these two
parameters. The dispersion in the residuals could in that case
decrease to 40 m s−1, which is slightly too low according to the
errorbars in individual radial velocities.

We can thus conclude that the transit-signal detected in the
CoRoT light curve could be caused by a massive planet or-
biting the star. The planet CoRoT-6b induces a radial velocity
oscillation of its host star with a semi-amplitude K = 280 ±
30 m s−1, in agreement with the photometric phase and period,
P = 8.88 days.

Fig. 9. Bisector span as a function of the radial velocity (top)
and the radial velocity residuals after the Keplerian fit (bottom).
No significant dispersion nor trend, which would have indicated
activity or blend, is detected.

Gandolfi et al.: The transiting exoplanet CoRoT-11b

Fig. 1. Whole (145 days) cleaned light curve of CoRoT-11, sampled at 512 seconds from the first ∼ 50 days, and at 32
seconds until the end of the run. For the sake of clarity, the blue dots represent 1-hour binned points. The inset plot is a
zoom of the light curve showing two transits of CoRoT-11b. The “jumps” observed in the plot are caused by the impacts
of high-energy particles onto the CCD’s lattice. The light curve has been arbitrarily normalised to the median value of
the flux. See the online edition of the Journal for a colour version of this figure.

the method described in previous CoRoT papers (e.g.,
Alonso et al. 2008), we estimated that it contributes about
12.2 % of the total flux of the photometric mask of CoRoT-
11. Taking also into account the light coming from the
fainter neighbours, the total contamination fraction rises
up to 13.0 ± 1.5 %. This fraction was removed from the
whole data-set prior to analysing the white light curve.

A first cleaning of the raw CoRoT data was performed
applying an iterative sigma-clipping algorithm. Most of
the photometric points rejected according to this criterion
(about 7.8 %) resulted from the crossing of the SAA and
matched the photometric data previously flagged as outlier
by the CoRoT automatic pipeline (Auvergne et al. 2009).
The cleaned white light curve is plotted in Fig. 1. It shows
49 transits with a depth of ∼ 1 %, occurring about every
three days. The transits are clearly visible, as shown in the
inset of Fig. 1. Out of 49 transits, 17 were detected with
a 512 seconds time sampling, whereas 32 were observed
with the oversampled rate (32 seconds). The light curve
is moderately affected by sudden “jumps” in intensity re-
sulting from the impact of high-energy particles onto the
CoRoT CCDs (Pinheiro da Silva et al. 2008). The high-
frequency scatter of the light curve (Fig. 1) is compati-
ble with other sources of similar brightness observed by
CoRoT Aigrain et al. (2009).

The CoRoT light curves are affected by a modulation
of the satellite orbital period, which changes its shape and
amplitude during a long run observation. Following the pre-
scription of Alonso et al. (2008), the orbital signal of each
jth orbit was corrected with the signals from the previous
and the following 30 orbits. The data points acquired dur-
ing the transits were not considered in the estimate of the
mean orbital signal of the jth orbit.

In order to determine the period P and transit epoch
Ttr, we first used an approximate ephemeris to build a
phase-folded curve of the transit. A simple trapezoidal
model was fitted to this curve to get the parameters
of the average transit, i.e., depth, duration, centre, and

Fig. 2. Binned and phase-folded curve of the transit of
CoRoT-11b, with the best-fit model over-plotted and the
residuals of the fit. The standard deviation of the points
outside transit is of 230 ppm (with a phase sampling of
5 × 10−4, corresponding to about 129 seconds). The mean
error bar of the bins is of 239 ppm, revealing an insignificant
amount of red noise in the phase-folded light curve after the
corrections described in the text have been performed.

ingress/egress time. This model was then fitted to each in-
dividual transit, leaving only the centre as free parameter.
A linear fit to the final observed-calculated (O − C) dia-
gram of the transit centres served to refine the ephemeris,
and we iterated the process until the fitted line had no sig-
nificant slope. Once the orbital period and transit epoch
were derived (Table 4), we constructed a combined phase-
folded transit curve to this ephemeris by successively nor-
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Fig. 8. Phase-folded radial velocity measurements of
CoRoT-11, and Keplerian fit to the data. The horizon-
tal dotted line marks the systemic radial velocity Vr =
−1.229± 0.041 km/s, as derived from the HARPS/EGGS
data-set only.

tained value of M1/3
∗ /R∗ depends on the eccentricity of the

orbit. We found that for e ! 0.2 the mean stellar density
would be incompatible with a F6 dwarf star, because it is
significantly higher than the expected value (Cox 2000).

The on-transit RV data of CoRoT-11 are plotted in
Fig. 9. Unfortunately, the HIRES observations were per-
formed according to an old, slightly incorrect, transit
ephemeris based on the analysis of the alarm-mode data
only. Nevertheless, although the HIRES measurements
cover only the first half of the transit, they clearly show that
the Rossiter-McLaughlin (RM) anomaly has been detected,
which also confirms the occurrence of the transit events.
The RM amplitude is large (∼ 400 m/s), because of the fast
stellar rotation. This also proves that the transiting object
has a planetary size. The first part of the spectroscopic tran-
sit shows radial velocities that are blue-shifted compared to
the Keplerian fit, which clearly indicates that the orbit is
prograde. In addition, systematics seem to be present in the
data at a level above the expected uncertainties for some
measurements. It is thus difficult to constrain the spin-orbit
angle with the current data. In Fig. 9 we show a model
with λ = 0◦ and v sin i! = 40 km/s, using the analytical
approach developed by Ohta et al. (2005). The fit is not
satisfying, suggesting in particular a v sin i! value higher
than the one we derived from the SOPHIE RV data and
the spectral analysis (Sect. 3.4), in order to have a larger
amplitude for the anomaly. It is known that a discrepancy
could be found between the v sin i! values measured from
the RM effect and from the spectral modelling of line broad-
ening, especially for fast rotators (see e.g., Simpson et al.
2010). Concerning the spin-orbit angle, the data are com-
patible with λ = 0◦. However, as for v sin i!, the moderate
quality of the data-set prohibits accurate measurements.
Additional RM observations of CoRoT-11 should be per-
formed, with a full coverage of the event.

3.4. High-resolution spectroscopy and stellar analysis

To derive the fundamental atmospheric parameters of the
planet host star, we observed CoRoT-11 with the high-

Fig. 9. Radial velocities of CoRoT-11 measured with the
HIRES spectrograph around the transit that occurred on
July 1st, 2010. The left panel shows all the RV data and
the right panel shows a magnification on the transit. The
dashed line shows the Keplerian fit without transit. The
solid line shows the Rossiter-McLaughlin anomaly fit for
λ = 0◦. The vertical dotted lines show the transit first
contact, mid-time, and fourth contact. The data have been
arbitrarily shifted to the systemic radial velocity of Vr =
−1.229 ± 0.041 km/s (horizontal dotted line), as derived
from the HARPS/EGGS data-set only.

resolution spectrograph UVES mounted at the 8.2m Very
Large Telescope (ESO-VLT; Paranal Observatory, Chile).
Two consecutive spectra of 2380 seconds each were acquired
in service mode on 2008 September 17, under the ESO pro-
gramme 081.C-0413(C). The star was observed through a
0.′′5 wide slit, setting the UVES spectrograph to its Dic-
1 mode (346+580). The adopted configuration yielded a
resolving power of about 65 000, with a spectral coverage
λ ≈ 3000 − 6800 Å. The spectra were extracted and com-
bined with standard IRAF packages, giving a final S/N ra-
tio of about 160 at 5500 Å.

The effective temperature (Teff), surface gravity (log g),
metallicity ([Fe/H]), and projected rotational velocity
(v sin i!) of CoRoT-11 were derived following the pro-
cedure already adopted for other CoRoT host stars
(e.g., Deleuil et al. 2008; Fridlund et al. 2010; Bruntt et al.
2010). We took advantage of different spectral analy-
sis packages applied independently by different teams
within the CoRoT community, e.g., the SME 2.1
(Valenti & Piskunov 1996; Valenti & Fischer 2005), the
VWA (Bruntt et al. 2004, 2008, 2010) software. We found
that the estimated values of the above mentioned physical
parameters agree within the error bars. The final adopted
values are Teff = 6440 ± 120 K, log g = 4.22 ± 0.23,
[Fe/H] = −0.03±0.08, and v sin i! = 40±5 km/s (Table 4),
with the latter value in perfect agreement with the one de-
rived from the RV data (Sect. 3.3).

We also used the VWA software package to perform
a detailed abundance analysis of the UVES spectrum of
CoRoT-11, by iteratively fitting reasonably isolated spec-
tral lines. Atmosphere models were interpolated in a grid of
MARCS models (Gustafsson et al. 2008) and atomic data
were extracted from VALD (Kupka et al. 1999). However,
owing to the relatively high v sin i! of the star, only 71
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Fig. 3. Phase-folded CoRoT (top panel) and Euler (bot-
tom panel) transit light curves with the best fit and the
residuals. CoRoT data cover 13 transits with a 512-second
bin and the Euler data one transit with a ∼ 3-minute bin.
Both datasets are joint-fitted (see Sect. 4.1).

passed all these tests, it was put forward for follow-up ob-
servations with high priority.

3. Ground-based follow-up observations

3.1. “On-off” photometry

The point spread function of CoRoT that contains 50% of
the flux has an elongated shape of about 35��×23��. The pho-
tometry is done through an aperture of that size. Owing to
this poor spatial resolution, a deep stellar transit diluted in
the flux of other source(s) also included in the large CoRoT
aperture could mimic a shallow planetary transit. “On-off”
photometry of the transit performed from the ground with
a telescope allowing higher spatial resolution could identify
contaminated eclipsing binaries (Deeg et al. 2009).

“On-off” photometric observations of CoRoT-18 were
performed in November 2010 with the ESA Optical Ground
Station (OGS) 1-m telescope, located at Izaña in Tenerife
(Spain). Alternated short exposures of 30 seconds and long
exposures of 100 seconds were taken, for a total dura-

tion of 28-min observation on-transit and 28-min obser-
vation off-transit. Seven extra sources are detected in a
radius of 30 �� around the main, brighter target. We per-
formed aperture photometry of the target and neighbor-
ing stars. The main target shows a transit with a depth
0.03±0.01 mag, in agreement with the transit detected with
CoRoT. The seven other targets show stable fluxes, within
precisions ranging from 0.01 to 0.39 mag, depending on the
target and the exposure time. This “on-off” observations
thus allowed us to exclude the detected transit signature
caused by an eclipsing binary diluted in the CoRoT point
spread function.

3.2. Radial velocities

We started the spectroscopic follow-up of CoRoT-18 in
October 2010 with the SOPHIE spectrograph at the 1.93-
m telescope of Haute-Provence Observatory, France. Three
measurements performed in three successive nights near ex-
treme phases (assuming a circular orbit) showed large radial
velocity variations, in phase with the CoRoT ephemeris.
The variation was on the order of 1 km s−1, indicating a
companion with a mass around 3MJup. Thus we decided
to pursue the spectroscopic observations with SOPHIE to
strengthen the detection and to characterize the planetary
system. We also used the HARPS spectrograph at the 3.6-
m ESO telescope in La Silla, Chile, and the 2.56-m FIES
spectrograph attached at the Nordic Optical Telescope in
La Palma, Spain. Having three ground-based instruments
at different longitudes was useful for reaching a good phase
coverage for this system, which has an orbital period close
to an integer number of terrestrial days. The observa-
tions were conducted up to January 2011, in good enough
weather conditions to allow satisfactory data to be secured
in reasonable exposure times for this faint target.

Both SOPHIE (Bouchy et al. 2009) and HARPS (Mayor
et al. 2003) are cross-dispersed, environmentally stabilized
echelle spectrographs dedicated to high-precision radial ve-
locity measurements. SOPHIE data were acquired in High-
Efficiency mode (resolution power R = 40 000) and HARPS
data in standard HAM mode (R = 115 000). The spectra
extraction was performed using the SOPHIE and HARPS
pipelines. Following the techniques described by Baranne
et al. (1996) and Pepe et al. (2002), the radial veloci-
ties were measured from a weighted cross-correlation of
the spectra with a numerical mask. We used a standard
G2 mask that includes more than 3500 lines. The result-
ing cross-correlation functions were fitted by Gaussians to
get the radial velocities and the associated photon-noise er-
rors. The full width at half maximum of those Gaussians is
12.6±0.2 km s−1, and its contrast is 27.7±0.8 % of the con-
tinuum in the case of the HARPS data. The SOPHIE data
gave similar parameters. We adjusted the number of spec-
tral orders used in the cross-correlation in order to reduce
the dispersion of the measurements. Indeed, some spectral
domains are noisy, so using them degrades the accuracy of
the radial velocity measurement. We finally used the orders
10 to 38 for SOPHIE, and 5 to 71 for HARPS.

Moonlight contamination was clearly visible in some
spectra and in some cases at a radial velocity close to that
of the target. Such contamination can affect the radial ve-
locity measurements. Following the method described in
Pollacco et al. (2008) and Hébrard et al. (2008), we esti-
mated and corrected the Moon contamination by using the
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Fig. 4. Upper panel: Radial velocity measurements of
CoRoT-18 with 1-σ error bars as a function of time together
with their Keplerian fit (top) and residuals of the fit. The
fit is described below in Sect. 4.4. Lower panel: Same as
above but as a function of the orbital phase. The data are
from SOPHIE (red circles), HARPS (blue diamonds), and
FIES (green squares).

second optical-fiber aperture, which is targeted on the sky
for both SOPHIE and HARPS, whereas the first aperture
points toward the target. This induces radial velocity cor-
rections up to 400 m s−1.

The FIES observations were performed in January 2011
under clear and stable weather conditions with seeing typi-
cally in the range 0.��8−1.��0. We used the 1.��3 high-resolution
fiber giving a resolving power R � 67 000. Following the
observing strategy described in Buchhave et al. (2010),
three consecutive science exposures of 20 minutes were
recorded for each observing night immediately preceded
and followed by one long-exposed ThAr spectrum. Data re-
duction and spectra extraction were performed using stan-
dard IRAF routines. Finally, the FIES radial velocity mea-
surements of CoRoT-18 were derived cross-correlating the
science spectra with the spectrum of the radial velocity
standard star HD50692 (Udry et al. 1999) observed with
the same instrument set-up.

The log of the observations and the radial velocity mea-
surements are reported in Table 2. Radial velocity measure-
ments have accuracies ranging between 23 and 98 m s−1

depending on the observing parameters. This table also
shows the bisector spans that we measured on the cross-
correlation functions in order to quantify the possible
shape variations of the spectral lines. One SOPHIE spec-
trum was too polluted by the Moon to allow any accurate
bisector measurement.

The radial velocity variations agree with Doppler shifts
caused by a planetary companion, and the transit-signal
detected from the CoRoT light curve could be interpreted
as coming from a massive hot-Jupiter. We designate it as
CoRoT-18b hereafter.

The measurements are displayed in Fig. 4, together with
their circular Keplerian fit, assuming the period and tran-
sit epoch determined by the CoRoT light curve and refined
with the photometric transit observed from the ground (see
Sect. 3.4). The photometric and radial velocity data show
good agreement. SOPHIE and HARPS radial velocities ob-
tained with different stellar masks (F0 or K5) produce vari-
ations with the same amplitude as obtained with the G2
mask, so there is no indication that their variations could
be explained by blend scenarios implying stars of differ-
ent spectral types. Similarly, the cross-correlation function
bisector spans show neither variations nor trend as a func-
tion of radial velocity (Fig. 5). This reinforces the conclu-
sion that the radial velocity variations are not caused by
spectral line profile changes due to blends.

Fig. 5. Bisector span as a function of the radial velocities
with 1-σ error bars. The ranges have the same extents in
the x- and y-axes. The data are from SOPHIE (red circles),
HARPS (blue diamonds), and FIES (green squares).

3.3. Transit spectroscopy

A transit of CoRoT-18b was observed in spectroscopy on
2011 January 28. The goal was to detect the Rossiter-
McLaughlin anomaly, which is an apparent distortion of
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Table 1. CoRoT-19s, coordinates and brightness

CoRoT window ID SRa03 E2 0490
CoRoT ID 315198039

USNO-A2 ID 0825-02502044
2MASS ID 06280805-0010144
CMC14 ID 062808.0-001014
DENIS ID J062808.0-001014

Coordinates :
RA (2000) 97.033495 ± 0.0661

97.0335824

97.033584 ± 0.0756

Dec (2000) −0.170662 ± 0.0321

−0.1706814

−0.170692 ± 0.0646

PM (RA) 0.8 ± 7.97

PM (Dec) −7.9 ± 7.87

Magnitudes :
Filter mag

B 14.77991

V 14.00735

R 13.482 ± 0.0656

I 12.996 ± 0.033

J 12.324 ± 0.0214

J 12.143 ± 0.083

H 11.961 ± 0.0204

K 11.837 ± 0.0244

1 USNO-B1/B2
2 EXODAT
3 DENIS
4 2MASS
5 CALC-2MASS
6 CMC 14
7 UCAC 2

Table 2. Transit times

Instrument Mid-transit time O-C transit
used HJD [min] No.

CoRoT 2455261.3376 ± 0.0013 -0.78 1
CoRoT 2455265.2383 ± 0.0017 4.36 2
CoRoT 2455269.1320 ± 0.0016 -0.57 3
CoRoT 2455273.0303 ± 0.0012 1.12 4
CoRoT 2455276.9258 ± 0.0014 -1.23 5
CoRoT 2455280.8204 ± 0.0016 -4.86 6
CoRoT 2455284.7218 ± 0.0021 1.29 7
TRAPPIST 2455627.6706 ± 0.0022 3.60 95
Euler 2455635.4666 ± 0.004 6.12 97

3. Excluding a background binary within the
photometric mask

Because the photometric mask of CoRoT is quite large (30�� ×
16��), we must confirm that the transits are due to CoRoT-19
and not due to an eclipsing binary within the photometric mask.
To prove this, we took a few images during transit (“on”) and
a few images out of transit (“off”). If the transit were caused
by an eclipsing binary within the photometric mask, an eclips-
ing binary in the background would be correspondingly fainter
in the image taken during transit than in the image taken out of
transit. For this purpose we used MONET (located at McDonald

Fig. 2. Light-curve of CoRoT-19 obtained by CoRoT in white-light to-
gether with the best fitting model.

Observatory, USA), the OGS a 1 m telescope (located at Izaña
Tenerife, Spain), the 1 m telescope of the Florence George Wise
Observatory (Israel), and the Euler telescope (located at La
Silla Chile). We detect only two stars within the mask, CoRoT-
19, and a star that is labeled No. 5 in Table 3. This star has
mR = 19.93 ± 0.070 mag, and leads to a contamination factor
of ≤ 0.32%. Since the depth of the transit is 0.79 ± 0.02 %, star
No. 5 is too faint to cause a transit that deep. There are no vari-
able stars close enough to the target to be of concern. The only
variable star detected is about 30��South-East of CoRoT-19 and
thus far outside the mask of CoRoT. All stars detected are listed
in Table 3.

After confirming that CoRoT-19 was the object with the tran-
sit, we observed two transit with the TRAPPIST, and Euler tele-
scopes in order to improve the ephemeris. This step is important
because CoRoT-19b was observed by CoRoT only for 24 days.

TRAPPIST (TRAnsiting Planets and PlanetesImals Small
Telescope; Gillon et al. 2011) is a 60 cm robotic telescope lo-
cated at ESO La Silla Observatory, Chile. Observations of the
ingress of the transit were carried out in the night of March 6,
2011 from 0h to 4h UT using a special ”I+z” filter. Differential
photometry was obtained using stable comparison stars of sim-
ilar brightness using photometric software IRAF/DAOPHOT
(Stetson 1987). Using the 1.2 m Leonard Euler telescope also
located at ESO La Silla Observatory, we observed the egress of
a transit on November 6, 2010, from 07:51:25 to 08:06:13 UT.
The transit times of both observations are given in Table 2 and
the ephemeris in Table 6. The detection of the transit on the tar-
get with ground-based telescopes confirms again that CoRoT-19
has a transiting planet orbiting with the period and phase mea-
sured by CoRoT.

4. Spectroscopic observations

We obtained high-resolution echelle spectra of CoRoT-19 in or-
der to determining the mass, radius and other properties of the
host star, and for measuring the mass of the planet. The detection
of the RV-signal of the planet further confirms the nature of the
photometric transit. All RVs obtained are listed in Table 4, and
Fig. 4 shows the phase-folded RV-measurments together with
the orbit.
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Fig. 4. RV-measurements together with the orbital fit.

Fig. 5. Shown is the 1/variance of residuals between the RV-
measurements and the best-fitting Keplerian orbit (left panel) and a cir-
cular orbit (right panel) for a given period.

Fig. 6. Bisector span of the CCF versus the RV measurements (top
panel) and the orbital phase (bottom panel).

pens if we use just use HARPS measurements. Even in this case
we still obtain almost the same orbit. Thus, our results do not
depend on the free parameter of the instrumental off-sets.

Because the observations of the transits allow to determine
the period and epoch to a very high accurcy, we used the P and
T0-values obtained from transit observations. The best-fitting
orbit was derived by minimising the χ2 using the Downhill
Simplex Algorithm (Nelder & Mead 1965). As usual, the er-
rors were determined by using the bootstrap method. The errors
given in Table 6 correspond to the 68% confidence level using
the bootstrap method. The best matching curve is shown in fig-
ure 4 and the parameters obtained are given in Table 6.

The scatter around the best matching orbit is comparable
with the typical error bar for each dataset. The errors were de-
termined from the photon noise and the wavelength-calibration
(Bouchy et al. 2001). The scatter around the best fit is 12.2 m s−1,
23.4 m s−1, and 8.6 m s−1 for HARPS, SOPHIE, FIES and, re-
spectively. The two SANDIFORD differ on average by 5.5 m s−1

from the fitted curve (Table 4).
In order to show that the solution found is unique, we phase-

folded the data to all possible periods and then fitted Keplerian
orbits for each period using all possible values of the eccentricity
(see Guenther et al. 2009 for details of this method). Thus, also
P, T0 and the eccentricity are free paramters in this case. The best
orbital solution is the one that minimizes the variance between it
and the RV measurements. A high value of 1/variance indicates
a small difference between the best Kepler orbit and the data. The
maximum of 1/variance and the width of this function thus gives
the period and its error without making any assumption of the
eccentricity or phase. Fig. 5 shows the result for a Kepler orbit
with arbitrary eccentricity and for a circular orbit. In both cases
the best solution has a period of 3.92 days, and the eccentricity is
zero. With a confidence level of 95% (resp. 99%) that the orbital
eccentricity is smaller than 0.12 (0.15).

The detection of the RV variations with the correct pe-
riod and phase lends strong support to the planet hypothesis.
However, the stringest confirmation of the planetary nature of
the transits comes from an analysis of the spectral line shapes via
the line bisector. The shape of spectral lines should not change
if the RV-variations are caused by an orbiting planet but these
would show variations with the RV period if they were caused by
other phenomena such as non-radial pulsations, spots, etc. (e.g.
Hatzes et al. 1997). Of particular concern is a blend scenario –
an eclipsing binary that contaminates the spectra that produces
RV variations with the proper phase and period. This scenario
would also show bisector variations.

For determing the spectral line asymmetry we measured the
line bisector of the CCF function of the HARPS spectra taken
out-of-transit (Queloz et al. 2009). Fig. 6 shows the bisector ve-
locity span as a function of the RV-measurements (top panel) and
the orbital phase (lower panel). There is no correlation between
the bisector velocity span and the orbital phase or RV. The upper
limit for the varaitions of the biscetor span is three times smaller
than the semi-amplitude of the RV-variations. We thus conclude
that the RV-variations are caused by CoRoT-19b.

4.3. The properties of the host star

In order to determine the photospheric parameters of CoRoT-
19, we constructed a master spectrum by co-adding the HARPS
spectra after shifting them to the same RV zero point. The master
spectrum has a S/N-ratio of 130 at 5500 Å.
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0.1828 ± 0.0201. We decided to keep these limb-darkening pa-
rameter values fixed in the transit fitting.

The fit was performed using the algorithm AMOEBA (Press
et al., 1992). The initial values of the fitted parameters were
changed with a Monte-Carlo method to find the global minimum
of the χ2. The associated 1-sigma errors were then estimated us-
ing a bootstrap procedure described in details in Bouchy et al.
(2011). In such a procedure the limb-darkening parameters were
allowed to vary within their error bars related to the atmospheric
parameter uncertainties. The final values of the fitted parame-
ters and the subsequently derived system parameters are given
in Table 3. Fig. 5 displays the best fit compared to the observed
folded transit.

Fig. 5. The phase-folded transit in the phase space. The phase bins are
3.3 min and the error bar of each individual bin was calculated as the
dispersion of the points inside the bin, divided by the square root of the
number of points per bin. The best model is over plotted in full line.

5. Stellar parameters

The spectroscopic analysis was done the usual way it is carried
out for the CoRoT planets: a master spectrum was created from
the co-addition of spectra collected for the radial velocity mea-
surements of the companion. We chose the HARPS spectra that
offer the highest spectral resolution. We selected those that were
not affected by the Moon reflected light at the time of the ob-
servations. Each order of the selected spectra was corrected by
the blaze, set in the barycentric rest frame and rebinned to the
same wavelength grid with a constant step of 0.01Å. The spectra
were then co-added order per order. Each order of the co-added
spectrum was then carefully normalized and the overlapping or-
ders were merged resulting in a single 1D spectrum. This master
spectrum has a S/N of 176 per element of resolution at 5760Å in
the continuum.

A prior estimate of the atmospheric parameters Teff , log g,
chemical composition and v sin i was performed by fitting the
spectrum with a library of synthetic spectra calculated using
MARCS stellar atmosphere, including the Hα Balmer line. The
rotational broadening was estimated on a selection of isolated
spectral lines fitted by synthetic spectra convolved with vari-
ous rotational velocities. We found v sin i = 4.5 ± 1.0 km s−1and
vmacro = 3.5 ± 1.0 km s−1. The detailed analysis was then carried
out using the Versatile Wavelength Analysis package (VWA)
(Bruntt et al., 2004, 2010b). A first set of weak and isolated lines

Fig. 6. Abundances of the chemical elements measured with VWA in
the HARPS co-added spectrum of CoRoT-20. The abundances refer to
the solar value. White circles correspond to neutral lines, red boxes to
singly ionized lines and the yellow area represents the mean metallicity
within one sigma error bar.

of Fe i and Fe ii was fitted until the derived abundances of Fe
minimized the correlation with the equivalent width and the ex-
citation potentials. We found : Teff = 5880 ± 90 K, log g = 4.05
± 0.17 and vmic = 1.10 ± 0.1 km s−1 which corresponds to a G2-
type dwarf. Then the abundances of other elements for which we
could find isolated spectral lines were derived (see Fig 5). We
performed an independent estimate of the surface gravity from
the pressure-sensitive lines: the Mg i1b lines, the Na i D doublet
and the Ca i at 6122Å and 6262Å. We fitted the spectrum with
the aforementioned grid of synthetic spectra in regions centered
on each of the spectral lines of interest. The inferred value of the
surface gravity is log g = 4.2±0.15, a value in good agreement
with the log g derived with VWA obtained from the agreement
between the Fe i and Fe ii abundances. We thus adopted log g=
4.2 for the surface gravity.

The mean metallicity of the star is computed as the mean of
metals with more than 10 lines in the spectrum, such as Si, Ca,
Ti, Fe, Ni (Fig. 5). This yields a straight mean of [M/H] = 0.14±
0.05. The error on [M/H] due to the uncertainty on Teff , log g and
microturbulence is 0.11 dex, which we must add quadratically to
get [M/H] = 0.14 ± 0.12 (Bruntt et al., 2010a).

We also checked for any indicators of age. We found no hint
of stellar activity in the Ca iiH and K lines. However, the Li i line
is clearly detected at 6708Å (see Fig. 7). We measured an equiv-
alent width of Weq = 44 mÅ and determined a lithium abundance
of 2.97. Following Sestito & Randich (2005), this leads to an age
in the range 100 Myr up to 1 Gyr, depending on the star’s initial
rotation velocity.

The modeling of the star in the HR diagram was carried out
in the (Teff ,M1/3

# /R#) plane taking the host-star’s metallicity into
account. It resulted in the final estimates of the star’s fundamen-
tal parameters given in Table 3: M# = 1.14 ± 0.08 M", R# = 1.02
± 0.05 R". The inferred surface gravity is log g = 4.47 ± 0.11,
in agreement within the errors with the spectroscopic result. The
evolutionary status points to a young star likely in the last stages
of the pre-MS phase. We found the most likely isochrone age
being 100+800

−40 Myr, a result in good agreement with the Li abun-
dance.

We calculated the distance of the star. We used the parame-
ters of the star we derived and its 2-MASS magnitudes to estimate
the reddening. We found a color excess E(J−K) = 0.18 mag and
the absorption AV = 1.04±0.5 mag using the extinction law from
Schlegel et al. (1998). This yields a distance of 1.23 ± 0.12 kpc,
consistent with the strong interstellar absorption observed in the
Na i (D1) and (D2) lines.

4

M. Deleuil: CoRoT-20b: A very high density, high eccentricity transiting planet

Fig. 3. The phase-folded radial velocity measurements of CoRoT-20.
The various symbols correspond to the different spectrographs used for
the follow-up campaign: HARPS (black circle), SOPHIE (open circle)
and FIES (open triangle). The best fit solution is over-plotted in full line

Fig. 4. Bisector span versus radial velocity of CoRoT-20 showing no
correlation.

and the FIES spectrograph on the Nordic Optical Telescope
(Frandsen & Lindberg, 1999) based on the 2.56-m Nordic
Optical telescope in La Palma (Spain) under observing program
P42-216.

Table 2. Log of radial velocity observations

Date HJD vrad σvrad Spectrograph
km s−1 km s−1

2010-12-09 55540.70645 60.728 0.0169 HARPS
2010-12-14 55545.75533 60.353 0.0138 HARPS
2011-01-12 55574.60927 60.453 0.0119 HARPS
2011-01-16 55578.64264 60.985 0.0285 HARPS
2011-01-21 55583.64035 60.443 0.0334 HARPS
2011-01-28 55590.66159 60.320 0.0234 HARPS
2011-01-16 55578.41934 60.813 0.0385 SOPHIE
2011-01-17 55579.41057 61.048 0.0532 SOPHIE
2011-02-04 55597.44200 60.948 0.0213 SOPHIE
2011-02-05 55598.38017 61.077 0.0175 SOPHIE
2011-02-06 55599.39134 60.267 0.0183 SOPHIE
2011-01-06 55568.55091 60.611 0.032 FIES
2011-01-08 55570.59973 61.090 0.060 FIES
2011-01-18 55580.60213 60.260 0.036 FIES
2011-01-19 55581.56506 60.146 0.034 FIES

We used the same instrument set-up as for previous CoRoT
candidates follow-up : high resolution mode for HARPS and

high efficiency mode for SOPHIE without acquisition of the
simultaneous thorium-argon calibration, the second fiber being
used to monitor the Moon background light (Santerne et al.,
2011). For HARPS and SOPHIE, the exposure time was set to
1 hour. We reduced data and computed RVs with the pipeline
based on the weighted cross-correlation function (CCF) using a
numerical G2 mask (Baranne et al., 1996; Pepe et al., 2002).

FIES observations were performed in high-resolution mode
with the 1.3 arcsec fiber yielding a resolving power R ≈ 67 000
and a spectral coverage from 3600 to 7400 Å. Three consec-
utive exposures of 1200 sec were obtained for each observa-
tion. Long-exposed ThAr spectra were acquired right before and
after each science spectra set, as described in Buchhave et al.
(2010). Standard IRAF routines were used to reduce, combine,
and wavelength calibrate the nightly spectra. RV measurements
were derived cross-correlating the science spectra with the spec-
trum of the RV standard star HD 50692 (Udry et al., 1999), ob-
served with the same instrument set-up as CoRoT-20.

The 15 radial velocities of CoRoT-20b are listed in Table 2
and displayed in Fig 3. They present a clear variation, in phase
with the CoRoT ephemeris and consistent with a companion in
the planet-mass regime with an eccentric orbit. We nevertheless
investigated the possibility of an unresolved eclipsing binary be-
ing the source of observed transits. To that purpose, we per-
formed the line-bisector analysis of the CCFs (see Fig. 4) and
also checked that there is no dependency of the RVs variations
with the cross-correlation masks constructed for different spec-
tral types (Bouchy et al., 2009).

The Keplerian fit of the RVs was performed simultaneously
with the transit modeling (see Section 4). All the parameters of
the fit are listed in Table 3.

4. System parameters

We calculated the flux contamination from nearby stars whose
light might fall inside the CoRoT photometric mask using the
same methodology as described in Bordé et al. (2010). The
method takes into account the photometric mask used to perform
the on-board photometry and all the stars in the target neighbor-
hood, including faint background stars. We found the contami-
nation being less than 0.6% and we further neglected it.

Three sections of the light curve, each centered on a tran-
sit, were locally normalized by fitting a third-degree polynomial.
Each section was a 5-hours interval before the transit ingress
and after its egress. The detailed physical modeling of the sys-
tem was performed by carrying out the transit modeling and
the Keplerian fit of the radial velocity measurements simulta-
neously. For the transit fit we used the formalism of Giménez
(2006, 2009). The fit implies twelve free parameters : the orbital
period P, the transit epoch Ttr, the transit duration T14, the ra-
tio of the planet to stellar radii Rp/R", the inclination i between
the orbital plane and the plane of the sky, the Lagrangian orbital
elements h = e sinω and k = e cosω, where e is the eccen-
tricity and ω the argument of the periastron, the radial-velocity
semi-amplitude K, the systemic velocity γrel and the two off-
sets between SOPHIE and HARPS radial velocities and SOPHIE
and FIES. For the transit modeling, we used a limb-darkening
quadratic law (Claret, 2003, 2004). The limb-darkening coeffi-
cients ua and ub were taken using the tabulated values for the
CoRoT bandpass from Sing (2010) for the atmospheric parame-
ters Teff , log g and metallicity derived for the central star (see
sect. 5): ua = 0.4262 ± 0.0168 and ub = 0.2434 ± 0.0108).
The two corresponding non-linear limb-darkening coefficients
are u+ = ua + ub = 0.6696 ± 0.0201 and u− = ua − ub =

3
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Kepler candidates
KOI 428 b Santerne, Díaz, Bouchy et al. (2011)

KOI 423 b Bouchy, Bonomo, Santerne et al. (2011)

KOI 196 b   Santerne, Bonomo, Hébrard et al. (2011)

KOI 135 b, KOI 204 b, KOI 203 b Bonomo, Hébrard, Santerne, et al. (2012)
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KOI 196 b, a Hot Jupiter with a high albedo

Santerne, Bonomo, Hébrard et al. (2011)

High geometric albedo, Ag = 0.30 ± 0.08.

Only two other planets with such a high 
albedo (Kepler-7 b, HAT-P-7 b).
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the fact that they do not generally include significant
atmospheres for super-Earth-type planets suggests that
such efforts are not warranted. In addition, the current
uncertainties in stellar radius of the Kepler candidate
host stars further blur the mapping from δ to Rp. Thus
the main role of the δ distribution we adopt for planets
is to encapsulate the assumption that smaller planets are
more common than large ones, which is consistent with
radial velocity surveys (Howard et al. 2010).
Another consideration that should vary with δ is the

ability of Kepler to astrometrically identify displaced
blends. In §2 we assumed a radius of 2′′ inside which
a blend might reside. However, this radius should in-
crease as transits get shallower and stars get fainter and
the signal-to-noise of the centroid shift signal decreases.
This is a question that the Kepler team should be able
to address using simulations of its offset-detecting proce-
dures, but for our purposes we use the radius that theKe-
pler team obtained for Kepler 10-b (1.′′17) (Batalha et al.
2011) and assume scaling with δ and mK as follows:

r = 1.′′17
√

10−0.4(11−mK)

(

δ

1.5× 10−4

)−1

, (18)

with 11 being the mK value for Kepler 10. To be conser-
vative we set the minimum r to be 2′′ if this expression
gives a smaller value. On the high end, we cap the radius
at 6.′′4, corresponding an area equivalent to 8 Kepler pix-
els, a typical aperture size (though for any particular tar-
get this will vary). The square root factor accounts for
a diminishing number of photons received as the target
star gets fainter, and the inverse relationship with delta is
because the centroid shift scales as δ: ∆C ∼ δ · r. Figure
6 illustrates this effect; bright stars and deeper transits
give Pr(blend) as determined in §2.1.1, but as the target
star gets fainter and the signal shallower, the expected
number of possibly blending stars begins to increase sub-
stantially, up to the point at which our calculated blend
radius exceeds the maximum assumed 8-pixel aperture
area.

4. RESULTS

4.1. General

The adoption of these more detailed considerations en-
ables us to estimate the FPP as a function of δ for a star
of given apparent Kepler magnitude, Galactic latitude,
stellar radius, stellar mass, and aperture size. This is
illustrated for a fiducial mK = 14 Sun-like star in the
middle of the Kepler field (Figure 7), assumed to have
an 8-pixel aperture. We first note that over the whole
range of δ, the FPP generally remains low, indicating
that these additional considerations do not significantly
change the qualitative conclusions we reached within the
simple framework. The majority of transit signals in the
Kepler data release will be actual planets.
We next draw attention to several features of the plot.

First, we note that any approximately Jupiter-sized can-
didate, whether around a bright star or faint, is al-
most certainly a planet. This is simply because it is
extremely difficult to arrange a diluted binary system
with a Jupiter-sized primary depth and an undetectable
secondary eclipse.
The second feature of interest is the peak in FPP

around log δ = −3.1, corresponding to about ∼3 R⊕ for

Fig. 7.— The probability that a signal of a given depth will be
a false positive, shown for both an mK = 11 and an mK = 15
star with Solar properties, Galactic latitude in the center of the
Kepler field, and an 8 pixel Kepler aperture. A overall planet
occurrence rate of 20% and a planet radius function dN/dR ∝ R−2

are assumed. Note the peak in false positive probability peaks
around depths corresponding to about 3R⊕, due to the peak there
in the hierarchical triple δ distribution. For the fainter star, the
false positive probability increases for shallower transits because
it becomes more difficult for Kepler to rule out displaced blended
binaries via astrometry. However, if a single high-resolution image
is able to restrict the possible blend radius to 2′′, then the FPP
for small δ signals is drastically reduced. The exact shape of this
curve will vary with target star parameters as the shapes of the δ
distributions for the false positive scenarios change (see Figure 5)

a Solar-radius host star. The origin of this peak may be
understood by examining Figure 5 and recognizing that
this corresponds to the peak δ which we predict hierar-
chical triple false positives to populate for a Solar-mass
target star. This raises the priors-only estimated FPP
from §2.3 by a factor of about 3 for planet candidates
slightly smaller than Neptune. We also note that FPP
for signals deeper than this peak is nearly independent
of target star apparent magnitude; this is because the
eclipsing triple scenario dominates false positives in this
regime and the contribution from blended binaries is neg-
ligible.
The third significant feature is the rise in FPP towards

shallow depths for a target star of Kepler magnitude
mK = 15, and a similar, though smaller, rise for the
brighter mK = 11 star at the very shallowest depths.
This is caused by the effect illustrated in Figure 6, where
the radius outside of which blends may be ruled out
by Kepler astrometry alone should increase with smaller
eclipse depth and fainter stars. Figure 7 also illustrates
the power of a single deep high-resolution image of any
low-amplitude candidate system: any progress in shrink-
ing the radius inside which a blended binary might reside
will significantly decrease the FPP for Earth-sized transit
signals, under the assumption that the occurrence rate of
planets rises toward smaller masses, as we have assumed.
We note that the plots in Figures 5, 6 and 7 are only

for particular chosen values of magnitude and a single
Galactic latitude in the middle of the Kepler field, as
well as for particular choices of stellar properties. We
present a more comprehensive illustration of the FPP

Morton & Johnson (2011)

Estimation based on galactic population models.

Does not consider unblended binaries !

12 Howard et al.

=
nbin
∑

i=1

npl,i(ln kR + α lnRp,i) + nnd,i ln (1− kRR
α
p,i).

We calculate lnL over a uniform grid in kR and α. The
resulting posterior probability distribution is strongly co-
variant in α and kR. Marginalizing over each parame-
ter, we find α = −1.92 ± 0.11 and kR = 2.9+0.5

−0.4, where
the best-fit values are the median of the marginalized 1-
dimensional parameter distributions and the error bars
are the 15.9 and 84.1 percentile levels.
Howard et al. (2010) found a power law planet mass

function, df /dlogM = k′M α′

, with k′ = 0.39+0.27
−0.16 and

α′ = −0.48+0.12
−0.14 for periods P < 50 days and masses

Mp sin i = 3–1000 M⊕. We explore planet densities and
the mapping of Rp to Mp sin i in Section 5.

3.2. Occurrence as a Function of Orbital Period

We computed planet occurrence as a function of orbital
period using equation (2). We considered this period
dependence for ranges of planet radii (Rp = 2–4, 4–8, and
8–32 R⊕). This is equivalent to summing the occurrence
values in Figure 4 along two adjacent columns of cells to
obtain the occurrence for all planets in specified radius
ranges. Figure 6 shows that planet occurrence increases
substantially with increasing orbital period, particularly
for the smallest planets with Rp = 2–4 R⊕ .
For P < 2 days, planets of all radii in our study (>2

R⊕) are extremely rare with an occurrence of < 0.001
planets per star. Extending to slightly longer orbital pe-
riods, hot Jupiters (P < 10 days, Rp = 8–32R⊕) are also
rare in the Kepler survey. We measure an occurrence of
only 0.004± 0.001 planets per star, as listed in Table 4.
That occurrence value is based on Kp < 15 and the other
restrictions that define of the “solar subset” (Table 1).
Expanding our stellar sample out to Kp < 16, but keep-
ing the other selection criteria constant, we find a hot
Jupiter occurrence of 0.005±0.001 planets per star. This
fraction is more robust as it is less sensitive to Poisson
errors and our concern about detection incompleteness
for Kp > 15 vanishes for hot Jupiters that typically pro-
duce SNR > 1000 signals. Marcy et al. (2005a) found an
occurrence of 0.012±0.001 for hot Jupiters (a < 0.1 AU,
P ! 12d) around FGK dwarfs in the Solar neighborhood
(within 50 pc). Thus, the occurrence of hot Jupiters in
the Kepler field is only 40% that in the Solar neighbor-
hood. One might worry that our definition of Rp > 8
R⊕ excludes some hot Jupiters detected by RV surveys.
For Kp < 16 and the same Teff and log g criteria, we find
an occurrence of 0.0076±0.0013, which is still 40% lower
than the RV measurement.
However, we do see modest evidence among the Ke-

pler giant planets of the pile-up of hot Jupiters at or-
bital periods near 3 days (Figures 4 and 6) as is dramat-
ically obvious from Doppler surveys of stars in the So-
lar neighborhood (Marcy et al. 2008; Wright et al. 2009).
These massive, close-in planets are detected with high
completeness in both Doppler and Kepler techniques (in-
cluding the geometrical factor for Kepler), so the differ-
ent occurrence values are real. We are unable to ex-
plain this difference, although a paucity of metal-rich
stars in the Kepler sample is one possible explanation.
Unfortunately, the metallicities of Kepler stars from
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Fig. 6.— Planet occurrence (top panel) and cumulative planet
occurrence (bottom panel) as a function of orbital period. The
occurrence of planets with radii of 2–32 R⊕ (black), 2–4 R⊕ (or-
ange), 4-8 R⊕ (green), 8–32 R⊕ (blue) are each depicted. Only
stars consistent with the selection criteria in Table 1 were used to
compute occurrence. Occurrence for planets with Rp < 2 R⊕ is
not shown due to incompleteness. The lower panel (cumulative
planet occurrence) is the sum of occurrence values in the top panel
out to the specified period.

KIC photometry are inadequate to test this hypothesis
(Brown et al. 2011). A future spectroscopic study of Ke-
pler stars with LTE analysis similar to Valenti & Fischer
(2005) offers a possible test. In additional to the metal-
licity difference, the stellar populations may have differ-
ent Teff distributions, despite having similar Teff ranges.
Johnson et al. (2010) found that giant planet occurrence
correlates with both stellar metallicity and stellar mass
(for which Teff is a proxy). A full study of the occur-
rence of hot Jupiters is beyond the scope of this paper,
but we note that other photometric surveys for tran-
siting hot Jupiters orbiting stars outside of the stellar
neighborhood have measured reduced planets occurrence
(Gilliland et al. 2000; Weldrake et al. 2008; Gould et al.
2006).
The occurrence of smaller planets with radii Rp = 2–4

R⊕ rises substantially with increasing P out to ∼10 days
and then rises slowly or plateaus when viewed in a log-log
plot (orange histogram, top panel of Figure 6). Out to 50
days we estimate an occurrence of 0.130± 0.008 planets
per star. Small planets in this radius range account for
approximately three quarters of the planets in our study,

Planet Occurrence from Kepler 11

Lissauer et al. (2011b) noted that the multi-planet sys-
tems observed by Kepler have relatively low mutual incli-
nations (typically a few degrees) suggesting a significant
correlation of inclinations. Converting our measurements
of the mean number of planets per star to the fraction of
stars having at least one planet requires an understand-
ing of the underlying multiplicity and inclination distri-
butions. Such an analysis is attempted by Lissauer et al.
(2011b), but is beyond the scope of this paper.
It is worth identifying additional sources of error and

simplifying assumptions in our methods. The largest
source of error stems directly from 35% rms uncertainty
in R! from the KIC, which propagates directly to 35%
uncertainty in Rp. We assumed a central transit over
the full stellar diameter in equation (2). For randomly
distributed transiting orientations, the average duration
is reduced to π/4 times the duration of a central transit.
Thus, this correction reduces our SNR in equation (1) by
a factor of

√

π/4, i.e. a true signal-to-noise ratio thresh-
old of 8.8 instead of 10.0. This is still a very conservative
detection threshold. Additionally, our method does not
account for the small fraction of transits that are graz-
ing and have reduced significance. We assumed perfect√
t scaling for σCDPP values computed for 3 hr intervals.

This may underestimate σCDPP for a 6 hr interval (ap-
proximately the duration of a P = 50 day transit) by
∼10%. These are minor corrections and affect the nu-
merator and denominator of equation (2) nearly equally.

3.1. Occurrence as a Function of Planet Radius

Planet occurrence varies by three orders of magnitude
in the radius-period plane (Figure 4). To isolate the de-
pendence on these parameters, we first considered planet
occurrence as a function of planet radius, marginalizing
over all planets with P < 50 days. We computed oc-
currence using equation (2) for cells with the ranges of
radii in Figure 4 but for all periods less than 50 days.
This is equivalent to summing the occurrence values in
Figure 4 along rows of cells to obtain the occurrence for
all planets in a radius interval with P < 50 days. The
resulting distribution of planet radii (Figure 5) increases
substantially with decreasing Rp.
We modeled this distribution of planet occurrence with

planet radius as a power law of the form

df(R)

d logR
= kRR

α. (4)

Here df(R)/d logR is the mean number of planets hav-
ing P < 50 days per star in a log10 radius interval cen-
tered on R (in R⊕), kR is a normalization constant, and
α is the power law exponent. To estimate these param-
eters, we used measurements from the 2–22.7 R⊕ bins
because of incompleteness at smaller radii and a lack of
planets at larger radii. We fit equation (4) using a max-
imum likelihood method (Johnson et al. 2010). Each ra-
dius interval contains an estimate of the planet fraction,
Fi = df(Ri)/d logR, based on a number of planet de-
tections made from among an effective number of target
stars, such that the probability of Fi is given by the bi-
nomial distribution

p(Fi|npl, nnd) = F
npl

i (1 − Fi)
nnd (5)

where npl is the number of planets detected in a spec-
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Fig. 5.— Planet occurrence as a function of planet radius for
planets with P < 50 days (black filled circles and histogram). The
top and bottom panels show the same planet occurrence measure-
ments on logarithmic and linear scales. Only GK stars consistent
with the selection criteria in Table 1 were used to compute occur-
rence. These measurements are the sum of occurrence values along
rows in Figure 4. Estimates of planet occurrence are incomplete
in the hatched region (Rp < 2 R⊕). Error bars indicate statistical
uncertainties and do not include systematic effects, which are par-
ticularly important for Rp < 2 R⊕. No planets with radii of 22.6–
32 R⊕ were detected (see top row of cells in Figure 4). A power law
fit to occurrence measurements for Rp = 2–22.6 R⊕ (red filled cir-
cles and dashed line) demonstrates that close-in planet occurrence
increases substantially with decreasing planet radius.

ified radius interval (marginalized over period, nnd ≡
npl/fcell − npl is the effective number of non-detections
per radius interval, and fcell is the estimate of planet oc-
currence over the marginalized radius interval obtained
from equation (2). The planet fraction varies as a func-
tion of the mean planet radius Rp,i in each bin, and the
best-fitting parameters can be obtained by maximizing
the probability of all bins using the model in equation
(4):

L =
nbin
∏

i=1

p(F (Rp,i)). (6)

In practice the likelihood becomes vanishingly small away
from the best-fitting parameters, so we evaluate the log-
arithm of the likelihood

lnL=
nbin
∑

i=1

ln p(F (Rp,i)) (7)

Howard et al. (2011)
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Measure the Kepler False Positive rate

False Positive Rate 
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measured for giant 
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The SuperWASP survey of 
transiting planets

Wide Area Search for 
Planet.
Two locations to cover 
Southern and Northern 
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The WASP / SOPHIE family
WASP-1 

2.5 days / 0.9 MJup 
Cameron et al. (2007) 

WASP-2 
2.1 days / 0.9 MJup 

Cameron et al. (2007) WASP-11 
3.7 days/ 0.5 MJup 
West et al. (2009) 

WASP-13 
4.4 days / 0.5 MJup 
Skillen et al. (2009) 

WASP-10 
3.1 days / 3.0 MJup 

Christian et al. (2009) 

WASP-14 
2.2 days / 7.3 MJup 
Joshi et al. (2009) 

WASP-3 
1.8 day / 1.8 MJup 

Pollacco et al. (2008) 
WASP-12 

1.9 day / 1.4 MJup 
Hebb et al. (2009) 

WASP-21 
4.3 days / 0.3 MJup 

Bouchy et al. (2010) 
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WASP-12 b, a Hot Jupiter in an eccentric orbit

Hebb, Collier-Cameron, Loelliet et al. (2009)
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WASP-48 b, an inflated Hot Jupiter

Enoch, Anderson, Barros et al. (2011)

Rp = 1.67 ± 0.10 RJup

P = 2.1 days 

 Mp = 0.98 ± 0.09 MJup
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WASP-11 b, a compact sub-Jupiter

West, Collier Cameron, Hebb, et al. (2009)

Rp = 0.91 ± 0.06 RJup

P = 3.7 days 

 Mp = 0.53 ± 0.07 MJup
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WASP-11 b, a compact sub-Jupiter

West, Collier Cameron, Hebb, et al. (2009)

Rp = 0.91 ± 0.06 RJup

P = 3.7 days 

 Mp = 0.53 ± 0.07 MJup

Presence of a very massive 
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Rossiter-McLaughlin effect
A method to measure the spin-orbit angle of planets

Winn (2009)

8 Joshua N. Winn

Figure 6. Transit timing residuals (observed − calculated) for GJ 436, along with theoretical
variations that would be expected due to a second planet in a 2:1 resonance, with a mass of
5 M⊕ (solid line) and 0.05 M⊕ (dotted line). Calculations and figure by D. Fabrycky.
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Figure 7. The Rossiter-McLaughlin (RM) effect as an “anomalous” Doppler shift. Top: three
possible transit geometries that produce identical light curves, but differ in spin-orbit alignment.
Bottom: The corresponding radial-velocity signals. Dotted lines are for the idealized case of no
limb darkening; solid lines include limb darkening.

lar companions, naturally raising the possibility of Kozai cycles, but in both cases the
projected spin-orbit angle is consistent with zero.

In almost all cases, the results are consistent with good alignment, with measure-
ment precisions ranging from 1◦ to 21◦. There are two possible exceptions. The first is
HD 17156, for which Narita et al. (2008) reported λ = 62◦ ± 25◦. However, shortly after
this meeting, Cochran et al. (2008) presented new data giving 9.4◦±9.3◦. The reason for
the apparently significant disagreement between the data sets is not yet clear. The other
possible exception is XO-3, for which Hébrard et al. (2008) found λ = 70◦ ± 15◦ deg,
i.e., a transverse RM effect in which only an anomalous blueshift was seen. Those au-
thors expressed some caution about the result due to possible systematic errors. Further
observations of both of these systems are warranted.

Broadly speaking, the results show that large spin-orbit misalignments are fairly rare.
The time is now ripe for a statistical analysis of the ensemble results. This would not only
overcome the sky-projection limitation that is inherent in individual results, but could
ultimately place constraints on the fraction of systems that have migrated via different
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By 2008, the obliquity of about ⅕ of the known transiting 
planets had been measured. 

All orbits were aligned and prograde, in agreement with 
the expected result of planetary formation and migration 

in a protoplanetary disk
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The first case of a misaligned system, XO-3 b

 Hébrard, Bouchy, Pont et al. (2008)
Hébrard, Bouchy, Pont, et al. (2008) 

First case of spin-orbit misalignment   

! = 70° ± 15° 

See also Winn et al. (2009) 

XO-3b 
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First case of spin-orbit misalignment   

! = 70° ± 15° 

See also Winn et al. (2009) 
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Confirmed in 2009 by Winn et al.
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Fig. 1. Schematic view of the HD80606 system. The red dots
show the positions of the planet each 24 hours.

ity of 1% for the planet to be transiting. In spite of this tenuous
probability, an amazing chance makes the planet HD80606b ac-
tually transits its parent star, as seen from Earth, each 111.4 days.
This is particularly advantageous as numerous crucial studies
can be performed using photometry or spectroscopy when a
planet passes in front its parent star (planetary transits) or behind
it (planetary eclipses), especially in this case where the host star
is bright (V = 9.1) and nearby (d = 60 pc). The fortunate tran-
siting nature of HD80606b was established in February 2009
from the detection of a transit reported from ground obser-
vations, independently by Moutou et al. (2009) from pho-
tometric and spectroscopic data, and by Garcia-Melendo &
McCullough (2009) and Fossey et al. (2009) from photomet-
ric measurements. Additional observations of transits were later
reported by Winn et al. (2009a) and Hidas et al. (2010). The
February 2009 observations followed the planetary eclipse dis-
covery reported a few months earlier by Laughlin et al. (2009)
from Spitzer photometric observations at 8 µm during a 30-hour
interval around the periastron.Among the known transiting plan-
ets, HD 80606b has the longest period and the most eccentric
orbit. The second most extreme transiting planet is HD17156b
(P = 21.2 days and e = 0.67). Furthermore, HD80606b is also
the most distant planet from its parent stars when it transits:
0.3 AU, against 0.05 AU or less for all other known cases1.

In addition to the photometric detection of the HD80606b’s
transit, Moutou et al. (2009) presented its spectroscopic detec-
tion using the Rossiter-McLaughlin effect, from radial veloci-
ties measured with the SOPHIE spectrograph at Haute-Provence
Observatory (OHP), France. The Rossiter-McLaughlin effect is
an apparent distortion of the stellar lines profile due to the tran-
sit of the planet in front of the rotating star. From the SOPHIE
measurements, Moutou et al. (2009) have shown the first ev-
idence for a spin-orbit misalignment, i.e. the orbital plane of
the planet HD80606b is not perpendicular to the spin-axis of
its host star. Using additional photometric data of the February
2009 event allowing a better constraint on the transit duration
together with a combined analysis of the whole data set, Pont et
al. (2009) refined the parameters of the system. They confirmed
the spin-orbit misalignment from the Rossiter-McLaughlin dis-
tortion detected with SOPHIE and provided a measurement of
the sky-projected angle between the planetary orbital axis and
the stellar rotation axis: λ ∼ 50◦, with the confidence interval
[14◦ − 111◦] – see also Gillon (2009a). Thanks to new photo-
metric and spectroscopic observations of the June 2009 transit,

1 See also the 95-day-period transiting exoplanet CoRoT-9b an-
nounced after the submission of the present paper (Deeg et al. 2010).

Winn et al. (2009a) thereafter reduced even more the confidence
interval to [32◦ − 87◦]. Thus, the spin-orbit misalignment of the
HD80606 system is nowwell established. HD 80606 is the com-
ponent of a wide binary with HD80607; the projected separation
of the system is about 1000AU. The peculiar orbit of HD80606b
could thus result from Kozai mechanism and tidal dissipation
(see, e.g., Wu & Murray 2003), which can pump the eccentricity
and the inclination.

Due to the long orbital period and to the orientation of the
eccentric orbit, the duration of the transit of HD80606b is about
12-hour long. This should be compared to the transit duration
of other known transiting exoplanets, which typically lasts less
than five hours. The transit duration of HD80606b is even longer
than transits of Mercury or Venus through the Solar disk as seen
from the Earth. It is thus practically impossible that a full transit
of HD80606bmatches the duration of an observation night from
ground. In addition, data secured before and after the transit are
mandatory to obtain an accurate transit light curve, so the full se-
quence for HD80606 lasts longer than a night for ground obser-
vations. Observing an entire transit of this exoplanet is thereby
challenging and only portions of a transit could be observed from
a given ground-based telescope. This was the case of all the ob-
servation campaigns reported above which covered only frac-
tions of transits. These fragmented observations induce signifi-
cant uncertainties in the parameters derived from their fit.

We present here the first full photometric observation of a
transit of HD80606b.We secured it on 13-14 January 2010 with
the Spitzer space observatory using the IRAC camera at 4.5µm
in post-cryogenic mission. Thanks to its Earth-trailing heliocen-
tric orbit (Scoupe et al. 2006), Spitzer allowed us to continuously
observe during 19 hours, enabling the coverage of the whole
12-hour-long transit, as well as off-transit references immedi-
ately before and after the event. We complement this photomet-
ric data by new spectroscopic observations that we simultane-
ously performed with SOPHIE at OHP. This provides radial ve-
locity measurements of the first half of the transit, a part that was
up to now uncovered with spectroscopy. Indeed, observing the
full 12-hour-long transit is even more difficult in spectroscopy
than in photometry, as the amplitude of the Rossiter-McLaughlin
for HD80606 is about 10m s−1 whereas Northern instruments
able to measure radial velocities with the required accuracy are
sparse. We also performed a ground-based photometric monitor-
ing of HD80606 during January 2010. All together, the data of
this observational campaign allows the parameters of this plane-
tary system to be additionally refined.

The observations and data reduction are presented in Sect. 2
and 3 for Spitzer and SOPHIE respectively. The ground-based
photometry in presented in Sect. 4. The analyses and the re-
sults are presented in Sect. 5, before discussion and conclusion
in Sect. 6 and 7.

2. Spitzer photometry
2.1. Observations

We obtained Spitzer Director’s Discretionary Time (DDT pro-
gram #540) to observe the January 2010 transit of HD80606b.
This transit was the first observable with Spitzer since the dis-
covery of the transiting nature of HD80606b in February 2009.
As Spitzer has exhausted its cryogen of liquid coolant on 15May
2009, our observations were performed during the first months
of the Spitzer’s warm mission. Only the two first infrared chan-
nels of the IRAC camera (Fazio et al. 2004) are available in the
post-cryogenic Spitzer. They are centered at 3.6 and 4.5 µm and

Hébrard, Désert, Díaz, et al. (2010)
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Fig. 1. Schematic view of the HD80606 system. The red dots
show the positions of the planet each 24 hours.

ity of 1% for the planet to be transiting. In spite of this tenuous
probability, an amazing chance makes the planet HD80606b ac-
tually transits its parent star, as seen from Earth, each 111.4 days.
This is particularly advantageous as numerous crucial studies
can be performed using photometry or spectroscopy when a
planet passes in front its parent star (planetary transits) or behind
it (planetary eclipses), especially in this case where the host star
is bright (V = 9.1) and nearby (d = 60 pc). The fortunate tran-
siting nature of HD80606b was established in February 2009
from the detection of a transit reported from ground obser-
vations, independently by Moutou et al. (2009) from pho-
tometric and spectroscopic data, and by Garcia-Melendo &
McCullough (2009) and Fossey et al. (2009) from photomet-
ric measurements. Additional observations of transits were later
reported by Winn et al. (2009a) and Hidas et al. (2010). The
February 2009 observations followed the planetary eclipse dis-
covery reported a few months earlier by Laughlin et al. (2009)
from Spitzer photometric observations at 8 µm during a 30-hour
interval around the periastron.Among the known transiting plan-
ets, HD 80606b has the longest period and the most eccentric
orbit. The second most extreme transiting planet is HD17156b
(P = 21.2 days and e = 0.67). Furthermore, HD80606b is also
the most distant planet from its parent stars when it transits:
0.3 AU, against 0.05 AU or less for all other known cases1.

In addition to the photometric detection of the HD80606b’s
transit, Moutou et al. (2009) presented its spectroscopic detec-
tion using the Rossiter-McLaughlin effect, from radial veloci-
ties measured with the SOPHIE spectrograph at Haute-Provence
Observatory (OHP), France. The Rossiter-McLaughlin effect is
an apparent distortion of the stellar lines profile due to the tran-
sit of the planet in front of the rotating star. From the SOPHIE
measurements, Moutou et al. (2009) have shown the first ev-
idence for a spin-orbit misalignment, i.e. the orbital plane of
the planet HD80606b is not perpendicular to the spin-axis of
its host star. Using additional photometric data of the February
2009 event allowing a better constraint on the transit duration
together with a combined analysis of the whole data set, Pont et
al. (2009) refined the parameters of the system. They confirmed
the spin-orbit misalignment from the Rossiter-McLaughlin dis-
tortion detected with SOPHIE and provided a measurement of
the sky-projected angle between the planetary orbital axis and
the stellar rotation axis: λ ∼ 50◦, with the confidence interval
[14◦ − 111◦] – see also Gillon (2009a). Thanks to new photo-
metric and spectroscopic observations of the June 2009 transit,

1 See also the 95-day-period transiting exoplanet CoRoT-9b an-
nounced after the submission of the present paper (Deeg et al. 2010).

Winn et al. (2009a) thereafter reduced even more the confidence
interval to [32◦ − 87◦]. Thus, the spin-orbit misalignment of the
HD80606 system is nowwell established. HD 80606 is the com-
ponent of a wide binary with HD80607; the projected separation
of the system is about 1000AU. The peculiar orbit of HD80606b
could thus result from Kozai mechanism and tidal dissipation
(see, e.g., Wu & Murray 2003), which can pump the eccentricity
and the inclination.

Due to the long orbital period and to the orientation of the
eccentric orbit, the duration of the transit of HD80606b is about
12-hour long. This should be compared to the transit duration
of other known transiting exoplanets, which typically lasts less
than five hours. The transit duration of HD80606b is even longer
than transits of Mercury or Venus through the Solar disk as seen
from the Earth. It is thus practically impossible that a full transit
of HD80606bmatches the duration of an observation night from
ground. In addition, data secured before and after the transit are
mandatory to obtain an accurate transit light curve, so the full se-
quence for HD80606 lasts longer than a night for ground obser-
vations. Observing an entire transit of this exoplanet is thereby
challenging and only portions of a transit could be observed from
a given ground-based telescope. This was the case of all the ob-
servation campaigns reported above which covered only frac-
tions of transits. These fragmented observations induce signifi-
cant uncertainties in the parameters derived from their fit.

We present here the first full photometric observation of a
transit of HD80606b.We secured it on 13-14 January 2010 with
the Spitzer space observatory using the IRAC camera at 4.5µm
in post-cryogenic mission. Thanks to its Earth-trailing heliocen-
tric orbit (Scoupe et al. 2006), Spitzer allowed us to continuously
observe during 19 hours, enabling the coverage of the whole
12-hour-long transit, as well as off-transit references immedi-
ately before and after the event. We complement this photomet-
ric data by new spectroscopic observations that we simultane-
ously performed with SOPHIE at OHP. This provides radial ve-
locity measurements of the first half of the transit, a part that was
up to now uncovered with spectroscopy. Indeed, observing the
full 12-hour-long transit is even more difficult in spectroscopy
than in photometry, as the amplitude of the Rossiter-McLaughlin
for HD80606 is about 10m s−1 whereas Northern instruments
able to measure radial velocities with the required accuracy are
sparse. We also performed a ground-based photometric monitor-
ing of HD80606 during January 2010. All together, the data of
this observational campaign allows the parameters of this plane-
tary system to be additionally refined.

The observations and data reduction are presented in Sect. 2
and 3 for Spitzer and SOPHIE respectively. The ground-based
photometry in presented in Sect. 4. The analyses and the re-
sults are presented in Sect. 5, before discussion and conclusion
in Sect. 6 and 7.

2. Spitzer photometry
2.1. Observations

We obtained Spitzer Director’s Discretionary Time (DDT pro-
gram #540) to observe the January 2010 transit of HD80606b.
This transit was the first observable with Spitzer since the dis-
covery of the transiting nature of HD80606b in February 2009.
As Spitzer has exhausted its cryogen of liquid coolant on 15May
2009, our observations were performed during the first months
of the Spitzer’s warm mission. Only the two first infrared chan-
nels of the IRAC camera (Fazio et al. 2004) are available in the
post-cryogenic Spitzer. They are centered at 3.6 and 4.5 µm and

Hébrard, Désert, Díaz, et al. (2010)

Laughlin et al. (2009)
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Fig. 1. Schematic view of the HD80606 system. The red dots
show the positions of the planet each 24 hours.

ity of 1% for the planet to be transiting. In spite of this tenuous
probability, an amazing chance makes the planet HD80606b ac-
tually transits its parent star, as seen from Earth, each 111.4 days.
This is particularly advantageous as numerous crucial studies
can be performed using photometry or spectroscopy when a
planet passes in front its parent star (planetary transits) or behind
it (planetary eclipses), especially in this case where the host star
is bright (V = 9.1) and nearby (d = 60 pc). The fortunate tran-
siting nature of HD80606b was established in February 2009
from the detection of a transit reported from ground obser-
vations, independently by Moutou et al. (2009) from pho-
tometric and spectroscopic data, and by Garcia-Melendo &
McCullough (2009) and Fossey et al. (2009) from photomet-
ric measurements. Additional observations of transits were later
reported by Winn et al. (2009a) and Hidas et al. (2010). The
February 2009 observations followed the planetary eclipse dis-
covery reported a few months earlier by Laughlin et al. (2009)
from Spitzer photometric observations at 8 µm during a 30-hour
interval around the periastron.Among the known transiting plan-
ets, HD 80606b has the longest period and the most eccentric
orbit. The second most extreme transiting planet is HD17156b
(P = 21.2 days and e = 0.67). Furthermore, HD80606b is also
the most distant planet from its parent stars when it transits:
0.3 AU, against 0.05 AU or less for all other known cases1.

In addition to the photometric detection of the HD80606b’s
transit, Moutou et al. (2009) presented its spectroscopic detec-
tion using the Rossiter-McLaughlin effect, from radial veloci-
ties measured with the SOPHIE spectrograph at Haute-Provence
Observatory (OHP), France. The Rossiter-McLaughlin effect is
an apparent distortion of the stellar lines profile due to the tran-
sit of the planet in front of the rotating star. From the SOPHIE
measurements, Moutou et al. (2009) have shown the first ev-
idence for a spin-orbit misalignment, i.e. the orbital plane of
the planet HD80606b is not perpendicular to the spin-axis of
its host star. Using additional photometric data of the February
2009 event allowing a better constraint on the transit duration
together with a combined analysis of the whole data set, Pont et
al. (2009) refined the parameters of the system. They confirmed
the spin-orbit misalignment from the Rossiter-McLaughlin dis-
tortion detected with SOPHIE and provided a measurement of
the sky-projected angle between the planetary orbital axis and
the stellar rotation axis: λ ∼ 50◦, with the confidence interval
[14◦ − 111◦] – see also Gillon (2009a). Thanks to new photo-
metric and spectroscopic observations of the June 2009 transit,

1 See also the 95-day-period transiting exoplanet CoRoT-9b an-
nounced after the submission of the present paper (Deeg et al. 2010).

Winn et al. (2009a) thereafter reduced even more the confidence
interval to [32◦ − 87◦]. Thus, the spin-orbit misalignment of the
HD80606 system is nowwell established. HD 80606 is the com-
ponent of a wide binary with HD80607; the projected separation
of the system is about 1000AU. The peculiar orbit of HD80606b
could thus result from Kozai mechanism and tidal dissipation
(see, e.g., Wu & Murray 2003), which can pump the eccentricity
and the inclination.

Due to the long orbital period and to the orientation of the
eccentric orbit, the duration of the transit of HD80606b is about
12-hour long. This should be compared to the transit duration
of other known transiting exoplanets, which typically lasts less
than five hours. The transit duration of HD80606b is even longer
than transits of Mercury or Venus through the Solar disk as seen
from the Earth. It is thus practically impossible that a full transit
of HD80606bmatches the duration of an observation night from
ground. In addition, data secured before and after the transit are
mandatory to obtain an accurate transit light curve, so the full se-
quence for HD80606 lasts longer than a night for ground obser-
vations. Observing an entire transit of this exoplanet is thereby
challenging and only portions of a transit could be observed from
a given ground-based telescope. This was the case of all the ob-
servation campaigns reported above which covered only frac-
tions of transits. These fragmented observations induce signifi-
cant uncertainties in the parameters derived from their fit.

We present here the first full photometric observation of a
transit of HD80606b.We secured it on 13-14 January 2010 with
the Spitzer space observatory using the IRAC camera at 4.5µm
in post-cryogenic mission. Thanks to its Earth-trailing heliocen-
tric orbit (Scoupe et al. 2006), Spitzer allowed us to continuously
observe during 19 hours, enabling the coverage of the whole
12-hour-long transit, as well as off-transit references immedi-
ately before and after the event. We complement this photomet-
ric data by new spectroscopic observations that we simultane-
ously performed with SOPHIE at OHP. This provides radial ve-
locity measurements of the first half of the transit, a part that was
up to now uncovered with spectroscopy. Indeed, observing the
full 12-hour-long transit is even more difficult in spectroscopy
than in photometry, as the amplitude of the Rossiter-McLaughlin
for HD80606 is about 10m s−1 whereas Northern instruments
able to measure radial velocities with the required accuracy are
sparse. We also performed a ground-based photometric monitor-
ing of HD80606 during January 2010. All together, the data of
this observational campaign allows the parameters of this plane-
tary system to be additionally refined.

The observations and data reduction are presented in Sect. 2
and 3 for Spitzer and SOPHIE respectively. The ground-based
photometry in presented in Sect. 4. The analyses and the re-
sults are presented in Sect. 5, before discussion and conclusion
in Sect. 6 and 7.

2. Spitzer photometry
2.1. Observations

We obtained Spitzer Director’s Discretionary Time (DDT pro-
gram #540) to observe the January 2010 transit of HD80606b.
This transit was the first observable with Spitzer since the dis-
covery of the transiting nature of HD80606b in February 2009.
As Spitzer has exhausted its cryogen of liquid coolant on 15May
2009, our observations were performed during the first months
of the Spitzer’s warm mission. Only the two first infrared chan-
nels of the IRAC camera (Fazio et al. 2004) are available in the
post-cryogenic Spitzer. They are centered at 3.6 and 4.5 µm and
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Fig. 1. Schematic view of the HD80606 system. The red dots
show the positions of the planet each 24 hours.

ity of 1% for the planet to be transiting. In spite of this tenuous
probability, an amazing chance makes the planet HD80606b ac-
tually transits its parent star, as seen from Earth, each 111.4 days.
This is particularly advantageous as numerous crucial studies
can be performed using photometry or spectroscopy when a
planet passes in front its parent star (planetary transits) or behind
it (planetary eclipses), especially in this case where the host star
is bright (V = 9.1) and nearby (d = 60 pc). The fortunate tran-
siting nature of HD80606b was established in February 2009
from the detection of a transit reported from ground obser-
vations, independently by Moutou et al. (2009) from pho-
tometric and spectroscopic data, and by Garcia-Melendo &
McCullough (2009) and Fossey et al. (2009) from photomet-
ric measurements. Additional observations of transits were later
reported by Winn et al. (2009a) and Hidas et al. (2010). The
February 2009 observations followed the planetary eclipse dis-
covery reported a few months earlier by Laughlin et al. (2009)
from Spitzer photometric observations at 8 µm during a 30-hour
interval around the periastron.Among the known transiting plan-
ets, HD 80606b has the longest period and the most eccentric
orbit. The second most extreme transiting planet is HD17156b
(P = 21.2 days and e = 0.67). Furthermore, HD80606b is also
the most distant planet from its parent stars when it transits:
0.3 AU, against 0.05 AU or less for all other known cases1.

In addition to the photometric detection of the HD80606b’s
transit, Moutou et al. (2009) presented its spectroscopic detec-
tion using the Rossiter-McLaughlin effect, from radial veloci-
ties measured with the SOPHIE spectrograph at Haute-Provence
Observatory (OHP), France. The Rossiter-McLaughlin effect is
an apparent distortion of the stellar lines profile due to the tran-
sit of the planet in front of the rotating star. From the SOPHIE
measurements, Moutou et al. (2009) have shown the first ev-
idence for a spin-orbit misalignment, i.e. the orbital plane of
the planet HD80606b is not perpendicular to the spin-axis of
its host star. Using additional photometric data of the February
2009 event allowing a better constraint on the transit duration
together with a combined analysis of the whole data set, Pont et
al. (2009) refined the parameters of the system. They confirmed
the spin-orbit misalignment from the Rossiter-McLaughlin dis-
tortion detected with SOPHIE and provided a measurement of
the sky-projected angle between the planetary orbital axis and
the stellar rotation axis: λ ∼ 50◦, with the confidence interval
[14◦ − 111◦] – see also Gillon (2009a). Thanks to new photo-
metric and spectroscopic observations of the June 2009 transit,

1 See also the 95-day-period transiting exoplanet CoRoT-9b an-
nounced after the submission of the present paper (Deeg et al. 2010).

Winn et al. (2009a) thereafter reduced even more the confidence
interval to [32◦ − 87◦]. Thus, the spin-orbit misalignment of the
HD80606 system is nowwell established. HD 80606 is the com-
ponent of a wide binary with HD80607; the projected separation
of the system is about 1000AU. The peculiar orbit of HD80606b
could thus result from Kozai mechanism and tidal dissipation
(see, e.g., Wu & Murray 2003), which can pump the eccentricity
and the inclination.

Due to the long orbital period and to the orientation of the
eccentric orbit, the duration of the transit of HD80606b is about
12-hour long. This should be compared to the transit duration
of other known transiting exoplanets, which typically lasts less
than five hours. The transit duration of HD80606b is even longer
than transits of Mercury or Venus through the Solar disk as seen
from the Earth. It is thus practically impossible that a full transit
of HD80606bmatches the duration of an observation night from
ground. In addition, data secured before and after the transit are
mandatory to obtain an accurate transit light curve, so the full se-
quence for HD80606 lasts longer than a night for ground obser-
vations. Observing an entire transit of this exoplanet is thereby
challenging and only portions of a transit could be observed from
a given ground-based telescope. This was the case of all the ob-
servation campaigns reported above which covered only frac-
tions of transits. These fragmented observations induce signifi-
cant uncertainties in the parameters derived from their fit.

We present here the first full photometric observation of a
transit of HD80606b.We secured it on 13-14 January 2010 with
the Spitzer space observatory using the IRAC camera at 4.5µm
in post-cryogenic mission. Thanks to its Earth-trailing heliocen-
tric orbit (Scoupe et al. 2006), Spitzer allowed us to continuously
observe during 19 hours, enabling the coverage of the whole
12-hour-long transit, as well as off-transit references immedi-
ately before and after the event. We complement this photomet-
ric data by new spectroscopic observations that we simultane-
ously performed with SOPHIE at OHP. This provides radial ve-
locity measurements of the first half of the transit, a part that was
up to now uncovered with spectroscopy. Indeed, observing the
full 12-hour-long transit is even more difficult in spectroscopy
than in photometry, as the amplitude of the Rossiter-McLaughlin
for HD80606 is about 10m s−1 whereas Northern instruments
able to measure radial velocities with the required accuracy are
sparse. We also performed a ground-based photometric monitor-
ing of HD80606 during January 2010. All together, the data of
this observational campaign allows the parameters of this plane-
tary system to be additionally refined.

The observations and data reduction are presented in Sect. 2
and 3 for Spitzer and SOPHIE respectively. The ground-based
photometry in presented in Sect. 4. The analyses and the re-
sults are presented in Sect. 5, before discussion and conclusion
in Sect. 6 and 7.

2. Spitzer photometry
2.1. Observations

We obtained Spitzer Director’s Discretionary Time (DDT pro-
gram #540) to observe the January 2010 transit of HD80606b.
This transit was the first observable with Spitzer since the dis-
covery of the transiting nature of HD80606b in February 2009.
As Spitzer has exhausted its cryogen of liquid coolant on 15May
2009, our observations were performed during the first months
of the Spitzer’s warm mission. Only the two first infrared chan-
nels of the IRAC camera (Fazio et al. 2004) are available in the
post-cryogenic Spitzer. They are centered at 3.6 and 4.5 µm and
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Table 5. Photometric observations of the transits of HAT-P-8 b used to refine the ephemeris.

Observer Location Instrument Photometric Band Date of transit obs.
Assoc. Adagio Toulouse, F 82-cm, SBIG STL-6303E V 08.28.10 and 08.31.10
Hose Portland, Oregon 32-cm, QSI 516wsg R 09.13.10
Troncin OHP, F 120-cm Tektronix TK1024 V 08.28.10
Vanhuysse La Palma, S 35-cm, SBIG STL-1001e R 08.28.10

Fig. 5. Sketch of the orbital and rotational orientations for all four systems discussed here, as viewed from Earth.

Table 6. Spectroscopic transit modeled parameters of HAT-P-8, HAT-P-9, HAT-P-16, and HAT-P-23. Effective temperatures and
planetary masses are taken from the discovery papers, except the planet mass of HAT-P-9 which is re-estimated in this work.

Star V0 v sin is λ χ2
red Te f f Mp

km/s km/s degrees K MJup
HAT-P-8 -22.384 ± 0.0035 14.5 ±0.8 -17 (-11.5,+9.2) 1.19 6200±80 1.52±0.18
HAT-P-9 +22.628 ± 0.008 12.5 ±1.8 -16 ± 8 0.68 6350±150 0.67±0.08
HAT-P-16 -16.553 ± 0.0035 3.9 ± 0.8 -10.0 ± 16 0.89 6158±80 4.193±0.094
HAT-P-23 -14.259 ± 0.007 7.8 ± 1.6 +15 ± 22 1.02 5905±80 2.09±0.11
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G. Hébrard et al.: The retrograde orbit of the HAT-P-6b exoplanet

Fig. 2. χ2 formal isocontours for our modeling of the Rossiter-
McLaughlin effect as a function of λ and V sin is (see Sect. 3), using
the formula from Ohta et al. (2005) and the system parameters from
N08. The diamond shows the best values.

coefficient ε = 0.57±0.10 in the 5300−6300 Å wavelength range
from a model atmosphere (Kurucz 1979).

The remaining two parameters of the Ohta et al. model
are the sky-projected stellar rotational velocity V sin is and the
sky-projected spin-orbit angle λ. We determined these free pa-
rameters through a grid search, and derived formal confidence
intervals from the χ2 isocontours plotted in Fig. 2 (Hébrard
et al. 2002). The resulting values are V sin is = 7.5 ± 1.2 km s−1

and λ = 166.◦0± 6.◦1. We separately propagated the effects of the
uncertainties of the above fixed parameters on V sin is and λ, and
found a ±1.1 km s−1 effect on V sin is, dominated by the uncer-
tainties on a/R∗, i, and γSOPHIE, and a ±8.◦5 effect on λ, mainly
from the γSOPHIE uncertainty. The other fixed parameters con-
tribute negligibly to the λ and V sin is uncertainties. Quadratic
addition of the two sources of uncertainties produces our final
results: V sin is = 7.5 ± 1.6 km s−1 and λ = 166◦ ± 10◦.

The resulting V sin is agrees with the V sin is = 8.0 ±
1.0 km s−1, which we derive from the width of the CCF of HAT-
P-6 (Boisse et al. 2010), as well as with V sin is = 8.2±1.0 km s−1

which N08 similarly derived from line broadening. The good
agreement is somewhat surprising, since rotation broadens the
lines of HAT-P-6 by significantly more than the SOPHIE reso-
lution. As discussed by e.g. Hirano et al. (2010a) and Simpson
et al. (2010), naive modeling of the RM anomaly could produce
biased V sin is measurements under such circumstances.

Figure 1 plots the full dataset and the final fitted model.
The SOPHIE and HIRES velocities have dispersions around this
model of 19.5 m s−1 and 9.0 m s−1, respectively. These are sim-
ilar to the dispersions of the radial velocities measured outside
transit around the Keplerian model, 20.8 m s−1 and 9.6 m s−1 (see
above). Our RM model is thus a good description of the mea-
surements with a reduced χ2 of unity.

4. Discussion

The orbit of HAT-P-6b is retrograde with respect to the spin of
its host star (Fig. 3), but the true, unprojected angle ψ between
the two angular momenta remains uncertain. We have only mea-
sured the sky-projected spin-orbit angle, λ = 166◦ ± 10◦, related
to ψ by cosψ = sin is cos λ sin io + cos is cos io (e.g. Fabrycky &
Winn 2009, whose notations and definitions we adopted: io is the
inclination of the planetary orbit and is that of the stellar spin).
The angle io is precisely known from the planetary transits but is
remains unknown. There is no reasons to assume the star is seen

Fig. 3. Schematic view of the HAT-P-6 system from the Earth. The dot-
ted and dashed-dotted lines represent the orbital angular momentum and
the sky projection of the stellar spin axis. The red and blue hues on the
star surface indicate the Doppler shift from stellar rotation. The sky-
projected obliquity λ and its uncertainty are displayed in gray and green.

edge-on (is $ io $ 90◦), especially here where λ ! 0 demon-
strates some misaligment. Comparisons of the measured V sin is
to estimate the stellar rotation period Prot and radius R∗ can in
principle constrain is, but here with ambiguous results.

On one hand, the measured R′HK implies a short stellar ro-
tation period, Prot $ 3.5 days (Mamajek & Hillenbrand 2008).
From R∗ = 1.46 ± 0.06 R& and V sin is = 8.0 ± 1.0 km s−1, we
obtain Prot/ sin is = 9.2±1.5 days. Reconciling the two numbers
requires an almost pole-on star, with is $ 20◦ or 160◦1, imply-
ing ψ $ 110◦. Schlaufman (2010), on the other hand, predicts
Vrot = 9.1 km s−1 from the age and mass of HAT-P-6. This is sim-
ilar to the measured V sin is, so would instead imply a more edge-
on star, with is $ 60◦ or 120◦2, and ψ $ 145◦. Neither approach
is expected to be accurate. Here they give inconsistent estimates
for Prot and therefore for is and ψ. Asteroseismology (Gizon &
Solanki 2003), polarization of magnetic dipoles (López Ariste
et al. 2010), or accurate photometry may hopefully provide reli-
able is and Prot measurements. In the meantime, the value of ψ
remains unknown, except for its being above 90◦.

HAT-P-6b is the seventh planet identified as having a retro-
grade orbit, after WASP-2b, 8b, 15b and 17b (Triaud et al. 2010;
Queloz et al. 2010; Bayliss et al. 2010) and HAT-P-7b and 14b
(Winn et al. 2009c, 2010a; Narita et al. 2009). Three plan-
ets also seem to have nearly polar orbits: CoRoT-1b (Pont
et al. 2010), WASP-1b (Simpson et al. 2010), and HAT-P-11b
(Winn et al. 2010b; Hirano 2010b). The last of them is also likely
retrograde. In addition, HAT-P-11b is the only Neptune-mass
planet with an obliquity measurement, with all other planetary
systems with RM measurements being jovian mass planets.

The processes that produce tilted systems remain debated
(see Sect. 1). Whether a single mechanism explains all close-in
planets or whether different processes produce aligned and mis-
aligned systems is unknown. Even whether the planetary orbits
acquired obliquity or the stellar spin instead acquired tilt is un-
certain. The mechanisms, in any case, cannot require conditions
that are too narrowly specified, since tilted systems are common.

Schlaufman (2010) and Winn et al. (2010c) hypothesized
that misaligned planets tend to orbit hot stars. The 6570 ± 80 K

1 The is $ 200◦ and 340◦ formal solutions can be excluded, since we
know that the orbit is retrograde (|λ| > π − io).
2 Here again, the retrograde orbit excludes is $ 240◦ and 300◦.
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Fig. 6. Absolute value of the spin-orbit angle as a function of planetary mass (top) up to 25 MJup and stellar effective temperature
(bottom). The red filled large symbols show the new measurements. The uncertain values for CoRoT-1b, WASP-2 and Kepler-8 are
included as green losenges.
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2 Fiber-fed spectrographs

HARPS and SOPHIE are fiber-fed spectrographs with si-
multaneous reference calibrations. The stellar light collected
by the telescope are lead to the instrument through a stan-
dard step-index multi-mode cylindrical optical fiber. SO-
PHIE has two observing mode using two different fibers,
the High-Resolution (HR) and the High-Efficiency mode
(HE). In HR mode, the spectrograph is fed by a 40.5-µm
slit superimposed on the output of the 100-µm fiber, reach-
ing a spectral resolution of λ/∆λ = 75,000. In HE mode,
the spectrograph is directly fed by the 100-µm fiber with a
resolution power of 40,000. Both SOPHIE fibers have an
sky acceptance of 3-arcsec. HARPS has 70-µm fiber with
a sky acceptance of 1-arcsec and a spectral resolution of
110,000 (see Table 1).

Non-uniform illumination of the slit or output fiber at
the spectrograph entrance decreases the radial-velocity pre-
cision. Indeed, variations in seeing, focus and image shape
at the fiber entrance may induced non-uniform illumina-
tion inside the pupil of the spectrograph. The optical aber-
rations lead to variations in the centroids of the stellar lines
on the focal plane.

Optical fibers are used to lead the light from the tele-
scope to the entrance of the spectrograph. They have the
properties to scrambler the atmospheric effects and guiding
and centering errors discussed previously. But the scram-
bling ability of one multimode fiber is not perfect as shown
in Fig. 1. With an input off axes image, the azimuthal scram-
bling is good whereas it remains some effects in the ra-
dial one. This pattern observed is bigger in far field than
in near field. Near field and far field are respectively de-
fined as, the brightness distribution across the output face
of the fiber, and, as the angular distribution of light of fiber
output beam. Therefore, changes in the input beam cause
only circular symmetric changes in the fiber output pattern.
In contrast, imperfect radial scrambling allows small zonal
errors to remain.

HARPS and the SOPHIE HR mode are equipped with
optical double scramblers. It is used to increase and im-
prove the uniformity and stabilization of the illumination
of the spectrograph entrance (refs. [4] and [6]). The near
field of a circular fiber is observed to be better scramble
than the far field. In spite of only one fiber guiding the
light from the telescope to the instrument, double scram-
bler is composed of two fibers coupled with two doublets.
The system is designed to inverse near field and far field
in order to induce a better radial scrambling, although it
causes flux losses (ref. [1]).

Table 1. Comparison of parameters of fiber-fed spectrographs

SOPHIE and HARPS.

Instrument Doppler prec. 1 pixel Resol. ∆λ/λ

HARPS ! 1ms−1 800 ms−1 110,000

SOPHIE (HR) ∼ 4 ms−1 1400 ms−1 75,000

SOPHIE (HE) ∼ 10 ms−1 1400 ms−1 40,000

Fig. 1. Illumination at the output of one cylindrical optical fiber

in the near and the far field. Sources are off axes. A high degree

of azimuthal scrambling is observed. In contrast, it remains some

effects in the radial one.

3 RV effects of fiber imperfect scrambling

3.1 Centering/Guiding on the fiber entrance

The degree of radial scrambling describes the stability of
the output beam as the input image is moved from the cen-
ter to the edge of the fiber. It is possible to detect in RV
some variations due to the insufficiency of radial scram-
bling. The light from a stable star is moved with the guid-
ing/centering system from an edge to the other of the fiber.
We compute the RV with the data reduction pipeline for
different positions of the star. The test was done for the
two modes of SOPHIE and for HARPS. The results are
computed in Table 2.

Because the scrambling of the fiber is not perfect, the
movement of the input image corresponds to a shift on the

Table 2. Variation observed in RV as the input image (star) is

moved from the center to the edge of the fiber. HARPS and SO-

PHIE with High-Resolution fiber used a double scrambler instead

of the High-Efficiency mode of SOPHIE.

Instrument fib. diam. RV effect [ms−1]

HARPS 1” ∼ 3

SOPHIE (HR) 3” ∼ 13

SOPHIE (HE) 3” ∼ 36
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3.1 Centering/Guiding on the fiber entrance

The degree of radial scrambling describes the stability of
the output beam as the input image is moved from the cen-
ter to the edge of the fiber. It is possible to detect in RV
some variations due to the insufficiency of radial scram-
bling. The light from a stable star is moved with the guid-
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Figure 1. Photo of the near field of the tested fibers in order from the left. a square fiber from CERAMOPTEC of 70 micron core, a
square fiber from CERAMOPTEC of 200 micron core, an octagonal fiber from CERAMOPTEC of 70 micron core and an octagonal
fiber form Le Verre Fluoré of 100 micron core.

The structure of the fiber we have tested is not completely standard. It is build out of a core, a cladding, and
successive buffers. Unfortunately one of the buffer is made out of nylon which has a lower refractive index than the
previous materials. Thus the fibers have spurious guiding structure that we had to deal with. It is to note that the
fiber are really well done in term of geometrical shape (see figure1). Three fibers were tested, a square fiber of 200
microns core, a square fiber of 70 microns core and an octagonal fiber of 70 microns core.

• Le Verre Fluoré company in France: They provided an octagonal fiber of 100microns core made of fluoride glass and
having a more standard structure : core and cladding. The cladding is a polymer (this has been done for economical
reason).

3. TEST BENCH ANDMEASUREMENT PROTOCOL
To optimize a fiber fed spectrometer, the fibers have to have a good transmission over the whole bandwidth of the instru-
ments, but this not the only required property. In the case of precise radial velocity measurements, the fiber should have
also good scrambling properties in the near field and in the far field, in order to illuminate the instrument in the most con-
stant way possible. This ensure that the instrument profile is as stable as possible. They should also provide the smallest
possible FRD (an increasing of the speed of the beam at the output of the fiber).

As the octagonal and square fiber are mainly made of standard material for astronomy, the test bench was optimized to
explore the geometric properties of these new fibers.

3.1 Test bench
For these fiber two main characteristics were measured :

• Near Field scrambling

• Focal Ratio Degradation

To make these measurement light has to be injected in the fiber simulating a star at the entrance of the fiber. For this we
designed a test bench (see figure 2) that allow to illuminate the control fiber in a controlled way, in the near field and in
the far field. The illumination system is composed of a circular optical fiber that is imaged thanks to two photographic
objectives on the test fiber. Changing the diameter of the illumination fiber control the image size in the near field of
the tested fiber. The second objective allow the choice of the beam aperture in the test fiber. The light source is a Light
Emitting Diode at 470 nm. The test fiber is mounted on a five axis adjustment mount: three translations of which one is
motorized, and two rotations. In addition in order to ensure that no light enter in the optical fiber in an undesired way there
is a pinhole in front of the fiber that let nearly only the core of the fiber free to be illuminated.

At the output of the tested fiber two different imaging configuration are used:

• A combined near field and far field imagery system were a microscope objective is used for imaging the near field on
a CCD, and a beam splitter picks the light after the objective to make the image of the far field, using an additional
lens. This configuration is optimal for near field imagery, and enable to make health check on the far field. However
the far field imagery is suboptimal an cannot be used for real measurement.

Friday, January 20, 2012



The new fibre link
EPJ Web of Conferences

2 Fiber-fed spectrographs

HARPS and SOPHIE are fiber-fed spectrographs with si-
multaneous reference calibrations. The stellar light collected
by the telescope are lead to the instrument through a stan-
dard step-index multi-mode cylindrical optical fiber. SO-
PHIE has two observing mode using two different fibers,
the High-Resolution (HR) and the High-Efficiency mode
(HE). In HR mode, the spectrograph is fed by a 40.5-µm
slit superimposed on the output of the 100-µm fiber, reach-
ing a spectral resolution of λ/∆λ = 75,000. In HE mode,
the spectrograph is directly fed by the 100-µm fiber with a
resolution power of 40,000. Both SOPHIE fibers have an
sky acceptance of 3-arcsec. HARPS has 70-µm fiber with
a sky acceptance of 1-arcsec and a spectral resolution of
110,000 (see Table 1).

Non-uniform illumination of the slit or output fiber at
the spectrograph entrance decreases the radial-velocity pre-
cision. Indeed, variations in seeing, focus and image shape
at the fiber entrance may induced non-uniform illumina-
tion inside the pupil of the spectrograph. The optical aber-
rations lead to variations in the centroids of the stellar lines
on the focal plane.

Optical fibers are used to lead the light from the tele-
scope to the entrance of the spectrograph. They have the
properties to scrambler the atmospheric effects and guiding
and centering errors discussed previously. But the scram-
bling ability of one multimode fiber is not perfect as shown
in Fig. 1. With an input off axes image, the azimuthal scram-
bling is good whereas it remains some effects in the ra-
dial one. This pattern observed is bigger in far field than
in near field. Near field and far field are respectively de-
fined as, the brightness distribution across the output face
of the fiber, and, as the angular distribution of light of fiber
output beam. Therefore, changes in the input beam cause
only circular symmetric changes in the fiber output pattern.
In contrast, imperfect radial scrambling allows small zonal
errors to remain.

HARPS and the SOPHIE HR mode are equipped with
optical double scramblers. It is used to increase and im-
prove the uniformity and stabilization of the illumination
of the spectrograph entrance (refs. [4] and [6]). The near
field of a circular fiber is observed to be better scramble
than the far field. In spite of only one fiber guiding the
light from the telescope to the instrument, double scram-
bler is composed of two fibers coupled with two doublets.
The system is designed to inverse near field and far field
in order to induce a better radial scrambling, although it
causes flux losses (ref. [1]).

Table 1. Comparison of parameters of fiber-fed spectrographs

SOPHIE and HARPS.

Instrument Doppler prec. 1 pixel Resol. ∆λ/λ

HARPS ! 1ms−1 800 ms−1 110,000

SOPHIE (HR) ∼ 4 ms−1 1400 ms−1 75,000

SOPHIE (HE) ∼ 10 ms−1 1400 ms−1 40,000

Fig. 1. Illumination at the output of one cylindrical optical fiber

in the near and the far field. Sources are off axes. A high degree

of azimuthal scrambling is observed. In contrast, it remains some

effects in the radial one.

3 RV effects of fiber imperfect scrambling

3.1 Centering/Guiding on the fiber entrance

The degree of radial scrambling describes the stability of
the output beam as the input image is moved from the cen-
ter to the edge of the fiber. It is possible to detect in RV
some variations due to the insufficiency of radial scram-
bling. The light from a stable star is moved with the guid-
ing/centering system from an edge to the other of the fiber.
We compute the RV with the data reduction pipeline for
different positions of the star. The test was done for the
two modes of SOPHIE and for HARPS. The results are
computed in Table 2.

Because the scrambling of the fiber is not perfect, the
movement of the input image corresponds to a shift on the

Table 2. Variation observed in RV as the input image (star) is

moved from the center to the edge of the fiber. HARPS and SO-

PHIE with High-Resolution fiber used a double scrambler instead

of the High-Efficiency mode of SOPHIE.

Instrument fib. diam. RV effect [ms−1]

HARPS 1” ∼ 3

SOPHIE (HR) 3” ∼ 13

SOPHIE (HE) 3” ∼ 36

Figure 1. Photo of the near field of the tested fibers in order from the left. a square fiber from CERAMOPTEC of 70 micron core, a
square fiber from CERAMOPTEC of 200 micron core, an octagonal fiber from CERAMOPTEC of 70 micron core and an octagonal
fiber form Le Verre Fluoré of 100 micron core.

The structure of the fiber we have tested is not completely standard. It is build out of a core, a cladding, and
successive buffers. Unfortunately one of the buffer is made out of nylon which has a lower refractive index than the
previous materials. Thus the fibers have spurious guiding structure that we had to deal with. It is to note that the
fiber are really well done in term of geometrical shape (see figure1). Three fibers were tested, a square fiber of 200
microns core, a square fiber of 70 microns core and an octagonal fiber of 70 microns core.

• Le Verre Fluoré company in France: They provided an octagonal fiber of 100microns core made of fluoride glass and
having a more standard structure : core and cladding. The cladding is a polymer (this has been done for economical
reason).

3. TEST BENCH ANDMEASUREMENT PROTOCOL
To optimize a fiber fed spectrometer, the fibers have to have a good transmission over the whole bandwidth of the instru-
ments, but this not the only required property. In the case of precise radial velocity measurements, the fiber should have
also good scrambling properties in the near field and in the far field, in order to illuminate the instrument in the most con-
stant way possible. This ensure that the instrument profile is as stable as possible. They should also provide the smallest
possible FRD (an increasing of the speed of the beam at the output of the fiber).

As the octagonal and square fiber are mainly made of standard material for astronomy, the test bench was optimized to
explore the geometric properties of these new fibers.

3.1 Test bench
For these fiber two main characteristics were measured :

• Near Field scrambling

• Focal Ratio Degradation

To make these measurement light has to be injected in the fiber simulating a star at the entrance of the fiber. For this we
designed a test bench (see figure 2) that allow to illuminate the control fiber in a controlled way, in the near field and in
the far field. The illumination system is composed of a circular optical fiber that is imaged thanks to two photographic
objectives on the test fiber. Changing the diameter of the illumination fiber control the image size in the near field of
the tested fiber. The second objective allow the choice of the beam aperture in the test fiber. The light source is a Light
Emitting Diode at 470 nm. The test fiber is mounted on a five axis adjustment mount: three translations of which one is
motorized, and two rotations. In addition in order to ensure that no light enter in the optical fiber in an undesired way there
is a pinhole in front of the fiber that let nearly only the core of the fiber free to be illuminated.

At the output of the tested fiber two different imaging configuration are used:

• A combined near field and far field imagery system were a microscope objective is used for imaging the near field on
a CCD, and a beam splitter picks the light after the objective to make the image of the far field, using an additional
lens. This configuration is optimal for near field imagery, and enable to make health check on the far field. However
the far field imagery is suboptimal an cannot be used for real measurement.

Figure 1. Photo of the near field of the tested fibers in order from the left. a square fiber from CERAMOPTEC of 70 micron core, a
square fiber from CERAMOPTEC of 200 micron core, an octagonal fiber from CERAMOPTEC of 70 micron core and an octagonal
fiber form Le Verre Fluoré of 100 micron core.

The structure of the fiber we have tested is not completely standard. It is build out of a core, a cladding, and
successive buffers. Unfortunately one of the buffer is made out of nylon which has a lower refractive index than the
previous materials. Thus the fibers have spurious guiding structure that we had to deal with. It is to note that the
fiber are really well done in term of geometrical shape (see figure1). Three fibers were tested, a square fiber of 200
microns core, a square fiber of 70 microns core and an octagonal fiber of 70 microns core.

• Le Verre Fluoré company in France: They provided an octagonal fiber of 100microns core made of fluoride glass and
having a more standard structure : core and cladding. The cladding is a polymer (this has been done for economical
reason).

3. TEST BENCH ANDMEASUREMENT PROTOCOL
To optimize a fiber fed spectrometer, the fibers have to have a good transmission over the whole bandwidth of the instru-
ments, but this not the only required property. In the case of precise radial velocity measurements, the fiber should have
also good scrambling properties in the near field and in the far field, in order to illuminate the instrument in the most con-
stant way possible. This ensure that the instrument profile is as stable as possible. They should also provide the smallest
possible FRD (an increasing of the speed of the beam at the output of the fiber).

As the octagonal and square fiber are mainly made of standard material for astronomy, the test bench was optimized to
explore the geometric properties of these new fibers.

3.1 Test bench
For these fiber two main characteristics were measured :

• Near Field scrambling

• Focal Ratio Degradation

To make these measurement light has to be injected in the fiber simulating a star at the entrance of the fiber. For this we
designed a test bench (see figure 2) that allow to illuminate the control fiber in a controlled way, in the near field and in
the far field. The illumination system is composed of a circular optical fiber that is imaged thanks to two photographic
objectives on the test fiber. Changing the diameter of the illumination fiber control the image size in the near field of
the tested fiber. The second objective allow the choice of the beam aperture in the test fiber. The light source is a Light
Emitting Diode at 470 nm. The test fiber is mounted on a five axis adjustment mount: three translations of which one is
motorized, and two rotations. In addition in order to ensure that no light enter in the optical fiber in an undesired way there
is a pinhole in front of the fiber that let nearly only the core of the fiber free to be illuminated.

At the output of the tested fiber two different imaging configuration are used:

• A combined near field and far field imagery system were a microscope objective is used for imaging the near field on
a CCD, and a beam splitter picks the light after the objective to make the image of the far field, using an additional
lens. This configuration is optimal for near field imagery, and enable to make health check on the far field. However
the far field imagery is suboptimal an cannot be used for real measurement.
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Figure 1. Photo of the near field of the tested fibers in order from the left. a square fiber from CERAMOPTEC of 70 micron core, a
square fiber from CERAMOPTEC of 200 micron core, an octagonal fiber from CERAMOPTEC of 70 micron core and an octagonal
fiber form Le Verre Fluoré of 100 micron core.

The structure of the fiber we have tested is not completely standard. It is build out of a core, a cladding, and
successive buffers. Unfortunately one of the buffer is made out of nylon which has a lower refractive index than the
previous materials. Thus the fibers have spurious guiding structure that we had to deal with. It is to note that the
fiber are really well done in term of geometrical shape (see figure1). Three fibers were tested, a square fiber of 200
microns core, a square fiber of 70 microns core and an octagonal fiber of 70 microns core.

• Le Verre Fluoré company in France: They provided an octagonal fiber of 100microns core made of fluoride glass and
having a more standard structure : core and cladding. The cladding is a polymer (this has been done for economical
reason).

3. TEST BENCH ANDMEASUREMENT PROTOCOL
To optimize a fiber fed spectrometer, the fibers have to have a good transmission over the whole bandwidth of the instru-
ments, but this not the only required property. In the case of precise radial velocity measurements, the fiber should have
also good scrambling properties in the near field and in the far field, in order to illuminate the instrument in the most con-
stant way possible. This ensure that the instrument profile is as stable as possible. They should also provide the smallest
possible FRD (an increasing of the speed of the beam at the output of the fiber).

As the octagonal and square fiber are mainly made of standard material for astronomy, the test bench was optimized to
explore the geometric properties of these new fibers.

3.1 Test bench
For these fiber two main characteristics were measured :

• Near Field scrambling

• Focal Ratio Degradation

To make these measurement light has to be injected in the fiber simulating a star at the entrance of the fiber. For this we
designed a test bench (see figure 2) that allow to illuminate the control fiber in a controlled way, in the near field and in
the far field. The illumination system is composed of a circular optical fiber that is imaged thanks to two photographic
objectives on the test fiber. Changing the diameter of the illumination fiber control the image size in the near field of
the tested fiber. The second objective allow the choice of the beam aperture in the test fiber. The light source is a Light
Emitting Diode at 470 nm. The test fiber is mounted on a five axis adjustment mount: three translations of which one is
motorized, and two rotations. In addition in order to ensure that no light enter in the optical fiber in an undesired way there
is a pinhole in front of the fiber that let nearly only the core of the fiber free to be illuminated.

At the output of the tested fiber two different imaging configuration are used:

• A combined near field and far field imagery system were a microscope objective is used for imaging the near field on
a CCD, and a beam splitter picks the light after the objective to make the image of the far field, using an additional
lens. This configuration is optimal for near field imagery, and enable to make health check on the far field. However
the far field imagery is suboptimal an cannot be used for real measurement.
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Perruchot, Bouchy, Chazelas, et al. (2011)
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Figure 1. Photo of the near field of the tested fibers in order from the left. a square fiber from CERAMOPTEC of 70 micron core, a
square fiber from CERAMOPTEC of 200 micron core, an octagonal fiber from CERAMOPTEC of 70 micron core and an octagonal
fiber form Le Verre Fluoré of 100 micron core.

The structure of the fiber we have tested is not completely standard. It is build out of a core, a cladding, and
successive buffers. Unfortunately one of the buffer is made out of nylon which has a lower refractive index than the
previous materials. Thus the fibers have spurious guiding structure that we had to deal with. It is to note that the
fiber are really well done in term of geometrical shape (see figure1). Three fibers were tested, a square fiber of 200
microns core, a square fiber of 70 microns core and an octagonal fiber of 70 microns core.

• Le Verre Fluoré company in France: They provided an octagonal fiber of 100microns core made of fluoride glass and
having a more standard structure : core and cladding. The cladding is a polymer (this has been done for economical
reason).

3. TEST BENCH ANDMEASUREMENT PROTOCOL
To optimize a fiber fed spectrometer, the fibers have to have a good transmission over the whole bandwidth of the instru-
ments, but this not the only required property. In the case of precise radial velocity measurements, the fiber should have
also good scrambling properties in the near field and in the far field, in order to illuminate the instrument in the most con-
stant way possible. This ensure that the instrument profile is as stable as possible. They should also provide the smallest
possible FRD (an increasing of the speed of the beam at the output of the fiber).

As the octagonal and square fiber are mainly made of standard material for astronomy, the test bench was optimized to
explore the geometric properties of these new fibers.

3.1 Test bench
For these fiber two main characteristics were measured :

• Near Field scrambling

• Focal Ratio Degradation

To make these measurement light has to be injected in the fiber simulating a star at the entrance of the fiber. For this we
designed a test bench (see figure 2) that allow to illuminate the control fiber in a controlled way, in the near field and in
the far field. The illumination system is composed of a circular optical fiber that is imaged thanks to two photographic
objectives on the test fiber. Changing the diameter of the illumination fiber control the image size in the near field of
the tested fiber. The second objective allow the choice of the beam aperture in the test fiber. The light source is a Light
Emitting Diode at 470 nm. The test fiber is mounted on a five axis adjustment mount: three translations of which one is
motorized, and two rotations. In addition in order to ensure that no light enter in the optical fiber in an undesired way there
is a pinhole in front of the fiber that let nearly only the core of the fiber free to be illuminated.

At the output of the tested fiber two different imaging configuration are used:

• A combined near field and far field imagery system were a microscope objective is used for imaging the near field on
a CCD, and a beam splitter picks the light after the objective to make the image of the far field, using an additional
lens. This configuration is optimal for near field imagery, and enable to make health check on the far field. However
the far field imagery is suboptimal an cannot be used for real measurement.
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factor larger than 10.
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Figure 1. Photo of the near field of the tested fibers in order from the left. a square fiber from CERAMOPTEC of 70 micron core, a
square fiber from CERAMOPTEC of 200 micron core, an octagonal fiber from CERAMOPTEC of 70 micron core and an octagonal
fiber form Le Verre Fluoré of 100 micron core.

The structure of the fiber we have tested is not completely standard. It is build out of a core, a cladding, and
successive buffers. Unfortunately one of the buffer is made out of nylon which has a lower refractive index than the
previous materials. Thus the fibers have spurious guiding structure that we had to deal with. It is to note that the
fiber are really well done in term of geometrical shape (see figure1). Three fibers were tested, a square fiber of 200
microns core, a square fiber of 70 microns core and an octagonal fiber of 70 microns core.

• Le Verre Fluoré company in France: They provided an octagonal fiber of 100microns core made of fluoride glass and
having a more standard structure : core and cladding. The cladding is a polymer (this has been done for economical
reason).

3. TEST BENCH ANDMEASUREMENT PROTOCOL
To optimize a fiber fed spectrometer, the fibers have to have a good transmission over the whole bandwidth of the instru-
ments, but this not the only required property. In the case of precise radial velocity measurements, the fiber should have
also good scrambling properties in the near field and in the far field, in order to illuminate the instrument in the most con-
stant way possible. This ensure that the instrument profile is as stable as possible. They should also provide the smallest
possible FRD (an increasing of the speed of the beam at the output of the fiber).

As the octagonal and square fiber are mainly made of standard material for astronomy, the test bench was optimized to
explore the geometric properties of these new fibers.

3.1 Test bench
For these fiber two main characteristics were measured :

• Near Field scrambling

• Focal Ratio Degradation

To make these measurement light has to be injected in the fiber simulating a star at the entrance of the fiber. For this we
designed a test bench (see figure 2) that allow to illuminate the control fiber in a controlled way, in the near field and in
the far field. The illumination system is composed of a circular optical fiber that is imaged thanks to two photographic
objectives on the test fiber. Changing the diameter of the illumination fiber control the image size in the near field of
the tested fiber. The second objective allow the choice of the beam aperture in the test fiber. The light source is a Light
Emitting Diode at 470 nm. The test fiber is mounted on a five axis adjustment mount: three translations of which one is
motorized, and two rotations. In addition in order to ensure that no light enter in the optical fiber in an undesired way there
is a pinhole in front of the fiber that let nearly only the core of the fiber free to be illuminated.

At the output of the tested fiber two different imaging configuration are used:

• A combined near field and far field imagery system were a microscope objective is used for imaging the near field on
a CCD, and a beam splitter picks the light after the objective to make the image of the far field, using an additional
lens. This configuration is optimal for near field imagery, and enable to make health check on the far field. However
the far field imagery is suboptimal an cannot be used for real measurement.

Installation of the new fibre link (as of June 
2011).

Only three good-quality octagonal fibres 
available.

 
 

 
 

spectrograph slit is not affected in near-field. Adding a second octagonal piece after the double scrambler allows 
reducing far-field effects on the spectrograph slit, at the price of second octagonal-circular junction loss.  

We benefit from the very good performance of FC-FC connections with circular fibers to prepare the implementation of 
all those possibilities and add FC connectors in all interesting places as shown in the lower part of Figure 5. We paid 
attention to have a minimal fiber length of 45 cm to allow correct azimuthal scrambling from the circular pipes. SOPHIE 
is a fully operational instrument, with more than 90% of nights a year dedicated on the 1.93m – telescope. Each 
instrumental modification has to be implemented in a short time to avoid a too large lack of observations in the scientific 
programs, and with a risk management plan to reduce failure possibilities to a bare minimum. Insertion of octagonal fiber 
pieces is localized near the spectrograph entrance, where no fiber movement happens, constraining to work in the 
isothermal small space available. As the chosen junction technique is to interconnect FC connectors, each initial fiber 
had to be cut, bonded to a FC connector and polished in situ, requiring protection of all the spectrograph optics. No local 
diagnostic except microscope viewing of the polished surface was available during technical intervention. As the 
SOPHIE fibers at f/3.6 are very sensitive to constraints in the termination, a great part of the operation success was based 
on the extensive experience of our technician in handling these fibers.  

 
 

 
 

Figure 5. SOPHIE fiber links before (upper part) and after (lower part) the modification of June 2011: octagonal-
section fiber insertion. 
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Improved precision
New Series on the blue sky
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Improved precision
Series on known constant stars (standards)

HD185144

Dispersion: about 2 m/s over 119 days. Still room to improve.
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Improved precision
Series on known constant stars (standards)

HD185144
σ =2.3 m/s

Trend is probably due to ageing of ThAr lamp. This will be corrected soon.
In all, there’s a factor of about 6 in the precision improvement.
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Trend is probably due to ageing of ThAr lamp. This will be corrected soon.
In all, there’s a factor of about 6 in the precision improvement.
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Series on known constant stars (standards)

HD185144
σ =1.4 m/s

Trend is probably due to ageing of ThAr lamp. This will be corrected soon.
In all, there’s a factor of about 6 in the precision improvement.
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Series on known constant stars (standards)

HD109358

Dispersion: 2.5 m/s over 21 days; photon noise = 1.4 m/s
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Series on known constant stars (standards)

Trend is repeated on many stars. 
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Epilogue

The realm of small planets
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Observation of known small-mass planets

The realm of small planets

HD190360 c (Vogt et al. 2005)
P = 17.10 ± 0.02 d; K = 4.6 ± 1.1 m/s
m2 sin(i) = 18.1 ± 4.8 Mearth
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Observation of known small-mass planets

The realm of small planets

HD190360 c (Vogt et al. 2005)
P = 17.10 ± 0.02 d; K = 4.6 ± 1.1 m/s
m2 sin(i) = 18.1 ± 4.8 Mearth
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σ =3.5 m/s

P = 17.33 ± 0.22 d; K = 6.7 ± 1.0 m/s

σ =1.1 m/s over about 50 days 

But slightly eccentric orbit...

HIRES@Keck
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Observation of known small-mass planets

The realm of small planets

HD190360 c (Vogt et al. 2005)
P = 17.10 ± 0.02 d; K = 4.6 ± 1.1 m/s
m2 sin(i) = 18.1 ± 4.8 Mearth
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σ =2.7 m/s over 27 days

P = 17.33 ± 0.22 d; K = 6.7 ± 1.0 m/s

σ =1.1 m/s over about 50 days 

But slightly eccentric orbit...

HIRES@Keck
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The realm of small planets
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“ I do not know what I may appear to the world, but to myself I seem to have been only like 
a boy playing on the seashore, and diverting myself in now and then finding a smoother 
pebble or a prettier shell than ordinary, whilst the great ocean of truth lay all undiscovered 
before me. “

-- Isaac Newton
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“ I do not know what I may appear to the world, but to myself I seem to have been only like 
a boy playing on the seashore, and diverting myself in now and then finding a smoother 
pebble or a prettier shell than ordinary, whilst the great ocean of truth lay all undiscovered 
before me. “

-- Isaac Newton

Thank you very much 
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Additional slides
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Improved precision
Series on known constant stars (standards)

HD221354
σ =2.4 m/s
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Improved precision
Series on known constant stars (standards)

HD221354
σ =2.4 m/s

Trend is reverted at the time of installation of new ThAr lamp.
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New Systematic effects already identified

Room for further improvement
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