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51Pegb

Earth’s mass

increasing sexyness…

increasing information…

Giants: pro and.. con 
easy to detect   

    Jupiter:  ΔF/F ~ 10-2 ;  K ~ 10 m/s ; F⦿/FJup ~ 7.08 108 

easier to characterize: combination of methods from the ground or from 
space, precision on their parameters
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51 Pegb: first discovery around a solar type star 
Mpsini = 0.46 MJup 

 

P = 4.2308  days 

Mayor & Queloz, 1995
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Fig. 1.—Shown are the photometric time series, corrected for gray and color-
dependent extinction, for 1999 September 9 and 16 plotted as a function of
time from . The rms of the time series at the beginning of the night onTc
September 9 is roughly 4 mmag. The increased scatter in the September 16
data relative to the September 9 data is due to the shorter exposure times. The
data from September 16 are offset by !0.05 relative to those from Septem-
ber 9.

Fig. 2.—Shown are the data from Fig. 1 binned into 5 m averages, phased
according to our best-fit orbit, plotted as a function of time from . The rmsTc
variation at the beginning of the time series is roughly 1.5 mmag, and this
precision is maintained throughout the duration of the transit. The increased
scatter at the end of the time series is due to increasing air mass which occurred
at roughly the same time for both transits, since the two occurred very nearly
1 week apart. The solid line is the transit shape that would occur for our best-
fit model, , . The lower and upper dashed lines are theR = 1.27 R i = 87!.1p Jup
transit curves that would occur for a planet 10% larger and smaller in radius,
respectively. The rapid initial fall and final rise of the transit curve correspond
to the times between first and second and between third and fourth contacts,
when the planet is crossing the edge of the star; the resulting slope is a function
of the finite size of the planet, the impact parameter of the transit, and the
limb darkening of the star. The central curved portion of the transit is the time
between second and third contacts, when the planet is entirely in front of the
star.

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

3. ANALYSIS OF LIGHT CURVE

3.1. Orbital Parameters

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

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

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

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

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

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

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

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

3.2. Interpretation of the Transit Curve

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

HD 209458 first photometric transit 
Rp = 1.27 RJup  Mp = 0.63 MJup  and  ρ ~ 0.38 g/cm-3 

P = 3.525 days  

Henri et al., 2000; Charbonneau et al, 2000 

HD 209458b first spectroscopic transit (Rossiter 
McLaughlin spectroscopic effect) 

α = 3.9o  and vsini = 3.75 +/- 1.25 km/s 

Queloz et al., A&A 2000

2000

1995

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

not strong enough to force coplanarity. Comparison between
the coplanarization time and the stellar circularization time in-
dicates that the alignment time is 100 times longer than the circu-
larization time.The stellar circularization time is of the order of a
billion years (Rasio et al. 1996).Usually onemakes the assump-
tion that the orbital plane is coplanar with the stellar equatorial
plane for close-in planets. Combined with the v sin i measure-
ment of the star, this ad-hoc assumption is used to set an upper
limit to the mass of the planet (e.g. Mayor & Queloz 1995). The
shape of the radial velocity anomaly during the transit provides
a tool to test this hypothesis. Moreover, the coplanarity mea-
surement is also a way to test the formation scenario of 51-Peg
type planets. If the close-in planets are the outcome of exten-
sive orbital migration, we may expect the orbital plane to be
identical to the stellar equatorial plane. If other mechanisms
such as gravitational scattering played a role, the coplanarity
is not expected. A review of formation mechanisms of close-in
planetsmay be found inWeidenschilling & Mazzari (1996) and
Lin et al. (1999).

The amplitudeof the radial velocity anomaly stemming from
the transit is strongly dependent on the star’s v sin i for a given
planet radius. A transit across a star with high v sin i produces a
larger radial velocity signature than across a slow rotator. How-
ever it is more difficult to measure accurate radial velocities for
stars with high v sin i. It requires higher signal-to-noise spec-
tra because the line contrast is weaker. A star like HD209458
with v sin i about 4 km s−1 is a good candidate for such a de-
tection.With the large wavelength domain of ELODIE (3000Å)
approximately 2000 lines are available for the cross-correlation
thus only moderate signal-to-noise ratio spectra (50-100) are
required.

If we use the planet’s radius derived from the photometric
transit, the v sin i of the star can be estimated from the mea-
surement of the spectroscopic transit. Unlike spectral analysis,
the measurement of the v sin i provided by the spectroscopic
transit is almost independent of the accurate knowledge of the
amplitude of the spectral broadening mechanism intrinsic to the
star. A complete description of transit measurements is given in
Kopal (1959) for eclipsing binaries and Eggenberger et al. (in
prep.) for planetary transit cases.

2. The measurement of the spectroscopic transit

During the transit, on November 25th 1999, we got a continu-
ous sequence of 15 high precision radial velocity measurements
with the spectrograph ELODIE on the 193cm telescope of the
Observatoire deHaute Provence (Baranne et al. 1996) using the
simultaneous thorium setup. The following night we repeated
the same sequence, but off-transit this time, in order to check for
any instrumental systematics possibly stemming from the rela-
tive low position on the horizon. For both nights the sequence
was stopped when a value of two airmasses was reached. The
ADC (atmospheric dispersion corrector) does not correct effi-
ciently at higher airmass.

As usual for ELODIEmeasurements, the data reductionwas
made on-line at the telescope. The radial velocities have been

Fig. 1. Two sequences of radial velocity residuals for the star
HD209458 taken at the same time during the night but one day apart.
The data are corrected for the orbital motion of the planet with the
Mazeh et al. 2000 ephemeris. Top out of the planetary transit, the
residuals agree with random error. Bottom during the planet transit
an anomaly is detected. The duration of the photometric transit is in-
dicated by the thick dashed line. Notice the good timing agreement
between the beginning of the photometric transit and the beginning
of the radial velocity anomaly. Our best model of the radial velocity
anomaly (see below) is superimposed on the data (solid line). The 1σ
confidence level of the anomaly model is illustrated by the dotted area

measured by a cross-correlation technique with our standard
binary mask and Gaussian fits of the cross-correlation functions
(or mean profiles) (see Baranne et al. 1996 for details).

The residuals from the spectroscopic orbit of HD209458
(Mazeh et al. 2000) are displayed for two selected time spans
in Fig. 1. During the transit an anomaly is observed in the resid-
uals. The probability to be a statistical effect of a random noise
distribution is 10−4 (χ2 = 53.4). The second night with the
same timing sequence no significant deviation from random
residuals is observed. Note that the usual 10m s−1long-term
instrumental error has not been added to the photon-noise er-
ror since the instrumental error is negligible on this time scale,
accordingly with the 40% confidence level measured for the
non-signal model during the off-transit night.

3. Modeling the data

In Fig. 2 the geometry of our model is illustrated. The orbital
motion is set in the same direction as the stellar rotation. This
configuration actually stems from the transit data themselves:
the radial velocity anomaly first has a positive bump and then a
negative dip. This tells us that the planetary orbit and the stellar
rotation share the same direction whatever the geometry of the
crossing may be (direct orbit).

LE
TT
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HD209458b, first atmospheric component detected 
NaI  4-σ detection 
Charbonneau et al. 2002

We bin nNa(t) in time and plot these results in Figure 4.
These further illustrate that we have observed a deeper
transit in the sodium band.

We investigate the possibility that the observed decre-
ment is due to nonlinearity in the STIS CCD. Because the
observed value of DnNa is !2.32 " 10!4 for a change in
mean intensity from in-transit to out-of-transit of
!1.6 " 10!2, a nonlinearity of#1% across this range would
be required. Gilliland, Goudfrooij, & Kimble (1999) derive
an upper limit that is an order of magnitude lower than this.
We further test this effect directly by selecting 18 strong stel-
lar absorption features in our observed wavelength range.
For each spectral feature, we define a set of bandpasses with
the same wavelength range as those listed in Table 1, but
now centered on the spectral line. We derive Dn and Dm for
each of these as in equation (5). The results are shown in
Figure 5. We find no correlation of either Dn or Dm with
spectral line depth. These tests also confirm our evaluation
of the precision we achieve in equation (5). We find that the
values of Dn or Dm are normally distributed, with a mean
consistent with 0 and a standard deviation as we found
above (eq. [5]).

3. COMPARISON WITH THEORETICAL PREDICTIONS

As described above, the quantity that we observe is the
difference between the transit depth in a band centered on

the Na D lines and the average of that of two flanking
bands, as a function of time from the center of transit. We
designated these time series nNa(t),mNa(t), andwNa(t) above.
We wish to compare these results with models of the plane-
tary atmosphere. Several steps are required to transform the
model predictions into the same quantity as the observable,
and we describe these steps here.

We first produce several model calculations of the change
in the effective planetary radius as a function of wavelength,
as prescribed by Brown (2001). For all the models, we use

Fig. 2.—Unbinned time series nNa (top), mNa (middle), and wNa (bottom)
as a function of absolute time from the center of transit. The means of the
in-transit values of nNa andmNa are both significantly offset below 0.

Fig. 3.—Black solid line: Histogram of the out-of-transit values of nNa
(Fig. 2, top panel ). Black dashed curve: Gaussian distribution, with a mean
of 0 and ! = 5.5 " 10!4, as prescribed from photon noise predictions,
normalized to the same area. Gray solid line: Histogram of the in-transit
values of nNa, renormalized to the same number of observations as the
black solid line. Gray dashed curve: Gaussian distribution with the same !
as the black curve, but with a mean of !2.32 " 10!4 (the observed value).
The gray histogram is significantly offset from 0.

Fig. 4.—Top: Unbinned time series nNa (Fig. 2, top panel ).Bottom: These
data binned in time (each point is the median value in each bin). There are
10 bins, with roughly equal numbers of observations per bin (42). The error
bars indicate the estimated standard deviation of the median. The solid
curve is a model for the difference of two transit curves (described in x 3),
scaled to the observed offset in the mean during transit,
DnNa = !2.32 " 10!4.

380 CHARBONNEAU ET AL. Vol. 568

2002

2000

1995



7

First imaged companion, 4 MJup at 55 AU 

Schneider et al., 2004 

microlensing: first massive companion at ~ 3AU 
Bond et al., ApJ 2004 

2004

2002

2000

1995

L156 BOND ET AL. Vol. 606

Fig. 1.—Light curve with best-fitting and single-lens models of O235/M53.
The OGLE and MOA measurements are shown as red filled circles and open
blue circles, respectively. The top panel presents the complete data set during
2003 (main panel) and the 2001–2003 OGLE data (inset). For clarity, the error
bars were not plotted, but the median errors in the OGLE and MOA points
are indicated in the legend. The bottom panel is the same as the top panel,
but with the MOA data grouped in 1 day bins, except for the caustic crossing
nights, and with the inset showing MOA photometry during 2000–2003. The
binary- and single-lens fits are plotted in flux units normalized to the unlensed
source star brightness of the best planetary fit, and they are indicated by the
solid black and cyan dashed curves, respectively.

TABLE 1
Microlens Model Parameters

Model M /Mp ∗ v /v∗ E a /Rproj E

f
(deg) u0 t0

tE
(days)

Isource
(mag)

2x
(1267 dof)

2xMOA
(1089 dof)

2xOGLE
(178 dof)

Best-fit . . . . . . . . . . . . . . 0.0039(!11, "7) 0.00096(11) 1.120(7) 223.8(1.4) 0.133(3) 2848.06(13) 61.5(1.8) 19.70(15) 1390.49 1151.00 239.50
Early caustic . . . . . . . . 0.0070 0.00104 1.121 218.9 0.140 2847.90 58.5 19.62 1397.87 1149.37 248.49
Best nonplanet . . . . . . 0.0300 0.00088 1.090 187.9 0.144 2846.20 57.5 19.68 1601.44 1229.47 371.98
Single-lens . . . . . . . . . . … … … … 0.222 2847.77 45.2 19.10 2041.45 1624.17 417.28

Note.—The units for are .t HJD" 2,450,0000

The photometry was derived using difference imaging analysis
carried out independently by the OGLE andMOA teams on their
respective data sets. This method is the current state of the art
for photometric accuracy in crowded fields (Alard 1999; Alcock
et al. 1999). Our analysis resulted in two sets of time-series
photometry in the I band corresponding to 183 OGLE mea-
surements and 1092 MOA measurements during 2000–2003.
In Figure 1, we show the light curve for this event on various

timescales from 2000 March to the present. The long-term be-
havior is typical for single point mass microlensing events, and
it is similar to the almost 2000 other events discovered in the
Galactic bulge since 1993. The unique feature of O235/M53,
however, is a short-duration deviation from the profile expected
for a single lens, seen clearly in both data sets during 2003 July
14–21. Moreover, a spike, which is characteristic of those binary
microlensing events where the source enters or exits a bounded
“caustic” region in the magnification map projected on the sky,
was observed and well covered by MOA on 2003 July 21. This
caustic region was crossed 12% of the overall lens Einstein radius
crossing time. This short duration, combined with the small
(∼25%) amplitude of the photometric deviation in the caustic
region interior, suggest an extreme mass ratio binary system.

As well as regular monitoring in the I band, several V-band
observations were obtained by OGLE at various magnifications
of the event. These were not used in the microlensing modeling,
but they were used to constrain the source and lens star properties.
By plotting the linearized fluxes in the I and V bands against
each other, a model-independent measurement of the color index
of the source star was determined. We obtained !V"I p 1.58
0.02. Using mag for the interstellar reddeningE(V"I) p 0.82
toward the source (Sumi 2004), the corrected color index of

indicates a G-type source star.(V"I) p 0.76! 0.020

3. LIGHT-CURVE MODELING

The modeling of the observed light curve of O235/M53 was
performed independently by three groups using different meth-
ods to generate numerical binary microlensing light curves
(Bennett & Rhie 1996; Mao & Loeb 2001; Rattenbury et al.
2002), and all three found the solution that is presented in
Figure 1. The observable quantities for all microlensing events
are the Einstein radius crossing time , the impact parametertE
(in Einstein radius units) of the source star trajectory withu0

respect to the lens center of mass, and the time of the closestt0
approach to the center of mass. For binary microlensing events,
one also measures the mass ratio, , the transverseq { M /M1 2
separation, a, of the lens components, and the position angle,
f, of the binary with respect to the source-lens transverse ve-
locity. For caustic crossing events, one also measures the ratio,

, of the apparent angular radius of the source star tor { v /v∗ E
that of the Einstein ring. In addition to these seven physical
parameters, there are two linear scaling parameters between the
magnification and the flux units for each passband, giving a
total of 11 parameters for the modeling. In our modeling pro-
cedure, we searched for local minima using minimization2x
procedures that allowed all 11 parameters to vary simulta-
neously. Our light-curve modeling also employed a surface
limb-darkening profile appropriate for a G-type star assuming
a metallicity that is approximately solar.
In Table 1, we list the physical microlensing parameters for

the best-fitting model shown in Figure 1. This model has
for 1267 degrees of freedom (dof) and an ex-2x p 1390.49

treme mass ratio of , which is a strong indicationq p 0.0039
that the secondary may be a planet. Since microlensing light
curves generally allow a much more accurate determination of
the mass ratio than the absolute mass of either body, the most
sensible way to distinguish planetary microlensing events from
those due to binary systems is through a criterion based on the
mass ratio parameter q. There is a well-known minimum in
the distribution of mass ratios for binary stars and planetary
systems, which is known as the “brown dwarf desert.” There
are few systems known with (Halbwachs et al.0.01 ! q ! 0.1
2000; Chabrier 2003; Mazeh & Zucker 2002). Thus, it is sen-
sible to define the boundary between stellar binary and plan-
etary binary microlensing events in between these q-values to
minimize any possible ambiguity. This leads to a criterion of
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HD 189733b: map of the day-night contrast 

Spitzer observation at 8μm:   

Tbmin = 973±33 K  and Tbmax = 1212±11 K  

Knutson et al. 2007
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HR8799, first imaged planetary system, 
masses from 7 to 10 MJup, 15-70 AU  

Marois et al., 2008
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CoRoT-1b 

CoRoT-1b, first phase curve in the visible 
Ag < 0.20 
Snellen et al., 2009, Nature
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HR8799a, b, c and d spectra 
  Oppenheimer et al., ApJ 2013

2013

2009
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2000

1995

The Astrophysical Journal, 768:24 (16pp), 2013 May 1 Oppenheimer et al.

Figure 4. Spectra of the b, c, d, and e components using the S4 algorithm. 1σ error bars are indicated on either side of each point. Spectra are shown for comparative
purposes in normalized fλ. The dotted spectrum of component c is extracted from the 2012 October data and shows poorer detection in the J band due to seeing
conditions. All other spectra are from the 2012 June epoch. The black dashed lines are spectra of the background extracted at the same radial distance from A for each
component. They consist of the average of six different randomly-selected locations in the azimuthal direction; they represent comparative “noise level” estimates.
Tentative identification of some molecular features (excluding water) are indicated at the top of the plot. CO2 is listed with a question mark as explained in Section 8.3
and could also be attributable to HCN.

exhibiting strong methane and water absorption. The fact that
bright companion spectra are reliably extracted does not mean
that the same techniques can be applied to faint companions
below the speckle floor. Thus, we present four separate tests
below of the S4 spectral extraction method (Appendix B) and
some statistical comparisons of the four spectra.

We also note that because both KLIP and S4 reproduce the
same features within the errors (Appendix B) in the spectra
and are different techniques, the confidence in the spectral
extractions is already high.

The statistical significance of the detections, in the form of
an average over all λ for b and c and just the H band for d and
e, and a maximum, both in units of signal-to-noise ratio, using
the background spectrum as the baseline noise against the error
bars, is listed in Table 3. We note, however, that our methods of
determining the error bars and using the background spectrum
as the noise level are intentionally conservative, leading to over
estimates of the errors and underestimates of the S/N (see
Appendices and Fergus et al. 2013). This statement is bolstered
by the data shown in Figures 5, 8, and 9.

7.1. Comparison with Other Studies

The only companion object to HR 8799 with published spec-
tral information in this study’s wavelength range is component
b (Barman et al. 2011). Our spectrum in the same wavelength
region agrees with the Barman et al. (2011) spectrum, except
for two points which deviate by roughly 2σ . Figure 5 shows
both spectra overlaid to demonstrate the consistency of the
two results. The current spectrum reveals two distinct features
however. These are discussed in detail in Section 8.3.

Table 3
Average and Maximum Signal-to-Noise Ratiosa

b c c d e
June October

Average 7.0 7.9 4.2 5.1 4.3
Max. 15.4 29.1 9.5 9.7 8.9

Note. a S/N values use the background and the error bars. For the
last three columns, only points in the H band are included.

7.2. Other Locations in the Detection Map

To evaluate the S4 spectral extraction fidelity for each of
the four components, we also extracted spectra at 6 different,
randomly selected locations at the same angular radius from the
central star. These spectra are essentially flat and do not reveal
the detection of any object. Rather, they indicate the background
against which the planets themselves are being detected. These
are shown in Figure 4 by the dashed lines for each component.
Note that in the case of d and e, these background spectra
show that the components are only barely detected in the Y
and J bands. However, integration of these channels permits the
photometry for b and c and the upper limits for d and e.

Along these lines, we also derived spectra of 14 other
similarly bright peaks in the detection map shown in Figure 3, to
see whether they were real sources. All of them, which are either
not point sources or are of lower significance than the bona-
fide companions, either showed peaks in the insensitive water
band between 1350 and 1430 nm—indicating spurious starlight
contamination—or flat, featureless spectra at levels similar to
the nearby background, indicating that they are not real sources.

7
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 beta Picb fast spin  
  Snellen et al., Nature 2014
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Figure 1. The broadened cross-correlation signal of β  Pictoris b. Panel a) shows the CO+H2O 

cross-correlation (CC) signal as function of the position along the slit (rotated by 30o North to East), 

after the stellar contribution was removed. The x-axis shows the radial velocity with respect the 

system velocity (+20±0.7 km sec-1) of the star15. The y-axis denotes the relative position with respect 

to the star β Pictoris with the planet located 0.4% below, both indicated by horizontal dashed lines. A 

broad signal, at an SNR of 6.4 is visible, blue-shifted by -15.4±1.7 km sec-1 (1σ) with respect to the 

system velocity. Panel b) shows the CC signal at the planet position. The dotted curve shows the 

arbitrarily scaled auto-correlation function of the λ/Δλ=100,000 model template, indicating the CC-

signal expected from a non-rotating planet.   
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M. Deleuil et al.: CoRoT-Exo-3b: first transiting close-in substellar object 895

Fig. 9. Stellar evolutionary tracks from the STAREVOL models for
masses in the range 1.30 to 1.44 M⊙ for the measured metallicity
[M/H] = −0.02, shown with the parameters derived from the observa-
tions: Teff and M1/3

⋆ /R⋆.

To determine the mass and radius of the parent star we used
the same methodology as for the two first CoRoT planets (Barge
et al. 2008; Bouchy et al. 2008), i.e. we used Teff and [M/H]
from the spectroscopic analysis and M1/3

⋆ /R⋆ from the light
curve analysis which provides a better estimate of the fundamen-
tal parameters, thanks to the good quality of the CoRoT light
curve. From a comparison with evolutionary models as shown
in Fig. 9, we can constrain the fundamental parameters of the
parent star. In this study, we mainly relied on STAREVOL (Siess
2006; Palacios, private communication) stellar evolution mod-
els to derive the stars precise parameters. We also compared
these with the results obtained using CESAM (Morel & Lebreton
2007) and we found that both stellar evolution model tracks were
in agreement. The details of the comparison between the differ-
ent models will be presented in a forthcoming paper. We find the
stellar mass to be M⋆ = 1.37 ± 0.09 M⊙ and the stellar radius
R⋆ = 1.56 ± 0.09 R⊙, with an age in the range 1.6−2.8 Gyr. This
infers a surface gravity of log g = 4.24 ± 0.07, which is in good
agreement with the spectroscopic result of log g = 4.22 ± 0.07,
and implies that the correction due to NLTE effects is indeed
relevant.

In a final step, we calculated the distance to the star. We used
the physical parameters of the star we derived and its colors to
estimate the reddening. Using the extinction law from Rieke &
Lebofsky (1985), we found the absorption AV = 0.52 ± 0.5 mag,
yielding a distance of 680 ± 160 pc. We checked that the value
of the extinction we derived is consistent with strong saturated
Na I (D1) and (D2) interstellar lines as well as reddening maps of
Schlegel et al. (1998) which give a maximum absorption towards
our target of 1 mag.

We also investigated the possibility of a physical associa-
tion between CoRoT-Exo-3 and the nearby brightest companion
at 5.6′′. Given our estimated distance to the star, the range of
possible extinction on the line of sight, and the apparent visual
magnitude of the contaminant (V = 16.46 ± 0.07) we derived
an absolute visual magnitude MV = 6.8 ± 0.5, consistent with a
K-type star. We compared the colors of the contaminant we cal-
culated from our ground-based observations and 2-MASS pho-
tometry (Table 1) with those predicted for a star of this spec-
tral type. We found that within the precision of the different
parameters, a physical association could not be excluded. In that
case, their separation would be about 3800 AU and the orbital
period of the companion would be ∼235 000 years. On the other

Table 6. CoRoT-Exo-3b parameters.

Mass (MJup) 21.66 ± 1.0
Radius (RJup) 1.01 ± 0.07
density (g cm−3) 26.4 ±5.6
log g 4.72 ± 0.07

Fig. 10. Mass-radius diagram for all transiting planets and low-mass
M stars with theoretical isochrones at 10 and 1 Gyr from Baraffe et al.
(2003) overplotted.

hand, according to the UCAC2 catalogue (Zacharias et al. 2004),
CoRoT-Exo-3 displays a proper motion while none is detected
for the companion. This non detection would hence rather favor
a background star. Given our current knowledge we can not draw
a firm conclusion about the possibility of binarity for CoRoT-
Exo-3. More complementary observations are required.

4. CoRoT-exo-3b parameters and discussion

4.1. Nature of CoRoT-exo-3b

Using the stellar properties determined in the previous section
and the characteristics of the transiting body as derived from
the transit and the radial velocity fits, we derive a mass of the
companion of Mp = 21.66 ± 1.0 MJup, a radius Rp = 1.01 ±
0.07 RJup, an inferred density of ρ = 26.4 ± 5.6 g cm−3, and a sur-
face gravity of log g = 4.72 ± 0.07 (Table 6). With such proper-
ties, CoRoT-Exo-3b clearly distinguishes itself from the regular
close-in extrasolar planet population. In a mass-radius diagram,
the position of CoRoT-Exo-3b is well inside the gap in mass be-
tween planetary and low-mass star companions (Fig. 10).

Traditionally, a planet has been defined as an object lighter
than 13 MJup, as such objects are supposed not to have an internal
nuclear source of energy (Deuterium burning). From this point
of view, CoRoT-Exo-3b is definitely a brown-dwarf. Indeed, in
this low mass range, models predict an almost constant Jupiter-
size radius (Baraffe et al. 2003). As illustrated in Fig. 10, CoRoT-
Exo-3b parameters are in good agreement with the expected
mass-radius relationship on the low-mass tail of these substel-
lar objects.

Another definition makes use of the formation scenario: a
planet is formed by core accretion of dust/ices in a protoplane-
tary disk, while a brown-dwarf is formed by collapse of a dense
molecular gas cloud. In that case, the separation between the
brown-dwarf and planet population is blurrier since a planet,
starting with a solid core, can end up with a gaseous envelope as
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pile-up at 3 days: 
excess of planets beyond 1 AU
excess of planets beyond 1 AU

period valley  0.1 - 1 au

88 % of the 
detected planets 
with P ≥ 100 d

Hot Jupiters

8 Alexander

Figure 4. Exoplanet semi-major axes: the shaded histograms show current exoplanet data
(taken from exoplanets.org; Wright et al. 2011); the dashed histograms show model predic-
tions from Alexander & Pascucci (2012). The “pile-up” of ∼Jupiter-mass planets is plausibly
explained by the interaction between migrating planets and gap-opening due to photoevapora-
tion. [Figure adapted from Alexander & Pascucci (2012).]

ate statistical samples. They tested their model against observations of both discs and
exoplanets, and showed that this simple scenario successfully reproduces the observed
properties of protoplanetary discs and the distribution of giant planets at ∼AU radii.
However, as disc dispersal by photoevaporation is not scale-free, it has the potential to
leave a signature on the resulting planet distribution. Alexander & Pascucci (2012) re-
visited this issue, and found that photoevaporative gap-opening alters planet migration
in a manner that is rather sensitive to both the planet mass and the efficiency of accre-
tion across the planet’s orbit. The migration rate of planets close to Rc changes when
the gap opens, and this results in mass-dependent “deserts” and “pile-ups” in the distri-
bution of planet semi-major axes (see Fig. 4). Alexander & Pascucci (2012) tentatively
associated the observed pile-up of ∼Jupiter-mass planets at ∼1AU with this effect, and
suggested that we may be able to link features in the observed exoplanet distribution
to the physics of protoplanetary disc evolution. Other mechanisms, such as planet traps
(e.g., Hasegawa & Pudritz 2012), can also lead to similar planet pile-ups, and it remains
to be seen whether such features in the initial planet distribution are preserved over Gyr
time-scales. However, these results suggest that it may be possible to use the observed
properties of exoplanets to inform our understanding of both disc evolution and planetary
accretion.

4. Summary

In summary, we now understand that planets form in evolving protoplanetary discs, and
that disc evolution plays a major role in both the formation of planets and the subsequent
dynamical evolution of planetary systems. The main processes driving disc evolution on

Formation beyond the snow line 
and migration

Alexander & Pascucci 2012 

model predictions 

Udry et al., 2002
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Fig. 11: Comparison of the different transit planets discovered by
CoRoT (red squares) or by other experiments (yellow bowties),
as well as Corot-23b (blue diamond) in a mass/radius diagram.
Corot-23b lies on the curve that joins the densest CoRoT plan-
ets.

Fig. 12: Diagram of eccentricity vs semi-major axis of the dif-
ferent transiting planets that have no-zero eccentricity. We dis-
play with different symbols the ones discovered by CoRoT (red
squares), by other experiments (yellow bowties), and by Corot-
23b (blue diamond). The vertical line marks an arbitrary frontier
between hot and warm Jupiters.

the planet, so that de/dt is described by Eq. 17 of Matsumura
et al. (2010). We computed the evolution of e with time starting
from two situations of a rather high eccentricity (0.8 and 0.5)
just after the formation of the planet. This is illustrated in Fig.
14 where several acceptable values for Qp were considered. We
find that the damping would be fast enough to circularize the or-
bit only for the lowest initial eccentricity and the lowest value of
Qp. We conclude that, if the Corot-23 system is indeed mature
with an age, say over 5 Gyr, then the damping of the eccentric-
ity should have been slow, a condition reached as soon as Qp is
greater that 3. 105. This value appears to be well within the pau-
sible range and even at the lower bound: no unusual response of
Corot-23b to tides would then be required to explain its eccen-
tricity.

We note also that, compared to Corot-20 (Deleuil et al.
2011), the system has a larger stellar property factor (as defined
by Pätzold & Rauer 2002) by a factor of 10 and a larger Doodson
contant (as defined by Pätzold et al. 2004). The consequence
could be that the planet may get lost in the star in a time compa-
rable to the age of the system if Q∗/k2∗ is less than 107, where Q∗
is the stellar tidal energy dissipation factor and k2∗ is the stellar
Love number. This preliminary analysis will be developed in a
forthcoming paper.

Fig. 13: Corot-23b (blue dot) added on the Mpl/ M⋆vs a / Rpl
diagram proposed by Pont et al. (2011). Corot-23b appears to
lie outside the band of circularized planets.
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Fig. 14: Evolution of the eccentricity of Corot-23b with time (in
Myr) for two initial conditions (e = 0.5: solid lines and e = 0.8:
dash lines) and four different values of the tidal quality factor
Qp: 105, 3. 105, 106, and 107. The evolution of e was computed
using Eq. 17 of Matsumura et al. (2010) and the parameters of
Table 3. The horizontal blue line corresponds to the measured
eccentricity of Corot-23b.

6. Conclusions
After the discovery by the CoRoT satellite of transit-like pho-
tometric events on the star Corot-23, a planet that we called
Corot-23b was eventually confirmed using ground-based pho-
tometric and spectroscopic follow-up observations. The ampli-
tude of transits is ∆F/F ≈ 4.3 10−3 ± 0.1 10−3, as detected by
the satellite. The star, characterized with high-resolution spec-
troscopy has the spectral type G0 V and is considered to be ma-
ture, i.e. close to leaving the main sequence. The planetary mass
resulting from RV measurements is Mpl ≈ 2.8 MJup. The plane-
tary orbital period, 3.6314 days, indicates that the planet belongs
to the now classical hot Jupiter class.

What is less classical is that it features an eccentricity at the
significant level of 0.16. A second intriguing pecularity is the
density ρp = 3 g cm−3, which makes Corot-23b among the dens-
est exoplanets of this category. Those two properties clearly do
not usually pertain to that class of hot Jupiters.

We, however, show that both characteristics are not all that
extraordinary, because the density is likely the consequence of
the long duration of the planet contraction and maybe of a rather
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Fig. 11. Transit radius of CoRoT-27b as a function of age, as computed
by SET. The 68.3%, 95.5% and 99.7% confidence regions are denoted
by black, dark grey, and light grey areas respectively. The curves rep-
resent the thermal evolution of a 10.39 MJup planet with an equilibrium
temperature of 1500 K. Text labels indicate the amount of heavy ele-
ments in the planet (its core mass, in Earth masses). Dashed lines repre-
sent planetary evolution models for which 0.25% of the incoming stellar
flux is dissipated into the core of the planet, whereas plain lines do not
account for this dissipation (standard models).

The young solution can be reliably ruled out based on plane-
tary contraction models, while the older solution can explain the
measured mass density and radius for a range of planetary core
masses.

6.3. Stellar rotation period

An attempt was made to measure the stellar rotation period using
the autocorrelation function (ACF) -based method by McQuillan
et al. (2013). The analysis was carried out using a jump-corrected
version of the light curve, but no periods could be detected reli-
ably. The result is not surprising given the amount of systematics
in the light curve (see Fig. 2).

6.4. CoRoT-27b in context

CoRoT-27b’s mass places it inside the overlapping mass regime
between low-mass brown dwarfs and massive planets (Leconte
et al. 2009; Bara↵e et al. 2010). The exact nature of objects
in this mass range is not straightforward to establish, and, in-
deed, depends on the definition of a planet (see Schneider et al.
2011, for an overview). Definition by mass—whether the object
is massive enough to have sustained deuterium fusion at some
point of its history—has ambiguities, since the deuterium burn-
ing mass limit can vary from 11 to 16 MJup depending on the
object’s metal and helium content (Spiegel et al. 2011). Also,
systems exists with multiple companions likely on both sides of
the deuterium burning limit (Marcy et al. 2001). The definition
by formation history—whether the object formed by accretion or
gravitational collapse—is not without problems either, since we
have no reliable means to probe the formation history of an indi-
vidual object. However, the planet and brown dwarf populations
may show some systematic di↵erences on measurable proper-
ties, but if such di↵erences exists, more objects are required for
any groupings to become discernible.

Fig. 12. CoRoT-27b mass, period and density compared with the pop-
ulation of confirmed transiting exoplanets. Planets with masses larger
than 20 MJup and densities higher than 15 g/cm3 have been excluded.

Considering deuterium burning, CoRoT-27b’s 2� upper
mass limit exceeds the minimum deuterium burning mass limit
of 11 MJup (Spiegel et al. 2011), but is well below the conven-
tional 13 MJup limit. Thus, it is unlikely, but not completely ex-
cluded, that CoRoT-27b would have ever sustained deuterium
fusion.

Given the dearth of known massive short-period planets, any
statistical analyses are fated to be dominated by small num-
ber statistics. Keeping this in mind, massive short-period plan-
ets show a tentative preference to be found orbiting relatively
rapidly rotating stars on eccentric orbits (Bakos et al. 2011;
Southworth et al. 2009, also Fig. 14), without significant corre-
lation between planetary mass and host-star metallicity (Bakos
et al. 2011). They are also more common around binary systems
than single stars (Udry et al. 2002). We show the CoRoT-27b
mass, density and period compared with the population of tran-
siting exoplanets in Fig. 12, planetary masses and eccentricities
for massive close-in planets in Fig. 13, and the average v sin i ,
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M. Deleuil: CoRoT-20b: A very high density, high eccentricity transiting planet

2010). Assuming that the transit timing precision can be forced
down to 5 sec in the future, this O − C value will be reached in
45 years from now.

Turning to the evolution of the eccentricity during the cir-
cularization process, it has two consequences. First the occur-
rence of the secondary eclipse will change. The displacement
D of the secondary from phase 0.5 is given by (eqn 1 and 2
Borkovits, 2004, e.g.). The previous results of the tidal evo-
lution calculations indicated ė = −4.5 10−5 1/Myr and Ṗ =
−1.5 10−3 days/Myr. Assuming a constant ω, we have that
Ḋ = −37.56 10−5 days/Myr or Ḋ = −9.53 10−12 days/cycle.
This variation is of the same order as the previous one caused by
the decreasing semi-major axis, so it would be observable within
a century, too.

For the second effect, that is the circularization of the or-
bit, one can also consider the occurrence of a small precession
of the orbit. This effect is hardly observable, but interesting on
the theoretical side, since the transit occurs at the true anomaly
v = 90◦ − ω where ω is the argument of periastrion. The later is
also subject to variations because of theory of general relativity
but also because the tidal effects force the apsidal line to rotate.
However, this variation has a different time-scale. We thus do
not take this into account here, even if tidal forces also cause a
small precession of the orbit showing that ω̇ is not zero. So if e
decreases due to circularization, and even if ω is constant, then
at the epoch of transit the eccentric anomaly will increase and
hence the mean anomaly at transit will occur later. However, a
first estimation shows that this effect may be negligible in a ten
year timescale.

6.2. Internal structure

CoRoT-20b is a massive hot-Jupiter with a mass of 4.24 MJup and
a radius of 0.84 MJup. Given the large planetary mass, this small
size is surprising. Among Jupiter-mass planets, only HAT-P-20b
(Bakos et al., 2010) has a comparable size, i.e. 0.867 ± 0.033
RJup.

To investigate the internal structure of CoRoT-20b, we com-
puted planetary evolution models with CEPAM (Guillot &
Morel, 1995), following the description in Guillot & Havel
(2011), and Havel et al. (2011) for a planet of a total mass 4.24
MJup. We derived a time-averaged equilibrium temperature of the
planet to be Teq = 1002 ± 24 K. The results for Teq = 1000 K
are shown in Fig. 10 in terms of the planetary size as a function
of the system age. The coloured regions (green, blue, yellow) in-
dicate the constraints derived from the CESAM stellar evolution
models (Morel & Lebreton, 2008) at 1, 2, and 3σ level, respec-
tively. For preferred ages between 100 Ma and 1 Ga, we find that
CoRoT-20b should contain between 680 and 1040 M⊕ of heavy-
elements in its interior (i.e. between 50 and 77% of the total
planetary mass), at 1σ level. While this result is qualitatively in
line with the observed correlation between star metallicity and
heavy elements in the planet (e.g. Guillot et al., 2006; Miller &
Fortney, 2011, and references therein), the derived amounts are
extremely surprising. They would imply that all the heavy ele-
ments of a putative gaseous protoplanetary disk of 0.1 to 0.15 M⊙
were filtered out to form CoRoT-20b, and then that an extremely
small fraction of hydrogen and helium in that disk was accreted
by the planet. This is at odds with todays formation models (e.g.
Ida & Lin, 2004; Mordasini et al., 2009).

We investigated the possibility that changes in the atmo-
spheric model would yield more ”reasonable” values for the
planetary enrichment. As can be seen from a similar study in the
brown dwarf regime (Burrows et al., 2011), the consequences

Fig. 10. Evolution of the size of CoRoT-20b (in Jupiter units) as a func-
tion of age (in billion years), compared to constraints inferred from
CoRoT photometry, spectroscopy, radial velocimetry and stellar evo-
lution models. Green, blue and yellow regions correspond to the plan-
etary radii and ages that result from stellar evolution models matching
the inferred ρ⋆ - Teff - [Fe/H] uncertainty ellipse within 1σ, 2σ and
3σ, respectively. Planetary evolution models for a planet with a solar-
composition envelope over a central dense core of variable mass (0, 400,
800, and 1000 M⊕ as labelled) are shown as dashed lines. These mod-
els also assume that 1% of the incoming stellar irradiation is dissipated
deep into the interior of the planet.

of modified atmospheric properties are limited for objects with
the mass of CoRoT-20b (i.e. standard radii for objects of this
mass range from 1.05 to 1.20 RJup). By artificially lowering the
infrared atmospheric opacity by a factor 1000 (not shown), we
were able to decrease the 1σ upper limit to the core mass from
650 to 390 M⊕, a small change compared to huge and unphysical
decrease in the opacity.

On the other hand, one strong assumption in our study is that
heavy elements are embedded into a central core. When rela-
tively small amounts of heavy elements are considered, it is not
very important whether they are considered as being part of a
core or mixed in the envelope (e.g. Ikoma et al., 2006). However,
as shown by Baraffe et al. (2008), when 0.5 MJup of ices are
mixed in the envelope of a 1 MJup planet, its radius is smaller by
∼ 0.1 RJup than when one considers that these elements are part
of a central core. It is thus very likely that the mass of heavy el-
ements required to explain the radius of CoRoT-20b is high but
significantly smaller than considered here. Estimates based on
the Baraffe et al. (2008) calculations indicate that if mixed in the
envelope, a mass of heavy elements 2 to 3 times smaller than
estimated in Fig. 10 would explain the observed planetary size.
This would alleviate the problem of the formation of the planet,
although it would still require relatively extreme/unlikely sce-
narios.

7. Summary

In this article we presented the discovery of CoRoT-20b. The
object belongs to the population of massive planets with or-
bital semi major axes below 0.1 AU, a domain of orbital peri-
ods where low and high eccentricity systems co-exist in a nar-
row range of orbital period. We examined the tidal stability of
CoRoT-20 and found that, within the observational uncertain-

7

Deleuil et al., 2012

200 - 360 M♁

700 - 1000 M♁



18

Inflated hot Jupiter 
additional energy deposit  

tidal dissipation 

ohmic or kinetic energy 

planet’s properties 

enhanced atmospheric opacities 

double diffusive convection 

coupling of the day and night sides

The Astrophysical Journal, 772:76 (13pp), 2013 July 20 Spiegel & Burrows

10
8

10
9

10
10

1

1.2

1.4

1.6

1.8

2

Substellar−Point Flux (erg/cm2/s)

R
ad

iu
s 

(R
J)

M
ass (M

J )

Radius vs. Flux
(points colored by mass)

0.50

1.06

2.26

4.80

10.20

21.66

Figure 1. Radius vs. incident flux. For each transiting planet in the radius range
from 0.9 to 2.07 RJ found on http://exoplanet.eu (circa 2013 February), we plot
the planet’s radius against the incident stellar flux at the substellar point; points
are colored according to planet mass. The planets with the largest radii tend to
be highly irradiated and low mass.
(A color version of this figure is available in the online journal.)

Huang & Cumming 2012; see also Perna et al. 2010a, who
discussed a similar ohmic heating mechanism that might occur
in the radiative portion of the atmosphere). Since many hot
Jupiters have nearly circular orbits in which there should be little
present day tidal dissipation, steady-state tidal heating probably
cannot generically explain all inflated radii. The possibility
remains that a planet might have experienced an episode of tidal
circularization in the recent past, injecting significant energy,
increasing its radius, and effectively “resetting the clock” on its
evolutionary shrinkage (Ibgui & Burrows 2009). However, since
the Kelvin–Helmholtz timescale of an inflated hot Jupiter planet
is on the order of ∼100 million years, far shorter than the ages of
the systems, this sort of explanation requires some fine tuning in
the timing and, therefore, in the initial orbital configuration and
efficiency of tidal dissipation. While it might explain the radii
of some inflated hot Jupiters, it is not a preferred explanation
for the entire population (Leconte et al. 2010; Ibgui et al. 2011).
Indeed, Ibgui et al. (2011) found via an exhaustive parameter
study that the extremely large radius (∼1.7 RJ) of TrES-4, for
instance, cannot be explained simply by a recent episode of tidal
dissipation.

Heating the atmosphere of a planet can puff up its outer
few scale heights, but cannot directly explain the radii of
many of the larger hot Jupiters (e.g., those with radii !1.5
RJ must almost certainly have inflated interiors). However,
since the atmosphere of a planet is the conduit through which
the convective interior radiatively loses its heat (entropy), the
thermal structure of the atmosphere critically mediates the
evolution of the thermodynamics of the interior. The intense
stellar irradiation that hot Jupiters experience can dramatically
change the vertical profiles of their atmospheres, inducing a deep
isothermal layer through which evolutionary cooling is largely
effectively stanched (Guillot et al. 1996; Burrows et al. 2000,
2003, 2006, 2007a; Chabrier et al. 2004; Liu et al. 2008; Hansen
2008; Guillot 2010), and significantly modifying the evolution
from that of a less strongly irradiated planet (such as those of our
solar system; Fortney et al. 2011) or of widely separated planets
or brown dwarfs (Burrows et al. 2001, 2011; Baraffe et al. 2003;
Marley et al. 2007; Fortney et al. 2008b; Spiegel & Burrows
2012; Marleau & Cumming 2013; Paxton et al. 2013). The loss

of heat from the interior can be further slowed by increased
atmospheric opacity (Burrows et al. 2007a), or by the reduced
efficiency of convective heat transport due to double-diffusive
convection (Chabrier & Baraffe 2007; Leconte & Chabrier
2012). Budaj et al. (2012) examined the influence on atmosphere
structure and on planet cooling of a variety of physical effects
expected in hot Jupiter atmospheres, including possible extra
optical absorbers, the redistribution of day-side heat to the
nightside, and more (although they did not calculate the radius
evolution). Moreover, extra heating in the atmosphere of a
planet, ultimately driven by the irradiation, can reduce the loss
of heat from the interior. Sources of extra atmospheric heating
include purely hydrodynamic ones (Showman & Guillot 2002)
and magnetohydrodynamic ohmic heating due to atmospheric
currents in a partially ionized atmosphere (Perna et al. 2010a,
2010b; Menou 2012a; Rauscher & Menou 2013). The latter
process might not only influence the evolutionary cooling of
planets, but also help govern their present-day weather patterns
and wind speeds, and was suggested simultaneously with,
and independently of, the similar mechanism in the interior
introduced by Batygin & Stevenson (2010). Tides might also
provide another source of atmospheric heating, since it is
currently unknown whether the dissipation of tides can deposit
a significant amount of power above the radiative-convective
boundary (RCB), which delineates, in our parlance, “interior”
from “atmosphere” (Lubow et al. 1997; Ogilvie & Lin 2007;
Goodman & Lackner 2009).

In this paper, we examine the generic character of a variety of
potential mechanisms that have been suggested to explain the
inflated hot Jupiters. In Section 2, we briefly review observed
trends in the dependence of planetary radii and bulk entropy
on mass and incident stellar irradiation. In Section 3, we
discuss how atmospheric heating affects evolutionary cooling
and, hence, radius. In Section 4, we discuss how consistently
coupling the day and night sides of planets in evolutionary
cooling calculations affects the predicted radii given an extra
heating luminosity, or the required extra luminosity to match a
given radius at a given age. In Section 5, we explore the effect
of atmospheric ohmic heating, which might be a particularly
important mechanism in planets with large-scale magnetic fields
and fast winds. We present some details of model atmospheres
of a variety of hot Jupiters, including free-electron fraction
and conductivity, and examine how these atmospheric model
details might depend on gross properties of the planets, such as
surface gravity and incident irradiation. This section concludes
by evaluating the stability of planets against a potential runaway
inflation process. Finally, we summarize our conclusions in
Section 6.

2. DEPENDENCE OF RADIUS AND ENTROPY
ON MASS AND STELLAR FLUX

It is instructive to examine the relationship between planetary
radius and various potentially explanatory variables, such as
planet mass and incident stellar flux, among the observed
transiting exoplanets. Here, we simply examine the data for all
transiting hot Jupiters, making no attempt to correct for selection
effects.

Figure 1 presents a scatter plot of planet radius versus
incident stellar irradiation. For each transiting planet found on
http://exoplanet.eu with a radius of at least 0.9 RJ , we color
the point by the planet’s mass. The radii range from our lower
cutoff to more than 2 RJ , and the incident fluxes (F0 values)
span more than two decades, from 108 erg cm−2 s−1 to above
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Fig. 10.— Left: Maximum equilibrium temperature vs. peak offset of the planet’s phase function. Right: The fraction of the planet’s
brightness due to reflected light vs. peak offset of the planet’s phase function. Black circles are for offsets of the planetary phase curve
signal, grey triangles are for offsets that are due to non-planetary phase curve modulations, grey circles without error bars are for planet’s
where an offset was not favoured and grey circles with error bars are for planet’s where there is no constraint on the reflected light fraction.
Located directly above each point (i.e. on top of the plots) is the planet’s name.

Evidence of this can be seen in circulation models of
tidally locked hot-Jupiters (e.g. Cooper & Showman
2005; Heng et al. 2011; Showman & Polvani 2011) and
thermal phase curve observations of the hot-Jupiters
such as WASP-43b (Stevenson et al. 2014), HD209458
(Zellem et al. 2014) and HD189733 (Knutson et al.
2012).
We hypothesize that an analogous mechanism is

affecting the planet’s reflected day-side brightness.
The same atmospheric circulation patterns result in
the movement of reflective cloud particulates from
the night-side, where cooler temperatures allow for
condensation, to the morning-side. As these clouds
move across the planet’s day-side, they quickly heat-up
and dissipate from increased irradiation. Resulting in a
longitudinally asymmetric reflective day-side brightness
(Demory et al. 2013). Considering only the reflected
light from a planet with prograde rotation, this would
result in an increased brightness after eclipse, when the
cloudy, reflective morning-side is more visible.
With the exclusion Kepler-43b and Kepler-91b, which

show compelling evidence for a non-planetary phase
curve signal (see Section 5.3), we find that these two
mechanisms can be used to explain why the four planets
with large shifts to after eclipse are all under 2300 K,
while the two with smaller pre-eclipse shifts are over
2700 K (see black circles in Fig. 10).
It is possible that both these mechanisms operate

simultaneously, with thermal emission mostly in the
infrared and reflected light mostly in the optical.
Since the thermal emission from the cooler planets
(Teq,max<2300K) is not expected to contribute signif-

icantly in the Kepler bandpass, if a thermal shift did
exist, it would most likely not be detectable by Kepler.
We suspect that for Kepler-6b, -7b, -8b and -41b we
are observing their longitudinally asymmetric reflected
day-side brightness, caused by clouds on the morning-
side. Supporting evidence includes: i) Cloud formation
is possible as Teq,max<2500K (e.g. Fortney et al.
2008ab; Morley et al. 2013). ii) The negative offset
measurements are large (>25o), which could result from
the brightest longitude being far from the substellar
point, as clouds would be thickest, and therefore most
reflective, close to the morning-side terminator. iii)
Our reflected light fraction (see left panel of Fig. 10)
is consistent with a completely reflective eclipse depth.
iv) This is further supported by the Spitzer observa-
tions from Demory et al. (2013), who use the lack of
significant thermal emission in the Spitzer 3.6 and 4.5
µm bandpasses and the presence of a post-eclipse shift
to conclude that Kepler-7b’s phase curve is dominated
by reflected light. Furthermore they also state that the
most likely cause of the post-eclipse shift is the presence
of inhomogeneous reflective clouds, whose properties
change as a function of longitude and are influenced by
the planet’s wind and thermal patterns.
For the hotter planets (Teq,max>2700K) it is likely

that thermal emission contributes significantly in the
Kepler band. If for Kepler-76b and HAT-P-7b the
thermal emission dominates over the reflected light, the
phase curve offset will be dominated by the transport
of the hot-spot away from the sub-stellar point and
towards the evening-side. Supporting evidence includes:
i) Their high temperatures make it difficult for cloud
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Figure 3. Phase curve of Kepler-7b based on Kepler Q1–Q14 data. Data are binned per 5 minutes. The Lambertian sphere (green), 1-free-band (blue) and 3-fixed-band
(red) best-fit models (see Section 3.3) are superimposed.
(A color version of this figure is available in the online journal.)

25±12◦ east of the substellar point appears. Second, the phase-
curve’s maximum is located at phase 0.61 ± 0.03, implying that
the brightest hemisphere is centered on the meridian located
41 ± 12◦ west of the substellar point. Third, the planetary flux
contribution vanishes around the transit, implying that the
“bright” area extends up to the western terminator, while its
extension to the east of the substellar point is nominal. We finally
note that the phase-curve’s amplitude of 50 ± 2 ppm converts
into an hemisphere-averaged relative brightness 74 ± 2 ×
10−4 (Equation (1)).

We longitudinally map Kepler-7b using the MCMC imple-
mentation presented in de Wit et al. (2012). This method has
been developed to map exoplanets and to mitigate the degener-
acy between the planetary brightness distribution and the system
parameters. We use two model families similar to the “beach-
ball models” introduced by Cowan et al. (2009): one using n
longitudinal bands with fixed positions on the dayside and an-
other using longitudinal bands whose positions and widths are
jump parameters in the MCMC fit. We choose the two sim-
plest models from these families: a 3-fixed-band model and
1-free-band model so as to extract Kepler-7b’s longitudinal de-
pendence of the dayside brightness as well as the extent of the
“bright” area. For both models, we compute each band’s am-
plitude from their simulated lightcurve by using a perturbed
singular value decomposition method. The corresponding me-
dian brightness maps are shown on Figure 4. The 1-free-band
model (Figure 3, blue) finds a uniformly bright longitudinal area
extending from 105 ± 12◦ west to 30 ± 12◦ east with a relative
brightness 78±4×10−4 (Figure 4, left). The 3-fixed-band model
(Figure 3, red) finds bands of relative brightness decreasing from
the west to the east with the following values: 100 to 68 and
3 ± 6 × 10−4 (Figure 4, right). We finally note that the 1-free-
band model finds a bright sector extending to the night side, due
to the sharp flux increase observed around transit (Figure 3).

4. THE ORIGIN OF KEPLER-7B’S VISIBLE FLUX

The combined information from the Spitzer and Kepler
observations of Kepler-7b strongly favor the conclusion that the

planetary phase-dependent flux variations seen in the Kepler
light curve are the result of scattered light from optically thick
clouds, whose properties change as a function of longitude.

The lack of significant thermal emission from Kepler-7b
in the Spitzer 3.6 and 4.5 µm bandpasses supports the fact
that Kepler-7b’s visible light curve is driven by reflected
light. Kepler-7b’s phase curve exhibits a westward asymmetry
suggesting, if of thermal origin, a temperature structure that
does not follow the expected temperature structure for tidally
locked hot Jupiters, which would yield an eastward shift. This
eastward shift is consistently produced from a range of general
circulation models for tidally locked hot-Jupiters forced using
various methods, including Newtonian cooling (e.g., Cooper
& Showman 2005; Showman et al. 2008; Dobbs-Dixon et al.
2010; Rauscher & Menou 2010; Heng et al. 2011a), dual-band
radiative transfer (e.g., Heng et al. 2011b; Rauscher & Menou
2012) or multi-wavelength radiative transfer (e.g., Showman
et al. 2009). Combining these results with the analytical theory
of Showman & Polvani (2011) suggests that thermal phase-
curve eastward shifts are robust outcomes of the hot-Jupiter
circulation regime. As we do not detect thermal flux from
Kepler-7b with Spitzer, the most likely conclusion is that the
westward shift in the visible phase-curve is indicative of a
variation in the cloud properties (cloud coverage, optical depth,
particle size distribution, vertical extent, composition, etc.) as a
function of longitude, governed by the planet’s wind and thermal
patterns.

We use the methods of Fortney et al. (2005, 2008) to
compute Kepler-7b’s one-dimensional temperature structure
and emission spectrum (Figure 5). The orange model is cloud-
free. The blue model uses the cloud model of Ackerman
& Marley (2001) to calculate the vertical distribution and
optical depths of Mg2SiO4 clouds. Both models assume modest
redistribution of energy, with the assumption that 1/4 of the
incident energy is lost to the un-modeled night side. The particle
size distribution in the cloud is assumed to be log-normal
with a mode of 0.5 µm at all heights. A low sedimentation
efficiency free parameter (fsed) of 0.1 is used, which suppresses
sedimentation.

5

6

Fig. 3.— Same as Fig. 1. However, for Kepler-41b, Kepler-43b and Kepler-76b the bin sizes are 6.7, 10.9 and 5.6 minutes, respectively.

ing factor. Here we have assumed Mp << M⋆ and
similar to E13 and Barclay et al. (2012) we calculate
αd in the manner described by Bloemen et al. (2011)
and Loeb & Gaudi (2003).
In Eq. 12, fd and fe are the phase dependent modu-

lations of the Doppler boosting and ellipsoidal signals,
respectively. They can be described by

fd=sin(2πφ) (13)

fe=

(

a

R⋆

)−3

cos(2 · 2πφ)

+

(

a

R⋆

)−4

f1 cos(2πφ)

+

(

a

R⋆

)−4

f2 cos(3 · 2πφ) (14)

where f1 and f2 are constants used to determine the am-
plitude of the higher-order ellipsoidal variations (Morris

1985)

f1=3α1
5 sin2 i− 4

sin i
(15)

f2=5α1 sin i (16)

In Eqs. 12-16, α1 and α2 are functions of the lin-
ear limb darkening and gravity darkening parameters
(Claret & Bloemen 2011), which we calculate in the same
manner as E13 and Barclay et al. (2012). The values of
f1, f2, αd, α1 and α2 can be found in Table 3.
The phase curve is also fit with planet mass fixed to

the radial velocity (RV) derived value calculated via

K =

(

2πG

P

)1/3 Mp sin i

M2/3
⋆

√
1− e2

(17)

where K is the published RV semi-amplitude (see Ta-
bles 5-8).

3.4. Cosine Third Harmonic

In E13, we discovered of a phase-shifted 6.7±0.3 ppm
third harmonic in the residual of KOI-13b’s phase curve.

Kepler-76b
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The hot Jupiter population 
Strong correlation between the host-star metallicity and giants 
occurence frequency  

Favors core accretion formation

more than 100metal-poor stars (Mayor et al. 2003). In addition, a
Doppler survey of!150 low-metallicity stars has been underway
at Keck for the past two years (Sozzetti et al. 2004). No planets
have been announced from either of these surveys, suggesting
that the rate of occurrence of Jovian-mass planets with orbital
periods less than 3 yr does not exceed (and is likely lower than)
a few percent around metal-poor stars.

A single substellar object, HD 114762b, with M sin i !
11MJ has been found orbiting a metal-poor (½Fe/H# ¼ %0:655)
field star (Latham et al. 1989). Interestingly, we measure a low
v sin i (1.7 km s%1) for this F-type star. Fewer than 5% of the stars
with comparable spectral type have v sin i < 2:0 km s%1, sug-
gesting that this particular star may be viewed close to pole-on.
Assuming that the stellar rotation axis is aligned with the orbital
rotation axis, it is possible that the companion to HD 114762
may have a substantially higher mass, conceivably even a stellar
mass, a suggestion first made by Cochran et al. (1991).

It has been suggested that the paucity of spectral lines inmetal-
poor stars results in poorer detectability that impedes the detec-
tion of Jovian-mass planets. To address this issue, we calculated
the mean radial velocity error for stars in each 0.25 dex metal-
licity bin. For [Fe/H] between%0.75 and 0.5, the mean Doppler
precision is 4 m s%1. The lowest metallicity bin only suffers a
modest degradation in velocity precision to !6 m s%1. Thus,
there is no significant detectability bias against the detection of
planets in the parameter space that we have defined to have uni-
form detectability. If gas giant planets orbit metal-poor stars as

often as they orbit solar-metallicity stars, it seems very likely that
they would have been detected by now.

3.2. The Volume-limited Sample

Avolume-limited sample is often desirable as an unbiased sam-
ple, and virtually all spectroscopic investigations of the planet-
metallicity correlation have referenced such a sample as a control.
We contend that a volume-limited sample is not the best com-
parison sample for this investigation because it does not nec-
essarily represent the stars on Doppler surveys. To investigate
this, we defined a volume-limited subset of 230 FGK-type stars
analyzed with SME. Figure 6 shows the density of the entire
(1040 star) planet search sample as a function of distance for
specified ranges of absolute visual magnitude. The points on
each curve mark the distance where the sample size increments
by about 40 stars. Intrinsically faint stars dominate the 20 pc
sample, and the sample composition gradually shifts to earlier
type, intrinsically bright stars at larger distances. We define the
volume-limited sample to have a radius of 18 pc, inside of which
the number of FGK-type stars per unit volume on the planet
search programs is nearly constant as a function of distance. Be-
yond this distance the number density of intrinsically faint stars
begins to decline rapidly.

TABLE 3

Stars with Uniform Planet Detectability

Star ID Planet /Star

HD 142 ............................... P

HD 2039 ............................. P

HD 4203 ............................. P

HD 8574 ............................. P

HD 10697 ........................... P

Note.—Table 3 is published in its entirety
in the electronic edition of the Astrophysical
Journal. A portion is shown here for guidance
regarding its form and content.

Fig. 4.—Percentage of stars with detected planets rises with iron abundance.
In all, a subset of 850 stars were grouped according to metallicity. This subset of
stars had at least 10 Doppler measurements over 4 yr, providing uniform de-
tectability for the presence of planets with velocity amplitudes greater than
30 m s%1 and orbital periods less than 4 yr. The numbers above each bar on the
histogram indicate the ratio of planets to stars in each bin. Thirteen stars had
½Fe /H#< %1:0, and no planets have been discovered around these stars.

Fig. 5.—Same results as Fig. 4, but divided into 0.1 dex metallicity bins. The
increasing trend in the fraction of stars with planets as a function of metallicity is
well fitted with a power law, yielding the probability that an FGK-type star has a
gas giant planet: P(planet) ¼ 0:03½(NFe=NH)=(NFe=NH)&#

2:0.

Fig. 6.—Stellar density for a range of absolute visual magnitudes calculated
in distance bins, each with 41–43 stars. Intrinsically faint stars dominate the
nearby solar neighborhood but are rapidly lost beyond 20 pc. Intrinsically bright
stars become the dominant constituent of the planet search samples at distances
greater than about 40 pc.
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Hot Jupiter occurence  
FGK dwarfs solar neiborhood  

    - Mayor et al., 2011: 0.89% ± 0.36     
    - Wright et al., 2012: 1.2 ± 0.38 (Marcy et al., 2005: 1.2% ± 0.1%)  

FGK dwarfs transit surveys  
   - Howard et al., 2012: 0.41% ± 0.1  
  - Fressin et al., 2013: 0.43% ± 0.05  
   - Santerne et al., 2012: 0.57% ± 0.7 from radial velocity observations of 
Kepler candidates 
   - Ciardi et al., 2015; Wang et al., 2015: HJs are misidentified as smaller 
planets due to photometric dilution: 9

Figure 6. The percent change of the measured occurrence rates from the raw KOI list (i.e., uncorrected for completeness) caused by
undetected stellar companions and assuming all of the stars in the published KOI list are single. The fractional changes are computed
for three different planet size bins as labeled in the plots. The results of assuming all the stars are single (i.e., unvetted) are in the red
histogram and the results of vetting the all of the stars with radial velocity and high resolution imaging (section 4.2) are shown in the blue
histogram. The histograms are based upon Monte Carlo simulations described in section 5

ing had been performed, thus, effectively increasing the
fraction of stars with correction factors of unity.
The distributions of the change in the fractions of plan-

ets in each planet category, compared to the raw KOI
fractions, are shown in Figure 6. If the occurrence rates
utilize the assumed-single KOI list (i.e., unvetted), then
the Earth-sized planet fraction may be overestimated by
as much as 15 − 20% and the giant-planet fraction may
be underestimated by as much as 30%. Interestingly, the
fraction of super-Earth/mini-Neptune planets does not
change substantially; this is a result of smaller planets
moving into this bin, and larger planets moving out of
the bin. In contrast, if all of the KOIs undergo vetting
via radial velocity and high resolution imaging, the frac-
tional changes to these bin fractions are much smaller:
5− 7% for the Earth-sized planets and 10− 12% for the
Neptune/Jupiter-sizes planets.

6. SUMMARY

We present an exploration of the effect of undetected
companions on the measured radii of planets in the Ke-
pler sample. We find that if stars are assumed to be
single (as they are in the current Kepler Objects of In-
terest list) and no companion vetting with radial velocity
and/or high resolution imaging is performed, the plane-
tary radii are underestimated, on average, by a factor of
⟨XR⟩ = 1.5, corresponding to an overestimation of the
planet bulk density by a factor of ∼ 3. Because lower
mass stars will have a smaller range of stellar companion
masses than higher mass stars, the planet radius mean
correction factor has been quantified as a function of stel-
lar effective temperature.
If the KOIs are vetted with radial velocity observations

and high resolution imaging, the planetary radius mean
correction necessary to account for undetected compan-
ions is reduced significantly to a factor of ⟨XR⟩ = 1.2.
The benefit of radial velocity and imaging vetting is even
more powerful for missions like K2 and TESS, where the
targets are, on average, ten times closer than the Kepler

Objects of Interest. With vetting, the planetary radii for
K2 and TESS targets will only be underestimated, on
average, by 10%. Given the large number of candidates
expected to be produced by K2 and TESS, single epoch
high resolution imaging may be the most effective and
efficient means of reducing the mean planetary radius
correction factor.
Finally, we explored the effects of undetected compan-

ions on the occurrence rate calculations for Earth-sized,
super-Earth/mini-Neptune-sized, and Neptune-sized and
larger planets. We find that if the Kepler Objects of In-
terest are all assumed to be single (as they currently are
in the KOI list), then the fraction of Earth-sized plan-
ets may be overestimated by as much as 15-20% and the
fraction of large planets may be underestimated by as
much as 30%
The particular radial velocity observations or high res-

olution imaging vetting that any one KOI may (or may
not) have undergone differs from star to star. Companion
vetting simulations presented here show that a full un-
derstanding and characterization of the planetary com-
panions is dependent upon also understanding the pres-
ence of stellar companions, but is also dependent upon
understanding the limits of those observations. For a
final occurrence rate determination of Earth-sized plan-
ets and, more importantly, an uncertainty on that oc-
currence rate, the stellar companion detections (or lack
thereof) must be taken into account.

The authors would like to thank Ji Wang, Tim Mor-
ton, and Gerard van Belle for useful discussions during
the writing of this paper. This research has made use of
the NASA Exoplanet Archive, which is operated by the
California Institute of Technology, under contract with
the National Aeronautics and Space Administration un-
der the Exoplanet Exploration Program. Portions of this
work were performed at the California Institute of Tech-
nology under contract with the National Aeronautics and

Ciardi et al., 2015

Santerne et al., 2012, 2015
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Figure 1.8: Sensitivity of imaging techniques: the distance of the system vs the mass of
the hosts star. Each technique explores a di↵erent volume of the galaxy and privileges low
mass or massive stars. Each technique is represented in a di↵erent color.
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Fig. 3. Left panel: Eccentricity and semi-major axis of the extrasolar
planets discovered around MS stars (black dots) and giant stars (ma-
genta circles). The dashed line shows the value of a = 0.5 AU. Right
panel: Orbital period versus stellar mass. The dashed lines represent the
region of 10  Porb  100 days. The position of Kepler-432 b is marked
with a green triangle in both panels.

lines is detected in the FIES co-added spectrum. Furthermore,
McQuillan et al. (2013) found no significant modulation in the
Kepler light curve of Kepler-432, which suggests that this is a
magnetically quiet star. A second companion in the system might
thus account for the observed RV drift. Additional observations
are needed to better assess the nature of this trend.

4.3. Post-main-sequence evolution

After Kepler-91 b and HIP67851 b, Kepler-432 b is the third
planet found to orbit a giant star at a distance closer than a =
0.5 AU (Fig. 3), and the second found to transit a star ascend-
ing the RGB. Although the current sample is not statistically
significant, the discovery of Kepler-432 b confirms that close-
in planets around intermediate-mass giant stars do exist. Given
the short dissipation time-scale of protoplanetary disks, gravita-
tional interaction seems to be the favorite migration channel for
close-in planets of intermediate-mass stars. Their paucity might
be ascribed to enhanced tidal dissipation and subsequent stellar
engulfment during the RGB phase.

Villaver & Livio (2009) and Kunitomo et al. (2011) have
computed the planetary orbit evolution during the post MS phase
for stars more massive than the Sun. They concluded that short-
period planets are swallowed by their host stars as a result of
the increased star-planet tidal interaction during the RGB phase.
Both studies predict a critical semi-major axis below which plan-
ets are engulfed by their host star. The expected values for a star
as massive as Kepler-432 are much higher than the current semi-
major axis of Kepler-432 b. This implies that the planet will not
survive the RGB phase and will be swallowed by its host star
before it reaches the tip of the RGB.

5. Conclusions

We spectroscopically confirmed the planetary nature of the tran-
siting candidate Kepler-432 b, derived a planetary mass of
Mp=5.84 ± 0.05 MJup, and found that the orbit is eccentric
(e=0.478 ± 0.004). Kepler-432 b is the first bona fide warm
Jupiter planet found to orbit a giant star, and, after Kepler-91

b, is the second found to transit a giant star. The semi-major
axis a=0.303 ± 0.007 AU and eccentricity of the planet suggest
that some kind of migration mechanism must have operated (or
is operating now) to bring the planet to its current position. In
this context, we discussed the high-eccentricity migration sce-
nario as a plausible mechanism for the formation of this sys-
tem. This possibility, although not directly verifiable with the
currently available data, would account for the high eccentricity
and small semi-major axis of the planet, provided that a second
massive planet is also orbiting the system. The latter scenario
is corroborated by the detection of a significant radial velocity
trend in our data. Additional spectroscopic follow-up observa-
tions are needed to better characterize the system.

Although our discovery confirms that close-in (a . 0.5 AU)
giant planets can exist around giant stars, more detections are
needed to properly characterize the population of these objects
around post-MS stars. According to current post-MS evolution-
ary models, Kepler-432 b will not survive the RGB phase and
will be engulfed by its host star.

Note added in proof. This letter was submitted in parallel
with that of Ciceri et al. (2014), who independently also con-
firmed the planetary nature of Kepler-432 b. Their results agree
with ours within the observational errors.
Acknowledgements. M.O. and S.R. acknowledge funding from the Deutsche
Forschungsgemeinschaft, DFG under project number RE 2694/3-1 611328 to
carry out the observations at Calar Alto. H.J.D and D.N acknowledge support by
grant AYA2012-39346-C02-02 of the Spanish Ministerio de Economía y Com-
petitividad. We are very grateful to the sta↵ members at Calar Alto and at the
Nordic Optical Telescope for their valuable and unique support during the obser-
vations. M.O. thanks N. Kudryavtseva and S. Ciceri for useful discussion.
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Fig. 4. Lomb-Scargle Periodogram of the RV measurements for
HD 13189 for the TLS only data (top panel), the TLS + HJS data
(bottom panel), and the combined data sets. The Lomb-Scargle (L-S)
power is in arbitrary units that are a measure of the statistical signifi-
cance of the peak.
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Fig. 5. The combined RV measurements for HD 13189 phased to the
orbital period. The solid line is the orbital solution. Open circles rep-
resent repeated points plotted for the second cycle.

Table 1. Orbital parameters for companion to HD 13189.

Parameter Value

Period [days] 471.6 ± 6.0
Tperiastron [JD] 52 327.9 ± 20.2
K [m s−1] 173.3 ± 9.8
e 0.27 ± 0.06
ω [deg] 160.7 ± 12.0
f (m) [solar masses] (2.26 ± 0.37) ×10−7

rmsTLS [m s−1] 57.2
rmsMcD [m s−1] 54.5
rmsHET [m s−1] 41.9

analysis of the residual RV measurements after subtracting the
orbital solution revealed no significant periods in the frequency
range 0.01 < ν < 1.0 c d−1.

JD-24400000

R
ad

ia
l V

el
oc

ity
 (

m
/s

)

53246 53248 53250 53252 53254 53256

-200

0

200

53246 53248 53250 53252 53254 53256

-200

0

200

Fig. 6. RV measurements of HD 13189 make on eight consecutive
nights on the TLS 2 m telescope. The curve represents a least-
squares sine fit with a period of 4.79 days and a full amplitude (K)
of 168 m s−1.

We suspect that HD 13189 exhibits short-term variations
that are periodic, but that do not persist for the entire time
span of our observations. Figure 6 shows the RV measure-
ments of HD 13189 taken at TLS over 8 consecutive nights.
There is clear evidence of periodic variability. The solid line
represents a least squares sine fit with a period of 4.8 days
and a peak-to-peak amplitude of 168 m s−1. Since no signifi-
cant power was found at ≈0.2 c d−1 in the periodogram of the
RV residuals such short period variability may indeed be short-
lived. A more detailed analysis of the short term variability for
this star will be presented in a future paper.

5. The nature of the RV variations

The giant status of HD 13189 forces us to be cautious in in-
terpreting the RV variations in HD 13189. Rotational modula-
tion by surface features or pulsations could also cause periodic
RV variability. The former is particularly worrisome since the
rotation periods of giant stars are of order several hundreds of
days. Furthermore, long period variations seem to be a common
occurrence among giant stars. Hatzes & Cochran (1993) found
long-period RV variability in Arcturus (231 days), Aldebaran
(654 d), and β Gem (554 d). A 613-d period was found in
the RV variations of the K giant π Her by Hatzes & Cochran
(1999). The nature of the long-period variations in these stars
is still not known.

Many giant stars also show other forms of variability with
the RV period which casts doubt on the companion hypothe-
sis. Lambert (1987) found a 233-day variation in the equivalent
width of Arcturus. Larson et al. (1993) found marginal variabil-
ity in the equivalent width of Ca II 8662 line in β Gem with the
RV period. On the other hand Aldebaran showed no variations
in the spectral line shapes with the RV period which supports
the companion hypothesis (Hatzes & Cochran 1998a).

HD 13189 - K2 II 
Mp = 14 ± 6 MJup 

P = 471.6 days 

e = 0.27

 Hatzes  et al., 2005
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CoRoT-9b 
Rp = 1.05 ± 0.04 RJup  

Mp = 0.844 ± 0.072 MJup   
ρ = 0.9 ± 0.13 g/cm3 
P = 95.27 days

Phase

Giants at long orbital period 
very few planets with radius measured 

large dispersion in eccentricities

2 C. Moutou et al.: Primary transit of HD 80606 b

2. The photometric transit of HD80606b

Predicted epochs for the primary transit of HD80606b were
given by Laughlin et al. (2009). We carried observations around
the expected transit epoch JD=2,454,876.5with the 120-cm tele-
scope at OHP, equipped with a 12 arcmin × 12 arcmin CCD
camera. The Bessel R filter and a neutral density were inserted,
to insure unsaturated focused images of the V = 9 target. We
obtained 326 frames on 13 Feburary 2009 and 238 frames on
the preceeding night, for comparison. Typical exposure times
range are 60 sec on the first night and 20-30 sec on the sec-
ond. Aperture photometry was then performed on both data se-
quences. Apertures of 8 and 6 pixels were used, for the first and
second observing night, respectively. The secondary companion
HD80607 is taken as a reference for HD80606. Both stars are
separated by 24 pixels, which prevents contamination even using
simple aperture photometry. The sky background is evaluated
in rings of about 12-15 pixel radius. The resulting lightcurve is
shown on Fig. 1 (upper panel), with all data included. The data
quality is significantly better during the transit night, because of
different seeing conditions. The rms is about 0.0025 to 0.0030
over the full time series.

An egress is clearly detected in the data sequence obtained
on the night 13-14 February. A shift of almost one half transit is
observed, in comparison to expected ephemeris. Long-term sys-
tematics are observed in the lightcurve, and removed by a poly-
nomial function of the airmass, with the criterion of getting a flat
section of the out-of-transit flux. This correction does not affect
the transit shape. It is checked on the 12-13 February sequence
that long-term fluctuations are low (not corrected for on Fig. 1).
The beginning of the transit sequence unambiguously shows that
we do not detect the ingress of the transit. The first hour of the
sequence shows indications of a slight decrease but the data are
quite noisy due to the low object’s elevation and this may be in-
troduced by the correction for airmass variations. We observe in
total 7 hours during transit on the second night, and 3.4 hours
after the transit. In addition, we gathered 9.8 hours out of transit
on the first night.

Modelling the primary transit lightcurve of HD80606b is
done in the first place using models of circular orbits, to con-
strain the inclination and the radius ratio. The Universal Transit
Modeler 2008 is used, including the limb-darkening coefficients
of Claret (2000) for the r′ filter, and parameters of the orbits
given in the next section. Fig. 1 and 2 show three transit mod-
els superimposed to the data, corresponding to impact parameter
b ranging from 0 to 0.91 or inclinations ranging from 89.2 to
90.0 deg. The O − C residuals depicted in Fig.2 correspond to
an average transit duration of 13.5 hours, with b = 0.75 and
rms of 0.0025. The transit depth imposes a radius ratio Rp/R∗
of 0.090 ± 0.009. The planet radius is then estimated to be
0.86 ± 0.10RJup. In order to match the full transit lightcurve, a
model including eccentricity would be required. The asymmetry
of the ingress and egress should be detected and properly fitted,
for instance. Since we have a partial transit, the approximation
of the circular modelling is acceptable here, if one takes into ac-
count the relative projection of the transit angle and the line of
sight. In a further study, we plan to investigate the modelling of
the asymetric transit by including the eccentric orbit. We do not
expect major differences compared to the simple fit performed
here, before new, more complete photometric data are obtained.

Fig. 1. Photometry (top) and radial velocities (bottom) of
HD80606 from 12th to 14th February, 2009, obtained at OHP
with the 120-cm and 193-cm telescopes, respectively. The plan-
etary transit is detected in both datasets at the same timing. Top:
Superimposed are the two extreme (b = 0 in red-dashed, and
b = 0.91 in green-long-dashed) and the mean (in blue-dotted,
b = 0.75) models that correspond to our data set. Bottom: The
orbital solution is overplotted (solid line, Table 1), together with
Rossiter-McLaughlin effect models presented in Table 2, in red-
dashed (b = 0, λ = 0◦), blue-dotted (b = 0.75, λ = 63◦), and
green-long-dashed lines (b = 0.91, λ = 80◦).

Fig. 2. Zoom-in plot on the photometric transit and the three
models with the impact parameter ranging from 0 to 0.91. The
residuals are shown below, with an offset of 0.02 on the Y-axis
for clarity; they correspond to the mean model with b = 0.75.

3. The spectroscopic transit of HD80606b
We observedHD80606with the SOPHIE instrument at the 1.93-
m telescope of OHP. SOPHIE is a cross-dispersed, environmen-
tally stabilized echelle spectrograph dedicated to high-precision
radial velocity measurements (Bouchy et al. 2006; Perruchot et
al. 2008). We used the high-resolution mode (resolution power
R = 75, 000) of the spectrograph and the fast-readout mode of
the CCD detector. The two 3”-wide circular apertures (optical

Moutou et al., 2009

HD 80606b

HD 80606b 

Rp = 0.98 ± 0.03 RJup 
 

Mp = 3.94 ± 0.11 MJup   

ρ = 7.95 ± 0.69 g/cm3 

P = 111.43 days 

Deeg et al., 2010
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Fig. 4. Bisector variations as a function of radial-velocity residuals from
HD 13908 SOPHIE measurements, (top) without the outer planet sig-
nal, (middle) without the inner planet signal, and (bottom) without both
planet signals.

Finally, ranges for the rotation periods can be estimated from the
B�V and log R0HK values. We found ranges of 5-9, 3-16, and 17-
30 days, using the equations in Noyes et al. (1984) and a 3-�
error range on log R0HK.

4. Radial-velocity analysis

4.1. HD 13908

Seventy-seven SOPHIE measurements have been collected on
the star HD 13908 during more than four years between October
2008 and January 2013. The average noise of individual mea-
surements is 7.9 m s�1 using SOPHIE, and 5.2 m s�1 using
SOPHIE+ (Fig. 2). The radial-velocity fluctuations have a stan-
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Fig. 5. SOPHIE radial velocities and Keplerian model of the HD 159243
system. The display is the same as in Fig. 2, i.e. the middle and bottom
panel correspond to the inner and outer planet, respectively.

dard deviation of 74 m s�1, with a short-term component and
a longer-term component. Because the measurements were se-
cured in both the SOPHIE and SOPHIE+ configurations (Table
5), we split the data set into two parts (delimited by the horizon-
tal line in the table).

Several solutions were tried and compared by estimating the
standard deviation of the residuals: single-planet model, single-
planet model with linear and quadratic trend, two-planet model,
two-planet model with trends, and three-planet models. The best
solution was found with a two-Keplerian model with respective
semi-amplitudes of 55.3±1.2 and 90.9±3.0 m s�1(Fig. 2). The
periodograms of the RV measurements are shown in Fig. 3. The
peak corresponding to the outer companion is shown in the top
plot; when the long-period signal is removed from the data, the
inner-planet peak becomes proeminent (middle plot). The resid-
uals of the two-planet model have an r.m.s. of 9.6 m s�1 for the
first data set, and 5.3 m s�1 for the second data set after the
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HD 159243 

m2sinib  = 1.13 ± 0.05 MJup,   

Pb = 12.620 ± 0.004 days 

m2sinic = 1.9 ± 0.13 MJup  ,  

Pc = 248.4 ± 4.9 days

C. Moutou et al.: Three new hot Jupiters in extrasolar systems

Fig. 8. Relative flux of HD 159243 phased with the orbital period and
time of transit of companion b. The dotted line shows the 1-� uncer-
tainty in the transit ephemeris. The thick line shows the transit duration
and expected transit depth for the nominal ephemeris. There is no evi-
dence of a transit, although it cannot be ruled out in the whole range.

Table 2. Orbital and physical parameters for the planets orbiting the
star HD 13908. T is the epoch of the highest RV. �(O-C) is the residual
noise after orbital fitting.

Parameter HD 13908 b HD 13908 c
P [days] 19.382 ±0.006 931±17
T [JD-2400000] 55750.93±0.18 56165±9
Ttransit [JD-2400000] 55756.032±0.156 56436±15
e 0.046±0.022 0.12±0.02
! [deg] 185±43 185±11
K [m s�1] 55.3±1.2 90.9±3.0
m2 sin i [MJup] 0.865±0.035 5.13±0.25
a [AU] 0.154±0.0025 2.03±0.04
�S OPHIE [km s�1] 15.893 ±0.008
�S OPHIE+ [km s�1] 15.882±0.006
Nmeas 77
Span [days] 1588.7
� (O-C) [m s�1] 9.6/5.3
�2

red 2.6

maining orbital parameters, in particular the orbit inclination i
that yields the companion’s mass. No astrometric signature cor-
responding to the spectroscopic orbit was detected, which can be
translated into a limit on i and an upper limit of 0.15 M� for the
mass of HD 13908 c. This constraint is compatible with the non-
detection of a secondary signal in the cross-correlation function.

4.2. HD 159243

We secured fifty-three SOPHIE radial-velocity measurements of
HD 159243 during 767 days, from March 2011 to April 2013.
Thirty-two measurements were obtained after the SOPHIE+ up-
grade. The total data set features individual error bars with an
average of 5.2 m s�1 (Fig. 5). The standard deviation of the time
series is 71 m s�1. In the same way as for HD 13908, we com-
pared several models with sets of 1, 2, or 3 planets and trends.
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Fig. 9. SOPHIE radial velocities and Keplerian model of the system
orbiting HIP 91258: (top) as a function of time, with the residuals to the
model including a quadratic long-term trend, and (bottom) as a function
of phase for the inner planet.
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Fig. 10. Periodogram of the radial-velocity measurements of HIP 91258
(top) and of the bisector span (bottom).
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HIP 91258b 

m2sini  = 1.068 ± 0.038 MJup,  P = 5.050 days 

m2sini  > 2.5 MJup  , P > 150 days

Hot Jupiters can belong to multisystems
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Fig. 1.—Radial velocity vs. time for HD 154345. Fig. 2.—Mount Wilson activity index measured from RV science spectra
taken at Keck Observatory. Except for a few small discrepancies, the temporal
coverage of these data is the same as that of the RV data for both of these
stars. Data from prior to 2004 are taken from the “differential” measurements
in Wright et al. (2004); subsequent data have been extracted in a similar manner
(H. Isaacson, in preparation). Both HD 154345 and the RV-stable star HD
185144 show strong evidence of activity cycles, although the cycle strength
and overall activity level in HD 185144 is considerably larger. Cycles such
as these are not uncommon in old G dwarfs, typically have ∼10 year periods,
and are not observed to have an effect on long-term RV stability. Data for
the two stars are plotted on the same scale.

TABLE 3
Orbital Properties of HD 154345b

Parameter Value

P . . . . . . . . . . . . . 9.15 ! 0.26 yr
e . . . . . . . . . . . . . 0.044 ! 0.046a

q . . . . . . . . . . . . . 68" a

Tp . . . . . . . . . . . . JD 2,452,830 ! 330
K . . . . . . . . . . . . . 14.03 ! 0.75 m s!1

m sin i . . . . . . . . 0.947 ! 0.090 MJup

a . . . . . . . . . . . . . 4.19 ! 0.26 AU
rms . . . . . . . . . . . 2.7 m s!1

. . . . . . . . . . . .2xn 0.89
Nobs . . . . . . . . . . . 55
Nobs,binned . . . . . . 41

Note.—Errors in the orbital ele-
ments assume no other planets in the
system and a uniform stellar jitter of 2.5
m added after grouping the data in!1s
3 day bins.

a Eccentricity consistent with zero.
See Butler et al. (2006) for error expla-
nation. Holding e fixed at 0 yields a fit
with nearly identical parameters, differ-
ing by no more than 1 m from this!1s
one.

Fig. 3.—Eleven years of Strömgren photometry for HD 154345 (star d) and
two comparison stars (a and c). The plotted points represent yearly mean
differential magnitudes between the stars indicated in the upper right of each
panel. The top two panels thus indicate the brightness variations of HD 154345
with respect to two photometric standards, and the bottom panel demonstrates
the long-term stability of those standards. The dotted line indicates the mean,
and the number in the lower left corner indicates the total range of the plotted
points. The number in the lower right corner gives the standard deviation of
the individual seasonal means about the mean. A third comparison star (b)
proved unsuitable for long-term photometric work, and comparison star c has
only been observed since 1999. Note that the period and phase of the pho-
tometric signal are the same as that of the chromospheric activity measurements
in Fig. 2.

sufficiently strong cycles that we can confirm their continued
coherence since the end of the published Mount Wilson data
from our own activity measurements.

None of these four stars shows RV variations similar to HD
154345, or any correlation of S-index with RV. In fact, all of
these stars show rms RV variations of less14 than 5 m , and!1s
one, HD 185144, is among the most RV-stable stars in our
entire sample.

We focus here on HD 185144 because its activity cycle is
so clear and it is one of the best-observed stars on our program.
Figure 2 shows that this star has a similar cycle period to that
of HD 154345, but with a higher mean activity level and larger
variations.15 Figure 4 shows Fairborn Observatory photometry
of HD 185144 which confirms the existence, strength, period,
and phase of this cycle.

Despite these clear activity variations, HD 185144 is one of

14 HD 3795 has a binary companion; we have therefore measured its rms
RV variations after subtraction of a strong linear trend.

15 The phase and period we measure is consistent with that measured at
Mount Wilson (Fig. 1f of Baliunas et al. 1995, left column, fifth panel from
top).

the most stable stars on our program. We have monitored HD
185144 intensely at Keck Observatory since 1997 and made
more than 350 observations on more than 60 nights over the
past 10 years (since the activity and RV measurements are taken
from the same spectra, Fig. 2 also shows the temporal coverage
of our RV observations). The rms scatter of the RV variations
over this entire period is less than 2.5 m .!1s

Wright et al., 2008

Jupiter analogs 
no radius measured 

large dispersion in eccentricities - still  

multi planet systems

 Boisse et al., 2012, 
Marmier et al., 2013

I. Boisse et al.: The SOPHIE search for northern extrasolar planets. V.
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Fig. 13. Multiple systems with semi-major axis greater than 4 AU. The
size of the dots shows the minimum mass of the planet on a log scale.
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Fig. 14. Histogram of host star metallicities [Fe/H] for the planets with
semi-major axis greater than 4 AU (all are giant gaseous planets). In
green, the histogram include the six candidates from Marmier et al. (in
prep., priv. comm.).

they have followed a scenario that brings them to this location.
They may have formed at the same time as the disk dissipated
preventing them from migrating. They also may have interacted
with other planets in the system causing them to migrate out-
wards or hamper their migration. For example, inward migra-
tion could be avoided by resonance trapping if the mass of the
outer planet is a fraction of the mass of the inner planet, as in
the Jupiter-Saturn case (Masset & Snellgrove 2001; Morbidelli
& Crida 2007).

Our targets are both bright (6.7 < mV < 7.6) and nearby
(between 18 and 49 pc), hence ideal for follow-up surveys. The
extension of the RV measurements for these targets will allow
to refine the planetary parameters, to search for other planets in
the systems, and to explore the magnetic activity of these stars.
For orbital distances greater than 5 AU, imaging provide critical
observational constraints on the system such as its inclination
and enable to search for outer bodies or provide spectral infor-
mation about the planet. The candidate planets would display
astrometric signatures of hundreds of µas, for example, 550 µas
on HD 150706 and 175 µas on HD 222155. Despite a duration
mission of timescale shorter than the orbital period, part of these
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0

Fig. A.1. Difference between the mean RV from ELODIE and from
SOPHIE, ∆(RV)E−S as a function of B − V for a sample of stable stars.
The error bars correspond to the quadratic sum of the standard devia-
tion in the ELODIE and SOPHIE RV data. The green solid line is the
best linear fit for stars correlated with a G2 mask (black squares). Those
with B − V > 0.75 are discarded (red triangles). The black dashed line
is the best linear fit for stars correlated with a K5 mask (blue circles).
The detection of the slope is insignificant and a constant value is chosen
(green dashed line).

orbits should be easily detected by Gaia. Moreover, these sys-
tems with long-period low-eccentricity Jupiter-type planets may
be similar to the solar system and contain lower mass planets
in shorter orbits such as the µ Ara (HD 160691) and 55 Cnc
(HD 75732) systems. New fiber scramblers were installed on
SOPHIE in June 2011 (Perruchot et al. 2011), and preliminary
tests showed that they provide a significant improvement in the
stability of the spectrograph illumination, hence the RV accu-
racy. These stars will be followed-up with SOPHIE in order to
search for multiplicity in these systems.

Hence, the transit probabilities for these candidates are very
low at 0.07% and 0.16% for HD 150706b and HD 222155b, re-
spectively. However, as they may host shorter-period low-mass
planets with higher transit probabilities, they are good targets
to search for Earth-like planets in transit around bright stars in
order to identify a solar system twin.
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Appendix A: Constraining the RV offset between
ELODIE and SOPHIE

When a star is observed by several instruments, the RV offsets
between the different datasets are fitted as a free parameter in
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Summary
Not a complete and exhaustive review!  

majority of giants are Jupiter like planets  

still account for  the large majority of the planets detected at large orbital 
period 

Large diversity in orbital and physical properties 

Hot Jupiters are extremely rare  

environment enriched in heavy material favours hot jupiter  formation 

paucity of packed multiple systems in the presence of giant planets 

hot Jupiters are not necessarily single 

the gas-giant planet population around evolved stars possesses different 
orbital properties than the population orbiting main-sequence stars 

very (too) few giants characterized at long orbital period 

still the tip of the population .. long term monitoring still needed


