
Planets in Open Clusters 
!  Stars in OCs share the same 

distance, age and chemical 
composition, statistically 
determined 

! OCs span a wide range in 
terms of age, metallicity, 
stellar density: we can probe 
the planet frequency as a 
function of these parameters 

!  Planet frequency as function 
of host stellar mass in the 
most reliable way 

!  Effects of the presence of a 
planetary system on the host 
star chemistry 
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M35 & NGC2158, Asiago 



Planets in Open Clusters 
and the Habitability Zone 

Atmosphere of young planets 
around young stars 
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Characterize the activity of 
stars as function of their mass 

and age 

Well-known chemical 
abundances of stars (with and 

without planets)  

Test atmospheric models on 
planets at different evolution 

stages 

Improve planet detection at 
longer periods and lower 

masses 

Understand the star-planet 
connection 

Planets in Open Clusters seems very 
helpful! How many of them have been 
found around MS stars?  

8 with Kepler 
validated ones 6 
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Young OC stars are 
very active 

Old OCs are far, MS 
stars are faint 

Avoided by RV 
surveys 

Planets in Open Clusters 

OC stars very close 
each other on sky 

Photometry easier 
option 



Searching for Planets in OCs:  
Photometry 

15/07/2015 Pathways 2015: Pathways towards habitable planets 

!  Photometric searches in M37, 
NGC188, NGC1245, NGC2158,  
NGC2362, NGC6791... Without 
planets.  Are planets less common 
in clusters? 

!  Van Saders & Gaudi 2011: 
Insufficient sensitivity to small 
planets, sample sizes barely large 
enough to find (less common) larger 
planets. Null detection still in 
agreement with field frequency. 

!  Meibom et al. 2013: 2 mini-Neptunes, 
Kepler-66b and Kepler-67b detected 
in NGC6811 by Kepler mission over 
377 cluster members. The same 
frequency of planets inside and 
outside open clusters of stars.  

Meibom et al. 2013 

imply that the planet frequency in NGC6811 is consistent with that of
the field.

The members of NGC6811 fall entirely within the range of stellar
spectral types selected for the Kepler planet survey, and the slightly sub-
solar metallicity of NGC6811 (ref. 17) is close to the average metallicity
of the Galactic disk population from which the Kepler targets are drawn.
Therefore, correlations between planet frequency and stellar mass and/

or metallicity are not a concern when comparing the frequency and size
distribution of planets in NGC6811 to that of the field. The detection of
Kepler-66b and Kepler-67b thus places the first robust constraint on
the frequency of small planets in open clusters relative to the field.

The comparison in Fig. 3 of the orbital periods and radii of Kepler-
66b and Kepler-67b with those in our simulated distributions shows
that the sizes and orbital properties of the two planets are similar to
those of the most common types of field planets (2–3R›, and orbital
periods between 10 and 20 days). This suggests that the sizes and
orbital properties of planets in open clusters are also not unlike those
in the field.

The masses, structures and compositions of Kepler-66b and Kepler-
67b can be constrained using theoretical models. With radii in excess
of 2R›, the two planets probably contain significant quantities of
volatiles in the form of astrophysical ices and up to a few per cent of
H or He by mass. Volatile-poor rocky planets this large would have
Saturn-like masses of 82–117 Earth masses (assuming an Earth-like
composition with 32% iron core and 68% silicates by mass), and would
be larger and more massive than any rocky exoplanet discovered to
date. Instead, Kepler-66b and Kepler-67b are likely to have structures
and compositions that resemble that of Neptune and, following mass–
radius relations for exoplanets in the field18, probably have masses less
than 20 Earth masses (see Supplementary Information).

For NGC6811 to have survived a billion years, the initial number
density of stars in the cluster must have been at least that of the Orion
Trapezium cluster (about 13,000 per cubic parsec) and thus more than
two orders of magnitude greater than that of the typical cluster formed
in a molecular cloud (about a hundred stars per cubic parsec; ref. 1).
Highly energetic phenomena including explosions, outflows and winds
often associated with massive stars would have been common in the
young cluster. The degree to which the formation and evolution of
planets is influenced by a such a dense and dynamically and radiatively
hostile environment is not well understood, either observationally or
theoretically19–25. The formation of planets takes place in the circum-
stellar disks during the first few million years of a star’s life, which is the
typical lifetime of disks26. We estimated the number and mass-distri-
bution of stars in NGC6811 at the time Kepler-66b and Kepler-67b
formed by fitting a canonical initial mass function27 to the current
distribution of masses for members in the cluster (see Supplemen-
tary Information). The calculation suggests that the cluster contained

Table 1 | Stellar and planetary parameters for Kepler-66 and
Kepler-67

Stellar properties Kepler-66 Kepler-67

Right ascension 19 h 35 min 55.573 s 19 h 36 min 36.799 s
Declination 46u 419 15.9060 46u 099 59.1810

Spectral type G0V G9V
Effective temperature, Teff (K) 5,962 6 79 5,331 6 63
log[Surface gravity (cm s22)] 4.484 6 0.023 4.594 6 0.022

Rotation period (days) 9.97 6 0.16 10.61 6 0.04
Mass (solar masses) 1.038 6 0.044 0.865 6 0.034
Radius (solar radii) 0.966 6 0.042 0.778 6 0.031

Density (solar) 1.15 6 0.15 1.89 6 0.17
Visual magnitude, V 15.3 16.4
Age (billion years) 1.00 6 0.17
Distance (parsec) 1,107 6 90

Metallicity, Z 0.012 6 0.003

Planetary parameters Kepler-66b Kepler-67b

Orbital period (days) 17.815815 6 0.000075 15.72590 6 0.00011
Impact parameter 0.56 6 0.26 0.37 6 0.21
Time of mid-transit

(BJD)
2454967.4854 6 0.0025 2454966.9855 6 0.0048

Planet-to-star radius
ratio

0.02646 6 0.00097 0.03451 6 0.0013

Scaled semi-major axis
(a/Rstar)

30.3 6 1.0 32.4 6 1.1

Semi-major axis (AU) 0.1352 6 0.0017 0.1171 6 0.0015
Radius (R›) 2.80 6 0.16 2.94 6 0.16

The age, distance and chemical composition of NGC6811 were determined from a maximum-
likelihood fit of stellar evolution models13,14 to the cluster sequence in the colour–magnitude diagram
using Bayesian statistics and a Markov-chain Monte Carlo algorithm17. The best-fitting stellar
isochrone14 and photometric measurements in all available bandpasses (UBV, griz, JHK and D51
magnitude) were used to derive the effective temperatures, surface gravities, masses, radii and
densities for Kepler-66 and Kepler-67. The transit and orbital parameters (period, impact parameter,
time of mid-transit, radius ratio, and scaled semi-major axis) for Kepler-66b and Kepler-67b were
derived from the Kepler photometry using a Markov-chain Monte Carlo procedure with the mean stellar
density as a prior28. The parameters for Kepler-67b account for minor dilution from a close companion
to the star described in section 3.2 of the Supplementary Information. Errors given for stellar and
planetary parameters are 1s uncertainties. BJD is barycentric Julian date, and AU is astronomical units.
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Figure 1 | The colour–magnitude and colour–period diagrams for
NGC6811. a, The colour–magnitude diagram for stars within a 1-degree-
diameter field centred on NGC6811 with the locations of Kepler-66 and Kepler-
67 marked by black circles. Cluster members, marked with larger red dots, trace
a well-defined relationship between stellar mass (colour, B 2 V) and luminosity
(brightness, V) that can be fitted by stellar evolution models to determine the
age and distance of NGC6811 as well as the masses and radii of its members. By
this method NGC6811 is found to be 1.00 6 0.17 billion years old and

1,107 6 90 parsecs distant17. b, The colour–period diagram for 72 NGC6811
members16. The rotation periods are determined from periodic brightness
variations in the Kepler light curves, and the error bars represent the dispersion
of multiple period measurements. As in the colour–magnitude diagram, cluster
members trace a well-defined relation between stellar colour and rotation
period. The locations of Kepler-66 and Kepler-67 on the cluster sequence are
marked by orange star symbols.
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at least 6,000 stars during the era of planet formation, including several
O stars (masses greater than 20 solar masses) and more than one
hundred B stars (masses between 3 and 20 solar masses). The discovery
of two mini-Neptunes in NGC6811 thus provides evidence that the
formation and long-term stability of small planets is robust against

stellar densities that are extremely high for open clusters, and the violent
deaths and high-energy radiation of nearby massive stars.
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Figure 2 | Transit light curves. a, b, The Kepler light curves for Kepler-66
(a) and Kepler-67 (b). The photometric measurements (grey points) were
acquired in long cadence mode (30-min total exposures) and have been
detrended28, normalized to the out-of-transit flux level, and phase-folded on the

periods of the transiting planets. The blue data points and error bars represent
the same data phase-binned in 30-min intervals and the standard error of the
mean, respectively. Transit models smoothed to the same cadence are
overplotted in red.
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Figure 3 | Distribution of planetary properties. a, b, Histograms of planetary
radii (a) and orbital periods (b) of simulated transiting planets expected in
NGC6811, accounting for incompleteness and assuming the same period and
size distribution and occurrence rate as in the field5. The properties of
Kepler-66b and Kepler-67b are similar to those of the most commonly expected
planets. The widths of the red and blue vertical lines reflect 61s errors in the
radii and periods of the two planets.
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Searching for Planets in OCs:  
Radial Velocities of Giant Stars 

The observed radial velocities are shown in Figure 2 and are
listed in Table 2 together with their estimated uncertainties.
The measurement error of each observation is derived from an
ensemble of velocities from each of !200 spectral regions (each
5 8 long) in every exposure. We also observed ! Tau and "1 Tau
almost every timewhen #Tauwas observed.As shown in Figure 3,
both of the stars have small radial velocity scatters of $ ¼ 5:4
and 11.0 m s#1 (scatters around the linear trend for "1 Tau), re-
spectively. This level of scatters is typical for lateG- to earlyK-type
giants (Sato et al. 2005).

The observed radial velocities for # Tau can be well fitted by a
Keplerian orbit with a period P ¼ 594:9 $ 5:3 days, a velocity
semiamplitude K1 ¼ 95:8 $ 1:8 m s#1, and an eccentricity e ¼
0:151$ 0:023. The resulting model is shown in Figure 2, and its
parameters are listed in Table 3. The uncertainty of each pa-
rameter was estimated using a Monte Carlo approach. The rms
scatter of the residuals to the Keplerian fit was 9.9 m s#1, which

is comparable to the scatters of ! Tau and "1 Tau, suggesting that
# Tau is also intrinsically stable in radial velocity. If we assume
that the observed radial velocity variability is due to an orbital
motion, we obtain a minimum mass for the companion of m2

sin i ¼ 7:6 $ 0:2 MJ and a semimajor axis of a ¼ 1:93 $ 0:03
AU. The uncertainties mostly come from the host star’s mass.
The average value of sin i for randomly oriented orbits, %/4,
gives a mass for the companion of 9.7MJ, which still falls within
the planetary-mass regime. The companion thus becomes the
first planet ever discovered in an open cluster.

4. LINE SHAPE ANALYSIS

Although the radial velocity variability in # Tau can be plau-
sibly explained by an orbital motion, intrinsic phenomena on
the stellar surface, such as rotational modulations in chromo-
spheric active stars and pulsations, may produce similar periodic
radial velocity variations. However, # Tau is probably chromo-
spherically inactive, because we found no significant emission
in the Ca ii H and K line cores, as shown in Figure 1. Moreover,
the rotational period estimated by the projected rotational veloc-
ity and the stellar radius is Prot % 2%R /v sin i ! 280 days (R is a
stellar radius), which is incompatible with the observed period.
If the rotational velocity contained a large error, and observed
period were the same as the rotational period, giving a rotational

Fig. 2.—Top: Observed radial velocities of # Tau (dots). The Keplerian orbital
fit is shownby the solid line.Bottom: Residuals to theKeplerian fit. The rms to the
fit is 9.9 m s#1.

TABLE 2

Radial Velocities for # Tau

JD

(#2,450,000)

Radial Velocity

(m s#1)

Error

(m s#1)

3000.0817......................... #101.5 5.2

3080.0119......................... #66.8 4.7

3249.2986......................... 59.9 4.8

3284.2648......................... 82.8 5.7

3367.1614......................... 89.7 4.7

3402.0266......................... 62.9 5.7

3423.9447......................... 59.6 9.9

3423.9618......................... 52.6 5.0

3449.0016......................... 37.7 5.4

3579.3094......................... #107.0 4.8

3600.2646......................... #101.8 4.4

3635.3287......................... #65.7 3.5

3659.2297......................... #72.1 6.2

3693.3002......................... #67.4 5.6

3720.1975......................... #41.2 6.1

3728.2251......................... #24.7 5.1

3741.1005......................... #23.5 6.5

3774.9119......................... 6.0 5.9

3809.9800......................... 39.3 5.2

3938.3112......................... 99.7 6.4

Fig. 3.—Observed radial velocities of ! Tau (top) and "1 Tau (bottom). "1 Tau
is a spectroscopic binary having an orbital period of about 16 yr. The best-fit linear
radial velocity trend with!830 m s#1 yr#1 has been subtracted in the figure. ! Tau
is considered to be a single star. The rms scatter around amean velocity is 5.4m s#1

for ! Tau, and the rms scatter to the best-fit trend is 11.0 m s#1 for "1 Tau.

TABLE 3

Orbital Parameters for # Tau

Parameter Value

P (days)............................ 594.9 $ 5.3

K1 (m s#1)........................ 95.9 $ 1.8

e........................................ 0.151 $ 0.023

! (deg) ............................. 94.4 $ 7.4

Tp ( JD#2,450,000).......... 2879 $ 12

a1 sin i (10
#3AU)............. 5.192 $ 0.097

f1(m) (10
#8 M&) ............... 5.27 $ 0.28

m2 sin i (MJ) ..................... 7.6 $ 0.2

a (AU) ............................. 1.93 $ 0.03

Nobs ................................... 20

rms (m s#1) ...................... 9.9

Reduced &2 ...................... 4.5

PLANETARY COMPANION TO # TAURI 529No. 1, 2007
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C. Lovis and M. Mayor: Planets around evolved intermediate-mass stars. I. 659

Table 1. Cluster list and properties of their red giants.

Cluster Number of Cluster age Mass of giants Magnitude of
selected giants [Gyr] [M⊙] selected giants

NGC 3114 10 0.13 ± 0.05 4.7 ± 0.4 ∼8.2
NGC 4349 7 0.20 ± 0.05 3.9 ± 0.3 ∼11.3

IC 2714 8 0.35 ± 0.05 3.2 ± 0.2 ∼11.2
NGC 2539 9 0.37 ± 0.05 3.1 ± 0.2 ∼11.0
NGC 2447 7 0.39 ± 0.05 3.0 ± 0.2 ∼10.2
NGC 6633 4 0.43 ± 0.10 2.9 ± 0.2 ∼8.7

IC 4756 15 0.50 ± 0.10 2.8 ± 0.2 ∼9.2
NGC 2360 8 0.56 ± 0.10 2.6 ± 0.2 ∼11.2
NGC 5822 12 0.68 ± 0.20 2.5 ± 0.2 ∼10.5
NGC 2423 6 0.74 ± 0.20 2.4 ± 0.2 ∼10.5

IC 4651 8 1.1 ± 0.3 2.1 ± 0.2 ∼10.8
NGC 3680 4 1.2 ± 0.3 2.0 ± 0.2 ∼10.8

M 67 17 2.6 ± 1.0 1.5 ± 0.2 ∼10.7

Fig. 1. Colour–magnitude diagram for NGC 2423 taken from WEBDA.
Red giants in our survey are shown as triangles, NGC2423 No. 3 as a
square.

Fig. 2. RV dispersion for giant stars in NGC 2423 and NGC 4349. Two
stars with dispersions larger than 100 m s−1 (due to stellar companions)
are not shown in these plots.

included 7 of them in our survey, whose positions in the HR dia-
gram are shown in Fig. 3. NGC 4349 No. 127 (α = 12h24m35s,
δ = −61◦49′12′′) has visual magnitude V = 10.88 and colour in-
dex B−V = 1.46 according to Lohmann (1961). Again, it seems

Fig. 3. Colour–magnitude diagram for NGC 4349 taken from WEBDA.
Red giants in our survey are shown as triangles, NGC 4349 No. 127 as
a square.

to be slightly more evolved than the mean clump position. The
mean radial velocity of the giants, derived from our measure-
ments, is –11.77 km s−1, with a dispersion of 0.23 km s−1. The
mean RV of NGC 4349 No. 127 is –11.40 km s−1; this star is
therefore most probably a cluster member.

We use HARPS to observe the NGC 4349 giants since they
are too faint for Coralie (V ! 11.3). To date we have obtained
about 7 measurements per star spanning ∼500 days. The typical
photon-limited RV precision on these stars amounts to 3–4 m s−1.
Figure 2 shows the histogram of the RV dispersion after sub-
traction of the instrumental component. Four stars have a mod-
erate scatter of 13–28 m s−1, while NGC 4349 No. 168 shows
a long-term trend (σRV = 74 m s−1) probably due to a stel-
lar companion. Finally, NGC 4349 No. 203 is a short-period
binary exhibiting large RV variations (Mermilliod et al. 2007).
NGC 4349 No. 127 stands out with a scatter of 70 m s−1 and a
periodic signal, as will be seen in Sect. 4. Using the stable giants,
we derive an estimated jitter level of 20 m s−1, very similar to the
NGC 2423 giants. Most interestingly, the high-mass NGC 4349

! ☺ Giant Stars are brighter than 
Main Sequence counterparts 

!  Sato et al. 2007: A planetary 
companion to the Hyades Giant 
ε Tauri, P=594d Msini=7.6MJ 

!  Lovis & Mayor 2007: Planets 
around evolved intermediate-
mass stars. A P=714d 
Msini=10.6MJ in NGC2423 and 
a P=678d Msini=19.8MJ in 
NGC4349 

! " Little knowledge of giant star 
oscillations prevent the 
discovery of small-mass planets  



Searching for Planets in OCs:  
Radial Velocities of MS Stars 

the HET data (left column), we discover significant peaks
crossing the 99% threshold. This tells us that there are sig-
nificant periods at these crossings. However, these significant
periods do not correspond to companions but to the rotational
period of the star and aliases thereof. For the Keck data (right
column), there are several crossings. This is expected, as the
sampling is extremely poor. There are !15–20 observations
of these stars over the course of 6 yr, and many ‘‘significant’’
periods can be derived with this quality of sampling.

NA98 suggest that all sources of error be included. Thus, a
far superior assumption, and that recommended by NA98, is
that the error in the observations is not only due to internal
errors but also to the rotational modulation of active regions.
For this, we assume an error equal to the mean vr rms for the
sample (!16 m s"1, ignoring stars with linear trends and binary
stars). Thus, any period spikes that cross the 99% threshold
should come from external sources (stellar and substellar
companions). The calculation using this assumption is depicted
by the solid histogram lines in Figure 5. We note that for all
nonbinary stars, there are absolutely no companion mass power
spectrum crossings of the 99% threshold for stars in these Keck
data. The binary stars have insufficient phase coverage. The
threshold crossings are therefore beyond the reasonable limits
of the calculations described above.

Thus, we can use this method for determining the value of
‘‘significant’’ periods derived from a periodogram analysis
quite apart from a calculated FAP.

In general, we can provide constraints on the characteristics
of systems that are detectable around young stars via the ra-
dial velocity technique, also employing the methods in NA98.
Figure 6 presents an analysis for stars of Hyades age with

Fig. 2.—Histogram of the rms scatter in the program stars, excluding binary
stars and stars with linear trends.

Fig. 3.—The rms scatter in the program stars vs. the measured v sin i. Stars
with linear trends and binaries have not been included.

Fig. 4.—Internal errors vs. v sin i

TABLE 5

Stars with FAP Less than 10 Percent

Star

P

(days) FAPH&B FAPbootstrap

vB 7 ................................... 9.61 0.088 0.045

vB 12 ................................. 4.04 0.097 0.001

vB 18 ................................. 17.36 0.040 0.089

vB 19 ................................. 6.02 0.056 0.006

4.91 0.089 0.017

vB 87 ................................. 7.60 0.069 0.088

vB 118................................ 6.15 0.068 0.037

vB 153 ............................... 4.62 0.010 0.011

vB 170 ............................... 26.24 0.053 0.014

PLANETS IN THE HYADES. V. 3583No. 6, 2004

15/07/2015 Pathways 2015: Pathways towards habitable planets 

!  A small number of stars were then 
observed more intensively, 
spectroscopically and photometrically, 
and……. 

! Chocran et al. 2002, Searching 
for planets in the Hyades. I. The 
Keck Radial Velocity survey 

!  94 F5V to M2V stars, magnitude 
range V=7.5-11. No planet found 

!  The survey was affected by the 
little knowledge of stellar activity 
of young stars (RV jitter) 
!  Sparse sampling 
! No simultaneous photometric 

observations  
! Only CaII H&K emission lines 

as activity indicator. I2 gas cell 
contaminates the spectra 



Searching for Planets in OCs:  
Hot-Jupiters around OC stars 

15/07/2015 Pathways 2015: Pathways towards habitable planets 

! Quinn et al. 2012: Two “b”s in 
the Beehive: the discovery of 
the first Hot Jupiters in an 
Open Cluster  
!  P=4.43d Msini=0.54MJ  
!  P=2.14d Msini=1.84MJ 

! Quinn et al. 2014: HD 
285507b: an eccentric Hot 
Jupiter in the Hyades Open 
Cluster 
!  P=6.09d Msini=0.54MJ 

e=0.09 

! Observational strategy 
focused on the detection of 
short-period, massive planets.  

The Astrophysical Journal, 787:27 (10pp), 2014 May 20 Quinn et al.
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Figure 1. Orbital solution for HD 285507b. The panels, from top to bottom,
show the relative RVs, best-fit residuals, bisector span variations, and relative S
index values. In the top panel the large black points are the final RVs, but also
plotted are the RVs derived from the blue and red orders of the spectrum, showing
agreement at different wavelengths (see Section 3.4). RV error bars represent the
internal errors, and do not include astrophysical or instrumental jitter, although
7.2 m s−1 instrumental jitter was added to the orbital fit. The solid black curve
shows the best-fit orbital solution (and the blue and red dashed curves show the
fits to the blue and red RVs). The blue curve is nearly indistinguishable from
the black curve. The orbital parameters are listed in Table 3.
(A color version of this figure is available in the online journal.)

For each spectrum we also computed the S index—an
indicator of chromospheric activity in the Ca ii H&K lines. We
follow the procedure of Vaughan et al. (1978), but we note that
our S indices are not calibrated to their scale; these are relative
measurements. Correlation between S index and orbital phase
might be expected if the apparent RV variations were activity-
induced, but as shown in Figure 1, there is no such correlation
(Pearson r = 0.17). Instead, there may be significant periodicity
in the S indices at 12 or 13 days (Figure 2), which is similar to
the published rotation period of 11.98 days. Our data set is
too sparse to claim a detection of the rotation period from the
activity measurement, but we can see there is no power at the
observed orbital period of 6.088 days.

Finally, if spots were the source of the variation, we might
also expect the RV amplitude to be wavelength dependent
because contrast between the spot and the stellar photosphere
is wavelength dependent. We derived RVs for the blue and
red orders separately (weighted mean wavelengths of λblue =
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Figure 2. Top left: the stellar activity, as characterized by the relative S
index measured from our spectra of HD 285507. Bottom: the Lomb–Scargle
periodogram indicates that there may be significant periodicity on timescales
similar to the stellar rotation period of 11.98 days (Delorme et al. 2011), but
not at the RV period of 6.09 days (dashed line). Top right: the data have been
folded onto the highest peak, 13.2 days, and binned for illustration.

4967 Å and λred = 5845 Å), and find the amplitudes to
be consistent at the level of 0.5σ (3 m s−1, Figure 1). This
agreement between the red and blue amplitudes is encouraging,
but is not conclusive by itself. We generally expect large
amplitude differences between the optical and infrared for spot-
induced RVs because the spot contrast can change drastically
over that wavelength range. The expected amplitude difference
for our smaller (∼1000 Å) wavelength span, on the other hand,
is more uncertain because the local wavelength dependence
of the RV amplitudes is itself dependent upon the (unknown)
temperature difference between spot and photosphere (e.g.,
Reiners et al. 2010; Barnes et al. 2011). The simulations of
Reiners et al. (2010) indicate that the amplitude difference might
be detectable if the spot contrast is low, but not if it is high.
Even this is not certain, though, as other authors (Desort et al.
2007) predict a 10% drop in amplitude between blue and red for
high contrast spots on solar-type stars. Regardless, from these
results and the work of Saar & Donahue (1997), we estimate
that to induce the observed RV amplitude (125 m s−1) given
v sin i ≈ 3.2 km s−1, the spot would have to cover ∼20% of the
visible stellar surface for low contrast spots (∆Teff ≈ 200 K)
or ∼5% for high contrast spots (∆Teff ≈ 1500 K). Large
and high contrast spots are more likely to appear on very
magnetically active stars (e.g., Bouvier et al. 1995), and we have
no evidence for strong magnetic activity. Furthermore, for such
spot configurations, the RV-bisector correlation should be strong
(e.g., Mahmud et al. 2011), and we observe no correlation.

We conclude from the evidence presented above that the
observed RV variation is not caused by spots, but is the result
of an orbiting planetary companion.

3.5. Stellar and Planetary Properties

We used the spectroscopic classification technique Stellar Pa-
rameter Classification (SPC; Buchhave et al. 2012) to determine
the effective temperature Teff , surface gravity log g, projected ro-
tational velocity v sin i, and metallicity [m/H] of HD 285507.
In essence, SPC cross-correlates an observed spectrum against
a grid of synthetic spectra, and uses the correlation peak heights
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Table 1. Stellar parameters of the three M 67 stars hosting planets.

Parameters YBP1194 YBP1514 SAND364
↵ (J2000) 08:51:00.81 08:51:00.77 08:49:56.82
� (J2000) +11:48:52.76 +11:53:11.51 +11:41:33.00
Spec. type G5V G5V K3III
mV [mag] 14.6a 14.77a 9.8b

B � V [mag] 0.626a 0.680a 1.360b

M? [M�] 1.01 ± 0.02c 0.96 ± 0.01d 1.35 ± 0.05d

R? [R�] 0.99 ± 0.02d 0.89 ± 0.02d 21.8 ± 0.7d

log g [cgs] 4.44 ± 0.035c 4.57 ± 0.05e 2.20 ± 0.06 f

Te↵ [K] 5780 ± 27c 5725 ± 45e 4284 ± 9 f

[Fe/H] [dex] 0.023 ± 0.015c 0.03 ± 0.05e �0.02 ± 0.04 f

References.

(a) Yadav et al. (2008). (b) Montgomery et al. (1993).
(c) Önehag et al. (2011). (d) Pietrinferni et al. (2004) and Girardi et al.
(2000). (e) Smolinski et al. (2011) and Lee et al. (2008). ( f ) Wu et al.
(2011).

spectroscopic analysis (Önehag et al. 2011) has confirmed the
star as one of the best-known solar-twins.

YBP1514 also is a G5 main sequence star. We adopted the
atmospheric parameters obtained by Smolinski et al. (2011),
who used spectroscopic and photometric data from the origi-
nal Sloan Digital Sky Survey (SDSS-I) and its first extension
(SDSS-II/SEGUE). These values are consistent, within the er-
rors, with what has been found in previous work on the same data
by Lee et al. (2008) and in the study of Pasquini et al. (2008).

S364 (MMJ6470) is an evolved K3 giant star. The stellar
parameters, summarized in Table 1, are taken from Wu et al.
(2011). We derived its mass and radius by isochrone fitting
(Pietrinferni et al. 2004).

3. Radial velocities and orbital solutions

The RV measurements were obtained using the HARPS spec-
trograph (Mayor et al. 2003) at the ESO 3.6 m telescope
in high-e�ciency mode (with R = 90 000 and a spectral
range of 378–691 nm); the SOPHIE spectrograph (Bouchy
& SOPHIE Team 2006) at the OHP 1.93 m telescope in
high-e�ciency mode (with R = 40 000 and a spectral range
of 387–694 nm), and the HRS spectrograph (Tull 1998) at the
Hobby Eberly Telescope (with R = 60 000 and a wavelength
range of 407.6–787.5 nm). In addition, we gathered RV data
points for giant stars observed between 2003 and 2005 (Lovis
& Mayor 2007) with the CORALIE spectrograph at the 1.2 m
Euler Swiss telescope. HARPS and SOPHIE are provided with
a similar automatic pipeline to extract the spectra from the de-
tector images and to cross-correlate them with a G2-type mask
obtained from the Sun spectra. Radial velocities are derived by
fitting each resulting cross-correlation function (CCF) with a
Gaussian (Baranne et al. 1996; Pepe et al. 2002). For the HRS,
the RVs were computed using a series of dedicated routines
based on IRAF and cross-correlating the spectra with a G2 star
template (Cappetta et al. 2012). All the observations for each
star were corrected to the zero point of HARPS, as explained
in Pasquini et al. (2012), and were analyzed together. Two ad-
ditional corrections were applied to the SOPHIE data, to take
into account the modification of the fiber link in June 2011
(Perruchot et al. 2011) and the low S/N ratio of the observa-
tions. For the first, we calculated the o↵set between RV val-
ues of our stellar standard (HD 32923) before and after the
change of the optical setup. For the second, we corrected our
spectra using Eq. (1) in Santerne et al. (2012). We studied the
RV variations of our target stars by computing the Lomb-Scargle

Fig. 1. Top: Lomb-Scargle periodogram for YBP1194. The dashed lines
correspond to 5% and 1% false-alarm probabilities, calculated accord-
ing to Horne & Baliunas (1986) and white noise simulations. Bottom:
phased RV measurements and Keplerian best fit, best-fit residuals, and
bisector variation for YBP1194. Black dots: HARPS measurements, red
dots: SOPHIE measurements, green dots: HRS measurements.

periodogram (Scargle 1982; Horne & Baliunas 1986) and by
using a Levenberg-Marquardt analysis (Wright & Howard 2009,
RVLIN) to fit Keplerian orbits to the RV data. The orbital so-
lutions were independently checked using the Yorbit program
(Segransan et al., in prep.). For each case we verified that the
RVs did not correlate with the bisector span of the CCF (calcu-
lated following Queloz et al. 2001) or with the FWHM of the
CCF. All the RV data for each star are available in Appendix A.

YBP1194

We have acquired 23 RV measurements since 2008. Fifteen were
obtained with HARPS with a typical S/N of 10 (per pixel at 550
nm), leading to a mean measurement uncertainty of 13 m s�1

including calibration errors. Eight additional RV measurements
were obtained with SOPHIE and HRS with mean measurement
uncertainties of 9.0 m s�1 and 26.0 m s�1. A clear 6.9 day pe-
riodic signal can be seen in the periodogram (see Fig. 1 top)
with its one-year and two-year aliases on both sides (at 6.7 d
and 7.03 d). A single-Keplerian model was adjusted to the data
(Fig. 1 bottom). The resulting orbital parameters for the planet
candidate are reported in Table 2. The residuals’ dispersion is
�(O–C) = 11.55 m s�1, comparable with the mean measure-
ment accuracy (⇠15 m s�1), and the periodogram of the resid-
uals does not show significant power excess, although structures
are present.

YBP1514

Twenty-five RV measurements have been obtained for YBP1514
since 2009: 19 with HARPS, the others with HRS and SOPHIE.
The typical S/N is ⇠10 and the measurement uncertainty
is ⇠15 m s�1 for HARPS, ⇠25 m s�1 for HRS, and ⇠10 m s�1

for SOPHIE. A significant peak is present in the periodogram
at 5.11 days (Fig. 2 top), together with its one-year alias
at 5.04 days. We fitted a single-planet Keplerian orbit corre-
sponding to the period P = 5.11 days (Fig. 2 bottom). The orbital
parameters resulting from this fit are listed in Table 2. Assuming
a mass of 0.96 M� for the host star, we computed a minimum
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Fig. 1. A synthetic view of the radial velocity and spectroscopic information measured from HARPS data from November 2008 to February 2009.
The dotted line in the bottom diagram indicates the average R′(HK) index.

(Noyes et al. 1984), in close agreement with the 23 days value
inferred from the Corot light curve. This close agreement may
be fortuitous considering the uncertainties in the systematics of
the Noyes et al. (1984) calibration.

Stellar magnetic activity in the form of starspots is well
known by planet Doppler hunters to generate radial velocity “jit-
ter” or scatter in their data. Saar et al. (1998) presents a model
for estimating this scatter from the rotational velocity and spot
filling factor of the star. Using the measured projected rotational
velocity and photometric amplitude variations for CoRoT-7, a
radial velocity rms scatter of 8 m s−1 is expected, which is com-
parable to the measured radial velocity scatter. Therefore, to de-
tect the signature of the CoRoT-7b transiting planet, one should
as well include stellar activity when analyzing the radial velocity
measurements.

2.2. EULER photometry

During the course of the intensive HARPS observation cam-
paign, it became obvious that to identify a clear radial velocity
signature from CoRoT-7b we should obtain a better understand-
ing of the impact of the stellar activity on our measurements.
Ground-based photometric measurements that were simultane-
ous to the HARPS measurements were carried out at the Swiss
Euler Telescope from the end of December 2008 to the be-
ginning of February 2009. Since both telescope are located at

La Silla, the difference in the weather conditions between sites
was not a concern.

The Swiss Euler telescope photometry was carried out in a
series of short exposures of about 20 min. In Fig. 2 one sees
that both the color (B − V) and the stellar magnitude vary. It is
interesting to note that this variability pattern matches the ex-
trapolation of the CoRoT light curve if assuming a rotation pe-
riod of 23.64 days and a shift of 17 full rotation cycles to the
time when spot effects were most visible in the CoRoT data. The
relation between the (B − V) index and the magnitude may be
simply understood by cool starspots on the stellar surface. When
an active region is facing the observer, both the average temper-
ature and the luminosity of the star are decreased. As a result
the magnitude increases (∆V > 0) and the star becomes redder
∆(B − V) > 0.

Another important outcome of this simultaneous sequence is
that, when the photometric signal is compared with the varia-
tion of the CCF width, a linear correlation between these two
parameters is found (Fig. 2). The relation between the CCF
width and the stellar flux is consistent with a rotating cool spot
scenario as well. The cross-correlation function corresponds to
the mean shape of lines in the stellar spectra. The change in
the width of the CCF therefore reflects an average modifica-
tion of the line widths. A cool spot acts as a shadow on the
stellar disk and affects the rotational line profile. For a fast-
rotating star one can see spectral distortions. When the spot is
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Fig. 9. Orbital solution for the 0.85-d period using the residuals from
the radial velocity data after removing the contribution of all other fre-
quencies detected by the pre-whitening procedure.

The pre-whitening process may affect the radial velocity am-
plitude we measure for CoRoT-7b. To investigate possible am-
plitude variations introduced by the filtering process, we per-
formed another pre-whitening procedure, but this time we first
fitted and then removed the 0.85 d component to the raw data.
The pre-whitening procedure was then performed on the highest
peak (the rotational frequency) and continued on the next highest
peak in the residuals. With the addition of each new frequency,
a simultaneous fit to the data was performed, and the amplitude
of the 0.85-d period noted. The amplitude of the 0.85-day period
varied between a maximum value of 5.8 m s−1 and a minimum
value of 4 m s−1. An uncertainty of about 1 m s−1 in the fitted ra-
dial velocity amplitude of the 0.85-d period can thus easily result
from the filtering process.

We also tested how well the pre-whitening procedure could
recover input signals of known amplitudes. For this simulation
a simulated data set was calculated using all the frequencies in
Table 2 except the one associated with the 0.85 d period. For the
0.85 d component, signals of different amplitudes were inserted
into this fake data. This was then sampled in the same manner as
the real data, and random noise at a level of 2 m s−1 was added.
The noise characteristics in the data can affect the final radial ve-
locity amplitude either in the fitted amplitude, or in our choice of
frequency for removal. To account for this, 10 data sets for each
input 0.85-d amplitude were produced using a different random
number generator for the noise. As a result one found that the
pre-whitening filtering artificially increased the amplitude of the
0.85 day signal. The “true amplitude” is about 80% of the mea-
sured value; therefore, the orbital solution gives an amplitude of
4.16 m s−1, which corresponds to a 3.33 m s−1 “true” amplitude.

The orbital elements for the 3.7-day period (CoRoT-7c ) are
also listed in Table 4. Although the formal error on the amplitude
is 0.3 m s−1, the variations in the amplitude introduced by the fil-
tering process can be as high as 1 m s−1. This should be taken
as a more realistic error. Again, the filtering process may over-
estimate the radial velocity amplitude so that the true amplitude
is 80% less, which is the case for CoRoT-7b.

5.2. Detecting planetary signals in the data filtered for activity

In this section we look for periodic signals in the radial velocity
measurements filtered from the rotational harmonics. To account
for possible additional systematics arising from the filtering

process, a 1.5 m s−1 error was quadratically added to our data.
This additional noise corresponds to the measured scatter in the
series of fit { f j(t)}. We consider it as a typical estimate of the
uncertainty on the activity component removed to the radial ve-
locity data. In Fig. 10 a Lomb Scargle periodogram analysis of
the harmonically filtered data shows a strong period at 3.7 days
(ν = 0.271 d−1) with its series of aliases at ν+1, 1/(ν+1),... When
an orbital solution is adjusted to these data with all free parame-
ters, one finds a solution with K = 3.4±0.4 at P = 3.6887±.0089
and e = 0.17 ± 0.13. This period was identified as well by the
pre-whitening algorithm.

Similar to the pre-whitening approach, we then removed the
3.7-day orbit from the data using the fitted orbital solution and
then looked for a remaining signal in the residuals of the power
spectrum decomposition. In Fig. 10 one sees that the 3.7 day
peak with all its aliases are supressed and a significant and iso-
lated peak is detected at P = 0.853 days (ν = 1.172 d−1) at the
CoRoT-7b period (see zoom of the power spectrum decomposi-
tion in Fig. 10) with its usual series of aliases.

Fitting a circular orbital solution to the radial velocity residu-
als after removing the P = 3.7 days signal results in P = 0.8516±
0.00074 days, K = 2 ± 0.4 m s−1, and T0 = 54 447.463 ± 0.34,
corresponding to time of transit Ttr = 54 446.81± 0.34 in agree-
ment with the CoRoT ephemerides. We looked for other possible
signals in the residuals of this solution. In the power spectrum,
of the residual no signal above a 10−4 (about 4−σ) false alarm
probability was found. The radial velocity solution establishes
the detection of the radial velocity signal of CoRoT-7b; how-
ever, a more precise constraint on the amplitude of the radial
velocity signal (and the planet mass) may be reached when the
CoRoT-7b period measured from the transit is assumed and kept
constant in the orbit fitting.

In this analysis, CoRoT-7b is independently detected with
the only assumption that the orbit is circular. Another small
planet is detected at P = 3.7 days. To obtain a coherent solution,
we simultaneously fitted a two-planet model to the data filtered
from activity. To improve the quality of the adjustment we used
the CoRoT-7b well-determined transit period (P = 0.8536 d).
We did not use the CoRoT-7b time of transit Ttr as a fixed value
since we suspected its accuracy to be degraded after more than
400 orbital cycles. Leaving this parameter free is also meant to
assess the level of confidence in our solution. The solution is
displayed in Fig. 11 and the results listed in Table 4.

The transit ephemerides measured by CoRoT compared to
the radial velocity solution is off by only 1%. It is a very
impressive match, considering that there is a one year gap be-
tween the CoRoT-7b transit measurements and the radial veloc-
ity data. Taking into account that more than 400 cycles have oc-
curred in the meantime, this error would correspond to an uncer-
tainty of less than 2 s (3×10−5 d) on the CoRoT-7b transit period.
Formally we are statistically 2-sigma away if one considers the
error quoted by Léger et al. (2009). However, we believe that this
value may be slightly underestimated. Another way to express
our slight difference is to compare it with the transit-folding pro-
cess. A 10 s error on the period would correspond to 2% error on
the phase folding between the first and the last transit observed
by CoRoT. The accuracy of the CoRoT ephemerides is consis-
tent with the orbital solution obtained in the pre-whitening pro-
cessing that considered the CoRoT-7b time of transit as a fixed
value.

The fitted amplitude of the CoRoT-7b radial velocity curve
derived from the pre-whitening process differs from the one de-
rived from the power spectra decomposition. To assess a pos-
sible effect of both the filtering and the fitting procedure, we
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Conclusions 
•  Photometry does not find a different 

frequency of planets in Open Clusters 
respect to the field  

•  Earlier RV surveys did not take activity 
into account properly 

•  Later RV surveys focused on giant stars, 
or just to find Hot Jupiter 

•  We now have the hardware (HARPS-
N@TNG, HARPS@3.6m, high-precision 
photometry) and the tools (Activity 
indexes…)  to discover low-mass planets 
in OCs 

•  Not only planet discoveries: star-planet 
chemical connection, dynamics of stellar 
encounters… 
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