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INTRODUCTION   

! High Accuracy Radial velocity 
Planet Searcher 

! The High Precision Sample: 
!  ~450 FGK stars 
!  Low scatter (<10m/s, CORALIE) 
!  Slow rotators (<3km/s)  
!  Distance limited 

! Archive data from 2003-2009 
freely available (bit of cleaning, 
jitter, Jovian hosts etc). 

Data can be found at: http://archive.eso.org/wdb/wdb/eso/repro/form 
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OBJECTIVE 

! What is the frequency of stars with planets? 
! FSWP (P < 50d, Mp ! 30ME) in the range of ~40% 

from Mayor et al. 2011. 

! Values much lower for other low mass planet 
surveys: 
!  AAPS: 18.5% 
!  NASA ηEarth: 15% 
!  …Kepler (NPPS, Rp < 32REarth): 17% 

! An independent analysis due... 



DATA   

! A real mix… 
! Long period trends. 
! High activity stars 
! Some very well sampled stars, 

some not so much. 
! Other planets? 
! Nobs updated from Lovis et al. 

2011. 
! High irregularity of the time-

series sampling is not good for 
periodogram based analysis. 

M. Mayor et al.: The HARPS search for southern extra-solar planets

Table 1. Occurrence frequency of stars with at least one planet in the defined region. The results for various regions of the m2 sin i − log P plane
are given.

Mass limits Period limit Planetary rate based on Planetary rate Comments
published planets including candidates

> 50 M⊕ < 10 years 13.9 ± 1.7 % 13.9 ± 1.7 % Gaseous giant planets
> 100 M⊕ < 10 years 9.7 ± 1.3 % 9.7 ± 1.3 % Gaseous giant planets
> 50 M⊕ < 11 days 0.89 ± 0.36 % 0.89 ± 0.36 % Hot gaseous giant planets

Any masses < 10 years 65.2 ± 6.6 % 75.1 ± 7.4 % All ”detectable” planets with P < 10 years
Any masses < 100 days 50.6 ± 7.4 % 57.1 ± 8.0 % At least 1 planet with P < 100 days
Any masses < 100 days 68.0 ± 11.7 % 68.9 ± 11.6 % F and G stars only
Any masses < 100 days 41.1 ± 11.4 % 52.7 ± 13.2 % K stars only
< 30 M⊕ < 100 days 47.9 ± 8.5 % 54.1 ± 9.1 % Super-Earths and Neptune-mass planets on tight orbits
< 30 M⊕ < 50 days 38.8 ± 7.1 % 45.0 ± 7.8 % As defined in Lovis et al. (2009)

Table 2. Comparison of detected planets detected and occurrence rate of the ηEarth survey (Howard et al. 2010) and HARPS-CORALIE survey.
The comparison is restricted to planets with orbital periods smaller than 50 days. N1 stands for the numbers of detected planets, N2 stands for the
number of candidates, and N3 represents the estimated occurrence rate of planets in the given mass range.

Mass range HARPS & CORALIE survey ηEarth survey
Nb of planets Planetary rate Nb of planets Planetary rate

M⊕ N1 N2 N3 [%] N1 N2 N3 [%]
3-10 19 2 48.5 16.6 ± 4.4 5 3 10.2 11.8 ± 4.3

10-30 25 1 20.6 11.1 ± 2.4 4 1 4.6 6.5 ± 3.0
30-100 5 1 4.6 1.17 ± 0.52 2 1.6 ± 1.2

100-300 4 0 0.8 0.58 ± 0.29 2 1.6 ± 1.2
300-1000 2 0 0 0.24 ± 0.17 2 1.6 ± 1.2

24% ± 12

17% ± 4

11% ± 2

1.2% ± 0.5

0.6% ± 0.3

0.2% ± 0.2
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Fig. 9. Same as Fig. 6. The dashed lines represent the boxes in which
the occurrence rate is computed as defined by Howard et al. (2010). An
additional box is shown for masses between 1 and 3 M⊕.

4.3. The mass distribution

On Fig.10 we have plotted the histogram of masses of the plan-
ets detected in our sample. We observe a drastic decline of
the observed mass distribution from about 15 to 30 M⊕. If we
limit the range of orbital periods and only consider planets with
P < 100 days (Fig. 11), a region where the detection bias are not
too important for low-mass planets, we immediately observe the
preponderant importance of the sub-population of super-Earths
and Neptune-mass planets in that domain of periods. After cor-

rection of detection biases (Fig. 12), we see even more clearly the
importance of the population of low-mass planets on tight orbits,
with a sharp decrease of the distribution between a few Earth
masses and ∼ 40 M⊕. We note that the planet population synthe-
sis models by Mordasini et al. (2009b) predicted such a mini-
mum in the mass-distribution at precisely this mass range. They
also pointed out that a radial-velocity measurement precision of
about 1 ms−1 was required in order to detect this minimum. In the
framework of the core accretion model, this can be understood
by the fact that this mass range corresponds to the runaway gas
accretion phase during which planets acquire mass on very short
timescales. Therefore, unless timing is such that the gaseous disk
vanishes at this moment, forming planet transits quickly through
this mass range and the probability to detect these types of plan-
ets is reduced correspondingly. In Fig. 12 the importance of the
correction of the detection biases below 20 M⊕ is only the re-
flection of the present observing situation for which only a lim-
ited fraction of the sample has benefited from the large enough
number of HARPS measurements, required to detect small-mass
objects. Part of this correction is also related to the growing im-
portance of the sin i effect with decreasing masses.

4.4. The period distribution of Super-Earth and
Neptune-mass planets

The observed distribution of orbital periods for planets less mas-
sive than 30 M⊕ is illustrated in Fig.13. In Fig.14, the same dis-
tribution is reproduced with a black histogram, to be compared
with the histogram after correction for detection incompleteness
(red histogram). In agreement with Kepler’s preliminary find-
ings (Borucki et al. 2011), the sub-population of low-mass planet
appears mostly confined to tight orbits. The majority of these
low-mass planets have periods shorter than 100 days. Low-mass
planets on longer periods are of course more affected by detec-
tion limits, this is however, at least partly, taken into account in

8

[Mayor et al. 2011]  
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ANALYSIS 

Vm 

S
N

R
’ (

N
ob

s=
 6

) 

! Want to constrain the 
concept of detectability 
(not just Np/N*). 

!  Initial idea: to look at 
observing history (key 
is Nobs), giving a low 
FSWP. 

! HARPS team 
published "50 new 
planets, Nobs,new 

!  In light, observing 
strategy seems very 
inconsistent… 



ANALYSIS   

! More straight-forward 
approach to assess the 
precision of RV data. 

! Look at the precision of 
the host star as a 
function of the semi-
amplitude of the 
planet. 

! Effectively create a 
smaller stellar sub-
sample for each planet. K [m/s] 
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ANALYSIS 

! See if intrinsic scatter of a star is “precise enough” to 
exclude a planetary signal. 

! Adjust effective stellar sample for that planet by 
N*i=N*i + fi with fi ! 1. 

!  fi is dictated by the fraction of planet hosts above this 
precision level. 

! FSWPi = 1/Ni, then sum over these to give total 
FSWP in the mass/period range of interest. 

! Final value still forthcoming...  
! Clear extension to map this to Kepler frequencies. 
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Figure 6. Photometry and RV time-series for HD189733. The
MOST light curve (Boisse et al. 2009) is shown in the top panel
and the observed and simulated RV data are compared in the bot-
tom panel. The black dots with error bars show the SOPHIE data
from Lanza et al. (2011) after removal of the best-fit planetary
signal, and subtraction of a constant 21.6m s−1 offset. The grey
line shows the RV curve simulated by applying the FF � method
to the MOST light curve, and the grey dots show the same curve
linearly interpolated to the sampling of the SOPHIE observations.

200 spots. There is a slight tendency for the FF � to over-
predict the amplitude of the variations: linear fits to the
scatter plots shown in Figure 5 yield slopes of 1.08 and 1.06
(1.1 and 1.17) for the RMS and amplitude respectively, for
20 (200) spots. The period, or its first harmonic, is almost
always correctly recovered (up to a precision of 10%). Inci-
dentally, the fraction of the cases where the first harmonic
dominates over the fundamental is smaller for the FF � out-
put than for the direct spot-model simulations.

Thus, except in particularly favourable cases, the FF �

method does not enable a precise ‘correction’ of the RV
variations due to activity, prior to searching for low mass
planets, for example. However, it does permit a statistical
comparison in terms of amplitudes and frequency content.
Nonetheless, further tests on real data are desirable to estab-
lish the performance of the FF � method on a firmer footing.

4.3 Application to HD189733

The transiting planet host star HD189733 was the target of
intensive simultaneous monitoring with the RV spectrograph
SOPHIE and the photometric satellite MOST. An in-depth
analysis of these observations from the activity point-of-view
was already presented in Boisse et al. (2009). This dataset
constitutes a useful test for RV jitter simulation methods
based on photometry, and was recently used for this specific
purpose by Lanza et al. (2011).

Starting from the MOST light curve, which is shown
in the top panel of Figure 6, we simulated the expected
activity-induced RV variations using the FF � method. The
light curve was first smoothed using the iterative non-linear
filter of Aigrain & Irwin (2004) using a baseline of 6 data
points (∼ 10 h) to reduce the noise on the time-derivative es-
timate. The results are shown as the grey line in the bottom
panel of Figure 6. We then compared this to the SOPHIE
observations, which are shown as black dots. Note that we
used the new reduction of the SOPHIE data, as described
by Lanza et al. (2011), and worked with the residuals of the
planetary orbit (I. Boisse, priv. comm.). Following Lanza
et al. (2011), we subtracted a constant offset of 21.6m s−1

from the SOPHIE orbit residuals. We then linearly inter-
polated the FF � output to the sampling of the SOPHIE
observations (grey dots in Figure 6).

The interpolated FF � output is a good match to the
orbit residuals except from HJD = 2 454 308 to 2 454 310,
and is virtually identical to the Lanza et al. (2011) re-
sults throughout. The latter already noted that their model
could not reproduce the very rapid drop observed in the
RVs around this time. One possible explanation may be
that the spot distribution around this time had a significant
odd-numbered multipole component, which no photometry-
based method could recover. However, we note that, around
HJD = 2 454 308, the observed flux also dips faster than can
be reproduced by an unevolving surface feature rotating into
view. This suggests that there are rapidly evolving active re-
gions on the star at this time, a situation which neither the
FF � method nor the method of Lanza et al. (2011) are well
suited for.

The reduced χ2 of the SOPHIE orbit residuals (ex-
cluding the problematic interval from HJD = 2 454 308 to
2 454 310) is 14.45, and their r.m.s is 9.4m s−1. Subtracting
the activity contribution, as predicted by the FF � method,
reduces the reduced χ2 by a factor > 2 to 6.58, and the r.m.s
to 6.6m s−1. Although the presence of a residual activity sig-
nal cannot be excluded, the final r.m.s is consistent with the
level of instrumental systematics typical of SOPHIE at the
time of the HD189733 observations (∼ 5m s−1, Boisse priv.
comm.).

We also computed the Lomb-Scargle periodogram of the
RV data before and after subtracting the simulated activity
signal (Figure 7). For this calculation, we used only data si-
multaneous with the MOST observations, and excluded the
aforementioned discrepant data points. Again the results are
almost identical to Figure 6 of Lanza et al. (2011). Subtract-
ing the output of the FF � method suppresses power at the
rotational frequency by a factor close to 10, and gradually
decreasing fractions of the power at each harmonic. The last
significant peak (the third harmonic) is suppressed by a fac-
tor of ∼ 2 only.

In summary, despite its simplicity, the FF � method
gives results that, at least in this specific case, are equivalent
to the more sophisticated approach of Lanza et al. (2011),
and achieves the same performance in terms of RV power
suppression. One possible explanation for this is that the
maximum entropy regularisation employed by Lanza et al.
(2011) effectively places a prior on the spatial and tempo-
ral scales accessible to their model. This has a similar effect
to the approximations made in the FF � method, which is
only a first order approximation to the full expression for

c� . . . RAS, MNRAS 000, 1–13

! Use method of Aigrain et 
al. 2012 to find scatter of 
RV from Kepler and 
compare to HARPS 
intrinsic scatter. 

! See the limits of M-P 
range that can be 
inferred from Kepler 
through activity alone. 

ASIDE: FF’, HARPS-KEPLER COMPARISON 

[Aigrain, Pont & Zucker 2012]  



ASIDE: FF’, HARPS-KEPLER COMPARISON 
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Figure 8. Application of the FF � to synthetic solar data. The black dots show the synthetic TSI (top panel) and RV (bottom panel)
variations of the Sun, from Meunier et al. (2010b), for two 6-month periods when the Sun was relatvely inactive (left) and active (right).
In each case, the solid black line in the top panel shows the smoothed version of the synthetic TSI used as input to the FF �. The
measured TSI (SoHO/VIRGO daily average, from http://www.pmodwrc.ch/, maintained by C. Fröhlich) is also shown for comparison
as the solid grey line. The solid black, thick dashed red and solid green lines in the bottom panel then show the FF � predictions based
on that smoothed TSI, using different values of Ψ0 and κδVc (see text for details).

Figure 9. Example Kepler Quarter 1 light curve before and after
applying our systematics correction. The original, raw time-series
is shown in grey, the corrected time-series in black, and the cor-
rected time-series without the transits (used to estimate the RV
modulations) in red. Note that the red line completely overlaps
with the black, except during the transits. This example is KID
3642741 (KOI 242).

to do this. A systematic application of the FF � method to
individual Kepler light curves is beyond the scope of this
paper, but as an illustration we now proceed to apply it to a
subset of the light curves in which the Kepler team identified
transiting planet candidates (Borucki et al. 2011).

The Kepler photometric pipeline produces two versions
of the light curves: a ‘raw’ time-series, and a version cor-
rected for most of the systematic instrumental effects. In
the current version of the pipeline, this correction unfortu-
nately also removes much of the intrinsic variability of the
target stars. In the context of a separate study, focussed on
the statistics of photometric variability in Kepler data, we

Figure 10. Application of the FF � to Kepler quarter 1 light
curves containing planet candidates. The small blue dots show
the RV amplitudes derived from the light curves after removing
the transits and smoothing on one tenth of the dominant light
curve period, while the small red dots show the RV amplitude
expected for a white noise-only light curve with the same high-
frequency noise level, smoothed to the same extent. The black
dots show the noise-corrected RV amplitude estimates, obtaining
by subtracting the latter from the former in quadrature.

have developed a more conservative systematics removal cor-
rection, which is designed to preserve astrophysical signals.
This correction will be described in detail in a forthcoming
paper, so we only summarise the underlying principles here.
Each light curve is decomposed into a linear combination of
all the other light curves, plus an intrinsic component, us-
ing Bayesian linear regression. The most significant trends
that are common to many light curves are identified using
an information entropy criterion. They are then combined
using principal component analysis, de-composed into their

c� . . . RAS, MNRAS 000, 1–13
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[Aigrain, Pont & Zucker 2012]  
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  HARPS GTO HPS: Kepler FF’: 



THANK YOU FOR YOUR TIME & ATTENTION 

[ See poster:  
 constructing theoretical hot Jovian 
transmission spectra from line lists] 


