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From 1990 to 2015 : 
 an improvement of the RV precision by about a factor 1000. 

1985  :      250 to 500 m /s 
today :      0.3 to 0.5 m/s    (HARPS) 

m2 sini    HD114762  b          3500     M earth 
m2 sini      Alpha Cen Bb                1.07 M earth 

An improvment of the smallest detected planet by a factor 3000 ! 

HARPS : Repeatability (short time) : better than 0.1 m/s 
          O-C  of some orbits with a large number of measurements  0.75 m/s 

But ... acoustic noise, granulations, spots, solar cycle analogue ! 
       ... instrumental noises : CCD pattern, not perfect scrambling by fibers, 
            calibration  
Binning in phase (to eliminate short term noises , spots,...)  0.2 - 0.3 m/s 
                     





Tools to search for multiplanetary 
systems 



• Optical fibers
• Vacuum , thermal control (a few milli K during night)
• δλ/λ = 10 (-9)    >>>>   0.3 m/s  

ESO-3.6m @ La Silla

HARPS

The HARPS spectrograph on the 3.60 m telescope 



HARPS @ La Palma



 



Improvments :  

              ... strategy of measurements to decrease the influence of acoustic  
                  and granulation noises. 

              ... select non active stars, monitoring of Log HK and other 
                 indicators  to detect and correct the influence of magnetic cycles.  
                 (Lovis , Dumusque) 
              ... SW correction of the CCD patterns 
              ... Octogonal fibers 
              ... Fix spacing FP,  laser comb. 

 RV amplitudes of about 0.1 m/s are possible, but the number of  
measurements has to be very large (>> 100)
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ESPRESSO

ESPRESSO a spectrograph for the VLT  (diameter 8.2m)
«Echelle SPectrograph for Rocky Exoplanets and Stable Spectroscopic Observations»

• Ultrastable spectrographe for the VLT

• Consortium : Switzerland,  Italy,  Portugal,   Spain

• First light : 2017

• Expected precision   RV :  < 10 cm/s

• Goal : detection and characterization of 
small planets.



High precision radial velocities
…Decrease intrinsic stellar noises (non active stars, strategy) 
…Large collecting area (VLT) 
…Ultra stable spectrograph (ESPRESSO/VLT, 2016) 
                                                     
Example : A 2.5 Earth-mass planet orbiting a  
non active-K star in the HZ (P=200 days)

(Dumusque et al., 2010b)



Importance of the number of measurements 

- 50 observations: a system with 2 planets 
- (+ uncertainties due to aliasing )



Importance of the number of measurements 

- 100 observations: a system with 3 planets well 
defined.

- 50 observations: a system with 2 planets
- (+  aliasing uncertainties )



=> requires a large number of measurements for a “complete” census! 
(>150 meas !)

Importance of the number of measurements

- 150 observations: a system with 5 planets.



Statistical Properties of Super-Earths 
and Neptune-Mass Planets 
from the HARPS Survey 

                



Unbiased exoplanet 
populations from the HARPS 

surveys

More than 500 nights of the 3.60 meter telescope @ la Silla 
(more than 10 years of measurements)





HD 10180 , 7 planets 
HD 45364 , mmres 3/2 
HD 65532, mmres 3/1 

Mu Ara, 4 planets 
GJ 876 , 3 planets 

HD 202206 , 5/1 mmres 
HD 82943  

…. 

A lot of dynamically 
 interesting systems 
studied by Jacques 

and A.Correia 





Warning : — have a look on uncertainties of orbital 
eccentricities of lowest mass planets ! 

— also: problem with the reality of some 
low mass planets 







Two planetary populations with distinct properties 
(and well separated in the mass histogram)

Detections in the global sample ...and for P < 100 days
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Planetary systems with 
masses smaller than 30 Mearth

Multiplicity > 70 %
Frequency decreasing after P=100d ?
Frequency not correlated with Fe/H

Planetary systems with 
gaseous giant planets

Multiplicity of about 25%
Frequency increasing with log P 

Frequency strongly correlated with Fe/H



Multi-transiting KEPLER candidates   

Scatter of orbital planes is about 1 degree !!!



Planetary Transits 
The relative inclination of 
orbital plane and stellar  

equatorial plane 

... A new hint of complex 
dynamical interactions
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The Rossiter - Mac Laughlin effect

The transit of a planet in front of a rotating 
star creates a distorsion of stellar lines
and an anomaly of the velocity curve



where I is the orbital inclination with respect to the sky plane. In
the latter equality we have assumed mTM and e ¼ 0.

Assuming that the width of the absorption line is dominated
by rotational broadening, and further assuming that the stellar
Doppler shift is small, the first-moment approximation mentioned
previously gives (Ohta et al. 2005)

!VR(t) ¼ "VS sin IS

R R
xI (x; y) dx dyR R
I (x; y) dx dy

: ð4Þ

Here, VS is the equatorial rotation speed of the stellar photo-
sphere, IS is the inclination of the stellar spin axis relative to the
sky plane, and I (x; y) is the surface brightness of the observed
stellar disk (including the dark spot due to the planet). The sky-
plane coordinates x and y are measured in units of the stellar
radius, have their origin at the projected center of the star, and
are perpendicular and parallel to the projected stellar rotation
axis, respectively. In fact, equation (4) also holds for lines that
have additional broadening mechanisms, such as thermal broad-
ening, provided that the additional broadening mechanisms pro-
duce no net Doppler shift (i.e., the broadening kernel is symmetric
about its centroid).

For convenience, we write the RM effect as

!VR(t) ¼ KRg(t; xp; yp; !; "; : : :); ð5Þ

separating the overall amplitude KR of the RM effect from the
dimensionless function g(t) P 1. The amplitude is given by

KR % VS sin IS
!2

1" !2

¼ 52:8 m s"1 VS sin IS
5 km s"1

! "
r

RJup

! "2
R

R&

! ""2

; ð6Þ

where ! % r/R. In the latter equality, we have assumed !T1.
For convenience, we will define V % VS sin IS . The dimen-
sionless function g depends primarily on the projected position
of the planet (xp; yp), but also on ! and the limb-darkening
function. For simplicity, we use a single-parameter ‘‘linear’’

description of the limb-darkening law, such that the (unocculted)
surface brightness of the star is

I (x; y)

I0
¼ 1" "

h
1" 1" x2 " y2

# $1=2i
; ð7Þ

with " the linear limb-darkening parameter. Note that in some
circumstances—for example, the case of differential rotation,
as discussed in x 3—the function g will depend on additional
parameters.

Figure 2 shows three different trajectories of a transiting planet
across the stellar disk. These trajectories all have the same impact
parameter b, and consequently they all produce exactly the same
photometric signal.3 However, the trajectories differ in the value
of k, and consequently produce different RM waveforms, as
plotted in the lower row of panels. The sensitivity of the RM
waveform to k is what enables the observer to assess spin-orbit
alignment. The question of the achievable accuracy in k will be
taken up in x 3.

An especially simple case is when the planetary disk is fully
contained within the stellar disk, and limb darkening is negli-
gible (" ¼ 0). In that case, g is the perpendicular distance from
the projected stellar spin axis, g(t) ¼ xp(t). If we consider a
rectilinear trajectory across the face of the star with impact
parameter b, we can write the position of the center of the planet
as a function of time as

xp(t) ¼ # cos k" b sin k;

yp(t) ¼ # sin kþ b cos k; ð8Þ

where # % (t " ttra)/Ttra, ttra is the time of the transit midpoint,
Ttra ¼ R/vorb is the radius crossing time corresponding to the
planet’s orbital velocity at the time of transit [so that the transit
duration is approximately 2Ttra 1" b2ð Þ"1=2], and k is the angle
of the trajectory with respect to the apparent stellar equator. We
define k to be between "180( and +180(, such that for k > 0,
the planet moves toward the stellar north pole as it proceeds

Fig. 2.—Dependence of the RMwaveform on k. Three different possible trajectories of a transiting planet are shown, alongwith the corresponding RMwaveform (as
computedwith the formulae of Ohta et al. 2005). The trajectories all have the same impact parameter and produce the same light curve, but they differ ink and produce different
RM curves. The dotted lines are for the case of no limb darkening (" ¼ 0), and the solid lines are for " ¼ 0:6.

3 The impact parameter is given by b ¼ a cos I /R, where a is the orbital
semimajor axis.
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The Rossiter-McLaughlin effect

a spectroscopic transit
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HD 189733b

WASP-15b

HD 189733bHD 189733bHD 189733bHD 189733bHD 189733b

Triaud et al. 2010Triaud et al. 2009

A coming diversity in 
spin-orbit angles:
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it allows to probe planetary formation



An example of retrograde and inclined orbit  : WASP 8b 

Orbital migration is not the only explanation for the «Hot Jupiters»



Dressing et al.2015



Happy birthday Jacques


