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Key Question 6: 
“What can we expect from approved projects ?”

• Which are the approved projects with the capability to 
detect (massively) small planets in HZ ? 

• What are the astrophysical limitations that might not allow 
those projects to detect (massively) small planets in HZ ?
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⚠ Disclaimer ⚠

This review is not an exhaustive catalog of 
approved projects ! 

might be biased towards European projects
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➙ For CHEOPS: see talk by Andrea Fortier  
➙ For JWST: see talks by Mark Clampin & Pierre-Olivier Lagage (tomorrow) 
➙ For LBT: see talk by Philip Hinz (tomorrow)



Different techniques …

Transit Radial velocity

Microlensing Direct imaging 4



Different techniques … different sensitivities
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Microlensing exoplanets with WFIRST & EUCLID

see also Beaulieu et al. (2011)

 

 

1.1 Project History 

The New Worlds, New Horizons report released by the Astronomy and Astrophysics Decadal Survey Board in 2010 
listed the Wide Field Infrared Survey Telescope (WFIRST) as the highest-priority large space mission for the coming 
decade. The scope of this new observatory is intended to encompass a diverse array of science programs: microlensing 
by exoplanets; characterization of the expansion history of and the growth of structure in the Universe by measurements 
of type Ia supernovae, weak lensing, and baryon acoustic oscillations; a Galactic plane survey; and a guest investigator 
program. The recommended baseline for mission concept development was the Joint Dark Energy Mission “Omega” 
design submitted to Astro-2010. As a first step towards implementation of this project, NASA convened a Science 
Definition Team in December 2010, with a charter “…to provide science requirements, investigation approaches, key 
mission parameters, and any other scientific studies needed to support the definition of an optimized space mission 
concept satisfying the goals of the WFIRST mission as outlined by the Astro2010 Decadal Survey.” The interim report 
of the SDT has recently been released and is available at 
http://wfirst.gsfc.nasa.gov/science/WFIRST_IDRM_Report_Final_signed_Rev1.pdf [14]. This interim report is 
the basis for the present paper; the full study is expected to continue through 2012 and the mission design may well 
evolve from what is presented here. 

 

1.2 Microlensing Science Program 

The primary objective of the WFIRST exoplanet science program is to complete the statistical census of planetary 
systems in the Galaxy, from habitable Earth-mass planets to free floating planets, including analogs to all of the planets  

 

Figure 1 The distribution of known exoplanet masses and semi-major axes is compared to the expected final
sensitivity of the Kepler mission and the sensitivity of a 500-day WFIRST Exoplanet survey. Ground based
microlensing planets are show as red circles, radial velocity planets are brown X's, planets discovered via
their transits are blue squares, and planets found by timing and direct imaging are green and magenta
triangles, respectively. The cyan region shows the expected sensitivity of Kepler, and the small darker cyan
squares are Kepler's candidate planets. The purple curve shows the sensitivity of a 500-day WFIRST
exoplanet program, and the dashed "free-floating planets" line indicates the sensitivity limit for free-floating
planets. Some bound planets beyond 10 AU will be discovered without a microlensing signal of their host
stars. 
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Euclid - ESA (2020+)
Too far for detailed 

atmospheric characterisation
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Direct imaging from the ground
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HZ planets will be 
imaged directly with 

ELTs - but only 
(sub-)giant planets

Same for GAIA



Direct imaging from space
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Aki Roberge  
on behalf of the Exo-S Team 

March 18, 2015  
 

Exoplanet Exploration Program 

CL#15-1113 
Jet Propulsion Laboratory, California Institute of Technology 

(2025+)

Small planets in HZ around very close stars (e.g. α Cen)

See talk by Aki Roberge



Detecting planets in HZ

Transit Radial velocity

Microlensing Direct imaging 9



Detecting planets in HZ

Transit Radial velocity

Microlensing Direct imaging 9

Efficient but hosts 
very fa

r

OK for GPs w
ith ELTs,

 

challenging for Earth-siz
e



The habitable zone
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Radial velocity projects (I) 
ESPRESSO: towards <10cm/s precision
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„Super-Earths“ with characterized  
radius and mass 
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Status: Characterized „super-Earths“ 
in their habitable zone 

• Goal: Detect and 
characterize super-
Earths in habitable 
zones  

   
• Status: few 

small/light planets in 
habitable zones 
detected  

Transit surveys (I) 
TESS & PLATO: towards bright stars

12

26 Sullivan et al.
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FIG. 31.— Mass measurement of the TESS planets. The radial velocity semi-amplitude K plotted against apparent magnitude for the TESS planets with
Rp < 3R�. The sample is split at the median period of 7 days, and open symbols indicate planets near the habitable zone with an insolation S < 2S�. We assume
the mass-radius relation from Weiss et al. (2013). Several well-known exoplanets are also shown for context with ⇥ symbols: HD 97658b (Dragomir et al. 2013),
CoRoT-7b (Hatzes et al. 2011), GJ 1214b (Charbonneau et al. 2009), Kepler-20b and Kepler-48c (Marcy et al. 2014), and Kepler-10b (Dumusque et al. 2014),
which is plotted in blue for clarity.
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FIG. 32.— Feasibility of transit spectroscopy of the TESS planets. The transit depth of one atmospheric scale height, assuming a pure H2 atmosphere, is plotted
against the apparent stellar Ks magnitude. Atmospheric transit depths are lower by a factor of µ/2 for other mean molecular weights. The points are colored by
stellar Teff, and open symbols indicate planets with an insolation S < 2S�. The dashed lines indicate the relative photon-counting noise versus magnitude, spaced
by decades. Planets with Rp < 3R� are shown in addition to GJ1214b (Charbonneau et al. 2009), 55 Cancri e (Winn et al. 2011a), and HD97658b (Van Grootel
et al. 2014).
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FIG. 33.— The cumulative distribution of apparent Ks magnitudes of the TESS-detected planets with 0.2 < S/S� < 2.

sity of Massachusetts and the Infrared Processing and Anal-
ysis Center/California Institute of Technology, funded by the

National Aeronautics and Space Administration and the Na-
tional Science Foundation.

Sullivan et al. (2015)

TESS

TESS (NASA): 2017+ 
PLATO (ESA - M3): 2024+
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sity of Massachusetts and the Infrared Processing and Anal-
ysis Center/California Institute of Technology, funded by the

National Aeronautics and Space Administration and the Na-
tional Science Foundation.

Sullivan et al. (2015)

TESSPLATO

TESS (NASA): 2017+ 
PLATO (ESA - M3): 2024+



The habitable zone
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Radial velocity projects (II) 
Towards near-infrared wavelengths
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e.g. SPIRou (CFHT)

Other NIR projects: 
- CARMENES (CaHa) 
- IRD (Subaru) 
- HPF (HET) 
- CRIRES+ (ESO-VLT) 
- HiReS (ESO-ELT)
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Transit surveys (II) 
Towards near-infrared wavelengths
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Fig. 10.— Transits of two different super-Earths, GJ 1214b (left) and CoRoT-7b (right). The planets are approximately the same size,
but because GJ 1214b orbits a small star (spectral type M4.5V) its transit depth is much larger than that of CoRoT-7b, which orbits a
larger star (G9V). References: Charbonneau et al. (2009), Leger et al. (2009).

Fig. 11.— The combined 8 µm brightness of the K star HD 189733 and its giant planet, over a 33 hr interval including a transit and an
occultation. The bottom panel shows the same data as the top panel but with a restricted vertical scale to highlight the gradual rise in
brightness as the planet’s dayside comes into view. The amplitude of this variation gives the temperature contrast between the dayside
(estimated as 1211 ± 11 K) and the nightside (973 ± 33 K). From Knutson et al. (2007b).
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Xavier Bonfils exoELT 2014 @ ESO Garching
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Xavier Bonfils exoELT 2014 @ ESO Garching

Expected performances precision = 0.01% in 240s for J=8
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Courtesy: X. Bonfils (2016+)
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Detecting HZ planets

Transit Radial velocity

Microlensing Direct imaging 16

Efficient but hosts 
very fa

r

OK for GPs w
ith ELTs,

 

challenging for Earth-siz
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GK dwarfs: 
ESPRESSO 

M dwarfs: 
SPIRou, etc…

GK dwarfs: 
PLATO 

M dwarfs: 
TESS, ExTrA



All projects in one slide
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Astrophysical limitations

A small and periodic signal is not necessarily produced by a planet …
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Stellar contamination
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⚠ Pixel size ⚠

20

FOV
IRDIS / 
Sphere

fiber HARPS

~15”

PLATO TESS

~21”

A lot of background contamination expected…

Kepler

~4”



To the rescue (I): GAIA

• Complete catalog of stars 
down to magnitude ~19 - 20 

• High-angular resolution (<1”) 

• Thanks to the targets PM + 
parallax = all background 
stars will be known ?

21



To the rescue (II): Planet-validation technique

1. Model all astrophysical scenarios (planet + false positives) 
2. Constrain those scenarios using available data 
3. Evaluate each scenario probability

22

PASTIS 
Díaz et al. (2014), Santerne et al. (2015)

BLENDER 
Torres et al. (2011), Fressin et al. (2011,12a,b)

Two main softwares:

computationally intensive:  
 a few 10k hours / planet



Radial velocity 
limitations

Stellar disk are not uniformly 
distributed:


• Acoustic (& gravity) modes


• Granulation


• Spots


• Faculae


• Plages


• Magnetic cycle

23 See talk by Mahmoudreza Oshagh



Impact of stellar spots on radial velocities
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Fig. 1. RV modulations due to one spot as a function of time (expressed
in rotational period unit). At t = 0, the dark spot of 1% of the visible
stellar surface is in front of the line of sight. The shape of the signal
changes with the inclination i of the star and the latitude lat of the spot,
labelled in the top left of each panel.

Keplerian fit used to search for planets in RV data is affected
by spots and we test an approach to subtract RV jitter based
on harmonic decompositions of the star rotation. For this, we
use simulations of spectroscopic measurements of rotating spot-
ted stars and validate our approach on active stars monitored by
high-precision spectrographs: HD 189733 (Boisse et al. 2009),
GJ 674 (Bonfils et al. 2007), CoRoT-7 (Queloz et al. 2009), and
ιHor (Vauclair et al. 2008).

2. Simulations of activity-induced radial velocity

2.1. SOAP tool: dark spot simulations

SOAP (Boisse et al., in prep.) is a program that calculates the
photometric, RV, and line shape modulations induced by one (or
more) cool spots on a rotating stellar surface. SOAP computes
the rotational broadening of a spectral line by sampling the stel-
lar disk on a grid. For each grid cell, a Gaussian function rep-
resents the typical line of the emergent spectrum. The Gaussian
is Doppler-shifted according to the projected rotational velocity
(v sin i) and weighted by a linear limb-darkening law. The stel-
lar spectrum output by the program is the sum of all contribu-
tions from all grid cells. The spot is considered as a dark surface
without any emission of light, so we cannot compute different
temperatures for the spot. For a given spot (defined by its lati-
tude, longitude, and size), SOAP computes which grid cells are
obscured and removes their contribution to the integrated stellar
spectrum.

For the simulation, we choose a G0V star with a radius of
1.1 R⊙ and a v sin i = 5.7 km s−1, a linear coefficient of the limb
darkening of 0.6, and a spectrograph resolution of 110 000 in or-
der to be in the same conditions of the ι Hor data presented in
Sect. 3.4. We fixed arbitrarily a dark spot size of 1% of the vis-
ible stellar surface. The stellar spectrum output by SOAP is an
averaged spectral line, equivalent to the cross-correlation func-
tion (CCF) computed to measure RV with real data. We fit the
simulated CCF with a Gaussian that sets the parameters of the
CCF (RV, contrast, FWHM, and bisector span). The photometric
flux is also computed.

2.2. RV variations due to a dark spot

Figure 1 shows the RV modulations due to a spot as a function of
time for different inclinations i of the star with the line of sight
and different spot latitudes lat. These two parameters clearly
modify the pattern of the RV modulation. If the spot remains vis-
ible during all the stellar rotation (lat ! i), the shape is close to
a sinusoidal function (Fig. 1, right). If the spot is hidden during
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Fig. 2. Lomb-Scargle periodograms of the three RV modulations
showed in Fig. 1. The fundamental frequency, Prot, and its first har-
monics are detected.

the rotation of the star (Fig. 1, left), the RV variation resembles
a Rossiter-McLaughlin (RM) effect (Rossiter 1924; McLaughlin
1924).

Figure 2 shows the Lomb-Scargle periodograms of the three
cases showed in Fig. 1. Main peaks are clearly detected at the
rotational period of the star Prot, as well as the two first har-
monics Prot/2 and Prot/3. We note that the energy in each peak
varies with the shape of the RV modulation. Multiples of the
rotational period are never found. Low-amplitude signal is de-
tected at Prot/4 but only when the star is seen equator-on and the
spot is close to the equator. In that case, the RV change departs
strongly from a sinusoidal shape and the periodogram exhibits
a stronger amplitude excess at Prot/2 rather than at the stellar
rotational period.

A third of the active regions, where spots grow and decay,
appear at the same location as a previous active region and their
lifetime can be several rotation timescales (e.g. Howard 1996).
Hence, the phase of the RV jitter is preserved when the spot
movement is only linked to the stellar rotation. In Fig. 3, we
simulated the RV modulation taking into account the evolution
of a spot, i.e. when the spot size and/or temperature changes
with time. The Lomb-Scargle periodogram has identical peaks
at Prot and its two first harmonics. Finally, the periods detected
in the periodogram are the same for the following configurations:
1) a star with different inclinations; 2) spots at different latitudes;
3) spot size varying with time; and 4) several spots on the stellar
surface (cf. Sect. 2.6).

2.3. CCF parameter variation due to a dark spot

The bisector span (BIS) is a measurement of the asymmetry of
the CCF, which corresponds more or less to the average line of
the spectrum. An anti-correlation between the RV and the BIS is
a signature of activity-induced RV variations. The slope of the
anti-correlation depends on the spot size, the v sin i of the star

A4, page 2 of 11
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Keplerian fit used to search for planets in RV data is affected
by spots and we test an approach to subtract RV jitter based
on harmonic decompositions of the star rotation. For this, we
use simulations of spectroscopic measurements of rotating spot-
ted stars and validate our approach on active stars monitored by
high-precision spectrographs: HD 189733 (Boisse et al. 2009),
GJ 674 (Bonfils et al. 2007), CoRoT-7 (Queloz et al. 2009), and
ιHor (Vauclair et al. 2008).

2. Simulations of activity-induced radial velocity

2.1. SOAP tool: dark spot simulations

SOAP (Boisse et al., in prep.) is a program that calculates the
photometric, RV, and line shape modulations induced by one (or
more) cool spots on a rotating stellar surface. SOAP computes
the rotational broadening of a spectral line by sampling the stel-
lar disk on a grid. For each grid cell, a Gaussian function rep-
resents the typical line of the emergent spectrum. The Gaussian
is Doppler-shifted according to the projected rotational velocity
(v sin i) and weighted by a linear limb-darkening law. The stel-
lar spectrum output by the program is the sum of all contribu-
tions from all grid cells. The spot is considered as a dark surface
without any emission of light, so we cannot compute different
temperatures for the spot. For a given spot (defined by its lati-
tude, longitude, and size), SOAP computes which grid cells are
obscured and removes their contribution to the integrated stellar
spectrum.

For the simulation, we choose a G0V star with a radius of
1.1 R⊙ and a v sin i = 5.7 km s−1, a linear coefficient of the limb
darkening of 0.6, and a spectrograph resolution of 110 000 in or-
der to be in the same conditions of the ι Hor data presented in
Sect. 3.4. We fixed arbitrarily a dark spot size of 1% of the vis-
ible stellar surface. The stellar spectrum output by SOAP is an
averaged spectral line, equivalent to the cross-correlation func-
tion (CCF) computed to measure RV with real data. We fit the
simulated CCF with a Gaussian that sets the parameters of the
CCF (RV, contrast, FWHM, and bisector span). The photometric
flux is also computed.

2.2. RV variations due to a dark spot

Figure 1 shows the RV modulations due to a spot as a function of
time for different inclinations i of the star with the line of sight
and different spot latitudes lat. These two parameters clearly
modify the pattern of the RV modulation. If the spot remains vis-
ible during all the stellar rotation (lat ! i), the shape is close to
a sinusoidal function (Fig. 1, right). If the spot is hidden during
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Fig. 2. Lomb-Scargle periodograms of the three RV modulations
showed in Fig. 1. The fundamental frequency, Prot, and its first har-
monics are detected.

the rotation of the star (Fig. 1, left), the RV variation resembles
a Rossiter-McLaughlin (RM) effect (Rossiter 1924; McLaughlin
1924).

Figure 2 shows the Lomb-Scargle periodograms of the three
cases showed in Fig. 1. Main peaks are clearly detected at the
rotational period of the star Prot, as well as the two first har-
monics Prot/2 and Prot/3. We note that the energy in each peak
varies with the shape of the RV modulation. Multiples of the
rotational period are never found. Low-amplitude signal is de-
tected at Prot/4 but only when the star is seen equator-on and the
spot is close to the equator. In that case, the RV change departs
strongly from a sinusoidal shape and the periodogram exhibits
a stronger amplitude excess at Prot/2 rather than at the stellar
rotational period.

A third of the active regions, where spots grow and decay,
appear at the same location as a previous active region and their
lifetime can be several rotation timescales (e.g. Howard 1996).
Hence, the phase of the RV jitter is preserved when the spot
movement is only linked to the stellar rotation. In Fig. 3, we
simulated the RV modulation taking into account the evolution
of a spot, i.e. when the spot size and/or temperature changes
with time. The Lomb-Scargle periodogram has identical peaks
at Prot and its two first harmonics. Finally, the periods detected
in the periodogram are the same for the following configurations:
1) a star with different inclinations; 2) spots at different latitudes;
3) spot size varying with time; and 4) several spots on the stellar
surface (cf. Sect. 2.6).

2.3. CCF parameter variation due to a dark spot

The bisector span (BIS) is a measurement of the asymmetry of
the CCF, which corresponds more or less to the average line of
the spectrum. An anti-correlation between the RV and the BIS is
a signature of activity-induced RV variations. The slope of the
anti-correlation depends on the spot size, the v sin i of the star
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Fig. 1. RV modulations due to one spot as a function of time (expressed
in rotational period unit). At t = 0, the dark spot of 1% of the visible
stellar surface is in front of the line of sight. The shape of the signal
changes with the inclination i of the star and the latitude lat of the spot,
labelled in the top left of each panel.

Keplerian fit used to search for planets in RV data is affected
by spots and we test an approach to subtract RV jitter based
on harmonic decompositions of the star rotation. For this, we
use simulations of spectroscopic measurements of rotating spot-
ted stars and validate our approach on active stars monitored by
high-precision spectrographs: HD 189733 (Boisse et al. 2009),
GJ 674 (Bonfils et al. 2007), CoRoT-7 (Queloz et al. 2009), and
ιHor (Vauclair et al. 2008).

2. Simulations of activity-induced radial velocity

2.1. SOAP tool: dark spot simulations

SOAP (Boisse et al., in prep.) is a program that calculates the
photometric, RV, and line shape modulations induced by one (or
more) cool spots on a rotating stellar surface. SOAP computes
the rotational broadening of a spectral line by sampling the stel-
lar disk on a grid. For each grid cell, a Gaussian function rep-
resents the typical line of the emergent spectrum. The Gaussian
is Doppler-shifted according to the projected rotational velocity
(v sin i) and weighted by a linear limb-darkening law. The stel-
lar spectrum output by the program is the sum of all contribu-
tions from all grid cells. The spot is considered as a dark surface
without any emission of light, so we cannot compute different
temperatures for the spot. For a given spot (defined by its lati-
tude, longitude, and size), SOAP computes which grid cells are
obscured and removes their contribution to the integrated stellar
spectrum.

For the simulation, we choose a G0V star with a radius of
1.1 R⊙ and a v sin i = 5.7 km s−1, a linear coefficient of the limb
darkening of 0.6, and a spectrograph resolution of 110 000 in or-
der to be in the same conditions of the ι Hor data presented in
Sect. 3.4. We fixed arbitrarily a dark spot size of 1% of the vis-
ible stellar surface. The stellar spectrum output by SOAP is an
averaged spectral line, equivalent to the cross-correlation func-
tion (CCF) computed to measure RV with real data. We fit the
simulated CCF with a Gaussian that sets the parameters of the
CCF (RV, contrast, FWHM, and bisector span). The photometric
flux is also computed.

2.2. RV variations due to a dark spot

Figure 1 shows the RV modulations due to a spot as a function of
time for different inclinations i of the star with the line of sight
and different spot latitudes lat. These two parameters clearly
modify the pattern of the RV modulation. If the spot remains vis-
ible during all the stellar rotation (lat ! i), the shape is close to
a sinusoidal function (Fig. 1, right). If the spot is hidden during
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Fig. 2. Lomb-Scargle periodograms of the three RV modulations
showed in Fig. 1. The fundamental frequency, Prot, and its first har-
monics are detected.

the rotation of the star (Fig. 1, left), the RV variation resembles
a Rossiter-McLaughlin (RM) effect (Rossiter 1924; McLaughlin
1924).

Figure 2 shows the Lomb-Scargle periodograms of the three
cases showed in Fig. 1. Main peaks are clearly detected at the
rotational period of the star Prot, as well as the two first har-
monics Prot/2 and Prot/3. We note that the energy in each peak
varies with the shape of the RV modulation. Multiples of the
rotational period are never found. Low-amplitude signal is de-
tected at Prot/4 but only when the star is seen equator-on and the
spot is close to the equator. In that case, the RV change departs
strongly from a sinusoidal shape and the periodogram exhibits
a stronger amplitude excess at Prot/2 rather than at the stellar
rotational period.

A third of the active regions, where spots grow and decay,
appear at the same location as a previous active region and their
lifetime can be several rotation timescales (e.g. Howard 1996).
Hence, the phase of the RV jitter is preserved when the spot
movement is only linked to the stellar rotation. In Fig. 3, we
simulated the RV modulation taking into account the evolution
of a spot, i.e. when the spot size and/or temperature changes
with time. The Lomb-Scargle periodogram has identical peaks
at Prot and its two first harmonics. Finally, the periods detected
in the periodogram are the same for the following configurations:
1) a star with different inclinations; 2) spots at different latitudes;
3) spot size varying with time; and 4) several spots on the stellar
surface (cf. Sect. 2.6).

2.3. CCF parameter variation due to a dark spot

The bisector span (BIS) is a measurement of the asymmetry of
the CCF, which corresponds more or less to the average line of
the spectrum. An anti-correlation between the RV and the BIS is
a signature of activity-induced RV variations. The slope of the
anti-correlation depends on the spot size, the v sin i of the star
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Fig. 1. RV modulations due to one spot as a function of time (expressed
in rotational period unit). At t = 0, the dark spot of 1% of the visible
stellar surface is in front of the line of sight. The shape of the signal
changes with the inclination i of the star and the latitude lat of the spot,
labelled in the top left of each panel.

Keplerian fit used to search for planets in RV data is affected
by spots and we test an approach to subtract RV jitter based
on harmonic decompositions of the star rotation. For this, we
use simulations of spectroscopic measurements of rotating spot-
ted stars and validate our approach on active stars monitored by
high-precision spectrographs: HD 189733 (Boisse et al. 2009),
GJ 674 (Bonfils et al. 2007), CoRoT-7 (Queloz et al. 2009), and
ιHor (Vauclair et al. 2008).

2. Simulations of activity-induced radial velocity

2.1. SOAP tool: dark spot simulations

SOAP (Boisse et al., in prep.) is a program that calculates the
photometric, RV, and line shape modulations induced by one (or
more) cool spots on a rotating stellar surface. SOAP computes
the rotational broadening of a spectral line by sampling the stel-
lar disk on a grid. For each grid cell, a Gaussian function rep-
resents the typical line of the emergent spectrum. The Gaussian
is Doppler-shifted according to the projected rotational velocity
(v sin i) and weighted by a linear limb-darkening law. The stel-
lar spectrum output by the program is the sum of all contribu-
tions from all grid cells. The spot is considered as a dark surface
without any emission of light, so we cannot compute different
temperatures for the spot. For a given spot (defined by its lati-
tude, longitude, and size), SOAP computes which grid cells are
obscured and removes their contribution to the integrated stellar
spectrum.

For the simulation, we choose a G0V star with a radius of
1.1 R⊙ and a v sin i = 5.7 km s−1, a linear coefficient of the limb
darkening of 0.6, and a spectrograph resolution of 110 000 in or-
der to be in the same conditions of the ι Hor data presented in
Sect. 3.4. We fixed arbitrarily a dark spot size of 1% of the vis-
ible stellar surface. The stellar spectrum output by SOAP is an
averaged spectral line, equivalent to the cross-correlation func-
tion (CCF) computed to measure RV with real data. We fit the
simulated CCF with a Gaussian that sets the parameters of the
CCF (RV, contrast, FWHM, and bisector span). The photometric
flux is also computed.

2.2. RV variations due to a dark spot

Figure 1 shows the RV modulations due to a spot as a function of
time for different inclinations i of the star with the line of sight
and different spot latitudes lat. These two parameters clearly
modify the pattern of the RV modulation. If the spot remains vis-
ible during all the stellar rotation (lat ! i), the shape is close to
a sinusoidal function (Fig. 1, right). If the spot is hidden during
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Fig. 2. Lomb-Scargle periodograms of the three RV modulations
showed in Fig. 1. The fundamental frequency, Prot, and its first har-
monics are detected.

the rotation of the star (Fig. 1, left), the RV variation resembles
a Rossiter-McLaughlin (RM) effect (Rossiter 1924; McLaughlin
1924).

Figure 2 shows the Lomb-Scargle periodograms of the three
cases showed in Fig. 1. Main peaks are clearly detected at the
rotational period of the star Prot, as well as the two first har-
monics Prot/2 and Prot/3. We note that the energy in each peak
varies with the shape of the RV modulation. Multiples of the
rotational period are never found. Low-amplitude signal is de-
tected at Prot/4 but only when the star is seen equator-on and the
spot is close to the equator. In that case, the RV change departs
strongly from a sinusoidal shape and the periodogram exhibits
a stronger amplitude excess at Prot/2 rather than at the stellar
rotational period.

A third of the active regions, where spots grow and decay,
appear at the same location as a previous active region and their
lifetime can be several rotation timescales (e.g. Howard 1996).
Hence, the phase of the RV jitter is preserved when the spot
movement is only linked to the stellar rotation. In Fig. 3, we
simulated the RV modulation taking into account the evolution
of a spot, i.e. when the spot size and/or temperature changes
with time. The Lomb-Scargle periodogram has identical peaks
at Prot and its two first harmonics. Finally, the periods detected
in the periodogram are the same for the following configurations:
1) a star with different inclinations; 2) spots at different latitudes;
3) spot size varying with time; and 4) several spots on the stellar
surface (cf. Sect. 2.6).

2.3. CCF parameter variation due to a dark spot

The bisector span (BIS) is a measurement of the asymmetry of
the CCF, which corresponds more or less to the average line of
the spectrum. An anti-correlation between the RV and the BIS is
a signature of activity-induced RV variations. The slope of the
anti-correlation depends on the spot size, the v sin i of the star
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exist) and the CCF of the active region is subtracted
from the quiet integrated CCF which give us the inte-
grated CCF taking into account the e↵ect of the active
region:

CCFtot, active = CCFtot, quiet � �CCF(xa, ya)

=

NX

x,y

Ild CCF �
X

xa ,ya

Ild

h
CCF � Ia CCFa

i

=

NX

x,y,xa ,ya

Ild CCF �
X

xa ,ya

Ild

h
CCF (1 � 1) � Ia CCFa

i

=

NX

x,y,xa ,ya

Ild CCF +
X

xa ,ya

Ild Ia CCFa. (4)

This approach of estimating first the integrated CCF of the
quiet star and then assuming only the contribution of the ac-
tive region is computationally e�cient, because this prevents
us from estimating the integrated CCF of the entire star at
each step of the rotational phase when looking at the varia-
tion induced by an active region passing on the visible stellar
disc. The integrated flux of the disc in the presence of an
active region, Fluxtot, active, is equal to the non-spotted emis-
sion of the star minus the flux di↵erence between the quiet
photosphere and the active region (inside that region), which
gives:

Fluxtot, active =

NX

x,y

Ild �
X

xa ,ya

Ild(1 � Ia)

=
X

x,y,xa ,ya

Ild +
X

xa ,ya

Ild Ia. (5)

An illustration of the SOAP simulation showing the
variation of the CCF across the stellar disc can be
found in Fig. 1.

In the end SOAP returns the photometry, which is
directly given by Fluxtot, active, the BIS SPAN, which is
calculated 3 directly on CCFtot, active, and the RV and
the FWHM, which are estimated by fitting a Gaussian
to CCFtot, active. Estimating these parameters for dif-
ferent rotational phase of the star give us the variation
induced by an active region as it passes on the visible
stellar disc.

The total integrated CCF, CCFtot, active, can be mod-
ified in two ways. On the one hand, we can change
the intensity of the active region, Ia, assuming that the
CCF inside the quiet photosphere and inside the ac-
tive region is the same (CCF=CCFa). This is what is

3The BIS SPAN is defined here as the di↵erence between the top of
the bisector ranging from 10 to 40% of the depth and the bottom
of the bisector ranging from 60 to 90% of the depth. This is the
definition adopted for HARPS measurements.

−2.0 −1.6 −1.2 −0.8 −0.4 0.0 0.4 0.8 1.2 1.6 2.0

rotation RV

Fig. 1.— Figure explaining how SOAP simulates the
e↵ect of active regions. The star is divided in a grid
of N ⇥ N cells, each of them having its own Gaus-
sian corresponding to the stellar CCF. Depending on
the cell position, the Gaussian is Doppler shifted to
account for rotation. The rotational speed v sin i in the
case of the Sun is given as the horizontal bar at the bot-
tom of the figure. The intensity of each cell is weighted
by a limb darkening law, and the intensity is reduced
(or increased) in presence of a dark spot (or a bright
plage). Here dark spots with no emitting flux are con-
sidered. The integrated CCF over the stellar disc is
obtained by summing up all the cells. Note that here
all the Gaussian have the same depth. On the limb, the
Gaussians appear shallower because they are weighted
by the limb darkening.
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Physical models: 
e.g. SOAP 2.0

Mathematical filters: 
e.g. decorrelation techniques, Gaussian 
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Figure S3: RV as a function of IH↵

for each of the three epochs in Table S2. The linear least-
squares fit to each epoch is shown as a solid red line. Note that in the 2010-2011 segment we
have removed the 128-day stellar rotation signal from IH↵

(see Section S1.2.1).
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What we don’t want …

Exemple of GJ 581 d: 
• Mayor et al. (2005): planet in HZ ! 
• Robertson et al. (2014): Activity signal in Hα ➙ no planet 
• Anglada-Escudé & Tuomi (2015): HZ planet + activity is better fitted 
• Robertson et al. (2015): a planet at Prot/2 is suspicious
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planet or no planet ?
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planet or no planet ?

Question for ourself: 
What is the probability that the detected signal is 

produced by a planet ?



What we need …

• We need to validate statistically the detected signals, 
using the same planet-validation technique as for 
transiting planets. 

• We need an accurate (and fast to compute) model for 
stellar activity 

• We need to compare the probability of  
having a non-active star with N planets against the one of 
having an active star with N-M planets  
(M=number of planets mimicked by stellar activity)
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Conclusions & Take home messages

• Armada of new projects to start in the next decade (2017 is a cornerstone) have the 
potential to detect small planets in the HZ 

• Great complementarity between projects: from G to M dwarfs, transiting planet 
or not 

• Improvement of instrumental capabilities, but the astrophysical limitations remain 

• For transit surveys, analysis tools are ready 

• For the interpretation of radial velocity data, need to develop a “good” model of 
stellar activity with a high priority 

• A small and periodic signal is not necessarily produced by a planet
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