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Abstract. The HARPS search for low-mass extrasolar planets has been ongoing for more than
4 years, targeting originally about 400 bright FGK dwarfs in the solar neighbourhood. The pub-
lished low-mass planetary systems coming from this survey are fully confirmed by subsequent
observations, which demonstrate the sub-m/s long-term stability reached by HARPS. The com-
plex RV curves of these systems have led us to focus on a smaller sample of stars, accumulating
more data points per star. We perform a global search in our data to assess the existence of
the large population of ice giants and super-Earths predicted by numerical simulations of planet
formation. We indeed detect about 45 candidates having minimum masses below 30 M! and
orbital periods below 50 days. These numbers are preliminary since the existence of these ob-
jects has to be confirmed by subsequent observations. However, they indicate that about 30%
of solar-type stars may have such close-in, low-mass planets. Some emerging properties of this
low-mass population are presented. We finally discuss the prospects for finding transiting objects
among these candidates, which may possibly yield the first nearby, transiting super-Earth.

Keywords. techniques: radial velocities, (stars:) planetary systems

1. Introduction

HARPS is a high-resolution, fiber-fed echelle spectrograph optimized for high-accuracy
radial velocity (RV) measurements. It is mounted on the ESO-3.6m telescope at La Silla
Observatory, Chile. Since 2003, the HARPS consortium has been conducting a high-
precision search for low-mass extrasolar planets around a sample of about 400 bright,
nearby FGK dwarfs. The stars have been selected for having low projected rotational
velocities and activity levels, thus minimizing the stellar noise a!ecting precise RV mea-
surements. The achieved long-term RV precision below 1 m/s allows us to detect planets
mainly composed of heavy elements such as ices, silicates and iron, as opposed to the
more massive gas giants which can be detected at lower precisions. In fact, the di!erence
between precisions of 3 and 1 m/s is not merely of technical nature; it is rather a quali-
tative step forward in our understanding of planetary systems in that it reveals a whole
new population of extrasolar planets.
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Figure 3. Low-mass planets orbiting HD 47186 and HD 181433 on close-in orbits. HD 47186 b
(left) has an orbital period of 4.08 days and a minimum mass of 22.8 M!, whereas HD 181433 b
(right) has a period of 9.37 days and a minimum mass of 7.6 M!. Both objects are part of
multi-planet systems, with at least one giant planet orbiting at larger distances (see Bouchy et
al. 2008).

Fig. 3 and Fig. 4 show three new low-mass planetary systems coming from this list
of candidates, for which the orbital solutions are already well constrained. They are
described in details in two recently submitted papers (Mayor et al. 2008, Bouchy et al.
2008). As measurements accumulate, we expect to be able to confirm (or reject) most of
the remaining !40 candidates within the next 2-3 years.

4. Some properties of close-in low-mass planets

Although these low-mass candidates need to be confirmed, it is tempting to examine
their global properties using the preliminary orbital solutions. In particular, comparing
the characteristics of the gas giant and low-mass populations, and studying the di!erences
between them, will be highly valuable to constrain planet formation models. The following
trends seem to emerge from our sample of low-mass candidates:
• From a uniformly-observed subsample of stars, we estimate that the fraction of stars

having planets with minimum masses between !5-30 M! and orbital periods below 50
days may be as high as !30%. If confirmed, this number will have a large impact on our
perception of planetary systems in general, and Earth-like planets in particular.
• About 80% of the candidates are found in multi-planet systems.
• After going through a minimum at !30-40 M!, the mass distribution grows towards

lower masses with a peak around 10 M!, which is most probably due to the detection
bias of the technique.
• The period distribution seems to di!er from the one of the gas giant population in

that the peak is located at larger periods (!10 days) instead of !3 days.
• High eccentricities seem common, as for gas giants.
All these emerging characteristics will help us to better understand several physical

processes at work during planet formation, such as the di!erent accretion phases, migra-
tion phenomena, dynamical interactions between protoplanets, etc.

5. The case for a systematic space-based follow-up

The main question regarding low-mass planets is about their composition. Various
combinations of iron, silicates, ices and hydrogen are possible for a given mass, and
would translate into very di!erent radii for the planet. Searching for transiting low-mass
objects will therefore be one of the most exciting fields of research in the coming years.
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Exoplanet Populations from Kepler
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Figure 7. Average number of planets per size bin for main-sequence FGKM
stars, determined here from the Q1–Q6 Kepler data and corrected for false
positives and incompleteness.
(A color version of this figure is available in the online journal.)

6.4. Super-Earths (1.25–2 R!)

According to our simulations the overall average number of
super-Earths per star out to periods of 145 days is close to 30%.
The distribution of host star masses for the super-Earths is shown
in Figure 8. While there is a hint that planets of this size may
be less common around M dwarfs than around hotter stars, a
K-S test indicates that the simulated and real distributions are
not significantly different (false alarm probability of 4.9%).

6.5. Earths (0.8–1.25 R!)

As indicated in Table 3, the overall rate of occurrence (average
number of planets per star) we find for Earth-size planets is
18.4%, for orbital periods up to 85 days. Similarly to the case
for larger planets, our simulated population of false positives
and Earth-size planets is a good match to the KOIs in this class,
without the need to invoke any dependence on the mass of the
host star (see Figure 9).

Among the Earth-size planets that we have randomly assigned
to KIC target stars in our simulations, we find that approximately
23% have S/Ns above 7.1, but only about 10% would be actually
detected according to our ramp model for the Kepler recovery
rate. These are perhaps the most interesting objects from a
scientific point of view. Our results also indicate that 12.3% of
the Earth-size KOIs are false positives (Table 1). This fraction
is small enough to allow statistical analyses based on the KOI
sample, but is too large to claim that any individual Earth-size
KOI is a bona fide planet without further examination. Ruling
out the possibility of a false positive is of critical importance for
the goal of confidently detecting the first Earth-size planets in
the habitable zone of their parent star.

On the basis of our simulations we may predict the kinds of
false positives that can most easily mimic an Earth-size transit,
so that observational follow-up efforts may be better focused
toward the validation of the planetary nature of such a signal.
Figure 10 shows a histogram of the different kinds of false
positives that result in photometric signals similar to Earth-size
transiting planets, as a function of their magnitude difference
compared to the Kepler target.

Superearths (1.25 - 2 REarth)

666 KOIs, FPR = 8.8 %

KOIs (Batalha et al. 2012)
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Simulated FP + planets

KS prob = 4.9 %
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Figure 8. Similar to Figure 4, for super-Earths.
(A color version of this figure is available in the online journal.)

There are two dominant sources of false positives for this class
of signals. One is background eclipsing binaries, most of which
are expected to be between 8 and 10 mag fainter than the Kepler
target in the Kp passband, and some will be even fainter. The
most effective way of ruling out background eclipsing binaries is
by placing tight limits on the presence of such contaminants as a
function of angular separation from the target. In previous planet
validations with BLENDER (e.g., Fressin et al. 2011, 2012b;
Cochran et al. 2011; Borucki et al. 2012) the constraints from
ground-based high spatial resolution adaptive optics imaging
have played a crucial role in excluding many background stars
beyond a fraction of an arcsecond from the target. However,
these observations typically only reach magnitude differences
up to 8–9 mag (e.g., Batalha et al. 2011), and such dim
sources can only be detected at considerably larger angular
separations of several arcsecond. Any closer companions of
this brightness would be missed. Since background eclipsing
binaries mimicking an Earth-size transit can be fainter still,
other more powerful space-based resources may be needed in
some cases such as choronography or imaging with the Hubble
Space Telescope.

Another major contributor to false positives, according to
Figure 10, is larger planets transiting a physically bound com-
panion star. In this case, the angular separations from the tar-
get are significantly smaller than for background binaries, and
imaging is of relatively little help. Nevertheless, considerable
power to rule out such blends can be gained from high-S/N

15

Fressin et al. 2013, see also Dong & Zhu 2013
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Exoplanet Populations from the 
HARPS-CORALIE RV Surveys
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HARPS / Kepler Comparisons

• HARPS provides the debiased and normalized distribution of planet 
minimum masses down to Msini ≈ 3 M⊕ for periods < 50 days

• Kepler provides the debiased and normalized distribution of planet radii 
down to R ≈ 1 R⊕ for periods < 50-100 days

• The common metric between the two surveys is the average number of 
planets per star (NPPS) as a function of mass/radius
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Figure 7. Average number of planets per size bin for main-sequence FGKM
stars, determined here from the Q1–Q6 Kepler data and corrected for false
positives and incompleteness.
(A color version of this figure is available in the online journal.)

6.4. Super-Earths (1.25–2 R!)

According to our simulations the overall average number of
super-Earths per star out to periods of 145 days is close to 30%.
The distribution of host star masses for the super-Earths is shown
in Figure 8. While there is a hint that planets of this size may
be less common around M dwarfs than around hotter stars, a
K-S test indicates that the simulated and real distributions are
not significantly different (false alarm probability of 4.9%).

6.5. Earths (0.8–1.25 R!)

As indicated in Table 3, the overall rate of occurrence (average
number of planets per star) we find for Earth-size planets is
18.4%, for orbital periods up to 85 days. Similarly to the case
for larger planets, our simulated population of false positives
and Earth-size planets is a good match to the KOIs in this class,
without the need to invoke any dependence on the mass of the
host star (see Figure 9).

Among the Earth-size planets that we have randomly assigned
to KIC target stars in our simulations, we find that approximately
23% have S/Ns above 7.1, but only about 10% would be actually
detected according to our ramp model for the Kepler recovery
rate. These are perhaps the most interesting objects from a
scientific point of view. Our results also indicate that 12.3% of
the Earth-size KOIs are false positives (Table 1). This fraction
is small enough to allow statistical analyses based on the KOI
sample, but is too large to claim that any individual Earth-size
KOI is a bona fide planet without further examination. Ruling
out the possibility of a false positive is of critical importance for
the goal of confidently detecting the first Earth-size planets in
the habitable zone of their parent star.

On the basis of our simulations we may predict the kinds of
false positives that can most easily mimic an Earth-size transit,
so that observational follow-up efforts may be better focused
toward the validation of the planetary nature of such a signal.
Figure 10 shows a histogram of the different kinds of false
positives that result in photometric signals similar to Earth-size
transiting planets, as a function of their magnitude difference
compared to the Kepler target.

Superearths (1.25 - 2 REarth)

666 KOIs, FPR = 8.8 %

KOIs (Batalha et al. 2012)

Simulated False Positives
Simulated FP + planets

KS prob = 4.9 %

)nib-   
M 1. 0 r ep(

Figure 8. Similar to Figure 4, for super-Earths.
(A color version of this figure is available in the online journal.)

There are two dominant sources of false positives for this class
of signals. One is background eclipsing binaries, most of which
are expected to be between 8 and 10 mag fainter than the Kepler
target in the Kp passband, and some will be even fainter. The
most effective way of ruling out background eclipsing binaries is
by placing tight limits on the presence of such contaminants as a
function of angular separation from the target. In previous planet
validations with BLENDER (e.g., Fressin et al. 2011, 2012b;
Cochran et al. 2011; Borucki et al. 2012) the constraints from
ground-based high spatial resolution adaptive optics imaging
have played a crucial role in excluding many background stars
beyond a fraction of an arcsecond from the target. However,
these observations typically only reach magnitude differences
up to 8–9 mag (e.g., Batalha et al. 2011), and such dim
sources can only be detected at considerably larger angular
separations of several arcsecond. Any closer companions of
this brightness would be missed. Since background eclipsing
binaries mimicking an Earth-size transit can be fainter still,
other more powerful space-based resources may be needed in
some cases such as choronography or imaging with the Hubble
Space Telescope.

Another major contributor to false positives, according to
Figure 10, is larger planets transiting a physically bound com-
panion star. In this case, the angular separations from the tar-
get are significantly smaller than for background binaries, and
imaging is of relatively little help. Nevertheless, considerable
power to rule out such blends can be gained from high-S/N
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Figure 7. Average number of planets per size bin for main-sequence FGKM
stars, determined here from the Q1–Q6 Kepler data and corrected for false
positives and incompleteness.
(A color version of this figure is available in the online journal.)

6.4. Super-Earths (1.25–2 R!)

According to our simulations the overall average number of
super-Earths per star out to periods of 145 days is close to 30%.
The distribution of host star masses for the super-Earths is shown
in Figure 8. While there is a hint that planets of this size may
be less common around M dwarfs than around hotter stars, a
K-S test indicates that the simulated and real distributions are
not significantly different (false alarm probability of 4.9%).

6.5. Earths (0.8–1.25 R!)

As indicated in Table 3, the overall rate of occurrence (average
number of planets per star) we find for Earth-size planets is
18.4%, for orbital periods up to 85 days. Similarly to the case
for larger planets, our simulated population of false positives
and Earth-size planets is a good match to the KOIs in this class,
without the need to invoke any dependence on the mass of the
host star (see Figure 9).

Among the Earth-size planets that we have randomly assigned
to KIC target stars in our simulations, we find that approximately
23% have S/Ns above 7.1, but only about 10% would be actually
detected according to our ramp model for the Kepler recovery
rate. These are perhaps the most interesting objects from a
scientific point of view. Our results also indicate that 12.3% of
the Earth-size KOIs are false positives (Table 1). This fraction
is small enough to allow statistical analyses based on the KOI
sample, but is too large to claim that any individual Earth-size
KOI is a bona fide planet without further examination. Ruling
out the possibility of a false positive is of critical importance for
the goal of confidently detecting the first Earth-size planets in
the habitable zone of their parent star.

On the basis of our simulations we may predict the kinds of
false positives that can most easily mimic an Earth-size transit,
so that observational follow-up efforts may be better focused
toward the validation of the planetary nature of such a signal.
Figure 10 shows a histogram of the different kinds of false
positives that result in photometric signals similar to Earth-size
transiting planets, as a function of their magnitude difference
compared to the Kepler target.
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Figure 8. Similar to Figure 4, for super-Earths.
(A color version of this figure is available in the online journal.)

There are two dominant sources of false positives for this class
of signals. One is background eclipsing binaries, most of which
are expected to be between 8 and 10 mag fainter than the Kepler
target in the Kp passband, and some will be even fainter. The
most effective way of ruling out background eclipsing binaries is
by placing tight limits on the presence of such contaminants as a
function of angular separation from the target. In previous planet
validations with BLENDER (e.g., Fressin et al. 2011, 2012b;
Cochran et al. 2011; Borucki et al. 2012) the constraints from
ground-based high spatial resolution adaptive optics imaging
have played a crucial role in excluding many background stars
beyond a fraction of an arcsecond from the target. However,
these observations typically only reach magnitude differences
up to 8–9 mag (e.g., Batalha et al. 2011), and such dim
sources can only be detected at considerably larger angular
separations of several arcsecond. Any closer companions of
this brightness would be missed. Since background eclipsing
binaries mimicking an Earth-size transit can be fainter still,
other more powerful space-based resources may be needed in
some cases such as choronography or imaging with the Hubble
Space Telescope.

Another major contributor to false positives, according to
Figure 10, is larger planets transiting a physically bound com-
panion star. In this case, the angular separations from the tar-
get are significantly smaller than for background binaries, and
imaging is of relatively little help. Nevertheless, considerable
power to rule out such blends can be gained from high-S/N
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Figure 7. Average number of planets per size bin for main-sequence FGKM
stars, determined here from the Q1–Q6 Kepler data and corrected for false
positives and incompleteness.
(A color version of this figure is available in the online journal.)

6.4. Super-Earths (1.25–2 R!)

According to our simulations the overall average number of
super-Earths per star out to periods of 145 days is close to 30%.
The distribution of host star masses for the super-Earths is shown
in Figure 8. While there is a hint that planets of this size may
be less common around M dwarfs than around hotter stars, a
K-S test indicates that the simulated and real distributions are
not significantly different (false alarm probability of 4.9%).

6.5. Earths (0.8–1.25 R!)

As indicated in Table 3, the overall rate of occurrence (average
number of planets per star) we find for Earth-size planets is
18.4%, for orbital periods up to 85 days. Similarly to the case
for larger planets, our simulated population of false positives
and Earth-size planets is a good match to the KOIs in this class,
without the need to invoke any dependence on the mass of the
host star (see Figure 9).

Among the Earth-size planets that we have randomly assigned
to KIC target stars in our simulations, we find that approximately
23% have S/Ns above 7.1, but only about 10% would be actually
detected according to our ramp model for the Kepler recovery
rate. These are perhaps the most interesting objects from a
scientific point of view. Our results also indicate that 12.3% of
the Earth-size KOIs are false positives (Table 1). This fraction
is small enough to allow statistical analyses based on the KOI
sample, but is too large to claim that any individual Earth-size
KOI is a bona fide planet without further examination. Ruling
out the possibility of a false positive is of critical importance for
the goal of confidently detecting the first Earth-size planets in
the habitable zone of their parent star.

On the basis of our simulations we may predict the kinds of
false positives that can most easily mimic an Earth-size transit,
so that observational follow-up efforts may be better focused
toward the validation of the planetary nature of such a signal.
Figure 10 shows a histogram of the different kinds of false
positives that result in photometric signals similar to Earth-size
transiting planets, as a function of their magnitude difference
compared to the Kepler target.
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Figure 8. Similar to Figure 4, for super-Earths.
(A color version of this figure is available in the online journal.)

There are two dominant sources of false positives for this class
of signals. One is background eclipsing binaries, most of which
are expected to be between 8 and 10 mag fainter than the Kepler
target in the Kp passband, and some will be even fainter. The
most effective way of ruling out background eclipsing binaries is
by placing tight limits on the presence of such contaminants as a
function of angular separation from the target. In previous planet
validations with BLENDER (e.g., Fressin et al. 2011, 2012b;
Cochran et al. 2011; Borucki et al. 2012) the constraints from
ground-based high spatial resolution adaptive optics imaging
have played a crucial role in excluding many background stars
beyond a fraction of an arcsecond from the target. However,
these observations typically only reach magnitude differences
up to 8–9 mag (e.g., Batalha et al. 2011), and such dim
sources can only be detected at considerably larger angular
separations of several arcsecond. Any closer companions of
this brightness would be missed. Since background eclipsing
binaries mimicking an Earth-size transit can be fainter still,
other more powerful space-based resources may be needed in
some cases such as choronography or imaging with the Hubble
Space Telescope.

Another major contributor to false positives, according to
Figure 10, is larger planets transiting a physically bound com-
panion star. In this case, the angular separations from the tar-
get are significantly smaller than for background binaries, and
imaging is of relatively little help. Nevertheless, considerable
power to rule out such blends can be gained from high-S/N

15

Unbiased, Normalized 
Mass and Radius 
Distributions

From Mayor et al. 2011

HARPS

Kepler

Occurrence rate for
P < 50 d, Msini = 3-30 M⊕ :

f = 0.33 +/- 0.05 planet per star

Occurrence rate for
P < 50 d, R = 1.25-6.0 R⊕ :

f = 0.39 +/- 0.02 planet per star

Tuesday 4 February 2014



The (Fast) Rise of High-Contrast 
Imaging and Spectroscopy

Marois et al. 2008

Oppenheimer et al. 2013

A population of super-Jupiters orbiting young 1-2 M⊙ stars 
at 10-100 AU (see B. Biller’s talk)
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The Big Questions

• How do planetary systems form?

• How do planetary systems evolve?

• What is the impact of the stellar environment?

• What are the dynamical architectures of planetary systems?

• What is the internal structure of exoplanets, and how does it depend on 
host star properties, orbital distance, snow line distance, etc?

• What is the chemical composition of exoplanet atmospheres, and how 
does it depend on host star properties, planet mass, orbital distance, etc?

• How common are rocky planets with physical conditions at the surface 
permitting liquid water? And actually having liquid water?

The in-depth knowledge of a limited number of planetary systems may 
help us much more than only partly characterized, disparate samples 
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Towards a global picture of planetary 
systems and their host stars

Property of Interest Available Technique

High-precision stellar properties: mass, radius, Teff, 
age, [Fe/H], abundances of various elements

High-resolution spectroscopy, long-baseline 
interferometry, high-precision astrometry (GAIA)

Binarity or multiplicity of the host star
Direct imaging, long-term Doppler velocimetry, 
astrometry (GAIA)

Existence and properties of debris disks High-contrast imaging, interferometry

Orbital properties of all dynamically important 
planets in the system

High-precision transit photometry, long-term 
Doppler velocimetry, astrometry (GAIA), high-
contrast imaging

Mass and radius (➔ density, bulk composition) of 
the dynamically important planets

High-precision transit photometry, Doppler 
velocimetry, astrometry (GAIA)

Atmospheric characterization of one or more 
planet(s)

Transit/eclipse spectrophotometry, high-resolution 
spectroscopy, high-contrast spectroscopy
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The Exoplanet Population in the 
Solar Neighbourhood

EChO mission reference sample (Ribas & Lovis 2013), see also Crossfield et al. 2013

Transiting low-mass planets
Magnitude-limited: K < 9.0

(V < 10.5 at G2, V < 14 at M5)

All low-mass planets within 1 AU
Volume-limited: d < 10 pc

(K < 3.4 at G2, K < 8.2 at M5)

Tuesday 4 February 2014



The Exoplanet Population in the 
Solar Neighbourhood

EChO mission reference sample (Ribas & Lovis 2013), see also Crossfield et al. 2013

Transiting hot Jupiters
Magnitude-limited: K < 9.0

(V < 10.5 at G2, V < 14 at M5)

All giant planets within 5 AU
Volume-limited: d < 10 pc

(K < 3.4 at G2, K < 8.2 at M5)
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GAIA Astrometry and Spectrophotometry

Casertano et al. 2008

Precise knowledge of stellar 
fundamental parameters: 

distance, luminosity, Teff, radius

Probing giant exoplanets at 
intermediate orbital distances
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The Solar Neighborhood Transit Search Army

HARPS
HARPS-N
SOPHIE
CORALIE
Keck/AAT 
(operating)

NGTS (2014) CHEOPS (2017)

ESPRESSO (2017)

TESS (2017)
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The Solar Neighborhood Transit Search Army

Kepler-K2 (2014)

PLATO (2022-2024) ?
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ESPRESSO

ESPRESSO on ESO VLT 
«Echelle SPectrograph for Rocky Exoplanets and Stable Spectroscopic Observations»

• Ultra-stable spectrograph for the VLT
•R=120’000
• visible: blue + red arms
• can use any of the UTs (coudé train)

• Consortium : CH,  Italy,  Portugal,  Spain
• FDR : now
• On the sky : 2016

• Precision in RV :  < 10 cm/s
• Goal : Very low-mass planets

• Sample : 50-100 quiet dwarfs (K-M)
• GTO : 200 nights
• Expected: 25-50 planets

ESPRESSO @ VLT
“Echelle Spectrograph for Rocky Exoplanets and Stable 
Spectroscopic Observations”

• Ultra-stable spectrograph for the VLT
• R = 130,000
• Visible, 380-780 nm, blue + red arms
• Can use any of the UTs (Coudé train)

• Consortium: Switzerland, Italy, Portugal, Spain
• FDR: now
• On the sky: end 2016
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New High-Contrast Planet Imagers

VLT-SPHERE (2014)

Gemini-GPI (2014)
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Towards a global picture of planetary 
systems and their host stars

Property of Interest Available Technique

High-precision stellar properties: mass, radius, Teff, 
age, [Fe/H], abundances of various elements

High-resolution spectroscopy, long-baseline 
interferometry, high-precision astrometry (GAIA)

Binarity or multiplicity of the host star
Direct imaging, long-term Doppler velocimetry, 
astrometry (GAIA)

Existence and properties of debris disks High-contrast imaging, interferometry

Orbital properties of all dynamically important 
planets in the system

High-precision transit photometry, long-term 
Doppler velocimetry, astrometry (GAIA), high-
contrast imaging

Mass and radius (➔ density, bulk composition) of 
the dynamically important planets

High-precision transit photometry, Doppler 
velocimetry, astrometry (GAIA)

Atmospheric characterization of one or more 
planet(s)

Transit/eclipse spectrophotometry, high-resolution 
spectroscopy, high-contrast spectroscopy
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Bulk Density and Internal Structure
Combination of precise mass and radius measurements 

obtained from transit photometry and Doppler velocimetry

LETTER
doi:10.1038/nature12768

An Earth-sized planet with an Earth-like density
Francesco Pepe1, Andrew Collier Cameron2, David W. Latham3, Emilio Molinari4,5, Stéphane Udry1, Aldo S. Bonomo6,
Lars A. Buchhave3,7, David Charbonneau3, Rosario Cosentino4,8, Courtney D. Dressing3, Xavier Dumusque3, Pedro Figueira9,
Aldo F. M. Fiorenzano4, Sara Gettel3, Avet Harutyunyan4, Raphaëlle D. Haywood2, Keith Horne2, Mercedes Lopez-Morales3,
Christophe Lovis1, Luca Malavolta10,11, Michel Mayor1, Giusi Micela12, Fatemeh Motalebi1, Valerio Nascimbeni11, David Phillips3,
Giampaolo Piotto10,11, Don Pollacco13, Didier Queloz1,14, Ken Rice15, Dimitar Sasselov3, Damien Ségransan1, Alessandro Sozzetti6,
Andrew Szentgyorgyi3 & Christopher A. Watson16

Recent analyses1–4 of data from the NASA Kepler spacecraft5 have
established that planets with radii within 25 per cent of the Earth’s
(R›) are commonplace throughout the Galaxy, orbiting at least
16.5 per cent of Sun-like stars1. Because these studies were sensitive
to the sizes of the planets but not theirmasses, the question remains
whether these Earth-sized planets are indeed similar to the Earth in
bulk composition. The smallest planets for which masses have been
accurately determined6,7 are Kepler-10b (1.42R›) and Kepler-36b
(1.49R›), which are both significantly larger than theEarth.Recently,
the planet Kepler-78b was discovered8 and found to have a radius of
only1.16R›.Herewe report that themass of this planet is 1.86Earth
masses. The resulting mean density of the planet is 5.57 g cm23,
which is similar to that of the Earth and implies a composition of
iron and rock.
Every 8.5 h, the star Kepler-78 (first known as TYC3147-188-1 and

later designated KIC 8435766) presents to the Earth a shallow eclipse
consistent8 with the passage of an orbiting planet with a radius of
1.166 0.19R›. A previous study8 demonstrated that it was very unlikely
that these eclipses were the result of a massive companion either to
Kepler-78 itself or to a fainter star near its position on the sky. Judging
from the absence of ellipsoidal light variations8 of the star, the upper
limit on themass of theplanet is 8Earthmasses (M›). In addition to its
diminutive size, the planet Kepler-78b is interesting because the light
curve recorded by theKepler spacecraft reveals the secondary eclipse of
the planet behind the star as well as the variations in the light received
from the planet as it orbits the star and presents different hemispheres
to the observer. These data enabled constraints8 to be put on the albedo
and temperature of the planet. A direct measurement of the mass of
Kepler-78b would permit an evaluation of its mean density and, by
inference, its composition, and motivated this study.
The newly commissioned HARPS-N9 spectrograph is the Northern

Hemispherecopyof theHARPS10 instrument, and, likeHARPS,HARPS-N
allows scientific observations tobemadealongside thorium–argonemis-
sion spectra for wavelength calibration11. HARPS-N is installed at the
3.57-m Telescopio Nazionale Galileo at the Roque de los Muchachos
Observatory, La Palma Island, Spain. The high optical efficiency of the
instrument enables a radial-velocityprecisionof1.2m s21 to be achieved
in a 1-h exposure on a slowly rotating late-G-type or K-type dwarf star
with stellar visible magnitudemv5 12. By observing standard stars of
known radial velocity during the first year of operation of HARPS-N,
we estimated it to have a precision of at least 1m s21, a value which is
roughly half the semi-amplitude of the signal expected for Kepler-78b
should the planet have a rocky composition. We began an intensive

observing campaign (Methods) of Kepler-78 (mv5 11.72) in May
2013, acquiring HARPS-N spectra of 30-min exposure time and an
average signal-to-noise ratio of 45 per extracted pixel at 550 nm (wave-
length bin of 0.00145nm). From these high-quality spectra, we esti-
mated12,13 the stellar parameters of Kepler-78 (Methods and Extended
Data Table 1). Our estimate of the stellar radius, R!~0:737z0:034

{0:042R8, is
more accurate than any previously known8 and allows us to refine the
estimate of the planetary radius.
In the Supplementary Data, we provide a table of the radial velocit-

ies, the Julian dates, the measurement errors, the line bisector of the
cross-correlation function, and the Ca II H-line and K-line activity
indicator14, log(R9HK). The radial velocities (Fig. 1) show a scatter of
4.08m s21 and a peak-to-trough variation of 22m s21, which exceeds
the estimated average internal (photon-noise) precision, of 2.3m s21.
The excess scatter is probably due to star-induced effects including
spots and changes in the convective blueshift associatedwith variations
in the stellar activity. These effects may cause an apparent signal at
intervals corresponding to the stellar rotational period and its first and
second harmonics. To separate this signal from that caused by the
planet, we proceeded to estimate the rotation period of the star from
the de-trended light curve from Kepler (Methods). Our estimate, of

1Observatoire Astronomique de l’Université de Genève, 51 chemin des Maillettes, 1290 Versoix, Switzerland. 2Scottish Universities Physics Alliance, School of Physics and Astronomy, University of St
Andrews, NorthHaugh, St Andrews, Fife KY169SS, UK. 3Harvard-SmithsonianCenter for Astrophysics, 60Garden Street, Cambridge,Massachusetts 02138, USA. 4INAF - Fundación GalileoGalilei, Rambla
José Ana Fernandez Pérez 7, 38712 Breña Baja, Spain. 5INAF - IASF Milano, via Bassini 15, 20133 Milano, Italy. 6INAF - Osservatorio Astrofisico di Torino, via Osservatorio 20, 10025 Pino Torinese, Italy.
7Centre for Star and Planet Formation, Natural History Museum of Denmark, University of Copenhagen, DK-1350 Copenhagen, Denmark. 8INAF - Osservatorio Astrofisico di Catania, via Santa Sofia 78,
95125 Catania, Italy. 9Centro de Astrofı́sica, Universidade do Porto, Rua das Estrelas, 4150-762 Porto, Portugal. 10Dipartimento di Fisica e Astronomia ‘‘Galileo Galilei’’, Universita’ di Padova, Vicolo
dell’Osservatorio 3, 35122Padova, Italy. 11INAF -Osservatorio Astronomicodi Padova, Vicolo dell’Osservatorio 5, 35122Padova, Italy. 12INAF -Osservatorio Astronomicodi Palermo, Piazzadel Parlamento
1, 90124 Palermo, Italy. 13Department of Physics, University of Warwick, Gibbet Hill Road, Coventry CV4 7AL, UK. 14Cavendish Laboratory, J. J. Thomson Avenue, Cambridge CB3 0HE, UK. 15Scottish
Universities Physics Alliance, Institute for Astronomy, Royal Observatory, University of Edinburgh, Blackford Hill, Edinburgh EH93HJ, UK. 16Astrophysics Research Centre, School of Mathematics and
Physics, Queen’s University Belfast, Belfast BT7 1NN, UK.
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Figure 1 | Radial velocities of Kepler-78 as a function of time. The error bars
indicate the estimated internal error (mainly photon-noise-induced error),
which was,2.3m s21 on average. The signal is dominated by stellar effects.
The raw radial-velocity dispersion is 4.08m s21, which is about twice the
photon noise. JD, Julian date.
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Towards a global picture of planetary 
systems and their host stars

Property of Interest Available Technique

High-precision stellar properties: mass, radius, Teff, 
age, [Fe/H], abundances of various elements

High-resolution spectroscopy, long-baseline 
interferometry, high-precision astrometry (GAIA)

Binarity or multiplicity of the host star
Direct imaging, long-term Doppler velocimetry, 
astrometry (GAIA)

Existence and properties of debris disks High-contrast imaging, interferometry

Orbital properties of all dynamically important 
planets in the system

High-precision transit photometry, long-term 
Doppler velocimetry, astrometry (GAIA), high-
contrast imaging

Mass and radius (➔ density, bulk composition) of 
the dynamically important planets

High-precision transit photometry, Doppler 
velocimetry, astrometry (GAIA)

Atmospheric characterization of one or more 
planet(s)

Transit/eclipse spectrophotometry, high-resolution 
spectroscopy, high-contrast spectroscopyE-ELT E-ELT
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Atmospheric Characterization

Combined light spectrophotometry:

•  Secondary eclipse spectroscopy

•  Phase curves (also for non-transiting planets)

•  Primary transit spectroscopy

Spatially-resolved spectroscopy

Thermal emissionTransmission spectrum Reflected light

S(λ) ∼
�
Rp

Rs

�2 B(λ, Teq)

B(λ, Teff)
S(λ) ∼

�
Rp

a

�2

Ag(λ)S(λ) ∼ 1

R2
s

kT

µρp
lnσ(λ)

｝

Tuesday 4 February 2014



Atmospheric Characterization

Planet/star combination Transmission Reflected light Thermal emission

Mini-Neptune, a = 0.1 AU, Teq = 700 K,
K0 star, d = 10/30 pc (non-transiting/transiting) 10-4 10-6 @ λ=1.0 μm

s = 2 λ/D
10-5 @ λ=3.5 μm

s = 0.6 λ/D

Super-Earth, a = 0.1 AU, Teq = 255 K,
M4 star, d = 5/15 pc (non-transiting/transiting) 10-5 10-7 @ λ=1.0 μm

s = 4 λ/D
10-5 @ λ=10 μm

s = 0.4 λ/D

Jupiter, a = 2 AU, Teq = 180 K,
G2 star, d = 15/110 pc (non-transiting/transiting) 10-5 10-8 @ λ=1.0 μm

s = 27 λ/D
10-7 @ λ=10 μm

s = 2.7 λ/D

Young Jupiter, a = 10 AU, Teq = 1200 K,
G2 star, d = 30 pc (non-transiting) N/A

10-9 @ λ=1.0 μm
s = 67 λ/D

10-4 @ λ=2.0 μm
s = 33 λ/D

...
... ... ...

Towards “mission reference samples” for HIRES, METIS, EPICS, ...
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