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Today, 16 years ago:Today, 16 years ago:

THE ENDTHE END

THANKS FOR YOUR ATTENTION!THANKS FOR YOUR ATTENTION!



INAF-OABo, Bologna, 24/03/2011

A.D. 2005A.D. 2005A.D. 2011A.D. 2011

First, we must agree!First, we must agree!First, we must agree!First, we must agree!First, we must agree!First, we must agree!First, we must agree!First, we must agree!
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•• A planet is any object in A planet is any object in orbitorbit around the Sun with a diameter greater than 2000around the Sun with a diameter greater than 2000 km.  km.  

•• A planet is any object in orbit around the Sun whose shape is stA planet is any object in orbit around the Sun whose shape is stable due to its own gravity.able due to its own gravity.

•• A planet is any object in orbit around the Sun that is dominant A planet is any object in orbit around the Sun that is dominant in its neighborhood.in its neighborhood.

•• A planet is a planet if enough people say it isA planet is a planet if enough people say it is

2003: IAU members try to Agree2003: IAU members try to Agree……

……but they end up having to call a General Assembly (2006)but they end up having to call a General Assembly (2006)

The IAU therefore resolves that planets and other bodies in our The IAU therefore resolves that planets and other bodies in our Solar SystemSolar System, , 

except except satellitessatellites, be defined into three distinct categories in the following way, be defined into three distinct categories in the following way: : 

(1)(1) A "A "planetplanet" is a celestial body that: (a) is in orbit around the Sun, (b) " is a celestial body that: (a) is in orbit around the Sun, (b) has sufficient mass for has sufficient mass for 

its selfits self--gravity to overcome rigid body forces so that it assumes a gravity to overcome rigid body forces so that it assumes a hydrostatic equilibriumhydrostatic equilibrium

(nearly round) shape, and (c) has (nearly round) shape, and (c) has cleared the cleared the neighbourhoodneighbourhood around its orbit.around its orbit.

(2) A "dwarf planet" is a celestial body that: (a) is in orbit a(2) A "dwarf planet" is a celestial body that: (a) is in orbit around the Sun, (b) has sufficient round the Sun, (b) has sufficient 

mass for its selfmass for its self--gravity to overcome rigid body forces so that it assumes a hydrogravity to overcome rigid body forces so that it assumes a hydrostatic static 

equilibrium (nearly round) shape, (c) has not cleared the equilibrium (nearly round) shape, (c) has not cleared the neighbourhoodneighbourhood around its orbit, around its orbit, 

and (d) is not a satellite.and (d) is not a satellite.

(3) All other objects except satellites orbiting the Sun shall b(3) All other objects except satellites orbiting the Sun shall be referred to collectively as "e referred to collectively as "Small Small 

Solar System BodiesSolar System Bodies".".

Exoplanets are not planets!!Exoplanets are not planets!!Exoplanets are not planets!!Exoplanets are not planets!!Exoplanets are not planets!!Exoplanets are not planets!!Exoplanets are not planets!!Exoplanets are not planets!!
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�� Objects with Objects with true massestrue masses below the limiting mass for thermonuclear below the limiting mass for thermonuclear 
fusion of deuterium (currently calculated to be 13 Jupiter massefusion of deuterium (currently calculated to be 13 Jupiter masses s 
for objects of solar metallicity) that orbit stars or stellar refor objects of solar metallicity) that orbit stars or stellar remnants mnants 
are "planets" (no matter how they formed). The minimum mass/sizeare "planets" (no matter how they formed). The minimum mass/size
required for an extrasolar object to be considered a planet shourequired for an extrasolar object to be considered a planet should ld 
be the same as that used in our Solar System. be the same as that used in our Solar System. 

�� SubstellarSubstellar objects with true masses above the limiting mass for objects with true masses above the limiting mass for 
thermonuclear fusion of deuterium are "brown dwarfs", no matter thermonuclear fusion of deuterium are "brown dwarfs", no matter 
how they formed nor where they are located. how they formed nor where they are located. 

�� FreeFree--floating objects in young star clusters with masses below the floating objects in young star clusters with masses below the 
limiting mass for thermonuclear fusion of deuterium are not limiting mass for thermonuclear fusion of deuterium are not 
"planets", but are ""planets", but are "subsub--brown dwarfsbrown dwarfs" (or whatever name is most " (or whatever name is most 
appropriate).appropriate).

2003: IAU Working Group on Exoplanets:2003: IAU Working Group on Exoplanets:

Since 2006, no updates (yet) from IAU Commission 53 Since 2006, no updates (yet) from IAU Commission 53 
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Exoplanets: 538 and countingExoplanets: 538 and countingExoplanets: 538 and countingExoplanets: 538 and countingExoplanets: 538 and countingExoplanets: 538 and countingExoplanets: 538 and countingExoplanets: 538 and counting……………………
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Gap?

DeuteriumDeuterium--burning limitburning limit

Gap?

GJ 581e

HD 114762b



INAF-OABo, Bologna, 24/03/2011

•• Indirect detection (Visible):Indirect detection (Visible):

-- Doppler spectroscopy (95%)Doppler spectroscopy (95%)

-- Transit photometry (20%)Transit photometry (20%)

-- Gravitational Gravitational microlensingmicrolensing (3%)(3%)

-- Pulsar/pulsation timing (1.5%)Pulsar/pulsation timing (1.5%)

-- Astrometry (0/493)Astrometry (0/493)

•• Direct detection (Visible) Direct detection (Visible) 

-- imaging (0.5%, still debatable)imaging (0.5%, still debatable)

•• Indirect characterization (Visible/IR):Indirect characterization (Visible/IR):

-- Transit timing          Transit timing          

-- Transmission spectroscopyTransmission spectroscopy

-- RossiterRossiter--McLaughlin effectMcLaughlin effect

•• Direct characterization (Visible/IR):Direct characterization (Visible/IR):

-- Reflected lightReflected light

-- Infrared emissionInfrared emission
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Exoplanets PropertiesExoplanets Properties

•• Orbital elements, mass distributions, multiplicityOrbital elements, mass distributions, multiplicity

•• Correlations between planetary parameters and between Correlations between planetary parameters and between 
planet characteristics and frequencies and the properties planet characteristics and frequencies and the properties 
of the stellar hostsof the stellar hosts

•• Internal structure, atmospheric composition and circulationInternal structure, atmospheric composition and circulation

The era of comparative The era of comparative exoplanetologyexoplanetology!!
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Observed quantity: radial component of stellar Observed quantity: radial component of stellar 
velocity in the starvelocity in the star’’s motion around the center s motion around the center 
of mass of the starof mass of the star--planet systemplanet system

A planetary mass (times sin A planetary mass (times sin ii) is found ) is found 

given a guess for the primarygiven a guess for the primary’’s:s:

For binaries: For binaries: σσRV RV ~ 1 km/s~ 1 km/s For planets: For planets: σσRVRV ~ 1~ 1--5 5 m/sm/s

Doppler SpectroscopyDoppler Spectroscopy
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•• Take all (FTake all (F--GG--KK--M) stars within 200 pc M) stars within 200 pc 

with Dopplerwith Doppler--detected planetsdetected planets

•• Second planet detection rate:~20%Second planet detection rate:~20%

•• Including trends: >35%Including trends: >35%

•• This includes 10 stars with three planets, 4 This includes 10 stars with three planets, 4 

with four, 1 with five, 1 with six, 1 with with four, 1 with five, 1 with six, 1 with 

seven, and 1 with eightseven, and 1 with eight

4 planets: 4 planets: µµ AraAra, GJ 581(?), GJ 876, HR8799 , GJ 581(?), GJ 876, HR8799 

5 planets: 55 5 planets: 55 CncCnc

6 planets: Kepler6 planets: Kepler--1111

7 planets: HD 101807 planets: HD 10180

8 planets: the Sun!8 planets: the Sun!

Multiple Planet SystemsMultiple Planet Systems
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7 low7 low--mass planets mass planets 

for HD 10180!for HD 10180!
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GJ 581: GJ 581: 

A habitable SuperA habitable Super--Earth(?) Earth(?) 
and a hot Earth!and a hot Earth!

Mayor et al. 2008

Great laboratory to test lowGreat laboratory to test low--mass mass 

planetary systems formationplanetary systems formation
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An imaged An imaged tri(quadru)plettri(quadru)plet::

Evidence for planet formationEvidence for planet formation

in the 20in the 20--70 AU range70 AU range

Marois et al. 2008

Marois et al. 2010
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The The SdB+MSdB+M eclipsing binary HW eclipsing binary HW VirVir: : 
A Circumbinary Planetary System!A Circumbinary Planetary System!

Lee et al. 2009

Nelson 2003
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Emerging Properties of Planetary SystemsEmerging Properties of Planetary SystemsEmerging Properties of Planetary SystemsEmerging Properties of Planetary SystemsEmerging Properties of Planetary SystemsEmerging Properties of Planetary SystemsEmerging Properties of Planetary SystemsEmerging Properties of Planetary Systems

•• Great dynamical diversity (hierarchical systems, secularly Great dynamical diversity (hierarchical systems, secularly 
interacting systems, systems in mean motion resonances)interacting systems, systems in mean motion resonances)

•• Planetary systems appear to have different orbital elements Planetary systems appear to have different orbital elements 
distribution functions with respect to those of singledistribution functions with respect to those of single--planet planet 
systemssystems

•• In addition, distributions for lowIn addition, distributions for low--mass systems may also differ mass systems may also differ 
from those of systems containing gas giantsfrom those of systems containing gas giants

•• There are hints that fThere are hints that fpp may also be a different function of Mmay also be a different function of M**
and [Fe/H] in singleand [Fe/H] in single-- and multipleand multiple--planet systemsplanet systems
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Wright et al. 2009
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•• Hierarchical systemsHierarchical systems

•• Secularly interacting systemsSecularly interacting systems

•• Systems in mean motion resonancesSystems in mean motion resonances

•• Regions of stable habitable orbitsRegions of stable habitable orbits

LovisLovis et al. 2007et al. 2007LaskarLaskar & & CorreiaCorreia 20092009

Dynamics: LongDynamics: LongDynamics: LongDynamics: LongDynamics: LongDynamics: LongDynamics: LongDynamics: Long--------term Evolutionterm Evolutionterm Evolutionterm Evolutionterm Evolutionterm Evolutionterm Evolutionterm Evolution
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Dynamics: ResonancesDynamics: Resonances

Possible fossil evidence of Possible fossil evidence of 

orbital migration processes?orbital migration processes?

Giuppone et al. 2009
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Dynamics: Origin of Eccentricities ?Dynamics: Origin of Eccentricities ?

Ford & Rasio 2008

�Planet – gaseous disk interactions

�Planet – planetesimal disk interactions 

�Planet-Planet secular/resonant interactions 

�Planet-planet close encounters/scattering   

�Secular interactions with a distant companion star

�Propagation of eccentricity disturbances
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‘‘‘‘‘‘‘‘EccentricEccentricEccentricEccentricEccentricEccentricEccentricEccentric’’’’’’’’ Systems: ProblemsSystems: ProblemsSystems: ProblemsSystems: ProblemsSystems: ProblemsSystems: ProblemsSystems: ProblemsSystems: Problems

1) Eccentricity excitation 1) Eccentricity excitation 
mechanisms are often ad hocmechanisms are often ad hoc

2) Non2) Non--coplanar orbits are a coplanar orbits are a 
likely outcome likely outcome 

3) All conclusions on the 3) All conclusions on the 
longlong--term orbital stability and term orbital stability and 
evolution are very sensitive evolution are very sensitive 
to the actual orbital alignment as to the actual orbital alignment as 
determined from observationsdetermined from observations
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Giuppone et al. 2009

Problem: Doppler Characterization of Problem: Doppler Characterization of MMRsMMRs

Resonant systems with Resonant systems with 
large mass ratios needlarge mass ratios need
many RV observationsmany RV observations
in order to be correctlyin order to be correctly
identifiedidentified
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To characterize complex RVTo characterize complex RV--detected systems/signals, use: detected systems/signals, use: 

a) a) statestate--ofof--thethe--art instrumentation (best precision)art instrumentation (best precision)

b) improved understanding of associated physics (impostors) b) improved understanding of associated physics (impostors) 

c) c) refined refined methods of data analysismethods of data analysis (orbital fits)(orbital fits)

As for the latter, different approaches disagree on the systems As for the latter, different approaches disagree on the systems 

architectures (e.g., GJ 176, HD73526), and sometimes on the architectures (e.g., GJ 176, HD73526), and sometimes on the 

number of detected planets (e.g., HD 11506, HD 11964)! number of detected planets (e.g., HD 11506, HD 11964)! 

Problem: Agreement on System ArchitectureProblem: Agreement on System Architecture
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GJ 581g, a 3.1 MGJ 581g, a 3.1 MEE HH--Z Planet?Z Planet?

241 RVs, 4.3 yr 241 RVs, 4.3 yr timespantimespan::

‘‘newnew’’ 66--planet bestplanet best--fit modelfit model

180 RVs, 6.5 yr 180 RVs, 6.5 yr timespantimespan::

‘‘oldold’’ 44--planet bestplanet best--fit modelfit model

WhoWho’’s right??s right??
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Some Open QuestionsSome Open QuestionsSome Open QuestionsSome Open QuestionsSome Open QuestionsSome Open QuestionsSome Open QuestionsSome Open Questions

•• How many dynamical families?How many dynamical families?

•• What are their true masses?What are their true masses?

•• Are their orbits coplanar?Are their orbits coplanar?

•• What is the origin of their eccentricities?What is the origin of their eccentricities?

•• What are their distribution functions and frequencies?What are their distribution functions and frequencies?
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•• Transit timing measurements Transit timing measurements 
((CoRoTCoRoT, Kepler) allow to detect , Kepler) allow to detect 
additional planets in a system additional planets in a system 
(not necessarily transiting), and (not necessarily transiting), and 
e.g. determine their densities e.g. determine their densities 
(if they also transit).(if they also transit).

•• RV surveys will unveil a wider RV surveys will unveil a wider 
variety of systems at variety of systems at 
increasingly longer periods and increasingly longer periods and 
increasingly lower massesincreasingly lower masses

RV and Transits: The Near FutureRV and Transits: The Near FutureRV and Transits: The Near FutureRV and Transits: The Near FutureRV and Transits: The Near FutureRV and Transits: The Near FutureRV and Transits: The Near FutureRV and Transits: The Near Future
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* Observable: decrease of stellar brightness,* Observable: decrease of stellar brightness,
when planet moves across the stellar diskwhen planet moves across the stellar disk

* Condition of observability: planetary orbit* Condition of observability: planetary orbit
must be (almost) perpendicular to the planemust be (almost) perpendicular to the plane
of the skyof the sky

••The method allows to determine parameters The method allows to determine parameters 
that are not accessible with Doppler that are not accessible with Doppler 
spectroscopy, e.g. ratio of spectroscopy, e.g. ratio of radii,orbitalradii,orbital
inclination, limb darkening of the starinclination, limb darkening of the star

Probability of Eclipses:Probability of Eclipses:

It is easier to detect an eclipseIt is easier to detect an eclipse

by a planet on a tight orbitby a planet on a tight orbit

Must combine with RV in order to derive mass and radius of the pMust combine with RV in order to derive mass and radius of the planetlanet

Transit PhotometryTransit Photometry
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Warning!Warning!

Prone to a variety of Prone to a variety of 

astrophysical false alarmsastrophysical false alarms
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Transit Transit 
TimingTiming

VariationsVariations

Holman & Murray 2005
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SYSTEMS WITH TRANSITING PLANETSSYSTEMS WITH TRANSITING PLANETSSYSTEMS WITH TRANSITING PLANETSSYSTEMS WITH TRANSITING PLANETSSYSTEMS WITH TRANSITING PLANETSSYSTEMS WITH TRANSITING PLANETSSYSTEMS WITH TRANSITING PLANETSSYSTEMS WITH TRANSITING PLANETS

CoRoT-7

HAT-P-13
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Two SaturnTwo Saturn--sized, Saturnsized, Saturn--mass mass 
planets orbiting a sunplanets orbiting a sun--like starlike star

Close to a 2:1 resonanceClose to a 2:1 resonance

Small mutual inclination (<10 deg)Small mutual inclination (<10 deg)
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The Kepler-11 System
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Latham et al. 2011Latham et al. 2011

Multiple Multiple ““flatflat”” systems tend not to have gas giantssystems tend not to have gas giants
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•• measures stellar positions and uses them to determine a measures stellar positions and uses them to determine a 
binary orbit projected onto the plane of the skybinary orbit projected onto the plane of the sky
•• measures all 7 parameters of the orbit, in multiple measures all 7 parameters of the orbit, in multiple 
systems it derives the relative inclination angles between systems it derives the relative inclination angles between 
pairs of orbits, regardless of the actual geometry. Mass is pairs of orbits, regardless of the actual geometry. Mass is 
derived given a guess for the primaryderived given a guess for the primary’’s.s.
•• In analysis, one has to take the proper motion and the In analysis, one has to take the proper motion and the 
stellar parallax into accountstellar parallax into account
•• The measured amplitude of the orbital motion (in The measured amplitude of the orbital motion (in masmas) is:) is:

What About Astrometry?What About Astrometry?What About Astrometry?What About Astrometry?What About Astrometry?What About Astrometry?What About Astrometry?What About Astrometry?
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19401940’’s: Strand, s: Strand, Reuyl & Holmberg (61 Cyg, 70 Oph)

19601960’’s: s: Lippincott,HersheyLippincott,Hershey ((Lalande 21185))

19601960’’ss--8080’’s: Van de Kamp (Barnards: Van de Kamp (Barnard’’s Star)s Star)

19801980’’s: s: GatewoodGatewood ((LalandeLalande 21185, again)21185, again)

2001: 2001: GatewoodGatewood et al. (some 20 RV planets)et al. (some 20 RV planets)

2009: 2009: PravdoPravdo & & ShaklanShaklan (VB10b) ? (VB10b) ? 

masmas--precision astrometry is not enough for planet detectionprecision astrometry is not enough for planet detection
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•• A mass for GJ 876cA mass for GJ 876c

•• A mass for A mass for εε EriEri bb

•• Not a planet but an M dwarf: HD 33636bNot a planet but an M dwarf: HD 33636b

•• Not planets but brown dwarfs: HD136118b, HD 38529cNot planets but brown dwarfs: HD136118b, HD 38529c

Benedict et al. 2002, 2006, 2010
Martioli et al. 2010

Success: Success: 

HST FollowHST Follow--up Studiesup Studies
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McArthur et al 2009, in prep. Bean & Seifahrt 2009

masmas Astrometry: Coplanarity MeasurementsAstrometry: Coplanarity Measurements

νν And And c,dc,d are mutually inclined by ~30 degare mutually inclined by ~30 deg
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µµas Astrometryas Astrometry

Like (and worse than) RV, it faces: Like (and worse than) RV, it faces: 

-- technological challengestechnological challenges (achievable (achievable 
precision, ground vs. space, instrument precision, ground vs. space, instrument 
configuration, choice of wavelength)configuration, choice of wavelength)

-- astrophysical challengesastrophysical challenges (noise sources (noise sources 
characterization)characterization)

-- data modeling challengesdata modeling challenges (orbital fits)(orbital fits)

See e.g. Sozzetti (2005, 2009)

SozzettiSozzetti 20052005
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10 10 µµas Astrometry: as Astrometry: 
20122012--20172017
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Now Spring 2013Now Spring 2013
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Looking at the Galaxy... 



INAF-OABo, Bologna, 24/03/2011

10 10 µµas Global Astrometry: The Gaia challengeas Global Astrometry: The Gaia challenge
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Gaia: Gaia: 
Discovery SpaceDiscovery Space

1)1) 22--3 M3 MJJ planets atplanets at
2<a<4 AU are detectable 2<a<4 AU are detectable 
out to~200 pc around out to~200 pc around 
solar analogssolar analogs

2) Saturn2) Saturn--mass planets with mass planets with 
1<a<4 AU are measurable 1<a<4 AU are measurable 
around nearby (<25 pc) around nearby (<25 pc) 
M dwarfsM dwarfs

Critical assumption: Critical assumption: 

σσAA ~ 15 ~ 15 µµas (6<V<13)as (6<V<13)
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How Many Planets will Gaia find?How Many Planets will Gaia find?How Many Planets will Gaia find?How Many Planets will Gaia find?How Many Planets will Gaia find?How Many Planets will Gaia find?How Many Planets will Gaia find?How Many Planets will Gaia find?

How Many MultipleHow Many MultipleHow Many MultipleHow Many MultipleHow Many MultipleHow Many MultipleHow Many MultipleHow Many Multiple--------Planet Systems will Gaia find?Planet Systems will Gaia find?Planet Systems will Gaia find?Planet Systems will Gaia find?Planet Systems will Gaia find?Planet Systems will Gaia find?Planet Systems will Gaia find?Planet Systems will Gaia find?

Star counts (V<13), Star counts (V<13), Star counts (V<13), Star counts (V<13), Star counts (V<13), Star counts (V<13), Star counts (V<13), Star counts (V<13), 
FFFFFFFFpppppppp(M(M(M(M(M(M(M(Mpppppppp,P),,P),,P),,P),,P),,P),,P),,P),
Gaia completeness Gaia completeness Gaia completeness Gaia completeness Gaia completeness Gaia completeness Gaia completeness Gaia completeness 
limitlimitlimitlimitlimitlimitlimitlimit

Star counts (V<13),Star counts (V<13),Star counts (V<13),Star counts (V<13),Star counts (V<13),Star counts (V<13),Star counts (V<13),Star counts (V<13),
FFFFFFFFp,multp,multp,multp,multp,multp,multp,multp,mult,,,,,,,,
Gaia detection Gaia detection Gaia detection Gaia detection Gaia detection Gaia detection Gaia detection Gaia detection 
limitlimitlimitlimitlimitlimitlimitlimit

Casertano, Lattanzi, Sozzetti et al. 2008

Unbiased, magnitudeUnbiased, magnitude--limited census of hundreds of thousands starslimited census of hundreds of thousands stars
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How do Planet Properties and Frequencies Depend Upon the CharactHow do Planet Properties and Frequencies Depend Upon the CharactHow do Planet Properties and Frequencies Depend Upon the CharactHow do Planet Properties and Frequencies Depend Upon the CharactHow do Planet Properties and Frequencies Depend Upon the CharactHow do Planet Properties and Frequencies Depend Upon the CharactHow do Planet Properties and Frequencies Depend Upon the CharactHow do Planet Properties and Frequencies Depend Upon the Characteristics of the eristics of the eristics of the eristics of the eristics of the eristics of the eristics of the eristics of the 

Parent Stars (also, What is the Preferred Mechanism of Gas GiantParent Stars (also, What is the Preferred Mechanism of Gas GiantParent Stars (also, What is the Preferred Mechanism of Gas GiantParent Stars (also, What is the Preferred Mechanism of Gas GiantParent Stars (also, What is the Preferred Mechanism of Gas GiantParent Stars (also, What is the Preferred Mechanism of Gas GiantParent Stars (also, What is the Preferred Mechanism of Gas GiantParent Stars (also, What is the Preferred Mechanism of Gas Giant Planet Formation?)?Planet Formation?)?Planet Formation?)?Planet Formation?)?Planet Formation?)?Planet Formation?)?Planet Formation?)?Planet Formation?)?

Gaia will test the fine structure of giant planet Gaia will test the fine structure of giant planet 
parameters distributions and frequencies, and parameters distributions and frequencies, and 
investigate their possible changes as a function investigate their possible changes as a function 
of stellar mass, metallicity, and age with of stellar mass, metallicity, and age with 
unprecedented resolutionunprecedented resolution

101044 stars per 0.1 Mstars per 0.1 MSunSun bin!bin!

Johnson 2007Johnson 2007

CasertanoCasertano et al. 2008et al. 2008??
SozzettiSozzettiSozzettiSozzettiSozzettiSozzettiSozzettiSozzetti et al. 2009et al. 2009et al. 2009et al. 2009et al. 2009et al. 2009et al. 2009et al. 2009

The Gaia Legacy (1)The Gaia Legacy (1)
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The Gaia Legacy (2)The Gaia Legacy (2)The Gaia Legacy (2)The Gaia Legacy (2)The Gaia Legacy (2)The Gaia Legacy (2)The Gaia Legacy (2)The Gaia Legacy (2)
What is the Evolution of the Various Architectures of Planetary What is the Evolution of the Various Architectures of Planetary What is the Evolution of the Various Architectures of Planetary What is the Evolution of the Various Architectures of Planetary What is the Evolution of the Various Architectures of Planetary What is the Evolution of the Various Architectures of Planetary What is the Evolution of the Various Architectures of Planetary What is the Evolution of the Various Architectures of Planetary Systems?Systems?Systems?Systems?Systems?Systems?Systems?Systems?

Gaia coplanarity tests will help answering Gaia coplanarity tests will help answering 
these questions in a statistical sense, not these questions in a statistical sense, not 
just on a starjust on a star--byby--star basis.star basis.

1) What is the richness of the dynamical families?1) What is the richness of the dynamical families?1) What is the richness of the dynamical families?1) What is the richness of the dynamical families?1) What is the richness of the dynamical families?1) What is the richness of the dynamical families?1) What is the richness of the dynamical families?1) What is the richness of the dynamical families?
2) What is the relative role of many proposed 2) What is the relative role of many proposed 2) What is the relative role of many proposed 2) What is the relative role of many proposed 2) What is the relative role of many proposed 2) What is the relative role of many proposed 2) What is the relative role of many proposed 2) What is the relative role of many proposed 

mechanisms of dynamical interaction?mechanisms of dynamical interaction?mechanisms of dynamical interaction?mechanisms of dynamical interaction?mechanisms of dynamical interaction?mechanisms of dynamical interaction?mechanisms of dynamical interaction?mechanisms of dynamical interaction?
3) Are there regions of stable, habitable orbits? 3) Are there regions of stable, habitable orbits? 3) Are there regions of stable, habitable orbits? 3) Are there regions of stable, habitable orbits? 3) Are there regions of stable, habitable orbits? 3) Are there regions of stable, habitable orbits? 3) Are there regions of stable, habitable orbits? 3) Are there regions of stable, habitable orbits? 
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• Gaia & EChO (Tessenyi, Tinetti, Sozzetti et al., in prep.)

• Gaia & PLATO/other transit surveys

• Gaia & SPHERE/EPICS 

• Gaia & RV surveys, ground-based and space-borne astrometry

Currently under study within the GREAT RNP/ITN (WGC1)Currently under study within the GREAT RNP/ITN (WGC1)
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Gaia & Exoplanets: RV followGaia & Exoplanets: RV follow--upup

•• HighHigh--res, highres, high--precision spectroscopy of Gaiaprecision spectroscopy of Gaia--discovered discovered 
systems (foursystems (four--fold aim)fold aim)

•• Both visual and IR wavelengths, depending on targetsBoth visual and IR wavelengths, depending on targets

•• Need for quasiNeed for quasi--dedicated visiblededicated visible--IR spectrographs on 4IR spectrographs on 4--m m 
class telescopesclass telescopes

•• What of lowerWhat of lower--class facilities for followclass facilities for follow--up of transit up of transit 
candidates (must evaluate the relevance of the science case)?candidates (must evaluate the relevance of the science case)?
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Fitting MultipleFitting MultipleFitting MultipleFitting MultipleFitting MultipleFitting MultipleFitting MultipleFitting Multiple--------Planet OrbitsPlanet OrbitsPlanet OrbitsPlanet OrbitsPlanet OrbitsPlanet OrbitsPlanet OrbitsPlanet Orbits

•• Highly nonHighly non--linear fitting procedures, with a large number linear fitting procedures, with a large number 
of model parameters (at a minimum, Nof model parameters (at a minimum, Npp=5+7*n=5+7*npl, pl, not not 
counting references)counting references)

•• Redundancy requirement: Redundancy requirement: NNobsobs >> >> NNpp

•• Global searches (grids, Fourier decomposition, genetic Global searches (grids, Fourier decomposition, genetic 
algorithms, Bayesian inference +MCMC) must be coupled algorithms, Bayesian inference +MCMC) must be coupled 
to local minimization procedures (e.g., Lto local minimization procedures (e.g., L--M)M)

•• For strongly interacting systems, dynamical fits using NFor strongly interacting systems, dynamical fits using N--
body codes may be requiredbody codes may be required
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Astrometry + RV Orbital FitsAstrometry + RV Orbital FitsAstrometry + RV Orbital FitsAstrometry + RV Orbital FitsAstrometry + RV Orbital FitsAstrometry + RV Orbital FitsAstrometry + RV Orbital FitsAstrometry + RV Orbital Fits

•• The lesson from RV surveys: it is not uncommon to find The lesson from RV surveys: it is not uncommon to find 

disagreement between solutions (and sometimes number of disagreement between solutions (and sometimes number of 

planets detected!) presented by different teams. planets detected!) presented by different teams. 

•• Simultaneous orbital fits: fully exploit the redundancy Simultaneous orbital fits: fully exploit the redundancy 

constraints from both types of data to strengthen the constraints from both types of data to strengthen the 

determination of orbital elements and masses of the determination of orbital elements and masses of the 

companionscompanions
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Assessing DetectionsAssessing DetectionsAssessing DetectionsAssessing DetectionsAssessing DetectionsAssessing DetectionsAssessing DetectionsAssessing Detections

•• Errors on orbital parameters: covariance matrix vs. Errors on orbital parameters: covariance matrix vs. χχχχχχχχ2 2 

surface mapping vs. bootstrapping proceduressurface mapping vs. bootstrapping procedures

•• Confidence in an nConfidence in an n--component orbital solution: component orbital solution: FAPsFAPs, F, F--
tests, MLR tests, statistical properties of the errors on the tests, MLR tests, statistical properties of the errors on the 
model parameters, others?model parameters, others?
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Exoplanets in the Exoplanets in the 

Gaia DPAC PipelineGaia DPAC Pipeline

Sozzetti, Segransan, et al. in prep.
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Ca. 2018Ca. 2018
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Radiation Damage: the Solar CycleRadiation Damage: the Solar Cycle
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A Word of CautionA Word of CautionA Word of CautionA Word of CautionA Word of CautionA Word of CautionA Word of CautionA Word of Caution……………………

If the singleIf the single--measurement precision degrades significantly,measurement precision degrades significantly,
exoplanets could disappear from the Gaia science caseexoplanets could disappear from the Gaia science case

1111

1616

2222

2727

6060

100100

Ongoing reOngoing re--assessment of assessment of GaiaGaia’’ss exoplanet science potentialexoplanet science potential
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Gaia & the M dwarfsGaia & the M dwarfs

- Nearby stars: the best reservoir to search 

for planetary systems with low-mass 

components

- Select a sample of several thousands nearby 

(<30 pc) M dwarfs from the Lepine catalogue

- Assess Gaia sensitivity to planetary systems 

architectures based on the latest error budget 

estimates

- Discuss results in the context of other 

planet-related observations of nearby stars

Sozzetti et al., in prep.
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SummarySummarySummarySummarySummarySummarySummarySummary

•• Planetary SYSTEMS are common, and many more are going to be Planetary SYSTEMS are common, and many more are going to be 
discovered in the near futurediscovered in the near future

•• They are great laboratories for studies of planet formation and They are great laboratories for studies of planet formation and 
evolutionevolution

•• Compared to other techniques, Compared to other techniques, µµas astrometry is hard, but not as astrometry is hard, but not 
impossible! Future programs from the ground (e.g., VLTI/PRIMA) impossible! Future programs from the ground (e.g., VLTI/PRIMA) 
and in space (Gaia) hold promise for crucial contributions to maand in space (Gaia) hold promise for crucial contributions to many ny 
aspects of planetary systems astrophysics (formation theories, aspects of planetary systems astrophysics (formation theories, 
dynamical evolution)dynamical evolution)

•• ItIt’’s almost coming of age: stay tuned!s almost coming of age: stay tuned!


