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Gaia and Exoplanets: Gaia and Exoplanets: 
Promises and SynergiesPromises and Synergies

A. A. SozzettiSozzetti
INAF INAF –– OsservatorioOsservatorio AstrofisicoAstrofisico didi TorinoTorino
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Detection/CharacterizationDetection/Characterization
•• Detection (Visible):Detection (Visible):

-- Doppler spectroscopy (92%)Doppler spectroscopy (92%)

-- Transit photometry (44%)Transit photometry (44%)

-- Gravitational microlensing (2%)Gravitational microlensing (2%)

-- Pulsar/pulsation timing (2%)Pulsar/pulsation timing (2%)

-- imaging (4%)imaging (4%)

••Characterization (Visible/IR):Characterization (Visible/IR):

-- Transit timing          Transit timing          

-- Transmission spectroscopyTransmission spectroscopy

-- RossiterRossiter--McLaughlin effectMcLaughlin effect

-- Reflected lightReflected light

-- Infrared emissionInfrared emission

17791779 Exoplanets known Exoplanets known 

today, in today, in 11021102 systemssystems

460460 in multiplein multiple--planet planet 

systemssystems
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•• Astrometry measures stellar positions and uses them to Astrometry measures stellar positions and uses them to 
determine a binary orbit projected onto the plane of the skydetermine a binary 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:

Astrometric OrbitsAstrometric OrbitsAstrometric OrbitsAstrometric OrbitsAstrometric OrbitsAstrometric OrbitsAstrometric OrbitsAstrometric Orbits
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µµas Astrometry: Challengesas Astrometry: Challenges

Like RV, it faces: Like RV, it faces: 

-- technological challenges (achievable precision, ground vs. spactechnological challenges (achievable precision, ground vs. space, instrument e, instrument 
configuration, choice of wavelength, calibrations, etc.)configuration, choice of wavelength, calibrations, etc.)

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

-- data modeling challenges (orbital fits)data modeling challenges (orbital fits)
See e.g. Sozzetti (2005, 2010)

SozzettiSozzetti 20052005

HipparcosHipparcos
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GaiaGaia

MicroMicro--arcsecarcsec Astrometry Comes of Age!Astrometry Comes of Age!
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Gaia: a 10 Gaia: a 10 µµas machine!as machine!

At the V=20 survey limit:At the V=20 survey limit:
1 billion stars observed!1 billion stars observed!
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Up There and Cruising!Up There and Cruising!

Successfully launched on Successfully launched on 
December 19December 19thth, 2013!, 2013!
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Gaia Focal PlaneGaia Focal Plane
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The Good NewsThe Good News

•• Perfect L2 orbit insertion (take that, Perfect L2 orbit insertion (take that, HipparcosHipparcos!)!)

•• Excellent image quality (focus and SL tuning up)Excellent image quality (focus and SL tuning up)

NGC 1818 (LMC)NGC 1818 (LMC)

2.85 sec, 1%  AF FOV2.85 sec, 1%  AF FOV

CatCat’’s Eye Nebulas Eye Nebula
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The Unexpected NewsThe Unexpected News

•• Gaia is a Gaia is a ‘‘littlelittle’’ fainter than expected at L2fainter than expected at L2

•• Stray light Stray light ‘‘strikesstrikes’’ inin

•• A few other glitches to fixA few other glitches to fix……
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Intermediate Intermediate 

Data ReleasesData Releases
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HipparcosHipparcos

1. 2(1. 2(waswas 6) < G < 12: 6) < G < 12: brightbright--starstar regime (regime (calibrationcalibration errorserrors, CCD , CCD saturationsaturation))

2. 12 < G < 20: 2. 12 < G < 20: photonphoton--noisenoise regime (regime (skysky--backgroundbackground and electronic and electronic noisenoise at G ~ 20 at G ~ 20 magmag))
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CCDCCD--level Location Estimationlevel Location Estimation

BasedBased on Monte Carloon Monte Carlo

simulationssimulations, , includingincluding

““everythingeverything””: e.g., CCD QE: e.g., CCD QE

+ MTF, + MTF, telescopetelescope wavewave--frontfront

errorserrors + + transmissiontransmission ++

opticaloptical distortiondistortion, LSF , LSF 

smearingsmearing due due toto attitudeattitude

jittersjitters + TDI + TDI motionmotion, CCD, CCD

noisenoise + offset + offset nonnon--uniformityuniformity,,

radiationradiation damagedamage--inducedinduced

chargelosschargeloss + + biasbias calibrationcalibration, , 

skysky background, background, windowingwindowing

//samplingsampling, , 

magnitudemagnitude,,extinctionextinction, , spectralspectral

typetype, , ……
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CU4 NSS WBSCU4 NSS WBS

CU4, CU4, ObjectObject processing, in processing, in chargecharge of Non Single of Non Single 
StarsStars. A total of 80 . A total of 80 manman--yearsyears manpowermanpower spread spread 
overover severalseveral DevelopmentDevelopment UnitsUnits::

•• DU 432: DU 432: UnresolvedUnresolved NSSNSS
•• DU 433: DU 433: ResolvedResolved NSSNSS

•• DU 434: DU 434: SpectroscopicSpectroscopic NSSNSS

•• DU 436: DU 436: EclipsingEclipsing
•• DU 437: Extrasolar DU 437: Extrasolar planetsplanets

•• DU 438: NSS DU 438: NSS simulationsimulation
•• DU 439: DU 439: SolutionSolution combinercombiner
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Gaia CU4 Gaia CU4 –– NSS TreatmentNSS Treatment
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Gaia CU4 Gaia CU4 ––
Astrometric NSS TreatmentAstrometric NSS Treatment
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Exoplanets in the Exoplanets in the 

Gaia DPAC PipelineGaia DPAC Pipeline
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Gaia transiting GP candidates?Gaia transiting GP candidates?

-- Required photometric precision not an issueRequired photometric precision not an issue

-- LowLow--cadence of the observations a serious limitation cadence of the observations a serious limitation 

-- ItIt’’s not hopeless if you have the right tools! (s not hopeless if you have the right tools! (DziganDzigan & & ZuckerZucker
2012)2012)

-- It can work for early detections of (1000?) shortIt can work for early detections of (1000?) short--period    period    
transiting GPs (and maybe ~100 transiting GPs (and maybe ~100 BDsBDs))

-- It may require a dedicated followIt may require a dedicated follow--up networkup network

-- Confirmation efforts will likely be limited by target brightnesConfirmation efforts will likely be limited by target brightness s 
(typically, V > 14 (typically, V > 14 magmag))
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SozzettiSozzetti 20112011

Gaia Discovery SpaceGaia Discovery 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

For Gaia: For Gaia: σσAA ~ 15~ 15--20 20 µµasas
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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 planet census of hundreds of thousands starslimited planet 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 LegacyThe Gaia LegacyThe Gaia LegacyThe Gaia LegacyThe Gaia LegacyThe Gaia LegacyThe Gaia LegacyThe Gaia Legacy
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Gaia & PostGaia & Post--MS StarsMS Stars

6400800R<15

1600200R<14

40050R<13

D<200 pcD<100 pc

Good to within a factor 2…

Gaia will perform THE observational test of theoretical predictions related to:

A) postpost--MS planet evolutionMS planet evolution & B) 22ndnd generation planet formationgeneration planet formation

Silvotti, Sozzetti, & Lattanzi, AIP 

White dwarfs in the solar neighborhoodWhite dwarfs in the solar neighborhood
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Gaia and the BD DesertGaia and the BD Desert

•• Close (a<3Close (a<3--4 AU) BD companions to Sun4 AU) BD companions to Sun--like stars are rare (<1%)like stars are rare (<1%)

•• ShortShort--period, mediumperiod, medium--mass gap, different eccentricity mass gap, different eccentricity 
distributions. Evidence for different formation mechanisms?distributions. Evidence for different formation mechanisms?

•• Occurrence rates have bestOccurrence rates have best--case uncertainties of 30% (some 60 case uncertainties of 30% (some 60 
objects known)objects known)

•• Gaia will be sensitive to BD companions around ~10Gaia will be sensitive to BD companions around ~1066 stars, up to  stars, up to  
a 10a 1044--fold increase in target sample! fold increase in target sample! --> 1000s of detections> 1000s of detections……

•• It will completely characterize the BD desert, with fine structuIt will completely characterize the BD desert, with fine structure re 
analysis of its dependence on stellar properties (mass, analysis of its dependence on stellar properties (mass, 
metallicity) metallicity) --> probe of BD formation mechanism> probe of BD formation mechanism

SozzettiSozzetti, , MemMem. . SaitSait in pressin press
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Gaia detection limits for Gaia detection limits for 
LuhmanLuhman 16 AB 16 AB 
((seesee BoffinBoffin etet al. 2014) al. 2014) 
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Planets Around Planets Around BDsBDs

•• Found so far only in microlensing eventsFound so far only in microlensing events

•• Gaia will see ~1000 Gaia will see ~1000 BDsBDs of all ages (and more of all ages (and more 
if G=21 if G=21 magmag achieved, but beware of stray achieved, but beware of stray 
light!), with sufficient astrometric sensitivity light!), with sufficient astrometric sensitivity 
to giant planets within 2to giant planets within 2--3 AU3 AU

•• A fundamental test of planet formation!A fundamental test of planet formation!
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Gaia Gaia -- SynergiesSynergies

Objectives of study within the GREAT RNP/ITNObjectives of study within the GREAT RNP/ITN

•• Gaia & spectroscopic characterization observatories (e.g., JWST)Gaia & spectroscopic characterization observatories (e.g., JWST)

•• Gaia & transit surveys from the ground (e.g., WASP, HAT, Gaia & transit surveys from the ground (e.g., WASP, HAT, MEarthMEarth, APACHE, , APACHE, 
NGTS) and in space (NGTS) and in space (CoRoTCoRoT, Kepler, TESS, PLATO), Kepler, TESS, PLATO)

•• Gaia & direct imaging observatories (e.g., SPHERE/VLT, PCS/EGaia & direct imaging observatories (e.g., SPHERE/VLT, PCS/E--ELT) ELT) 

•• Gaia & RV programs (e.g., HARPS(Gaia & RV programs (e.g., HARPS(--N), ESPRESSO, CARMENES, and the likes)N), ESPRESSO, CARMENES, and the likes)

•• Gaia & groundGaia & ground--based and spacebased and space--borne astrometryborne astrometry
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Synergy with RVsSynergy with RVs

•• Complete characterization of systems Complete characterization of systems 
architectures across orders of magnitude in architectures across orders of magnitude in 
mass and orbital separationmass and orbital separation

•• Refinement of known orbits (both ways)Refinement of known orbits (both ways)

•• Complete dynamical stability studies in Complete dynamical stability studies in 
multiple systemsmultiple systems
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Gaia & M DwarfsGaia & M Dwarfs

• Present-day estimates from RV surveys imply fp~3-4% (within 3 
AU)

• Gaia could identify ~100 giant planets around the Lepine (2005) 
sample of d<30 pc M dwarfs, an order-of-magnitude increase

• Extrapolations based on Besancon model (d < 100 pc): 2600 
detected giants, > 1000 measured with high accuracy. The sample 
size is such that fp will be put on much more solid statistical 
grounds (Sozzetti et al. 2014)

• Very important synergy with present (e.g., HARPS@ESO), 
starting (e.g., HARPS-N@TNG/GAPS), and upcoming 
(ESPRESSO@VLT) RV surveys
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FindingFinding NearbyNearby TransitingTransiting

IntermediateIntermediate--Separation GPsSeparation GPs

iiiiiiii

ForFor wellwell--measuredmeasured, , 

quasiquasi--edgeedge--onon orbitsorbits, , 

i i isis measuredmeasured toto ~3%~3%

Gaia may find hundreds Gaia may find hundreds 

of candidate transiting of candidate transiting 

giant planets giant planets 

around Faround F--GG--KK--M dwarfs M dwarfs 

of all ages and [Fe/H]. of all ages and [Fe/H]. 

Some may be Some may be 

really transiting!really transiting!

FollowFollow--up efforts, possible targets for JWSTup efforts, possible targets for JWST

SozzettiSozzetti et al. 2014et al. 2014
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Target SelectionTarget Selection

•• Revised proper motions of Revised proper motions of HipparcosHipparcos stars available as stars available as 

early as lateearly as late--20152015

•• Six months later, >90% of parallaxes for all stars Six months later, >90% of parallaxes for all stars 

observed by Gaia are deliveredobserved by Gaia are delivered……

•• Elected primary source of the TESS/PLATO input catalogs Elected primary source of the TESS/PLATO input catalogs 

of >2x10of >2x1066 bright dwarf stars (with negligible bright dwarf stars (with negligible 

contamination from giants)contamination from giants)

•• Significant reduction in astrophysical false positives Significant reduction in astrophysical false positives 

(know thy neighbors!)(know thy neighbors!)
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Synergy with Direct ImagingSynergy with Direct Imaging

SozzettiSozzetti, , BonavitaBonavita et al. in prep.et al. in prep.

Accelerations in Gaia astrometry from Accelerations in Gaia astrometry from 
giant planets orbiting the SPHERE GTO giant planets orbiting the SPHERE GTO 
target sample target sample 

Estimated mass distribution Estimated mass distribution 
from Gaia measurements of from Gaia measurements of 
of the companion to of the companion to ββ PictorisPictoris
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Gaia Gaia –– Kepler Kepler -- HARPSHARPS--NN

* ALL * ALL parallaxesparallaxes of of starsstars in the Kepler in the Kepler fieldfield

releasedreleased formallyformally aroundaround midmid--20162016

* * ForFor a a typicaltypical target target withwith V<15 at <0.5 V<15 at <0.5 kpckpc, , 

expectexpect σσ((ππ)/)/ππ<2<2--3% 3% fromfrom GaiaGaia

* * ReRe--calibratecalibrate absoluteabsolute luminositiesluminosities

* * ReRe--determinedetermine the stellar the stellar radiiradii toto <5% <5% --> > rere--

assessassess the the planetsplanets’’ structural propertiesstructural properties

A global statistical reA global statistical re--analysis of planetary analysis of planetary 

properties and frequencies (including properties and frequencies (including ηη⊕⊕⊕⊕⊕⊕⊕⊕
) in the ) in the 

Kepler field as a function of e.g. MKepler field as a function of e.g. M**, [Fe/H] , [Fe/H] 

OBJECTIVE OF THE FP7OBJECTIVE OF THE FP7--SPACE ETAEARTH PROJECTSPACE ETAEARTH PROJECT
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Gaia & GroundGaia & Ground--Space AstrometrySpace Astrometry

GaiaGaia
FORS2/VLTFORS2/VLT

STEP,NEAT?STEP,NEAT?

Proper motions/parallaxes Proper motions/parallaxes 

for comparisonfor comparison

Candidates for followCandidates for follow--upup

Parallaxes of target Parallaxes of target 

and referencesand references

Combined Combined analysesanalyses can profit can profit fromfrom largelarge timetime baselinebaseline, , particularlyparticularly
whenwhen Gaia intermediate Gaia intermediate astrometryastrometry data data willwill becomebecome availableavailable
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The Message The Message 
(take it home!)(take it home!)

•• Providing the largest catalogue of Providing the largest catalogue of ‘‘newnew’’ astrometric orbits & astrometric orbits & 
masses of extrasolar planets and superbly accurate parallaxes ismasses of extrasolar planets and superbly accurate parallaxes is
GaiaGaia’’ss defining role in the exoplanet arena.defining role in the exoplanet arena.

•• The synergies between Gaia and ongoing and planned exoplanet The synergies between Gaia and ongoing and planned exoplanet 
detection and (orbital architecture, atmospheric) characterizatidetection and (orbital architecture, atmospheric) characterization on 
programs from the ground and in space are potentially hugeprograms from the ground and in space are potentially huge

•• This was a snippet of the Gaia potential in the exoplanets arenaThis was a snippet of the Gaia potential in the exoplanets arena

•• GaiaGaia’’ss ‘‘firstfirst’’ release: L+22m (Late 2015)release: L+22m (Late 2015)

•• GaiaGaia’’ss ‘‘firstfirst’’ major release: L+28m (Middle of 2016)major release: L+28m (Middle of 2016)

•• GaiaGaia’’ss ‘‘firstfirst’’ complete catalog release: L+40m (Middle of 2017)complete catalog release: L+40m (Middle of 2017)


