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Gaia Exoplanet Survey: 
The (Start of the) Astrometry Revolution

A. Sozzetti
INAF – Osservatorio Astrofisico di Torino
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A colleague, and a friend…

…Dimitri
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Gaia Discovery Space
Unbiased, 

magnitude-limited 
planet census of 

maybe 106-107 stars

>104 NEW gas giants 
(< 15 MJUP) around
A through M dwarfs

Numbers might 
as much as triple

for a 10-yr mission

Lattanzi et al. 2000, 
Sozzetti et al.2001
Casertano et al. 2008
Perryman et al. 2014
Sozzetti et al. 2014
Sahlmann et al. 2015

For G < 13 mag: 
σA ~ 15-20 μas

Gaia will test the fine structure of GP parameters distributions and frequencies 
(including the GP/BD transition), and investigate their changes as a function of 
stellar mass, metallicity, age, and multiplicity with unprecedented resolution

Sozzetti & de Bruijne 2018



Exoplanet science in the Gaia era (ssw 2022) Caltech, pasadena (USA), 27/07/2022

Gaia & Known Planets

- Maybe 50% of known companions accessible to Gaia for true mass estimation
- MOST exoplanets found by Gaia around bright stars good for RV follow-up

Malbet & Sozzetti 2018

30 μas
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GP Occurrence vs [Fe/H], M*

Today: 102 stars in a bin!
Gaia: 104 stars in a bin!

Johnson et al. 2010

Mortier, Santos, Sozzetti et al. 2012

How do giant planet frequencies, masses, orbits depend on the host stars’ properties? 
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1) Unique exploration of the GP/BD transition region of companions to (1000?) young 
stars (<200 pc) in a regime of separations mostly inaccesible to DI
2) Systematic improvement of DI-detected companions via detection of astrometric
accelerations: that’s another great synergy!

Gaia and Young Stars

Courtesy E. Mamajek



Exoplanet science in the Gaia era (ssw 2022) Caltech, pasadena (USA), 27/07/2022

Gaia & UCD Planets

- Found so far only in microlensing events
- Gaia will see ~1000 UCDs of all ages, 
with sufficient astrometric sensitivity to 
giant planets within 2-3 AU
- A fundamental test of planet formation!

Gaia & Post-MS Stars

- Gaia might be sensitive to massive planet around 
thousands of bright White Dwarfs
- Gaia will perform THE observational test of 
theoretical predictions related to:
A) post-MS planet evolution & 
B) 2nd generation planet formation

D<100 
pc

D<200 
pc

G<13 50 400
G<14 200 1600
G<15 800 6400

Sozzetti 2014

Silvotti, Sozzetti et al. 2015
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…Any Exoplanet Science with DR2/EDR3?

YES! 

Gaia DR2 & EDR3:

No direct binarity information
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Fulton & Petigura 2018

Calibration of the Hosts
Take Gaia parallaxes, and then do it your way!

DR2/EDR3: 
Bright (V<13) F-G-K stars (D<300-400 pc) and not very faint (V<16) M dwarfs 
(D<50-60 pc) have distances determined to 5%, or better

Derive ‘accurate’ stellar (and planetary) radii to within 5% or better
Much improved understanding of demographics (e.g., radius valley)

See D. Huber, O. Creevey’s, J. Christiansen’s talks
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Constraints on Companions

Kervella et al. 2019, 2022

See P. Kervella’s, T. Brandt’s, M. Brandt’s talks
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Dynamical Masses

Snellen & Brown 2018

Dupuy et al. 2019Young, luminous, directly-imaged companions
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New Detections
Select accelerating stars for follow-up direct-imaging observations 

Increasing efficiency of identification of wide-orbit substellar companions!

Bonavita et al. 2022
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The π Mensae System

Damasso, Sozzetti et al. 2020 
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DR3: 
June 13th…
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Transiting Planets Update
Creevey et al. 2022

- A Golden Sample of sources with Gaia-based solid astrophysical parameters

- Transiting planets masses and radii are re-calibrated
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Courtesy: P.Panuzzo
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DR3 CU4 NSS Products

* Gaia identifies and characterizes orbiting companions through all its observing channels: 
Astrometry, Spectroscopy, and Photometry
* As a consequence, many solution types are published in DR3
* No information on multiplicity (> 1 companion) in DR3

See also processing papers: Halbwachs et al. 2022, Holl, Sozzetti et al. 2022, 
Gosset et al. 2022, Damerdji et al. 2022, Siopis et al. 2022 and on-line documentation:
https://gea.esac.esa.int/archive/documentation/GDR3/index.html

Gaia Collaboration (Arenou) et al. 2022
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Statistics

* 45 times more spectroscopic orbits than in the SB9 Catalogue
* 300 times more astrometric binaries than in Orb6 Catalogue

Arenou et al. 2022
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More Statistics

* Covering the entire HR diagram,  including the White Dwarf sequence

Arenou et al. 2022
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Some of the good…

Arenou et al. 2022
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Some of the bad…

• Huge validation effort necessary

• (In)Completeness and biases 
characterization

• Bad solutions identification:
Some removed, some still present

• Caveats and recommendations for
bad solutions filtering

Arenou et al. 2022

Halbwachs et al. 2022
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An Orrery of (Astrometric) Orbits
Credits: J. Sahlmann



Exoplanet science in the Gaia era (ssw 2022) Caltech, pasadena (USA), 27/07/2022

Substellar Companions

* Astrometry: 1843 BDs and 72 EPs candidates 

- 10 BDs and 9 EPs already known

- Some literature EPs found to be BDs/LMS

- 13 BD-BD binaries, 7 already known

* Spectroscopy: 6K SB1 with M2 sin(i) < 0.08 MSUN

- Many are probably aliases of longer periods

- 10 candidate Exoplanets

- One known transiting super-Jupiter correctly detected

* Photometry: > 200 transiting exoplanet candidates, 

some 70 new.

* Gaia candidate exoplanet list: https://www.cosmos.esa.int/web/gaia/exoplanets
* Gaia candidates now also in the Exoplanet Encyclopaedia: http://exoplanet.eu

Arenou et al. 2022
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Gaia DR3 astrometry: 
substellar mass companions

Credits: J. Sahlmann

a = 100-300 µas!
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Hosts of Substellar Companions

Primarily found around low-mass M dwarfs 
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BD Companion Occurrence

• Solar-type hosts of BDs have <[M/H]> = -0.02+/-0.29 

• This value is right on estimates from RV surveys, with 

nearby field stars being more metal-poor, and planet 

hosts being more metal-rich 

• Assuming 100% completeness and reliability, we infer 

for the first time a 0.3% occurrence rate of BDs around 

M dwarfs (likely underestimated, but it’s a first!) 
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Before you get too excited…

• Masses from f(M):

• Small f(M) -> Small M2?

• Impostors: 
Binaries with M2/M1 ≈ F2/F1

f(M) < 0.001

Arenou et al. 2022

Hands-on session!
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An instructive case: HD 185501

Horch et al. 2020

Gaia orbit: 

- P = 450 d
- a1 = 480 µas

As d=32.7 pc, Ms = 0.90 MSUN, M2 could be a super-Jupiter or low-mass brown dwarf 

Instead, it’s an equal-mass binary with the same period!
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‘OrbitalTargetedSearch’: 
Special Processing 

• ≈20k sources with known 
solutions, including all 
exoplanets

• DE-MCMC and Genetic 
Algorithms for astrometric 
orbit determination

• Aim to probe the low 
astrometric SNR regime Holl, Sozzetti et al. 2022
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Orbit Fitting with Gaia
(hands-on session)

Single-star Model (fully linear):

Keplerian Model (partly linear): 

NOTE: z is not used (known with much lower accuracy)  
ψ

Linear component (Thiele-Innes elements): Non-linear component:

Figure of merit is the log-likelihood: 

χ2Full model: 
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Orbits with Gaia: Finding the Period
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Verification: Internal checks (1)

1:1

Holl, Sozzetti et al. 2022
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Verification: Internal checks (2)

P

P cir
c

= 5
d

Holl, Sozzetti et al. 2022
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Validation: Gaia vs. Literature

Holl, Sozzetti et al. 2022

Holl, Sozzetti et al. 2022
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Known Planets and BDs

Arenou et al. 2022
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High-mass Planets and BDs

- A dip in the distribution in the 20-40 MJUP regime (but small-number statistics)

- First-time investigation of the BD desert with true masses available!

Arenou et al. 2022
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Gaia transiting planets
Panahi et al. 2022 (https://arxiv.org/abs/2205.10197)

Gaia-1b: P 3.05d, Mp=1.78 MJ, Rp=1.23 RJ
Gaia-2b: P 3.69d, Mp=0.77 MJ, Rp=1.33 RJ

First Gaia detections around moderately bright Sun-type stars:
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Gaia DR3 Astrometry: 
Known Exoplanets

HD 81040 b: 
known RV planet (Sozzetti et al. 2006)
Gaia DR3 confirms it’s a super-Jupiter

GJ 876 b: 
A gas giant in a multiple system around
an M dwarf at 4.7 pc (Marcy et al. 1998)
Gaia DR3 confirms its planetary nature

True masses for the first time!Hands-on session!
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A Famous Case

HD 114762 b: 
- first substellar companion candidate around a solar-type star (Latham et al. 1989)
- Gaia DR3 orbit says it’s a low-mass star
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Gaia DR3 Astrometry: 
New Exoplanet Candidates

A close-in super-Jupiter orbiting the 
nearby metal-polluted white dwarf 
WD 0141-675

Super-Jupiters around solar-type stars 
HIP 66074 and HIP 28193 and the young 
star HD 3221

First sample from Astrometry ever!



Exoplanet science in the Gaia era (ssw 2022) Caltech, pasadena (USA), 27/07/2022

A(nother) Word of Caution

For Gaia, G < 13 mag: 
σA ~ 15-20 μas (over 9 CCDs)

* G < 13 mag: typical σA ~ 50-60 μas
* DR3: systematic errors ~ 0.15-0.2 mas
* Calibration of bright stars still limited

Critical to improve significantly the bright-star performance: 
- At G < 13 mag exoplanet detections maximize the Gaia impact and synergy potential
- At G > 13 mag exoplanet detections will primarily have only a statistical value

Lindegren et al. 2021 Single CCD

unmodeled errors
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Forecasting for 
DR4 and DR5…

Gaia will test the fine structure of GP parameters distributions and frequencies 
(including the GP/BD transition), and investigate their changes as a function of 
stellar mass, metallicity, age, and multiplicity with unprecedented resolution

No reason (yet) to doubt this will be the case!
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SUMMARY

- Gaia DR2/EDR3 allowed to use a) parallaxes to improve accuracy and precision 
of stellar and planetary parameters, and b) proper motions in a clever way to 
improve knowledge of existing and find new substellar companions

- Gaia DR3 is wetting our appetite for exoplanet discoveries and is already 
a gold mine for BDs 

- Not everything is hunky-dory, but we mostly know why 

- We are beginning to work hard towards DR4

- The astrometry revolution has started! 


