INSTITUT DE FRANCE

Académie des sciences

Comptes Rendus

Physique

Alessandro Sozzetti

Gaia astrometry and exoplanetary science: DR2, (E)DR3, and beyond
Volume 24, Special Issue S2 (2023), p. 45-56

Online since: 8 June 2023

Part of Special Issue: Exoplanets

Guest editors: Anne-Marie Lagrange (LESIA, Observatoire de Paris, Université PSL,
CNRS, Sorbonne Université, Sorbonne Paris Cité, 5 place Jules Janssen, 92195
Meudon, France.) and Daniel Rouan (LESIA, Observatoire de Paris, Université PSL,
CNRS, Sorbonne Université, Sorbonne Paris Cité, 5 place Jules Janssen, 92195
Meudon, France.)

https://doi.org/10.5802/crphys.152

(o= This article is licensed under the
CREATIVE COMMONS ATTRIBUTION 4.0 INTERNATIONAL LICENSE.
http://creativecommons.org/licenses/by/4.0/

WS

MERSENNE

The Comptes Rendus. Physique are a member of the
Mersenne Center for open scientific publishing
www.centre-mersenne.org — e-ISSN : 1878-1535


https://doi.org/10.5802/crphys.152
http://creativecommons.org/licenses/by/4.0/
https://www.centre-mersenne.org
https://www.centre-mersenne.org

Comptes Rendus

Physique

2023, Vol. 24, Special Issue S2, p. 45-56
https://doi.org/10.5802/crphys.152

Exoplanets / Exoplanetes

Gaia astrometry and exoplanetary science:
DR2, (E)DR3, and beyond

Lastrométrie par GAIA et la science des exoplanetes :
DR2, (E)DR3, et au-dela

Alessandro Sozzetti '

% Via Osservatorio 20, [-10025 Pino Torinese, Italy
E-mail: alessandro.sozzetti@inaf.it (A. Sozzetti)

Abstract. I review the recent impact of Gaia astrometry in the exoplanet field, both in terms of characteriza-
tion of the orbits and masses of planetary systems and the properties of their host stars. I then discuss the
newly published results in the third major data release (DR3), that begin to tackle exoplanetary science based
on Gaia data alone. I conclude with a perspective look at the expectations for major contributions to our
understanding of exoplanet demographics from future Gaia data releases.

Résumé. Je passe en revue l'impact récent de I'astrométrie fournie par la mission spatiale Gaia dans le do-
maine des exoplaneétes, tant en termes de caractérisation des orbites et des masses des systemes planétaires
que des propriétés de leurs étoiles hotes. Je discute ensuite des résultats récemment publiés dans la troisieme
livraison majeure des données (DR3), qui commencent a aborder la science des exoplanétes sur la base des
seules données de Gaia. Je conclus par un regard prospectif sur les contributions majeures a notre compré-
hension de la démographie des exoplanétes, attendues a partir des futures publications de données Gaia.

Keywords. Extrasolar planets, Brown Dwarfs, Gaia satellite, Astrometry, Spectroscopy, Transit Photometry.

Mots-clés. Planetes extra-solaires, naines brunes, satellite Gaia, astrométrie, spectroscopie, photométrie de
transit.

Note. Follows up on a conference-debate of the French Academy of Sciences entitled “Exoplanets: the new
challenges” held on 18 May 2021, visible via

https://www.academie-sciences.fr/fr/ Colloques-conferences- et-debats/exoplanetes.html.

Note. Fait suite a une conférence-débat de I’Académie des sciences intitulée « Exoplaneétes : les nouveaux
défis » tenue le 18 mai 2021, visible via

https://www.academie-sciences.fr/fr/ Colloques-conferences- et-debats/exoplanetes.html.

Manuscript received 11 December 2022, accepted 1 March 2023.

* Corresponding author

ISSN (electronic): 1878-1535 https://comptes-rendus.academie-sciences.fr/physique/


https://doi.org/10.5802/crphys.152
mailto:alessandro.sozzetti@inaf.it
https://www.academie-sciences.fr/fr/Colloques-conferences-et-debats/exoplanetes.html
https://www.academie-sciences.fr/fr/Colloques-conferences-et-debats/exoplanetes.html
https://comptes-rendus.academie-sciences.fr/physique/

46 Alessandro Sozzetti

1. Introduction

It is now more than 20 years since the first prediction on the exoplanet yield of ESA’s space
astrometry mission Gaia was published [1]. Over the last two decades, a significant body of
works has contributed to update and refine the expectations both across a variety of spectral
types of the primaries and for specific object classes [2-8]. The convergent view emerging from
all the above works entails the astrometric detection by Gaia, assuming a nominal 5-yr mission
duration, of several thousands (possibly 10—20 x 10*) giant planets with typical separations in the
range 0.5 —4 au from the host stars (see e.g. [9, Figure 4]). These numbers could as much as triple
should the full Gaia mission extension be granted. The global all-sky reservoir of stars around
which Gaia will be sensitive to planetary-mass companions is likely in the range 10% — 107.

As a direct consequence of its unbiased census of tens of thousands of planetary systems,
the impact of Gaia astrometry in exoplanetary science is expected to be broad and structured.
For example, the Gaia data will (a) allow to test the fine structure of giant planet parameters
distributions and occurrence rates (including the transition region between giant planets and
brown dwarfs) and investigate their changes as a function of stellar mass, metallicity, and
age with unprecedented resolution; (b) help crucially test theoretical models of the formation
and migration of giant planets, study their impact on the formation scenarios for terrestrial
planets, and establish a census of solar system analogs; (c) achieve key improvements in our
comprehension of important aspects of the formation and dynamical evolution of multiple-
planet systems via direct measurements of their relative orbital arrangement; and (d) provide the
first-ever statistically robust estimates of giant planet frequencies at intermediate separations
around ultra-cool dwarfs and around stars in the final evolutionary states (e.g., white dwarfs),
on the one hand supplying fundamental testing ground for the hypothesis that planet formation
processes may not stop around substellar mass primaries and on the other hand lending crucial
observational support for distinguishing between scenarios of post-main-sequence planetary
systems evolution and second-generation planet formation processes.

The broad range of contributions of Gaia astrometry to the demographics of exoplanetary sys-
tems will provide ideal complements and strong synergies with many ongoing and future ob-
serving programs devoted to the indirect and direct detection and characterization of planetary
systems, both from the ground and in space. Studies of exoplanet demographics will in partic-
ular benefit from the synergies between Gaia and transit, Doppler and direct imaging programs
(see [9] for details).

Gaia is now past its eighth year of scientific mission operations, started back in July 2014. The
first two major data releases (DR2, [10]; EDR3, [11]) have provided data products for outstanding
progress in our understanding of many an aspect of galactic astronomy and astrophysics. How-
ever, no direct binarity information was published at that time. The first catalog of non-single
star solution, encompassing companions with masses in the substellar regime (brown dwarfs and
planets) was published in June 2022 with Gaia DR3 [12]. I describe in turn the impact that these
successive Gaia data releases have had on the science of extrasolar planets, concluding with a
brief outlook on the expectations for Gaia DR4, slated to be published not before the end of 2025.

2. Gaia DR2 and EDR3

Gaia datarelease 2 (DR2) and early datarelease 3 (EDR3) delivered high-precision proper motions
and parallaxes for ~ 1.3 billions and ~ 1.5 billions point sources, with a limiting magnitude of
G = 21 and a bright limit of G = 3. The astrometric solutions were accompanied by quality
indicators, such as the renormalized unit weight error (RUWE), and source image descriptors.
This information has been extensively used for making important progress in crucial aspects
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of exoplanetary science even in absence of full-fledged orbital solutions for planetary-mass
companions.

2.1. Calibration of the hosts

The availability of exquisitely precise direct distance measurements has allowed to significantly
refine the properties of the class of transiting exoplanets. As a most notable example, Gaia precise
and accurate parallaxes allowed to reduce typical uncertainties on the radius of stars in the
original field of the Kepler mission [13] by up to a factor of 10. Using the improved knowledge
of the stellar radii, [14] and [15] revisited the radius distribution of close-in (P < 100 days),
small-size (R, < 4.0 Rg) planets orbiting bright, unevolved F-G-K-type stars, unveiling its clear
bimodality. The 'radius valley’ is characterized by a suppression by a factor ~ 2 of the occurrence
rate distribution in the range 1.5—2.0 R¢. This “gap” splits the population of close-in small planets
into two size regimes of nearly identical intrinsic frequency: super Earths with R, < 1.5 Rg and
sub-Neptunes with R, = 2.0 - 3.0 Re. The physical interpretation for the existence of the radius
valley and in-depth studies of these two classes of small planets are the objective of much of
recent research in the field (for a review, see e.g., [16], and references therein).

2.2. Constraints on the presence of companions

Taking advantage of the long time baseline of ~ 25 yr between the Hipparcos mission ( [17], see
also [18]) and Gaia DR2/EDR3 position measurements it is possible to effectively determine mean
long-term proper motion vectors of nearby stars with high accuracy. For binary systems, this can
be considered as a close representation of the tangential velocity of the barycentre of the system.
By subtracting this long-term proper motion from the quasi-instantaneous proper motions of the
two catalogues, one obtains a pair of “proper motion difference”, “astrometric acceleration”, or
“proper motion anomaly” values (i.e. Ay), which are assumed to entirely describe the projected
velocity of the photocentre around the barycentre at the Hipparcos and Gaia DR2/EDR3 mean
epochs. This approach was systematically implemented by [19, 20] and Brandt [21, 22], who
constructed in this way Hipparcos-Gaia catalogs of astrometric accelerations.

The Ap values can be used to test for the presence of anomalies that indicate the presence
of an orbiting secondary body, as they explicitly depend upon orbital elements and companion
masses. [19, 20] produced sensitivity limits to companions or given mass and orbital separation
(averaging over all other orbital elements) that extend well into the planetary regime for the
nearest stars, and used statistically significant Ay values (at the = 3 — o level) to verify the
compatibility of the proper motion differences with the effects of known companions, such as
those orbiting € Eri, € Ind, Ross 614 and § Pic.

2.3. Dynamical mass measurements

As they effectively constitute only a total of 4 measurements (Au components in right ascension
and declination components at the mean Hipparcos and Gaia DR2/EDR3 epochs), astrometric
accelerations cannot be used alone to derive an actual mass for a companion. Precise and
accurate dynamical mass determinations are instead achievable when the Ap technique can be
combined with relative astrometry (direct imaging) and Doppler spectroscopy.

Young, luminous, directly imaged companions in the brown dwarf and planetary regime (in
particular, the companions in the § Pic and HR 8799 systems) have become targets of recent
applications of this technique [23-32].
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For companions without direct imaging information but well-determined spectroscopic or-
bital solutions, the combination with the Hipparcos—Gaia absolute astrometry can still be per-
formed in two ways: 1) by directly carrying out a fit to both time-series, or 2) by exploring the
ranges of the two orbital elements that only astrometry can determine (inclination 7, longitude
of the ascending node Q) that are compatible with the measured Ay values, with the remainder
of the orbital parameters constrained by Doppler spectroscopy. In this way it is possible to re-
move the intrinsic uncertainty in the mass of the companion discovered by the radial velocity
(RV) method, and determine its true mass rather than a minimum value. Recent, notable appli-
cations of this approach include: a) a preliminary astrometric mass for the super-Earth candidate
orbiting at 1.5 au from the nearest star to the Sun, the M dwarf Proxima Centauri [33], which had
been uncovered based on long-term RV time-series analysis [34]; b) true mass determinations for
the long-period (5 < P < 20 yr) super-Jupiters (1.5 < M), < 10 Mjyp) 14 Her b [35] and HD 83443
c [36], orbiting solar-mass primaries.

Finally, a most notable result based on the combined RV+absolute astrometry analysis con-
cerns the 7 Mensae planetary system: known to host a Doppler-detected sub-stellar compan-
ion (minimum mass M),sinij, ~ 10 Mjyp) on a long-period (P, ~ 2100 days) and very eccentric
(ep ~ 0.6) orbit [37], it was found to also contain a transiting super-Earth (7 Men c), the first tran-
siting planet unveiled by the TESS mission [38]. [39] used long-term RV time-series to determine
the true mass of 7 Men ¢, and the combination of RV and Au data allowed them to determine the
dynamical mass of 7 Men b, which turned out to straddle the planet-brown dwarf boundary. As
the inclination of 7 Men ¢ was also known, it was then possible to measure the relative alignment
between the orbits of the two planets, which turned out to be highly misaligned, with a mutual
inclination of no less than ~ 50 deg. Similar findings were obtained by [40] and [41].

2.4. New detections

Evidence of statistically significant astrometric accelerations, indicating the likely presence of
an intermediate- to wide-separation companion, can also be used to select targets for follow-up
measurements with direct imaging instrumentation. This approach has been very successful in
increasing the efficiency of detection of directly imaged companions. Direct-imaging discoveries
and dynamical mass determinations for substellar companions orbiting accelerating stars were
recently reported by e.g., [42-46].

3. GaiaDR3
3.1. Overall statistics

Gaia DR3 was published on June 13th) 2022. For the first time, it delivered non-single star (NSS)
information gathered across its three observing channels. A total of ~ 813000 NSS solutions pop-
ulated the Gaia DR3 archive (identified with a wide range of possible solution types), including
~ 169000 astrometric orbits, ~ 187000 spectroscopic orbits, and ~ 87000 eclipsing binary solu-
tions. No information on higher multiplicity beyond the first companion is published in DR3. For
details, we refer the reader to the main Gaia DR3 performance verification paper [47] accompa-
nying the NSS release, processing papers on the processing of astrometric orbits [48,49], and the
relevant Chapter of the Gaia documentation [50].

Taken at face value, the numbers are astounding: based on the NSS analysis of a mere 0.3% of
the full sample of sources observed by Gaia, the DR3 archive already contains ~ 45 times more
spectroscopic orbits than the SB9 catalog [51], and ~ 300 times more astrometric orbits than
the Orbé6 catalog [52]. Binary companions are identified across the entire Hertzsprung-Russell
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diagram, including the white dwarf sequence. Binary mass ratios g encompass a very wide range,
e.g., from g < 0.001 to g < 1.0. Orbital periods span the approximate range 0.2 — 3000 days, with
most of the orbital solutions below 1000 days, reflecting the time-span of Gaia data used for DR3
processing. Figure 1 shows an example of a ’library’ of astrometric orbits.
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Figure 1. An ’orrery’ of orbital solutions from Gaia DR3 astrometry. The wide range of
shapes (from circular to highly eccentric orbits) and orientations (from edge-on to face-
on orbits) is clear. Orbits are color-coded by the effective temperature of the primary (blue:
hottest, red: coolest) Credits: J. Sahlmann.

3.2. Validations checks, biases, and caveats

The published solutions have received extensive validation efforts in order to minimize the frac-
tion of spurious results. For example, in the case of astrometric solutions for bright stars also ob-
served by Hipparcos, one would expect that massive companions on very long periods detected
as acceleration solutions in Gaia DR3 also produce statistically significant proper motion anom-
alies. Indeed this is the case, with > 95% of acceleration solutions matched to Au values with
S/N >3 [47].

Even for bona-fide orbital solutions, some biases that are intrinsic to the NSS modeling
approach adopted for DR3 were identified. For example, in the case of astrometry a pronounced
suppression of edge-on orbits (cosi = 0.0) was noted. The origin of the feature was understood
(via simulations) in terms of the specific approach to orbit fitting with the partially linearized
Thiele-Innes representation, in the presence of noisy data [47]. In the case of spectroscopy, a
sizable fraction of low-amplitude, short-period signals are likely a variety of aliases of longer-
period ones [47].

The NSS catalog is the result of a drastic selection process of sources. Still, the large sample
of NSS solutions published in the DR3 archive is not free of contamination. As an example, in
the low signal-to-noise regime [49] estimate that the fraction of spurious solutions could be in
the ballpark range of 5%-10%. The impact of the successive selections at the level of the input
list, during the data processing, and based on the posterior source filtering will have to be taken
carefully into account in any statistical studies of the NSS sample.
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Figure 2. Companion mass vs. primary mass for the sample of orbital solutions in the
substellar regime (see [47] for details)

3.3. Substellar companions

In [47] a catalog of masses of astrometrically and spectroscopically detected companions is
presented, derived based on knowledge of the primary masses and under the assumption of
null flux ratio (see more below). From astrometry alone, 1843 are identified as candidate brown
dwarfs in the mass range 20 < M, < 80 Myjyp, while 72 are labeled as planet candidates with
M, <20 Myyp. A total of 10 brown dwarfs and 9 planets were already known, identified by ground-
based Doppler surveys (see [47] for details). Astrometric orbital solutions are also published for
13 brown dwarf binaries, 7 of which had been known previously. A sample of 5723 spectroscopic
companions is found to have M.sini < 80 Mjyp, with ~ 10% of these having M,sin i < 20 Myyp.
The vast majority of the radial-velocity detected substellar companions are found at very short
periods (P < 10 days), and due to the above considerations on aliasing effects they should
therefore be considered with caution (see [47] for additional details).

Finally, > 200 transiting exoplanet candidates are identified in photometry [53]. Of these,
173 are known transiting giant planets from ground-based photometric surveys. One of these,
WASP-18Db, is also identified with Gaia radial velocities, while two of the 41 new candidates were
validated and confirmed with ground-based radial-velocity follow-up [54], and are dubbed Gaia-
1b and Gaia-2b. The list of Gaia candidate exoplanets is maintained at https://www.cosmos.esa.
int/web/gaia/exoplanets, and information on the orbital solutions is also found in the Extrasolar
Planet Encyclopaedia (http://exoplanet.eu).

The vast majority of substellar companions detected with Gaia DR3 astrometry is found to
orbit cool M dwarfs, as shown in Figure 2. This is not unexpected: the calibration levels in
the bright-star regime are still sub-optimal for Gaia DR3, and consequently relatively faint, low-
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Astrometric orbit of HD81040 Parallax and proper motion
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Figure 3. Left: Gaia astrometric orbit of the super-Jupiter companion HD 81040 b, initially
detected with RV techniques [55]. The Gaia data are de-projected in the plane of the sky
after removal of parallax and proper motion effects. The orientation of the error bars
indicates the along-scan direction at the given epoch. Top right: The star’s modelled
parallax and proper motion. Bottom right: the post-fit residuals. The rms dispersion is
65 pas. The solution parameters and their uncertainties are shown by insets on the very
left and in the top right panel. Figure from https://www.cosmos.esa.int/web/gaia/iow_
20220131. Credits: ESA/Gaia/DPAC.

mass stars constitute the sample of primaries around which the chances of detecting substel-
lar companions are maximized. In [47], under the assumption of maximum completeness and
reliability, a first figure is provided for the occurrence rate of brown dwarf companions with
P <1000 days orbiting M dwarfs within 100 pc from the Sun. This number turns out to be ~ 0.3%.
The occurrence rate is likely underestimated, pending a detailed assessment of the numbers of
missed companions vs. those of spurious solutions and incorrectly classified objects. Neverthe-
less, Gaia DR3 already provides critical constraints on the M dwarf binary fraction at close sepa-
rations and very low mass ratios: the M dwarf sample in the Solar neighborhood for which Gaia
is sensitive to substellar companions within a few au is orders of magnitude larger than those of
all other spectroscopic surveys combined.

Detailed completeness and reliability studies of Gaia DR3 astrometry for the purpose of
occurrence rate calculations will have to deal in particular with an intrinsic ambiguity in the
interpretation of the nature of the companion that stems from the accessible information on its
mass based on astrometry alone. The astrometric mass function:

My EBIF ¥ (a/@)?

M) = (M + M - = !
fl) = (4 2) M+ Mo 1+ FIF (P/365.25)? W

relates the mass ratio g = 4> /.4 and the flux ratio F,/F; to the angular size of the perturbation
on the primary ay, the parallax @ and the orbital period P. Small values of the mass function,
e.g. f(4) < 0.001, are realized in the case of negligible F,/F; and small .4, but also when
the mass ratio is similar to the flux ratio. A non-negligible fraction of the substellar detected
astrometrically by Gaia could therefore be instead systems of a different nature. An instructive
example is discussed in [49] for the case of the companion to HD 185501, which is detected by
Gaia with a small perturbation size ay = 0.48 mas, with an inferred mass of a super-Jupiter or low-
mass brown dwarf in case of F,/F; = 0, but it was instead identified by means of ground-based
spectroscopy and speckle imaging analysis to be an equal-mass binary with the same orbital
period as the one detected by Gaia.
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Figure 4. Precision of CCD-level Gaia astrometric measurements along the (sensitive) scan
direction as a function of magnitude. Solid curves are for EDR3, dashed for DR2. The red
(lower) curves show the median formal centroiding uncertainty; the blue (upper) curves are
robust estimates of the actual rms of the post-fit residuals. The yellow thick arrow highlights
the difference between the two solid curves for EDR3, which is mostly due to the still limited
degree of calibration of the bright star sample (G < 13) mag approximately. Figure adapted
from [56].

The sample of 10 brown dwarfs and 9 planets already known from Doppler surveys was
identified in Gaia DR3 data based on a specific processing run targeting a sample of systems
with known literature solutions. As described in detail in [49], this sample was defined for
investigation of detectability of low signal-to-noise perturbations, and is composed of objects
that were not selected for the main processing run based on a large RUWE value [48], exceeding
the threshold (1.4) typically used to identify possible binarity. The angular semi-major axis of
the orbits of the planetary companions is typically < 0.5 mas, the record holder being HD 132406
b, with ay ~ 150 micro-arcseconds (uas). The Gaia-derived true mass estimates do not always
scale from the minimum-mass values with sin i, an effect that can be understood in terms of the
limitations and biases described above [47].

The sample of known Doppler planets with true masses from Gaia includes some well-known
companions, such as GJ 876 b, one of the two giant planets in a resonant configuration orbiting
a mid-M dwarf in the backyard of the Sun (d = 4.67 pc), one of the first to be discovered
with the radial velocity method [57], and the first to have had a preliminary astrometric mass
determination based on HST/FGS data [58]. Figure 3 shows an example of astrometric orbit for
the known Doppler-detected giant planet HD 81040 b that Gaia confirmed to have a true mass
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in the planetary regime. Some of the known companions with M,sini in the planetary regime
instead turn out to have much higher true mass estimates from Gaia. A most notable example is
that of HD 114762 b: it was determined by [59], via radial velocity variations, to have a mass close
to the Deuterium-burning threshold (M,sini = 11 My,p), the Gaia DR3 orbital solution matches
the period of the Doppler data, but the orbit size @y = 1.8 mas translates into a companion
mass M. = 0.21 Mg, which establishes the companion to be a low-mass M dwarf rather than
a substellar object. Finally, the sample of new planetary-mass candidates from Gaia DR3 is
dominated by companions orbiting low-mass M dwarfs, as we have already shown in Figure 2.
Notable cases that do not fall into this category include a) a close-in super-Jupiter orbiting the
nearby metal-polluted white dwarf WD 0141-675, b) super-Jupiters around the solar-type stars
HD 12800 and HIP 28193, and c¢) a companion straddling the Deuterium-burning threshold
around the young star HD 3221 (see [47] and [49] for additional details)

4. Outlook: Gaia DR4

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 studies focused on brown dwarf companions. Indeed, Gaia DR3
has provided the first-ever full orbital solutions for a number of known exoplanets and brown
dwarfs, and it has delivered the first, precious sample of previously unknown planetary-mass
companions based on astrometric data alone. This should be regarded by no means a small feat,
as no planet detection by Gaia was initially forecast to be included in DR3.

The prospects for DR4 to deliver on the promises of thousands of new astrometrically detected
giant exoplanets (based on performance figures from the nominal or extended mission) are in-
tact, but this will not be a trivial task. Figure 4 shows a comparison between the Gaia CCD-level
positional uncertainties (from photon statistics) of individual along-scan angular measurements
and the actual scatter of the post-fit residuals in the astrometric solution [56]. Formal uncertain-
ties are virtually unchanged between DR2 and EDR3, while the actual residual scatter (rms) is
reduced by a factor ~ 2 between the two data releases in the bright-star regime G < 13 mag. How-
ever, there is still an important factor, about 3 — 4, to gain in order to bring the actual positional
rms down to the level of photon noise. Critically important efforts will be made in order to fur-
ther improve calibration models for bright stars in future releases, starting with DR4. This step is
crucial, as the sample of planetary mass companions identified by Gaia around bright stars is the
one that maximizes the synergy potential with other planet detection and characterization pro-
grams. Improvements in orbit modeling algorithms in pipeline processing will also be needed,
for example to minimize the number of spurious solutions and to deal effectively with increased
complexity of the planetary signals, as with the 66-months baseline of DR4 and improved posi-
tional precision higher-multiplicity systems will start being detectable.
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institutions, in particular the institutions participating in the Gaia Multilateral Agreement.

References

(1]

[2]

3]

[4]
[3]

[6]

[7

(8]

9

[10]

[11]

(12]

(13]

[14]

[15]

[16]

[17]

(18]

(19]

[20]

[21]
[22]

[23]

[24]

[25]

M. G. Lattanzi, A. Spagna, A. Sozzetti, S. Casertano, “Space-borne global astrometric surveys: the hunt for extrasolar
planets”, Mon. Not. Roy. Astron. Soc. 317 (2000), no. 1, p. 211-224.

A. Sozzetti, S. Casertano, M. G. Lattanzi, A. Spagna, “Detection and measurement of planetary systems with GAIA”,
Astron. Astrophys. 373 (2001), p. L21-124.

S. Casertano, M. G. Lattanzi, A. Sozzetti et al., “Double-blind test program for astrometric planet detection with
Gaia”, Astron. Astrophys. 482 (2008), no. 2, p. 699-729.

A. Sozzetti, “Gaia, non-single stars, brown dwarfs, and exoplanets”, Mem. S.A.It. 85 (2014), article no. 643.

A. Sozzetti, P. Giacobbe, M. G. Lattanzi et al., “Astrometric detection of giant planets around nearby M dwarfs: the
Gaia potential”, Mon. Not. Roy. Astron. Soc. 437 (2014), no. 1, p. 497-509.

M. Perryman, J. Hartman, G. A. Bakos, L. Lindegren, “Astrometric Exoplanet Detection with Gaia”, Astrophys. J. 797
(2014), no. 1, article no. 14.

R. Silvotti, A. Sozzetti, M. G. Lattanzi, R. Morbidelli, “Detectability of Substellar Companions Around White Dwarfs
with Gaia”, in 19th European Workshop on White Dwarfs (P. Dufour, P. Bergeron, G. Fontaine, eds.), Astronomical
Society of the Pacific Conference Series, vol. 493, Astronomical Society of the Pacific, 2015, p. 455-458.

J. Sahlmann, A. H. M. J. Triaud, D. V. Martin, “Gaia’s potential for the discovery of circumbinary planets”, Mon. Not.
Roy. Astron. Soc. 447 (2015), no. 1, p. 287-297.

A. Sozzetti, J. de Bruijne, “Space Astrometry Missions for Exoplanet Science: Gaia and the Legacy of Hipparcos”, in
Handbook of Exoplanets (H. ]. Deeg, J. A. Belmonte, eds.), Springer, 2018, p. 1205-1228.

Gaia Collaboration, A. G. A. Brown, A. Vallenari et al., “Gaia Data Release 2. Summary of the contents and survey
properties”, Astron. Astrophys. 616 (2018), article no. Al.

Gaia Collaboration, A. G. A. Brown, A. Vallenari et al., “Gaia Early Data Release 3. Summary of the contents and survey
properties”, Astron. Astrophys. 649 (2021), article no. Al.

Gaia Collaboration, A. Vallenari, A. G. A. Brown et al., “Gaia Data Release 3: Summary of the content and survey
properties”, https://arxiv.org/abs/2208.00211, 2022.

W. J. Borucki, D. Koch, G. Basri et al., “Kepler Planet-Detection Mission: Introduction and First Results”, Science 327
(2010), no. 5968, p. 977-980.

B.J. Fulton, E. A. Petigura, A. W. Howard et al., “The California-Kepler Survey. III. A Gap in the Radius Distribution of
Small Planets”, Astron. J. 154 (2017), no. 3, article no. 109.

B. J. Fulton, E. A. Petigura, “The California-Kepler Survey. VII. Precise Planet Radii Leveraging Gaia DR2 Reveal the
Stellar Mass Dependence of the Planet Radius Gap”, Astron. J. 156 (2018), no. 6, article no. 264.

K. Biazzo, V. Bozza, L. Mancini, A. Sozzetti, “The Demographics of Close-In Planets”, in Demographics of Exoplan-
etary Systems, Lecture Notes of the 3rd Advanced School on Exoplanetary Science (K. Biazzo, V. Bozza, L. Mancini,
A. Sozzetti, eds.), Astrophysics and Space Science Library, vol. 466, 2022, p. 143-234.

E van Leeuwen, “Validation of the new Hipparcos reduction”, Astron. Astrophys. 474 (2007), no. 2, p. 653-664.

M. A. C. Perryman, L. Lindegren, J. Kovalevsky et al., “The HIPPARCOS Catalogue”, Astron. Astrophys. 323 (1997),
p. L49-152.

P. Kervella, E Arenou, E Mignard, E Thévenin, “Stellar and substellar companions of nearby stars from Gaia DR2.
Binarity from proper motion anomaly”, Astron. Astrophys. 623 (2019), article no. A72.

P. Kervella, E Arenou, E Thévenin, “Stellar and substellar companions from Gaia EDR3. Proper-motion anomaly and
resolved common proper-motion pairs”, Astron. Astrophys. 657 (2022), article no. A7.

T. D. Brandt, “The Hipparcos-Gaia Catalog of Accelerations”, Astrophys. J. Suppl. Ser. 239 (2018), no. 2, article no. 31.
T. D. Brandt, “The Hipparcos-Gaia Catalog of Accelerations: Gaia EDR3 Edition”, Astrophys. J. Suppl. Ser. 254 (2021),
no. 2, article no. 42.

P. Calissendorff, M. Janson, “Improving dynamical mass constraints for intermediate-period substellar companions
using Gaia DR2”, Astron. Astrophys. 615 (2018), article no. A149.

S.I.A. G, A. G. A. Brown, “The mass of the young planet Beta Pictoris b through the astrometric motion of its host
star”, Nat. Astron. 2 (2018), p. 883-886.

T. D. Brandt, T. J. Dupuy, B. P. Bowler, “Precise Dynamical Masses of Directly Imaged Companions from Relative
Astrometry, Radial Velocities, and Hipparcos-Gaia DR2 Accelerations”, Astron. J. 158 (2019), no. 4, article no. 140.


https://www.cosmos.esa.int/gaia
https://www.cosmos.esa.int/web/gaia/dpac/consortium
https://www.cosmos.esa.int/web/gaia/dpac/consortium
https://arxiv.org/abs/2208.00211

Alessandro Sozzetti 55

[26] T. D. Brandt, T. J. Dupuy, B. P. Bowler er al,, “A Dynamical Mass of 70 + 5 M, for Gliese 229B, the First T Dwarf”,
Astron. J. 160 (2020), no. 4, article no. 196.

[27] G.M.Brandt, T.]J. Dupuy, Y. Li et al,, “Improved Dynamical Masses for Six Brown Dwarf Companions Using Hipparcos
and Gaia EDR3”, Astron. J. 162 (2021), no. 6, article no. 301.

[28] G. M. Brandt, T. D. Brandt, T. J. Dupuy, Y. Li, D. Michalik, “Precise Dynamical Masses and Orbital Fits for § Pic b and
B Pic ¢”, Astron. J. 161 (2021), no. 4, article no. 179.

[29] G. M. Brandt, T. D. Brandt, T. J. Dupuy, D. Michalik, G.-D. Marleau, “The First Dynamical Mass Measurement in the
HR 8799 System”, Astrophys. J. Lett. 915 (2021), no. 1, article no. L16.

[30] T.]J.Dupuy, T. D. Brandt, K. M. Kratter, B. P. Bowler, “A Model-independent Mass and Moderate Eccentricity for § Pic
b”, Astrophys. J. Lett. 871 (2019), no. 1, article no. L4.

[31] E Feng, G. Anglada-Escudé, M. Tuomi et al., “Detection of the nearest Jupiter analogue in radial velocity and
astrometry data”, Mon. Not. Roy. Astron. Soc. 490 (2019), no. 4, p. 5002-5016.

[32] A. Grandjean, A.-M. Lagrange, H. Beust et al., “Constraining the properties of HD 206893 B. A combination of radial
velocity, direct imaging, and astrometry data (Corrigendum)”, Astron. Astrophys. 629 (2019), article no. C1.

[33] P. Kervella, E Arenou, J. Schneider, “Orbital inclination and mass of the exoplanet candidate Proxima c”, Astron.
Astrophys. 635 (2020), article no. L14.

[34] M. Damasso, E Del Sordo, G. Anglada-Escudé et al., “A low-mass planet candidate orbiting Proxima Centauri at a
distance of 1.5 AU”, Sci. adv. 6 (2020), no. 3, article no. eaax7467.

[35] D.C. Bardalez Gagliuffi, J. K. Faherty, Y. Li et al., “14 Her: A Likely Case of Planet-Planet Scattering”, Astrophys. J. Lett.
922 (2021), no. 2, article no. L43.

[36] A. Errico, R. A. Wittenmyer, J. Horner et al., “HD 83443c: A Highly Eccentric Giant Planet on a 22 yr Orbit”, Astron. J.
163 (2022), no. 6, article no. 273.

[37] H. R. A. Jones, R. Paul Butler, C. G. Tinney et al., “A probable planetary companion to HD 39091 from the Anglo-
Australian Planet Search”, Mon. Not. Roy. Astron. Soc. 333 (2002), no. 4, p. 871-875.

[38] C. X. Huang, J. Burt, A. Vanderburg et al., “TESS Discovery of a Transiting Super-Earth in the pi Mensae System”,
Astrophys. J. Lett. 868 (2018), no. 2, article no. L39.

[39] M. Damasso, A. Sozzetti, C. Lovis et al., “A precise architecture characterization of the 7 Mensae planetary system”,
Astron. Astrophys. 642 (2020), article no. A31.

[40] R.]. De Rosa, R. Dawson, E. L. Nielsen, “A significant mutual inclination between the planets within the 7 Mensae
system”, Astron. Astrophys. 640 (2020), article no. A73.

[41] J. W. Xuan, M. C. Wyatt, “Evidence for a high mutual inclination between the cold Jupiter and transiting super Earth
orbiting 7 Men”, Monthly Notices of the Royal Astronomical Societ 497 (2020), no. 2, p. 2096-2118.

[42] M. Bonavita, C. Fontanive, R. Gratton et al., “Results from The COPAINS Pilot Survey: four new BDs and a high
companion detection rate for accelerating stars”, Mon. Not. Roy. Astron. Soc. 513 (2022), no. 4, p. 5588-5605.

[43] M.Kuzuhara, T. Currie, T. Takarada et al., “Direct-imaging Discovery and Dynamical Mass of a Substellar Companion
Orbiting an Accelerating Hyades Sun-like Star with SCEXAO/CHARIS”, Astrophys. J. Lett. 934 (2022), no. 2, article
no. L18.

[44] N. Swimmer, T. Currie, S. Steiger et al., “SCEXAO and Keck Direct Imaging Discovery of a Low-mass Companion
Around the Accelerating F5 Star HIP 5319”, Astron. J. 164 (2022), no. 4, article no. 152.

[45] K. Franson, B. P. Bowler, T. D. Brandt et al., “Dynamical Mass of the Young Substellar Companion HD 984 B”, Astron.
J. 163 (2022), no. 2, article no. 50.

[46] K. Franson, B. P. Bowler, M. Bonavita et al.,, “Astrometric Accelerations as Dynamical Beacons: Discovery and
Characterization of HIP 21152 B, the First T-Dwarf Companion in the Hyades”, Astron. J. 165 (2023), no. 2, article
no. 39.

[47] Gaia Collaboration, E Arenou, C. Babusiaux et al., “Gaia Data Release 3: Stellar multiplicity, a teaser for the hidden
treasure”, https://arxiv.org/abs/2206.05595, 2022.

[48] J.-L. Halbwachs, D. Pourbaix, E Arenou et al., “Gaia Data Release 3. Astrometric binary star processing”, https:
//arxiv.org/abs/2206.05726, 2022.

[49] B. Holl, A. Sozzetti, J. Sahlmann et al., “Gaia DR3 astrometric orbit determination with Markov Chain Monte Carlo
and Genetic Algorithms. Systems with stellar, substellar, and planetary mass companions”, https://arxiv.org/abs/
2206.05439, 2022.

[50] D. Pourbaix, E Arenou, P. Gavras et al., “Gaia DR3 documentation Chapter 7: Non-single stars”, Gaia DR3 documen-
tation, European Space Agency; Gaia Data Processing and Analysis Consortium. Online at https://gea.esac.esa.int/
archive/documentation/GDR3/index.html, id. 7, 2022, 7 pages.

[51] D. Pourbaix, A. A. Tokovinin, A. H. Batten ef al., “Sgg: The ninth catalogue of spectroscopic binary orbits”, Astron.
Astrophys. 424 (2004), p. 727-732.

[52] W.I. Hartkopf, B. D. Mason, C. E. Worley, “The 2001 US Naval Observatory Double Star CD-ROM. II. The Fifth Catalog
of Orbits of Visual Binary Stars”, Astron. J. 122 (2001), no. 6, p. 3472-3479.


https://arxiv.org/abs/2206.05595
https://arxiv.org/abs/2206.05726
https://arxiv.org/abs/2206.05726
https://arxiv.org/abs/2206.05439
https://arxiv.org/abs/2206.05439
https://gea.esac.esa.int/archive/documentation/GDR3/index.html
https://gea.esac.esa.int/archive/documentation/GDR3/index.html

56 Alessandro Sozzetti

[53] L. Eyer, M. Audard, B. Holl et al., “Gaia Data Release 3. Summary of the variability processing and analysis”,
https://arxiv.org/abs/2206.06416, 2022.

[54] A. Panabhi, S. Zucker, G. Clementini et al., “The detection of transiting exoplanets by Gaia”, Astron. Astrophys. 663
(2022), article no. A101.

[55] A.Sozzetti, S. Udry, S. Zucker et al., “A massive planet to the young disc star HD 81040”, Astron. Astrophys. 449 (2006),
no. 1, p. 417-424.

[56] L. Lindegren, S. A. Klioner, J. Herndndez et al., “Gaia Early Data Release 3. The astrometric solution”, Astron.
Astrophys. 649 (2021), article no. A2.

[57] G. W. Marcy, R. P Butler, S. S. Vogt, D. Fischer, J. J. Lissauer, “A Planetary Companion to a Nearby M4 Dwarf, Gliese
876", Astrophys. J. 505 (1998), no. 2, p. L147-L149.

[58] G. E Benedict, B. E. McArthur, T. Forveille et al., “A Mass for the Extrasolar Planet Gliese 876b Determined from
Hubble Space Telescope Fine Guidance Sensor 3 Astrometry and High-Precision Radial Velocities”, Astrophys. J. 581
(2002), no. 2, p. L115-L118.

[59] D.W. Latham, T. Mazeh, R. P. Stefanik, M. Mayor, G. Burki, “The unseen companion of HD114762: a probable brown
dwarf”, Nature 339 (1989), no. 6219, p. 38-40.


https://arxiv.org/abs/2206.06416

	1. Introduction
	2. Gaia DR2 and EDR3
	2.1. Calibration of the hosts
	2.2. Constraints on the presence of companions
	2.3. Dynamical mass measurements
	2.4. New detections

	3. Gaia DR3
	3.1. Overall statistics
	3.2. Validations checks, biases, and caveats
	3.3. Substellar companions

	4. Outlook: Gaia DR4
	Conflicts of interest
	Acknowledgements
	References

