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DR3 treats binary stars as such for the first time and 
includes exoplanet (re-)discoveries

Photometry: 
first Gaia discoveries of transiting Gaia-1b & Gaia-2b (Panahi 
et al. 2022), several re-discoveries, and many candidates

Radial velocity: 
DR3 contains many candidates with some re-discoveries (e.g. 
WASP-18b) 

Astrometry:
• Gaia astrometry unrivalled by other instruments 

-> a unique windows for discovery
• Astrometric orbits of known exoplanets, e.g. HD 81040 b
• Tens of new exoplanet candidates
• Confirmation usually necessitates additional analyses 

and/or data that are not part of DR3

List maintained at 
https://www.cosmos.esa.int/web/gaia/exoplanets Credits: ESA/Gaia/DPAC, Gaia Collaboration, Arenou et al. 2022

A&A proofs: manuscript no. DPACP-100

Fig. 4. Gaia H-R diagram, uncorrected for extinction, for all NSS solutions with a relative parallax error better than 20%. No selection is done on
the photometric quality. The colour scale represents the square root of the relative density of stars. Top: Astrometric binaries, (a): all Orbital*
solutions plus AstroSpectroSB1, (b): Acceleration solutions, (c): VIMF; Bottom: Spectroscopic binaries with (d): SB* orbits and (e):
NonLinearSpectro, (f): eclipsing binaries.

2.3. Output filtering

Once the first processing results were analysed, it appeared that
the cleaning of the input list had still left a very large fraction of
spurious solutions. This is why it was decided to keep the most
significant solutions for Gaia DR3: a general filter was applied to
keep those with goodness of fit smaller than 50 and significance
> 5 (> 2 for OrbitalTargetedSearch*). The significance is
computed as the S/N ratio of the semi-major axis for astromet-
ric orbits, (a0/�a0 ), on the S/N ratio of the acceleration module
for acceleration solutions, and of the semi-amplitude for spectro-
scopic binaries, (K1/�K1 ). Supplementary filtering was applied
during the processing or at post-processing level as described
for the various models below.

Astrometric binaries, acceleration solutions: One could
naively hope that the estimated accelerations would allow to de-

tect binaries of intermediate period and provide some useful in-
formation about the binary, e.g. the minimum mass producing
the given acceleration on the primary. The situation appears ac-
tually more complex. The acceleration values themselves are not
discussed, and it can be seen that these solutions improve the
baseline solution, e.g. looking at a slightly thinner giant branch
for an HRD produced using the parallaxes from the acceleration
solution, compared to those from the main catalogue. What is at
stake is the interpretation of the acceleration term.

What happens is the combination of two e↵ects. The first
one originates from the organisation of the NSS processing: ac-
celeration solutions were attempted before any other solutions,
and kept if significant enough with a reasonable GoF. The (un-
wanted) e↵ect is that some solutions which could have received
a full orbit parametrisation were not attempted and appear in the
NSS catalogue with an acceleration solution instead. The sec-
ond e↵ect is that an acceleration term can be significant even for
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DR3 contains the first uniform and large-scale 
census of astrometric binaries

~169 000 astrometric 
orbit solutions, most 
correspond to unresolved 
“astrometric binaries”. 

DR3 contains 300 times as 
many “astrometric 
binaries” compared to the 
Washington Double Star 
Catalogue.

540 literature orbits

169,000 DR3 orbits
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Gaia re-discovered the planet orbiting HD81040
https://www.cosmos.esa.int/web/gaia/iow_20220131
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Gaia discovers new exoplanet candidates

Credits: ESA/Gaia/DPAC, Gaia Collaboration, Arenou et al. 2022; Holl et al. 2022

A&A proofs: manuscript no. output

Fig. 13. Same as Fig. 12 but for Gl 876 i.e. Gaia DR3 2603090003484152064 (G = 8.88 mag, P = 61.36 ± 0.22 day, e = 0.16 ± 0.15, $ =
213.79 ± 0.07 mas).

Fig. 14. Same as Fig. 12 but for WD0141-279 i.e. Gaia DR3 4698424845771339520 (G = 13.70 mag, P = 33.65 ± 0.05 day, e = 0.20 ± 0.15,
$ = 102.87 ± 0.01 mas).

RV data it was removed from our publication list, thus making
this validation step part of the filtering process (see Sect. 5.2.2).

While this step of the validation procedures was performed
quite carefully, it is not entirely free from pitfalls. For exam-
ple, a small number of sources with good matches between
the fitted and literature P values where not flagged as ’Val-
idated’, and are still listed in Table A.2 with solution type
‘OrbitalTargetedSearch’. These include two known RV planet

hosts, HR 810 (Gaia DR3 4745373133284418816) and HD
142 (Gaia DR3 4976894960284258048), as well as Gaia DR3
2133476355197071616 (Kepler-16 AB). The latter source hosts
the first circumbinary planet detected by the Kepler mission,
with P = 105 d (Doyle et al. 2011; Triaud et al. 2022b). In
this case Gaia detects a companion with P = 41 d and an al-
most edge-on orbit, which is in fact the low-mass stellar com-
panion Kepler 16 B eclipsing Kepler-16 A. In a few cases, in-
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A super-Jupiter orbiting the 
nearby metal-polluted 

white dwarf WD 0141-675 

Holl et al.: Gaia DR3 astrometric orbit determination with MCMC and Genetic Algorithms

Fig. 15. Same as Fig. 12 but for HD 40503 i.e. Gaia DR3 2884087104955208064 (G = 8.97 mag, P = 826.53 ± 49.89 day, e = 0.07 ± 0.10,
$ = 25.49 ± 0.01 mas).

Fig. 16. Same as Fig. 12 but for 2MASS J08053189+4812330 i.e. Gaia DR3 933054951834436352 (G = 20.01 mag, P = 735.91 ± 22.99 day,
e = 0.42 ± 0.23, $ = 43.77 ± 0.71 mas).

consistencies between literature RV data and the Gaia solutions
were overlooked. Two such examples are those corresponding
to Gaia DR3 1748596020745038208 (WASP-2) and Gaia DR3
5656896924435896832 (HATS-26, TOI-574). The two known
companions are hot Jupiters with orbital periods of 2.1 d (Collier
Cameron et al. 2007; Knutson et al. 2014) and 3.3 d (Espinoza
et al. 2016), respectively. The Gaia solutions have P = 38 d and
P = 193 d, respectively. No additional RV trends or modulations

are detected for WASP-2 and HATS-26, indicating that the Gaia
detections might be spurious.

6.3.3. Other literature solutions

Among literature solutions obtained with techniques other than
astrometry and RVs, we report in Table A.2 the good agree-
ment between the Gaia period and that obtained by Mur-

Article number, page 17 of 29

Super-Jupiters around the 
main-sequence stars HIP

66074 and HIP 28193 

Substellar companions to 
the young stars HD 3221 
and 2MASS J02192210-

3925225



6©2022 RHEA Group | Company Unclassified | J. Sahlmann: The Gaia DR3 Exoplanet Opportunity October 6, 2022

Gaia starts harvesting exoplanet orbits

Gaia discovery space



7©2022 RHEA Group | Company Unclassified | J. Sahlmann: The Gaia DR3 Exoplanet Opportunity October 6, 2022

Gaia discovery space

Gaia starts harvesting exoplanet orbits

~1800 DR3 substellar-
companion candidates 

from astrometry
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DR3 orbital solutions (deliberately) were derived from Gaia data only. 
Combined solutions, e.g. Gaia astrometry + external radial velocities, were not 
released.
DR3 does not include epoch astrometry, hence combined solution have to 
consider the DR3 solution parameters and their covariances, e.g. through a 
“Gaia likelihood function” (Winn 2022).
Winn (2022) validated several DR3 
exoplanet solutions and raised awareness
for pitfalls that may remain, e.g.
additional companions (HD111232) 
and inconsistent solutions (HIP66074).

Opportunity 1: Orbital solutions of known exoplanets 
(and BD-companions and binary stars)

12

Figure 6. HR 810: Results of jointly fitting the Doppler and astrometric data. Same format as Figure 1. The results should be viewed
skeptically; see the text for details.

Figure 7. HD 111232: Doppler data and the best-fit model, including a single planet and an ad hoc quadratic function of time representing the
effects of other bodies.

HD111232
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Opportunity 2: Mapping the transition region between giant planets 
and brown-dwarf companions

A&A proofs: manuscript no. aa43782_arenou_Gaia

Fig. 49. Top: substellar companion mass distribution for the
OrbitalTargetedSearch* solution type. Center: The same, but for
the Orbital solution type, with a cut-o↵ in the primary mass M? <
0.6M�. Bottom: the same, but for the Orbital solution type, with a
cut-o↵ in the primary massM? > 0.6M�.

lowest-mass end in the central panel of Fig. 49 is consistent with
the well-established notion of a much lower frequency of giant
planets around M dwarfs with respect to solar-type primaries

(e.g., Endl et al. 2006; Cumming et al. 2008; Bonfils et al. 2013;
Pinamonti et al. 2022). With Gaia DR3 we thus achieve the first-
ever characterization of a conspicuous population of substellar
companions with true mass estimates within typically 1-2 au of
nearby M dwarfs.

8.3. Substellar companion frequency in the 100 pc sample

As low-mass stars provide the primary sample around which
substellar companions have been detected with Gaia DR3 as-
trometry, we can attempt to derive a first-order estimate of their
occurrence rate. Clearly, a detailed assessment of the Gaia sen-
sitivity in terms of completeness (estimation of the number of
missed companions) and reliability (estimate of the number of
false detections) is warranted, but goes beyond the scope of this
work, and will be presented elsewhere (Giacobbe et al. in prep.).

Gaia Collaboration et al. (2021b) have shown that Gaia DR3
is complete down to the M7 spectral sub-type within 100 pc
from the Sun, with an M dwarf sample amounting to 218 366
sources. The NSS sample encompasses 790 astrometrically
detected companions with likely substellar masses around M
dwarfs within 100 pc. Of these, the vast majority (⇠ 94%) are
BDs. Under the optimistic assumptions that 1) Gaia has homo-
geneous sensitivity to and is 100% complete for BD companions
across the M dwarf 100-pc sample, 2) none of the orbital solu-
tions corresponding to BD companions around this sample are
spurious, and 3) the companion does not contribute light, we can
then make a first statement on the frequency of BDs around M
dwarfs with P . 1 000 d, which turns out to be ⇠ 0.3%.

Dieterich et al. (2012) report a BD companion frequency
around M dwarfs of 2.3+5.0

�0.7% for separation in the range 10-70
au. Bowler et al. (2015) find that such companions in the 10-
100 au orbital radius range have an occurrence rate of 2.8+2.4

�1.5%
around M dwarfs in young moving groups. Susemiehl & Meyer
(2022) find a similar frequency (2.7+1.0

�0.7%) for field M dwarfs
in the same separation interval. Winters et al. (2019) report
a formally lower, but still compatible within the uncertainties,
1.3 ± 0.3% frequency for BDs around M dwarfs within 25 pc in
the separation range out to ⇠ 300 00.

Our occurrence rate estimate is likely underestimated (pend-
ing detailed assessment of the numbers of missed companions
vs. those of spurious solutions and incorrectly classified objects),
but nevertheless it is a clear example of the fact that Gaia DR3
provides critical constraints on the M dwarf binary fraction at
close separations and very low mass ratios. Even with correc-
tions for completeness and reliability still to be accounted for,
the Gaia M dwarf sample in the Solar neighborhood with sen-
sitivity to substellar companions within a few aus is orders of
magnitude larger than those of all other spectroscopic surveys
combined.

8.4. Astrometric masses: trends with stellar metallicity

The number of new Gaia detections of substellar companions in
the EP regime is still too small to provide an independent as-
sessment of well-known trends of exoplanet frequency with stel-
lar properties, such as the strong dependence of giant planet oc-
currence with metallicity (e.g., Fischer & Valenti 2005; Sozzetti
et al. 2009; Santos et al. 2011; Mortier et al. 2012; Adibekyan
2019, and references therein). The population of likely BD com-
panions is instead conspicuous, and amenable to verify the out-
come of recent statistical investigations.
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range. Both plots contain the detected Doppler companions,
shown as the gray histogram, within our less biased sample of
companions (P < 5 yr and M2 > 10!3 M"; see x 2.2). The
hatched histograms at large mass show the subset of the stellar
companions that are not included in any of the exoplanet Doppler
surveys. A large bias against stellar companions would have been
present if we had only included companions found by the exo-
planet surveys. For multiple-companion systems, we select the
most massive companion in our less biased sample to represent

the system.We put the few companions (three in the 25 pc sample,
six in the 50 pc sample) that have a mass slightly larger than 1 M"
in the largest mass bin in the companion mass distributions.

Fitting straight lines using a weighted least-squares method
to the three bins on the left-hand side (LHS) and right-hand
side (RHS) of the brown dwarf region of the mass histograms
(Figs. 8 and 9) gives us gradients of !15:2 # 5:6 (LHS) and
22:0 # 8:8 (RHS) for the 25 pc sample and !9:1 # 2:9 (LHS)
and 24:1 # 4:7 (RHS) for the 50 pc sample. Since the slopes

TABLE 3

Companion Slopes and Companion Desert Mass Minima

Sample

Asymmetry

Correction Figure LHS Slope RHS Slope

Slope Minimaa

[MJ]

d < 25 pc .............................................. Yes 8 !15.2 # 5.6 22.0 # 8.8 31þ25
!18

d < 25 pc .............................................. No !15.2 # 5.6 20.7 # 8.5 30þ25
!17

d < 50 pc .............................................. Yes !9.4 # 3.0 24.3 # 4.6 44þ15
!24

d < 50 pc .............................................. No 9 !9.1 # 2.9 24.1 # 4.7 43þ14
!23

d < 25 pc and M1 < 1 M" .................. Yes 10 !17.5 # 5.4 19.4 # 10.7 18þ17
!9

d < 50 pc and M1 < 1 M" .................. No 11 !5.9 # 5.1 25.2 # 11.4 39þ9
!23

d < 25 pc and M1 % 1 M" .................. Yes 10 !12.4 # 9.2 20.0 # 10.9 50þ28
!26

d < 50 pc and M1 % 1 M" .................. No 11 !12.2 # 8.2 21.1 # 10.4 45þ21
!21

a Values of mass where the best-fitting lines to the LHS and RHS intersect. The errors given are from the range between the two
intersections with the abscissa.

Fig. 8.—Brown dwarf desert in close sample. Histogram of the companions
to Sun-like stars closer than 25 pc plotted against mass. The gray histogram is
made up of Doppler-detected companions in our less biased (P < 5 yr and
M2 > 10!3 M") sample. The corrected version of this less biased sample in-
cludes an extra seven probable SB1 stars from (Jones et al. 2002; see Table 2,
footnote e) and three extra stars from an asymmetry in the host declination
distribution (Table 2, footnote f ). The planetary mass companions are also
renormalized to account for the small number of Hipparcos Sun-like stars that
are not being Doppler monitored (21% renormalization; Table 2, footnote d) and
a one-planet correction for the undersampling of the lowest mass bin due to the
overlap with the ‘‘being detected’’ region (Table 2, footnote c). The hatched
histogram is the subset of detected companions to hosts that are not included on
any of the exoplanet search target lists and hence shows the extent to which the
exoplanet target lists are biased against the detection of stellar companions.
Since instruments with a radial velocity sensitivity KS & 40m s!1 (see eq. [2] of
Appendix) were used for all the companions, we expect no other substantial
biases to affect the relative amplitudes of the stellar companions on the RHS and
the planetary companions on the LHS. The brown dwarf mass range is empty.

Fig. 9.—Same as Fig. 8, but for the larger 50 pc sample renormalized to the
size of the 25 pc sample. Fitting straight lines using a weighted least-squares fit
to the three bins on the LHS and RHS gives us gradients of !9:1 # 2:9 and
24:1 # 4:7, respectively (solid lines). Hence, the brown dwarf desert is sig-
nificant at more than the 3 ! level. These LHS and RHS slopes agree to within
about 1 ! of those in Fig. 8. The ratio of the number of companions on the LHS
to the RHS is also about the same for both samples. Hence, the relative number
and distribution of companions is approximately the same as in Fig. 8. The
separate straight line fits to the three bins on the LHS and RHS intersect at
M ¼ 43þ14

!23MJ beneath the abscissa. Approximately 16% of the stars have com-
panions in our less biased region. Of these, 4:3% # 1:0% have companions of
planetary mass, 0:1þ0:2

!0:1% have brown dwarf companions, and 11:2% # 1:6%
have companions of stellar mass. We renormalize the mass distribution in this
figure by comparing each bin in this figurewith its corresponding bin in Fig. 8 and
scaling the vertical axis of Fig. 9 so that the difference in height between the
bins is on average a minimum. We find that the optimum renormalization factor
is 0.33. This plot does not include the asymmetry correction for the planetary and
stellar companions discussed in x 2.2 and shown in Table 2.

HOW DRY IS THE BROWN DWARF DESERT? 1057No. 2, 2006

Grether & Lineweaver 2006
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• Weed out the 
obvious false-
positives (here: 
binary stars)

• Crossmatch with 
existing catalogs and 
observations

• Follow-up for 
confirmation 
(spectroscopy, radial 
velocity, …)

Opportunity 2: Mapping the transition region between giant planets 
and brown-dwarf companions

~1800 DR3 substellar-
companion candidates from astrometry
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Acceleration solutions can indicate the presence of a 
longer-period companion (DR3 timespan is ~ 1000 
days).
DR3 solutions are not easily interpreted (Gaia 
Collaboration, Arenou et al. 2022; LL-136)
Yet, clear correlations with the HIP-Gaia 
accelerations have been demonstrated.
Careful analyses may lead to exciting discoveries.

Opportunity 3: DR3 acceleration solutionsA&A proofs: manuscript no. aa43782_arenou_Gaia

Fig. 4. Gaia H-R diagram, uncorrected for extinction, for all NSS solutions with a relative parallax error better than 20%. No selection is done on
the photometric quality. The colour scale represents the square root of the relative density of stars. Top: Astrometric binaries, (a): all Orbital*
solutions plus AstroSpectroSB1, (b): Acceleration solutions, (c): VIMF; Bottom: Spectroscopic binaries with (d): SB* orbits and (e):
NonLinearSpectro, (f): eclipsing binaries.

NSS catalogue with an acceleration solution instead. The sec-
ond e↵ect is that an acceleration term can be significant even for
short periods or very long periods. This is demonstrated by the
analysis in Lindegren (2022).

The following filtering has been applied (see documentation
and Halbwachs et al. 2022, for details): the sources which have
been kept were those with significance s > 20 and $/�$ >
1.2 s1.05 and GoF < 22 for Acceleration7 and $/�$ >
2.1 s1.05and GoF < 25 for Acceleration9.

Nevertheless, it is known that a large fraction of the acceler-
ation solutions are not intermediate period binaries as one would
expect, rather short or long periods instead.

Astrometric binaries, Orbital solutions: The processing of or-
bital solutions starts by a period search. Unfortunately, this may
lead to the detection of periods related to the scan law, rather than
due to some true periodic motion: partially resolved objects with

fixed position may give a signal depending on the scanning angle
with respect to the orientation of the pair. This problem is fully
analysed in Holl et al. (2022a). Consequently, most detected pe-
riods below ⇡ 100 days were wrong, leading to solutions with
huge and wrong mass functions.

To circumvent this, the following filtering was adopted
(Halbwachs et al. 2022): parallax S/N > 20000/period,
significance s = a0/�a0 > 5 and s > 158/

p
period,

eccentricity_error < 0.182 ⇤ log10(period) � 0.244.

Astrometric binaries, alternative processing: Aggressive
post-processing filtering approaches for both samples produced
subsets of solutions that were assigned OrbitalAlternative*
and OrbitalTargetedSearch* solution types, respectively,
in the Gaia DR3 archive. For both cases, subsamples
of sources that passed a variety of validation procedures
were further assigned OrbitalAlternativeValidated and
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Gaia DR3 non-single star solutions touch upon exoplanet and brown-dwarf 
research in several areas. They are yet under-explored.

Gaia consortium and partners provide lots of detailed documentation, 
examples, training material, etc. Reach out in case of questions. 

Working with DR3 is optimal preparation for what will come in DR4.

Please have a look at Gaia Collaboration, Arenou et al. 2022 
(2022arXiv220605595G)

Summary

https://ui.adsabs.harvard.edu/abs/2022arXiv220605595G/abstract

