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Jupiter-like planets might be common in a
low-density environment
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Radial velocity surveys suggest that the Solar System may be unusual and that
Jupiter-like planets have a frequency <20% around solar-type stars. However,
they may be much more common in one of the closest associations in the solar
neighbourhood. Young moving stellar groups are the best targets for direct
imaging of exoplanets and four massive Jupiter-like planets have been already
discovered in the nearby young g Pic Moving Group (BPMG) via high-contrast
imaging, and four others were suggested via high precision astrometry by the
European Space Agency’s Gaia satellite. Here we analyze 30 stars in BPMG and
show that 20 of them might potentially host a Jupiter-like planet as their orbits
would be stable. Considering incompleteness in observations, our results
suggest that Jupiter-like planets may be more common than previously found.

The next Gaia data release will likely confirm our prediction.

One of the main questions in the field of extra-solar planets is how
common are planetary systems similar to our own"?; very different
answers have been proposed so far** none of which are entirely
satisfying. Our Solar System, beyond the so-called ice line (at about
3 au’’) where ice particles can survive disruption by star irradiation, is
dominated by giant planets. Jupiter lies at 5.2 au from the Sun. Here-
inafter, we will call Jupiter-like giant planets those objects with masses
M larger or equal than IMjypiter lying at a distance from their stars
between 3 and 12 au (roughly from one to a few times that of the ice
line). Note that the lower limit to the mass range is not the one defining
giant planets, which is typically set around 0.3Mpicer to include Saturn
(see Table 1). We adopt a higher lower limit because the discovery of
planets with a mass < 1Mj,picer beyond the ice line of solar-type stars is
very difficult with most of the available techniques. Models predict
that giant planets should easily form around solar-type stars through
the core-accretion mechanism®® and that the final semi-major axis
distribution should be a consequence of the position of the ice line’,

only partially modified by migration". Jupiter-like planets should
therefore be common. On the other hand, most radial velocities (RV)
surveys found a rather low frequency of Jupiter-like planets around
solar-type stars, with occurrence rates ranging from 6% to 20% (see
Table 1). We notice that these various studies use different definitions
of Jupiter-like planets, as spelled in Table 1. Cuts and extrapolations are
required to obtain homogeneous values. In the case e.g. of Cumming
et al. study", integration of the best power laws over masses and semi-
major axis indicates that 5.5% of the solar-type stars should have a
Jupiter-like planet according to our definition. This is however an
extrapolation because the upper limit of the period range considered
by these authors corresponds to a semimajor axis of 3.1au for a star of
1M, There is more overlap with the sample of Wittenmyer et al.” that
extends the semi-major axis range up to 7 au. The results of this last
paper are broadly consistent with those of Cumming et al.”?, with a
higher incidence rate of about 25% (well within the error bars) if the
same range of masses/separation is considered. An even better overlap
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Table 1| Frequency of Jupiter-like planets from radial velocities and microlensing surveys

Authors M (Mjypiter) a (au) N. stars Fraction (%) Remarks
Cumming et al.” 0.3-10 <3 585 10.5
Mayor et al.'’** 0.3-10 <5 825 14
Wittenmyer et al.” 0.3-10 3-7 202 6.228
Fernandes et al.”® 0.1-20 0.1-100 26.6713
1-20 0.1-100 6.2113
Zhu 0.3-10 <10 393 19.2+2.8
Bryan et al.” 1-20 5-20 123 52+5 Stars with inner planets
Gould et al.? 16+16 Microlensing

First column gives the references; the second column is the planet mass range considered (in units of the Jupiter Mass); a is the semi-major axis range (in au) and N. stars is the number of stars used to

derive the fraction, that is given in Column 5. Column 6 gives remarks.

is with Zhu'* which extends the semi-major axis range to 10 au. This last
study gives a higher incidence of giant planets than expected using the
best value for the exponents in the Cumming et al.”? power laws. The
excess is by a factor of two if we consider the total population of
planets and 1.6 if we consider the stars that have at least one planet.
This corresponds rather well to the incidence of 6.9 +1.8% (2.2 + 0.8%)
of planets with mass in the range 1-10Mjypiter (3-10Mjypicer) and semi-
major axis 3-10 au from Fig. 4 of Zhu paper*. A frequency slightly
lower than this is obtained by Fernandes et al.” who considered both
RV and Kepler planets. If we integrate their asymmetric, mass-
dependent frequency over our definition of Jupiter-like planets, we
obtain a frequency of 4.2%; it is only 1.7% if we consider the range
3-10Mjypicer and semi-major axis 3-10 au. This last analysis should,
however, be taken with some caveat, because it assumes that mass
distribution is independent of period, a result which might not be
valid'. We might summarise that the frequency of planets in the mass
range 3-10Mjypicer and semi-major axis 3-10 au obtained from RV is
about 2.0 +1.0%.

A higher total occurrence rate of planetary companions detected
through RV of 52 + 5% was obtained by Bryan et al.” in their sample of
stars having an inner planet. However, while very interesting, this
higher incidence may be not considered an estimate of the overall
frequency of Jupiter-like companions because the conditional prob-
ability of a particular star hosting a cold Jupiter, given the existence of a
hot/warm Jupiter, is likely not random'*""~?, This shows how inner and
outer planets are not independent as their formation conditions and
system evolution are connected. Finally, from a single microlensing
event of a giant planet at wide separation, Gould et al.”* derived a
frequency of about 16%. These results were interpreted as evidence
that systems similar to the Solar System are not common (about 15%
and likely <20%)**. It should be noticed here that the frequency of
giant planets depends on stellar mass* and metallicity**. We will return
to these points in the “Discussion” section.

The RV survey results have an important statistical weight; how-
ever, the underlying population is likely to be a wide mix of objects
formed in different environments, in most cases several Gyr ago. These
birth environments are largely unknown. In addition, the systems
might have undergone a significant evolution since their formation.
This makes a comparison between these results and theoretical pre-
diction rather difficult. The observation of Jupiter-like planets in very
young associations represents a possible solution to these issues. In
this context, the BPMG? is an ideal target for high-contrast imaging
(HCI) because it is the closest, and one of the youngest (age about
20 Myr***") associations of A-F stars in the solar neighbourhood. Its
proximity and young age, make it the region where the direct detec-
tion of Jupiter-like planets is by far easiest. Most of the directly imaged
sub-stellar companions detected in the BPMG in fact belong to this
category, with a resulting detection yield much higher than what is
typically obtained for HCI surveys®®?’, However, selection effects are

still very large and the real frequency is likely to be much higher than
the measured detection rate. This suggests that Jupiter-like planets can
be very common in the BPMG, a result that seems odd with the RV
results and needs to be properly settled and discussed.

In this work, we examine in more detail the evidence obtained for
the BPMG.

Results

Frequency of substellar companions

Shkolnik et al.” give a total of 146 members to the BPMG. We focused
here on the objects with masses M > 0.8M, (mass range from 0.80 to
2.2M,,, with a median value of 1.15M,,). The actual list of members of the
BPMG considered in this paper is discussed in the “Methods” section,
subsection “Sample selection”. The final sample is made of 30 stars. It
can be noticed that the membership of some of these stars in the
BPMG is uncertain. We adopted a conservative approach, where some
uncertain members around which no companion was detected were
nonetheless kept in the final list; while this reduces the derived fre-
quency of Jupiter-like planets in the BPMG, the effect is <10%. While
there are low mass members even closer to the Sun (such as AU Mic),
the parallaxes of the stars more massive than the 0.8 Mg, in the BPMG
range from 51.44 to 12.00 mas (distances between 19.4 and 83.3 pc),
with a median value of 21.47 mas (distance of 46.6 pc). At this median
distance, the maximum apparent separation from the star of a planet in
circular orbit with a semi-major axis similar to that of Jupiter (5.2 au)
would be 112 mas. This is very close to the outer edge of the corona-
graph for state-of-the-art high-contrast imagers such as the Spectro-
Polarimetric High-contrast Exoplanet REsearch (SPHERE)* and the
Gemini Planet Imager (GPI)*. This means not only that detection of a
Jupiter-like planet is very difficult in an individual observation, but also
that it can be behind the coronagraphic mask for a large part of or even
the whole orbit. Repeated observations are then needed to increase
the chance of observing it at the right phase for detection (see e.g. the
case of AF Lep b*7*). The implication is that the search of Jupiter-like
planets using HCl is likely severely incomplete as HCI surveys typically
do not re-observe a star in case of a lack of detection of candidate
companions.

To put the detection of several Jupiter-like planets in the BPMG
into a context, we constructed a list of all known companions to the
stars with M > 0.8M,,, either stellar or substellar. Details are given in the
“Methods” section, subsection “Stellar and substellar companions”. We
considered 30 entries, but actually, in three cases separate entries are
given for the components of wide binaries where both stars have a
mass >0.8M,, implying that we are considering a total of 27 systems. If
we only consider stellar companions, we found that 12 of these systems
are binaries and 5 are triples, and the remaining 10 are single. The
fraction of single stars (37 + 12%) is lower than that found for solar-type
stars by Raghavan et al.*, as expected because this last study refers to
much older stars and we expect some fraction of binaries to dissipate

Nature Communications | (2023)14:6232



Article

https://doi.org/10.1038/s41467-023-41665-0

L a
L J
a
@ [ ]
@
a
0.1 o ® VIS
E | O Other
1 ! O Unstable
(on 1 |
\ ' — . Gaia DR4
. 1 l .
\‘ - Gaia comp
0.01 1— —— HCI Max dist
N\ \ .
\. \\\ - = HCI Med dist
\ o ====HCI Min dist
\ /
0.001 \ [
0.01 0.1 1 10 100 1000 10000 100000

a (au)

Fig. 1| Mass ratio ¢ = Mp/M, as a function of the semi-major axis a (in au) for
companions (both stellar and substellar) to stars in the BPMG. Filled circles are
objects detected in imaging; open squares are companions detected using other
techniques. Companions circled are those that make unstable the orbits of Jupiter-
like planets. The solid, long-dashed and short-dashed red lines represent the
detection limits in typical high-contrast imaging observations for the stars farthest,

median, and closest to the Sun, respectively. The solid black line marks the
detection limit of Gaia*® as separate entries; the dash-dotted black line is the pre-
dicted astrometric detection limit of Gaia DR4 release (expected not before the end
of 2025) for G-dwarfs at 50 pc®®, comparable to the median distance of the BPMG
members. The light blue area is the one corresponding to the Jupiter-like planets.
Source data are provided as a Source Data file.

as they age. It is similar to that of other low-density young associations
(CrA*; Taurus-Auriga®”’®).

With this data, we may construct the plot of separation vs. mass
ratio g = Mg/M, between the components shown in Fig. 1; M, and Mg
are the masses of the primary and secondary, respectively. Similar
plots are widely used to discuss planet formation scenarios®”. In the
case of the BPMG, the plot shows a few interesting features. There are
only 8 out of 23 stellar companions that are M-type stars (here
M<0.5M,). This is a fraction of 35 +10%. For comparison, objects with
mass M<0.5M,, are in the range of 62-77% for the most commonly
considered stellar initial mass functions***%. Considering that the
search is complete down to much lower masses, this is quite a low
fraction, suggesting a correlation between the mass of the primary and
that of the secondary, as found e.g. for stars in the Sco-Cen
association®. All the substellar companions are in a restricted region
around the star; in particular, the five planetary companions are
between 3 and 12au, and have a narrow range of mass ratios
0.003<¢<0.008 (this is close to the detection threshold, and may
then reflect selection effects). They are then all Jupiter-like planets and
this strongly suggests they formed in a very similar way, very likely by
core-accretion®”***>, Note that all these planets would be undetectable
at a distance >100 pc such as that of e.g. the Sco-Cen and Taurus
associations, which are both much richer and younger than the BPMG,
because they would appear projected too close to their stars. Hence,
the short distance to the BPMG is crucial for their discovery. The two
brown dwarfs (BDs) PZ Tel B and  Tel B are at rather larger separations
(tens to hundreds au) and may belong to a separate group with a
different formation mechanism (most likely disk instability***’). Simi-
lar objects would be easy to detect in Sco-Cen and Taurus using HCI.

We can immediately notice that the observed incidence of Jupiter-
like planets around the BPMG stars considered in this paper is much
higher than expected from RV surveys. In fact, if we limit to the mass
range to 3-10Mjypicer, Zhu™* gives a frequency of only 2.2* 9% of the
stars having companions in the range of 3-10 au (admittedly, slightly
smaller than the range 3-12au that we considered for Jupiter-like

planets). This makes very unlikely (probability of 5 x 10™*) the detection
of 5 companions over a sample of 30 stars as found in the BPMG. The
discrepancy would be even larger if we use the frequency of Jupiter-like
planets obtained using data from Fernandes et al.”. However, in the
following discussion we intend to show that the discrepancy is even
larger than this.

To better estimate the implications of our result on Jupiter-like
planets, we should consider in fact a few additional facts. A fraction of
the stars in the BPMG have stellar or BD companions at a separation
likely incompatible with the stability of the orbit of a Jupiter-like planet.
To this purpose, we applied the stability criteria by Holman et al.”® to all
the systems including a stellar or BD companion. This formula requires
knowledge of the orbital eccentricity e, which is known only for PZ
Tel*. For the remaining targets, we assumed an average value appro-
priate for the apparent separation of the targets given by the relation:

<e>= —0.0117 loga® +0.0529 log a®> +0.07 loga + 0.3226, (1)

where a is the semi-major axis in au. This was obtained by combining
the eccentricity distribution for close binaries obtained by Murphy
et al.”° with that for wide binaries by Hwang et al.”. Strictly speaking,
the relation between the average projected separation and the semi-
major axis that we used to estimate this last quantity for several targets
depends on the assumed eccentricity™, so an iterative procedure
should be required here. However, corrections to the value of the
eccentricity that is obtained by considering this fact are always <
0.005, and the variation of the semi-major axis is always < 5% for our
targets. We will then neglect these second-order effects. With this
assumption, we found that the orbits of Jupiter-like planets cannot be
stable in ten systems (TYC 1208-468-1, HIP 76629, TYC 6820-0223-1,
HD 161460, HIP 88726, CD-64 1208, HD 173167, HIP 92680 = PZ Tel,
TYC 6878-195-1, HIP 103311). The case of HIP 98839 is quite marginal
because the orbits of Jupiter-like planets would be unstable if the
eccentricity is larger than e=0.67. However, we will assume here
conservatively that Jupiter-like planets may exist in this system. This
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leaves a sample of 20 stars that might potentially host a Jupiter-like
planet including the very close binary HIP 84586 = HD 155555 for which
such planets would be in a stable circumbinary configuration.

Orbital sampling effect

Planets at this short separation from the stars are hidden by the cor-
onagraphic mask for a large fraction of their orbit and when this
happens they cannot be detected using HCI. We will call this the orbital
sampling effect. We used two independent approaches to address this
point. The first one is an estimate of the expected completeness of
existing HCI data. The second one uses the astrometric signal obtained
comparing data from the Hipparcos™ and Gaia®* satellites to provide
an indication of the presence of a Jupiter-like planet. The two
approaches give a very similar correction.

Completeness of HCI detections. To estimate the relevance of the
orbital sampling effect, we will assume that the semi-major axis of the
planets in this sample of 20 stars distributes uniformly over the range
3-12 au and that only companions seen at separation larger than 150
mas at the epoch of the observation could be detected (this is the
minimum separation where there was a detection of a planetary
companion around the BPMG stars). We then estimated for each star
the probability that a planet is observed at separation >150 mas run-
ning a Monte Carlo code with 100,000 random extractions in phase
along the orbit. We considered two eccentricity distributions (circular
and uniform over the range 0-0.5, this last reproducing the known
distribution for Jupiter-like planets, see the “Methods” section, sub-
section “Eccentricity distribution for Jupiter-like planets”) and random
inclination i. We took into account the number of epochs at which each
target was observed either by SPHERE or GPl. This was done by
counting the observations with SPHERE listed in the ESO Archive and
the GPI observations listed by Nielsen et al.”*, We assumed here that the
observations were acquired at a one-year separation (note that the
orbital periods typically are a few tens of yr). The fraction of planets
detected at least once—that is, the probability of detecting a Jupiter-
like planet—is given in Table 1 (we only give the result for the eccentric
orbit distribution). It depends on the distance from the Sun and on the
number of HCI observations. It ranges from values close to 1 for § Pic
(that was observed many times and is close to the Sun) to about 0.037
for HIP 89829, which is the object farthest from the Sun and has a
single HCI observation, and O for HIP 107620 that was never observed
with modern HCI instruments. The mean probability that a planet in
the range of separation 3-12 au around one of the 20 stars possibly
hosting Jupiter-like planets is not behind the coronagraph in at least
one of the epochs when it was observed is 40.4% for circular orbits and
42.3% for orbits with eccentricities uniformly distributed between O
and 0.5. We used this last value hereinafter.

So far four Jupiter-like planets have been discovered around three
systems in the BPMG from HCI campaigns; they are all more massive
than 4Mjypicer- Applying the orbital sampling correction, this implies
that 36 +19% of the stars with mass M>0.8M,, and that potentially
have Jupiter-like planets have one (or more) detected planet with a
mass >4Mj,picer and with semi-major axis in the range 3-12 au.

Indirect indications through astrometry signal. An additional indi-
cation for the presence of companions is given by the Proper Motion
Anomaly (PMa)**; this can be used for those systems where planets
were not detected in HCI. The PMa is the difference in the Proper
Motion measured in the Gaia Data Release 3 (DR3) catalogue and the
secular motion obtained comparing Gaia and Hipparcos positions.
Additional estimates of the PMa were obtained considering the Hip-
parcos and Gaia Data Release 2 proper motions, but they are less
accurate than that obtained using Gaia DR3 values®’*®. On the other
hand, also the Gaia re-normalised unit weight error (RUWE) can be
used to constrain the characteristics of potential companions. The

RUWE parameter is a measure of the residuals around the best five-
parameter astrometric solution®. A low value of the RUWE indicates
that the companion responsible for the PMa is not massive and/or is
close to the star®. We can then derive the upper limits of the possible
masses of companions at short separation using the procedure
described in the “Methods” section, subsection “Upper mass limits
from the Gaia RUWE parameter”.

The relevant data for this discussion are given in Table 2. Entries
are the 20 stars where there is no massive companion that would
make the orbit of Jupiter-like planets unstable*®. Note however that
only 17 of these stars were included in the Hipparcos catalogue; for
the remaining three stars there is not any information about the
PMa. For each star, we give the signal-to-noise ratio SNR of the PMa
and the value of the companion mass indicated by Kervella et al.*
(this is the average of the values obtained at 5 and 10 au), the number
of HCI observations available, the probability that the companion is
at separation >150 mas in at least one such observation, and for
those objects that were actually detected through HCI, the semi-
major axis of the orbit and masses derived from the orbits and from
their luminosity (using the 20 Myr isochrones by Baraffe et al.*%). In
the case of the eclipsing binary HIP 84586 = HD 155555, we revised
the companion mass derived from the PMa taking into consideration
that the star is a close binary and summing the masses of the two
components.

If we consider as significant a PMa detected with an
SNR(PMa) >3 by Kervella et al.”, the following additional targets are
likely to have planetary-like companions: HIP 560, HIP 10679, HIP
84586, HIP 88399 (see (see section “Methods”, subsection “Stars
with significant Proper Motion anomaly”). These four stars have all
been observed in HCI without detection of close companions;
however, the lesson of HIP 25486 =AF Lep b, detected by Mesa
et al.** after previous unsuccessful attempts, tells that the planets
may well be there, but they are not detectable in some observations
because at that epoch they were projected too close to the star.
Indeed, for these targets, the probability that the planet is observed
when it is not hidden by the coronagraph is rather low (see Table 2).
This probability decreases with the distance from the Sun. Figure 2
shows the distribution of the stars of the BPMG with M > 0.8M, in the
distance mass plane. We used different symbols for stars around
which a Jupiter-like planet has been detected using HCI, there is an
indication of a similar companion from PMa, there is a binary com-
panion that makes unstable the orbits of potential Jupiter-like pla-
nets, there is no detection, and for those lacking PMa data. Jupiter-
like planets have been discovered around the three closest stars of
the BPMG with mass above solar. Those stars where there is an
indication for similar (yet undetected) companions from PMa are
intermediate in distance and mass. This figure shows that the planets
discovered so far in the BPMG are around the three A-F stars closest
to the Sun. It is then very reasonable that there are Jupiter-like pla-
nets around the four stars with significant PMa not yet detected in
HCI because they are seen projected too close to the star - or too
faint to be detected. Indeed, four further indirect detections coin-
cide with the correction to the actual number of detected planets
expected due to orbital sampling. The median mass provided by
Kervella et al.” for them is 5.2Mjypiter, With individual values in the
range 3.28-18.45Mjypicer- They are difficult objects for HCI, but still,
they are planets much more massive than Jupiter.

If we add these four indirect detections to those obtained with
HCI, the frequency of stars hosting Jupiter-like planets with
masses >4Mjypicer is 41+ 12% (7 out 0f 17), if we only consider those stars
that have PMa values around the stars that might possibly host them.
The frequency of Jupiter-like planets may even be larger because there
may be similar or smaller planets that do not cause a significant PMa, as
suggested by the cases of S Pic and of 51 Eri that have a low SNR(PMa)
though they are known to host planets.
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Table 2 | Data for stars of the BPMG possibly hosting a Jupiter-like planet

HIP m (mas) SNR (PMa) M (PMa) (Mypiter) Nobs Prob a (au) Mayn (M) M, (My) Remark
560 25.16 3.02 3.28 2 0.482
10679 25.23 5.21 18.45 1 0.484
10680 25.28 2.04 4.56 2 0.487
AG Tri 24.42 1 0.459
21547 33.44 2.08 5.16 10 0.712 1 55+2.6 3.5+11 13
HD286264 18.83 1 0.273
25486 37.25 8.99 3.91 3 0.740 8.6 52+0.1 3.6+1.8 32
27321 51.44 0.86 3.41 20 0.983 2.68 8.9+0.8 71+£2.0 116
9.93 11.9+3.0 1M.2+1.0 66
29964 25.57 1.52 1.23 2 0.496
84586 32.95 4.87 6.3 2 0.662 Mass of A=2.23M,
TYC8728-2262-1 14.79 2 0.115 Mass of A=1.12Mg,
86598 15.20 2.80 4.77 2 0.133
88399 20.29 3.98 4.09 7 0.338 6 4 103
89829 12.43 0.45 0.98 3 0.037
92024 32.95 2.46 7.36 2 0.669
95261 20.60 216 1715 5 0.354 197.1 47.6+4.0 18
95270 20.93 2.33 2.45 3 0.354
98839 211 5.10 4.94 ) 0.355 M-companion at 146 au
99273 19.96 2.65 2.55 3 0.321
107620 30.08 2.34 1.41 0 0.000

Hipparcos number (HIP), the parallax m, the signal-to-noise ratio SNR(PMa), and the mass (M) obtained from analysis of the PMa®®, the number of HCI observations (Nops), the probability (Prob) that the
object is not behind the coronagraphin at least one of these observations, the semimajor axis (a) and dynamical and evolutionary mass of companions detected in HCI (Mg, and Me, respectively), and
remarks appropriate to the objects.

Fig. 2 | Run of the mass of the target stars (in M,,) as a function of distance d in
parsec. Different symbols are used for those stars around which a Jupiter-like
planet has been detected using HCI (black filled squares), there is an indication of a
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are provided as a Source Data file).
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Summary about the correction due to orbital sampling. The two
estimates of the frequency of stars having planets with
masses >4Mjypicer and separation in the range 3-12 au around stars with
mass M>0.8M,, are then 36 +19% if we consider the orbital sampling
correction to HCI observations and 41+12% if we combine direct
detections through HCI and indirect detections through PMA. The two
values agree with each other within the error bars. In the following, we
will adopt an average of the two values: 39 + 12%, where the error bar is
the minimum between the two different estimates. This is more than
an order of magnitude larger than the value obtained from RV surveys:
we in fact recall that the frequency of planets in the mass range
3-10Mjypiter and semi-major axis 3-10au obtained from RV is
about 2.0 +1.0%.

Mass correction

The total number of Jupiter-like planets in the BPMG is expected to be
larger than derived in the previous analysis because a large fraction of
the giant planets is expected to have a mass <4Mjypiter and would then
be undetected using either high-contrastimaging or PMa. For instance,
a real Jupiter analogue (mass ratio g about 0.001, semi-major axis of
5.2 au) would still be undetectable with the current techniques even in
this close group of stars. We notice that the final Gaia data release DR4
expected not before the end of 2025 will be sensitive to planets even
below this mass at the distance of the BPMG stars. To estimate the
relevance of the correction for planets with mass in the range
1-4Mjypicer We should consider the mass distribution F(Mp) of the mass
M, of giant planets that is however not well known. Observations®’
suggest a power-law distribution of the form of dF /dM, = kM;”, with k
a constant and the index p is about 1.3 + 0.2, over the relevant plane-
tary mass range (and for stellar masses in the range 0.5-2M,;). We may
then consider a similar distribution over the range 1-15Mjypiter, With the
upper mass end selected in order to include  Pic b and not too much
inconsistent with the range considered by Adams et al.*%, and the lower
limit consistent with our definition of Jupiter-like planets. We found
that 37+7% of these planets should have >4M,picer. The mass cor-
rection is then a factor of 2-3. The correction for incompleteness
in mass would be even higher if a steeper slope or a lower mass limit
were adopted for giant planet mass function, as suggested e.g. by
Nielsen et al.%,

Statistical relevance of the observed frequency of Jupiter-like
planets in our sample

In order to assess the statistical meaning of the frequency of the
occurrence of at least one Jupiter-like planet around a star in the BPMG,
we did the following. We considered sequences of 20 stars and
assumed a probability x that each of these stars has a Jupiter-like pla-
net. We then assumed that each of these planets has a probability P to
be observed, having a mass above the threshold for detection
(4Myypiter)- P is extracted from a Gaussian distribution centred on 0.39
and a standard deviation equal to 0.12, to take into account the
uncertainties present in the mass distribution. For each sequence, a
given number of planets will then be detectable, depending on the
value of x and P. Since we have 7 actual direct or indirect detections
over 20 stars (a conservative value because not all data are available for
all stars), we repeated the extraction 100,000 times for each value of x
at the step of 0.01 and counted which fraction of the cases yielded at
least 7 detections. We found that for x=0.99, we expect at least 7
detections in 50% of the cases and that this happened for only 5% of the
extractions when x=0.50. We conclude that the best value of x is
x=0.99 and it is >0.50 at a 95% level of confidence.

Discussion

Our analysis suggests that the formation of Jupiter-like planets around
stars with masses >0.8 M, at least for environments such as the BPMG,
is common (the best estimate is 99% and it is >50% at a 95% level of

confidence). This is indeed a prediction of the core-accretion
models8,9,44,45.

The frequency of Jupiter-like planets found for the BPMG is much
higher than typical for FGK stars in the solar neighbourhood, which we
reported in the Introduction. The metallicity of the BPMG is discussed
in the “Methods” section, subsection “Properties of the BPMG". It is
likely solar and then similar to the median of the stars observed in the
RV surveys, so we may exclude that it plays an important role. We may
think of four possible reasons for this apparent discrepancy, either
individually or most likely in combination.

First, the stars that we consider in the BPMG (M > 0.8M, median
mass 1.15M,,) have a mass that typically is larger than that considered in
the RV surveys. The masses of the three stars hosting Jupiter-like pla-
nets discovered by HCI are in the range 1.2-1.63M,,; the range is more
extended if we consider also stars with an SNR(PMa) > 3, but still, the
median mass is 1.20M,. The RV surveys provide results for stars with
spectral type later than F5 and down to K9, that is in the 0.60-1.33M,
range using data by Pecaut and Mamajek®. The median mass of the
stars we considered in the BPMG is then roughly 20% higher than for
typical field RV surveys. On the other hand, the frequency of giant
planets is expected to have a linear dependence on the stellar mass
from 0.4 to 3M,>*, a prediction that is verified by the observations®.
This might then explain part (though likely not all) of the observed
difference.

Second, with an age of about 20 Myr, the BPMG is much younger
than the stars surveyed with RVs, whose typical age is a few Gyr. The
lower frequency of planets seen around old stars might reflect a pro-
gressive loss of planets from systems, either due to long-term
instabilities of the systems or to the encounters with nearby objects
(or both, if close encounters trigger dynamical instabilities). It is dif-
ficult to assess the relevance of this effect for the programme stars
because we know little of their planetary systems. The two planets of
Pic are quite strongly interacting with each other, though the config-
uration is likely stable®.

Third, the disruptive dynamical influence of outer companions is
treated in a different way in RV surveys and in the present discussion.
While RV surveys have typically biases against close binaries, a sig-
nificant fraction of such objects are included in the samples. As an
example, 13% of the stars in the uniform detectability sample by
Fischer et al.** (which largely overlaps with the Cumming et al."” one)
have companions which do not allow dynamically stable orbits for
planets with a <10 au®. Such targets would have been excluded in our
statistical evaluation, somewhat reducing the observed discrepancy.

Finally, the total mass in stars of the BPMG should be about 94 M,
(see “Methods” section, subsection “Stellar and substellar compa-
nions”). The highest mass star is 7 Tel A with a mass of 2.0M; so it
should have been a T-association at birth, though at the low end of the
mass distribution®®, Also, at odds with other nearby young associa-
tions, the BPMG does not appear to be either comoving or possibly
linked to the core of known nearby open clusters®’, further supporting
its low-density nature. We define here as a low-density environment a
star-forming region with less than 300M,,. Miller and Scalo® estimated
that about 20% of the stars should form in T-associations, about 60% in
more massive OB-associations (most massive stars with a
mass >10M,), 10% in R-associations (most massive stars in the range
3-10M,), and the remaining 10% in open clusters (see also Lamers
et al.”"). On a similar tone, Lada & Lada’” spell that the vast majority
(90%) of stars that form in embedded clusters form in rich clusters of
100 or more members with masses in excess of 50M,, and embedded
clusters account for a significant (70-90%) fraction of all stars formed
in giant molecular clouds. So most stars likely form in more massive
environments than the BPMG. It is possible and even likely that this
influences the formation of Jupiter-like planets because the lifetime of
disks is limited by encounters (around more massive stars) and photo-
evaporation (around low-mass stars, M < 0.5M;) by nearby massive
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stars®*”>7’, This lifetime might then become comparable to or even
shorter than required for the formation of giant planets in the core-
accretion scenario. Adams et al.”® proposed that encounters with
potentially disruptive solar systems are frequent for very young clus-
ters with an initial population larger than 1000 stars, while there
should be virtually no effect if the population is as low as 100 stars.
Winter et al.” found a canonical threshold for the local stellar density
(n>10* pc’®, that is however much larger than typical of associations®®)
for which encounters can play a significant role in shaping the dis-
tribution of protoplanetary disk radii over a time-scale about 3 Myr.
According to the planet formation simulations by Mordasini et al.’
there should be virtually no giant planet around solar mass stars if the
disk lifetime is shorter than 1.5 Myr, while they may be present around
30-40% of the stars for lifetimes of 5 Myr. This is likely connected with
aresult from Pawellek et al.”®, where they found that the incidence rate
of debris disks around F-type stars in the BPMG is about 75% and much
higher than for older field stars, which cannot be explained by simple
collisional evolution models. This further adds to the possibility of a
more efficient planet (and planetesimal) formation in the BPMG.

Concerning this last hypothesis, there is an active debate about
the birthplace of the Solar System. It has been proposed that only two
very distinct types of stellar groups are serious contestants as the
cradle of the Sun—high-mass, extended associations (M >20,000M,)
and intermediate-mass, compact clusters (M>3000M,)"*%. This is
because of the need for a nearby SN to explain the isotopic abundances
for pre-solar grains (e.g. the abundances of 2°Al and °°Fe) and of a not-
too-disrupting environment to explain its current characteristics.
Possible present-day counterparts would be the association NGC 2244
and the M44 cluster. Both these possible environments have a much
higher mass and density than the BPMG.

We finally notice that the huge harvest of planetary systems
expected for the final release of Gaia should give a definitive answer to
the frequency of Jupiter-like planets in a variety of environments in a
few years from now®"*,

Methods

Properties of the BPMG

There exists a significant debate within the literature regarding the
precise elemental abundances of young clusters, associations, and
star-forming regions. Indeed, recent inquiries have cast doubt upon
the apparent absence of young stellar systems that possess solar or
super-solar compositions, suggesting that this may be attributed to the
influential presence of intense magnetic fields that impact the forma-
tion of spectral lines within the upper photosphere. For a compre-
hensive examination of this subject matter, we refer interested readers
to the work of Baratella et al.*>. Numerous high-resolution investiga-
tions indicate that young associations demonstrate a metallicity level
that is approximately similar to that of the Sun, denoted as [Fe/H] =0
in a logarithmic scale, with a conservative measurement error esti-
mated at approximately + 0.2 dex. Regarding the specific case of the
BPMG, only one study has been conducted thus far®*, and it solely
focuses on a single star within this system. Their findings reveal a value
of [Fe/H]=-0.01+ 0.08, which lends support to the notion of a young
stellar population conforming to the solar composition. It should be
noted that an exhaustive investigation of the metallicity of the BPMG
will be expounded upon in a dedicated publication.

Sample selection

We constructed a list of all known companions to stars in the BPMG
more massive than the 0.8M,,. The stars were initially selected from the
list by Shkolnik et al.”> complemented with three further targets (« Cir,
HIP 111170 and HIP 107620) proposed by Gagne and coworkers®*¢,
While the original list included 38 stars, we culled seven stars (HIP
7576, HIP 11360, HIP 47110, a Cir, HIP 79881, HIP 105441, and HIP
111170) that are not likely members according to more recent

analysis®** or for which the properties of a late-type companion are

clearly not compatible with the young age of BPMG (a Cir®°). We also
checked the membership of these targets using the BANYAN X tool®
with Gaia DR3”' kinematic parameters and found that HIP 12545 has a
null membership probability, and consequently, we did not consider it.
Two stars with ambiguous membership indicators (HIP 107620 and
HIP 98839) were kept conservatively in the target list (removing them
will further increase the retrieved planet and disk frequencies). We did
not consider V4046 Sgr which still hosts a gas-rich disk, because the
planet formation phase cannot be considered as complete. i Tel is not
included in the list of members by Gagne et al.** and Couture et al.”.
This is possibly due to the low-accuracy RV of the fast-rotating early
type star but the properties of the very wide comoving object HIP
95270 (classified as a bona fide member in all the studies) and of the BD
companion 5 Tel B are fully compatible with membership and we then
kept the object in the sample. The final list included 30 stars.

Stellar and substellar companions
Companions to these stars were drawn from the following data sets:
*  Visual companions from Gaia DR3 catalogue®” (Gaia in Table 3).
Gaia provides separate entries for objects with separation larger
than about 0.7 arcsec, and it is sensitive down to the substellar
regime at separation larger than a few arcsec. We considered
companion objects with full (5-elements) astrometric solution
within 10 arcmin from each star, whose relative projected velo-
city is below the escape velocity from the star at the projected
separation. For these systems, we assumed that the semi-major
axis (in au) is equal to the projected separation divided by the
parallax, which corresponds to the thermal eccentricity
distribution®® of f(e) =2e, e being the orbital eccentricity™. This
assumption underestimates the semi-major axis by about 25% in
the case of circular orbits. We deem the uncertainties related to

this fact as negligible in the present context.
* Additional visual binaries were considered from Mendez et a

and from the Binary Star Catalogue® (VIS in Table 3).
* For objects with magnitude G >4 (that is, are not heavily satu-

rated on the Gaia detectors), the RUWE parameter®” that
describes the residuals around the 5-elements solution can be
used as an indication that the star is an unresolved binary®®®,
Objects with RUWE > 1.4 are likely binaries. However, none of the
stars in our list have RUWE >1.4, save S Pic itself, which is
however brighter than the limit where this method can be used,
and the known binaries HIP 76629 = V343 Nor, CD-64 1208 and

TYC 6878-195-1.
* Objects with significant Proper Motion Anomaly (PMa) from

Kervella et al.”>, that we assume here to have a signal-to-noise
ratio SNR(PMa) >3 (they are marked with PMa in Table 3). The
PMa is the difference between the “instantaneous” proper
motion measured by Gaia (DR3, epoch 2016.0), and the “long
term" proper motion that is derived by considering the
Hipparcos and Gaia positions at their respective epochs
(1991.25 and 2016.0). The PMa is not available for nine stars
because they were not included in the Hipparcos catalogue. Ten
out of the remaining 21 stars with mass > 0.8M,, in the BPMG
have a significant PMa. This fraction is not unusual for nearby
stars such as those in the BPMG. PMa is sensitive well down to
substellar and even planetary masses for objects as close as

those in the BPMG. )
+ Optical interferometry from Evans et al.”” and Absil et al.”®,

However, while these studies revealed warm debris disks around
several of the BPMG, they did not detect any companion. Direct
detections of giant planets have however been reported using
the Very Large Telescope Interferometer VLTI/GRAVITY

instrument’”'%°, opening a promising parameter space.
+  High-contrast imaging using either GPI at the Gemini Telescope™

or SPHERE at VLT* (HCI in Table 3). High contrast imaging with

1.94

Nature Communications | (2023)14:6232



Article https://doi.org/10.1038/s41467-023-41665-0

Table 3 | Summary of data about companions to stars with M > 0.8M,, in the BPMG

HIP Other m(mas) Gp(mag) Gg(mag) Ka(mag) Kg(mag) Mj(Mg) Mg (Mo) q a (au) Method
560 25.16 6.094 5.240 1.34
TYC1208-468-1 18.95 10.032 10.181 0.79 0.77 0.97 86.26 Gaia
10679 25.23 7.623 6.262 1.02
10680 25.28 6.904 7.623 5.787 6.262 1.17 1.02 0.87 544 Gaia
AG Tri 24.42 9.744 11.433685 7.080 0.82 0.49 0.60 900.86 Gaia
21547 51 Eri 33.44 5141 4.537 18.490 1.49 0.0046 0.0031 1.1 HCI
5141 9.80 4.537 6.413 1.49 mm 0.74 2002 Gaia
HD286264 V1841 Ori 18.83 10.362 7.637 0.81
25486 AF Lep 37.25 6.210 4.926 16.646 1.20 0.0054 0.0045 8.60 HCI
27321 B Pic 51.44 3.823 3.480 12.470 1.63 0.0068 0.0042 2.68 HCI
3.823 3.480 14.300 1.64 0.01m2 0.0068 9.93 HCI
29964 AO Men 25.57 9.273 6.814 0.88
76629 V343 Nor 25.83 7.677 5.852 118 0.29 0.25 2.94 VIS
13.208 1.47 0.43 0.29 399.40 Gaia
TYC6820- 12.00 10.092 8.054 8.226 0.98 0.93 0.95 10.33 HCI
022341
84586 V824 Ara 32.95 6.461 4.702 1.15 1.08 0.94 0.04 EB
6.46 .47 4.702 7.629 2.23 0.49 0.22 1035 Gaia
TYC8728- 14.79 9.324 7.364 0.98 0.14 0.14 0.06 SB
22621
86598 15.20 8.195 6.992 1.15
HD 161460 13.05 8.864 6.776 1M 1.03 0.93 8.43 VIS
88399 20.29 6.912 5.913 1.25 0.0040 0.0032 6.0 PMa
6.912 12.313 5.913 8.273 1.25 0.51 0.41 320 Gaia
88726 HR6749 22.74 5.615 5.69 5.140 5.140 1.62 1.59 0.98 78.2 Gaia
89829 12.43 8.671 7.053 114
92024 HR7012 32.95 4.725 8.887 4.298 6.096 1.66 1.31 0.79 2165 Gaia
CD-64 1208 35.16 8.877 1.877 6.096 0.83 0.28 0.33 7.16 VIS
HD173167 19.77 7.175 6.136 1.21 0.60 0.50 1.53 SB
7175 113 6.136 7.854 1.81 0.63 0.35 27812 Gaia
92680 PZ Tel 21.16 8.102 6.366 1n.716 1.09 0.056 0.051 23.6 HCI
TYC6878-195-1 14.77 9.877 7.750 8.675 0.94 0.64 0.68 18.62 HCI
95261 n Tel 20.60 5.012 6.936 5.010 11.600 2.01 0.048 0.024 197 HCI
5.012 6.94 5.010 5.910 2.06 1.26 0.61 20210 Gaia
95270 20.93 6.936 5.910 1.26
98839 211 8.023 13.691 6.627 1.10 0.38 0.35 146.01 Gaia
99273 19.96 7.076 6.076 1.22
103311 21.78 7131 5.811 1.18 0.72 0.61 50.5 VIS
7131 9.91 5.811 7.039 1.90 0.73 0.63 14918 Gaia
7131 12.74 5.81 118 0.46 Gaia
107620 30.08 7.431 6.050 1.08

Columns are as follows: Hipparcos number, alternative star designation, parallax m (in mas), Gaia G magnitude of primary and secondary (G, and Gg, respectively), Two-micron All Sky Survey 2MASS
K magnitude of primary and secondary (K, and Kp, respectively), mass of primary and secondary (M, and Mp, respectively), mass ratio g, orbital semi-major axis a (in au), and method used to detect
the companion.

these high-performing instruments is available for all but six of
the target stars, the missing objects being TYC 1208-468-1, HD
161460, HIP 98839, HD 173167, CD-26 13904, HIP 107620, some
of them being known visual binaries from observations with
lower contrast'”. Data used are from various sources’®'°>'%, In
the future, important contributions are also expected from

James Webb Space Telescope (JWST'?).
Radial velocity variations (SB in Table 3). The relevant data

were from Trifonov et al.'® and Grandjean et al.'””. We found
no data in the Amber catalogue based on the Fibre-fed

for 23 stars. All these stars have variable RVs, but in most cases,
the RV variations can be explained by pulsation and/or
activity.

HIP 84586 = V824 Ara = HD 155555 is a renowned eclipsing binary
(EB in Table 3). The adopted solution is from Tokovinin’. We
also inspected the time series in the Transiting Exoplanet Survey
Satellite (TESS) archive that is available for 15 of the stars but we
did not find evidence of additional companions.

The parameters for the substellar companions were obtained as

Extended Range Optical Spectrograph (FEROS) data'™®. We
also examined the RVs measured by Gaia'™ that are available

follows: 51 Eri b">'; AF Lep b*%; B Pic b and c®*"*%; HIP 88399 b'®*; PZ
Tel B*'; n Tel B,
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Fig. 3 | Diagrams showing the mass of companions (in M) that may be
responsible for the observed Proper Motion anomaly (PMA)* as a function of
semi-major axis a in au (blue solid line). They are compared with 90% confidence
upper limits obtained from the Gaia RUWE parameter (green dashed line), the
upper limit from high-contrast imaging (HCI) with SPHERE* (orange solid line), and
the upper limit from RVs (red dotted line)'*’. The solid violet lines mark the position
of known debris disks” and the dash-dotted violet lines are the outer edge of the
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stability region due to the presence of these disks or of known companion (HIP
10679). Upper left panel: HIP 560, HCI from Dahlqyist et al.'; Upper right panel:
HIP 10679, HCI from Dahlqvist et al.'°°; Lower left panel: HIP 84586 HCI from
Asensio-Torres et al.'”; Lower right panel: HIP 88399, HCI from Mesa et al.'’, The
orange area is occupied by Jupiter-like planets. The companions responsible for the
PMa should be close to the solid blue line, below the dashed green, the solid orange
line, the dotted red line, and the left of the dash-dotted violet line.

Masses for the stars are derived from the absolute Gaia G mag-
nitudes using the calibration by Pecaut and Mamajek®* if G<3, else
from the 20 Myr old isochrone by Baraffe et al.®*. The masses in Col-
umn 8 are the sum of the masses of all components within the
considered one.

For HIP 21547, the far companion is itself a binary (GJ3305); the
mass is the sum of the two components.

The secondary of HIP 88399 is at PA = 89.12 degree which is quite
different from the PA of the PMa (131 + 14 degree); the mass of 0.51M,,
is also not enough to produce a PMa as large as observed by a factor of
about four. We then conclude that the PMa is caused by a closer
companion, not yet detected in imaging.

In the case of HIP 98839, the PMa of the primary (both in
absolute value and velocity) may be explained by the secondary
detected by Gaia if its mass were about 0.43M,, to be compared with
the value of about 0.35M, derived from the photometry: this is a
good agreement given the approximations made. The secondary has
a high value of the RUWE parameter and the radial velocity reported
by Gaia is offset by 25.3 km s™ with respect to the primary (though
they have very similar parallax and proper motion, clearly indicating
the physical link): these two facts indicate that it is likely itself a close
binary; this would explain a dynamical mass larger than that derived
from photometry. However, since we have no further details on it,
we will not make any correction to its total mass for this. Anyhow, for
the Occam razor, we will assume that this is the object responsible
for the PMa.

The companion of HIP 92024 = HD 172555, CD-64 1208, is itself a
binary™® with an apparent separation of 0.1-0.2 arcsec from the
online version of the Washington Double Star (WDS) catalogue'’;
the value for the mass ratio g is that obtained by dividing the mass of

the primary for the sum of the two components of the secondary
from Bonavita et al."””.

For HIP 103311 we took into consideration that the wide Gaia
companion is itself a close binary; the mass ratio g with respect to the
inner binary is the value obtained by combining the two components.

In addition, HIP 10679/HIP 10680, HIP 95261/HIP 95270, and HIP
92024/CD-64 1208 are wide binaries. They are given as primaries and
as secondaries to the brighter component.

The total mass in these systems is 52 M. Summing up all the other
members in Shkolnik et al.”, the total mass of the BPMG should be
about 94 M,

Stars with significant Proper Motion anomaly

The following four targets are likely to have planetary-like compa-
nions: HIP 560, HIP 10679, HIP 84586, HIP 88399 because of the value
of the PMa>. Figure 3 illustrates the constraints we can derive for these
objects by combining data from the PMa, from RUWE, and HCI. The
case of HIP 88399 has been described in detail by Mesa et al."® which
included in their analysis also the information from RVs'”. We may
consider that in this system there is very likely a planet at a distance of
about 6 au and a mass of about 4Mj,picer, With uncertainties of a factor
of two or less in both quantities. In the case of HIP 10679, the PMa is
too large to be due to the secondary; it is also directed towards a PA
(138 + 11 degree) that is very different from that of the secondary (HIP
10680: PA =31.81 degree), as it should rather be expected at this wide
separation'””. We then attribute it to additional companion(s). The
location of the companions is further constrained by the presence of
debris disks around HIP 560 and HIP 88399, and of the known com-
panions for HIP 84586 and (HIP 10679) for HIP 10680. These set inner
and outer limits to the region for stable orbits for the systems. We
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Table 4 | Eccentricities for Jupiter-like and other planets at
separation <80 au

Planet M a e Reference
Mjupiter au
Jupiter-like planets (a <12 au)
beta Pic ¢ 6.8 2.68 0.24 66
HD206893 ¢ 12.7 9.6 0.4 125
AF Lep b 5.4 8.6 0.47 32
beta Pic b 1.2 9.93 0.10 66
51Erib 4.6 1.1 0.45 126
Slightly farther planets (12 <a <80 au)
HR8799 e 8.1 16.28 0.148 127
PDS70 b 7.0 22.7 0.17 128
HR8799 d 9.5 26.78 0.115 127
PDS70 c 4.4 30.2 0.037 128
HR8799 c 7.7 41.40 0.054 127
HD95086 b 2.6 62 <0.18 129
HR8799 b 6.0 71.95 0.017 127

Columns are as follows: Planet designation, Mass, Semimajor axis, eccentricity, references.

computed these limits as in Holman and Wiegart*®, with null eccen-
tricity for the disks and an eccentricity equal to 0.66 for the case of a
stellar companion. With these constraints, the companions of HIP 560,
HIP 84586, and HIP 88399 are likely Jupiter-like planets (the area cor-
responding to this class of planets is marked as orange in the plots). If a
single object, the companion of HIP 10679 is a small BD of about
20Myypicer- However, such a massive object would likely have been
detected in HCI and/or through the value of RUWE. Alternatively, the
large PMa value might be explained by the combination of the con-
tributions by two massive Jupiter-like planets; this explanation may
better match the lack of detection in HCI and through RUWE. The
observed PMa for a star having several companions is the vector sum
of the PMa due to individual companions. The signal due to two pla-
nets, each one with a mass smaller than that indicated by the blue line,
may combine to produce a signal similar to an individual planet with a
mass as indicated by the blue line if the individual PMa vectors have a
similar direction. Note that a combination of the signal of two planets
may also lead to a cancellation, that is a PMa lower than expected for
the individual objects, if the individual PMa vectors are directed at very
different angles one from the other.

Debris disks

As our adopted member list has some differences with respect to
Pawellek et al.”®, we update the census of frequency of F-type stars with
debris disks accordingly. With the removal of HIP 11360 and HIP 111170,
it results that 8/10 stars have clear signatures of the presence of debris
disks (spatially resolved disks or IR excess), confirming the very high
disk frequency’®. Considering instead our full list of stars more massive
than 1M, the frequency of stars with disks results of 60% (12/20), and,
for the stars without perturbers in the 3-12 au region considered for
statistical analysis for planetary companions, a higher frequency of
69% (11/16). All these frequencies do not include observational
incompleteness and are then lower limits.

Eccentricity distribution for Jupiter-like planets

There are few Jupiter-like planets discovered so far from HCI; a few more
are at separation <80 au. The eccentricities of their orbits are given in
Table 4. This sample is small and possibly biased; eccentricities may be
overestimated when errors are large; finally, the role of multiple-planet
systems (that typically have low eccentricities) is not well clear. With
these caveats, we note that there is no known planet detected through

direct imaging with a <80 au with e>0.5 and that the average value is
€=0.20+0.16. This value agrees within the errors with the median
eccentricity obtained for 126 Jupiter-like planets extracted from RV
surveys (e=0.26"0 % ; using data listed in the Extrasolar Encyclopaedia,
that are however typically much older than those considered here and
may have their eccentricities pumped up by secular evolution. The low
typical value for the eccentricity of planets agrees with the conclusion of
Bowler et al.””>. We will then assume that Jupiter-like planets have a
uniform distribution of eccentricities over the range of 0-0.5.

Upper mass limits from the Gaia RUWE parameter

The Gaia RUWE parameter is a measure of the residuals around the
5-parameter astrometric solution by Gaia. A value of RUWE > 1.4 is
indicative of binarity®® and corresponds to residuals ¢ around the
solution larger than the value of about 0.3 mas which is the typical
error of individual Gaia measures®. We may use this to set upper limits
to the mass of companions in the case where RUWE<1.4. To this
purpose, we computed the residuals around a best-fit straight line
fitting through astrometric points of a sequence simulating the Gaia
observations but including the wobble of the primary due to the
orbital motion of a companion of different mass. For small mass
objects, we may neglect the contribution due to the light from the
secondary to the motion of the photocenter. For simplicity, we
assumed circular orbits, but we assumed random phases (at the start of
the Gaia observations) and inclinations i, respectively with uniform and
proportional to cos i distributions. For each mass of the secondary, we
repeated the experiment with 1000 random trials and derived the
secondary mass where 90% of the trials have o < 0.3. We notice that the
astrometric signal is given by (Mg/M,)s, where M, and Mjp are the
masses of the primary and secondary (in units of M), respectively, and
sis the semi-major axis a in au multiplied by the parallax m (in mas). We
found that the 90% confidence upper limit of the mass of the sec-
ondary obtained through the Monte Carlo simulation is well repro-
duced by the approximate relations:

My<oMa @
amn

if the time covered by the observations considered by Gaia DR3 AT =
2.83 year is shorter than 0.6 times the orbital period P (in yr), and:

My( P\ 3
MB<0a”<ﬁAT> 3)

if AT>0.6P.

Data availability

Datasets generated during and/or analysed during the current study
are provided with this paper in the source_file.xs file. To generate this
data we used the ESO Archive at http://archive.eso.org/eso/eso_
archive_main.html; the Gaia Data Release 3 (DR3, https://www.
cosmos.esa.int/web/gaia/dr3); the TESS database https://www.nasa.
gov/tess-transiting-exoplanet-survey-satellite; the Extrasolar Encyclo-
pedia (http://exoplanet.eu/ Source data are provided with this paper.

Code availability

We wrote two simple procedures using IDL: out_of coro.pro: this code
estimates the probability of observing a Jupiter-like planet projected
out of the coronagraphic field mask using a Monte Carlo approach;
best_fraction.pro: this code estimates the most probable value of the
fraction of stars hosting Jupiter-like planets given the observed num-
ber of detections in the BPMG sample. Both codes are available from
the first author upon request. We used the on-line BANYAN X tool
(https://www.exoplanetes.umontreal.ca/banyan/banyansigma.php) to
check the membership of the targets to the BPMG association.

Nature Communications | (2023)14:6232

10


http://archive.eso.org/eso/eso_archive_main.html
http://archive.eso.org/eso/eso_archive_main.html
https://www.cosmos.esa.int/web/gaia/dr3
https://www.cosmos.esa.int/web/gaia/dr3
https://www.nasa.gov/tess-transiting-exoplanet-survey-satellite
https://www.nasa.gov/tess-transiting-exoplanet-survey-satellite
http://exoplanet.eu/
https://www.exoplanetes.umontreal.ca/banyan/banyansigma.php

Article

https://doi.org/10.1038/s41467-023-41665-0

References

1.

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Raymond, S. N., Izidoro, A. & Morbidelli, A. Solar system formation
in the context of extrasolar planets. In Planetary Astrobiology (eds
Meadows, V. S., Arney, G. N., Schmidt, B. E. & Des Marais, D. J.) 287
(University of Arizona Press, Tucson, 2020).

Raymond, S. N. & Morbidelli, A. Planet formation: key mechanisms
and global models. In Demographics of Exoplanetary Systems,
Lecture Notes of the 3rd Advanced School on Exoplanetary Sci-
ence, vol. 466 of Astrophysics and Space Science Library (eds
Biazzo, K., Bozza, V., Mancini, L. & Sozzetti, A.) 3-82 (Springer,
Berlin, 2022).

Martin, R. G. & Livio, M. The solar system as an exoplanetary sys-
tem. Astrophys. J. 810, 105 (2015).

Gaudi, B. S. The demographics of wide-separation planets. In
Demographics of Exoplanetary Systems, Lecture Notes of the 3rd
Advanced School on Exoplanetary Science, vol. 466 of Astro-
physics and Space Science Library (eds Biazzo, K., Bozza, V.,
Mancini, L. & Sozzetti, A.) 237-291 (2022).

Hayashi, C. Structure of the solar nebula, growth and decay of
magnetic fields and effects of magnetic and turbulent viscosities
on the nebula. Prog. Theor. Phys. Suppl. 70, 35-53 (1981).
Podolak, M. & Zucker, S. A note on the snow line in protostellar
accretion disks. Meteorit. Planet. Sci. 39, 1859-1868 (2004).
Martin, R. G. & Livio, M. On the evolution of the snow line in pro-
toplanetary discs. Mon. Not. R. Astron. Soc. 425, L6-1L9 (2012).
Pollack, J. B. et al. Formation of the giant planets by concurrent
accretion of solids and gas. Icarus 124, 62-85 (1996).

Mordasini, C., Alibert, Y., Benz, W., Klahr, H. & Henning, T. Extra-
solar planet population synthesis. IV. Correlations with disk
metallicity, mass, and lifetime. Astron. Astrophys. 541, A97 (2012).
Bitsch, B., Lambrechts, M. & Johansen, A. The growth of planets by
pebble accretion in evolving protoplanetary discs. Astron. Astro-
phys. 582, A112 (2015).

Lin, D. N. C., Bodenheimer, P. & Richardson, D. C. Orbital migration
of the planetary companion of 51 Pegasi to its present location.
Nature 380, 606-607 (1996).

Cumming, A. et al. The Keck Planet Search: detectability and the
minimum mass and orbital period distribution of extrasolar pla-
nets. Pub. Astron. Soc. Pac. 120, 531 (2008).

Wittenmyer, R. A. et al. The Anglo-Australian Planet Search XXIV:
the frequency of Jupiter analogs. Astrophys. J. 819, 28 (2016).
Zhu, W. The intrinsic multiplicity distribution of exoplanets
revealed from the radial velocity method. Astron. J. 164, 5 (2022).
Fernandes, R. B., Mulders, G. D., Pascucci, |., Mordasini, C. &
Emsenhuber, A. Hints for a turnover at the snow line in the giant
planet occurrence rate. Astrophys. J. 874, 81 (2019).

Lagrange, A. M. et al. On the radial distribution of giant exoplanets
at Solar System scales. Astron. Astrophys. 677, A71 (2023).
Bryan, M. L. et al. Statistics of long period gas giant planets in
known planetary systems. Astrophys. J. 821, 89 (2016).

Knutson, H. A. et al. Friends of Hot Jupiters. I. A radial velocity
search for massive, long-period companions to close-in gas giant
planets. Astrophys. J. 785, 126 (2014).

Bryan, M. L. et al. An excess of Jupiter analogs in super-earth
systems. Astron. J. 157, 52 (2019).

Zhu, W. & Wu, Y. The super earth-cold Jupiter relations. Astron. J.
156, 92 (2018).

Rosenthal, L. J. et al. The California Legacy Survey. I. A catalog of
178 planets from precision radial velocity monitoring of 719 nearby
stars over three decades. Astrophys. J. Suppl. 255, 8 (2021).
Gould, A. et al. Frequency of solar-like systems and of ice and gas
giants beyond the snow line from high-magnification microlen-
sing events in 2005-2008. Astrophys. J. 720, 1073-1089

(2010).

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Johnson, J. A, Aller, K. M., Howard, A. W. & Crepp, J. R. Giant
planet occurrence in the stellar mass-metallicity plane. Pub.
Astron. Soc. Pac. 122, 905 (2010).

Fischer, D. A. & Valenti, J. The planet-metallicity correlation.
Astrophys. J. 622, 1102-1117 (2005).

Shkolnik, E. L., Allers, K. N., Kraus, A. L., Liu, M. C. &Flagg, L. All-sky
Co-moving Recovery Of Nearby Young Members (ACRONYM). II.
The B Pictoris moving group. Astron. J. 154, 69 (2017).
Miret-Roig, N. et al. Dynamical traceback age of the 8 Pictoris
moving group. Astron. Astrophys. 642, A179 (2020).

Couture, D., Gagné, J. & Doyon, R. Addressing systematics in the
traceback age of the (3 Pictoris moving group. Astrophys. J. 946,
6 (2023).

Nielsen, E. L. et al. The Gemini Planet Imager Exoplanet Survey:
giant planet and brown dwarf demographics from 10 to 100 au.
Astron. J. 158, 13 (2019).

Vigan, A. et al. The SPHERE infrared survey for exoplanets (SHINE).
Ill. The demographics of young giant exoplanets below 300 au
with SPHERE. Astron. Astrophys. 651, A72 (2021).

Beuzit, J. L. et al. SPHERE: the exoplanet imager for the Very Large
Telescope. Astron. Astrophys. 631, A155 (2019).

Macintosh, B. et al. First light of the Gemini Planet Imager. Proc.
Natl Acad. Sci. USA 1M1, 12661-12666 (2014).

Mesa, D. et al. AF Lep b: the lowest mass planet detected coupling
astrometric and direct imaging data. Astron. Astrophys. 672,
A93 (2023).

De Rosa, R. J. et al. Direct imaging discovery of a super-Jovian
around the young Sun-like star AF Leporis. Astron. Astrophys. 672,
A94 (2023).

Franson, K. et al. Astrometric accelerations as dynamical beacons:
a giant planet imaged inside the debris disk of the young star AF
Lep. Astrophys. J. 950, L19 (2023).

Raghavan, D. et al. A survey of stellar families: multiplicity of solar-
type stars. Astrophys. J. Suppl. 190, 1-42 (2010).

Kohler, R. et al. Multiplicity of young stars in and around R Coronae
Australis. Astron. Astrophys. 488, 997-1006 (2008).

Leinert, C. et al. A systematic search for young binaries in Taurus.
Astron. Astrophys. 278, 129-149 (1993).

Kohler, R. & Leinert, C. Multiplicity of T Tauri stars in Taurus after
ROSAT. Astron. Astrophys. 331, 977-988 (1998).

Mordasini, C., Alibert, Y. & Benz, W. Extrasolar planet population
synthesis. I. Method, formation tracks, and mass-distance dis-
tribution. Astron. Astrophys. 501, 1139-1160 (2009).

Chabrier, G. Galactic stellar and substellar initial mass function.
Pub. Astron. Soc. Pac. 115, 763-795 (2003).

Chabrier, G. The initial mass function: from Salpeter 1955 to 2005.
In The Initial Mass Function 50 Years Later, Vol. 327 of Astrophysics
and Space Science Library (eds Corbelli, E., Palla, F. & Zinnecker,
H.) 41 (2005).

Kroupa, P. On the variation of the initial mass function. Mon. Not. R.
Astron. Soc. 322, 231-246 (2001).

Kouwenhoven, M. B. N., Brown, A. G. A., Portegies Zwart, S. F. &
Kaper, L. The primordial binary population. Il. Recovering the
binary population for intermediate mass stars in Scorpius OB2.
Astron. Astrophys. 474, 77-104 (2007).

Alibert, Y., Mordasini, C., Benz, W. & Winisdoerffer, C. Models of
giant planet formation with migration and disc evolution. Astron.
Astrophys. 434, 343-353 (2005).

Lambrechts, M. & Johansen, A. Rapid growth of gas-giant cores by
pebble accretion. Astron. Astrophys. 544, A32 (2012).

Boss, A. P. Giant planet formation by gravitational instability. Sci-
ence 276, 1836-1839 (1997).

Durisen, R. H. et al. Gravitational instabilities in gaseous proto-
planetary disks and implications for giant planet formation. In

Nature Communications | (2023)14:6232



Article

https://doi.org/10.1038/s41467-023-41665-0

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Protostars and Planets V (eds Reipurth, B., Jewitt, D. & Keil, K.)
607 (2007).

Holman, M. J. & Wiegert, P. A. Long-term stability of planets in
binary systems. Astron. J. 117, 621-628 (1999).

Franson, K. & Bowler, B. P. Dynamical mass of the young brown
dwarf companion PZ Tel B. Astron. J. 165, 246 (2023).

Murphy, S. J. et al. Finding binaries from phase modulation of
pulsating stars with Kepler: V. Orbital parameters, with eccen-
tricity and mass-ratio distributions of 341 new binaries. Mon. Not.
R. Astron. Soc. 474, 4322-4346 (2018).

Hwang, H.-C., Ting, Y.-S. & Zakamska, N. L. The eccentricity dis-
tribution of wide binaries and their individual measurements. Mon.
Not. R. Astron. Soc. 512, 3383-3399 (2022).

Brandeker, A. et al. Deficit of wide binaries in the n Chamaeleontis
young cluster. Astrophys. J. 652, 1572-1584 (2006).

The HIPPARCOS and TYCHO catalogues. Astrometric and Photo-
metric Star Catalogues Derived from the ESA HIPPARCOS Space
Astrometry Mission, Vol. 1200 (ESA Special Publication, 1997).
Gaia Collaboration. et al. The Gaia mission. Astron. Astrophys. 595,
A1(2016).

Kervella, P., Arenou, F. & Thévenin, F. Stellar and substellar com-
panions from Gaia EDR3. Proper-motion anomaly and resolved
common proper-motion pairs. Astron. Astrophys. 657, A7 (2022).
Brandt, T. D. The Hipparcos-Gaia catalog of accelerations: Gaia
EDRS edition. Astrophys. J. Suppl. 254, 42 (2021).

Kervella, P., Arenou, F., Mignard, F. & Thévenin, F. Stellar and
substellar companions of nearby stars from Gaia DR2. Binarity
from proper motion anomaly. Astron. Astrophys. 623, A72 (2019).
Brandt, T. D. The Hipparcos-Gaia catalog of accelerations. Astro-
phys. J. Suppl. 239, 31 (2018).

Lindegren, L. et al. Gaia Data Release 2. The astrometric solution.
Astron. Astrophys. 616, A2 (2018).

Belokurov, V. et al. Unresolved stellar companions with Gaia DR2
astrometry. Mon. Not. R. Astron. Soc. 496, 1922-1940 (2020).
Baraffe, I., Chabrier, G., Allard, F. & Hauschildt, P. H. Evolutionary
models for solar metallicity low-mass stars: mass-magnitude
relationships and color-magnitude diagrams. Astron. Astrophys.
337, 403-412 (1998).

Baraffe, |., Homeier, D., Allard, F. & Chabrier, G. New evolutionary
models for pre-main sequence and main sequence low-mass stars
down to the hydrogen-burning limit. Astron. Astrophys. 577,

A42 (2015).

Adams, F. C., Meyer, M. R. & Adams, A. D. A theoretical framework
for the mass distribution of gas giant planets forming through the
core accretion paradigm. Astrophys. J. 909, 1 (2021).

Pecaut, M. J. & Mamajek, E. E. Intrinsic colors, temperatures, and
bolometric corrections of pre-main-sequence stars. Astrophys. J.
Suppl. 208, 9 (2013).

Kennedy, G. M. & Kenyon, S. J. Planet formation around stars of
various masses: the snow line and the frequency of giant planets.
Astrophys. J. 673, 502-512 (2008).

Lacour, S. et al. The mass of 8 Pictoris ¢ from 8 Pictoris b orbital
motion. Astron. Astrophys. 654, L2 (2021).

Bonavita, M. & Desidera, S. Frequency of planets in binaries.
Galaxies 8, 16 (2020).

Wright, N. J., Goodwin, S., Jeffries, R. D., Kounkel, M. & Zari, E. OB
associations. In Astronomical Society of the Pacific Conference
Series Vol. 543 (eds Inutsuka, S., Aikawa, Y., Muto, T., Tomida, K., &
Tamura, M.) 129 (2023).

Gagné, J., Faherty, J. K., Moranta, L. & Popinchalk, M. A number of
nearby moving groups may be fragments of dissolving open
clusters. Astrophys. J. Lett. 915, 129 (2021).

Miller, G. E. & Scalo, J. M. On the birthplaces of stars. Pub. Astron.
Soc. Pac. 90, 506-513 (1978).

7.

72.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Lamers, H. J. G. L. M. & Gieles, M. Clusters in the solar neigh-
bourhood: how are they destroyed? Astron. Astrophys. 455,
L17-L20 (2006).

Lada, C. J. & Lada, E. A. Embedded clusters in molecular clouds.
Ann. Rev. Astron. Astrophys. 41, 57-115 (2003).

Adams, F. C. & Myers, P. C. Modes of multiple star formation.
Astrophys. J. 553, 744-753 (2001).

Adams, F. C., Hollenbach, D., Laughlin, G. & Gorti, U. Photo-
evaporation of circumstellar disks due to external far-ultraviolet
radiation in stellar aggregates. Astrophys. J. 611, 360-379
(2004).

Winter, A. J. et al. Protoplanetary disc truncation mechanisms in
stellar clusters: comparing external photoevaporation and tidal
encounters. Mon. Not. R. Astron. Soc. 478, 2700-2722 (2018).
Parker, R. J., Alcock, H. L., Nicholson, R. B., Pani¢, O. & Goodwin, S.
P. External photoevaporation of protoplanetary disks: does loca-
tion matter? Astrophys. J. 913, 95 (2021).

Winter, A. J., Haworth, T. J., Coleman, G. A. L. & Nayakshin, S. The
growth and migration of massive planets under the influence of
external photoevaporation. Mon. Not. R. Astron. Soc. 515,
4287-4301 (2022).

Pawellek, N., Wyatt, M., Matra, L., Kennedy, G. & Yelverton, B. A ~75
per cent occurrence rate of debris discs around F stars in the 8 Pic
moving group. Mon. Not. R. Astron. Soc. 502, 5390-5416 (2021).
Pfalzner, S. Early evolution of the birth cluster of the solar system.
Astron. Astrophys. 549, A82 (2013).

Pfalzner, S. & Vincke, K. Cradle(s) of the Sun. Astrophys. J. 897,
60 (2020).

Lattanzi, M. G. & Sozzetti, A. Gaia and the astrometry of giant
planets. In Pathways Towards Habitable Planets, Vol. 430 of
Astronomical Society of the Pacific Conference Series, 253 (eds
Coudé du Foresto, V., Gelino, D. M. & Ribas, |.) (Astronomic Society
of the Pacific, 2010).

Perryman, M., Hartman, J., Bakos, G. A. & Lindegren, L. Astrometric
exoplanet detection with Gaia. Astrophys. J. 797, 14 (2014).
Baratella, M. et al. The Gaia-ESO Survey: a new approach to che-
mically characterising young open clusters. |. Stellar parameters,
and iron-peak, a-, and proton-capture elements. Astron. Astro-
phys. 634, A34 (2020).

Viana Almeida, P. et al. Search for associations containing young
stars (SACY). ll. Chemical abundances of stars in 11 young asso-
ciations in the solar neighborhood. Astron. Astrophys. 501,
965-971 (2009).

Gagné, J. & Faherty, J. K. BANYAN. XIII. A first look at nearby young
associations with Gaia Data Release 2. Astrophys. J. 862,

138 (2018).

Gagné, J., Roy-Loubier, O., Faherty, J. K., Doyon, R. & Malo, L.
BANYAN. XII. New members of nearby young associations from
GAIA-Tycho data. Astrophys. J. 860, 43 (2018).

Messina, S. et al. The 8 Pictoris association low-mass members:
membership assessment, rotation period distribution, and
dependence on multiplicity. Astron. Astrophys. 607, A3 (2017).
Gagné, J. et al. BANYAN. XI. The BANYAN X multivariate bayesian
algorithm to identify members of young associations with 150 pc.
Astrophys. J. 856, 23 (2018).

Desidera, S. et al. The SPHERE infrared survey for exoplanets
(SHINE). I. Sample definition and target characterization. Astron.
Astrophys. 651, A70 (2021).

Desidera, S. et al. The VLT/NaCo large program to probe the
occurrence of exoplanets and brown dwarfs in wide orbits. I.
Sample definition and characterization. Astron. Astrophys. 573,
A126 (2015).

Gaia Collaboration. et al. Gaia Data Release 3: summary of the
content and survey properties. Astron. Astrophys. 674, A1 (2023).

Nature Communications | (2023)14:6232

12



Article

https://doi.org/10.1038/s41467-023-41665-0

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

10.

m.

2.

13.

Gaia Collaboration. et al. Gaia Early Data Release 3. Summary of
the contents and survey properties. Astron. Astrophys. 649,
A1(2021).

Ambartsumian, V. A. On the statistics of double stars. Astron. Zh.
14, 207-219 (1937).

Mendez, R. A., Claveria, R. M., Orchard, M. E. & Silva, J. F. Orbits for
18 visual binaries and two double-line spectroscopic binaries
observed with HRCAM on the CTIO SOAR 4 m Telescope, using a
new Bayesian Orbit Code based on Markov Chain Monte Carlo.
Astron. J. 154, 187 (2017).

Tokovinin, A. The updated multiple star catalog. Astrophys. J.
Suppl. 235, 6 (2018).

Stassun, K. G. & Torres, G. Parallax systematics and photocenter
motions of benchmark eclipsing binaries in Gaia EDR3. Astrophys.
J. Lett. 907, L33 (2021).

Evans, T. M. et al. Mapping the shores of the brown dwarf desert.
Il. Young Moving Groups. Astrophys. J. 744, 120 (2012).

Absil, O. et al. A near-infrared interferometric survey of debris-disk
stars. VII. The hot-to-warm dust connection. Astron. Astrophys.
651, A45 (2021).

GRAVITY Collaboration. et al. First direct detection of an exoplanet
by optical interferometry. Astrometry and K-band spectroscopy of
HR 8799 e. Astron. Astrophys. 623, L11 (2019).

GRAVITY Collaboration. et al. Peering into the formation history of
B Pictoris b with VLTI/GRAVITY long-baseline interferometry.
Astron. Astrophys. 633, A110 (2020).

Elliott, P. et al. Search for associations containing young stars
(SACY). VL. Is multiplicity universal? Stellar multiplicity in the range
3-1000 au from adaptive-optics observations. Astron. Astrophys.
580, A88 (2015).

Langlois, M. et al. The SPHERE infrared survey for exoplanets
(SHINE). II. Observations, data reduction and analysis, detection
performances, and initial results. Astron. Astrophys. 651, A71(2021).
Mesa, D. et al. Constraining masses and separations of unseen
companions to five accelerating nearby stars. Astron. Astrophys.
665, A73 (2022).

Asensio-Torres, R. et al. SPOTS: the search for planets orbiting two
stars. lll. Complete sample and statistical analysis. Astron. Astro-
phys. 619, A43 (2018).

Hagelberg, J. et al. VIBES: Visual Binary Exoplanet survey with
SPHERE. Upper limits on wide S-planet and S-BD frequencies,
triple system discovery, and astrometric confirmation of 20 stellar
binaries and three triple systems. Astron. Astrophys. 643,

A98 (2020).

Dahlgvist, C. H. et al. The SHARDDS survey: limits on planet
occurrence rates based on point sources analysis via the Auto-
RSM framework. Astron. Astrophys. 666, A33 (2022).

Miles, B. E. et al. The JWST early release science program for direct
observations of exoplanetary systems II: A 1to 20 micron spec-
trum of the planetary-mass companion VHS 1256-1257 b. Astro-
phys. J. 946, L6 (2023).

Trifonov, T. et al. Public HARPS radial velocity database corrected
for systematic errors. Astron. Astrophys. 636, A74 (2020).
Grandjean, A. et al. A HARPS RV search for planets around young
nearby stars. Astron. Astrophys. 633, A44 (2020).

Worley, C. C. et al. The AMBRE Project: stellar parameterisation of
the ESO:FERQOS archived spectra. Astron. Astrophys. 542, A48
(2012).

Katz, D. et al. Gaia Data Release 3. Properties and validation of the
radial velocities. Astron. Astrophys. 674, A5 (2023).

De Rosa, R. J. et al. An updated visual orbit of the directly imaged
exoplanet 51 Eridani b and prospects for a dynamical mass mea-
surement with Gaia. Astron. J. 159, 1 (2020).

Samland, M. et al. Spectral and atmospheric characterization of 51
Eridani b using VLT/SPHERE. Astron. Astrophys. 603, A57 (2017).

14.

115.

6.

17.

18.

9.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Lagrange, A. M. et al. A giant planet imaged in the disk of the
young star 8 pictoris. Science 329, 57 (2010).

Currie, T. et al. A combined very large telescope and Gemini study
of the atmosphere of the directly imaged planet, 8 pictoris b.
Astrophys. J. 776, 15 (2013).

Nowak, M. et al. Direct confirmation of the radial-velocity planet 8
Pictoris c. Astron. Astrophys. 642, L2 (2020).

Maire, A. L. et al. First light of the VLT planet finder SPHERE. II. The
physical properties and the architecture of the young systems PZ
Telescopii and HD 1160 revisited. Astron. Astrophys. 587, A56
(2016).

Rameau, J. et al. A survey of young, nearby, and dusty stars con-
ducted to understand the formation of wide-orbit giant planets.
VLT/NaCo adaptive optics thermal and angular differential ima-
ging. Astron. Astrophys. 553, A60 (2013).

Alonso-Floriano, F. J., Caballero, J. A., Cortés-Contreras, M.,
Solano, E. & Montes, D. Reaching the boundary between stellar
kinematic groups and very wide binaries. lll. Sixteen new stars and
eight new wide systems in the 8 Pictoris moving group. Astron.
Astrophys. 583, A85 (2015).

Mason, B. D., Wycoff, G. L., Hartkopf, W. I., Douglass, G. G. &
Worley, C. E. The 2001 US Naval Observatory double star CD-
ROM. I. The Washington Double Star Catalog. Astron. J. 122,
3466-3471 (2001).

Bonavita, M. et al. SPOTS: the search for planets orbiting two stars.
II. First constraints on the frequency of sub-stellar companions on
wide circumbinary orbits. Astron. Astrophys. 593, A38 (2016).
Bonavita, M. et al. Results from the COPAINS Pilot Survey: four
new BDs and a high companion detection rate for accelerating
stars. Mon. Not. R. Astron. Soc. 513, 5588-5605 (2022).

Bowler, B. P., Blunt, S. C. & Nielsen, E. L. Population-level eccen-
tricity distributions of imaged exoplanets and brown dwarf com-
panions: dynamical evidence for distinct formation channels.
Astron. J. 159, 63 (2020).

Mayor, M. et al. The HARPS search for southern extra-solar planets
XXXIV. Occurrence, mass distribution and orbital properties of
super-Earths and Neptune-mass planets. arXiv e-prints
arXiv:1109.2497 (201M).

Hinkley, S. et al. Direct discovery of the inner exoplanet in the HD
206893 system. Evidence for deuterium burning in a planetary-
mass companion. Astron. Astrophys. 671, L5 (2023).

Maire, A. L. et al. Hint of curvature in the orbital motion of the
exoplanet 51 Eridani b using 3 yr of VLT/SPHERE monitoring.
Astron. Astrophys. 624, A118 (2019).

Zurlo, A. et al. Orbital and dynamical analysis of the system around
HR 8799. New astrometric epochs from VLT/SPHERE and LBT/
LUCI. Astron. Astrophys. 666, A133 (2022).

Wang, J. J. et al. Constraining the Nature of the PDS 70 Proto-
planets with VLTI/GRAVITY. Astron. J. 161, 148 (2021).

Desgrange, C. et al. In-depth direct imaging and spectroscopic
characterization of the young Solar System analog HD 95086.
Astron. Astrophys. 664, A139 (2022).

Brandeker, A. & Cataldi, G. Contrast sensitivities in the Gaia Data
Release 2. Astron. Astrophys. 621, A86 (2019).

Acknowledgements

R.G.,S.D.,V.D.,D.M,, E.R. acknowledge support from the PRIN-INAF 2019
“Planetary systems at young ages (PLATEA)" and ASI-INAF agreement
no. 2018-16-HH.0. A.Z. acknowledges support from the FONDECYT Ini-
ciacién en investigacion project number 11190837 and ANID— Millen-
nium Science Initiative Programme—Center Code NCN2021_080. This
work has made use of the SPHERE Data Center, jointly operated by
OSUG/IPAG (Grenoble), PYTHEAS/LAM/CeSAM (Marseille), OCA/
Lagrange (Nice), and Observatoire de Paris/LESIA (Paris). This research
has made use of the SIMBAD database, operated at CDS, Strasbourg,

Nature Communications | (2023)14:6232

13



Article

https://doi.org/10.1038/s41467-023-41665-0

France. This work has made use of data from the European Space
Agency (ESA) mission Gaia (https://www.cosmos.esa.int/gaia), pro-
cessed by the Gaia Data Processing and Analysis Consortium (DPAC,
https://www.cosmos.esa.int/web/gaia/dpac/consortium). Funding for
the DPAC has been provided by national institutions, in particular, the
institutions participating in the Gaia Multilateral Agreement. This paper
includes data collected by the TESS mission and obtained from the
MAST data archive at the Space Telescope Science Institute (STScl).
Funding for the TESS mission is provided by the NASA Science Mission
Directorate. STScl is operated by the Association of Universities for
Research in Astronomy, Inc., under NASA contract NAS 5-26555. This
publication makes use of data products from the Two Micron All Sky
Survey, which is a joint project of the University of Massachusetts and
the Infra-red Processing and Analysis Center/California Institute of
Technology, funded by the National Aeronautics and Space Adminis-
tration and the National Science Foundation.

Author contributions

R.G. conceived the work and prepared the manuscript, F.K. and S.M.
developed the PMa concept, D.M., M.B., A.Z., V.D., and E.R. worked on
the observation and analysis, S.D. worked on the definition of the star
sample and their characterisation, All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-41665-0.

Correspondence and requests for materials should be addressed to
Raffaele Gratton.

Peer review information Nature Communications thanks Simon Mur-
phy, Sean Raymond and the other, anonymous, reviewers for their
contribution to the peer review of this work. A peer review file is avail-
able.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:6232

14


https://www.cosmos.esa.int/gaia
https://www.cosmos.esa.int/web/gaia/dpac/consortium
https://doi.org/10.1038/s41467-023-41665-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Jupiter-like planets might be common in a low-density environment
	Results
	Frequency of substellar companions
	Orbital sampling effect
	Completeness of HCI detections
	Indirect indications through astrometry signal
	Summary about the correction due to orbital sampling
	Mass correction
	Statistical relevance of the observed frequency of Jupiter-like planets in our sample

	Discussion
	Methods
	Properties of the BPMG
	Sample selection
	Stellar and substellar companions
	Stars with significant Proper Motion anomaly
	Debris disks
	Eccentricity distribution for Jupiter-like planets
	Upper mass limits from the Gaia RUWE parameter

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




