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ABSTRACT

Context. Exoplanets form from circumstellar protoplanetary disks whose fundamental properties (notably their extent, composition, mass, tem-
perature, and lifetime) depend on the host star properties, such as their mass and luminosity. B stars are among the most massive stars and their
protoplanetary disks test extreme conditions for exoplanet formation.

Aims. This paper investigates the frequency of giant planet companions around young B stars (median age of 16 Myr) in the Scorpius-Centaurus
(Sco-Cen) association, the closest association containing a large population of B stars.

Methods. We systematically searched for massive exoplanets with the high-contrast direct imaging instrument SPHERE using the data from the
BEAST survey, which targets a homogeneous sample of young B stars from the wide Sco-Cen association. We derived accurate detection limits
in the case of non-detections.

Results. We found evidence in previous papers for two substellar companions around 42 stars. The masses of these companions are straddling the
~13 Jupiter mass deuterium burning limit, but their mass ratio with respect to their host star is close to that of Jupiter. We derived a frequency of
such massive planetary-mass companions around B stars of llfg%, accounting for the survey sensitivity.

Conclusions. The discoveries of substellar companions b Centauri b and > Sco B happened after only a few stars in the survey had been observed,
raising the possibility that massive Jovian planets might be common around B stars. However, our statistical analysis shows that the occurrence
rate of such planets is similar around B stars and around solar-type stars of a similar age, while B-star companions exhibit low mass ratios and a

larger semi-major axis.

Key words. techniques: high angular resolution - stars: planetary systems - stars: brown dwarf - planets and satellites: detection

1. Introduction

Though exoplanets have been found around a wide variety of
stellar hosts, notably around very low-mass stars (from Earth-
mass planets (Gillon et al. 2016, e.g., TRAPPIST b-f) to giants
(Chauvin et al. 2004, e.g., 2M1207b)), their presence around
stars more massive than a few solar masses has not been thor-
oughly investigated as of now. Their intrinsic rarity, large radii,
masses, strong activity, and scarce emission or absorption line
density make them unsuited for radial velocity surveys and poor
targets for transit surveys, while their intense brightness offers
unfavorable contrast for direct imaging. Reffert et al. (2015), and
Wolthoff et al. (2022) have shown from radial velocity surveys
of GK giants (which are the evolved counterparts of young A
and late-B stars) that short separation giant exoplanets are more
frequent with increasing stellar masses up to around 2 M and
then this frequency decreases. The prospects on the theoret-
ical side are not more promising for giant exoplanet forma-
tion around massive stars, with the strong UV flux of B-type
stars quickly photo-evaporating their protoplanetary disks and
thus making such massive stars an unfavorable environment for
planet formation by core accretion. The first large direct imag-
ing surveys conducted with the new generation adaptive optics
(AO) instruments, SHINE (using SPHERE, Vigan et al. 2021)

* Based on data obtained with the ESO/VLT SPHERE instrument un-
der programs 1101.C-0258(A/B/C/D).

and GPIES (using GPI, Nielsen et al. 2019a), targeted mostly
solar-type stars and find that while massive giant planets did
exist around such stars they were relatively rare. However, di-
rect imaging has recently shown that massive stars do harbor
planetary-mass companions at large separations (Janson et al.
2021a; Squicciarini et al. 2022; Chomez et al. 2023b). Though
most of them are very massive (11-15 Mj,,) in absolute mass,
these companions have mass ratios relative to their host stars
that are below 0.2%, lower than those of most imaged exo-
planets and close to that of Jupiter. Interestingly, these compan-
ions have been found at very large separations, hundreds of au
from their host stars. Though Squicciarini et al. (2022) show that
the expected stellar irradiation of the protoplanetary disk at the
present-day separation (~ 290 au) of x> Sco b is similar to that
of early Jupiter, the exoplanets discovered by the YSES survey
(Bohn et al. 2020, 2021), targeting solar-type stars of the Sco-
Cen young association, show that these lower-mass stars do also
harbor very large separation giant planets.

The B-star Exoplanet Abundance Study (BEAST) is a di-
rect imaging high-contrast survey with the extreme AO instru-
ment SPHERE, targeting 85 B-type stars in the young Scorpius-
Centaurus (Sco-Cen) region with the aim of detecting giant plan-
ets at wide separations and constraining their occurrence rate
and physical properties. The individual discoveries of b Cen-
taurib and x> Sco B, which were achieved during an early stage
of the survey (out of the 85 stars observed in the sample, they
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were the first and seventh ones, respectively), raised the possi-
bility that massive Jovian planets might be relatively common
around B stars. However, a dedicated statistical analysis is nec-
essary to confirm or refute such a hypothesis and firmly estab-
lish whether large separation planetary-mass companions around
massive stars are common or not and whether they are distinct
in any way from the population that is known around solar—mass
stars.

In this work, we present the statistical analysis of the first
half of the survey that already has a complete follow-up of all
identified candidates. Numbering 34 stars after the removal of
eight outlying objects that did not respect the initial selection
criteria, this homogeneous statistical sample is twice as large,
and much deeper, than the previous largest direct imaging survey
for exoplanets around B stars, the 18-strong sample studied by
Janson et al. (2011).

The sample used for this study is described in Sect. 2. Sec-
tion 3 presents the observations and the data analysis. Section 4
presents the companions identified around the stars of our sam-
ple. Section 5 describes the detection limits achieved around
these stars to assess the completeness of the survey. Section 6
explores the statistics of the giant planet population as observed
by our survey, in addition to the plausible pathways to account
for the formation of the companions we detected.

2. Sample description
2.1. Initial BEAST sample

Starting from the census of B-type members of Sco-Cen, defined
as those stars with a kinematic membership probability to the
association according to Rizzuto et al. (2011), the target list of
BEAST was assembled (Janson et al. 2021b, hereafter J21) by
considering every B star belonging to Sco-Cen, with no known
stellar companion with a separation in the 0.1”°—6" range, no pre-
vious deep observations with SPHERE, and declination outside
of the —24.6° + 3.0° range, due to telescope tracking limitations.
The final roster of 85 stars, aged between 2 and 27 Myr, spans
a wide range of stellar masses [2.4 — 16]M, corresponding to
spectral types from BO to B9.5.

No prior indications of the possible presence of substellar
companions were available at the time of sample definition; ad-
ditionally, no selection and/or ranking was operated based on
a priori estimations of planet detectability. In other words, nei-
ther the target selection nor the first-epoch observational strat-
egy is affected by observational biases caused by assumptions
on the underlying substellar companion population whose prop-
erties we aimed to constrain. The same argument applies to the
follow-up within the standard BEAST program, which follows
up on all identified point sources with equal priority, regardless
of their estimated properties.

To further ensure the sample studied in this paper is free
from observational biases, we decided to strictly adhere to a first-
epoch criterion for the selection of the sample. We thus restricted
the analysis to the first N stars imaged in the survey, exploiting
any additional follow-up epoch regardless of its date. The value
of N was optimized to simultaneously 1) allow for an even divi-
sion of the sample between the intermediate and the final anal-
ysis, and 2) to minimize the fraction of stars with only a sin-
gle epoch. The resulting value of N = 42 corresponds to stars
with a first epoch observed no later than April 9, 2021. Only five
among those stars have not yet been reobserved to date. Four of
them show no candidate companion while the detection limits
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of the fifth are carefully handled in Sect. 5.1 to ensure statistical
consistency.

2.2. Revised stellar host properties

We decided to reassess the main properties (namely age and
mass) of the entire BEAST stellar sample compared to the origi-
nal analysis presented in J21, so as to account for several the-
oretical as well as observational advancements that occurred
in the last few years: 1) the code underlying J21’s analysis
is now a robust tool known as mapys (Squicciarini & Bonavita
2022); 2) a new version of nonrotating, solar-metallicity PAR-
SEC isochrones, covering the full pre-main-sequence (pre-MS)
evolution of [0.09, 14] M, stars, is now available (Nguyen et al.
2022); 3) as a consequence of the former, stellar parameters
based on the direct isochrone fitting of their photometry could be
derived; 4) the astrometric solution for several stars in the sample
is significantly improved thanks to Gaia Data Release 3 (DR3)
(Gaia Collaboration et al. 2023) compared to the previous DR2
solution (Gaia Collaboration et al. 2018); and 5) the availabil-
ity of the Hipparcos-Gaia proper motion catalog (Kervella et al.
2022) allows for a more accurate identification of groups of
co-moving stars to our science targets. In addition to this, the
updated kinematic information was used to reassess the mem-
bership of BEAST stars to the association through BANYAN X
(Gagné et al. 2018).

The first step of the process involved the derivation of
stellar ages in a similar fashion as in J21. mMaDYs is a tool
aimed at deriving stellar or substellar astrophysical parame-
ters (mass, age, effective temperature, etc.) for any list of in-
put objects, by comparing suitable photometric measurements
and theoretical (sub)stellar models. For the purpose of this
work, optical and near-infrared photometry from Gaia DR3
(Gaia Collaboration et al. 2023) and Two Micron All Sky Sur-
vey (2MASS) (Cutri et al. 2003) — corrected by extinction and
estimated by integration of the 3D reddening map by Leike et al.
(2020) along the line of sight — was compared to the abovemen-
tioned PARSEC isochrones.

The following four age indicators, ordered by ascending spa-
tial scale, were employed. First, individual isochronal ages (in-
dividual ages) as well as the ages of small (10s-100s stars)
kinematic groups (cms) sharing a similar motion with BEAST
targets', following the method developed in J21 (cms ages).
At larger scale we used the 2D age map of Sco-Cen derived
by Pecaut & Mamajek (2016), describing the variation of the
mean association age as a function of galactic coordinates (map
ages) and finally the ages of the three classical Sco-Cen sub-
groups (Upper Scorpius, Upper Centaurus-Lupus, and Lower
Centaurus-Crux) routinely adopted in the literature (subgroup
ages; see, e.g., Pecaut & Mamajek 2016).

In most cases the different indicators turned out to be com-
patible with one another within their respective uncertainties;
priority was assigned to cms ages (or, if not available, to map
ages) otherwise. Unusually young individual ages are particu-
larly informative as they might be indicative, as is subsequently
shown below, of unresolved multiplicity.

Based on the derived ages, the second part of the process
used MADYS in its age-constrained mode to derive the values of
stellar mass that were more compatible with the observed pho-
tometry. We assumed a minimum relative uncertainty of 10% on

! In order to remove systematic uncertainties related to the modeling
of low-mass stars (see discussion in Squicciarini & Bonavita 2022, and
references therein), only stars with M > 0.85 Mywere considered.
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Fig. 1. Comparison between spectral-type-based mass estimates (black)
and photometric mass estimates (red). Stars where the two estimates are
not compatible are highlighted with yellow boxes.

the derived mass values to account for systematic uncertainties
such as the amount of stellar rotation and the choice of the evo-
lutionary model (see Appendix A).

The underlying assumption behind the method is that all stars
are single; in other words, the contribution to the total measured
flux from possible stellar companions is always assumed to be
negligible’. Even though intermediate-separation binaries were
removed during the sample design, the large fraction of tighter
(a < 10 au) multiple systems with a B-type primary (~40-70%,
increasing with mass; Moe & Di Stefano 2017) actually calls for
extreme caution and for additional checks. The nuisance caused
by unresolved multiplicity was exactly the reason why stellar
mass determination in J21 was based on spectral type rather
than on luminosity. Spectral types are indeed weakly affected
by this problem; however, the precision of spectral-type deter-
mination is usually not as good as the one reached by absolute
photometry. Hence, we decided to independently re-derive mass
estimates based on spectral types with the goal of comparing
them to photometry-based determinations to unveil significant
differences which might be due to unresolved multiplicity. Af-
ter collecting spectral types (SpT) from Simbad (Wenger et al.
2000), and assuming an error of +1 subclass for SpT>B3 and
+0.5 for SpT< B3°, we converted them to stellar masses by
means of the latest version (2021) of the empirical tables by
Pecaut & Mamajek (2013), based on a large collection of 5 — 30
Myr stars. The two mass estimates were found to be incompati-
ble within their respective uncertainties in 11 cases (Fig. 1).

In order to verify if multiplicity was the reason for the ob-
served discrepancies, we undertook a thorough search in the lit-
erature for high-contrast imaging, radial velocity, interferome-
try, and photometric indication of multiplicity; moreover, the
GaiaPMEX tool (Kiefer et al., accepted) was used to identify
unseen companions inducing astrometric wobbles in Hipparcos
(van Leeuwen 2007) and Gaia data. We were able to identify 57
stellar companions to 52/85 stars (61% of the sample), and to
place meaningful detection limits in the case of non-detections.

2 According to PARSEC isochrones, a ~ 2 M, companion to a 15
Myr, 5 Mg, star (i.e., a mass ratio g ~ 0.4) is needed to cause a ~ 10%
flux offset in the G band — approximately corresponding to 0.1 mag —
in the system’s photometry. Multiple systems with a smaller g are well
approximated by the single-star model. This typical threshold ¢ value is
between 0.4 and 0.6 for the age and mass range of BEAST stars.

3 Approximately corresponding to a 10% error on Teg.

Unresolved companions could be the reason for the observed dif-
ferences between the two mass determinations in nine cases; in
one instance the discrepancy might be related to a combination
of binarity and an inaccurate spectral-type classification, while
in a single case it is not clear whether the difference is related to
parallax, spectral type, or unknown multiplicity (see Appendix
A).

The results of this analysis are provided in Table B.1. Due to
the heterogeneity of our binary data and to the manifold kinds
of degeneracies (e.g., mass versus semi-major axis for astrome-
try) hampering a precise companion mass determination, it was
not possible to determine primary and companion masses for
the entire sample in a uniform and precise way. For the sake of
uniformity, we decided to always employ masses derived from
the single-star model throughout this work. The combination of
archival and future data — future Gaia releases, radial velocity
monitoring, and interferometric campaigns — will allow a sys-
tematic determination of the secondary masses to be performed
in the coming years.

2.3. Sample selected for this study

The membership analysis mentioned in Sect. 2.2 allowed us to
determine that several stars from our initial sample (HIP52742,
HIP54767, HIP60855, HIP65021, HIP76126, and HIP81474)
have a low chance of being members of the Sco-Cen associa-
tion. Of these, HIP52742 and HIP65021 are part of the 42-strong
intermediary sample that we study here. Although they are still
relatively young B stars, we decided to remove them from our
study, so that our sample is built only from Sco-Cen members,
sharing the same environmental conditions associated with this
relatively dense young star-forming region.

Another selection bias comes from binarity, since the
BEAST survey has been built with the explicit selection of B
stars from Sco-Cen with no stellar binary companions between
0.1" to 6". However, the BEAST observations themselves have
uncovered some of the original sample stars as such interme-
diate separation stellar binaries. These objects bias the sample
because their stellar companions are expected to have a strong
impact on planet formation and orbital stability in the separation
ranges probed by our data. To be able to derive the unbiased fre-
quency of B stars with no stellar companions within 0.1" to 6"
that host at least one planetary-mass companion, we therefore
needed to remove any BEAST stars with such an intermediate
separation stellar companion from our statistical sample or, if
the bias is small enough, try to correct it.

Our BEAST high-contrast imaging data have revealed that
eight stars within our initial sample were previously unknown
binary stars with a stellar companion within 0.1" to 6", and they
are thus outside of the specification of our initial sample. These
stars are identified in Table 2 and were found by Gratton et al.
(2023), and confirmed bound by our analysis of BEAST data.
Among them HIP52742 has already been rejected because it is
not a Sco-Cen member. Six out of the remaining seven have
bound stellar companions at a relatively large separation, with
a projected semi-major axis (hereafter sma) ranging from 0.26"
to 4.16" that would strongly bias our sample because they would
make a planetary orbit unstable in a large part of the parame-
ter range we probed. According to Holman & Wiegert (1999),
for a moderate eccentricity of the binary system, exoplanets can-
not have stable orbits if their sma is not at least ~3 times larger
than the sma of the stellar companion, and this dynamical insta-
bility arises rapidly, within 10 000 stellar companion orbits. We
therefore also removed these six stars (HIP50847, HIP59173,
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Table 1. Sample of stars used for this study’s statistical analysis.

Table 2. Intermediate separation binaries in sample.

Name Age (Myr) Mass (My) Sp. type
HIP58452 203 30+£03 B85V
HIP58901 1343 29+03 B9V
HIP60009 12+ 6.5+0.6  B25V
HIP60379 1373 3.8+0.4 B7V

HIP60823*! 1743 7.2+0.7 B2V
HIP61585"! 15%3 9.8+ B2V
HIP62058 1543 34+03 B
HIP62327*! 1743 54+05  B25V
HIP63003 1673 7.1+0.7 B2V
HIP65112 15%3 4.0+0.4 B5V
HIP66454 1743 40+04 B8V
HIP67464"! 18+3 82+0.8 B2V
HIP67669*" 1743 4.8+0.5 B5V
HIP67703 16%3 34+03 B8V
HIP68245 1743 7.9+0.8 B2V
HIP68282"! 214 6.6 £0.7 B2V
HIP69011 1743 23+02  B9.5V
HIP70300 17+3 59+0.6 B2V
HIP70626 1543 33+0.3 B9V
HIP71352 1573 9.7+ 1.0 B2V
HIP71536* 14%5 6.2+0.6 B35V
HIP71865* 1473 59+0.6 B25V
HIP74950*! 1843 4.4 +04 B7V
HIP76591 1743 3.0+0.3 B9V
HIP76600"" 134 75+0.7 B25V
HIP76633 73 24+02 B9V
HIP77562 1743 29+03 B9V
HIP77968 174 34+03 B8V
HIP78207 0.5%03 47+£05  B5V
HIP79044*! 1743 27+0.3 B9V
HIP80911 1675 8.8+0.9 B2V
HIP82514*! 20%4 100+£10  BIV
HIP82545 2075 9.1+0.3 B2V

Notes. * Star is a short separation (<0.1") binary. Binarity source: *!,
from Gratton et al. (2023); *2, from Rizzuto et al. (2013). Spectral types
are from Simbad.

HIP62434 HIP63005, HIP63945, and HIP74100) from our ini-
tial sample.

One last system, HIP60009 is a tight stellar binary, with
a projected sma of 0.146". We decided to keep it in our final
sample because the bias it causes on our sample selection is
moderate, and we tried to minimize it as follows. We used the
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Name Sep.(mas) PA (°) Epoch Contrast
HIP50847 2212+5  352.4+04 2019-01-26 AK=5.6
HIP52742 1191 £2 9.3+0.1 2018-05-14 AJ=7.7
HIP59173 1270 =1  130.1+0.1 2020-03-02 AK=5.3
HIP60009' 146 +4 171.4+0.5 2019-02-23 AK=5.7
HIP62434 4173 +2 121.8+0.1 2019-04-01 AK=8.2
HIP63005 262 +1.5 171.7+2.5 2019-03-05 AK=4.0
HIP63945 1555+2 261.8+0.1 2018-04-23 AK=33
HIP74100 549+1 277.4+0.1 2019-03-24 AK=3.8

Notes. ! HIP60009 was not excluded from the statistical sample.

Holman & Wiegert (1999) stability criterion, and for a separa-
tion smaller than three times the binary sma, we manually set
the completeness of these observations to zero for any compan-
ion mass to account for the fact that these two observations could
never detect any exoplanet companions in this range where their
orbit would be quickly unstable. This is equivalent to remov-
ing them from our sample only within the separation range from
which we know putative exoplanet companions cannot have sta-
ble orbits. We acknowledge that projected separations do not di-
rectly translate to sma and that the Holman & Wiegert (1999)
stability criterion value of three times the sma is an approxima-
tion. However, since the final exoplanet frequency is negligibly
affected by varying its value by plus or minus 50% (the effect on
the median of the posterior of exoplanet frequency is at the 0.1%
level, which is much smaller than our formal error bars), we are
confident this bias correction is acceptable.

The 34 stars that we kept in the sample and use in the
following statistical study are shown in Table 1, together with
their revised properties. Even if we did not use the stars we ex-
cluded from the sample in the statistical analysis, we did look
for bound substellar companions around all of them. We found
none and we make available on Zenodo the detection limits
we achieved around these stars, along with the detection lim-
its achieved around the stars we kept in the statistical sample.
The median age of this statistical sample is 16.5Myr, while the
median mass of the primary stellar hosts is 4.8 M.

3. Observations and data processing
3.1. Observation setup

All of the observations were taken using SPHERE (Beuzit et al.
2019) in pupil stabilized mode. This mode introduces a
field of view (FoV) rotation during the sequence, allowing
the use of angular and spectral differential imaging (ASDI,
Marois et al. 2006) based post-processing techniques. Each ob-
servation uses the infrared dual-band imager and spectrograph
(IRDIS, Dohlen et al. 2008) with the N-ALC-YJH-S corona-
graph to observe in the K1/K2 bands (except dedicated follow-up
observations) in combination with the YJH bands for the integral
field spectrograph (IFS, Claudi et al. 2008).

Each observation followed the same observational sequence:
first, an unsaturated, non-coronagraphic image — point spread
function (PSF) — of the primary was obtained for flux calibra-
tion purposes. Second, a coronagraphic exposure with a waffle
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Fig. 2. Sample properties and observing conditions. (a)Histogram of the star magnitudes (G, H, and K) for the sample considered in this study.
(b) Scatter plot showing the coherence time (7() against the seeing with the Strehl ratio color-coded. Data points without Strehl information are
colored in white. The boxes delimit the ESO observing categories. (c) Scatter plot showing the 1 sigma raw contrast measured at a separation of
0.5" (directly measured on the coronographic frame, before post-processing) with respect to the K-band star apparent magnitude. (d) Scatter plot
displaying the Strehl ratio as a function of the star apparent magnitude in the G band.

pattern was applied to the deformable mirror (Cantalloube et al.
2019), for centering purposes. Then, the main coronagraphic ex-
posures were recorded. Finally, another coronagraphic exposure
with a waffle pattern was taken, followed by another PSF.

All of the observations were taken in service mode, ensuring
the fulfillment of a set of atmospheric conditions for an observa-
tion to be accepted. All observations were scheduled to be taken
within one hour of meridian crossing, ensuring at least around
20° of parallactic rotation during the coronagraphic sequence.
Seeing was also required to be smaller than 0.9" and the coher-
ence time greater than 4 ms (for more details, see J21). The ob-
serving conditions for each observation are summarized in fig-
ures and tables available on Zenodo.

3.2. Data processing

The whole data reduction was performed on the COBREX Data
Center, a modified and improved server based on the High Con-
trast Data Center, (HC-DC, formerly SPHERE Data Center;
Delorme et al. 2017). The COBREX Data Center aims to im-
prove the detection capabilities with existing SPHERE archival
data by means of the patch covariance (PACO; Flasseur et al.
2018) algorithm. More specifically, we used PACO ASDI
(Flasseur et al. 2020; Flasseur et al. 2020) as our primary post-
processing algorithm for both IRDIS and IFS, where the ini-

tial reduction used the No-ADI (a simple temporal stack), cADI
(Marois et al. 2006), and TLOCI-ADI (Marois et al. 2014) algo-
rithms embedded in the SPECAL software (Galicher et al. 2018)
in the HC-DC for IRDIS. For IFS, the first reduction also
used three algorithms: cADI, TLOCI, and PCA (Soummer et al.
2012).

The prereduction pipeline (i.e., going from raw data to a cal-
ibrated 4D datacube) is identical to the one implemented in HC-
DC, performing dark, flat, distortion, and bad pixel corrections.
The full details on the improvements of the prereduction pipeline
as well as the optimization regarding the ASDI mode of PACO,
and the obtained performances are described in Chomez et al.
(2023a).

The algorithm used in this work, PACO, models the noise us-
ing a multi-Gaussian model at a local scale on small patches, al-
lowing for a better estimation of the spatial and spectral correla-
tions of the noise. This modeling improves the contrast achieved
between one and two magnitudes at all separations compared to
more classical ADI approaches such as TLOCI and PCA. PACO
is also a data-driven algorithm, meaning that it requires no hyper-
parameters tuning by its user. One of the other key advantages of
PACO is its detection map, which is directly interpretable in terms
of the signal-to-noise ratio (S/N) of detection. It thus follows the
standard normal distribution A(0, 1) by design, even when the
SNR is evaluated close to the target stars where noise is domi-
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nated by speckle residual noise. It allows two important features:
the first one is a reliable automated detection threshold (fixed
for this analysis at the classical 5o threshold), which is partic-
ularly suitable for automated reductions of dozens of datasets.
The second one is its statistical guarantee over a detection (i.e.,
the probability of it being a statistical false positive), which is
reliably linked to its S/N.

Using PACO for both instruments allows any systematics re-
lated to the use of different algorithms to be removed and the
performances of both instruments to be easily compared to each
other. Thanks also to the statistically grounded nature of the con-
trast limits provided by PACO, it allows for the derivation of more
reliable constraints on the actual detection limits of the survey
and the deeper sensitivity of PACO also enables us to look for
new sources undetected by the previous analysis.

4. Detected companions within the sample

The astrometry (separation and PA relative to the host star) and
the photometry (IRDIS fluxes and IFS spectrum) of all sources
detected within this analysis are made available via a VizieR cat-
alog linked to this article.

4.1. Substellar companions

Two substellar companions have been discovered within
BEAST, b Centauri b, by Janson et al. (2021a), and u> Sco B by
Squicciarini et al. (2022). b Centauri b has a mass of 11 +2Mjy,,,
and a mass ratio of 0.1-0.17% with respect to its massive (6—
10M) binary host star system, which is quite close to that of
Jupiter in the Solar System. However, its very large projected
separation of 560 au and the very high mass of its stellar hosts
make it a very distinct type of exoplanet. > Sco B shares many
of the peculiar properties of b Centaurib, with a very large sep-
aration of 290 au from its very massive (~9My) host and a
mass ratio below 0.2%, and if a formation scenario could ex-
plain the existence of one of these companions it would cer-
tainly be compatible with the other. However, their masses are
slightly different, with x> Sco B being 14+1Mj,, and thus prob-
ably straddling the deuterium burning mass, that is to say being
used (Lecavelier des Etangs & Lissauer 2022) to draw a border
between objects below that 13 My, limit that are called exoplan-
ets and those above that are called brown dwarfs. In the peculiar
case of this study, this definition does not appear to bear any
significant physical meaning and would only draw an artificial
border between two objects that most likely share a very similar
nature.

In the subsequent statistical analysis, we therefore decided to
use three different mass cuts: (1) "exoplanets", for masses below
the 13Mjy,,, limits, one detection (b Centaurib); (2) "Exoplan-
ets and Low-mass Brown Dwarfs" (ELBDs), for masses below
30Mjyp limits, two detections (b Centaurib and ;12 ScoB); and
(3) "substellar objects", for masses below 73.3My,, (hydrogen
burning minimum mass as defined by Chabrier et al. 2000, at
solar metallicity), two detections (b Centaurib and u> Sco B).
These mass cuts both affect the number of detections in each cat-
egory but also the completeness of the survey when evaluating
the significance of our non-detections.

The choice for the intermediate mass limit of 30Mjy, is of
course somewhat arbitrary, but motivated by the following ar-
gument. The most massive stars systematically surveyed for the
presence of giant planets at inner orbits are probably G and K gi-
ant stars, with stellar masses typically in the range between 1 and
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3 solar masses (see e.g., Wolthoff et al. 2022). In these surveys,
the most massive companions range from a few Jupiter masses
up to about 25 Jupiter masses continuously, with no obvious gap
at certain masses. However, beyond 25 Jupiter masses, very few
objects are found, if any*. The next most massive companion af-
ter the 30 Jupiter mass limit has a minimum mass of 37 Jupiter
masses, but there are indications from Gaia astrometry that its
real mass is in excess of 60 Jupiter masses when accounting for
inclination. Thus, we opted for a mass limit of 30 Jupiter masses
for the ELBDs.

It is to be noted that other companions have been de-
tected or suspected within the overall BEAST sample. First,
Squicciarini et al. (2022) identified a promising candidate com-
panion u? Sco C, close to the coronographic mask that — if bound
— would have a mass of 18+2Mj,,. Since our statistical study
considers the fraction of systems with at least one companion
within a given mass range, it is not affected by the possible exis-
tence of another planetary-mass companion in the u? Sco system.
However, if confirmed, u*> ScoC, with is relatively short sep-
aration of ~ 20 au, might bring constraints on the formation
mechanisms that are quite distinct from the much more distant
b Centaurib and ,uz Sco B. Second, Viswanath et al. (2023) dis-
covered a massive ~67Mj,, brown dwarf (HIP81208B) and a
very low-mass star (HIP81208C) orbiting around HIP81208, and
Chomez et al. (2023b) discovered a ~15Mjy,, planetary-mass
companion around the low-mass stellar companion HIP81208C.
Though forming a fascinating hierarchical quadruple system
with a chain of relative mass ratios that are difficult to explain
by any planet or binary star formation model, the late first epoch
observation of HIP81208 within the BEAST sample puts it out-
side of the BEAST intermediary sample that is considered by
this article (see Sect. 2).

4.2. Identified background sources

With Sco-Cen being located relatively close to the galactic cen-
ter, it is an area of high stellar density and the large IRDIS FoV
consequently yields many detections. Those detections are in
vast majority field K and M stars (Parravano et al. 2011), which
is consistent with their position on the color magnitude diagram
(CMD; see Fig. 3) and they are located much farther away than
our target stars. The most effective method to identify those
background stars (or, the other way around, find bound compan-
ions) is called the common proper motion test. Using (at least)
two observations separated by a long enough time baseline, it
assesses if the measured motion of a given source between the
two observations is consistent with a bound object sharing, in
that case, the proper motion of the host star, or a background
star with a different (and usually very small) proper motion. This
method however has one major flaw: it requires the detection of
the sources at both epochs, which can be challenging for faint
sources. However, BEAST is conducted in service mode, ensur-
ing consistent performances between all epochs and allowing us
to systematically use this technique.

4.3. Identification summary

The sources are classified following three categories (visible in
the CMD in Fig. 3): "CC" for confirm companion (i.e., plan-
ets, brown dwarfs, and stellar companion), "BCKG_PM" for

4 See e.g., the continuously updated table with plan-
ets discovered around giant stars at https://www.lsw.uni-
heidelberg.de/users/sreffert/giantplanets/giantplanets.php
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Fig. 3. K1-K2 color-magnitude diagram of candidate companions found
around the original, 42-strong, sample. Detected sources are represented
by the hollow dots while the plain symbols represent the theoretical
MLT track (Bonnefoy et al. 2018, Appendix C).

background sources identified via the proper motion test (see
Sect. 4.2), and "BCKG_CMD" for sources detected at one epoch
(single epoch stars or unable to re-detect them at a second epoch)
that are likely background sources given their positions on the
CMD far from the exoplanet parameter range.

5. Detection limits
5.1. Dealing with single-epoch stars

Most of the stars present in this sample have been observed
at least twice, allowing us to robustly determine the nature of
all detected sources via proper motion. However, some stars,
as of writing this paper, have only been observed once. If no
source has been detected, the detection limits of this single epoch
dataset can be used in the following statistical analysis without
introducing any bias. However, if a point source is detected, we
cannot confirm its nature (bound or background) via proper mo-
tion, making the statistical interpretation of the data more chal-
lenging. One can use a CMD to try to distinguish between a
background source and a bound one but, as shown in Fig. 3, the
CMD based on the K1-K2 color is not always discriminant, no-
tably when the exoplanets and background stars track overlap.
In our sample, only one star has such a detection with no
proper motion confirmation — HIP 76633 — and we present here
how we dealt with this peculiar case in our statistical analy-
sis. The previously undetected and very faint signal unveiled by
PACO with a S/N = 5 is located at around 3 as from HIP 76633

P
—— median PACO ASDI contrast
— median PACO IFS ASDI contrast |

10754,

Contrast

104

o1 2 3 4
Separation (as)

ot —\
D

Fig. 4. Contrast achieved over the initial, 42-strong sample. The median
contrast for both instrument is highlighted with the bold line and the
gray area represents the coronographic mask.

and its nature is ambiguous. We modified the detection limits
for this peculiar dataset so that we kept the same physical in-
terpretation as detection limits for the single epoch dataset with
no companion detected: this allowed to rule out the existence of
any companion brighter than this limit in contrast. We therefore
wanted the detection limits C at separation s to be expressed in
a contrast unit and the contrast C,p of the ambiguous source to
be located at the separation s,y to verify the following relation:

¥'s > Samp: C(s) = max (C(s), Camb) - (D

This effectively made it impossible to detect any companion
brighter than the ambiguous source in our detection map. The
contrast achieved over the full sample after applying this correc-
tion is shown in Fig. 4.

5.2. Achieved contrast and conversion to detection limits
expressed in mass

To convert the 2D contrast map into mass maps expressed
in My, we used a new feature implemented in MADYs
(Squicciarini & Bonavita 2022) that allows for this conversion.
We used the Gaia DR3 (Gaia Collaboration et al. 2023) parallax
and 2 MASS K magnitude for IRDIS and their associated uncer-
tainties provided by Simbad®. To convert magnitude into masses,
we used several models — atmo2020 (Phillips et al. 2020), ames-
cond (Baraffe et al. 2003), and ames-dusty (Chabrier et al. 2000)
— with the resulting variation from model to model being smaller
than the mass uncertainties linked to the age uncertainties. In the
following we chose to present results obtained with the ames-
cond models.

In order to produce probability detection maps for each target
and for the sample, we used the EX0-DMC MCMC tool (Bonavita
2020) with a semi-major axis (sma) from 1 to 10000 au and
all orbital parameters are uniformly distributed except for the
eccentricity, for which a one-sided Gaussian prior was used with
0 mean and 0.3 as sigma (with a max of 1) for the distribution.
The average sensitivity using the median age for each star for the
whole sample can be seen in Fig. 5, while detection maps using
the minimum and maximum ages, the atmo2020 and ames-dusty

> http://simbad.u-strasbg.fr/simbad/
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Fig. 5. Average detection probability of a companion of given mass/sma
in the BEAST intermediary survey using the cond atmospheric model.
The two detected planets in this survey are also represented with the
mass/sma extracted from Janson et al. (2021a) and Squicciarini et al.
(2021). Jupiter is also added to provide a comparison. In the case of
b Centauri b, no semi-major axis estimation is available, so we provide
its projected separation instead.

models, and also the individual detection maps using the ames-
cond model for each individual star are available on Zenodo.

6. The population of the substellar companion
around B stars

6.1. Companions around B stars: Jupiter-like mass ratios

Though straddling the planet to brown dwarf definition border,
the substellar companions imaged by BEAST have mass ratios
relative to their host stars between 0.1 and 0.2%, which is lower
than those of other imaged exoplanets and close to the 0.1% of
Jupiter relative to the Sun. Since planetary formation takes place
in disks around young stars, and since the properties of these
protoplanetary disks are heavily related to the stellar mass, the
mass ratio is quite informative when investigating the nature and
possible formation mechanisms of substellar companions. We
therefore converted each detection probability map expressed in
Jupiter masses into detection probability maps expressed with
the ¢ ratio, that is, the planet to primary star mass ratio, using
the nominal masses listed in Table B.1. Once each individual g-
ratio map was computed, we interpolated them into a common
g-ratio/sma grid and averaged them to produce the final aver-
age detection probability map presented in Fig. 6. This figure
clearly shows that 4> ScoB and b Cen b populate a mass-ratio
range that is close to that of Jupiter and in the same range as
the lowest mass imaged exoplanets, 51 Eri b and AF Lep b. In
the case of b Centaurib, the mass ratio can be as low as that
of Jupiter if we follow Janson et al. (2021a), and consider the
total mass of the central binary (6-10M) instead of only the
primary star (5.9+0.6M)for the mass-ratio calculation. Though
the sma of the BEAST planets are much larger than Jupiter’s,
Squicciarini et al. (2022) highlight that the stellar flux at their
observed separation is also quite similar to that of Jupiter by
the Sun. However, such a continuity in planetary formation from
the Sun to a supernova progenitor such as x> Sco could come as
a surprise. And there are some hints that this similarity might
be coincidental: y?> Sco and b Centauri are among the 20% most
massive stars of BEAST, and while we have the detection capa-
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Fig. 6. Same as Fig. 5 but expressed in a companion to primary star
mass ratio. Several emblematic systems are added to the plot, repre-
sented by the hollow diamonds. Data are extracted from Zurlo et al.
(2022) for HR 8799 bcde, Desgrange et al. (2022) for HD 95086 b,
Blunt et al. (2023) for HIP 65426 b, Lagrange et al. (2020) for S8 Pic-
toris b, Brown-Sevilla et al. (2023) for 51 Eri b, and Zhang et al. (2023)
for AF Lep b.

bility to detect planets with Jupiter-like mass ratios and insula-
tion around lower-mass B stars observed by BEAST, we found
none, hinting that the population of exoplanets around B stars
might differ depending on their mass. However, we know that
lower-mass late-B stars can host substellar companions, with
HIP79098AB and HIP78530 which are two lower-mass B stars
outside of BEAST survey that are known to host substellar com-
panions at a large separation (Janson et al. 2019; Lafreniere et al.
2011). Our current sample is too small to be split into higher-
than-median-mass and lower-than-median-mass subsamples to
provide statistically meaningful constraints on possible varia-
tions of giant planet companions’ frequency with B-star mass.
The future analysis of the full BEAST sample should provide
more informative results on this question.

6.2. Frequency of companions around B stars

We wanted to estimate the frequency of planetary systems, so
stars with at least one planetary-mass companion. The average
survey sensitivity (or completeness) for planetary companions
below the TAU maximal mass, and detectable by our data (2—
13 My,p) with sma between 10 and 1000 au, is 64.1%. In this
range, our sample of 34 stars therefore translates into an effec-
tive sample number of 21.8. With one exoplanet found in this
range, a first order estimation of the frequency of such compan-
ions is 4.6%. However, the second companion, > ScoB, just
straddles the 13Mj,, limit. If we associate it with the population
of ELBDs that we defined in Sect. 4, the average survey sensi-
tivity for such ELBD companions (2-30 Mj,,) with sma between
10 and 1000 au is 70.5%, resulting in an effective sample num-
ber of 24.0. Since we found two ELBDs, a first order estimation
of the frequency of such companions is 8.5%.

We thus refined these rough estimates using bayesian proba-
bility to be able to derive reliable confidence intervals for the fre-
quency of planetary systems around B stars. We followed the ap-
proach described in Carson et al. (2012); Rameau et al. (2013);
Lannier et al. (2016) and derived the posterior distributions on
the frequency of B-star systems with no stellar companion within
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Table 3. Derived occurrence rates for companions within various mass
ranges around our sample of B stars.

Occurrence :  Median 68% confidence 95% confidence
Exoplanet! 7.7% [3.3-14.6]% [1.1-24.3]1%
ELBD 2 11.0% [5.8-18.4]% [2.6-28.0]1%
Substellar? 10.5% [5.5-17.5]1% [2.5-26.71%

Notes. !: <13Mjyp; 2 <30Myyp; 3: <73.3 My,

0.1" to 6" that host at least one substellar companion between 10
to 1000 au in various mass ranges.

For a given target j among the N stars within our sample, the
mean detection probability of finding a companion of a given
mass at a given semi-major axis is p;. We note that p; was de-
rived from the 2D detection limit maps described above. We de-
note f as the fraction of stars around which there is at least one
planet, with a mass included in the interval [2, 71, ] My ( With
Myax = 13,30, 73.3Mjyy, for exoplanets, ELBDs, and substellar
companions, respectively), and for separations inside the interval
[10, 1000] au. Then, fp; is the probability of detecting a com-
panion around the star j given its mean detection probability p;
and the fraction of stars f hosting at least one companion, and
1 — fp; is the probability of not finding it. The detections and
non-detections that are reported for a survey are denoted as d;:
dj = 1 for stars around which we found a planet, and O other-
wise. The likelihood function, L(d}|f), of the data represents the
probability that an observation gives d; given the planet fraction
f- We have

N
L@di\f) = | [ = fpp= x (fpp™. @)
j=1

Bayes’ theorem provides the probability density of f, the frac-
tion of stars hosting at least one ELBD given the observed data
d;. This probability density is the posterior distribution that rep-
resents the distribution of f given the observed data d;:

LW f)P(f)
I L@ NPHAf

In the former equation, P(f) is called the prior distribution. This
prior is a distribution reporting any preexisting belief concerning
the distribution of f, and it can strongly impact the posterior
result when scant observational evidence is available. To mini-
mize the impact of the prior choice, we therefore chose a range
in sma and companion masses where our survey sensitivity is
good. For the sake of comparison with previous studies, we used
a uniform distribution in planetary frequency space as a prior
P(f) = 1. The median of the resulting posteriors, as well as the
68.27% confidence intervals (equivalent to +10) and 95.45%
confidence intervals (equivalent to +2¢°) are shown in Table 3.

P(fldj) = 3

6.3. Comparison with the frequency of companions found
around solar-type stars

We used the results from the Vigan et al. (2021) SHINE-F150
survey as a comparison to explore whether the companion pop-
ulation is different around B stars and around Sun-like stars.

To account for the observational biases of the SHINE-F150
survey that attributed very high observational priority to some
systems where the presence of planets was already known or sus-
pected, we used the statistical weight from Table 1 of Vigan et al.
(2021) to each F150 detection. To each detection, this attributes
a weight (< 1) that corresponds to the probability that such a
stellar system would have been observed if the survey had been
unbiased and if observations had been carried out only on the
basis of the survey-defined a priori merit function. Following
this approach, we attribute 3.4 detections of stellar systems with
at least one exoplanet companion to SHINE F150 (accounting
for HIP65426, 8 Pictoris, HR8799, and HD95086, 51 Eri), 4.96
with at least one ELBD (adding HIP107412 B, HIP 78530 B,
GS(C8047-0232 B, and AB Pic B), and 8.56 with at least one sub-
stellar companion (adding HIP64892 B,  Tel B, CD-352722 B,
and Pz Tel B ). We then used the same Bayesian statistical frame-
work described above to derive the posterior distribution on the
fraction of systems hosting at least one companion from the
SHINE-F150 survey. One difference is that we only had access
to the average survey sensitivity and not the individual detection
maps for the SHINE-F150 survey, and therefore we set fp; to
this average sensitivity in Eq. 2 for every star within this survey.

As can be seen in Fig. 7, there is no statistically signifi-
cant difference in the occurrence rate of either exoplanet, ELBD,
or brown dwarf companions. ELBDs might be more common
around B stars, but the significance is below 20~ and this pos-
sible trend needs to be confirmed by the study of larger sam-
ples. In fact, the main difference in the companion properties ob-
served in the BEAST sample is their very large separation from
their host star which is replicated by none of the exoplanets or
ELBDs from Vigan et al. (2021). However, the Young Suns Exo-
planet Survey (YSES) survey (Bohn et al. 2020), targeting solar-
type stars located in Sco-Cen (as BEAST stars), shows that these
lower-mass stars also harbor exoplanets and ELBDs at very large
separations. It is unclear if the absence of such very large separa-
tion companions in the SHINE-F150 is a random effect of small
number statistics or if it is caused by some underlying physical
processes.

6.4. Comparison to population synthesis models

In order to discuss the formation of observed planets, it is helpful
to compare them with synthetic populations that result from pop-
ulation synthesis calculations. Such comparisons, however, are
limited, because most population synthesis studies of the disk
instability (DI) scenario still lack some physical processes and
are typically focused on the planetary population around solar-
type stars.

A recent development in population synthesis models in the
DI model is the disk instability population synthesis project
DIPSY (Schib et al. 2021, 2023, Schib et al.,2024a,2024b and
in prep). The authors performed population synthesis of objects
that formed through disk fragmentation, including the formation
of the star-and-disk system by infall from the molecular cloud
core. They studied parameter space in the final stellar mass from
0.05to 5 M and find that about 10% of the systems in the stel-
lar mass range above 2.1 M have at least one surviving com-
panion. Among these systems, results show that a bit less than
half would have been excluded from the BEAST survey because
they have a stellar mass companion at intermediate separations
(see Sec. 2). Based on preliminary results, the fraction of sys-
tems with surviving companions that would have been selected
is ~ 6%. This number is in rather good agreement with the com-
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Fig. 7. Comparison of the normalized posterior distribution for the fre-
quency of systems with at least one companion below a given mass, be-
tween the SHINE-F150 survey targeting mostly solar-type stars and the
BEAST survey targeting only B stars. The shaded areas highlight the
95% confidence interval for each distribution and the vertical dashed
line highlights the posterior maximum.

panion frequencies given above. Many of these companions also
have semi-major axes of hundreds of astronomical units.

However, the companions in systems compatible with the
BEAST host star sample have masses from 1.5 My, to 320 My,
and most of them are intermediate- or high-mass brown dwarfs:
61 % have masses between 30 My, and 73.3 Mjy,,. The rest are
divided into ELBDs (34%) and low-mass stars (5%). Among the
systems that do have an ELBD, 64% contain an additional com-
panion more massive than 30 Mj,,. Only 15 % of the ELBDs
(corresponding to 5% of the overall companion population) have
no other companion in the system, so the probability of find-
ing two such systems and no other substellar companion as ob-
served within the BEAST survey would be very small according
to these statistics from DIPSY. It would be even more unlikely
if one were to consider the exoplanet subset instead (about one-
third of the ELBDs).

At the moment it seems that the companions detected by
BEAST are not the most typical outcomes of the DI model. How-
ever, it is possible that DIPSY over-estimates the final masses.
This could be a result of various reasons such as: an overestima-
tion of gas accretion rate, the assumption of perfect merging due
to collisions and ideal merging, and the lack of magnetic fields
in the models. Also, we note that DIPSY only studied a stellar
mass range up to 5 My and it is still unclear to what degree the
conclusions are applicable to even more massive stars.

The same conclusions can be reached for studies of disk
fragmentation around solar-type stars, such as the study by
Forgan et al. (2018). These authors performed population syn-
thesis of disk fragmentation, including tidal downsizing and
gravitational interaction between fragments. They ignored gas
accretion but used a higher initial fragment mass than Schib et al.
Their resulting population is again dominated by objects with
masses around 80 M.
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However, recent simulations using state-of-the-art grid-
based as well as particle-based 3D magneto-hydrodynamic sim-
ulations with self-gravity have uncovered a new regime for disk
fragmentation, in which a small seed magnetic field is grown
naturally by tapping the energy of the gravitational field (e.g.,
Riols & Latter 2019; Deng et al. 2020). This results in a dynamo
mechanism that is more powerful than magnetorotational insta-
bility which rapidly leads to a dynamical important field. In the
latter regime, known as "GI dynamo," disk fragmentation has
different characteristics, where the forming clumps are over an
order of magnitude smaller in mass relative to conventional DI.
In addition, in this case gas accretion is significantly less effi-
cient due to the effect of magnetic pressure (Deng et al. 2021;
Kubli et al. 2023). So far, this new fragmentation regime has
only been explored for solar-type stars, where the characteris-
tic masses were found to be in the regime of super-Earth and
mini-Neptunes. If the mass ratio between stars and clumps is
constant in this scenario, one would expect that the inferred dis-
tribution of planetary masses in the case of B stars peaks at about
one Jupiter mass, so in this case lower masses than the observed
13-15Mj,, BEAST companions. Even if this simple scaling does
not quantitatively match the observed masses of the companions,
it goes qualitatively in the right direction, by lowering the mass
of the companions that formed through disk fragmentation. This
provides a strong incentive to investigate GI dynamo in the in-
trinsically more massive disks expected around B stars in future
research.

In core accretion, massive companions cannot form at a
large separation in situ due to the long core growth timescale
(Pollack et al. 1996). The accretion of pebbles may alleviate this
problem (Ormel & Klahr 2010), since pebbles can be accreted
more efficiently due to the stronger gas drag. However, when
both accretion of planetesimals and pebbles are considered, the
runaway gas accretion may still be delayed by the late accretion
of planetesimals (Kessler & Alibert 2023).

It is, however, possible for massive objects to form closer
to the star and be scattered to a large separation later. This sce-
nario should lead to the formation of wide companions only in
a minority of systems. For example, the NG76 (100 embryos)
population from the New Generation Planetary Population Syn-
thesis (Emsenhuber et al. 2021) features two companions above
1 Mjyyp outside of 100 au in 1000 systems, the 50 embryo pop-
ulation NG75 only has one. However, these populations were
conducted for 1 M, stars. A variant population with the same pa-
rameters as NG75, except with a stellar mass of 1.5 M, , exhibits
five wide massive companions. This hints at a larger fraction
of such objects around more massive stars. However, the trend
of more giants with increasing stellar mass is unlikely to con-
tinue to such massive hosts. Instead, the lifetimes of disks around
stars more massive than ~ 3 M are expected to decline steeply
with host mass because the internal photo-evaporation rate has
a strong dependence on the stellar mass (Gorti & Hollenbach
2009; Komaki et al. 2021). Lifetimes well below 1 Myr will be
too short for core accretion to form giant planets.

6.5. Gravitational capture scenario

The serious challenges for giant planet formation around B stars
led Parker & Daffern-Powell (2022, hereafter PD22) to claim
that the BEAST ELBDs were so unlikely to have been formed
around their current massive hosts that it was more likely they
formed around less massive stars (or even as isolated objects)
and were later gravitationally captured. In order to investigate
this hypothesis, they set up N, = 20 simulations where a cir-
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cle of radius £ = 1 pc was filled with 1000 stars following a
box-fractal spatial distribution that mimics the initial state of
newborn associations (see Daffern-Powell et al. 2022). Given the
random sampling of the stellar initial mass function, the number
of B-type stars in the cubes, Np, varies between 44 and 65. One
half of non-B stars (M, < 2.4My) are provided with a 1 My
planet in a circular orbit at a = 30 au. N-body integration allows
the dynamical evolution of each simulation to be followed for 10
million years.

A total of 18 planets are captured in the simulations; the fre-
quency of captured planets per star is therefore f, ~ 18/(Np -
Ngim) = 0.016, where we assumed a constant Nz = 55 for sim-
plicity. Therefore, the probability pc., of finding at least two
captured planets in the 37-star sample considered in this work
can be estimated via a binomial distribution,

1
n —_
Peapt = 1 = (k)f,]f(l - )"~ 0.128, )
=0

where (;) = n!/[k!(n — k!)] is the binomial factor and n = 37.
Though this probability is relatively small, it is probably over-
estimated. The median stellar density, which is a crucial feature
of these simulations, is indeed on the order of ~ 10* pc™3, a
value that, in contrast with observations, should result in the
presence of dense and gravitationally bound clusters at the age
of Sco-Cen (Gieles 2010). This value does not represent the
mean density within the simulated volume (n ~ 240 pc~3), but
rather the local density of the fractal regions. However, we argue
that such a high value of 7 is not adequate to describe Sco-Cen,
which has never been in such a compact configuration in the past
(Galli et al. 2018). In addition to this, the assumed frequency of
Jupiter-sized planets in wide orbits (f, = 0.5) is unrealistically
high if compared to observational evidence (Bowler 2016;
Nielsen et al. 2019b; Vigan et al. 2021). Therefore, we expect
the value of pc.pto be significantly lower.

We alternatively tried to quantify an upper limit of the fre-
quency of gravitational capture only based on empirical data. We
assessed it by summing the probability of two distinct scenarios:
1) the capture of a Sco-Cen object, either previously bound to a
star or flee-floating; and 2) as above, but with the object belong-
ing to the population of old interlopers that happen to share the
same physical volume with the association.

The timescale for a close encounter between two stars in a
given stellar environment can be estimated as

100 pc~3 Voo 10 au ( M,
e %33 % 107 ( ) Ho) (5
B X yr( n ) Lkms '\ rpin m; ©)

where n is the stellar density, v, the stellar mean relative speed
at infinity, ryi,the encounter distance, and m;, the total mass par-
ticipating in the close encounter (Malmberg et al. 2007). The last
factor (My/my;) accounts for gravitational focusing — that is, the
deflection of stellar trajectories caused by their mutual attraction
—, a process that largely extends the effective stellar cross sec-
tion.

We adopted the stellar density of the relatively compact
Lower Scorpius (Squicciarini et al. 2022) group (n ~ 1 pc™)
as an estimate for a the initial state of a typical star-forming
subgroup within Sco-Cen; assuming the present-day velocity
dispersion of the Upper Scorpius subgroup (v = 3.0 km s~!,
Squicciarini et al. 2021), a typical m; = SM,, and rpi, = 1000

au, Eq. 5 yields the following:

Tenc,sc ~ 1980 Myr. (6)

An estimate for the frequency of substellar objects can be ob-
tained based on the results from the SHINE survey (Vigan et al.
2021): the fraction of 1—75 Mj,, companions with a semi-major
axis € [5,300] au was found to be 5.87%7% and 12.63'%°%
around FGK and M hosts, respectively. We assumed a con-
stant fraction f. = 10%.° With regard to free-floating objects
(OMjyyp < M <75 Myyp), we estimated their fraction with respect
to the total Sco-Cen population as f; ~ 20% (Miret-Roig et al.
2022). In order to set an upper limit on the likelihood of this sce-
nario, we set the efficiency 7cqp of the capture process, that is, the
probability that a close encounter with a planet-bearing star or a
free-floating object results in a capture event to 100%. Then the
expected number of captured objects per close encounter N, s¢
after 20 Myr could be computed as

20 Myr

260 Myr e (1= 0+ fi) = 0.0028,

N

Np,SC ~

As N,sc < 1, we assumed the capture probability for a single
star to be f, sc = Npsc. Considering the whole survey,

1
37
Peapr,sc = 1 — Z(k)

k=0

frsc(l = fosc)’ ™" = 0.005. (8)

In a similar fashion, we estimated the capture probability of
a non-Sco-Cen object to be pegprf = 3 - 10~ (Appendix C). The
total upper limit on the probability of the capture scenario is
therefore Pcapt = Pcapt,SC + Dcapt,f = Peapt,SC = 0.005, corre-
sponding to a confidence level of 2.80" on the hypothesis that
the two substellar companions are not captured. We stress that
since the probability of pcap linearly depends on the capture effi-
ciency, we Set peapt L0 One to assess an upper limit of the capture
scenario. More realistic values of pcap, accounting for the pos-
sibility of ejection or simply that the companion stays within its
birth system, would result in even lower capture probabilities.
While these numbers are not sufficient to completely rule out the
capture scenario, they indicate that this mechanism is unlikely
to account for the population of B-star companions unveiled by
BEAST.

7. Conclusion

In this paper, we have discussed several plausible scenarios as
pathways to form ELBDs around very massive B stars, namely
core fragmentation, gravitational instability in a disk, gravita-
tional capture of free-floating or ejected planets, or core ac-
cretion. Although all of them might lead to the formation of
planetary-mass objects, none of them provide a straightforward
explanation for the population of ELBDs we observed around
the stars of the BEAST sample. In the case of gravitational insta-
bility, companions are usually more massive and ELBDs make
up only the tail of the distribution of companions. It is there-
fore unlikely to observe two ELBDs and any of the higher-mass
brown dwarfs that would be more natural outcomes of gravita-
tional instability. However, including the magnetic field in grav-
itational instability models might improve the agreement with
our observations. When a magnetic field is present in the disk

® The value is a comfortable upper limit since the BEAST survey is
virtually insensitive to 1My, < M < 2 My, objects and only weakly
sensitive to the regime 2Mj,, < M < 3 My, (Fig. 5).
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and dynamically important, the character of gravitational insta-
bility may indeed be significantly altered, leading to lower-mass
companions.

The same issue arises for core fragmentation, which typically
forms multiple stellar systems and occasionally brown dwarfs
and exoplanet systems (e.g., 2M1207B Chauvin et al. 2004), and
is complemented by the very unusual mass ratio of the observed
ELBDs, which is almost two orders of magnitude lower than the
lowest observed in multiple systems (see Gratton et al. 2023).
Core accretion is the typical planet formation scenario that is put
forward to explain the formation of Solar System planets, and
the mass ratio as well as the stellar insulation at the observed or-
bital separation for the BEAST ELBDs are of the correct order
of magnitude. However, the timescale for the formation of giant
planets by core accretion are larger than the quite fast timescale
of disk photo-evaporation around a star as hot and luminous as
BEAST B stars (Gorti & Hollenbach 2009; Komaki et al. 2021).
We also investigated gravitational capture as a distinct pathway
to account for the presence of ELBDs around the stars BEAST
survey sample. Even when favorable values are used for the var-
ious parameters involved in this scenario, we find that gravita-
tional capture is unlikely to account for the observed ELBD pop-
ulations.

It therefore turns out that none of the scenarios we explored
readily explain the population of planetary-mass companions
around B stars from our sample. The significant uncertainty
affecting each of these scenarios prevents us from identifying
which ones could be the least unlikely. At the same time, the
physical complexity behind each of these processes means that
current models and simulations are still limited in their predic-
tive power, and further progress on the theoretical side must be
ultimately guided by observations, such as those presented in
this work, probing uncharted regions of parameter space for ex-
oplanets and other substellar objects.

8. Data availability
Available on Zenodo: https://zenodo.org/records/13903381
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Fig. A.1. Systematic difference related to model selection and stellar
rotation. Rotation velocities in the legend are expressed in units of the
break-up velocity Vpgeax-

Appendix A: Uncertainties on stellar mass
estimates

As described in Sect. 2.2, we derived stellar masses using PAR-
SEC isochrones, so as to be consistent with the underlying age
analysis. The typical random uncertainty o, of these, arising
from the propagation of the uncertainties on parallax, apparent
photometry and age, is on the order of 0.01 < o, < 0.1 M.

However, in addition to unresolved multiplicity and random
uncertainties, additional factors can bias the photometric esti-
mate of stellar mass for BEAST stars: 1) the choice of the in-
put evolutionary model, and 2) stellar rotation, which can induce
non-negligible luminosity variations in the B-star mass range.

In order to explore the dependency on these factors, we
recomputed all stellar masses employing: 1) two different
models — MIST (Dotter 2016; Choi et al. 2016) and Geneva
(Haemmerlé et al. 2019); 2) PARSEC models with different val-
ues of stellar rotation (Nguyen et al. 2022).

A comparison of the results of these various models with the
nominal values from the PARSEC nonrotating analysis that we
use in this article is shown in Fig. A.1.

In order to correctly interpret the results of this comparison, a
couple of considerations have to be accounted for. Firstly, if one
compares isochronal masses and spectral-type-based masses, a
much lower compatibility is observed when using Geneva mod-
els, especially in the [4-6] Mgyrange: in other words, system-
atically larger values are obtained using this model. Secondly,
we expect the typical rotation velocity of our sample to be
<< 0.95vpreac. Alecian et al. (2013, hereafter A13) studied the
rotation rate of a large sample of young (10 kyr to 10 Myr) Be
stars. Even in the worst scenario of nonmagnetic Be stars (see
Fig. 5, bottom panel, blue bars of A13), we expect about <5%
(15%) of stars to have vsini > 0.8Vppeax for 2.3My < M < 3.5M,
(M > 3.5Mg). Moreover, only 7 stars of our sample are re-
ported as Be stars by Simbad; standard B stars with no promi-
nent emission lines are expected to possess lower rotation rates.
Finally, our stars are generally older than the sample by Al3,
which shows a clear trend of decreasing angular momentum over
time (at least for stars with M>5 M,). For all these reasons,
we consider it reasonable to (conservatively) assume a mini-
mum fractional uncertainty of 10% on all stellar masses. In the
case of ,u2 Sco, which is in a mass range where models differ
weakly and for which a dedicated analysis, showing evidence
for a very low rotation rate, was undertaken in a previous publi-
cation (Squicciarini et al. 2022), we retain the nominal PARSEC
uncertainty.

Article number, page 14

A.1. Notes on individual objects

HIP 63210: the classification of this star as B2 (~ 20000 K) is
suspicious, as T.gmeasurements from the literature (~ 11000 K)
are consistent with a late B. Also, the star is indicated as a SB2
by Chini et al. (2012). An equal-mass B8V binary (with M =
Mp = 3.4 M) would be in agreement with the age, temperature
and luminosity indicators.

HIP 78384: an equal-mass binary system with My = Mg =~ 7
Mmight explain the discrepancy between the two mass esti-
mates; however, the pair separation would have to be < 1 au to
be consistent with the non-detection by Rizzuto et al. (2013).
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Appendix B: Properties of target stars

HIPID  OTHERID RA DEC* G K Dist. Age SpT  Msyr My, my
hms dms mag mag pc Myr Mo Mo

HIP50847  *191 Car 1022 58.1465 -66 54 05.385 493 531 1289+1.6 27+4 B8V ~ 34%0% 49105 1
HIP52742 HD 93563 1046 57.4734 -564525.89 5.12 522 178.5+3.6 150+50 B5V 4734 4.1%¢ 1
HIP54767 HD 97583 111245.2069 -64 10 11.171 52 542 97.7+0.6 10070 B8V~ 3.4%2° 33+03 1
HIP58452 HD 104080 1159 10.6803 -4549 55.998 6.34 6.53 134.0+09 20+5 B85V  3.1*3% 3.0+03 0
HIP58901 HD 104900 1204 45.2597 -59 1511.703 629 628 117.0+14 13+3 B9V ~ 2.8%¢ 29103 1
HIP59173 V* V863 Cen 1208 05.2222 -503940.575 4.4 4.87 1089+23 15+3  B5V  47%0% 54x05 1
HIP59747  *del Cru  121508.7184 -58 44 56.126 2.77 3.53 139.5+ 139 16+3 B2V 7.0 11.0+1.0 1
HIP60009  *zetCru  121826.242 -640011.107 4.04 453 1082+23 125  B25V  6.0°) 6506 1
HIP60379 HD 107696 122249.4317 -57 40 34.068 5.36 5.64 104.1+£08 13+3  B7V ~ 3.9'0% 3804 0
HIP60710  *GCen  122631.76 -512702.288 4.8 523 136.1+34 18} B3V 54709 56+06 1
HIP60823  *sigCen 1228 02.3821 -50 13 50.296 3.89 448 1262+3.7 17+3 B2V 7079 72+07 1
HIP60855  *uCen 1228224671 -390228.19 543 554 1504+3.7 16+3 B85SV  3.170% 50+05 1
HIP61257 HD 109195 1233 12.1871 -52 04 58.236 6.55 6.61 1258+0.6 17+3 B95SV 27904 27+03 1
HIP61585 *alf Mus 1237 11.0178 -69 08 08.033 2.7 325 1160112 15+3 B2V 7.0735 9.8+ 1
HIP62058 HD 110506 1243 09.1786 -56 10 34.418 5.98 6.17 123.5+0.6 15+3 B7.5V  3.6'03 34+03 0
HIP62327 HD 110956 1246 22.7144 -56 29 19.735 4.61 5.06 117.9+3.1> 17+3  B25V  6.0°)3 54+05 1
HIP62434  *betCru  124743.2687 -594119.579 — 1.99 854+7.1°> 16+3  BIV  11.0%} 11.0+1.0 1
HIP62786 HD 111774 125156.931 -394049.55 597 622 1403+1.1 17+3 B7.5V  3.6%03 37+04 0
HIP63003 * mu.0l Cru 1254 35.6242 -57 1040.528 4.0 4.58 1248+33 16+3 B2V-V  7.079 7.1£07 1
HIP63005 * mu.02 Cru 1254 36.8841 -571007.193 5.15 531 121.0£1.7 16+3  B5V  47%% 4705 1
HIP63210  *HCen 1257 04.3514 -511155.512 5.14 534 1288+1.7 19+3 B2V 7.0 48+05 1
HIP63945  *fCen 1306 16.7036 -48 27 47.846 4.67 505 122623 15+3 B4V 51703 5505 1
HIP64004 *ksi02 Cen 13 06 54.6394 -49 54 22.487 4.22 484 147.1+39 20+4 B3V 54%% 7.0£07 1
HIP65021 HD 115583 13 1943.4213 -672151.567 7.25 722 171407 16+3 B9V ~ 2826 29103 0
HIP65112 V* V964 Cen 132037.8253 -524452.169 543 58 1192+14 15+3  B5V 4701 40+04 0
HIP66454 HD 118354 133723.476 -462540.432 589 6.14 143.0+£27 17+3 B8V~ 34%0% 40x04 1
HIP67464  *nu.Cen  134930.2765 -414115.75 3.38 424 1243+54 18% B2V 7.0730 82+08 1
HIP67669 *3Cen A  135149.6013 -325938.706 4.51 497 105.4+9.9° 17+3 B5V+B9V 47701 48105 1
HIP67703  *NCen  135204.8623 -524841.506 5.25 551 93.1+0.8 16+3 B8V ~ 34%03 34+03 1
HIP68245  *phiCen 135816.2661 -4206 02.724 3.81 449 140854 17+3 B2V 7.0 79+08 0
HIP68282  * upsO1 Cen 13 58 40.7486 -44 48 12.908 3.85 447 131.1+2.7°  21*3  B2V-V 7079 66+0.7 1
HIP68862  *chiCen 14 0602.768 -411046.678 431 493 1541+51 25+5 B2V 7.0 6807 0
HIP69011 HD 123247 1407 40.808 -484214.498 642 643 97.6+0.5 17+3 B9SV 2794 23+02 0
HIP69618 V* V795 Cen 14 14 57.1383 -57 05 10.049 5.01 477 131.5£23 2=1 B4V 5.1%3 63798 0
HIP70300  *aCen 1423 02.2387 -393042.544 436 492 120.1+2.6 174 B2V 7.0%0 59+06 2
HIP70626 HD 126475 14 2649.8732 -395226.344 6.34 6.59 141.0+1.1 15+3 B9V ~ 2.8%2¢ 33103 0
HIP71352  *etaCen 1435304241 -420928.17 2.25296 93.7+1.8" 15+3 B2V 7.0%0 97+10 3
HIP71353 HD 127971 143531.479 -413102.792 586 6.03 108326 15+3  B7V  3.9%0% 32103 1
HIP71453 HD 128207 1436 44.1322 -40 1241.696 5.72 6.01 1364+15 16+3 B8V ~ 34%3 40+04 0

-0.6
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HIP71536
HIP71860
HIP71865
HIP73266
HIP73624
HIP74100
HIP74449
HIP74657
HIP74752
HIP74950
HIP75141
HIP75304
HIP75647
HIP76048
HIP76126
HIP76591
HIP76600
HIP76633
HIP77562
HIP77968
HIP78104
HIP78168
HIP78207
HIP78324
HIP78384
HIP78655
HIP78702
HIP78918
HIP78933
HIP78968
HIP79044
HIP79404
HIP80142
HIP80208
HIP80569
HIP80911
HIP81208
HIP81266
HIP81316

HIP81472 V* V1003 Sco

HIP81474
HIP81891
HIP81914

* rho Lup
*alf Lup
*b Cen
HD 132094
HD 132955
HD 133937
*e Lup
HD 135174
HD 135454
V* GG Lup
* del Lup
* phi02 Lup
HD 137432
HD 138221
* zet Lib
HD 139233
* tau Lib
HD 139486
HD 141168
HD 142256
* tho Sco
HD 142883
* 48 Lib
HD 143022
* eta Lup
HD 143699
HD 143956
* tet Lup
* ome Sco
HD 144586
HD 144591
*13 Sco
HD 147001
HD 147152
* chi Oph
* N Sco
HD 149274
* tau Sco

HD 149425

HD 149914
HD 150638
HD 150591
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14 37 53.2261 -49 25 32.981 4.0 4.51
14 41 55.7557 -47 23 17.515 2.32 2.67
14 41 57.5905 -37 47 36.58 3.99 4.49
14 58 24.2646 -37 21 44.902 7.26 7.28
1502 59.2764 -32 38 35.849 5.42 5.73
1508 39.198 -425204.522 5.81 6.1
1512 49.5875 -443001.49 4.79 5.28
1515 19.6424 -44 08 58.18 6.73 6.95
1516 37.1496 -42 22 12.565 6.75 6.83
15 18 56.3746 -40 47 17.596 5.57 6.21
152122.3138 -40 38 51.109 3.21 3.96
1523 09.3506 -36 51 30.557 4.51 4.94
1527 18.1304 -36 46 03.214 5.43 5.84
15 31 50.2295 -32 52 52.015 6.45 6.25
153255.2212 -16 51 10.241 5.48 5.89
1538 32.6385 -3909 38.52 6.58 6.76
1538 39.3694 -29 46 39.895 3.65 4.12
1539 00.0577 -19 43 57.199 7.63 7.49
1550 07.0836 -53 12 35.174 5.77 5.95
1555 22.8856 -44 31 33.651 6.96 6.99
1556 53.0772 -29 12 50.667 3.87 4.46
15 57 40.4636 -20 58 59.082 5.81 5.73
1558 11.3682 -14 16 45.681 4.74 4.59
1559 30.8817 -40 51 54.598 8.12 7.49
16 00 07.3279 -38 23 48.138 3.41 4.1
16 03 24.1895 -38 36 09.141 4.87 5.27
16 04 00.2383 -19 46 02.926 7.76 7.24
16 06 35.5439 -36 48 08.173 4.16 4.7
16 06 48.4249 -20 40 09.079 3.92 4.01
16 07 14.9283 -17 56 09.731 7.76 7.4
16 08 04.3798 -36 13 54.598 6.74 6.91
16 12 18.2046 -27 55 34.953 4.53 4.98
1621 27.0327 -48 11 19.041 6.5 6.62
16 22 27.9955 -49 34 20.468 5.07 54
16 27 01.4355 -18 27 22.499 4.2 3.02
16 3122.9344 -34 42 15.725 4.18 4.69
16 35 13.8392 -3543 28.725 6.63 6.77
16 3552.9528 -28 12 57.661 2.8 3.57
16 36 28.673 -40 18 10.916 7.07 6.71
16 38 26.2919 -43 23 54.328 5.81 5.93
16 38 28.6527 -18 13 13.713 6.64 5.69
16 43 38.7239 -32 06 21.406 6.45 6.63
16 43 54.082 -41 06 48.038 6.12 6.29

107.0£2.3
142.5+3.40
99.7+3.1
1709 + 1.2
146.7 £2.8
1442+ 1.6
138.2+£3.9
1549+ 1.2
130.9 £ 0.7
150.1 + 2.0
148.6 + 10.6
159.2 +5.1%
1423 +24
163.7+ 1.0
230.8 + 8.4
14577+ 1.0
112.5 +2.5°
1647+ 1.0
96.5+0.5
1819+ 1.0
136.6 £5.5
1574+ 13
139.8 +24
1672+ 1.0
135.5+3.3%
122.5+4.5°
148.4 £ 0.8
1357+ 4.7
1409 +54
149.1 £ 0.6
138.5+0.9
1474 +3.1
1763 +1.2
141.8 + 6.4°
1529+ 4.6
182.4 £ 6.8
146.1 £ 1.0
1952 +423
1844+ 1.0
1909+ 1.9
1544+ 0.6
153.0+£ 1.0
174.6 £ 1.6

14+4
19+3
15+£2
15+3
17+3
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14+3
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16 +4
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HIP81972 HD 150742 1644 42.5926 -405022.83 5.61 584 173.8+19 18+3 B3V 5.4j8:§’ 56+06 1
HIP82514 * mu.0l Sco 1651 52.2283 -38 02 50.638 3.07 3.7 169.5+8.6° 20+4 BIV+BV 11.0f‘1‘:8 100+£1.0 1
HIP82545 * mu.02 Sco 1652 20.1453 -38 01 03.125 3.54 4.29 169.5 £8.6° 20+4 B2V 7.0ﬁ:8 9.1+03 O

Table B.1. Revised stellar parameters for all the targets of the BEAST survey.
The multiplicity flag m, indicates whether the star is known to be a multiple
system (1: Gratton et al. 2023, 2: this work, 3: Chini et al. 2012) or not (0).

Notes. : coordinates are given in J2000 IRCS. ?: using Hipparcos parallax. ¢: see Squicciarini et al. (2022).

Appendix C: Assessing the capture scenario for a field object

In order to be properly assessed, a capture scenario cannot neglect the fact that a stellar association, at any point of its history, is
nestled in a galactic environment where most of the stars are physically unrelated to the association. Thanks to its peculiar kinematic
signature — markedly different from the one of the field —, the association can be said to experience a wind of field stars: we would
like to assess here the probability of a BEAST star capturing a substellar object, either isolated or bound to a lower-mass star, from
the field.

A list of bona-fide Sco-Cen members was built by considering all the 8878 stars that are listed as members in at least two of
the following catalogs: Rizzuto et al. (2015), Galli et al. (2018), Damiani et al. (2019), Luhman & Esplin (2020), Esplin & Luhman
(2020), and Luhman (2022). The sample was merged with the 85-star BEAST sample, yielding a sample of Sco-Cen sources, S .
Afterwards, we queried the Gaia Archive for all sources located within the box containing S: 152° < @ < 268°, =75° < § < —10°,
4 mas < w < 13 mas. Removing the intersection with S yielded a sample of field stars, F.

For every star in S, we computed the number of stars in F found within 5 pc. We estimate a mean density of np = 0.34 stars
pc~!, four times higher than the corresponding estimate for Sco-Cen sources, ng. We assume 71 to be independent of time.

Using Gaia proper motion measurements u;, and u;s, the 2D mean differential velocity between Sco-Cen stars and field stars can
be estimated as

Vap = \/((v(w) ~ e )+ (o) = (v f>)2 =112kms™, ((eh))

where v, = 4.74 km s”'yr - /@ and vs = 4.74 km s~'yr - us/@ and the subscripts s and f indicate stars belonging to S and F,
respectively. Assuming the velocity is isotropic, we estimate v, = vip = V372 vop = 13.7km s~!.

According to Eq. 5, a close encounter within 1000 pc with a S5M, star occurs on a timescale Tene, f = 26.6 Gyr, so that f, ; =
2-107* (Eq. 7) and finally peyy = 3 - 107 (Eq. 8).

Due to the high relative velocity between field and Sco-Cen stars, the probability of a capture of a field object is negligible
compared to the capture of a Sco-Cen object.

Article number, page 17

1165

1170

1175

1180



	Introduction
	Sample description
	Initial BEAST sample
	Revised stellar host properties
	Sample selected for this study

	Observations and data processing
	Observation setup
	Data processing

	Detected companions within the sample
	Substellar companions
	Identified background sources
	Identification summary

	Detection limits
	Dealing with single-epoch stars
	Achieved contrast and conversion to detection limits expressed in mass

	The population of the substellar companion around B stars
	Companions around B stars: Jupiter-like mass ratios
	Frequency of companions around B stars
	Comparison with the frequency of companions found around solar-type stars
	Comparison to population synthesis models
	Gravitational capture scenario

	Conclusion
	Data availability
	Uncertainties on stellar mass estimates
	Notes on individual objects

	Properties of target stars
	Assessing the capture scenario for a field object

