Article

Awide-orbitgiant planetinthehigh-massb
Centauribinary system

https://doi.org/10.1038/s41586-021-04124-8
Received: 23 July 2021

Accepted: 12 October 2021

Published online: 8 December 2021

M Check for updates

Markus Janson'®, Raffaele Gratton?, Laetitia Rodet®, Arthur Vigan®, Mickaél Bonnefoy®,
Philippe Delorme®, Eric E. Mamajek®, Sabine Reffert’, Lukas Stock’,
Gabriel-Dominique Marleau®®°, Maud Langlois", Gaél Chauvin®?, Silvano Desidera?,

214

Simon Ringqvist', Lucio Mayer'®, Gayathri Viswanath', Vito Squicciarini2*,

Michael R. Meyer™, Matthias Samland’, Simon Petrus®, Ravit Helled™,

Matthew A. Kenworthy'®, Sascha P. Quanz”, Beth Biller'®, Thomas Henning'’, Dino Mesa?,
Natalia Engler"” & Joseph C. Carson'

Planet formation occurs around a wide range of stellar masses and stellar system
architectures'. Animproved understanding of the formation process can be achieved
by studying it across the full parameter space, particularly towards the extremes.
Earlier studies of planetsin close-in orbits around high-mass stars have revealed an
increase in giant planet frequency with increasing stellar mass® until a turnover point
at 1.9 solar masses (M), above which the frequency rapidly decreases®. This could
potentially imply that planet formation isimpeded around more massive stars, and
that giant planets around stars exceeding 3 M, may be rare or non-existent. However,
the methods used to detect planets in small orbits are insensitive to planets in wide
orbits. Here we demonstrate the existence of a planet at 560 times the Sun-Earth
distance from the 6- to 10-M_ binary b Centauri through directimaging. The
planet-to-star mass ratio of 0.10-0.17% is similar to the Jupiter-Sunratio, but the
separation of the detected planet is about 100 times wider than that of Jupiter. Our
results show that planets can reside in much more massive stellar systems than what
would be expected from extrapolation of previous results. The planet is unlikely to
have formed in situ through the conventional core accretion mechanism*, but might
have formed elsewhere and arrived toits present location through dynamical
interactions, or might have formed via gravitational instability.

The observations of the b Centauri (b Cen, HR 5471, HIP 71865;
b Cen # 3 Cen) system were acquired as part of the B-star Exo-
planet Abundance Study (BEAST)®, which surveys massive stars in
the Scorpius-Centaurus (Sco-Cen) young stellar association with
high-contrast imaging for direct detection of planetary companions.
Weacquired an original epoch observationin 2019 (Fig.1),in which we
identified three faint point sources around b Cen, where the bright-
est one had interesting near-infrared colours similar to previously
imaged planetary companions. Generally, a faint point source can be
eitheraplanetinorbitaround thetargetstar, or achance alignment of
abackground star. The two scenarios can be distinguished by assess-
ing whether the point source shares acommon proper motion with
the target star, in which case it can be established as being physically
boundtothetarget. We therefore scheduled a follow-up observation of

b Cen, whichwas executedin2021 (Extended Data Fig.1).In addition, we
found that the candidate planet appeared as a point source inarchival
observations from a direct imaging campaign taken in 2000 (ref. 6).
The candidate had been noted inthe survey report®, but all candidates
fainter than13 maginthe) band were assumed to be background con-
taminantsinthatreport, soit was discarded without further follow-up.
All of the datawe have collected confirm at >7.3o significance that the
candidate sharesacommon proper motion withb Cen (Extended Data
Fig. 2), and furthermore, there is clear evidence for orbital motion
consistent with the expected orbital speed around the central stellar
mass (Extended Data Figs. 2 and 3). The colours of the companion are
also consistent with young objects of planetary masses (Extended
Data Fig. 4). This collected body of evidence firmly establishes that
the candidateisadirectlyimaged exoplanet, physicallyboundtotheb
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Fig.1|/Imageofb Cen (AB)b. The planetitselfis denoted ‘b’ and located near
theedge of theimage. The central patternis residual noise from the light of the
parentstellar system, which has beenblocked by acoronagraph as well as
digitally subtracted, in this case using so-called classical angular differential
imaging. The two background stars also visiblein the field are both denoted
‘bg’. Theimageisinthe Kl1band. North points up and east points to theleftin
theimage.

Censystem. The two other faint point sources seenin the BEAST images
are confirmed as background stars (Extended Data Fig. 2).

Theb Censystem consists of a close pair of stars. The more massive
star is named b Cen A and has a spectral type of B2.5V (ref.”), corre-
spondingto an effective temperature of approximately 18,000 K. The
second star, b Cen B, hasbeen seen throughits dynamicalinfluence on
its primary star®, but there is no full orbital characterization of the sys-
tem, soits properties are uncertain. Owingtoits circumbinary nature,
we willrefer tothe detected planetas b Cen (AB)b, where (AB) denotes
thatit orbits both of the stellar A and Bcomponents. We estimate the
massoftheb Cen ABstars with isochronal models’, using the system age
of 15 + 2 million years (Myr) based on a 99.8% probability membership of
the Upper Centaurus Lupus association, and its parallax-based distance
0f 99.7 + 3.1 pc (ref. *°). In this way, we find a total mass of 6-10 M, for
the central pair (Table 1). This is 2-4 times higher than for the host stars
of any other confirmed planets: HD 106906 AB, which hosts adirectly
imaged planet, is the next highest-mass binary host with a total mass
of 2.7 M, (ref. ™), and in terms of single stars, the highest-mass verified
planet host starsin radial velocity surveys have masses up to 3 M (ref. >).

Onthe basis of isochronalfits to the photometric data, b Cen (AB)b
has a luminosity of 1.0 x 10~ solar luminosities, consistent with theo-
retical expectations for a 15 Myr super-Jovian planet. The luminosity
can be used to derive an estimate for the planetary mass, although
thereis a degeneracy with the entropy at the end of formation, which
isassociated with a considerable uncertainty?. However, for an object
inthe age and luminosity range of b Cen (AB)b, the impact is modest.
We perform a Markov chain Monte Carlo test with the BEX-Cond exo-
planet cooling models®with awide range of initial entropies (ranging
from ‘cold-start’ to ‘hot-start’) to derive a mass of 10.9 + 1.6 Jupiter
masses (M) (Extended Data Fig. 5). Warm-and hot-start conditions are
favoured by the model fitting. The mass estimations are very similar
to those of the imaged exoplanet HIP 65426 b when subjected to the
same analysis®, whichis as expected as the two planets have both ages
and luminosities within 10% of each other. With a planetary mass of
approximately 11 M, the mass ratio of b Cen (AB)b to the central binary
isonly 0.10-0.17% (Fig. 2). This is similar to the mass ratio between
Jupiter and the Sun. The massratio of a planet to the host star systemiit
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Table 1| Parameters for the b Cen system

Value Slunits
Physical parameters
Star A mass 5-6M, 1.0-1.2x10%kg
System mass 6-10.0M, 1.2-2.0x10%kg
Planet mass 10.9+1.6 M, 2.0x10%kg
System age 15+2Myr 47x10%s
Distance 99.7+3.1pc 31x10®m
Orbital parameters
Projected separation (2019) 556+17 AU 8.3x10"®m
Eccentricity <0.40
Inclination 128°-157°
Orbital period 2,650-7170yr 0.8-2.3x10"s

orbitsisthoughtto provide clues toits formation. For example, thereis
awell-known bimodal distribution seen among companions to Sun-like
stars, where one population increases in frequency downward from
an approximately 1% mass ratio, while another population increases
upward of about 10%, with a large unpopulated range in between™.
The divide represents differences between the planet formation and
stellar companion formation scenarios. In this context, b Cen (AB)b
would fall firmly in the planet-formation regime.

Thankstotherecovered epoch from 2000, our observational base-
line spans more than two decades. In combination with the relatively
fast orbital motion (despite the large semi-major axis) facilitated by
the high central mass, this means that we can measure statistically
significant orbital motion, which in turn means that we can put ini-
tial constraints on the orbital properties. We have run an orbit-fitting
code®suitable for orbits with limited coverage of the full orbital period
(Methods). Inthisway, we find that the inclination i lies inthe range of
128°-157° within a 68% confidence interval, meaning that it is inter-
mediate between an edge-on (90°) and a face-on (0° or 180°) orbital
orientation, possibly closer to face-on; and the eccentricity eis low,
€<0.40 at 68% confidence.

Both directimaging studies'®” and indirect radial velocity studies**
have showna clear trend of massive planetary companions becoming
increasingly abundant around increasingly massive stars, probably as a
result of an increasing circumstellar disk mass for more massive stars*.
However, in radial velocity surveys, the frequency of planet occur-
rence turns over ataround 1.9 M,,, going to effectively zero above 3 M,
(ref.?). Asmost previous large-scale exoplanet surveys have generally
centred their attention around more Sun-like stars, the >3 M, range has
not been systematically probed with direct imaging prior to BEAST,
and only recently explored in radial velocity?. This turnover might be
related to the increased levels of high-energy radiation emitted from
massive stars, causing faster disk evaporation and therefore ashorter
disk lifetime'. If the disk typically evaporates faster than giant plan-
ets can formin it, this would naturally explain a decreasing planetary
frequency past a certain stellar mass®. Alternatively, the inside-out
evolution of disk dissipation might allow planets on wide orbits to
form around massive stars, but prevent them from migrating to smaller
separations®. As radial velocity has a strong detection bias towards
close-in planets, it would be blind to such migration-halted planets.
Directimaging has the opposite bias, with primary sensitivity to wider
planets, and could therefore distinguish between the formation-halted
and migration-halted scenarios outlined above. The planetb Cen (AB)
bisapotential representative of amigration-halted planet population.
As protoplanetary disks around young massive stars can reach sizes
in the range of thousands of astronomical units® (1 AU is equal to the
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Fig.2| The planet-to-star massratioofb Cen (AB)binanexoplanetary
context.Smallcircles are confirmed exoplanets with parent stellar masses
knowntobetter than30% precision, retrieved from the NASA (National
Aeronautics and Space Administration) Exoplanet Archive. Both single and
binary star systems areincluded. The planets are colour-coded by detection
method, where greencirclesare transit detections, red are radial velocity
detections, black are microlensing detections, and blue are imaging
detections. The Solar System planets (images from NASA) are also plotted for
reference. Thediamond symbol denotesb Cen (AB)b, which has an unusually
low mass ratio to the central systemrelative to other detected planetsin the
wide, directlyimaged population. The error bar for b Cen (AB)b is dominated
by therange of possible values for the system mass (Methods).

Sun-Earth semi-major axis), the b Cen AB(b) separation of 550 AU is
possiblein this context.

The bulk of the known giant planet population is consistent with
having been formed through core accretion, in which solids in a
young circumstellar disk accumulate into cores onto which gas rap-
idly accretes once the core reaches a critical mass?. However, critical
core build-up is expected to be exceedingly difficult at separations
much wider than the circumstellar snow line*, although core forma-
tion through so-called pebble accretion may facilitate formation
at wider separations than the classical core formation scenario of
planetesimal collisions®. This issue may be particularly important
for massive host stars, where the gas disk dissipates faster than for
Sun-like stars, leaving less time for the core to reach the critical mass
for gas accretion. It is therefore unlikely that b Cen (AB)b formed
insitu by coreaccretion. One option could be that the planet formed
closer in towards the parent stars, and was subsequently ejected to
alarger orbit through dynamical interactions with other planets in
the system of similar mass or higher. However, in this case, we would
expectahigh eccentricity for the planetary orbit, as well as additional
companionsinthe systemto have caused the scattering. By contrast,
the measured eccentricity is modest or low, and no companions of
similar mass or higher than b Cen (AB)b are visible in the images.
Consequently, such companions of equal mass tob Cen (AB)b canbe
excluded by 50 confidence down to aseparation of 25 Au (that is, >20
times smaller than the b Cen (AB)b orbit). Another source of scatter-
ing might be the central binary, either through close encounters or
through mean motion resonances?*?. If the current binary configu-
rationis primordial, such interactions would be very unlikely, as the
planet separation is >100 times larger than the binary separation.

However, the stellar separation might have been larger at the time
of formation, and subsequently migrated inwards. There are so far
no clear differences between the wide planetary populations of sin-
gle and binary stars in statistical studies®. However, future studies
including b Cen (AB)b and other new detections could potentially
reveal such differences, which would imply that binary interactions
might have had arole in the formation of b Cen (AB)b.

Alternatively, agiant planet could formdirectly from the circumstel-
lar gas disk through gravitational instability”. This might be a particu-
larly important mechanism in the context of massive stars, as the full
process of formation canin principle occur inafew orbital timescales
(thatis, about 10* yr in the case of b Cen (AB)b). As this is much faster
thanthe approximately 10° yr required for core accretion, the instability
mechanismis less sensitive to the rapid dispersion timescales of disks
around massive stars. Meanwhile, the migration timescaleisindepend-
entof the formation mechanism. Hence, ascenario inwhich b Cen (AB)
b formed rapidly through gravitational instability close to its present
orbit but was prevented from migrating substantially inward due to
rapid dispersion is a possible explanation for why it is observed in its
currentenvironment. During the window between formation and disk
dispersal, the net migration might even have beenin the outward direc-
tion, asis sometimes seen in simulations of disk fragmentation?. The
relatively highinitial entropy of the planetimplied by our analysis might
speak in favour of gravitational instability as a formation scenario,
although other mechanisms cannot be excluded on this basis®. Theo-
retical models predict that disks around more massive stars are more
likely to fragment as aresult of more vigorous mass accretion®, which
further supports theinterpretation of b Cen (AB)b as adisk instability
planet. As yet another option, the planet could have formed as part of
aseparate stellar system and subsequently ejected, or it could have
formedinisolation. Atalater stage, it would then have been gravitation-
ally captured by the b Censystem. Planet transfers between stellar hosts
are possible in young star-forming regions where the stellar density
is high®*2. However, as high stellar density environments tend to end
up as open clusters that remain clustered for hundreds of millions of
years, the factthat b Cen currently resides in anon-bound kinematical
associationatanage of only 15 Myrimplies that it was never part of any
very high density environment. In addition, captured planets should
have high eccentricitiesingeneral, f(e) = 2e, where eis the eccentricity
andfis the distribution of eccentricitiesin a captured population®, The
probability of acquiring e < 0.40 is approximately 17% in this context, so
while the gravitational capture scenario cannot be excluded, itis mildly
disfavoured by the existing data. Awide and relatively low-eccentricity
orbitis not unique tob Cen (AB)b, but is also seen in other directly
imaged planets; most notably, the four HR 8799 planets®. However, at
semi-major axes ranging approximately 16-70 AU, the HR 8799 planets
still reside at an order of magnitude smaller orbital separation than
b Cen (AB)bat556 Au. The closest known analogue tob Cen (AB)b may
be HD 106906 (AB)b (ref. *), which is another very wide (about 650 AU)
circumbinary planet, although in a substantially less massive system
containing two roughly equal-mass stars of1.31-1.37 M, and asystem
mass of 2.7 M, (ref. ™). We show b Cen (AB)b in the context of the wider
exoplanetary populationin Fig. 2. So far, there are no other known
systems quite like it.

Our measurements of the orbital properties of b Cen (AB)b disfa-
vour a dynamically violent past, favouring instead a formation close
toitspresentlocation with little subsequent orbital evolution. As core
accretionis challenging at such large separations, disk instability might
representamore probable formation scenario. Regardless of the spe-
cific formation mechanism, the discovery of b Cen (AB)b shows that
the statistical approximately 3 M, upper stellar limit for hosting giant
exoplanets within approximately 5 Auimplied from radial velocity
measurements’ cannot be extrapolated to the full system architecture.
Stars and stellar systems up to at least 6-10 M, can host giant planets
onwide orbits.
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Methods

Observations and datareduction

The target b Cen was observed with SPHERE (ref. *®) at the Very Large
Telescope located in Paranal, Chile, on 20 March 2019 and on 10 April
2021 as part of the BEAST (ref. °) survey. The 2019 observations were
executedin theso-called IRDIFS-EXT mode?¥. In the IRDIFS-EXT mode,
lightis split up spectrally with adichroic, suchthatlightin the YJH-band
rangeisrecorded by theIFSarm of SPHERE, and lightinthe K-band range
isrecorded by the IRDIS arm. As the IFS field of viewisonly1.7 x 1.7 arc-
sec, itdoes not contain the planetary companion (located at 5.4 arcsec
separation) and is therefore not used in this analysis. IRDIS records
simultaneousimages acrossal2 x 12 arcsec field of view in two separate
wavelength bands?®, which in the 2019 epoch were the K1 (2,110 nm)
and K2 (2,251 nm) bands. The 2021 observations were acquired with
IRDIS in astand-alone mode, using the J2 (1,190 nm) and J3 (1,273 nm)
bands. The standard SPHERE coronagraph called N-ALC-YJH-Swithan
inner working angle of approximately 0.1 arcsec was used during most
of the observing sequence, except for a few frames at the beginning
andend of the sequence that were taken with a neutral density filter in
the beam, for unsaturated photometric referencing of the unresolved
central stellar pair.

Datareductionwas performed using the SPHERE Data Center® soft-
ware, using the SpeCal*° high-contrast algorithm package. The standard
BEAST reduction procedure’was performed, including classical angular
differentialimaging (cADI)*, template locally optimized combination
ofimages (TLOCI)** and a pure image rotation and combination algo-
rithm. Owingtoitslarge separation (-5.35 arcsec) fromthe central stars,
theplanetb Cen (AB)b was detected inall reductions, and in all bands
during both epochs. Two faint background stars were alsoidentified in
the more sophisticated of the reduction schemes. Negative injection
inthe TLOCI scheme was used to derive photometry and astrometry
of the planet and the background stars for robust estimations of the
uncertainties involved. Calibration of astrometric parameters such
as the pixel scale and the true north alignment was performed using
cluster observations following the standard Data Center calibration
scheme®, The astrometric properties of all the points sources in the
fieldare shownin Extended Data Table 1, and the photometric proper-
ties are shown in Extended Data Table 2.

Stellar system analysis
Thedistancetotheb Censystemis 99.7 + 3.1 pc, based on the parallax
from the latest data release from the Gaia satellite’. This value is well
consistent with others from previous releases and from Hipparcos*.
However, continued evaluation of the distance in the futureis relevant,
asitisnotyetclear towhich extent the exact parallax could be affected
by the stellar binary motion, which could in principle have a similar
orbital period as the parallactic period of 1 yr. The proper motion of
the systemisinsensitive tosuch short-period events, and ismeasured
as29.83 + 0.37 mas yr 'westward and 31.91 + 0.52 mas yr* southward.
We base the age estimate of the system on the membership of b Cenin
the Upper Centaurus Lupus (UCL) sub-group of the Sco-Cen region®,
andits specific location within this region. According to the BANYAN-X
(ref. *¢) tool, the membership probability of b Cen to UCL is 99.8%.
While the UCL region exhibits anon-negligible age spread, particularly
towards its edges, b Cenis located in a large uniform age areain an
age map*’ of the region, with a mean age of 15 Myr. Indeed, based on
the standard deviation in a circular area with a10° diameter centred
onb Cenin the map, the age scatter in that part of UCL is only +1 Myr.
Hence, we conclude that the b Cen age uncertainty is dominated by
the intrinsic UCL mean age uncertainty*, leading to an age estimate
of 15+ 2 Myr.

For estimating the effective temperature of the primary star, we usea
combination ofliterature values*** to acquire T, = 18,310 + 320 K. Sev-
eral extinction estimates based on existing literature*s>°give E(B - V)

colour excesses in the vicinity of 0.015 mag, leading to a composite
estimate of E(B - V) = 0.015 + 0.005 mag, which corresponds to an
extinction of A, = 0.047 + 0.016 mag. Alternatively, we can estimate
the extinction by integrating a 3D extinction map® out to the distance
of b Cen. This gives A; = 0.109 + 0.014 mag, implying a slightly higher
colour excess of E(B— V) = 0.034 + 0.005. Both values are very lowrela-
tive to the photometric uncertaintiesin our analysis and do notimpact
the results. We adopt the former estimation, A, = 0.047 + 0.016 mag,
based on consistency intheliterature. Such levels of extinction are nor-
mal for high-mass starsinthe Sco-Cenregion. While the properties of
b Cen Acanberelatively easily determined, b Cen Bisinvisible to most
observing facilities, asitis both fainter thanb Cen A and located close
toit. Thebinarity is observed primarily based on the dynamical impact
of b CenBonb Cen A, through radial velocity variability® and excess
astrometric motion'®, but there are insufficient dynamical datatofitan
orbit to the observed motion. In addition, there is an interferometric
data point from 2010 (ref. %%), which appears to resolve the system at
aseparation (projected along a single baseline) of 9 mas. However,
as the observation is based on a single epoch with a single baseline,
and the detection is close to the instrument performance limit (M.
Ireland, personal communication), it should be considered as a pos-
sible rather than a definitive detection. For the purpose of isochronal
mass determinations of the stellar system, we have therefore adopted
two edge case scenarios that define the envelope of possible masses
for the central b Cen pair. In one edge case, we consider the possibil-
ity that the fluxand mass of b Cen B are small enough to be effectively
negligible, performing the isochronal analysis of b Cen Aasif it was a
single star. In the other edge case, we adopt the interferometrically
derived brightness of b Cen B to estimate its mass in conjunction with
the mass determination of b Cen A.

Inall cases, we use isochrones based onthe 15Myr age of the system,
using the PARSEC models’ in the R-band range, as that is the wavelength
band onwhichtheinterferometric measurement was centred. The first
edge casein whichb Cen A is treated as adominant star in the system
leads to a mass of 6 M,,, while the second edge case gives individual
masses for b Cen A and B of 5.6 and 4.4 M, respectively; that s, a total
system mass of 10 M. Given thatb Cen Bis most probably somewhere
inbetween these extremes, we can therefore adopt atotal system mass
range of 6-10 M. In the scenario where b Cen A is the fully dominant
component, there is a discrepancy of approximately 0.2 M, between
using the R-band magnitude versus using the effective temperature as
input for the isochronal analysis. In other words: if treated as a domi-
nantcomponent, b Cen Ais mildly overluminous for its effective tem-
perature, relative to isochronal expectations. This could be naturally
explained if b Cen B does indeed contribute to the total flux, instead
of being fully sub-dominant. However, it may also reflect uncertain-
ties in the isochronal analysis itself. For example, the b Cen A has a
projected rotational velocity of 129 km s™ (ref. >*), which is relatively
rapid. This distorts its shape and temperature distribution, such that
its observed properties can vary depending on from which direction
itis observed. As we do not have this information, this constitutes an
intrinsic uncertainty reflected in the differing outcomes. In the future,
dynamical mass measurements of the system would eliminate these
uncertainties, yielding robust and model-independent masses.

Astrometric analysis

When assessing whether a directly imaged planet candidate is a real
companion or a background contaminant, a fundamental step is to
verify that they share acommon proper motion with the host star sys-
tem, and are kinematically distinct from the population of potential
contaminants. Each pairing of our three epochs shows statistically
significant evidence for common proper motion (as well as orbital
motion). As the two BEAST epochs from 2019 and 2021 are the most
readily reproducible data points, we use them as a baseline crite-
rion for testing common proper motion, and remark that the formal
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significance is higher still if the 2000 epoch data point is also consid-
ered. The hypothesis thatb Cen (AB)bis astatic background contami-
nantcanberejected atthe 14.2clevel based onits motion from the 2019
to the 2021 epoch. This conclusion remains robust if we allow for the
hypothesized background contaminant to have a proper motion of its
own. The proper motion scatter in the background population towards
Sco-Cen is approximately 7 mas yrin each direction®. Meanwhile,
b Cen exhibitsaproper motion of43.7 mas yrintotal. Thisis a higher
proper motion than most Sco-Cen targets, in part due to the fact that
b Cenis on the ‘near’ side of Sco—-Cen (that is, relatively close to us as
observers). Abackground contaminant with a sufficiently high proper
motion to keep up with b Cen can therefore be rejected at the 6.00
level, and a contaminant keeping up with b Cen (AB)b can be rejected
by 7.30, as the instantaneous orbital motion of b Cen (AB)b takesiitin
almost the opposite direction from the static background solution.
By contrast, the two other point sources observed in the field around
b Cenarebothwell consistent with a static background hypothesis. We
fit orbital parameters for the orbital motion across the 21-yr baseline
using the orbits for the impatient (OFTI) module® within the orbit-
ize code®, and check the results against an MCMC code® which gives
consistent results.

The planetary astrometry is referenced with respect to the position
of its parent star. If the central point source is an unresolved binary, it
will exhibit astrometricjitter over time, due to the orbital motion of
the stellar pair. If the jitter is large enough, it can impose substantial
noise into the apparent astrometry of the planet, and affect the orbital
fitting. However, suchanastrometric binary motion would be detected
by wide-angle astrometric missions such as Hipparcos** and Gaia'™. In
the case of b Cen, the expectedjitteris small, due to the close orbit of the
binary.Indeed, both the differencesin astrometry between Hipparcos
and Gaia, and the intrinsic scatter within each catalogue, are less than
1mas. Thisisseveral times smaller than the astrometric error bars for
b Cen (AB)b, and therefore not adominant source of error.

Photometric and isochronal analysis

We derive photometric values in the four measured spectral bands
(J2,J3, K1, K2) using the characterization arm of the SpeCal (ref. °)
high-contrast pipeline, using the unsaturated point spread function of
the star for fitting and determining the star-planet contrast, and cali-
brating against the star’s 2MASS (ref. ) near-infrared brightness. The
2MASS photometry has relatively large uncertainties due to the bright-
ness of the star (approximately 4.5 magin the near-infrared range), but
itis consistent with the expected photometry for aB3V-type star.Inthe
future, a more precisely measured stellar near-infrared photometric
set independent from 2MASS would be useful, as the star is used as a
photometric reference for the planet, and therefore the photometric
precision for the planet is partly affected by the precision for the star.
We use the photometric values to derive an estimate for the bolometric
luminosity L, for the planet. For this purpose, we compare each pho-
tometric band individually toisochronal models based on both COND
(ref.%®) and DUSTY (ref. %) theoretical spectra, for ages of both 10 and
20 Myr. Theideabehind this procedure s to represent the composite
uncertainty set by uncertainties in the underlying model, in the age,
andinthe choice of spectral band. The method also implicitly includes
the uncertainty in distance, as this is accounted for in the conversion
between measured apparent magnitude and the absolute magnitudes
usedintheisochronal analysis. We then take the mean of all L, values
corresponding to each best-fit mode to represent the best-matching
luminosity, and the standard deviation to represent the uncertainty.
This gives log(Ly,/L,) =—3.98 £ 0.19. We use this value along with the
15+ 2 Myr age of the system to derive a mass estimate 0f 10.9 +1.6 M,
based onarange ofinitial entropies of the planet, asinref. . The result
is consistent with other models, including the newly developed set of
model tracks planetsynth (ref. ©°) which favours a slightly lower mass
of8.9+0.5M,.

Formation analysis

Inthe future, with high-resolution spectroscopy, it may be possible to
derive cluesabout the formationscenario of b Cen (AB)b from chemical
signatures, such as the atmospheric C/O ratio®. In the meantime, the
most concrete traces of its origins are attained from its physical and
orbital properties, and their relations to the broader population of
detected gas giant planets. While wide-orbit (larger thanabout 10 Au)
giant planets arerare overall, with afrequency at the few per cent level
or lower®, they are increasingly found in direct imaging surveys, not
least in the Sco—Cen region® %, More massive stars are more likely
to host wide giant planets in imaging surveys'®”. The companion
frequency appears to increase with decreasing mass for the directly
imaged exoplanet population®, implying a separate formation channel
from stellar companions. Statistical investigations of the radial velocity
exoplanet population have shown that companions in the mass range of
about4 M;and lower show a correlation with metal enrichment in their
parent stars while companions in the range of about 10 M, and higher
donot®, which in that context seems to imply that companions in the
same massrangeasb Cen (AB)b preferentially form through a star-like
channel. However, these metallicity-mass relations are derived for
Sun-like stars, whereas B stars are several times more massive, and with
consequently more massive disks, may be expected to host multiple
times more massive planets onaverage as well. A few of theimaged plan-
ets are circumbinary®*¢%, and there is so far no statistically significant
difference between single and binary stars in terms of the probability
to host wide giant planets®.

The mass ratio to the central stellar pair of 0.0011 and projected
separation of 560 AU distinguish b Cen (AB)b within the exoplanet
population, as shown in Fig. 2. In particular, the mass ratio is similar
to that of the 51 Eri system®, and significantly smaller than that other
directlyimaged planetary systems. Suchalow massratioisindicative
of a planetary formation scenario, distinct from a scenario in which
b Cen (AB)b would have represented the low-mass end of a stellar
population, asatertiary componentin the b Cen system’. To quantify
this, we have integrated a model that includes both populations and
compared the amplitude of each population. The model spans mass
ratios between 0.0005and 0.02, and orbital separation ranges between
250 and 1,000 Au. The brown dwarf companion model is based on an
extrapolation of acompanionsurvey around intermediate mass stars”’.
We adopt their log-normal orbital distribution witha peak near 400 Au,
the companion massratio distribution of ref. *, and normalize with the
observed frequencies between 30 and 800 AU from 0.1< g <1.0 (ref. ™).
For the planet population, we fitted alog-normal distribution to pub-
lished frequencies of gas giant planets 5-13 M, (0.0025 < g < 0.0065)
from 0-320 AU (witha peak between1and 10 Au) based onradial veloc-
ity and direct imaging surveys'®’>”, The model explicitly accounts
for variations in companion frequency as afunction of mass ratio and
orbital separation. A similar model was used to interpret data from
the SHINE survey"” and is described in detail in M.R.M. et al. (manu-
scriptin preparation). The resulting probabilities are 3.1 x 10~ for the
stellar scenario and 3.8 x 107 for the planetary scenario; that is, the
probability for a planetary origin is more than 100 times larger than
astellar origin. Both probabilities are low, which reflects the general
scarcity of very low-mass wide companions to high-mass stars. We
emphasize that these models are necessarily based on extrapolations,
asthe high-contrast circumstellar environment of B-type stars has not
been statistically exploredin detail yet, so they should be regarded as
tentative. Indeed, the most relevant survey for assessing population
distributions at low masses around B-type stars willbe the BEAST survey
itself. When the survey is finished, the prospects for robustly evaluat-
ing how b Cen (AB)b fits into the larger exoplanet demographics will
therefore greatly improve.

Anaspectofthe possible disk instability formation path that remains
unclear is to which extent it can reproduce the mass of b Cen (AB)b.



Fragments produced in theoretical work are typically more massive
than 10 M, for disks around early-type stars™ %, Possible pathways to
planetary masses may include formation at arelatively late stage when
the disk is partially dispersed, or as previously discussed, formation
elsewhere in the disk followed by a migration and scattering process,
possibly involving tidal downsizing”® for reducing the embryo mass.

Data availability

Allthe raw data used in this study are available at the European South-
ern Observatories archive (http://archive.eso.org/cms.html) under
programme ID 1101.C-0258, by default after a proprietary time of 1yr
after eachrespective dataset wasacquired, but earlier access canbe pro-
vided uponreasonable request to the corresponding author. Processed
data are available from the Data Center by following the instructions
at https://sphere.osug.fr/spip.php?article74&lang=en.

Code availability

Datawere processed using recipes at the SPHERE Data Center. Access
tothe Data Center is available by following the instructions at https://
sphere.osug.fr/spip.php?article47&lang=en.
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Extended DataFig.1|J2-bandimage of b Cen (AB)b. Theimagereductionis background star cannotbe easily seen at the contrast/saturation of this display,
performed with classical angular differentialimaging. The planetis denoted‘b”  whichis chosento optimize visibility of otherimage elements.
and the brighter of the background starsis denoted ‘bg’. The fainter
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Gray tracks show arepresentative collection of orbits that fit the observed
motion ofbCen (AB)b. Theinsetszoominonthelocationsaround background
star1(upperleftinset), backgroundstar2 (upperrightinset), and the
confirmed planetb Cen (AB)b (lower leftinset). The filled symbols are the
measured locations, while the open symbols show the projected motion
expected forastatic background object (which would follow the dashed
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thesame colour trends as are generally observed for young planetary and
substellar companions tostars, plotted as purple and black symbols witherror
bars. Symbols without error bars are young and field brown dwarfs.

Extended DataFig. 4 |Colour-magnitude diagramsforb Cen (AB)b. a,J2-)3
colour versus absolute J2 magnitude. b, K1-K2 colour versus absolute K1
magnitude. The planetb Cen (AB)bis plotted as ablue-greenstar, and follows
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Extended DataFig. 5| Constraints on mass andinitialentropyforbCen (AB) atmospheric modelsince the bolometric luminosity (and nota magnitude) is
b. Posterior probability distribution for the mass and initial entropy of b Cen used. Thered dotted (blue dashed) lines show for reference the approximate
(AB)bbased onits brightness and age. The BEX-Cond models are used in this minimum and maximum of the hot-start (cold-start) planetsin the Bern
MCMC exploration, but the results are not very sensitive to the choice of the population synthesis®. Asubset of the models is shown for plotting purposes.



Extended Data Table 1| Astrometric values for point sources around b Cen

Separation (mas)

Position angle (°)

b Cen (AB)b
51690 MID

58563.33 MID
59315.27 MID

Faint background star
58563.33 MID
59315.27 MID

Bright background star
58563.33 MID
59315.27 MID

5301 £ 53
5351.76 + 3.66
5362.04 + 6.69

3625.80 £ 14.99
3552.06 + 8.68

4954.49 £ 3.74
4919.19 £ 6.08

243.1£0.1
241.872 £ 0.034
241.722 £ 0.068

262.217 £ 0.152
263.064 £ 0.134

279.346 £ 0.035
280.124 £+ 0.067
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Extended Data Table 2 | Photometric values for point sources around b Cen

Apparent (mag) Absolute
(mag)
b Cen (AB)b
J2 (1190 nm) 17.98 £ 0.25 12.99 +£0.26
J3 (1273 nm) 17.64 £ 0.25 12.65 +£0.26
K1 (2110 nm) 16.37 £ 0.06 11.38 £ 0.08
K2 (2251 nm) 16.13 £0.06 11.14 £ 0.08
Faint background star
J2 (1190 nm) 23.02 £0.48
J3 (1273 nm) 23.14 £ 0.52
K1 (2110 nm) 20.90 £0.18
K2 (2251 nm) Not detected
Bright background star
J2 (1190 nm) 19.90 £ 0.25
J3 (1273 nm) 19.62 £ 0.25
K1 (2110 nm) 18.50 £ 0.06
K2 (2251 nm) 18.40 £ 0.08
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