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A B S T R A C T 

The last decade of direct imaging (DI) searches for sub-stellar companions has unco v ered a widely diverse sample that challenges 
the current formation models, while highlighting the intrinsically low occurrence rate of wide companions, especially at the 
lower end of the mass distribution. These results clearly show how blind surv e ys, crucial to constrain the underlying planet and 

sub-stellar companion population, are not an efficient way to increase the sample of DI companions. It is therefore becoming 

clear that efficient target selection methods are essential to ensure a larger number of detections. We present the results of 
the COPAINS Surv e y conducted with SPHERE/VLT, searching for sub-stellar companions to stars showing significant proper 
motion differences ( �μ) between different astrometric catalogues. We observed 25 stars and detected ten companions, including 

four new BDs: HIP 21152 B, HIP 29724 B, HD 60584 B, and HIP 63734 B. Our results clearly demonstrate how astrometric 
signatures, in the past only giving access to stellar companions, can now thanks to Gaia reveal companions well in the sub-stellar 
regime. We also introduce FORECAST (Finely Optimised REtrie v al of Companions of Accelerating STars), a tool which allows 
to check the agreement between position and mass of the detected companions with the measured �μ. Given the agreement 
between the values of the masses of the new sub-stellar companions from the photometry with the model-independent ones 
obtained with FORECAST, the results of COPAINS represent a significant increase in the number of potential benchmarks for 
BD and planet formation and evolution theories. 

K ey words: instrumentation: adapti ve optics – astrometry – binaries: visual – brown dwarfs – stars: low-mass. 
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 I N T RO D U C T I O N  

irect imaging (DI) is the only detection method that provides
bservations of an exoplanet or brown dwarf (BD) itself, as it captures
he thermal emission of self-luminous companions. With the unique
pportunity to obtain photometric and spectroscopic observations of
ubstellar objects, this detection method allows for a direct probe
f cold companions atmospheres. DI is also necessary to study the
uter regions of planetary systems, that cannot be probed by other
etection methods. 
Despite the remarkable efforts that have been invested in the

e velopment of ne w observing technologies and image processing
echniques, and a steady increase in the census of wide-orbit
ompanions, only a handful of systems below the deuterium-burning
imit have been uncovered around stars in DI programs, and the
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Commons Attribution License ( http://cr eativecommons.or g/licenses/by/4.0/), whi
ccurrences of wide companions appear to be intrinsically low (Biller
t al. 2007 , 2013 ; Lafreni ̀ere et al. 2007 ; Nielsen & Close 2010 ; Vigan
t al. 2012 , 2017 , 2021 ; Rameau et al. 2013 ; Galicher et al. 2016 ;
ielsen et al. 2019 ). In order to empirically constrain the formation,

volution, and atmospheric properties of both isolated and bound
ub-stellar companions, we need to unco v er a substantial population
f these objects, and measure their fundamental properties, such as
he ef fecti ve temperature and mass. Ho we ver, e ven when a compre-
ensi ve vie w and an extensi ve spectrophotometric characterisation
s possible, imaging surv e ys still only provide measurements of an
bject’s luminosity. Mass estimates for imaged planets and BDs
herefore rely entirely on evolutionary models, which currently carry
igh uncertainties, particularly at young to intermediate ages. An
ndependent determination of masses from dynamical arguments is
herefore crucial to o v ercome the large uncertainties introduced by
volutionary models, and in turn refine the theories. Furthermore,
 sample of benchmark objects should ideally span a wide range
f properties (e.g. spectral types, masses, ages). As DI is more
menable to very young systems, where low-mass companions are
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ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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COPAINS Survey 5589 

Figure 1. Examples of the solutions computed with COPAINS for the observed astrometric trends of one target selected through the Selection 1 process 
(using Tycho-2 and TGAS; left-hand panel) and one target from the Selection 2 process (using TGAS and Gaia DR2; right-hand panel). The solid black lines 
correspond to the median curves of solutions, and the dark and light shaded areas represent the 1 and 2 σ confidence interv als, respecti vely. The dashed grey 
lines show the expected detection limit used for the survey selection, computed as detailed in the text. 
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till bright, the majority of the scarce sample of such benchmark 
bjects in the planetary regime orbit relatively young stars (few 

ens to hundred Myr). On the contrary, most BD companions with 
ell-defined dynamical masses orbit older hosts with field ages of 

everal Gyrs (see Fig. 1 ). As known bound sub-stellar companions are 
ven rarer in associations such as Hyades ( ∼650 Myr Mart ́ın et al.
018 ), the intermediate age regime remains relatively unexplored, 
nd theoretical models are hence particularly poorly constrained at 
hese ages. Our understanding of the origins and atmospheres of 
hese objects thus remains severely limited by the small number 
f known systems. In particular, the sparse sample of directly 
maged companions shows a large diversity of spectrophotometric 
haracteristics and orbital configurations, and remain challenging to 
rasp as populations (Bowler 2016 ). Larger numbers of detections are 
ence essential to enable a better characterisation and understanding 
f the wide-orbit companion population, and obtain a clearer picture 
f their formation patterns. 
In F ontaniv e et al. ( 2019 ), we presented a new tool COPAINS

Code for Orbital Parametrisation of Astrometrically Inferred New 

ystems), developed to identify previously undisco v ered companions 
etectable via DI, based on changes in stellar proper motions 
cross multiple astrometric catalogues. A significant proper motion 
ifference ( �μ) between two catalogues for a given star is a
ood indication of the presence of a perturbing body. For systems
howing significant differences between proper motions measured 
 v er a long time baseline (e.g. T ycho-2, or T ycho Gaia Astrometric
olution – TGAS; Høg et al. 2000 ; Michalik, Lindegren & Hobbs 
015 ), and catalogues that provide short-term proper motions (e.g. 
ipparcos , Gaia DR2; ESA 1997 ; Gaia Collaboration 2018 ), the

ool allows for the computation of secondary mass and separation 
airs compatible with the observed trend, marginalised o v er all 
ossible orbital phases and eccentricities. The resulting solutions 
re based entirely on dynamical arguments, although a dependence 
n the adopted (usually model-derived) stellar mass remains in the 
btained secondary masses. Compared to the expected sensitivity of 
n imaging instrument, these predictions can then be used to select 
he most promising targets for DI searches of low-mass companions. 

The use of such informed selection processes had already pro v en
o be ef fecti ve in the stellar regime (Makarov & Kaplan 2005 ;
 r
ok ovinin, Hartung & Hayw ard 2013 ; Bowler et al. 2021 ; Steiger
t al. 2021 ), and recently led to the disco v ery of new BD companions
ased on the astrometric signatures induced on their host stars 
Currie et al. 2020 ; Chilcote et al. 2021 ). Such astrometric systems
re particularly valuable, as the combination of relative astrometry 
rom DI information with absolute astrometry from the primary’s 
strometric signature offers a remarkable opportunity to refine orbital 
onstraints and measure dynamical masses (Calissendorff & Janson 
018 ; Snellen & Brown 2018 ; Brandt, Dupuy & Bowler 2019 ;
upuy et al. 2019 ; Grandjean et al. 2019 ; Maire et al. 2020 ; Nielsen

t al. 2020 ; Drimmel et al. 2021 ). Precise orbital elements for the
opulation of wide-orbit companions can provide key insights into 
ormation mechanisms (e.g. Bowler, Blunt & Nielsen 2020 ). Fur- 
hermore, model-independent mass measurements for BDs and giant 
lanets are especially important to bypass the use of mass estimates
rom theoretical models, which typically carry large uncertainties, 
oth due to the difficulties of determining system ages, and to the
ystematic uncertainties of the evolutionary and atmosphere models 
hich are particularly pronounced at the lowest masses and youngest 

ges. Increasing the pool of systems amenable to dynamical mass 
easurements will therefore be essential to help calibrate theoretical 
odels for substellar objects. 
In this paper, we present the results of a pilot surv e y conducted

ith the SPHERE instrument (Beuzit et al. 2019 ), an extreme
daptive optics facility at the ESO’s Very Large Telescope (VLT), 
hich employed the COPAINS tool for informed target selection. 
e describe the sample and selection method in Section 2 . The

bservations and data reduction are presented in Section 3 . The
urv e y results are reported in Section 4 and discussed in Section 5 . 

 SAMPLE  PROPERTIES  

.1 Target selection 

.1.1 Initial target list 

o select targets for DI campaigns, we searched different catalogues 
ontaining proper motions, using as an input a list of known,
elatively young, sources, from which the targets were protected by 
MNRAS 513, 5588–5605 (2022) 
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he SPHERE Guaranteed Time Observations (GTO) were remo v ed.
or the sources with both long- and short-term proper motion

nformation, we first selected stars showing a difference larger
han 3 σ between two catalogues, in either of the proper motion
omponents. The data presented here were obtained during three
SO periods (P100, P102, and P104), 1 with several differences

n the target selection procedure, as a result of the different Gaia
ata releases available at the time of each selection. The relevant
nformation about the two initial selections is listed here. 

Selection 1 (P100 and P102) 

(i) Input list: An e xtensiv e compilation of about 900 nearby young
tars (Desidera et al. 2015 ). 

(ii) Long-term proper motion catalogue: Tycho-2 (Høg et al.
000 ), with a proper motion baseline of ∼100 yr. 
(iii) Short-term proper motion catalogue: The Tycho- Gaia Astro-
etric Solution (TGAS; Michalik et al. 2015 ), part of Gaia DR1

Gaia Collaboration 2016 ), with a proper motion baseline of ∼25 yr.

Selection 2 (P104) 

(i) Input list: The same compilation as abo v e (Desidera et al.
015 ), complemented by bona-fide members of nearby young mov-
ng groups (Gagn ́e & Faherty 2018 ; Gagn ́e et al. 2018 ). In total, there
re about 2200 unique objects in this input list. 

(ii) Long-term proper motion catalogue: TGAS, with a proper
otion baseline of ∼25 yr. 
(iii) Short-term proper motion catalogue: Gaia DR2 (Gaia Col-

aboration 2018 ), with a proper motion baseline of ∼1.5 yr. 

Following the selection of these so-called �μ candidates, stars
ith known companions from visual and/or radial velocity observa-

ions were remo v ed from the list. A star was remo v ed if satisfying
ny of the following criteria: 

(i) Multiplicity flag (MultiFlag) equal to C or O in the Hipparcos
atalogue (ESA 1997 ); 

(ii) Star appears in the Catalog of Components of Double &
ultiple stars (CCDM; Dommanget & Nys 2002 ); 
(iii) Star appears in The ninth catalogue of spectroscopic binary

rbits (S 

9 
B ; Pourbaix et al. 2004 ); 

(iv) Star has a sub-stellar companion listed in The Extrasolar
lanets Encyclopaedia; 2 

(v) A suffix in the name of the star indicating that it is part of a
inary system, or an unresolved binary (e.g. A, B, AB). 
(vi) For Selection 2, we also excluded stars with another source

loser than 5 arcmin on the sky, and sharing the same parallax (within
 σ ), in order to exclude obvious stellar binaries from the surv e y and
orrectly focus on sub-stellar companions. For this, we only used the
ources with relatively small parallax uncertainties ( � / σ� 

< 0.2). 

.1.2 COPAINS selection 

fter removing known binaries as detailed abo v e, we further retained
nly the targets for which the COPAINS tool (F ontaniv e et al.
019 ) returned that the objects causing the observed astrometric
rends could be sub-stellar, if in the parameter space detectable with
PHERE (i.e. within the instrument field of view and abo v e the
xpected sensitivity of observations). 
COPAINS provides a good indication of the region of the pa-

ameter space in which a hidden companion responsible for an
NRAS 513, 5588–5605 (2022) 

 ESO programme IDs 0100.C-0646, 0102.C-0506, 0104.C-0965. 
 http:// exoplanet.eu/ 

t

3

bserved astrometric offset may be. Based on the formalism from
akarov & Kaplan ( 2005 ), the approach assumes that long-term

roper motion measurements are representative of a system’s centre-
f-mass motion, and that short-term measurements correspond to
he instantaneous reflex motion of the host star. For a measured
μ value, the code allows us to evaluate the possible companion
ass and separation pairs compatible with the astrometric data,

or a given distance, stellar mass (see Section 2.3 ), and eccentric-
ty distribution, while assuming face-on orbital inclinations (see
 ontaniv e et al. 2019 , for details). We adopted a Gaussian eccentricity
istribution centred around e = 0 with a width of 0.3 (Bonavita,
e Mooij & Jayawardhana 2013 ), and the astrometric catalogues
isted abo v e were used as long- and short-term proper motion
alues. 

Fig. 1 shows examples of the resulting trends computed with
OPAINS for one target from P100 (left-hand panel) and one target

rom P104 (right-hand panel). In each case, the estimated solutions
ere compared to the expected sensitivity limit of SPHERE-IFS,

hown as a red solid line in Fig. 1 . The IFS limits were obtained
ollowing the approach described by Mesa et al. ( 2021 ) and converted
o minimum mass limits using the models from Baraffe et al. ( 2015 )
nd the values of the age and stellar mass available at the time of
he selection. Only promising targets, where the intersection of the
etection limits and computed regions suggested possible sub-stellar
ompanions detectable in our surv e y, were kept for the final sample,
ased on a visual analysis of the obtained plots. Finally, only the
argets not previously observed with SPHERE, and observable in the
ele v ant ESO period were kept. The final target list consisting of 25
tars observed with SPHERE is given is Table 1 , while Table 2 lists
he values of the proper motions from Tycho-II, TGAS, Gaia DR2
nd EDR3 and the resulting �μ. 

.2 Stellar ages 

 full revision of the stellar ages was performed for all the targets
ollowing the approaches described in Desidera et al. ( 2015 , 2021 ),
onsidering a variety of indicators and also performing a check for
embership to groups using the BANYAN � on-line tool 3 (Gagn ́e

t al. 2018 ). Most of the targets were found to be field objects, while
till compatible with a relatively young age, or stars with ambiguous
embership. In these cases, we considered indirect age indicators

uch as the equi v alent width of 6708 Å Lithium doublet, rotation
eriod, X-ray emission, chromospheric activity, taking as reference
he empirical sequences of members of groups and clusters (e.g.
esidera et al. 2015 ) and isochrone fitting. Several of our targets have

ges between Hyades and Pleiades. In this range, we took advantage
f the recently derived rotation sequence for Group X at an age of
00 Myr (Messina et al. 2022 ). When applicable, we considered
he age indicators for physical companions outside the SPHERE
eld of view and, for close binaries, we deblended photometric
olours for binarity, to impro v e the reliability of the derived ages.
or the few target found to be belonging to young moving groups,
e adopted the values of the ages presented in Bonavita et al. ( 2016 )

nd Desidera et al. ( 2021 ), mostly based on Bell, Mamajek & Naylor
 2015 ). 

All targets were found to be younger than 1 Gyr, except for GJ 3346
or which the age is likely to be closer to 5 Gyr as discussed in detail
n Bonavita et al. ( 2020 ). The age determination process for each

arget is discussed in Appendix A . 

 http:// www.exoplanetes.umontreal.ca/banyan/ banyansigma.php 

http://exoplanet.eu/
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Table 1. Sample characteristics. All the values of the parallax are from Gaia EDR3. The values of the age (Age max 
min ) and stellar mass (Mass max 

min ) are derived as 
described in Sections 2.2 and 2.3 (see also Appendix A for details on the age deri v ation for the single objects). The last column includes the observing period 
for which the target was originally proposed for and therefore the selection method applied, as detailed in Section 2.1 . 

ID RA Dec. Parallax Spectral types J H K Age max 
min Mass max 

min Selection method 
(hh: mm: ss) ( ◦: 

′ 
: 
′′ 
) (mas) (mag) (mag) (mag) (Myr) (M �) 

HIP 15247 1:10:09.411 −3:31:48.575 20.37 ± 0.03 F6V 6 .457 6 .209 6 .099 45 150 
30 1.23 + 0 . 006 

−0 . 003 P104 

HIP 17439 3:44:09.0243 −38:16:56.771 61.84 ± 0.02 K2V 5 .462 5 .088 4 .934 700 900 
500 0.87 + 0 . 001 

−0 . 001 P104 

HIP 21152 4:32:04.7457 5:24:36.069 23.11 ± 0.03 F5V 5 .593 5 .385 5 .333 625 700 
600 1.44 + 0 . 002 

−0 . 002 P104 

HIP 21317 4:34:35.2511 15:30:16.873 21.67 ± 0.02 F8 6 .745 6 .552 6 .445 625 700 
600 1.12 + 0 . 001 

−0 . 001 P100 

HIP 22506 4:50:35.4147 −41:02:51.426 19.83 ± 0.05 G9V 7 .438 7 .099 6 .876 50 125 
40 0.96 + 0 . 002 

−0 . 009 P104 

GJ 3346 5:19:59.4774 −15:50:24.411 42.09 ± 0.02 K3.5Vk: 6 .856 6 .284 6 .205 5400 6500 
4300 0.74 + 0 . 003 

−0 . 003 P100 

HIP 27441 5:48:36.7913 −39:55:55.814 23.59 ± 0.01 K0V 7 .407 7 .061 6 .912 250 350 
150 0.90 + 0 . 001 

−0 . 001 P100 

HIP 28474 6:00:41.2853 −44:53:50.304 18.48 ± 0.01 G8V 7 .73 7 .433 7 .321 42 125 
35 0.96 + 0 . 001 

−0 . 020 P104 

HIP 29724 6:15:38.8408 −57:42:05.96 15.86 ± 0.01 G2V 7 .715 7 .447 7 .346 150 250 
100 1.04 + 0 . 001 

−0 . 001 P104 

HIP 33690 6:59:59.8409 −61:20:12.444 54.53 ± 0.01 G9V 5 .459 5 .097 4 .987 650 800 
500 0.94 + 0 . 001 

−0 . 002 P104 

HD 57852 7:20:21.4547 −52:18:42.709 28.63 ± 0.23 F5V 5 .28 5 .13 4 .946 200 300 
150 1.41 + 0 . 006 

−0 . 006 P104 

HD 60584 7:34:18.6723 −23:28:25.17 32.75 ± 0.04 F5V + F6V 5 .03 4 .9 4 .773 1000 1700 
300 1.35 + 0 . 012 

−0 . 016 P100 

HIP 52462 10:43:28.4085 −29:03:51.014 46.49 ± 0.02 K1V 6 .176 5 .77 5 .66 170 250 
120 0.86 + 0 . 001 

−0 . 001 P104 

HIP 56153 11:30:35.5865 −57:08:02.252 44.53 ± 0.02 K3.5V(k) 6 .495 6 .019 5 .868 700 1000 
500 0.79 + 0 . 001 

−0 . 001 P102 

HIP 59726 12:14:57.6323 −41:08:21.243 31.14 ± 0.02 G5V 6 .31 6 .008 5 .925 700 1000 
500 1.02 + 0 . 002 

−0 . 003 P104 

HIP 61804 12:40:00.1103 −17:41:03.596 16.20 ± 0.31 G3V 7 .295 7 .043 6 .869 120 200 
80 1.12 + 0 . 009 

−0 . 010 P104 

HIP 63734 13:03:39.0733 −16:20:11.414 18.49 ± 0.03 F7/8V 6 .752 6 .522 6 .436 150 300 
100 1.21 + 0 . 006 

−0 . 006 P104 

HIP 63862 13:05:16.9255 −50:51:23.776 21.06 ± 0.02 G6V 7 .158 6 .834 6 .744 200 300 
120 1.03 + 0 . 001 

−0 . 002 P100 

HIP 71899 14:42:23.1023 21:17:35.386 21.94 ± 0.02 F8 6 .447 6 .223 6 .172 300 3000 
100 1.18 + 0 . 011 

−0 . 012 P102 

HIP 78549 16:02:13.5632 −22:41:15.023 7.01 ± 0.03 B9.5V 7 .037 7 .038 6 .97 11 12 
4 2.61 + 0 . 010 

−0 . 014 P104 

HIP 108912 22:03:42.303 −60:26:14.87 23.38 ± 0.02 G2V 6 .773 6 .529 6 .444 300 400 
200 1.07 + 0 . 002 

−0 . 002 P104 

HIP 112491 22:47:09.1673 −32:40:30.874 36.43 ± 0.02 G8V 6 .295 5 .958 5 .852 700 900 
500 0.95 + 0 . 001 

−0 . 002 P104 

HIP 112581 22:48:06.8092 −37:45:23.989 26.14 ± 0.02 G0VCH-0.3 6 .415 6 .172 6 .1 600 800 
450 1.09 + 0 . 002 

−0 . 003 P104 

CD-69 2101 23:31:00.5329 −69:05:09.756 33.03 ± 0.01 K3V 7 .345 6 .824 6 .712 350 500 
200 0.77 + 0 . 001 

−0 . 001 P100 

HIP 116768 23:39:54.9912 9:40:38.345 14.05 ± 0.29 A2m 5 .563 5 .488 5 .471 780 1040 
520 1.88 + 0 . 045 

−0 . 062 P104 
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.3 Stellar masses 

he masses for all the stars in the sample were also revised,
sing the Manifold Age Determination for Young Stars ( MADYS , 
quicciarini & Bonavita in preparation; see Squicciarini et al. 2021 , 
or a description of the tool) and the updated values of the stellar ages.

ADYS retrieved and cross-matched photometry from Gaia EDR3 
Gaia Collaboration 2021 ) and 2MASS (Skrutskie et al. 2006 ) for all
ur targets and then applied a correction for interstellar extinction 
y integrating along the line of sight the 3D extinction map by
Leike, Glatzle & Enßlin 2020 ); the derived A(G) were turned into
he photometric band of interest using a total-to-selective absorption 
atio R = 3.16 and extinction coefficients A λ from Wang & Chen
 2019 ). The derived absolute magnitudes were then compared with 
 grid of isochrones with an age range based on the minimum and
aximum age values included in Table 1 to yield a mass estimate.
ADYS can use se veral av ailable grids, but in this instance the

ARSEC isochrones (Marigo et al. 2017 ) were used, due to their
arge dynamical range spanning the entire stellar regime. A constant 
olar metallicity, appropriate for most nearby star-forming regions, 
as assumed (D’Orazi, Biazzo & Randich 2011 ) for all targets except

or HIP 21152 and HIP 21317, for which we assumed [Fe/H] =+ 0.13
ased on their membership to the Hyades (see Appendix A for
etails). For each star, a sample of mass estimates was constructed 
y computing the best-fitting mass at different ages within the given
ge range; its median w as tak en as the final mass estimate, while the
eported errors represent the 16th and the 84 percentile; photometric 
ncertainties were naturally propagated on the final result via a Monte 
arlo approach, i.e. by randomly varying, in a Gaussian fashion, 
hotometric data according to their uncertainties while building the 
ample of mass estimates. 

 OBSERVATI ONS  A N D  DATA  R E D U C T I O N  

ll observations were performed with VLT/SPHERE (Beuzit et al. 
019 ) with the two near-infrared (NIR) subsystems, IFS (Claudi et al.
008 ) and IRDIS (Dohlen et al. 2008 ) observing in parallel (IRDIFS
ode), with IRDIS in dual-band imaging mode (DBI; Vigan et al.

010 ). For all targets, we used the IRDIFS-EXT mode, which enables
o v ering the Y -, J -, H -, and K -bands in a single observation, which
s meant to provide a high-level of spectral content for subsequent
nalyses. 

A summary of the observing parameters and conditions is given 
n Table 3 . The observing sequence adopted was similar to those
esigned for the SHINE Guaranteed time surv e y (see e.g. Chauvin
t al. 2017 ) and consisted of 
MNRAS 513, 5588–5605 (2022) 
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(i) One PSF sub-sequence composed of a series of off-axis
nsaturated images obtained with an offset of ∼0.4 arcsec relative to
he coronagraph centre (produced by the T ip-T ilt mirror). A neutral
ensity filter was used to a v oid saturation 4 and the AO visible tip-tilt
nd high-order loops were closed to obtain a diffraction-limited PSF.

(ii) A star centre coronagraphic observation with four symmetric
atellite spots, created by introducing a periodic modulation on the
eformable mirror (see Langlois et al. 2013 , for details), in order
o enable an accurate determination of the star position behind the
oronagraphic mask for the following deep coronagraphic sequence.

(iii) The deep coronagraphic sub-sequence, for which we used
ere the smallest apodized Lyot coronagraph (ALC-YH-S) with a
ocal-plane mask of 185 mas in diameter. 

(iv) A new star centre sequence, a new PSF registration, as well
s a short sky observing sequence for fine correction of the hot pixel
ariation during the night. 

IRDIS and IFS data sets were reduced using the SPHERE Data
eduction and Handling (DRH) automated pipeline (P avlo v, Feldt
 Henning 2008 ) at the SPHERE Data Center (SPHERE-DC, see
elorme et al. 2017 ) to correct for each data cube for bad pixels,
ark current, flat-field and sky background. After combining all data
ubes with an adequate calculation of the parallactic angle for each
ndividual frame of the deep coronagraphic sequence, all frames are
hifted at the position of the stellar centroid calculated from the initial
tar centre position. In order to calibrate the IRDIS and IFS data sets
n sky, we used images of the astrometric reference field 47 Tuc
bserved with SPHERE at a date close to our observations. The plate
cale and true north values used are based on the long-term analysis
f the GTO astrometric calibration described by Maire et al. ( 2016 ).

.1 Detection limits 

n order to e v aluate our sensiti vity to stellar companions, we
etermined detection limits for point sources. We used the standard
rocedure to derive detection limits outside the coronagraphic field
asks that makes use of the SPECAL software as described in
alicher et al. ( 2018 ) and used in the F150 surv e y (Langlois et al.
021 ). The detection limits considered here were obtained using
he Template Locally Optimised Combination of Images (TLOCI

arois et al. 2014 ) for IRDIS and the ASDI-PCA (Angular Spectral
ifferential Imaging with PCA Galicher et al. 2018 ) for IFS. 
Contrast limits for the individual data sets are shown in the left-

and panel of Fig. 2 and reported in Table 4 . The corresponding
alues of the minimum companion mass limits, obtained using the
volutionary models from Baraffe et al. ( 2015 ) for the magnitude to
ass conversion, are shown in the right-hand panel Fig. 2 . 
The achiev ed av erage limits appear to be significantly worse than

he average of the expected limits (dashed–dotted line in Fig. 2 )
sed for the target selection. This is most likely due to the fact
hat, since our program was e x ecuted in service mode and as filler,

ost of our targets were observed in sub-optimal conditions and
ith very small field rotation, with a strong negative effect on the
uality of the high-contrast imaging performances, especially at short
eparations. This is also confirmed by the fact that the average limit
chieved for the first 150 targets of the SHINE survey (grey solid line,
rom Vigan et al. 2021 ), where all targets were observed in the best
ossible conditions, is instead much better than both the measured
nd estimated COPAINS limits. 
 www.eso.org/ sci/ facilities/paranal/instruments/sphere/ inst/filters.html 

file:www.eso.org/sci/facilities/paranal/instruments/sphere/inst/filters.html
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Table 3. Summary of VLT/SPHERE observations (full table available as supplementary material). 

ID Observations date MJD MODE DITxNDIT ND Filt FoV rot seeing τ 0 

HIP 15247 2019-10-03 58759.27718 IRDIFS-EXT 64x2 ND 3.5 19 .54 0 .89 0.0021 
2019-10-18 58774.26027 IRDIFS-EXT 64x2 ND 3.5 2 .13 1 .03 0.0024 
2019-10-26 58782.22189 IRDIFS-EXT 64x2 ND 3.5 25 .60 1 .0 0.0026 

HIP 17439 2019-10-02 58758.30404 IRDIFS-EXT 32x6 ND 3.5 49 .90 1 .06 0.0022 
HIP 21152 2019-10-26 58782.29206 IRDIFS-EXT 64x3 ND 3.5 36 .63 1 .19 0.0032 

Figure 2. IFS detection limits expressed in contrast (left-hand panel) and minimum companion mass (right-hand panel) versus projected separation, for all the 
targets in our sample. The dashed vertical line marks the coronographic radius. Note that objects with multiple epochs will appear more than once. The COND 

models (Baraffe et al. 2003 ) were used for the magnitude to mass conversion, using the adopted age from Table 1 . 

Table 4. IFS contrast limits (expressed as � mag ) for all the available data sets (full table available as supplementary material). 

ID JD 52mas 100mas 200mas 300mas 400mas 500mas 600mas 700mas 800mas 

HIP 15247 03/10/2019 7.49 10 .08 11 .96 12 .9 12.86 12 .68 13 .23 13.94 
HIP 15247 18/10/2019 6.04 9 .52 9 .82 10 .44 11.66 11 .61 10 .59 12.25 
HIP 15247 26/10/2019 3.89 7.36 9 .9 12 .25 13 .32 13.52 13 .1 12 .79 13.46 
HIP 17439 02/10/2019 5.17 8.03 11 .76 13 .92 14 .09 13.95 14 .83 15 .26 14.35 
HIP 21152 26/10/2019 6.09 7.53 12 .13 14 .41 14 .01 14.15 14 .49 14 .5 13.83 
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 RESULTS  

e detected a total of 14 candidate companions, 4 of which were
ound to be background sources thanks to additional epochs available 
n the literature or obtained in our program (HIP 63862, HD 57852,
nd HIP 33690). The 10 co-moving companions are shown in Fig. 3 .
ight of the co-moving companions have separations below 0.9 
rcsec, and are therefore in the IFS field of view, while the remaining
 were only observed with IRDIS. Five are new discoveries, including 
 white dwarf companion at ∼3.6 arcsec from GJ 3346 (already pre-
ented in Bonavita et al. 2020 ) and four new sub-stellar companions:
IP 21152 B, 5 HIP 29724 B, HD 60584 B, and HIP 63734 B. Their
roperties are discussed in details in Sections 4.5–4.7 . 

.1 SPHERE astrometry and photometry 

he astrometry and photometry measurements from all our SPHERE 

bservations, are listed in Table 5 . For each epoch, we report the
rojected separation and position angle, and the contrast (expressed 
 HIP 21152 B was independently disco v ered as part of two other surv e ys 
argeting accelerating stars, as detailed in Kuzuhara et al. ( 2022 ) and Franson 
t al. 2022 (in preparation). Both works include an in-depth characterisation 
f the system, the latter also including a full spectral and orbital analysis 
ombining all available data sets. 

t  

o  

b

6

f

s apparent magnitude difference) in the IFS Y and J filters, as
ell as the IRDIS K 1 and K 2 for the IRDIFS-EXT observations. 6 

he probability that the source is a background star, e v aluated as
escribed in Section 4.2 , is also listed. 

.2 Common proper motion confirmation 

ultiple epochs, used to clarify the bound or background nature of
ur candidates, were available for 9 of the program stars. Except for
IP 15247 and HD 60584, which were re-observed with SPHERE as
art of the program, all additional epochs were retrieved from other
urv e ys, catalogues (including Gaia) or papers dedicated to specific
bjects. The proper motion and photometry for the companions 
etrieved in Gaia EDR3 are reported in Table 6 , while Table 7 presents
he complete list of astrometric measurements for all our systems, 
ogether with the references used for each entry. Fig. 4 shows the
esulting common proper motion analyses for both the co-moving 
nd background interlopers. Note that for HD 60584 we detected 
wo sources, one at 0.5 arcsec (CC1, discussed in Section 4.7 ) and
ne at ∼3 arcsecs (CC2), shown in Fig. 4 and confirmed to be
ackground. The remaining candidates are bright companions at 
MNRAS 513, 5588–5605 (2022) 

 see www.eso.org/ sci/ facilities/paranal/instruments/sphere/ inst/filters.html 
or a full description of the SPHERE filters. 
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Figure 3. Detected candidate companions in the IFS (top two rows) and IRDIS (bottom row) field of view. The red circle marks the position of the candidate. 

Table 5. SPHERE astrometry and photometry for all the candidate companions detected in our sample. Each epoch is reported separately. The last two column 
show the status of the candidate and the probability of finding a background contaminant at the given separation and contrast as a function of galactic coordinates, 
derived as described in Section 4.2 . 

ID Obs. Date rho PA IFS photometry IRDIS photometry Status Background probability 

(MJD) (mas) ( ◦) � Y � J � K 1 � K 2 

HIP 15247 58759.2772 810.10 ± 1.50 121.30 ± 0.11 2.02 ± 0.03 2.15 ± 0.12 C1 1.7910 −7 

58774.2603 810.10 ± 1.50 121.30 ± 0.11 3.56 ± 0.50 2.15 ± 0.03 2.16 ± 0.14 
58782.2219 808.80 ± 1.50 121.50 ± 0.10 3.65 ± 0.50 2.11 ± 0.03 2.34 ± 0.22 

GJ 3346 58147.1069 3665.02 ± 2.27 348.31 ± 1.42 7.84 ± 1.63 7.79 ± 0.06 C1 2.05 10 −4 

HIP 21152 58782.2921 422.40 ± 1.50 217.06 ± 0.20 11.65 ± 0.50 11.92 ± 0.50 10.82 ± 0.04 10.86 ± 0.05 C0 8.17 10 −7 

HIP 28474 58772.2684 696.80 ± 1.50 75.42 ± 0.12 3.46 ± 0.50 3.75 ± 0.50 3.71 ± 0.03 3.63 ± 0.02 C1 4.05 10 −6 

58784.3115 694.40 ± 1.50 75.44 ± 0.12 3.77 ± 0.50 3.61 ± 0.50 
HIP 29724 58768.3211 99.90 ± 1.50 214.00 ± 0.86 5.81 ± 0.50 6.36 ± 0.50 5.63 ± 0.20 6.00 ± 0.70 C0 6.57 10 −7 

HIP 33690 58822.246 3117.57 ± 1.10 239.87 ± 0.87 5.41 ± 0.01 7.70 ± 0.17 B2 
HD 57852 58831.2454 4792.45 ± 6.50 20.18 ± 0.30 20.18 ± 3.67 15.88 ± 1.81 B2 
HD 60584 CC1 58447.2208 543.00 ± 5.00 52.50 ± 0.50 12.70 ± 0.50 L 8.34 10 −4 

HD 60584 CC2 58152.244 4475.87 ± 5.24 332.00 ± 0.06 10.05 ± 0.01 10.00 ± 0.01 B1 
58399.3392 4459.78 ± 2.21 332.20 ± 0.03 10.41 ± 0.09 10.35 ± 0.06 
58447.2208 4461.29 ± 1.23 332.51 ± 0.02 9.94 ± 0.04 10.65 ± 0.02 

HIP 63734 58886.2739 555.00 ± 2.00 329.60 ± 0.20 11.26 ± 0.50 12.08 ± 0.50 L 5.30 10 −5 

HIP 63862 58153.3408 4815.57 ± 5.67 38.62 ± 0.06 12.72 ± 0.11 12.33 ± 0.45 B2 
HIP 71899 58545.3459 1115.91 ± 4.50 241.69 ± 0.05 3.72 ± 0.01 3.98 ± 0.11 C1 3.39 10 −6 

HIP 78549 58932.3021 333.20 ± 1.50 183.40 ± 0.26 4.24 ± 0.50 4.68 ± 0.50 9.58 ± 0.65 12.37 ± 1.35 C1 2.52 10 −6 

HIP 112581 58760.1384 736.80 ± 1.50 286.30 ± 0.12 4.71 ± 0.50 5.00 ± 0.50 5.48 ± 0.01 5.32 ± 0.01 C0 2.17 10 −6 

Note. Status: C0 = bound companion based on statistical arguments; C1 = bound companion based on additional epochs from other works; B0 = background based on statistical 
arguments; B1 = background based on follow-up from this work; B2 = background based on based on additional epochs from other works; U = L = Low SNR detection (see 
Section 4.4 ). 
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Table 6. Gaia astrometry and photometry of companions retrieved in EGDR3, including additional companions outside SPHERE FoV. Separations and position 
angles were derived using the positions from Gaia EDR3, when available. Further details about the known systems can be found in Appendix A . The ID of 
the target is reported in the first column to be consistent with the rest of the tables in the paper. The Gaia ID, and the values of the parallax and proper motion 
reported are those retrieved in EDR3 for the companions. Although the companions of HIP 15247 and HD 129501 were detected by Gaia, no astrometric 
solution was available in EDR3 (hence the blank fields). 

ID A Gaia EDR3 ID B Parallax Proper motion � mag Separation PA 

(mas) RA (mas yr -1 ) Dec. (mas yr -1 ) Gaia G band (arcsec) ( ◦) 

HIP 15247 Gaia EDR3 3261733202649353216 0.84 120.56 
HIP 24874 Gaia EDR3 2983256662868370048 42.240 ± 0.035 182.685 ± 0.031 216.203 ± 0.032 14.331 3.65 347.98 
HIP 27441 Gaia EDR3 4805207967655791488 23.675 ± 0.013 31.712 ± 0.014 65.198 ± 0.014 12.303 33.98 113.54 
HD 60584 Gaia EDR3 5618420137803146240 32.792 ± 0.035 − 87.258 ± 0.016 − 11.556 ± 0.036 5.758 9.95 117.61 
HD 57852 Gaia EDR3 5492026740698525696 29.476 ± 0.449 − 31.762 ± 0.546 138.163 ± 0.567 6.465 9.05 26.72 
HIP 71899 Gaia EDR3 1241384331822285184 12.936 1.11 240.59 

Table 7. Complete list of all the astrometric data for the detected candidate companions for which more than one epoch was available, with the 
appropriate references listed in the last column. 

ID Obs. Date rho e rho PA e PA References 
(MJD-245000) (mas) (mas) ( ◦) ( ◦) 

HIP 15247 55576.4 0.879 0.003 121.15 2.80 Hartkopf et al ( 2012 ) 
55894.0 0.900 0.010 122.80 0.10 Galicher et al. ( 2016 ) 
55916.0 0.870 0.010 118.67 0.49 Meshkat et al ( 2015 ) 
56263.9 0.872 0.006 121.20 5.70 Tokovinin et al. ( 2014 ) 
56936.7 0.844 0.003 119.80 2.10 Tokovinin et al. ( 2016 ) 
57388.0 0.837 0.001 120.55 0.02 EDR3 
57738.3 0.830 0.001 119.80 0.90 Tokovinin et al ( 2018 ) 
58759.0 0.796 0.004 120.71 0.05 This Work 
58774.0 0.792 0.004 120.89 0.05 This Work 
58782.0 0.793 0.004 120.77 0.05 This Work 

GJ 3346 57205.5 3.647 0.001 347.89 0.02 DR2 
57388.0 3.651 0.001 347.98 0.02 EDR3 
58147.0 3.665 0.002 348.30 0.07 This Work 

HIP 28474 53122.0 0.613 0.003 61.70 0.20 Chauvin et al. ( 2015 ) 
58501.9 0.693 0.003 74.20 2.90 Tokovinin et al ( 2020 ) 
58771.0 0.697 0.005 74.73 0.24 This Work 

HIP 33690 54842.9 4.479 0.009 286.20 0.20 Wahhaj et al. ( 2013 ) 
55200.6 4.302 0.009 282.90 0.20 Wahhaj et al. ( 2013 ) 
58832.0 3.117 0.007 239.85 0.01 This Work 

HD 57852 55157.0 3.301 0.020 148.90 0.30 Chauvin et al. ( 2015 ) 
55243.0 3.365 0.013 148.70 0.20 Chauvin et al. ( 2015 ) 
55592.0 3.465 0.009 149.80 0.20 Chauvin et al. ( 2015 ) 
58831.0 4.962 0.006 154.73 0.12 This Work 

HD 60584 58152.0 4.476 0.005 331.10 0.06 This Work 
58399.0 4.460 0.002 332.20 0.03 This Work 
58447.0 4.461 0.001 332.51 0.02 This Work 

HIP 63862 55246.0 4.231 0.016 28.00 0.20 Chauvin et al. ( 2015 ) 
55744.0 4.315 0.005 30.70 0.10 Chauvin et al. ( 2015 ) 
58153.0 4.815 0.006 38.62 0.05 This Work 

HIP 71899 57205.5 1.094 0.001 236.78 0.02 DR2 
57388.0 1.108 0.001 240.59 0.02 EDR3 
58545.0 1.116 0.004 241.69 0.05 This Work 

HIP 78549 54645.0 0.325 0.001 189.06 0.19 Lafreniere et al ( 2014 ) 
58932.0 0.326 0.007 183.17 1.08 This Work 

v
a
s  

i  

e
g
b
(
(  

c
a
o

4

S  

d  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/4/5588/6583003 by guest on 25 July 2022
ery small separation and are then very likely physically related 
s the probability of having such bright background stars at these 
eparations is very low. To confirm this, we used the code described
n section 5.2 of Chauvin et al. ( 2015 ) and adapted it to our results to
stimate the probability of finding a background contaminant at the 
iven separation and contrast as a function of galactic coordinates 
y comparison with the prediction of the Besan c ¸on galactic model 
Robin et al. 2012 ). As expected all the resulting probabilities 
reported in the last column of Table 5 ) are below 10 −4 . A further
onfirmation of common proper motion is also provided by the 
greement between the properties of the imaged companions with 
bserved �μ, as discussed in Section 4.4 . 

.3 Companion spectra 

pectra for the bright companions (pro viding relativ ely high SNR
ata) were obtained using the IFS data. We used the SpeX Prism
MNRAS 513, 5588–5605 (2022) 
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Table 8. Summary of the characteristics of the comoving companions. If more than one SHINE epoch was available, only the separation ( ρ) and position angle 
(PA) from the first epoch are reported, information on the single measurements for these objects can be found in Table 5 . Except for GJ 3346, for which we used 
the values from Bonavita et al. ( 2020 ), the masses of the primaries ( M A ) were derived as described in Section 2.3 . The same is true for M B (phot), which is the 
value of the secondary mass obtained from the photometry, using the COND models (Baraffe et al. 2003 ). M B ( �μ) is instead the value of the secondary mass 
inferred using FORECAST (see Section 4.4 for details). 

ID Separation PA M A M B (phot) M B ( �μ) Notes 

(mas) (au) (deg) (M �) (M �) (M �) 

HIP 15247 810.10 ± 1.50 39.78 ± 0.09 121.30 ± 0.11 1.228 ± 0.004 0.680 ± 0.015 0.668 ± 0.369 
HIP 21152 422.40 ± 1.50 18.28 ± 0.07 217.06 ± 0.20 1.442 ± 0.002 0.032 ± 0.005 0.021 ± 0.007 
GJ 3346 3665.02 ± 2.27 87.07 ± 0.06 348.31 ± 1.42 0.683 ± 0.018 0.580 ± 0.010 0.611 ± 0.339 WD 

HIP 28474 696.80 ± 1.50 37.71 ± 0.08 75.42 ± 0.12 0.958 ± 0.011 0.139 ± 0.038 0.152 ± 0.085 
HIP 29724 99.90 ± 1.50 6.30 ± 0.09 214.00 ± 0.86 1.044 ± 0.001 0.063 ± 0.008 0.067 ± 0.021 
HD 60584 543.00 ± 5.00 16.58 ± 0.15 232.50 ± 0.50 1.352 ± 0.014 0.028 ± 0.009 0.008 ± 0.003 Low SNR 

HIP 63734 555.00 ± 2.00 30.02 ± 0.12 329.60 ± 0.20 1.211 ± 0.006 0.011 ± 0.003 0.032 ± 0.020 Low SNR 

HIP 71899 1115.91 ± 4.50 50.85 ± 0.21 241.69 ± 0.05 1.178 ± 0.012 0.390 ± 0.005 0.393 ± 0.218 
HIP 78549 333.20 ± 1.50 47.52 ± 0.30 183.40 ± 0.26 2.614 ± 0.012 0.284 ± 0.064 0.420 ± 0.241 
HIP 112581 736.80 ± 1.50 28.19 ± 0.06 286.30 ± 0.12 1.091 ± 0.003 0.144 ± 0.050 0.062 ± 0.035 

Figure 4. Common proper motion analysis of all our candidate companions with multiple epochs (reported in Table 7 ). The blue line shows the motion of a 
background object relative to the target, based on the EDR3 parallax and proper motion of the primary o v er the same time frame. In all panels, the filled circles show 

the measured separation and position angle of the companions at each epoch, colour coded as explained in the legends. The crosses indicate the expected position 
of a background object at the same epoch, following the same colour code. The companions for HIP 28474, HIP 78549, HIP 15274, HIP 71899, and GJ 3346 
(updated from the dedicated work published in Bonavita et al. ( 2020 ), which only included Gaia DR2 epoch), are clearly found to be co-moving with our targets. 

L  

T  

W  

b  

n  

a  

t  

w  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/4/5588/6583003 by guest on 25 July 2022
ibrary Analysis Toolkit (SPLAT; Burgasser & Splat Development
eam 2017 ) to estimate the spectral classification of each companion.
e used the built-in spectral fitting function in SPLAT to compare,

y minimizing the χ2 value, the observed spectra to both the SPLAT
NRAS 513, 5588–5605 (2022) 
ear-infrared spectral standards and to the full library of templates
vailable in SPLAT. For bright companions, we simply used the spec-
rum obtained by rotating and summing the images. For HIP 21152 B,
hich was not detectable without removing the speckle pattern,
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7 New atmospheric models have been recently developed by Phillips et al. 
( 2020 ). Ho we ver, such models (kno wn as ATMO2020) are mostly valid for 
relatively old ultracool objects (late-T and Y companions). Therefore, given 
the age and brightness of HIP 21152 B as well as the estimated spectral 
type, we decided that the models from Baraffe et al. ( 2015 ) would be more 
suited for the mass estimate in this case. The same applies to the other BD 

companions described in Sections 4.6 and 4.7 . 
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e injected ne gativ e point spread functions (derived from the flux
alibration) on the individual monochromatic images at the average 
ompanion position, and changed its intensity minimizing the root 
ean square of the residuals in area of 9 × 9 pixels centred on this
ean position. Fig. 5 shows the spectral standard (red) and template 

blue) providing the lo west χ2 v alues to the observed spectrum of
ach detected companion. Note that the images of HIP 15247 B
as saturated at most wavelengths, so it was not possible to obtain

n usable spectrum. Among the five remaining companions, four 
ave an estimated mid- to late-M spectral type, while HIP 21152 B
s clearly a substellar object and compatible with a late-L or
arly-T spectrum. 

The strong absorption feature visible in the spectrum of 
IP 78549 B is most likely spurious and the result of the extremely

ow quality of the wavelength calibration available for this object, 
articularly between 1.32 and 1.45 μm. We therefore masked this 
egion of the spectrum while performing the fit. The resulting mid-
 spectral type is in agreement with the properties estimated from

he photometry. 

.4 FORECAST (Finely Optimised REtrieval of Companions 
f Accelerating STars) 

ince the �μ can be considered as an approximation of the instanta- 
eous acceleration due to an unseen companion, it can be represented 
s a vector in the plane of the sky directed toward the position of
he companion – at the epoch of the latest astrometry observation. 
he position angle of an imaged companion compatible with the 
μ should then be along the same direction of the acceleration, 

lus or minus the change in angle due to the orbital motion of the
ompanion between the latest astrometry epoch and the imaging one. 
ased on these considerations, it is possible to highlight a region on

he plane of the sky where the companion compatible with the �μ

hould lie, based on the �μ orientation, and also associate a value 
f the companion mass corresponding to each point in the resulting
D map, based on the �μ absolute value. An example of the �μ

aps obtained with this method using the �μ at the epoch of Gaia
DR3 (2016.0) is shown in Fig. 6 , while a complete description of

he method, and of the FORECAST (Finely Optimised REtrie v al of
ompanions of Accelerating STars) code used to produce the maps 
ill be the subject of a dedicated companion publication (Bonavita 

t al., in preparation). In each image, the position of the detected
ompanion is marked as a star. As all companions lie within the
llowed region (as shown in the left-hand panel of Fig. 7 , which
ompares the PAs of the companions and those of the �μ vectors), 
e could also obtain a first estimate the expected companion mass at

hat position and compare it with the values of the value of the mass
erived from the photometry. The dynamical masses ( M �μ) were 
stimated using the method described in Kervella et al. ( 2019 ), which
llows to also take into account the effect of the unknown orbital
ccentricity and inclination, as well as that of the observing window 

mearing, which are instead not taken into account by the COPAINS 

ool. The comparison with the photometric masses ( M Phot ) is shown in
he right-hand panel of Fig. 7 , with the error bars on the values of M �μ

aking into account the errors on the �μ and companion position, 
nd those on M Phot mainly arising from the uncertainties on the stellar
ges. The good agreement between the values shows the potential of
ur method in providing a high number of potential new benchmark 
bjects. 
.5 HIP 21152 B: a new bound substellar companion in the 
yades 

he companion to HIP 21152 is clearly the most interesting of
ur high SNR detections. The IRDIS photometry and the IFS 

pectra, shown in Fig. 5 , point towards an early T spectral type.
he mass of the object, as judged from its spectral type and age, and
dopting the models from Baraffe et al. ( 2015 ), 7 is estimated to be
.032 ± 0.005 M �. This is also in good agreement with the mass
erived from the FORECAST analysis, which is 0.021 ± 0.007 M �.
The Lithium-depletion boundary, an observational limit that sep- 

rates low-mass stars from BDs based on their ability to burn Li in
heir cores, has been estimated to occur around spectral type L3.5–
4 in Hyades (Mart ́ın et al. 2018 ). Currently, about a dozen objects
ith spectral type L3.5 or later claimed as members of the cluster.
odieu, Boudreault & B ́ejar ( 2014 ) published spectra of 12 L-dwarf
andidates from Hogan et al. ( 2008 ), and confirmed one of them
s a potential BD member of Hyades, with spectral type L3.5. The
ame objects has later been listed as a L4 member of Hyades, with
i absorption detected in the spectra by Mart ́ın et al. ( 2018 ). Four
ore L-type members (two L5 and two L6) have been confirmed

n Schneider et al. ( 2017 ), P ́erez-Garrido, Lodieu & Rebolo ( 2017 ),
 ́erez-Garrido et al. ( 2018 ). Bouvier et al. ( 2008 ) were the first to
eport the existence of T-type candidate members in Hyades. The 
embership of one of them (CFHT-Hy-21) has been confirmed 

y Lodieu et al. ( 2014 ), whereas the other one (CFHT-Hy-20) is
till considered a candidate (Lodieu et al. 2014 ; Zhang et al. 2021 ),
iven the lack of radial velocity measurement. Four T-type, probable 
embers have been reported in Zhang et al. ( 2021 ), spanning the

pectral type range T2 to T6.5. The multiplicity of Hyades stars
as been assessed through imaging (Reid & Gizis 1997 ; Patience
t al. 1998 ; Siegler et al. 2003 ; Duch ̂ ene et al. 2013 ), high-resolution
pectroscopy (Reid & Mahoney 2000 ), a combination of the two
Guenther et al. 2005 ), and Gaia astrometry (Deacon & Kraus 2020 ).

hile several binary systems consisting of two substellar objects, or 
bjects close to the (sub)stellar border, were reported in Siegler et al.
 2003 ), Reid & Mahoney ( 2000 ), Duch ̂ ene et al. ( 2013 ), no substellar
ompanions to FGK stars have so far been reported in Hyades,
aking HIP 21152 B the first of its kind. HIP 22152 B thus occupies
 unique place in the luminosity-age parameter space compared to 
he known population of directly imaged systems, making it a highly
aluable benchmark for empirical constraints to theoretical models. 

BD companions such HIP 22152 B have been shown in the past to
e themselves close pairs of substellar objects (see e.g. Mart ́ın et al.
000 ; Potter et al. 2002 ) and optimised PSF subtraction methods
ave been recently developed to highlight the presence of close 
ompanions to BDs detected with SPHERE (see e.g. Lazzoni et al.
020 ). Such methods rely on the detection and analysis of features
uch as elongation in the companion’s PSF incompatible with the 
xpected effects of ADI. Although a detailed analysis would benefit 
rom a new set of higher quality data, we can say that no such features
ere detected in our images for HIP 21152 B. Moreo v er, to be on

table orbits, possible additional companions would need to have 
eparations within HIP 21152 B’s Hill Radius, which we estimated 
MNRAS 513, 5588–5605 (2022) 
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M

Figure 5. Comparison between the spectra of five of the companions detected at high SNR (black bullets with error bars) with the best fit from SPLAT 

(Burgasser & Splat Development Team 2017 ), showing in red the best fit among the spectral standards provided in SPLAT, and in blue the o v erall best fit among 
all available templates. 
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o be roughly at 3.57 au, for the optimistic case of a circular orbit. At
he distance of HIP 21152 B ( ∼43 pc), this corresponds to a projected
eparation of roughly 82 mas. While this target has good potential for
he detection of additional (possibly less massive) companions, an
nalysis like the one described by Lazzoni et al. ( 2020 ) will require
igher quality data than those presented in this work. 

.6 HIP 29724 B: a new high mass BD 

e also detected a very close (99.9 ± 1.5 mas) companion to
IP 29724. The photometry suggests a mass of 0.063 ± 0.008 M �,
NRAS 513, 5588–5605 (2022) 
hus placing HIP 29724 B also in the sub-stellar regime. The
ORECAST analysis confirms that the companion is compatible
ith the observed TGAS-EDR3 �μ, both in terms of position and

orresponding mass (0.067 ± 0.021 M �). With a projected separation
f just 6.3 au, RV monitoring could significantly contribute to the re-
nement of the BD orbit and dynamical mass. Ho we ver, there are no
igh-precision RV measurements available up to now. Sparse RV data
 v er sev eral decades (Nordstr ̈om et al. 2004 ; Torres et al. 2006 ; Gaia
ollaboration 2018 ) are constant within 1.2 km s −1 . The spectrum of

he companion, shown in Fig. 5 , is compatible with a late M spectral
ype, although a later spectral type is not completely e xcluded, giv en

art/stac1250_f5.eps
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Figure 6. 2D maps representing the sky area compatible with the TGAS-EDR3 �μ reported in Table 2 . The position of the companions is marked with a red 
star. Colours are according to the dynamical mass responsible for the �μ at a given position; the same logarithmic scale was used for all stars, according to the 
colour scale shown on the bottom of the figure. The empty area at centre is the area co v ered by the coronagraphic mask. 

Figure 7. Left-hand panel: PA of the detected companions VS the direction of the �μ. The shaded error bars show the extend of the expected change in angle 
due to the orbital motion between the SPHERE observation and the Gaia EDR3 epoch. Right-hand panel : Comparison between the values of the mass of the 
detected companions derived using FORECAST, and those obtained from photometry and evolutionary models (as described in Section 2.3 ). Both values of 
the masses are reported in Table 8 for all companions. In both panels, blue symbols are high SNR detections; red symbols are low SNR candidates that needs 
further confirmation. 
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he uncertainties caused by the companion’s proximity to the edge
f the coronagraph. 
As it was the case for HIP 21152 B, the PSF of HIP 29724 B does

ot show any elongation beyond what expected as result of the ADI.
e estimated for this companion an Hill Radius of 1.71 au (27.2 mas,

ssuming a circular orbit) thus limiting the detectability of possible
dditional companions to roughly equal-mass ones, considering the
patial resolution of our images. 

.7 HD 60584 B and HIP 63734 B: two more potential low mass
D candidate companions 

he �μ maps obtained with FORECAST are not only useful to
onfirm the nature of the candidates found in objects with highly
ignificant �μ, but could in principle also be used as finding charts
o highlight and retrieve possible additional companions appearing
n the imaging data at an SNR lower than the threshold required for
 confirmed detection, which would otherwise be o v erlooked. We
ad in fact noticed that all our high SNR detections were around
tars for which the ratio between the �μ absolute value and its
rror (hereafter SNR �μ) is higher than 10. So we decided to produce
he FORECAST maps also for the targets with low or intermediate
NR Max (HD 60584, HIP 63734, and HIP 22506) as a test for their
ossible use as finding charts. 
While the data for HIP 63734 were taken in fairly good atmo-

pheric conditions, the target was observed quite far from meridian
assage so that field rotation is limited (only 7 . ◦13). The analysis
f the IFS data with ASDI-PCA revealed a candidate companion
ith SNR ∼ 8.5, at separation 555 ± 2 mas and PA = 329 . ◦6 ± 0 . ◦2,
ith a contrast of dJ = 12.08 and dH = 11.26. The comparison
ith Baraffe et al. ( 2003 ) models yields an evolutionary mass of
.011 ± 0.005 M �. While the PA of the object is fully compatible
ith that of the �μ, the corresponding companion mass is a bit
igher (0.032 ± 0.020 M �) is a bit higher than the evolutionary one.
o we ver, this detection is uncertain because the small rotation angle
akes the noise distribution quite different from a Gaussian. 
The case of HD 60584 is slightly more complicated. Although

here were four available epochs, the resulting IFS data were all of
elatively poor quality. The second and third epochs were taken at
bout one month interval; since we did not expect a large orbital
otion between them, we combined them as a single observation.
his allowed us to identify a point source compatible with the
ORECAST predictions at a separation 543 ± 5 mas and PA =
2 . ◦5 ± 0 . ◦5, with a SNR of 4.9. At that position, the mass of
 companion compatible with the �μ would have to be below
.01 M � which, at the relatively high age of the targets would mean
hat the companion would have to be f airly f aint. While the IFS
hotometry points towards a higher mass (0.028 ± 0.009 M �), given
he high uncertainties due to the image and calibration quality and
he very field small rotation angle we still deemed it acceptable. As
or the other BDs, no evident elongation pointing towards possible
dditional companions was observed for the PSF of HIP 63734 B
nd HD 60584 B. Ho we ver, gi ven the lo w SNR of the detections, we
stimate that the only potentially detectable companions within the
ill Radius of these BDs (103 and 80 mas, respectively) would have
een equal-mass ones. 

Although further investigation is required to confirm the nature of
oth HD 60584 B and HIP 63734 B, mostly due to the poor quality of
he imaging data, these additional detections clearly show the power
f the approach, which pushes the �μ method towards companions
ith smaller masses, whose detection is more uncertain and likely

o be below the usual 10 σ threshold used for automatic retrieval
NRAS 513, 5588–5605 (2022) 
f point sources in imaging data. Although repeated observations
ill be needed to confirm low SNR imaging detections, with the
se of FORECAST a single observation is potentially enough to
onfirm that a companion observed in high contrast imaging is the
ne responsible for the �μ, and therefore co-moving. Other low SNR
oint sources were retrieved around HIP 22506, but were discarded
ostly based on the strong disagreement between their brightness

nd the value of the mass compatible with the position within the
ORECAST map. This also shows the power of FORECAST in

erms of vetting of possible background or spurious sources. 

 DI SCUSSI ON  

he COPAINS selection method has pro v en v ery successful in
nsuring a high detection rate in both the stellar and sub-stellar
egime. We detected a total of 14 candidate companions. Two
ere known binaries (HIP 15247 B and HIP 78549 B) and four
ere identified as background sources thanks to additional available

pochs found in the literature, which also allowed us to confirm
he common proper motion nature of four additional new stellar
ompanions, including the white dwarf companion to GJ 3346,
escribed in Bonavita et al. ( 2020 ). The masses of the remaining
our candidates, derived using the available photometry and the
volutionary models from Baraffe et al. ( 2015 ), place them in the
ub-stellar regime. Such high sub-stellar companion detection rate
onfirms the efficiency of the COPAINS selection method, as well
s the new FORECAST code used to confirm their nature, based on
he agreement between their properties with the predictions based on
he measured �μ. 

.1 Comparison with blind sur v eys 

o quantify the impro v ement in terms of detection rate compared
o blind surv e ys, we compared our results with those from the first
50 targets from the SHINE surv e y (Vigan et al. 2021 ). Only 93 of
he SHINE-150 targets are included in TGAS and DR2, and only 13
ave �μ more significant than 3 σ , and would have therefore been
elected for COPAINS. Three of these SHINE �μ stars have sub-
tellar companions, including HIP 65426, one of the two new SHINE
etections. The resulting sub-stellar companions frequency is then

25 per cent which is significantly higher than what obtained with
he blind approach ( ∼ 9 per cent without any correction due to prior
nowledge about the companions, see Vigan et al. 2021 for details),
nce again showing the efficiency of the COPAINS selection method,
specially when combined with the FORECAST maps. 

.2 Limitations 

e have demonstrated with our campaign the power of using
nformed target selection processes such as the COPAINS tool
F ontaniv e et al. 2019 ) to identify new directly imaged companions.
he high detection rate obtained here strongly validates the use of
uch approaches in surv e y designs, despite the numerous assump-
ions and limitations of the work conducted in this pilot surv e y.
ndeed, our original sample selection considered catalogue proper
otions taken at face value. Instead, a more accurate approach
ould require placing all measurements in the same reference

rame and at the same epoch, such as the Hipparcos - Gaia Catalog
f Accelerations (HGCA) defined by Brandt ( 2018 , 2021 ). These
atalogues provides Hipparcos and Gaia DR2/EDR3 proper motions,
s well as a Gaia - Hipparcos scaled positional differences (close
o the TGAS proper motions), placing all proper motions at the
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Figure 8. Mass ratio (M cmp /M star , left-hand panel) and companion mass (M cmp (M Jup ), right-hand panel) versus separation (in au) of the four COPAINS 
sub-stellar candidates (star symbols) compared to those of previously known DI companions (filled circles). The colour bar shows the significativity of the 
TGAS-DR2 �μ (SNR �μ) used for the COPAINS selection. Objects with SNR �μ < 3 (or not in TGAS, and therefore without a measurement of the �μ) are 
shown in grey. 

e
u
m
e
v
A
o
a
a
r
a  

a
i  

a
a
i
2  

K  

r
(
c
c  

b
o

6

W  

p  

e  

H
 

t
c  

h
m
s
i
s  

C  

n
e  

o  

t
a

d  

w  

m
a
C
D
A  

k  

i  

a  

a  

m
 

(  

t  

m  

c  

w  

c  

D  

t  

g  

b  

o
a  

f  

p

A

T  

t

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/4/5588/6583003 by guest on 25 July 2022
pochs of Gaia DR2 and EDR3, respectively, with recalibrated 
ncertainties. Nonetheless, given the number of approximations 
ade in COPAINS , these differences were found to be negligible, 

specially given the use made of the resulting computed trends (i.e. 
isual selection based on comparisons to expected detection limits). 
s COPAINS considers long-term proper motions as representative 
f the system’s centre-of-mass motion, and short-term measurements 
s the instantaneous reflex motion of the host, the considered �μ

re only good approximations for systems with orbital periods that 
oughly match the long- and short-term time-scales of the considered 
strometric catalogues (see F ontaniv e et al. 2019 ). These limitations
re further added to the adopted eccentricity distribution, primarily 
mpacting the width of the computed solutions, and the fact that the
pproach assumes face-on orbits, which implies that estimated trends 
ctually provide lower mass limits for a given separation. While 
nformation from the now available HGCA catalogues (Brandt 2018 , 
021 ) or proper motion anomalies measured by Kervella et al. ( 2019 ),
ervella, Arenou & Th ́evenin ( 2022 ) would therefore provide more

obust and reliable astrometric trends to use for selection purposes 
and should consistently be used for orbital and dynamical mass 
onstraints), our results were not impacted by the use of un-corrected 
atalogue values, and we have none the less shown that the idea
ehind our method offers a highly promising pathway for future 
bserving programs. 

 C O N C L U S I O N S  

e presented the results of the COPAINS surv e y, a search for com-
anions to 25 stars selected using the COPAINS tool by F ontaniv e
t al. ( 2019 ), and the disco v ery of four new BD companions:
IP 21152 B, HIP 29724 B, HD 60584 B, and HIP 63734 B. 
The value of blind surv e ys of course lies in their ability to constrain

he underlying planet and sub-stellar companion population, but 
omes with a high cost in terms of telescope time. On the other
and, surv e ys like COPAINS offer an undeniably efficient selection 
ethod, providing a much higher success rate with a considerably 

maller time commitment. Moreo v er, the possibility to derive model- 
ndependent mass estimates for the companions to accelerating 
tars also means that each new detection arising from surv e ys like
OPAINS can be added to the currently scarce number of much-
eeded benchmark objects, providing new crucial constraints the 
 volutionary models. Gi ven the good agreement between the v alues
f the masses of these companions obtained from the photometry with
he model-independent ones based on the �μ, this work represents 
 considerable addition to the current benchmarks sample. 

The combination with the FORECAST maps ensures a high 
etection rate even when the quality of the imaging data is not ideal,
hile at the same time further enhancing the sensitivity to lower
ass companions. Fig. 8 shows the mass ratio (left-hand panel) 

nd companion mass (right-hand panel) versus separation of the 
OPAINS sub-stellar candidates compared to those of the known 
I companions (data from exoplanet.eu updated on 2022 April 4). 
n estimate of the �μ was possible for about 40 per cent of the
nown companions and about half of these (shown as coloured dots
n Fig. 8 ) would have been selected using COPAINS. This plot once
gain shows how a selection like the one provided by COPAINS can
lready lead to the detection of companions well in the planetary
ass regime. 
Catalogues like those by Brandt et al. ( 2019 ) and Kervella et al.

 2022 ) provide a more robust estimate of the accelerations, and
herefore their use with COPAINS is likely to lead to an even

ore ef fecti v e selection. Moreo v er, these acceleration catalogues
an also be used to retrieve a time-series of absolute astrometry
hich, combined with the imaging data, allows for a more detailed

haracterisation of the orbit, and thus of the dynamical mass (see e.g.
rimmel et al. 2021 ). The availability of Gaia-only accelerations in

he upcoming full third Gaia Release (DR3) will allow for another
reat step further. It will in fact not only free the method from the
oundaries so far imposed by the use of external catalogue as source
f long-term proper motion, but more importantly will allow for 
 significant impro v ement in terms of uncertainties, thus allowing
uture surv e y to truly focus on targets with accelerations caused by
lanetary mass companion. 
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PPENDI X  A :  NOTES  O N  I N D I V I D UA L  

A R G E T S  

IP 15247 F6V star, classified as member of Tuc-Hor in several
 orks (e.g. Zuck erman & Song 2004 ). It was first spatially resolved

nto a close pair by Hartk opf, Tok ovinin & Mason ( 2012 ). Additional
strometric observations by T okovinin ( 2014 ), T okovinin & Horch
 2016 ), Tokovinin et al. ( 2018 ), Riddle et al. ( 2015 ), Galicher et al.
 2016 ), and Meshkat et al. ( 2015 ) allows to constrain the binary orbit.
he secondary is also detected in Gaia EDR3. Significant RV variabil- 

ty (RV rms 6.6 km s −1 , 3 epochs o v er 850 d) is reported by Nordstr ̈om
t al. ( 2004 ). Single-epoch (Feb 2003) RV by White, Gabor &
illenbrand ( 2007 ) (9.1 ± 0.8 km s −1 ) is close to the Nordstr ̈om et al.

 2004 ) mean value (7.2 km s −1 ). The three determinations by Z ́u ̃ niga-
ern ́andez et al. ( 2021 ) (mean 17.78 ± 0.38 km s −1 , span 16 d in July–
ugust 2012) are instead off by more than 10 km s −1 with respect to
ordstr ̈om et al. ( 2004 ) mean v alue. These v ariations are larger than

he expected ones caused by the known companion, making likely 
hat the system is actually triple. When using BANYAN �, the
robability of Tuc-Hor membership largely depends on the adopted 
V (high when adopting Nordstr ̈om et al. ( 2004 ) and null for Z ́u ̃ niga-
ern ́andez et al. ( 2021 ) RV). Li EW (White et al. 2007 ) is more
imilar to that of Pleiades members, but compatible with Tuc-Hor 
ge considering the dispersion of individual members, while the X- 
ay luminosity is close to the median value of Tuc-Hor members of
imilar colours. Considering the uncertainty in the group assignment 
ue to multiplicity, we adopt Tuc-Hor membership, but allowing 
pper limit to stellar age up to the Pleiades age. For this age, the
ass of the secondary results of 0.68 Msun. 
HIP 17439 = HD 23484 Field object with age indicators com-

atible with an age close to the Hyades. Raghavan et al. ( 2010 )
eport tentati ve RV sv ariability but the star results to have roughly
onstant RV from Nordstr ̈om et al. ( 2004 ) data (rms 0.1 km s −1 , N =
 o v er 2.8 yr), Soubiran et al. ( 2018 ) (rms 20 m s −1 from 5 CORALIE
MNRAS 513, 5588–5605 (2022) 

http://dx.doi.org/10.1051/0004-6361:20053137
http://dx.doi.org/10.3847/1538-4357/835/1/77
http://dx.doi.org/10.1093/mnras/stz049
http://dx.doi.org/10.1086/312450
http://dx.doi.org/10.3847/1538-4357/aaaeb8
http://dx.doi.org/10.1093/mnras/stab438
http://dx.doi.org/10.1093/mnras/stv1779
http://dx.doi.org/10.1051/0004-6361/202142276
http://dx.doi.org/10.1051/0004-6361/201425310
http://dx.doi.org/10.1051/0004-6361:200810325
http://dx.doi.org/10.1088/0004-637X/717/2/878
http://dx.doi.org/10.3847/1538-3881/ab16e9
http://dx.doi.org/10.3847/1538-3881/ab5b92
http://dx.doi.org/10.1051/0004-6361:20035959
http://dx.doi.org/10.3847/1538-3881/aa9bf4
http://dx.doi.org/10.1086/300321
http://dx.doi.org/10.1086/420710
http://dx.doi.org/10.1051/0004-6361/201628778
http://dx.doi.org/10.1051/0004-6361/201833672
http://dx.doi.org/10.1051/0004-6361/201937381
http://dx.doi.org/10.1086/339999
http://dx.doi.org/10.1051/0004-6361:20041213
http://dx.doi.org/10.1093/mnras/stu1333
http://dx.doi.org/10.1088/0067-0049/190/1/1
http://dx.doi.org/10.1051/0004-6361/201220984
http://dx.doi.org/10.1086/118620
http://dx.doi.org/10.1046/j.1365-8711.2000.03598.x
http://dx.doi.org/10.1088/0004-637X/799/1/4
http://dx.doi.org/10.1051/0004-6361/201118646
http://dx.doi.org/10.3847/1538-3881/aa6624
http://dx.doi.org/10.1086/378935
http://dx.doi.org/10.1086/498708
http://dx.doi.org/10.1038/s41550-018-0561-6
http://dx.doi.org/10.1086/116422
http://dx.doi.org/10.1051/0004-6361/201832795
http://dx.doi.org/10.1093/mnras/stab2079
http://dx.doi.org/10.3847/1538-3881/ac02cc
http://dx.doi.org/10.1088/0004-6256/147/4/86
http://dx.doi.org/10.3847/1538-3881/ab5525
http://dx.doi.org/10.3847/0004-6256/152/5/116
http://dx.doi.org/10.1088/0004-6256/146/1/8
http://dx.doi.org/10.3847/1538-3881/aabf8d
http://dx.doi.org/10.1086/301539
http://dx.doi.org/10.1051/0004-6361:20065602
http://dx.doi.org/10.1051/0004-6361/201936686
http://dx.doi.org/10.1111/j.1365-2966.2010.16916.x
http://dx.doi.org/10.1051/0004-6361/201218991
http://dx.doi.org/10.1051/0004-6361/201630133
http://dx.doi.org/10.1051/0004-6361/202038107
http://dx.doi.org/10.1088/0004-637X/773/2/179
http://dx.doi.org/10.3847/1538-4357/ab1c61
http://dx.doi.org/10.1086/514336
http://dx.doi.org/10.1088/0004-6256/149/2/86
http://dx.doi.org/10.3847/1538-4357/abe3fa
http://dx.doi.org/10.1146/annurev.astro.42.053102.134111
http://dx.doi.org/10.1051/0004-6361/202037830
https://academic.oup.com/mnras/article-lookup/doi/10.1093/mnras/stac1250#supplementary-data


5604 M. Bonavita et al. 

M

s
f  

t  

T  

(  

c  

a  

o  

a  

a  

l  

a  

i
 

t  

k  

a
 

f  

�  

P  

b  

3  

o  

R  

o
 

e  

m  

a  

l  

(  

i  

C  

o  

A  

N  

o  

t  

a  

c  

s

 

a  

(  

w  

b
 

i  

h  

3  

c  

M
 

m  

c  

s  

m  

m  

r  

t  

d  

n  

t  

e  

o  

w  

T  

p
 

a  

t  

s  

i
 

2  

s  

a  

p  

k  

2  

d  

s  

a  

o
 

fi
a  

s  

e  

w  

d  

c  

e  

t  

o  

i  

S  

a  

w  

D  

s  

e
 

w  

9  

w  

c  

a  

H  

R  

(  

l  

v  

r  

o  

c  

 

E  

S  

V  

t  

o  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/4/5588/6583003 by guest on 25 July 2022
pectra o v er 13 yr), and Wittenmyer & Marshall ( 2015 ) (rms 14 m s −1 

rom 19 UCLES/AAT spectra o v er 8 yr), with the mean values of
he first two of these works in agreement to better than 1 km s −1 .
he star has an extended debris disc, spatially resolved by Herschel

Ertel et al. 2014 ). Their modelling supports the presence of a two-
omponent disc (belts at 29 and 90 au), possibly with a gap cleared by
 massive planet, although a unique very wide belt can not be ruled
ut. At the expected location of such hypothetical planet ( ∼ 60–80
u), the �μ signature (albeit marginally significant) predict a mass of
bout 6-8 Mjup, which would place it below the observed detection
imits for our images. RV data do not provide significant constraints
t such wide separations. The disc is not revealed in scattered light
n our SPHERE images. 

HD 28736 = HIP 21152 Member of Hyades from several works in
he literature and confirmed with BANYAN � analysis with updated
inematic parameters. A new BD companion is detected in this study,
s discussed in Section 4.5 . 

HD 28992 = HIP 21152 = TYC 1266-278-1 Member of Hyades
rom several works in the literature and confirmed with BANYAN
 analysis with updated kinematic parameters. RV monitoring from
aulson, Cochran & Hatzes ( 2004 ) (rms 21 m s −1 , 11 measurements,
aseline 5.2 yr with HIRES/Keck) and Soubiran et al. ( 2018 ) (rms
9 m s −1 , 11 measurements, baseline 2.8 yr with SOPHIE/OHP) rule
ut massive companions at moderately close separation. The absolute
V by Nordstr ̈om et al. ( 2004 ) agrees within error with the recent
nes by Soubiran et al. ( 2018 ) and Gaia Collaboration ( 2018 ). 
HIP 22506 = HD 31026 = TYC 7589-1186-1 Li EW (Torres

t al. 2006 ), rotation period (Kiraga 2012 ), and X-ray emission are
arginally compatible with the distributions of Pleiades (125 Myr)

nd Argus (50 Myr) members, but intermediate between the mean
oci of these groups. There are clear indications of RV variability
peak-to-valley 17 km s −1 ) from sparse RV determinations available
n the literature (Nordstr ̈om et al. 2004 ; Torres et al. 2006 ; Gaia
ollaboration 2018 ). The assignment to known groups depends
n the adopted RV. We obtain high membership probability for
rgus when adopting Gaia RV or without RV, and poor match for
ordstr ̈om et al. ( 2004 ), Torres et al. ( 2006 ) RV. The expected RV to
ptimize the Argus membership is very close to the mean values of
he three determinations. We then adopt the Argus with upper limit
t Pleiades age 50 + 75 

−10 Myr. Our SPHERE images do not reveal any
andidate. It is possible that the �μ signature is due to the unseen
pectroscopic companion. 

GJ 3346 = HIP 24874 = HD 34865 = TYC 5902-586-1 
Star with white dwarf companion, disco v ered and characterized

s part of the present project. Previously published in Bonavita et al.
 2020 ). It was included in the sample as it appears as a young star
ith moderately high activity level, due to accretion of material lost
y the WD progenitor. 
HIP 27441 = HD 39126 = TYC 7601-371-1 Field object. Age

ndicators consistently provide an age of 250 ± 100 Myr. The star
as a wide common proper motion companion, 2MASS J05483951-
956087, at 34 arcsec (1400 au at the distance of the star). From
olours and absolute magnitudes, the companion is expected to be a
2 star. 
HIP 28474 = HD 41071 = RT Pic The star is classified as
ember of Columba association in several works and membership is

onfirmed by our analysis with updated Gaia inputs. Age indicators
upport a young age although Li EW and rotation period are in
ild disagreement with the typical values of Tuc-Hor and Columba
embers and more similar to Pleiades and AB Dor ones. For this

eason, we adopt Columba age but with upper limit at the age of
he Pleiades. The classification as eclipsing binary with 2.6 mag
NRAS 513, 5588–5605 (2022) 
eep eclipses (Malkov et al. 2006 ) appears spurious, as there are
o indications of them in the TESS light curve (four sectors) and
he RV results constant o v er decades at km s −1 level (Nordstr ̈om
t al. 2004 ; Gaia Collaboration 2018 ) and at few tens of m s −1 level
 v er three months from HARPS data. A close stellar companion
as identified by Chauvin et al. ( 2010 ) and further observed by
okovinin & Brice ̃ no ( 2020 ). It is also detected in our data (mass from
hotometry 0.16 Msun) and is the responsible of the �μ signature. 
HIP 29724 = HD 43976 Young field object, not associated to

ny known moving group. Li EW and X-ray emission are close to
he mean locus of the Pleiades while the rotation period from TESS
uggests a slightly older age. A new substellar companion is detected
n this study (see Section 4.6 for details). 

HIP 33690 = HD 53143 Star with resolved debris disk (Kalas et al.
008 ). The star is flagged as a possible member of IC2391/Argus in
ome literature works (e.g. Nielsen et al. 2019 ). Ho we ver, BANYAN
nalysis with updated Gaia parameters return 0 per cent membership
robability for this group and no significant probability for other
nown MGs. Furthermore, the non-detection of Lithium (Torres et al.
000 ) clearly rules out the young age of IC2391/Argus. The Li non-
etection and the other age indicators are fully compatible with an age
imilar to the Hyades. The companion candidate seen in our images
nd previously identified by Wahhaj et al. ( 2013 ) is a background
bject. 
HD 57852 = HIP 35564 = HR 2813 = TYC 8132-2112-1 Bona-

de member of Carina-Near MG, confirmed with BANYAN � 

nalysis using the updated kinematic parameters. The star has highly
ignificant RV variability (Andersen & Nordstrom 1983 ; Pribulla
t al. 2014 ; Desidera et al. 2015 ; Gaia Collaboration 2018 ), although
ithout orbital solution. Peak-to-valley RV range for the available
ata is 13 km s −1 . The longest period plausible orbital solution
onsistent with the data yields a period of 994 d with moderately high
ccentricity. Shorter periods are also possible considering the poor
ime sampling. The spectroscopic component is likely the responsible
f the �μ signature and of the large RUWE in Gaia EDR3 (8.69), and
t is expected to be at a separation too close to the star to be detected in
PHERE images. HD 57852 has a wide companion (HD 57853) at 9
rcsec, which is itself a spectroscopic binary with three components
ith total mass 2.4 Msun (Saar, Nordstrom & Andersen 1990 ;
esidera et al. 2006 ) The system is then a hierarchical quintuple. The

ource detected at 4.9 arcsec and previously identified by Chauvin
t al. ( 2015 ) is a background object. 

n Pup A = HD 60584 = TYC 6539-3802-1 Mid-F type star
ith a nearly twin wide companion (n Pup B = HD 60585 at
.9 arcsec). Katoh, Itoh & Sato ( 2018 ) found the primary to an SB1
ith period 366 d, eccentricity 0.49, RV semi-amplitude 12 km s −1 ,

orresponding to a minimum mass of 0.5 Msun. This orbital solution
nd variability abo v e 1.6 km s −1 (peak-to-valley) are not supported by
ARPS RV (Lagrange et al. 2009 ; Trifonov et al. 2020 ). The HARPS
V variability appears to be dominated by short-term variations

intranight and from contiguous nights) with limited variability on
onger timescales. The star is an X-ray source, but considering the
ery limited age dependence of X-ray emission for mid-F stars we
ely only on isochrone fitting for our age estimate. The identification
f a faint BD candidate, compatible with the �μ signature, is dis-
ussed in Section 4.7 . The source at 4.4 arcsec is a background object.

HIP 48341 = HD 85364 = HR 3899 = 6 Sex = TYC 4899-1904-1
arly type star, identified as a possible member of UMa group by
oderblom & Mayor ( 1993 ), King et al. ( 2003 ). Chupina, Re v a &
ereshchagin ( 2006 ) classified it as a member of corona surrounding

he UMa nucleus. Kinematic analysis using BANYAN returns a field
bject classification. Independently on the kinematic assignment,
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sochrone fitting yields an age of 660 ± 260, formally compatible 
ith Ursa Major. The star has also IR excess indicating the presence
f a debris disc (Chen et al. 2014 ). 
HIP 52462 = HD 92945 = V419 Hya Star with spatially resolved

ebris disc (Golimowski et al. 2011 ; Marino et al. 2019 ). The stellar
roperties and the presence of companions combining imaging, RV, 
nd astrometric signatures were recently investigated by Mesa et al. 
 2021 ). 

HIP 59726 = HD 106489 Field object with age similar to 
he Hyades. The RV results constant within 0.5 km s −1 from few
iterature measurements spanning several decades. 

HIP 61804 Young star, not associated to any known moving 
roup. The rotation period from TESS and chromospheric activity 
re similar to Pleiades members. 

HIP 63734 = HD 113414 F7/F8 star , in vestigated by Nardiello
t al., submitted as a candidate comoving object to TOI-1807 and 
OI-2048, 300 Myr old stars both hosting transiting planets. The 
tar results likely younger, with an estimated age of 150 Myr from Li
W and X-ray emission. The identification of a faint BD candidate, 
ompatible with the �μ signature, is discussed in Section 4.7 . 

HIP 63862 = HD 113553 = TYC 8258-871-1 BANYAN � yields 
 53 per cent membership probability for Carina-Near MG. The star
as not considered a candidate members in past studies, With a field

tar classification and a variety of age indicators, Vigan et al. ( 2017 )
stimated an age of 180 Myr with 120–250 limits, fully consistent 
ith the age of Carina-Near MG. We adopt Carina-Near MG age, 
ith expanded age limits from indirect age indicators due to the 
oderately low membership probability. Mean RVs from Nordstr ̈om 

t al. ( 2004 ), Torres et al. ( 2006 ), Gaia Collaboration ( 2018 ) agree
ery well, while Nordstr ̈om et al. ( 2004 ) mentioned a marginally
ignificant variability (rms 0.5 km s −1 , 11 per cent probability of
onstant RV). The source at 4.4 arcsec, previously detected by 
hauvin et al. ( 2015 ), is a background object. 
HIP 71899 = HD 129501 = TYC 1483-1030-1 F8 star. A bright

ource is detected within IRDIS field of view and is also seen (without
ull astrometric solution) in Gaia Collaboration ( 2018 , 2021 ). The
ombination of SPHERE and Gaia data confirms its physical asso- 
iation, with a mass of 0.39 Msun. Indications of the young age of
he system comes from the prominent X-ray emission (intermediate 
etween Hyades and Pleiades of similar colour) and rotation period 
rom KELT (Oelkers et al. 2018 ), comparable to Pleiades stars
lthough with the limited age sensitivity expected for F-type stars. 
sochrone fitting, when adopting solar metallicity is compatible with 
he young age from activity and with a broader range up to 3 Gyr. The
ub-solar metallicity by Stromgren photometry (Casagrande et al. 
011 ) (which ho we ver could be biased by stellar activity) would
nstead indicate an evolved star. Finally, the kinematics is slightly 
utside the kinematic space of young stars. The limited amount of
ata (no light curve from TESS, no high-resolution spectra available 
n public archives) and the impact of binarity prevents a better age
etermination. Therefore, we adopt the X-ray age, keeping as upper 
imit the results of isochrone fitting. 

HD 143600 = HIP 78549 The star is a well-known recognized
ember of Upper Sco association (e.g. de Zeeuw et al. 1999 ) and
embership is confirmed by our own check with Gaia data. The star
as disco v ered to be a close visual binary (sep 0.325 arcsec, � Ks =
.99) by Lafreni ̀ere et al. ( 2014 ). There is no significant IR excess,
hile the star has a significant reddening ( E ( B – V ) = 0.14) from

omparison of observed and expected colours for the B9.5 spectral 
ype. 

HIP 108912: All the indicators are consistent with an age interme-
iate between Hyades and Pleiades, and similar to Group X. RV by
ordstr ̈om et al. ( 2004 ), Gaia Collaboration ( 2018 ) are in agreement
ithin errors. 
HIP 112491 Field object; age indicators consistently suggest an 

ge close to that of the Hyades. 
HIP 112581 Field object with age similar to the Hyades. A close

andidate (estimated mass 0.14 Msun from photometry) is identified 
t 0.7 arcsec, very likely a true companion considering the small
rojected separation and the presence of the astrometric signature, 
oughly compatible with the properties of the observed candidate. 

TYC 9339-2158-1 Wide visual binary, with the primary of the 
ystem, the G1 star HIP 116063 = HD 221231 being at 36 arcsec.
he analysis of the age indicators yields to an age intermediate
etween Hyades and Pleiades (Vigan et al. 2017 ). 

HIP 116768 Am star. Isochrone fitting (using the Teff calibration 
y Netopil et al. 2008 ) indicate that the star is somewhat evolved out-
ide main sequence. Ho we ver, the star is likely a binary (RUWE = 6.3
n Gaia EDR3) so parallax (which has a large error), magnitude,
nd age can be biased by binarity. The star has a low membership
robability in Argus (29.8 per cent), in contrast with the isochrone
ge. 

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
MNRAS 513, 5588–5605 (2022) 

n 25 July 2022


	1 INTRODUCTION
	2 SAMPLE PROPERTIES
	3 OBSERVATIONS AND DATA REDUCTION
	4 RESULTS
	5 DISCUSSION
	6 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	SUPPORTING INFORMATION
	APPENDIX A: NOTES ON INDIVIDUAL TARGETS

