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The SPHERE infrared survey for exoplanets (SHINE)

I. Sample definition and target characterization?
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ABSTRACT

Context. Large surveys with new-generation high-contrast imaging instruments are needed to derive the frequency and properties
of exoplanet populations with separations from ∼5 to 300 au. A careful assessment of the stellar properties is crucial for a proper
understanding of when, where, and how frequently planets form, and how they evolve. The sensitivity of detection limits to stellar age
makes this a key parameter for direct imaging surveys.
Aims. We describe the SpHere INfrared survey for Exoplanets (SHINE), the largest direct imaging planet-search campaign initiated at
the VLT in 2015 in the context of the SPHERE Guaranteed Time Observations of the SPHERE consortium. In this first paper we present
the selection and the properties of the complete sample of stars surveyed with SHINE, focusing on the targets observed during the first
phase of the survey (from February 2015 to February 2017). This early sample composed of 150 stars is used to perform a preliminary
statistical analysis of the SHINE data, deferred to two companion papers presenting the survey performance, main discoveries, and the
preliminary statistical constraints set by SHINE.
Methods. Based on a large database collecting the stellar properties of all young nearby stars in the solar vicinity (including kinematics,
membership to moving groups, isochrones, lithium abundance, rotation, and activity), we selected the original sample of 800 stars that
were ranked in order of priority according to their sensitivity for planet detection in direct imaging with SPHERE. The properties of
the stars that are part of the early statistical sample were revisited, including for instance measurements from the Gaia Data Release 2.
Rotation periods were derived for the vast majority of the late-type objects exploiting TESS light curves and dedicated photometric
observations.
Results. The properties of individual targets and of the sample as a whole are presented.

Key words. stars: fundamental parameters – stars: rotation – stars: activity – stars: pre-main sequence –
stars: kinematics and dynamics – planets and satellites: general

1. Introduction

Today’s success in direct imaging of exoplanets is intimately
connected to the pioneering work in the previous decades to
develop adaptive optics (AO) systems, infrared detectors, coro-
nagraphs, and differential imaging techniques for ground-based
telescopes (Mawet et al. 2012; Chauvin 2018). With the advent of

? Tables 5–11 are only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/651/A70

dedicated instruments on 5–10 m telescopes (e.g., LBT, Palomar,
Subaru, Keck, VLT, Gemini, and Magellan), high-contrast imag-
ing (HCI) demonstrated the ability to detect and characterize
exoplanets and planetary systems, confirming that ground-based
instrumentation may reach performance levels that could com-
pete with those from space. Early large systematic surveys of
young nearby stars led to the discovery of the first planetary-
mass companions at large separations (>100 au) or with a low
mass ratio relative to their stellar host (Chauvin et al. 2004,
2005b; Neuhäuser et al. 2005; Luhman et al. 2006; Lafrenière
et al. 2008), followed by the breakthrough discoveries of closer
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planetary-mass companions such as HR 8799 bcde (Marois et al.
2008, 2010), βPictoris b Lagrange et al. (2009), κ And b (Carson
et al. 2013), HD 95086 b (Rameau et al. 2013a), and GJ 504 b
(Kuzuhara et al. 2013). This allowed a first systematic char-
acterization of the giant planet population with separations
typically ≥20–30 au (e.g., Biller et al. 2007; Lafrenière et al.
2007; Heinze et al. 2010; Chauvin et al. 2010, 2015; Vigan et al.
2012, 2017; Rameau et al. 2013b; Nielsen et al. 2013; Wahhaj
et al. 2013; Brandt et al. 2014; Galicher et al. 2016; Bowler
2016). These early results confirmed that direct imaging is an
important complementary technique in terms of discovery space
with respect to other planet hunting techniques like radial veloc-
ity, transit, µ-lensing and astrometry (e.g., Johnson et al. 2010;
Howard et al. 2010; Mayor et al. 2011; Sumi et al. 2011; Cassan
et al. 2012; Bonfils et al. 2013; Meyer et al. 2018; Fernandes
et al. 2019). Nowadays, direct imaging brings a unique oppor-
tunity to explore the outer part of exoplanetary systems with
separations beyond ∼5 au to complete our view of planetary
architectures, and to explore the properties of relatively cool
giant planets. The advent of the new generation of extreme-
AO planet imagers like SPHERE (Beuzit et al. 2019) and GPI
(Macintosh et al. 2014) connected to systematic surveys of hun-
dreds young nearby stars led to new discoveries like 51 Eri b
(Macintosh et al. 2015), HIP 65426 b (Chauvin et al. 2017b),
and PDS 70 b and c (Keppler et al. 2018; Haffert et al. 2019;
Mesa et al. 2019). However, the low rate of discoveries despite
the unprecedented gain in detection performance achieved with
SPHERE and GPI showed that massive giant planets with an
orbital semi-major axis beyond 10 au are rare (Nielsen et al.
2019).

On the other hand, the gain in performance allows a much
better characterization of exoplanetary systems and exoplanets
themselves. In direct imaging the exoplanet’s photons can indeed
be spatially resolved and dispersed to directly probe the atmo-
spheric properties of exoplanets and brown dwarf companions.
In comparison to generally older free-floating substellar objects,
exoplanets discovered by high-contrast imaging are younger,
hotter, and brighter. Their atmospheres show low-gravity fea-
tures, and the presence of clouds and non-equilibrium chemistry
processes. These physical conditions are very different and com-
plementary to those observed in the atmospheres of hot Jupiters
(observed in transmission or via secondary-eclipse). A large
number of young brown dwarf and exoplanet atmospheres have
been systematically characterized to test our current understand-
ing of the processes at play in the atmospheres of substellar
objects and to test evolutionary models including HR 8799 bcde
(Ingraham et al. 2014; Bonnefoy et al. 2016; Greenbaum et al.
2018), 51 Eri b (Rajan et al. 2017; Samland et al. 2017), β
Pictoris b (Chilcote et al. 2017), HD 95086 b (De Rosa et al.
2016; Chauvin et al. 2018), HIP 65426 b (Chauvin et al. 2017b;
Cheetham et al. 2019), HIP 64892 B (Cheetham et al. 2018), and
PDS 70 b and c (Müller et al. 2018; Mesa et al. 2019).

Regarding planetary architectures, relative astrometry at
1–2 mas precision with SPHERE and GPI opens up a new
parameter space to carry out a precise monitoring of the orbital
motion of a handful of exoplanets and brown dwarfs. This con-
strains their orbital properties and allows the exploration of the
dynamical stability of the whole architecture. Examples of sys-
tems for which this analysis was done include β Pictoris (Wang
et al. 2016; Lagrange et al. 2019), HR 8799 (Wang et al. 2018),
HD 95086 (Rameau et al. 2016; Chauvin et al. 2018), HR 2562
(Maire et al. 2018), 51 Eri (Maire et al. 2019; De Rosa et al.
2020), and GJ 504 (Bonnefoy et al. 2018).

The current instrumentation does not yet allow us to detect
mature planets reflecting star light, except perhaps for the clos-
est and brightest stars. The focus of direct imaging programs is
therefore on thermal emission from young planets because they
are expected to be brighter than their older counterparts. For this
same reason they are very useful to directly probe the presence
of planets within the environment where they form, the circum-
stellar disks. This allows us to connect the spatially resolved
structures of circumstellar disks (e.g., warp, cavity, rings, vor-
tices) with imaged or unseen exoplanets. This is a fundamental
and inevitable path to understand the formation of giant plan-
ets, and more generally planetary architectures favorable to the
formation of smaller rocky planets with suitable conditions to
host life (Barbato et al. 2018; Bryan et al. 2019). Studying the
demographics of exoplanets is particularly important in order
to understand the architecture and the formation and evolution
of exoplanets. Giant planets dominate the architecture of plan-
etary systems from a dynamical point of view, with impact on
the subsequent formation and evolution of smaller planets, the
distribution of water in the system, and thus the chances for
habitability.

Within this framework, we planned the SpHere INfrared sur-
vey for Exoplanets (SHINE; Chauvin et al. 2017a). This survey
uses a total of 200 nights that were allocated in visitor mode (typ-
ically affected by 20% of poor conditions for AO) and makes up
a large fraction of the SPHERE consortium Guaranteed Time
Observations allocated by ESO for the design and construction
of the SPHERE instrument (Beuzit et al. 2019). SHINE has been
designed by the SPHERE consortium to: (i) identify new plan-
etary and brown dwarf companions and provide a first-order
characterization; (ii) study the architecture of planetary systems
(multiplicity and dynamical interactions); (iii) investigate the
link between the presence of planets and disks (in synergy with
the GTO program aimed at disk characterization); (iv) deter-
mine the frequency of giant planets with semi-major axes beyond
5 au; and (v) investigate the impact of stellar mass (and even
age if possible) on the frequency and characteristics of planetary
companions over the range ∼0.5–3.0 M�.

SHINE started in February 2015 and is planned to be com-
pleted by July 2021, with observation of a total of about 500
young nearby stars. This is the first in a series of three papers
describing early results obtained from the analysis of about one-
third of this very large sample, in which we consider only those
targets whose first observation was done before February 2017.
We chose this cut-off date as second-epoch observations with
time separations of 1–2 yr were required for a large number of
candidates to vet physical companions from field stars (mainly
background). This sample, hereafter referred to as F150 (as it
consists of 150 stars), is already large enough for a first statisti-
cal discussion of the incidence of massive planets at a separation
≥5 au, and to have a first indication of the formation scenarios
for giant planets. This paper describes the general characteristics
of the survey and the observed sample. A second paper (Langlois
et al. 2021, Paper II) describes the observations and analysis
methods, and presents the results in terms of detection and upper
limits, while a third paper (Vigan et al. 2021, Paper III) presents
the statistical analysis and a discussion of the implications, as
derived from the F150 sample.

The paper is organized as follows: Sect. 2 describes the
SHINE survey, its science goals, and the target selection criteria.
Section 3 presents the selection of the complete SHINE sample
and the priority ranking. Section 4 describes the F150 subsam-
ple used for the early statistical analysis. In Sect. 5, we derive the
most relevant parameters of individual targets and in Sect. 6 we
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present the ensemble properties of the sample. Section 7 sum-
marizes the results. Appendix A includes notes on individual
targets.

2. Design of the SHINE survey

In order to achieve its scientific goals, the design and selection
of the SHINE sample was of prime importance to optimally
exploit a total of 200 nights of Guaranteed Time Observations
with SPHERE at VLT dedicated to this campaign. Since massive
planets at large separations are rare with a typical frequency of
a few percent (see, e.g. Vigan et al. 2017; Nielsen et al. 2019),
several hundred targets must be surveyed in order to lead to
new discoveries and set precise constraints on the occurrence of
giant planets beyond 5 au. Having a sample that is complete (in
terms of distance, age, or limiting magnitude) likely implies a
low efficiency. On the other hand, a proper statistical discussion
requires well-defined selection criteria. The approach we consid-
ered to combine these apparently conflicting issues was to start
from a very large sample of potential targets for which a wide
set of properties, including magnitude, distance, mass, and age,
was known (determined by us). We then divided them into pri-
ority groups according to a figure of merit (FoM) determined
from these properties. A higher value for this FoM implies a
higher probability that a star has a planet possibly detectable by
SPHERE according to a specified model describing the planet
distribution. To reduce the possibility that results will be poor
because the selected model is not appropriate, the final priority
list was actually obtained combining rankings given by two com-
pletely different models (see Sect. 2.3). This approach allows a
reasonably high efficiency in detecting planets combined with
the requirement of well-defined selection criteria, that can be
finally considered in the statistical analysis.

The survey design included the optimization of the num-
ber of visits versus observing time per visit. We adopted as a
compromise a visit of about 1.5 h including pointing and AO
setup overheads. This ensures a field rotation of ≥30 degrees
for most declinations in the case of observations including the
meridian passage, allowing good removal of the speckle patterns
using angular differential imaging (ADI; Marois et al. 2006).
Longer exposures provide little improvement because of the lim-
ited additional field rotation. Shorter exposures would allow us
to observe more targets, but would imply significant degradation
of the achievable contrast for individual observations. Consid-
ering that the available number of high-merit targets (nearby
very young stars) is not particularly large (see below), this would
imply a smaller number of expected detections.

In the original survey design we planned to devote 70%
of the time to first-epoch observations, 20% to second epochs
for common proper motion confirmation, and 10% to additional
characterization observations, exploiting the variety of observ-
ing modes available for SPHERE. The estimate of the amount of
time needed for second-epoch observations was based on predic-
tions of the background star contamination rate in the SPHERE
field of view using Galactic population models (e.g., Robin &
Creze 1986) and our target coordinates.

The selected setup for the survey used the IRDIFS mode,
allowing simultaneous observations in YJ range (0.95–1.35µm
using IFS (Claudi et al. 2008) over a small field of view
(1.77′′ × 1.77′′) and observations in two narrowband filters in
H-band using IRDIS (Dohlen et al. 2008) over a 11′′ × 11′′ field
of view. The two narrowband filters (H2 and H3, Vigan et al.
2010) were selected for their sensitivity to methane-dominated
objects (H2–H3≤ 0.0 mag) and to very red, late L objects

(H2–H3 ∼ 0.0–0.5 mag). Field stars have an H2–H3 color close
to zero, allowing the implementation of a robust priority scheme
for the confirmation of the candidates (see Paper II for details).

2.1. The SHINE database

Over the past 10 yr we assembled a large sample of young stars
with the main goal of preparing the SHINE survey. This work
included the determination of several stellar properties, either
from the analysis of new observations or from the literature. The
database was also used to select samples for other programs,
such as the NaCo Large Program for Exoplanet Imaging (NaCo-
LP; Chauvin et al. 2015), the SPOTS survey for circumbinary
planets (Asensio-Torres et al. 2018), the HARPS Large Pro-
gram for planets around young stars (Grandjean et al. 2020), the
search for planets around young stars in the framework of the
GAPS program at TNG (Carleo et al. 2020), and several other
programs.

The determination of target parameters is mostly based on
the methods described in the NaCo-LP target characterization
paper (Desidera et al. 2015). Briefly, stellar ages were obtained
from a combination of age methods (membership to groups,
lithium, rotation, activity, kinematics, isochrone fitting). Moving
groups (MGs) membership was taken from Torres et al. (2008),
with updates from the literature in the following years. Ages of
moving groups were those adopted by Desidera et al. (2015)
(their Table 8). Stellar distances were taken from HIPPARCOS
trigonometric parallax when available (van Leeuwen 2007), oth-
erwise the (age-dependent) photometric distances derived as
done in Desidera et al. (2015) were adopted. Stellar masses
were derived following the Reid et al. (2002) calibrations. The
original values of stellar mass, distance, and age are listed
in Table 11. Comparison with the updated values derived in
this paper (Sect. 5) shows a nice agreement for the distance
(mean difference 3.7 pc, rms 9.4 pc), a small offset in stellar
age (0.13 dex with rms 0.21 dex, with the original ages being
younger), and a systematic difference in stellar masses above
1.8–2.0 M� (the original mass being smaller) and a fairly good
agreement below this value. This last difference has some impact
on the actual upper limit in mass for the sample (see below),
but otherwise the use of the original parameters with respect
to the updated ones derived in this paper should have a minor
impact on the target selection and the priority scheme defined
below. Originally the sample was limited to distances closer than
100 pc; it was complemented with stars in the Sco-Cen OB asso-
ciation (e.g., de Zeeuw et al. 1999) to reach a suitable number of
young, early-type stars (from early F to late B) at slightly larger
distances.

For the final selection of the SHINE sample, we first identi-
fied some general selection criteria, driven by the characteristics
of the SPHERE instrument (coordinates of the site; magnitude
limit for good performance of the AO system) or by the science
goals described above. The following selection criteria were set:
1. Declination limits between −84 and +21 degrees to ensure

observations at airmass values of less than 2;
2. Wavefront sensor (WFS) flux1 >5 e-/subpup/frame or R ≤

11.5 (to ensure good quality of AO correction, being on
the conservative side of estimates from the SPHERE perfor-
mance simulations available at the time of target selection);

3. Exclusion of known spectroscopic and close visual bina-
ries (projected separation <6 arcsec, i.e., within the IRDIS

1 Flux as seen by the SPHERE WFS sensor; see Beuzit et al. (2019) for
details.
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field of view)2. This is motivated by the technical limitations
of AO working and ADI processing for spatially resolved
binaries and by our scientific choice of having a homoge-
neous sample of single stars or components of wide binaries
without the complications of the severe dynamical influ-
ence of stellar companions or of uncertain process of planet
formation and evolution in circumbinary disks;

4. Age <800 Myr because planets are too faint at older ages for
wavelengths <2.3µm;

5. Distance <100 pc to probe the smallest physical separations,
except for Sco-Cen members, as this region is rich in young
early-type stars;

6. M∗ < 3 M�. This limit was set because the frequency of
planets detected using radial velocities (RV) appears to drop
above this mass (Reffert et al. 2013). We did not set any
explicit lower-mass cutoff, though an implicit limit was set
by the requirement on AO flux. Our survey then covers
the full range 0.5–3.0 M�, which allows us to explore the
influence of stellar mass.

The sample has no explicit biases related to the presence of disks
nor to metallicity. At young ages metallicity determinations are
quite sparse (Biazzo et al. 2012; Viana Almeida et al. 2009). The
available results point toward a metallicity close to solar for stars
younger than ∼200 Myr in the solar vicinity. The metallicity dis-
persion becomes significant for older stars, which constitute a
very small fraction of our sample.

The resulting list satisfying the above criteria at the time of
freezing the SHINE sample (May–August 2014) included 1224
targets; this is larger by about 50% with respect to the sample to
be selected (800 stars), which in turn is almost twice the number
of stars that could be effectively observed.

2.2. Target priorities

A well-defined priority scheme is necessary in order to run an
efficient survey on a sample of several hundred targets because
the potential for exoplanet discovery is very different from star to
star, depending on age, distance, mass, and magnitude. Ideal tar-
gets are very young stars close to the Sun. Simulations described
in Sect. 2.3 were performed on this extended list in order to esti-
mate the potential for planet detectability of each target and drive
the final target selection.

The priority assignment applied to the SHINE database is
the following:
1. Build a FoM that allows the stars to be ranked according to

the probability that they host planets potentially detectable
by SPHERE. To estimate this probability, we used (i) planet
population models based on power laws in planet mass and
separation, with cutoffs at large separations; combined with
stellar ages this enables the planet luminosity to be estimated
via suitable evolution models; (ii) the MESS code (Multi-
purpose Exoplanet Simulation System, see Bonavita et al.
2012, 2013, for details)3 that allows the planet position to be
projected on the sky at the epoch of observation; and (iii)
expected contrast limits appropriate for each star given the
stellar properties (distance, age, magnitude). These three dif-
ferent aspects of the construction of the FoM are described
in the next subsection.

2 Preparatory observations of part of the sample were performed with
FEROS (Mouillet et al. 2010; Desidera et al. 2015) and with AstraLux
(Hormuth et al. 2008).
3 An updated version of the MESS code, now called Exoplanet
Detection Map Calculator (Exo-DMC Bonavita 2020), is available for
download at https://github.com/mbonav/Exo_DMC

2. Sort the parent sample according to this FoM and construct
an optimal 400 star sample as high priority (List 400), and
complete it with additional targets to fill in according to
rank order, lower priority, up to 100% over-subscription (List
400+). The final sample reaches 800 stars4.

3. Check that this optimized-for-detections sample covers a
reasonably wide distribution in stellar mass.

4. Consider some adaptions of this sample, such as (i) inclusion
of homogeneous subsamples, as volume-limited members of
nearby young moving groups and (ii) limiting the number of
Sco-Cen members to 20% of the sample because these stars
have a limited span in right ascension, and the background
contamination is often large due to their low galactic latitude,
which has a severe impact on the expected need for second-
epoch observations.

2.3. Simulations of planet detectability

In order to define the FoM to be used to select the final SHINE
sample, we estimated the expected survey yield as a function of
the target list as well as the assumptions on the underlying char-
acteristics of the planet population. For this purpose we used
the MESS (see Bonavita et al. 2012, for details) code to evalu-
ate the probability of detecting a companion given the expected
instrument performance. The synthetic companions were gener-
ated according to two different models, both based on the one
described by Cumming et al. (2008), that is, adopting power-law
distributions for the companion mass and semi-major axis.

Both models are defined so that the resulting frequency of
companions F is consistent with the value of the fraction of plan-
ets per star retrieved by Cumming et al. (2008) (F0 = 0.0394)
if calculated over the same parameter space (mass: 1–13 MJup,
semi-major axis: 0.3–2.5 au, stellar mass: 0.7–1.6 M�, [Fe/H]:
−0.5–+0.5). This implies the use of a normalization factor C0
defined as follows:

F0 = C0

∫ 1.6 M�

0.7 M�
dM ∗

∫ 13 MJup

1 MJup

m−1.3 dm
∫ 2.5 au

0.3 au
a−0.61 da (1)

The companion mass range was fixed at mmax = 75 M jup
for all the targets in the first model (hereafter Mod01).
For the second model (hereafter Mod02) we instead adopted
mmax = 0.03×M∗

MJup

M�
. Mod02 also includes a dependency on the

stellar mass for the expected value of the frequency. For this
model the normalization factor is in fact expressed as C0 f (M∗),
where f (M∗) is a mass function that ensures that the resulting
number of companions increases linearly with stellar masses
up to 2 M�, and is zero for stellar masses higher than 3 M�,
following the findings of Reffert et al. (2013) for close-in planets.

The main difference between the two models is therefore that
for Mod02 the properties of the generated planet population are
not fixed, but change for each target. For this reason, a ranking
based only on Mod02 would introduce a bias towards A–F stars.
The use of both models combined instead supports the selec-
tion of a more balanced sample, which is necessary to assess the
dependence of planet frequency on stellar mass, which is one of
the main scientific drivers of the survey.

For all the stars in the initial list we evaluated the expected
SPHERE detection limits, expressed in terms of luminosity con-
trast versus projected separation (shown in the left panel of

4 This is significantly larger than the sample size allowed by the avail-
able observing time, but we decided to oversize the sample in order to
have enough flexibility on the scheduling, considering the requirement
of observing the targets including the meridian passage.
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Fig. 1. Expected IFS detection limits (light blue curves), evaluated using the method described in Mesa et al. (2015), expressed in terms of contrast
(left panel) or minimum companion mass (right panel, calculated assuming the best age for each target). The solid blue line shows the average over
the full input sample. The light and dark gray curves in the right panel show the average mass limit obtained adopting the minimum and maximum
values of the age, respectively.

Fig. 1), using the method described in Mesa et al. (2015). The
models of Baraffe et al. (2003) were then used to estimate the
corresponding minimum detectable companion mass Mlim

5 (see
Fig. 1, right panel), under the assumption that any companion
would be coeval with its host star, hence using the age of the star
to select the appropriate evolutionary track. To take into account
the fact that the detection limits are expressed in projected sepa-
ration, while the models produces semi-major axis values, the
code evaluates the probability that a companion with a given
semi-major axis can have a projected separation which would
put it inside the field of view (FoV). This is done assuming a
random orbital phase and eccentricity drawn from a Gaussian
distribution (see Bonavita et al. 2012, for details).

For each model we performed six MESS runs, using the
list of 1244 targets from the SHINE database, but changing the
following parameters:

– the value of the age used for the magnitude to mass conver-
sion of the detection limits (the adopted age of each star, as
well as the minimum and maximum values) in order to prop-
erly estimate the impact of the uncertainty on the age on the
survey results.

– the cutoff of the semi-major axis distribution, which was
set at 15 or 30 au (a value of 50 au was used for the Sco-
Cen members to take into account the larger distance of this
region with respect to the other targets in the list)6.

Table 1 summarizes the outcome of the simulations, in terms
of expected detection yield, assuming a sample made of the best

5 Alternative sets of models available at the time of sample building
were considered but not used because of the lack of grid covering our
space of parameters of our interest and/or because of counter-examples
already available at that time against some of these models, such as the
extreme cold-start scenario by Marley et al. (2007).
6 This allowed us a proper ranking of the Sco-Cen targets, which would
not be reliable for closer cutoff values. A cutoff as large as 50 au was
already ruled out at the time of the sample selection for solar-type stars.
The situation was less clear for more massive stars, with possible scaling
of planet distribution in mass (following the mass ratio) and in separa-
tion (following the loction of the snow line). Considering the roughly
flat sensitivity curve of SPHERE at separation larger than 0.3′′, this
simulation was roughly equivalent from the point of view of the rank-
ing the Sco-Cen targets to a more realistic one with a low-frequency but
broad distribution at wide separation. This inhomogeneity has no con-
sequences in the final sample selection, considering that we included a
fixed number of Sco-Cen targets for each priority bin (see Sect. 3).

Table 1. Summary of the expected detection yield for the best 400
targets ranked according to the different models.

Model, cutoff Number of expected detections Sco-Cen

Adopt. age Min. age Max. age Members

Mod01, 15 au 24.73 28.29 22.41 15
Mod01, 30 au 48.27 53.65 44.82 35

Mod02, 15 au 16.12 18.89 14.25 2
Mod02, 30 au 30.22 34.25 27.12 12

Notes. The same values obtained considering the minimum and max-
imum estimated age of each target are also shown. The number of
Sco-Cen members (for which the cutoff is always 50 au) is reported in
the last column.

400 targets ranked according to each model. The values obtained
using the 15 au and the 30 au cutoff values are both shown,
and those obtained using the minimum and maximum values of
the stellar age for the magnitude to mass conversion of all the
detection limits.

The expected number of detections in Table 1 is larger
than the actual number (although the final number of detec-
tion from SHINE is not yet available, pending the completion of
the second-epoch observations). This indicates that some of the
assumptions we made in the simulations are not adequate. The
dependency of planet frequency on semi-major axis is likely the
most prominent case. There were already hints at the time of the
sample selection that the extrapolations of RV-based power laws
with outer cutoff are not ideal, considering both the few indi-
vidual detections at very wide separations, and low frequency
of substellar companions resulting from various surveys. How-
ever, alternative distributions such the log-normal distribution by
Meyer et al. (2018) were published a few years later. Therefore,
we were expecting the outcome of our simulations to be over-
estimating the number of new discoveries since the beginning
of the survey, and in this perspective we planned only a limited
amount of time for characterization observations in the original
survey design (see Sect. 2). In spite of these limitations, we con-
sider our simulations appropriate for the main aim of the priority
ranking, which is to build a good sample to answer our scientific
questions (e.g., including a broad range of stellar masses).
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3. The final SHINE target list

After the simulations described above, the SHINE list is com-
posed of 800 stars rank ordered following the proposed scheme
for two bins of masses Bin-1 (early-type; ≥1.5 M�) and Bin-2
(low-mass ≤ 1.5 M�) as summarized in Table 2. For operational
reasons linked to the scheduling of the observations, we choose
to have four priority classes, which we labeled P1 (highest pri-
ority), P2, P3, and P4 (lowest priority), rather than individual
priorities that are different for each target. We considered the
relevance of members of nearby young MGs, aiming at a com-
plete sample of members, and considering the lower errors in
stellar age compared to isolated objects and the better availabil-
ity of information in the literature. For this reason, in a few cases
we overruled the priority ranking resulting from simulations to
have well-defined distance limit for MG members in the first
two priority bins. We also limited the number of Sco-Cen tar-
gets to fulfill observational constraints. Overall, 200 targets were
included in each bin, as detailed below.

P1 sample.
– all the known members of nearby young MGs (β Pic,

Tucana, Columba, Carina, TW Hya, Argus, AB Dor) within
60 pc;

– the known members of the youngest groups (those listed
above except AB Dor, which is significantly older) between 60
to 80 pc and the two early-type members of η Cha cluster;

– the first 40 Sco-Cen stars from ranking of the simulation
performed using the 50 au outer cutoff;

– the remaining stars to achieve the planned size of the sam-
ple (about 20 stars) taken from the ranking of the 15 and 30 au
simulations, taking stars alternatively from the two lists sorted
according to planet detection probabilities.

P2 sample.
– all the known members of nearby young MGs (β Pic,

Tucana, Columba, Carina, TW Hya, Argus, AB Dor) in the
distance range between 80 to 100 pc;

– the known members of AB Dor MG from 60 to 80 pc;
– a handful of stars whose membership status in the above

MGs is controversial in the literature;
– the next 40 Sco-Cen stars from ranking of the simulation

performed using the 50 au outer cutoff;
– the remaining stars to achieve the planned size of the sam-

ple taken from the ranking of the 15 and 30 au simulations,
taking stars alternatively from the two lists sorted according to
planet detection probabilities.

P3 sample.
– the next 40 Sco-Cen stars from ranking of the simulation

performed using the 50 au outer cutoff;
– the remaining stars to achieve the planned size of the

sample (160 stars) taken from the ranking of the 15 and 30 au
simulations, taking stars alternatively from the two lists sorted
according to planet detection probabilities.

P4 sample.
– the next 40 Sco-Cen stars from ranking of the simulation

performed using the 50 au outer cutoff;
– the remaining stars to achieve the planned size of the

sample (160 stars) taken from the ranking of the 15 and 30 au
simulations, taking stars alternatively from the two lists sorted
according to planet detection probabilities.
We also selected bright targets to be observed with short obser-
vations in case of bad weather conditions or short gaps in
the schedule (labeled P5 targets). They include known binary

Table 2. Priority distribution of the SHINE sample.

Priority Early-type Solar and low-mass

P0 Special targets
P1 20 MGs + 40 ScoCen 120 MGs + 20 field
P2 20 Field + 40 ScoCen 50 MGs + 90 field
P3 20 Field + 40 ScoCen 140 Field
P4 20 Field + 40 ScoCen 140 Field
P5 Bad weather backup or filler

systems of specific interest for orbit determinations (Rodet et al.
2018) and stars with known RV planets to look for stellar com-
panions (Hagelberg et al., in prep.). They are not intended to be
deep enough to allow us the detection of planetary companions
and will not be considered in this paper.

3.1. New targets added after the original definition

After evaluating of the actual on-sky performances of SPHERE,
the results of which showed a reasonably good performance on
stars as faint as R ∼ 12 (Beuzit et al. 2019, see their Fig. 7),
the original sample was complemented starting from ESO period
P98 (April–September 2016) with about 50 M-type objects pro-
posed as members of young moving groups. The targets were
assigned to priority bins P1 and P2 following the distance limits
for individual groups, as defined above.

3.2. Special targets

A number of special targets were identified and promoted to
higher priority for observation, defined as P0 priority. The sci-
ence motivation for special priority is related to the known
presence of planets or brown dwarfs, amenable to detailed char-
acterization studies (e.g., Bonavita et al. 2017; Lagrange et al.
2019), stars with spatially resolved disks, especially when the
disk properties suggest the presence of planets (e.g., PDS 70
Keppler et al. 2018; Mesa et al. 2019), or stars with long-period
RV planets potentially detectable with SPHERE (Zurlo et al.
2018).

Other targets were promoted as P0 during the survey, thanks
to results of observations of other components of the SPHERE-
GTO (DISK program) or discoveries by other groups (e.g 51 Eri
after planet detection, Macintosh et al. 2015). Targets that were
not included in the original statistical sample, as defined above,
are not considered in this paper as their inclusion would consid-
erably bias the overall frequency of substellar objects. This is,
for instance, the case of PDS 70 not originally selected given its
distance, but observed in the context of a SHINE follow-up of
the DISK program. Only targets included in the original statisti-
cal sample are kept for the present analysis. Nevertheless, some
bias is still present, as the increase in priority implied a greater
probability of being actually observed. This is further discussed
in Paper III (Vigan et al. 2021).

Table 3 lists the targets in the F150 sample promoted to
P0, the original priority class, the motivation for the priority
upgrade, and the reference to individual papers based on SHINE
data, if any. η Tel and CD-35 2722 were not flagged as special
objects in spite of the previously known BD companions.

4. The F150 sample

The aim of the present series of papers is to present a preliminary
statistical analysis from the first half of targets observed in the
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Table 3. Stars in the SHINE statistical sample observed as special targets (highest priority).

Target Priority Remarks Discovery paper SPHERE paper

β Pic P1 Known planet and disk Lagrange et al. (2009) Lagrange et al. (2019)
HR 8799 P1 Known planet Marois et al. (2008) Zurlo et al. (2016)
HD 95086 P1 Known planet Rameau et al. (2013b) Chauvin et al. (2018)
Fomalhaut P2 Known planet and disk Kalas et al. (2008) –
FomalhautB P3 Companion to P0 star – –
PZ Tel P1 Known brown dwarf Biller et al. (2010) Maire et al. (2016)
HIP 107412 P4 Known brown dwarf Milli et al. (2017) Delorme et al. (2017); Grandjean et al. (2019)
51 Eri P1 Known planet Macintosh et al. (2015) Samland et al. (2017); Maire et al. (2019)
AB Pic P1 Known brown dwarf Chauvin et al. (2005b) –
TYC 8047-0232-1 P1 Known brown dwarf Chauvin et al. (2005a) –
HIP 78530 P1 Known brown dwarf Lafrenière et al. (2011) –
HD 61005 P1 Known disk Hines et al. (2007) Olofsson et al. (2016)
HR 4796 P1 Known disk Schneider et al. (1999) Milli et al. (2017, 2019)
AU Mic P1 Known disk Liu (2004) Boccaletti et al. (2015, 2018)
HD 30477 P1 Known disk Soummer et al. (2014)
TWA 7 P1 Known disk Choquet et al. (2016) Olofsson et al. (2018)
HD 141943 P2 Known disk Soummer et al. (2014) Boccaletti et al. (2019)
ζ Lep P2 Known disk Moerchen et al. (2010)
ρ Vir P1 Known disk Booth et al. (2013) –
HIP 71724 P3 Known low-mass comp. Hinkley et al. (2015) –
HIP 73990 P3 Known low-mass comp. Hinkley et al. (2015) –
HD 115600 P3 Known disk Currie et al. (2015) –
HD 377 P2 Known disk Choquet et al. (2016) –

Notes. The original priority in the selection of the statistical sample, the motivation for priority upgrade, and the references to discovery papers
and individual SPHERE papers are listed. SAM stands for sparse aperture masking (e.g., Tuthill et al. 2006).

SHINE survey. The resulting sample is then necessarily incom-
plete. The optimal observing procedure for ground-based direct
imaging surveys requires the target to be observed at meridian
to maximize field rotation. A dedicated program to optimize the
scheduling of an extended list of targets over individual nights or
runs and even full semesters considering the actual time alloca-
tion has been built and is routinely used to prepare the SHINE
observing nights (Lagrange et al. 2016). As a result, the actual
targets included in the schedule is a compromise between the
scientific priorities, the constraints of meridian passage, and the
maximization of the number of targets to be observed.

To build the sample considered in the present paper, we
included targets observed until February 2017 (the first 2 yr of the
survey), considering only the targets that are part of the statistical
sample, as defined in Sect. 3. Targets observed in poor conditions
(not validated following quantitative criteria of achieved contrast
with respect to the expected level considering stellar magnitude
and declination) were removed. Details on data reduction are
provided in Paper II (Langlois et al. 2021).

We also removed targets identified as new close visual bina-
ries from SPHERE observations in order to be homogeneous
with the original selection of single stars or members of wide
binaries7. The new binaries will be presented in a dedicated
paper (Bonavita et al. 2021).

7 In some cases the physical link between the central star and the
companion remains to be demonstrated, but the chance of background
objects is small because of the bright magnitude of the candidates.
Details will be presented in Bonavita et al. (2021). Cases of very low-
mass star companion candidates were analyzed with special care. A
common proper motion test was performed, and stars with moderately
bright background objects were kept in the F150 sample.

We removed four targets (HIP 37288, HIP 39826, HIP
64792 = GJ504, HIP 82588) which resulted to be older than
1 Gyr from the revised age analysis described in Sect. 5.9.
Finally, we removed four targets (HD 100546, TW Hya, MP Mus,
and EP Cha) because of the presence of gas-rich disks. Plan-
ets may still be forming in these disks, but are probably heavily
obscured by disk features. The case of HD 100546, formally in
our sample, is probably the best example of this (Sissa et al.
2018).

The sample built as described above is then formed by 150
targets, listed in Table 5, together with available broadband
photometry in several filters.

5. Updated stellar properties

The target parameters were determined using the methods and
procedures described in Desidera et al. (2015). A major improve-
ment is the availability of Gaia DR2 astrometric parameters
(Gaia Collaboration 2016, 2018). As a result, all the targets have
trigonometric parallaxes.

5.1. Distance and proper motion

Trigonometric parallaxes and proper motions were mostly taken
from Gaia DR2. For two very bright stars not included in Gaia
DR2 (Fomalhaut and β Leo), we used the HIPPARCOS results
derived by van Leeuwen (2007) (hereafter VL07). For an addi-
tional 13 very bright stars (V< 5), the VL07 errors are smaller
than the Gaia DR2 values. We adopted VL07 parallaxes and
proper motions for these targets; they are listed in Table 6,
together with other kinematic parameters.
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5.2. Radial velocity

Radial velocity (RV) is a key input for the kinematic assignment
(membership to groups) and for checking multiplicity. RV mea-
surements were mostly taken from the literature (sources listed in
Table 6). We obtained new RVs for 32 stars from spectra avail-
able in public archives. For 31 stars observed with HARPS we
exploited the reduced spectra and RVs provided by the instru-
ment pipeline available on the ESO archive8. The mean value
was adopted when multiple epochs were available9. For one star
(HIP 69989) we took the RV from public observations obtained
with SOPHIE, available in the archive of the Haute Provence
Observatory (Moultaka et al. 2004)10.

5.3. Multiplicity

As discussed above, objects with known stellar companions
(mass >75 MJup) within 6 arcsec (approximate size of IRDIS
field of view) were removed from the sample, including the pre-
viously unknown binaries discovered by our observations. The
multiplicity search was based on the SPHERE images them-
selves, Gaia DR2, and other recent literature, including the
evaluation of RV variability.

We opted to be conservative in the removal of targets due to
binarity, aiming at avoiding spurious rejections in our sample.
For this reason, a few stars with low-amplitude RV variability
or indication of multiplicity derived only from the ∆µ signa-
ture11 were kept in the sample. RV variability of up to 1–2 km s−1

may be linked to stellar activity for our very young targets (e.g.,
Carleo et al. 2018; Brems et al. 2019) or to pulsations for early-
type stars (e.g., Lagrange et al. 2009), or, when combining
data from different instruments, due to zero-point offsets. The
∆µ signature has instead some ambiguity in terms of physical
mass and orbital parameters responsible for the dynamical sig-
nature. We also checked non-coronagraphic images taken with
SPHERE at the beginning and end of the observing sequence,
looking for the presence of stellar companions (Engler et al.
2020). Some ambiguous cases are discussed individually in
Appendix A. It should be noted that several targets in our sam-
ple lack RV monitoring, making the rejection of spectroscopic
binaries incomplete.

In order to have a more complete view of the properties
of the targets in the sample, we also looked for companions
at projected separations larger than 6 arcsec from our targets
(outside the IRDIS field of view). They are listed in Table 10.
Dedicated checks using Gaia DR2 have been performed to con-
firm the physical association of previously known companions
and to look for new ones through the evaluation of the paral-
lax and proper motion of individual objects. Forty-one targets
are found to have companions outside the IRDIS field of view.
In two cases (HIP 95270/η Tel and Fomalhaut/Fomalhaut B) we
observed both components of the system. Two stars, namely HN
Peg and β Cir, have brown dwarf companions at wide separation.
For MG members, especially for the well-populated Sco-Cen
groups, there is some ambiguity between very wide binaries
and co-moving members of the associations. We opted to be

8 http://archive.eso.org/wdb/wdb/adp/phase3_spectral/
form
9 In a few cases the RVs available on the ESO archive were obtained
with different masks for the same star. In these cases we adopted the
value obtained from the mask that is closer to our adopted spectral type.
10 http://atlas.obs-hp.fr/sophie/
11 Proper motion difference between Gaia DR2 and other catalogs such
as Gaia DR1, HIPPARCOS, and Tycho2.

conservative and then inclusive in Table 10, requiring tight com-
mon proper motion and parallax values (within 2 mas/yr and 1
mas, respectively). We note some cases of extremely wide bina-
ries in our sample, with separation even larger than the typical
limit for bound objects adopted in the literature (∼20 000 au, Abt
1988; Allen et al. 2000). However, at young ages the occurrence
of multiple systems at wider separations is expected (Caballero
2009). Among the extremely wide multiple systems not previ-
ously noted in the literature we mention HIP 22226 + 2MASS
J04463413-262755 (the latter being itself a close binary) at a
projected separation of about 50 000 au.

The presence of wide companions, an important environ-
mental property of our targets, is also a useful resource for age
dating systems when complementary diagnostics can be applied
to the individual components, depending on their spectral
types.

5.4. Kinematics and moving group membership

We exploited the updated kinematic data, particularly the high-
accuracy parallaxes and proper motions from Gaia DR2, to
evaluate the membership of our targets in young moving groups.
We derived the space velocities U, V, W following prescrip-
tions by Johnson & Soderblom (1987), and we exploited the
BANYAN Σ tool12 (Gagné et al. 2018a). Unambiguous assign-
ment to groups or field can be made for nearly all targets thanks
to the improved kinematics data and group definition. There are
a few cases of different membership assignment with respect
to the literature, mostly a few exchanges between Tuc-Hor and
Columba and Carina or between Sco-Cen subgroups. A few tar-
gets classified in the literature as members of AB Dor MG have
low membership probability according to BANYAN Σ. However,
their properties (lithium, activity, rotation; see below) are fully
consistent with those of confirmed members. Targets worthy of
individual discussion are included in Appendix A.

5.5. Chromospheric and coronal activity

X-ray luminosities for all the targets were derived from the
ROSAT All Sky Catalogs (Voges et al. 1999, 2000) using the
calibration by Hünsch et al. (1999); 89 stars in the sample have
detected X-ray emission. Chromospheric emission was retrieved
from the literature or measured by us on archive HARPS spec-
tra as in Desidera et al. (2015). Overall log R

′

HK is available for
46 stars. Both quantities are reported in Table 7. These indica-
tors have limited dependency on stellar age below the Pleiades
age (for G–K stars). Therefore, low weight was assigned to these
indicators to quantify the age of very young stars, while for older
objects we relied on the Mamajek & Hillenbrand (2008) calibra-
tions. The possibility of old active stars misclassified as young
being tidally locked binaries or because of the occurrence of
some kind of accretion of angular momentum is unlikely, con-
sidering the complementary age diagnostics (e.g. lithium) and
the search for close binaries.

5.6. Lithium

The equivalent width of the available age-sensitive diagnostic
Li 6707 Å was gathered from the literature and included in
Table 7, to be used as an age diagnostic.

12 http://www.exoplanetes.umontreal.ca/banyan/
banyansigma.php
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5.7. Photometric variability and rotation period

In our sample 103 stars have spectral type later than A. They are
all young, and exhibit clear evidence of magnetic activity and
photometric variability. The last property is exploited to make
measurement of the stellar rotation period and of the level of
magnetic activity.

As the first step in our rotation period study, we explored the
literature for all 103 stars and found existing measurements of
the rotation period for 64 stars (62%). As the second step we
explored the public photometric time series archives of all 103
stars and found (mostly in the TESS archive) suitable data for
rotation period search for 58 stars (56%). Finally, we planned and
collected our own photometric time series data for the remaining
targets lacking suitable data and measured the rotation period for
six of them. Observations were carried out at the Remote Obser-
vatory Atacama Desert (ROAD) in Chile, the Perth Exoplanet
Survey Telescope Observatory (PEST) in Australia, and the York
Creek Observatory (YCO) in Tasmania.

As the results of our study we obtained the rotation period
for 101 of the 103 late-type stars in F150. They are reported in
Table 7, together with amplitude of the photometric rotational
modulation.

5.7.1. Gyrochronology

Ages from rotation were estimated comparing the observed rota-
tion period with that of stars of similar colors in groups or
clusters of known age, considering those compiled by Desidera
et al. (2015) and more recent literature results (e.g., Rebull et al.
(2016) for the Pleiades and Messina et al. (2017) for β Pic MG).
The ambiguity in rotation age due to the non-monotonic evolu-
tion of the rotation (minimum period reached close to the zero
age main sequence, ZAMS) can usually be eliminated by con-
sidering additional indicators such as the Li equivalent width
(EW) and the position on the color-magnitude diagram (CMD)
because very young stars that are in the acceleration phase are
above the ZAMS. The number of targets involved in these ambi-
guities is small, considering the large fraction of members of
moving groups, especially at young ages. The additional ambi-
guity represented by the small fraction of very fast rotators (“C”
sequence in the nomenclature by Barnes 2007) is more subtle.
As the majority of these fast rotators are found in binary systems
(e.g., Messina et al. 2017), which are rejected in our study, and
considering the low fraction of such targets in well-studied clus-
ters and the help of the other age diagnostics, we expect a very
limited impact on our age classification.

5.7.2. Period search methods

We followed the approach outlined in Messina et al. (2010, 2011),
to search for the stellar rotation period of our targets.

Briefly, the period search was carried out by computing
the Lomb−Scargle periodogram (LS; Press et al. 2002; Scargle
1982; Horne & Baliunas 1986) and the CLEAN algorithm
(Roberts et al. 1987). The false alarm probability (FAP) that a
peak of given height in the periodogram is caused by statistical
variations was computed through Monte Carlo simulations, by
generating 1000 artificial light curves obtained from the real light
curve, keeping the time sampling but permuting the magnitude
values (see, e.g., Herbst et al. 2002). We considered only rotation
periods that were measured with FAP <0.01%. Only a very few
targets with FAP in the range 0.01–1% had their rotation periods
confirmed by independent measurements, for example from the
literature.

When data from more observation seasons (or sectors in the
case of TESS) were available, we computed LS and CLEAN
periodograms for each season(sector); the most accurate results
were reported as adopted values, and they are shown in
Figs. A.1–A.85. We followed the method used by Lamm et al.
(2004) to compute the errors associated with the period deter-
minations (see, e.g., Messina et al. 2010 for details). To derive
the light curve amplitude, we fit the data with a sinusoidal func-
tion whose period is equal to the stellar rotation period. As a
result of our photometric analysis we obtained our own rotation
period measurements and photometric variability amplitudes for
82 of the 103 target stars: 76 from data of one or more public
archives and 6 from our own photometry. We confirmed 44 pre-
viously known rotation periods. Finally, we adopted the rotation
periods retrieved from the literature for 18 targets (of which 8
periods were retrieved from Messina et al. 2010, 2011, 2017). We
produced plots for all the photometric time series (either new or
from archives) analyzed in this work. These plots are available
in Figs. A.1–A.85.

5.8. Isochrone fitting

Isochronal ages were derived using the models by Bressan et al.
(2012) and the web interface PARAM13. For this determination,
we used the V-band magnitude listed in Table 5, the effective
temperature listed in Table 8, the parallax listed in Table 6,
and adopted solar metallicity. The effective temperatures were
obtained through Casagrande et al. (2010) for late-type stars,
using the combination of colors adopted in Desidera et al. (2015),
and through the Mamajek tables Pecaut & Mamajek (2013) for
early-type stars. A few cases of ambiguities between pre-main
sequence and post-main sequence evolution (see, e.g. Bonnefoy
et al. 2018) are discussed individually in the Appendix. The
availability of other indicators allows us to solve the ambiguity
between the two alternatives. In addition to the systematic uncer-
tainties in the stellar models, possible biases of the isochrone
method are linked to photometric variability of most of the late-
type targets and to the possibility of unrecognized binaries. The
first item is included in the error bar of the input parameters. For
the second item, the sensitivity of our SPHERE observations to
stellar companions, especially those bright enough to bias the
photometry, allows us to rule out cases at separations larger
than a few tens of mas. For closer companions we inspected
the available data for spectroscopic binaries, although a signifi-
cant fraction of the targets lack suitable RV monitoring. Finally,
after Gaia DR2, parallax is no longer the dominant source of
uncertainty for isochrone age determination.

5.9. Adopted ages

The primary age method adopted in this work is the group
membership because the age of an ensemble is usually bet-
ter determined than any individual measurement. For bona fide
members the group age was adopted. The ages for the MG and
their errors are those described in Bonavita et al. (2016) and were
also adopted by Vigan et al. (2017). They are summarized in
Table 414. The Bonavita et al. (2016) MG ages were mostly taken
from Bell et al. (2015). The main motivation for this choice is
to ensure the best homogeneity for the whole list of targets as

13 Version 1.3 available at http://stev.oapd.inaf.it/cgi-bin/
param_1.3
14 In our sample there are no members of Octans, Octans-Near, Carina-
Near, or Pisces-Eridanus MG, and is why these groups are not included
in Table 4.
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Table 4. Adopted MG ages.

Group Age Min Max
(Myr) (Myr) (Myr)

TW Hya (TWA) 10 7 13
η Cha OC (ETAC) 11 8 14
Upper Scorpius (US) 11 4 12
Lower Centaurus-Crux (LCC) 16 12 20
Upper Centaurus-Lupus (UCL) 17 15 20
β Pic (BPIC) 24 19 29
Columba (COL) 42 35 50
Tuc-Hor (TUC) 45 35 50
Carina (CAR) 45 35 50
Argus (ARG) 50 40 70
AB Doradus (ABDO) 149 100 180

no comparable studies were published in the following years.
For groups not included in Bell et al. (2015), we checked (using
indirect methods such as lithium and rotation) that our adopted
age ranking is correct. Improved ages for individual groups have
been published (e.g., Miret-Roig et al. 2020, for β Pic MG), but
adopting them without revision for other groups would imply
inconsistencies in the relative ages, which we want to avoid, We
have started to work on comprehensive updates of the MG ages
in the perspective of the final analysis of the SHINE sample.

We recognize that there are indications for a significant age
spread in some of these groups, such as the Sco-Cen association
(Pecaut & Mamajek 2016). However, a common age is adequate
for the statistical purposes of this series of papers. In addition,
the errors associated with the age determination for individual
stars are usually comparable or even larger than the age dis-
persion of the groups. Finally, possible members with ages that
are somewhat discrepant from the bulk of an association are
often subject to a dedicated analysis as typically their kinematic
membership probability is lower (see, e.g., the case HD 95086
discussed in Appendix A). For late-type bona fide members,
lithium, rotation, and secondary rotation-activity indicators are
typically consistent with the age assigned to the MGs.

For field objects, the age determination is based on isochrone
fitting for early-type stars (spectral type earlier than mid-F),
while for late-type stars (spectral type later than mid-F) it is
based on indirect methods (lithium, rotation, chromospheric
activity, X-ray emission), complemented by isochrone fitting and
kinematic evaluation when applicable. The indirect estimates
are based on comparison with the locus of members of nearby
moving groups and open clusters, as done in Desidera et al.
(2015).

For stars with ambiguous membership to groups, we opted
for a conservative approach. In the case of objects with prob-
able membership, we adopted the group age but extended the
possible range of values (minimum and maximum values in
Table 9) to include the values resulting from the analysis based
on other methods, applied depending on the spectral type of the
star. Object with a low probability of membership were consid-
ered field objects, adapting the age limits to the group age in the
adopted range.

The adopted ages are listed in Table 9. Further details on
individual targets are provided in Appendix A.

5.10. Stellar masses

Stellar masses were derived using the PARSEC isochrones
Bressan et al. (2012) models and the PARAM interface (see

above). As done in Desidera et al. (2015) for the objects with ages
derived from moving group membership or indirect methods, we
restricted the allowed age range for the determination of the stel-
lar mass, assuming uniform prior in the selected age range. This
allowed us to consider, among the overlapping isochrones within
the error bars of the input parameters, only those consistent with
the age estimate. This effect is small but not negligible (typi-
cally a few hundredths of a solar mass). For stars with M spectral
type the resulting stellar masses appear rather low. This is likely
due to issues in the atmospheric models for cool objects in the
PARSEC tracks (Chen et al. 2014b). Therefore, for these stars
we derived the stellar masses from the models by Baraffe et al.
(2015) for the appropriate age of the star. The masses are listed
in Table 8.

5.11. Presence of disks

We also checked in the literature for the presence of dusty
disks surrounding the stars in the sample. Of the 150 objects,
73 show infrared (IR) excesses, interpreted as the clear pres-
ence of dust in the system. Twenty-nine of these were detected
and spatially resolved with instruments such as HST/NICMOS,
VLT/SPHERE, Gemini/GPI, Herschel/PACS, and ALMA (see
Table 8). Disks identified as double-belts from SED fitting (Chen
et al. 2014a) have a special flag in Table 8. Finally, seven objects
were classified as potential disk hosts since the IR excesses were
only marginally detected, while in two cases there are indications
that the observed emission is likely associated with contaminants
(background sources). The absolute frequency of stars with disks
in our sample, in particular those with spatially resolved disks,
appears higher than typically found in the literature. The prior-
ity enhancement for some stars with disks described in Sect. 3.2
is certainly one of the reasons for such a high occurrence. Our
selection of well-isolated objects (single stars or components of
wide binaries) with broad dynamical room for extended disks
is another likely reason15. It should be considered that our flag
includes the detection of IR excess at any wavelength, then
including a large variety of disk temperatures and configurations.
Finally, while our original selection criteria do not concern the
presence of disks, it is also possible that some indirect bias is at
work. This may happen if stars with IR excess were more care-
fully scrutinized for youth and membership in moving groups
and then more likely to be included in our target list. This may
be the case for a few individual targets; however, most of the
main sources of our original target compilations (e.g., Torres
et al. 2006; Wright et al. 2004) are completely unrelated to the
presence of IR excesses or resolved disks, so we think this bias
is minor, if present at all.

6. Sample properties

6.1. General properties of the sample

Figures 2–4 show the distributions for some of the key astro-
physical parameters for our F150 sample. Figures 5–8 show the
cumulative distributions along with the comparison with the
GPIES sample (Sect. 6.2).

The bumps in the age distribution are due to the large frac-
tion of members in young MGs. The median age value is 45 Myr,
with 90% limits of 11 and 450 Myr. The adopted ages are
typically similar to those originally considered in the sample

15 The frequency of stars with detected IR excess is much lower (below
10%) in the sample of 78 new binaries detected in the whole SHINE
survey (Bonavita et al. 2021).
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Fig. 2. Histogram of stellar masses for the F150 sample.

Fig. 3. Histogram of distances for the F150 sample.

selection process (Table 11), although improved thanks to the
availability of data on individual targets and better ages of the
MGs. Only in a handful of cases were the revised ages found to
be >1 Gyr. These targets were removed from the present work,
being old interlopers in the original sample (tidallylocked bina-
ries, Li-rich giants, or stars with badly measured age indicators;
details will be provided in forthcoming works).

The median mass is 1.15 M�, with 90% limits of 0.57 and
2.37 M�. Most of the early-type stars (mass≥ 1.5 M�) are mem-
bers of Sco-Cen groups. The broad mass range of the sample will
allow us to investigate in Paper III the mass dependence of the
frequency and properties of substellar companions. The analysis
will be extended to higher stellar masses by the BEAST survey,
targeting B-type stars in Sco-Cen (Janson et al. 2019).

The median distance is 48 pc, with 90% limits of 11 and
137 pc. The peak in the distance distribution between 100 and
150 pc is due to the inclusion of Sco-Cen members. At 150 pc,

Fig. 4. Histogram of stellar ages for the F150 sample.

Fig. 5. Cumulative distribution of H-band magnitude for the stars in our
sample (red line) and that of Nielsen et al. (2019) (blue line).

the inner working angle of SPHERE allows us to access separa-
tion of ≥20 au for the presence of planetary companions.

The stars with resolved disks and detectable IR excess have
a different mass distributions with respect to those without
these features, being more massive (median values 1.41 versus
0.94 M�), while the age distributions of stars with and without
disks are similar. Considering the inhomogeneity of our cen-
sus of disks concerning, for example, the wavelengths of the
observations, sensitivity to IR excess with respect to the stellar
photosphere, and sensitivity to spatially resolved disks, we do not
investigate the origin of these features. While our original sur-
vey sample has no specific biases linked to the presence of disks
or IR excess, which were never considered in the selection pro-
cess, some of the stars with disks were observed with increased
priority because of the presence of the disks themselves (see
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Fig. 6. Cumulative distribution of distance for the stars in our sample
(red line) and that of Nielsen et al. (2019) (blue line).

Fig. 7. Cumulative distribution of masses for the stars in our sample (red
line) and that of Nielsen et al. (2019) (blue line).

Sect. 3.2). This effect will be mitigated by the end of the survey,
allowing more robust statistical inferences.

As already noted in Vigan et al. (2017), the majority of young
nearby stars have metallicity values close to solar, making the
sample of stars searched for planets via direct imaging somewhat
different with respect to those considered by RVs and transits,
which span a broader range of age and metallicity. The available
data (e.g., Viana Almeida et al. 2009) suggest a slightly subsolar
metallicity for stars in nearby young associations, at odds with
expectations from galactic chemical evolution models. Recent
results indicate that the standard chemical abundance analysis
might be biased for young stars, because of an overestimation
of microturbulent velocities somewhat linked to stellar activity

Fig. 8. Cumulative distribution of log (age) for the stars in our sample
(red line) and that of Nielsen et al. (2019) (blue line).

Fig. 9. Comparison of ages derived in the present work and in Nielsen
et al. (2019). Black circles refer to individual stars and red circles to
moving groups (typically several targets for each group). The error bars
refer to the minimum and maximum age values from Table 9.

(Reddy & Lambert 2017; Baratella et al. 2020; Spina et al. 2020).
Since a new analysis of chemical composition of members in var-
ious moving groups with these new methods is not yet available,
we assumed in the following a solar metallicity for all the targets.

6.2. Comparison with GPIES and other surveys

6.2.1. Properties of individual targets

In the F150 sample, 67 out of 150 stars were also observed with
GPI and were included in the GPIES early statistical analysis
(Nielsen et al. 2019). In Fig. 9 we compare the adopted ages;
49 of the 67 overlapping targets are members of moving groups,
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Fig. 10. Comparison of stellar masses derived in the present work and
in Nielsen et al. (2019).

for which the adopted individual age is equal (TW Hya, η Cha,
Tuc-Hor, Columba, Carina, Argus, AB Dor MG) or differ by a
very small amount, 1 or 2 Myr (β Pic MG, Sco-Cen groups).
As a result, the median age difference is equal to zero, and we
can infer that the age scales in the two studies are very similar.
Nevertheless, there are moderately large discrepancies for some
individual field objects, for which ages are more uncertain. In a
few cases for which the membership to groups is ambiguous (see
Appendix A for details on individual objects), we adopted the
stellar age derived independently of the group membership con-
straints (typically much older than the group ages) with lower
limits encompassing the group ages. In most of these cases,
Nielsen et al. (2019) adopted the membership to the groups and
the corresponding ages, resulting in fairly large discrepancies.
We also note that the ages adopted in Nielsen et al. (2019) for
the components in the Fomalhaut system (749 Myr for A and
200 Myr for B) bracket our adopted common value for the system
(440 Myr).

The comparison of the adopted masses in Fig. 10 also shows
fairly good agreement over the whole range of masses considered
by the programs. There is a small systematic difference, median
delta of 0.03 M� with our masses being smaller. There is per-
fect agreement for the adopted distances, derived from the same
sources (Gaia DR2 and HIPPARCOS).

6.2.2. Sample comparison

After the comparison of the individual stellar parameters,
we compared the distributions, in order to reveal differences
between the two samples. A first highly significant difference
concerns the stellar magnitude (Fig. 5). This can be understood
due to the differences between the AO systems of GPI and
SPHERE, the latter working well to fainter magnitudes. This
allowed us to choose a fainter magnitude limit. As a result, our
sample includes a larger fraction of low-mass stars and extends to
slightly larger distances (Fig. 6). The median masses of SHINE-
F150 and GPIES being 1.15 and 1.34 M�, respectively, with stars
below 1 M� representing 40% of the sample for SHINE and just

19% for GPIES (Fig. 7). Additional differences concern the high-
mass tail, where we stopped at about 3 M�. There are only three
stars with masses higher than this value in our final determina-
tion, (i.e., 2% of the sample, with a maximum value of 3.48 M�).
On the other hand, GPIES extends up to 9 M� with 4.5% of the
targets more massive than 3 M�.

There are also some differences in the age distribution
(median ages of 45 Myr for SHINE and 125 Myr for GPIES,
Fig. 8). The age difference is mostly explained by the larger frac-
tion of field early-type stars (typically intermediate age) in the
GPIES sample and by the larger fraction of young low-mass MG
members in our sample, due to the fainter magnitude limit.

Both teams avoided close visual binaries within the field
of view of the high-contrast instruments. As the field of view
of GPIES is smaller with respect to SHINE/SPHERE, binaries
with 3–6 arcsec projected separation, not present in our sample,
are included in GPIES. Finally, GPIES included in their statis-
tics a sample of spatially unresolved binaries. The corresponding
planets searched in these systems are circumbinary. Instead, we
excluded these systems from the present study, although unrec-
ognized spectroscopic binaries might still be present because of
the lack of RV monitoring for a fraction of our targets. As spec-
troscopic binaries represent about 10% of the GPIES sample, this
difference could have some impact on the statistical results.

7. Summary and conclusions

We described SHINE, the largest direct imaging survey for exo-
planets at VLT performed as part of SPHERE GTO. We detailed
the process of sample selection and the priority ranking scheme.
The survey is focused on young nearby stars, with spectral
types from A to M. Known binaries within the field of view
of the SPHERE-IRDIS camera (6 arcsec) are excluded, as are
all known spectroscopic binaries (though not all targets were
thoroughly searched).

A subsample of 150 stars with first epoch observations done
before February, 2017 was defined for a preliminary statistical
assessment of the frequency of planets and brown dwarfs in wide
orbits (5–300 au). This paper presents the characterization of the
individual targets and of this subsample as a whole. The compan-
ion paper (Langlois et al. 2021) presents the observations, data
processing, identification, and classification of companion can-
didates, while Vigan et al. (2021) presents the statistical analysis
of the frequency of substellar companions and its dependence on
stellar mass.

We exploited a variety of methods (kinematics and member-
ship to groups, isochrone, lithium, rotation, and activity) to infer
the stellar age and other stellar parameters. The median age value
is 45 Myr, with 90% limits of 11 and 450 Myr. The median stel-
lar mass is 1.15 M�, with 90% limits of 0.57 and 2.37 M�. A
comparison with GPIES early statistical analysis (Nielsen et al.
2019) shows no large systematic differences in the age scales
between the two studies, but significant differences in the mass
distribution and binary properties.
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Appendix A: Notes on individual objects

Fig. A.1. Photometric time sequence and periodogram for HIP490 =
HD 105.

Fig. A.2. Photometric time sequence and periodogram for HIP682 =
HD 377.

Together with relevant notes on individual targets, in Figs. A.1–
A.85 we summarize the results of our periodogram analysis. In
the top left panel we plot magnitudes versus TESS Julian Date,
unless differently specified. In the top middle panel we plot the
Lomb−Scargle periodogram with the spectral window function
(red dotted line) and power level corresponding to FAP = 0.01%
and 0.1% (horizontal dashed line), and we indicate the peak cor-
responding to the rotation period. In the top right panel, we plot
the CLEAN periodogram. In the bottom panel we plot the light
curve phased with the rotation period. The solid line represents
the sinusoidal fit.

HIP 490 = HD 105. We measured for the first time the rota-
tion period from the TESS photometric time series (Fig. A.1).
The light curve exhibits a significant evolution of amplitude in
subsequent rotation cycles.

HIP 682 = HD 377. Star with resolved debris disk (Cho-
quet et al. 2016). We measured for the first time the rotation
period from the All Sky Automated Survey (ASAS) photo-
metric time series (Fig. A.2). This allowed us to refine the age
estimate of the target, which results very close to that of the
Pleiades. The star does not result as a member of any known
young moving group. The inclination estimated from rotation
period, v sin i, and stellar radius is compatible within the error
with that of the disk (85± 5◦). It was set as P0 target for disk
characterization purposes.

Fig. A.3. Photometric time sequence and periodogram for HIP1113.

Fig. A.4. Photometric time sequence and periodogram for
2MASSJ0017-6645.

HIP 1113 = HD 987. The photometric rotation period first
measured by Messina et al. (2010) is confirmed by our analysis
of the TESS data (Fig. A.3). The TESS data revealed one flare
event superimposed on a quite stable light curve.

2MASS J00172353-6 645 124. The photometric rotation period
first measured by Messina et al. (2017) is confirmed by our
analysis of the TESS data (Fig. A.4). The TESS data revealed,
superimposed on a quite stable light curve, the presence of
multiple flare events, that support the young age estimated for
this M-type star.

HIP 1481 = HD 1466. We measured for the first time the rota-
tion period from the TESS photometric time series (Fig. A.5).

HIP 1993 = CT Tuc. The photometric rotation period first
measured by Messina et al. (2010) is confirmed by our anal-
ysis of the TESS data (Fig. A.6). The TESS data revealed,
superimposed on a quite stable light curve, the presence of
multiple flare events, that support the young age estimated for
this M-type star.

HIP 2578 = HD 3003. Member of Tuc-Hor association. It
is comoving with the quadruple system HIP 2484+HIP 2487
(both of which are also visual binaries) at 25 350 au projected
separation. Masses of the components in Table 10 taken from
Tokovinin (2008).

HIP 6276 = BD-12 243. We measured for the first time
the rotation period from the TESS photometric time series
(Fig. A.7), which is in rough agreement with the earlier mea-
surement (P = 6.40 d) by Wright et al. (2011). TESS data
revealed, superimposed on a quite stable light curve, the
presence of multiple flare events.
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Fig. A.5. Photometric time sequence and periodogram for HIP1481.

Fig. A.6. Photometric time sequence and periodogram for HIP1993.

Fig. A.7. Photometric time sequence and periodogram for HIP6276.

HIP 6485 = HD 8558. The photometric rotation period first
measured by Messina et al. (2010) is confirmed by the TESS
data (Fig. A.8) and is in agreement with the measurements by
Oelkers et al. (2018). TESS data reveal significant evolution of
light curve amplitude and numerous flare events.

HIP 6856 = HD 9054. We measured for the first time the rota-
tion period from the TESS photometric time series (Fig. A.9),
which revealed numerous flare events.

TYC 8047-0232-1. Star with brown dwarf companion dis-
covered by Chauvin et al. (2005a). The photometric rotation
period first measured by Messina et al. (2010) is confirmed by
our analysis of the TESS data (Fig. A.10).

Fig. A.8. Photometric time sequence and periodogram for HIP6485.

Fig. A.9. Photometric time sequence and periodogram for HIP6856.

Fig. A.10. Photometric time sequence and periodogram for TYC 8047-
0232-1.

HIP 11360 = HD 15115. The revised RV from Desidera et al.
(2015) supports the membership to the Tuc-Hor association
(93.7% using BANYAN). The star has a spatially resolved
edge-on debris disk (Kalas et al. 2007; Engler et al. 2019). We
measured for the first time the rotation period from the TESS
photometric time series (Fig. A.11).

HIP 13402 = HD 17925 = EP Eri. Flagged as RS CVn
variable, with spectral types K1+K2 and period 6.85 days in
Rodriguez et al. (2015). However, HARPS observations avail-
able in ESO archive allow us to rule out the presence of
close stellar companions (rms = 28 m s−1 from 42 RVs over
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Fig. A.11. Photometric time sequence and periodogram for HIP11360.

Fig. A.12. Photometric time sequence and periodogram for HIP13402.

1200 days). We then kept the star in the sample. The photo-
metric rotation period first measured by Messina et al. (2001)
is confirmed by our analysis of the TESS data (Fig. A.12).

HIP 14551 = HD 19545. Originally classified as a mem-
ber of Tuc-Hor (Zuckerman et al. 2011), the updated analysis
indicates membership in the Columba association. The wide
companion, UCAC4 311-003056, has been also classified as
a member of the Columba association (Gagné et al. 2018b).
The small but formally significant differences in parallax and
proper motion make it possible that the two stars do not form
a true binary system and are only projected very close on the
sky (59 arcsec).

TYC 7026-0325-1. The photometric rotation period first mea-
sured by Messina et al. (2010) is confirmed by our analysis of
the TESS data (Fig. A.13).

HIP 15457 = HD 20630 = κ Cet. The photometric rotation
period first measured by Messina et al. (2001) is confirmed
by our analysis of the TESS data (Fig. A.14). The presence of
numerous flare events are detected.

TYC 8060-1673-1. The photometric rotation period first mea-
sured by Messina et al. (2010) is confirmed by our analysis of
the TESS data (Fig. A.15).

HIP 17764 = HD 24636. We measured for the first time
the rotation period from the TESS photometric time series
(Fig. A.16).

HD 25284B. We measured for the first time the rotation period
from the TESS photometric time series (Fig. A.17). We note
that according to SIMBAD coordinates, HD 25284A and B
are unresolved in the TESS photometry. As shown in the

Fig. A.13. Photometric time sequence and periodogram for TYC 7026-
0325-1.

Fig. A.14. Photometric time sequence and periodogram for HIP15457
(κ Cet).

Fig. A.15. Photometric time sequence and periodogram for TYC 8060-
1673-1.

figure, both Lomb–Scargle and Clean detected three signifi-
cant periods that are in order of decreasing power P = 4.54 d,
P = 2.26 d, and P = 0.31 d. Considering that HD 25284B
has v sin i = 6.9 km s−1, its rotation period should be
P = 4.54 days to reconcile with stellar radius and projected
rotational velocity. Following similar reasoning, considering
that HD 25284A has v sin i = 69.8 km s−1, its rotation period
should be P = 0.31 d. The remaining period P = 2.26 d, half of
the primary period, may arise from the double-dip shape of
the light curve.
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Fig. A.16. Photometric time sequence and periodogram for HIP17764.

Fig. A.17. Photometric time sequence and periodogram for HD25284B.

Fig. A.18. Photometric time sequence and periodogram for TYC 5882-
1169-1.

TYC 5882-1169-1 = BD-15 705. Originally classified as a
member of the Columba association, the updated analysis
indicates membership in the Tuc-Hor association. The photo-
metric rotation period first measured by Messina et al. (2010)
is confirmed by our analysis of the TESS data (Fig. A.18).
More flare events are detected in the TESS time series.

51 Eri = HIP 21547. The star has a planetary companion
discovered by Macintosh et al. (2015). The periodogram anal-
ysis of the TESS data shows evidence of multi-periodicity
with the most powerful peak at P = 1.84± 0.06 days and the
secondary power peak in agreement with the early rotation
period measurement by Koen & Eyer (2002) (Fig. A.19–A.21).

Fig. A.19. Photometric time sequence and periodogram for 51 Eri
(HIP21547).

Fig. A.20. Photometric time sequence and periodogram for 51 Eri
(HIP21547) (from HIPPARCOS).

Fig. A.21. Photometric time sequence and periodogram for 51 Eri (HIP
21547) (from the Mascara survey).

Considering the F0IV spectral type, it is likely that most peri-
odicities arise from pulsations rather than variability induced
by undiscovered close companions.

HIP 22226 = HD 30447. Star with debris disk spa-
tially resolved by Soummer et al. (2014). The star has a
close pair of faint comoving companions with very similar
astrometric parameters at 622′′ = 50 100 au projected sep-
aration (Gaia DR2 4881308710762664576 and Gaia DR2
4881308710764495744, unique entry in 2MASS, 2MASS
J04463413-2 627 559, ∆G = 0.15 mag). The very wide separa-
tion is larger than the typical limit for binaries. These objects
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Fig. A.22. Photometric time sequence and periodogram for HIP 22226.

Fig. A.23. Photometric time sequence and periodogram for HIP 22295.

were flagged as members of Columba in Gagné et al. (2018b).
The masses of the two components are close to 0.2 M�. We
measured for the first time the rotation period from the TESS
photometric time series (Fig. A.22).

HIP 22295. The photometric rotation period first measured by
Kiraga (2012) is confirmed by our analysis of the TESS data
(Fig. A.23). The TESS data show a rapidly evolving double-
dip light curve.

TYC 5899-0026-1. We measured for the first time the rotation
period from the TESS photometric time series (Fig. A.24).
The TESS data reveal TYC 5899-0026-1 to be an M3 star with
very intense flare activity.

HIP 23200. The photometric rotation period first measured by
Messina et al. (2010) is confirmed by our analysis of the TESS
data (Fig. A.25). The TESS data reveal more flare events
superimposed on a very stable light curve.

HIP 23309. The photometric rotation period first measured by
Messina et al. (2010) is confirmed by our analysis of the TESS
data (Fig. A.26). The TESS data reveal more flare events.

HIP 24947. We measured for the first time the rotation period
from the TESS photometric time series (Fig. A.27).

HIP 25283. The photometric rotation period first measured by
Messina et al. (2010) is confirmed by our analysis of the TESS
data (Fig. A.28).

HIP 25544 = HD 36435. Age indicators (Li, rotation period,
RX , R

′

HK) converge on an age similar to or possibly slightly
older than the Hyades. We adopted 700± 150 Myr. The pho-
tometric rotation period first measured by Koen & Eyer (2002)
is confirmed by our analysis of the TESS data (Fig. A.29). The

Fig. A.24. Photometric time sequence and periodogram for TYC 5899-
0026-1.

Fig. A.25. Photometric time sequence and periodogram for HIP 23200.

Fig. A.26. Photometric time sequence and periodogram for HIP 23309.

light curve exhibits a significant evolution from single-dip to
double-dip shape.
ζ Lep = HIP 27288 = HD 38678. Early-type star with
spatially resolved debris disk (Moerchen et al. 2007). It
was proposed as a member of Castor MG by Barrado
y Navascues (1998). An age of few hundred Myr was
derived from isochrone fitting by several authors (e.g., Su
et al. 2006; David & Hillenbrand 2015). However, the
star was also proposed as a member of β Pic MG by
Nakajima & Morino (2012). The β Pic membership and
age was also adopted by Nielsen et al. (2019). BANYAN
Σ returns a membership probability of 26.9% with the
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Fig. A.27. Photometric time sequence and periodogram for HIP 24947.

Fig. A.28. Photometric time sequence and periodogram for HIP 25283.

Fig. A.29. Photometric time sequence and periodogram for HIP 25544.

van Leeuwen (2007) astrometric parameters (adopted because
of the lower errors with respect to Gaia due to very bright
magnitude; Gaia values yield a similar value, 24.6%). We
then considered the β Pic membership uncertain, and we
adopted the age from isochrones, extending the minimum age
to include the β Pic MG age.

TYC 7084-0794-1 = CD-35 2722. Star with BD companion
(Wahhaj et al. 2011). The star was not moved to special tar-
gets (P0). The photometric rotation period first measured by
Messina et al. (2010) is confirmed by our analysis of the TESS
data (Fig. A.30). Numerous flare events are detected in the
TESS time series.

Fig. A.30. Photometric time sequence and periodogram for TYC 7084-
0794-1.

Fig. A.31. Photometric time sequence and periodogram for HIP 30030.

HIP 30030 = HD 43989. Originally classified as a mem-
ber of Tuc-Hor; the updated analysis indicates membership
in the Columba association. Using TESS photometric time
series, we measured a rotation period P = 1.361± 0.042 days
with very high confidence (Fig. A.31), which supersedes the
earlier determination of P = 1.16 days measured by Cutispoto
et al. (1999).

HIP 30034 = HD 44627 = AB Pic. Star with substellar com-
panion close to the edge of the IRDIS field of view discovered
by Chauvin et al. (2005b). The photometric rotation period
first measured by Messina et al. (2010) is confirmed by our
analysis of the TESS data (Fig. A.32).

HIP 30314. We measured for the first time the rotation period
from the TESS photometric time series (Fig. A.33).

GSC 8894-0426. The photometric rotation period first mea-
sured by Kiraga (2012) is confirmed by our analysis of the
TESS data (Fig. A.34). Numerous flare events are detected in
the TESS time series.

TYC 7617-0549-1. The photometric rotation period first mea-
sured by Messina et al. (2010) is confirmed by our analysis of
the TESS data (Fig. A.35).

HIP 31878. HIP 31711 at 18 000 au is a probable wide compan-
ion. The discrepancy in the astrometric parameters in Gaia
DR2 is likely linked to the binarity of HIP 31711. The photo-
metric rotation period first measured by Messina et al. (2010)
is confirmed by our analysis of the TESS data (Fig. A.36).
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Fig. A.32. Photometric time sequence and periodogram for HIP 30034.

Fig. A.33. Photometric time sequence and periodogram for HIP 30314.

Fig. A.34. Photometric time sequence and periodogram for GSC 8894-
0426.

HIP 32235. The photometric rotation period first measured by
Messina et al. (2010) is confirmed by our analysis of the TESS
data (Fig. A.37).

HD 51797 = TYC 8118-0871-1. The photometric rotation
period first measured by Messina et al. (2010) is confirmed
by our analysis of the TESS data (Fig. A.38).

HIP 33737 = HD 55279. Originally classified as a member
of Tuc-Hor, the updated analysis indicates membership in the
Carina association. The photometric rotation period first mea-
sured by Messina et al. (2010) is confirmed by our analysis of
the TESS data (Fig. A.39).

Fig. A.35. Photometric time sequence and periodogram for TYC 7617-
0549-1.

Fig. A.36. Photometric time sequence and periodogram for HIP 31878.

Fig. A.37. Photometric time sequence and periodogram for HIP 32235.

2MASS 07065772-5 353 463. We measured for the first time
the rotation period from the TESS photometric time series
(Fig. A.40). Numerous flare events are detected in the TESS
time series.

BD+20 1790 = TYC 1355-214-1 = V429 Gem. Member of
AB Dor MG, with a very high activity level. The presence of
a previously claimed hot Jupiter has been refuted by Carleo
et al. (2018).

TYC 8128-1946-1 = CD-48 2972. Star with a wide compan-
ion HIP 36312 = HD 59659 (which is also in the SHINE
sample but not observed within the date defining the tar-
gets of the present paper). It was originally identified as an
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Fig. A.38. Photometric time sequence and periodogram for TYC 8118-
0871-1.

Fig. A.39. Photometric time sequence and periodogram for HIP 33737.

Fig. A.40. Photometric time sequence and periodogram for
2MASSJ0706-5353.

Argus member by Torres et al. (2008), which has been con-
firmed in several works. Independently of the controversy over
the existence of the Argus association, the very strong Li
line confirms a young age. It is flagged as a possible SB in
Desidera et al. (2015) based on the marginal RV difference
between the two measurements. The recent RV determination
by Zuckerman (2019), intermediate between the two previous
measurements, does not support the presence of large RV vari-
ability. There is a marginal proper motion difference (∼2σ)
between Gaia DR2 and Tycho2, while the Gaia DR1 and DR2

Fig. A.41. Photometric time sequence and periodogram for HIP36948
(HD 61005).

Fig. A.42. Photometric time sequence and periodogram for YZ CMi =
HIP 37766.

proper motions do not differ significantly. We kept the star in
the sample, and we adopted the Argus membership and age.

HIP 36948 = HD 61005. Star with spatially resolved debris
disk (e.g., Hines et al. 2007; Olofsson et al. 2016). The photo-
metric rotation period first measured by Desidera et al. (2011)
is confirmed by our analysis of the TESS data (Fig. A.41).

YZ CMi = HIP 37766 = GJ 285. The star is identified as a
possible β Pic MG member in Montes et al. (2001), although
it is not considered for membership in most of the studies on
the group. The updated kinematic analysis using BANYAN Σ
yields 0% membership probability. Considering it as a field
object and taking the available results of age indicators into
account, we adopted an age of 100 Myr with lower limit at
20 Myr and upper limit at 200 Myr. The photometric rotation
period first measured by Chugainov (1974) is confirmed by our
analysis of the TESS data (Fig. A.42). The TESS time series
shows an uninterrupted flare activity.

HIP 42808. We measured for the first time the rotation period
from the TESS photometric time series (Fig. A.43). We note
some residual instrumental effects around rotation phases φ =
0.3–0.4.
η Cha. Member of the η Cha open cluster (Mamajek et al.

1999). Nine comoving objects are found within 10 arcmin in
Gaia DR2. We listed in Table 10 the closest one, EK Cha, at a
projected separation of 19 300 au.

HD 75505 = RECX13. Classified as a probable member of the
η Cha open cluster (Mamajek et al. 1999). This is confirmed
by kinematic analysis based on Gaia DR2 (Cantat-Gaudin &
Anders 2020). It is also listed among the bona fide members
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Fig. A.43. Photometric time sequence and periodogram for HIP 42808.

Fig. A.44. Photometric time sequence and periodogram for HIP 44526.

by Gagné et al. (2018b). On the other hand, the BANYAN Σ
online tool yields a low membership probability (9%). Spe-
cific signatures of youth are elusive considering the spectral
type of the star (A1V). We consider the star to be a member
on the basis of the sky position, parallax, and proper motion,
which are very similar to those of the other cluster members.
Nine comoving objects are found within 10 arcmin in Gaia
DR2. We listed in Table 10 the two with a projected separa-
tion of less than 20 000 au, EH Cha and EI Cha, which are
both confirmed members of the cluster.

V405 Hya = HIP 44526 = HD 77825. All age indicators
are compatible with an age intermediate between Hyades and
Pleiades. We adopted 300 Myr. The star was considered a
member of Castor MG, whose existence is uncertain. Our
adopted age is in any case close to the typical value for pro-
posed Castor members. The M2.5 star UCAC4 371-053521,
clearly comoving at a projected separation of 6000 au from
Gaia DR2, was not previously recognized as a wide com-
panion to V405 Hya. It was known as an active and X-ray
emitter source. The photometric rotation period first mea-
sured by Kiraga (2012) is confirmed by our analysis of the
TESS data (Fig. A.44). The light curve is affected by residual
instrumental effects.

HIP 47135 = HD 84075. G2 star classified as an Argus mem-
ber in Torres et al. (2008), Zuckerman et al. (2011), Malo
et al. (2013), Bell et al. (2015), and Zuckerman (2019). The
age indicators are fully compatible with the proposed age
for Argus. The star has an IR excess with two components

Fig. A.45. Photometric time sequence and periodogram for HIP 47135.

Fig. A.46. Photometric time sequence and periodogram for HIP 47135
(ROAD data).

(Zuckerman et al. 2011). We measured the photometric rota-
tion period for the first time using photometric time series
collected at the ROAD observatory. Our measurement was
subsequently confirmed by our analysis of the TESS data
(Fig. A.45–A.46).

HIP 50191 = HD 88955 = q Vel. A2V star classified as an
Argus member in Zuckerman et al. (2011), Bell et al. (2015),
and Zuckerman (2019), and with Argus membership sup-
ported by BANYAN (probability 98%). Argus membership
is also adopted in Nielsen et al. (2019). Actually, Zuckerman
(2019) noted the slightly off-sequence position in B–V ver-
sus MV CMD; instead the star is in a position similar to
that of other Argus A-type stars in Gaia CMD. It should be
noted that the HIPPARCOS parallaxes and proper motion have
smaller errors than the Gaia values for such a bright star
(V = 3.85,mag). Furthermore, the star is classified as a pri-
mary standard for A2V spectral type by Pecaut & Mamajek
(2013)16. Adopting their Teff for this spectral type, (8840 K),
the isochrone age results 458± 182 Myr, similar to the age
reported in the literature using this technique (Vican 2012;
David & Hillenbrand 2015). The pre-MS age (6± 1 Myr)
is instead too young for Argus membership. We consider
the post-ZAMS isochrone age reliable as the adopted data
appears of high quality and there is no indication of binarity
of the object, both at short separation from RV monitoring
(Lagrange et al. 2009) and at larger separation from imaging.
We adopted the isochronal age with an error bar extending

16 http://www.pas.rochester.edu/~emamajek/spt/A2V.txt
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Fig. A.47. Photometric time sequence and periodogram for TWA6.

Fig. A.48. Photometric time sequence and periodogram for HIP 51228.

down to 50 Myr to include the possibility of Argus member-
ship. The star has a significant IR excess (Zuckerman et al.
2011).

TWA 6 = GSC7183-1477 = BX Ant. Not member of TWA
when using BANYAN Gaia DR2 parameters. On the other
hand, the TWA membership is supported by Lee & Song
(2019). In any case, independently of any kinematic evalua-
tion, the very strong lithium unambiguously shows the very
young nature of the star. Isochrone fitting yields an age of
10± 3 Myr, the same as the TWA group. The photometric
rotation period first measured by Lawson & Crause (2005) is
confirmed by our analysis of the TESS data (Fig. A.47).

HIP 51228. We measured for the first time the rotation period
from the TESS photometric time series (Fig. A.48).

HIP 51317. We measured for the first time the rotation period
from the K2 Kepler photometric time series. (Fig. A.49).

HD 95086. Star with planetary companion first discovered by
Rameau et al. (2013b). It is a Sco-Cen member according to
de Zeeuw et al. (1999). BANYAN returns a 48.5% probability
of membership in the Carina MG and 33.8% for LCC (with-
out RV, the value listed in SIMBAD and several catalogs is
the astrometric one by Madsen et al. 2002). The spatial posi-
tion is in the outskirts of the Sco-Cen group. The age map by
Pecaut & Mamajek (2016) yields an age of 26 Myr at the loca-
tion of HD 95086, clearly older than the bulk of LCC. On the
other hand, Schneider et al. (2019) recently proposed an age
of 22 Myr for the Carina association. The isochrone age gives
a lower limit of about 20 Myr for HD95086. Looking in Gaia
DR2 for stars with similar position and kinematic parameters,

Fig. A.49. Photometric time sequence and periodogram for HIP 51317.

Fig. A.50. Photometric time sequence and periodogram for HIP 54155.

we noticed the F2 star HIP 55334 (HD 98660) with a lower age
limit of about 19 Myr (our analysis and Pecaut et al. (2012)),
consistent with the Pecaut & Mamajek (2016) age map. Our
tentative conclusion is that HD 95086 is part of a young pop-
ulation that is slightly older than the bulk of LCC and possibly
connected to the Carina association, or part of it. We adopted
the age from the Pecaut & Mamajek (2016) map, with lower
and upper limits corresponding to the LCC and Carina.

HIP 54155. The wide companion HD 96064B has no astromet-
ric solution in Gaia likely due to its close binarity (P = 23 yr).
The physical association of this triple system is nevertheless
confirmed. The photometric rotation period first measured by
Cutispoto et al. (1999) is confirmed by our analysis of the
TESS data (Fig. A.50).

HIP 54231. Sco-Cen member according to de Zeeuw et al.
(1999) and Rizzuto et al. (2011), but with low membership
probability from BANYAN. We adopted the LCC age but with
the upper limit derived by isochrone fitting (380 Myr). The
literature spectral type is A0V, but the colors are more com-
patible with A1. The RV in SIMBAD is the expected value
for membership (Madsen et al. 2002), not an observational
measurement.

HIP 57632 = HD 102647 = β Leo. BANYAN returns an
87.1% membership probability to Argus, 4.6% to Carina-Near,
and 8.3% for field. Argus membership is also supported by
Zuckerman et al. (2011). We adopted Argus membership.
There are no Gaia astrometric data due to the very bright
magnitude. The star has a two-belt debris disk.
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Fig. A.51. Photometric time sequence and periodogram for HIP 58167.

Fig. A.52. Photometric time sequence and periodogram for HIP 60459.

HIP 58167. F-type star in Sco Cen. The star has a comoving
object (2MASS J11551267-5406215) with very similar astro-
metric parameters (proper motion difference of 1.6 and 1.2
mas yr−1, parallax difference of 0.33 mas) in spite of the large
projected separation (382′′ corresponding to 41 250 au). From
the 2MASS magnitudes, a mass as low as 20 Mjup is derived
for this object. In Gaia there is another possible comoving
object, Gaia DR2 5344340167066548608 at 355" (with a
different position angle with respect to 2MASS J11551267-
5406215). Its magnitude is extremely faint (G = 20.99) and
it is not detected in 2MASS. The astrometric parameters are
characterized by large errors (3.6 mas on parallax and more
than 4 mas yr−1 on the components of proper motion). The
object results comoving to HIP 58167 at about the 2 σ level.
If confirmed, the magnitude fainter than 2MASS J11551267-
5406215 (by 2.5 mag) would imply an extremely low-mass
object. We measured for the first time the rotation period from
the TESS photometric time series (Fig. A.51).

HIP 60183. The star is flagged as a member of LCC by de
Zeeuw et al. (1999) and as a member of one of the LCC sub-
groups by Goldman et al. (2018); however it has however a low
membership probability with Banyan. We adopted the LCC
age, but with the upper limit derived from isochrone fitting.

HIP 60459. We measured for the first time the rotation period
from the TESS photometric time series (Fig. A.52).

HD 108767B. Wide companion to the B-type star δ Crv =
HD108767. We measured for the first time the rotation period
from the TESS photometric time series (Fig. A.53).

Fig. A.53. Photometric time sequence and periodogram for
HD108767B.

Fig. A.54. Photometric time sequence and periodogram for HIP 66252.

HIP 61468. The star has a secondary at 15′′, clearly comov-
ing from the Gaia DR2 astrometry. To our knowledge, the
binarity has not been previously reported in the literature. The
companion (2MASS J12354637-4 101 315) is expected to have
a spectral type of M3.5 from photometric colors, and is a
possible X-ray source from CHANDRA (Wang et al. 2016).

HIP 66252. We measured for the first time the rotation period
from K2 photometric time series (Fig. A.54).

TYC 7286-0248-1 = CD-31 11 053. K star with very strong
lithium line identified by Torres et al. (2006). It is proposed
as a possible member of UCL by Gagné et al. (2018b) on
the basis of Gaia DR1 data, and inclusion of Gaia DR2
makes the case stronger (98% probability). Damiani et al.
(2019) also support Sco-Cen membership. The RV difference
between SACY and Gaia DR2 (8.8 km s−1) is not highly sig-
nificant considering the large error of Gaia RV (4.1 km s−1).
The discrepancy between photometric colors and spectral type
(K3Ve, Torres et al. 2006) indicates either a significant red-
dening (E(B − V) ∼ 0.1) or that the true spectral type is
intermediate between K4 and K5. The lithium EW indicates
an age at least as young as the β Pic MG. A very young age is
also supported by the position on the CMD and the isochrone
age, in spite of the ambiguity between effective temperature
and reddening. These results are fully consistent with the UCL
membership, which we then adopted.

HIP 69989 = HD 125451 = 18 Boo. Mid-F star classified as a
possible UMa member by Montes et al. (2001) and King et al.
(2003). Instead, BANYAN analysis rejected the membership.

A70, page 27 of 35

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202038806&pdf_id=0
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202038806&pdf_id=0
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202038806&pdf_id=0
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202038806&pdf_id=0


A&A 651, A70 (2021)

We then considered the membership as unconfirmed. The age
indicators are inconclusive considering the spectral type of the
star. However, the chromospheric activity and X-ray emission
are consistent with Hyades and UMa stars of similar tem-
perature. The position on the CMD is close to ZAMS, with
an upper limit of 1.9 Gyr. We adopted the UMa age with
the upper limit from isochrone, as membership is uncertain.
The star has RV monitoring by Borgniet et al. (2019) with
SOPHIE. We used these data to provide a new value of abso-
lute RV. The star also has an IR excess indicating a debris
disk.

HIP 71724. A stellar companion (mass 146–217 Mjup) at
101 mas was claimed by Hinkley et al. (2015). It was not
detected in our observations, although it is expected to lie
beyond the coronagraphic mask.

HIP 71743 = HD 128987 = KU Lib. G6V star whose age
indicators (Li, Prot, X-rays, and RHK) nicely agree on an
age close to that of the Hyades or slightly older. We adopted
700± 100 Myr. The star is classified as an extremely wide
companion (separation of 1 pc) to the quadruple system α
Lib (Caballero 2010). The membership to Castor MG is also
proposed in that study.

HIP 73990 = HD 133803. The two brown dwarf compan-
ions at very small separations claimed by Hinkley et al. (2015)
are not confirmed by SPHERE observations. See Paper II
and Cantalloube et al. (in prep.) for further details. The
star has a previously unrecognized wide companion (2MASS
J15071795-2 929 501) at 5230 au projected separation.

HIP 74824 = HD 135379 = β Cir. A3V star with very wide
brown dwarf companion (Smith et al. 2015) and IR excess.
Analysis of kinematic parameters yields an 83% probability
of being a member of β Pic MG when adopting the Gaia
DR2 parameters. However, when adopting VL07 (which has
smaller errors because of the very bright magnitude of the
star), the membership probability drops to 19%. The star is
slightly brighter than the ZAMS. Isochrone fitting yields ages
of 450± 200 Myr and 8± 3 Myr assuming post- and pre-MS
phases, respectively. The pre-MS age is not compatible with
β Pic MG. Furthermore, the BD companion β Cir B does not
show signatures of youth or low gravity (Smith et al. 2015).
We then adopted the post-MS solution, yielding an age of
450 Myr.

HIP 76063 = HD 138204. A7 star classified as a Sco-
Cen member (UCL subgroup) in de Zeeuw et al. (1999) and
Rizzuto et al. (2011) (probability 55%). BANYAN Σ yield
a 26.5% membership probability on UCL. The distance is
significantly closer than the vast majority of the Sco-Cen pop-
ulation, as previously noted by Wright & Mamajek (2018).
This rules out membership in the core of the Sco-Cen asso-
ciation, but a link with a foreground population of young stars
of similar age (see, e.g. the bona-fide young star NZ Lup at
60 pc Boccaletti et al. 2019) is possible. We then adopted the
isochrone age (220 Myr), extending the lower limit to encom-
pass the UCL age. Nielsen et al. (2019) adopted instead the
UCL membership and age.

HIP 77457. Member of US group according to de Zeeuw et al.
(1999), while membership is rejected by Pecaut et al. (2012).
Our analysis with BANYAN also gives a low membership
probability in US (11%). We adopted the isochrone age, with
lower limit at the US age to take the possible membership into
account.

HIP 77464 = HD 141378. A-type star, possibly chemi-
cally peculiar, with a dual-belt debris disk. The low-mass

Fig. A.55. Photometric time sequence and periodogram for TYC 7846-
1538-1.

star 2MASS J15490081-0348147 is a previously unrecognized
wide companion at 4240 au.

TYC 7846 1538 1. The photometric rotation period first mea-
sured by Marsden et al. (2011) is confirmed by our analysis of
the TESS data (Fig. A.55).

NZ Lup = HD 141943. See Boccaletti et al. (2019).
HIP 78099. The low-mass very wide companion 2MASS
J15564019-2 309 291 was not previously associated with the
primary, but was flagged as a bona fide Sco-Cen member
(Damiani et al. 2019) and fast-rotating object (Stauffer et al.
2018).

HIP 78196 = HD 142851. A stellar companion (mass 98–
152 Mjup) at 74 mas was claimed by Hinkley et al. (2015). It
was not detected in our observations, although it is expected
to lie beyond the coronagraphic mask.
HIP 78530. Late B-type object with a brown dwarf com-
panion at very wide separation discovered by Lafrenière et al.
(2011).

HIP 78541 = HD 143488. Originally considered to be member
of UCL de Zeeuw et al. (1999), it is possibly a field object
(85.6% probability from BANYAN). We adopted the UCL age
with upper limit from our isochrone fitting.

HIP 80591 = HD 148055. Star member of UCL. 2MASS
J16271281-3 949 144 at 21.9′′ is a low-mass (0.16 M�) com-
panion, not previously mentioned in the literature as such.

HIP 81084. We measured for the first time the rotation
period from photometric time series we collected at PEST
observatory (Figs. A.56–A.57).

TYC 7879-0980-1 = HD 326277. First identified as a young
star in Torres et al. (2006) and more recently classified as a
UCL member by Pecaut & Mamajek (2016). Gaia DR2 kine-
matics coupled to Banyan Σ confirms the UCL membership.
The age indicators are fully compatible with this assignment.
There is some discrepancy between the Torres et al. (2006)
spectral type (K0IV) and the photometric colors, which would
suggest instead a G7 star (from young stars Pecaut & Mama-
jek 2013, tables). The isochrone ages for the temperatures
corresponding to K0 and G7 are 14–24 Myr respectively, fur-
ther supporting the young age and bracketing the nominal
UCL age. There is a significant (3.1σ) proper motion differ-
ence between Tycho2 and Gaia DR2, but no other indication
of binarity.

HIP 82388. We measured for the first time the rotation period
from the photometric time series we collected at the YCO
observatory (Fig. A.58).
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Fig. A.56. Photometric time sequence and periodogram for HIP81084
(V band).

Fig. A.57. Photometric time sequence and periodogram for HIP 81084
(I band).

Fig. A.58. Photometric time sequence and periodogram for HIP 82388.

TYC 7362-0724-1 = HD 156097. Young G5 star with
strong lithium identified by Torres et al. (2006). The analysis
based on the Gaia DR2 parameters yields a 46% member-
ship probability to UCL and 13% to β Pic MG. Lithium and
other indicators are fully compatible with a very young age
(Desidera et al. 2015). Photometric colors are fully compati-
ble with the G5 spectral classification by Torres et al. (2006).
Adopting Teff from the Pecaut & Mamajek (2013) tables,
we infer an age of 11± 3 Myr, consistent but more accurate
than that obtained from indirect methods. We adopted the

Fig. A.59. Photometric time sequence and periodogram for TYC 7362-
0724-1 (V band; PEST data).

Fig. A.60. Photometric time sequence and periodogram for TYC 7362-
0724-1 (I band; PEST data).

Fig. A.61. Photometric time sequence and periodogram for TYC 7362-
0724-1.

isochrone age, with UCL age as an upper limit due to the pos-
sible membership. We measured for the first time the rotation
period from the photometric time series we collected at PEST,
and subsequently confirmed by our analysis of the TESS data
(Figs. A.59–A.60–A.61).

TYC 8728-2262-1. The photometric rotation period first mea-
sured by Messina et al. (2017) is confirmed by our analysis of
the TESS data (Fig. A.62).
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Fig. A.62. Photometric time sequence and periodogram for TYC 8728-
2262-1.

Fig. A.63. Photometric time sequence and periodogram for HIP 86598.

Fig. A.64. Photometric time sequence and periodogram for HIP 88399.

HIP 86598 = HD 160305. Star with debris disk spatially
resolved from SHINE observations (Perrot et al. 2019) (see
Fig. A.63 for the stellar rotation analysis).

HIP 88399. We measured for the first time the rotation period
from the TESS photometric time series (Fig. A.64).

TYC 9073-0762-1. The photometric rotation period first mea-
sured by Messina et al. (2010) is confirmed by our analysis of
the TESS data. (Fig. A.65).

PZ Tel = HIP 92680 = HD 174429. Member of β Pic MG. It
hosts a BD companion (PZ Tel B) discovered by Biller et al.
(2010); Mugrauer et al. (2010) in a very eccentric orbit (Maire
et al. 2016). The IR excess detected by Rebull et al. (2008)

Fig. A.65. Photometric time sequence and periodogram for TYC 9073-
0762-1.

Fig. A.66. Photometric time sequence and periodogram for HIP 93375
(B band; ROAD data).

has been shown to be due to a background object (Biller et al.
2013).

HIP 92984 = HD 175726. The star shows moderate activity
and fast rotation. The star has kinematic parameters some-
what similar to UMa although with some differences causing
low membership probability in BANYAN Σ. It also has an
IR excess suggesting the presence of a debris disk. The age
indicators quite consistently indicate that it is intermediate
between the Hyades and Pleiades, independently of UMa
membership. We adopted an age of 400± 200 Myr.

HIP 93375. As suspected in Desidera et al. (2015), Gaia
DR2 astrometry shows conclusively that the star UCAC3 123-
585 870 at 11′′ is not physically associated. We measured for
the first time the rotation period from the ROAD photometric
time series in the V and B bands. (Fig. A.66-Fig. A.67).

TYC 8760-1468-1 = CD-54 8168. Field K2Ve object with
very fast rotation and high Li content, similar to the mem-
bers of the Tuc-Hor association. The RV in RAVE DR5
(Kunder et al. 2017) differs by 22 km s−1 with respect to the
SACY value, but the error is very large (6 km s−1). We thus
consider it a suspected SB. The photometric rotation period
first measured by Kiraga (2012) is confirmed by our analy-
sis of the TESS data (Fig. A.68). The kinematic within the
Zuckerman & Song (2004) “young box” is compatible with
the young age estimated from lithium and rotation.

HIP 95270. We measured for the first time the rotation period
from the TESS photometric time series (Fig. A.69).
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Fig. A.67. Photometric time sequence and periodogram for HIP 93375
(V band; ROAD data).

Fig. A.68. Photometric time sequence and periodogram for TYC 8760-
1468-1.

Fig. A.69. Photometric time sequence and periodogram for HIP 95270.

ηTel = HIP 95261. The star has a brown dwarf companion dis-
covered by Lowrance et al. (2000) and confirmed by Guenther
et al. (2001). It was not promoted as special object (P0) con-
sidering the already available characterization (e.g., Bonnefoy
et al. 2014).

TYC 0486-4943-1. Member of AB Dor MG according to
Torres et al. (2008) and Elliott et al. (2014). It has a low mem-
bership probability (19% for the adopted kinematic parame-
ters) using BANYAN Σ. The lithium EW is very close to the
median locus of AB Dor and Pleiades members, supporting a
very similar age. The other age indicators are also compatible

Fig. A.70. Photometric time sequence and periodogram for HD189285
(B band; ROAD data).

with this evaluation. Barenfeld et al. (2013) found some dif-
ferences in the chemical composition with respect to AB Dor
core members. We adopted an age very close to that of AB Dor
MG with slightly increased error bars. From Gaia DR2 a wide
companion (2MASS J19330197+0345484) with very similar
parallax and proper motion is identified at 28′′ (1968 au). The
Gaia DR2 RV is also compatible with that of primary.

TYC 7443-1102-1. The Herschel IR source is actually iden-
tified with two separate sources at close separation from the
star in ALMA observations (Tanner et al. 2020). This indi-
cates they are likely background objects rather than associated
with the star.

HD 189285. It is classified as a member of AB Dor in some
studies (Torres et al. 2008), but BANYAN Σ returns a 0.0%
membership probability. The discrepancy was already noticed
in Desidera et al. (2015) using previous versions of the tool.
On the other hand, all the age indicators (see Desidera et al.
2015, for details) are fully compatible with membership and
Barenfeld et al. (2013) found that a chemical composition
from several chemical elements is compatible with those of
AB Dor core members. The kinematic discrepancy is unlikely
to be due to unrecognized binarity as the RV from several
sources (Desidera et al. 2015; Gaia Collaboration 2018; Elliott
et al. 2014; Frasca et al. 2018) is compatible within the errors,
and the SPHERE images do not give any indication of stellar
companions. In summary, independently of any membership
assignment, we adopted an age close to that of AB Dor MG
with slightly increased error bars. We measured the rota-
tion period from the photometric time series we collected at
the ROAD observatory, which superseded the measurement
presented in Desidera et al. (2015) and therein flagged as
uncertain (Figs. A.70–A.71).

HIP 98470 = HD 189245. A reanalysis of the HIPPARCOS data
allowed us to detect a rotation period P = 0.8662± 0.0003 d,
which, differently from that presented in Desidera et al.
(2015), is consistent with the stellar radius and projected
rotational velocity (Fig. A.72).

TYC 8404-0354-1 = CD-52 9381. K6Ve star proposed as an
Argus member by Torres et al. (2008). Considered as likely
older than Argus by Zuckerman (2019) on the basis of CMD.
Lithium is also lower than expected for a 50 Myr star, and sim-
ilar to the mean values of Pleaides and AB Dor stars of similar
color. The very fast rotation period (0.83 days) is also compati-
ble with this age estimate. Our isochrone analysis confirms the
position close to the ZAMS. We adopted 120 (50–200) Myr.
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Fig. A.71. Photometric time sequence and periodogram for HD189285
(V band; ROAD data).

Fig. A.72. Photometric time sequence and periodogram for HIP 98470.

Fig. A.73. Photometric time sequence and periodogram for TYC 8404-
0354-1.

The photometric rotation period first measured by Messina
et al. (2011) is confirmed by our analysis of the TESS data
(Fig. A.73). Numerous flare events are detected in the TESS
time series.

AU Mic = HIP 102409. The star has a prominent debris disk
seen close to edge-on first spatially resolved by Liu (2004).
A transiting planet at short period has been discovered with
TESS (Plavchan et al. 2020). The photometric rotation period
measured by Messina et al. (2010) is confirmed by our anal-
ysis of the TESS data (Fig. A.74). Numerous flare events are
detected in the TESS time series.

Fig. A.74. Photometric time sequence and periodogram for HIP 102409.

HIP 102626 = HD 197890 = BO Mic. Very fast-rotating
star (P = 0.380 d; v sin i 128 km s−1). This characteristic makes
the determination of the spectral parameters difficult. Torres
et al. (2006) determined a large Li EW, indicating a very
young age. It was proposed by some studies (Kraus et al.
2014; Bell et al. 2015) to be a member of the Tuc-Hor associ-
ation, but a very low probability is returned by the kinematic
analysis including Gaia DR2. The controversial membership
is linked to the wide dispersion of the astrometric param-
eters17. Gaia and HIPPARCOS parallaxes and even different
HIPPARCOS reductions show large differences (up to 7.5 and
3.4 mas, respectively) while the proper motions derived from
Gaia and HIPPARCOS differ by more than 20 mas yr−1. The
original HIPPARCOS reduction includes an astrometric accel-
eration trend, while Gaia DR2 notes the presence of a large
excess of astrometric noise. This suggests the presence of
a fairly massive stellar companion that was not revealed in
any in the various direct imaging surveys that targeted this
object (Chauvin et al. 2010; Galicher et al. 2016), including
SHINE-SPHERE (see Paper II). Radial velocities are hardly
conclusive because of the extreme v sin i value. Barnes (2005)
discussed the possible spectroscopic companions compatible
with the observational constraints. The isochrone age results
very young when adopting Gaia DR2 parallax (4 Myr for the
Teff corresponding to the K3 spectral type by Torres et al.
(2006); 8 Myr for the Teff corresponding to the K2 spec-
tral type indicated by broadband colors), but we consider
this highly uncertain as the errors on parallax are possibly
underestimated. The minimum radius from the observed rota-
tion period and v sin i is 0.99 R�. The inclination value of
70 deg proposed by Barnes (2005) through the Doppler imag-
ing technique implies R = 1.05R�, compatible with a pre-main
sequence star of early K spectral type. We conclude that mem-
bership in Tuc-Hor cannot be ruled out until the spread in the
astrometric values and the possibility of binarity are better
understood. The very strong lithium line in any case indicates
an age younger than 100 Myr. We thus adopted the Tuc-Hor
age, with min–max values of 5–100 Myr considering the var-
ious indicators.
The photometric rotation period measured by Kiraga (2012) is
confirmed by our analysis of the TESS data (Fig. A.75).

TYC 1090-0543-1. Star with a low membership probability
on AB Dor MG (8.8%) in spite of the previous kinematic

17 When using the Tycho2 long-term proper motion coupled with the
HIPPARCOS parallax, BANYAN returns a membership probability of
82.4% in Tuc-Hor.
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Fig. A.75. Photometric time sequence and periodogram for HIP 102626.

Fig. A.76. Photometric time sequence and periodogram for HIP 105388.

assignment (Torres et al. 2008). It is a wide companion of
HD199058, which is itself a tight visual binary (Chauvin et al.
2015), making the system triple. Barenfeld et al. (2013) found
the HD 199058 chemical pattern to be compatible with that of
AB Dor core members. Lithium and the activity and rotation
indicators of both components are compatible with those of
AB Dor and Pleiades of similar spectral type.

HIP 104365 = HD 201184 = χ Cap. A0V star, flagged
as a possible member of Tuc-Hor by Zuckerman & Song
(2012). BANYAN Σ yields a 20% membership probability
(80% field). We adopted the age from isochrone fitting, with
the minimum value set at the minimum age of Tuc-Hor. This
is in any case close to the lower limit allowed by stellar mod-
els. This is a triple system, as there is a close pair of comoving
objects (Vigan et al. 2012) at 9′′ labeled WDS 21 086-2112E
and WDS 21 086-2112F. There is one corresponding entry
in Gaia DR2, Gaia DR2 6832248844207846144, without
astrometric parameters, likely because of the multiplicity.

HIP 105388. The photometric rotation period first measured by
Messina et al. (2010) is confirmed by our analysis of the TESS
data (Fig. A.76).

TYC 9482-121-1. We measured for the first time the rotation
period from the TESS photometric time series (Fig. A.77).

HIP 107345. The photometric rotation period first measured
by Messina et al. (2010) is confirmed by our analysis of the
TESS data (Fig. A.78). A large amplitude flare is detected in
the TESS time series.

HIP 107350 = HD 206860 = HN Peg. The star has a low-
mass brown dwarf companion at wide separation.

Fig. A.77. Photometric time sequence and periodogram for TYC
94 821 211.

Fig. A.78. Photometric time sequence and periodogram for HIP 107345.

Fig. A.79. Photometric time sequence and periodogram for
2MASSJ220-42 103.

HIP 107412 = HD 206893. Star with a debris disk and with
a substellar companion detected by Milli et al. (2017) and
characterized by Delorme et al. (2017) and Grandjean et al.
(2019) (see Delorme et al. 2017 for further details on stellar
parameters).

2MASS J22021616-4 210 329. The photometric rotation period
first measured by Kiraga (2012) is confirmed by our analysis of
the TESS data (Fig. A.79). Numerous flare events are detected
in the TESS time series.
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Fig. A.80. Photometric time sequence and periodogram for TYC 9340-
0437-1.

Fig. A.81. Photometric time sequence and periodogram for HIP 113283.

TYC 9340-0437-1. Star with debris disk spatially resolved by
Herschel observations (Tanner et al. 2020). The photomet-
ric rotation period first measured by Messina et al. (2010)
is confirmed by our analysis of the TESS data (Fig. A.80).
Numerous flare events are detected in the TESS time series.

HIP 113283 = TW PsA = Fomalhaut B. IR excess at
160 micron detected by Montesinos et al. (2016), but not seen
at shorter wavelengths, indicating very cold dust. The star has
a significant Gaia–HIPPARCOS proper motion difference. A
dedicated search using imaging and radial velocities did not
detect companions responsible for the astrometric signature
De Rosa et al. (2019). Our even deeper imaging observations
confirm this result. The age of the system is from Mamajek
(2012). The photometric rotation period first measured by
Busko & Torres (1978) is confirmed by our analysis of the
TESS data (Fig. A.81).

Fomalhaut = HIP 113368. The age of the system is from
Mamajek (2012). The controversial planet candidate Fomal-
haut b Kalas et al. (2008); Janson et al. (2012); Lawler et al.
(2015) is well outside the field of view of SPHERE.

HIP 114189 = HD 218396 = HR 8799. Star with the
first multi-planetary system detected through imaging (Marois
et al. 2008, 2010). It was proposed as a member of the
Columba association by Marois et al. (2010). BANYAN

Fig. A.82. Photometric time sequence and periodogram for HIP 114530.

Fig. A.83. Photometric time sequence and periodogram for HIP 114530
after filtering out the P = 5.10 days rotational modulation.

returns a moderate membership probability (49%) to this
group. Very recently, Lee & Song (2019) proposed it as a
probable member of β Pic MG. A younger age would imply
lower masses for the four planets orbiting the star. This would
expand the extremely narrow space of parameters that fit the
astrometric data ensuring at the same time dynamical stabil-
ity (Esposito et al. 2013; Wang et al. 2018). We adopted the
Columba age with a lower limit extending to β Pic MG age.

HIP 114530. The photometric rotation period first measured
by Messina et al. (2010) is confirmed by our analysis of the
TESS data (Fig. A.82). It is interesting to note that the light
curve clearly shows evidence of a secondary small-amplitude
periodicity superimposed on the P = 5.10 days rotation period.
In Fig. A.83 we show that a period P = 0.3493± 0.0022 day
is detected by both Lomb–Scargle and Clean with a rota-
tional modulation amplitude of about 0.02 mag. Considering
the stability of the light curve phased with this short period,
compared to the short timescale evolution of that phased with
the longer period, we suspect that such a short periodicity
does not arise from magnetic activity rather than the ellip-
soidal effect of a likely close binary star observed within the
TESS aperture radius.

HIP 114948. We measured for the first time the rotation period
from the TESS photometric time series (Fig. A.84).

HIP 118008. We measured for the first time the rotation period
from the TESS photometric time series (Fig. A.85).
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Fig. A.84. Photometric time sequence and periodogram for HIP 114948. Fig. A.85. Photometric time sequence and periodogram for HIP 118008.
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