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ABSTRACT

We present a study of the membership of the Hyades open cluster, derive kinematically-
modelled parallaxes of its members, and study the colour-absolute magnitude diagram of
the cluster. We use Gaia DR1 Tycho-Gaia Astrometric Solution (TGAS) data complemented
by Hipparcos-2 data for bright stars not contained in TGAS. We supplement the astromet-
ric data with radial velocities collected from a dozen literature sources. By assuming that
all cluster members move with the mean cluster velocity to within the velocity dispersion,
we use the observed and the expected motions of the stars to determine individual cluster
membership probabilities. We subsequently derive improved parallaxes through maximum-
likelihood kinematic modelling of the cluster. This method has an iterative component to deal
with *outliers’, caused for instance by double stars or escaping members. Our method extends
an existing method and supports the mixed presence of stars with and without radial veloci-
ties. We find 251 candidate members, 200 of which have a literature radial velocity, and 70 of
which are new candidate members with TGAS astrometry. The cluster is roughly spherical in
its centre but significantly flattened at larger radii. The observed colour-absolute magnitude
diagram shows a clear binary sequence. The kinematically-modelled parallaxes that we derive
are a factor ~1.7 / 2.9 more precise than the TGAS / Hipparcos-2 values and allow to derive
an extremely sharp main sequence. This sequence shows evidence for fine-detailed structure
which is elegantly explained by the full spectrum turbulence model of convection.

Key words: astrometry — stars: distances — stars: fundamental parameters — stars:
Hertzsprung-Russell diagram — Galaxy open clusters and associations: individual: Hyades

1 INTRODUCTION lution theories, as its members are thought to have formed at the

same time from the same molecular cloud.
As the nearest open cluster to the Sun, the Hyades are among the

best-studied stellar groups in the sky (see, for instance, Perryman
et al. 1998, for a review). The proximity of the Hyades (~46 pc)
is an advantage in many ways. For example, cluster members have
negligible interstellar reddening and extinction. In addition, stars in
the Hyades are relatively bright and, as a result of the large peculiar

In this paper, we study the Hyades cluster using the Tycho-
Gaia astrometric solution (TGAS) contained in the first data re-
lease (Gaia DR1; Gaia Collaboration et al. 2016b) of the Gaia mis-
sion (Gaia Collaboration et al. 2016a). We complement the TGAS
data by Hipparcos-2 data (van Leeuwen 2007) for bright stars that
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motion of the cluster, have large proper motions on the sky as well
as large radial velocities along the line of sight. The proximity of
the group does, however, also have its disadvantages. For example,
the resulting angular extent on the sky leaves cluster members scat-
tered over a wide field of view and interspersed with a great number
of field stars.

The importance of the Hyades is illustrated by its use as a
calibrator for various fundamental relations in astrophysics (e.g.,
the absolute magnitude-spectral type and the mass-luminosity re-
lationships) and by its distance historically serving as a foundation
for the cosmic distance ladder. The Hyades cluster, alongside other
open clusters, is also ideal for studying stellar structure and evo-
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are missing in TGAS and we combine this astrometric data set
with a newly compiled set of radial velocities from various lit-
erature sources. The six-dimensional phase-space coordinates of
the objects in the data set are used to determine kinematic mem-
bership probabilities. This provides a list of 251 candidate mem-
bers, 70 of which are new compared to Gaia Collaboration et al.
(2017). Using this list of candidates as input, we apply a newly-
developed, extended version of the iterative, maximum-likelihood
kinematical modelling of the cluster, originally pioneered by Lin-
degren et al. (2000), to determine improved parallaxes for individ-
uval stars while rejecting stars with discrepant motions, for instance
caused by unrecognised binarity. At the turn of the millennium,
such an approach applied to Hipparcos-1 data (ESA 1997) already
provided a Hyades main sequence with unprecedented smoothness
(de Bruijne et al. 2001, 2000). Our study, owing to the ultra-precise
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Figure 1. Membership statistic ¢ versus distance r from the cluster centre
for the 173 TGAS stars in our membership list (small blue dots). Large dots
indicate the 70 TGAS members that were missed by Gaia Collaboration
et al. (2017); red points denote stars with known radial velocity while green
points denote stars without known radial velocity.

kinematically-modelled parallaxes that are based on Gaia DR1 and
Hipparcos-2 data for an extended membership list, provides further
constraints on the modelling of convective energy transport in stars.

This paper is organised as follows. A description of our dataset
is given in Sect. 2. Section 3 discusses our kinematic membership
selection method and the derivation of membership probabilities.
In Sect. 4, we validate and discuss the results of our membership
selection, including the spatial and velocity structure of the cluster.
In Sect. 5, we outline the kinematic modelling approach and present
the extension we have developed. The results of applying the model
to the TGAS / Hipparcos-2 data of the Hyades are presented and
discussed in Sect. 6. A summary and discussion of our work is
provided in Sect. 7.

A list of the 251 candidate members along with their member-
ship probabilities and kinematically improved parallaxes is avail-
able online.

2 DATA
2.1 Astrometry

Our starting point is the Gaia DR1 TGAS data set (Gaia Collabo-
ration et al. 2016b). Following the seminal study by Perryman et al.
(1998), whose analysis of the Hyades cluster was based on the orig-
inal Hipparcos-1 catalogue (ESA 1997), we select all TGAS entries
with 2815™ < @ < 6"5™ and —2° < § < 35°. This leaves 67 428 ob-
jects. Subsequently applying a conservative parallax cut retaining
only nearby stars that have @ > 10 mas leaves 1913 objects. In the
same area of sky, there are 383 Hipparcos stars which are not con-
tained in TGAS. We add these stars, with the Hipparcos-2 astrom-
etry from van Leeuwen (2007), to our sample. We reconstruct their
covariance matrices using the recipe from Michalik et al. (2014).
In total, this gives us a starting sample of 2296 objects with five-
parameter astrometry.

We put the Hipparcos-2 proper motions on the Gaia reference
frame by performing a correction based on Eq. (8) in Lindegren
et al. (2016). For the stellar positions, we ignore the epoch dif-
ference between the Hipparcos astrometry (1991.25) and TGAS
(2015.0). For Hyades members, this gives a systematic offset on
the sky between Hipparcos and TGAS members of 23.75 year X
110 mas yr~' ~ 2.6 arcsec, which is completely negligible in the
direction cosines which are needed to establish space motions.

In this study, we derive distance estimates of Hyades members
by inversion of their measured parallaxes. This is justified since the
typical relative parallax error of objects in our sample is well below
10% such that the inverse of the observed parallax is, in practice, an
accurate and unbiased distance estimator (e.g., Bailer-Jones 2015;
Astraatmadja & Bailer-Jones 2016a,b).

2.2 Radial velocities

For the 2296 objects with astrometry from Sect. 3.2, we find litera-
ture radial velocities from the following sources: Perryman et al.
(1998), Griffin (2012), Griffin (2013), Mermilliod et al. (2009),
White et al. (2007), Tabernero et al. (2012), Debernardi et al.
(2000), HADES (Maldonado et al. 2017), the Extended Hipparcos
Compilation (XHIP; Anderson & Francis 2012), RAVE DRS5 (Kun-
der et al. 2017), APOGEE (SDSS Collaboration et al. 2016, SDSS
DR13), and GALAH DR1 (Martell et al. 2017). The radial veloc-
ity data is further described in Appendix A. In total, we find radial
velocities for 908 stars in our sample, leaving 1388 stars without
radial velocities. As detailed in Appendix A14, we conservatively
inflate small (< 1 km s7!) radial velocity standard errors in view
of the inhomogeneity of our compilation such that radial velocity
zero-point differences are washed out.

3 MEMBERSHIP SELECTION

Our approach to determining the membership of the cluster draws
upon the method described by Perryman et al. (1998). It follows
three steps: (1) use the TGAS / Hipparcos-2 data of a preliminary
set of members to determine the centre of the cluster and select the
subset of the preliminary members that lie within a 10-pc radius
from this cluster centre (with 10 pc being the tidal radius; Perryman
et al. 1998), (2) use this subset of stars to derive the mean velocity
of the cluster, and (3) use the difference between the observed and
the expected motions of the stars to determine individual probabil-
ities of membership. Step (1) is described in Sect. 3.1. Sections 3.2
and 3.3 describe steps (2) and (3), respectively. Sections 3.4 and
3.5 discuss the cluster distance and velocity and the impact of the
potential presence of systematic errors in the TGAS astrometry, re-
spectively.

3.1 Centre of the cluster

The preliminary set of members is composed of the 197 Hyades
members identified by Perryman et al. (1998) based on Hipparcos-
1 data (these are stars which have ’1’ in column x of their Ta-
ble 2). In Perryman’s study, these 197 candidate members had
known radial velocities and their three-dimensional space motions
were compatible with the Hyades cluster motion. We use, for each
star, the astrometry from Sect. 2.1. In this step, we use the radial
velocities and associated standard errors exclusively from Perry-
man’s Table 2 (including zero-point corrections as described in Ap-
pendix A).

MNRAS 000, 1-21 (2018)
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Figure 2. All-sky map showing, through colour coding, the number of TGAS stars in a 10-pc-radius sphere centred on the Hyades centre of mass. The orange
circle shows the overdensity representing the (core of the) Hyades cluster.
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Figure 3. As Figure 2 but after the removal of the 173 TGAS members determined in this work. The galactic field inside the Hyades is fully compatible with

neighbouring areas, confirming our membership selection is balanced.

The centre of mass of the cluster is defined as 56 =
Zi(mil;,-) / .i(m;), where l_;i are the position vectors of the i =
1,...,N = 197 stars in Galactic Cartesian coordinates. We assume
all m; = 1 Mg. This is justified by Perryman et al. (1998) who — af-
ter experimenting with different weighting methods such as assign-
ing binaries half the weight of single stars — found that the centre
of mass of the cluster is rather insensitive (i.e., showing differences
at the level of a few tenths of a parsec, comparable to the error on
the position of the cluster centre) to the weighting scheme used.
We did, nonetheless, perform tests with several mass-assignment
schemes, as reported in Sect. 3.3.

We find the centre of mass to be l;c = (-44.16 £ 0.74,0.66 +
0.39,—-17.76 + 0.41) pc. For comparison, using only the members
that are contained within 10 pc of the cluster centre, Perryman
et al. (1998) find the cluster centre of mass to be at b.o™™" =

(—43.08+0.25,0.33+£0.06, -17.09+0.11) pc. Of the 197 stars, 138

MNRAS 000, 1-21 (2018)

lie within a sphere of 10 pc radius from the centre (for 79 of these,
we use TGAS astrometry while for 59 of these, we use Hipparcos-
2 astrometry). This set of core members is used to determine the
velocity of the cluster in Sect. 3.2.

The errors on our preliminary estimate of l;c, and this is also
true for the final cluster-position estimate and the associated errors
as presented in Sect. 3.3, are significantly larger than the errors
quoted by Perryman et al. (1998). We tried and failed to reproduce
the Perryman et al. error estimates. For the 134 stars within 10 pc
of their cluster centre (row 2 of their Table 3, labelled r < 10 pc),
we find, using Hipparcos-1 astrometry and assuming Solar-mass
stars: Bromen reeonsteed — (43 97 + 0.30,0.43 = 0.23,-17.08 +

¢, 1<10 pc
0.22) pc versus Zzefj]"(l)a’;c = (—43.08 £ 0.25,0.33 + 0.06,—-17.09 +
0.11) pc. Whereas the small position differences could be explained
by Perryman’s use of non-unit stellar masses, his smaller error bars

remain a mystery, in particular since “for an estimation of the errors
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Figure 4. Volume density of the TGAS catalogue, as function of three-
dimensional distance from the cluster centre, for the full TGAS catalogue
(blue) and after subtraction of the 173 TGAS stars in our Hyades member-
ship list (green).
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Figure 5. Colour-magnitude diagram based on Johnson photometry (Ap-
pendix B) for all 251 candidate members. The 200 objects with known ra-
dial velocity are indicated with a large markerpoint; the remaining 51 can-
didate members without known radial velocity are indicated with a small
markerpoint. The colour of each point represents the distance r of each star
from the cluster centre.

on the position of the centre of mass, associated standard errors
were arbitrarily assigned [by Perryman] to be 0.1 M, for single
stars and 0.5 M, for double stars”. Following this approach would
increase our error estimates and would make the discrepancy even
larger.

25

Figure 6. Colour-absolute magnitude diagram based on Johnson photome-
try (Appendix B) for all 251 member stars. The 200 members with known
radial velocity are indicated with a large markerpoint; the remaining 51 can-
didate members without known radial velocity are indicated with a small
markerpoint. The colour of each point represents the star’s membership
statistic (c value; a small ¢ value means a high-fidelity member). The solid
black line shows the empirical main sequence of the Hyades as derived by
Smith (2012); the dashed black line shows the associated equal-mass-binary
sequence.
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Figure 7. As Figure 6, but colour coded according to the distance r of each
star from the cluster centre.

3.2 Velocity of the cluster

The 138 core members from Sect. 3.1 are used to determine
the mean cluster velocity along with the covariance matrix de-
scribing the velocity spread (sample variance) of the members.
The mean velocity vector in equatorial coordinates equals V. =

MNRAS 000, 1-21 (2018)
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Figure 8. Distribution of the observables of the 200 candidate members with known radial velocity. Top left: celestial distribution in right ascension and
declination. Top right: proper motion in declination versus proper motion in right ascension (vector-point diagram). Bottom left: parallax versus total proper
motion. Bottom right: parallax versus radial velocity. Error bars are often too small to be visible. The colour of the points represents their ¢ value; a small ¢
value means a high-fidelity member. Whereas all 200 stars appear in the top left panel, four stars with large proper motion and large parallax fall outside the
plotted ranges of the other panels. The lines reflect the projections of the major (red), intermediate (green), and minor (blue) axes of the cluster; the triangles

can be used to cross-correlate the various panels.

(~6.30,45.44,5.32) km s~' and the velocity spread equals:

1.69 -0.02 0.43
-0.02 195 0.28 |, €))
043 028 1.06

where the diagonal elements are the standard deviations in each
Cartesian component in units of km s~ and the off-diagonal ele-
ments are the correlation coefficients. For comparison, the Perry-
man et al. (1998) numbers are (their Eq. 17):

240 -0.18 0.04
—0.18 245 0.17 |. )
004 017 126

The above matrix Eq. (1) is related to, and has been derived
from, the sample covariance equation which has elements s (j =
1,2,3, k= 1,2,3) given by:

N
1 _ -

v Z(Vij = V)i = W), 3)

where v;; are individual space velocities foralli =1,...,N = 138

core stars in Cartesian components j = 1,2,3 and ¥; denotes the

mean velocity in component j.

MNRAS 000, 1-21 (2018)

The mean velocity transformed to Galactic coordinates is
V. = (—41.92 + 0.16,-19.35 + 0.13,—1.11 £ 0.11) km s™!, where
the errors reflect the error on the mean. For comparison, the mean
cluster motion determined by Perryman et al. (1998) for their fi-
nal members situated within 10 pc of their cluster centre equals
phemman (4170 + 0.16,-19.23 + 0.11,-1.08 + 0.11) km s~
based on Hipparcos-1 data while van Leeuwen (2009) reports v, =
(-41.1£0.9,-19.2+0.2, -1.4 +0.4) km s~' based on Hipparcos-2
data.

3.3 Probability of membership

We now use the mean velocity derived in Sect. 3.2 to determine the
probability of membership for each of the 2296 sample stars from
Sect.2.1. For each star, we first calculate the expected values of its
(equatorial) transverse and radial velocities assuming it is comov-
ing with the mean cluster velocity. We then compare the expected
velocities with the observed velocities and, allowing for an uncer-
tainty reflected by the sum of the sample covariance matrix around
the mean cluster velocity (Eq. 3, representing the spread of cluster
members) and the velocity covariance matrix of each star (repre-
senting the observed errors and correlations in the tangential and
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Figure 9. As Figure 8, but colour coded according to the distance r of each star from the cluster centre.

radial velocities), we calculate a dimensionless )(2 test statistic, ¢,
for each star, defined as:

7obs _ ‘7exp)TC‘v’—l(‘70bs

— 173’(19)’

“

where the superscript T stands for transpose, #* is the vector of
observed tangential (and radial) velocities, ¥*P is the vector of ex-
pected tangential (and radial) velocities calculated using the mean
cluster velocity, and C'is the sum of the two covariance matrices as
explained above. For stars with a literature radial velocity, the vec-
tors V are three dimensional, whereas for stars without a literature
radial velocity, they are two dimensional, exclusively reflecting the
tangential velocity on the sky derived from the proper motion. It is
worth recalling that the tangential velocities depend on the proper
motions and the parallaxes and that the errors on and correlations
between these observables have been included through the covari-
ance matrix C and its associated Jacobian matrices linked to the
coordinate transformations we apply (cf. Eqs 13-15 in Perryman
et al. 1998).

Since the ¢ statistic is expected to follow a x? distribution
with 3 degrees of freedom (DOF) for stars with radial velocity
data and 2 degrees of freedom for stars without radial velocity data,
we calculate the probability of membership using the complemen-
tary cumulative distribution function (complementary CDF) at ¢, so
1 — CDF(c, DOF). We compute both the y? statistic ¢ and the cor-
responding membership probability for each of the 2296 stars in
our sample. Depending on the scientific application, an appropriate
membership threshold can be defined on a case by case basis. In this

c=x"=(

work, we consider a star to be a (candidate) member of the cluster if
its membership probability, or p value, exceeds pji, = 0.0027. That
is, a star is considered a member if its ¢ value is less than 14.16 in
case its radial velocity is known and less than 11.83 in case its radial
velocity is not known (see, e.g., Chapter 15.6 in Press et al. 1992).
This results in a list of 251 (candidate) members, 200 of which have
a known radial velocity (125 TGAS stars and 75 Hipparcos-2 stars)
and 51 of which have an unknown radial velocity (48 TGAS stars
and 3 Hipparcos-2 stars).

As mentioned in Sect. 3.1, we tested the sensitivity of our
membership against the assumption that all stars have a mass of
one Solar mass. As a reminder: this assumption impacts the loca-
tion of the centre of mass of a preliminary set of members and,
through the selection of the preliminary ’core members’ that lie
within a sphere of 10 pc radius from the centre, also the velocity
of the cluster. Only the latter is used for our membership assign-
ment. Using various mass-assignment schemes, the centre-of-mass
position slightly changes, yet within the quoted errors. As a result,
the number of preliminary ’core members’, which are used only to
define the cluster velocity, varies between 136 and 142 (compared
to our 138). The impact of this variation on the final membership
list is limited to the TGAS members without known radial velocity,
which varies between 48 and 51 (compared to our 48). In short, our
membership selection is insensitive to the assumed stellar masses,
which only impact the identification of 1-2 stars at most.

MNRAS 000, 1-21 (2018)



Table 1. Mean cluster velocity ¥, in km s’l, in equatorial coordinates for
this study and various literature sources: (a) Sect. 3.4: TGAS / Hipparcos-2
data for 149 stars within 10 pc of the centre; (b) Sect. 6.1: kinematic mod-
elling of TGAS / Hipparcos-2 data; (c) Perryman et al. (1998): Hipparcos-
1 data for 134 stars within 10 pc of the centre; (d) Lindegren et al.
(2000): kinematic modelling of Hipparcos-1 data; (e) van Leeuwen (2007):
Hipparcos-2 data; (f) Gaia Collaboration et al. (2017): TGAS data.

Study vy, vy v,
(a) —-620+0.11 4543+0.15 5.38+0.08
(b) -596+£0.04 45.60+0.07 5.57+0.03

(c) -6.28 45.19 5.31

(d) -590+0.13 45.65+034 556+0.10
(e) —-6.05+049 4457+1.15 5.21+0.40
) -6.03+0.08 45.56+0.18 5.57+0.06
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Figure 10. Shape of the cluster as function of the distance from the cluster
centre. The blue curve denotes b/a while the green curve denotes c/a.

3.4 Final distance and velocity

The distance to the centre of mass of the cluster depends not only
on the subset of members that is used in its computation but also on
the accuracy of the stellar masses, and hence on the recognition of
double stars, as well as on the chosen method. With these caveats,
the cluster centre of our 200 members that have a known radial ve-
locity equals be = (—43.94 + 0.66,0.51 + 0.36,—17.37 + 0.30) pc
in Galactic coordinates. The inverse of the mean parallax of these
stars equals 46.09+0.73 pc. For comparison, Perryman et al. (1998)
reports a centre-of-mass distance of 46.34 + 0.27 pc for 134 stars
within 10 pc of the centre and 46.75 + 0.31 pc for 180 stars within
20 pc of the centre based on Hipparcos-1 data, van Leeuwen (2009)
reports 46.45 + 0.50 pc based on Hipparcos-2 data, and Gaia Col-
laboration et al. (2017) report a weighted-mean distance for 103
probable member stars of 46.75 + 0.46 pc based on TGAS data.
We finally note that the possible systematic error of +0.3 mas in
the TGAS parallaxes (e.g., Gaia Collaboration et al. 2016b) corre-
sponds to +0.7 pc in distance.

There are 149 members with known radial velocity within
10 pc from the cluster centre. Their mean velocity, along with se-
lected literature values, is listed in Table 1.

MNRAS 000, 1-21 (2018)
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3.5 Systematic astrometric errors

In their validation assessment of the accuracy of the trigonomet-
ric TGAS parallaxes, Arenou et al. (2017) compared them with
the spectroscopic RAVE parallaxes from Binney et al. (2014) for
the ~ 200000 stars in common between the two surveys. They
identified a systematic difference of ~ 0.3 mas in the parallaxes
in a strip on the sky with ecliptic coordinates 4 ~ 180° (see Fig-
ure 28 in Arenou et al. 2017). The Hyades centre lies at 4 ~ 67.5°
which — although lying just outside the border of where (southern-
hemisphere) RAVE data is available — does not appear to be a badly
affected region. Therefore, our conclusion is that the Hyades paral-
laxes are probably not particularly influenced by a large systematic
parallax bias (but see Sect. 6.3). This is strengthened by the findings
of Gaia Collaboration et al. (2017) who, using 2059 stars in com-
mon with the Hipparcos-2 Catalogue in an 18°—radius field centred
on the Hyades, found a systematic parallax difference between the
two data sets of only 0.14 + 0.03 mas.

4 VALIDATION AND DISCUSSION OF MEMBERSHIP
RESULTS

4.1 Comparison with earlier studies

We compare our membership list with the results from Perryman
et al. (1998) and Gaia Collaboration et al. (2017) in Sects. 4.1.1
and 4.1.2, respectively.

4.1.1 Comparison with Perryman et al. (1998)

Fifteen stars that were classified as Hyades members by Perryman
et al. (1998) based on Hipparcos-1 data (column x in their Table 2
equals "1’) are not in our member list. Inspection of these cases
shows no obvious reason why these stars are demoted using TGAS
/ Hipparcos-2 data, except for the new data having smaller uncer-
tainties (than Hipparcos-1) and hence more discriminating power.
Most of the demoted members are far from the cluster centre (e.g.,
13 are beyond three core radii and 11 are beyond the tidal radius).

Compared to Perryman et al. (1998), we find 18 new members
with known radial velocity:

o HIP 24020 was classified by Perryman et al. as non-member
(column x equals 0’ in their Table 2) with ¢ = 36.0 based on
Hipparcos-1 astrometry. We find ¢ = 3.5 based on Hipparcos-2 as-
trometry. This difference is understood: HIP 24020 is a double star
and the higher time-resolution treatment of the data in Hipparcos-
2 (see van Leeuwen 2007), combined with the separation between
the components, resulted in more accurate astrometry for this star.

e HIP 26159 was classified by Perryman et al. as unclassifiable
(column x equals ’? in their Table 2) with ¢ = 10.82, meaning that
its proper motion was consistent with membership but that a radial
velocity was lacking as confirmation. With a radial velocity now
available from Griffin (2013), we find ¢ = 7.8 and hence confirm
membership.

e HIP 21760 does not appear in Perryman et al. (1998), for un-
known reasons.

e The remaining 15 stars are new members by virtue of their
new TGAS astrometry and literature radial velocities.

Of our 51 candidate members without a known radial velocity,
only one is discussed in Perryman et al. (1998); this is HIP 21092
which has *?” in column x in their Table 2. The remaining 50 stars
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are new candidate members by virtue of their new TGAS astrome-
try.

Perryman et al. (1998) marked 21 stars as possible but unclas-
sifiable member candidates (column x equals ’?’ in their Table 2).
Only two of these are members in our list (HIP 26159 and HIP
21092).

4.1.2  Comparison with Gaia Collaboration et al. (2017)

All 103 Hyades members identified by Gaia Collaboration et al.
(2017) based on TGAS astrometry are in our member list. We
identify 70 more TGAS members, mainly but not exclusively with
lower probabilities and/or in the outer regions of the cluster (cf.
Figure 1).

4.2 Stellar density of the galactic field

As a consistency check of our membership selection, we establish
the stellar density of the galactic field inside the Hyades and com-
pare it to its surroundings.

First, as a visual check, we sample the full sky on a 1-degree
grid and, on each grid point, place a 10-pc-radius sphere into three-
dimensional configuration space at a distance of 46 pc. These num-
bers correspond to the distance and tidal radius of the Hyades (Per-
ryman et al. 1998). We then count the number of TGAS stars in
that sphere and colour code the sky (at that fixed, mean Hyades
distance) accordingly. Figure 2 shows the result. The Hyades clus-
ter is clearly seen as an overdense region at about 60° in right
ascension and 15° in declination. Figure 3 shows the same map
after removing just our 173 TGAS Hyades members from the 2-
milllion-star TGAS catalogue. The overdense Hyades region has
disappeared and only the galactic-field density of ~40 stars within
a 10-pc-radius sphere remains.

Second, as a more quantitative check, we construct the volume
density of the TGAS data as seen from the centre of the Hyades, as
function of distance from the cluster centre, and repeat this exer-
cise after removing our 173 TGAS Hyades members from the cata-
logue. The results, as shown in Figure 4, confirm that the field-star
distribution becomes flat after removal of our Hyades members, at a
value of ~0.1 objects pc~3, corresponding to the earlier-mentioned
~40 stars within a 10-pc-radius.

Both assessments confirm that membership selection has been
performed correctly: there is no overdensity left at the Hyades lo-
cation, meaning the vast majority of the real members have been
included in our list of members; at the same time, there is no under-
density created at the Hyades location, meaning our list of members
(at least in the central 10 pc) contains few field stars.

4.3 Colour-absolute magnitude diagram

Figure 5 shows the colour-magnitude diagram of our 251 candi-
date members. Not surprisingly, it shows a large spread around the
main sequence due to the resolved depth of the cluster along the
line of sight. Replacing the observed magnitudes with their abso-
lute counterparts, based on individual parallaxes, should provide
a well-defined main sequence. Since our membership is based on
kinematics only, the colour-absolute magnitude diagram of our can-
didate members can actually be used as consistency check. Fig-
ures 6 and 7 show the colour-absolute magnitude diagram of our
251 members, colour coded with membership statistic ¢ and dis-
tance r to the cluster centre, respectively. Details on the Johnson

photometry are provided in Appendix B. To guide the eye, an em-
pirical main sequence (Smith 2012) and its associated equal-mass-
binary sequence have been added.

The members trace out a smooth main sequence over ~9 mag-
nitudes and actually also follow a distinct binary sequence. There
are four (known) giants among the members (e.g., de Bruijne et al.
2001). The turn-off region looks slightly messy but this is a known
feature explained by rotation, binarity, a blue straggler caused by
magnetic mixing, etc. (e.g., de Bruijne et al. 2001). The colour
coding in Figures 6 and 7 show that high-c (lower-fidelity) mem-
bers follow the main sequence equally well as low-c (high-fidelity)
members as well as that members without known radial velocity
follow the main sequence equally well as members with known ra-
dial velocities. The large photometric (B — V) errors at the faint end
prevent making strong conclusions on objects appearing below the
main sequence being unrelated field stars. All in all, our member-
ship provides a plausible colour-absolute magnitude diagram.

4.4 Spatial distribution of members

Figures 8 and 9 show the distributions of various observables of
the 200 members with known radial velocities, colour coded with
membership statistic ¢ and distance r to the cluster centre, respec-
tively. In all cases, the cluster shows up with a clear, dense core
(with a core radius of 2.7 pc; Perryman et al. 1998) and a signifi-
cant spread of members up to a few tidal radii (the tidal radius is
10 pc; Perryman et al. 1998). The features and correlations seen
in the panels reflect (1) projection effects over the significant ex-
tent of the cluster on the sky, (2) the fact that all members share a
common, three-dimensional space motion (such that, for instance,
a large parallax implies a large proper motion), and (3) intrinsic
structure of the cluster. The latter is clear from the projections of
the three principal axes of the cluster shown in Figures 8 and 9,
which were derived as follows.

The shape of the cluster can be determined by calculating the
moment-of-inertia matrix 7, which has the components:

N
Ijk = Z(mixijxik), )
i=1

where the index i is over the i = 1,..., N stars. The three Carte-
sian coordinates x;; for star i (j = 1,2, 3) are given in the Galactic
coordinate system with the origin shifted to the cluster centre. As
in Sect. 3.1, we assume all m; = 1 M, (essentially ‘reducing’ the
moment-of-inertia matrix to a three-dimensional distribution ma-
trix of the stars). The moment-of-inertia matrix [ can be made a
function of the distance r from cluster centre by limiting the sum-
mation in Eq. (5) to stars with r; < r.

The principal axes of the cluster can be determined as the
eigenvectors of the moment-of-inertia matrix. The lengths of the
semi-axes a > b > c correspond to the square-roots of the eigen-
values of the matrix. Taking r = 30 pc as limit and including only
those of the 251 candidate members that have a known radial ve-
locity, we find the eigenvectors of the moment-of-inertia matrix to
be:

09702  0.2390  0.0399
0.2409 -0.9692 -0.0511 |. (6)
-0.0264 -0.0592  0.9979

The corresponding  eigenvalues  are (I, L, 13) =
(8952,3134,1966) M, pc?, such that the ratios of the semi-
axes equal b/a = 0.59 and c/a = 0.47. Figure 10 shows how the
axes ratios vary with distance from the cluster centre. We find
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Figure 11. Projected positions (in pc) in Galactic coordinates of the candidate members with known radial velocity within 30 pc of the cluster centre. The
major axis is shown in red, the intermediate axis in green, and the minor axis in blue. The Hyades are clearly flattened along the Galactic plane.

that the cluster shape becomes more spherical towards the core,
consistent with the findings of, e.g., Perryman et al. (1998) and
Roser et al. (2011).

Figure 11 shows the projected positions in Galactic coordi-
nates of the 191 candidate members with known radial velocity
that lie within r < 30 pc of the cluster centre along with the princi-
pal axes of the cluster. We confirm the findings of Perryman et al.
(1998) and Roser et al. (2011) that, as a result of Galactic tidal
forces, the major axis of the cluster is almost aligned with the
Galactic x axis while the cluster is flattened in the direction of the
Galactic z axis (see also Oort 1979).

The presence of dozens of, preferentially low-mass, members
in an extended "halo’ beyond the tidal radius (~10 pc), where stars
are subject to velocity perturbations from the Galactic tidal field,
was already noted by Pels et al. (1975) and is commonly seen in N-
body simulations (see Sections 7 and 8 in Perryman et al. 1998).
Stars escape only through the Lagrangian opening points of the
equipotential surface which, for the Hyades, are on the Galactic
x-axis. This naturally explains the prolate shape of the cluster. The
evaporating stars, which can ’stick around’ for hundreds of millions
of years, are expected to show systematically deviating motions,
dependent on their distance to the cluster centre and on the time
elapsed since escape. Modelling this process reliably is far beyond
the scope of this work yet possible (see, e.g., Claydon et al. 2017;
Daniel et al. 2017) but requires careful considerations of various
issues such as mass segregation, binarity, systematic velocity pat-
terns, Galactic and cluster potentials, etc.

4.5 Velocity distribution of members

Obtaining a reliable estimate of the velocity dispersion is non-
trivial, not the least because velocity dispersion is likely to vary
with radius from the centre as a result of mass segregation in the
centre (e.g., Madsen et al. 2001), escaping stars in the outer regions
(for a detailed discussion, see Perryman et al. 1998, their Section 7),
etc. Perryman et al. estimated the dispersion of the cluster, assum-
ing it is homogeneous and isotropic, by realising that the ¢ values of
the members should (approximately) follow a y? distribution (with
3 and 2 degrees of freedom for objects with and without known
radial velocity, respectively). By adding an ever increasing value
of the velocity dispersion (o) to the covariance matrix ¢ (Eq. 4)
and comparing the resulting distribution of ¢ values with a y* dis-
tribution, they derived o, ~ 0.3 km s~! as best-fit value. Perryman
et al. (1998) limited themselves to a high-precision subset of mem-
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Figure 12. Maximum-likelihood velocity dispersion as a function of re-
jection step. Blue symbols denote TGAS members; red symbols denote
Hipparcos-2 members. Circles denote objects with known radial velocity;
squares denote objects without known radial velocity. The dotted vertical
line shows the end point of our iterations for our default stopping criterion,
associated with a significance level py, = 0.0027.

bers containing 38 stars for which there was no indication of mul-
tiplicity, whose radial velocities were determined by Griffin et al.
(1988), and whose standard errors on the Hipparcos parallax and
proper motions were less than 2 mas and 2 mas yr~', respectively.
Griffin et al. (1988) noted that 0.2-0.4 km s~! is also the expected
value for the one-dimensional velocity dispersion for a Hyades-like
cluster from theoretical as well as N-body considerations.

When we repeat this exercise with our 200 members with
known radial velocity, we find o, ~ 0.6 km s™!. This, clearly, is
larger than the Perryman et al. value (yet in good agreement with
the 0.58 km s~! derived by Gaia Collaboration et al. 2017). In fact,
our estimate should be considered as an upper limit (and we actu-
ally derive a lower limit o, 2 0.25 km s™! in Sect. 6.2) for various
reasons:

e We have not excluded (known) multiple stars;

e We have not excluded the subset of objects with the largest
astrometric standard errors (which are likely the objects which have
Tycho-2 positions for the 1991.25 epoch in TGAS);
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Figure 13. Goodness-of-fit statistic (p value) of the rejected star (the worst
outlier at each iteration step) as a function of the rejection step. Blue sym-
bols denote TGAS members; red symbols denote Hipparcos-2 members.
Circles denote objects with known radial velocity; squares denote objects
without known radial velocity. The dotted vertical line shows the end point
of our iterations for our default stopping criterion, associated with a signif-
icance level pjim = 0.0027.

e We have an inhomogeneous set of literature radial velocities in
our sample with, in particular, inflated standard errors to wash out
the effect of different radial velocity zero-points (see Appendix A).

In addition, there is the complicating factor that Lindegren et al.
(2000) found that, for a simulated Hyades cluster, only a scaled ver-
sion of ¢, namely cscaea = B ¢ (With 8 ~ 0.66 for the Hyades), fol-
lows a y? distribution. For this value of 8, we find o, ~ 0.5 km s7h
When letting 8 a free parameter, we find o7, ~ 0.13 km s~ with 8 =
0.25 when using a Kolmogorov-Smirnov test and o, ~ 0.27 km s~
with 8 = 0.43 using an Anderson-Darling test (see, e.g., Feigel-
son & Babu 2012). Finally, there is the complicating factor that
the ¢ values are affected by the estimates of the standard errors,
both on the astrometry and on the radial velocities (the standard er-
rors are part of Cin Eq. 4). In theory, therefore, the ¢ distribution
of the members could be used to determine the reliability of the
TGAS (and radial velocity) standard errors (note in particular that
the TGAS standard errors have been claimed to be systematically
wrongly estimated; for a review, see Sect. 2 in Brown 2017). In
practice, however, any attempts in this direction lead to inconclu-
sive results.

5 KINEMATIC MODELLING

We now use an iterative maximume-likelihood method to derive im-
proved parallaxes for individual stars from their proper motions
(and radial velocities) by kinematically modelling the cluster. This
method is outlined in Sect. 5.1. Section 5.2 and 5.3 describe tests
to investigate the impact of the initial conditions and stopping cri-
terion used in the optimisation and the iterations. The results of the
method after application to the Hyades members are described in
Sect. 6.

5.1 Overview

Our method builds upon yet extends the maximum-likelihood
method developed by Lindegren et al. (2000). This method is meant
to be applied to cluster members and these are assumed to share the
same, three-dimensional space motion apart from a small, random
dispersion term. The maximum-likelihood approach essentially is a
rejuvenated ‘'moving cluster’ method (e.g., van Bueren 1952; Bin-
ney & Merrifield 1998, itself comparable to the direct, ‘reduced
proper motion’ approach used in, e.g., van Leeuwen 2007 and Gaia
Collaboration et al. 2017) and simultaneously determines the in-
dividual, kinematically-modelled parallaxes of the stars (w\i,), the
mean cluster velocity (V.), and the velocity dispersion (o) from the
observational data while using an iterative outlier exclusion proce-
dure to remove deviating objects, for instance caused by (unrecog-
nised) binarity.

Whereas Lindegren et al. (2000), being interested in deriving
astrometric radial velocities (see also Dravins et al. 1999), formu-
lated their model in terms of proper motions as main observables,
we generalised this to include measured, spectroscopic radial ve-
locities:

(i) We added radial velocity, whenever available, as fourth ob-
servable, besides trigonometric parallax and proper motion;

(ii) We made a transition from the y? statistic used in Lindegren
et al. (2000), and denoted g, to a p value or 1 — CDF(g, DOF) as a
goodness-of-fit statistic (the p value is the area under the x> proba-
bility density function to the right of the observed test statistic and
signifies the probability that the star has a y? statistic exceeding g
under the assumption that it is a member star). This is required since
g values are approximately distributed as a y>-distribution with two
degrees of freedom when the radial velocity is unknown and three
degrees of freedom when the radial velocity is known;

(iii) We used a mixed three- and four-dimensional likelihood
function so that both stars with and without known radial veloc-
ity can be treated simultaneously.

Details on these extensions of the method are given in Appendix F.

The maximum-likelihood method requires that the kinematic
model is a statistically correct description of the data. In particular,
we assume, following Lindegren et al. (2000), that the (Hyades)
cluster has no net expansion (or contraction) and that it does not
rotate. As shown in Appendix E, these assumptions are not violated
by the TGAS / Hipparcos data since, for the subset of 149 members
within 10 pc of the cluster centre, the net expansion equals 0.08 +
0.12 km s~! while the net rotation equals 0.46 + 0.28 km s~

The method is best applied only to the actual members of
the cluster as identified in Sect. 3. This set still contains ’out-
liers’, meaning members which have (slightly) discrepant astrom-
etry (and/or radial velocities) as a result of unrecognised multi-
plicity, them escaping from the cluster, etc. Such outliers can be
found, after maximising the likelihood function, by computing the
p value (associated with a particular g value) for each star in the
solution (Eq. (19) in Lindegren et al. 2000). The largest outlier is
removed from the sample and a new maximum likelihood solution
is determined, until all g values are acceptably small (g; < gjm or
Di = pim)- The stopping criterion is further discussed in Sect. 5.3.

We developed a new implementation of the method, with the
extensions as described above, in Python'. The method of choice
for performing the multi-dimensional optimisation is the Newton
Conjugate Gradient method from the Python package SciPy (Jones

1 https://github.com/eleonorazari/KinematicModelling
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Figure 14. Three-dimensional velocity distribution, in Galactic coordinates, of the Hyades, using trigonometric (top panels) and kinematically-modelled
parallaxes (bottom panels) for the 187 objects that survived the kinematic modelling (Sect. 6). The contours show 68.27, 95.45, and 99.73% confidence levels.
The v, component does not change drastically since it depends primarily on radial velocity, which is independent from parallax. On the contrary, the v,
component improves significantly since it depends primarily on proper motion such that improved parallaxes reduce the spread in vy velocities.

et al. 2017). This method is generally fast since it makes use of
the gradient and the Hessian of the objective function. The New-
ton Conjugate Gradient method was successfully tested against the
much slower Nelder-Mead simplex method. The sensitivity of the
Newton Conjugate Gradient method to the initial guesses is as-
sessed in Sect. 5.2. The best-fit parameters come with associated
covariance data (i.e., standard errors in particular) derived directly
from the Hessian matrix.

5.2 [Initial conditions

To verify the absence of a dependency of the kinematic modelling
results on the initial conditions of the optimisation code, we per-
formed 1000 runs with the initial guess for the mean cluster ve-
locity components vy, vy, and v, drawn randomly from a Gaussian
distribution centred on the mean cluster velocity with o = 1 kms™';
this uncertainty is conservative since it is a factor ~5-10 larger than
the standard errors of the mean cluster velocity (components) de-
rived in Sect. 3.2. We start in all cases with the 251 candidate mem-
bers identified in this work and iterations consistently stop with
187 members left (see Sect. 5.3). Whereas the final kinematically-
modelled parallax varies from run to run for a given star, this vari-
ation (expressed as a standard deviation computed over the 1000
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runs) is more than a few dozen times smaller than the standard error
of the kinematically-modelled parallax itself. The only exception is
HIP 21092, where this factor is 4.6 (see Sect. 6.3 for details on this
peculiar star). In short, the method is robust to the choice of initial
conditions.

5.3 Stopping criterion

There is no perfect stopping criterion in the iterative process of re-
moving outliers. If one stops too early, real outliers will be left and
the best-fit velocity dispersion will remain too high. On the con-
trary, one can keep on iterating and removing outliers until just two
stars with very similar three-dimensional motions are left, severely
underestimating the velocity dispersion. After some experimenting,
we settled for a stopping criterion associated with a significance
level pim = 0.0027. Starting the iterations with the 251 candidate
members identified in Sect. 3, the algorithm removes 64 outliers,
leaving 187 stars. As already mentioned earlier, the rejected out-
liers are not necessarily non-members. Outliers are simply stars
which have observables that do not perfectly fit the common space
motion of the cluster. They might, however, very well be mem-
bers with perturbed astrometry due to unrecognised multiplicity,
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Figure 15. Observed, trigonometric parallaxes (from either TGAS or
Hipparcos-2) versus the kinematically-modelled parallaxes (for 187 ob-
jects). The colour of the markerpoints reflects the goodness-of-fit (or p
value) of the stars. The black solid line shows the 1:1 relation. Stars with
known radial velocity are indicated with a large markerpoint. Outliers are
discussed in the text; objects with large error bars are mostly double stars.
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Figure 16. As Figure 15, but showing TGAS stars only. Cf. Figure 11 in
Gaia Collaboration et al. (2017).

escaping members with slightly deviating motions, members with
wrongly estimated astrometric standard errors, etc.

Figures 12 and 13 show what happens to the velocity disper-
sion and the goodness-of-fit statistic (p value) of the rejected star
(the worst outlier) during the iterations and also show what would
happen if one would keep on rejecting outliers:

e Figure 12 shows that the best-fit velocity dispersion monoton-
ically decreases with rejection step, which is not surprising. The

-3 -2 -1 0 1 2 3

Wobs — Wkin

[ 2
Oobs T Tidin

Figure 17. Histogram of the error-normalised difference between the ob-
served and kinematically-modelled parallaxes. The mean and median of the
distribution are —0.06 and —0.09, respectively. The curve represents a unit-
variance, zero-centred Gaussian and is not a best fit to the data.

slope of the decline changes with rejection step, first around step
~40 and second around step ~55. The physical interpretation of
these slope changes is unclear: we have searched for correlations
of the rejected stars (e.g., are they primarily in the outer regions,
are they primarily without known radial velocity, are they primar-
ily bright, etc.) but found no clues.

e Figure 13 shows how the goodness-of-fit of the rejected star,
i.e., the worst outlier, varies with rejection step. Whereas the
goodness-of-fit remains small up to around step ~60, suggesting the
rejection affects uncertain / deviating candidate members, it starts
to rise rapidly thereafter, suggesting the rejected stars evolve into
well-matching members. The oscillation and noisy behaviour start-
ing around step ~100 is explained by the interplay with the velocity
dispersion: the decreasing velocity dispersion results in decreased
p values since fewer stars fit the mean cluster motion given the al-
lowed error.

6 RESULTS

We apply the method outlined in Sect. 5.1 to the 251 candi-
date Hyades members identified in Sect. 3. As initial guesses for
the mean cluster velocity and velocity dispersion, we use V. =
(~6.30,45.44,5.32) km s~ in equatorial coordinates (derived in
Sect. 3.2) and o, = 0.3 kms™! (from Perryman et al. 1998), re-
spectively. We select pj, = 0.0027 (Sect. 5.3) associated with a
confidence level of 0.9973. With these settings, the method rejects
64 objects, leaving 187 members with associated kinematically-
modelled parallaxes and standard errors (160 of these have a known
radial velocity while 27 do not).

6.1 Velocity distribution

The best-fit mean velocity of the cluster equals ¥, = (-5.96 +
0.04,45.60 + 0.07,5.57 + 0.03) km sV in equatorial coordinates,
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Figure 18. Sky map, for the central region of the Hyades, of the error-normalised difference between the observed and kinematically-modelled parallaxes,
after smoothing the signal of each star with a two-dimensional Gaussian with o = 1°. Blue / red areas indicate regions in which the TGAS / Hipparcos-2
parallaxes are systematically smaller / larger than the kinematically-modelled parallaxes. As a result of the smoothing, which has been applied to visually

bring out patterns, the contour levels themselves are not directly interpretable.
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Figure 19. Difference of kinematically-modelled (’astrometric’) and spec-
troscopic radial velocities for 161 candidate members as fuction of V mag-
nitude (which is ’equivalent’ to (B — V) colour index for a cluster main
sequence). The vertical error bars reflect the errors on the spectroscopic ra-
dial velocities only. Known or suspect double stars are grey (Sect. C). HIP
20995, a known double star with literature radial velocities ranging from
20.7 to 35.6 km s~!, falls outside the plotted range, below —10 km s7!. The
median difference of all data is 0.03 km s~! while the median absolute de-
viation is 0.53 km s~!. The velocity dispersion of the cluster derived from
proper-motion residuals equals ~ 0.32 km s~! (Sect. 6.2).

translating to V. = (-42.20,-19.07,-1.32) km s~! in Galactic co-
ordinates (see Sect. 3.4 for a comparison with other studies). The
three-dimensional velocity distribution of the members, using ei-
ther trigonometric or kinematically-modelled parallaxes, is shown
in Figure 14. The kinematically-modelled parallaxes show a more
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concentrated velocity distribution, indicative of higher-precision
parallaxes (Sect. 6.3).

6.2 Velocity dispersion

The best-fit velocity dispersion equals o, = 0.25 + 0.01 km s,

where 0.01 km s~! refers to the formal error. A side-effect of the
maximum-likelihood method, extensively discussed by Lindegren
et al. (2000, their Sects 4.1, 4.3, and 5.1), is that the best-fit dis-
persion is typically significantly underestimated. Together with
the upper limit o, < 0.6 kms™' derived in Sect. 4.5, this lim-
its 025 < o, < 0.6 kms™'. When estimating the velocity dis-
persion from the proper-motion residuals perpendicular to the cen-
troid velocity projected on the sky (see Lindegren et al. 2000, their
Sect. 4.3 and Appendix A.4, in particular Eqs A.23 and A.24), we
find o7, = 0.32 + 0.01 km s™', which is fully in line with the Per-
ryman et al. (1998) value of ~ 0.3 km s™' and the Lindegren et al.
(2000) value of 0.31 +0.02 km s™".

6.3 Parallax comparison

The comparison of the observed and the kinematically-modelled
parallaxes is shown in Figures 15 for all 187 stars and 16 for the
133 TGAS stars only. With the exception of a few outliers, the
data follow the 1:1 relation well. The largest outlier, in the top left
corner of Figure 15, is HIP 21092, a faint M2V dwarf. This ob-
ject has wops = 14.67 = 7.33 mas (from Hipparcos-2) and @y, =
33.20 + 1.60 mas; the Hipparcos-1 parallax is 19.64 + 9.61 mas.
HIP 21092 is a Hipparcos component binary with a primary com-
ponent with Hp = 12.834 mag and a secondary component with
Hp = 14.039 mag with a separation of 0.476 arcsec. The outlier in
the lower left corner is HIP 26159 (discussed in Sect. 4.1.1).
Figure 17 shows the histogram of the error-normalised dif-
ference between the observed and kinematically-modelled paral-
laxes. The mean and median of the distribution are slightly neg-
ative (—0.06 and —0.09, respectively), reflected also in a negative
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mean and median value of @, — @y, of —0.17 and —0.04 mas, re-
spectively (TGAS stars: —0.02 and —0.04 mas; Hipparcos-2 stars:
—0.532 and —0.03 mas; for reference, 0.1 mas corresponds to 0.2 pc
at the distance of the Hyades). This cannot necessarily be inter-
preted as evidence for a bias in the TGAS (and/or Hipparcos-2)
parallaxes since the kinematically-modelled parallaxes can be bi-
ased by a wrong cluster space motion (e.g., de Bruijne et al. 2001,
their Sect. 6.1). The sensitivity to this effect is fairly large: with
@ = 474 p vl this gives Aw = Avy, @ vg). Since, for the
centre of the Hyades, @ v, ~ 22 247! ~ 1 mas s km™!, we
have Aw [mas] ~ Avg, [kms~!]. This means that a bias in the
kinematically-modelled parallaxes of 0.1 mas is already induced
by a space-motion error of 0.1 km s!. There is currently no way
to exclude the presence of such an error in the best-fit cluster ve-
locity V.. The similarity of the widths of the observed distribution
and the unit-variance Gaussian in Figure 17 suggests that the stan-
dard errors of both the observed and the kinematically-modelled
parallaxes are fair estimates.

6.4 Systematic errors and correlations

Figure 18 shows a sky map, for the central region of the Hyades,
of the error-normalised difference between the observed and
kinematically-modelled parallaxes, after smoothing the signal of
each star with a two-dimensional Gaussian with o = 1°. This se-
lected smoothing length is somewhat arbitrary, and roughly repre-
sents the maximum length scale on which significant spatial corre-
lations in the Gaia DR1 astrometry are expected (Lindegren et al.
2016, their Appendix D.3). We have verified that the appearance
of Figure 18 does not vary drastically when doubling or halv-
ing the smoothing length; in particular the pronounced north-south
(red-blue) asymmetry is preserved. Plots such as Figure 18, for
Hipparcos-1 data of the Hyades, have been presented earlier by
Narayanan & Gould (1999, their Figure 9) and de Bruijne et al.
(2001, their Figure 4) and hence confirmed the (known) presence
of correlated astrometric parameters on angular scales of ~1-3°
in the Hipparcos-1 data. Owing to the intermediate character of
Gaia DR1, the presence in TGAS of both systematic errors that are
strongly correlated over angular scales of tens of degrees and spa-
tial correlations in the astrometric parameters for stars that are sep-
arated by angular separations up to a few degrees is known (Linde-
gren et al. 2016, their Appendix D.3; see also Arenou et al. 2017).
This is confirmed in Figure 18. A similar plot was published re-
cently for TGAS parallaxes, based on a comparison with astero-
seismic parallaxes in the Kepler field (Zinn et al. 2017, their Fig-
ure 9), suggesting a systematic TGAS parallax error of 0.059 mas /
0.011 mas exists on scales of 0.3°/ 8° (using Cepheids, Casertano
et al. 2017, report spatially correlated TGAS parallaxes at the level
of 19 + 34 puas on angular scales smaller than 10°).

6.5 Astrometric radial velocities

The maximum-likelihood modelling not only provides
kinematically-modelled parallaxes but also kinematically-
modelled radial velocities. Such ’astrometric radial velocities’ are
independent of, e.g., convective motions in stellar atmospheres or
gravitational redshifts of spectral lines and therefore do not depend
on spectral type, template choice, atmosphere model, etc., and

2 We find —0.19 mas when excluding HIP 21092, which has @wops — @kin =
—18.53 mas.
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Figure 20. As Figure 6, but using the goodness-of-fit statistic p and using
kinematically-modelled parallaxes. Large p values correspond to higher-
fidelity members, i.e., stars that closely follow the mean cluster velocity.
The solid black line shows the Padova 675 Myr isochrone for Z = 0.024
while the dashed black line shows (part of) the associated binary sequence;
both are meant to guide the eye and are not best fits. HIP 20894 has been
split into its two components following Appendix B.3 in de Bruijne et al.
(2001). The lowest point is HIP 21092, an M2V star (Sect. 6.3).

hence can be used to study these effects (for a review, see Dravins
et al. 1999). Figure 19 shows, for 161 candidate members, how
our astrometric radial velocities differ from the spectroscopically
determined radial velocities that we collected (see Sect. A).
Inspired by van Leeuwen (2007), who presented the differences
as function of (B — V) colour index, we present the differences as
function of V magnitude. Overall, there is a good correspondence,
with the median difference only being 0.03 km s~!. This difference
can be due to a (slightly) wrong space motion at which the
kinematic modelling converged, a global radial-velocity zero-point
offset in the spectroscopic data, or a combination of both. Whereas
significant outliers are most likely unrecognised double stars, the
systematically larger dispersion at the bright end likely primarily
reflects the increased velocity dispersion in the centre of the
cluster, which contains most massive, bright stars as a result of
mass segregation in the cluster (e.g., Perryman et al. 1998). Putting
further constraints on these elements requires a homogeneous set
of radial velocities with full control of the associated zero-point,
including possible variations with V magnitude (Sect. A1), in other
words: requires Gaia DR2 (Sect. 7).

6.6 Colour-absolute magnitude diagram

The colour-absolute magnitude diagram based on the
kinematically-modelled parallaxes of 187 stars is shown in
Figures 20 and 21, colour coded with goodness-of-fit statistic p
and distance r to the cluster centre, respectively. To guide the eye,
a Padova isochrone (Bressan et al. 2012; Chen et al. 2014, 2015;
Tang et al. 2014) for 675 Myr and Z = 0.024 plus its associated
binary sequence have been added. Both figures show — besides
a noticeable isochrone mismatch for red, low-mass stars — a
well-defined and narrow main sequence (cf. Figures 6 and 7 which
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Figure 21. As Figure 20, but colour coded according to the distance r of
each star from the cluster centre.

are based on the trigonometric parallaxes) which provides another
proof of the high quality of the kinematically-modelled parallaxes.

Figure 22 shows the bright end of the colour-absolute magni-
tude diagram based on kinematically-modelled parallaxes. We have
removed, using criteria defined in Sect. C, known or suspected dou-
ble stars not only since (unresolved) double stars can have deviat-
ing photometry but also since their Hipparcos | Gaia astrometry,
in particular their proper motions, can be affected, leading to erro-
neous kinematically-modelled parallaxes. As a sample, indeed, the
64 members that were removed during the kinematic-modelling it-
erations as a result of having the largest kinematic (astrometric)
deviations have a higher double-star percentage (33/64) than the
187 surviving stars (72/187).

The data in Figure 22 suggest the presence of a ’turn-off’
around (B — V) ~ 0.4 mag (a blueward gap seems conspicu-
ously present as well but one should recall that double stars and
members rejected during the iterations are not plotted here; see
Figure 6). Such features have been discussed before and have
been argued to be related to the properties of convective atmo-
spheres (Bohm-Vitense 1970, 1981, 1982, 1995b,a). The existence
of Bohm-Vitense gaps in the Hyades main sequence has previously
been discussed by de Bruijne et al. (2000), who used kinematically-
modelled parallaxes based on Hipparcos-1 data. D’ Antona et al.
(2002) realised that the Bohm-Vitense gap in the Hyades around
(B-V) ~ 0.4 mag is naturally explained as an effective-temperature
effect by the full spectrum of turbulence model (Canuto et al. 1996).
This model yields a very sharp transition, around 7. ~ 6800 K,
between stars that are convective only in the surface layers and
stars that show a well-developed convection also in the interior.
Figure 22 reinforces this conclusion based on the new data pre-
sented in this paper by showing two isochrones, one based on the
canonical mixing length theory (MLT, left panel) and one based on
the full spectrum of turbulence (FST, right panel) model of con-
vection. Details on both isochrones are provided in Appendix D.
Whereas both isochrones fit the main sequence, the FST isochrone
better follows the turn-off in the data around (B — V) ~ 0.4 mag.
This confirms the interpretation of D’ Antona et al. (2002) of this
feature in terms of an effective-temperature effect.
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It is finally important to realise that both isochrones have been
constructed from models that have been specifically computed for
this comparison with as main aim showing differences induced by
changing the convection modelling. As such, the isochrones are
meant as examples of reasonable fits and not as unique or best-
fit descriptions of the data; in particular, they do not provide con-
solidated constraints on Helium content, age, etc. Clearly, fitting
the Hyades colour-absolute magnitude diagram based on the high-
precision kinematically-modelled parallaxes derived in this work
does allow a detailed exploration of models, which, however, is be-
yond the scope of this paper.

7 DISCUSSION AND CONCLUSIONS

We study the Hyades open cluster using Gaia DR1 astrometry com-
plemented by Hipparcos-2 astrometry for bright stars and by liter-
ature radial velocities from 12 sources. This combination of data
provides three-dimensional velocities for a large subset of our ini-
tial sample of 2296 stars and permits making a reliable kinematic
selection of cluster members. We determine membership proba-
bilities using a y? test statistic to quantify the difference between
observed and expected three-dimensional velocities of stars. We
accept 251 stars as candidate members of the Hyades by choos-
ing a membership probability threshold of 0.27% (confidence level
of 99.73%). Our list demotes 15 members from the canonical
Hipparcos-1-based member list with 197 objects constructed by
Perryman et al. (1998) and adds 18 new members with radial veloc-
ity and 51 new members without known radial velocity. The stel-
lar density of the Galactic field inside the (central region of the)
Hyades does not differ from neighbouring areas on the sky.

We find, in line with previous studies, that the major axis of the
cluster is nearly aligned with the Galactic x axis and that the cluster
is significantly flattened parallel to the Galactic plane. While the
major axis of the cluster is about two times larger than the minor
axis when considering stars within 30 pc of the cluster centre, the
cluster shape becomes nearly spherical in the central regions. We
actually find members beyond three tidal radii (~30 pc). Clearly,
these distant, likely escaping members are interesting objects for
future studies of the evaporation of the cluster.

We employ an iterative, maximum-likelihood kinematic mod-
elling method (originally developed by Lindegren et al. 2000, and
amended by us to include radial velocities when available) to derive
the mean velocity, velocity dispersion, and kinematically-modelled
parallaxes for cluster members. The iterative element removes
those stars which have the least compatible three-dimensional
space motions, for instance due to unrecognised multiplicity. The
kinematically-modelled parallaxes for the 187 objects that survive
the iterations are ~1.7 / 2.9 times more precise than the TGAS
/ Hipparcos-2 trigonometric parallaxes although they could be bi-
ased by a few tenths of a mas as a result of a wrong cluster space
motion. The internal velocity dispersion of the surviving stars is
o, = 0.32 +0.01 km s, fullly compatible with existing literature
values (e.g., 0.3 km s~! derived in Perryman et al. 1998).

The colour-absolute magnitude diagram based on the
kinematically-modelled parallaxes shows a well-defined main se-
quence with a ’turn-oft” feature around (B — V) ~ 0.4 mag. We
construct two, custom-made isochrones, one based on the mix-
ing length theory and the other on the full spectrum of turbu-
lence model of convection, and our data seem to favour the lat-
ter model, in line with earlier results (D’Antona et al. 2002).
The formidable challenge of fitting isochrones to the Hyades
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Figure 22. Bright-end colour-absolute magnitude diagrams based on kinematically-modelled parallaxes, after removing known double stars (Sect. C). As in
Figure 20, the double star HIP 20894 has been added with its two components following Appendix B.3 in de Bruijne et al. (2001). The left panel shows the
mixing-length theory (MLT) isochrone; the right panel shows the full spectrum of turbulence (FST) model isochrone (see text and Sect. D for details). The
latter isochrone seems to describe the upturn’ in the main sequence around (B — V) ~ 0.4 mag better (highlighted in the insets; recall that a bias of a few
tenths of a mas, i.e., a few hundredths of a mag, in the set of kinematically-modelled parallaxes cannot be excluded as a result of a wrong cluster space motion;
see Sect. 6.3). The four stars above the main sequence between My ~ 2.5 and 3.5 mag are, from bright/blue to faint/red: HIP 20614: rapdily rotating F4V star
(Viot = 150 km s71; Schroder et al. 2009); HIP 15624: F2V star at ~5 tidal radii, so possibly escaping with slightly deviating motion and hence parallax; TYC
118-854-1: F5V star at ~3 tidal radii, so possibly escaping; TYC 1272-67-1: F5 star at ~5 tidal radii, so possibly escaping.

colour-absolute magnitude diagram based on the high-precision
kinematically-modelled parallaxes derived in this work is left for
the future.

In terms of future prospects, Gaia DR2 will open many av-
enues. Although DR2 will have the same bright-star problem as
DRI, hence still necessitating the addition of Hipparcos-2 data for
the brightest members, DR2 will not only have higher-accuracy
parallaxes and proper motions but will also allow extending the
cluster membership by ~8 magnitudes, up to and including early L-
type brown dwarfs (de Bruijne 2014). In addition, DR2 will contain
(homogeneous) radial velocities for a good fraction of the bright
stars, down to ~12 mag, as well as homogeneous, milli-magnitude-
accuracy BP and RP photometry. In short, the Hyades story is not
over yet.
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APPENDIX A: RADIAL VELOCITY DATA

We use radial velocity measurements from 12 selected literature
sources. Details on these are provided in Appendix Al through
Al12. Appendix A13 describes how we treat epoch data. Ap-
pendix Al4 explains how we arrive at a final, merged list of ra-
dial velocities and associated standard errors for each object in our
sample.

Al Perryman et al. (1998)

Perryman et al. (1998) list 282 stars in their Table 2, 254 of which
have radial velocities collected from 28 literature sources. We ap-
ply the same zero-point corrections as Perryman et al. (see their
Sect. 3.2): Coravel radial velocities (column r in Table 2 equals
24) are corrected by adding +0.4 km s~! to the values listed in
Table 2 and Griffin et al. radial velocities (column r in Table 2
equals 1) are corrected by adding —g(V) — 0.5 kms™' for stars
fainter than V = 6 mag and —0.5 km s™' for brighter stars, with
q(V) = 0.44 — 700 x 10%4" km s7!.

A2 Griffin (2012)

Griffin (2012) presents orbital elements for 52 stars, 46 of which
have Hipparcos or Tycho-2 identifiers. We use the systematic (y)
radial velocities from Griffin’s Table 1 and, after affirmative private
communication with R. Griffin, apply the same zero-point correc-
tions as detailed in Appendix Al.
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A3  Griffin (2013)

Table II in Griffin (2013) lists mean radial velocities of 15 possible
new Hyades members. Since the measurements do not have stan-
dard errors, we adopt an error of 1 km s™" for the first 13 stars and
an error of 10 km s™' for the last 2 stars since their radial velocities
are followed by a colon (:), indicative of an uncertain measurement.
Following affirmative private communication with R. Griffin, we
apply the same zero-point corrections as detailed in Appendix Al.

A4 Mermilliod et al. (2009)

Mermilliod et al. (2009) provides 776 radial velocity measurements
for 157 Hyades stars, 148 of which have Hipparcos or Tycho-2
identifiers.

AS White et al. (2007)

White et al. (2007) list 474 radial velocities for 368 stars, 351 of
which have Hipparcos or Tycho-2 identifiers.

A6 Tabernero et al. (2012)

Tabernero et al. (2012) list radial velocities for 61 stars in their
Table A.1 (including an added reference star, vB 153, in the online
version), all of which have a Hipparcos identifier.

A7 Debernardi et al. (2000)

Table 2 in Debernardi et al. (2000) lists 401 radial velocity mea-
surements for 10 stars.

A8 HADES

Table A.2 in Maldonado et al. (2017) lists 71 stars with radial ve-
locities, only four of which lie in the Hyades field (these are GJ
3186, TYC 1795-941-1, GJ 150.1B, and GJ 162). The authors state
that the estimated uncertainties are in the range 0.3 — 0.6 km s~'.
We therefore conservatively assign a standard error of 1 kms™ to
each radial velocity.

A9 XHIP

The Extended Hipparcos Compilation (Anderson & Francis 2012,
XHIP) contains 117955 entries, 46 392 of which have radial ve-
locity data collected from a large variety of literature sources (see
their Table 4). We remove 5867 entries, namely those for which er-
ror bounds are not given (e_RV = 999), those which have the worst
radial velocity quality rating (q_RV = D) indicative of unreliable
measurements, and those originating from Kharchenko et al. (2007,
r_RV = 551) since a subset of this catalogue contains astrometric
instead of spectroscopic radial velocities.

A10 RAVE

RAVE DRS5 (Kunder et al. 2017) contains radial velocities from
520629 spectra for 457 588 unique stars, 264 386 of which are
TGAS or Tycho-2 stars.

A1l APOGEE

SDSS DR13 (SDSS Collaboration et al. 2016) includes data from
the third release of APOGEE. Although there are 164 562 targets in
the allStar summary table, stars targeted in multiple fields appear as
duplicates such that there are 157 935 unique stars. Some 140486
of these survive the cross-match with TGAS.

Al12 GALAH

GALAH’s first data release (Martell et al. 2017) gives radial veloc-
ities for 9860 stars derived from 10 680 observations. Martell et al.
report that 98% of their radial velocities have a standard deviation
less than 0.6 km s~'. We therefore conservatively adopt a radial
velocity standard error of 1 km s~! for each measurement.

A13 Epoch radial velocities

Epoch radial velocities have been published by Mermilliod et al.
(2009), White et al. (2007), Debernardi et al. (2000), RAVE (Kun-
der et al. 2017), APOGEE (SDSS Collaboration et al. 2016), and
GALAH (Martell et al. 2017). In these cases, we adopt the median
of the reported epoch data as radial velocity. To obtain an error
estimate on this median, we first calculate the median absolute de-
viation around the median and quadratically combine it with the
largest of the measurement uncertainties.

Al4 Creating a final, merged table

As a first step in the construction of a final, merged table, we ex-
clude all radial velocities with standard errors larger than 10 km s™!
and we inflate all radial velocity standard errors smaller than
1 kms™' by quadratically adding a 1 km s~ noise floor in order
to mask the inconsistency in and uncertainty on the zero-point of
the radial velocity measurements across different literature sources
and instruments / surveys. This leaves 908 stars that have at least
one radial velocity measurement and 1388 stars without any radial
velocity data.

As a consistency check, we perform a comparison between the
radial velocities from different literature sources for objects that are
present in more than one list. This only brings up six problem cases,
i.e., inconsistencies larger than 30. Such cases can be explained by,
for instance, unrecognised binarity and/or underestimated standard
errors and/or differences in the zero-point used by different authors.
As an example, one of the problem cases is HIP 21179, which is a
known spectroscopic binary that has radial velocity measurements
originating from three literature sources: —12.527+4.1 km s™! from
RAVE (Kunder et al. 2017), 42.1 + 1 km s™' from Perryman et al.
(1998), and 40.045 + 2.147 km s™! from Griffin (2012). The lat-
ter radial velocity is the result of a full orbital solution based on 92
measurements. For the same star, SIMBAD contains two additional
radial velocities: 40.4 + 0.6 km s™' from Patel et al. (2013), which
uses Bobylev et al. (2006) as a source, and 53.85 + 8.26 km s7!
from Mermilliod et al. (2009), which reports an RMS scatter of
47.43 kms™' in the velocity measurement based on 33 measure-
ments spread over 1830 days. Clearly, in this particular case, the ra-
dial velocity reported in RAVE DRS is an instantaneous, and hence
non-representative, measurement of the (systemic) radial velocity
of the spectroscopic binary.

If an object has radial velocity matches in several source cat-
alogues, we use the following priority ranking: Perryman et al.
(1998), Griffin (2012), Griffin (2013), Mermilliod et al. (2009),
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White et al. (2007), Tabernero et al. (2012), Debernardi et al.
(2000), HADES, XHIP, RAVE, APOGEE, and GALAH. This al-
lows us to construct a final table in which each star is assigned a
single radial velocity (or a null value in case no radial velocity mea-
surement exists) plus an identifying number to track the associated
literature source. In total, there are 228 radial velocities from Per-
ryman et al. (1998), 5 from Griffin (2012), 10 from Griffin (2013),
12 from Mermilliod et al. (2009), 19 from White et al. (2007), 3
from Tabernero et al. (2012), O from Debernardi et al. (2000), 4
from HADES, 591 from XHIP, 23 from RAVE, 12 from APOGEE,
and 1 from GALAH.

APPENDIX B: JOHNSON PHOTOMETRY

When available and as a default, Johnson V and (B — V) photome-
try is taken from the Hipparcos Catalogue (ESA 1997). We assign
a fixed 0.02-mag error to the errorless V magnitudes reported in
the Hipparcos Catalogue. For seven stars, Hipparcos photometry is
available but suspicious: the (B — V) error is zero for five objects
(HIP 16529, HIP 20056, HIP 20441, HIP 20601, and HIP 21741)
while the (B — V) error is excessively large for two objects (HIP
20686 and HIP 21459). We hence use ASCC-2.5 Johnson photom-
etry (Kharchenko 2001) for these seven stars.

For 63 members, (photometric) Hipparcos data are not avail-
able. For 59 of these, we can resort to ASCC-2.5 Johnson photome-
try. For the remaining four stars, photometry is taken from Upgren
et al. (1985) (TYC 1265-1118-1) or from SIMBAD (TYC 1821-
255-1, TYC 1289-1656-1, and TYC 1786-572-1). Since TYC 632-
608-1 has faulty photometry in the Tycho-2 catalogue, and therefore
also in ASCC-2.5, we take its Johnson photometry from SIMBAD
and assume a standard error of 0.1 mag on (B - V).

As a check of the homogeneity of our photometry, we com-
pare our data, as described above, with the data of Mendoza
(1967). For the sample of 115 (presumably non-double) stars in
Figure 22, 43 are in common. The differences in the V mag-
nitudes and (B — V) colour indices in this sample show a ran-
dom scatter around +0.01 mag (compared to single-observation,
unity-airmass probable errors of oy = 0.014/0.020 mag in V and
oy = 0.010/0.014 mag in (B — V) for V brighter/fainter than
9 mag quoted by Mendoza 1967), comparable to the symbol sizes
in Figure 22.

We finally recall that extinction is negligible for the Hyades
such that there is no need to perform corrections to the absolute
magnitude and/or colour indices.

APPENDIX C: DOUBLE STARS

Inspired by Dravins et al. (1999) and Lindegren et al. (2000), we
take the following definition to identify known or suspected double
stars:

(1) Objects flagged in columns s and/or u in Table 2 of Perryman
et al. (1998). Column s labels spectroscopic binaries and stars with
variable radial velocities. Column u contains the Hipparcos double-
star information from Catalogue field H59 (see point iv below):

(i1) Visual binaries with magnitude difference Am < 4 mag and
a separation p < 20 arcsec according to the Hipparcos Input Cata-
logue (Turon et al. 1993, HIC).

(iii) Spectroscopic binaries from the ninth catalogue of spectro-
scopic binary orbits (Pourbaix et al. 2004, SB9).
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(iv) Hipparcos double stars, i.e., objects identified in the Hip-
parcos Catalogue (ESA 1997) as a solution of type component
(Hipparcos field H59 equals C), acceleration (H59 equals G), or-
bital (H59 equals O), variability-induced mover (H59 equals V), or
stochastic (H59 equals X).

(v) Objects present in the Tycho Double Star Catalogue (Fabri-
cius et al. 2002, TDSC).

These criteria, combined through non-exclusive or’s, result in 105
of our 251 members being labelled as double star.

APPENDIX D: ISOCHRONES

To explore the role played by the treatment of the convective insta-
bility on the shape of evolutionary tracks and isochrones, we calcu-
late and show in Figure 22 isochrones (for 700 Myr) based on the
classical mixing length theory (MLT; Bohm-Vitense 1958) and on
the full spectrum of turbulence (FST) convection model (Canuto &
Mazzitelli 1991; Canuto et al. 1996). The evolutionary sequences
for stars of different mass and metallicity have been calculated by
means of the ATON code (Ventura et al. 1998, 2008).

MLT modelling involves an assumption on the parameter o
(the mixing length in terms of the pressure scale height H,), which
is usually calibrated on the fit of the Solar model and then extended
to other masses, compositions, and ages.

The FST model is characterised by convective fluxes in which
the full distribution of eddies is accounted for, and by a convective
scale length defined as the harmonic mean between the distance of
the layer from the top and the bottom of the convective zone. In
addition, the distance to the top (and bottom) is increased by a frac-
tion SH,,. The parameter § allows finetuning of the Solar radius at
the Solar age and can hence be considered as an efficiency parame-
ter. The FST choice for the scale of mixing allows a more detailed
description of the layers close to the formal border of convection
because this scale length tends to vanish as the stability region is
approached. This is particularly useful when focusing on phenom-
ena of which the scale is smaller than H,, for instance when de-
scribing convection at effective temperatures close to the transition
between fully radiative and partially convective envelopes.

We use a non-instantaneous formulation to describe convec-
tive mixing. Core overshooting in both the MLT and FST cases is
modelled by assuming an exponential decay of the convective ve-
locity from the border, with scale length ¢ times the thickness of
the convective region (see Ventura et al. 1998). We use the opac-
ity tables from the OPAL website (Iglesias & Rogers 1996) and
we follow Ferguson et al. (2005) for low-temperature opacities. We
adopt the conductive opacities from Potekhin et al. (1999). We use
grey atmospheric conditions for temperatures above 5000 K. For
cooler effective temperatures, we adopt NextGen atmosphere mod-
els Hauschildt et al. (1999a,b). We match the atmosphere models
with the interior models at an optical depth 7 = 3.

We adopt an Iron content [Fe/H] = +0.15 for the Hyades as
advocated by Maderak et al. (2013). We assume the isotopic initial
distribution of each mode to be Solar-scaled according to the Solar
distribution presented by Lodders (2003). In both cases, we fix the
core overshooting to ¢ = 0.03 in order to reproduce the luminosity
of the red-clump stars. The degeneracy between the convection pa-
rameters (@ in the MLT and g in the FST), metallicity, and Helium
content (Y) implies @ = 2.2 and Y = 0.27 for the MLT models and
B =0.3 and Y = 0.30 for the FST models. These discrepancies are
deemed acceptable in the context of this work in which the focus is
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purely on showing the comparison between the results obtained by
changing the convection modelling.

APPENDIX E: EXPANSION AND ROTATION

An estimate of the expansion (or contraction) and rotation veloc-
ity of the cluster can be obtained, respectively, by the (member-
averaged) vectorial dot and cross products of the position and ve-
locity vectors of the members (denoted by index i) with respect to
the cluster centre (after subtracting the common space motion of
the cluster):

R,
Vexp,i - |f| 5 (El)
i
Vi X il
Vroti = |?| . (EZ)
i

The inner vector product projects the velocity vector of each star
onto the radial direction that connects the cluster centre and the star
and therefore represents the radial velocity component as seen from
the cluster centre (i.e., expansion if positive and contraction if neg-
ative). The cross vector product represents the remaining velocity,
i.e., the rotation velocity around the cluster centre. After averaging
over the 200 candidate members with known radial velocities, this
gives Ve, = —0.05 £ 0.19 km s™" and vy, = 0.55 £ 0.27 km s7;
for the 149 members within 10 pc of the centre, the values are
Vexp = 0.08£0.12 km s™" and v, = 0.46+£0.28 km s™' (the standard
errors reported here represent the sample variance; for v,o, we take
a mean separately in each of the three dimensions before calculat-
ing the magnitude of the vector). In short, the data do not support a
significant expansion (or contraction) or rotation of the cluster.
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APPENDIX F: EXTENSION OF Lindegren et al. (2000)

The maximum-likelihood method developed by Lindegren et al. (2000) works on astrometric data, i.e., it excludes radial velocity as observ-
able. The likelihood function (L, or, equivalently, the log-likelihood function £ = In L) considers three-dimensional observables (the vector
6), namely trigonometric parallax and the two proper-motion components for each star. The probability density function for the observables
is modelled as a three-dimensional normal distribution and, since the observed errors of separate stars are assumed to be independent (see
also Sect. 5.4 in Lindegren et al. 2000), the full probability density function of all observables is the product over the stars of these individual
distributions. The gradient and the (approximation of the) Hessian of the likelihood function are given by Eqs (A.3) and (A.7) in Lindegren
et al. (2000), respectively.

We extend the method to also include radial velocity as fourth observable. Since radial velocities are available only for a subset of the
stars in our sample, the full probability density function of all observables is a mix of individual distributions with three- and four-dimensional
observable vectors. Both the gradient and the Hessian need to be derived for this new case. Starting from Eq. (A3) in Lindegren et al. (2000):

SRR 10IndetB; 1 < < 0D,
fi= Z LZ: ﬁZ:; Dis g 90, ciﬁ) - ET 3 ; /; a6, (dia — Cia) (a,p - c,p) . (F1)
Since:
dln detD 8D
=Tr F2
80.1 ( 69_/ ] (F2)
and, following Jacobi’s formula,
o 6D
=D 55, 0 F3
90, Loe; (F3)

the gradient of the four-dimensional likelihood is:

a,(, )} S| <, 0D 4
Z {Z Z Dmlﬁ ;6 c,-/j) — %Tr (Di 1 6_0?) _ % Z Z [_Di 1 a_gl)i lLﬂ (Aig — Cia) (alﬁ - c,-ﬁ) . (F4)

i=1 La=1 p=1

Next, we need to derive the Hessian of the likelihood function,

o*L
= , (F5)
00,06,
and the Hessian for U (5), with U (5) =-21In L(§) =-2 L(é’), which is therefore:
2 2
rU 0L (F6)

=-2 .
00; 06, 00; 96
We calculate the approximate Hessian as the matrix N = —E(H), which is also required to estimate the covariance matrix, which is defined
as:
PLO)
00; 36,

Cov(d) > - [E( )] = —E(H) = Ny (F7)
=

The Hessian of U(ﬁ) is then ~ 2N j.
Starting from Eq. (A4) in Lindegren et al. (2000):

\ Oci dcp 18 Indeth; 1+ v Dy
f"‘z ZZ ’”ﬁﬁae 2 00,06, EZZDWﬁaQae ' (F8)
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After simplification, we obtain:
N 4 4 =3
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