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1 INTRODUCTION

ABSTRACT

Spectroscopy from the final internal data release of the Gaia-ESO Survey (GES) has been
combined with Gaia EDR3 to assign membership probabilities to targets observed towards 63
Galactic open clusters and 7 globular clusters. The membership probabilities are based chiefly
on maximum likelihood modelling of the 3D kinematics of the targets, separating them into
cluster and field populations. From 43211 observed targets, 13985 are identified as highly
probable cluster members (P > 0.9), with an average membership probability of 0.993. The
addition of GES radial velocities successfully drives down the fraction of false positives and
we achieve better levels of discrimination in most clusters over the use of astrometric data
alone, especially those at larger distances. Since the membership selection is almost purely
kinematic, the union of this catalogue with GES and Gaia is ideal for investigating the pho-
tometric and chemical properties of clusters as a function of stellar mass, age and Galactic
position.

Key words: stars: evolution — stars: pre-main-sequence — clusters and associations: general

stellar populations (see Gilmore et al. 2012; Randich et al. 2013;
Pancino et al. 2017). The GIRAFFE and UVES (Ultraviolet and

The Gaia-ESO Survey (GES) is a large public survey pro- Visual Echelle Spectrograph, Dekker et al. 2000) spectrographs at-
gramme that uses the multi-fibre FLAMES (Fiber Large Ar- tached to FLAMES, were used to obtain spectra of about 10° and
ray Multi-Element Spectrograph, Pasquini et al. 2002) instrument 10* stars at resolving powers of ~ 17000 and ~ 47000 respec-
on the 8-m UT2-Kueyen telescope of the Very Large Telescope tively.

(VLT) to perform chemical and kinematical studies of Galactic
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About ~40 per cent of the survey time was spent capturing the
spectra of stars towards star clusters and associations at a range of
ages (Bragaglia et al. in preparation). In total, GES either observed
(or reprocessed similar archival data) and has provided chemical
abundances and radial velocities for 85 open clusters and 14 glob-
ular clusters as part of the final internal Data Release 6 (hereafter
GESiDR6) and these data will be made public via the ESO archive.

Clusters have a special place in astrophysics. They offer large
groups of (approximately) coeval stars over a range of masses and
evolutionary stages that can be used to test stellar models. At the
same time, clusters of different ages can be used to explore or even
empirically calibrate the time-dependence of various physical phe-
nomena such as rotation, magnetic activity or the diffusion and
mixing of chemical elements. A starting point for such studies is
a clean list of cluster members, or at least a list of potential mem-
bers where any probability of contamination is well understood.
An important consideration is to avoid using membership criteria
which then bias the phenomena being tested or investigated. For ex-
ample, one should not use chemical abundances as a membership
indicator and then use these members to investigate the dispersion
of chemical abundances within a cluster.

The work presented here follows on from Randich et al.
(2018) and Jackson et al. (2020), where Gaia astrometry from Gaia
DRI and Gaia DR2, in the form of its first and second data releases
(Gaia Collaboration et al. 2016, 2018, respectively), was used in
conjunction with spectroscopic parameters from earlier GES data
releases to define samples of high probability cluster members.
Jackson et al. (2020) (hereafter J20) used data available in GES in-
ternal data release 5 (GESiDRS) and Gaia DR2 (Lindegren et al.
2018) to provide membership probabilities for 32 clusters based
on their three-dimensional kinematics. Here, we use temperatures,
gravities and radial velocities from GESiDR®6, together with as-
trometry from Gaia EDR3 (Lindegren et al. 2020), to define mem-
bership probabilities for sources in 70 clusters from GES. These
comprise the full set of 60 open cluster targets in GES that were
observed using the GIRAFFE spectrograph with the HR15N order-
sorting filter or with UVES (two of which were “double clusters" —
pairs of clusters that are in the field of view but not kinematically
related see §2), to which we added one archival cluster (M67) and 7
globular clusters that were also observed with GIRAFFE+HR15N
and homogeneously analysed as part of the GES project.

The analysis used to determine membership probability is
similar to that described in J20, however the process of selecting
a list of potential cluster members has changed in some key as-
pects to reflect the broader mix of cluster ages and distances. In
general the clusters newly added to this study, i.e. those reported
for the first time in GESiDR6, are older, more distant and contain
a higher proportion giant stars that are likely cluster members. For
more distant clusters the inclusion of the third dimension of radial
velocity (RV) from GES in stars as faint as V' ~ 19 is critical
in separating cluster members from contaminants. Overall, our aim
is to provide rigorously determined membership lists, with quan-
titative membership probabilities, that can be used for follow-up
investigations.

The paper is organised as follows; §2 describes the sources
of data used for membership analysis, §3 describes the process of
target selection and calculation of membership probability. In §4
we report the membership probabilities of individual targets for
each cluster. The results are discussed in §5 and a summary and
conclusions are provided in §6. Appendix A reports membership
probabilities for a set of supplementary targets with three further

appendices (available as supplementary material) showing plots of
key results for each of the 70 clusters studied.

2 SOURCE DATA

GESiDRG6 data for our analysis were taken from a library of stacked
spectra for GIRAFFE HR15N and UVES observations of clus-
ter targets and the GESiDR6 Parameter Catalogue; the latter con-
taining values of effective temperature (7o), gravity log g and a
gravity-sensitive spectral index (-, see Damiani et al. 2014) (plus
other parameters not used here) derived by the GES Working
Groups (WGs) for a large proportion of the cluster targets (see
Hourihane et al. in preparation).

2.1 Cluster targets

Clusters were identified from the library of GESiDR6 stacked spec-
tra. The dataset was scanned to identify clusters where multiple
targets had been observed using the GIRAFFE 665 nm (HR15N)
order-sorting filter. 68 clusters were identified with unique names,
two of which (see below) contained data from two kinematically
separate clusters, hence our final list of 70 clusters. We note that
the GES project also analysed a further 24 named open clusters.
These are generally sparse clusters with few targets (only 6 with
> 50 targets) and were observed with an inhomogeneous set of
spectrograph setups that did not include HR15N observations; we
have not analysed those clusters in this paper.

A small number of targets (21) showed duplicate spectra, one
from a GES observation and one from an archival source. In this
case the latter was discarded yielding a total of 37930 targets with
GIRAFFE HR15N spectra. Scanning the dataset of UVES 520nm
and 580nm spectra associated with these 68 clusters identified
UVES spectra for 2508 distinct targets of which 790 also had GI-
RAFFE HR15N spectra.

Tables 1 and 2 show lists of cluster names together with rep-
resentative values of age, distance modulus and reddening reported
in the literature. Also shown are the number of unique targets ob-
served in each cluster with GIRAFFE HR15N and/or UVES setups.
Table 1 lists properties for the younger clusters (<0.6 Gyr). Data
for sub-clusters NGC 2451a and NGC 2451b and for Lambda Ori
and Lambda Ori B35 are shown separately since these are known
to be spatially and kinematically distinct clusters. Table 2 lists the
properties of 31 older open clusters with reported ages of 0.6 to
6 Gyr and 7 globular clusters with reported ages >10 Gyr.

Table 3 shows the full list of targets with HR1SN and/or
UVES spectra that are common to the WG catalogue showing the
WG “cname" together with cluster name, setup and co-ordinates
read from the spectrum metadata. The are 41926 entries for 39441
unique targets. Of these, 88 per cent have values of T.g derived by
the GES WGs and 67 per cent have WG values of log g. Table A2
lists a further 3770 targets common to our list of 70 clusters that
were observed with a variety of GIRAFFE setups but not with GI-
RAFFE+HR15N or UVES. In the interests of homogeneity, these
targets were excluded from the main kinematic analysis but their
individual membership probabilities are estimated in Appendix A.

2.2 Spectral indices

The narrow-band spectral indices v and 7 were calculated from
the normalised GIRAFFE spectra using the procedure described in

MNRAS 000, 1-?? (2021)
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Table 1. Data for younger open clusters. Columns 2—4 show ages, intrinsic distance moduli and reddening from the literature (superscripts refer to references
listed below Table2). Columns 5-7 show the numbers of targets observed, the numbers of targets with all data required for membership analysis (see §2.4)
and the number fitted in the membership analysis. Columns 8 and 9 show the values of distance modulus and cluster reddening calculated for high probability
cluster members (see 3 §3.5).

Cluster Age (M —m)o E(B-V) Number Number Number (M —m)§ E(B-V)°

(Myr) Literature Literature ~ observed  complete fitted members members
NGC 6530 165 10.4863 0.3574 1972 1907 1501 10.604 0.02+ 0.09 0.4440.10
Trumpler 14 1-339 12.339 0.4-0.939 111 1069 741 12.05+£0.024+0.17  0.614+0.10
Chamaeleon I 250 6.0282 ~150 708 687 170  6.40+ 0.01+ 0.01 0.184 0.08
Rho Ophiuchus 326 5.449 — 311 301 72 5.704 0.014 0.01 0.764 0.13
NGC 2264 480 9.473 0.0778 1876 1819 1408  9.294+ 0.01+ 0.05 0.054 0.05
NGC 2244 415 11.15% 0.4815 432 427 375 10.90+ 0.03£0.10  0.49+ 0.09
Lambda Ori 622 7.921 0.1220 608 588 344 8.00+ 0.01+ 0.03 0.094 0.04
Lambda Ori B35 622 7.921 0.1220 227 215 118 8.00+ 0.01+ 0.03 0.094 0.02
25 Ori 625 7.6372 0.0772 294 284 256  7.714£0.01£0.02  0.004 0.02
ASCC 50 866 9.6446 0.2346 1224 1192 501 9.914 0.024 0.06 0.284 0.05
Collinder 197 1319 9.3864 0.264 409 395 334 9.94+0.02+0.06  0.64+ 0.07
Gamma Velorum 1843 7.7242 0.0442 1262 1242 497 7.734 0.014 0.02 0.044 0.03
IC 4665 2367 7.6932 0.177 567 562 298  7.69+0.01+£0.02  0.154 0.02
NGC 2232 383 7.5632 0.0319 1761 1734 697 7.524 0.014 0.02 0.044 0.03
NGC 2547 3867 7.9732 0.06%6 477 472 269  7.93+0.01+ 0.03 0.06+ 0.03
IC 2602 4467 5.9132 0.0337 1840 1817 117 5.904 0.014 0.01 0.044 0.02
NGC 2451b 5038 7.8438 0.0162 1656 1635 425 7.804 0.014 0.02 0.104 0.03
NGC 6649 5081 11.81 01.3752 122 121 116 11.694 0.03+ 0.14 1.43+ 0.05
IC 2391 5167 5.932 0.0119 434 426 78 5.904 0.014 0.01 0.034 0.01
NGC 2451a 50-8038 6.4432 0.0162 1656 1637 352 6.42+ 0.014 0.01 0.02+ 0.02
NGC 6405 9447 8.0147 0.1447 659 654 373 8.314 0.01+ 0.03 0.144 0.04
NGC 6067 12019 10.7619 0.3819 532 531 512 11.62£0.01+ 0.14 0.34+ 0.04
NGC 2516 12551 8.0932 0.1175 759 745 641 8.07+ 0.01+ 0.03 0.114 0.03
Blanco 1 100-150%°  6.8832 0.01%9 463 446 314 6.88+£ 0.01+£0.02  -0.01+£ 0.03
NGC 6709 15019 10.1619 0.319 684 681 551 10.194 0.01+ 0.07 0.274 0.02
NGC 6259 21054 11.6116 0.66°4 438 423 391 11.8240.01£ 0.15 0.63+ 0.09
NGC 6705 2806 11.3743 0.4270 1066 1043 977 1196+ 0.01+ 0.16 0.404+ 0.06
Berkeley 30 30040 13.4945 0.524% 226 224 216 13.574£0.09£ 034  0.5140.04
NGC 3532 30018 8.4618 0.0318 966 952 687 8.40+ 0.01+ 0.03 0.054 0.02
NGC 6281 31419 8.8619 0.15%9 251 249 63 8.624 0.014 0.03 0.18+ 0.02
NGC 4815 56030 11.998 0.78 126 126 112 12784+ 0.08+ 0.24 0.704 0.07
NGC 6633 57579 7.9932 0.1779 1595 363 119 7.99+ 0.02+ 0.03 0.15+ 0.04

Damiani et al. (2014). The 7 index is used to estimate an approxi-
mate value of Teg and the index ' = v + 7/6 is used as a proxy
for log g for targets where it is not reported in the GESiDR6 WG
catalogue.

2.3 Radial velocities

For GIRAFFE spectra, the radial velocities (RV') were read from
the spectrum VELCLASS metadata. For UVES, the mean value of
RV was taken from values reported for the upper and lower CCD
spectra (Sacco et al. 2014). The offset in RV between HR15N and
UVES measurements was estimated by comparing RV's measured
for 790 targets observed using both setups. The results in Fig. 1
show a median offset’ of 0.2 kms™'. Values of RV measured from
UVES spectra were reduced by this value to match the GIRAFFE
HR15N RV scale.

For GIRAFFE measurements of RV, the expected distribu-
tion of measurement precision is non-Gaussian, characterised by
the product of a scaling constant Sry and a Student-t distribution

L Some of the dispersion or outliers in Fig. 1 could be due to binaries, since
the GIRAFFE and UVES observations were not cotemporal.

MNRAS 000, 1-?? (2021)

(Jackson et al. 2015), where Sry is a function of signal to noise
ratio (S/N), resolving power, R and projected equatorial velocity
(vsin 7). The scaling constant of uncertainty for short term repeats
(e.g. spectra taken consecutively), using the same instrument set up
and wavelength calibration, is given by

(1+ ([osini]/C)*)**

B 7/

)

where B is an empirically determined parameter that depends on
the intrinsic stellar spectrum (largely characterised by the effec-
tive temperature) and C' is a function of the spectrograph resolv-
ing power. For long-term repeats (e.g, spectra taken on differ-
ent nights), there is an additional contribution due to variations
in instrument setup and wavelength calibration, A, which adds in
quadrature to give

Srv = /A% + SIQW,O , 2)

Analysis of 34k short term and 4.6k longer term repeat observations
in the GESiDR6 dataset gave the following expressions (in units of
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Table 2. Data for older open and globular clusters. Columns 2—4 show ages, intrinsic distance moduli and reddening from the literature (superscripts refer to
references listed below the Table). Columns 5-7 show the numbers of targets observed, the numbers of targets with all data required for membership analysis
(see §2.2) and the number fitted in the membership analysis. Columns 8 and 9 show values of distance modulus and cluster reddening calculated for high
probability cluster members. Redenning values were not calculated for the globular clusters (see §3.5)

Cluster Age (M —m)o E(B-—V) Number Number Number (M —m)§ E(B-V)°

(Myr) Literature Literature ~ observed  complete fitted members members
Pismis18 70035 11.7560 0.560 101 101 90  12.274 0.034+0.19 0.654 0.03
Trumpler 23 800% 11.7112 0.58* 89 89 83 1220+ 0.03+0.18  0.684 0.04
NGC 2355 90024 10.9224 0.14%4 208 208 204 1137+ 0.01£0.12 0.134 0.03
NGC 6802 90076 11.2841 0.8441 103 103 98  12.384 0.094 0.20 0.79+ 0.06
Ruprecht 134 100012 12.6612 0.512 680 665 602  12.04+0.05+0.17  0.464 0.08
Berkeley 81 100053 12.3998 1.08 203 203 171 1296+ 0.07+£0.26  0.854 0.04
NGC 6005 120060 12.1650 0.4560 355 353 325 1227+ 0.11£0.18 0.49+ 0.06
Pismis 15 130011 123111 0.5311 235 235 224 11.93+ 0.03£ 0.16 0.56=+ 0.05
Trumpler 20 140023 12.3913 0.3513 552 545 490  12.884 0.024 0.25 0.374 0.03
Berkeley 44 160040 12.4641 0.9841 93 92 83 12.49+ 0.054 0.21 0.90+ 0.07
NGC 2141 180023 13.1223 0.423 853 846 801  13.374 0.02+ 0.31 0.354 0.04
Czernik 24 200031 13.2231 0.5448 346 343 302 13.184 0.074 0.28 0.65+ 0.03
Haffner 10 200019 12.8419 0.5519 460 457 428 12.944 0.054 0.25 0.524 0.05
NGC 2158 200010 13.4919 0.3619 616 598 571 13.20£0.03+ 029  0.48+ 0.04
NGC 2420 220069 11.9771 0.052 562 557 520 12.03+ 0.01£0.17 0.044 0.03
Berkeley 21 220083 13.9883 0.7483 744 738 574 1427+ 0.17+ 048  0.66+ 0.06
Berkeley 73 230019 14.4919 0.119 76 75 70 14.65+£0.194£0.57  0.2240.05
Berkeley 22 240027 13.827 0.7227 395 395 352 14.16+£0.124+ 045  0.584+ 0.07
Czernik 30 280036 14.0336 0.2436 226 226 193 14.494 0.124 0.53 0.314 0.03
Berkeley 31 290017 14.417 0.1917 616 614 499  14.50+0.1940.53  0.10% 0.07
Berkeley 75 300019 14.9619 0.0819 75 74 64 14.75£0.18+£0.59  0.1040.03
Loden 165 3000 11.399 0.259 388 387 333 11.79+£ 0.074+0.15  0.214 0.06
NGC 6253 30007 10.95 0.285 294 235 227 11.15+£0.014 0.11 0.24+ 0.03
Messier 67 350032 9.7332 0.0432 131 131 130 9.674+ 0.01+ 0.06 0.054 0.01
NGC 2425 360034 12.6334 0.2834 528 525 481  12.694 0.024 0.23 0.354 0.04
NGC 2243 38001 12.961 0.051 703 701 614  13.2940.024+ 030  0.04+ 0.04
Berkeley 36 400057 13.8457 0.357 739 737 672 13.4440.084+0.32  0.5440.05
Trumpler 5 500061 11.961 0.651 1138 1132 1098  12.61+0.02+ 022  0.63+ 0.06
Berkeley 32 59002° 12.577 0.1577 389 385 348 12,724 0.0240.23  0.164 0.04
Berkeley 39 600044 12.944 0.118 899 897 832 13.294+0.02+£0.30  0.104 0.05
ESO 92-05 600058 15.1958 0.17°8 212 210 114 16.06+ 0.30+ 1.16 0.06+ 0.10
NGC 1261 1020028 16.0633 0.0133 80 80 66 17214 0.294 2.58 —
NGC 362 1040028 14.8414 0.0614 148 147 133 1537+ 0.124 0.81 —
NGC 2808 1080028 14.9133 0.2233 289 269 191 15.39+ 0.044 0.82 —
NGC 1904 1110028 15.5633 0.0133 71 71 62 16.114 0.094 1.19 —
NGC 6752 1180028  13.0133 0.0433 353 322 297 13.30+ 0.04=+ 0.30 —
NGC 5927 1270028 14.4333 0.4533 124 123 88 1539+ 0.18+ 0.82 —
NGC 104 1310028 13.454 0.0514 311 301 296 13.41+ 0.04+ 0.32 —

I Anthony-Twarog et al. (2005) 2Anthony-Twarog et al. (2006) 3Binks et al. (2021) “Bonatto & Bica (2007) ®Bragaglia et al. (1997) Cantat-Gaudin et al.
(2014) "Cargile et al. (2010) 8Carraro & Ortolani (1994) 9Carraro et al. (2001) 19Carraro et al. (2002) 1! Carraro et al. (2005) 12Carraro et al. (2006)

13 Carraro et al. (2010) M Carretta et al. (2000) 1°Chen et al. (2007) ' Ciechanowska et al. (2006) 17 Cignoni et al. (2011) 8Clem et al. (2011) “Dias et al.
(2002) WEBDA 2°Diplas & Savage (1994) 21 Dolan & Mathieu (1999) 22Dolan & Mathieu (2002) 23 Donati et al. (2014) 24Donati et al. (2015)

25Downes et al. (2014) 26Erickson et al. (2011) 27Di Fabrizio et al. (2005) 28 Forbes & Bridges (2010) 2°Friel et al. (2010) 3OFriel et al. (2014)
31Froebrich et al. (2010) 32Gaia Collaboration et al. (2018) 33Harris (1996) GCDB 34Hasegawa et al. (2008) 3°Hatzidimitriou et al. (2019) 3Hayes et al.
(2015) 37Hill & Perry (1969) 38Hiinsch & Weidner (2003) 39Hur et al. (2012) “©Jacobson et al. (2016) *1Janes & Hoq (2011) 4?Jeffries et al. (2009)

43 Jeffries et al. (2017) *4Kassis et al. (1997) 45Kharchenko et al. (2013) #6Kharchenko et al. (2013) 4"Kilicoglu et al. (2016) *8Kim et al. (2005)

49 oinard et al. (2008) 5°Luhman (2007) 5! Lyra et al. (2006) 52>Madore & van den Bergh (1975) ®3Magrini et al. (2015) >*Mermilliod et al. (2001)
55Moraux et al. (2007) 56 Naylor & Jeffries (2006) °7 Ortolani et al. (2005) 58Ortolani et al. (2008) >9Overbeek et al. (2017) OPiatti et al. (1998)

61Ppiatti et al. (2004) 92Platais et al. (2001) 53 Prisinzano et al. (2005) 64Prisinzano et al. (2018) °Prisinzano et al. (2019) %6 Prisinzano L. - private com.
67Randich et al. (2018) 68Sagar & Griffiths (1998) 9 Salaris et al. (2004) 70Santos et al. (2005) 7! Sharma et al. (2006) 72Sudrez et al. (2017) 73Sung et al.
(1997) ™ Sung et al. (2000) 7®Sung et al. (2002) 76 Tang et al. (2017) 77 Tosi et al. (2007) 78 Turner (2012) 7van Leeuwen (2009) 30 Venuti et al. (2018)
81'Walker & Laney (1987) 82Whittet et al. (1997) 83 Yong et al. (2012)
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Figure 1. Histogram of the offset between UVES and GIRAFFE HRI15N
measurements of RV for targets that have repeat measurements.

kms ™) for the empirically determined parameters.

A = max(0.26,0.04 + 13.7/(S/N)), 3)
B = 5.854 2.07 tanh (T2 — 5000)/500),
C = 089%¢/R,

where ¢ is the speed of light and T'% is estimated from the spec-
tral index 7 using the polynomial function given in Section 5 of
(Damiani et al. 2014). These relations are well-calibrated over the
temperature range 4000 < T% < 6000 K which is sufficient to
constrain the value of B.

Figure 2 shows the cumulative distribution function (CDF)
of normalised measurement uncertainty, (ARV/+/2)/Srv, com-
pared to the CDF of a unit Gaussian distribution. The measured
data shows a clear non-Gaussian tail with 10 per cent of targets
showing [ARV/v/2|/Srv>2.6 compared to the ~ 1 per cent ex-
pected for a unit Gaussian distribution. A Student-t distribution of
order v = 3 is a good fit to the empirical CDF of measurement
uncertainty.

The measurement uncertainties of UVES RV values are cal-
culated from the difference in RV measured from the upper and
lower spectra, ARV/+/2, in quadrature with a constant term of
0.4kms™' representing the uncertainty in wavelength calibration
(Sacco et al. 2014). The median uncertainty in UVES and GI-
RAFFE RV measurements is < 0.5kms~!.

The reader should be aware that the RV values reported here
will differ from the public GES RV catalogue delivered to ESO
in two ways (see Hourihane et al. in preparation). (i) Most of our
RV's come from the GIRAFFE+HRI5N spectra and these have
been shifted by +0.09 kms ™! in the construction of the GES RV
catalogue to more closely match the RV values of standard stars.
This is a simple shift to all the velocities, that was not applied here,
and has no impact on the membership analysis. (ii) In the inter-
ests of homogeneity we quote the RV from a single spectrum (the
GIRAFFE+HRI15N value is preferred over UVES) and make no
attempt to average the RV values or identify variability for the ~ 5
per cent of stars that were observed with both GIRAFFE4+HRI15N,
and with UVES or in archival data.
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Figure 2. CDF of the normalised value of empirical uncertainty in GI-
RAFFE HR15N measurements of RV (see §2.3).

2.4 Near infrared and Gaia data

Target coordinates were cross matched (in a 2 arcsec ra-
dius) with the 2MASS (Skrutskie et al. 2006), VISTA VHSDR6
(McMahon et al. 2013) and VVVDR4 (Minniti et al. 2010) cata-
logues to obtain K'g magnitudes on the 2MASS system. K g data
from the VISTA catalogues were used in preference to 2MASS data
on 7416 occasions where Ks >13 or the 2MASS quality flag for
Ks was not "A".

Targets listed in Table 3 were cross matched with the
Gaia EDR3 catalogue to to determine their astrometric properties
and principle photometric properties (G' magnitude and Ggp —
Grp colour) using the Gaia ID given in the GESiDR6 param-
eter catalogue. There were 435 targets missing parallax, proper
motion or G magnitude data. These were flagged as incomplete
(Flag = —1 in Table 3) and not used in the analysis. In NGC 6633,
1253 erroneous targets observed before the JD2456852 d were also
flagged as —1 and excluded from the analysis (see J20 for an ex-
planation).

2.5 Approximate values of v, Tcg, and Kg

Values of log g or 7/, Teg and Ks were required for all targets
used in the membership analysis in order to identify giants and esti-
mate target luminosities and masses to model the effects of binarity
on cluster membership probability. Approximate values of 7" and
K% were calculated where WG values were not available. If both
log g and -y were not available in the WG data then a value of v was
calculated directly from its spectrum (see §2.2).

Where no WG value of Tex was available an approximate
value, Tepff, was found from the temperature index 7 (§2.2) us-
ing the calibration curve in Fig. 3, valid in the range 3100 <
Tex < 6700K. If no WG data was available for hotter stars,
an approximate value of Tepff was estimated from the (Gpp —
Grp) colour using Pisa model (Ggp — GRrp)o to Teg relations
(Tognelli et al. 2011), updated to reflect Gaia EDR3 filter char-
acteristics, together with the calculated cluster reddening in Ta-
bles 1 and 2 and RBp-rp = 1.34 (Casagrande & VandenBerg
2018). Figure 4 shows results in a typical cluster where the 7 index
and (Gsp — Grp) colour data have been used to supplement WG
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Figure 3. GESiDR6 Working Group Tg versus temperature index 7. Tri-
angles show the median value of T,g in bins of 7. Red points are WG data
used to define the median value in each, blue crosses are outliers rejected
from the fit.

Teg data to provide a working value of T, in Table 3 for>99.5 per
cent of valid targets.

Ks data are available from 2MASS and/or VISTA sources for
95 per cent of targets. For the remainder, Pisa model isochrones
were used to estimate an approximate value, K% in Table 3, from
Gaia G magnitude and (Gep — Grp) colour using the values
of age, (M — m)§ and E(B — V)¢ in Tables 1 and 2. For this
calculation we used Rg = 2.50 (Chenetal. 2019), Rxs =
0.35 (Yuan et al. 2013) and the relation (G — K)o = -0.1885 +
2~092(GBP — GRP)Q — 0~1345(GBP — GRp)g (BUSSO et al. 2018).

Tables 1 and 2 show the numbers of targets observed and the
number with the complete data required to estimate cluster mem-
bership (i.e. Gaia data and values of T%;, and K¥%). 95 per cent
of the targets observed have the required data. Tangential velocities
(and their uncertainties) were calculated from proper motions for
these targets, assuming potential cluster members are at a common
distance:

4.74d. pmpga ,
4.74d. pmpec , 4)

Vra =
VD ec =

where pmra and pmpec are the proper motions in units of
masyr~ !, and d. is the cluster distance in pc calculated from the
distance modulus for high probability cluster members (M —m)§
in Tables 1 and 2).

3 CALCULATED PARAMETERS
3.1 Selecting potential cluster members

The list of valid targets was screened to remove targets that are
highly unlikely to be cluster members. This process is particularly
important for the younger clusters where a large fraction of ob-
served targets are background giants, which can easily be identified
from their log g and parallax. Targets meeting one or more of the
following criteria were filtered from the wider sample.

(i) Background giants by log g: Stars in clusters aged < 1 Gyr
which have logg < 3.4, 4000 < T%;/K < 7000 and with a
parallax smaller (by at least 2¢) than a value corresponding to the

-3
5 NGC 6705 with p>0.9
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11000 9000 7000 5000 3000
Té (K)
Figure 4. Gaia G magnitude versus T:ﬁ, for targets in open cluster
NGC 6705 later identified as cluster members with P > 0.9. Blue crosses
show targets with WG values of Tep > red triangles show stars where Tf 5 18
estimated from the spectral index 7, green circles are targets where Tfff is
estimated from their (Ggp — Grp) colour.

intrinsic distance modulus of the cluster +2 mag. These giants are
flagged as type 1 in Table 3.

(ii) Background giants by ~': Stars where log g is undefined
but the modified index v > 1.335 (see §2.2) and that meet the
other conditions of the first criteria. These are flagged type 2 in
Table 3.

(iii) Background targets by parallax: Stars with a Gaia par-
allax smaller, by at least 40, than a value corresponding to the in-
trinsic distance modulus of the cluster +2 mag. These are flagged
type 3 in Table 3. For two clusters (ASCC 50 and NGC 6281) it
was necessary to reduce the margin of this criteria to cluster dis-
tance modulus +1 mag, in order to obtain a satisfactory peak in log
likelihood in the membership analysis (see §5.1).

(iv) Targets with a large velocity offset relative to other clus-
ter members; Stars with Vra, Vbec or RV outside a window of
+75kms™" centred on the median velocity of the remaining tar-
gets. This rejected targets with bad velocity data whilst retaining
almost the entire velocity spectrum of the field population.

Tables 1 and 2 show the numbers of targets in each cluster that
remain after the screening process and that are used for the mem-
bership analysis.

3.2 Filtering by quality of the astrometric solution

For the principle analysis in this paper the Gaia EDR3 data are
accepted if there are reported values of G magnitude, parallax
and proper motions. An alternative approach examined in J20 is
to filter out targets which were observed for only a low number
of visibility periods, NPER < 8 (Arenou et al. 2018), and those
showing a high renormalised unit weighted error, RUWE > 1.4
(Lindegren et al. 2018). Applying this additional filter reduces the
number of targets fitted in the membership analysis by ~9 per
cent. The effect of applying this additional filter is discussed in
section 5.2.
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3.3 Target luminosity and mass

Stellar luminosities (log L) in Table 3 were calculated from the K7
magnitude using bolometric corrections interpolated from the 77,
and photometry reported for updated solar-metallicity Pisa model
isochrones (Tognelli et al. 2011). Target masses were used solely
to model the distribution of binary velocities in the membership
analysis (see J20) and these were estimated from log L using the
same Pisa model isochrones. The predicted mass at the turn off
was adopted as the maximum mass since giants will not be much
more massive than this. Note that velocity perturbations due to the
modelled binarity in the membership analysis scale only as M /3
S0 mass uncertainties are of little importance.

3.4 Probability of cluster membership

Tangential velocities, RV's and their associated measurement un-
certainties and target masses were used to estimate membership
probabilities for individual cluster targets using the maximum like-
lihood method originally proposed by Pryor & Meylan (1993) and
later updated by Cottaar et al. (2012) to include the effect of bi-
narity. Simulated velocity distributions of cluster and field stars
are represented by Gaussians whose intrinsic width is then broad-
ened due to the effects of individual uncertainties and, in the case
of RV, a model for the perturbations caused by a fraction of
binary systems following the method described by Cottaar et al.
(2012). The adopted parameters for the binary distribution come
from the binary survey of (Raghavan et al. 2010): a binary fraction,
fB = 0.46, alognormal period distribution with a mean log period
= 5.03 (in days) and dispersion 2.28 dex, and a flat mass ratio dis-
tribution for 0.1 < ¢ < 1 . Further detail and a discussion of the
effect of these assumptions and of the possibility that binarity per-
turbs the proper motion distribution is given in J20.

The maximum likelihood calculation used to fit the clus-
ter/field populations for each cluster and assign membership prob-
abilities is detailed in J20. In brief, it was done in two stages. First
the mean velocity and dispersion of the background population of
field stars was characterised for each velocity component using
a series of 1D maximum likelihood analyses. These results were
then used in a full 3D analysis to determine expectation values
of mean velocity, the intrinsic dispersion for each velocity com-
ponent and the fraction of targets that are cluster members. The
uncertainty in RV is independent of the uncertainty in proper mo-
tions allowing the 3D likelihood, .Z5p to be calculated as the prod-
uct of the likelihood of fit in RV, ZRryv and the fit in proper mo-
tion space, .%pm. Calculation of .Zry takes account of the effects
of binarity on measurement uncertainty. Calculation of %}, takes
account of the correlated uncertainty between Vra and Vpec, us-
ing the covariance matrix element "pmRApmDEcor" in the Gaia
EDR3 dataset to define a weight matrix for each target to normalise
the uncertainties in proper motion velocities (see Appendix A of
(Gaia Collaboration et al. 2016).

A 1D model for each velocity component, consisting of the
sum of two Gaussian distributions - one representing the cluster
and one the background, was assumed for the majority of clus-
ters. In these cases the 1D likelihood was determined as a func-
tion of five free parameters: the intrinsic velocity and dispersion
of the cluster and background populations and the overall fraction
of the target population that are cluster members. A more complex
model, comprising three Gaussian distributions, one representing
the cluster and two representing the distribution of background
stars, was used to model 10 of the clusters and gave a signifi-

MNRAS 000, 1-?? (2021)

Membership probabilities in 70 GES clusters 7

12000
NGC 6705 p>0.9
11000 -
X
E(G-Kg) =0.84+/-0.13
10000 - G+
9000 -
& 8000 |
s
= 7000 |
x x
6000 - X 2 X x
o x X X
% Measured - group a X
5000 - %
A Measured - group b
4000 +— Pisa model issochrone
©  Group b offset by -0.84mag
3000 T T T T T
-1 0 1 2 3 4 5
G-Kg

Figure 5. Evaluation of E(G — Kg) for NGC 6705. Triangles and crosses
show measured values of T,g as a function of (G — Kg). Group b repre-
sents probable single stars and their median offset in colour relative to the
Pisa model isochrone is taken to be the reddening — E(G — Ks) = 0.84 in
this case. Open circles show the effect of subtracting 0.84 from the G — K
values of group b.

cantly higher maximum log likelihood. In 4 cases this was expected
since the clusters Gamma Vel (Jeffries et al. 2014), NGC 2547
(Sacco et al. 2015) and the cluster pair NGC 2451a and NGC 2451b
(Hiinsch & Weidner 2003) were previously known to lie close in
velocity space to a second velocity grouping. We found 6 further
clusters where the background population is best represented by
a the sum of two Gaussian distributions. These are NGC 6530,
NGC 2264, NGC 2232, ASCC 50, NGC 2244 and NGC 6405.

Membership probabilities of individual targets are calculated
as the expectation value of being a cluster member evaluated over
the full grid of model velocities, velocity dispersions and fractional
membership weighted according to the total likelihood summed
over all potential cluster members.

An independent 2D calculation of the probability of cluster
membership (Pop) was made using just the Vra and Vpec. In most
cases this was successful in that a clear maximum was found in
likelihood space. The 2D calculation was unsuccessful (i.e. no max-
imum was found) for 6 of the more distant/sparsely populated clus-
ters (ASCC 50, NGC 6005, Haffner 10, Berkeley 21, Berkeley 31
and Loden 165). Results of the the 2D and 3D analyses are com-
pared in §5.2.

3.5 Distance modulus and reddening

Initial likelihood analyses of cluster membership were made us-
ing the literature values of distance modulus and reddening in
Tables 1 and 2. Taking the initial set of cluster members with
Psp > 0.9, the analyses were then iterated to determine the values
of (M —m)g and E(B — V) shown in the right hand columns of
the same tables. (M — m)g is estimated from the weighted mean
parallax of cluster members taking account of the intrinsic disper-
sion of the cluster (see §3.4 of J20). A systematic error equivalent
to 0.03 mas in parallax is shown to account for possible correlated
errors in the parallax zero-point (Lindegren et al. 2020).

A mean E(B — V)¢ was estimated by comparing the G — K
of cluster members with Pisa, solar metallicity, model isochrone
predictions of (G — K)o at the WG values of Teg. To account for
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Figure 6. Results of the 3D maximum likelihood analysis of NGC 6705. Plots (a), (b) and (c) show histograms of the three velocity components (VR A, VDec
and RV’), together with model probability distributions evaluated at the maximum likelihood values of the fitted parameters, using a median measurement
uncertainty. The text shows the best fitting values of cluster velocity (U, in kms~1), intrinsic dispersion of the cluster velocity (D..), the fraction of objects
assigned to the cluster population (F') and the velocity and dispersion of the (primary) background population (U, Dy,). (d) The fraction of targets with
membership probability, P3p above a threshold level versus the threshold level.
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Figure 7. Likelihood of cluster properties for NGC 6705. Plots, (a), (b) and (c) show the variation in log likelihood of the mean cluster velocity, U. and
the intrinsic cluster dispersion D, for each velocity component. Text on the plots shows the peak and upper and lower 1o probability values of the plotted
parameter.
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Figure 8. Plots of potential and likely cluster members of NGC 6705. (a) The HR diagram of valid targets observed in the cluster with stars identified as likely
background giants shown as blue crosses. (b) Tangential velocities, Vpec versus Vi a for likely (P3p > 0.9) cluster members where the cross indicates the
median measurement uncertainty and the ellipses show one and two times the cluster intrinsic dispersion. The black line on this plot shows a histogram of
the relative number of members versus parallax (see scale above the plot). (¢c) Gaia absolute G' magnitude versus (Ggp — Grp)o for Psp > 0.9 members.
(d) The Receiver Operator Characteristic curves for P3p and Pop membership data (solid black and dashed red curves respectively). 90 per cent probability
values are marked on the curve by a black diamond and red cross. The dotted line shows the ROC expected for randomly partitioned data.

the effects of binaries we used the median value from bluest half estimated mass used to determine the RV offsets of binary stars;
of the data, assuming their colours to be representative of single but even then, the binary RV offsets scale only as M /s,

stars. The resulting F(G — K) was converted to E(B — V') using

the extinction coefficients from Yuan et al. (2013) and Chen et al.

(2019). Fig. 5 shows an example of this process for NGC 6705.

The use of solar metallicity isochrones is considered acceptable for 4 RESULTS
the open clusters which have metallicities in the range —0.5 <
[M/H] < 0.3. This is not the case for globular clusters which have 4.1 Measured data and model fits

lower metallicities and in those cases we adopt the literature value

As an example of the results, Fig. 6 shows the outcomes of the max-
of E(B — V) throughout.

imum likelihood analysis for the relatively distant (d. = 2.5kpc)

(M — m)g and E(B — V)¢ are effectively scaling constants open cluster NGC 6705. Figures 6a—c show histograms of each ve-
in the likelihood analysis, changing them has no direct effect on the locity component in 1km s~ bins, with a black curve indicating
membership probabilities. Both parameters have a very weak, indi- a "best fit" probability distribution based on the maximum likeli-
rect effect on membership probabilities, since they only affect the hood values of cluster central velocity and intrinsic dispersion and
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maximum likelihood analysis (see §3.1). Column 7 to 9 show the measured RV and scaling constant for empirical uncertainty (see § 2.3), Gaia cross-matched ID and G magnitude. Columns

10 and 11 show T7; and K% data (which includes estimated values for some targets) used to determine log L and mass for the likelihood analysis (see § 3.3). The final columns show the
probability that the target is a member of its given cluster using the full dataset, Psp, or the same probability computed using a dataset filtered to remove targets with suspect Gaia data, Pqc.

Table 3: Membership probabilities for GESiDR6 cluster targets. Columns 1 to 5 show the GESiDRG6 target names, cluster and filter and co-ordinates. Targets flagged O are included in the
Targets with a membership probability of -1 were excluded from the membership analysis. A sample of the table is shown here. The full table is available as supplementary material.
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Membership

Psp

log L

4

S
(mag)
12.87
12.89
13.96
12.87
13.17
13.98

P
eff

T
X)

G
(mag)
15.75
15.96
17.42
15.93
16.09
17.44

Gaia ID

RV
(kms™")

Flag

Dec

setup RA
(nm)

cluster

Target

PQG

-0.92  0.5674 0.5542

-0.96  0.9991

(deg)

(deg)

DB name

cname

4369
4233

1D5290899847497012352
1D5290899881856756224
1D5290912354441812352
1D5290898816704856320
1D5290912113923645952
1D5290899396521946240

6.84+0.55
25.90£0.31
14.60+1.33
25.54+0.31
25.63+0.33
31.33+0.79

0
0
0
0
0
0

-60.79911
-60.78944
-60.72314
-60.83655
-60.74014
-60.77792

117.97737
117.99858
118.00538
118.01621
118.04175
118.15121

665
665
665
665
665
665

NGC2516

07515457-6047568

0.9991

NGC2516

07515966-6047220

-1.46  0.0000  0.0000

-0.95
-1.09
-1.45

3767
4256

NGC2516

07520129-6043233

0.9997
0.9998

0.9997
0.9998

NGC2516

07520389-6050116

4153
3883

NGC2516

07521002-6044245

0.0000  0.0000

NGC2516

07523629-6046405

Values of P3p and Pqg are not reported for Loden 165 since the maximum likelihood calculation failed for this cluster (see § 5.1).
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a median value of observational uncertainty. The observational un-
certainty in RV reflects the combined effects of the non-Gaussian
distribution of measurement uncertainty in RV (see §2.3) and the
RV offsets calculated for a proportion of randomly oriented binary
systems (see §3.4).

Figure 6d shows the fraction of targets with P3p above a
threshold level versus that threshold level. Text on the plot indicates
the proportion of targets that are considered likely cluster mem-
bers with Psp above a threshold value of 0.9. The sharpness of the
“step" indicates how well the analysis discriminates between mem-
bers and background stars. For example in NGC 6705, 57 per cent
of targets are identified as likely (P3p > 0.9) members, 39 per
cent as probable background stars (Psp < 0.1), with only 4 per
cent having intermediate values and effectively unresolved mem-
bership.

Similar figures for each cluster are shown in Appendix B
(available on-line only) in order of the cluster age shown in Ta-
bles 1 and 2.

4.2 Cluster velocity and dispersion

Figure 7 shows log likelihood as a function of the three central ve-
locities and intrinsic velocity dispersions for NGC 6705. The dotted
lines mark the 1o level (a log likelihood increment of -0.5 relative
to the maximum value). Text on the plots show the maximum likeli-
hood value of each parameter and values at the upper and lower 1o
levels. The range explored for each parameter is set to be greater
than +50 from the maximum likelihood value of that parameter,
but with a minimum value of zero for the velocity dispersion. Sim-
ilar figures for each cluster are shown in Appendix C in age order
(available on-line only).

NGC 6705 is a well-defined cluster with almost 1000 targets,
over 50 per cent of which are probable cluster members. These pro-
duce clearly identified likelihood peaks for each of the cluster ve-
locity parameters. For more distant clusters and those with small
numbers of likely cluster members these curves can be broader and
in a few cases become irregular. ESO 92-05, shows a secondary
peak in the likelihood distribution of RV dispersion, although the
dominant peak is readily identified. For Loden 165, the 3D analy-
sis fails to find any peak at all in the likelihood distribution of D,
invalidating calculations of membership probability for this cluster
(see §5.1).

The likelihood curves were used to determine the mean and
rms values of cluster central velocity and intrinsic dispersion shown
in Tables 4 and 5. These values are the result of fitting the measured
velocities in a fixed co-ordinate system to determine the probabil-
ity of cluster membership. They do not necessarily characterise the
true shape of the cluster in velocity space. This might require a
more general model of the cluster that allows for free rotation of the
cluster axes, bulk rotation of the cluster and, depending on the size
of the cluster, modelling of “perspective expansion" (van Leeuwen
2009; Kuhn et al. 2019), none of which are crucial to the cluster
membership calculations. In addition, the assumed unresolved bi-
nary fraction will affect the inferred intrinsic velocity dispersion
in RV, but probably has a negligible influence on the tangential
velocity dispersions (see §5.4 of J20).

4.3 Target membership probabilities

Membership probabilities, Psp, for individual targets in each clus-
ter are reported in Table 3, which contains 41926 entries for 39441
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Table 4. Results of the membership analysis for younger open clusters. Columns 2 to 7 show the mean and rms values of central velocity and intrinsic cluster
dispersion used to determine the probability of cluster membership (see §4.2). Column 8 shows the fraction of the targets analysed that are expected cluster
members. Columns 9 and 10 show the number of targets with membership probability P3p > 0.9 and Poc > 0.9 respectively.

Cluster Cluster central velocity (kms—1) Intrinsic dispersion of cluster (kms—1) Fraction =~ Members P>0.9

Ura Upbec Urv Dra Dpec Dryv members  P3p Poa
NGC 6530 848+ 0.17 -12.824+0.12 0.15+£0.16  3.32+£0.15 2.23+0.12 248+0.16 0.34+0.01 452 420
Trumpler 14 -82.15+ 0.26 29.714+ 0.26 -7.68+ 0.55 4384024 459+0.21 8.08t0.70 0.53+0.02 320 302
Chamaeleon I -20.24+ 0.10 0.354+0.13 15.61+£0.14 091£0.09 1.21£0.09 0.90+0.13  0.554 0.04 90 62
Rho Ophiuchus -4.22+0.12  -17.20£0.14 -6.41+0.30  0.76+0.09 0.92+0.10 1.36£0.33 0.63%+ 0.06 45 39
NGC 2264 -6.58+ 0.08  -12.64=+ 0.05 20.31+0.13  1.64£0.06 094+ 0.04 2.39+0.12 0.384 0.01 502 424
NGC 2244 -13.05+ 0.14 1.05£ 0.21 30.64+0.29 1.25£0.14 2.10+0.20 2.474+0.28 0.35£0.03 120 110
Lambda Ori 1.984 0.08 -3.4040.11 26.804+0.13  1.09£0.07 1.47+0.09 1.27+0.12 0.60+ 0.03 200 164
Lambda Ori B35 4,16+ 0.16 -4.60+ 0.07 27.86+0.19 1.11£0.12 048+ 0.06 0.794+0.25 0.42+0.05 49 38
25 Ori 2.244 0.05 -0.194 0.06 20.654+0.09 0.58+£0.04 0.75+0.05 0.644+0.09 0.68+ 0.03 170 138
ASCC 50 -25.04+ 0.14 17.84+0.12 21.70+ 0.11 1.77£0.16  1.52+0.10 1.01+£0.13  0.41£ 0.02 194 173
Collinder 197 -26.47+ 0.14 18.374+ 0.17 20.824+0.13  1.37£0.12  1.63+0.14 0.73+0.15 0.37£0.03 110 95
Gamma Velorum  -10.65+ 0.05 15.57+ 0.09 18.24+0.15 0.77£0.05 1.31£0.07 1.64+0.15 0.45+0.02 209 181
IC 4665 -1.52+0.08  -13.92£0.07 -13.66+0.14 0.414+0.09 0.32+£0.10 0.22+0.17 0.114£0.02 33 29
NGC 2232 -7.17+ 0.04 -2.634 0.05 25384 0.09 0.35£0.03 0.38+0.04 0.18+0.15 0.13£0.01 82 78
NGC 2547 -15.67+ 0.04 7.884 0.04 12.774£0.08  0.50£0.04 0.49+0.04 0.54+0.07 0.624 0.03 165 138
IC 2602 -12.68+ 0.12 7.694 0.12 17.61+£0.12  0.82+0.11 0.82+0.11 0.37+0.22  0.53£0.05 61 45
NGC 2451b -16.71+ 0.12 8.24+ 0.07 14.93+£0.12  095£0.09 0.54+0.06 0.44+0.19 0.16% 0.02 63 51
NGC 6649 0.224 0.28 -1.4240.23 -14.38+ 1.11 1.96+0.24 1.60+0.22 6.464+ 1.01 0.62+ 0.05 65 64
IC 2391 -17.70+ 0.09 16.684 0.09 14.804+0.17 0.58+0.06 0.58+0.09 0.39+0.25 0.61%0.05 48 38
NGC 2451a -19.20+ 0.17 13.884 0.08 23374+ 0.09 1.07£0.12  0.50+0.07 0.164+0.15  0.13£ 0.02 40 33
NGC 6405 291+ 0.09 -1291£0.11 -8.74+0.14  0.71+0.08 0.87£0.09 0.71£0.15 0.194+ 0.02 60 54
NGC 6067 -19.37+£0.10  -25.71+0.11  -37.96+ 0.23  1.27+0.08 1.394+0.09 1.84£0.24 0.39+ 0.02 181 179
NGC 2516 -9.05+ 0.04 21.924+ 0.04 23.92+0.05 0.87£0.03 0.89+0.03 0.75+0.06 0.75+ 0.02 476 420
Blanco 1 21.044 0.05 2.96+ 0.04 598+ 0.07 048+0.04 0.48+0.05 0.23+0.10 0.43+0.03 128 123
NGC 6709 7.61+£0.08 -18.27+0.12 -9.24+0.13  0.61+£0.07 0.94£0.09 0.54+£0.15 0.154+0.01 71 64
NGC 6259 -11.53+0.16  -31.66+0.13  -32.74+0.41 1.74+0.13 145+ 0.11 3.26£0.49 0.38+ 0.03 136 125
NGC 6705 -18.07+ 0.08  -48.80+ 0.09 35.60+ 0.15 1.74£0.06 1.85+0.06 2.204+0.15 0.59+£ 0.02 559 526
Berkeley 30 -4.26+ 0.30 -7.264 0.37 4771+ 047 0434038 1.13£0.43 2.07+£0.64 0.344 0.04 60 61
NGC 3532 -23.61+ 0.05 11.90+ 0.05 546+ 0.06 1.04£0.04 1.02+0.04 0.88+£0.05 0.73£ 0.02 490 419
NGC 6281 -4.60+ 0.31  -10.43£0.16 -4.41+0.16 1484027 0.73£0.16 0.57£0.16  0.44+ 0.06 26 25
NGC 4815 -99.15+ 0.34  -15.76+£0.28 -27.35+£0.75 2204029 1.61£0.27 4.55£0.66 0.50+ 0.05 55 54
NGC 6633 2.134+0.22 -3.544+0.19  -28.16£0.23  1.05£0.18 0.894+0.15 0.71+0.28 0.21£0.04 21 14

unique targets of which 12110 are Psp > 0.9 cluster members.
Targets with a membership probability of -1 were not included in
the maximum likelihood analysis. Membership probabilities, Pqc,
are also given for the slightly smaller sample of potential cluster
members, where targets with potentially unreliable Gaia data were
excluded from the analysis (see § 3.2).

Targets identified as cluster members were used to calcu-
late the distance moduli and reddening values — (M — m);, and
E(B — V)¢ —shown in Tables 1 and 2 (see §3.5). The numbers of
targets in each cluster with P3p > 0.9 and Pqoc > 0.9 are also
reported in Tables 4 and 5.

Membership probabilities of supplementary targets observed
with alternate GIRAFFE setups are discussed in Appendix A.
These targets are not included in the main cluster kinematic analy-
ses and their membership probabilities are calculated as the expec-
tation value of their being members of the cluster as defined only
by the Giraffe+HR15N and UVES targets. From a list of 3770 addi-
tional targets in Table A2, 1875 are identified as P3p > 0.9 cluster
members.

4.4 Properties of potential and likely cluster members

Figure 8 shows four plots of targets and likely cluster members in
NGC 6705. Similar figures for all clusters, in age order, are pro-
vided in Appendix D (available on-line only).

(i) Figure 8a shows a Hertzsprung-Russell (HR) diagram for
all the targets used in the analysis (those flagged > 0 in Table 3).
Targets identified as background giants or distant background stars
(flagged > 0) are identified separately as blue crosses.

(ii) Figure 8b shows the tangential velocity components Vgra
versus Vpec for (Psp > 0.9) cluster members. Ellipses represent
one and two times the intrinsic cluster dispersion with error bars in-
dicating their uncertainties. This plot also shows a histogram of the
number of members versus distance modulus over a &1 magnitude
range relative to the cluster centre (see scale above the plot). The
histogram shows a relatively broad peak centered on 11.9 mag, in-
dicating that at this distance, parallax measurements are of limited
value in determining the probability of cluster membership.

(iii) Figure 8c shows an absolute G' magnitude versus (Gpp —
GRrp)o colour magnitude diagram for cluster members using dis-
tance (M — m)g and E(B — V)¢ from Tables 1 and 2.

(iv) Figure 8d shows the “Receiver Operator Characteristic"
(ROC) curve for NGC 6705. This shows the true positive rate (TPR)
versus the false positive rate (FPR) for increasing threshold proba-
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Table 5. Results of the membership analysis for older open clusters and for globular clusters. Columns 2 to 7 show the mean and rms values of central velocity
and intrinsic cluster dispersion used to determine the probability of cluster membership.(see §4.2). Column 8 shows the fraction of the targets analysed that
are expected cluster members. Columns 9 and 10 show the number of targets with membership probability Psp > 0.9 and Poa > 0.9 respectively.

Cluster Cluster central velocity (kms—1) Intrinsic dispersion of cluster (kms—1) Fraction ~ Members P>0.9

Ura Upec Urv Dra Dpec Drv members  P3p Poa
Pismis 18 -76.36+ 0.18 -30.46+ 0.24 -28.13+ 0.47 0.7240.15 0.974 0.21 1.23£0.63  0.31+£ 0.05 23 23
Trumpler 23 -55.29+ 0.20 -62.04+ 0.23 -61.48+ 0.31 1.04+ 0.20 1.30+£0.18 1.26£0.35 0.47+ 0.05 39 37
NGC 2355 -34.21+ 0.10 -9.454+0.10 36.374 0.09 1.114£0.08 1.084 0.07 0.5940.09  0.69+ 0.03 141 139
NGC 6802 -40.13+ 0.19 -91.74+ 0.22 13.47+ 0.41 1.04+0.17 1.27+0.20 1.92+0.45 0.56+ 0.05 55 55
Ruprecht 134 -19.39+ 0.15 -29.41+ 0.19 -40.53+ 0.20 1.31+0.21 1.714+0.17 0.9740.28  0.18+0.02 102 93
Berkeley 81 -21.76+ 0.28 -35.99+ 0.26 47.92+ 0.22 0.70+ 0.40 1.20+ 0.34 0.694+ 044  0.34+0.04 56 56
NGC 6005 -54.88+ 0.21 -51.34+ 0.28 -24.42+ 0.22 1.124+0.22 1.594 0.32 1.04£0.25 0.19+ 0.02 55 51
Pismis 15 -60.65+ 0.22 38.68+ 0.19 35.13£0.16 1.03+0.22 0.86+ 0.19 0.464+0.22  0.19£0.03 36 36
Trumpler 20 -126.92+ 0.13 2.97+£0.12 -39.81+0.14 1.434+0.13 1.2640.13 1.29£0.15 0.38+0.02 172 167
Berkeley 44 -0.544+0.24 -42.91+ 0.18 -8.544+0.23 1.19+£0.24 0.75+ 0.20 0.844+0.26 0.51£0.05 40 41
NGC 2141 -1.914+0.10 -16.85+ 0.09 26.394 0.06 1.384+0.10 1.484 0.09 0.934+0.07 0.76=£ 0.01 598 595
Czernik 24 5.03£0.26 -55.63+ 0.20 22.2240.35 0.98+ 0.31 1.02+ 0.22 2.15£0.39  0.27+ 0.03 77 77
Haffner 10 -22.73+ 0.32 28.4240.33 88.00+ 0.09 4.454+0.33 4.65+ 0.40 0.824+0.10  0.62+0.03 247 239
NGC 2158 -3.98+0.14 -41.18+ 0.12 28.68+ 0.15 1.93+0.14 1.75+£ 0.11 2.05£0.14 0.67£0.02 361 346
NGC 2420 -14.81% 0.05 -24.61+ 0.06 74.624 0.05 0.754 0.05 0.924 0.05 0.594 0.05 0.75£0.02 388 384
Berkeley 21 17.544 0.32 -35.10+ 0.32 1.57+£0.38 0.81+0.54 1.84+0.48 2.67£0.77 0.34+ 0.02 178 178
Berkeley 73 7.134+0.53 43.14+ 0.54 97.334+ 0.41 1.164 0.74 0.92+ 0.79 1.57£0.51  0.66+ 0.06 41 41
Berkeley 22 19.924+ 0.42 -13.04+ 0.32 94.60+ 0.19 1.87+0.54 1.00+ 0.50 1.12£0.36  0.52+ 0.03 170 170
Czernik 30 -23.80+ 0.35 -2.9140.38 81.99+ 0.15 1.2040.41 1.69+ 0.44 0.58+0.25 0.384+ 0.04 69 69
Berkeley 31 5.29+ 0.62 -34.50+ 0.52 56.974+ 0.16 3.574 1.39 3.684+ 0.69 1.16£0.22  0.34+ 0.02 136 136
Berkeley 75 -9.744 0.31 47.97+ 0.43 124.98+ 0.13 0.36+ 0.34 0.544+ 0.49 0.21+£0.20 0.71£ 0.06 43 43
Loden 165** -76.13+ 0.70 34.094 0.61 -0.844 2.06 3.004 0.00 3.004+ 0.00 16.684+ 1.59 0.27£0.03 77 70
NGC 6253 -36.70+ 0.09 -42.71+ 0.10 -28.93+ 0.11 1.05+ 0.07 1.174+ 0.09 0.904+ 0.11  0.72£0.03 162 154
Messier 67 -44.77+ 0.08 -11.78+ 0.08 34.004 0.11 0.884 0.06 0.854 0.07 0.8440.12  0.92+0.02 118 106
NGC 2425 -58.42+ 0.11 33.15+0.12 103.68+ 0.08 1.08+ 0.10 1.15+£0.12 0.584+0.09 0.31£0.02 141 138
NGC 2243 -27.19+ 0.08 118.54+ 0.09 59.794 0.05 1.304 0.08 1.2340.08 0.594 0.07  0.88+ 0.01 539 538
Berkeley 36 -39.65+ 0.16 21.98+0.14 62.844+ 0.12 1.20+0.17 0.89+ 0.16 1.17£0.14  0.34+ 0.02 212 212
Trumpler 5 -9.714 0.08 4.3140.08 51.604 0.09 1.7240.08 1.614 0.07 1.86£0.09  0.76+ 0.01 814 808
Berkeley 32 -5.93+0.14 -26.58+ 0.12 105.89+ 0.07 1.424+0.13 1.18+ 0.10 0.604+ 0.09  0.70+ 0.03 240 238
Berkeley 39 -37.29+ 0.09 -35.18+ 0.08 58.854 0.05 1.294 0.10 1.224 0.09 0.72+ 0.06  0.624 0.02 499 507
ESO 92-05 -231.28+ 1.00 190.66+ 0.98 61.474+ 0.19 2.07+ 1.56 2.70+ 1.54 0.424+ 041  0.80+ 0.04 89 89
NGC 1261 208.60+ 1.15  -268.514 1.69 72.384 0.44 7.85+£1.05 11.62+ 1.68 3.01£0.35 0.96+ 0.02 63 59
NGC 362 375.88+ 0.76  -142.68+ 0.66 22291+ 0.47 7.72+ 0.64 6.33+ 0.56 4144041  0.88+£0.04 104 91
NGC 2808 56.734 0.75 15.984 0.94 103.66+ 0.76 7.844 0.61 9.424 0.88 7.224+0.58  0.73£0.04 112 122
NGC 1904 194.63+ 0.90  -127.134+ 0.89 205.85+ 0.40 6.64+ 0.68 6.37+ 0.72 2.58+0.34  0.94+ 0.03 59 58
NGC 6752 -68.96+ 0.37 -86.93+ 0.36 -26.13+ 0.32 5.9840.28 5.924 0.27 4494024  0.96=£ 0.01 284 238
NGC 5927 -287.38+1.05 -180.65£0.96 -103.29+ 0.53 8.74+ 0.89 7.8240.75 4134040 0.89£0.03 80 71
NGC 104 120.10+ 0.61 -59.03+ 0.62 -18.07+£ 0.51  10.36+ 0.47  10.46+ 0.50 7.4940.38  0.98+ 0.01 286 255

** Components of the intrinsic cluster dispersion are artificially constrained in maximum likelihood fit for Loden 165 (see § 5.1).

bilities of cluster membership. A random discriminator would have
equal fractions of true and false positives for any probability thresh-
old (shown as a dotted line in Fig. 4.4), whereas a perfect test
would show a true positive rate of 1 above arbitrarily low probabil-
ity thresholds. This provides a graphical illustration of the degree to
which our calculated membership probabilities are an effective dis-
criminator of cluster stars from field stars. ROC curves are shown
for both P3p and Pop (see §3.4), although in the case of NGC 6705
the area under the ROC curve was almost identical. The results for
Psp are in general better and provide more discrimination than Pop
for more distant or sparsely populated clusters (see §5.2).

5 DISCUSSION

The main objective of this paper is to determine, on an individual
basis, the probability that targets observed towards open and glob-
ular clusters as part of GES are members of that cluster. It is not
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intended, or possible, to provide a complete list of cluster members
because the GES target sample was not spatially complete.

For most clusters the GES selected targets come from contigu-
ous central areas of the clusters and will not have probed regions
that are more distant from the centre. In addition, during the process
of allocating targets to fibres in a discrete set of FLAMES fields, it
is inevitable that there will be potential targets that could not be ob-
served. On the other hand, the target selection was usually unbiased
with respect to position in the CMD (between bright and faint limits
of approximately 11 < V' < 19) by virtue of selecting targets from
a CMD region that comfortably encompasses the likely locus of
cluster members including equal-mass binary systems (Bragaglia
et al. in preparation). The exceptions were (i) in almost all clusters,
the relatively few UVES fibers in each field were preferentially al-
located to (brighter) objects that had previous evidence of cluster
membership; (ii) in the case of the globular clusters, both UVES
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Figure 9. Stacked bar chart showing the area under the Receiver Opera-
tor Characteristic curves (ROC AUC) shown in Appendix C for Gaia-ESO
clusters. The right edge of the unfilled bar indicates the ROC AUC for Pop
data, the right edge of the light brown bar shows the ROC "area under the
curve" (AUC) statistic for P3p. The right edge of the blue bar gives the
ROC AUC for based on Pgg. as defined in §5.2, Where the AUC is lower
than derived from Psp its value is marked with a diamond. Percentages on
the right hand side of the plot show the ratio of the number Gaia-ESO clus-
ter members compared to the number identified purely from Gaia DR2 data
by Cantat-Gaudin et al. (2018) (see §5.4).

and GIRAFFE fibers were preferentially allocated to targets with
previous evidence for cluster membership.

Table 3 provides the main catalogue of members with mea-
sured, GIRAFFE+HR15N and/or UVES spectra and Table A2 is a
similar catalogue for supplementary target members observed with
other GIRAFFE setups. These can be used to measure stellar prop-
erties and chemical abundances for a quantifiably reliable sample
of cluster members. The accuracy of the discrimination achieved
by the kinematic analyses was discussed in J20; tests made using
independent membership criteria in young clusters showed that the
derived membership probabilities give a reliable indication of both
cluster membership and the residual contamination in any high
probability sample of cluster members.

5.1 Selecting potential cluster members

Whilst the method used to assess membership probability was uni-
formly applied, the quantity and resolution of target data varies
widely between clusters. This is best seen from the histograms in
Appendix B indicating the number of potential cluster members,
the level of contamination from likely background stars and the
scatter in velocities due to measurement uncertainties. These deter-
mine whether the maximum likelihood analysis is able to resolve
a group of member stars in velocity space that are distinct from
the velocity distribution of the general background population. The
criteria for success are that the plots in Appendix C of the three
components of cluster central velocity U;, and intrinsic dispersion
D;, show clearly defined peaks in log likelihood. If peaks are not
found in one or more of U; and D; then the method breaks down
and will identify increased numbers of false positives with incorrect
membership probabilities.

The discrimination achieved by the maximum likelihood anal-
ysis depends in part on the ratio of true cluster members to the
numbers in the background population. For this reason we filtered
the initial target list to remove stars that are considered extremely
unlikely to be cluster members by discarding background giants
and/or distant background stars to produce the list of potential clus-
ter members ( see §3.1). This yielded satisfactory solutions for 67
of the 70 clusters — i.e they show clear peaks in log likelihood for
U; and D;. However 3 clusters initially failed to show a peak in one
or more D; components indicating further filtering was required.

For two clusters (ASCC 50 and NGC 6281) the criterion used
to filter out distant background stars was tightened to reject stars
with parallax smaller by at least 40 than a value correspond-
ing to (M — m)§ + 1 mag (compared to the standard criterion of
(M — m)g + 2 mag). This change produced the required peak in
log likelihood of D; for both clusters and relatively precise esti-
mates of distance modulus (9.92 &+ 0.06 and 8.62 £ 0.03 respec-
tively), such that the margin of 1 mag used was still significantly
above the required 4o level.

Loden 165 however, is a poorly defined cluster with no iden-
tifiable peak in the RV histogram (see Appendix B). A solution
was computed by capping the intrinsic dispersions, Dra and Dpec
at a maximum value of 3.0 kms~!. This produced a false solution,
the results of which are shown graphically in Appendix D. From
the CMD it can be seen that high probability (Psp > 0.9) clus-
ter members do not fall around a common isochrone suggesting
the sample includes an excess numbers of false positives. No sat-
isfactory solution was found for Loden 165, hence no membership
probabilities are reported in Table 3.

MNRAS 000, 1-?? (2021)
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Figure 10. Comparison of cluster membership for targets in Table 3 of
this paper with results reported in Cantat-Gaudin et al. (2018) for 58 open
clusters common to both datasets. Clusters are ordered by increasing ratio
of common targets identified as likely cluster members (Psp > 0.5) in
Cantat-Gaudin et al. to those identified in this paper (see §5.4), which is
shown as a black line. The blue and red points are the average membership
probability for targets with P > 0.5 in each cluster from this paper and
from Cantat-Gaudin et al. respectively.

5.2 The effects of selection criteria on discrimination

Figure 9 summarises the area under the curve (AUC, also known
as the c-statistic) of the ROC for each cluster in age order (exclud-
ing Loden 165). The AUC is equivalent to the probability that our
classification will give a randomly chosen member a higher proba-
bility of membership than a randomly chosen non-member and can
be used as a figure of merit for judging how successful a binary
classifier is at discriminating between the two possibilities (e.g.,
Hosmer & Lemeshow 2000). The discrimination achieved between
members and background targets depends on the data available for
a particular cluster and the method of analysis. In this paper we re-
port results of 3D analyses, P3p using both proper motion and RV
data, which always provide better discrimination than a 2D analysis
of proper motion data alone, Pop.

Figure 9 compares the AUC for both 2D and 3D analyses. For
about half of the clusters — those that are nearby and hence have
cluster members that form a distinct and narrow peak in proper
motion space — the 2D membership AUC is already very high
(> 0.99) and the addition of the third dimension of RV makes
only a small improvement to the AUC. However for many of the
remaining clusters, particularly those that are more distant or for
which the proper motion coincides with the peak of the proper mo-
tion of field stars, the use of RV data improves the AUC, and hence
the level of discrimination, significantly. In fact, for five open clus-
ters (ASCC 50, NGC 6005, Haffner 10, Berkeley 21 and Berkeley
31), the 2D analysis failed to converge at all. i.e. A 3D analysis was
mandatory to kinematically identify cluster members.

The seven globular clusters (at the bottom of Fig. 9) have
lower AUC values than most of the open clusters. This is the re-
sult of the target selection process rather than any difference in
cluster kinematics or the method of analysis. For the open clus-
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ters ~ 50 per cent or more of the targets are likely background
stars with Psp < 0.1. Thus the distribution of background stars is
well defined by the maximum likelihood analysis allowing mem-
bers of well populated clusters to be discriminated for the back-
ground population. In contrast, for the the globular clusters, the
target samples were already pre-selected to be likely cluster mem-
bers; they contain, on average, only 5 per cent of probable back-
ground stars. This amounts to only a few measured stars which is
insufficient to fully characterise background populations that are
well separated from the distribution of cluster members in veloc-
ity space (see Appendix B). For these clusters it is not possible to
clearly identify non-members. Instead, individual Psp values must
be used to assess the probability that outliers in kinematic space are
cluster members.

Membership probabilities were also calculated for a restricted
list of targets that was filtered to remove those with potentially
problematic Gaia data (see § 3.2). The membership probabilities
in this case are referred to as Pqc. For individual stars present in
both lists Psp and Pqg are almost always very similar: < 1 per
cent of targets have a difference |AP| > 0.01. Filtering targets
with suspect Gaia data also has little effect on discrimination. For
the open clusters it produced either no change or a marginal in-
crease (<0.2 per cent) in AUC. Globular clusters, which contain a
higher proportion of targets with suspect Gaia data and small num-
bers of non-members, show larger changes in AUC, both positive
and negative (see Fig. 9). For most applications Psp is preferred
since it identifies about 7 per cent more P > 0.9 cluster members
and any target selected as a likely member on the basis of its kine-
matic properties almost certainly has good proper motion data (see
J20 for a detailed discussion). However, for particular applications
the reader may wish to avoid stars with suspect Gaia data in which
case Pqq is available in Table 3.

5.3 Comparison with previous kinematic analysis

J20 reported membership probabilities for 32 open clusters using
GESiDRS5 data cross-matched with Gaia DR2. The method of kine-
matic analysis used here is similar to that used in J20 although the
method of selecting potential cluster members has been updated to
reflect the greater mix of cluster ages and distances in GESiDR6
data. We compare results between J20 and the present analysis by
counting the number of targets that are identified as cluster mem-
bers Psp > 0.9 in the present analysis but have a membership
probability Psp < 0.8 in the J20 analysis. There are a total of 288
GES targets in the 32 clusters that show this change in membership
probability. Of these, 121 are targets with the same Gaia source ID
in both analyses with the remainder showing different Gaia source
IDs.

NGC 6530 has 29 new members compared with the J20 anal-
ysis (and with the same Gaia counterpart) and shows a significant
improvement in the quality of fit of the model distribution to the
measured Vra data (See Appendix B and the equivalent plot in
J20) due, most probably, to the increase in the number of targets
selected as potential cluster members. In J20, targets with no GES
Ter were excluded from the analysis whereas in the current anal-
ysis 17 is estimated where no GES value is available (see §2.5).
Other clusters show smaller numbers of mismatched membership
for targets with the same Gaia source ID, most of which are associ-
ated with relatively large changes (> 3¢) in proper motion between
Gaia DR2 and EDR3. For example NGC 2264 has 14 new mem-
bers, 12 with a > 30 change in proper motion.

There are 167 targets that are newly assigned membership in
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this paper but have different Gaia source IDs in J20. In J20 GES
targets were identified with the nearest source in the 2MASS cat-
alogue. In the present paper we adopt the Gaia ID given in the
GESiDRG6 catalogue (see Hourihane et al. in preparation). This pro-
vides a better, but still not a perfect, cross-match to Gaia source IDs
for a target list that includes non-2MASS sources in several of the
more distant clusters. Any mismatched targets are unlikely to have
been ascribed cluster membership so this difficulty is a source of
incompleteness rather than contamination.

5.4 Comparison with other work

Cantat-Gaudin et al. (2018) applied an unsupervised membership
assignment algorithm to Gaia DR2 data to characterise Milky Way
star clusters, producing membership lists and cluster parameters for
1229 clusters. Cross referencing target RA and Dec in Table 3 with
the results of Cantat-Gaudin et al. identified matches for 58 of the
63 open clusters considered in this paper; the exceptions are the
young clusters Chamaeleon I, Lambda Ori B35, NGC 6530 and
Rho Ophiuchus, and Loden 165 (where we have no membership
data). For each cluster we compare the number of stars with mem-
bership probability Pcc > 0.5 in Table 1 of Cantat-Gaudin et al.
(2018) with the number of Psp > 0.5 targets in Table 3; the ratio
giving a rough indication of the relative completeness of our list of
GES+EDR3 cluster members compared to a membership list de-
rived solely from Gaia DR2 data. Results for each cluster are shown
on the RHS of the plot in in Fig. 9. The median value over the 58
matched clusters is 40 per cent. i.e. Cantat-Gaudin et al. have iden-
tified more stars as members. However within this number there
are significant variations according to cluster age and distance. The
analysis based solely on Gaia DR2 data fails to identify any mem-
bers in 3 of the 6 youngest clusters (aged <4 Myr in Table 1) and
in two other cases, Trumpler 14 and NGC 2264, Cantat-Gaudin et
al. report fewer members than are identified here. The median ra-
tio increases to 70 per cent for more distant clusters (>2 kpc) nine
of which show higher numbers of targets identified from the Gaia-
ESO data.

Next we compare the number of targets common to both
datasets that are likely cluster members: with P > 0.5 in both
datasets. However, the values specific to each cluster vary a lot. The
results are shown in Fig. 10 as a solid line, with the clusters ordered
by increasing values of the membership ratio. The clusters where
the ratio is <0.5 tend to be the more distant clusters where the addi-
tion of RV data becomes more important and where clusters tend to
be projected against higher levels of field star contamination. Also
shown in Fig. 10 are the average values of membership probability
for likely cluster members (those with Psp > 0.5 or Pcg > 0.5)
from Table 3 and from Cantat-Gaudin et al. (2018). The mean val-
ues of membership probability for these samples across all clusters
is 98 per cent for the data in Table 3 compared to 85 per cent for
data from Cantat-Gaudin et al. indicating that the the number of
false positives (i.e. the level of contamination expected) is, on av-
erage, 6 times lower using Table 3. This ratio turns out to be quite
independent of the chosen cut-off level used to define likely cluster
members.

The differing numbers of members and levels of discrimina-
tion between these two datasets likely reflects how samples of po-
tential cluster members were selected for analysis and the available
kinematic data. Cantat-Gaudin et al. (2018) placed no restrictions
on potential targets, apart from a cut off in G magnitude for their
analysis of Gaia astrometric data. For many clusters the sky po-
sitions of the Cantat-Gaudin et al. members extend well beyond

the confines of the GES survey, particularly for nearby clusters.
Conversely the analysis reported here considers a restricted list of
potential cluster members selected as targets for GES observations
with some further screening to remove targets considered highly
unlikely to be cluster members (see §3.1). This selection process
together with use of GES RV data alongside improved Gaia EDR3
astrometric data achieves a higher level of discrimination and much
lower fraction of false positives, albeit from a smaller parent sam-
ple.

6 SUMMARY

As apart of a the Gaia-ESO survey (GES) 39441 targets towards 63
open clusters and 7 globular clusters were observed using the GI-
RAFFE medium resolution spectrograph (with the HR15N setup)
and/or the UVES high resolution spectrograph. Parameters from
these spectra, reported in the final GES data release, have been
combined with Gaia EDR3, 2MASS and VISTA data to determine
the probability of individual targets being cluster members.

After an initial filtering process, a maximum likelihood tech-
nique was used to determine membership probabilities for each of
these stars based solely on their 3D kinematics. Reliable solutions
were obtained for 69 of the 70 clusters with a high discrimina-
tion achieved between members and non-members of the individ-
ual clusters: the areas under their Receiver Operator Characteristic
curves are > 0.975 for all open clusters. Of the potential cluster
members that go into the kinematic analysis for 69 clusters, 47 per
cent were identified as likely members with an average probability
of P3p = 0.993, 48 per cent were flagged as non-members with
an average of P3p < 0.005 and only 5 per cent were of uncertain
status (0.1 < Psp < 0.9). The inclusion of the GES spectroscopic
data and radial velocities is of significant benefit to membership
discrimination and especially in the reduction of false positives.
This is particularly apparent in more distant clusters and those with
significant contamination in the proper motion plane by field stars.

Results are presented in the form of a main catalogue of com-
piled data that includes the membership probability for 26351 po-
tential cluster members observed using GIRAFFE+HR15N setup
and/or UVES. Membership probabilities are shown for two cases:
Psp calculated for the the full list of potential cluster members; and
Pqa calculated for a restricted list filtered to remove ~ 9 per cent
of targets with potentially suspect Gaia data. Membership proba-
bilities are also given for a further 3193 potential cluster members
that were observed using alternate GIRAFFE setups and were ex-
cluded from the main kinematic analysis.

Since the membership criteria are almost purely kinematic,
and independent of stellar photometry and chemistry, then the
union of this catalogue with GES, Gaia EDR3 or other datasets is
ideal for studying the behaviour of photometric, chemical or other
physical properties as a function of mass, age or Galactic position,
without compromising investigations by using those same proper-
ties as membership criteria. Examples include testing stellar evo-
lutionary models using HR and colour-magnitude diagrams (e.g,
Randich et al. 2018). following the evolution of magnetic activ-
ity, rotation and light element depletion (e.g., Jeffries et al. 2017;
Gutiérrez Albarran et al. 2020), studying chemical inhomogeneity
within clusters (e.g. Spina et al. 2015, 2018) or investigating chem-
ical abundance gradients with age and Galactocentric radius (e.g.
Spina et al. 2017; Magrini et al. 2018).
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APPENDIX A: SUPPLEMENTARY TARGETS

In this section we evaluate the membership probability of supple-
mentary targets observed towards the clusters listed in Tables 1
& 2 using alternative GIRAFFE setups. These are targets with a
measured RV reported in the GESiDR6 Parameter Catalogue but
which were not observed with the GIRAFFE HR15N setup or with
UVES. These targets could not pass through all the same filtering
steps described in § 3.1 since they did not have the v and 7 spectro-
scopic indices. A total of 3770 additional targets were identified in
30 clusters , the remaining 40 clusters showed no additional targets.
Selection criteria for these additional targets was varied. In some
cases targets were chosen on the same basis as GIRAFFE+HR15N
targets but in other clusters the targets had previous evidence of
cluster membership. It is for these reasons that we chose to treat
these targets separately and the membership probabilities may be
less accurate than for the main sample.

Potential cluster members had their luminosity and mass es-
timated as in §3.3, the only difference in the target data being the
source of the measured RV and its uncertainty. For the main kine-
matic analyses the RV of targets observed using GIRAFFE was
taken from the spectrum VELCLASS metadata and its uncertainty
estimated from an empirical analysis of repeat observations (see
§2.3). For these additional targets the measured RV and uncer-
tainty were taken from the GESiDR6 Parameter Catalogue in which
the reported RV was averaged over observations made using a va-
riety of GIRAFFE setups. A small (0.09kms™!) correction was
added to the catalogue RV to match the GIRAFFE HR15N RV
scale.

Membership probabilities for these additional targets were
calculated as the expectation value of being a cluster member
evaluated over the grid of model velocities, dispersions and frac-
tional membership weighted according to the total likelihood
summed over potential cluster members that were observed with
Giraffe+HR 15N and/or UVES - thus giving the probability that an
additional target is a member of the cluster as defined by main GI-
RAFFE+HR15N and UVES dataset.

This approach is considered more robust to systematic differ-
ences in the RV measured using different GIRAFFE setups and/or
variations in the method of target selection. Any systematic offset
in RV for an individual target will tend to reduce Psp Similarly
if an additional target is selected from a dataset previously identi-
fied as cluster members then Psp should give a conservative esti-
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Table Al. Numbers of supplementary targets with RV reported in the
GESiDR6 Parameter Catalogue that were not observed with the GIRAFFE
HRIS5N setup or with UVES.

Cluster Number of Number = Members

targets fited P3p>0.9
Trumpler 14 41 24 10
NGC 2232 61 25 0
NGC 6649 25 22 11
NGC 6405 38 33 20
NGC 6067 82 59 29
NGC 6709 46 45 13
NGC 6259 28 23 6
NGC 6705 11 10 9
Berkeley 30 55 34 11
NGC 3532 172 148 122
NGC 6281 69 49 30
NGC 4815 50 45 23
NGC 6633 68 20 8
Pismis 18 34 30 10
Trumpler 23 59 54 27
NGC 6802 47 46 39
Berkeley 81 64 44 9
NGC 6005 198 171 44
Pismis 15 92 83 25
Trumpler 20 699 645 296
Haffner 10 76 53 7
NGC 6253 352 309 115
NGC 2243 6 6 6
Berkeley 32 49 47 41
NGC 1261 179 144 126
NGC 362 255 210 133
NGC 2808 144 113 56
NGC 1904 154 115 85
NGC 6752 353 335 322
NGC 104 263 251 242

mate of membership probability based on the kinematics of the Gi-
raffe+tHR15N and UVES stars. These additional targets thus have
no effect on the best fit cluster parameters in Tables 4 and 5.

Table Al shows the numbers of supplementary targets, po-
tential cluster members and Psp > 0.9 cluster members in each
cluster. There are a total of 1875 additional Psp > 0.9 cluster
members, 911 in open clusters and 964 in globular clusters. Mem-
bership probabilities for individual additional targets are given in
Table A2.

APPENDIX B: MEASURED DATA AND MODEL FITS

Plots showing histograms of target velocities and the results of the
maximum likelihood analysis for each of the 70 clusters in age or-
der are shown in Appendix B which is available as supplementary
material to this paper. A representative set of the four plots is shown
for typical cluster in Fig. 6.

APPENDIX C: CLUSTER VELOCITY AND DISPERSION

Plots showing the variation in log likelihood of cluster properties as
a function of velocity are shown for each of the 70 clusters in age
order are shown in Appendix C which is available as supplementary
material to this paper. A representative set of the six plots for a
typical cluster is shown in Fig. 7.
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APPENDIX D: PLOTS OF CLUSTER MEMBERS

Plots showing properties of potential and likely cluster members
for each of the 70 clusters in age order are shown in Appendix D
which is available as supplementary material to this paper. A set of
the four plots is shown for a typical cluster in Fig. 8.
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Table A2. Membership probabilities of supplementary targets. Columns 1 to 4 show GESiDRG6 target name, cluster and co-ordinates. Targets flagged O are
identified as potential cluster members. Column 6 and 7 show the Gaia cross-matched ID and G magnitude. Columns 8 and 9 show 7" ep ¢ and K g data (which
includes estimated values for some targets) used to determine log L and mass. The final column show the probability that the target is a member of its given
cluster. Targets with a membership probability of -1 could not be fitted as cluster members. A sample of the table is shown here. The full table is available as
supplementary material.

Target cluster RA Dec Flag  Gaia ID G ng K g log L  Membership
cname DB name (deg) (deg) (mag) (K)  (mag) Psp
18331347-1023200 NGC6649  278.30613  -10.38889 0 1D4155024758859315456  16.07 8825  12.53 1.73 0.9199
18331394-1029175  NGC6649  278.30808  -10.48819 0 ID4155014176059792384  16.42 9139  13.07 1.56 0.9917
18331844-1024428 NGC6649  278.32683  -10.41189 0 ID4155017848247221888 1596 10051 12.60 1.88 0.5234
18331952-1026068  NGC6649 27833133  -10.43522 0 ID4155017749472616704  16.23 8192 12.59 1.61 0.0000
18332318-1023026  NGC6649  278.34658  -10.38406 0 ID4155024071664517632  16.20 9506  12.85 1.70 0.9898
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Membership probabilities in 70 GES clusters
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