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Ø  The promise of  Gaia for clusters      - very short 
Ø  Clusters in DR1                                  - verification, science 
Ø  Complementing Gaia with (mostly) ground-based data 
Ø  DR2 and later (implicit) 
 



THE PROMISE of  Gaia for CLUSTERS 
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Gaia provides:  accurate, precise position, distance, proper motion,  
                         (and more limited radial velocities, chemistry) 
 
                          A very incomplete wish list:  
- How do clusters form 
- How do clusters populate the field 
- Trace stars/streams back to original cluster/association 
- Use clusters to test stellar models (to very low mass) 
- Use open clusters to test disk properties 
- Variability (e.g. Cepheids, RR Lyr’s, binaries) 
- etc 
you name your favourite “cluster science” field : Gaia will be there… 



Gaia’s FIRST SKY MAP 
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HOW MANY CLUSTERS 
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(rule-of-thumbs) accuracy on π, PM : V≈15 star (also RV available)  
                                            1% @ 1 kpc 
                                            5% @ 5 kpc 
 
                  Number                             D¤<1 kpc     D¤<5 kpc 
            Globular clusters  (157)               none                  15 
            Open clusters      (3000)               370               ~2630  
 
          but this – surely for OCs – is only the tip of  the iceberg  



HOW MANY OPEN CLUSTERS 
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¤ 

3000 clusters in Kharchenko+2013 
è ≈100000 expected 
è Space for discovery  
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M4 – DR1 
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M4 in DR1 : POSITIONS & Gmag 
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GLOBULAR CLUSTERS IN DR1/TGAS ? 
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Harris 1996 and web updates : 157 MW GCs 
 

 Positions in DR1 : OK 
 PM, π (TGAS)   :   ?  
 
 exercise done by Watkins & van der Marel (arXiv:1611.03170) : 
 
•   take all MW GCs, take 2×tidal radius & search TGAS :   4268 TGAS stars in 142 GCs 
•   check magnitude (tip RGB for each GC and fainter)    :     967 stars in 30 GCs (<10.2 kpc) 
•   keep only if  PM, π agree with previous data              :        64 stars in 15 GCs 
•   add RV (literature)                                                       :        59 stars in 15 GCs 
•   check if  they lie on evolutionary sequences in CMD   :        48 stars in 11 GCs  
•   check with field stars model                                         :        20 stars in  5 GCs 
 

          è wait for DR2+ 



GLOBULARS: LOOKING FORWARD  
TO END-OF-MISSION 
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Pancino+2017 : simulations to reproduce typical  
GCs as observed by Gaia 
 c=1, c=2.5  
 D¤=5 (10% of  MW GCs), 10 (50%), 15 (70%) kpc 
 background: “halo”, “disk”, “bulge” 

Globular clusters with Gaia 421

Figure 9. Histograms of differences between the final and error-free sim-
ulated proper motions of the easy (green histogram), intermediate (yellow
histogram) and difficult cases (red histogram). Only cluster members are
shown. The resulting absolute displacements in the systemic proper mo-
tion determination is of about 1–10 µas yr−1, corresponding to errors of
<0.1 per cent. We note that the intrinsic dispersion is of the order of
100 µas yr−1, and the final, simulated one is 300–600 µas yr−1, when
including all stars down to G ≃ 20.7 mag.

clusters are always easily separated from the field population, except
in the case of the extreme bulge background. In the following sec-
tions, we will select the probable members with a loose criterium,
i.e. stars within 1 mas yr−1 from the systemic GC motion, and with
a strict criterium, i.e. within 0.3 mas yr−1 from the systemic GC
motion.

5.1.1 Measurement of derived quantities

To assess the derived quantities that will be measurable from Gaia
data, we performed a basic test on the easy case GC. We excluded
all stars that were clearly unrelated to the GC with a very loose
proper motion selection (±3 mas yr−1) and all the classic blends.
We then converted proper motions in the RA and Dec directions

Figure 10. Final simulated proper motion errors, including the effect of
crowding for the easy (green points), intermediate (yellow points) and dif-
ficult cases (red points), as a function of final simulated G magnitude. Only
cluster members are shown.

into velocities, using the GC distance and propagating its error
(see Section 5.2). We then estimated the RV spreads σ RA and σ Dec

as a function of distance from the GC centre with their errors.
We used the maximum likelihood estimation (MLE) method with
the likelihood formulation described by Pryor & Meylan (1993),
Walker et al. (2006) and Martin et al. (2007), which takes into
account the errors on measurements as well. The actual errors on
the RV dispersions in each radial bin are of about 0.4–1.4 km s−1.
The result is displayed in Fig. 12, showing that Gaia will be able
to determine the radial profile of the RV dispersion of nearby GCs
with errors of about 1 km s−1 in the nearest GCs.

More in general, we can say that:

(i) Proper motions obtained by Gaia in GCs will allow the study
of dynamical relaxation in the 5–10 closest GCs (see also Section 5.3
and Fig. 14). This is because at least a few magnitudes below the GC
turn-off point are required to adequately sample a range of stellar
masses. Fig. 14 clearly shows that this is possible only for clusters

Figure 11. Proper motion diagrams for all the stars, cluster and background members, in the easy (green points), intermediate (yellow points) and difficult
cases (red points). The colour scale refers to the density of points, with darker toner referring to higher densities. The cluster lies at (−5, −5) in all diagrams,
and it is always easily recognized, but it is overwhelmed by field stars in the last case.

MNRAS 467, 412–427 (2017)

                                                       proper motions in 3 cases : 
                (a) easy                                    (b) intermediate                               (c) difficult 

“Only the latest few DRs are expected  
  to produce a real breakthrough in  
  GC research” 
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Pancino+2017 
Globular clusters with Gaia 423

Figure 13. Histograms of the parallaxes for the easy (top panel), interme-
diate (middle panel) and difficult (lower panel) clusters. The vertical dotted
line in all panels marks the zero parallax limit, while the solid line marks
the true parallax of each simulated GC. Lightly shaded histograms show
the member stars selected with the loose criterium and heavily shaded ones
with the strict criterium (see Section 5.1).

Table 4. Systemic parallax for the simulated clusters, based on members
selected with the strict and loose criteria (see text for more details). The
columns contain: (1) the cluster number; (2) concentration parameter;
(3) projected cluster distance and (4) parallax; (5) background type; (6)
systemic parallax and error for members selected with the strict criterium
and (7) with the loose criterium.

Cluster c D0 ϖ 0 Field ϖ strict ϖ loose
(kpc) (µas) (µas) (µas)

# 1 1.0 5 200.0 Halo 200.2 ± 2.6 200.2 ± 0.6
# 2 1.0 10 100.0 Halo 101.6 ± 2.1 99.3 ± 0.8
# 3 1.0 15 66.7 Halo 69.2 ± 2.6 69.1 ± 1.0
# 4 1.0 5 200.0 Disc 203.9 ± 6.1 197.4 ± 1.3
# 5 1.0 10 100.0 Disc 95.6 ± 4.4 98.5 ± 1.5
# 6 1.0 15 66.7 Disc 74.0 ± 5.6 65.8 ± 1.9
# 7 1.0 5 200.0 Bulge 206.8 ± 2.3 200.8 ± 0.6
# 8 1.0 10 100.0 Bulge 100.1 ± 1.9 99.1 ± 0.6
# 9 1.0 15 66.7 Bulge 63.9 ± 2.3 67.9 ± 0.7
# 10 2.5 5 200.0 Halo 197.5 ± 0.7 198.4 ± 0.4
# 11 2.5 10 100.0 Halo 101.4 ± 1.3 101.2 ± 0.6
# 12 2.5 15 66.7 Halo 62.2 ± 1.5 66.4 ± 0.9
# 13 2.5 5 200.0 Disc 200.0 ± 1.6 200.2 ± 0.8
# 14 2.5 10 100.0 Disc 100.0 ± 3.1 102.8 ± 1.3
# 15 2.5 15 66.7 Disc 74.3 ± 3.2 70.5 ± 1.8
# 16 2.5 5 200.0 Bulge 199.3 ± 0.7 198.6 ± 0.4
# 17 2.5 10 100.0 Bulge 101.6 ± 1.3 99.5 ± 0.5
# 18 2.5 15 66.7 Bulge 65.8 ± 1.4 67.0 ± 0.7

and the recovered one, is always 1 per cent or smaller, even for the
difficult case GC. The formal error on the recovered ϖ is of the
same order. We also note that choosing a more restrictive member-
ship selection can often increase the formal errors without resulting
in a better ϖ determination. On the contrary, the bias is slightly
increased when applying a more restrictive membership selection
(see also Bailer-Jones 2015).

The scientific implications of ≃1 per cent distances for most of
the GCs in the Galaxy are far reaching. They directly help in the
determination and modelling of GC orbits, which can then be used
for dynamical studies of the MW, of the GC themselves, and of the
interactions between the two. For example, they would help simu-
lations that use the GC orbits and tidal tails and streams to constrain
the Galactic potential (Peñarrubia, Koposov & Walker 2012; Price-
Whelan et al. 2014), or they can help discerning the origin of the
GC themselves through dynamical modelling. But the area in which
significant breakthrough is expected lies in the determinations of
stellar ages (Gratton et al. 1997) and masses (Feuillet et al. 2016).
Distance has in fact a similar effect as age when using high-quality
CMDs (from HST or ground-based observations) to estimate the ab-
solute ages of GCs. By reducing the distance determination errors
by more than a factor of 10, we can expect a significant improvement
on the age determinations, obtaining absolute ages with errors be-
low 10 per cent. On the other hand, ≃1 per cent distances can help
in constraining the stellar masses and more importantly, the sur-
face gravities. When trying to determine relative ages in GCs with
multiple stellar populations, one needs to disentangle the effects
of chemical composition – mainly helium and C+N+O abundance
– from age effects. A very accurate surface gravity determination
would remove one of the major sources of uncertainty in the deter-
mination of stellar chemistry from spectroscopy.

5.3 Photometry

The Gaia colour–magnitude diagrams (CMDs) of the three
example clusters are shown in Fig. 14. The top panels show
all the simulated stars, including the background, while the
bottom panels show only the probable members, selected with
the loose criterium described in the previous section. As can
be seen, background contamination is the first obvious cause of
crowding errors for Gaia photometry. A large reddening (like in
the case of the disc cluster) or a distance larger than 10 kpc also
impact the quality of the CMD, because the photometric errors,
especially those on the GBP–GRP colour, increase quite rapidly with
magnitude.

It will therefore not be possible to reach the nominal photometric
errors promised by Gaia in those clusters that lie on a bulge or disc
background. This is mainly caused by the extended shape of the BP
and RP dispersed images, while the G magnitudes will not suffer
significantly from crowding. However, for clusters that are relatively
free from background contamination, the BP/RP photometry of
stars brighter than G ≃ 15 mag will have an extremely good quality,
comparable to HST photometry. Fainter stars down to G ≃ 18–
19 mag will still have a BP/RP quality that is comparable with the
best ground-based catalogues.

While HST photometry will certainly be preferable for some
applications, Gaia photometry will have a few advantages: (1) the
field of view of Gaia is not limited by any field size: it covers
the whole sky; (2) each star that has Gaia astrometry from AF,
also has BP/RP spectra from which rough stellar parameters and
a reddening estimate can be obtained (Gaia Collaboration 2016a);
(3) brighter stars, generally red giants in the case of GCs, will also

MNRAS 467, 412–427 (2017)
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Figure 14. The simulated Gaia photometry for the three example GCs. Top panels show all the simulated stars, regardless of membership. Bottom panels
show only the loosely selected probable members (see text for more details). The left-hand panels refer to the easy case, the centre ones to the intermediate
case and the right ones to the difficult case. The colour scale refers to the density of points, with darker toner referring to higher densities.

have RVs and more accurate estimates of parameters and reddening
from RVS spectra20 (Kordopatis et al. 2012) and (4) the absolute
photometric calibration of Gaia will be based on one the largest,
most homogeneous, and most accurate set of spectrophotometric
standard stars to date (Pancino et al. 2012; Altavilla et al. 2015;
Marinoni et al. 2016), that will grant an accuracy of ≃1–3 per cent
with respect to Vega (Bohlin & Gilliland 2004).

5.4 Radial velocities

Stars brighter than G ≃ 17 mag will have RVs measurements. Gaia
has already produced billions of RVS spectra and by the end of the
mission, each star will be observed on average 40 times. This can
be compared with the extremely successful RAVE survey (Radial
VElocity Experiment; Kordopatis et al. 2013), which measured RVs
for half a million stars with V < 12 mag. The Gaia end-of-mission
errors will vary with the star’s colour and will be of the order of
1 km s−1 for the bright red stars (G < 12.5 mag and cooler than
F types) and will be about 15–20 km s−1 or more for fainter and

20 Accurate reddening estimates can also be obtained from diffuse interstel-
lar bands, that are included in the Gaia RVS wavelength range (see, for
example Puspitarini et al. 2015, and references therein).

bluer stars. Crowding will affect RVS more than any of the other
instruments on board. Even if the magnitude limit is brighter, the
AL size of the spectra is more than an arcminute on the sky (see
Table 1).

Fig. 15 shows the simulated RV measurements, as a function of
the G magnitude, for the three example cases. Given the limitations
of our simulations, we immediately note that only a handful of
reliable members in the intermediate case have meaningful RV
determinations, because of the combined effect of high reddening
– for a GC – and background contamination. We also note the
large scatter in RV for the faintest stars in the difficult case, where
background contamination takes its toll. However, for the easy case,
we notice that a sample of more than 100 stars with magnitudes
above ≃13–14 mag is available, with errors around 1 or few km
s−1. This will happen for the closest 10–20 GCs. The stars with large
errors between 13.5 and 14.5 mag are hotter HB stars. To conclude,
we note that a mission extension would increase the quality of the
RVS spectra.

5.5 The central arcminute

As discussed in Section 2.2, it is not feasible to simulate the degree of
completeness of Gaia data, because it varies across the sky, based on
the number of different passages and on their respective orientation.

MNRAS 467, 412–427 (2017)
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Ø   103-104 stars/GC : astrometric performance not touched by crowding 
Ø   but worst cases only ~100 clean stars 
Ø   limiting factor : background crowding (not cluster crowding) 

Ø   systemic PM, π to <1% or better up to 15kpc (i.e. 70% of  MW GCs) 
        e.g.  dynamical relaxation from PMs to 5kpc (10% of  GCs) 
Ø   1% distance    è 10% absolute age  (and relative ages of  subpops) 
Ø   nearby GCs : velocities to a few km/s  (complement from ground) 
Ø   internal kynematics of  unprecedented precision  
       e.g. masses to 10% to 15kpc ; kin differences in subpops to 10 kpc 
Ø   orbits from PMs, π, position, RV 
       e.g. extra-tidal stars, tidal tails 
Ø   bright stars (V<17-18) : 1 mmag precision in photometry (also at centers) 
Ø   all stars have 1-3% error on absolute photometry 

Pancino+2017 
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and many authors more  (2017, A&A, 601, A19)         

Astronomy & Astrophysics manuscript no. 30552 c�ESO 2017
March 6, 2017

Gaia Data Release 1. Open cluster astrometry: performance,
limitations, and future prospects ?
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Gaia Collaboration et al.: Gaia Data Release 1. Open cluster astrometry

1. Introduction

The homogeneity in age and composition of stars in open clus-
ters makes them unique and very valuable potential tracers of
stellar evolution and galactic structure. However, to reach this
potential it is essential that cluster membership and absolute dis-
tances are determined fully independent of assumptions on lumi-
nosities. Photometric and spectroscopic data should be obtained
on a single accurate and full-sky-coverage system. To determine
distances for open clusters, a sizeable fraction of the members
need to be covered, and for the nearby clusters the variations
along the line of sight, and direction on the sky, in parallax and
proper motion need to be fully accounted for. This is the kind
of task that is only possible to achieve with a dedicated satel-
lite mission, and was first done using the Hipparcos astrometric
data in conjunction with the Geneva photometric surveys (van
Leeuwen 2009, fvl09 from hereon).

The TGAS catalogue in the first Gaia data release (Gaia Col-
laboration et al. 2016b) (DR1 from hereon) provides an order of
magnitude more data than the Hipparcos catalogue did, but at
the same time, because of the limitations in its construction, it is
more problematic and complicated in its use and interpretation
(Lindegren et al. 2016; Gaia Collaboration et al. 2016a; Are-
nou et al. 2016). The combination with the first epoch from the
new reduction of the Hipparcos data (ESA 1997; van Leeuwen
2007) and Tycho-2 (Høg et al. 2000) data, as well as the still very
limited scan coverage of the Gaia data in this first data release,
creates locally strong and systematic correlations between the
astrometric parameters as determined for individual stars. Error-
correlation coe�cients between the five astrometric parameters
still frequently exceed values as high as 0.8, and need to be taken
into account when determining both mean parallax and mean
proper motion data for a cluster. Many details on this can be
found in Lindegren et al. (2016).

The way the data had to be processed also plays an impor-
tant role. In particular simplifications in the attitude reconstruc-
tion (because of low numbers of reference stars) meant that the
e↵ects of clanks1 and minor hits2 were smoothed over, leading
to locally correlated errors on the epoch astrometric data, a prob-
lem that should be largely resolved in future releases. This first
release on the Gaia star cluster data is therefore a taste of things
to come, and provides some ideas on how to handle the Gaia as-
trometric data for a star cluster. The data derived for the clusters
can still be a↵ected by local systematics in the TGAS catalogue,
claimed to be at a level of 0.3 mas (Gaia Collaboration et al.
2016a), and, as we will show, comparisons with the Hipparcos
astrometric data for clusters are consistent with a slightly lower
level of systematics, at 0.25 mas.

The homogeneity of the astrometric data for members of
an open cluster o↵ers possibilities to study some aspects of the
proper motions and parallaxes as presented in the TGAS section
of the Gaia DR1. In particular the reliability of the standard un-
certainties (su from hereon) as quoted in DR1 can be checked,
and localized correlated errors may show up. Di↵erent roles are
there for the nearest cluster (Hyades), eight medium distance
clusters (within 300 pc: Coma Berenices, Pleiades, IC2391,
IC2602, ↵ Per cluster, Praesepe, Blanco 1, NGC2451A) and
ten more distant clusters (between 300 and 500 pc: NGC6475,
NGC7092, NGC2516, NGC2232, IC4665, NGC6633, Coll140,
NGC2422, NGC3532 and NGC2547). Table 1 provides further
identifiers of the clusters presented in this paper. The Hyades
1 discrete adjustments of the satellite structure, and thus telescope
pointing, to temperature changes
2 impacts of external particles, causing discrete rate changes

Table 1. Open cluster names and identifiers

Name Lynga Melotte
Hyades C0423+157 25
Coma Ber C1222+263 111
Praesepe C0837+201 88
Pleiades C0344+239 22
↵ Per C0318+484 20
IC2391 C0838�528
IC2602 C1041�641
Blanco 1 C0001�302
NGC2451A C0743�378
NGC6475 C1750�348
NGC7092 C2130+482
NGC2516 C0757�607
NGC2232 C0624�047
IC4665 C1743+057 179
NGC6633 C1825+065
Coll140 C0722�321
NGC2422 C0734�143
NGC3532 C1104�584
NGC2547 C0809�491

Table 2. Supplementary data

Name Fe/H E(B�V) log(age)
Hyades 0.15 ± 0.004 0.00 8.90
Coma Ber 0.00 ± 0.08 0.00 8.75
Praesepe 0.16 ± 0.004 0.01 8.90
Pleiades �0.01 ± 0.05 0.04 8.08
↵ Per 0.14 ± 0.11 0.09 7.55
IC2391 �0.01 ± 0.03 0.05 7.55
IC2606 �0.02 ± 0.02 0.03 7.88
Blanco 1 0.03 ± 0.07 0.01 8.32
NGC2451A -0.08 0.00 7.76
NGC6475 0.02 ± 0.02 0.21 8.22
NGC7092 0.00 0.01 8.57
NGC2516 +0.05 ± 0.11 0.07 8.08
NGC2232 0.11 0.03 7.49
IC4665 �0.03 ± 0.04 0.17 7.63
NGC6633 �0.08 ± 0.12 0.17 8.76
Coll140 0.01 ± 0.04 0.05 7.57
NGC2422 0.09 ± 0.03 0.10 8.12
NGC3532 0.00 ± 0.07 0.04 8.45
NGC2547 �0.14 ± 0.10 0.04 7.70

Notes. Metallicities for Hyades and Praesepe are from Cummings et al.
(2017). For the other clusters are from Netopil et al. (2016). EB�V are
from Kharchenko et al. (2016)

.

permits a consistency comparison between proper motions and
parallaxes over an area up to 36 degrees in diameter on the sky.
The second group is used to assess consistency of the su on
the astrometric parameters of individual stars. The third group,
for which the density on the sky of potential cluster members
is higher, can be used to assess the e↵ects of error correlations
between neighbouring stars. Most of these tests are ultimately
limited by the uncertainty in the estimate of the internal veloc-
ity dispersion in the clusters, and in particular its dependence on
the 3D position within the cluster. For the more distant clusters
there is the additional limitation of ascertaining membership of
a cluster.
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D¤<300pc   D¤=300-500pc  

N(member)=16-152  (median ~50) 
Rmax=2-17 deg  (median ~ 2.7deg) 
D¤=47-440 pc  
van Leeuwen & Gaia collab. 2017 
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                                          Praesepe  
 79 members, <π>=5.47±0.05 mas, D¤=183 pc, stars to ~15pc 
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van Leeuwen & Gaia collab. 2017 
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                                                 Hyades 
103 members, <π>=21.39±0.21 mas, D¤=46.75±0.46 pc, stars at ~15pc 

 5pc 
 
10pc 
 
15pc 

van Leeuwen & Gaia collab. 2017 

Vabs vs V-B: very narrow sequence 
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          Pleiades 
152 members,  
<π>=7.48±0.03 mas,  
D¤=134 pc 
(cf  VLBI: 136 pc) 

van Leeuwen & Gaia collab. 2017 
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          Pleiades 
152 members,  
<π>=7.48±0.03 mas,  
D¤=134 pc 
(cf  VLBI: 136 pc) 

van Leeuwen & Gaia collab. 2017 

Pleaides 
Hyades 
Praesepe 

Galli+2017 
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Talk - Eleonora Zari - Stellar content of  the Orion OB association 
C09  - Delphine Russeil - OB stars towards NGC 6357 and NGC 6334  
C11 – Bertrand Goldman -  What we learn from TGAS about the moving groups of   
                                              the Solar neighbourhood  
C16  - Joshi Yogesh - Open star clusters and Galactic structure 
C20  - Lin Chien-Cheng - Open cluster dynamics via fundamental plane 
C26  - David Montes - Revisiting membership of  late-type stars to stellar kinematic 
                                     groups using Gaia-DR1 
C43  - Teixeira Ramachrisna - Revisiting TW Hydrae association in light of  Gaia-DR1 
C46  - Velcovsky Jaroslav - Complex study of  the open cluster NGC 2281 
C50  - Yen Steffi - Reanalysis of  24 Nearby Open Clusters using Gaia Data 
D06  - Guo Difeng - The Sco OB2 Association in Gaia Era 
 
 



Gaia 1 (behind Sirius) : a globular cluster?   
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The first new stellar cluster 
discovered on DR1 data 
Koposov+2017 (arXiv:1702.01122) 

We conclude that Gaia possesses powerful and unique  
capabilities for satellite detection thanks to its unrivaled  
angular resolution and highly efficient object classification. 

D¤=4.6 ± 0.2 kpc  
age=6.3 Gyr, [Fe/H]=-0.7 (PARSEC) 
R_h=6.5’±0.4’ (=9pc) 
Mv=-5.1 
 
Gaia, 2MASS, WISE, PS1 
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confirmed spectroscopically 
with HERMES & AAOmega 
Simpson+2017 (arXiv:1703.03823) 

~330 stars HERMES 
~660 stars AAOmega 
 
41 members 
[Fe/H]=-0.13±0.13 
age=3 Gyr 
RV=58.3±0.22 km/s 
D¤=4.5 ± 0.2 kpc  
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2. Data analysis and PM measurement

As the first epoch for the PM determination, we used data ac-
quired under GO-9666 (PI: R. Gilliland) with the Wide Field
Channel (WFC) of the Advanced Camera for Survey (ACS)
on board the HST. The WFC/ACS is made up of two detec-
tors with a size of 2048 ⇥ 4096 pixels and a pixel scale of
⇠0.0500 pixel�1. Detectors are separated by a gap of approxi-
mately 50 pixels, meaning that the total field of view (FoV)
is ⇠20000 ⇥ 20000. We used 14 deep exposures in the F435W,
F475W, F555W, F606W, F625W, F775W, and F814W filters
(two exposures per filter), taken on September 26, 2002. We
work with _FLC images, which have been corrected by the HST
calibration pipeline for charge transfer e�ciency (Anderson &
Bedin 2010; and Ubeda & Anderson 2012). The data reduc-
tion is based on the procedures described in Anderson & King
(2006). Each individual exposure was analysed with the publicly
available program img2xym_WFC.09⇥10. This program uses a
pre-determined model of the PSF plus a single time-dependent
perturbation, and produces a catalogue with positions and instru-
mental magnitudes as output. After rejecting all the saturated
sources, the stellar positions in each catalogue were corrected
for filter-dependent geometric distortions using the solution pro-
vided by Anderson (2007).

The second epoch data are provided by the Gaia Data
Release 1 (DR1, see Gaia Collaboration 2016). DR1 posi-
tions are from January 1, 2015. In combination with HST,
this provides a temporal baseline for the PM measurement of
12.27 years.

A catalogue containing positions, related uncertainties,
G magnitudes and astrometric excess noise for all the sources
in the FoV covered by the HST dataset was requested from the
Gaia archive1. We found that the median positional error for
this catalogue was ⇠0.6 mas, and decided to exclude all the
sources with a positional error larger than 3 mas (⇠5 times the
median error value) from the analysis to remove poorer quality
measurements.

The PMs were measured using the procedure described in
Massari et al. (2013). We chose a master frame described by
the Gaia positions, which is already aligned with the equatorial
coordinate system. Then, we transformed each HST single ex-
posure catalogue onto the master frame using a six-parameter
linear transformation. To maximise the accuracy of these trans-
formations, we treated each chip of the HST exposures sepa-
rately to avoid spurious e↵ects due to the presence of gaps. After
this process, each source had up to 14 first-epoch positions trans-
formed onto the master frame. We decided to exclude all those
sources with less than four first-epoch detections from the fol-
lowing analysis. The PMs of the remaining 481 objects were
computed as the di↵erence between the second epoch Gaia po-
sitions and the 3�-clipped median value of the HST first-epoch
positions, divided by the temporal baseline. The two projected
components of the PMs on the sky were treated separately. The
uncertainties on the PMs were computed as the sum in quadra-
ture between the Gaia positional errors and the rms of the resid-
uals about the median value of HST positions, divided by the
temporal baseline.

After this first iteration, we repeated the procedure by com-
puting the frame transformations using only likely cluster mem-
bers. We selected stars according to both their location in the
colour-magnitude diagram (CMD) and their first PM determina-
tion, requiring consistency with the mean cluster motion (which
by construction is centred on [0, 0] mas yr�1). After four iterative
1
https://gea.esac.esa.int/archive/

Fig. 1. Top panel: VPD for the stars in our final catalogue. Stars used to
measure the average cluster PM are highlighted in black, whereas likely
non-members are shown in grey. The location of the background galaxy
used to determine the absolute PM zero-point with its uncertainty is
shown with a red symbol. Bottom panel: uncertainties on the PM mea-
surements. Black and red symbols are related to the two di↵erent PM
components as described in the labels.

steps, the selected number of stars ceased to change (366 were
used in the last step), and the resulting PMs and related errors
are those of our final catalogue. The PMs are shown in the top
panel of Fig. 1, also known as a Vector Point Diagram (VPD),
while the uncertainties for each PM component are plotted in the
bottom panel with di↵erent colours. The larger uncertainties on
µ↵ cos(�) are due to the positional errors in the Gaia dataset, and
explain why the distribution of stars in the VPD appears elon-
gated in that direction.

We have performed several consistency checks on these PM
measurements. First, we verified that the bulk of the PM distri-
bution centred around zero is actually made up of cluster mem-
ber stars. We selected stars around the mean PM value in the
VPD with an iterative 2.5�-clipping procedure. Their location in
the instrumental (F606W, F606W-F814W) CMD is shown with
black symbols in the left panel of Fig. 2. All the selected stars
lie on the cluster evolutionary sequence, and other stars that are
also on this sequence (grey symbols) are excluded because of
their large PM uncertainties (see Fig. 1). Following Bellini et al.
(2014) and Massari et al. (2016), we also checked for spurious
systematic trends of the measured PM components with spa-
tial distribution, instrumental magnitude and colour, and found
none. This is demonstrated in the top- and bottom-right panels of
Fig. 2. The distributions with magnitude and colour are consis-
tent with no systematic trends within a 1� uncertainty. All these
checks support the quality and the reliability of our measure-
ments. However, since we are using only two epochs, we cannot
exclude that other subtle systematic errors a↵ect our analysis,
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Fig. 2. Left panel: (F606W, F606W-F814W) instrumental CMD of
NGC 2419 for the stars in the final PM catalogue. Black and grey sym-
bols indicate stars selected in the VPD as shown in Fig. 1. Right panels:
behaviour of the two PM components with respect to instrumental mag-
nitude (top panel) and colour (bottom panel). In both cases, the best fits
indicate no systematic trend.

possibly making the overall estimate of the PM uncertainties a
lower limit.

The PMs measured in this way are relative to the mean
motion of the cluster. Relating them to an absolute reference
frame is therefore necessary in order to obtain the systemic mo-
tion of NGC 2419. As extensively demonstrated in the litera-
ture (e.g. Dinescu et al. 2004; Massari et al. 2013; Sohn et al.
2013; Pryor et al. 2015), very distant objects such as quasars
or background galaxies can be used to determine the absolute
PM zero point, as their absolute PM is ⇠0 mas yr�1. A search
through the NED revealed no such objects in our FoV. However,
when we inspected the images by eye to look for background
galaxies, we found one object in both our HST and Gaia (which
are the most shallow) data that has an extended structure typ-
ical of background galaxies, as shown in Fig. A.1. This is con-
firmed by the corresponding Gaia astrometric noise excess value
which is larger than 10. On the other hand, its overall profile is
su�ciently point-like to be well described by the adopted PSF,
as can be inferred from its QFIT value <0.5 (see Anderson &
King 2006). Moreover, it appears to be bright, with a signal-to-
noise ratio >150 in all the HST exposures, and isolated, with
no neighbouring sources a↵ecting its centroid determination.
This object thus has all the features required to provide a re-
liable determination of the absolute PM zero point. Its loca-
tion in the Vector Point Diagram (VPD) with the correspond-
ing uncertainties is shown in red in Fig. 1, and is centred on
(µ↵ cos(�), µ�) = (0.17 ± 0.26, 0.49 ± 0.17) mas yr�1. Since the
average PM of likely member stars (black points) is (µ↵ cos(�),
µ�) = (0.001 ± 0.007,�0.004 ± 0.006) mas yr�1, that is, is con-
sistent with zero within 1�, the absolute PM of NGC 2419
is (µ↵ cos(�), µ�) = (�0.17 ± 0.26,�0.49 ± 0.17) mas yr�1. In
Galactic coordinates, this corresponds to (µl cos b, µb) = (0.43 ±
0.09,�0.29 ± 0.30) mas yr�1.

Given the large distance of NGC 2419, systematic uncer-
tainties due to global systemic motions of the cluster such as

expansion/contraction or rotation in the plane of the sky (see
Massari et al. 2013) are negligible compared to the uncertainty
on the absolute zero-point. For example, Baumgardt et al. (2009)
found a rotation velocity of 3.1 km s�1 for NGC 2419 (with an
rms of 4.0 km s�1), which translates into an additional systematic
error of only 0.007 mas yr�1.

3. The orbit of NGC 2419

By combining the above measurements with the cluster’s radial
velocity (vrad = �20.3 ± 0.7 km s�1, Baumgardt et al. 2009),
distance (87.5 ± 3.3 kpc, Di Criscienzo et al. 2011b), and sky
position (RA, Dec) = (114.535± 0.004, +38.8824± 0.0003) deg
(Goldsbury et al. 2010), we are able to determine, for the first
time, the orbit of NGC 2419.

To this end, we transform these measurements to a helio-
centric right-handed Cartesian reference frame, where X points
towards the Galactic centre, Y in the direction of rota-
tion, and Z towards the Galactic North pole. This yields
(X,Y,Z) = (�79.1,�0.5, 37.4) in kpc, and (VX ,VY ,VZ) =
(�32.6,�177.2,�119.3) in km s�1. We then transform to a
Galactocentric reference frame by assuming the the Sun’s po-
sition and velocity to be (X�,Y�,Z�) = (�8.3, 0, 0.014) kpc, and
(VX,�,VY,�,VZ,�) = (11.1, 240.24, 7.25) km s�1 (see Schönrich
et al. 2010).

We thus compute the orbit of NGC 2419 in a Galactic poten-
tial consisting of a flattened bulge, a gaseous exponential disc,
thin and thick stellar exponential discs, and a flattened dark mat-
ter halo (for more details, see Pi✏ et al. 2014). The model has a
total baryonic (stars and cold gas) mass of Mbary = 5.3⇥1010 M�
and a virial halo mass of M200 = 1.3 ⇥ 1012 M�. The dark halo
follows the Navarro et al. (1996) form, its flattening is q = 0.8,
and it has a concentration of c200 ' 20.

We use the phase-space position of the cluster we have just
derived as the initial condition to integrate an orbit for approx-
imately 4 Gyr forward and backward in time using an 8th or-
der Runge-Kutta method. We also generate 100 realizations of
the initial phase-space coordinates by assuming that the errors in
the space of observables are Gaussian, and integrate them in the
same way.

Figure 3 shows the trajectories on the sky of a subset of
the orbits obtained in this way, that is, those with PM initial
conditions within 1� of the measured values. The large errors
on the measured PMs result in trajectories that cover a large
portion of the sky. However more probable orbits typically do
not deviate from the mean orbit shown by the dashed curve by
more than a few degrees. Figure 3 also shows that this orbit is
close to polar, indicating that most of the angular momentum is
in the Y-direction. We find that the orbit rotates clockwise and
has pericentre and apocentre distances rperi = 53+23

�26 kpc, and
rapo = 98+2

�1 kpc, respectively.
Based on the position of NGC 2419 on the sky, Irwin (1999)

suggested that it may have been a globular cluster associated
with the dwarf spheroidal galaxy Sagittarius that was lost as
soon as this entered the potential well of the Milky Way. Our PM
measurements show that the sense of the rotation of Sagittarius
and NGC2419 about the Galactic centre are the same, and
therefore an association appears rather likely. Despite the fact
that NGC 2419 lies at a much larger distance than the current or-
bit of Sagittarius (see e.g. Law & Majewski 2010a, and the ma-
genta line in Fig. 3), it must be borne in mind that if Sagittarius
was much more massive in the past, its debris will be located
at a large range of distances reflecting the initial energy spread
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Fig. 3. Top panel: trajectory on the sky of NGC 2419’s possible orbits
(within 1�), where that obtained by starting from its current position
and velocity (indicated by a triangle) is shown with the black dashed
line. The colour-coding represents the (heliocentric) distance. For com-
parison, we also show the current position and orbit of the Sagittarius
dwarf spheroidal galaxy (diamond and magenta dot-dashed line), in-
tegrated in the same Galactic potential, and the positions of globular
clusters (coloured circles) possibly associated to Sagittarius according
to Law & Majewski (2010b). Bottom panel: as the top panel, but where
the colour-coding represents the (heliocentric) radial velocity.

(e.g. Helmi & White 2001, predicted debris to lie at distances
close to 100 kpc; see also Gibbons et al. 2014). Dynamical
friction can also act in the same sense and make the orbit of
Sagittarius sink towards the Galactic centre with time.

Furthermore, Belokurov et al. (2014) recently suggested that
a tidal stream consisting of blue horizontal branch stars (reported
first by Newberg et al. 2003) found to overlap with NGC 2419
spatially as well as in line-of-sight velocity is part of the trail-
ing stream of Sagittarius. Although, for the streams, the original
model of Law & Majewski (2010a) predicted a di↵erent trend
of line-of-sight velocity with angular phase than observed, the
more recent model of Vera-Ciro & Helmi (2013), in which the
dark halo of the Galaxy is oblate near the centre and significantly
triaxial at large distances (and which includes the gravitational
e↵ect of the Large Magellanic Could), fares better. Interestingly,
the tangential velocity predicted by this model (see the right-
hand-side of Fig. 5 in Vera-Ciro & Helmi 2013) is also in good
agreement with what we have just derived for NGC 2419.

4. Conclusions

We have presented the first measurement of the proper motion of
the intriguing globular cluster NGC 2419 thanks to the unique
combination of HST and Gaia data. By using a background
galaxy to tie our measurements to an absolute reference frame,
we determined the absolute PM of NGC 2419 to be (µ↵ cos(�),
µ�) = (�0.17 ± 0.26,�0.49 ± 0.17) mas yr�1.

Numerical integration of the possible orbits in a Galactic
potential starting from the current location and velocity of
NGC 2419 show the cluster to be on an elongated orbit with
a pericentre at ⇠53 kpc and an apocentre at ⇠98 kpc. Its orbit
is close to polar and rotates in the same sense around the Milky
Way as the Sagittarius dwarf galaxy. Our analysis suggests that it
is very likely that NGC 2419 originated in the Sagittarius system.
By combining all the information we have about Sagittarius, its
streams and its likely former globular cluster NGC 2419, we may
also be very close to pinning down the gravitational potential of
the Milky Way at large radii, as well as reconstructing the re-
markable history of the Sagittarius dwarf galaxy.
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Massari+2017 :  the GC NGC2419 (Mv=-9.42, Rgc=90 kpc) 
(μα	cos(δ),	μδ)	=	(−0.17	±	0.26,−0.49	±	0.17)	mas yr−1 
First epoch : HST, second epoch Gaia DR1 (~12.5 yr baseline)		

 

Orbit derivation:  
rP~53 kpc ; rA~98 kpc 
Sagittarius dSph? 
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Watkins & van der Marel, subm. 
Use TGAS data only 
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Figure 2. Sky positions, parallaxes, and proper motions for the TGAS stars in NGC 104, NGC 5139, NGC 5272, NGC 6121, NGC 6218, and NGC 6254. The
top-right panels in each set show the sky positions of the TGAS stars identified within 2Rtidal relative to the cluster centre (red star). The red dotted line marks
Rtidal and the black dotted line marks 2Rtidal. The remaining panels show projections of the five-parameter astrometric solution for parallax, RA PM and Dec
PM. The literature values we used to determine membership probabilities (parallaxes from inverted distances from H96 and PMs from CD13) are shown as red
stars. The TGAS cluster member candidates are shown as coloured points, coloured by their probability of membership from orange (high) to blue (low). The
black points are TGAS stars rejected as cluster members, and thus, thought to be MW field stars. For comparison, Besançon model predictions are shown as grey
points. In some cases, most of the Besançon stars fall outside of the plot limits.
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Figure 5. Upper and middle panels: Parallax and PM results for NGC 5272.
The black points show the TGAS star we identified as a cluster member. In
the PM plot (middle left) we compare our estimate to values from Scholz
et al. (1993) (orange, photographic plates), Odenkirchen et al. (1997) (green,
Hipparcos), Geffert (1998) (cyan, Hipparcos), and Wu et al. (2002) (blue,
photographic plates). Our PM estimate is consistent with both the latter two
estimates. (There is a further estimate given given by Cudworth & Hanson
(1993) however this is not shown as it does not lie within the plot limits.)
Lower panel: Distance comparison for NGC 5272. We invert our parallax
measurement to obtain a distance estimate (red). We also show previous
distance estimates from Cudworth (1979) (orange, dynamical), Sandage &
Cacciari (1990) (green, MS fitting), Paez et al. (1990) (cyan, CMD fitting),
Ferraro et al. (1999) (blue, HB fitting), and Marconi et al. (2003) (purple,
RR Lyrae pulsations). Our distance is considerably smaller than previous
estimates.

blue points respectively. The estimate by Cudworth & Han-
son (1993) is not shown as it is significantly offset from the
others and is not located within the plot limits. The TGAS PM
estimate shows best agreement with the estimate derived us-
ing photographic plates by Wu et al. (2002) and the Hipparcos
measurement by Geffert (1998).

Our parallax of v = 0.225 ± 0.289 mas corresponds to a
distance of D = 4.44+1

-2.50 kpc. The upper error bar on the dis-
tance is unconstrained as the lower error bar on the parallax
extends below zero, which, as previously discussed, is un-
physical but statistically rigourous. NGC 5272 has a number
of previous estimates of its distance in the literature; here we
compare with only a subset of these chosen to cover a wide
variety of estimation methods: Cudworth (1979) estimated
D = 9.6 ± 2.6 kpc from cluster kinematics; Sandage & Cac-
ciari (1990) estimated D = 9.16+0.43

-0.41 kpc via main-sequence
fitting; Paez et al. (1990) estimated D = 9.51+0.18

-0.17 kpc using
colour-magnitude diagram fitting; Ferraro et al. (1999) esti-
mated D = 10.05+0.97

-0.88 kpc using HB fitting; and Marconi et al.
(2003) estimated D = 10.33±0.24 kpc using RR Lyrae pulsa-
tions. We show these distance estimates along with our own
in the lower panel of Figure 5. Our distance estimate is con-
siderably smaller than all of the previous distance estimates
for NGC 5272.
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Figure 6. Upper and middle panels: Parallax and PM results for NGC 6121.
The black points show the 5 TGAS stars we identified as cluster members.
The red points shows the mean values we have calculated here. In the PM plot
(middle left) we compare our estimate to values from Dinescu et al. (1999a)
(orange, ground-based), Bedin et al. (2003) (green, HST), Kalirai et al. (2004)
(cyan, HST), and Cudworth & Rees (1990) (blue, ground-based). The PMs
we measure are consistent with the previous HST measurements and have
similar uncertainties. Lower panel: Distance comparison for NGC 6121. We
invert our parallax measurement to obtain a distance estimate (red). We also
show previous distance estimates from Peterson et al. (1995) (orange, dynam-
ical), Hendricks et al. (2012) (green, HB luminosity), Kaluzny et al. (2013)
(cyan, eclipsing binaries), Neeley et al. (2015) (blue, RR Lyraes), and the es-
timate from H96 (purple). Our distance is consistent with previous estimates
within our uncertainties, but our uncertainties are not yet competitive with
existing results.

3.3. NGC 6121 (M 4)
For NGC 6121, we find parallax v = 0.556 ± 0.149 mas,

RA PM µ↵⇤ = -12.51 ± 0.50 mas/yr, and Dec PM µ� =
-18.33 ± 0.29 mas/yr, with correlation terms ⇢(v,µ↵⇤) =
0.589, ⇢(v,µ�) = 0.519, and ⇢(µ↵⇤,µ�) = 0.488. In Figure 6,
the upper and middle panels show the parallaxes and PMs of
the 5 TGAS stars (black) and our averages (red).

To define membership probabilities in Section 2.3, we
used the PM from CD13 as a reference. In fact, the
PM for NGC 6121 given in that catalogue is a combina-
tion of three separate studies and so we compare our PM
again each of those studies here: Dinescu et al. (1999a)
measured µ↵⇤ = -12.50 ± 0.36 mas/yr and µ� = -19.93 ±
0.35 mas/yr from SPM photographic plates using Hippar-
cos stars as a reference frame; Bedin et al. (2003) measured
µ↵⇤ = -13.21 ± 0.35 mas/yr and µ� = -19.28 ± 0.35 mas/yr
using HST/WFPC2 data; and Kalirai et al. (2004) measured
µ↵⇤ = -12.26 ± 0.54 mas/yr and µ� = -18.95 ± 0.54 mas/yr
also using HST/WFPC2 but with a longer baseline. These
points are shown in the PM panel (centre left) of Figure 6 as
orange, green and cyan points respectively.

Our PM in RA is consistent with all three studies, but our
PM in Dec is in much better agreement with the two HST PMs
than the ground-based PM. HST tends to be less susceptible
to various kinds of errors than ground-based measurements,

Started with ~1000 TGAS 
stars in 30 GCs 
20 stars in 5 GCs: 
π, PM, UVW 
è not competitive yet but potential is shown 
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Piatti+2016, 2017 :  
 
a) 7 candidate OCs near dissolution 
Rup 3, 9, 37, 74, 150; ESO324-15, 436-2 
but the 2 in Gaia DR1 are not clusters? 
(≠π’s, ≠ PMs) 
 
 
b) 15 “catalogue OCs” 
8 have 1-7 Gaia DR1 stars  
from CMD, π, PM 
è 10 are not OCs 
 
 

4 Gaia DR1 stars 
≈π’s (~2.5kpc), PMs 
300 Myr, 2kpc 

Dynamically evolved open clusters 403

Figure 9. CMDs and CC diagrams for stars measured in the field of ESO 436-2. Symbols are as in Fig. 3. Stars with Gaia parallaxes and proper motions are
numbered from 1 to 4. (see text for details).

and should be much closer to a disruption stage. Their total masses,
which represent a mass-loss around 85–90 per cent from their MJ16

values – with the sole exception of Ruprecht 37 whose mass-loss is
around 35 per cent – also confirm such a highly evolved dynamical
stage. If we considered the MSalpeter values as the initial cluster
masses instead, the mass-loss would be still larger. Note that the
mass-loss is due to both internal dynamical evolution and tidal
effects. As for the Galactic tidal field, Miholics et al. (2014, see, e.g.
their fig. 1) found that the difference in the potential wall between
6 and 100 kpc from the galactic centre leads to ≤ 10 per cent
variations in the half-mass radius for clusters younger than 4 Gyr.
Thus, bearing in mind the Galactocentric distances of the studied
clusters (RGC = 9 ± 1 kpc) and their ages (see Table 10), we

considered the dynamical evolution as the main origin of mass-
loss. The effect of an important mass-loss stands out in Fig. 11
where the observed MFs depart from Salpeter’s law towards lower
stellar masses. Surprisingly enough is the fact that even though
the surviving clusters keep small amounts of their MJ16 and MSalpeter

masses, the cluster CMDs are still useful to derive their fundamental
parameters.

From the analysis of the derived structural parameters, it is also
feasible to draw conclusions about their present dynamical stage.
Trenti, Vesperini & Pasquato (2010) presented a unified picture for
the evolution of star clusters on the two-body relaxation time-scale
from direct N-body simulations of star clusters in a tidal field. Their
treatment of the stellar evolution is based on the approximation

MNRAS 466, 392–406 (2017)

ESO436-2 

4970 A. E. Piatti

Figure 13. CMDs and CC diagrams for stars measured in the field of Miller 1. Symbols are as in Fig. 2.

Figure 14. CMDs and CC diagrams for stars measured in the field of NGC 5269. Symbols are as in Fig. 2. Stars with Gaia parallaxes and proper motions are
numbered from 1 to 4 (see text for details). We overplotted the isochrone that best matches the cluster features (black solid line).

MNRAS 466, 4960–4973 (2017)

NGC5269 

not a cluster 
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SPECTROSCOPY, e.g. : 
  SDSS, LAMOST (low-res) 
  RAVE (intermediate-res, 
               not much on clusters) 
 
to cite only high-res 
on-going: 
  APOGEE (good for IR) 
  Gaia-ESO  ç 
  GALAH 
future: 
  WEAVE 
  MOONS 
  4MOST 

PHOTOMETRY, e.g. : 
  SDSS, 2MASS 
  ESO public surveys @VISTA, @VST 
  Pan-STARRS1 
 
  HST (crowded centers, PM, π) 
 
JWST, ELTs 
 
LSST (Gaia’s deep complement) 
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Counting stars with Gaia                                                        Credits: ESA/Gaia-CC BY-SA 3.0 IGO 

A Galactic view from the observation deck                               Credits: ESO 

Gaia-ESO top-level scientific goal is delivery and analysis of  high-quality  
spectroscopy for a fair sample of  all Galactic stellar populations. 

 http://www.gaia-eso.org  
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calibration and ESO archive re-analysis to 
ensure maximum future utility.

Why not just wait for Gaia? 

The Gaia mission will provide photometry 
and astrometry of unprecedented pre-
cision for most stars brighter than G = 20 
mag, and obtain low resolution spectra 
for most stars brighter than 17th magni-
STCD
�3GD�jQRS�@RSQNLDSQX�C@S@�QDKD@RD� 
is likely to be in 2016, with spectropho-
tometry and stellar parameters to follow 
K@SDQ��@MC������ENQ�SGD�jM@K�B@S@KNFTD
�
Crucially, Gaia has limited spectroscopic 
capabilities and, like all spacecraft, does 
not try to compete with large ground-
based telescopes at what they do best. 

A convenient way of picturing the Gaia–
ground complementarity is to look at  
the dimensionality of data which can be 
obtained on an astrophysical object. 
Larger amounts of information of higher 
quality are the goal, to increase under-
standing. Figure 2 gives a cartoon view  
of this information set. There are four 
basic thresholds which we must pass. 
3GD�jQRS�HR�SN�JMNV�@�RNTQBD�DWHRSR��HSR�
position, and basic photometric data. 
Photometric surveys, such as those 
underway at VISTA and VST will deliver 
this information. The second is to add  
the time domain — motions, including 
parallax, providing distances and speeds. 
Here Gaia will be revolutionary. The  
third threshold is radial velocity, turning 
motions into orbits. While Gaia will pro-
vide radial velocities, the magnitude limit 
is three magnitudes brighter than that  
of the astrometry and the precision is 
much below that of proper motions. Here 
the Gaia-ESO will be crucial to supple-
ment Gaia spectroscopy. The fourth 
threshold is chemistry, and astrophysical 
parameters. These latter two both re- 
quire spectroscopy, which is the key 
information from the Gaia-ESO Survey.

Gaia-ESO Survey samples and observa-
tional strategy

The Gaia-ESO Survey observing strat- 
egy has been designed to deliver the  
top-level survey goals. The Galactic inner 
and outer Bulge will be surveyed, as  
will be the inner and outer thick and thin 

evolution of the Galaxy and its compo-
nents, involves three aspects: chemical 
DKDLDMS�L@OOHMF��VGHBG�PT@MSHjDR�
 timescales, mixing and accretion length 
scales, star formation histories, nucleo-
synthesis and internal processes in  
stars; spatial distributions, which relate  
to structures and gradients; and kinemat-
ics, which relates to both the felt, but 
unseen, dark matter, and dynamical his-
tories of clusters and merger events.  
With Gaia, and stellar models calibrated 
on clusters, one will also add ages for 
�RKHFGSKX�DUNKUDC��jDKC�RS@QR��ENQ�SGD�jQRS�
time. Manifestly, a spectroscopic survey 
returning data for very large samples is 
QDPTHQDC�SN�CDjMD�VHSG�GHFG�RS@SHRSHB@K�RHF-
MHjB@MBD�@KK�SGDRD�CHRSQHATSHNM�ETMBSHNMR�
and their spatial and temporal gradients. 

The Gaia-ESO Survey is that survey. 
,NQDNUDQ��HS�VHKK�@KRN�AD�SGD�jQRS�RTQUDX�
yielding a homogeneous dataset for  
K@QFD�R@LOKDR�NE�ANSG�jDKC�@MC�BKTRSDQ�
stars, providing unique added value. The 
RODBHjB�SNO�KDUDK�RBHDMSHjB�FN@KR�HS�VHKK�
allow to be addressed include:
–  Open cluster formation, evolution, and 

disruption;
–  Calibration of the complex physics that 

affects stellar evolution;
–  Quantitative studies of Halo substruc-

ture, dark matter, and rare stars;
–  Nature of the Bulge;
–  Origin of the thick Disc;
–  Formation, evolution, structure of the 

thin Disc;
–  Kinematic multi-element distribution 

function in the Solar Neighbourhood.

Gaia-ESO Survey legacy overview

This VLT survey delivers the data to sup-
port a wide variety of studies of stellar 
populations, the evolution of dynamical 
systems, and stellar evolution. The Sur-
vey will complement Gaia by using the 
GIRAFFE+ UVES spectrographs to meas-
ure detailed abundances for at least  
12 elements (Na, Mg, Si, Ca, Ti, V, Cr, Mn, 
%D��"N��2Q��9Q��!@��HM�TO�SN��� ����jDKC�
stars with V < 15 mag and for several ad -
ditional elements (including Li) for more 
metal-rich cluster stars. Depending  
on target signal-to-noise (S/N) and astro-
physical parameters, the data will typically 
probe the fundamental nucleosynthetic 
channels: nuclear statistical equilibrium 
(through V, Cr, Mn, Fe, Co), and alpha-
chain (through Si, Ca, Ti). The radial 
velocity precision for this sample will be 
0.1 to 5 kms–1, depending on target,  
with, in each case, the measurement pre-
cision being that required for the rele- 
vant astrophysical analysis. The data will 
resolve the full phase-space distribu- 
tions for large stellar samples in clusters, 
making it possible to identify, on both 
chemical and kinematic grounds, sub-
structures that bear witness to particular 
merger or starburst events, and to fol- 
low the dissolution of clusters and the 
&@K@BSHB�LHFQ@SHNM�NE�jDKC�RS@QR
�

The survey will also supply homogene-
ously determined chemical abundances, 
rotation rates and diagnostics of mag-
netic activity and accretion, for large 
samples of stars in clusters with precise 
distances, which can be used to chal-
lenge stellar evolution models. Consider-
able effort will be invested in abundance 

Astronomical Science

Gaia

2-D 3-D 5-D 12+ D6-D

Position Parallax Proper
motions Spectrum Astrophysical

parameters

Ultra-precision,
over years Distance Transverse

velocities
Radial velocity
+  chemistry

Ages, histories,
astrophysics

Stellar orbits, star formation history, origin of the elements, Galaxy assembly,....
dark matter, cosmological initial conditions, fundamental physics, solar system(s)

Gaia-ESO

Figure 2. Diagrammatic representation of the out-

puts of the Gaia and Gaia-ESO surveys, showing 

how they are complementary.

Gilmore G. et al., The Gaia-ESO Public Spectroscopic Survey

Gilmore, Randich, et al. 2012,  The Messenger 147, 25 : “The Gaia-ESO Public Spectroscopic Survey”  
 

Gaia-ESO SURVEY 



Gaia-ESO SURVEY: OPEN CLUSTERS 

25 Apr 2017 IAUS 330 - The Gaia Sky (Nice, FR) 30 

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000
Dsun

0

1000

2000

3000

4000

5000

6000

7000

ag
e

Open clusters & SFRs 
 
§  cluster formation 
      and evolution 
§  Galaxy chemo- 
      dynamics 
§  stellar evolution 
 

age/metallicity/mass/Rgc range for OCs well covered 
 

D¤ (in pc) vs age (in Myr) 



Gaia-ESO SURVEY: OPEN CLUSTERS 

25 Apr 2017 IAUS 330 - The Gaia Sky (Nice, FR) 31 



Gaia-ESO SURVEY and TGAS 

25 Apr 2017 IAUS 330 - The Gaia Sky (Nice, FR) 32 

1  Hyades       (too sparse) 
2  Coma Ber   (dec +26) 
3  Praesepe     (TBA) 
4  Pleaides      (dec +24) 
5  αPer           (dec +48) 
6  IC2391 
7  IC2602 
8  Blanco 1 
9  NGC2451A 
10  NGC6475    (TBA) 
11  NGC7092    (dec +48) 
12  NGC2516  
13  NGC2232 
14  IC4665 
15  NGC6633 
16  Cr 140 
17  NGC2422 
18  NGC3532 
19  NGC2547 

van Leeuwen & Gaia collaboration 2017 : 
DR1 verification paper on open clusters 
 
Gaia-ESO spectroscopy:  
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Jeffries+2014; Sacco+2015;  Mapelli+2015 : 
γVel has 2 subgroups [≠RV, ≠σ(RV)] 
group B is visible in NGC2547 data 
models : 2 subclusters from same cloud 
 

THE BRIDGE TO NGC 2547 

In the simulations,  
subcluster B expands 
rapidly to distances of 
15 pc. 
 
 

This expansion can explain the peculiar dynamical structure 
observed by Sacco et al. (GES manuscript  #30) in NGC 2547. 
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A&A 578, A35 (2015)

Fig. 2. From top to bottom and from left to right: distribution of the RVs of stars in run 1, 2, 4, 5, 7, 11, 13, 15 and 16 at t = 4.8 Myr (see Table 1).
The simulated RVs include randomly generated observational uncertainties. Solid red line: pop. A (cluster 1); dotted black line: pop. B (cluster 2);
dashed blue line: sum of the two components. We define RV as the velocity along the y axis (i.e. we assume that the line-of-sight coincides with
the direction that maximizes the velocity shift between the two clusters). Green shaded histogram: observed RV distribution (the same as in Fig. 6
of Jeffries et al. 2014).

collision time is different, since it depends on the relative initial
distance, velocity and masses.

Detailed information about all runs (including those shown
in Figs. 1 and 2) can be found in Table 2. In calculating the RVs
in Table 2 (as well as in Fig. 2), we have assumed that the line-
of-sight is along the y axis. Thus, the RV is the velocity along the
y axis, i.e. the axis along which we generated the velocity shift
∆v between the centre-of-mass of the two clusters1. Therefore,
the plane of the sky is the xz plane of the simulations.

1 Without this requirement, the probability of observing the two pop-
ulations nearly superimposed would be much smaller, even if this is
would be compensated by a less stringent requirement on the line-of-
sight direction. See Sect. 3.4 for details.

In Table 2, we consider as reference times t ∼ 2.5, 5 and
7 Myr since the beginning of the simulations. We stress that we
select these three reference snapshots, since the radial distribu-
tion of the simulated stars, and especially the shift along the line-
of-sight between pop. A and pop. B, are not consistent with the
observations if t ≪ 2.5 Myr or t ≫ 7.5 Myr (see Sect. 3.2). On
the other hand, the RV distribution does not change significantly
at different times (see Table 2), provided that t ≥ 2.5 Myr (i.e.
provided that the two sub-clusters already collided). Thus, the
main constraints on the time elapsed since the collision come
from the radial distribution, while the RV distribution is less af-
fected. Finally, we recall that the time indicated in Table 2 does
not necessarily correspond to the age of the stars in pop. A and
pop. B: the tabulated time is the time elapsed since the beginning
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Fig. 6. Binned RV histogram for the Gamma Vel members (note that
fitting was carried out on unbinned data). Upper panel: the best fit
for a model consisting of a single Gaussian population with a frac-
tion fbin = 0.46 of unresolved binaries (see text). The fit is poor. Lower
panel: the best fit for a population represented by two Gaussian compo-
nents, each with an unresolved binary population.

4.1. Modelling the radial velocity distribution

A histogram of the mean RVs for stars selected as members is
shown in Fig. 6 and is modelled using a maximum likelihood
technique. We implicitly assume that our membership selection
procedure has excluded unassociated field stars. A complica-
tion is that some fraction of these objects will be unresolved bi-
nary systems. The procedure we adopt is described in detail by

Cottaar et al. (2012b) but is summarised here with some minor
differences highlighted.

We assume that the observed RVs are drawn from an intrin-
sic distribution that is broadened by measurement uncertanties
and the possibility of binary motion. Single stars and the cen-
tres of mass for binaries are assumed to share the same intrinsic
RV distribution. The likelihood of a star’s observed RV, vi, given
an intrinsic RV distribution and the estimated RV uncertainty,
σi is

Li(vi) = (1 − fbin) Lsingle(vi,σi) + fbin Lbinary(vi,σi), (2)

where fbin is the fraction of observed objects that are unresolved
binaries; Lsingle is the convolution of a model intrinsic RV distri-
bution with a Gaussian of dispersion σi; and Lbinary is the equiv-
alent likelihood distribution for binary systems, but is calculated
after convolving the model intrinsic RV distribution with an un-
certainty and the distribution of velocity offsets expected from
a set of randomly oriented SB1 binary systems, with a specified
distribution of orbital periods and eccentricities.

For binaries, we assume fbin = 0.46, a lognormal period dis-
tribution, a mean log P = 5.03 (in days) and dispersion 2.28 dex,
with a flat mass ratio distribution for 0.1 < q < 1 (Raghavan
et al. 2010). For ease of computation we consider only circular
orbits; tests using an eccentricity distribution showed that it has
no significant effect on the results. The binaries are assumed to
have a random orientation in space and to be observed at a ran-
dom phase of their orbits. Monte Carlo simulations give a distri-
bution of observed RV offsets for the primary star with respect
to the binary centre of mass. The calculation was performed
separately for each target, assuming a primary mass (given in
Table 2) approximated by interpolating its V − I colour along
a 10 Myr Baraffe et al. (1998) isochrone and a system mass a
factor of (1 + q) larger4.

Given a model intrinsic RV distribution described by a num-
ber of free parameters (see below), the best-fitting model is
found by calculating the likelihood for each star (from Eq. (2))
and then maximising the summed log likelihood for all stars
by varying the parameters over a grid of possible values.
Uncertainties in a parameter are calculated from the distribution
of maximum log likelihoods for that parameter evaluated after
optimisation with respect to all other model parameters.

4.1.1. A single Gaussian population

We begin by considering an intrinsic RV distribution modelled
with a single Gaussian of width σA and centre RVA. The fit
was made only to data with weighted mean RV between 8
and 26 km s−1. There are 18 objects that lie outside this range.
All must be considered candidate binary systems. Only four
have multiple measurements, but these do not show evidence of
RV variability at the 1 km s−1 level. The most likely fit to the
remaining 190 objects has σA = 1.63 ± 0.13 km s−1 and RVA =
17.71 ± 0.14 km s−1. An approximation5 to this model is shown
in Fig. 6, where the intrinsic distribution has been broadened by
the mean uncertainty profile (note that this is not the same as a
Gaussian with a dispersion equal to the mean RV uncertainty)

4 We initially performed the analysis using a fixed mass of 1 M⊙. The
best-fitting intrinsic RV distributions and parameters differed by much
less than the uncertainties in the best-fitting parameters presented here,
indicating that the procedure is quite robust to mass uncertainties.
5 In the maximum likelihood fitting, each star has its own RV uncer-
tainty, but we have to assume some mean level of uncertainty to broaden
the intrinsic RV distribution for plotting purposes.
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Fig. 5: Radial metallicity distribution of all the clusters included in the iDR4 catalogue. Their Galactocentric radii and metallicities
are reported in Tables 2 and 4. Red circles indicate star forming regions, blue circles denote young clusters in the age range between
10 and 100 Myr, while intermediate age clusters are shown as black symbols.

Fig. 6: Comparison between the metallicity distributions of SFRs
and YOCs by our analysis (red and blue dots, respectively) and
those of Cepheids (triangles and grey area). The black triangles
represent the values reported in Tables 3 and 4 of Genovali et al.
(2014). The grey coloured area contains the bulk of the Cepheids
distribution discussed in Andrievsky et al. (2016).

and abundance zeropoints. However, this difference could also
be a real effect related to the age, since the variable stars are, in
average, older than the young associations considered here.

Interestingly, the youngest populations in the inner part of
the Galaxy, including O and B-type stars (Daflon & Cunha 2004;
Nieva & Simón-Díaz 2011; Nieva & Przybilla 2012), red su-
pergiants in clusters and in the Galactic centre (Davies et al.
2009b,a; Martins et al. 2008; Najarro et al. 2009; Origlia et al.
2013, 2016), and Hii regions (Rudolph et al. 2006; Esteban et al.
2014, 2015), show flatter distributions and close-to-solar metal-
licities even at small Galactocentric distances. Our results con-

firm these findings based on later type stars in open clusters, the
metallicities of which are in principle easier to constrain than
for hot stars or Hii regions. In Fig. 7 we plot the distribution
of metallicity as a function of Galactocentric distance for the
merged sample of different very young tracers, including hot
stars, red supergiants, Hii regions, and the SFRs in our sample.
The datapoints show some scatter, due to the different methods
and different abundance scales. However, all tracers consistently
show that (i) the inner parts of the Milky Way disc have not
undergone a global metal enrichment, but, rather, the innermost
young objects appear to share the same metallicity as the others
with Rgal!6 kpc; (ii) there is no evidence for any negative metal-
licity gradient between about 3 and 9 kpc since the distribution
in that region is consistent with being flat. This is at variance
with HII regions and planetary nebulae observed in nearby spi-
ral galaxies (e.g. Magrini et al. 2016, and references therein) for
which a higher metallicity is observed in the younger popula-
tions, but might be similar to what is observed in massive spi-
rals in the CALIFA sample for which, in the inner regions, the
metallicity does not increase monotonically but has an inversion
assuming a lower value for the youngest stellar populations (S.
Sanchez, private communication).

5.2. Comparison with the models

Several chemical and chemo-dynamical evolutionary models
have been developed in the past decade making different predic-
tions on the metallicity distribution at different Galactocentric
radii, on the slope of the metallicity gradient in the Solar vicin-
ity, and on the evolution of this distribution with age. Indeed,
depending on the assumptions about infall and star formation ef-
ficiency, and considering or not a gas density threshold to allow
star formation, some of the models predict a flattening of the gra-
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Fig. 16. Comparison between theoretical isochrones and our pho-
tometry (PARSEC isochrone of solar metallicity, 316 Myr, shifted by
E(B − V) = 0.40 and (V − MV ) = 11.45 and Dartmouth isochrone of
solar metallicity, 250 Myr, E(B − V) = 0.37, (V − MV ) = 11.6). The
grey points are all the stars in our photometry, while the red points are
the radial velocity members.

Fig. 17. Position of the 21 UVES members in the theoretical plane. The
position of the red clump is reproduced well with a PARSEC isochrone
of age log t = 8.5 and Z = 0.015 ([Fe/H] = 0) or Z = 0.019 ([Fe/H] =
0.1).

converted back from parsecs to arcminutes using their value of
the distance.

In theory, if the mass function of a cluster is known for
its brightest stars, it is possible to extrapolate the mass func-
tions down to lower masses and estimate the total stellar mass

Table 5. Slope of the mass function in different regions on the cluster.

Radius (′) α

This study
0−1.8 0.50 ± 0.15
0−3 1.18 ± 0.11
3−6 3.01 ± 0.11
6−9 3.79 ± 0.10
0−9 2.70 ± 0.19
1.8−9 3.29 ± 0.07

Santos et al. (2005)

0−1.8 0.27 ± 0.15
1.8−10 2.41 ± 0.10
10−21 3.88 ± 0.20
0−21 2.49 ± 0.09

Notes. α is the parameter in the mass function: N(M) dM ∝ M−α.

contained in the cluster. When dealing with mass-segregated
OCs that were possibly affected by evaporation and tidal mass
loss, inferring the mass function from the observed range to the
lower masses is affected by large uncertainties. To obtain the
slope of the mass function in the unobserved range (under 1 M⊙)
we used two methods. The simplest one is to assume that the
slope of the power law derived from the stars with M < 1 M⊙
is the same over the full mass range. The second one is to use
the IMF by Kroupa et al. (2001): α = 1.3 for 0.08 < M⊙ < 0.5
and α = 2.3 for 0.5 < M⊙ < 1. For masses over 1 M⊙ we used
the values obtained from our fit. In the inner region (r < 3′), we
observe a nearly flat mass function, which means that using this
slope over the whole mass range produces fewer low-mass stars
than using the Kroupa IMF. In the other two regions, the mass
function is steeper, and in the low-mass range it is well over the
prediction of the Kroupa IMF. The result of integrating these
mass functions are shown in Table 6 for the different choices of
mass function in the different regions.

When integrating the mass function over the whole 0−9′ re-
gion, we obtained values between 3683 ± 1063 M⊙ (using the
Kroupa IMF under 1 M⊙) and 6851 ± 1865 M⊙ (using the ex-
trapolated power-law). This latter number is compatible with the
number quoted by S05, who estimate a total mass of 6500 ±
2100 M⊙ inside 10′, and 11 000 ± 3800 M⊙ inside 21′ using
the IMF slopes listed in Table 6, and the Kroupa IMF under
1 M⊙). Our determination does not take the presence of binary
stars whose percentage is unknown into account. The effect of
the presence of unresolved binaries on the observed α parameter
is weak, but according to Weidner et al. (2009), not accounting
for the presence of multiple systems can hide 15 to 60% of the
stellar mass of a cluster. In addition, less massive stars could be
either lost from the cluster due to the effect of the disk tidal field,
or located in a surrounding halo. For these reasons, our determi-
nation is a lower limit to the cluster mass. Owing to the large un-
certainties on the determinations, the derived values of the mass
of NGC 6705 are in reasonable agreement with the virial masses
derived in Sect. 6.3.

8. Chemical analysis of the red clump stars

The average iron abundance of the bona-fide members from
UVES spectroscopy is [Fe/H] = 0.10 with a dispersion of
0.06. This value agrees with Gonzalez & Wallerstein (2000),
who found iron abundances between 0.07 and 0.20 from high-
resolution spectroscopy of ten K giants of NGC 6705 and with
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Table 2. Positions, BV photometry, radial velocities, and membership probabilities of the GIRAFFE targets.

Star RA Dec B V RV Membership probability

18505884-0614409 282.7452 −6.2447 15.161 14.642 34.3 ± 1.3 0.91
18505976-0616255 282.7490 −6.2738 14.808 14.314 31.8 ± 2.2 0.81
18505998-0617359 282.7499 −6.2933 14.695 14.247 37.4 ± 0.9 0.92

...
18514946-0620231 282.9561 −6.3398 19.767 18.475 120.7 ± 1.5 0.0

Notes. The full table (containing 1028 rows) is available at the CDS.

Fig. 5. Top left: positions of the GIRAFFE (black dots for members, grey points for non-members) and UVES targets (red dots for members, empy
red symbols for non-members). Bottom left: radial velocity distribution of the GIRAFFE targets. The green line shows the expected radial velocity
distribution of the field stars from the Besançon model (Robin et al. 2003). Right: CMD of all the GES stars.

this star could be a single-lined binary made of a red clump star
and a main-sequence star. Being much hotter, the main-sequence
companion contributes to the spectrum with only a continuum
emission, making the lines shallower. This hypothesis would ex-
plain why this star has a discrepant radial velocity, and is also an
outlier in metallicity, with [Fe/H] = −0.10±0.10 (see following
section). In the absence of further elements, we did not consider
it as a member in the rest of this study.

Finally, 21 stars can be considered as bona-fide members of
the cluster. The mean RV for the UVES members is 34.1 km s−1

(with a standard deviation of 1.5 km s−1), which is lower than
the mean value of 35.9 ± 2.8 km s−1 found for GIRAFFE stars.

The lack of targets in common between both instruments do not
allow for a solid comparison of the systematics between UVES
and GIRAFFE, and both results are compatible within their stan-
dard deviations. In the first GES data release, Sacco et al. (2014)
note an average offset of 0.87 km s−1 between the UVES and
GIRAFFE HR15N radial velocities, which is consistent with the
offset we observe here.

4. Extinction maps

When looking towards the inner parts of the Galaxy, the line of
sight often meets regions of high extinction. Before discussing
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Fig. 5. Mean cluster abundance, from giants only, after the selection of members and best-quality values. We estimate the uncertainty in the turn-off
masses to be less than ±0.1 M⊙.

atmospheres. Collet et al. (2007) and Dobrovolskas et al. (2013)
have compared Na abundances of giants derived using 1D and
3D model atmospheres, for a few representative cases. For the
Na lines 6154 and 6160 Å, with excitation potential ∼2 eV, the
corrections are small (≤±0.05 dex) and could be positive (i.e.,
the 3D corrected Na abundances could be slightly larger than
our values based on a 1D analysis).

Thus, we consider the trend in Fig. 5 real and a strong indi-
cation that the sodium overabundances in these stars are caused
by internal evolutionary processes. In the future, new Gaia-ESO
observations of giants in young clusters (age ∼100 Myr; e.g.,
NGC 3532, NGC 6067, and NGC 6633) will help to further
populate the high-mass end of Fig. 5. This will help to expand
the current discussion, and perhaps provide an opportunity to
discriminate between models with and without rotation at the
high-mass end. We note that, as reported in Tautvaišienė et al.
(2015), the C and N abundances in clump giants of NGC 4815
and NGC 6705, and in both clump and evolved RGB stars in
Trumpler 20 seem to agree better with models without rotation,
although the models with rotation cannot be excluded because
of their large error bars.

3.2. Model comparison with the Gaia-ESO aluminium
abundances

The right panel of Fig. 5 suggests that below 3 M⊙ the LTE
abundance of Al in giants is constant around [Al/Fe] ∼ +0.06.
Taking an average non-LTE correction into account on the or-
der of −0.05 dex (Sect. 2.6), we find that the stars below 3 M⊙
are consistent with [Al/Fe] = 0.00, i.e., no change in the surface
abundance of Al after the first dredge-up. Thus, the observations
agree well with the predictions of stellar evolution models. The
small scatter in the observed abundances is consistent with the
uncertainties. Even though there is some uncertainty in the zero
point of our [Al/Fe] values (a maximum change of 0.07 dex), the
lack of trend with stellar mass is a good indicator that there is no
stellar evolutionary effect in the Al abundances.

The only cluster above 3 M⊙, NGC 6705, seems to have
an enhanced Al abundance ([Al/Fe] = +0.30 dex in LTE),
which would remain significant even after non-LTE correc-
tions. However, we remark that stars in NGC 6705 seem to be

α-enhanced (as discussed in Magrini et al. 2014, 2015). While
Al is not an α-element, it does seem to behave as one, at least
for metallicities between solar and [Fe/H] ∼ −1.0 (see Fig. 2).
We cannot discard the possibility that the α-enhancement of
NGC 6705 is accompanied by a similar Al enhancement. In fact,
we note that the disk field stars analyzed by Bensby et al. (2014)
that have [Fe/H] > 0.00 and [Mg/Fe] > +0.1 are also enhanced
in Al. Thus, the Al overabundance in NGC 6705 seems to be re-
lated to the environment where the cluster was formed. Indeed,
Magrini et al. (2015) made the hypothesis that NGC 6705 was
enriched by a type II supernova in the mass range 15–18 M⊙. The
measurement of Al abundances in dwarfs of this cluster would
help to clarify the situation, but in our sample Al abundances are
only available for giants. New Gaia-ESO observations of giants
in young clusters will also be useful in this context.

3.3. Na enhancement: Literature results

3.3.1. Open clusters

We now check whether literature Na abundances support our
conclusions above. For this, we take advantage of the compi-
lation of Na abundances by MacLean et al. (2015). These au-
thors conducted a homogenization of literature Na abundances
in open cluster stars, changing the solar reference abundances
and applying the non-LTE corrections of Lind et al. (2011).

We extracted the Na abundances obtained only from the
analysis of giants from their Table 2. This included a total
of eleven open clusters, but we further excluded NGC 6791.
For this cluster, the compilation listed the Na abundances from
Geisler et al. (2012). These authors claimed to observe a Na-O
anticorrelation similar to the anticorrelation common in globular
clusters. We do not include these results to avoid introducing a
different physical effect in the discussion. We also remark that
the Na-O anticorrelation in NGC 6791 was not confirmed by
both Bragaglia et al. (2014) and Cunha et al. (2015), and that
Boesgaard et al. (2015) did not find any spread of oxygen abun-
dances in turn-off stars of the cluster.

Figure 6 shows the [Na/Fe] ratios extracted from MacLean
et al. (2015) as a function of the turn-off mass of the clusters.
Ages and turn-off masses for the ten clusters (i.e., Berkeley 39,
Collinder 261, Hyades, IC 4651, M 67, NGC 3114, NGC 6134,
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Fig. 9. Mean carbon-to-nitrogen ratios in stars of open clusters
as a function of stellar turn-o↵ mass. The diamond represents
Trumpler 20 stars, the triangle is for NGC 4815, and the square is for
NGC 6705 stars. The solid lines represent the C/N ratios predicted
for stars at the first dredge-up with standard stellar evolutionary mod-
els by Charbonnel & Lagarde (2010; blue upper line) and, more re-
cently, Lagarde et al. (2012; black lower line). The blue dashed line
shows the prediction when just thermohaline extra-mixing is introduced
(Charbonnel & Lagarde 2010), and the black dashed line is for the
model that includes both the thermohaline and rotation induced mixing
(Lagarde et al. 2012), see Sect. 3.1 for more explanations.

thermohaline- and rotation-induced mixing were simply added
in the di↵usion equation and the possible interactions between
the two mechanisms were not considered. The rotation-induced
mixing modifies the internal chemical structure of main se-
quence stars, although its signatures are revealed only later in the
stellar evolution when the first dredge-up occurs. More recently,
Lagarde et al. (2012) computed models with both the thermo-
haline and rotation induced mixing acting together. In Fig. 9 we
show their model computed with standard (ST) prescriptions, as
well as the model including both thermohaline convection and
rotation-induced mixing (TH+V). Lagarde et al. (2012) also as-
sumed solid-body rotation in the convective regions, however, in
addition they assumed that the transport of angular momentum
is dominated by the large amount of turbulence in these regions
which instantaneously flattens out the angular velocity profile as
it does for the abundance profiles. The initial rotation velocity
of the models on the ZAMS was chosen at 45% of the critical
velocity at that point and leads to mean velocities on the main
sequence between 90 and 137 km s�1. In Fig. 9, we can see that
the C/N values in Trumpler 20, NGC 4815, and NGC 6705 stars
are not decreased as much as the model predicts if both the ther-
mohaline and rotation induced extra mixing is at work. Indeed,
the observed C/N ratios are very close to predictions of the stan-
dard model at first dredge-up. In the already mentioned analy-
sis of ten NGC 6705 stars by Gonzalez & Wallerstein (2000),
carbon isotope ratios were also determined. All the giants have
12C/13C ⇡ 20, which also agrees with the 1st dredge-up model.

The thermohaline induced extra-mixing theory is under de-
velopment. Magnetic activity also may play a role. Denissenkov
et al. (2009) investigated a heat exchange between rising mag-
netic flux rings and their surrounding medium and proposed

a model of magneto-thermohaline mixing. On the basis of
three-dimensional numerical simulations of thermohaline con-
vection, Denissenkov & Merryfield (2011) suggested that the
salt-finger4 spectrum might be shifted towards larger diameters
by the toroidal magnetic field. Nucci & Busso (2014) inves-
tigated magnetic advection as a mechanism for deep mixing.
According to their evaluation, in this case the mixing veloci-
ties are smaller than for convection, but larger than for di↵usion
and adequate for extra mixing in red giants. Unfortunately, these
studies have not provided values of C/N that we could compare
with observations.

Wachlin et al. (2011) computed full evolutionary sequences
of RGB stars close to the luminosity bump and found that ther-
mohaline mixing is not e�cient enough for fingering convection
to reach the bottom of the convective envelope of red giants.
In order to reach the contact, the di↵usion coe�cient has to be
artificially increased by about four orders of magnitude.

A much larger, homogeneous data-base of CNO abundances
in open clusters will be released in the framework of the
Gaia-ESO Survey collaboration, which will significantly con-
strain mixing mechanisms in extant stellar evolutionary models.
Unfortunately, carbon isotope ratios will not be investigated in
this survey since there are no suitable spectral features in the
selected spectral regions.

3.2. Oxygen

As described in the previous section, the abundances of C and N
of the stars analysed in this work have been modified by stellar
evolution processes and, hence, do not trace the initial compo-
sition of the stars anymore. The abundances of O, instead, still
reflect the chemical composition of the stars at birth and can,
thus, be used in studies of Galactic chemical evolution.

In Magrini et al. (2014), several abundance ratios ([Mg/Fe],
[Si/Fe], [Ca/Fe], [Ti/Fe], [Cr/Fe], [Ni/Fe]) measured in the same
clusters (GESviDR1Final) were compared with the predictions
of two chemical evolution models (Magrini et al. 2009; Romano
et al. 2010) and with field star abundance data. This comparison
hinted at an inner birthplace for NGC 6705. For NGC 4815, the
[Mg/Fe] ratio was also higher and similar to that in NGC 6705.
Here, we compare the [O/Fe] abundance ratios measured in
NGC 4815 and NGC 6705 with the predictions of the same
models (Figs. 10 and 11).

In Fig. 10, we show the comparison with the [O/Fe] versus
[Fe/H] trends predicted by Magrini et al. (2009) and by Romano
et al. (2010) for di↵erent Galactocentric radii (RGC equal to 4, 6,
and 8 kpc). The data are consistent, within the errors, with the
history of chemical enrichment of the solar neighbourhood and
of the inner disc (RGC  4 kpc). The trends predicted by Romano
et al. (2010; Fig. 10, right panel) are almost independent of the
Galactocentric radius, because of the adoption of an e�ciency
of star formation constant with the Galactocentric distance in
their model. The trends by Magrini et al. (2009; Fig. 10, left
panel) vary with the Galactocentric distance as a result of an
adopted radial dependence of the star formation e�ciency and
of the infall rate.

4 The expression “salt-finger” comes from oceanology where thermo-
haline mixing is also widely used to model the regions of cooler, less
salty water below the warmer water where the salinity is higher be-
cause of the evaporation from the surface. The so-called “fingers” of the
warmer water penetrate the cooler water and the mixing occurs when
the heat excess is exchanged (e.g., Schmitt 2003; Ruddick 2003; Kunze
2003; Radko 2010).

A55, page 10 of 13



Gaia-ESO SURVEY: GLOBULAR CLUSTERS 

25 Apr 2017 IAUS 330 - The Gaia Sky (Nice, FR) 36 

A&A proofs: manuscript no. submitted_2col

[N
a/

Fe
] (

de
x)

−0
.5

0.
0

0.
5

1.
0

carGIR$OFe[carGIR$lOFe == "mis" & carGIR$NGC == carGC[ll]]

ca
rG

IR
$N

aF
e[

ca
rG

IR
$l

O
Fe

 =
= 

"m
is"

 &
 c

ar
G

IR
$N

G
C 

==
 c

ar
G

C[
ll]]

NGC 4833

carGIR$OFe[carGIR$lOFe == "mis" & carGIR$NGC == carGC[ll]]

ca
rG

IR
$N

aF
e[

ca
rG

IR
$l

O
Fe

 =
= 

"m
is"

 &
 c

ar
G

IR
$N

G
C 

==
 c

ar
G

C[
ll]]

NGC 7089 (M2)

carGIR$OFe[carGIR$lOFe == "mis" & carGIR$NGC == carGC[ll]]

ca
rG

IR
$N

aF
e[

ca
rG

IR
$l

O
Fe

 =
= 

"m
is"

 &
 c

ar
G

IR
$N

G
C 

==
 c

ar
G

C[
ll]]

NGC 1904 (M 79)

carGIR$OFe[carGIR$lOFe == "mis" & carGIR$NGC == carGC[ll]]

ca
rG

IR
$N

aF
e[

ca
rG

IR
$l

O
Fe

 =
= 

"m
is"

 &
 c

ar
G

IR
$N

G
C 

==
 c

ar
G

C[
ll]]

NGC 6752

[O/Fe]
−0.6 −0.2 0.2 0.6

carGIR$OFe[carGIR$lOFe == "mis" & carGIR$NGC == carGC[ll]]

ca
rG

IR
$N

aF
e[

ca
rG

IR
$l

O
Fe

 =
= 

"m
is"

 &
 c

ar
G

IR
$N

G
C 

==
 c

ar
G

C[
ll]]

NGC 362

[N
a/

Fe
] (

de
x)

−0.6 −0.2 0.2 0.6

−0
.5

0.
0

0.
5

1.
0

carGIR$OFe[carGIR$lOFe == "mis" & carGIR$NGC == carGC[ll]]

ca
rG

IR
$N

aF
e[

ca
rG

IR
$l

O
Fe

 =
= 

"m
is"

 &
 c

ar
G

IR
$N

G
C 

==
 c

ar
G

C[
ll]]

[O/Fe] (dex)

NGC 1851

[O/Fe] (dex)
−0.6 −0.2 0.2 0.6

carGIR$OFe[carGIR$lOFe == "mis" & carGIR$NGC == carGC[ll]]

ca
rG

IR
$N

aF
e[

ca
rG

IR
$l

O
Fe

 =
= 

"m
is"

 &
 c

ar
G

IR
$N

G
C 

==
 c

ar
G

C[
ll]]

NGC 2808

[O/Fe] (dex)
−0.6 −0.2 0.2 0.6

cor104$OFe

co
r1

04
$N

aF
e

NGC 104 (47 Tuc)

[O/Fe] (dex)
−0.6 −0.2 0.2 0.6

carGIR$OFe[carGIR$lOFe == "mis" & carGIR$NGC == carGC[ll]]

ca
rG

IR
$N

aF
e[

ca
rG

IR
$l

O
Fe

 =
= 

"m
is"

 &
 c

ar
G

IR
$N

G
C 

==
 c

ar
G

C[
ll]]

NGC 5927

Fig. 2. Na-O anti-correlation. Panels show di↵erent GCs, sorted by increasing metallicity from left to right and from top to bottom. Dotted lines
mark the Solar abundance ratios, dashed lines the typical halo ↵-enhancement. GES UVES data are plotted as cyan diamonds; literature data from
the FLAMES GC survey are plotted in brown for GIRAFFE and in gold for UVES; NGC 6752 and M 2 data by Yong et al. (2005) and Yong
et al. (2014) are plotted in green; the 47 Tuc analysis by Cordero et al. (2014) is plotted in olive. Typical (median) errorbars are reported on the
lower-left corner of each panel.

(2014); the NGC 6752 study by Yong et al. (2005); and the M2
studies by Yong et al. (2014) and Mészáros et al. (2015). We
restricted the comparisons to high-resolution studies (R>15 000)
of red giants. The results are plotted in Figure 2, where only
UVES measurements appear because oxygen is not included in
the GES GIRAFFE setups.

As can be seen, the GES measurements agree well with the
literature ones, in spite of the di↵erent methods, linelist selec-
tions, models, and data sets involved. The median o↵sets, mea-
sured by taking the di↵erence between the median abundances
obtained by GES and in the literature for each GC3, were in gen-
eral lower than '0.1 dex. We just note that for 47 Tuc the GES
data are less spread than the literature ones in [O/Fe], but they do
not sample the full extension of [Na/Fe], most probably because
of the quality selection criteria described in Section 2.2, that pe-
nalize oxygen abundances derived mostly from the weak [O I]
line at 6300 Å.

We present here for the first time [Na/Fe] and [O/Fe] abun-
dance ratios for NGC 5927, one of the most-metal rich GC stud-
ied with high resolution spectroscopy in the literature so far.
NGC 5927 displays the same stubby Na-O anti-correlation as
47 Tuc, the other metal-rich GC in the sample: while the up-
per [Na/Fe] limit is the same as any other GCs, and is governed
by the equilibrium abundance of the NeNa hot cycle, the low-
est [Na/Fe] abundances are slightly super-Solar rather than sub-
Solar, as expected for field stars at the same metallicity, as further
discussed in Section 4.1.

In conclusion, the presented comparison confirms that the
atmospheric parameters resulting from the GES homogenized
analysis are well determined (see also P16).

3 In many cases, the stars in common between GES and the literature
are too few or missing, therefore we preferred to use the di↵erences
between the median of each sample.

3.2. Mg-Al anti-correlation

The Mg-Al anti-correlation for the selected iDR4 stars is plotted
in Figure 3, along with the available literature data. In contrast to
the Na-O anti-correlation, we present both UVES and GIRAFFE
measurements. Our measurements compare well with the litera-
ture, with small o↵sets that are <0.1 dex, i.e., within the quoted
errors, as in the Na-O case.

For NGC 1904 there are few stars and they appear quite scat-
tered. For the other 8 GCs, however, we clearly see that the Mg-
Al anti-correlation has a variable extension. Four GCs have a
well-developed and curved Mg-Al anti-correlation: NGC 2808,
NGC 4833, NGC 6752, and M 2. Two GCs have a stubby Mg-Al
distribution: NGC 362 and NGC 1851 which mostly display an
[Al/Fe] spread and no significant [Mg/Fe] spread. The two most
metal-rich GCs in the sample, 47 Tuc and NGC 5927, show no
clear signs of an anti-correlation. This behaviour was already
noted by Carretta et al. (2009a), who explicitly mentioned the
GC present-day mass and metallicity as the two main parameters
driving the extent of the Mg-Al anti-correlation (see Section 4
for more discussion on this point).

We did not detect any significant variation of the combined
abundance of Mg and Al, as shown in Figure 4 for two example
GCs. This is consistent with no net production of these elements,
but just the result of the conversion of Mg into Al during the Mg-
Al cycle. Concerning the Al-Si branch of the Mg-Al cycle (see
also Yong et al. 2005; Carretta et al. 2009a), we looked for Si
variations in our sample, but unfortunately GES iDR4 contains
only a few Si measurements that pass all the criteria employed
to select the sample stars. Inspection of the [Si/Fe] ratio as a
function of [Al/Fe] or [Mg/Fe] for the few stars with reliable Si
measurements in iDR4 did not reveal any clear trend.
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Souto+2016: RGB stars in NGC2420 Tang+2017: two populations in the bulge  
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Martell+2016 : first DR  
~9850 Tycho 2 stars, 
~7900 in TGAS 
Teff, logg, [Fe/H], [α/Fe], 
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Martell+2016 :  
as part of  pilot/calib survey  
 6 GCs (NGC104, NGC1851,  
   NGC362, NGC288, ωCen,  
   NGC7099)  
 and M67 

GALAH observational overview 3209

Table 2. Data for globular and open clusters observed intentionally by GALAH.

Cluster α δ (m−M)V [Fe/H] Nstars V texp (s) Obs. dates

M67 08:51:18 +11:48:00 9.97 0.0 140 8.8–14.0 3600–7200 2013 December 17, 2014 February 09
47 Tuc 00:24:05.67 −72:04:52.6 13.37 − 0.72 156 12.1–16.0 4800–21 480 2013 November 20, 23, December 19,

20, 2014 January 11, 13
NGC 288 00:52:45.24 −26:34:57.4 14.84 − 1.32 104 13.0–16.0 7200–19 200 2013 November 18, 20,

2014 January 14–16
NGC 362 01:03:14.26 −70:50:55.6 14.83 − 1.26 21 12.7–14.7 7200 2013 November 18, 23
NGC 1851 05:14:06.76 −40:02:47.6 15.47 − 1.18 20 13.3–14.6 7200 2014 January 15, 17
ω Cen 13:26:47.24 −46:28:46.5 13.94 − 1.53 394 12.0–17.0 3200–22 800 2014 March 03–05,

07
NGC 7099 21:40:22.12 −23:10:47.5 14.64 − 2.27 10 13.1–15.0 7200 2015 September 01

Targets in the Pilot Survey clusters were chosen from cluster
members identified in previous studies (Carretta et al. 2009; Yong
et al. 2009; Simpson & Cottrell 2013; Marino et al. 2014; Navin,
Martell & Zucker 2015; Da Costa 2016, private communication;
Stetson, private communication). Targets in ω Cen were taken from
Bellini et al. (2009), and in NGC 7099 from Da Costa (2016). We
were only able to observe between 10 and 173 cluster members in
any single configuration, given the magnitude limits and the lim-
itations of the fibre positioner (2dF fibres cannot be placed closer
together on the sky than 30 arcsec). All together, we observed be-
tween 10 and 394 stars total per cluster, typically in the outer regions.
Table 2 lists coordinates, distance moduli, metallicity (taken from
Heiter et al. 2014 for M67 and from the 2010 edition of Harris 1996
for the globular clusters), number of stars observed, V magnitude
range, exposure time and dates of observation for all of the globular
and open clusters observed in this targeted fashion. Fig. 5 shows
colour–magnitude diagrams for all of these clusters, with stars ob-
served by GALAH highlighted as red circles and stars from the
2MASS Point Source Catalogue within 10 arcmin of cluster centre
shown as smaller grey circles.

Fig. 6 shows the (V, B − V) colour–magnitude diagram for ω

Centauri. All stars within 10 arcmin with a membership probabil-
ity above 0.9 are shown as small grey circles, and stars observed
by GALAH are highlighted as larger coloured circles. In the left-
hand panel, they are colour-coded by our derived effective tem-
perature, and in the right-hand panel they are colour-coded by our
derived metallicity. The optical photometry is taken from Bellini
et al. (2010), which we also used for spectroscopic target selection.
Our derived Teff follows expected trends, and our derived [Fe/H]
values show an overall similarity to the complex morphology de-
scribed in Johnson & Pilachowski (2010), with the reddest giant
branch being the most metal-rich.

In addition to the stars observed intentionally during the Pilot
Survey, a number of cluster members have been observed serendip-
itously in GALAH survey fields. The upper panel of Fig. 7 shows a
colour–magnitude diagram for the 318 stars observed in survey field
51 (red circles), and the lower panel shows the spatial distribution
of targets for that field, with a circle marking the field of view of
2dF. The concentration of targets near 47 Tuc is clear in the south-
western quadrant of the field, and in the colour–magnitude plane
the cluster red giant branch can be seen mixed together with the
broader distribution of field stars. 2MASS photometry for all stars
within 10 arcmin of the centre of 47 Tuc is also shown as small grey
circles to guide the eye. Membership for serendipitously observed
cluster stars can be verified with radial velocity and proper mo-
tion. In addition to these serendipitously observed 47 Tuc stars, we
have identified stars belonging to NGC 362, M67, NGC 2516, NGC
2243, NGC 6362 and the Pleiades within regular survey fields, and

Figure 5. Near-IR colour–magnitude diagrams for the seven open and glob-
ular clusters observed intentionally. Red points are the cluster members, and
smaller grey points are all stars in the 2MASS Point Source Catalogue within
10 arcmin of cluster centre.
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workable fibre buttons (the same size as the 2dF buttons) shows that ~1000 fibres can be usefully deployed within a 2 
degree FOV (Figure 1). Notably, as can be seen in the figure, multiple retractor heights allow for fibre crossing. This 
concept shows that we can meet the requirements for the Gaia follow-up science, with some scope to incorporate 
deployable IFUs within the same pick-and-place framework.   

 

 
Figure 1. Sample configured field with 1000 2dF buttons on a 2 degree diameter focal plane. 929 fibres have been 

successfully deployed on a random distribution of targets in this example. 

 

Meeting the objective of >1000 target fibres for the cosmological surveys will be extremely challenging for this concept, 
and so will require a revisitation of Echidna- [1] or Cobra-like [26], designs. As an example, the FMOS Echidna 
successfully deploys 400 fibres within a physical field of view of 150mm diameter. Scaling an Echidna-like concept up 
to the WHT FOV would allow for up to 3000 fibres to be accommodated. But these solutions have specific challenges.  
The multiplex of 3000 actually is a requirement of an Echidna implementation for our MOS, as, when covering the 
entire focal plan with less fibres, the non-telecentricity losses as you move a fibre off-axis become unacceptable.  The 
mass of a Echidna-based system is expected to be of order 1000kg, compared to ~400kg for a pick-and-place system. 
Cost is also expected to be notably higher. Finally, a focal plane populated with Echidnas makes the deployment of mini-
IFUs difficult; we would require enough back-focal distance from the corrector to deploy MX-type arms or a simpler 
pick-and-place solution at the focal plane for the mini-IFU. 
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The First WEAVE 
All-Hands Meeting
S.C. Trager

@ 4.2m WHT, La Palma 
2o diameter 
960 (plate A)/940 (plate B) fibers 
1.3” fiber diameter + mIFUs, LIFUs 
LR (R~5000) :  366-959 nm 
HR (R~20000) : 404-465/473-545 + 595-685nm 
 
Has dedicated survey for open clusters  
and for star forming regions 
Will observe globulars 
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Already results on clusters, considering Gaia 
and complementing surveys 
 
Let’s get more from Gaia DR1 
 
Let’s get ready for Gaia DR2 
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