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ABSTRACT

Context. Chemically inhomogeneous populations are observed in most globular clusters, but not in open clusters. Cluster mass seems to play a
key role in the existence of multiple populations.

Aims. Studying the chemical homogeneity of the most massive open clusters is needed to better understand the mechanism of their formation and
determine the mass limit under which clusters cannot host multiple populations. Here we studied NGC 6705, which is a young and massive open
cluster located towards the inner region of the Milky Way. This cluster is located inside the solar circle. This makes it an important tracer of the
inner disk abundance gradient.

Methods. This study makes use of BV and ri photometry and comparisons with theoretical isochrones to derive the age of NGC 6705. We study
the density profile of the cluster and the mass function to infer the cluster mass. Based on abundances of the chemical elements distributed in
the first internal data release of the Gaia-ESO Survey, we study elemental ratios and the chemical homogeneity of the red clump stars. Radial
velocities enable us to study the rotation and internal kinematics of the cluster.

Results. The estimated ages range from 250 to 316 Myr, depending on the adopted stellar model. Luminosity profiles and mass functions show
strong signs of mass segregation. We derive the mass of the cluster from its luminosity function and from the kinematics, finding values be-
tween 3700 My and 11 000 M,,. After selecting the cluster members from their radial velocities, we obtain a metallicity of [Fe/H]=0.10 + 0.06
based on 21 candidate members. Moreover, NGC 6705 shows no sign of the typical correlations or anti-correlations between Al, Mg, Si, and Na,
which are expected in multiple populations. This is consistent with our cluster mass estimate, which is lower than the required mass limit proposed
in the literature to develop multiple populations.

Key words. stars: abundances — open clusters and associations: general — open clusters and associations: individual: NGC 6705

1. Introduction elements, such as C, N, O, Na, Mg, and Al. It has been known
for a long time that there are variations in the CN and CH

Once thought to be the best example of simple stellar pop-  pands strengths with spreads and bimodal distributions (e.g.

ulations (coeval, mono-metallic systems), the globular clus-
ters (GCs) have been shown to instead be complex objects. In
particular, evidence that they host distinct populations (possi-
bly distinct generations) of stars has been mounting. Gratton
et al. (2004, 2012) present reviews based on spectroscopy, while
Piotto (2009) and Milone et al. (2012) can be consulted for re-
sults based on photometry.

While variations in iron content seem limited to very few
cases, the most notable being w Cen (e.g. Lee et al. 1999;
Johnson & Pilachowski 2010) and M 22 (e.g. Marino et al.
2011), GC stars show large star-to-star variations in some light

* Based on the data obtained at ESO telescopes under programme
188.B-3002 (the public Gaia-ESO spectroscopic survey, PIs Gilmore
and Randich) and on the archive data of the programme 083.D-0671.
** Full Table 2 is only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?]/A+A/569/A17
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Kraft 1979, 1994, for reviews), and not all the variations can
be attributed to internal processes like mixing. Na and O have
been extensively studied as summarised in the review by Gratton
et al. (2004) and Carretta et al. (2009a,b), which show an anti-
correlation: in the same GC there are stars with “normal” O
and Na (normal with respect to the cluster metallicity) and stars
showing a (strong) depletion in O and an enhancement in Na.
Most of the stars have a modified composition. A similar anti-
correlation can be found between Mg and Al, but not in all clus-
ters, and with lower depletions than in O (e.g. Carretta et al.
2009b; Marino et al. 2008). Most importantly, these star-to-
star variations also occur in unevolved, main-sequence stars, as
demonstrated first by Gratton et al. (2001) and Ramirez & Cohen
(2002) and later confirmed on much larger samples (e.g. Lind
et al. 2009; D’Orazi et al. 2010). These low-mass stars cannot
have produced these variations, since their cores do not reach
the high temperatures necessary for the relevant proton-capture
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reactions, and in any case, the stars lack the mixing mechanism
needed to bring processed material to the surface. This implies
that the chemical inhomogeneities were already present in the
gas out of which these stars formed. This has led to the belief
that GCs are made of at least two generations of stars, with the
second generation formed from gas polluted by the material pro-
cessed by the first. Exactly which kind of first-generation stars
were the polluters is debated; the most promising candidates are
intermediate-mass asymptotic giant branch stars (Ventura et al.
2001) and fast-rotating massive stars (Decressin et al. 2007), but
refinements and comparisons to robust observational constraints
are required.

The multiple population scenario for GCs requires that the
cluster is massive enough to retain some of its primordial gas;
indeed, existing models postulate that GCs were many times
more massive at the time of their formation than they appear to-
day (e.g. D’Ercole et al. 2008). Such models suffer from several
drawkbacks. For instance, they do not explain the observed prop-
erties of the young massive clusters (Bastian & Silva-Villa 2013)
or the abundance patterns of the halo stars (see e.g. Martell et al.
2011). Recently, a mechanism based on accretion on circumstel-
lar discs, which does not require multiple generation of stars,
has been presented by Bastian et al. (2013). This model does
not require that clusters were initially extremely massive. In any
case, the efficiency of the accretion process depends on the den-
sity and velocity dispersion of the cluster, which both scale with
the cluster mass, suggesting that more massive clusters should
exhibit broader chemical dishonomegeneities.

Carretta et al. (2010) combined the data on 18 GCs of the
FLAMES survey (Carretta et al. 2009a) and literature studies to
showe that all Galactic GCs for which Na and O abundances
were available presented a Na-O anti correlation, i.e. multiple
populations. The only possible exceptions were Terzan7 and
Palomar 12, two young and low-mass GCs belonging to the
Sagittarius dwarf galaxy. It was suggested that this apparent uni-
versality of the Na-O anti correlation is a defining property of
GCs, separating them from the other clusters where only a sin-
gle population is present. Cluster mass seems to play a determi-
nant role in this separation, and studies of low-mass GCs and
massive and old open clusters (OCs) are needed to determine
the mass threshold under which no multiple populations can
be formed. This scenario needs, however, to be verified obser-
vationally, which motivated further studies in this “grey zone”
between the two kind of clusters. Recent additions include the
(1) GCs Rup 106 (Villanova et al. 2013), which shows no Na-
O anti-correlation; (ii) and Terzan 8 (Carretta et al. 2013), in
which the second generation, if present, represents a minority;
and (iii) two of the most massive and oldest OCs, Berkeley 39
and NGC6791. High-resolution spectroscopy in 30 stars of
Berkeley 39 by Bragaglia et al. (2012) shows a single, homo-
geneous population. Geisler et al. (2012) have found signs of a
bi-modal Na distribution in NGC 6791, which would make it the
first known OC with multiple populations. This suggestion has
not been confirmed by another study (Bragaglia et al. 2013, sub-
mitted) where no variations exceeding the errors were found in
the same cluster. Further studies are called for to settle the issue.

The Gaia-ESO Survey (hereafter GES, Gilmore et al. 2012;
Randich & Gilmore 2013) is a large, public spectroscopic survey
using the high-resolution multi-object spectrograph FLAMES
on the Very Large Telescope (ESO, Chile). It targets more than
10° stars, covering the bulge, thick and thin discs, and halo com-
ponents, and a sample of about 100 open clusters (OCs) of all
ages, metallicities, locations, and masses. The focus of the GES
is to quantify the kinematical and chemical element abundance
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distributions in the different components of the Milky Way, thus
providing a complement to the limited spectroscopic capabilities
of the astrometric Gaia mission.

Here we focus on NGC6705 (M 11, Mel213, Cr391,
OCl176), a massive and concentrated OC located in the first
galactic quadrant (Messina et al. 2010; Santos et al. 2005) at
the galactic coordinates (I = 27.3, b = —2.8). This cluster, one
of the three intermediate-age clusters observed in the first GES
internal data release, contains a total of several thousand solar
masses (McNamara & Sanders 1977; Santos et al. 2005), which
places it near the limit between the most massive OCs and the
least massive GCs (Bragaglia et al. 2012). Since it is located to-
wards the central parts of the Galaxy it is projected against a
dense background, but its rich main sequence and populated red
clump clearly stand out in a colour-magnitude diagram (CMD).

NGC 6705 is situated in a clear area and suffers from rela-
tively little extinction for an object at such a low galactic lati-
tude. Moreover, its position inside the solar circle makes it an
important tracer of the inner disk gradient. In a companion pa-
per, Magrini et al. (2014) compare the abundance patterns of
the three intermediate-age OCs of the first GES data release
(NGC 6705, Tr20 and NGC 4815) for Fe, Si, Mg, Ca, and Ti.
They show that each cluster has a unique pattern, in particu-
lar with a high value for [Mg/Fe] in NGC 6705. Moreover, the
abundances of two of these clusters are consistent with their
galactocentric radius, whereas the abundances of NGC 6705
are more compatible with a formation between 4 and 6kpc
from the Galactic centre despite its current galactocentric ra-
dius of 6.9 kpc. The present paper focuses on the determination
of the structural parameters, age and chemical abundances of
NGC 6705 using VPHAS+, ESO 2.2.m telescope WFI photom-
etry, and spectroscopic data from the GES.

The photometric and spectroscopic data are presented in
Sect. 2. The membership determination is given in Sect. 3. In
Sect. 4 we derive the extintion map in the region surrounding
the cluster. In Sect. 5 we study the luminosity profile and mass
segregation of the cluster, and provide cluster mass estimates. In
Sect. 6 we look at the rotation and kinematics in the cluster. In
Sect. 7 we make use of isochrones to determine the distance and
age of the cluster. Finally, the chemical abundances of Al, Mg,
Si, and Na for NGC 6705 are presented in Sect. 8.

2. The data
2.1. WFI BVI photometry

The photometry used in this paper has been extracted from
archival images in B, V and [ taken on the 13 May 1999 with
the Wide Field Imager at the MPG/ESO 2.2m Telescope for
the ESO Imaging Survey (ESO programme 163.0-0741(C), PI
Renzini). The sample of images comprise for each band two long
exposure time images (240 s each for a total of 480 s), in order
to reach a photometric precision of 20% at V =~ 21 mag, and
single short (20 s) exposure carefully chosen not to saturate the
brighter targets.

Data reduction has been performed using the ESO/Alambic
software (Vandame 2002) especially designed for mosaic CCD
cameras and providing fully astrometrically and photometrically
calibrated images with special care to the so-called “illumi-
nation correction”. The photometry was performed using the
Daophot/Allstar software (Stetson 1987) wrapped in an auto-
matic procedure that performed the PSF calculation and all the
steps for extracting the final magnitudes. The PSF photometry
from the short and long exposures for each single band have been
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Fig. 1. Upper three panels: comparison of our photometry with that
of Sung et al. (1999). Lower two panels: comparison with Koo et al.
(2007). The labels indicate the residual zero point differences.

combined in a single photometric dataset using the Daomaster
program. The internal astrometric accuracy (both within the
short/long exposures and in the different bands) turned out to
be better than 0.05 arcsec, while the external comparison with
the 2MASS catalogue gave a root mean square of ~(0.20 arcsec.

The observations consist in a single 33’ x 34’ field centred on
the cluster, completely covering the photometry of Sung et al.
(1999). The geometry of the WFI imaging is shown in Fig. 9.
We tied our instrumental WFI photometry to their photometric
calibration, comparing the magnitudes of the common objects
and calculating solutions for the zero point and colour term for
each pass band. In the magnitude range V < 14 the dispersion
is of the order of 0.05 mag, increasing to 0.1 for stars as faint
as V ~ 17 (see the upper panels of Fig. 1). Unfortunately, the
B-band filter of WFI is quite far from the Johnson B filter with a
large colour term of ~—0.33 mag. After applying the calibration,
the B magnitudes present a residual second-order trend in colour
that appears as a residual offset of —0.05 mag for the extreme
blue and red stars. We decided not to apply any correction for
this effect and instead used the photometry of Sung et al. (1999)
for all objects with V < 12 and (B — V) > 1. For fainter stars,
the photometries show good agreement, with a residual offset of
~0.02mag at V = 14, increasing to 0.1 mag at V ~ 17. The com-
parison between our photometry and that of Sung et al. (1999) is
shown in the upper three panels of Fig. 1.

Our data were also compared with the BV photometric data
of Koo et al. (2007), acquired in a search for variable stars. The
comparison (lower panels of Fig. 1) also shows good agreement
with no systematics, with a dispersion of 0.08 for V < 14, in-
creasing for fainter magnitudes.

Since the cluster is very dense, our photometry suffers from
crowding effects, especially in the central parts. The complete-
ness of the photometry was estimated as usual by randomly
adding stars of magnitude V ranging from 16 to 22 and running
the source detection step again, then counting how many of the
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Fig. 2. Completeness of our photometry obtained from crowding exper-
iments for different regions of the cluster.

added stars were recovered. This method allows to estimate the
completeness for each magnitude bin in a given region of the
cluster. The completeness is better than 50% up to magnitude
V =~ 18 in the central regions and V =~ 19.7 in the less crowded
outskirts (see Fig. 2).

The data contain a total of 123037 stars. The BV CMD
shows a very clear main sequence standing out of the back-
ground as can be seen in Fig. 3. Evolved stars are also visible
with a red clump located around (B—V, V) = (1.5, 12). The lower
panels of Fig. 3 show that the main sequence can be easily fol-
lowed down to V = 16 in the inner regions of the cluster, while
the top right-hand panel shows that the signature of the cluster is
not visible outside of 18’.

2.2. VPHAS+ ri photometry

The VPHAS+ observations used here are r- and i-band data from
three fields (numbered 212, 213, and 237) that overlap near the
sky position of NGC 6705. A general description of this public
survey that continues to execute using the OmegaCAM instru-
ment on the VLT Survey Telescope is provided by Drew et al.
(2014). Each pointing captures a square degree at a time, with
the centre of NGC 6705 falling within a couple of arcminutes of
the southern edge of field 212, and towards the boundary with
237. The data were all obtained at a time of very good seeing
(0.5 to 0.6 arcseconds) during the night of 7 July 2012 when the
moon was relatively bright (FLI = 0.77). In r, the formal 100
magnitude limit falls between 20.5 and 20.8 with a likely com-
pleteness limit of ~19.5, while these limits are approximately
0.5-0.7 mag brighter in the i band. All magnitudes are specified
in the Vega system.

The CMD of the inner 12" is shown in Fig. 4. The data
are used in Sect. 4 to derive the extinction map of the region
surrounding the cluster. Owing to the very good seeing, stars
brighter than r ~ 12 are partially saturated in both r and i bands,
making the position of the main sequence turn-off point and red
clump stars quite uncertain in the CMD.

2.3. GES spectroscopic data

The GES makes use of the GIRAFFE (R ~ 20000) and UVES
(R ~ 47000) spectrographs of the VLT UT-2. The GES con-
sortium is structured in several working groups (WGs). The
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Fig.4. VPHAS+ ri CMD of the central 12’ of the cluster. The spatial
distribution of the selected stars (black points) is shown in Fig. 9. The
solid line corresponds to the PARSEC isochrone of best parameters,
shifted for distance modulus and extinction (see Sect. 7 for detail). Stars
brighter than r = 12 suffer from saturation and are not shown here.

reduction of the GIRAFFE and UVES spectra by WG7 is de-
scribed in Lewis et al. (in prep.) and Sacco et al. (2014), re-
spectively. The analysis is performed independently by teams
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using different methods, but making use of the same model at-
mospheres (MARCS, Gustafsson et al. 2008) and the same line
list (Heiter et al., in prep.). The results are then gathered and
controlled to produce a homogenised set (for a comparison of
the results obtained with different spectroscopic methods, see
for instance Jofre et al. 2014). The analysis of the GIRAFFE
data by WG10 is described in Recio-Blanco et al. (in prep.), and
the analysis of UVES spectra by WG11 is described in Smiljanic
et al. (in prep.).

Stellar parameters and elemental abundances for the stars ob-
served during the first six months of the campaign were delivered
to the members of the collaboration as an internal data release
(internal data release 1, or GESviDR1Final) for the purpose of
science verification and validation.

The target selection for NGC 6705 and the exposure times
for the various setups are described in Bragaglia et al. (in prep.).
For the GIRAFFE targets, potential members were selected on
the basis of their optical and infrared photometry following the
cluster main sequence, and the proper motions from the UCAC4
catalog (see Zacharias et al. 2012) were used in order to discard
objects whose proper motions are more than five sigma from
the cluster centroid. In total, 1028 main-sequence stars were ob-
served with eight GIRAFFE setups. All the red giants located in
the clump region in the inner 12’ were observed with the UVES
setup 580 (25 targets). The number of targets observed with each
GIRAFFE setup are summarised in Table 1. The coordinates, B,
V, J, H, and K magnitudes, radial velocities and membership
probabilities (see Sect. 3) are shown in Table 2.

The spatial distribution of the targets is shown in the top left-
hand panel of Fig. 5, and the BV photometry of the targets is the
WFI photometry presented in the present paper. The bottom left-
hand panel of Fig. 5 shows the radial velocity (RV) distribution
of all the GIRAFFE targets. From the GESviDRI1Final data
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Table 1. Summary of GES GIRAFFE observations.

Setup  Central 1 Spectral range R Nb stars Median S/N
[nm] [nm]
HR3 412.4 403.3-420.1 24800 166 24
HRS5A 447.1 434.0-458.7 18470 166 25
HR6 465.6 453.8-4759 20350 166 21
HR9B 525.8 514.3-535.6 25900 526 37
HR10 447.1 434.0-458.7 18470 284 50
HR14A 6515 630.8-670.1 17740 166 44
HRI5SN  665.0 647.0-679.0 17000 1028 52
HR21 875.7 434.0-458.7 18470 284 55

release, we have RVs for 1028 GIRAFFE targets and 25 UVES
targets.

The 25 UVES stars have well-defined values of effective
temperature, surface gravity, and microturbulence derived di-
rectly from these spectra (summarised in Table 3). While el-
emental abundances are available for various elements in the
GESviDR1Final data release, this work focused on the abun-
dances of Fe, Al, Mg, Na, and Si (Table 4). The reference solar
abundances used by GES are those of Grevesse et al. (2007).

Because the main-sequence targets are hot, fast-rotating
stars, preliminary metallicity determinations from GIRAFFE
are for the moment available for 255 GIRAFFE stars only in
GESviDR1Final, with large quoted uncertainties. These data
will be re-analysed in subsequent GES data releases. We have
decided not to consider these results and to focus only on the
metallicity determination obtained from the UVES spectra.

2.4. HARPS Archive data

We compared our results with those obtained using an HARPS
archive data set taken by the program Search for Planets
around Evolved Intermediate-Mass Stars (Lovis & Mayor 2007).
Twenty-nine stars in the cluster have been monitored for a total
of more than 70 h of on-target integrations and 271 spectra taken.
The observing programme covered several periods from P79
(2007) to P83 (2009). In the ESO archive, the observed dataset
is already reduced, providing a measure of the RVs. Owing to
its high resolving power (R ~ 115000) and simultaneous wave-
length calibration, HARPS delivers a typical radial velocity er-
ror of about 0.06 kms~! for these stars. Nineteen of them stars
were also observed by GES with the UVES instrument, allow-
ing for a sanity check of our UVES measurements, but none
were observed with GIRAFFE. Figure 6 shows a comparison
between the RVs derived from UVES and HARPS spectra. The
nominal uncertainty on the UVES RVs is 0.6kms~!. The mea-
surements from UVES are systematically lower by 0.8 kms~! on
average, with a standard deviation of 0.4 km s~L. We corrected
for the differences in zero point between the GIRAFFE, UVES,
and HARPS radial velocities when using them together later in
this study.

3. Membership

The spectroscopic targets were photometrically selected to be
likely cluster members, but this selection obviously includes a
significant number of field stars, which can be separated from
the cluster stars on the basis of their RVs. Figure 5 shows the
RV distribution of the field stars expected from the Besangon
model (Robin et al. 2003). We selected from the simulation
the stars belonging to the bright main sequence region, with

B -V < 1.2and V < 17 (the region of the CMD covered by
the majority of the GIRAFFE targets) and scaled the distribution
so that its tails (RV < 20kms~! and RV > 50kms™!) contain
the same number of objects as those of the observed distribution.
The Besancon model reproduces the observed RV distribution of
the background very well, while the signature of the cluster is
clearly visible as a peak around 36 kms~!.

We performed a membership determination for GIRAFFE
and UVES stars independently.

3.1. Membership of the GIRAFFE stars

We determined the membership of the GIRAFFE stars from the
HRI15N radial velocities only, because of the good signal-to-
noise ratio (S/N) of these spectra and because all 1028 GIRAFFE
stars were observed with this setup. The analysis of the data ob-
tained with the other gratings will be available in further data
releases.

We applied a classical parametric procedure where the ra-
dial velocity distribution is fitted with two Gaussian compo-
nents: one for the cluster members and one for the field stars.
We followed the procedure described in Cabrera-Cafio & Alfaro
(1985), but only based on the RVs. The RVs of stars that were
observed with different GIRAFFE gratings are the two-sigma
clipped averages. The method computes the membership prob-
abilities through an iterative method. The probability density
function (hereafter PDF) model is defined as

@i(v;) = nedic(v) + neip(v;) (1

where n. and n¢ are the priors of the cluster member and field
stars distributions, respectively, ¢;(v;) is the PDF for the whole
sample, and ¢; . (v;) and ¢; £(v;) are the PDFs for the cluster mem-
bers and the field stars related to the ith star.

The membership probabilities are obtained making use of
these PDFs and by using Bayes’ theorem as follows:

neic(v;)
$i(v:)

where P.(v;) is the probability of the ith star to be a cluster mem-
ber. According to Bayes’ minimum error rate decision rule, a
threshold value of 0.5 minimises the misclassification. At the
end of the analysis, 536 stars (out of 1028) have a member-
ship probability higher than 0.5. The mean RV of these stars is
35.9kms™!, with a standard deviation of 2.8 kms~!.

Undetected member binaries may have discrepant RVs and
be classified as non-members by this procedure. Rigourously
speaking, the RV distribution of the members may deviate from
a Gaussian. The measured RVs of unresolved binaries are the
combination of the motion of the centre of mass and of the or-
bital motion, and they tend to have larger uncertainties than iso-
lated stars. The result of convolving a binary model with a nor-
mal distribution is a modification of the tails of the Gaussian, by
extending and increasing them. Here some unresolved pairs may
therefore be classified as non-members.

Pe(vi) = @)

3.2. Membership of the UVES stars

We have stellar parameters and accurate metallicities for the
25 UVES targets of NGC 6705, including three stars that show
a very discrepant RV and are not members of the clusters (see
Fig. 7). A fourth star (18510093-0614564) has an outlying radial
velocity of 41.4kms™!, even though its photometry is compat-
ible with the other cluster members. As a possible explanation,
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Table 2. Positions, BV photometry, radial velocities, and membership probabilities of the GIRAFFE targets.

Star RA Dec B \% RV Membership probability
18505884-0614409 282.7452 —6.2447 15.161 14.642 343 +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 14.247 374 +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.
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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 Besancon 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 kms™!
(with a standard deviation of 1.5kms™"), which is lower than
the mean value of 35.9 + 2.8 kms~! found for GIRAFFE stars.

A17, page 6 of 18

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 0.87kms~! 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


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201423851&pdf_id=5

T. Cantat-Gaudin et al.: The Gaia-ESO Survey: Stellar content and elemental abundances in the massive cluster NGC 6705

Table 3. Photometry and stellar parameters of the UVES stars.

Star RA Dec B \% J H K RV Tefr logg [Fe/H] Umic
[°] [°] [kms™'] [K] [kms™']
Members
18503724-0614364 282.6552 —6.2434 13.423 12.001 9.427 8.808 8.616 352 4820+71 242+0.21 0.03+0.14 1.82+0.13
18504737-0617184 282.6974 —6.2884 13.381 11.652 8.527 7.808 7.523 31.8 4325+ 130 1.72+0.29 0.03 £0.15 1.56=+0.16
18505494-0616182 282.7289 —6.2717 13.328 11.860 9.199 8.498 8.318 34.8 4689 + 109 2.37 £0.43 0.13 £0.09 1.46=+0.12
18505581-0618148 282.7325 —6.3041 13.050 11.414 8.557 7.895 7.698 35.1 4577 +139 223 +0.31 0.17 £0.18 1.60 = 0.24
18505755-0613461 282.7398 —6.2295 13.041 11.830 9.426 8.852 8.675 304 4873 +114 237 +0.32 0.03 £0.14 1.33+0.19
18505944-0612435 282.7477 —-6.2121 13.270 11.872 9.330 8.722 8.523 34.6 4925+ 177 2.56 +£0.39 0.19 £0.18 1.50 = 0.50
18510023-0616594 282.7510 —6.2832 13.319 11.586 8.524 7.776 7.589 352 4433 +95 194 +0.47 0.17+0.12 1.50+0.14
18510032-0617183 282.7513 —6.2884 13.542 12.081 9.368 8.751 8.549 352 4850 + 100 2.38 +0.21 0.07 £0.15 1.60 = 0.33
18510200-0617265 282.7583 —6.2907 13.030 11.426 8.446 7.766 7.493 32.0 4415+87 235+0.45 0.18 £0.14 1.48+0.07
18510289-0615301 282.7620 —6.2584 13.467 12.014 9.389 8.758 8.543 32.8 4750+ 112 2.40+0.28 0.05+0.07 1.45+0.13
18510341-0616202 282.7642 —6.2723 13.239 11.801 9.216 8.579 8.386 36.3 4975+ 146 2.50 £ 0.30 0.07 £0.15 1.94 +0.27
18510358-0616112 282.7649 —6.2698 13.320 11.902 9.357 8.691 8.511 347 4832+79 231+0.31 0.15+£0.08 1.62=+0.19
18510786-0617119 282.7828 —6.2866 13.084 11.621 9.030 8.399 8.206 33.6 4768 +53 2.11+0.19 0.03 £0.14 1.80+0.28
18510833-0616532 282.7847 —6.2814 13.202 11.736 8.911 8.311 8227 333 4750+ 112 2.25+0.22 0.18 £0.10 1.60 = 0.25
18511013-0615486 282.7922 —6.2635 12.996 11.493 8.613 7.933 7.705 36.9 4439 +59 1.87+0.53 0.10+0.12 1.50+0.10
18511048-0615470 282.7937 —6.2631 13.134 11.627 8.817 8.224 7.991 33.3 4744 +122 2.12+0.33 0.05+0.14 1.70+0.30
18511452-0616551 282.8105 —6.2820 13.403 11.923 9.263 8.620 8.420 35.1 4800+59 240+0.25 0.11 £0.08 1.69 = 0.20
18511534-0618359 282.8139 —6.3100 13.527 11.974 9.163 8.507 8.303 33.7 4755+57 2.16+0.21 0.05+022 1.79+0.17
18511571-0618146 282.8155 —6.3041 13.297 11.807 9.088 8.445 8211 35.0 4710+159 227 £0.30 0.15+£0.12 1.60+0.18
18512662-0614537 282.8609 —6.2482 13.228 11.559 8.611 7.921 7.700 33.8 4459 +91 2.10+0.48 0.12+0.17 1.48+0.19
18514130-0620125 282.9221 —-6.3368 13.348 11.849 9.185 8.570 8.361 33.2 4671 +£140 2.20+0.28 0.07 £0.19 1.62+0.20
Non-members
18510093-0614564 282.7539 —6.2490 12.677 11.462 9.016 8.395 8.205 414 4755+35 230+0.24 —-0.10+0.10 1.50 £ 0.15
18510837-0617495 282.7849 —6.2971 13.438 11.674 8.469 7.649 7.429 -72.5 4217 +83 1.62+0.33 —0.10+0.12 1.47 +0.16
18512283-0621589 282.8451 —-6.3664 13.604 11.879 8.831 8.084 7.872 3.4  4305+95 2.08+0.34 0.18+0.18 1.61 +0.21
18513636-0617499 282.9015 —-6.2972 13.075 11.128 7.295 6.451 6.127 —1.4 4041 £225 1.57 £0.42 —-0.20 £ 0.20 1.45+0.03

Notes. The photometry was not corrected for extinction. The nominal uncertainty on UVES radial velocities is 0.6 kms™".
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Fig. 6. Comparison between the radial velocity measurements from
HARPS spectra and UVES spectra for 19 red giants.

the age and the structure of NGC 6705, we need to assess
whether the studied region is affected by differential extinc-
tion. The available VPHAS+ ri photometry covers a very wide
field, much larger than our BVI photometry, which allows us to
study the extinction of the background around the cluster. The
ri CMD of the inner 12’ of the cluster is shown in Fig. 4. The
PARSEC isochrone (Bressan et al. 2012) shown in that figure
corresponds to the parameters of the best fit of the BV photom-
etry (see Sect. 7). First we make use of the GIRAFFE mem-
bers to derive the extinction law in the direction of the cluster.
Figure 8 presents the colour-colour diagrams in the passbands

1

~20 0 20 40
radial velocity [km.s™!]

=60 ~40
Fig.7. Identification of the red clump cluster members from radial ve-
locities and iron abundance. The error bars for the radial velocities are
smaller than the symbols. The 21 filled circles correspond to the mem-
bers, while the 4 open circles are the stars we consider non-members.

BVIri. To fit the data, we need to adopt the relations E(V — ) =
1.24(+0.05)x E(B—V) and E(r — i) = 0.68(£0.04) X E(B - V).
While the ratio E(V — I)/E(B — V) is consistent with the total-
to-selective extinction ratio Ry = Ay/E(B — V) = 3.1 using the
Fitzpatrick (1999) law, the relation E(r — i)/ E(B — V) is slightly
larger than the value of E(r — i) = 0.6 X E(B — V) given by Yuan
et al. (2013).

Red clump stars in intermediate and old populations are of-
ten used in the literature as distance and extinction indicators.
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Table 4. Elemental abundances for the UVES stars.

Star [Fe/H] [Al/Fe] [Mg/Fe] [Na/Fe] [Si/Fe]
Members
18503724-0614364 0.03+0.14 0.12+0.15 023 +0.17 0.51+0.17 0.09 £0.15
18504737-0617184 0.03 +£0.15 0.17+0.17 023 +0.15 0.74 +£0.21 0.03 +0.17
18505494-0616182 0.13+£0.09 026+0.09 0.14+0.09 05+0.11 0.07 +£0.09
18505581-0618148 0.17 =0.18  0.10+ 0.18 0.12+0.20 0.32+0.21 0.05+0.19
18505755-0613461 0.03 +0.14 -0.04 +0.38 0.10=0.15 0.52 +£0.14 0.07 £0.15
18505944-0612435 0.19 +£0.18 0.14+0.18 0.14+0.22 049 +0.19 -0.04 =0.19
18510023-0616594 0.17 £0.12 021 +£0.12 0.20+£0.16 0.39 +0.13 0.02 +£0.18
18510032-0617183 0.07 £0.15 0.20+0.15 021 £0.18 0.53+0.16 0.02 +0.16
18510200-0617265 0.18 =£0.14  0.13+0.15 0.16 £0.16 0.17 £0.14 0.02 £0.15
18510289-0615301 0.05+0.07 0.22+0.07 0.13+0.13 0.53+0.11 0.05=0.09
18510341-0616202 0.07 =£0.15 0.19+0.15 030+0.16 054 +0.17 -0.07 £0.17
18510358-0616112 0.15+0.08 0.18 £0.08 0.12+0.10 0.49 =£0.10 0.07 =0.11
18510786-0617119 0.03 +£0.14 025+0.14 0.42+0.14 0.58 £0.18 0.08 +£0.18
18510833-0616532 0.18 £0.10 0.18 £0.10 0.19+0.14 0.51 =£0.13 -0.06 =0.12
18511013-0615486 0.10+£0.12 023 +0.12 0.23+£0.16 0.52+0.15 0.07 £0.14
18511048-0615470 0.05+0.14 023 +0.15 0.39+0.14 0.54 +£0.21 -0.03 +£0.23
18511452-0616551 0.11 £0.08 0.15+0.11 0.15+0.29 0.55+0.16 0.06 £0.11
18511534-0618359 0.05+0.22 0.25+022 033024 0.49+0.23 0.08+0.24
18511571-0618146 0.15+0.12 020+0.13 0.09+£0.17 045 +0.14 0.0+0.13
18512662-0614537 0.12+0.17 029 +0.17 0.24+0.22 0.59+0.21 0.13+0.22
18514130-0620125 0.07 £0.19 021 +£0.19 0.11 £0.21 0.45+0.20 0.01 £0.20
u 0.10£0.04 020+0.04 0.19+£0.05 048 £0.05 0.04 +0.04
o (+0.04 (+0.05 0+0.07 +0.06 (+0.05
Non-members
18510093-0614564 —-0.10+0.10 023 +0.11  0.11 £0.16 0.45+0.13 0.07 £0.12
18510837-0617495 —0.10+0.12 0.20+0.12 0.28 +£0.14 0.32+0.12 0.02 =0.13
18512283-0621589 0.18 £0.18 027 +0.20 0.24 £0.20 0.38 £0.23 0.06 + 0.20
18513636-0617499 —0.20+0.20 0.53 +£0.21 043 +0.20 0.41 +0.23 0.06 =0.21
Sun® 7.45 6.37 7.53 6.17 7.51

Notes. © The solar reference abundances are those of Grevesse et al. (2007). u and o are the intrinsic mean and dispersion, respectively (cf.

Sect. 8).

The PARSEC isochrones indicate that the » — i colour of the red
clump varies by 0.07 for ages from 2 to 10 Gyr, and by 0.14
for Z from 0.001 to 0.03. The small dependence of their magni-
tude and colour on age and metallicity makes them good tracers
of the extinction across the field.

We simulated a field corresponding to the coordinate of the
cluster using the Padova Galaxy Model (Vallenari et al. 2000).
The red clump stars in the model have an absolute » magnitude
of 0.55 and an intrinsic colour (r — i) = 0.525. We followed
the colour excess of the red clump stars at different distances.
The field was divided into cells of 0.25° x 0.25°. In each of
these cells, we computed the reddening as follows: the red gi-
ant stars falling in the magnitude range that corresponds to the
distance range we want to probe (for instance, 11.5 < r < 13
for 2—4 kpc) were divided into bins of 0.05 in the (» — i) colour,
and we looked for the most populated colour bin. This colour
was then compared to the reference value of (r — i) = 0.525,
to find the colour excess. We applied the procedure a second
time, looking at a fainter magnitude slice, to take into account
that one must look at fainter magnitudes to probe stars that are
more reddened. We found that going for more iterations did not
significantly change the results. After this second step, the final
colour excess E(r — i) was converted to E(B — V) using the rela-
tion E(r — i) = 0.68 X E(B — V). Our bins of 0.05 in r — i colour
correspond to a resolution of 0.07 in E(B — V). The extinction
map we obtain for the distance range 2—4 kpc is visible in Fig. 9.
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The inner region of the cluster studied with the WFI BV
photometry sits in a zone of relatively low and uniform ex-
tinction, with E(B — V) = 0.40 out to 11’ from the centre. A
higher extinction is found at Dec > —6°and RA < 283.25°, with
E(B — V) up to 0.7. A comparison with the map by Schlegel
(1998) shows consistency, with the north-west quadrant being
the most reddened. However, the maps of Schlegel (1998) give
the integrated extinction along the line of sight, while we restrict
our determination to the distance range 2—4 kpc. For this reason,
our values of extinction are lower, and the distribution is not di-
rectly comparable.

Although the cluster itself lies in a window of constant ex-
tinction, the bottom left-hand panel of Fig. 9 shows clearly
that the star density distribution of the photometrically selected
VPHAS+ cluster stars (Fig. 4) is correlated with the extinction,
making the background density inhomogeneous.

In the bottom right-hand panel of Fig. 9 we show the distribu-
tion of photometrically selected stars from the 2MASS catalogue
with J < 15 (Fig. 10). The infrared bands of the 2MASS data are
less affected by extinction than the r and i bands of VPHAS+,
and the relations by Yuan et al. (2013) tell us that a reddening
of E(B — V) = 0.7 translates to an extinction of 0.54 mag in the
J band. The distribution obtained for the 2MASS stars is sim-
ilar to the one obtained for the VPHAS+ stars, with a hole in
the distribution in the north-east quadrant and a steep drop in the
stellar density in the north-west. Further details on this density
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Fig.8. Colour—colour diagrams on NGC 6705 GIRAFFE mem-

bers main-sequence stars, compared with the relation expected from
PARSEC isochrones for various extinction laws.

distribution are given when we establish the luminosity profile
of the cluster (Sect. 5.2).

5. Cluster structure

To derive the cluster structure, we make use of the WFI photom-
etry in the inner region and of the VPHAS+ data in the external
parts.

5.1. Centre determination

To determine the position of the centre of the cluster, we first
made a photometric selection that includes the brightest stars
(red clump and upper main sequence). We used the method
described by Donati et al. (2012) that consists in finding the
barycentre of the sample, then retaining the 70% of the stars
that lie closest to this barycentre and repeat the procedure until
convergence to the actual centre of the cluster. The uncertainty
on the final position arguably depends on the uncertainty in
the selection of cluster members. Selecting only the brightest
stars gives a better-defined membership but also poorer statis-
tics. Using different magnitude cuts from V = 13 to 16, the po-
sition of the centre is at a0 = 18"51™48, r900 = —6°16/22"
(RA =282.767°, Dec = —6.273°) with an uncertainty of 2.

5.2. Radial density profile

We derived the luminosity profile using the V-band magni-
tudes. Through a y* minimisation, we fitted a single mass two-
parameter King profile (King 1962):
o

F) = o + ——

1+ (r/Teore)?

where o, the background luminosity, o the central luminosity
and rcqre the core radius are left as free parameters.

The data was corrected for completeness in each radius and
magnitude bin. Using all the stars with V < 18, we obtain a core

3)

radius of 1.23 +0.28" (Fig. 11). This value is in agreement with
the value of 1.81 + 0.71” found by Santos et al. (2005, hereafter
S05) using main-sequence stars brighter than J = 15. Taking our
distance estimate (Sect. 7.1) into account, we obtained a core
radius of 0.69 + 0.24 pc in physical units.

The much wider field offered by the VPHAS+ data enables
us to trace the luminosity profile in the most distant parts of the
cluster. We established the luminosity profiles in three different
quadrants (Fig. 12). We can see that the three profiles are simi-
lar inside 10’, with the small differences explained by statistics
and a patchy extinction, but show different behaviours at larger
radii. As one could expect from the extinction map of Fig. 9, the
luminosity in the north-west quadrant drops to lower values than
in the other two. In the north-east quadrant, a dip is visible be-
tween 25’ and 40’, corresponding to a region of stronger extinc-
tion of the background (see Fig. 9). In the south-west quadrant,
beyond 20/, the background density increases with radius as the
extinction decreases. Since outside of the core the luminosity
profile is mainly shaped by extinction, it is not possible to esti-
mate the tidal radius of NGC 6705 by fitting a three-parameter
King profile. The value of gy = 52 + 27’ reported by S05 falls
exactly in the distance range affected by strong extinction. SO5
also observed a deviation of the luminosity profile from their
model between 11’ and 16’, and suggest this excess could be
due to low-mass stars moving to larger radii due to mass seg-
regation. Without a proper model for the background density, it
seems very difficult to draw conclusions on the structure of the
cluster beyond 10’.

5.3. Mass segregation from the luminosity profile

Mass segregation is an internal dynamical phenomenon that
takes place in star clusters and leads the most massive stars to
be more tightly clumped than the least massive ones (Spitzer
1969). A certain number of methods can be used to see whether
mass segregation is occurring in a cluster, for instance applying
a minimum spanning tree analysis (Allison et al. 2009), or di-
rectly comparing the distance to the centre for stars of different
brightness. Here we compare the density profiles of stars in dif-
ferent mass ranges (cf. Sect. 5.2) and compare the slope of the
mass function in different regions of the cluster (our Sect. 7.3,
and S05).

Figure 13 shows the luminosity profiles established in four
different magnitude ranges: 10—13, 13—-15, 15-16, and 16—18.
For our best-fitting PARSEC isochrone, these correspond to
the mass ranges: M > 2.14 Mg, 2.14—-1.37, 1.37—1.14, and
1.14-0.81. For stars with V > 16, we applied a completeness
correction based on the distance and magnitude.

In the faintest range (16 < V < 18) we discarded the data
point corresponding to the most central bin (r < 0.5”), owing
to the very low completeness for faint stars at the centre of the
cluster. It is clear that the core radius increases as fainter stars
are considered from 1.02 + 0.25" in the range 10 < V < 13 to
3.62 + 1.12’ in the range 16 < V < 18. This result is consistent
with results by Sung et al. (1999), although they do not quantify
the increase in radius for the distribution of progressively fainter
stars.

6. Kinematics
6.1. Rotation

Since NGC 6705 is a massive system and radial velocities are
available for a large number of targets, we looked for hints of
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Fig. 9. Top left: extinction map obtained from VPHAS+ photometry in the distance range 2—4 kpc. The cross indicates the centre of the cluster.
The dashed line shows the footprint of our BVI photometry. Bottom left: same extinction map. The black points are cluster stars selected from the
(r —i,r) VPHAS+ CMD, with r < 16. The CCD gaps are visible as horizontal lines. Top right: extinction map from Schlegel (1998) for this field.
Bottom right: same as bottom left, but with 2MASS main-sequence stars (J < 15).

the rotational signature of the cluster, as is routinely done for
GCs (see e.g. Cote et al. 1995; Bellazzini et al. 2012; Bianchini
et al. 2013). We first corrected the GIRAFFE radial velocities
for the offset observed in Sect. 2.4, then applied the procedure to
the whole sample. The method consists in dividing the cluster in
two and selecting one half according to a position angle ¢ mea-
sured here from north to east (¢ = 0° corresponds to the north
half, while ¢ = +90° and ¢ = —90° correspond to the east and
west halves, respectively). The mean radial velocity is computed
in the selected region. Varying the angle ¢ by steps of 5°, we
trace the mean radial velocity in different regions. For a rotating
object, we expect the radial velocities to follow a sinusoidal de-
pendence on the position angle ¢, being equal to the mean radial
velocity of the cluster when ¢ corresponds to the orientation of
the rotation axis (projected on the sky), following the equation

AV, = Ay Sin(¢0 + ¢) “)

where Ay corresponds to the amplitude of the rotation and ¢y is
the position angle of the rotation axis. We estimated the uncer-
tainty on the mean radial velocity by bootstrapping: in each po-
sition angle bin, containing N datapoints, we created 100 sets of
N datapoints by randomly sampling the radial velocity dataset,
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calculated the mean velocity for each one, and computed the
standard deviation of these results. The best-fitting sine function
corresponds to an orientation angle ¢o = 4 + 45° and an am-
plitude A;oc = 0.3 £ 0.1km s~ around the mean radial velocity
(Fig. 14). Since the RV is averaged over the full range of radii
covered by the sample, the derived Ay is a lower limit to the
maximum rotation amplitude, depending on the rotational gradi-
ent of the cluster. The observed pattern is, however, very weak,
with an amplitude much smaller than the velocity dispersion of
the cluster, and we can conclude that rotation does not play a sig-
nificant role in the observed velocity dispersion in NGC 6705.

6.2. Intrinsic velocity dispersion

Owing to uncertainties on the radial velocities of each invi-
didual star, the velocity dispersions we observe in our sam-
ples (2.8kms~' for the GIRAFFE sample, 1.5kms™~! for the
combined HARPS and UVES sample) are larger than the true,
intrinsic dispersion of those stars. Assuming this intrinsic distri-
bution is Gaussian, and that the quoted uncertainties {ej, ..., €y}
on the observed radial velocities {vy, ..., vy} are Gaussian errors,
it is possible to estimate the dispersion o~ and the mean radial
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Fig. 10. 2MASS CMD of the inner 12" of NGC 6705. The spatial dis-
tribution corresponding to the photometric selection (black points) is
shown in Fig. 9 on a larger field.
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including background background-subtracted
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Fig. 11. Observed luminosity profile (black dots) for stars with V < 18,
fitted with a two-parameter King profile (continuous line), including
background (left) and after subtracting the background (right). The flux
density was normalised to the central luminosity so that oy = 1.

velocity u of the true underlying distribution (see e.g. Walker
et al. 2000).

The probability of measuring the radial velocity v; by sam-
pling a random point from a normal distribution that has mean u
and dispersion o is

)
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Fig. 12. Stellar density profiles for the north-west, north-east and south-
west quadrants (NW, NE, and SW) of the VPHAS+ photometry, using
stars with 7 < 16. The profiles in the three quadrants were normalised to
the flux in the innermost bin. The background level was not subtracted.

2-parameter King profiles in different magnitude bins
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Fig. 13. Observed and fitted luminosity profiles obtained with stars in
different magnitude ranges. The background was fitted and subtracted.
In the bottom right panel, the open symbol is the datapoint that was
discarded when fitting the luminosity profile.

For a sample of N stars, the joint probability is simply the prod-
uct of the N individual probabilities:

1 (0 —p?
202+ ¢
(6)

and the best estimates of u and o are those that maximise L.
Applying this method to our sample of GIRAFFE RVs, we found
the values pug = 36.0 = 0.2km stand g = 2.5+ 0.1kms™!.
For the HARPS+UVES sample the results are uy.y = 34.8 =
0.4kms™" and o,y = 1.3*)3kms™". We do not expect such
large difference between the radial velocity dlspersmn of both
samples. The most likely source of this difference is that the
quoted uncertainties on the GIRAFFE radial velocities are un-
derestimated. The GIRAFFE targets are hot, fast-rotating stars
for which RVs can be difficult to measure, and the main source

.E = P({Ul,

,M,U)ﬂm(
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Fig. 14. Rotation curve obtained from the cluster members. The shaded
region shows the uncertainty estimated via bootstrapping. The best-
fitting sine corresponds to a position angle of the rotation axis ¢y = 4°
and an amplitude A,,; = 0.3kms™".

of dispersion in the GIRAFFE sample is likely to be the mea-
surement errors. This hypothesis may be tested when the final
analysis is available for all gratings in a later GES data release.

6.3. Virial mass

A complete kinematical study of the cluster would require
proper motions and radial velocities for a significant share of
the stars. We do not have such a dataset, but we have accurate
radial velocities for 31 red clump stars of NGC 6705 (combining
the HARPS and UVES datasets) that we can use to estimate a
lower limit to the total mass of the cluster.

NGC 6705 exhibits mass segregation, which is a sign of a
dynamically relaxed cluster, at least in its core. The mass of a
dynamically relaxed cluster is related to its average radius and
velocity dispersion through the virial theorem:

_ 2°KR)
tot = G

where G is the gravitational constant, (R) the average radius, and
(v*) = v} + v} + v} the three-dimensional velocity dispersion. In
this study we only have access to the radial velocity dispersion
v,. However, assuming that the velocity distribution is isotropic,
the three components of the velocity dispersion are equal and we
can write

(N

W?) = UZ + v(zr + vf = 303. ®)

With (2) = 1.34*03>kms™" and an average radius (R) = 3.42
(2.0 £ 0.2 pc) (with the most distant star located at an agular dis-
tance of 10.1”) this equation yields M, = 5083 + 1600 M,,. The
number is in good agreement with the virial mass obtained by
McNamara & Sanders (1977) with the same method, but using
proper motions (5621 My,). It is possible to plug in the values ob-
tained from the GIRAFFE targets, which spread out to 12.6” and
show a larger average radial distance and a considerably higher
velocity dispersion (4.52" and 2.8 kms™!, respectively). The re-
sult is a mass of 21 900 + 2700 M. Since the velocity dispersion
of the GIRAFFE stars is affected by the larger uncertainty on the
radial velocities, this value can be considered an upper limit.
This simple method only provides a first-order estimation. A
more sophisticated approach would include detailed kinematical
modelling, for instance adopting a multi-mass model approach
as is generally done for GCs (see for instance Miocchi 2006).
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This is, however, beyond the scope of the paper. The calculation
presented here only considers the positions and radial velocities
of the massive stars in the central region and may suffer from
biases due to the low number of selected targets. With a mass of
the order of 5 x 10° M, contained in the inner part (within 2 pc),
we confirm that NGC 6705 is a relatively massive OC.

7. Age determination

In this section we give an estimate of the age, distance, and
metallicity of NGC 6705 from the CMD analysis of the WFI
photometry, which corresponds to the part of the cluster that is
not affected by variable extinction. We first compared the CMD
with PARSEC (Bressan et al. 2012) and Dartmouth (Dotter et al.
2008) isochrones, then proceeded to fit a synthetic luminosity
function in the inner region of the cluster.

7.1. Comparison with theoretical isochrones

We have compared the BVI CMD of the inner 6" of NGC 6705
with PARSEC and Dartmouth isochrones. The age, distance
modulus, reddening and metallicity of the cluster can be esti-
mated by matching the key features of the CMD (such as the
main sequence slope and the positions of the main sequence
turn-off and the red clump) traced by the cluster members es-
tablished in Sect. 3.1 to the shape of the theoretical isochrones.

The PARSEC isochrone that reproduces best the morphology
of the CMD is a model of 316 Myr (log ¢ = 8.5), solar metallic-
ity (Z = 0.0152), E(B—-V) = 040 and (V — My) = 1145
(do = 1995 + 180 pc). The left-hand side panels of Fig. 15 show
this isochrone, along with different choices of distance modulus,
extinction, ages, and metallicities. Using a PARSEC isochrone
of slightly super-solar metallicity produces a marginally compat-
ible fit. On the other hand, a sub-solar metallicity fails to repro-
duce the position of both the red clump and the main sequence
turn off at the same time. We estimate the uncertainty on the ex-
tinction to be of the order of 0.03, the uncertainty on the age
50 Myr. For an age of 316 Myr, the mass of the main sequence
turn off stars is 3.2 M.

The best set of parameters for fitting a Dartmouth isochrone
is an age of 250 Myr, extinction E(B — V) = 0.37, and distance
modulus (V — My) = 11.6 (d5 = 2090pc), as shown in Fig. 15.
Again, using isochrones of super-solar metallicities produces a
less satisfying fit than a solar metallicity. The age of 250 Myr
is in agreement with the result of SO5, who used Dartmouth
isochrones on 2MASS photometry. This age corresponds to a
turn off mass of 3.47 M. The best fits for these two sets of
isochrones are both shown on Fig. 16 for a direct comparison.

As already discussed, PARSEC and Dartmouth isochrones
give different determination of the age. This difference is due
to the fact that the red clump stars tend to be brighter in the
PARSEC tracks than in the Dartmouth tracks, because of a dif-
ferent choice of mixing-length parameter and solar metallicity
reference (see Sect. 5.6 of Bressan et al. 2012). As a conse-
quence, a PARSEC isochrone of higher age is needed to repro-
duce the position of the red clump.

To fit the (V — I) colour in Fig. 16 we adopt the relation
E(V —D)/E(B—V) = 1.24 derived in Sect. 4. Figure 17 shows
the position of the 21 UVES cluster members in the (T —log g)
plane. PARSEC isochrones of age 316 Myr and solar or slightly
super-solar metallicity are compatible with the location of the
red clump stars.
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Fig. 15. Comparisons of the BV CMD with PARSEC and Dartmouth isochrones of various parameters. The grey points are all the stars in our pho-
tometry, and the radial velocity members are marked in red. Left-hand side panels: the best-fitting PARSEC isochrone (solid blue line) corresponds
to an age of 316 Myr, a solar metallicity, a reddening E(B — V) = 0.40 and a distance modulus (V — My) = 11.45. The four panels show the change
in the isochrone when modifying the extinction, distance modulus, age and metallicity with respect to the best-fitting isochrone. Right-hand side
panels: same procedure with Dartmouth isochrones. The best-fitting isochrone is the solid green line. In all cases, the data are uncorrected for

extinction. The isochrones are shifted along the extinction vector.

7.2. Luminosity function

To confirm the results obtained from the comparison with the-
oretical isochrones, we studied the luminosity function (LF) of
the inner 0.1° (6”) of the cluster. This region is large enough
to provide good statistics, without being too contaminated by
background stars. A photometric selection was made, following
the main sequence down to magnitude V=18. We considered the
stars farther than 0.3° (18”) from the centre of the cluster as our
background field (see Fig. 3). The LF of the background field
was subtracted from the LF of the cluster, taking the respective
completeness and area of the two regions into account. The error
on the luminosity function takes the statistical error on both the
cluster and the background into account.

Synthetic populations were computed using PARSEC tracks
(Bressan et al. 2012), varying the age and metallicity, as well as
the slope a of the initial mass function (IMF) and the distance
modulus. The reddening was kept fixed to a value of E(B—-V) =
0.40. The LF of the synthetic populations were compared with
the observed LF using a y*> method and imposing a constrain on
the colour of the main sequence and red clump.

Using isochrones of solar metallicity provide the lowest y2,
and isochrones with [Fe/H] = +0.10 provide very similar re-
sults, while using [Fe/H] = —0.10 provides worse fits. The x>
maps (Fig. 18) show the confidence interval of the parameters
that reproduce the observed LF. From these maps we estimate
the parameters of the cluster as log ¢t = 8.55 + 0.1, (V — My) =
11.55 £ 0.3, and the IMF slope a = 2.95 + 0.2.

In this procedure, we did not take into account that some
of the stars may be unresolved binary (or multiple) systems.
Weidner et al. (2009) indicate that even in the extreme case

where 100% of the stars are in multiple systems, the o parameter
may be underestimated by 0.1 at most.

7.3. Mass function and total mass

In this section we derive the mass of the cluster using its LE. We
produce the LF of the cluster in three annuli (corresponding to
distance the ranges 0’'—3’, 3'—6’, and 6’—9’) and convert the V
magnitudes to masses using a PARSEC isochrone with the pa-
rameters determined in Sect. 7.1. The observed magnitude range
(V < 18) corresponds to a mass range of 1 to 3.2 M. We chose
to limit ourselves to the inner 9’. At larger radii, the cluster is
hardly visible against the field stars, and our procedure that con-
sists in subtracting the LF of the background from the observed
one becomes very uncertain.

In each region, we derived the parameter a, defined as
N(M)dM oc M~“. The results of the fit are shown in Fig. 19.
The value of @ increases with the radius, indicating that the mass
function gets steeper because of a deficit of high-mass stars. In
the most central region, @ = 1.18 indicates an excess of high-
mass stars with respect to what would be expected from the
Salpeter IMF (a = 2.35). Over the whole range 0-9’, the slope
of the mass functionis @ = 2.70 £ 0.2.

The previous studies of the evolution of the slope of the IMF
with the radius have also found that the mass function was flatter
in the inner region. SO5 found a slope of @ = 0.27 in the inner
1.8/, @ = 2.41 in the region 1.8—10’, and @ = 3.88 in the region
10-21’. Sung et al. (1999) find slopes of @ = 0.5 to 1.7 inside 3’.
The slope values found by those two studies are listed in Table 5
along with our estimates. The distance ranges given by S05 were
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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 — My) = 11.45 and Dartmouth isochrone of
solar metallicity, 250 Myr, E(B — V) = 0.37, (V — My) = 11.6). The
grey points are all the stars in our photometry, while the red points are
the radial velocity members.
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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 r = 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
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Table 5. Slope of the mass function in different regions on the cluster.

Radius () a
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. « is the parameter in the mass function: N(M)dM o< M~“.

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): @ = 1.3 for 0.08 < M, < 0.5
and @ = 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 My, (using the ex-
trapolated power-law). This latter number is compatible with the
number quoted by SO05, who estimate a total mass of 6500 =
2100 Mg, inside 10’, and 11000 + 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 @ 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


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201423851&pdf_id=16
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201423851&pdf_id=17

T. Cantat-Gaudin et al.: The Gaia-ESO Survey: Stellar content and elemental abundances in the massive cluster NGC 6705

a=2.95, E(B-V)=0.40
8.70 T T T T r
3.41

8.65[

8.60f 30l

8.55F

log(t)=8.55, E(B-V)=0.40

%, 8.50 s 3.0F
°
8.45f
8.40F 281
8.35f
2.6f
830 16.6 16.8 li.O li.Z 1i.4 li.G 1i.8 12.0 16.6 16.8 li.O 1i.2 1i.4 1i.6 1i.8 12.0
(V-My) (V-M;)
8.70 (V-M,)=11.3, E(B-V)=0.40 10° Best-fitting luminosity function
8.65[
8.60
10°
8.55F
= a
g 8.50¢ 3 Fig. 18. Probability contours for the fit of the luminosity
a.a5 1° function. The cyan, yellow, and red lines show the 50%,
) 10! { [Fe/H]=0 68%, and 90% confidence regions, respectively. The white
8.400 1 B cross indicates the best-fitting solution. The bortom right
M,)=11.340.
o35l | E(B-V)=0.40£0.05 panel shows the observed LF (cleaned from the back-
' 0=2:95102 ground) and the best-fitting theoretical one. The bins with
" " " " " 0 . . . . . . . 1 i -
8.30L >5 30 35 37 55 5 e 550 X > 18 are shown but were not used in the fitting proce
a v ure.

Table 6. Mass contained in different regions of the cluster.

Region a Observed  Extrapolated (power law) Extrapolated (Kroupa)
[l [Mo] [Mo] [(Mo]

0-3 118 £0.11 242+ 64 37556 664 + 115

3-6 3.01 £0.11 241 +46 4303 + 1127 1430 + 151

6-9 379+ 0.10 181 +43 18888 +4702 1437 + 242

Total 664 + 153 26566 + 5885 3531 + 508

0-9 2770 £0.19 700 =310 6851 + 1865 3683 + 1063

Notes. « is the parameter in the mass function: N(M)dM o M~*. The stars were observed down to 1 M. The extrapolation was done down

t0 0.08 M.

the values we derived from isochrone fitting. In this section we
study the relations between the abundances of Al and of other
proton-capture elements Na, Mg, and Si. Al and Na abundances
are plotted against T and log ¢g in Fig. 20. These abundances
do not display any significant trend. We observe star-to-star vari-
ations in the Al and Na content of the order of 0.2 dex, inside the
expected uncertainties. Similar diagnostics for Mg and Si are
shown in Magrini et al. (2014).

Abundances of Al, Mg, Si, and Na are plotted in Fig. 21.
In case of multiple populations, correlations between the abun-
dances of Al and Si, and between Al and Na, and anti-
correlations between Si and Mg and between Al and Mg
(Gratton et al. 2012) can be found. Models predict that Al should
show correlations with elements that are enhanced by the ac-
tion of the Ne—Na (such as Na) and Mg—Al cycles, and is anti-
correlated with elements that are depleted in H burning at high
temperature (such as O and Mg). We do not see any sign of such
(anti-)correlations within our uncertainties.

One star shows a low Al abundance with a large uncertainty,
with [Al/Fe] = —0.04 + 0.38, probably due to the low number
of detected lines for this element. Two outliers in Na abundance

could suggest an internal spread, but they are still compatible
with a homogeneous cluster within the uncertainties. The star
with the highest Na abundance ([Na/Fe] = +0.74 dex) has the
lowest Fe abundance in the sample ([Fe/H] = +0.03 dex), while
the star with the lowest Na content ([Na/Fe] = +0.17 dex) has a
Fe content [Fe/H] = +0.18 dex. This suggests that the apparent
discrepant [Na/Fe] for that star can be explained by considering
the uncertainties on both Na and Fe abundances.

The mean [Na/Fe] for the cluster members is 0.48 dex. This
value is significantly higher than the Na abundance derived in
field stars. Soubiran & Girard (2005) show that at high metal-
licities thin disk stars exhibit an average of [Na/Fe] = 0.11 dex,
even though they notice a rise at super-solar metallicities. For all
elements presented here, the abundances were calculated in the
LTE approximation. Na is subject to deviations from LTE (e.g.
Lind et al. 2011). The effect of non-LTE correction in stars of
super-solar metallicity is expected to be small, but could lower
the Na abundance of our sample by 0.15—-0.20 dex at most. On a
side note, since the corrections depend on the evolutionary stage
of the star, we expect them to affect all of the red clump stars in
the same way and not to create an additional spread in Na.
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Fig. 19. Mass functions obtained in three different regions of the cluster,
showing the flattening of the IMF in the centre. The y-axis was shifted
so that the observed number of stars in the lowest mass bin is the same
for all three.

The approach presented in Sect. 6.2 to estimating the intrin-
sic radial velocity dispersion of the sample can also be applied
to the elemental abundances. Assuming an intrinsic Gaussian
distribution of the abundance for each element, the most prob-
able mean abundance (u) and intrinsic dispersion (o) we com-
puted are listed in Table 4. For all five elements, the observed
distribution is compatible with the cluster being homogeneous,
and the observed spread can be entirely attributed to the individ-
ual uncertainties.

As far as we can see, NGC 6705 is clearly a homogeneous
object where the star-to-star scatter is explained by the un-
certainties on the determination of the chemical abundances.
Observationally, Carretta et al. (2010) suggests that clusters
above a certain mass limit would develop multiple populations,
and they derive the minimum (present-day) threshold mass of
about 4 x 10* My. On the theoretical ground, by comparing
the timescale of the mixing of heavy elements in protoclus-
ters with the cluster formation timescale, Bland-Hawthorn et al.
(2010) suggest that clusters up to ~10* M, masses, and pos-
sibly a significant fraction of those as massive as ~10° M,
should be chemically homogeneous. As we have seen, the mass
of NGC 6705 is lower than 10* M, (see Sect. 7.3). This mass is
still well under the expected 4 x 10* M, mass threshold. Figure 3
in Carretta et al. (2010) (updated in Bragaglia et al. 2013) shows
that the least massive GC known to present multiple populations
is Pal 5, with a mass of 6.3 x 10* M. Terzan 7 and Pal 12, with
masses of 3.9 x 10* My, and 2.8 x 10* My, (respectively) do not
show multiple populations. Owing to its mass, the chemical ho-
mogeneity of NGC 6705 and the lack of the element correlations
expected in clusters showing multiple populations is consistent
with the mass being the driving factor of cluster chemical evo-
lution. However, the properties of M 11 differ in several respects
from most GCs: it is younger, has a supra-solar metallicity (it is
much more metal-rich than Pal 5, the least massive GCs known
to contain multiple populations), and likely formed in a very dif-
ferent environment. While the lack of chemical inhomogeneities
in M 11 confirms the above scenario, it cannot completely rule
out alternative possibilities. However, this result needs to be ver-
ified on a larger sample.
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9. Summary

We have used wide-field photometry from the ESO WFI and
from the VPHAS+ Survey, together with spectroscopic data de-
rived in the framework of the GES, to study the inner-disk cluster
NGC 6705. We derived the extinction and the extinction law in
front of the cluster. While the ratio E(V—I)/ E(B—V)is consistent
with the total-to selective extinction ratio Ry = Ay/E(B—-V) =
3.1 using the Fitzpatrick (1999) law, the relation E(r—i)/ E(B—V)
is slightly higher than the value of E(r—i) = 0.6 X E(B—V) given
by Yuan et al. (2013). Using the red clump stars as tracers, we
derive the extinction for the distance range 2—4 Kpc, where the
cluster is located. The inner region of the cluster studied with
the WFI BVI photometry sits in a zone of relatively low and
uniform extinction with E(B — V) = 0.40 out to 11’ from the
centre. A higher extinction is found in the north-west quadrant,
with E(B— V) up to 0.7.

We attributed membership probabilities to the 1028 main-
sequence stars for which radial velocities were available from
the GES. We estimated the age of the cluster between 250 and
316 Myr depending on the adopted set of stellar isochrones. Its
distance modulus turns out to be 11.45 + 0.2 (dp, = 1950 =
200 pc). By fitting a two-parameter King profile, we find a core
radius of 1.23 + 0.28" (0.69 + 0.23 pc). The brightest stars of
the cluster show a tighter spatial distribution, while the faintest
stars are more widely distributed. Studying the mass function
in different regions of the cluster showed that the inner parts
contain a larger proportion of massive stars than the outer
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parts, confirming that NGC 6705 is undergoing mass segrega-
tion. Using the velocity dispersion of the sample of members
stars observed by the GES consortium using UVES, we de-
rived the virial mass of My, = 5083 = 1600 M, in agreement
with the virial mass of 5621 M, found by McNamara & Sanders
(1977) using proper motions. The sample of stars observed by
GIRAFFE over a larger radius presents considerably higher ve-
locity dispersion (4.52” and 2.8 kms~!, respectively). This sam-
ple leads to a virial mass of 21900 + 2700 M. However, the
uncertainties on the GIRAFFE RVs are most likely underesti-
mated, and this high virial mass must be considered an upper
limit. We estimated a mass from photometry, converting the V-
band luminosity function to a mass function. When integrating
the mass function of the whole 0—9’ region, we obtain values
between 3683 + 1063 M, (using the Kroupa IMF under 1 M)
and 6851 = 1865 M, (using the extrapolated power-law).

The GES data enabled us to study the chemical composition
of the red clump stars. We found an iron abundance [Fe/H] =
0.10 with a dispersion of 0.06. Despite being a massive open
cluster, NGC 6705 does not show any sign of an inhomogeneous
stellar population of the kind observed in globular clusters. This
cluster is well below the mass limit of 4 x 10* M, proposed in
the literature for clusters hosting multiple populations. However,
few massive clusters have been observed with high-resolution
spectroscopy, and more studies are needed in order to observa-
tionally confirm this mass threshold.

The reliability of the results that can be obtained for stel-
lar clusters greatly depends on membership determination and
chemical abundances in the inner regions and in the outskirts,
where haloes of unbound stars can be present. This especially
holds for open clusters, which are more affected by the tidal
field of the disks and by background contamination. The syn-
ergy between the GES and the ground-based surveys in general

neous within our uncertainties.

and the Gaia mission will provide invaluable information on the
chemical abundances, distances and proper motions of unbiased
samples of stars, allowing for more accurate determinations of
the cluster properties.
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