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GC systems & galaxies 
ü  GC systems are ubiquitous 
ü  number/frequency of  GC 
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Figure 10. Specific frequency SN vs. the absolute visual magnitude MT
V of the

host galaxy. E and dE galaxies are plotted as open circles, S0 systems as solid
red circles, and spirals or irregulars as blue crosses. The horizontal line at bottom
shows SN = 1.
(A color version of this figure is available in the online journal.)

an assumed mass-to-light ratio), whereas we use Mdyn, which
stands independently of photometric indicators.

For galaxy masses >1010 M⊙, we find that NGC ∼ M1.04±0.03
dyn .

That is, GCS population increases in almost exactly direct
proportion to galaxy mass. For the smaller galaxies, the scaling
is much shallower at NGC ∼ M0.4

dyn and these also exhibit larger
scatter (see particularly Figure 9). We find as well that the
S0-type galaxies lie below the ellipticals by ∆ log NGC ≃
−0.2 dex, while the spiral types fall even further below the
ellipticals by −0.3 dex (again, no irregulars appear in this
plot). In short, if the same definition of Mdyn is valid for disk
galaxies and ellipticals (cf. the caveats mentioned earlier), then
disk galaxies have fewer clusters per unit bulge mass than do
ellipticals, by factors of 1.5–2. This point is discussed more
extensively by G10. To plot up Figure 9 we have applied these
offsets to the S and S0 types to bring them back to the E/dE
line.

In Figure 6, we show NGC now plotted against K-band infrared
luminosity. In principle, if near-IR luminosity is a valid proxy
for total stellar mass, then this graph should reveal the same
basic trend as does Figure 9. It does show the same trend, but
the scatter is similar to the correlations with LV and so is not
additionally useful for the present purposes.

In addition to Mdyn ∼ Reσ
2
e , another quantity used occasion-

ally in the literature, especially for pressure-supported systems
such as star clusters, molecular clouds, or E galaxies, is the sys-
tem’s binding energy Eb ∼ Mσ 2 ∼ Reσ

4
e (e.g., McLaughlin

2000; Hopkins et al. 2007; Snyder et al. 2011). For completeness
we show the correlation of NGC and Eb in Figure 11, where nu-
merically we define Eb = Mdyn(σe/[200 km s−1])2. Once again,
the luminous galaxies (log Eb > 13.5) form a well-defined
relation close to NGC ∼ E

3/4
b , with total scatter quite similar

to the previous solution between NGC and Mdyn (see Table 2).
However, the dwarf galaxies stand even further off the mean
line than before, so there appears to be no additional advantage
to using Eb as a predictor of GC population.

Figure 11. Correlation of GC population size NGC vs. the binding energy
Eb ∼ Re · σ 4

e , as described in the text. In each panel the solid diagonal line
shows the best-fit solution for the luminous E galaxies, i.e., excluding the dwarfs.

Going in the opposite direction to a smaller power of σe has
the numerical effect of reducing its importance and bringing
the dwarfs closer to the giant-galaxy line. We have explored a
range of different empirical combinations and, as an example,
we show the case for (log NGC) against the direct product (log
Reσe) in Figure 12. This result comes close to giving a nearly
linear correlation with encouragingly low scatter, over the entire
luminosity range of galaxies from the smallest dwarfs to the
largest supergiants, a range of five orders of magnitude in mass.
In performing the fit we have deleted the five most deviant
points (three dwarfs, two giants), leaving N = 158 galaxies
to determine the solution. In Figure 12 the E-galaxy solution
is also shown superimposed on the data for the 72 S0 and 19
spiral systems. Again, the E solution adequately matches the
S0s for a −0.2 dex shift in log NGC, and matches the spirals for
a −0.3 dex shift (shown as the dashed lines in the lower two
panels).

In brief, we find that the total GC population of a galaxy
is accurately predicted by the simple product of the galaxy’s
effective radius Re and bulge velocity dispersion σe. The specific
relation for the E galaxies is

NGC = (600 ± 35)
[(

Re

10 kpc

) ( σe

100 km s−1

)]1.29±0.03

. (6)

The same relation can also be used for S0 and spiral types, with
the zero-point shifts given above.

This simple relation is not useful for late-type spiral or
irregular galaxies where σe is not defined or not measurable.
In those cases, a rough but still useful predictor of NGC appears
to be the effective radius Re alone, as seen in Figure 7 (lower
left panel). For these types of galaxies, we find

NGC = (38 ± 7)(Re/2.5 kpc) (7)
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GCs in the MW 
• About 160 GCs in MW (about 2/3 in halo) 



GCs in the MW 
• About 160 GCs in MW (about 2/3 in halo) 
• More to be found ?  Yes :  far/extincted/small/extended 

Three new Milky Way satellites in PS1 7

Figure 4. Top: Distribution of MW satellites in the size-luminosity plane, color-coded by their ellipticity. Squares represent GCs from
the Harris (2010) catalog, supplemented by the more recent discoveries of Segue 3 (Belokurov et al. 2010), Muñoz 1 (Muñoz et al. 2012),
and Balbinot 1 (Balbinot et al. 2013). Milky Way confirmed dwarf galaxies are shown as circled dots, with their properties taken from
McConnachie (2012). The co-discoveries by Bechtol et al. (2015) and Koposov et al. (2015) are shown with triangles and filled circles
respectively, with the co-discoveries linked to each other by a black solid line reflecting the two groups’ different measurements. The
Kim et al. (2015a), Kim et al. (2015b),and Kim & Jerjen (2015) satellites are shown with diamonds. Hydra II, discovered in SMASH is
shown by a hexagon. Finally, the five PS1 discoveries (Lae 1, Tri II, Sgr II, Dra II, and Lae 3) are shown as stars. Bottom: The same for
the size-Heliocentric distance plane.

Laevens+2015 (PAN-STARRS 1) 



GCs in the MW 
 vital diagram for MW GCs 
(Gnedin & Ostriker 1997 ) 

GCs  lose mass/stars 
 
§  violent relaxation (init.) 
§  two-body encounters 
§  tidal shocks 

Present-day GCs: 
§  less than in origin 
§  less massive than in origin 



GCs in the MW 
 vital diagram for MW GCs 
(Gnedin & Ostriker 1997 ) GCs do lose mass/stars 

 
§  violent relaxation (init.) 
§  two-body encounters 
§  tidal shocks 

Jordi & Grebel 2010 :  
       17 GCs, SDSS, 
  search for extra-tidal features 

K. Jordi and E. K. Grebel: Search for extratidal features around 17 globular clusters in the Sloan Digital Sky Survey

the trailing tail during the cluster’s motion from apogalacticon
to perigalacticon and vice versa during the other half of the clus-
ter’s orbit.

Montuori et al. (2007) investigated the direction of tidal tails
with respect to the GC’s orbit. In the outer parts of the tails (>7–
8 tidal radii away from the cluster center), the tails are very well
aligned with the cluster’s orbit regardless of the cluster’s location
on the orbit. On the other hand, in the inner parts, the orientation
of the tidal tails is strongly correlated with the orbital eccentric-
ity and the GC’s location on the orbit. Only if the cluster is near
perigalacticon, the inner tidal tails are aligned with the orbital
path. Therefore, only if long tidal tails are detected, it is possi-
ble to securely constrain the cluster’s orbit from those. Detecting
only small, short tidal extensions just outside the GC’s tidal ra-
dius do not give any hint on the cluster’s orbit unless the cluster’s
proper motion has been measured before.

DG99 published proper motions of a large number of GCs
and added values from the literature to their catalog. From this
they derived orbital parameters, such as ellipticity e, perigalacti-
con Rperi, apogalacticon Rapo, etc. The eleven clusters we have in
common with DG99 have orbital eccentricities higher than∼0.3,
i.e., there are no circular orbits for our sample.

These studies give a good theoretical understanding of the
size, shape, orientation, etc. of tidal tails of GCs.In an observa-
tional study of light element abundance variations in field halo
stars, Martell & Grebel (2010) conclude that as many as half
of the stars in the Galactic halo may originally have formed in
meanwhile dissolved GCs. In this paper we use data from the
Sloan Digital Sky Survey to study the 2D structure of 17 Milky
Way GCs and to compare the observed features with the the-
oretical predictions. The paper is organized as follows: Sect. 2
introduces the photometric data used in our analysis. Section 3
explains the algorithm used to count (potential) member stars on
the sky. In Sect. 4 we present the number density profiles of the
17 clusters in our sample. Section 5 presents the derived contour
maps for our GCs. In Sect. 6 we discuss our results. The paper
is concluded in Sect. 7 with a summary.

2. Data

The Sloan Digital Sky Survey (SDSS) is an imaging and
spectroscopic survey in the Northern hemisphere (York et al.
2000). SDSS imaging data are produced in the five bands ugriz
(Fukugita et al. 1996; Gunn et al. 1998; Hogg et al. 2001; Smith
et al. 2002; Ivezić et al. 2004; Tucker et al. 2006; Gunn et al.
2006). The data are automatically processed to measure pho-
tometric and astrometric properties (Lupton et al. 2002; Pier
et al. 2003, Photo) and are publicly available on the SDSS web
pages1. We used the data from the SDSS Data Release 7 (DR7,
Abazajian et al. 2009).

The automatic SDSS pipeline Photo was initially designed
to process high Galactic latitude fields with a low density of
Galactic field stars. Fields centered on and around GCs are too
crowded for Photo to process, so the automatic pipeline does
not provide photometry for these most crowded regions. An
et al. (2008, An08) used the DAOPHOT crowded-field photom-
etry package to derive accurate photometry for the stars in these
crowded areas. This photometry is published on the SDSS web
pages as a value-added catalog2. From this catalog we only con-
sidered stars with photometry flags set to 0. The An08 catalog

1 www.sdss.org
2 http://www.sdss.org/dr7/products/value_added/index.
html

Fig. 1. Vital diagram from GO97. The red stars are the GCs in our sam-
ple. Cluster mass and half-light radius were taken from GO97. GCs
within the triangles are most likely surviving the next Hubble time.
Adopted from G097, reproduced by permission of the AAS.

and the original SDSS catalog overlap around each GC. If a star
is measured in both samples, we used the original SDSS pho-
tometry. This choice has no influence on the result. Finally, we
merged the two datasets into one catalog for each GCs. The mag-
nitudes in the final catalog were corrected for extinction. The
SDSS catalog provides the Galactic foreground extinction values
from Schlegel et al. (1998). For the fields with An08 photome-
try, the extinction values were derived by a cubic interpolation
of the values listed in the SDSS catalog.

In Table 1 we list the GCs found in the SDSS DR7 foot-
print. Columns (3) and (4) contain the equatorial coordinates
(J2000.0) of the cluster center mainly taken from Harris (1996),
except for Pal 14 (Hilker 2006) and NGC 7089 (Dalessandro
et al. 2009). In Col. (5) we list the clusters’ distance to the Sun
and in Col. (6) the clusters’ distance to the center of the MW
from Harris (1996), except for Pal 14 (Hilker 2006). Columns (7)
and (8) contain the core and tidal radii from McLaughlin &
van der Marel (2005, M05). For almost all GCs in our sam-
ple proper motions have been measured. Only for three of the
most distant GCs, NGC 2419, Pal 4 and Pal 14, as well as for
NGC 5053 this information is lacking. Columns (9) and (10) list
the proper motion taken from DG99.

In Fig. 2 we show the color–magnitude diagrams (CMDs)
(g-r,g) of all GCs in our sample in order of increasing distance
from the Sun (see Col. 5 in Table 1). We show all stars within the
clusters’ tidal radii. In the bottom panels we show for each GC
a sample of field stars. The field stars are chosen from a random
field in the vicinity of the GC (∼2◦ away) within a circle equal
to the clusters’ tidal circle.

The SDSS data were taken over several years and in
different observing conditions. The average seeing is 1.5′′
(Adelman-McCarthy et al. 2007). In our study we only use the
g, r, and i bands. Ivezić et al. (2004) showed that stellar popula-
tion colors are constant over the survey area, concluding that the
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Tidal tails & streams 

orbit Pal 5

trailing tail

leading tail

Pal 5 – SDSS (Odenkirchen+2001) 

 Tails with clusters : 
 NGC 288 : Grillmair+ 2013  
 NGC 5466 : Belokurov+ 2006 
 NGC 5053 : Lunchner+ 2006 
 Pal 14 : Sollima+2011 
 Pal 1 : Nieder-Ostholt+ 2010  
 See also Jordi & Grebel 2010 
 Open identification : 
 Pyxis (ATLAS, Koposov+ 2014) 
“Orphan” tails :  
  10+  (e.g. GD-1)  
 
Grillmair (IAUS 317) : 21 nearby halo streams and more expected… 
                                      imply original population of  about 450 GCs 
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Fig. 4 Metallicity distribution of stars in the disk (lower panel), inner halo (middle panel), and outer halo
(top panel) from Ivezić et al. (2008), compared to the distribution of Galactic globular clusters. Filled
circles are field stars from Ivezic et al., and red solid lines are the generalised histograms for globular
clusters. All distributions are normalised to unity integrating over the whole range

producing globular clusters played a very important role in the formation of stars in
galaxies, and might have substantially contributed to the reionisation of the universe
at z ≥ 6 (Ricotti 2002; Schaerer and Charbonnel 2011).

4.2 Chemical composition

The order-of-magnitude estimates of the previous section suggest that a large fraction
of the Milky Way stellar halo is formed by debris of proto-clusters. This result is sup-
ported by the good agreement, especially for the inner halo, between the metallicity
distribution of halo globular clusters (data from the Harris 1996 catalogue) and of
the Milky Way halo, as determined from in situ observations (Ivezić et al. 2008; see
Fig. 4).

Element-to-element abundance ratios provide a crucial clue about the origin of the
stars. For instance, the overabundance of α-elements with respect to Fe has been used
to conclude that the majority of field halo stars cannot have formed in objects such as
present-day dSph’s (see Shetrone et al. 2003; Tolstoy et al. 2009). On the other hand,
there is no known difference between the chemical composition of first-generation
stars of globular clusters and that of field halo stars. This is discussed at length in the

     field halo stars                                              (Adibekyan+2012, Chen 2000,  
     GCs                                                                Gratton+2003, Jonsell +2005,  
 (Gratton+2012, Ivezic+2007)                                Pompeia+2008, Carretta+2010,  
                                                                            Kirby+2011) 

 Metallicity                                                            α-elements 

Chemistry:  GC ≈  halo field stars ? 



3 GCs (Snapshot HST survey, Piotto+2002) & field BHB (Brown+2008) 

HB :  GC ≠  halo field stars 



Pancino+ 2010 

47Tuc: Norris+ 1984 

CH 

CN 

Cohen+2002 

C,N anticorrelation 
spread / bimodality 

C & N : GCs ≠ field 



O & Na : GCs ≠ field 
nothing   peculiar                      O,Na anticorrelation 

Gratton et al. 2003                                Carretta et al. 2009a,b 



Our FLAMES GC survey 
•   25+ massive GCs :  Mv=-5.5 to -10 
•   FLAMES@VLT (UVES R=45000, 8x + GIRAFFE R=20000, 100x)  

 
 

G. Piotto et al.: Globular cluster HST color-magnitude diagrams 953

Fig. 4. The F555W vs. F439W−F555W (flight system) color magnitude diagrams from the combination of the 4 WFPC2 cameras of 2 clusters
of the database. Note that the magnitude and color ranges covered by each figure are always of the same size (though magnitude and color
intervals start at different values). Heavier dots correspond to stars with an internal total error less than 0.1 mag.
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Fig. 4. The F555W vs. F439W−F555W (flight system) color magnitude diagrams from the combination of the 4 WFPC2 cameras of 2 clusters
of the database. Note that the magnitude and color ranges covered by each figure are always of the same size (though magnitude and color
intervals start at different values). Heavier dots correspond to stars with an internal total error less than 0.1 mag.

960 G. Piotto et al.: Globular cluster HST color-magnitude diagrams

Fig. 4. continued.

Piotto+2002,  
HST snapshot 

 47Tuc                                                              NGC2808 
 
 
 
 
 
 
         NGC1904                                                         NGC6388 

954 G. Piotto et al.: Globular cluster HST color-magnitude diagrams

Fig. 4. continued.



Our personal 
survey of  25+ 
GGCs with 
FLAMES 
 
Carretta+ 
Gratton+ 
Bragaglia+ 
2006-2015 
 

Na & O in GCs : FLAMES survey 



also Mg & Al … E. Carretta et al.: Proton-capture elements in 17 globular clusters 149

Fig. 6. The Mg-Al anticorrelation from UVES spectra observed in 18 of the 19 GCs of our project (including NGC 6388 from Paper VI and
NGC 6441 from Paper III, but excluding NGC 6397, for which we did not measure Al). Star-to-star error bars (see Sect. 4) are indicated in each
panel. Upper limits are shown as arrows, detections as open circles.

NGC 6171 (M 107), and NGC 288. We notice that all stars in
these clusters have rather large Al abundances: this finding
will be expanded upon in a future paper;

– in the remaining clusters, Al abundances show broad
spreads. Clearly, these variations cannot be explained by ob-
servational errors (see Table 8). Interestingly enough, these
are also approximately the same ranges of abundance vari-
ations as seen in unevolved cluster stars (Gratton et al.
2001), pointing to the same origin for the mechanism es-
tablishing the observed chemical pattern. Stars very rich
in Al (with [Al/Fe] ≥ 0.8) show Mg depletion. This is
not surprising, because Al is about an order of magnitude
less abundant than Mg in the Sun and even more in the
primordial stars in GCs. Hence, when a significant frac-
tion of the original Mg is transformed into Al (so that the
Mg depletion is detectable), Al production is comparatively
huge. These Al-very rich and Mg-depleted stars are present
in clusters that are massive (like NGC 2808, NGC 6388,
NGC 6441), quite metal-poor (like NGC 6752), or both (like
NGC 7078=M 15: note that, in this last case, we only have
an upper limit to the Al abundance for the Mg-poor star).
Hence, at variance with the Na-O anticorrelation, which is
present in all GCs, the Mg-Al anticorrelation is present or

particularly prominent only in massive and/or metal-poor
GCs;

– the most extreme (low) Mg abundances have been detected
in three NGC 2808 stars. Even these are actual detections,
not upper limits. We remind the reader that this is one of
the only two clusters showing a conspicuous component
of second-generation stars with extreme composition (see
Paper VII), together with NGC 6205 (M 13, Sneden et al.
2004; Cohen & Melendez 2005). Furthermore, it is the only
cluster where multiple main sequences of quite different He
content (Piotto et al. 2007) have been identified so far (beside
the peculiar case of ω Cen, with its multi-peaked metallicity
distribution, see Piotto et al. 2005).

We further found that stars with extreme Al overabundance
also show Si enhancement with respect to the remaining stars
in the same cluster. Again, this effect is limited to massive or
metal-poor GCs. We are aware of only one previous detection of
the Al-Si correlation in a GC (NGC 6752: Yong et al. 2005). We
now find that the effect is common among GCs, as illustrated by
Fig. 9, where we show the correlation resulting by combining all
stars. We found that the global slope (0.07±0.02 from 192 stars)
is highly statistically significant. Quantification of the amount of

Carretta+2009b 

only UVES 
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Table 1
[Mg/Fe], [Al/Fe], and [Si/Fe] Ratios for Red Giants in NGC 6752

Star nra [Mg/Fe] σ b nra [Al/Fe] σ b nra [Si/Fe] σ b flagAlc flagPopd

2162 1 0.452 2 1.204 0.106 8 0.494 0.182 1 . . .

4602 1 0.154 2 1.184 0.040 7 0.527 0.189 1 E
4625 2 0.423 0.051 2 −0.098 0.008 8 0.401 0.144 1 P
4787 2 0.384 0.093 2 1.150 0.082 11 0.491 0.214 1 E

Notes.
a nr is the number of lines.
b σ is the rms scatter of the mean.
c flagAl: 1 for detection and 0 for upper limits in Al.
d flagPop: P, I, or E as derived from the cluster analysis.

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding
its form and content.)

at the ESO VLT-UT2 telescope) with the high-resolution grating
HR21. This setup is centered at 8757 Å and the spectral
resolution is R = 17,300 at the center of spectra. The pointing
was made by adopting the same fiber positioning used by
Carretta et al. (2007) to observe NGC 6752 with HR11, which
includes the Na doublet at 5682–5688 Å: this choice maximizes
the number of stars with both Na and Al abundances available.4
The observations were made on 2010 July, with an exposure time
of 2700 s, and reduced by the dedicated GIRAFFE pipeline. The
resulting one-dimensional, wavelength-calibrated spectra were
sky subtracted, and shifted to zero radial velocity. The signal-
to-noise (S/N) values span a range from about 50 up to more
than 500, with a median value of 192.

Equivalent widths (EWs) of the Al lines were measured with
the ROSA package (Gratton 1988) and abundances were derived
using the atmospheric parameters already determined for each
star in Carretta et al. (2007). A check with spectrum synthesis
confirmed the reliability of our measurements. We use here
LTE abundances. Andrievsky et al. (2008) computed N-LTE
corrections for Al for very metal-poor stars, considering also the
doublet used here. From their Figure 2 the maximum differential
effect for stars with temperature and gravity ranges similar to
ours is less than 0.2 dex for [Fe/H] = −2, the highest metallicity
they consider, and arguably less at the cluster metallicity;
furthermore, there is no trend of Al abundances with temperature
or gravity in our data. The Mg abundances rest on two to three
high excitation lines measured in the spectral ranges of HR11
and HR13, while Si was obtained from several transitions in
the spectral range 5645–6145 Å (details and atomic parameters
can be found in Carretta et al. 2009a and Gratton et al. 2003,
respectively). The uppermost left panel in Figure 1 shows the
comparison of our [Al/Fe] ratios derived from the 8772–8773 Å
doublet with those obtained by Yong et al. (2005) using the
weaker doublet of Al i at 6696–6698 Å in UVES spectra with
spectral resolution ranging from R = 60, 000 to 110,000 and
with S/N ratios from 100 to 250 pixel−1. The agreement is
excellent: our abundances are on average only 0.01 dex lower
than those from this other study, with an rms scatter of 0.14 dex
(13 stars). Abundances of Mg, Al, and Si for individual stars are
listed in Table 1. Typical star-to-star errors in abundance ratios,
due to errors on the adopted atmospheric parameters and EW
measurements, were estimated as in Carretta et al. (2007); they
are 0.07, 0.10, and 0.05 dex for [Al/Fe], [Mg/Fe], and [Si/Fe],
respectively.

4 O abundances, obtained using the HR13 grating and a slightly different
fiber configuration, are not available for all the program stars.

Figure 1. Upper panel, left: comparison of our [Al/Fe] ratios with those from
Yong et al. (2005) for 13 stars in common. The line of identity is indicated.
Upper panel, right: the Mg–O correlation from our data (present work and
Carretta et al. 2007). Middle panels: the Al–Mg anticorrelation (left) and the
Na–Al correlation (right). Lower panels: the same for the Al–O anticorrelation
(left) and the Al–Si correlation (right).
(A color version of this figure is available in the online journal.)

3. ALUMINUM, MAGNESIUM, AND SILICON

In the middle and lower panels of Figure 1, we show the
relations between the abundances of Al and of other proton-
capture elements Na, O, Mg, and Si in NGC 6752. We observe
large star-to-star variations in the Al content, with a range of
about 1.4 dex. The stars with the minimum (i.e., primordial) Al
abundance also show the whole pattern typical of core-collapse
supernova (SN) nucleosynthesis only: [Na/Fe] ∼ −0.1 dex,

2

E. Carretta et al.: Aluminium abundances in 47 Tuc and M 4

Fig. 2. Run of the abundance ratios of proton-capture elements O, Na,
Mg, Al, and Si among red giants in 47 Tuc from Carretta et al. (2009a)
and the present study. Upper limits in O are indicated by arrows. Typical
star-to-star errors are also indicated.

Al abundances with those derived considering a new value of
the Al line strength index that is the sum of the original values
and its error. The errors from these procedure are listed for each
star in Table 2 and 3; on average, they are +0.013 ± 0.001 dex
from 116 stars in 47 Tuc and +0.019± 0.001 dex from 83 giants
in M 4.

Moreover, we applied the same approach to one of the
CN features used to estimate the N abundance. The average error
is 0.012 dex in 47 Tuc and +0.028 dex in M 4. These values were
assumed as conservative estimates in the error budget, since final
N abundances were obtained from a large number of features.

Summing up all the above contributions, the typical internal
errors in the derived Al abundances are 0.042 dex and 0.036 dex
for 47 Tuc and M 4, respectively. Typical internal errors in
[Mg/Fe] and [Si/Fe], estimated according to the usual procedure
(Carretta et al. 2009a) are 0.10 dex and 0.06 dex, respectively,
for both clusters.

4. Results

The pattern of abundances of proton-capture elements among
red giants in 47 Tuc is summarized in Figs. 2 and 3.

The Na-O anti-correlation in 47 Tuc was already known to
be rather short, when considering its large total mass, which

Fig. 3. Run of the nitrogen abundances as a function of O, Na, Mg, and
Al for our sample of RGB stars in 47 Tuc.

is one of the main parameters driving the extent of the anti-
correlation (Carretta et al. 2010). The new set of light elements
added in the present work confirms this trend: Mg and Si do
not show large star-to-star variations, the average values being
[Mg/Fe] = +0.532 ± 0.007 dex (rms = 0.079, 147 stars) and
[Si/Fe] = +0.440 ± 0.005 dex (rms = 0.065, 147 stars. The
number of stars where Mg and Si are measured is higher than
those with Al abundances since transitions of Mg and Si are
available in the spectral range of both the gratings HR11 and
HR13, whereas Al from GIRAFFE spectra is available for only
the subsample observed with the grating HR21. The aluminium
abundances span a range of about 0.5 dex among giants in this
cluster, with an average value of [Al/Fe] = +0.529 ± 0.012 dex
(rms = 0.132, 116 stars). Clear trends of Al ratios correlated
to Na and anti-correlated to O abundances show the presence
in second-generation stars of ejecta processed through the high-
temperature Mg-Al cycle. This finding is also confirmed by the
correlation (shallow, but still statistically robust) between Si and
Al, which by itself points toward a temperature of H-burning in
excess of ∼65× 106 K, where the leakage from the Mg-Al cycle
on 28Si is onset (see Yong et al. 2005; Carretta et al. 2009b).

As expected, the abundances of N derived from the trans-
formation of O in the CNO cycle are nicely correlated with el-
ements enhanced in proton-capture reactions (such as Na, Al)
and anti-correlated with oxygen (Fig. 3). The apparent lack of
a N-Mg anti-correlation is not a large source of concern, since
the Mg variations are small. Based on limited samples of RGB
stars observed with FLAMES-UVES (Carretta et al. 2009b),
our survey of Al and Mg abundances in several GCs shows
that Al-rich and Mg-depleted stars are present only in massive
(NGC 2808, NGC 6388, NGC 6441) or metal-poor (NGC 6752)
clusters, or both (NGC 7078 = M 15). In such clusters, a clear
Mg-Al anticorrelation is observed even among main sequence
stars (see, e.g., Bragaglia et al. 2010, for NGC 2808). In GCs
such as those under scrutiny, small and/or metal-rich, large star-
to-star variations of Mg abundances are not expected, as shown
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Fig. 4. The same as in Fig. 2 for M 4.

by Carretta et al. (2009b) in a survey of limited samples of gi-
ants in 15 GCs and by Marino et al. (2008) in about 100 giants
in M 4.

The analogous run of light elements in the globular clus-
ter M 4 is shown in Figs. 4 and 5. In this small mass cluster,
the Na-O anti-correlation is found to be of moderate extension
(Carretta et al. 2009a; Marino et al. 2008; Ivans et al. 1999), and
also star-to-star variations in Mg and Si are not large. The aver-
age values from our analysis are [Mg/Fe] = +0.541 ± 0.005 dex
(rms = 0.048, 103 stars) and [Si/Fe] = +0.540 ± 0.003 dex
(rms = 0.034, 103 stars). As already indicated by previous anal-
yses (Marino et al. 2008; Carretta et al. 2009b), star-to-star vari-
ations in Al abundances are not large along the RGB in M 4. A
clear Na-Al correlation is evident in our data and in the UVES
data of the large sample in Marino et al. (2008), whereas it can-
not be seen in the limited sample of stars analyzed in Carretta
et al. (2009b). On the other hand, no correlation between Si and
Al can be seen in the present study.

Concerning N abundances, we found a somewhat larger scat-
ter with respect to the results of 47 Tuc. As explained above, this
is largely due to the increased difficulty in measuring CN fea-
tures in the warmest stars of our sample in this more metal-poor
cluster. This is shown in Fig. 6, where [N/Fe] ratios are plotted
as a function of the effective temperature. The scatter noticeably
increases for stars at the warmest end of the sample, and these
stars account for most of the dispersion seen in Fig. 5.

Fig. 5. The same as in Fig. 3 for M 4.

Fig. 6. Abundances of N as a function of effective temperature in giants
of M 4.

4.1. Comparison with previous studies

We found in our sample 85 stars in common with the analysis
of M 4 by Marino et al. (2008); the comparison between our
abundances of Na, Al, Mg, and Si is summarized in Fig. 7.

Taking into account differences in the scale of atmospheric
parameters (based on photometry in our case; eventually ad-
justed using spectroscopic parameters in the analysis made by
M08), abundance indicators (M08 used the classical optical
doublet of Al I at 6696-98 Å instead of the stronger doublet
at 8772-73 Å as in the present work), atomic parameters, and
the different resolution of the spectra (higher resolution UVES
spectra for M08), the agreement is satisfactory.

Concerning 47 Tuc, recently Gratton et al. (2013) studied
a sample of 110 stars on the red horizontal branch (HB) in
47 Tuc. The agreement in O and Na abundances is very good:
the Na-O anti-correlation as observed along the RGB and the
HB is almost indistinguishable (see Fig. 5 in Gratton et al.),
despite the different abundance indicators adopted in the two
studies. However, for N we found that an offset exists, the bulk
of [N/Fe] values being found between ∼1.2 and ∼2 dex for
HB stars in 47 Tuc. Finally, some offset is also seen regarding
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Figure 1. The fraction of enriched stars as a function Galactocentric distance (left panel), mass (centre panel), and [Fe/H] (right panel).
Blue (circles), green (triangles), and red (squares) symbols represent GCs with current masses ! 3 × 105M⊙, 3 − 10 × 105M⊙, and
> 106M⊙, respectively. The horizontal dashed lines represent the initial value in the AGB or FRMS scenario, where the SG stars only
make up a small fraction of the total mass of the cluster, and subsequent fenriched, if 90, 95 or 98% of the FG mass has been removed
(from bottom to top, respectively). The solid line in the left panel shows the expected relation if strong mass loss due to tidal stripping
acted on the clusters, preferentially removing only FG stars. This has been scaled to match the observations at 3 kpc, whereas the actual
cluster mass loss is expected to be much weaker. The same relation is expected if stellar evolutionary driven expansion is the cause of the
mass-loss through mass segregation. The solid line in the centre panel is the prediction of Khalaj & Baumgardt (2015) if the mass loss
was due to gas expulsion. A representative uncertainty in fenriched is shown in the left panel. The grey shading denotes the mean and
standard deviation of the observed GCs. The Spearman Rank correlation coefficients are given in each panel, no significant correlation
between fenriched and Galactocentric distance, mass or metalliicty is found.

(and subsequently fenriched for the models discussed here)
should be a linear function of Galactocentric distance.

Although studies have shown that GCs are not ex-
pected to have lost large fractions of their initial mass due
to tidal stripping (e.g., Baumgardt & Makino, Kruijssen &
Mieske 2009; Lamers et al. 2010; Kruijssen 2014), we are
not interested in testing the absolute timescales for cluster
dissolution in the present work. Rather we will focus on its
expected dependence with Galactocentric distance. As such,
we assume that cluster dissolution operates in such a way
as to remove 98% of the FG stars at a radius of 3 kpc, and
hence match the mean of the observations at that radius. In
Fig. 1, left panel, we show the expected decline in fenriched as
a function of Galactocentric distance, where the fraction of
FG stars lost depends linearly on distance. This technique
also removes much of the dependence of GC dissolution on
cluster mass, unless there is a strong relation between mass
and Galactocentric data. In Fig. 1 the GCs are colour-coded
in three mass bins (see caption for details), and no strong
dependence on cluster mass is apparent.

Such tidal stripping should also depend on the mass of
the GC, with higher mass GCs undergoing less mass loss
(tdis ∝ M0.7 - e.g., Baumgardt & Makino 2003; Lamers et
al. 2010). Hence, we would expect that higher mass GCs
should have low fenriched values. In the centre panel of Fig. 1
we show the observed relation between fenrichedand cluster
mass. No correlation is identified, in contrast with model
predictions.

Additionally, we note that if clusters were substantially
larger in the past, the amount of mass lost through two-body
relaxation and tidal stripping would be much less, and even
tidal shocks (bulge, disk or GMCs) would not be expected
to remove much mass.

We have explicitly assumed that only FG stars are lost
(which maximises the efficiency of tidal stripping to bring
the initial fenriched up to the current values), although even
in the outer regions of GCs today, enriched stars are only
slightly more centrally concentrated than stars with pri-
mordial abundances (e.g., Lardo et al. 2011; Vanderbeke et
al. 2015), hence in practice we would expect some fraction
of SG stars to be lost in addition to FG stars, in the self-
enrichment plus mass-loss models.

In the above estimates we have assumed (as in previ-
ous works, e.g., D’Ercole et al. 2008) that a cluster’s current
orbit is representative of the average tidal field experienced
by the GC over its lifetime. However, this may not be valid
as many, especially the low metallicity, GCs are thought
to have been accreted from dwarf galaxies (e.g., Brodie &
Strader 2006). As such, we may expect a relation between
the metallicity of a GC (as a proxy of whether it formed in-
situ or was later accreted from a dwarf galaxy) and fenriched.
The tidal field of a dwarf galaxy is substantially weaker than
that of the inner Milky Way, so whether a GC spent most of
its life orbiting at large Galactocentric radii, or was accreted
from a low-mass dwarf (which in turn corresponds, on av-
erage, to the GCs at large Galactocentric radii), we would
expect these clusters to have lost less of their FG stars than
inner Galaxy GCs.

In the right panel of Fig. 1 we show fenriched against
[Fe/H] for our cluster sample. As was found for Galactocen-
tric distance and GC mass, there is no clear relation between
the fraction of enriched stars and metallicity, so the birth lo-
cation or subsequent migration has not influenced fenriched.

Hence, we conclude that if mass-loss is driving the ob-
served value of fenriched, then the mass loss is independent
of Galactocentric radius, metallicity, current mass and birth
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Figure 1. The fraction of enriched stars as a function Galactocentric distance (left panel), mass (centre panel), and [Fe/H] (right panel).
Blue (circles), green (triangles), and red (squares) symbols represent GCs with current masses ! 3 × 105M⊙, 3 − 10 × 105M⊙, and
> 106M⊙, respectively. The horizontal dashed lines represent the initial value in the AGB or FRMS scenario, where the SG stars only
make up a small fraction of the total mass of the cluster, and subsequent fenriched, if 90, 95 or 98% of the FG mass has been removed
(from bottom to top, respectively). The solid line in the left panel shows the expected relation if strong mass loss due to tidal stripping
acted on the clusters, preferentially removing only FG stars. This has been scaled to match the observations at 3 kpc, whereas the actual
cluster mass loss is expected to be much weaker. The same relation is expected if stellar evolutionary driven expansion is the cause of the
mass-loss through mass segregation. The solid line in the centre panel is the prediction of Khalaj & Baumgardt (2015) if the mass loss
was due to gas expulsion. A representative uncertainty in fenriched is shown in the left panel. The grey shading denotes the mean and
standard deviation of the observed GCs. The Spearman Rank correlation coefficients are given in each panel, no significant correlation
between fenriched and Galactocentric distance, mass or metalliicty is found.

(and subsequently fenriched for the models discussed here)
should be a linear function of Galactocentric distance.

Although studies have shown that GCs are not ex-
pected to have lost large fractions of their initial mass due
to tidal stripping (e.g., Baumgardt & Makino, Kruijssen &
Mieske 2009; Lamers et al. 2010; Kruijssen 2014), we are
not interested in testing the absolute timescales for cluster
dissolution in the present work. Rather we will focus on its
expected dependence with Galactocentric distance. As such,
we assume that cluster dissolution operates in such a way
as to remove 98% of the FG stars at a radius of 3 kpc, and
hence match the mean of the observations at that radius. In
Fig. 1, left panel, we show the expected decline in fenriched as
a function of Galactocentric distance, where the fraction of
FG stars lost depends linearly on distance. This technique
also removes much of the dependence of GC dissolution on
cluster mass, unless there is a strong relation between mass
and Galactocentric data. In Fig. 1 the GCs are colour-coded
in three mass bins (see caption for details), and no strong
dependence on cluster mass is apparent.

Such tidal stripping should also depend on the mass of
the GC, with higher mass GCs undergoing less mass loss
(tdis ∝ M0.7 - e.g., Baumgardt & Makino 2003; Lamers et
al. 2010). Hence, we would expect that higher mass GCs
should have low fenriched values. In the centre panel of Fig. 1
we show the observed relation between fenrichedand cluster
mass. No correlation is identified, in contrast with model
predictions.

Additionally, we note that if clusters were substantially
larger in the past, the amount of mass lost through two-body
relaxation and tidal stripping would be much less, and even
tidal shocks (bulge, disk or GMCs) would not be expected
to remove much mass.

We have explicitly assumed that only FG stars are lost
(which maximises the efficiency of tidal stripping to bring
the initial fenriched up to the current values), although even
in the outer regions of GCs today, enriched stars are only
slightly more centrally concentrated than stars with pri-
mordial abundances (e.g., Lardo et al. 2011; Vanderbeke et
al. 2015), hence in practice we would expect some fraction
of SG stars to be lost in addition to FG stars, in the self-
enrichment plus mass-loss models.

In the above estimates we have assumed (as in previ-
ous works, e.g., D’Ercole et al. 2008) that a cluster’s current
orbit is representative of the average tidal field experienced
by the GC over its lifetime. However, this may not be valid
as many, especially the low metallicity, GCs are thought
to have been accreted from dwarf galaxies (e.g., Brodie &
Strader 2006). As such, we may expect a relation between
the metallicity of a GC (as a proxy of whether it formed in-
situ or was later accreted from a dwarf galaxy) and fenriched.
The tidal field of a dwarf galaxy is substantially weaker than
that of the inner Milky Way, so whether a GC spent most of
its life orbiting at large Galactocentric radii, or was accreted
from a low-mass dwarf (which in turn corresponds, on av-
erage, to the GCs at large Galactocentric radii), we would
expect these clusters to have lost less of their FG stars than
inner Galaxy GCs.

In the right panel of Fig. 1 we show fenriched against
[Fe/H] for our cluster sample. As was found for Galactocen-
tric distance and GC mass, there is no clear relation between
the fraction of enriched stars and metallicity, so the birth lo-
cation or subsequent migration has not influenced fenriched.

Hence, we conclude that if mass-loss is driving the ob-
served value of fenriched, then the mass loss is independent
of Galactocentric radius, metallicity, current mass and birth
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stars of a typical GC, see Paper VII) should have formed from
the ejecta of only a fraction of the first-generation stars, that ac-
tually coincide with the primordial component in GCs (Prantzos
& Charbonnel 2006). To explain the present GC mass, we should
then assume: (i) that the clusters originally had many more stars
in the primordial component than we currently observe; and
ii) that they selectively lost most of their primordial population,
while retaining most of the second-generation stars. D’Ercole
et al. (2008) presented a viable hydrodynamical scenario that
meets both these requirements. In this scenario, a cooling flow
channels the material, ejected as low-velocity winds from mas-
sive AGB stars of the first-generation, to the centre of the poten-
tial well. The first-generation stars were at the epoch expanding
due to the violent relaxation caused by the mechanisms cited
above. Given their very different kinematics, first and second
generation stars are lost by the cluster at very different rates (at
least in the early phases), leaving a kinematically cool, compact
cluster dominated by second-generation stars. This selective star
loss may continue until two-body relaxation redistributes energy
among stars. This takes a few relaxation times, that is, some
108−109 yr in typical GCs. After that, the effect could even be
reversed if He-rich second-generation stars are less massive than
first-generation ones (see D’Ercole et al. 2008; Decressin et al.
2008).

We may roughly estimate the initial mass of the primordial
population needed to provide enough mass for the second gen-
eration by the following procedure:

(i) We assume an IMF for both the first and second generations.
For simplicity; we assumed that the two populations have the
same IMF. We considered both power-law (like the Salpeter
1955 one) and the Miller & Scalo (1979, MS) IMF’s. As
often done, in the first case we integrated the IMF over the
range 0.2–50 M⊙7, while in the second case we considered
the range 0.1–100 M⊙.

(ii) We also assumed an initial-final mass relation. In practice,
we assumed a linear relation, with final mass ranging from
0.54 to 1.24 M⊙, over the mass range from 0.9 to 8 M⊙
(Ferrario et al. 2005). A second linear relation with final
mass ranging from 1.4 to 5 M⊙ was assumed for the mass
range from 8 to 100 M⊙. The latter relation is not critical,
since massive stars lose most of their mass.

(iii) We assume that the second generation is made of the ejecta
of stars in the mass range between Mmin and Mmax. The
adopted ranges were 4–8 M⊙ for the massive AGB scenario
and 12–50 M⊙ for the FRMS. Second-generation stars likely
result from a dilution of these ejecta with some material with
the original cluster composition. A typical value for this dilu-
tion is that half of the material from which second-generation
stars formed was polluted, and half had the original compo-
sition. The origin of this diluting material is likely to be pris-
tine gas (not included into primordial stars, see Prantzos &
Charbonnel 2006).

(iv) We finally assume that none of the second generation stars is
lost, while a large fraction of the primordial generation stars
evaporate from the clusters. Of course, this is a schematic
representation.

With these assumptions, the original population ratio between
first and second-generation stars in GCs depends on the as-
sumed IMF, as detailed in Table 3. To reproduce the observed
7 Had we integrated the IMF over the range 0.1–50 M⊙, which clearly
leads to overestimating the fraction of low-mass stars (see Chabrier
2003), the values in Cols. 5–7 of Table 3 should have been increased
by ∼50%.

Fig. 7. Comparison of [Na/Fe] values between field and GC stars as
a function of metallicity. In both panels the filled red circles are for
our sample of GCs, indicating [Na/Fe]min in panel a) and [Na/Fe]max in
panel b), with the dot-dashed line at [Na/Fe] = 0.3 (see text). [Na/Fe]
ratios for field stars are the same in both panels and are taken from
Fulbright et al. (2007: magenta open circles, bulge stars), Gratton et al.
(2003a: blue filled triangles for accreted and open triangles for dissi-
pation components, respectively), and Venn et al. (2004: grey filled
squares for halo and open squares for thick disk stars, respectively).
Small arrows in panel b) indicate the two field stars that seem genuine
second generation stars evaporated from GCs (see text).

ratio between first and second generation stars (33%/66%= 0.5),
the original cluster population should have been much larger
than the current one. If the polluters were massive AGB stars,
larger by roughly an order of magnitude if a Salpeter (1955)
IMF is adopted (the same result was obtained by Prantzos &
Charbonnel 2006), and by a lower value (about 7) if the Miller
& Scalo (1979) IMF is adopted. If this is correct, we may expect
to find many stars in the field coming from this primordial pop-
ulation. According to Table 3 and in the extreme hypothesis that
all field stars formed in the same episode that led to the formation
of present-day GCs, the ratio between field and GC stars ranges
between 4 and 10 if the polluters were massive AGB stars. It
may be lower by more than a factor of 2 if the polluters were in-
stead FRMS. Of course, this is likely an underestimate, since we
neglected various factors. Also, second-generation stars may be
lost by GCs; low-mass stars are selectively lost; and a significant
fraction – even the majority – of field stars may have formed in
smaller episodes of star formation.

We conclude that, during the early epochs of dynamical evo-
lution, a proto-GC should have lost ∼90% of its primordial stel-
lar population. A GC of a few 107 yrs old should have then ap-
peared as a compact cluster immersed in a much larger loose
association of stars and an even more extended expanding cloud
of gas. Objects with these characteristics have been observed in
galaxies with very active star formation (see e.g. Vinko et al.
2009).

Observational constraints to the ratio between first and sec-
ond generation stars may be obtained by comparing the number
of stars within the GCs with that of the related field population.
To have an estimate of the amount of mass lost by GCs dur-
ing their evolution, we may use the peculiar composition of GC
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heights above the Galactic plane up to about 8 kpc, whereas
some low-α stars have orbits that go about twice as high
(see also Figure 8 in Schuster et al. 2012). The orbits of
thick-disk members, on the other hand, are smaller in both
directions, and they are also less eccentric than those of both
types of halo stars. In fact, a majority of the latter have
emax greater than 0.8, whereas thick-disk stars have emax ≃
0.35 ± 0.15. Note also that there are more high-α, high oxygen
abundance stars with emax lower than 0.8 than low-α, low
oxygen abundance stars. The implications of these distinct
orbital distributions were already discussed by Schuster et al.
(2012). In particular, they reinforce the idea that the two halo
populations require different formation scenarios, with the low-
α group being accreted stars. Interestingly, the distribution of
rmax values for GCs is fully consistent with the scatter of rmax
values seen in Figure 6 for the low-α, low oxygen abundance
halo stars (e.g., Dauphole et al. 1996; Dinescu et al. 1999).

4.4. Field Halo Stars Born in Globular Clusters

Based on their kinematics, NS10 proposed that the low-α halo
stars could have been born in the dwarf satellite galaxies of the
Milky Way, with some of them probably originating from the GC
ω Cen. The more detailed chemical composition analysis made
by these authors in Nissen & Schuster (2011), however, revealed
more differences (e.g., in α, Na, and Ba/Y) than similarities
(e.g., in Ni and Cu) between the low-α halo stars and ω Cen. As
suggested by them, perhaps chemical evolution in ω Cen was
different for its inner (or more bound) and outer (less bound)
regions, explaining the present-day differences.

The association of groups of field halo stars with ω Cen based
on chemical analysis is tempting, as the many examples that can
be found in the literature demonstrate, including the NS10 work.
We must be reminded, however, that of all of the Milky Way’s
GCs, ω Cen is the most complex example, exhibiting a wide
range of stellar ages (e.g., Hughes & Wallerstein 2000; Stanford
et al. 2006) and metallicities (e.g., Norris & Da Costa 1995a;
Frinchaboy et al. 2002). The latter imply that chemical evolution
within the cluster has occurred following not a single but a
number of episodes of star formation. Indeed, large chemical
abundance surveys of ω Cen stars suggest distinct chemical
evolution paths followed by a number of clearly identified sub-
populations (e.g., Johnson & Pilachowski 2010; Marino et al.
2011a).

One of the most notable chemical properties of ω Cen,
observed also in most other GCs, is the so-called Na–O anti-
correlation (e.g., Norris & Da Costa 1995b; Gratton et al.
2001, 2007; Carretta et al. 2009; Johnson & Pilachowski 2010;
D’Antona et al. 2011; Marino et al. 2011a), a property that
is not seen in field halo stars. It has been suggested that this
anti-correlation is due to in situ mixing of intermediate-mass
AGB star nucleosynthesis products (e.g., Ventura et al. 2001;
Gratton et al. 2004). With our oxygen abundance data and the
Na abundances from NS10 we can now explore another possible
connection in the form of the Na-O anti-correlation.

In Figure 7 we plot [Na/Fe] versus [O/Fe] for the stars
studied in this work. With the exception of G53-41 and G150-40,
the low-α, low oxygen abundance halo stars all have sub-solar
[Na/Fe] abundance ratios. This observation is consistent with
the oxygen and sodium abundance data for ω Cen red giants by
Norris & Da Costa (1995b). A similar conclusion can be reached
by looking at the Johnson & Pilachowski (2010) or Marino et al.
(2011a) larger data sets. We note, however, that the spread of
oxygen and sodium abundances measured in ω Cen stars is

Figure 7. [Na/Fe] vs. [O/Fe] relation for the stars in Figure 1. Sodium
abundances are from Nissen & Schuster (2010). Typical error bars are shown at
the bottom left corner.
(A color version of this figure is available in the online journal.)

large, and in fact the [Na/Fe] versus [O/Fe] relation in ω Cen
overlaps also with the location of the high-α halo and thick-
disk stars studied in this work. Only the presence of G53-41
and G150-40, the stars with lowest [O/Fe] and highest [Na/Fe]
in our sample, hints at an Na–O anti-correlation for the low-
α group. In fact, their peculiar chemical composition can be
attributed to pollution by nearby AGB stars to the protostellar
gas, in a similar fashion to GC stars (NS10), although note
that the abundance anomalies could also be due to fast-rotating
massive stars (e.g., Decressin et al. 2007). In any case, it is clear
that the majority of low-α stars do not exhibit an obvious Na–O
anti-correlation, which in principle further weakens the ω Cen
connection. Nevertheless, it is important to point out that there
are no stars with this type of peculiar composition in the high-α
halo or thick-disk groups.

The stars G53-41 and G150-40 are the only field stars showing
the classical signatures of abundance anomalies in second-
generation GC stars, i.e., enhanced Na and depleted O. Other
abundance peculiarities are also discussed in Section 4.5. Since
we have analyzed 67 stars, we conclude that the fraction of
metal-poor field stars originating from second-generation GC
stars is about 3%. Adopting a binomial distribution, which is
appropriate in this case given the relatively low number of
objects and the fact that there are two possible “outcomes”
for each star, i.e., field and GC, an error bar can be estimated
from the variance of the probability distribution (e.g., Bevington
1969, Chapter 3): σ 2 = np(1 −p), where n = 67 is the number
of stars and p is the probability of “success” (p = 2/67 =
0.03). We find σ = 1.4, which implies a probability error of
1.4/67 = 2%.

Of course, the actual fraction of halo field stars originally
formed in GCs may be significantly higher than the value
of 3% ± 2% derived above, as the clusters have likely also
contributed to the halo field with “normal” (i.e., first-generation)
stars, which may be hard to distinguish from the bulk of halo
field stars observed today. Thus, our oxygen abundances and the
Na abundances from NS10 suggest that the fraction of halo stars
born in GCs is at least 3% ± 2%.9 Indeed, although the fraction
of field metal-poor giants with anomalous CN and CH bands
(typical of second-generation GC stars) is only 3% according

9 Errors in our [O/Fe] and NS10’s [Na/Fe] abundance ratios are too small to
have a significant impact on this lower limit.
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Table 4
Average Abundances and Uncertainties

Species C2225316 σ C2309161 σ J221821 σ J223504 σ J223811 σ J232619 σ

[M/H] −1.20 0.14 −1.10 0.14 −1.15 0.21 −0.98 0.17 −1.20 0.20 −1.25 0.21
[Fe i/H] −1.18 0.12 −1.04 0.09 −1.14 0.06 −0.91 0.09 −1.14 0.11 −1.17 0.09
[Fe ii/H] −1.13 0.11 −1.08 0.12 −1.10 0.07 −0.96 0.10 −1.10 0.10 −1.13 0.10
[O/Fe] 0.23 0.12 . . . . . . 0.19 0.12 0.26 0.12 . . . . . . 0.32 0.12
[Na/Fe] 0.00 0.15 −0.04a 0.15 0.03 0.15 0.28 0.21 0.04a 0.15 0.20 0.04
[Mg/Fe] 0.32 0.05 0.21 0.05 0.30 0.01 0.33 0.05 0.30b 0.06 0.35 0.10
[Al/Fe] 0.38 0.12 0.19 0.07 0.29 0.12 0.21 0.03 . . . . . . 0.29 0.09
[Si/Fe] 0.26 0.10 0.09 0.10 0.24 0.10 0.33 0.10 0.28 0.10 0.32 0.10
[Ca/Fe] 0.25 0.08 0.21 0.05 0.21 0.08 0.31 0.04 0.24 0.10 0.27 0.05
[Sc/Fe] 0.02 0.04 −0.03 0.03 0.00 0.02 0.08 0.11 . . . . . . 0.09 0.06
[Ti/Fe] 0.28 0.02 0.22 0.03 0.16 0.06 0.23 0.03 . . . . . . 0.29 0.11
[V/Fe] 0.00 0.03 . . . . . . −0.09 0.15 0.11 0.11 . . . . . . 0.09 0.03
[Cr/Fe] −0.02 0.10 0.02 0.04 . . . . . . 0.06 0.10 0.14 0.12 0.09 0.05
[Co/Fe] −0.01 0.02 −0.06 0.12 −0.14 0.23 0.07 0.08 . . . . . . −0.01 0.05
[Ni/Fe] 0.01 0.06 −0.04 0.02 −0.16 0.21 0.03 0.03 0.12 0.18 0.15 0.23
[Ba/Fe] 0.03 0.10 0.06 0.10 0.13 0.10 0.03 0.10 0.24 0.10 0.22 0.10

Notes.
a Abundance derived solely from NaD lines.
b Abundance includes that derived from Mgb lines.

Figure 1. Four Dartmouth Stellar Evolutionary Database isochrones (Dotter
et al. 2007) for ages = 12, 9, and 6 Gyr, [Fe/H] = −1.0 and α-enhancements of
[α/Fe] = +0.2 (blue, red, and green dashed lines, respectively), and for age =
12 Gyr, [Fe/H] = −1.0 and [α/Fe] = +0.4 (blue dotted line), with the six
Aquarius stars overplotted. A typical error bar for this study is shown.
(A color version of this figure is available in the online journal.)

[Fe/H] = −1.0 and [α/Fe] = +0.2 (blue, red, and green dashed
lines, respectively) as well as a 12 Gyr, [Fe/H] = −1.0 and
[α/Fe] = +0.4 (blue dotted line) from the Dartmouth Stellar
Evolutionary Database isochrones (Dotter et al. 2007). As the
current set of data contains no stars in the age-sensitive turnoff
region, it is unclear if the younger (9 and 6 Gyr) isochrones fit
more reasonably than the 12 Gyr isochrone adopted by Williams
et al. (2011). Therefore, in this study, a younger age population
cannot be ruled out. While the 12 Gyr isochrone appears to fit
slightly better at the base of the giant branch, all we can do is
confirm the conclusion made in Williams et al. (2011)—that a
12 Gyr isochrone, corresponding to an old, metal-poor popula-
tion, fits the data.

Figure 2. Na–O anticorrelation for globular clusters, taken from Carretta et al.
(2009b), where different colors and symbols represent the 19 different globular
clusters studied, and Galactic field stars from Reddy et al. (2006) and Fulbright
(2000; small red circles). The four black stars represent the Aquarius stars for
which both Na and O could be reliably measured. A typical error bar for this
study is shown.
(A color version of this figure is available in the online journal.)

In determining whether the Aquarius stream originated from
a globular cluster or a dwarf spheroidal galaxy, we can use the
well-established relationships of Na–O and Mg–Al abundances
in Galactic globular clusters as a guide. These relationships,
from Carretta et al. (2009a, 2009b), are shown in Figures 2 and 3,
respectively, with different colors and symbols representing
different globular clusters. Galactic field stars from Reddy et al.
(2006) and Fulbright (2000) are also shown as small red circles.
The Aquarius stream stars are shown as large black stars. Only
four Aquarius stream stars could be measured for Na–O and
five for Mg–Al. For these stars at least, the Na–O and Mg–Al
abundances lie close to those for the globular clusters and are
consistent with a globular cluster origin. They do not exclude
a dwarf spheroidal galaxy origin because Na–O and Mg–Al
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Figure 1. Four Dartmouth Stellar Evolutionary Database isochrones (Dotter
et al. 2007) for ages = 12, 9, and 6 Gyr, [Fe/H] = −1.0 and α-enhancements of
[α/Fe] = +0.2 (blue, red, and green dashed lines, respectively), and for age =
12 Gyr, [Fe/H] = −1.0 and [α/Fe] = +0.4 (blue dotted line), with the six
Aquarius stars overplotted. A typical error bar for this study is shown.
(A color version of this figure is available in the online journal.)
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lines, respectively) as well as a 12 Gyr, [Fe/H] = −1.0 and
[α/Fe] = +0.4 (blue dotted line) from the Dartmouth Stellar
Evolutionary Database isochrones (Dotter et al. 2007). As the
current set of data contains no stars in the age-sensitive turnoff
region, it is unclear if the younger (9 and 6 Gyr) isochrones fit
more reasonably than the 12 Gyr isochrone adopted by Williams
et al. (2011). Therefore, in this study, a younger age population
cannot be ruled out. While the 12 Gyr isochrone appears to fit
slightly better at the base of the giant branch, all we can do is
confirm the conclusion made in Williams et al. (2011)—that a
12 Gyr isochrone, corresponding to an old, metal-poor popula-
tion, fits the data.

Figure 2. Na–O anticorrelation for globular clusters, taken from Carretta et al.
(2009b), where different colors and symbols represent the 19 different globular
clusters studied, and Galactic field stars from Reddy et al. (2006) and Fulbright
(2000; small red circles). The four black stars represent the Aquarius stars for
which both Na and O could be reliably measured. A typical error bar for this
study is shown.
(A color version of this figure is available in the online journal.)

In determining whether the Aquarius stream originated from
a globular cluster or a dwarf spheroidal galaxy, we can use the
well-established relationships of Na–O and Mg–Al abundances
in Galactic globular clusters as a guide. These relationships,
from Carretta et al. (2009a, 2009b), are shown in Figures 2 and 3,
respectively, with different colors and symbols representing
different globular clusters. Galactic field stars from Reddy et al.
(2006) and Fulbright (2000) are also shown as small red circles.
The Aquarius stream stars are shown as large black stars. Only
four Aquarius stream stars could be measured for Na–O and
five for Mg–Al. For these stars at least, the Na–O and Mg–Al
abundances lie close to those for the globular clusters and are
consistent with a globular cluster origin. They do not exclude
a dwarf spheroidal galaxy origin because Na–O and Mg–Al

4

Wylie-de-Boer+2012 : 
Aquarius stream (15 members, from 
RAVE), 6 with high-res spectra      ) 
 

Navarrete+2015 : 
Kapteyn group 
does not come from ω Cen   
 



The era of  large surveys 



The era of  large surveys 

See also : 
•  RAVE 
•  APOGEE 
•  GALAH 
•  LAMOST 
& future : 
•  WEAVE 
•  4MOST 



For information : http://www.gaia-eso.eu 

•  PI Randich/Gilmore 
•  450+ researchers 

•  300 VLT nights/5 years 
•  FLAMES 
•  105 MW stars 
•  70+ open clusters 
•  STD / GCs 
•  distributed analysis 
 
 

Gaia-ESO Survey in a nutshell 



Gaia-ESO GCs : O & Na 

[Fe/H]<-1 
[Fe/H]~-1.2 
[Fe/H]~-1.5 
[Fe/H]<-2 
 
 
only UVES 

New/scarcely studied 



[Fe/H]<-1 
[Fe/H]~-1.2 
[Fe/H]~-1.5 
[Fe/H]<-2 

New/scarcely studied 

Gaia-ESO GCs: Mg & Al 



Gaia-ESO Survey data  

Lind + 2015 : one GC escapee 

22593757-4648029  (1 in 7300 FGK stars) 
   Teff/logg/[Fe/H]=5260/2.84/-1.49 
   [Mg/Fe]= -0.36 
   [Al/Fe]  =+0.99 
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(e.g. Carretta et al. 2009). We now know that multiple popula-
tions of stars reside within each cluster, with some stars hav-
ing been polluted by the elements produced during H-burning
at high temperatures by more massive stars (Denisenkov &
Denisenkova 1989; Ventura et al. 2001; Decressin et al. 2007).
Consequently, a large fraction of present-day GC stars are en-
hanced in N and Na, at the cost of depleted levels of C and O.
The second generation stars are believed to also be enhanced in
He, the main product of H burning.

The correlating and anti-correlating patterns of the lighter
elements characteristic of GCs are seen neither in disk open
clusters (de Silva et al. 2009; Bragaglia et al. 2014) nor in
the Galactic bulge (Lecureur et al. 2007; Bensby et al. 2013).
Therefore, by finding out how many field stars have light element
anomalies and thus likely originated in GCs, we can study the
GC-field link. The largest systematic studies undertaken so far
are those by Martell & Grebel (2010) and Martell et al. (2011),
who focussed on C and N anomalies as traced by molecular
bands in SDSS/Segue spectra. The latter study reports that 3%
of field stars display the chemical characteristics of GC stars.
This small number agrees well with higher-resolution studies
with fewer number statistics, e.g. Carretta et al. (2010; 1.4%)
and Ramírez et al. (2012; 3 ± 2%). The Ramírez et al. study
could confirm both elevated Na and depleted O-abundances in
two halo field dwarfs, a clear indication of a GC connection.
As discussed, e.g., by Gratton et al. (2012), models of halo for-
mation must account for much higher initial masses of GCs to
explain this fraction of second generation GC stars in the field
(however, see Prantzos & Charbonnel 2006; and Bastian et al.
2013).

The O-Na anti-correlation was found in all GCs where it has
been investigated with enough statistics, indicating that the pro-
genitor objects were massive enough to activate the NeNa-cycle.
However, the anti-correlating abundance pattern of Mg and Al
that is expected from the operation of the MgAl-chain manifests
itself less uniformly. Several clusters display a small Mg-spread
and a significant Al-spread (Carretta et al. 2009) while very few
clusters, e.g. ! Cen and NGC 2808, show a pronounced Mg-Al
anti-correlation (see Fig. 2). The likelihood of finding escaped
stars in the field with clear GC characteristics for both Mg and
Al is thus small and it requires a large spectroscopic survey to
detect them in significant numbers. Here we report on the first
discovery of a halo field star with both strongly depleted Mg and
strongly elevated Al abundance.

2. Observations and analysis

The Gaia-ESO public spectroscopic survey (Gilmore et al.
2012) is a five-year survey with FLAMES on the VLT, which
has been observing since December 2011. Two multi-object

Table 1. Data for 22593757-4648029.

Name Value Name Valuea

RA 22 59 37.57 Te↵ 5261 ± 36 ± 100 K
Dec –46 48 02.9 log g 2.84 ± 0.54 ± 0.25
V 15.649 ± 0.037b [Fe/H] �1.49 ± 0.05 ± 0.20
K 13.928 ± 0.061c [Mg/Fe] �0.36 ± 0.04 ± 0.10
J � K 0.494c [Al/Fe] 0.99 ± 0.08 ± 0.10
Te↵, J�K

5326 ± 140 Kd [Si/Fe] 0.34 ± 0.13 ± 0.10
E

B�V

0.010e [Ca/Fe] 0.41 ± 0.13
Vrad 44.97 ± 0.16 km s�1a [Ti/Fe] 0.46 ± 0.22
µRA 2.8 ± 1.8 mas/yr f [Y/Fe] <0.11
µDec �10.40 ± 1.8 mas/yr f distance 6.7+1.6

�1.3 kpc

Notes.

(a)
Gaia-ESO Survey; (b) APASS; (c) 2MASS, Skrutskie et al.

(2006); (d) Casagrande et al. (2010); (e) Schlegel et al. (1998); ( f ) UCAC.

spectrographs operate simultaneously in high resolution (UVES)
and medium resolution (GIRAFFE/MEDUSA), with fainter tar-
gets such as distant halo stars, allocated to the GIRAFFE fi-
bres. Two settings are used for the halo stars; HR10, which cov-
ers 535�565 nm at a spectral resolving power of R = �/�� =
19 800, and HR21, which covers 845�900 nm at R = 16 200.
The combined analysis of data in the two GIRAFFE settings
allows for a determination of stellar parameters, Al, alpha-
elements, and Fe-peak elements. For 22593757-4648029, we
achieve an average S/N per pixel of 25 in HR10 and 55 in HR21
after 2 ⇥ 1500 s of exposure in each setting (see sample spectra
in Fig. 1). The observational data are summarised in Table 1. A
full account of the target selection, data reduction and processing
will be given in a dedicated GIRAFFE data release paper.

Several independent analysis nodes, using independent
methods, participate in the determination of stellar parameters
and chemical abundances in the Gaia-ESO Survey. The re-
sults of individual nodes are thoroughly examined, evaluated,
and homogenised to arrive at the finally recommended values
for each star. We adopt the homogenised, recommended re-
sults for 22593757-4648029, based on spectra from the inter-
nal data release 2 (GESviDR2Final). The object is classified
as a metal-poor star at the base of the red giant branch with
Te↵ = 5250 ± 34 ± 100 K, log g = 2.84 ± 0.54 ± 0.25 and
[Fe/H] = �1.49 ± 0.05 ± 0.20 (random and systematic error).
The details of all the analysis methods and the homogenisation
procedure will be described in Recio-Blanco et al. (in prep.).
The distance to the star was determined based on Bayesian fits to
evolutionary tracks using our derived spectroscopic parameters
following the methodology described in Serenelli et al. (2013).

3. Discussion
The peculiar chemical composition of 22593757-4648029 is
reported in Table 1. While three of the alpha-elements, Si,
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Fig. 2. Mg and Al abundances of normal field stars and five GCs com-
pared to 22593757-4648029 (red square with error bars). The average
metallicity is listed after the cluster name. Abundance data represented
with plus signs are taken from Worley & Cottrell (2010; NGC 362),
Marino et al. (2009, 2011; M 22), Norris & Da Costa (1995; ! Cen),
Yong et al. (2005; NGC 6752), Carretta (2006; NGC 2808), Carretta
et al. (2009; NGC 2808), and Cohen & Kirby (2012; NGC 2419). GES
recommended data are marked with bullets. Arrows indicate upper
limits.

Ca, and Ti, are compatible with the standard 0.4 dex [↵/Fe]-
enhancement characteristic of metal-poor stars, Mg falls approx-
imately 0.8 dex below the expected value. In contrast, Al is in-
stead enhanced to 1 dex above solar. As discussed below, this is
compatible with the most extreme populations found in GCs and
we argue that the star is a GC escapee. It was discovered in a
sub-sample of ⇠7300 FGK stars (half of all GIRAFFE targets)
with detectable Mg and Al abundances in the disk and halo field.
Based on a simple two-component fit to the metallicity distribu-
tion function of this sub-sample (peaks at [Fe/H] = �1.6 ± 0.5
and [Fe/H] = 0.24 ± 0.36), we expect an approximate halo
fraction of 5�10%, i.e. a few hundred stars. Finding one such
chemically unusual star among them is not inconsistent with es-
timates of GC escapees in the halo of 3% (Martell et al. 2011),
noting that there are also two other marginal candidates with
[Mg/Fe] ⇠ 0, [Al/Fe] ⇠ 1, and [Fe/H] = �0.6/�1.3. We omit
these additional stars from the discussion and plots because of
the significantly lower S/N of their spectra.

While we consider a GC origin of 22593757-4648029 the
most likely explanation for its non-typical abundance patterns,
one may speculate on alternative reasons, e.g., mass transfer
from a binary companion in the field. The so-called CEMP-
s stars (e.g. Lucatello et al. 2005) are a class of metal-poor
stars believed to have been polluted with gas transferred from
an AGB companion. These are characterised by enhancement in
carbon and slow neutron-capture elements. The spectral range
does not allow a stringent constraint on [C/Fe], but the upper
limit [Y/Fe] < 0.11 excludes strong s-process enhancement.

Further, CEMP stars are not characterised by low Mg abun-
dances; no star in the sample presented by Allen et al. (2012,
including literature studies) has sub-solar [Mg/Fe]. According to
Ventura et al. (2011), AGB stars with ⇠6 M� produce the most
extreme Mg-Al-Si nucleosynthesis. If such a star was once a bi-
nary companion to our presumably old and low-mass field star,
the system would have an unusual mass ratio.

Low [Mg/Fe]-ratios are commonly found in dwarf
spheroidal galaxies at this metallicity, but are then accom-
panied by similarly low ratios of other ↵ elements, like Ca, Si,
and Ti, with respect to Fe (see e.g. Koch & McWilliam 2008;
Kirby et al. 2009). No [Al/Fe] enhancement has been found (nor
is it expected) in these systems.

In Fig. 2, we compare the Mg and Al abundances of the
field star to six di↵erent GCs. M 22 and NGC 3621, like most
GCs, display no striking Mg-Al anti-correlation and the lowest
[Mg/Fe] values of these clusters are far from that of 22593757-
4648029. NGC 6752, NGC 2808 and ! Cen all show strong ev-
idence of multiplicity and internal He variations, having at least
triple main sequences and extended horizontal branches (e.g.
Piotto et al. 2007; Milone et al. 2013; King et al. 2012). As seen
in Fig. 2, the [Al/Fe] ratios in the most highly polluted stars in
these clusters are as high as that of 22593757-4648029, while
the [Mg/Fe] ratios of stars in NGC 2808 and ! Cen are almost
as low. However, NGC 2808 is too metal-rich to well match the
metallicity of 22593757-4648029, making!Cen the more likely
parent GC. Unfortunately, there are surprisingly few Mg abun-
dance measurements published for this otherwise well-studied
GC. The fact that [Mg/Fe] ratios as low as �0.36 can be found in
Galactic clusters is evidenced by the peculiar object NGC2419,
where the record holder has [Mg/Fe] ⇡ �1 (Mucciarelli et al.
2012; Cohen & Kirby 2012). This cluster, however, is instead
too metal-poor to be a plausible parent.

It is easily realised that chemistry alone in not conclusive,
because as many as 50 GCs have [Fe/H] within ±0.20 dex of
the field star (Harris 1996, 2010 edition) and most of them lack
Mg and Al data. However, further insight can be obtained from
the known kinematics of the star (see Table 1) and about half of
the candidate GCs with matching metallicity (D. Casetti2). We
proceed under the assumption that the progenitor cluster is still
intact, while evidence has also been found in the inner halo for
disrupted GCs (Bernard et al. 2014).

We assess the likelihood that the star was previously inside a
known GC by integrating the current orbit of the star and the GC
5 Gyr back in time in the Milky Way potential and look for close
encounters. Following the work of e.g. Johnston et al. (1999)
and Price-Whelan & Johnston (2013), the energy of the star
during a close encounter is computed as E = 1

2�V
2 + �GC(�r)

where �V is the relative velocity of the star to the cluster and �r
is the distance from the cluster to the star. Encounters within rGC
and with E < 0 are consistent with the star having been tidally
stripped with a relative velocity smaller than the escape velocity,
while encounters within rGC and E > 0 are consistent with the
star having been ejected with a velocity of approximately

p
2 E.

We proceed to Monte-Carlo sample the proper motions, radial
velocities, and distances of the star and of the clusters accord-
ing to their error bars. Then, for each Monte-Carlo sample,
we determine whether encounters occurred within the tidal ra-
dius and record the star’s energy at the time. The fraction of
Monte-Carlo samples with close encounters and E < 1

2 V

2
ejection

1 Mg and Al abundance data for NGC 362 were determined using
spectra and stellar parameters obtained by Worley & Cottrell (2010).
2
http://www.astro.yale.edu/dana/gc.html
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•  Ca,Si,Ti normal for halo (no dSph-like) 
•  Y normal (no s-enhancement from binary) 
•  parent GC (if  not disrupted) ? 
     N2808 too m-rich, N2419 too m-poor 
     ω Cen? 
•  metallicity alone not enough 
•  orbits star & GCs 
•  if  ejected at high velocity 
     ω Cen, M22, N362 

 
need follow up for chemical tagging 



Gaia-ESO Survey data  
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Gaia-ESO Survey data  

NaI 

[O I] 

Candidate selected for Mg-Al 
looks OK also for O-Na 



Gaia-ESO Survey data  

•  metallicity -2.5 to -0.5 ?   ✓ 
•  low [Mg/Fe] coupled with high [Al/Fe]   ✓  
•  low [O/Fe] coupled with high [Na/Fe]    ✓ 
             (giants/dwarfs : [O I]) 
•  binary  ??  
      follow-up RV   ?? 
      no high s-process   ✓ 
•  orbit  ?? 
      to be done (GES RV, Gaia 5-parameters catalogue 2017) 
 

SG-like field halo star (born in a GC) ?  
here is a checklist : 



APOGEE data : SG-like stars? 

APOGEE DR12   (allStar-v603) & Meszaros+2015 (for GCs) 



WEAVE 



WEAVE 



WEAVE 

blue arm:  
404 - 465 nm 
      or 
473 - 545 nm 
     plus  
red arm:     
595 - 685 nm 
 
 
LR: 5000 
HR: 20000  



Summary 
Ø  GCs did contribute (and are presently contributing) stars to 
    the MW halo  
    (formation & destruction mechanisms) 

Ø  We can recover stars lost by GCs via chemical tagging 
    (FG vs SG chemistry) 

Ø  About 3-5% is the minimum (observed) contribution 
    (CN excess, high Na-low O, high Al-low Mg) 

Ø  Mass budget problem: up to 50% of  halo comes from GCs??? 
    (GCs ~10x more more massive) 

(as usual) :  more data, improved modeling required 
 
 


