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1 kpc = 3x1019 m

Globular clusters in the Milky Way



Hesser et al. 1987, PASP 99, 739

Comparison with stellar 
models shows that most GCs 
(in the Milky Way) are old 
(>1010 years).

Globular clusters: “Cosmic Fossils”

Colour-magnitude diagrams 
generally well matched by a single 
stellar isochrone.

Luminosity

Temperature



Starburst galaxy (NGC 1569) with young globular clusters

Perhaps some GCs 
formed in proto-galactic 
fragments that merged to 
form the Galactic halo 
(Searle & Zinn 1978).



Globular star clusters: Some numbers

• Masses 105 - 106 M⊙  (1 M⊙ = 2×1030 kg)  
(Half-mass) radii ≈ 3 pc (1 pc = 3×1016 m)

• Present-day stellar  
  - half-mass densities:  
    ≈ 103 M⊙ pc-3 (nH ≈ 105 cm-3)  
  - central surface/column densities:  
    ≈ 105 M⊙ pc-2 (≈ 10 g cm-2)

• Initial gas densities probably much higher
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1: Collapse (if free fall) on time scale

Cartoon picture of star (cluster) formation
Giant Molecular Cloud
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2: Stars form in the densest regions of GMC

Cartoon picture of star (cluster) formation



Feedback from newly-
formed stars expels 

residual gas

After a few 106 years, 
a star cluster is born!

Cartoon picture of star (cluster) formation



Courtesy Matthew Bate, 
Exeter University

- 500 solar mass cloud
  (35x106 particles).
- T(simulation) = 285000 years. 
- T(free-fall)     = 190000 years.
- Radiative feedback included.

Density

Temperature

Hydrodynamic simulation of cluster formation

Note: this is a very small cluster!



NGC 3603
(Kudryavtseva et al. 2012)

Age ~ 2×106 years
Spread < 105 years

Young cluster in the Milky Way



Bellini et al. (2011)

Globular Clusters are not that simple: Omega Cen

Complex colour-magnitude 
diagram.

Multiple episodes/mechanisms 
of star formation!



Piotto et al. (2007)

Three main sequences in NGC 2808
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Fig. 1 The triple MS of NGC 2808 (Piotto et al. 2007) and the position of the two MS stars, one on the
bMS, one on the rMS, analysed by Bragaglia et al. (2010b)

Cloud intermediate-age clusters (age about 1–2 Gyr) show a spread or split main se-
quence turn-off and often also a dual red clump; in particular, Milone et al. examined
16 globular clusters finding a signature of multiple main sequence turn-offs in 11 of
them. If this is due to an age difference, the implied interval is about 200–700 Myr,
even if a prolonged star formation is a possible alternative (e.g., Rubele et al. 2010).
An alternative solution (rotation) has been proposed by Bastian and de Mink (2009)
and contested e.g., by Girardi et al. (2011). Finally, Keller et al. (2011) equate the
Magellanic Cloud globular clusters with extended main sequence turn-offs with the
Galactic globular clusters and expect them to show the same chemical peculiarities,
although to a lesser extent.

2.2 Subgiant branch (SGB)

The SGB stars contributed, together with the even less evolved MS ones, to the defini-
tive acceptance of a primordial origin for the light elements “anomalies”, since no
efficient mixing is possible before the first dredge-up episode and the RGB bump
(see the previous section, and Gratton et al. 2004 for a review of the observations and
arguments).

In the case of ω Cen, the SGB had been known to present a large spread (e.g.,
Hilker and Richtler 2000), possibly implying a spread in age. The first indication
of an actual split was shown by Ferraro et al. (2004), who found a fainter SGB,
connected to the highest metallicity RGB. This split was confirmed (e.g., Bedin et
al. 2004; Sollima et al. 2005) and a more complicated structure was detected. For
instance, Villanova et al. (2007) identified at least four distinct SGBs and explained
them with differences in metallicity and in age (but the large age spread, >4 Gyr, is
controversial) trying also to understand how they connect to the multiple MSs and

• Red MS: normal chemical 
composition.

• Blue MS: enhanced Al, Na, N, 
depleted C and Mg.

• Blue + Red: Same Fe, Ca 
abundance

NGC 2808

(Bragaglia et al. 2010)

Globular clusters contain large numbers of stars (typically 
≳50%) with anomalous chemical composition (not seen 
outside GCs).



[Fe II/H]=−1.58±0.01 dex (σ=0.02 dex). The average
[Fe II/H] abundance is consistent with the values measured in
RGB stars by Yong et al. (2003), Gratton et al. (2005), and
Carretta et al. (2007, 2009a), while [Fe I/H] is 0.22 dex lower
than the metallicity inferred from Fe II lines. Such a discrepancy
between [Fe I/H] and [Fe II/H] among AGB stars is too large to
be explained within internal uncertainties and has been
observed previously in other GCs (Ivans et al. 2001; Lapenna
et al. 2014, 2015; Mucciarelli et al. 2015a, 2015b). The same
[Fe I/H]–[Fe II/H] discrepancy remains also if we adopt the
atmospheric parameters quoted in C13. Note that C13 do not
measure directly the Fe abundance, but assume the
average RGB [Fe/H] by Carretta et al. (2007) for all the
targets. With their atmospheric parameters we derive
[Fe I/H]=−1.77±0.01 dex (σ=0.05 dex) and
[Fe II/H]=−1.50±0.01 dex (σ=0.02 dex). Even if a
complete explanation of this effect is still lacking, this iron
discrepancy seems to be a general feature of AGB stars in GCs.

4.2. Light Elements

Significant inhomogeneities in the light element abundances
of the studied AGB stars are immediately apparent already
from the visual inspection of the acquired spectra. This can be

appreciated in Figure 1, where the CH and CN molecular
bands, and O, Na, Mg, and Al lines of star 44 and star 65
(having very similar atmospheric parameters; see Table 1) are
compared. Apart from Mg, notable differences in the line
strength are well visible for all the other elements. Moreover,
the strength of the C and O features appears to anticorrelate
with the strength of the N and Na lines. This clearly shows that
the two stars are highly inhomogeneous in their light element
content.
The abundance ratios obtained for the entire AGB sample are

listed in Table 1. Following the approach discussed in Ivans
et al. (2001) and Lapenna et al. (2015), the abundance ratios
have been computed by adopting [Fe I/H] as the reference
except for O, for which we used [Fe II/H]. This method
provides the best agreement between the abundance ratios in
AGB and RGB stars of the same cluster. However, because the
origin of the Fe I–Fe II discrepancy is still unclear, we will
discuss the abundances of AGB stars with respect to both
hydrogen and iron to ensure that our results are independent of
the adopted normalization of the abundance ratios. With the
only exception of Mg, for which we find values confined within
a narrow range, the abundances of all the other light elements
show dispersions well exceeding the internal errors (see

Figure 1. Comparison between the spectra of the AGB stars 44 (blue line) and 65 (red line) in the spectral regions around the atomic and molecular features used in
this work (and marked with arrowheads). The black dashed line marks the continuum position. In each panel, the black crossed-circles highlight the position of two
telluric lines.
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Light elements in GCs



Table 1). This is true not only for the abundance ratios referred
to iron, but it also holds for normalizations to hydrogen. In
particular, the measured sodium abundances span a range of Δ
[Na/Fe] D� [Na/H] � 0.45, for nitrogen we find
Δ[N/Fe] D� [N/H] � 0.8, and for oxygen we obtain
Δ[O/Fe] D� [O/H] � 0.4.

The detected inhomogeneities also appear to be mutually
correlated. In fact, Figure 2 shows clear C–N and O–Na
anticorrelations, and N–Na and Na–Al correlations, both if we
consider the abundance ratios referred to Fe and if we
normalize to H. In all cases, the statistical significance, as
measured by the Spearman rank coefficients r∣ ∣, is very high
(values of r∣ ∣ larger than 0.74 corresponds to non-correlation
probabilities lower than ∼10−4). In these diagrams, star 44 and
star 65 (see Figure 1) reside at two opposite ends, the former
being C- and O-rich and N-, Na-, Al-poor, while star 65 shows
a specular pattern. The existence of such well-defined
correlations, by itself, indicates the presence of multiple sub-
populations along the AGB of NGC 6752. By definition, in
fact, a sample composed exclusively of FG stars (as suggested
by C13) would display homogeneous abundances and produce
no correlations. Indeed, the detected correlations are perfectly
in agreement with those commonly ascribed to FG and SG sub-
populations in GCs (see, e.g., Carretta et al. 2009a, 2009b).

5. DISCUSSION

Figure 3 shows the AGB population (solid blue circles) of
NGC 6752 in the “standard” [Na/Fe]–[O/Fe] plane. For
reference, we also plot the results obtained for the RGB
population of NGC 6752 (empty red squares; from Yong
et al. 2003) and several RGB samples in 19 GCs (gray dots;
from Carretta et al. 2009b). The AGB population of NGC 6752
clearly outlines and follows the anti-correlation stream defined
by the RGB samples, thus confirming the existence of SG AGB

stars in NGC 6752. To better characterize the cluster sub-
populations, in Figure 3 we also plot three ellipses corresp-
onding to the values of [Na/Fe] and [O/Fe] that Milone et al.
(2013), on the basis of their photometric study and the chemical
abundances measured by Yong et al. (2003), associate to the
FG, SG, and extreme-SG sub-samples in NGC 6752

Figure 2. Light element abundances measured for the investigated AGB stars. All abundance ratios are shown normalized both to iron and to hydrogen. The typical
error bars of the measured abundances and the the Spearman rank coefficients of every correlation are marked in each panel. In the bottom right panels the empty
triangles mark the stars for which only upper limits to [Al/Fe] have been derived.

Figure 3. Behavior of [Na/Fe] as a function of [O/Fe] for the AGB (filled blue
circles; this work) and RGB stars (open red squares; Yong et al. 2003) of
NGC6752. The results obtained for RGB stars in other GCs (Carretta
et al. 2009b), rescaled to the solar values adopted in this work, are shown as
gray dots for reference. The regions corresponding to the three populations
identified by Milone et al. (2013, see their Figure 15) are encircled.
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Abundances in GCs and field
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Fig. 3. Left panels: average ratios of O, Na, Al, Mg, and Si found in all 19 clusters of our project (large open circles), as a function of the metallicity,
compared to the same ratios in field stars. We added the two bulge clusters NGC 6528 and NGC 6553, indicated by (blue) open triangles, also
analysed by our group (Cohen et al. 1999; Carretta et al. 2001), as an extension to higher metallicities. From top to bottom: [O/Fe] average ratios
superimposed on values from field stars from Gratton et al. (2003, empty squares), Fulbright et al. (2007, open triangles), and Reddy et al. (2003,
open pentagons); average [Na/Fe] ratios for our clusters with ratios for field stars from Gratton et al. (2003), Fulbright et al. (2007), and the
compilation by Venn et al. (2004, open circles); [Al/Fe] ratios are compared to values for field stars from Fulbright et al. (2007, open triangles),
Fulbright (2000), Johnson (2002), Reddy et al. (2003), Jonsell et al. (2005) and Gehren et al. (2006): the last five studies are indicated by empty
pentagons, collectively; finally, in the bottom panel average [Mg/Fe] ratios are compared to values for field stars from Gratton et al. (2003),
Fulbright et al. (2007), and Venn et al. (2004), plotted as empty squares, triangles and circles, respectively. Error bars for the cluster averages are
1σ rms scatters of the mean. Right panels: we show the excursions for O, Na, Al, Mg, and Si in the 19 GCs of our sample, also superimposed on
the same field stars.

primordial population (see next section) may be significantly
different in different clusters. Although we observed only a
limited number of stars in each cluster, and in many cases we
were only able to derive upper limits to the Al abundances,
there is little doubt that the minimum Al abundance may vary
by almost an order of magnitude from cluster to cluster. In
the next section we examine this issue in more detail, and try
to obtain a better estimate of the minimum Al abundance for
each cluster. On the other hand, maximum Mg and minimum
Si abundances also change from cluster to cluster. Some
cases are obvious, like the pair of clusters M 5 (NGC 5904)
and M 4 (NGC 6121), for which such a difference has
already been found in previous analyses (Carney 1996;

Ivans et al. 1999, 2001). There is a good correlation between
maximum Mg and minimum Si abundances derived from
Fig. 7. These values are displayed in Fig. 8, and both are
well correlated with the maximum O abundance observed in
each cluster. These fine correlations can be well explained by
different primordial overabundances of the α-elements in the
various clusters. In a separate paper we will study the cor-
relation existing between the overabundance of α-elements
and other cluster parameters. Here, we simply note that it
justifies the global correlation of Mg and Si abundances;

– in a few clusters, none of these elements show signif-
icant variations. Such clusters are generally small and
not very metal-poor. Typical cases are NGC 6121 (M 4),

Carretta et al. (2009)

Grey: field stars
Red/blue: GC stars

RangeMean abundances

~50% of GC stars show 
enhanced Na, Al, Si  
                 (He, N)
depleted O, Mg, (C)



Abundance anti-correlations in GCs
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Figure 2. Upper panel: [Mg/Fe] (circles), [Al/Fe] (squares), and [(Al+Mg)/
Fe] (triangles) abundance ratios as a function of the effective temperature.
Lower panel: [Al/Mg] ratios as a function of the temperature. Different symbols
indicate stars in the three groups (see the text and Figure 3).
(A color version of this figure is available in the online journal.)

Figure 3. Upper panel: Mg–Al anticorrelation in NGC 2808. Star to star
error bars are indicated. Lower panel: the same plot, with two dilution models
superimposed, starting at different primordial Mg levels.
(A color version of this figure is available in the online journal.)

Figure 4. Upper panel: distribution of [Al/Mg] ratios for the entire sample of
giants in NGC 2808. Lower panel: cumulative distributions of [Al/Mg] ratios in
the P (solid line), I (dotted line), and E (dashed line) groups. The probabilities
of the Kolmogorov–Smirnov test are also indicated.
(A color version of this figure is available in the online journal.)

We show in the upper panel of Figure 4 the distribution
of the [Al/Mg] ratios, which actually maximize the signal
along the anticorrelation and allow us to nicely trace the
three distinct clumps of stars separated by gaps at [Al/Mg] ∼
0.5 dex and [Al/Mg] ∼ 1.15 dex. The three components are
characterized by very different average values of the [Al/Mg]
ratio: −0.191±0.035 dex (σ = 0.160 dex, 21 P stars), +0.818±
0.065 dex (σ = 0.158 dex, 6 I stars), and +1.310 ± 0.050 dex
(σ = 0.100 dex, 4 E stars).

To evaluate how sound this division is, in the lower panel of
Figure 4 we plot the cumulative distribution of [Al/Mg] ratios
for each of the P, I, and E groups. A Kolmogorov–Smirnov test
always allows one to reject the null hypothesis that the three
components are extracted from the same parent population with
>99.999% confidence.

There is also a hint that the average metallicity slightly
increases with the [Al/Mg] ratio, from [Fe/H] = −1.136 dex
(σ = 0.032 dex) for the P group to [Fe/H] = −1.120 dex (σ =
0.020 dex) and [Fe/H] = −1.110 dex (σ = 0.006 dex) for the I
and E components, respectively. Although these values cannot
be considered formally different with a high level of confidence,
this finding is in qualitative agreement with the prediction that
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NGC 2808  
(Carretta 2014)
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determination in our 15 clusters we could expect to measure O in
a maximum of 1089 stars, all those observed with the HR13 grat-
ing.

However, although all oxygen lines were carefully inspected
by eye, the combination of unfavourable observational con-
straints (too low a S/N, the faintness of stars in not well-
populated clusters) and/or of physical ingredients (very large O-
depletions, cluster low metallicity) prevented the O abundance
to be derived in all stars. We measured O abundances in a sub-
sample of 865 stars, including 313 upper limits.

Oxygen abundances were obtained from the forbidden [O I]
lines at 6300.3 and 6363.8 Å; the former was cleaned from tel-
luric contamination by H2O and O2 lines using a synthetic spec-
trum, as described in Paper I. Our experience with the analysis
of the first four clusters is that the contribution of the high exci-
tation Ni I line at 6300.34 Å to the measured EW is negligible
(see also Paper II), and the CO formation does not have a rele-
vant impact on the derived O abundances due to the rather high
temperature of our programme stars.

Sodium abundances could be obtained for many more stars,
since at least one of the Na I doublets at 5672–88 Å and at
6154–60 Å is always available (depending on the GIRAFFE
setup used). Again, the Na measurements were interactively
checked by eye in all cases where clear discrepancies between
abundances from the 2 to 4 different lines were present. Derived
average Na abundances were corrected for effects of depar-
tures from the LTE assumption according to the prescriptions
by Gratton et al. (1999).

This was our first step and it produced the number of stars
with both O and Na abundances derived from GIRAFFE spectra
listed in Col. 2 of Table 5, where for completeness we included
also the number of stars used in the Na-O anticorrelation in the
four previously analysed clusters.

Afterward, we checked for possible systematic effects in
Na abundances as derived from the two doublets. On average,
there are no large systematic differences, the mean difference
in the sense 6154–60 Å minus 5682–88 Å being ∆ log n(Na) =
+0.001 ± 0.007 dex, with rms = 0.181 dex from 678 stars.

However, we studied a large sample of stars in clusters span-
ning almost 2 dex in metallicity, and we detected a subtle statisti-
cal bias by plotting the differences as a function of [Fe/H]. When
the Na I lines at 6154–60 Å are very weak, they are measurable
only when spuriously enhanced by noise. This suggests that we
can overestimate the Na abundance using these lines in particu-
lar in metal-poor and warmer stars. To correct for this effect we
used an empirical parameter, defined as (Teff/100)−10×[Fe/H].

If this parameter was larger than 65, then:

– if only lines belonging to the 6154–60 Å doublet were avail-
able for the star, they were eliminated and the star was thus
dropped from the Na-O anticorrelation;

– for stars with 2, 3, 4 lines of Na, average [Na/Fe] > 0.2 dex
and rms(Na) < 0.2 dex, all the lines were retained;

– for stars with 2, 3, 4 lines of Na and rms(Na) > 0.2 dex, the
6154–60 Å lines were deleted;

After this correction (culling out stars, in particular in the most
metal-poor clusters), the number of stars participating to the Na-
O anticorrelation is the one listed in Col. 3 of Table 5.

Finally, our third step was to combine chemical composi-
tion measurements derived from the GIRAFFE spectra sample
with Na and O abundances derived from the analysis of UVES
spectra, for which analysis and element ratios are discussed in
Paper VIII. Regarding Fe, Na, and O, it suffices to say here that

Fig. 6. The Na-O anticorrelation for a grand total of 1958 individual red
giant stars in the 19 GCs of our project. [Na/Fe] and [O/Fe] ratios from
GIRAFFE spectra are shown as open (red) circles; abundance ratios
obtained from UVES spectra (Paper VIII) are superimposed as filled
(blue) circles and show no offset from the GIRAFFE sample. Arrows
indicate upper limits in oxygen abundances.

we followed the same procedures used for the GIRAFFE spec-
tra, both to obtain atmospheric parameters and the abundance
ratios.

There are 214 stars with UVES spectra analysed in the
19 clusters of our complete sample; of these, 172 stars are in
the 15 clusters of the present work, 170 of which have both O
and Na. [Na/Fe] and [O/Fe] abundance ratios from UVES spec-
tra are superimposed to the same ratios from GIRAFFE spectra
in Fig. 6. This figure shows that there is no obvious offset be-
tween the two data sets and, together with the very good agree-
ment obtained in iron abundances (see Fig. 4), this guarantees
that the two samples can be safely merged without introducing
any bias.

This is a crucial point for some clusters, especially for
NGC 6397, where only a handful of O detections (mostly upper
limits) could be extracted from the GIRAFFE spectra. Hence,
the final step in exploring the Na-O anticorrelation in our pro-
gramme clusters was to substitute O and Na values obtained
from the UVES spectra for stars observed with both instruments
and to add the values from stars with only UVES observations.

In Table 6 we list the abundances of O and Na (the complete
table is available only in electronic form at CDS) in each star of
the present subsample of 15 GCs. For O we distinguish between
actual detections and upper limits. The number of measured lines
and the rms values are also indicated.

Column 4 of Table 5 provides the final numbers of stars that
we used to build the Na-O anticorrelation in each of the 19 clus-
ters of this project. We have a grand total of 1235 red giants
with O and Na abundances derived homogeneously (936 in the
15 clusters analysed here), by far the largest sample collected up
to date.

In Fig. 7 the Na-O anticorrelation we obtain in all the
19 clusters is shown, with star-to-star error bars plotted in each
panel. In these plots we used all available stars in each cluster
with both Na and O abundances, irrespective of their derivation
from GIRAFFE or UVES (Paper VIII) spectra.

19 GCs (Carretta et al. 2009)

“Normal” stars



T. Decressin et al.: Fast rotating massive stars and the origin of the abundance patterns in galactic globular clusters 1031

19F

22Ne21Ne20Ne

23Na22Na21Na

26Mg25Mg24Mg

28Si27Si

27Al26Al25Al

(p, γ)

(β+)(p, α)

Fig. 1. Network of nuclear reactions involved in the NeNa and
MgAl chains. Unstable nuclei are in shaded boxes. Arrows indicate the
type of nuclear reactions: (p, γ), β+, and (p,α).

2.1. Microphysics

We use the OPAL opacities (Iglesias & Rogers 1996),
complemented at temperatures below 5000 K with the
molecular opacities of Alexander & Ferguson (1994)
(http://webs.wichita.edu/physics/opacity).

In order to investigate the effects of the nuclear reaction rate
uncertainties on the products of hydrogen nucleosynthesis, we
present four models for the 60 M⊙ star computed using different
sets of nuclear reactions for the hydrogen-burning network (see
Table 1). Set A uses all the nominal values of the NACRE com-
pilation (Angulo et al. 1999). The three other cases include the
updates of Iliadis et al. (2001) and Hale et al. (2002, 2004) for
the reactions involved in the NeNa and MgAl chains but with
different options (see Table 2). Set B includes nominal values
while in set C some specific rates are set to the experimental up-
per or lower limits. Figure 2 presents the corresponding rates for
the temperature range between 30 × 106 and 80 × 106 K which
is typical of the central temperatures of our main sequence stars.
Set D is similar to set C except for the proton-capture on 24Mg
which is increased by three orders of magnitude compared to the
Iliadis et al. (2001) nominal value at around 50 × 106 K.

The initial composition of the chemical mixture is given in
Table 3. It corresponds to that used to compute the opacity ta-
bles (Iglesias & Rogers 1996, Weiss alpha-enhanced elements
mixture). The metallicity of our models is [Fe/H] ≃ −1.5 corre-
sponding to that of NGC 6752 which is the GC with the largest
set of abundance data. The initial isotopic ratios of magnesium
are taken equal to 80:10:10; this corresponds to the values ob-
served in NGC 6752 “unpolluted” stars (i.e., in stars with high O
and low Na abundances) in contrast with “polluted” stars which
display large O depletion with high Na abundance (Yong et al.
2003, 2006).

2.2. Rotation and mass loss

We follow the formalism by Zahn (1992) and Maeder & Zahn
(1998) for the transport of angular momentum and chemicals
in rotating stars. The effects of both meridional circulation and

Table 1. Main physical inputs of the stellar models for the various ini-
tial masses considered. The labels “r” and “s” indicate respectively the
models computed with or without rotation while the labels A–D refer
to the choices in nuclear reactions (see text and Table 2). The initial
value of Ω/Ωcrit is given. [I], [H02] and [H04] correspond respectively
to Iliadis et al. (2001) and Hale et al. (2002, 2004).

M (M⊙) Label Ω/Ωcrit Nuclear rates
60 60rA 0.95 set A†: NACRE (nominal)

60rB 0.95 set B†: [I, H02, H04] (nominal)
60rC 0.95 set C†: [I, H02, H04] (exp. limits)
60rD 0.95 set D†

60rE 0.80 set C
20 20rC 0.95 set C
40 40rC 0.98 set C

120 120rC 0.80 set C
200 200rC 0.95 set C
20 20sC 0 set C
40 40sC 0 set C
60 40sC 0 set C

120 120sC 0 set C

† Details on the nuclear rates used are presented in Table 2.

Table 2. Nuclear reaction rates adopted for the NeNa- and MgAl-chains
in the sets B–D. [N], [I], [H02] and [H04] correspond respectively to
Angulo et al. (1999), Iliadis et al. (2001) and Hale et al. (2002, 2004).
“Nom.”, “low.” and “up.” refer respectively to nominal, lower and up-
per limits of the experimental values. For all the other reactions of our
network we use the NACRE nominal values.

Reaction Set A Set B Set C Set D
20Ne(p, γ) [N], nom. [N], nom. [N], low. [N], low.
21Ne(p, γ) [N], nom. [I], nom. [I], low. [I], low.
22Ne(p, γ) [N], nom. [H2], nom. [H2], low. [H2], low.
23Na(p, γ) [N], nom. [H4], nom. [H4], low. [H4], low.
23Na(p,α) [N], nom. [H4], nom. [H4], up. [H4], up.
24Mg(p, γ) [N], nom. [I], nom. [I], up. [I], +3 dex
25Mg(p, γ) [N], nom. [I], nom. [I], up. [I], up.
26Mg(p, γ) [N], nom. [I], nom. [I], up. [I], up.
27Al(p,γ) [N], nom. [I], nom. [I], low. [I], low.
27Al(p,α) [N], nom. [I], nom. [I], low. [I], low.

shear turbulence are taken into account: the meridional circula-
tion advects angular momentum and the shear acts as a diffusive
process. The transport of chemical species is computed as a dif-
fusive process as the result of meridional circulation and hor-
izontal and vertical turbulence (Chaboyer & Zahn 1992). The
treatment of the convective instability is done according to the
Schwarzschild criterion and we do not consider overshooting.

The treatment of rotation includes the hydrostatic effects fol-
lowing Meynet & Maeder (1997) as well as the impact of rota-
tion on the mass loss rate described by Maeder & Meynet (2000).
We do not account for the wind anisotropies induced by rota-
tion as in Maeder (1999) although the related effects would re-
inforce the trends found in this paper by fastening the arrival at
the break-up limit (see Sect. 4.1).

The radiative mass loss rates are from Kudritzki & Puls
(2000) when log Teff > 3.95 and from de Jager et al. (1988)
otherwise. When a model reaches the WR phase (i.e., when the
surface hydrogen mass fraction becomes lower than 0.4 and the
effective temperature is higher than 104 K), the mass loss rate is
switched to the prescription of Nugis & Lamers (2000). Except
for the WR phase, we consider a dependence of the mass loss

Origin of abundance anomalies in GCs
p-capture nucleosynthesis:

302 LANGER ET AL. 

2. SOME PROTON-CAPTURE REACTION RATES 
In their study of circulation currents in small-mass red 

giant stars, Sweigart and Mengel (1979) dissected the re- 
gion in which the CNO cycle reactions occur. Their Figs. 
1-3 are very illuminating. We will make the same dissec- 
tion here. Their "carbon shell'' lies at the top of the energy- 
generating region; at the center of the shell the carbon 
abundance has fallen to one-half of its original value as the 
result of proton captures on 12C to form 14N. The temper- 
ature in the carbon shell is about 7^=0.022 (where 
�9=10 K).Just outside the carbon shell the C/ C ratio 
drops sharply from its value in the envelope above. An 
"oxygen shell" lies below the carbon shell; in the center of 
that layer the oxygen abundance has dropped by one-half 
as the result of proton captures on 160 and 170. The tem- 
perature in the oxygen shell is about 0.034. Finally, at 
the base of the energy-generating region there is a thin 
"hydrogen shell. " In the center of the hydrogen shell the 
hydrogen abundance has dropped to one half of its original 
value; the temperature can be as great as 7^-=:0.048. The 
proton capture rates are very sensitive to temperature, and 
the temperatures in the shells are similar in all four of 
Sweigert and Mengel's models. But they are not the same 
and there is reason to believe that the differences, though 
small, may be significant: models one and two, which rep- 
resent the most metal-poor cluster giants, have the most 
extensive and hottest oxygen-depleted regions; models 
three and four, which represent the most metal-rich cluster 
giants, have thinner and cooler oxygen shells. We will con- 
centrate on one of the metal-poor models since the most 
metal-poor stars appear to be the best candidates for very 
deep mixing. 

We plot the logarithm of the reaction rates ��(in units 
of cm3 moles-1 s_1 ), for proton captures by 160, 22Ne, 
25Mg, and 26Mg at temperatures between 7^=0.02 and 
0.05 in Fig. 1. The rates are taken from Caughlan and 
Fowler ( 1988); they depend only on the temperature.1 The 
temperatures at the centers of the carbon, oxygen, and 
hydrogen shells in the second of the models discussed by 
Sweigert and Mengel are also shown in the figure. This 
model has M =0.1 Mq, 7=0.3, Z=0.0001, and luminos- 
ity log (L/Lq)=2.66; it corresponds to a metal-poor 
([Fe/H]2^ —2.2) star about 1.3 mag below the tip of the 
giant branch. We take it to be representative of a low-mass, 
metal-poor cluster giant, the sort of star in which very deep 
mixing and Na/Al nucleosynthesis seems most likely to 
occur. 

Figure 1 shows a very interesting result: at the 
temperature of the oxygen shell, the reaction rates for 
160(/?,7)17F, 22Ne(/?,7)23Na, and 25Mg(/7,7)26Al are al- 

^he rates tabulated by Caughlan and Fowler correspond to the inverses 
of the mean life times for proton capture at a density of 1.43 g cm-3 and 
a hydrogen mass fraction X=0.1. One can transform them into actual 
rates at other densities and hydrogen mass fractions by multiplying by 
(�/1.43) (X/0.7) times the concentration of the nuclei that are capturing 
the protons. Since we only wish to compare proton capture rates, the 
difference is irrelevant (cf. Fowler et al. 1967). 2We adopt the usual spectroscopic notation in this paper, namely, 
[.Y^logjoWstar—logioW© for any abundance quantity X. 
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Fig. 1—Proton capture rates (in units of cm3 moles-1 s_1) for temper- 
atures found in the energy-generating regions of small-mass red giant 
stars. 

most identical. Hence, if 22Ne and z:>Mg are present in the 25��
oxygen shell, Na and Al will be produced there. F 
beta decays to 170 which quickly captures a proton 
[170(/7,a)14N, log -12.3] to produce 14N. 23Na and 
26Al have much smaller proton capture rates (log R 18 
and —16.3) and capture additional protons much more 
slowly. Hence, production of 14N in the oxygen shell will 
be accompanied by the production of 23Na and 26Al as long 
as 22Ne and 25Mg are present. The 23Na will survive but the 
26Al will decay radioactively to 26Mg with a half-life of 
7.5 X 105 yr. 

At the temperature of the oxygen shell, proton captures 
by 26Mg to produce 27Al will proceed much more slowly. 
But the rate for 26Mg(/?,y)27Al does become more signifi- 
cant just below the oxygen shell—and well above the hy- 
drogen shell. For example, at 7^=0.040 the 26Mg proton 
capture rate is only slightly slower than the 160 capture 
rate at 7^=0.034; at 7^=0.040 the 160, 22Ne, and 25Mg 
reactions would take place much more rapidly than at 7^ 
=0.034. These reaction rates show that, if the material in 
the envelope of an evolving low-mass star is mixed into the 
oxygen shell long enough to produce nitrogen, the 22Ne 
that accompanies the oxygen will be transformed into 23Na 
and the 25Mg will be transformed into 26A1 (eventually into 
26Mg). If the material is mixed a bit deeper, 27A1 will be 
produced from 26Mg. So very deep mixing naturally pro- 
duces a nitrogen-sodium (or -aluminum) correlation and 
an oxygen-sodium (or -aluminum) anticorrelation, as 
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Langer et al. 1993

T [109 K]

22Ne(p,γ)23Na
16O(p,γ)17F
25Mg(p,γ)26Al
26Mg(p,γ)27Al
etc..

Requires high temp., T>2×107 K

Not reached in low-mass main-
sequence stars
(T~15 MK at centre of the Sun)

GC stars must have been polluted 
already at birth.

Decressin et al. 2007



Possible polluters - I.
Massive Asymptotic Giant Branch (AGB) 
stars:

Can reach high T at bottom of convective 
envelopes. Mass lost in a slow stellar wind.No. 1, 2001 VENTURA ET AL. L67

Fig. 1.—Temperature at the bottom of the convective envelope as a function of the stellar mass along the evolution of stars of 6, 5, and 4 M, ( , left;Z p 0.01
from Ventura et al. 2000) and of 5, 4, and 3.5 M, ( , right). Notice that is over 108 K at the lower metallicity.Z p 0.0002 Tbce

Fig. 2.—Logarithm of the oxygen abundance with respect to the initial 16O
value along the evolution of stars of 5M, with different (labeled) metallicities.
Models with were taken from Ventura et al. (2000).Z p 0.01

temperature at the bottom of the convective envelope ( )Tbce
along the evolution of models of 4, 5, and 6 M, ( ,Z p 0.01
left) and of 3, 4, and 5 M, ( , right).Z p 0.0002
We notice that for the same initial mass, is larger theTbce

lower the metallicity. The most massive and metal-poor models
reach surprisingly large values of , although we do not allowTbce
for any kind of overshooting below the formal convective re-
gion. Above K, the CNO cycle is complete,7T ! 8# 10bce
and the oxygen becomes depleted. Figure 2 shows the evolution

of the ratio between the surface oxygen abundance and the
initial value for stars of 5 M, for the computed metallicities.
We see that for , the abundance is not different whenZ p 0.01
the total mass is reduced to ∼2M,. Depletion is more important
for and 10!3. The track of shows an!3 !4Z p 4# 10 2# 10
initial reduction by a factor of ∼100, which in later phases is
reduced to a factor of ∼10. Although our computations do not
include the nucleosynthesis past oxygen, the drastic reduction
of 16O, with the 17O/16O increasing up to ∼0.17, indicates that
we are in the presence of a very advanced nucleosynthesis. At
these temperatures and densities, Na and Al are produced by
proton capture on the neon and magnesium nuclei, respectively.
Figure 3 shows the surface lithium as a function of the mass

for the metallicities and . Assuming that!3 !4Z p 4# 10 2# 10
all these stars start with an initial abundance equal to the Pop-
ulation II abundance , there is a short phase inlog N(Li)p 2.2
which lithium is overproduced by a factor of up to ∼60, followed
by a more prolonged phase in which it is depleted by a factor
of ∼104. In the computation of the total yield, however, the phase
of production is very important for balancing the following total
destruction. As a final result, lithium is depleted with respect to
the big bang abundance, by a factor of 4–5 at the lowest me-
tallicities. At the lowest Z, the phase of 7Li production lasts for
a shorter time. In addition, the radii are smaller, and the mass-
loss rate is lower. As a result, the total lithium depletion in the
ejecta is maximum. In fact, at , the expected de-!3Z p 4# 10
pletion is by a factor of 2 at most.
Figure 4 shows the lithium abundance in the ejected enve-

lopes as a function of the metallicity, including also the models
for computed in Ventura et al. (2000). The horizontalZ p 0.01
line shows the “primordial” abundance. This should surely ap-
ply to the most metal-deficient GCs. We see then that for these
clusters, we expect that the polluted stars (in which the oxygen
is smaller) should also have a smaller lithium abundance.
For the more metal-rich GCs, such as, e.g., 47 Tuc, which has

a metallicity of ! , the situation is more complex. The!34# 10

Ventura et al. (2001)

T at bottom of conv. env.



Possible polluters - II.
1038 T. Decressin et al.: Fast rotating massive stars and the origin of the abundance patterns in galactic globular clusters

and 60rC respectively. The total stellar mass at the end of the
main sequence is higher (by ∼3 M⊙) in model 60rC. These dif-
ferences play only a minor role in the composition of the yields
which differ by only a few percent between the two models.

With an initial velocity around 300 km s−1 the 60 M⊙ star
would fail to reach the break-up and the conditions for the
WFRMS scenario would not be fulfilled. If we infer models with
various initial mass and metallicity (Ekström et al., in prepara-
tion), the 60 M⊙ would reach the critical velocity with an initial
velocity as low as 400 km s−1. However fast rotation is possi-
bly a characteristic of massive stars in a very dense environment
such as that forming GC where multiplicity and stellar collisions
can play an important role. This point is discussed in more detail
in Sect. 7.

4.5. Summary

The WFRMS appears to be very promising. Rotational mix-
ing efficiently transports elements from the convective core to
the surface. A high initial rotation velocity allows the star to
reach break-up early on the main sequence and to eject impor-
tant quantities of material loaded with H-burning products. This
material is probably ejected through a slow wind and is likely to
remain in the GC potential well (see Sect. 7).

The abundance patterns at the stellar surface and in the ejecta
follow those created in the core with some delay. The ampli-
tude of the predicted O-Na anticorrelation well reproduces the
observations. Although the 60 M⊙ star produces too little Al
whith the nuclear experimental value for the 24Mg(p,γ) reaction
rate, an increase of this rate allows one to explain the observed
Mg-Al anticorrelation.

5. Dependence on the initial stellar mass

We now discuss how the theoretical predictions depend on the
initial stellar mass. Standard and rotating models with initial
masses ranging between 20 and 120 M⊙ are presented; in all
cases we used the set C for the nuclear reaction rates.

5.1. Nucleosynthesis and mixing

The initial mass has a direct effect on nucleosynthesis through
the changes in the central temperature (see Fig. 7). As a result the
NeNa and MgAl chains are more active in the warmer convective
core of more massive stars.

The evolution along the main sequence of the central abun-
dances of some interesting nuclei is shown in Fig. 8 for the 20
and 120 M⊙. It can be compared to Fig. 3. The following differ-
ences can be noted:

– The CNO equilibrium value of O is slightly lower in the
higher temperature regime of the 120 M⊙ stellar model.

– 23Na is first produced to the same extent in both models, but
later on it decreases faster in the more massive star.

– In the 120 M⊙ model 24Mg decreases by 1.2 dex at the end of
the H-burning phase, while the 20 M⊙ model never reaches
sufficiently high temperatures for this element to burn.

– 27Al is produced earlier in the 120 M⊙ model. Nevertheless
the plateau stays at the same level in both models. Only at the
very end of the main sequence does the Al abundance rapidly
increase in the more massive star as a result of 24Mg burning.

Thus the main relevant difference between both stars concerns
the MgAl chain. Only in the 120 M⊙ model and at the very end

Xc

Fig. 7. Evolution of the central temperature for the 20, 40, 60, 120 and
200 M⊙ rotating stars as a function of the central hydrogen abundance
during the main sequence.

Xc

Fig. 8. Evolution of the central abundances of 16O, 23Na, 24Mg and 27Al
as a function of the central hydrogen abundance on the main sequence
for the 20 and 120 M⊙ rotating models.

of central H-burning are 24Mg and 27Al respectively destroyed
and produced. Even the 200 M⊙ star does not reach a central
temperature high enough to convert 24Mg before the end of main
sequence.

As discussed in Meynet & Maeder (2000), rotational mixing
is more efficient when the initial stellar mass is higher, favoring
the transport of the nuclear products outwards. At a given evo-
lutionary stage, more massive stars also present stronger winds,
both radiatively- and mechanically-induced.

Decressin et al. (2007)

Massive main sequence stars. 

Cores can reach required high T.

Processed material brought to 
the surface by rotational mixing 
and lost via “mechanical wind” 
(Prantzos & Charbonnel 2006) 
or 
binary interactions 
(de Mink et al. 2009)



Possible polluters

Fast Rotating  
Massive Stars 
(FRMS) 
≥ 25 M 

Massive  
AGB 
~ 5 – 6 M 

If  1G polluters follow a standard IMF  
(Salpeter X=1.35 or Kroupa) 
today’s ratio 1G:2G should be ~ 90:10 
Decressin et al. (07), D’Ercole et al. (08) 

Observed ratio 1G:2G ~ 30:70 Carretta et al. (10) 

 Mass budget question 

Flat polluter IMF  
X ~ 0.6 - 0.8 (≥ 20 M)  
X < -0.65 (5 - 6.5 M) 

Prantzos & Charbonnel (06) 
See also Smith & Norris (82, C-N data)  
D’Antona & Caloi (04) 
Downing & Sills (07) 
Marks & Kroupa (10) Standard IMF + Much higher initial GC mass 

Important loss of 1st generation low-mass stars 
Prantzos & Charbonnel (06), Decressin et al. (07) 
D�Ercole et al. (08, 10), Vesperini et al. (10) 
Schaerer & Charbonnel (11), Conroy (12) 

Mass budget 

Prantzos & Charbonnel (06) 
Decressin et al. (07a,b) 
Krause et al. (12,13) 

Ventura et al. (01, 11) 
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Mass budget 
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Prantzos & Charbonnel 2006; Decressin et 
al. 2007; Krause et al. 2012,2013

Ventura et al. 2001, 2011
D’Ercole et al. 2008

Fast rotating massive (>25 M⊙) 
main sequence stars

Asymptotic giant branch 
stars (M ~ 5-6 M⊙)



After a few 106 years, a star 
cluster is born!

Revised cartoon picture of GC formation

1st generation stars lose 
“polluted” gas



Revised cartoon picture of GC formation

1st generation stars lose 
“polluted” gas.

Polluted gas accumulates at 
the centre of cluster.
2nd generation of stars form



Problem: the mass budget
Is it really possible to form the observed numbers of enriched stars out of ejecta 
from AGB (or massive) stars?

Total mass of a stellar population:

M = ⌘

Z m
max

m
min

m�(m) dm
<latexit sha1_base64="5emTFMED7SGzt2F04C4Rr2wBRPU="></latexit><latexit sha1_base64="5emTFMED7SGzt2F04C4Rr2wBRPU="></latexit>

η is a normalisation constant

For a Salpeter IMF: M = ⌘

Z m
max

m
min

m�1.35 dm
<latexit sha1_base64="/NWTHOLNxq8OltQusTdCCP1jEcQ="></latexit><latexit sha1_base64="/NWTHOLNxq8OltQusTdCCP1jEcQ="></latexit>

=
⌘

0.35

�
m�0.35

min

�m�0.35
max

�
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Problem: the mass budget
AGB scenario: only stars with 4 < m/M⊙ < 8 produce the “right” abundances (lower 
masses: 3rd dredge-up modifies CNO sum).

(10M/M�)�0.35 � (50M/M�)�0.35

(0.15M/M�)�0.35 � (100M/M�)�0.35
⇡ 11%

<latexit sha1_base64="qPojS0c6rFmsPkFFZxUE39/1LDo="></latexit><latexit sha1_base64="qPojS0c6rFmsPkFFZxUE39/1LDo="></latexit>

If all mass in such stars is used:

M(AGB)

M(tot)

=

(4M/M�)
�0.35 � (8M/M�)

�0.35

(0.15M/M�)�0.35 � (100M/M�)�0.35
⇡ 7%

<latexit sha1_base64="JVi14BMOr5+NhlMnYJ03kMm3mHk="></latexit><latexit sha1_base64="JVi14BMOr5+NhlMnYJ03kMm3mHk="></latexit>

For massive stars:



The mass budget - I
Initial mass = Mini,   all “first generation”

Polluted gas returned = β Mini,       β ≈ 0.05  (AGB scenario)

If 2nd gen is formed with 100% efficiency: M2G = β Mini

Formation of the polluted stars:

Result:     M1G / M2G ~ 10:1,  not ~1:1 as observed

After ~12 Gyr:

If 2nd gen consists only of stars with M < 0.8 M⊙:   M2G ~ 0.05 Mini.

Mass of first gen:  M1G ~ ~ 0.5 Mini

R 0.8M�
0.1M�

�(m)m dm
R 100M�
0.1M�

�(m)m dm
Mini
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Revised cartoon picture of GC formation

Material accumulates in 
centre of cluster.
2nd generation of stars form

Most (90% or more) of the 1st 
gen stars become unbound. 
End result is ~50% 1st gen and 
~50% 2nd gen stars



Mass budget: MW halo
• Present-day mass of GCs ~ 2.8×107 M⊙  

(e.g. Kruijssen & Portegies Zwart 2009).   
If 1/2 GC stars are 2nd gen → ~1.3×108 M⊙ “lost” 1st gen. 
stars

• Present-day mass of halo field stars ~ 109 M⊙  
(e.g. Suntzeff et al. 1991)

• ~2-3% halo stars with anomalous abundances, possibly 
from disrupted GCs (Carretta et al. 2010; Martell & Grebel 2010)

• 20%-50% of the halo may consist of dissolved GCs 
(Martell et al. 2011; Gratton et al. 2012) - based on chemistry alone



Modelling the integrated 
light of star clusters



Adding EWs
How do we calculate the strength (EW) of lines in composite spectra (i.e. the 
sum of spectra of individual stars)?

Recall def. of EW: W =

Z ✓
1� F�

FC

◆
d�
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Sum of two spectra: W =

Z ✓
1� F�,1 + F�,2

FC,1 + FC,2

◆
d�
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Over a small range in wavelength,                                  where k is a constant.FC,2 ⇡ kFC,1
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A bit of algebra then leads to

W =
1

1 + k

Z ✓
1� F�,1

FC,1

◆
d�+ k

Z ✓
1� F�,2

FC,2

◆
d�

�
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=
1

1 + k
(W1 + kW2)
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W =
1

1 + k
(W1 + kW2)
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Adding EWs

The EW of a line in a composite spectrum is the 
continuum-flux weighted average of the EWs of the 
line in the individual spectra.



Stellar parameters

Properties of stars may be 
determined in different ways:

1) Empirically (e.g. from the 
colour-magnitude 
diagram of a cluster)

2) Theoretically (e.g. from 
model isochrones)

Sometimes, a mix of the two 
approaches is used.



Luminosity functions
Number of stars per 
luminosity bin.

Again, can be 
determined empirically 
(just “counting the 
stars”) or theoretically 
(from the IMF)



Physical parameters of stars - I

A model spectrum will give us F. Then, if R is known we can get L:

Stellar models usually tabulate the surface gravity as a function of M; then 
we can find R:

mg = G
Mm

R2
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g =
GM

R2
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L� = 4⇡R2F�
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From theory:



Physical parameters of stars - II
From observations:

Observables: Z �2

�1

F�d�
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- Flux integrated over some wavelength range, 

- Ratio of fluxes at different wavelengths: F�1/F�2
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Desired:  R, Teff, log g.



B V
Increasing FB/FV → 

increasing Teff.

Temperature:

R
all� F�d�R
V F�d�
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Bolometric correction:

Function of Teff.

We can then find the total F. 
If the distance is known, L 
follows

Luminosity:

L = 4⇡R2�T 4
e↵
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Radius:



Spectroscopy of GCs

affected the TiO12.5 index downward by about 7 Å. Figure 8
shows our measurements of TiO12.5 and Mg b on the co-
added spectra, compared with the !-enhanced models by
Milone et al. (2000). In the hFei-Mg b plot we also show the
Maraston models for an age of 12 Gyr. Note that the most
metal-poor Maraston models are actually rather similar to
the [!/Fe] = +0.3 models by Milone et al. (2000), but they
approach the [!/Fe] = 0models at higher metallicities. This
is probably because many of the metal-poor stars used to set
up the Worthey fitting functions are !-enhanced (Maraston
& Thomas 2000). For the metal-rich Sombrero GCs, both
Mg b and TiO12.5 indicate clearly supersolar [!/Fe] ratios
around [!/Fe] ! + 0.4. For the metal-poor clusters, the
TiO12.5 index again indicates supersolar [!/Fe] ratios simi-
lar to those of the metal-rich clusters, although the Mg b
plot actually suggests [!/Fe] closer to 0 for the metal-poor
clusters. However, at low metallicities the separation
between the different [!/Fe] models is smaller, and it seems
most likely that both the metal-poor and metal-rich GCs in
the Sombrero have supersolar [!/Fe] ratios similar to those
observed in Milky Way GCs, the bulge of the Sombrero,
and in early-type galaxies.

5. MASS OF THE SOMBRERO

Globular clusters can be used as tracers of the mass of
their host galaxy, as demonstrated, e.g., by Huchra & Bro-
die (1987) (for M87) and Kissler-Patig et al. (1998) (NGC
1399). We combined our data in Table 1 with data for 34
Sombrero GCs from Bridges et al. (1997). Our sample does
not overlap with that of Bridges et al. (1997), so by combin-
ing theirs and our data we get a total of 48 GCs.

Figure 9 shows the radial velocities as a function of the
offset in right ascension from the center of the Sombrero
(the major axis is aligned roughly east-west). Bridges et al.
(1997) found hints of rotation in the cluster system, but our
data clearly do not add much to the significance of their
result. For completeness we also plot the radial velocities
for the metal-rich and metal-poor clusters from our sample
separately, but the data are clearly insufficient to provide
any constraints on rotation in either sample.

Following Huchra & Brodie (1987), we can use the GC
radial velocities to obtain a mass estimate for the Sombrero
in two ways. The virial mass is estimated as

MVT ¼ 3"N

2G

!N
i V

2
i

!i<j1=rij
; ð1Þ

and the projected mass is

MP ¼
fp
GN

!N
i V

2
i ri

! "
: ð2Þ

In these equations rij is the distance between the ith and jth
clusters, ri is the distance between the ith cluster and the gal-
axy center, and Vi is the velocity difference between the ith
cluster and the mean system velocity. N is the number of
clusters. The value of fp depends on the cluster orbits; fol-
lowing Bridges et al. (1997), we adopt fp = 16/" for iso-
tropic orbits.

For the total sample of 48 clusters we get MVT =
(8.1 % 1.8) & 1011 M' and MP = (5.3 % 1.0) & 1011 M'
within 17 kpc, adopting a distance of 8.7 Mpc
(Larsen et al. 2001). Using only our 14 clusters, we get
MVT = (3.2 % 1.5) & 1011 M' and MP = (4.2 % 2.1) &
1011 M' (within 13 kpc). For comparison, Bridges et al.
(1997) got MP = 5:26:73:9 & 1011 M'. The 12 clusters in the
central HST pointing are useful as probes of the mass

Fig. 6.—Co-added spectra of all metal-rich ([Fe/H] > (1.0) and metal-poor ([Fe/H] < (1.0) globular clusters. (a) and (b): Spectra from the blue and red
side arms on LRIS, respectively. Lick indices used in this paper are indicated. The metal-poor spectra have been shifted upward, as indicated by the horizontal
dashed lines.

Fig. 7.—Measurements of H#vaz according to the Vazdekis et al. (2001)
definition and hFei, compared with Schiavon (2002) models.
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Larsen et al. (2002) - GCs in Sombrero galaxy

Low-dispersion 
spectroscopy - strong 
features (Lick/IDS 
system)
- ages, 
- metallicities, 
- some constraints on 

detailed chemistry 
(e.g. [α/Fe])



Mg b� = 10 km s�1
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Arcturus (Hinkle & Wallace 2005)

Integrated-light spectroscopy at high resolution

Cluster spectra far superior to Lick/IDS resolution, but blending still 
significant for many lines ➝ Spectral synthesis / full spectral fitting



Abundance analysis from 
integrated light

• Photometry for individual stars ➝ stellar parameters 
(Teff, logg, L)

• Assume chemical composition:

• Compute model atmospheres (ATLAS9 - 1D, LTE, 
plane parallel, static, etc.)

• Compute synthetic spectra (SYNTHE)

• Degrade to instrumental resolution

• Co-add spectra, tune abundances until the model fits 
the data



The Fornax dSph
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ABSTRACT

We present a high resolution (R ∼ 43 000) abundance analysis of a total of nine stars in three of the five globular clusters associated
with the nearby Fornax dwarf spheroidal galaxy. These three clusters (1, 2 and 3) trace the oldest, most metal-poor stellar populations
in Fornax. We determine abundances of O, Mg, Ca, Ti, Cr, Mn, Fe, Ni, Zn, Y, Ba, Nd and Eu in most of these stars, and for some stars
also Mn and La. We demonstrate that classical indirect methods (isochrone fitting and integrated spectra) of metallicity determination
lead to values of [Fe/H] which are 0.3 to 0.5 dex too high, and that this is primarily due to the underlying reference calibration typically
used by these studies. We show that Cluster 1, with [Fe /H] = −2.5, now holds the record for the lowest metallicity globular cluster.
We also measure an over-abundance of Eu in Cluster 3 stars that has only been previously detected in a subgroup of stars in M 15.
We find that the Fornax globular cluster properties are a global match to what is found in their Galactic counterparts; including deep
mixing abundance patterns in two stars. We conclude that at the epoch of formation of globular clusters both the Milky Way and the
Fornax dwarf spheroidal galaxy shared the same initial conditions, presumably pre-enriched by the same processes, with identical
nucleosynthesis patterns.

Key words. stars: abundances – galaxies: dwarf – galaxies: star clusters

1. Introduction

It is now established that some dwarf galaxies have globular
cluster systems around them (Lotz et al. 2004; van den Bergh
2005; Seth et al. 2004). Their possible common origin with
clusters in larger parent galaxies, the link between the dwarf
galaxy field and globular cluster stars are open questions to be
addressed. The largest samples of dwarf galaxies with globular
cluster systems are however distant, and this restricts the analy-
ses to using integrated properties.

Fornax and Sagittarius are the nearest dwarf spheroidal
galaxies (dSph) with globular clusters and can be resolved into
individual stars. The Fornax dSph contains five star clusters
(Shapley 1938; Hodge 1961) and while the Sagittarius dSph is
obscured by dust and confused by merging with our Galaxy,
Fornax is high above the Galactic plane, therefore offering
a uniquely useful target for investigation, see Fig. 1.

The ages of the Fornax globular clusters have been deter-
mined by fitting isochrones to deep HST Colour–Magnitude
Diagrams [CMDs] (Buonanno et al. 1998, 1999). They are found
to be the same age as old metal-poor Galactic clusters M 92
and M 68 (around 13 Gyr old) to within ±1 Gyr, with the

⋆ Based on UVES observations collected at the European Southern
Observatory, proposal number 70.B-0775.
⋆⋆ Appendices are only available in electronic form at
http://www.edpsciences.org

Fig. 1. A ≈ 85′ × 62′ DSS image of the Fornax dSph. North is up
and East is to the left, as indicated. We have marked the position of
the 5 GCs using the numbering scheme defined by Shapley (1938) and
Hodge (1961).

exception of Cluster 4, which seems buried in the center of
Fornax and maybe younger by about 3 Gyr. The cluster metal-
licities have been estimated with different techniques ranging
from fitting a slope to the Red Giant Branch (RGB) to high
and medium resolution spectroscopy of the integrated light of

Article published by EDP Sciences and available at http://www.edpsciences.org/aa or http://dx.doi.org/10.1051/0004-6361:20054439

1o

(image from Letarte et al. 2006)

5 GCs, MV ~ -13.1  
(Hodge 1961; Mateo 1998)

Total stellar mass formed  
M* ~ 6×107 M⊙ 
(Coleman & de Jong 2008).

Mass of GCs ~ 106 M⊙ 

(~1.7% of M*)



The Fornax GCs

~24 pc

Fornax 1 
(R=1.6 kpc)

Fornax 2 
(R=1.1 kpc)

Fornax 3 
(R=0.4 kpc)

Fornax 5 
(R=1.4 kpc)

HST WFPC2+WFC3
F343N/F555W/F814W

Fornax 4 
(R=0.2 kpc)



Metallicities of Fornax GCs

Larsen et al. (2012)

Black dotted curves:
Observed spectra

Blue curves:
Best-fitting integrated-
light model spectra
based on:
- Observed CMDs
- ATLAS9+SYNTHE 

model atmospheres
+synthetic spectra

VLT/UVES 
integrated-light 
drift-scan spectra



Metallicities from high-dispersion spectroscopy

Larsen et al. (2012)

- Fornax 1, 2, 3, 5 all have [Fe/H] < -2

- Field star metallicities peak near [Fe/H] = -1  
(Battaglia et al. 2006; Kirby et al. 2011).

A&A 546, A53 (2012)

Table 9. Iron abundances, [Ca/Fe] ratios and radial velocities for the
five GCs in Fornax from high-dispersion spectroscopy.

[Fe/H] [Ca/Fe] vr (km s−1) Source
Fornax 1 −2.5 ± 0.1 +0.15 ± 0.04 59 ± 1 L06
Fornax 2 −2.1 ± 0.1 +0.20 ± 0.03 64 ± 1 L06
Fornax 3 −2.3 ± 0.1 +0.25 ± 0.08 60.4 ± 0.2 This work
Fornax 4 −1.4 ± 0.1 +0.13 ± 0.07 47.2 ± 0.1 This work
Fornax 5 −2.1 ± 0.1 +0.27 ± 0.09 60.6 ± 0.2 This work

Notes. For [Fe/H] the overall errors are set to ±0.1 dex, including an
estimate of systematic errors. For the remaining entries the errors are
standard errors on the mean, based on the rms deviation of individual
measurements.

mass-to-light ratios (M/LV ). The quoted errors only take into ac-
count the uncertainties on the velocity dispersions, determined
from the scatter around the red lines in Fig. 5. The MV mag-
nitudes are based on the catalogue of Webbink (1985). Within
the errors, our masses and M/LV ratios agree well with those
of Dubath et al. (1992). In particular, we confirm that Fornax 4
has a significantly lower M/LV ratio than the other, more metal-
poor clusters. While this trend runs contrary to predictions by
standard SSP models, it is similar to that seen for a much
larger sample of GCs in M31 (Strader et al. 2009, 2011).
Indeed, the M/LV ratio of Fornax 4 is very similar to those of
old M31 globular clusters of similar metallicity. The M/LV ra-
tios of Fornax 3 and 5 are very high, even by comparison with the
most metal-poor clusters in M31 of which most have M/LV < 3
(Strader et al. 2011). Dynamical effects will, in general, tend
to lower the observed mass-to-light ratios relative to canonical
SSP model predictions, both via the preferential loss of low-
mass stars (Kruijssen & Lamers 2008), and by leading to an
underestimate of the true masses by dynamical measurements
because the measured velocity dispersions and structural param-
eters will be most sensitive to the more massive stars, located
preferentially near the centre (Fleck et al. 2006; Miocchi 2006).
More exotic explanations include non-standard IMFs or even
dark matter. Both top-heavy and bottom-heavy IMFs may in fact
contribute to higher M/LV ratios – the latter due to the increased
number of faint low-mass stars, and the former due to an in-
creased number of dark remnants (Dabringhausen et al. 2009).
Binary stars could also lead to inflated velocity dispersions in
integrated-light measurements. Common to all these potential
explanations is that it is unclear why they should apply exclu-
sively to the metal-poor Fornax GCs.

6. Discussion

6.1. Overall metallicities

Combining the data from L06 and the present work, all five GCs
in the Fornax dSph now have chemical abundance measurements
from high-dispersion spectroscopy. In Table 9 we summarize
the [Fe/H] and [Ca/Fe] values, where the latter may be taken
as a proxy for the [α/Fe] ratio. For reference, we also include
the radial velocity measurements, using our own measurements
for Fornax 3, 4 and 5 and those of L06 for Fornax 1 and 2. From
this table it is now clear that the metallicity of Fornax 4 is indeed
much higher (by almost a full dex) than the average of the other
clusters. Because our measurements do not rely on any interme-
diate calibration steps of the metallicity scales, we believe this
is a solid result. Moreover, any differences in the CMDs (such
as the redder horizontal branch morphology of Fornax 4) are ex-
plicitly taken into account in our analysis. We note that the CMD

of Fornax 4 is, in fact, fairly well fit by a Dotter et al. (2007)
isochrone with [Fe/H] = −1.5 (Fig. 4). This is partly helped
by the fact that we adopt a smaller E(V − I) value than that of
Buonanno et al. (1999), making the RGB intrinsically redder and
thus consistent with a higher metallicity.

It is interesting to compare the metallicity distribution
of the field stars in Fornax with the GC data. Field star
metallicities have been measured by Battaglia et al. (2006)
from Ca ii IR triplet spectroscopy. Comparing their metallic-
ity distribution for the field stars (their Fig. 19), we see that
Fornax 1, 2, 3 and 5 all belong at the extreme metal-poor tail
of this distribution. A more detailed analysis shows that a very
large fraction, about 1/5−1/4, of the most metal-poor stars in
Fornax are found within the four most metal-poor GCs (Larsen
et al. 2012). The differences in chemistry are correlated with
the spatial locations of the clusters, with Fornax 4 being located
close to the centre of the Fornax dSph while the other, more
metal-poor clusters are found further out, and in fact Strader
et al. (2003) speculated that Fornax 4 may be the nucleus of the
Fornax dSph. In this context it may be relevant that the radial
velocity of Fornax 4 deviates by about 6 km s−1 from the mean
systemic velocity of the Fornax dSph.

We may also compare the metallicities of the Fornax GCs
with those in the Milky Way. The McMaster catalog (Harris
1996) lists 11 clusters with [Fe/H] < −2, a fraction of only 7%
of the Milky Way GC system. In striking contrast, 4 out of 5 GCs
in Fornax have [Fe/H] < −2. In fact, the more “metal-rich”
cluster, Fornax 4, has a metallicity close to the peak of the
metallicity distribution of Milky Way halo clusters, which is at
[Fe/H] ≈ −1.5 (Zinn 1985). It thus appears unlikely that a ma-
jority of the Milky Way GC system could have been accreted
from Fornax-like dwarf galaxies.

6.2. α-elements

The abundances of different α-elements (O, Mg, Si, Ca, Ti)
are generally found to correlate tightly with each other in
field stars both in the Galaxy and in dSphs, with a tendency
for the [Mg/Fe] ratio to be slightly higher than that of the
other α-elements in the dSphs (Venn et al. 2004). It is there-
fore interesting that we find a significantly lower [Mg/Fe] ra-
tio in the Fornax GCs compared to [Ca/Fe] and [Ti/Fe]. In
fact, our [Mg/Fe] ratios are consistent with being roughly so-
lar in all three GCs. A similarly low [Mg/Fe] ratio compared to
other α-elements has been found for the integrated light of GCs
in M31 (Colucci et al. 2009) and the LMC (Colucci et al. 2012).
Colucci et al. found this to be accompanied by an elevated
Al abundance. It is thus likely that we are detecting the sig-
natures of the abundance anomalies of light elements that are
well-known in Galactic GCs, specifically the Mg-Al anticor-
relation (Gratton et al. 2001, 2012). It is perhaps not highly
surprising that these abundance anomalies are present in ex-
tragalactic GCs, given their ubiquity in Galactic GCs, but the
demonstration that they are detectable in integrated light is a
very important step towards establishing whether these anoma-
lies are unique to ancient GCs. Low-mass open clusters in the
Milky Way do not display these patterns (Pancino et al. 2010).
However, it is unclear whether this implies fundamentally dif-
ferent origins for open and globular clusters, or simply reflects
the large differences in the typical masses of objects belonging
to either category that have been subject to detailed study. Any
low-mass analogs of the surviving GCs have disrupted long ago,
and are thus inaccessible to direct observations. A large frac-
tion of the Galactic halo may indeed have formed originally in
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Fig. 18. Metallicity distribution with elliptical radius for the Fornax
dSph. Note the trend of decreasing metallicity with radius and the ab-
sence of very metal poor stars (dotted line indicates [Fe/H] = −2.8).

Fig. 19. Histogram of metallicity measurements for individual RGB
stars in the Fornax dSph (solid line: all velocity members; dotted line:
velocity members within r < 0.4 deg from the centre; dashed line: ve-
locity members between 0.4 < r < 0.7 deg from the centre; dashed-
dotted line: velocity members at r > 0.7 deg from the centre).

component we could cause the small observed number of MP
stars with velocity close to the systemic in the inner bin. This
can be explored by changing the cut in metallicity, e.g. using
[Fe/H] < −1.6 for the metal poor component, and [Fe/H] >
−1.1 for the metal rich one. We find the same features for the
MP distribution at r < 0.4 deg as in the case with a metallicity
division at [Fe/H] = −1.3, showing that the choice of a different
metallicity cutoff does not alter our conclusions and accentuates
the differences between the velocity distributions for metal rich
and metal poor stars.

We tested to see if the differences in velocity distribution be-
tween the metal poor and the metal rich components are statisti-
cally significant: can the metal poor population in the inner bin
be drawn from the metal rich and how significant would this be?
A two-sided KS-test applied to the velocity distributions gives
a probability of 0.7%, 0.4% and 16% that the MP stars in the
first bin might be drawn from the same distribution as respec-
tively: the MR stars in the inner bin; the MR stars in the middle
bin; the MP stars in the middle bin. Thus the differences in the
velocity distribution of MR and MP stars are unlikely to be an

artifact of the observed number of stars, and instead point to sig-
nificantly different kinematic behaviour of different metallicity
components.

We also tested to see if the differences between the velocity
distribution of MP stars in the inner and middle bins, reflected in
the relatively low value of the K–S test, are due to the peculiar-
ities of the velocity distribution of the MP stars at r < 0.4 deg,
or are intrinsic. Thus, we artificially “removed” the two velocity
peaks by considering as the “expected” number of stars at the ve-
locities of the peaks as the average of the number of stars in the
adjacent bins. We then randomly removed the stars in “excess”
from the velocity peaks (5.5±2.3 for the peak at ∼40 km s−1 and
14 ± 4 at ∼70 km s−1). The velocity distribution of the remain-
ing stars is compatible with a Gaussian distribution with velocity
dispersion σ = 13.4 ± 1.74 km s−1 (probability of 99.85% from
a KS-test). In this case MP stars in the inner and middle distance
bins have a 93.7% probability of having been drawn from the
same velocity distribution.

Thus Fornax dSph shows clear differences in the kinematics
of its MR and MP component. Contrary to expectations, part
of the metal poor component, arguably the oldest component,
displays non-equilibrium kinematic behaviour at r < 0.4 deg.
A possible explanation for this is that Fornax recently captured
external material which is disturbing the underlying distribution.
Since we detect signs of disturbance only in the MP component,
we argue that part of the object accreted by Fornax must have
been dominated by stars more metal poor than [Fe/H] < −1.3.

4.2. Age determination

It is well known that the main uncertainty in deriving the abso-
lute ages of stars in a CMD of a complex stellar population (i.e.
a galaxy) is that the position of a star changes depending degen-
erately upon both age and metallicity. We can break this degen-
eracy using metallicities derived from spectroscopy. In Fornax
we can use our spectroscopic metallicities of 562 RGB stars to
determine which isochrone set to use to determine the ages of
these stars, and thus produce an age-metallicity relation for the
galaxy over the age range covered by RGB stars (>1 Gyr). The
ages we determine in this way remain uncertain in absolute terms
due to the limitations in the stellar models used to create the
isochrones, but in relative terms the ages are accurate. Given the
low systemic velocity of Fornax there will be foreground stars
contaminating our samples.

We chose to use the Yonsei-Yale isochrones (Yi et al. 2001;
Kim et al. 2002) because they cover the range of ages and metal-
licities we require in a uniform way, and they allow for a vari-
ation in [α/Fe]. They also provide a useful interpolation pro-
gramme which allows us to efficiently calculate the exact set
of isochrones to compare with each spectroscopic metallicity.
These isochrones did have the problem that they did not always
extend up to the tip of the RGB for young metal rich stars, but
comparison with the Padua isochrones (Girardi et al. 2000) of
the same metallicity suggested that we could extrapolate these
Y-Y isochrones to the tip of the RGB which allowed us to deter-
mine ages of the young metal rich stars in our sample.

In Fig. 22a we plot the CMD of the 39 stars in our spectro-
scopic sample with [Fe/H] = −1.7 ± 0.1 and over-plot the Y-Y
isochrones of the same metallicity for two different ages: the ma-
jority of metal poor stars fall on the blue side of the RGB and are
consistent with old ages (>10 Gyr old), and thus can be associ-
ated with the ancient component from the photometric analysis
in Sect. 3. The stars found outside the range of the isochrones to
the red (V − I ! 1.4) may be Galactic contamination. There are

Field stars: Battaglia et al. (2006), Ca II triplet spectroscopy.
GCs: Letarte et al. (2006); Larsen et al. (2012)

GCs much more 
metal-poor than most 
field stars.

Few field stars at  
[Fe/H]<-2



Field stars and GCs in Fornax: Metallicity distributions

Larsen et al. (2012, A&A 544, L14)
Field stars: Battaglia et al. (2006), corrected for 
spatial coverage.
GCs: Letarte et al. (2006), Larsen et al. (2012)

For [Fe/H] < -2: Mass in 
- Field stars: ~ 3×106 M⊙

- GCs           ~ 1×106 M⊙

About 1/5-1/4 of all metal-poor 
stars in Fornax dSph currently 
belong to F1+F2+F3+F5.

(Milky Way halo: about 2-3%)

Difficult to accommodate large 
amount of cluster mass loss/
dissolution in Fornax dSph.



The mass budget - II
Need to lose 9 out of 10 1G stars to get M1G,GC / M2G ~ 1:1

Fraction of stars still in GC is then:

(M1G,GC+M2G)/(M1G+M2G)= 2/11 ~ 18%

We have assumed:
 - Extreme SFE: 100% of AGB ejecta form new stars
 - Highly unusual IMF: no 2G stars with m > 0.8 M⊙.
 - No 2G stars lost from cluster (but 90% of 1G)
 - No other field stars or disrupted GCs



Other cases: The WLM dIrr

1 old GC: MV=-9.0, M~6×105 M⊙
(Humason et al. 1956; Ables & Ables 1977; 
Sandage & Carlson 1985; Larsen et al. 2014a)

D(WLM-Milky Way)~925 kpc
D(WLM-M31) ~ 950 kpc
Near edge of Local Group
MV ~ -14.5



Na in WLM GC

Dots: MW field stars  
          (Ishigaki et al. 2013)
Circles: MW GCs 
             (Carretta et al. 2009)
Triangle: WLM GC 
           (Larsen et al. 2014)

Integrated-light [Na/Fe] in WLM GC is similar to average 
[Na/Fe] for Milky Way GCs; enhanced compared to field
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Figure 2. Full metallicity distribution functions for 126 stars out of 180 stars in
our WLM data set in which the spectra had S/N ! 10 Å−1. Each panel shows
the distribution derived from a different empirical calcium triplet calibration.
The full distribution is shown in black, the original 78 stars from the FORS2
data set of Paper I are shown in blue, and DEIMOS spectra of the highest
S/N quality are shown in green. Within a given calibration, samples show good
agreement, providing confidence in even the lowest S/N DEIMOS stars.
(A color version of this figure is available in the online journal.)

DEIMOS and FORS2 observations (which show a difference
of 0.13 ! ∆[Fe/H] ! 0.31), and a similar mean metallicity
(−1.27 ± 0.04; −1.28 ± 0.02) for all of the stars in Paper I and
this full sample. Additionally, the radial gradient computed in
Paper I (d[Fe/H]/drc ≃ −0.076 ± 0.03 dex r−1

c ) is unchanged
when we apply the Cole et al. (2004) calibration to the joint
sample of FORS2 and DEIMOS spectra (d[Fe/H]/drc ≃
−0.08 ± 0.03 dex r−1

c ). Therefore, while there are subjective
choices on the metallicity scale, EW measurements, and CaT
calibration, these changes are all within the errors. This suggests
that given the large uncertainties inherent in the spectroscopy of
stars in distant galaxies like WLM, our joint MDF is sufficiently
robust to analyze the global metallicity properties.

3.3. Age Derivations

Age derivations were discussed in Paper I and Paper II for the
WLM sample. Ages were derived using the published photom-
etry and the Demarque et al. (2004) stellar evolution models.
The older library is chosen due to the metallicities in the larger

sample and the new calibration being outside the range of the
Victoria–Regina models used in Paper I. In addition, a greater
flexibility in α-abundances is possible with the Demarque et al.
(2004) models. The V and I photometry, reddening, and dis-
tance moduli were taken from Papers I and II on WLM, and
are discussed therein. The ages were interpolated using the grid
of isochrones, the dereddened photometry, and spectroscopic
[Fe/H] and [α/Fe] estimates. As in Paper II, the [α/Fe] val-
ues were interpolated as a function of [Fe/H] using the litera-
ture values from Colucci et al. (2010), Venn et al. (2003), and
Bresolin et al. (2006) to describe the mean trend of [α/Fe] versus
[Fe/H] in WLM. Errors were assigned by propagating the pho-
tometric, reddening, and distance modulus uncertainties, as well
as the spectroscopic abundance uncertainties into the position
of the star on the color–magnitude diagram. Ages derived us-
ing this method will be valid in a differential sense within a
sample, as there are strong systematic uncertainties between the
stellar evolution libraries used in various studies. However, the
metallicity uncertainties dominate over the choice of evolution
library for such distant systems as WLM, therefore the general
age–metallicity properties of WLM may be extracted. The rel-
ative random uncertainty on age for an individual WLM star
is ∼50%.

3.3.1. Quantifying Systematic Age Errors

The random error captures the uncertainty in derived age due
to errors in color, magnitude, and [Fe/H], however, there are
three additional systematic errors not included in the previous
section that must be quantified—asymptotic giant branch (AGB)
contamination, differential (internal) reddening, and variations
in [α/Fe]. WLM exhibits an extended SFH (Dolphin 2000),
therefore it is highly probable to sample stars on the giant branch
with ages 1.6–12 Gyr. In addition, the distance of WLM makes
it difficult to accurately differentiate second ascent giant branch
stars from photometry with much confidence. This means that
within the sample there may be AGB stars; these do not affect
the derived [Fe/H] or velocities but can produce a bias in the
inferred age. Using the SFH of Dolphin (2000), it is possible
to roughly estimate the AGB contamination rate within the
color and magnitude range of the WLM spectroscopic targets. A
conservative upper limit on the contamination fraction is ∼40%,
with about 1/3 of those AGB stars being younger than 2.5 Gyr,
and a third older than 9 Gyr. Using a grid of isochrones, it
is possible to work out for a given color and magnitude the
difference in age between an RGB and an AGB star. The
systematic age error due to AGB contamination is found to
be strongest at young ages. Specifically, an AGB star of 1.6 Gyr
would have its age underestimated by 20% if it were considered
an RGB star in the sample. This percentage drops to 10% for a
2 Gyr star, and 5% for a 10 Gyr star.

The unknown nature of differential internal reddening and
star-to-star variations in α-element abundances in WLM stars
will contribute additional systematic errors. To numerically
estimate the combined systematic uncertainty due to these
two factors and the abovementioned AGB contamination, we
proceeded as follows. For a test star of a given true age and
[Fe/H], and fixed evolutionary position ∼0.5 mag below the tip
of the RGB (TRGB), we randomly drew a possible variation
in (V − I) (due to reddening), and [α/Fe], as well as gave it a
50% chance of being an AGB star. The distribution of internal
reddenings was drawn from a Gaussian of σV −I = 0.03 mag
(for comparison, the line-of-sight reddening in the direction
of WLM is E(V − I ) = 0.037 (Schlegel et al. 1998)). The
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-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0
[Fe/H]

Leaman et al. (2013)

WLM: field stars vs GC

(Leaman et al. 2013, Ca II IR triplet 
spectroscopy of RGB stars)

<[Fe/H]> = -1.28
8% of RGB stars have [Fe/H]<-2

Field stars:

Globular cluster:

Metal-poor ([Fe/H]~-2.0)

GC accounts for 17%-31% 
of metal-poor stars
(Larsen et al. 2014a)

Stellar mass M* ~ 1.6×107 M⊙   
(Zhang et al. 2012)

MGC ~ 6×105 M⊙



Globular Clusters with the E-ELT



Cen A - the nearest giant elliptical
Estimated total of  ~1000-2000 globular 
clusters (e.g. Harris et al. 2004)

The majority are within reach of MOSAIC 
(about half with V < 20.5)

V=22
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(b)

(a)

Figure 1. Overview of spectroscopic GC observations around M87. Orange circles show confirmed GCs, red crosses show five centrally located low-luminosity
elliptical galaxies, and candidate substructure members are highlighted with blue and purple. These are an inner shell (at radii of ∼10–20 arcmin) and an outer stream
(at ∼35 arcmin), where the most likely members are identified by maximum-likelihood fitting to simple models (see Section 3.4). (a) Data locations in positional
space, overplotted on a deep optical image (down to a V-band surface brightness of µV ∼ 28.5 mag arcsec−2; Janowiecki et al. 2010), with a 100 kpc (21 arcmin) scale
illustrated by a bar with arrows. (b) The phase space of line-of-sight velocity vs. galactocentric radius, with the dot-dashed horizontal line representing the systemic
velocity of M87 (1307 km s−1). The radius plotted is the intermediate-axis radius (see Section 3.1). The velocity uncertainties are not shown, but are generally smaller
than the point sizes in the plot. The satellite galaxy velocities are from Hypercat (Paturel et al. 2003), where we note that the value for NGC 4486A was recently
dramatically revised by Prugniel et al. (2011).
(A color version of this figure is available in the online journal.)

(a) (b)

Figure 2. Simulations of galaxies falling into an idealized central cluster potential, as in Figure 1, both positional space (a) and phase space (b) are shown. In each
simulation, subsamples of 100 and 104 particles are plotted as large and small dots, respectively. The red × symbols show the locations of the progenitor nuclei. Two
independent simulations are superimposed, representing initial apocentric distances of 90 and 200 kpc (using small black and large orange dots, and small gray and
large purple dots, respectively). These two cases are intended to be qualitative analogs to the M87 shell and stream (Figure 1), with the 0.2% particle subsamples as
“GCs” (with small measurement errors added). The snapshots shown correspond to 3.5 Gyr (∼10–20 dynamical times) after the initial apocenters. In the first case,
there are sharp features in phase space even when the tidal debris is well mixed in positional space (which happens more rapidly for a smaller initial apocenter). See
Section 5 for further details.
(A color version of this figure is available in the online journal.)

declines from ∼0.9 at Rm ∼ 1′ to ∼0.55 outside Rm ∼ 10′. We
therefore adopt these stellar results for our default model for the
GCs, for the sake of having smooth, plausible profiles of q and
position angle with radius.8

8 A more recent study of M87 with deeper surface photometry found that the
stellar-light flattening becomes even stronger at large radii, reaching q ∼ 0.4 at
Rm ∼ 20′ (Janowiecki et al. 2010). This is clearly inconsistent with the

flattening of the GC system, and it would be inappropriate to use this profile
for our analyses. Both the Kormendy and the Janowiecki profiles agree on a
position angle of ∼150◦ at large radii, while our GC analysis is more
suggestive of ∼105◦–135◦. We do not ascribe much credence to this
inconsistency, given the difficulties with background contamination and spatial
incompleteness at large radii, and given the much better consistency between
stars and GCs at small radii.
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Romanowsky et al. (2012): Keck/DEIMOS kinematics for 488 GCs in M87

Assembly of halos and GC systems
Kinematic substructure related to chemical composition?



– Distances < 15-20 Mpc (Virgo, Fornax)

– Most individual stars still too faint for 
detailed spectroscopy (RGB tip at V~28)

– Individual stars can be imaged with ELTs 
→ reconstruction of star formation 
histories

– Star clusters: Discrete sampling points in 
space and time; also for “minority 
populations” (e.g., halos).

– Potentially access to entire star 
formation histories
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