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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.
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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
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Image from Letarte et al. (2006)

MV ~ -13.1 (Mateo 1998)

5 globular clusters  
(Hodge 1961)

Extremely high GC 
specific frequency,  
SN ~ 26 
(Milky Way: SN~1)



Fornax 1, 2, 3, 5

~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



Spectroscopy of Fornax GCs

Larsen et al. (2012)



Fornax dSph GC metallicities from high-dispersion 
spectroscopy

Larsen et al. (2012)

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

- Fornax 4 significantly more metal-rich, [Fe/H] ~ -1.4 

- [Ca/Fe] moderately super-solar for all five GCs
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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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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	


For [Fe/H] < -2:  
Mass in field stars ~ 3×106 M⊙ 
Mass in GCs         ~ 1×106 M⊙ 
 
About 1/5-1/4 of all metal-poor stars 
in Fornax dSph belong to F1/F2/F3/
F5. 
!
Clusters could at most have been 
~4-5 times more massive initially! 
!
And this assumes no other clusters 
or field stars formed with similar 
metallicity, no “infant mortality”!



Constraining abundances with photometry

NH
U-band photometry 
sensitive to N abundance

F343N F555W F814W

(Sbordone et al. 2011; Monelli et al. 2013)

Δ(mF343N-mF555W) ~0.2 mag 
for Δ[N/Fe]~2;  
typical range seen in GCs  
(e.g. Yong et al. 2008)



CMDs of Fornax GCs V-I: Spread consistent with errors 
F343N-V: Spread larger than errors

Larsen et al., in prep

Isochrones from Dotter et al. 2007 
Synthetic colours based on ATLAS12/SYNTHE model spectra 



F343N-F555W colour spreads in the Fornax GCs

Observed colour spreads significantly 
larger than errors. 
!
Intrinsic spreads ~0.15 mag (if uniform 
distr.) →  
!
Δ[N/Fe] ~ 2 dex 
Similar to Galactic GCs.

Red curves:  
Double Gaussian fits convolved with error 
distributions ➝ roughly 50% N-enhanced 
stars (F1/F3/F5: ~60%, F2: ~40%)



M15: 2nd generation less concentrated? (!)

 Opposite to trend found by Lardo et al. (2010) for R > 1 Rh (3 pc)



Is Fornax unique? The WLM dIrr

Integrated-light spectroscopy: 
  [Fe/H] ~ -2 
  Na enhanced, Mg depleted 
   
(Larsen et al. 2014)



WLM field stars vs GC

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

10% of stars have [Fe/H]<-1.74

<[Fe/H]> = -1.28

GCThe Astrophysical Journal, 767:131 (16pp), 2013 April 20 Leaman et al.

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

5

Field stars:

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

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



The IKN dSph
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Fig. 2. Metallicity distribution functions for the nine dSphs sorted by their absolute MV magnitude, from top to bottom and from left to right. The
solid lines show the metallicity distribution convolved with the errors in metallicity. The dashed lines show the fitted Gaussian distributions. The
error bars in the upper right corner, or upper left in the case of DDO 44, show the 1σ spread for the weighted mean metallicity we derive from our
data. Note the different scaling of the individual y-axes.

that purpose, we used the utilities provided and as described in
Dolphot.

Given the lack of any spectroscopic information, this method
of deriving the MDFs is in general fairly accurate as discussed
in Frayn & Gilmore (2002). In practice, we interpolate between
the two closest isochrones bracketing the color of a star, in order
to find the metallicity of that star.

We only select stars within a box plausibly containing stars
on the upper RGB to construct the galaxies’ MDF. The bright
magnitude limit of the box is chosen to exclude the stars
brighter than the TRGB which belong mainly to the luminous
AGB phase. The faint magnitude limit of the box is chosen to
fulfil the requirement that the formal error in the derived [Fe/H]
is less than 0.15 dex, or 0.2 dex in the case of IKN and HS 117
when the photometric errors are taken into account. We employ a
different selection criterion in the case of IKN and HS 117 in or-
der to have a significant number of stars in their sample as com-
pared to the one of the remaining dSphs. The selection criterion
based on the metallicity formal error depends on the depth of the
observations. In our data sample we distinguish three categories,
from now on referred to as depth categories. The first depth cat-
egory contains KDG 61, KDG 64, DDO 71, F6D1 and F12D1.
The second depth category contains DDO 44 and DDO 78. The

third depth category contains IKN and HS 117. Each depth cat-
egory contains those dSphs that belong to the same Program ID
and thus have the same filters and roughly the same exposure
times, as listed in Table 1.

In order to estimate the faint magnitude limit for each dSph’s
RGB box as a function of the error in [Fe/H], we proceed as fol-
lows. We extend the faint limit of the bounding box to a mag-
nitude limit of 26 in F814W for all the dSphs. We compute the
[Fe/H] for all the stars within each dSph’s box, as well as the
corresponding errors in metallicity. We show the derived mean
errors in metallicity versus the F814W-band magnitude in Fig. 3
for KDG 61, DDO 44, IKN and HS 117, which are chosen here
as representative examples of the three depth categories. In the
case of IKN and HS 117, which belong to the third depth cat-
egory, we show the corresponding plots for both since the re-
quirement of 0.20 dex leads to slightly different faint limits of
the RGB box. Based on these plots and on the metallicity re-
quirements, we choose 25 and 24.5 mag as faint limit for the first
and second depth category, while in the case of IKN and HS 117
we choose 24.4 and 24.6 mag, respectively. The choice of these
limits corresponds to an error in color of less than 0.02 mag for
the first depth category and less than 0.07 mag for the remaining
two depth categories. We note that the difference in the error in
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Lianou et al. (2010)

IKN
L

GC

/L
tot

⇡ 13%

• 1 GC has spectroscopic metallicity  
[Fe/H]~-2.0 (Keck/ESI, Larsen et al., 
2014.) 
Field:GC ratio about 1:1 at [Fe/H]=-2 
!

• High GC/field ratio in Fornax is not 
unique.

Field star metallicities (from photometry of RGB)



Na-O anticorrelation in old GCs
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Fig. 3 The age-MV (a proxy
for mass) distribution for
clusters in the Milky Way, the
Sgr dSph, and the Large
Magellanic Cloud (open
squares); open clusters are
indicated by open circles; filled,
red symbols indicate globular
clusters where an Na–O
anticorrelation has been found;
green crosses the three clusters
where it is not confirmed (from
Gratton et al. 2010b); open stars
are globular clusters not yet
investigated

In a few globular clusters, also internal dispersion in heavy (neutron-capture)
elements has been found, but the exact connection with multiple populations is
not understood yet. Recent examples are NGC 1851 (Yong and Grundahl 2008;
Carretta et al. 2011a), where n-capture elements variations seem to correlate with
the light elements involved in the typical globular cluster (anti)correlations (such as
Al, Na) and where also a variable C + N + O abundance is found (Yong et al. 2009),
or not found (Villanova et al. 2010); and M22 (Marino et al. 2009, 2011b), where
n-capture elements correlate with Ca and Fe.

When we talk about photometric evidence of multiple populations, apart from
ω Cen, with its spectacular multiple RGBs visible in all visual colour–magnitude di-
agrams (e.g., Lee et al. 1999; Pancino et al. 2000) or M 54 projected on the Sgr dSph
population (e.g., Siegel et al. 2007), generally only subtle effects are expected on the
RGB, difficult to disentangle from errors or differential reddening. That is, unless
the ultraviolet bands are involved, or even better if we consider the Strömgren filters.
Sbordone et al. (2011) used theoretical computations to show the effects of different
chemical compositions in the observed colour–magnitude diagrams in the Johnson
and Strömgren systems. This is naturally explained by the influence of different (bi-
modal) N abundance, since NH- and CN-bands are present in the ultraviolet and blue
filters. Broadening or splits have been observed in several cases when the Johnson U
filter was available, see e.g. NGC 1851 (Han et al. 2009), NGC 3201 (Kravtsov et al.
2010), NGC 288 (Roh et al. 2011), but curiously not in IC 4499 (Walker et al. 2011).
The effect is even stronger in the intermediate-band Strömgren photometry, which
has long been used to derive C and N abundances (see e.g., Anthony-Twarog et al.
1995 for M 22; Hilker and Richtler 2000 for ω Cen). Spreads, separations, secondary
sequences have been found for several clusters. Lee et al. (2009), using a narrow-band
filter centred on the Ca II H + K lines, claimed not only that all the eight globular

Gratton et al. (2012)



What about young clusters?

Page 12 of 49 Astron Astrophys Rev (2012) 20:50

Fig. 3 The age-MV (a proxy
for mass) distribution for
clusters in the Milky Way, the
Sgr dSph, and the Large
Magellanic Cloud (open
squares); open clusters are
indicated by open circles; filled,
red symbols indicate globular
clusters where an Na–O
anticorrelation has been found;
green crosses the three clusters
where it is not confirmed (from
Gratton et al. 2010b); open stars
are globular clusters not yet
investigated

In a few globular clusters, also internal dispersion in heavy (neutron-capture)
elements has been found, but the exact connection with multiple populations is
not understood yet. Recent examples are NGC 1851 (Yong and Grundahl 2008;
Carretta et al. 2011a), where n-capture elements variations seem to correlate with
the light elements involved in the typical globular cluster (anti)correlations (such as
Al, Na) and where also a variable C + N + O abundance is found (Yong et al. 2009),
or not found (Villanova et al. 2010); and M22 (Marino et al. 2009, 2011b), where
n-capture elements correlate with Ca and Fe.

When we talk about photometric evidence of multiple populations, apart from
ω Cen, with its spectacular multiple RGBs visible in all visual colour–magnitude di-
agrams (e.g., Lee et al. 1999; Pancino et al. 2000) or M 54 projected on the Sgr dSph
population (e.g., Siegel et al. 2007), generally only subtle effects are expected on the
RGB, difficult to disentangle from errors or differential reddening. That is, unless
the ultraviolet bands are involved, or even better if we consider the Strömgren filters.
Sbordone et al. (2011) used theoretical computations to show the effects of different
chemical compositions in the observed colour–magnitude diagrams in the Johnson
and Strömgren systems. This is naturally explained by the influence of different (bi-
modal) N abundance, since NH- and CN-bands are present in the ultraviolet and blue
filters. Broadening or splits have been observed in several cases when the Johnson U
filter was available, see e.g. NGC 1851 (Han et al. 2009), NGC 3201 (Kravtsov et al.
2010), NGC 288 (Roh et al. 2011), but curiously not in IC 4499 (Walker et al. 2011).
The effect is even stronger in the intermediate-band Strömgren photometry, which
has long been used to derive C and N abundances (see e.g., Anthony-Twarog et al.
1995 for M 22; Hilker and Richtler 2000 for ω Cen). Spreads, separations, secondary
sequences have been found for several clusters. Lee et al. (2009), using a narrow-band
filter centred on the Ca II H + K lines, claimed not only that all the eight globular
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Figure 1: ACS field of view with a blow-up showing the target of this proposal, the massive
cluster NGC 1313-A.

Figure 2: Left: HST/ACS color-magnitude diagram (CMD) of NGC 1313-A. The shaded area
indicates the approximate location of the Cepheid instability strip. Center: Simulated CMD,
assuming a single age of 50 Myr. Note that this fails to reproduce the spread in the MV

magnitudes of the supergiant stars in the observed CMD. Right: Simulated CMD, assuming an
age spread of 30 Myr.
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NGC1313-A: 

  Age ~ 50 Myr 

  Mass ~ 3×105 M⊙ 

  (Larsen et al. 2011) 

!
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Resolved photometry of YMCs
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3.2×107 yr (20%) 
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Resolved photometry: Multiple ages..?

1 Kpc

Figure 1: ACS field of view with a blow-up showing the target of this proposal, the massive
cluster NGC 1313-A.

Figure 2: Left: HST/ACS color-magnitude diagram (CMD) of NGC 1313-A. The shaded area
indicates the approximate location of the Cepheid instability strip. Center: Simulated CMD,
assuming a single age of 50 Myr. Note that this fails to reproduce the spread in the MV

magnitudes of the supergiant stars in the observed CMD. Right: Simulated CMD, assuming an
age spread of 30 Myr.
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Larsen et al. (2011), using models based 
on BPASS code (Eldridge & Stanway 2009)

.. or interacting binaries?

About 4 of 10 O stars have 
companions that may interact 
(Sana & Evans 2010)

Accretion/merging ➝ “blue 
stragglers” and more massive 
giant stars. May produce effect 
similar to age spread.
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Figure 1: ACS field of view with a blow-up showing the target of this proposal, the massive
cluster NGC 1313-A.

Figure 2: Left: HST/ACS color-magnitude diagram (CMD) of NGC 1313-A. The shaded area
indicates the approximate location of the Cepheid instability strip. Center: Simulated CMD,
assuming a single age of 50 Myr. Note that this fails to reproduce the spread in the MV

magnitudes of the supergiant stars in the observed CMD. Right: Simulated CMD, assuming an
age spread of 30 Myr.
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Fig. 10. Left panels: the division into brighter and fainter supergiant
(SG) stars. Right panels: spatial distribution of the fainter and brighter
SGs. K-S tests are generally consistent with no differences in the radial
distributions of the two populations, as indicated by the P-values in each
panel.

considerable scatter remains outside the boundaries of the strip,
so it is questionable whether this can be the whole explanation.
Observations of Cepheids might, however, shed light on possi-
ble age spreads within the clusters via the period-age relation
(Efremov 2003; Bono et al. 2005).

3.5. Binaries

Binaries are common among massive stars (e.g., Mason et al.
2009) and can affect the CMDs in various ways, see for example
the excellent discussion by Pols & Marinus (1994). Although it
is beyond the scope of this paper to model these effects in detail
we will briefly discuss them.

Unresolved multiples: the presence of an unresolved non-
interacting companion can increase the brightness by up to a

factor two, i.e. change the magnitude by up to −0.75 mag.
Although we must seriously consider the possibility that all
stars have an unresolved companion, in most cases the com-
panion will be considerably less luminous. Recent data suggest
that the distribution of mass ratios (q) is roughly flat, imply-
ing that a typical companion is only half the mass of the pri-
mary (Pinsonneault & Stanek 2006; Kobulnicky & Fryer 2007;
Kiminki et al. 2009). Given the steep dependence of the lumi-
nosity on the mass, the effect on the brightness of such a com-
panion would be less than −0.1 mag for main sequence stars, and
even less if the primary star has already evolved off the main se-
quence. If unresolved non-interacting binaries were to contribute
significantly to any spread in the luminosities of the supergiants,
this would require that a significant fraction of these binaries
have nearly identical masses so that both stars would be in the
supergiant phase at the same time.

For these clusters, where the stellar density is high, unre-
solved higher order multiple systems may be rather common.
These may either be physically bound triple or multiple systems
or multiple stars that are aligned by chance, although the latter
case is in principle taken into account by our artificial cluster ex-
periments. However, even if the light of a star is polluted with
the light of two additional equally bright stars the effect on the
magnitude is still only −1.2 mag. This is comparable but still
smaller than the size of the BHG as predicted by stellar mod-
els, which is about ∼2 mag. A shift of 2 mag is reached only
for an unresolved multiple system out of which at least 6 stars
are equally luminous. We conclude that unresolved multiple sys-
tems may contribute to differences between our observed and
modelled CMDs but can certainly not be the lone culprit.

Interacting binaries: Data from nearby open clusters suggest
about 4 out of 10 O stars have companions that are nearby
enough to interact (Sana & Evans 2010). Even though the frac-
tion of stars whose properties have been altered by binary inter-
action may not be that large, the consequences of such interac-
tions for the stellar luminosity are potentially severe due to the
steep dependence of the luminosity on mass. In the most extreme
cases, interaction can lead to a star that is twice as massive as the
turn-off mass, which would imply an increase in the bolometric
luminosity of a factor ∼15 or ∼3 mag. In practice, such cases
should be rare and a more typical shift would be on the order of
∼5×, for a star that increases its mass by about 50% as a result
of mass accretion or a merger of the original stars1. The effect
on the CMD is still uncertain as it depends on various factors:
the distribution of initial binary parameters, the amount of mass
loss during interaction or mergers and the life time after interac-
tion. In order to convert the changes in bolometric luminosity to
magnitudes and colours, the effective temperatures of the merger
products must also be known.

Binary interaction also affects the post main sequence evolu-
tion and therefore the luminosities of red and blue supergiants, as
well as their relative numbers. The presence of a nearby compan-
ion can strip the envelope from a star before it reaches giant di-
mensions, effectively reducing the number of red supergiants by
up to 40% (assuming the distribution functions of Sana & Evans
2010). In addition, the accreting star or merger resulting from bi-
nary interaction may under certain circumstances produce blue
supergiants as suggested for the progenitor of SN1987A and the
companion of SN1993J (Hillebrandt et al. 1987; Walborn et al.
1989; Maund et al. 2004). This second effect depends, among

1 Assuming that the luminosity of the star after interaction with the
mass as L ∼ M3.9.
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Conclusions

• Multiple stellar populations not only in Milky Way GCs but also in Fornax dSph 

• Important constraints on GC formation scenarios from dwarf galaxies: 
   Large fraction of metal-poor stars in GCs, little mass loss / infant mortality 

• Relation to YMCs: Unclear 


