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Introduction



★Goal? ➡ evolutionary history of E+S0
★How? ➡ GC systems



★Goal? ➡ evolutionary history of E+S0
★How? ➡ GC systems

✓discrete probes of major star 
formation episodes
✓best approximations to SSPs 
✓marginally resolved up to ≈100Mpc 
➡ alternative to integrated light studies

★Why?
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Major ✰formation episodes in the history of any large 
galaxy will be imprinted in the properties of the star cluster 

population



blue GCs
red GCs old ➡ > 10Gyrs

Brodie & Strader 06

(eg. Strader+05) 

M87, Larsen+01



blue GCs
red GCs old ➡ > 10Gyrs

Brodie & Strader 06

(eg. Strader+05) 

[Fe/H]

metal-poor metal-rich

equally old, >10Gyrs

M87, Larsen+01



Milky Way metallicity bimodality 

★Metallicity bimodality in the Milky Way ➡ Zinn 85, Bica+06



Milky Way metallicity bimodality 

★Metallicity bimodality in the Milky Way ➡ Zinn 85, Bica+06

metal poor

metal rich

★[Fe/H]∼-1.5 & -0.6
★MP halo, MR bulge (Minniti 95)



★For E/S0 GC [Fe/H] 
bimodality has been derived 
indirectly through (optical) 
colours

(g-z)➡[Fe/H]

blue red



★For E/S0 GC [Fe/H] 
bimodality has been derived 
indirectly through (optical) 
colours

(g-z)➡[Fe/H]

blue red

★GCs in closest E’s are too 
faint for the current 
spectroscopic capabilities ➡ 
biased samples



(g-z)➡[Fe/H]

blue red

(Fe/H) distribution function 
of halo ✰s in E galaxies

???

GC colour bimodality 
and galaxy formation



Scenarios

★Mergers of spirals 
(Ashman & Zepf 1992)

✓GCs ➡  merger event
✓GCs ➡ disc galaxies



Scenarios

★Mergers of spirals 
(Ashman & Zepf 1992)

✓GCs ➡  merger event
✓GCs ➡ disc galaxies

★Multi-phase collapse
(Forbes, Brodie & Grillmair 1997) GCs ➡ in situ ➡ truncation ➡ GCs

★Accretion 
(Côté, Markze & West 1998)

✓GCs ➡  in situ
✓GCs ➡ dwarf galaxies accreted on to the 
ellipticals

★Hierarchical merging
(Beasley+02, Strader+05, Rhode+05) GC formation truncation at z∼5



Scenarios

★Mergers of spirals 
(Ashman & Zepf 1992)

✓GCs ➡  merger event
✓GCs ➡ disc galaxies

★Multi-phase collapse
(Forbes, Brodie & Grillmair 1997) GCs ➡ in situ ➡ truncation ➡ GCs

★Accretion 
(Côté, Markze & West 1998)

✓GCs ➡  in situ
✓GCs ➡ dwarf galaxies accreted on to the 
ellipticals

★Hierarchical merging
(Beasley+02, Strader+05, Rhode+05) GC formation truncation at z∼5

bimodality is not a natural outcome; 
scenarios do not account for the all 

the data



Scenarios
★Muratov & Gnedin 10 ➡ [Fe/H] bimodality is a natural outcome of 
the hierarchical theory of galaxy formation in some, bot not all range 
of model realizations

✓GCs ➡ only through major mergers
✓GCs ➡ minor mergers



GC obs. properties



★GC peak metallicity vs. galaxy luminosity 
e.g. Brodie & Strader 06



★GC peak metallicity vs. galaxy luminosity 

★Color (metallicities) of both red 
and blue GC peaks correlate 
with galaxy luminosity

e.g. Brodie & Strader 06



★GC peak metallicity vs. galaxy luminosity 

★Color (metallicities) of both red 
and blue GC peaks correlate 
with galaxy luminosity

★dwarf galaxies MP GCs are 
more metal poor than the MP 
GCs of more massive galaxies

e.g. Brodie & Strader 06



★Number of GCs normalised per host galaxy 
luminosity Mv=-15 (SN) vs. MV (Peng+08)

SN=NGC x100.4(Mv+15)



★Number of GCs normalised per host galaxy 
luminosity Mv=-15 (SN) vs. MV (Peng+08)

SN=NGC x100.4(Mv+15)

★SN can be high in both 
giants and dwarfs ➡ but is low 
in intermediate luminosity 
galaxies

★no clear distinction between 
blue and red clusters



★Blue-Tilt or mass-metallicity relation for NGC3311 
(Wehner+08)



★Blue-Tilt or mass-metallicity relation for NGC3311 
(Wehner+08)

★Blue GCs of certain Es have 
redder colours at brighter 
magnitudes 

★self-enrichment (e.g. Bailin 
& Harris 2009)
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Figure 6. Surface density profiles of the GCs brighter than the turnover magnitude. Blue and red GC subpopulations are shown as blue and red filled points
(if from Subaru imaging) and blue and red open circles (if from HST imaging) respectively. Sérsic fits or alternatively power-law fits to blue and red GC
subpopulations are shown as blue and red lines respectively. For NGC 7457, the surface density and the fit to all GCs are shown as black points and black
line respectively. Both the data points and the fits are background subtracted according to eq. 1. Also shown as dashed lines are the scaled and arbitrarily
offset stellar surface brightness profiles obtained from Subaru imaging as described in §3.2 . For completeness, we also show the surface density profiles from
Blom et al. (2011) for NGC 4365 and from Hargis et al. (2011) for NGC 7457, respectively.

we fit a variation of the Sérsic profile from Graham et al. (2005) in
order to quantify the background level:

N(r) = Neexp

(

−bn

[

(

R
Reff

)1/n

− 1

])

+ bg (1)

where bn = 1.9992n − 0.3271, n is the Sérsic index, Reff is
the effective radius of the GC system, Ne is the surface density
at that radius and bg is the background contamination level. In case

a Sérsic fit was not feasible due to small numbers we fit a power-
law, i.e. N(r) ∝ rα that has been also used for similar analy-
ses (Spitler et al. 2008). In Figure 6 the background subtracted GC
surface density profiles for our galaxies are shown. As found in
other galaxies, the red GCs are more centrally concentrated than the
blue GCs (e.g., Geisler et al. 1996; Bassino et al. 2006; Faifer et al.
2011; Strader et al. 2011).

We also compare the GC surface density to the galaxy surface

c© 2012 RAS, MNRAS 000, 1–??

★Wide Field Imaging
✓Pota+2012

✓surface density 
distribution
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Figure 11 – continued
c© 2012 RAS, MNRAS 000, 1–??

✓Pota+2012



Challenges in dermining ages & [Fe/H] of 
GCSs



★≈2-8Gyrs GCs in “old” ellipticals (>10Gyrs) 
★NGC 4365 and NGC 5846

M. Hempel et al.: Extragalactic globular clusters in the near infrared. III. 491

Fig. 2. V vs. (V � K) colour-magnitude diagram for NGC 5846. The top sub-panel shows the colour distribution of all (open histogram) and

selected (hashed histogram) objects. The solid line marks the probability density distribution together with its 1� uncertainty (dotted line). The
lower sub-panel shows the CMD. Here the filled symbols mark the selected clusters while open circles indicate rejected objects (see Sect. 2.3).

Since the photometric errors are dominated by the K-band, only the (V �K) errors are shown. The dashed line marks the limiting magnitude in
the K-band (K = 21.5 mag).

Fig. 3. (V � I) vs. (V � K) colour-colour diagram for NGC 5846. All data are corrected for Galactic foreground reddening. The reddening

vector is marked by the arrow. As example the 15 Gyr and 2 Gyr isochrones (Bruzual & Charlot 2000) are marked by a solid and dashed line,

respectively. As for NGC 4365 (Puzia et al. 2002) we find a second population of objects which are red in (V � K) but intermediate in (V � I)
with (V � I) ⇥ [1.0, 1.2], and thus are clearly not compatible with old SSPs.

★Hempel+03 

15Gyr

2Gyr

2 2.5 3.5 4
(V-K)

3.0

0.6

(V-I)
1.0
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NGC 5846

“Ages problem”



★≈2-8Gyrs GCs in “old” ellipticals (>10Gyrs) 
★NGC 4365 and NGC 5846

M. Hempel et al.: Extragalactic globular clusters in the near infrared. III. 491

Fig. 2. V vs. (V � K) colour-magnitude diagram for NGC 5846. The top sub-panel shows the colour distribution of all (open histogram) and

selected (hashed histogram) objects. The solid line marks the probability density distribution together with its 1� uncertainty (dotted line). The
lower sub-panel shows the CMD. Here the filled symbols mark the selected clusters while open circles indicate rejected objects (see Sect. 2.3).

Since the photometric errors are dominated by the K-band, only the (V �K) errors are shown. The dashed line marks the limiting magnitude in
the K-band (K = 21.5 mag).

Fig. 3. (V � I) vs. (V � K) colour-colour diagram for NGC 5846. All data are corrected for Galactic foreground reddening. The reddening

vector is marked by the arrow. As example the 15 Gyr and 2 Gyr isochrones (Bruzual & Charlot 2000) are marked by a solid and dashed line,

respectively. As for NGC 4365 (Puzia et al. 2002) we find a second population of objects which are red in (V � K) but intermediate in (V � I)
with (V � I) ⇥ [1.0, 1.2], and thus are clearly not compatible with old SSPs.

★Hempel+03 

15Gyr

2Gyr

2 2.5 3.5 4
(V-K)

3.0

0.6

(V-I)
1.0

0.8

1.2

1.4

1.8

NGC 5846

★ Intermediate ages?

“Ages problem”



★Yoon, Yi, Lee 06 ➡ YEPS, metallicity bimodality is 
artifact of HB morphologies 

•GCs: MW+ M49+M87
~ YEPS CMR 13Gyr SSP WITH HB
-- BC03 CMR 13 Gyr SSP WITHOUT 
HB

★BHB to RHB ➡ Wavy feature in the CMR

“Metallicity bimodality problem”



★Yoon, Yi, Lee 06

★YEPS models ➡ 
systematic variation in 
the mean colour of 
HB stars as a function 
of [Fe/H]



★Yoon+ Scenario 

[Fe/H] (g-z)



Data

★GCS of 14 galaxies ➡ sub-sample of SAURON (de 
Zeeuw+02) 
★(m-M)<32 (≈25Mpc)
★MB<-19

optical/NIR survey of 

GCs in early-type 

galaxies Chies-Santos+ 

2011a,b 2012a



Data

★GCS of 14 galaxies ➡ sub-sample of SAURON (de 
Zeeuw+02) 
★(m-M)<32 (≈25Mpc)
★MB<-19

★NIR ➡ LIRIS/WHT (FOV=4.2’x4.2’) ➡ Ks-band 
(2.2μm)
✓3 runs (07, 08, 09)
★Optical ➡ Archival ACS/HST (FOV= 3.4’x3.4’) ➡ 
g(4750Å), z(8400Å) bands 

optical/NIR survey of 

GCs in early-type 

galaxies Chies-Santos+ 

2011a,b 2012a



Data

★Large number of galaxies

★Homogeneous 

★Deep K-band imaging (≈3.4 hrs) 

★Aided by HST/ACS ➡ decontamination



Data

★Large number of galaxies

★Homogeneous 

★Deep K-band imaging (≈3.4 hrs) 

★Aided by HST/ACS ➡ decontamination

★Standard selection criteria



Data

★Large number of galaxies

★Homogeneous 

★Deep K-band imaging (≈3.4 hrs) 

★Aided by HST/ACS ➡ decontamination

★Standard selection criteria ✓ limiting mag 
K≈20-21
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★optical/NIR 
survey of GCs 
in early-type 
galaxies

✓Chies-Santos+ 
2011a,b 2012a



SPoT

YEPS

N4486
N4649
mean

M05
Padova

✓Chies-Santos+2012a



✓Chies-Santos+2012a



(g-z) (g-K) (z-K)
✓Chies-Santos+2012a



(g-z) (g-K) (z-K)

★Yoon+06 effect? ➡ (g-K) and (z-K) ➡ less affected by the HB

✓Chies-Santos+2012a



SPoT
YEPS

✓Chies-Santos+2012a



¿ bimodality ? - HB effect - Yoon+06?

★check if bimodality could be blurred in (g-k) ➡ (z-k) 
due to K-band errors which are non-negligible

★Simulations ➡ bimodal (g-z) ➡ transforming linearly 
(g-z) ➡ (g-K) and   (z-K) ➡ +++ randomly realistic 
magnitude dependant scatter (2 X that of PHOT)



P ➡ 0 ➡ more likely bimodal 
distribution (KMM & GMM)

(g-z)

(g-K)

(z-K)

✓Chies-Santos+2012a



P ➡ 0 ➡ more likely bimodal 
distribution (KMM & GMM)

(g-z)

(g-K)

(z-K)

✓Chies-Santos+2012a



(g-z) (g-K) (z-K)

P=0

P=0.02 P=0.17P=0

P=0.93 P=0.12



(g-z) (g-K) (z-K)

P=0

P=0.02 P=0.17P=0

P=0.93 P=0.12[Fe/H]

[Fe/H]
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★bimodality does not get blurred due to K-band scatter!!! 
at least not in the GC-rich galaxies...
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★bimodality does not get blurred due to K-band scatter!!! 
at least not in the GC-rich galaxies...

BUT
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★Simulations ➡ transforming (g-z) ➡ (g-K) and (z-K) ➡ ++
+ randomly to the transformed distribution the residuals 
from the transformation relation
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★bimodality is blurred due to this scatter in the 2-colour 
diagrams for over half the cases



★colour bimodality does get less pronounced in optical/
NIR colours 

★Formally K-band errors are not responsible for blurring 
bimodality in the red colours BUT (instrinsic?) scatter in 2-
colour diagrams

★need better K data

★metallicity bimodality is NOT universal  

Summary “bimodality”

✓(g-K) N4486
  x (g-K) N4649

✓HAWK-I
✓Flamingos-2



★Blakeslee+12 ➡ GC colour distribution NGC1399       
(ACS+WFC3)



★Blakeslee+12 ➡ GC colour distribution NGC1399       
(ACS+WFC3)



Globular Cluster Metallicity Bimodality 3

Fig. 1.— CaT index measurements versus (g−i)0. The solid and
dotted histograms are the spectroscopic (71 GCs) and the entire,
background decontaminated, photometric (253 candidates) sam-
ples respectively. The overall color distribution is well-represented
by the spectroscopic sample. Overplotted on the histograms are
the best-fit Gaussians from a standard mixture-modeling analysis.
Bimodality is preferred over unimodality at the > 99.9% and 99.8%
levels for the color and CaT index distributions respectively.

Fig. 2.— CaT index versus metallicity based on the 13 Gyr SSP
models of Conroy et al. (2009); Conroy & Gunn (2010). Dotted
line/star symbols are a model with an extreme blue HB at all
metallicities and no α-enhancement. Solid line/filled circles rep-
resents a purely red HB population, again with solar [α/Fe]. The
dashed line/square symbols have [α/Fe]=0.3. Although blue HB
stars do influence the Paschen lines, their effect on the CaT index
is negligible. Our CaT measurements are insensitive to [α/Fe].

is approximately linear and permits excellent metallicity
discrimination over essentially the full range of observed
GC metallicities (the models span −2.0 <[Z/H]< 0.0).
Figure 3 is a plot of [Z/H], derived from CaT mea-

surements using the CaT–[Z/H] relation of Usher et al.
(2012), against (g−i)0 color. Usher et al. compared data
and SSP models for a large number of galaxies’ GC sys-
tems and defined a robust linear relation between CaT
and [Z/H]. A GMM analysis finds the [Z/H] distribu-

Fig. 3.— GC color–metallicity relation. Metallicities are derived
from our CaT measurement for 71 GCs, using the CaT–[Z/H] rela-
tion of Usher et al. (2012). The dashed line is the color–metallicity
model relation of Yoon et al. (2011b) and the solid line is a two–
component, best-fit linear color–metallicity relation that provides
a better representation of the data.

tion of the NGC 3115 GCs to be bimodal at the 99.8%
confidence level. Overplotted are the Yoon et al. (2011b)
color–metallicity relation and a two–component linear fit
to the NGC 3115 data. The broken linear fit provides a
better representation of the data. A similar result was
found for M31 GCs, where Peacock et al. (2011) used
ugriz optical photometry and spectroscopic metallicities
and found color–metallicity relations that are all approx-
imately linear, without the sharp inflections predicted by
the Yoon et al. (2011b) models.
Figure 4 presents a comparison of the MDF derived

from the CaT index with MDFs obtained by applying the
Yoon et al. (2011b) model, and the Usher et al. (2012)
empirical color–[Z/H] relation (their equation 10), to the
observed (g − i)0 colors. While the Yoon et al. color–
[Z/H] relation appears to provide an acceptable (al-
though not optimal) fit to the [Z/H] data in Figure 3,
it produces an MDF that is single-peaked with an ex-
tended metal-poor tail. This differs dramatically from
the bimodal MDFs derived spectroscopically and from
the Usher et al. (2012) relation.

4. DISCUSSION

Here we assess the cumulative evidence for and against
GC metallicity bimodality and briefly discuss the rele-
vance of GC metallicity subpopulations in unraveling the
assembly histories of galaxies.

4.1. Optical Spectroscopy

Apart from the obvious example of our own Milky
Way, where metallicity bimodality is irrefutable, there
are several galaxies for which a reasonably large sam-
ple of GC metallicities have been measured directly from
their spectra. M49 (NGC 4472), the brightest galaxy in
the Virgo cluster, was studied by Strader et al. (2007)
who used the Keck/LRIS spectroscopy of Cohen et al.

Globular Cluster Metallicity Bimodality 3
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dashed line/square symbols have [α/Fe]=0.3. Although blue HB
stars do influence the Paschen lines, their effect on the CaT index
is negligible. Our CaT measurements are insensitive to [α/Fe].

is approximately linear and permits excellent metallicity
discrimination over essentially the full range of observed
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Figure 3 is a plot of [Z/H], derived from CaT mea-
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it produces an MDF that is single-peaked with an ex-
tended metal-poor tail. This differs dramatically from
the bimodal MDFs derived spectroscopically and from
the Usher et al. (2012) relation.

4. DISCUSSION

Here we assess the cumulative evidence for and against
GC metallicity bimodality and briefly discuss the rele-
vance of GC metallicity subpopulations in unraveling the
assembly histories of galaxies.

4.1. Optical Spectroscopy

Apart from the obvious example of our own Milky
Way, where metallicity bimodality is irrefutable, there
are several galaxies for which a reasonably large sam-
ple of GC metallicities have been measured directly from
their spectra. M49 (NGC 4472), the brightest galaxy in
the Virgo cluster, was studied by Strader et al. (2007)
who used the Keck/LRIS spectroscopy of Cohen et al.

Globular Cluster Metallicity Bimodality 3

Fig. 1.— CaT index measurements versus (g−i)0. The solid and
dotted histograms are the spectroscopic (71 GCs) and the entire,
background decontaminated, photometric (253 candidates) sam-
ples respectively. The overall color distribution is well-represented
by the spectroscopic sample. Overplotted on the histograms are
the best-fit Gaussians from a standard mixture-modeling analysis.
Bimodality is preferred over unimodality at the > 99.9% and 99.8%
levels for the color and CaT index distributions respectively.

Fig. 2.— CaT index versus metallicity based on the 13 Gyr SSP
models of Conroy et al. (2009); Conroy & Gunn (2010). Dotted
line/star symbols are a model with an extreme blue HB at all
metallicities and no α-enhancement. Solid line/filled circles rep-
resents a purely red HB population, again with solar [α/Fe]. The
dashed line/square symbols have [α/Fe]=0.3. Although blue HB
stars do influence the Paschen lines, their effect on the CaT index
is negligible. Our CaT measurements are insensitive to [α/Fe].

is approximately linear and permits excellent metallicity
discrimination over essentially the full range of observed
GC metallicities (the models span −2.0 <[Z/H]< 0.0).
Figure 3 is a plot of [Z/H], derived from CaT mea-

surements using the CaT–[Z/H] relation of Usher et al.
(2012), against (g−i)0 color. Usher et al. compared data
and SSP models for a large number of galaxies’ GC sys-
tems and defined a robust linear relation between CaT
and [Z/H]. A GMM analysis finds the [Z/H] distribu-

Fig. 3.— GC color–metallicity relation. Metallicities are derived
from our CaT measurement for 71 GCs, using the CaT–[Z/H] rela-
tion of Usher et al. (2012). The dashed line is the color–metallicity
model relation of Yoon et al. (2011b) and the solid line is a two–
component, best-fit linear color–metallicity relation that provides
a better representation of the data.

tion of the NGC 3115 GCs to be bimodal at the 99.8%
confidence level. Overplotted are the Yoon et al. (2011b)
color–metallicity relation and a two–component linear fit
to the NGC 3115 data. The broken linear fit provides a
better representation of the data. A similar result was
found for M31 GCs, where Peacock et al. (2011) used
ugriz optical photometry and spectroscopic metallicities
and found color–metallicity relations that are all approx-
imately linear, without the sharp inflections predicted by
the Yoon et al. (2011b) models.
Figure 4 presents a comparison of the MDF derived

from the CaT index with MDFs obtained by applying the
Yoon et al. (2011b) model, and the Usher et al. (2012)
empirical color–[Z/H] relation (their equation 10), to the
observed (g − i)0 colors. While the Yoon et al. color–
[Z/H] relation appears to provide an acceptable (al-
though not optimal) fit to the [Z/H] data in Figure 3,
it produces an MDF that is single-peaked with an ex-
tended metal-poor tail. This differs dramatically from
the bimodal MDFs derived spectroscopically and from
the Usher et al. (2012) relation.

4. DISCUSSION

Here we assess the cumulative evidence for and against
GC metallicity bimodality and briefly discuss the rele-
vance of GC metallicity subpopulations in unraveling the
assembly histories of galaxies.

4.1. Optical Spectroscopy

Apart from the obvious example of our own Milky
Way, where metallicity bimodality is irrefutable, there
are several galaxies for which a reasonably large sam-
ple of GC metallicities have been measured directly from
their spectra. M49 (NGC 4472), the brightest galaxy in
the Virgo cluster, was studied by Strader et al. (2007)
who used the Keck/LRIS spectroscopy of Cohen et al.

4 Brodie et al.

Fig. 4.— GC metallicity distribution functions. The solid line is
the MDF derived from CaT measurements. It is bimodal at the
99.8% confidence level. The dashed and dotted lines are obtained
from (g − i)0 colors using the Yoon et al. (2011b) model color–
[Z/H] relation, and the Usher et al. (2012) empirical color–[Z/H]
relation respectively.

(2003) to estimate metallicities from Lick indices for 47
of its GCs. The resulting MDF was shown to be bi-
modal, and the locations of the red and blue peaks were
shown to be consistent with expectations based on the
GC metallicity–host galaxy mass relation (Strader et al.
2006; Peng et al. 2006).
More recently, Alves-Brito et al. (2011) used 112 high

quality Keck/DEIMOS spectra of confirmed GCs in
the Sombrero galaxy (NGC 4594) to measure metallic-
ities via the Brodie & Huchra (1990) method. Again,
the MDF is clearly bimodal (KMM probability >90%).
Moreover, they find evidence for a linear transformation
between metallicity and (B −R) color.
The main weakness of the NGC 4472 work is the small

sample size, especially as a fraction of the total GC sys-
tem, and that only the bright end of the luminosity func-
tion is sampled. While the sample in NGC 4594 is larger,
the spectra are generally of lesser signal-to-noise than
those of the 71 selected objects in NGC 3115. More crit-
ically, the NGC 3115 system is the definitive litmus test
of metallicity bimodality because its color bimodality is
much clearer than in either NGC 4472 or NGC 4594.
NGC 5128 (Cen A) is another galaxy with a well-

studied GC system. Woodley et al. (2010) found
bi/multimodality in the spectroscopically derived metal-
licities and colors of the old GCs in their sample. How-
ever, NGC 5128 is known to be the remnant of a recent
merger and has a population of relatively young GCs,
presumed to have formed in that merger (Beasley et al.
2008). Although this galaxy is GC-rich and nearby, its
complexity and special, post-merger status make it far
from ideal as a bimodality benchmark.
Two well-studied GC-populous galaxies, M31

(Caldwell et al. 2011) and M87 (Cohen et al. 1998),
have spectroscopic metallicity distributions that are
not clearly bimodal, and for these the issue is not with
sample size or signal-to-noise. Neither of these galaxies
would fit our criterion for clear color bimodality. The
peaks of the color distributions are poorly separated and
the kurtoses are positive (M31: DD = 1.47, k = 0.23;
M87: DD = 1.30, k = 0.19). Therefore, the lack of
metallicity bimodality is to be expected. Moreover, only

GCs significantly brighter than the mean were included
in the Cohen et al. study. Interestingly though, in M87,
Strader et al. (2011) found evidence from subsample
kinematics and colors that multiple, old populations
may be present, perhaps as a result of ongoing accretion
of infalling satellite galaxies hosting GC systems with
a range of masses and hence colors and metallicities.
In general, the extended formation histories of central
cluster galaxies like M87 may be expected to produce
more complex GC systems, especially when studied in
detail. M31 is also actively accreting satellite galaxies
and their associated GCs (Mackey et al. 2010), although
it is not clear whether this recent accretion history is
typical of or unusual for massive disk galaxies.
An important point in the context of this work is that

spectroscopically inferred MDFs, whether unimodal or
multimodal, do not appear to be well-reproduced by ap-
plication of the Yoon et al. models. For example, in M31,
using the photometry of Peacock et al. (2010) and the
spectroscopic metallicities of Caldwell et al. (2011), we
find that the KS test gives a probability of 4 ×10−8 that
the metallicities predicted by the Yoon et al. models
are drawn from the same distribution as as the spectro-
scopic metallicities. A generic result from the Yoon et
al. models is that they produce a single skewed metal-
licity distribution with a broad peak, steeply declining
at the metal-rich end and with a long tail to metal-
poor clusters. Usher et al. (2012) show that the observed
[Z/H] GC distributions for 11 early-type galaxies are not
as skewed or peaky as the Yoon et al. models would pre-
dict.

4.2. Near Infrared Colors

Near-infrared colors, primarily reflecting the temper-
atures of stars on the red giant branch, should be less
sensitive to the distribution of stars on the HB. Thus a
unimodal metallicity distribution should map into a uni-
modal near-infrared color distribution, and the detection
of bimodality in a near-infrared color distribution would
strongly imply an underlying bimodal metallicity distri-
bution. Chies-Santos et al. (2012) argued that K-band
photometry is key to a clean discrimination of metallic-
ity, but their detailed modeling of photometric scatter
showed how difficult it is to obtain the sample size and
data quality needed to reveal the effect. The difficulty is
underscored in M87, where Kundu & Zepf (2007) found
clear GC color bimodality in I −H , based on NICMOS
observations, while Chies-Santos et al. (2012) failed to
find the effect in g −K with a larger sample.
Although NGC 1399 shows significant GC bimodal-

ity in optical colors, Blakeslee et al. (2012) found it
to be unimodal in I − H . A worry is that their in-
ferred MDF does not seem to be consistent with re-
sults from the actual spectroscopic MDFs of other galax-
ies, as these consistently have much more significant
metal-poor subpopulations than the MDFs produced
from photometry using nonlinear color–metallicity re-
lations. Spectroscopically-derived metallicities are ur-
gently needed for NGC 1399 GC system. Chies-Santos
et al. found that the g − K color distribution of NGC
4649 (M60) is best described by a bimodal distribution
(KMM probability >95%), consistent with metallicity
bimodality in this galaxy’s GC system. Using Spitzer
observations, Spitler et al. (2008) also found bimodal
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for 21 GCs in NGC 4365 and Chomiuk et al. (2008) for 13 GCs
in NGC 7457. All these studies derived metallicities in the same
manner using χ2 minimization of Lick indices with the SSP models
of Thomas, Maraston & Bender (2003) and Thomas, Maraston &
Korn (2004) (both hereafter TMB03+TMK04). We removed object
25a from Kuntschner et al. (2002) as its colour is much bluer than

the other GCs and its radial velocity is low enough to be a galactic
star. For these four galaxies we used our own GC photometry.

For M31 we used the metallicities from Caldwell et al. (2011)
who used an empirical relationship to derive the metallicities from
the strength of Fe Lick indices. Since the Caldwell et al. (2011)
metallicities are on the Carretta & Gratton (1997) scale, equation (2)
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Figure 1. Colour–magnitude and metallicity–magnitude diagrams for each galaxy. For each galaxy the upper left-hand plot is a colour–magnitude diagram,
the upper right-hand plot is a CaT metallicity–magnitude diagram, the lower left-hand plot is a normalized colour histogram and the lower right-hand plot is a
normalized metallicity histogram. Black filled circles and solid lines are GCs with CaT metallicities; red small points and dotted lines are GC candidates. In
the metallicity–magnitude diagrams the centres of the points are colour coded blue or red depending on the photometric colour split. Blue GCs are metal poor;
red GCs are metal rich. Median colour and metallicity error bars are plotted to the left and right. The horizontal dashed lines show Mi = −8.4, the turnover
magnitude from Villegas et al. (2010), and Mi = −11, comparable to ω Cen’s absolute magnitude (Mi = −11.25; Harris 1996) which corresponds to a mass
of ∼1 × 106 M$. On the colour–magnitude diagrams the vertical dashed line is the colour split between red and blue subpopulations from Table 1. On the
metallicity–magnitude diagrams the vertical dashed line is colour split transformed into metallicity using equation (10). Note that the metallicities of blue GCs
remain on the metal-poor side of colour division and vice versa.
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for 21 GCs in NGC 4365 and Chomiuk et al. (2008) for 13 GCs
in NGC 7457. All these studies derived metallicities in the same
manner using χ2 minimization of Lick indices with the SSP models
of Thomas, Maraston & Bender (2003) and Thomas, Maraston &
Korn (2004) (both hereafter TMB03+TMK04). We removed object
25a from Kuntschner et al. (2002) as its colour is much bluer than

the other GCs and its radial velocity is low enough to be a galactic
star. For these four galaxies we used our own GC photometry.

For M31 we used the metallicities from Caldwell et al. (2011)
who used an empirical relationship to derive the metallicities from
the strength of Fe Lick indices. Since the Caldwell et al. (2011)
metallicities are on the Carretta & Gratton (1997) scale, equation (2)
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Figure 1. Colour–magnitude and metallicity–magnitude diagrams for each galaxy. For each galaxy the upper left-hand plot is a colour–magnitude diagram,
the upper right-hand plot is a CaT metallicity–magnitude diagram, the lower left-hand plot is a normalized colour histogram and the lower right-hand plot is a
normalized metallicity histogram. Black filled circles and solid lines are GCs with CaT metallicities; red small points and dotted lines are GC candidates. In
the metallicity–magnitude diagrams the centres of the points are colour coded blue or red depending on the photometric colour split. Blue GCs are metal poor;
red GCs are metal rich. Median colour and metallicity error bars are plotted to the left and right. The horizontal dashed lines show Mi = −8.4, the turnover
magnitude from Villegas et al. (2010), and Mi = −11, comparable to ω Cen’s absolute magnitude (Mi = −11.25; Harris 1996) which corresponds to a mass
of ∼1 × 106 M$. On the colour–magnitude diagrams the vertical dashed line is the colour split between red and blue subpopulations from Table 1. On the
metallicity–magnitude diagrams the vertical dashed line is colour split transformed into metallicity using equation (10). Note that the metallicities of blue GCs
remain on the metal-poor side of colour division and vice versa.
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Figure 1. Colour–magnitude and metallicity–magnitude diagrams for each galaxy. For each galaxy the upper left-hand plot is a colour–magnitude diagram,
the upper right-hand plot is a CaT metallicity–magnitude diagram, the lower left-hand plot is a normalized colour histogram and the lower right-hand plot is a
normalized metallicity histogram. Black filled circles and solid lines are GCs with CaT metallicities; red small points and dotted lines are GC candidates. In
the metallicity–magnitude diagrams the centres of the points are colour coded blue or red depending on the photometric colour split. Blue GCs are metal poor;
red GCs are metal rich. Median colour and metallicity error bars are plotted to the left and right. The horizontal dashed lines show Mi = −8.4, the turnover
magnitude from Villegas et al. (2010), and Mi = −11, comparable to ω Cen’s absolute magnitude (Mi = −11.25; Harris 1996) which corresponds to a mass
of ∼1 × 106 M$. On the colour–magnitude diagrams the vertical dashed line is the colour split between red and blue subpopulations from Table 1. On the
metallicity–magnitude diagrams the vertical dashed line is colour split transformed into metallicity using equation (10). Note that the metallicities of blue GCs
remain on the metal-poor side of colour division and vice versa.
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Figure 1 – continued

for 21 GCs in NGC 4365 and Chomiuk et al. (2008) for 13 GCs
in NGC 7457. All these studies derived metallicities in the same
manner using χ2 minimization of Lick indices with the SSP models
of Thomas, Maraston & Bender (2003) and Thomas, Maraston &
Korn (2004) (both hereafter TMB03+TMK04). We removed object
25a from Kuntschner et al. (2002) as its colour is much bluer than

the other GCs and its radial velocity is low enough to be a galactic
star. For these four galaxies we used our own GC photometry.

For M31 we used the metallicities from Caldwell et al. (2011)
who used an empirical relationship to derive the metallicities from
the strength of Fe Lick indices. Since the Caldwell et al. (2011)
metallicities are on the Carretta & Gratton (1997) scale, equation (2)
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★Metallicity bimodality is NOT universal!

Conclusions “bimodality"

[Fe/H][Fe/H]

★Milky Way (Zinn 85)
★Sombrero (Alves-Brito+11)
★N3115 (Brodie+12)
★M60?

★N1399 (Blakeslee+12)
★M87?
★N1407 (Foster+10a)
★M31 (Caldwell+11)
★CenA (e.g. Woodley10)

★Fits much better with the hierarchical merging paradigm

“ “



★≈2-8Gyrs GCs in “old” ellipticals (>10Gyrs) 
★NGC 4365 and NGC 5846

M. Hempel et al.: Extragalactic globular clusters in the near infrared. III. 491

Fig. 2. V vs. (V � K) colour-magnitude diagram for NGC 5846. The top sub-panel shows the colour distribution of all (open histogram) and

selected (hashed histogram) objects. The solid line marks the probability density distribution together with its 1� uncertainty (dotted line). The
lower sub-panel shows the CMD. Here the filled symbols mark the selected clusters while open circles indicate rejected objects (see Sect. 2.3).

Since the photometric errors are dominated by the K-band, only the (V �K) errors are shown. The dashed line marks the limiting magnitude in
the K-band (K = 21.5 mag).

Fig. 3. (V � I) vs. (V � K) colour-colour diagram for NGC 5846. All data are corrected for Galactic foreground reddening. The reddening

vector is marked by the arrow. As example the 15 Gyr and 2 Gyr isochrones (Bruzual & Charlot 2000) are marked by a solid and dashed line,

respectively. As for NGC 4365 (Puzia et al. 2002) we find a second population of objects which are red in (V � K) but intermediate in (V � I)
with (V � I) ⇥ [1.0, 1.2], and thus are clearly not compatible with old SSPs.

★Hempel+03 
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★ Intermediate ages?

“Age Problem”
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and its problems   
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intermediate ages!
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Differential Comparison    

➡ relative ages



The method

★GC spectra of NGC 4486 GCs Cohen+98 ≈13 Gyrs
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A. L. Chies-Santos et al.: Age distributions of GCs in early-type galaxies. II.

Fig. 5. (g − K) vs. (g − z) for the joint GC systems of NGC 4486 and
NGC 4649. The weighted best fit for the whole sample, given by Eq. (1)
is over plotted in green. The best fit lines for the blue and red sub-
populations, given by (2) and (3) are shown in blue and red respectively.

now turn to a purely differential comparison, independent of any
SSP models.

Through spectroscopy, the median age distribution of the
GC system of NGC 4486 is reported to be 13 Gyr with a dis-
persion of 2 Gyr (Cohen et al. 1998). The GCs of NGC 4649 are
distributed in a similar way in the (g−K) vs. (g−z) plane to those
of NGC 4486. Since these two GC systems are both thought to
be old and have high numbers of GCs (167 and 301 clusters re-
spectively) we take them as the fiducial old systems. We fit linear
relations to the data in the (g−K) vs. (g−z) plane. These fits give
more weight to the objects with smaller observational errors in
both the abscissa and the ordinate.

In Fig. 5 this best-fit relation given by Eq. (1) is shown. In
the same plot, the best fit for the blue and red sub-populations
are also shown. These are given by Eqs. (2) and (3) respectively.
Eq. (2) is valid for (g − z) < 1.187 and Eq. (3) for (g − z) >
1.187. One possible reason for the apparent discontinuity of the
(g − z) vs. (g − K) relations of the blue and red GCs is that the
horizontal branch morphology is expected to change abruptly
at intermediate colours-metallicities, as discussed in Sect. 4.2.
A separation into blue and red best fit lines is taking this into
account.

(g − z) = 0.465 ∗ (g − K) − 0.349 (1)

(g − z)b = 0.260 ∗ (g − K)b + 0.232 (2)

(g − z)r = 0.340 ∗ (g − K)r + 0.140. (3)

In Fig. 6 the best fit lines (1), (2) and (3) in the (g−K) vs. (g− z)
plane for the joint GC systems of NGC 4486 and NGC 4649
are over plotted for the different galaxies. Also plotted are the
median colours for the blue and red sub-populations of the re-
spective galaxies. This plot shows qualitatively how much and
in what direction the mean of the sub-populations deviates from
the lines in Fig. 5. For instance, the median of the blue and red
populations of some GC systems, such as NGC 4406, deviate
significantly to the right of the green line.

In the following, we introduce a new method to derive
relative ages of GC systems with the purpose of quantifying
the magnitude and direction of the deviation of a GC from
Eqs. (1)−(3). In Sect. 3.1 we showed that relative to the
SSP models, a younger cluster falls on the lower right of the
(g− K) vs. (g− z) plane while an older cluster falls on the upper

Fig. 6. Same as Fig. 1 but with the Padova08 SSPs replaced with the
best fit relations given by Eqs. (1)−(3) shown in Fig. 5 over plotted.

left of this diagram. By considering the green line as an SSP, with
metallicities increasing from the lower left to the upper right, one
can make statements about relative ages of GCs with respect to
this line. We define δ, δblue and δred as the projected distances of
a GC from relations (1)−(3) respectively. These, are given by:

δ =
0.465 ∗ (g − K) − (g − z) − 0.349√

0.4652 + 1
(4)

A20, page 5 of 14
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SSP models.

Through spectroscopy, the median age distribution of the
GC system of NGC 4486 is reported to be 13 Gyr with a dis-
persion of 2 Gyr (Cohen et al. 1998). The GCs of NGC 4649 are
distributed in a similar way in the (g−K) vs. (g−z) plane to those
of NGC 4486. Since these two GC systems are both thought to
be old and have high numbers of GCs (167 and 301 clusters re-
spectively) we take them as the fiducial old systems. We fit linear
relations to the data in the (g−K) vs. (g−z) plane. These fits give
more weight to the objects with smaller observational errors in
both the abscissa and the ordinate.

In Fig. 5 this best-fit relation given by Eq. (1) is shown. In
the same plot, the best fit for the blue and red sub-populations
are also shown. These are given by Eqs. (2) and (3) respectively.
Eq. (2) is valid for (g − z) < 1.187 and Eq. (3) for (g − z) >
1.187. One possible reason for the apparent discontinuity of the
(g − z) vs. (g − K) relations of the blue and red GCs is that the
horizontal branch morphology is expected to change abruptly
at intermediate colours-metallicities, as discussed in Sect. 4.2.
A separation into blue and red best fit lines is taking this into
account.

(g − z) = 0.465 ∗ (g − K) − 0.349 (1)

(g − z)b = 0.260 ∗ (g − K)b + 0.232 (2)

(g − z)r = 0.340 ∗ (g − K)r + 0.140. (3)

In Fig. 6 the best fit lines (1), (2) and (3) in the (g−K) vs. (g− z)
plane for the joint GC systems of NGC 4486 and NGC 4649
are over plotted for the different galaxies. Also plotted are the
median colours for the blue and red sub-populations of the re-
spective galaxies. This plot shows qualitatively how much and
in what direction the mean of the sub-populations deviates from
the lines in Fig. 5. For instance, the median of the blue and red
populations of some GC systems, such as NGC 4406, deviate
significantly to the right of the green line.

In the following, we introduce a new method to derive
relative ages of GC systems with the purpose of quantifying
the magnitude and direction of the deviation of a GC from
Eqs. (1)−(3). In Sect. 3.1 we showed that relative to the
SSP models, a younger cluster falls on the lower right of the
(g− K) vs. (g− z) plane while an older cluster falls on the upper

Fig. 6. Same as Fig. 1 but with the Padova08 SSPs replaced with the
best fit relations given by Eqs. (1)−(3) shown in Fig. 5 over plotted.

left of this diagram. By considering the green line as an SSP, with
metallicities increasing from the lower left to the upper right, one
can make statements about relative ages of GCs with respect to
this line. We define δ, δblue and δred as the projected distances of
a GC from relations (1)−(3) respectively. These, are given by:

δ =
0.465 ∗ (g − K) − (g − z) − 0.349√

0.4652 + 1
(4)
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GC system age ⇔ galaxy morphology

★younger GC systems in S0s

★E assembled most of their GCs in a shorter 
and earlier period than S0s

★minor mergers affected more strongly the 
GC system of S0s?

★S0s have a more extended period of GC 
formation/assembly

Interpretation “δ - morphology"?



GC system age ⇔ galaxy morphology

★drivers metal-poor GCs ➡ result of minor mergers 

✓have a more extended SFH than more massive galaxies 
(eg. Tolstoy+09) 
✓contain almost exclusively metal-poor GCs (Forbes+00)

★dwarf 
galaxies

Interpretation “δ - morphology"?



GC system age ⇔ galaxy morphology

★drivers metal-poor GCs ➡ result of minor mergers 

✓have a more extended SFH than more massive galaxies 
(eg. Tolstoy+09) 
✓contain almost exclusively metal-poor GCs (Forbes+00)

★dwarf 
galaxies

1.GCs formed in the accreted host galaxy (Côté+98)
2.GCs formed during the merger event from a metal-poor gas reservoir of 
the accreted dwarfs. Muratov & Gnedin 10 ➡ mergers of smaller hosts 
create exclusively blue clusters. 

Interpretation “δ - morphology"?
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★ 22 GC candidates, ≃9 hours
★ VLT/FORS2 MXU

2 A. L. Chies-Santos, S. S. Larsen and M. Kissler-Patig

Spectroscopic observations of GCs in this galaxy have
so far failed to provide a conclusive answer with one study
suggesting intermediate ages (?, hereafter L03) and another
yielding uniformly old ages (?, hereafter B05). These stud-
ies analysed two sets of observations of a similar sample of
clusters with the LRIS spectrograph on the Keck telescope.
The L03 sample consisted of 14 GCs and the B05 one of 22
GCs. The S/N of B05 was higher than that of L03. Inte-
grated light spectroscopic studies show that the galaxy light
is dominated by old and metal-rich stars as in most other
giant ellipticals (?; ?). Most giant ellipticals are thought to
have at place the bulk of their GC system at z = 2. The
claims of numerous intermediate-age (3 � 5Gyrs) GCs in
NGC4365 would imply that a major star formation episode
occurred at a lower redshift (z < 2) in this galaxy. It is there-
fore, of critical importance to verify such claims. A large
number of young GCs without corresponding stars would
imply that GCs can form in large numbers even in a modest
SF even. More recently however, ? based on optical/near-
infrared photometry showed through an empirical approach
that the age distribution of the GC system of NGC4365 is no
di↵erent from that of other large ellipticals (e.g. NGC4486
and NGC4649).

In this paper a third spectroscopic analysis of GCs in
NGC4365 is presented with the purpose of shedding light
on the contradicting claims on their ages. Metallicities and
chemical compositions are also studied. Most of the GCs
analysed here overlap with those of L03 and/or B05.

2 OBSERVATIONS AND DATA REDUCTION

Spectra for GCs in NGC4365 were obtained using the mask
exchange unit (MXU) of the Focal Reducer and Low Dis-
persion Spectrograph (FORS2) on the Very Large Telescope
(VLT) UT1. The observations were carried out in service
mode during several nights of Period 78A spread between
February and March 2007. The observed 22 GC candidates
were selected to overlap the Keck/LRIS studies of L03 and
B05. All exposures used the 600B+22 grism with 600 grooves
per mm and a slit of 100. The wavelength coverage of the sys-
tem is 3400Å- 6100Å. The dispersion is of 0.66 Å/pix, pixel
scale 0.12600pix and the final resolution is ⇠ 5 Å.

The calibration data for each night were ran through
the pipeline recipe fors calib in ESOREX. With the recipe
fors science the scientific spectra were reduced applying the
extraction mask and the normalised flat-field created with
fors calib. Heliocentric velocity correction was performed
for each extracted spectrum of every exposure. The individ-
ual spectra of each GC were finally co-added, resulting in a
total exposure time of 548.5 minutes (⇠ 9 hours). Using the
FXCOR task in the RV package in IRAF, radial velocities
were determined by cross-correlating the GC spectra with a
model spectrum. The GC spectra were shifted to zero radial
velocity. Similarly, the reduction of 6 Lick standard stars and
6 radial velocity standards, observed in long slit mode was
performed with fors calib and fors science. Finally, flux
calibration was applied to the Lick standard stars and GC
spectra through the tasks standard, calibrate and sensfunc

within the ONEDSPEC IRAF package.
In Fig. 1 the observed GC candidates are indicated in

a model subtracted FORS2 image of NGC4365. The model
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Figure 1. A model subtracted FORS2 image of NGC4365 with
the observed GC candidates indicated as circles and by their cor-
responding IDs from Table 2. The image size is the field of view
of FORS2: 6.80 ⇥ 6.80. The cross-like feature in the centre of the
image is a residual from the model subtraction.

Table 1. Globular cluster candidates observed with FORS2: (1):
id, (2) and (3): RA, Dec, (3): id from L03 or B05, (5): radial
velocity and (6): S/N per pixel at 4500 .�(Å). 5000.

(1) (2) (3) (4) (5) (6)

ID RA Dec B05 & L03 Vr(Km/s) S/N

07 12:24:25.89 7:19:36.68 L03-09 765 ± 8 33.1

08 12:24:27.41 7:19:44.23 L03-11, B05-13 476 ± 12 20.6

09 12:24:25.29 7:18:27.52 L03-05, B05-08 1580 ± 33 -

10 12:24:23.98 7:16:37.46 B05-1 723 ± 16 51.2

11 12:24:23.76 7:17:36.53 B05-3 601 ± 7 33.2

12 12:24:24.07 7:17:46.38 L03-01 1212 ± 12 26.6

13 12:24:25.46 7:17:56.62 L03-02, B05-06 1344 ± 23 19.2

14 12:24:29.40 7:19:52.10 L03-13 1044 ± 16 28.0

15 12:24:30.36 7:20:23.42 B05-17 868 ± 21 24.9

16 12:24:30.31 7:20:06.34 L03-15 865 ± 19 32.6

17 12:24:31.80 7:20:32.90 B05-18 1176 ± 12 35.2

18 12:24:33.07 7:20:53.23 B05-19 1213 ± 17 34.1

19 12:24:29.40 7:21:36.48 L03-16 1113 ± 14 44.8

20 12:24:33.36 7:21:02.23 B05-20 1443 ± 12 39.6

21 12:24:33.24 7:21:38.28 B05-22 903 ± 15 20.4

22 12:24:33.60 7:22:03.61 B05-23 999 ± 55 -

23 12:24:25.85 7:17:07.63 - 974 ± 17 36.3

24 12:24:30.77 7:17:47.68 - 910 ± 22 26.6

25 12:24:34.13 7:19:54.11 - 866 ± 39 32.5

26 12:24:33.03 7:18:30.13 - -6 ± 10 83.2

27 12:24:22.51 7:19:36.04 - 732 ± 98 23.5

28 12:24:22.24 7:16:18.74 - 1412 ± 9 51.5

29 12:24:23.57 7:19:40.57 - 119 ± 9 55.5

image was created with the ELLIPSE and BMODEL tasks
in the STSDAS package in IRAF. In Table 1 we list the
observed globular clusters, their equatorial co-ordinates, the
correspondence to L03 and B05, their radial velocities and
the signal to noise ration (S/N) of the final spectra. Fig. 2
shows three sample spectra.

To measure the Lick/IDS indices of the GCs we employ
the Lick EW code of ?. It measures the equivalent widths of

c� 2011 RAS, MNRAS 000, 1–??

★ ESOREX
✓fors_calib
✓fors_science

★Lick_Indices
✓Lick_EW/EZ_ages (Graves & Schiavon 08)

★Ages & [Fe/H]
✓Schiavon+07
✓ Thomas+11

✓Chies-Santos+2012b
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Table 4. The FORS2 Lick/IDS indices of the GCs of NGC4365 used in this paper.

ID H� (Å) H�A (Å) H�A (Å) Fe5270 (Å) Fe5335 (Å) Mg b (Å) CN2 (mag)

07 1.29 ± 0.14 -3.76 ± 0.26 0.12 ± 0.28 2.06 ± 0.18 1.94 ± 0.21 2.85 ± 0.15 0.11 ± 0.01

08 1.33 ± 0.23 -3.36 ± 0.41 -0.59 ± 0.41 1.97 ± 0.27 2.35 ± 0.34 2.32 ± 0.26 0.09 ± 0.01

09 2.41 ± 0.13 -2.79 ± 0.24 -0.82 ± 0.24 2.38 ± 0.15 1.67 ± 0.17 2.89 ± 0.16 0.13 ± 0.01

10 2.18 ± 0.09 -0.81 ± 0.15 2.36 ± 0.17 1.55 ± 0.11 1.09 ± 0.12 1.71 ± 0.10 -0.01 ± 0.01

11 2.27 ± 0.15 -3.67 ± 0.25 -0.56 ± 0.27 2.32 ± 0.17 1.85 ± 0.17 2.72 ± 0.15 0.06 ± 0.01

12 1.74 ± 0.17 -3.96 ± 0.32 -1.11 ± 0.36 2.57 ± 0.19 1.81 ± 0.24 3.71 ± 0.18 0.09 ± 0.01

13 1.28 ± 0.24 0.96 ± 0.37 1.43 ± 0.39 2.38 ± 0.30 1.18 ± 0.37 1.64 ± 0.26 -0.03 ± 0.01

14 2.00 ± 0.16 -1.06 ± 0.28 0.20 ± 0.28 1.71 ± 0.18 1.63 ± 0.23 3.28 ± 0.17 0.14 ± 0.01

15 2.19 ± 0.19 -2.15 ± 0.33 0.78 ± 0.33 2.38 ± 0.22 1.73 ± 0.26 2.24 ± 0.22 0.09 ± 0.01

16 2.57 ± 0.15 -2.07 ± 0.23 2.01 ± 0.26 2.22 ± 0.16 0.84 ± 0.21 2.33 ± 0.16 -0.02 ± 0.01

17 2.18 ± 0.14 -3.73 ± 0.24 -1.16 ± 0.29 2.04 ± 0.17 2.34 ± 0.19 3.41 ± 0.15 0.12 ± 0.01

18 1.93 ± 0.14 -3.37 ± 0.26 -1.21 ± 0.26 1.81 ± 0.16 1.61 ± 0.19 2.56 ± 0.16 0.14 ± 0.01

19 1.76 ± 0.11 -3.54 ± 0.19 0.40 ± 0.20 1.92 ± 0.13 1.71 ± 0.14 2.91 ± 0.13 0.09 ± 0.01

20 1.86 ± 0.14 -1.53 ± 0.20 1.11 ± 0.23 1.52 ± 0.15 1.41 ± 0.16 2.02 ± 0.14 0.06 ± 0.01

21 1.68 ± 0.24 -0.68 ± 0.40 -0.29 ± 0.43 1.49 ± 0.27 1.49 ± 0.35 1.92 ± 0.26 0.05 ± 0.01

22 2.18 ± 0.17 -1.18 ± 0.28 1.53 ± 0.28 1.11 ± 0.18 0.84 ± 0.23 1.91 ± 0.22 0.03 ± 0.01

23 1.59 ± 0.13 -4.70 ± 0.26 0.52 ± 0.26 2.13 ± 0.14 1.90 ± 0.17 5.00 ± 0.13 0.10 ± 0.01

24 1.61 ± 0.18 -3.67 ± 0.35 -1.01 ± 0.35 2.32 ± 0.22 1.56 ± 0.25 3.35 ± 0.21 0.10 ± 0.01

25 2.51 ± 0.15 -0.76 ± 0.24 1.71 ± 0.24 1.53 ± 0.18 0.90 ± 0.20 1.75 ± 0.17 -0.01 ± 0.01

27 2.02 ± 0.20 -0.04 ± 0.32 0.00 ± 0.36 1.93 ± 0.24 1.66 ± 0.26 1.55 ± 0.25 0.09 ± 0.01

28 2.07 ± 0.099 -1.44 ± 0.17 1.23 ± 0.17 2.03 ± 0.11 1.68 ± 0.13 2.26 ± 0.11 0.05 ± 0.01

T11 [_/Fe]=0.0
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Figure 6. Mgb vs. <Fe> diagram for the FORS2 sample of GCs
in NGC4365. Symbols are as in Fig. 5. Overlaid are T11 SSP
models for 3Gyrs (in grey) and 14Gyrs (in black) and di↵erent
[↵/Fe] values as indicated. The S07 models are very close to the
T11 ones in this diagram.

[↵/Fe]=0, 0.3 and 0.5. The models for the di↵erent ages and
same [↵/Fe] values are very close together, showing that this
comparison is only weakly dependent on age. S07 models fall
very close to the T11 ones in such a diagram.

The [↵/Fe]=0.3 T11 models are a good match to the
data. However, as found in B05, some of the GCs have super-
solar [↵/Fe]. In a study of GCs in several early-type galax-
ies, Puzia et al. (2005) finds a mean [↵/Fe] value of ⇠0.5.
There is much scatter in Fig. 6 and a few GCs appear to
have slightly lower [↵/Fe], between 0 and 0.1 when looking
at their absolute values. However, within the uncertainties
most objects are consistent with the [↵/Fe]=0.3 model.

3.3 C & N sensitive indices

In addition to ↵-elements, GCs show a variety of abun-
dance anomalies with respect to the solar mixture (see Grat-
ton et al. 2004 for a review of this issue on Milky Way
GCs). The most notable anomaly in extragalactic GCs is the
CN-enhancement (Brodie & Strader 2006). This anomaly
has been reported for the Milky Way, M31 (Burstein et
al. 1984, Brodie & Huchra 1991), Fornax dSph, NGC
3115, NGC3610 (Trager 2004 and references therein) and
NGC1407 (Cenarro et al. 2007). CN enhancement seems an
almost generic property of (extragalactic) GCs except for
LMC GCs (Trager 2004). This enhancement appears to be
due to an excess of N over the solar mixture (Burstein et
al. 2004). The fact that CN enhancement is being found in
several GC systems implies that very high N abundances are
a generic feature of the early chemical evolution of GC sys-
tems (Brodie & Strader 2006). In the study of NGC1407 by
Cenarro et al. (2007) it was noted that compared to metal-
poor GCs, the metal-rich GCs exhibit a striking N over-
abundance. This behaviour was found to be consistent with
the outcome of the CNO nucleosynthesis cycle. For low and
intermediate mass stars C yields decrease with increasing
initial metallicity and N yields slightly increase with metal-
licity (Chiappini et al. 2003). N is formed by consumption
of C and O already present in the stars.

More recently however, Schiavon et al. (2012) presented
evidence that the CN di↵erences between M31 and Galac-
tic clusters are mostly due to data calibration uncertain-
ties. They suggest that the chemical compositions of Milky
Way and M31 globular clusters are not substantially di↵er-
ent, and that there is no need to invoke enhanced nitrogen
abundances to account for the optical spectra of M31 glob-
ular clusters. Nevertheless, it is worthwhile to investigate
whether there are any di↵erences in CN in our FORS2 mea-
surements of GCs in NGC4365 and other GC systems.

In Fig. 7 the Mgb vs. CN2 diagnostic diagram is shown
for the GCs in NGC4365 (FORS2 sample), NGC1407 (Ce-
narro et al. 2007) and Milky Way GCs from Puzia et al.
(2002b) and Schiavon et al. (2005). T11 ([↵/Fe]=0.3) 3 and
14Gyr SSP models are overplotted as indicated in the leg-

c� 2011 RAS, MNRAS 000, 1–11
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Figure 7. Mgb vs. CN2 for the GCs in NGC4365 GCs accord-
ing to the legend. Asterisks are galactic GCs from Schiavon et
al. (2005) and Puzia et al. (2002b) and open red squares are
GCs from NGC1407 (Cenarro et al. 2007). T11 SSP models for
[↵/Fe]=0.3 and 2 di↵erent ages are overlaid as indicated in the
legend.

end. The more metal-rich clusters present CN enhancement
at fixed Mgb strength, as found for other galaxies as noted
before. This enhancement is larger than for the Milky Way
GCs. We find that the NGC4365 data follows the NGC1407.
However, our sample of GCs does not go to very metal-rich
values as the one of NGC1407. Therefore we do not find the
clear trend for the very metal-rich GCs to be strikingly CN
enhanced as did Cenarro et al. (2007) for NGC1407. One
object deviates substantially from the group, this is object
23. It has a relatively normal CN2 value compared to the
rest of the sample but a high Mgb value, ⇠ 5Å. Interest-
ingly, this object with <Fe>⇠ 2Å and [Mgb]⇠ 3.5Å is also
an outlier in panel (c) of Fig. 5, having quite a high H�A
while low H� and H�A for its high [MgFe] value. Its high
H�A and low H� (and H�A) suggests that this object could
be a blue horizontal branch cluster (see discussion in Sect.
3.1). It could also be that its Mgb value is overestimated
giving it an artificially high metallicity.

3.4 Comparison with photometry

Of the 22 spectra obtained, a match to 9 objects was found
in the LIRIS/ACS optical/near-infrared data set of Chies-
Santos et al. (2011a). In Fig. 8 colour-magnitude diagrams
(CMD) and the (g � K) vs. (g � z) colour-colour diagram
are shown with GCs with spectroscopic measurements with
symbols according to the legend. Note that while for the
(g � z) vs. g CMD the objects with spectra span the blue
to red colour ranges, in the (g � K) vs. g they are much
more concentrated towards intermediate (g �K) values. In
the colour-colour diagram this is clearly seen. This is a co-
incidence due to the photometric scatter. Blue clusters are
generally faint in K and therefore the photometric errors are
larger in (g �K) broadening the CMD in the middle panel
to the blue. However the photometric errors of our GCs

GCs FORS2
GCs CS11b

Figure 8. Comparison of optical/near-infrared photometry and
the FORS2 spectra, GCs with spectroscopic measurements are
marked according to the legend. CMDs (upper and middle pan-
els). Colour-colour diagram (g � K) vs. (g � z) (bottom panel).
The lines are empirical best-fit relations for the joint GC system
of NGC4486 and NGC4649 (Chies-Santos et al. 2011b).

with spectroscopic measurements are very small and are not
spread to the blue in the same diagram. There is one object,
13, which has a � value consistent with a younger value than
the joint GC system of NGC4486 and NGC4649 (Chies-
Santos et al. 2011b). In the optical/near-infrared photomet-
ric study of Chies-Santos et al. (2011b) the position of the �
parameter in the (g�K) vs. (g�z) diagram was used to de-
fine a relative age (to the joint GC system of NGC4486 and
NGC4649). However, following H� (H�A) (see Fig. 5) object
13 has an inferred T11 age ⇠14Gyr (⇠8Gyr) according to
the FORS2 measurements. Such object could be thus a blue
HB GC according to the FORS2 measurements but not ac-
cording to B05 measurements (see discussion in Sect. 3.1.1).
In the L03 sample, object 13 has a large uncertainty and
within the errors it is consistent with the 5Gyr T11 model
for the three di↵erent Balmer line indices.

The derivation of absolute ages and metallicities is be-
yond the scope of this paper. However, one can still inves-
tigate in a general sense how age and metallicity measure-
ments relate to photometric measurements. In the following
we use some age and metallicity sensitive indices to do so.
Fig. 9 shows a comparison between the photometrically de-
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Figure 9. H� vs. the �, �blue and �red parameters from Chies-
Santos et al. (2011b), for the GCs of that study with FORS2
measurements. Object 13 has its id indicated according to its
designation of Table 1.

termined �, �blue and �red from Chies-Santos et al. (2011b)
vs. the H� index. There is no obvious relation between the
di↵erent � parameters and the H� index. Coincidentally
most objects appear to have very similar � values; nearly
equal or below 0 (except for object 13 which is indicated
in the Fig., see discussion above). However their H� values
vary a lot, ranging from 1.3 to 2.5. H� depends not only
on age but also on metallicity (see Fig. 5). The variations
seem larger than what one would expect from Poisson er-
rors alone. This is not uncommon for this kind of study
(e.g. B05) and probably depends on the exact mix of stars
in the clusters. For instance, Schiavon et al. (2002) find that
an error of ± 0.1 dex in the luminosity function of giants
brighter than the HB translates into an error of ± 1Gyr in
the spectroscopic age inferred from Balmer lines. At this
point it is unclear whether the lack of a relation between
the � parameter and H� is real or if it is an e↵ect of a small
number of overlapping sources between this study and that
of Chies-Santos et al. (2011b) combined with large H� vari-
ations.

It is of great interest to study the relation between met-
alicity and colours due to its implications on the colour bi-
modality of GC systems (e.g. Yoon et al. 2006, Cantiello &
Blakeslee 2007, Yoon et al. 2011a, Yoon et al. 2011b, Chies-
Santos et al. 2012). The left panels of Fig. 10 show the (g�z),
(g�K) and (z�K) from Chies-Santos et al. (2011b) vs. the

[MgFe] index. Besides a few outliers, the (g�z) and (g�K)
colours correlates reasonably well with the metal sensitive
index [MgFe]. However, there is more scatter in the (g�K)
plot and even more in the (z �K) one. The right panels of
Fig. 10 show the (V � I), (V �K) and (I �K) colours from
Larsen et al. (2005) vs. the [MgFe] index. The full sample
of FORS2 objects has V and I photometry and only 4 do
not have K. For the colours from Larsen et al. (2005) there
is a good correlation with the metal sensitive index [MgFe].
As in the left panels of Fig. 10, there is more scatter for the
optical/NIR colours if compared to the optical colour alone.

YEPS1 models with HB variation are shown for 2 dif-
ferent ages in the di↵erent panels of Fig. 10. Models with
the HB variation are very close to models without this vari-
ation in such a diagram. In the top panels it is clear that
the 14Gyr old model is a better match to the data than
the 3Gyr one. The models for optical/NIR colours and the
[MgFe] index are not a good match to the data. Interest-
ingly, such models are too blue by ⇠0.2mag, for instance in
(g�K). This is similar to what was found by Chies-Santos et
al. (2011b). In that study, (see their Fig. 2) widely used SSP
models were o↵set from the data by the same value when op-
tical/NIR colours were used. This is probably because of the
AGB modeling (see discussion in Chies-Santos et al. 2011b).
However, note that in Fig. 10 the younger models fall even
further away from the data. This is the reverse of what we
see in Chies-Santos et al. (2011b). Therefore in this case,
the o↵set cannot be explained by younger ages. Similarly,
Larsen et al. (2005) compared metallicity measurements of
L03 and B05 with their (V � I) and (V � K) photometry
and found that the colour-metallicity relation for (V � K)
was o↵set from the data.

4 SUMMARY & CONCLUSIONS

We have revisited the GC system of NGC4365 using
VLT/FORS2 high S/N spectroscopy. Below we summarize
our principal findings:

(i) Based on Balmer line indices the FORS2 GCs have
ages consistent with the age range 8Gyrs - 14Gyrs. These
ages are in accordance with the study of Brodie et al. (2005)
and deviate from the conclusions of Larsen et al. (2003).

(ii) The observed FORS2 GCs exhibit a metallicity
spread, [Fe/H] between ⇠ �1.3 and ⇠ 0.3 according to T11
models. The majority of them have [↵/Fe] values consis-
tent with ⇠ 0.3. Also, the majority of the observed GCs
in NGC4365 appears to be CN enhanced if compared to
Milky Way GCs. However if compared to the GC system of
NGC1407 this enhancement is less strong.

(iii) A comparison between metal sensitive indices and
photometry from Chies-Santos et al. (2011b) and Larsen
et al. (2005) is performed. While the match between our
FORS2 measurements and that of Chies-Santos et al.
(2011b) is small, the Larsen et al. (2005) photometric sam-
ple and our FORS2 measurements have a significant overlap.
We find that (V � I), (V �K) and (I�K) colours correlate
with the metal sensitive index [MgFe]. However, the scatter

1 YEPS models can be downloaded from
http://web.yonsei.ac.kr/cosmic/data/YEPS.htm
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Figure 10. Di↵erent colours vs. the [MgFe] index. The (g � z),
(g � K) and (z � K) are ACS/LIRIS from Chies-Santos et al.
(2011b) and (V �I), (V �K) and (I�K) are FORS2/SOFI from
Larsen et al. (2005). Overlaid are YEPS models with HB for 3 (in
gray) and 14Gyrs (in black). Models without HB are very close
to models with HB.

is too large to draw any conclusions regarding the shape of
the colour-metallicity relation. We find that old (⇠ 14Gyrs)
YEPS SSP models for optical colours are a good match to
the data. However, we also find that these SSP models for
optical/NIR colours are too blue by ⇠ 0.2mag to be con-
sistent with the data, similarly to what has been seen in
Chies-Santos et al. (2011b) for other widely used models.
This o↵set is not consistent with an age e↵ect as it is even
larger for younger models.
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Summary “ages”

★Padova SSPs + Marigo+08 isochrones for old ages (14Gyr) ➡ better 
match than previous models ➡ but still not there yet!

★avoiding SSPs ➡ relative ages 

★NGC4365 has an old GC system, old as NGC4486 + NGC4649 

★relation between δ (the ages of the GC systems) and galaxy morphology

✓driven by metal-poor clusters
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