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There are about 200 globular clusters in the Milky 
Way

The positions of the 146 known Galactic globular clusters (from Bill Harris's compilation ) 
on top of the COBE FIRAS 2.2 micron map of the Galaxy. Image credit:  Brian Chaboye.



Alessandra Mastrobuono-Battisti             MPIA, Heidelberg

Globular clusters are the oldest stellar systems in our 
Galaxy

Top row: Messier 4 (ESO), Omega 
Centauri (ESO), Messier 80 (Hubble) 
Middle row: Messier 53 (Hubble), 
NGC 6752 (Hubble), Messier 13 
(Hubble) 
Bottom row: Messier 4 (Hubble), NGC 
288 (Hubble), 47 Tucanae (Hubble)

rh<10pc 

Nstars~105-106; 

M ≤ few × 106 M⊙ 

Age ~11-13 Gyr
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Globular clusters evolve in the Galaxy and trace its 
assembly history

Harris 1996 

see Brodie & Strader, 2006

Halo GCs bulge/disc GCs
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Globular cluster get disrupted while the orbit the 
Galaxy
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Globular clusters were  for long considered single 
stellar populations

http://groups.dfa.unipd.it/ESPG/GC.html

However, GCs host multiple stellar populations (e.g. Bedin et al. 2004, Gratton et al. 2004, 
Piotto et al. 2007, Piotto 2009, Di Criscienzo et al 2011, Milone et al. 2011, Gratton et al. 
2012). 

http://groups.dfa.unipd.it/ESPG/GC.html
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Globular clusters had a complex star formation, that is 
not yet fully understood

Gratton et al. 2004; Carretta et al. 2007; Kayser et al. 
2008; Carretta et al. 2009, 2010; Pancino et al. 2010; 
Milone et al. 2010, 2012, 2013; Gratton et al. 2012; 
Carretta 2015

Piotto et al. 
(2007) 
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Carretta et al. 2009 
E. Carretta et al.: Na-O anticorrelation in 15 globular clusters 127

Fig. 7. The Na-O anticorrelation observed in all the 19 GCs of our project. All stars with Na and O abundances from GIRAFFE and UVES
(Paper VIII) spectra are used. Star-to-star error bars (see Appendix A) are indicated in each panel. Upper limits in O abundances are shown as
arrows, detections are indicated as open circles.

analysed in the same way, to avoid introducing spurious effects
reflecting possible offsets in the analyses.

Our database offers the unique, unprecedented opportunity to
study the behaviour of about 1600 red giants in a significant frac-
tion of the whole galactic GC population. We sampled red giant
stars with no obvious bias with respect to their Na and O abun-
dances. We could not measure O abundances in all stars, and we
only placed upper limits to O abundances in many stars, gen-
erally warm, metal-poor, and O-poor. In spite of this limitation,
we think that our sample allows a statistically robust estimate of
the fraction of stars formed in different bursts within GCs, with
a caveat about this selection effect.

We assume the first-generation (or P) to be those stars with
O and Na content similar to field stars of the same metallicity
[Fe/H]. The latter are usually characterised by a pattern typi-
cal of supernova nucleosynthesis with quite uniform super-solar
O values and slightly sub-solar Na abundances, the exact value
depending on metallicity (with some scatter). Hence, in each
cluster, we assigned stars to the P component if their [Na/Fe]
ratios fall in the range within [Na/Fe]min and [Na/Fe]min + 0.3
(that is ∼4σ([Na/Fe]), where σ([Na/Fe]) is the star-to-star er-
ror on [Na/Fe] in each cluster. The minimum value for the ratio
[Na/Fe] in each cluster was estimated by eye by looking at the
anti correlations in Fig. 7, excluding obvious outliers. They are
listed in Table 7 and match the [Na/Fe] ratios observed in field
metal-poor stars quite well (see Sect. 7). With this criterion we
are confident that we have included all the primordial stars, i.e.
those with typical composition of normal halo stars, although a
few stars with slightly modified abundances might be included,
too, so this definition may somewhat overestimate the P popula-
tion.

The remaining stars departing from this high-O, low-Na
locus along the anticorrelation are considered all second-
generation stars. We further divided this group by how much the
abundances depart from those of the P population: stars with the
ratio [O/Na]> −0.9 dex are assigned to an intermediate (I) com-
ponent, while those with [O/Na] < −0.9 dex belong to the ex-
treme (E) stellar component of second-generation cluster stars.
We chose this separation by comparing the distribution func-
tions of the [O/Na] ratios in all clusters (see Fig. 8). This limit
is arbitrary and corresponds to a minimum or a sudden drop in
the [O/Na] distribution clearly discernible in the distribution of
some clusters (NGC 2808, NGC 5904, NGC 3201), where a long
tail of O-depleted stars was reliably measured. In Fig. 9 the lines
separating the three components are shown using NGC 5904 as
an example.

We applied these criteria to all 19 our programme clusters
and to the two clusters from the literature. Only the separation
between the first and the second-generation stars changes, since
it is tied to the minimum Na abundances that, as in field-halo
stars, include a slight dependence on the metallicity. The frac-
tions of stars in the three P, I, and E components in each cluster
are listed in the last three columns of Table 5. Associated errors
are computed from Poisson’s statistics. In cases where no stars
were found in a group (i.e., the E population), we evaluate the er-
rors as the probability of occurrence of zero stars to be retrieved
in a sample of stars (equal to the total number of stars in the
anticorrelation) according to the binomial distribution.

These fractions are plotted as a function of metallicity in
Fig. 10, where we used cluster errors from Table 4 for our sam-
ple; for M 3 (NGC 5272) and M 13 (NGC 6205) error bars
in [Fe/H] are the quadratic sum of the rms scatters quoted in
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Disc globular clusters have an interesting life
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They can contaminate each other and/or merge

Khoperskov, Mastrobuono-Battisti et al., 2018
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We followed the long term evolution of the merger 
product Mastrobuono-Battisti, Khoperskov, Di Matteo & Haywood, 2019

12Gyr
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cluster seen edge-on
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Massive and dense globular clusters can survive and 
decay towards the Galactic centre

➡ Could globular 
clusters contribute 
to the build-up of 
the Galactic 
nucleus? 

➡ What is the link 
between stars in 
globular clusters, in 
the bulge and in the 
Galactic nucleus?
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Galactic centres often host a massive and luminous 
nuclear star cluster

Neumayer et al 2011, Carollo et al. 1998, Matthews et al. 1999, Böker et al. 2002, 2003, 2004, Böker  
2010, Côte et al. 2006
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Nuclear Star Clusters (NSCs) are observed at the 
centre of most galaxies

Böker+ 2002, 2004; Carollo+ 2002; Coté+ 2006; Balcells+ 
2007; Georgiev & Böker 2014; den Brok+ 2014

Very common: 
>77% late types 
>66% early types

lower  
limits!

(Böker+ 2002, Côté+ 2006, Georgiev+ 2014)
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Nuclear Star Clusters (NSCs) are observed at the 
centre of most galaxies

Böker+ 2002, 2004; Carollo+ 2002; Coté+ 2006; Balcells+ 
2007; Georgiev & Böker 2014; den Brok+ 2014

Very common: 
>77% late types 
>66% early types

lower  
limits!

(Böker+ 2002, Côté+ 2006, Georgiev+ 2014)

Very compact: 
Reff ⇠ 2� 5pc

Very massive:  
M ⇠ 106 � 107M�
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… and they are the densest clusters in the Universe

Carson et al. 2016

Norris et al. 2014
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NSCs form through cluster infall and/or in-situ star 
formation

(Loose+ 1982, Milosavljevic+ 2004,  
Pflamm-Altenburg+ 2009,...)

Gas accretion and  
in situ star formation

NSC

Accretion & merger of  
star clusters

(Tremaine+ 1975, Capuzzo-Dolcetta 1993, 
Capuzzo-Dolcetta & Miocchi 2008; Antonini+ 

2012, Antonini 2013, 2015, 

NSC
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Dolcetta 2014, Gnedin+2014, Antonini 

2015,…)

NSC

Both mechanisms 
could work together 

e.g. Hartmann et al. 2011, Neumayer et al. 2011, Turner et al. 2012, de 
Lorenzi 2013, Feldmeier et al. 2014, den Brok et al. 2014, Feldmeier-
Krause et al. 2015 & 2017, Guillard et al. 2016

Which is the  
dominant one?

NSCs form through cluster infall and/or in-situ star 
formation
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Lorenzi 2013, Feldmeier et al. 2014, den Brok et al. 2014, Feldmeier-
Krause et al. 2015 & 2017, Guillard et al. 2016

Which is the  
dominant one?

NSCs rotate 
Dynamics:

NSCs are flattened How?

NSCs form through cluster infall and/or in-situ star 
formation
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Black Hole
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The Milky Way has a NSC hosting a central Massive 
Black Hole

( Schödel+ 2014)

Sgr A* 



Alessandra Mastrobuono-Battisti             MPIA, Heidelberg

We modelled NSC formation from cluster infalls using 
N-body simulations

Credit: Sassa Tsatsi

Antonini, Capuzzo-Dolcetta, Mastrobuono-Battisti & Merritt, 2012 ApJ; Perets & Mastrobuono-Battisti, 
2014, ApJ; Mastrobuono-Battisti, Perets & Loeb, 2014, ApJ; Tsatsi, Mastrobuono-Battisti et al., 2017, 
MNRAS. See also Hartmann et al., 2011.
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We modelled NSC formation from cluster infalls using 
N-body simulations

4 · 106M�

108M�

Nuclear bulge 

Massive 
Black Hole

(Milky Way-like)
Credit: Sassa Tsatsi

Antonini, Capuzzo-Dolcetta, Mastrobuono-Battisti & Merritt, 2012 ApJ; Perets & Mastrobuono-Battisti, 
2014, ApJ; Mastrobuono-Battisti, Perets & Loeb, 2014, ApJ; Tsatsi, Mastrobuono-Battisti et al., 2017, 
MNRAS. See also Hartmann et al., 2011.
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We modelled NSC formation from cluster infalls using 
N-body simulations

4 · 106M�

108M�

Nuclear bulge 

Massive 
Black Hole

(Milky Way-like)

12 GCs with 

random 
orientations 

1.1 · 106M�

Nuclear  

Star Cluster

1.5 · 107M�

~12 Gyr

Credit: Sassa Tsatsi

Antonini, Capuzzo-Dolcetta, Mastrobuono-Battisti & Merritt, 2012 ApJ; Perets & Mastrobuono-Battisti, 
2014, ApJ; Mastrobuono-Battisti, Perets & Loeb, 2014, ApJ; Tsatsi, Mastrobuono-Battisti et al., 2017, 
MNRAS. See also Hartmann et al., 2011.
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The simulated NSC is very similar to the MW one

similar flattening q~0.7 (Schödel+ 2014)

similar tangential anisotropy β~ -0.1  (Meritt+ 2010)

similar density profile (Schödel+ 2014)

similar BH mass (Ghez+ 2008)⇠ 4 · 106M�

similar to MW NSC mass  ⇠ 2 · 107M� (Schödel+ 2014)

Antonini et al. 2012; Tsatsi, Mastrobuono-Battisti et al., 2017

Massive 
Black Hole

Nuclear  

Star Cluster

~12 Gyr
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The simulated NSC is rotating as much as the 
observed one

Tsatsi, Mastrobuono-Battisti et al., 2017; Feldmeier et al. 2014
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Tsatsi, Mastrobuono-Battisti et al., 2017; Feldmeier et al. 2014



Alessandra Mastrobuono-Battisti             MPIA, Heidelberg

Simulation I

MBH

NB
GC

Simulation II Simulation III

Simulation I

MBH

NB
GC

Simulation II Simulation III

Simulation I

MBH

NBGC

Simulation II
Simulation III

Simulation I

Simulation II

Simulation III

Tsatsi, Mastrobuono-Battisti et al., 2017



Alessandra Mastrobuono-Battisti             MPIA, Heidelberg

Simulation I

MBH

NB
GC

Simulation II Simulation III

Simulation I

MBH

NB
GC

Simulation II Simulation III

Simulation I

MBH

NBGC

Simulation II
Simulation III

Simulation I

Simulation II

Simulation III

Tsatsi, Mastrobuono-Battisti et al., 2017



Alessandra Mastrobuono-Battisti             MPIA, Heidelberg

Simulation I

MBH

NB
GC

Simulation II Simulation III

Simulation I

MBH

NB
GC

Simulation II Simulation III

Simulation I

MBH

NBGC

Simulation II
Simulation III

Simulation I

Simulation II

Simulation III

Tsatsi, Mastrobuono-Battisti et al., 2017



Alessandra Mastrobuono-Battisti             MPIA, Heidelberg

Tsatsi, Mastrobuono-Battisti et al., 2017

Simulation I

MBH

NB
GC

Simulation II Simulation III

Simulation I

MBH

NB
GC

Simulation II Simulation III

Simulation I

MBH

NBGC

Simulation II
Simulation III

Simulation I

Simulation II

Simulation III



Alessandra Mastrobuono-Battisti             MPIA, Heidelberg

Tsatsi, Mastrobuono-Battisti et al., 2017

Simulation I

MBH

NB
GC

Simulation II Simulation III

Simulation I

MBH

NB
GC

Simulation II Simulation III

Simulation I

MBH

NBGC

Simulation II
Simulation III

Simulation I

Simulation II

Simulation III



Alessandra Mastrobuono-Battisti             MPIA, Heidelberg

Tsatsi, Mastrobuono-Battisti et al., 2017

Simulation I

MBH

NB
GC

Simulation II Simulation III

Simulation I

MBH

NB
GC

Simulation II Simulation III

Simulation I

MBH

NBGC

Simulation II
Simulation III

Simulation I

Simulation II

Simulation III



Alessandra Mastrobuono-Battisti             MPIA, Heidelberg

Tsatsi, Mastrobuono-Battisti et al., 2017

Simulation I

MBH

NB
GC

Simulation II Simulation III

Simulation I

MBH

NB
GC

Simulation II Simulation III

Simulation I

MBH

NBGC

Simulation II
Simulation III

Simulation I

Simulation II

Simulation III



Alessandra Mastrobuono-Battisti             MPIA, Heidelberg

NSCs form through cluster infall and/or in-situ star 
formation

Range of metallicities 

Stellar populations:

(Loose+ 1982, Milosavljevic+ 2004,  
Pflamm-Altenburg+ 2009,...)

Gas accretion and  
in situ star formation

NSC

Accretion & merger of  
star clusters

(Tremaine+1975, Capuzzo-Dolcetta 1993, 
Antonini+2012, Arca-Sedda & Capuzzo-
Dolcetta 2014, Gnedin+2014, Antonini 

2015,…)

NSC

Both mechanisms 
could work together 

e.g. Hartmann et al. 2011, Neumayer et al. 2011, Turner et al. 2012, de 
Lorenzi 2013, Feldmeier et al. 2014, den Brok et al. 2014, Feldmeier-
Krause et al. 2015 & 2017, Guillard et al. 2016

Which is the  
dominant one?

NSCs rotate 
Dynamics:

NSCs are flattened 
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NSCs form through cluster infall and/or in-situ star 
formation

Range of metallicities 

Stellar populations:

(Loose+ 1982, Milosavljevic+ 2004,  
Pflamm-Altenburg+ 2009,...)

Gas accretion and  
in situ star formation

NSC

Accretion & merger of  
star clusters

(Tremaine+1975, Capuzzo-Dolcetta 1993, 
Antonini+2012, Arca-Sedda & Capuzzo-
Dolcetta 2014, Gnedin+2014, Antonini 

2015,…)

NSC

Both mechanisms 
could work together 

e.g. Hartmann et al. 2011, Neumayer et al. 2011, Turner et al. 2012, de 
Lorenzi 2013, Feldmeier et al. 2014, den Brok et al. 2014, Feldmeier-
Krause et al. 2015 & 2017, Guillard et al. 2016

Which is the  
dominant one?

NSCs rotate 
Dynamics:

NSCs are flattened Yes!
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We can use stellar tracers to constrain the origin of 
the NSC: millisecond pulsars
Abbate, MB, Colpi, Possenti, Sippel & Dotti (2017) 

108M�

Nuclear bulge 

Massive 
Black Hole

12 GCs with 

random 
orientations 

1.1 · 106M�

Pulsars population 
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We can use stellar tracers to constrain the origin of 
the NSC: millisecond pulsars
Abbate, MB, Colpi, Possenti, Sippel & Dotti (2017) 

108M�

Nuclear bulge 

Massive 
Black Hole

12 GCs with 

random 
orientations 

1.1 · 106M�

Pulsars population 
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The next step: combining dynamical and chemical 
information to unveil the origin of the Galactic NSC

Different populations have different spatial distributions, shapes and kinematics. 
Chemical tagging of the simulations and comparison with observations are necessary to 
finally unveil the link between NSCs and GCs.
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Take-home messages
• GCs do not evolve in isolation. 

G C s p r i m o rd i a l d y n a m i c a l 
evolution can affect their internal 
metallicity distribution function 
through mergers and mass-
exchanges. 

• NSCs can form through the infall 
and merger of massive and dense 
globular clusters, however we 
need to combine dynamics and 
chemistry of stars to disentangle 
the Galactic NSC history.
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Terzan 5’s MDF has three peaks: -0.8 (6%), -0.3 (62%) 
and 0.25 (29%)

Massari et al. (2014)


