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Two classes of Globular ClustersTwo classes of Globular Clusters

Type I 
‘normal GCs’

~82% 

Type II 
‘anomalous GCs’

 ~18%

Anomalous GCs have  
1) A distinctive chromosome map  
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Anomalous GCs: a new class of stellar systemsAnomalous GCs: a new class of stellar systems

Milone et al. 2008, ApJ, 673, 241

Marino et al. 2009, A&A, 505, 1029

Anomalous GCs have:
1) A distinctive chromosome map;
2) Split SGB in visual filters;
3) Variation in heavy elements and C+N+O.  
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M22 (NGC6656)
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Anomalous GCs: a new class of stellar systemsAnomalous GCs: a new class of stellar systems

Milone et al. (2015), MNRAS, 447, 927Milone et al. (2015), MNRAS, 447, 927 Yong et al. (2014), MNRAS, 441, 3396Yong et al. (2014), MNRAS, 441, 3396

M2 (NGC7089)



Anomalous GCs: a new class of stellar systemsAnomalous GCs: a new class of stellar systems

M54 (NGC6715)



  



  



  



  

Are anomalous GCs the remnants of dwarf galaxies  
 destroyed by tidal interaction with the Milky Way?

What is their contribution to the missing-satellite problem 
of the lambda-CMD scenario?  
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Anomalous GCs: a new class of stellar systemsAnomalous GCs: a new class of stellar systems

M54 (NGC6715) is the nucleus of the Sagittarius dwarf galaxy. 



  

Marino et al. (2015), MNRAS, 442, 3044

–  ~18% of  the studied clusters are ‘anomalous’ 
(Type II) GCs. 
–  Anomalous GCs include the nucleus of the 
Sagittarius dwarf galaxy, M54.

Anomalous GCs: a new class of stellar systemsAnomalous GCs: a new class of stellar systems

It is tempting to speculate that anomalous GCs, 
similarly to 
M54 are the remnants of dwarfs cannibalized by the 
Milky Way
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Globular Clusters and their multiple 
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Multiple SGBs in GCs
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Olszewski et al. 2009, AJ, 138, 1570

The halo of NGC1851

NGC 1851 is surrounded by  a 
halo that is visible from the tidal 
radius of 700 arcsec  (41 pc) to 
more than 4500 arcsec (>250 
pc). 

It contains approximately 0.1% of 
the dynamical mass of NGC 
1851.



The halo of NGC1851: a spectroscopic perspective

The distribution in RVs confirms the presence of a halo of stars 
dynamically linked to NGC1851 (Sollima et al. 2012).

Marino et al. 2014, MNRAS, 442, 3044



The halo of NGC1851: a spectroscopic perspective

The distribution in [Fe/H] in the halo spans a range similar to that 
observed in the cluster.

fSGB
bSGB

Marino et al. 2014, MNRAS, 442, 3044



The halo of NGC1851: a spectroscopic perspective

Marino et al. 2014, MNRAS, 442, 3044

SrII SrII BaII



The halo of NGC1851: a spectroscopic perspective

Marino et al. 2014, MNRAS, 442, 3044

SrII SrII BaII

Evidence for a halo of stars 

around NGC1851 populated 

mostly by s-poor stars



The halo of NGC1851: a spectroscopic perspective

The s-rich and the s-poor groups appear dynamically similar

The velocity dispersion does not drop outside the tidal radius of 
NGC1851.

Marino et al. 2014, MNRAS, 442, 3044



The halo of NGC1851: scenarios

 Evaporation of stars?
      
     NGC1851 is loosing into the field preferentially s-poor
     stars. 

 Dwarf galaxy relict?
     NGC1851 is the nucleus of a dwarf galaxy disrupted 

 by tidal interactions with the MW, and the halo 
       represents the relic of the dwarf where the cluster   
       was embedded (Bekki & Yong 2012).

Marino et al. 2014, MNRAS, 442, 3044



i) UBIQUITY. ALL Galactic GCs host distinct 
populations in the ChM.  Both 1G and 2G stars are 
not consistent with a SSP.

ii) VARIETY. No two clusters are the same. 

iii) CLUSTER-MASS DEPENDENCY. The 
incidence and complexity of multiple populations 
increase with cluster mass.

iv) NO-RELATION WITH STELLAR MASS. 
The fraction of 1G/2G stars does not depend on 
the stellar mass. 

v) GLOBULAR CLUSTER SPECIFIC.
Multiple populations (with their unique chemical 
composition) seem present in (massive) clusters 
only.

vi) DISCRETENESS.
Multiple populations form discrete (or clumpy) 
sequences in the photometric/spectroscopic 
diagrams (in contrast with continuous 
distributions).Milone et al. 2015, ApJ, 808, 51
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Formation of multiple populations in Globular ClustersFormation of multiple populations in Globular Clusters

– Two broad scenarios.

Multiple Generations:  2G stars form from material 
polluted by more-massive 1G stars.

Proposed polluters include:

– Asymptotic giant-branch (AGB) stars with masses of ~4 – 8 
Msun and super AGBs (e.g. Ventura et al. 2013; D’Antona et al. 2016)

– Fast rotating massive stars (FRMSs, e.g. Decressin et al. 2007)  

– Supermassive stars (in the scenario by Denissenkov et al. 2014)

See Renzini et al. 2015 for a review
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Formation of multiple populations in Globular ClustersFormation of multiple populations in Globular Clusters

– Two broad scenarios.

Simple stellar generation:  2G stars form from exotic 
events occurred in the unique environment of the proto 
GC.

Proposed scenarios include:

– Massive interacting binaries (MIBs, de Mink et al. 2009)

– Early-disc accretion in MIBs (Bastian et al. 2013)  

– Supermassive stars (SMSs, in the scenario by Gieles et al. 2018)
See Renzini et al. 2015 for a review
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Asymptotic Giant Branch (AGB) scenarioAsymptotic Giant Branch (AGB) scenario

– The first generation (1G) forms with a full IMF.  Then, massive 
1G stars explode as SNe and expel the material left from 1G

– After >30 Myr AGB stars start ejecting material that collects
in the cluster center. 
 
–  The cluster accretes pristine gas from the surroundings.

D’Ercole et al. 2008, 2010; D’Antona et al. 2016
Figure adapted from A. Valcarce.
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Asymptotic Giant Branch (AGB) scenarioAsymptotic Giant Branch (AGB) scenario

– The 2G forms in the cluster center 

– The Globular cluster loses a large fraction of (first-generation) 
stars into the Galactic field.

D’Ercole et al. 2008, 2010; D’Antona et al. 2016
Figure adapted from A. Valcarce.
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Fast-Rotating Massive Stars (FRMS)Fast-Rotating Massive Stars (FRMS)

Decressin et al. 2007

–  The polluters are fast-rotators 
massive stars (masses ~25-150 Msun).

–  FRMSs lose mass through a 
slow mechanical equatorial winds and 
produce material rich in H-burning products.

– Second-generation stars may then form 
due to gravitational instability in these discs,
which are fed by both the FRMS 
ejecta and pristine gas.   

Decressin et al. 2007, 2010; Krause et al. 2013



But the present-day second generation comprises the But the present-day second generation comprises the majoritymajority of cluster stars. of cluster stars.

This implies that the proto clusters were as massive as dwarf galaxiesThis implies that the proto clusters were as massive as dwarf galaxies
and lost most of their first-generation stars.and lost most of their first-generation stars.

22ndnd Generations Generations

  11stst Generations Generations

Milone et al. 2015, ApJ, 808, 51Milone et al. 2015, ApJ, 808, 51

 A. P. Milone                                      Padova                                                      June 26th 2018    

Formation Formation 
scenario:scenario:

Second-generation Second-generation 
stars born out from stars born out from 
the material polluted the material polluted 
by first-generation by first-generation 
massive stars.massive stars.

The mass-budget problemThe mass-budget problem
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The mass-budget problemThe mass-budget problem

The mass of the progenitor of a Globular Cluster (GC) is:

Where: 
- MSG is the present-day mass of the second generation;
- Ɛ is the canonical star-formation efficiency;
- The factor 20 accounts for the fact that only ~5 of the mass of 1G come out with 
the right composition to make the 2G. 

For a typical mass of 2G stars: 
This implies a progenitor mass of   
  
Multiplying this estimate by ~200 (the number of GCs in the Galaxy) 
we find that the total amount of gas needed to form all Galactic GCs
Is                        with                     dissolved 1G stars. 
Such mass is comparable with the mass of the Galactic halo!
Renzini 2013
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The mass-budget problemThe mass-budget problem
consequences:
– the progenitor of Globular clusters were as massive as dwarf 
galaxies:

– They could provide a significant contribution to the mass of the 
Galactic Halo;
– They could provide a significant contribution to the reionization of 
the Universe. Renzini 2017

Globular Cluster Progenitor Present-day Globular Cluster 
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Multiple populations in GCs: supermassive stars Multiple populations in GCs: supermassive stars 

–  GCs form in converging gas flows 
and accumulate low-angular 
momentum gas, which accretes 
onto protostars. 

This leads to an adiabatic 
contraction of the cluster and an 
increase of the stellar collision 
rate. 

Gieles et al. 2018
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Multiple populations in GCs: supermassive stars Multiple populations in GCs: supermassive stars 

A super-massive star (SMS) can form via runaway collisions if 
the cluster reaches sufficiently high density before two-body 
relaxation halts the contraction.

 

This condition is met if the number of stars  is >10^6 Msun
and the gas accretion rate is >10^5 Msun/Myr, reminiscent
of GC formation in high gas-density environments, such as – but not 
restricted to – the early Universe. Gieles et al. 2018
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Multiple populations in GCs: supermassive stars Multiple populations in GCs: supermassive stars 

– The strong SMS wind mixes
with inflowing pristine gas

– The proto stars accrete
diluted material processed by
the SMS

– Because of the continuous 
rejuvenation, the amount of
material ejected by the SMS
can be 10 times higher than 
its mass.  
 

– This would provide a solution to the mass budget problem!
Gieles et al. 2018
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Multiple populations in GCs: supermassive stars Multiple populations in GCs: supermassive stars 

– The material ejected by the 
SMS is enriched in 
helium and in C,N,O. 

–  We expect a super-linear
scaling between the amount of 
processed material and cluster 
mass. In agreement with the
observations! 

Note that in the SMS scenario by Gieles et al. all stars have the 
same age. There are NO multiple generations of stars!

Gieles et al. 2018
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The 136a star cluster in 30 Doradus hosts
at least seven stars with masses larger than 
100 Msun  (e.g. Crowther et al. 2016)

Multiple populations in GCs: supermassive stars Multiple populations in GCs: supermassive stars 

Is there any observational evidence for super-massive stars?


