


CENTRAL DENSITIES 

ρ0  = 10-106 Ms/pc3 





A “Simple Stellar Population” (SSP) is an  
assembly of stars  ….  

1) with the same age 
      ONLY ONE FORMATION BURST  

2) with the same initial chemical  
    composition 

3) single (not located in binary systems)   

… and  described by 4 parameters: 
      age,  metallicity (Y,Z),  IMF  









Same metallicity, but different ages 

MV 

Same age, but different 
metallicities 

CHEMICAL COMPOSITION  
               changes 
the position of the isochrone 

MV 

            AGE changes  
the magnitude and mass  at 
            the  MS-TO  



Complex Stellar Populations… 
Galaxies are not SSPs, since 
they  include  stellar 
populations with  different ages 
and chemical compositions 





Cumulative behaviour of [Na/Fe] as a 
function of [O/Fe] for 19 GGCs 
(Carretta et al. 2009) 

BUT Stars are QUITE homogeneous 
in the IRON content 

    STARS IN GGCs ARE  NOT CHEMICALLY 
      HOMOGENEOUS IN LIGHT ELEMENTS  



Only TWO exceptions:  

TERZAN 5 in the BULGE 



Simple Stellar Populations vs  GGCs 

A “Simple Stellar Population” (SSP) is an  
assembly of stars  ….  

1) with the same age 
      ONLY ONE FORMATION BURST  

2) with the same initial chemical composition 

3) single (not located in binary systems)   

Giants show differences 
in the abundance pattern 

GGC surely harbour  
        Binaries   

This could be not  
strictly true over      
108 yr - timescale 

 …  BUT STILL GGCs ARE THE BEST KNOWN 
                APPROXIMATION OF A SSP  









Stellar evolution 
•  single stars 
•  old stars 
•  canonical sequences in the CMD 

Stellar dynamics 
•  collisions 
•  role of binaries 

STELLAR EXOTICA: 





stars brighter and bluer (hotter) than the cluster MS-TO,  
along an extension of the main sequence 

hence, 
they look 
younger ! 



like 
seeing a  
bunch of  

young 
vigorous 

folks 
 in a 

hospice 
of 

 old tired 
people.. 



STARS: younger          more massive 

BSS  
more massive 

than normal stars 

(also from direct measurements by  
Shara et al. 1997) 



(COL-BSS) 
direct 

collisions primordial 
binaries (PB-BSS) 



•  direct collisions 
     (COL-BSS)  



info about: 
•  the dynamical history of the cluster 

•  the role of dynamics on stellar evolution 

•  the amount of binary systems 
•  the role of binaries in the cluster evolution 





N(BSS)  
•  varies by only a factor 10 
•  independent of cluster M 
•  independent of collision rate 

catalog with 3000 BSS 
in 56 GGCs from 
HST optical obs  

In agreement with  previous  
suggestions by Fusi Pecci et  
al (1993), Baylin (1995), etc… 

some results: optical band 



RGB/AGB  
much brighter 

than BSS 

… like trying to distinguish  
a faint candle here in the Bertinoro night 
while having a HUGE light bulb  
just in front of us! 



HOMOGENEITY & COMPLETENESS are important !!! 



HST 



Globular clusters images in UV are 
not dominated by the red giant light, 
and therefore are significantly less 
crowded. 















M80 is  concentrated    
(Log ρ0  =  5.8 Ms/pc3) 

BUT other clusters with similar concentration like 
    47 Tuc  (Log ρ0  =  5.1 Ms/pc3) 
NGC2808  (Log ρ0  =  5.0 Ms/pc3) 
NGC6388  (Log ρ0  =  5.7 Ms/pc3) 

have many fewer BSS  (NBSS< 100) 



Direct comparison of BSS populations 

different dynamical status  
M 80 

collapsing 
NGC 6752 

PCC 

NBSS  = 17 

F  = 0.16 

NBSS  = 129 

F  = 0.44 



Direct comparison of BSS populations 

M 80 
Log ρ0 = 5.8 Ms/pc3 

NGC 288 
Log ρ0 = 2.1 Ms/pc3 

NBSS  = 129 

F  = 1.0 
if only the PC is 

considered  

comparable efficiency in their respective environment ?  



twin clusters 

Direct comparison of BSS populations 

NBSS  = 72 

F  = 0.28 
NBSS  = 16 

F  = 0.07 



still  
LARGELY 
unknown… 

need very deep  
high-accuracy 
photometry 
(especially for 
high-density clusters) 



















METHODOLOGY :  

HST High-Resolution (UV + optical): cluster central regions  

Wide-Field observations: cluster outskirts 

+  

  ground-based (optical bands) 

  GALEX satellite (UV) 



BSS radial distribution 



BIMODAL/PEAKED BSS radial distributions 



COL-BSS 
or  

PB-BSS sunk to the centre  
by mass segregation 

COL-BSS  
kicked off  

    from the cluster 
core 

or 

PB-BSS 



ravoid = radius within which all stars of M~ MBSS 
              have sunk into the cluster centre   
              in a time comparable to the cluster age  
              because of dynamical friction: 

tdf (ravoid) = 
3 σ3(r)  

4 lnΛ G2 (2π)1/2 MBSS ρ(r)  
= tAGE 

Radius of avoidance  

where: 
  MBSS = 1.2 Msol 
  tAGE = 12 Gyr 
  ρ(r), σ(r) from best-fit King model of the observed nb. dens. profile  



position of the 
observed minimum  

ravoid 



Omega Centauri 

Ferraro et al. 2004 





wide-field (ESO- WFI: 34’x33’) HST               WFI 





BSS radial distribution  



       BSS can be used to measure  
the dynamical evolution of star clusters  

   …. Indeed we can do even more….   



M30 (NGC 7099) 



photometric error 
≤ 0.1 mag 

both in col and mag 
at the BSS level 

2 distinct sequences 
of BSS !! 

M30 

Ferraro et al. 2009(Nature,462, 1028) 



2 distinct sequences of BSS 

•  similarly populated:  
  24 blue-BSS 
  21 red-BSS 

•  almost parallel: 
   ΔV ≈ 0.4 
   Δ(V-I) ≈ 0.12 

Ferraro et al. 2009(Nature,462, 1028) 



specific frequency NBSS/NHB 

different formation mechanism for 
red- and blue-BSS? 



Evolutionary models of COL-BSS  
(Sills et al. 2009, 692, 1411): 
•  collisions between two MS stars (0.4 - 0.8 M) 
•  Z = 10-4   (ZM30 = 2.5 10-4)  

Ferraro et al. 2009(Nature,462, 1028) 



Binary evolution models (Tian et al. 2006, A&A 455, 247): 

binary system: 1.4 M⁄+ 0.9 M⁄  

accretor 
binary 

mass-transfer 



Binary evolution models (Tian et al. 2006, A&A 455, 247): 

mass-transfer binaries define a  
low-luminosity boundary  

~0.75 mags brighter than ZAMS 





The fact that we see two distinct sequences suggests that 
they have been generated by a recent (1-2 Gyr) short-lived 
event (the CC event?). 

In a few Gyrs the evolution of the COLL-BSS will populate the 
region between the sequences   

The double BSS sequence is the signature of the 
PCC event, that 1-2 Gyr ago increased the stellar 
interactions and  produced (1) the population of COLL-BSS 
& (2) favoured the formation of MT-BSS 



               The double sequence = 
Signature of the CC imprinted on the BSS pop 

The double BSS 
sequences  in M30 
open  (for the very 
first time) the 
possibility of  using 
the BSS to date the 
occurrence of the CC 
event !!! 





COL-BSS  are 
FAST rotators 
(Benz & Hills 1987) 

COL-BSS are NOT 
FAST rotators 
(Leonard & Livio 1995) 

How to distinguish COL-BSS from PB-BSS?  

ROTATION: controversial predictions about COL-BSS 

CHEMICAL ABUNDANCES: 

COLL-BSS: 
negligible mixing  
between inner cores  
and outer envelopes  
(Lombardi et al. 1995) 

PB-BSS:  
incomplete CN-burning 
products expected on the 
surface of the star  
(Sarna & de Greve 1996) 



C and O DEPLETION 
expected on the BSS surface 

PB-BSS:  





47 Tuc: First Results 





47 Tuc: First 
Results 



20 BSS  + 100 SGB+RGB (reference stars) 





40% of BSS are fast rotators 

The largest sample ever 
found  

in a Globular Cluster 



Comparing GCs 
Depletion Rotational velocities 

47 Tuc 

M4 

NGC6397 



   Evolved-BSS:  
where in the CMD? 



M 3 
entire cluster 

F = Nb- BSS /  NEBSS  =  
 122 / 19 = 6.4 

M 80 
central region 

F = Nb- BSS /  NEBSS  =  
  129 / 19 = 6.5 







MSP (recycled-pulsars): 
pulsars with dP/dt < 10-17 (OLD) P ~ 10-3 sec (RE-ACCELERATED) 



MSP (recycled-pulsars): 
pulsars with dP/dt < 10-17 (OLD) P ~ 10-3 sec (RE-ACCELERATED) 



BSS(rejuvenated) 

Millisecond pulsars (MSP) 

MSP (resuscitated!!) 



fast rotating pulsar (MSP) + an exhausted star  



  THE RECYCLING SCENARIO AND 
THE FORMATION OF A “BLACK WIDOW” 



MSP 

GGCs efficient “furnaces” 

  Field: primordial binaries only 
  GCs: primordial & collisionally-induced binaries 



Maximum pulsar mass 
Equation of state of the 
degenerate matter  

Optical identification           companion mass          pulsar mass 

Light curve           orbital inclination 

Spectroscopic follow-up           velocity curve         pulsar mass 







NGC 6397: the first surprise 

WFPC2/HST + WFI images  

Star A:  
a bright variable star  
nearly coincident with the  
MSP nominal position 
(Ferraro et al. 2001) 







Is this peculiar system the end-product  
of an exchange interaction 
between the original binary  

& an isolated MS star ? 

or 

NGC 6397 



High-resolution spectroscopy with UVES/VLT 

(Star A: bright object => ideal for spectroscopic follow-up) 

Mass ratio q=5.85±0.13 
Vrad amplitude of Star A: 155.8±3.6 km/s 
   
Mass of MSP           1.30 : 1.90 M 
Mass of Star A         0.22 : 0.32 M 
Inclination angle     56 : 47 deg 
Orbital separation   6.1 : 7.0 R 
Roche lobe radius   1.5 : 1.7 R  



High-resolution spectroscopy with UVES/VLT 





Ejected from the 
core? 

NGC 6752: the most off-centred MSP 

1000-2000 Ms of  
under-luminous matter 

within 0.08 pc from  
the centre!! 

binary/single 
BH? 



NGC 6752 



tdf (rMSP) < 1 Gyr 
time needed to drive 
the system back into 
the core 

the ejection acted on an  
already formed MSP 







An object similar to that detected 
in NGC6397 and M62 has 
been identified in M28. 

The star is located at 0.17” from 
the radio source (+) and ~0.4” 
from the X-ray source (dashed 
circle) 



Another  
NON-DEGENERATE 
companion 



 The light curve shape shows two distinct and asymmetric minima 
Such a shape is a clear signature of ellipsoid variations induced by the NS tidal 

field on a highly perturbed bloated star 

The optical modulation of the identified star nicely agrees with the 
orbital period of the MSP, thus fully confirming that the variability is 
associated with the pulsar binary motion 

NS    BLOATED STAR 





NS    BLOATED STAR 







33 MSPs have been discovered by Ransom et al (2005) 
in TERZAN 5 : this is the largest population of MSP 
ever detected in a GC  

E(B-V)=2.3;  d = 6Kpc;  dGC=2.1 kpc (Valenti et al 2007) i.e. in the 
outskirts of the inner Bulge  
Suspected to have the largest collision rate of the entire GC system 
(Verbunt & Hut 1987, Lanzoni et al 2010) 



The deepest optical CMD of Terzan5 from ACS@HST  

Main Problem: 
Differential  
reddening 



MAD = Multi-conjugate Adaptive Optics Demonstrator 
MAD operates in the near-IR 
By using up to three Reference 
stars MAD is able to perform good 
 and uniform AO correction over  
a large FoV (1` x 1`) 
MAD was temporally installed on 
VLT in summer 2008 



MAD:   An incredibly sharp image in the K band !! 

FWHM=100mas 
  By using  
 only 2 AOGS !!!! 



THE MAD CMD OF TERZAN 5 

TWO  
Horizontal 
Branches !!! 

Ferraro et al (2009, Nature, 462, 483 ) 



WHICH   IS   THE   ORIGIN   OF   THE  TWO   HBs? 



On July 2009 we observed 6 HB stars (3 
in the BHB and 3 in the FHB)  with 
NIRSPEC at Keck II 

The two populations belong to the 
same stellar system   

 Vrad = -85 Km/s ( σ=9  Km/s) 



The two populations have different 
Iron abundance !!! 



THIS IS A QUITE EXCEPTIONAL RESULT SINCE NO  
GENUINE GCS HAS BEEN FOUND TO HARBOUR STARS 
WITH DIFFERENT  
IRON ABUNDANCE 

  THE ONLY KNOWN  
      EXAMPLE IS 
OMEGA CENTAURI 
WHICH IS CONSIDERD  
TO BE THE REMNANT OF 
A LARGER STRUCTURE 



By adopting the  
measured 
abundances, the two 
HB clumps can be 
reproduced by 
assuming that the 
two populations have 
different ages.  



The  observational facts demonstrate that 
Terzan 5 has experienced a quite complex formation history: 

1. IT IS A STELLAR SYSTEM SELF-ENRICHED IN IRON. 
Hence it should have been much more massive in the past than 
what observed now (in order to retain the SN ejecta). We  
estimate that the current mass of Terzan 5 is a few 106 Mo.  
It could be the relic of a large stellar system (like Omega Cen 
 or M54).       





BULGE-LIKE 

Iron and alpha –elements abundance  are similar to those 
measured in the Bulge suggesting a quite similar star formation 
and chemical enrichment processes 



Chemical evolution models (Ballero et al 2007) suggest that 
this trend  can be reproduced by a high SFR and a flat IMF .. 
i.e. with a large number of SNII !!!    



 The assumption of a similar scenario for TERZAN5  
would  naturally explain the large number of MSP 

Many SNII   Many NS (most of them retained  
 by the Massive Proto-Terzan 5 system)   

       + high collision rate  ( Γ  ≈   ρ0
1.5 

   x  rc
0.5) 

                  New values : ρ0≈2 x106 Mo/pc3   rc  ≈ 0.26 pc 
                      Lanzoni et al (2010, ApJ, 717, 653) 

                Terzan 5 has  the largest collision rate of any stellar 
                         aggragate in the Galaxy 

           many recycled NS  MSP 




