
    Stellar winds and the complex evolution  
              of globular clusters 

Maurizio Salaris 



	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

 
 



Hudson et al. 
(2014) 



A ‘classical’ globular cluster CMD  

Simple 
Stellar  
Population 
 
 
Coeval stars, 
born with the 
same chemical 
composition 



Carretta et al. (2009) O-Na anticorrelation 

Also 
 
C-N 
 
Not always 
 
Mg-Al 
 
 
Same extension 
in  
TO-SGB-RGB 
stars 
 
     

 
Primordial 



Marino et al. (2008) 

SG 

FG 

FG 

SG FG 

SG 

M4 

Sbordone, Salaris et al. (2011) 



Nardiello et 
al. (2015) 
  

Hubble Space 
Telescope (HST) 
‘UV Legacy 
Survey of Galactic 
Globular Clusters: 
Shedding Light on 
Their Populations 
and 
Formation’ (GO 
13297) 



He and Na along the main sequence of NGC2808 

Bragaglia et al. 
(2010) 



How do we explain the 
presence of other populations 
of stars in individual clusters, 
with these chemical abundance 
patterns?  

 
C    N   O   Na   Mg   Al    
 
He        Li  
 
C+N+O   



CNO cycle NeNa cycle MgAl cycle 

T~20MK T>~50MK T~35-50 MK 

Significant 24Mg depletion →T>70MK 

In the same regions where CNO, NeNa, MgAl cycles 
are efficient,  

Helium is also produced 



‘First Generation’ of stars form. 
Winds from some ‘Polluters’ 
belonging to the FG are injected 
into the intracluster medium 

A ‘broad brush’ scenario 

A ‘second generation’ of  
stars form out of this 
gas  

FG and SG stars get 
dynamically mixed by 
the cluster dynamical 
evolution 



  
 
      They eject large amounts of mass at low velocity  (∼10–20 km s−1)  

that can be retained in the potential well of the cluster   
 
 
       
 
      4-6(8) M⊙ stars experience Hot Bottom Burning, that can 

potentially produce the observed CNONa (and MgAl) pattern 
within their convective envelope 

  
      They also experience the second dredge-up (2DU) shortly before 

reaching the  AGB, leading to a sizable helium enrichment in the 
whole stellar envelope  

    Massive- and Super-AGB stars 
(D’Ercole et al. 2008,2010, D’Antona et al. 2016)  

 

Timescale of the polluters ≈ 107 –  (not more than) 108 yr 



SG stars are expected to form due 
to gravitational instabilities in the 
discs.  

 Fast rotating massive 
stars (FRMS) 
(Decressin et al. 2007a,b) 

      The formation of fast rotating 
stars is  assumed to be 
favoured in dense stellar 
systems (surface rotational 
velocities of the order of a few 
102 Km/s) 

 
       Meridional circulation and shear 

mixing in massive fast rotating 
stars bring to the surface 
products of hydrogen burning, 
while losing mass in two distinct 
and physically  separated modes 

Timescale of the 
polluters ≈106 yr 



                                                
        (super)AGB nucleosynthesis complicated by interplay of SDU, 

TDU, HBB 
 
Interplay of several different processes: 
   
   SDU  He   Na    N    O        
   TDU  C   Na   O   Mg   (Al    )  
   HBB   C    N    O    Na    (or   as Mg, and Al   if T at the base of conv. env. very high) 
 
Predicted surface composition very author-dependent (for example 

CNO sum not always conserved) 
  
  
 FRMS              
Nucleosynthesis more straightforward.  
 

i) NUCLEOSYNTHESIS 

    Need to modify the 24Mg+p  rate by a factor 1000 to 
reproduce amplitude Mg-Al anticorrelation in NGC6752. Not hot 
enough to deplete Mg appreciably  

  
 



NGC6752 

Z=0.001 

Ventura et al. (2013) models 

M¤ 

M¤ 

8M¤ fej=0.9  

5.5M¤ fej=0.05  

fej=fraction of AGB ejecta 

ii) Dilution  
The mass of the FG diluting gas must be of the 
same order of the AGB star ejecta  

 
Carretta et al. (2007) data 

(super)AGB 

  

Photometric
ΔY=0.03-0.04 

Y=0.34 

Y=0.33 

Y=0.29 

Y=0.25 

He and O problems 



NGC6752 Decressin et al. (2007) 
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sequence encounters more pristine gas and is more diluted than
the matter ejected later. As the winds are more and more en-
riched in Na in the course of the evolution of a massive polluter,
we expect an anticorrelation between Li and Na: first, Li-free
matter ejected with a low (i.e., close to initial) Na content is more
diluted in pristine matter which is Li-rich; low-mass stars with a
relatively high Li content and a relatively low Na abundance are
then created. Later, Li-free matter ejected with high Na abun-
dance is diluted with less pristine material; as a consequence, the
newly formed stars have less Li while their Na is high. The Li-Na
anticorrelation observed by Pasquini et al. (2005) thus provides
a calibration of the dilution factor a in Eq. (7). In this paper we
use the following expression for this parameter:

at = 1 − (1 − amin)
t
t∗

(27)

with t and t∗ respectively the current time and the total lifetime
during which low-velocity winds are ejected. amin indicates the
lower value for the dilution and a decreases from 1 to amin when
the polluter star evolves.

Since Li is destroyed in massive stars, we have that

X2G
Li (at) = atXinit

Li , (28)

where X2G
Li is the mass fraction of Li in second generation stars

at birth, Xinit
Li is the value derived from WMAP data and the

standard Big Bang nucleosynthesis (A(Li) = 2.65 according to
Steigman 2006). To take into account the Li depletion (of about
0.3 dex) occurring in low-mass stars (see Charbonnel & Primas
2005), the values of X2G

Li are lowered by 0.3 dex.
In Fig. 7 we superimpose our theoretical tracks for the Li-Na

anticorrelation obtained with a value of amin equal to 0.3 on the
observed anticorrelation determined by Pasquini et al. (2005) in
NGC 6752. All the tracks of massive stars show a clear Li-Na
anticorrelation with a small dispersion between those tracks (see
the continuous lines in Fig. 7).

The anticorrelation follows the same trend in our models and
in turnoff stars observed by Pasquini et al. (2005) in NGC 6752.
A dilution factor, amin, around 0.3 is needed to reproduce the
stars with the lowest Li abundance. An overall agreement (within
the observational errors) is obtained with this value as shown
in Fig. 7. However it should be noted that uncertainties on the
used nuclear reaction rates can modify this anticorrelation. To
illustrate this point we show in Fig. 7 the wind composition of
a 60 M⊙ rotating star computed with a different set of reaction
rates (dotted line, model 60rB in Paper I). In this case, the Na
enrichment largely exceeds the observed values for the same di-
lution factor. Thus the uncertainties about the nuclear reaction
rates prevent firmer conclusions from being reached.

With the above prescription for at we can use Eq. (10) to
compute the global dilution factor d. We find that d ≃ 1.15 for
both scenarios. The previous findings on the mass budget ob-
tained with d = 1 are thus still valid.

5.6. Theoretical ONa distribution

We compute the theoretical [O/Na] distribution function with the
parameters we have set up previously for Scenarios I and II (see
Eqs. (21) and (24)). A variable dilution factor at is used with
the parameter amin = 0.3 (see Eq. (27)). Our results are gathered
in Fig. 8 which displays the [O/Na] distribution function. First
generation stars representing 15% of the present day distribution
are depicted in the hatched area in Fig. 8.

Fig. 8. Distribution function of [O/Na] obtained in Scenario I (top) and
II (bottom) shown as thick lines. Variable dilution factor with amin = 0.3
is taken into account (see Eq. (27)). The label “1st gene” indicates the
percentage of first generation long-lived stars remaining in the clus-
ter throughout its evolution. Hatched areas indicate the first generation
or “normal” stars. We also superimpose the observed distribution his-
togram in NGC 6752 (Carretta et al. 2007a) indicated with the dotted
and dashed thin lines which have the same meaning as in Fig. 3.

Comparing the two upper panels of Fig. 8, we see that the
distributions are strikingly similar. How are two such different
scenario possible? We first note that, by construction, the num-
ber ratio of anomalous to normal stars is the same in the two
scenarios (the parameters have been chosen in order to obtain
the same ratio of 85/15). One can make this ratio appear in the
denominator of Eqs. (21) and (24) putting in evidence fSW(1+d).
Doing this we see that whatever the scenario considered, the dis-
tribution is proportional to the ratio of two quantities involving
only masses released by slow winds. A decrease of the slope of
the IMF thus produces a similar increase of both the numerator
and the denominator.

The peak in the distribution around [O/Na] ∼ −0.1 is due
to the stars in the mass range 20–40 M⊙ which have a longer
evolution before reaching the break-up, so that they are more
mixed when they release their slow winds.

The dilution with pristine gas adds to the slow winds ma-
terial characterised with high values of [O/Na], therefore dilu-
tion increases the values of [O/Na]. With a amin parameter of 0.3
no second generation stars can be produced with a [O/Na] ratio
lower than −1 whereas large amounts of winds generated by the
60 and 120 M⊙ have a [O/Na] ratio lower than −1. NGC 6752
can possibly harbour a population of super-O-poor only detected
with a strong Na abundance (see the dashed line in Fig. 8). For
those stars the O abundance is not directly measured but indi-
rectly determined through the measure of the Na abundance and
using the Na-O anticorrelation. If this group is real we need to
change the minimal amount for the mixing to amin ≃ 0.03. But
in that case, very low abundances of Li are expected. At the mo-
ment no Li measurements have been performed at the surface
of non-evolved stars with such a high Na content. If feasible,
such a measurement would represent an interesting extension of
the anticorrelation observed by Pasquini et al. (2005). Another
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where MC = 0.33 ± 0.03 is the peak-mass of the log-normal
distribution, σ = 0.34 ± 0.04 a standard deviation, and A a nor-
malisation constant. We normalise all IMF to unity:
∫ 120

0.1
MΦ(M)dM = 1. (6)

Since we presume the same IMF for the first and second gener-
ation long-lived stars, one has that ⟨M1G

LL⟩ = ⟨M2G
LL⟩.

3.2. Chemical composition of second generation stars

The next step consists of the derivation of the equations required
to determine the chemical abundance distribution in the matter
out of which the second generation forms. This distribution will
reflect directly in the star-to-star abundance variations at their
birth. It will also reflect the distribution in the star-to-star abun-
dance variations that we observe today in stars that have not
undergone any change of their surface abundances by whatever
internal mixing process, i.e. typically for stars having not yet
evolved through their first dredge-up8. We recall that this matter
consists of the slow winds of individual stars of first generation
diluted locally and to various degrees with pristine ISM. As dis-
cussed in Sect. 2, the degree of enrichment of the slow wind by
the H-burning products is likely to be different at the beginning
and the end of the evolution of the massive polluter. Let us call t
the age of the massive star polluter, then

X2G
i (at) = (1 − at)XSW

i (t) + atXinit
i (7)

with Xinit
i and XSW

i being the mass fraction of the element i re-
spectively in the pristine ISM and in the slow wind of the pol-
luter. X2G

i corresponds to the same quantity after dilution of the
massive star ejecta with pristine material, at being the local dilu-
tion parameter (see more detail in Sect. 5.5).

Let us call ṁSW(t,M) the rate of ejection of mass in the
slow wind at time t by a star of given initial mass M. The mass
ejected during the time dt is ṁSW(t,M)dt. After dilution, the mat-
ter available to form the second generation stars from this mass
is ṁSW(t)dt/(1 − at). Integrating over the duration of the “slow
wind” phase, ∆t and over the IMF, one finds an expression for
the matter available to form the second generation stars,

M2G
GC = M1G

GC

∫ 120

20

(∫

∆t
ṁSW(t,M)

1
1 − at

dt
)
Φ(M)dM. (8)

In this case, the present-day mass locked into these stars is then

M2G
LL = M2G

GC × f 2G
LL × (1 − e2G

LL). (9)

By identification between Eqs. (9) and (2) we can obtain a rela-
tion between the global dilution parameter d and the local one
at:

d =
1

fSW

∫ 120

20

∫

∆t
ṁSW(t,M)

at

1 − at
dtΦ(M)dM. (10)

In order to obtain the mass available to form second generation
stars with a given abundance of the element i equal to X2G

i , the
integral over time in Eq. (8) has to be restrained to that portion
of the slow wind phase, during which the wind has a given abun-
dance of the element i equal to XSW

i , where XSW
i is the abundance

such that, after dilution, the material made of slow wind and ISM

8 These stars may however have suffered from some depletion of their
lithium surface abundance.

will have an abundance equal to X2G
i . If we call ∆ti this duration,

then, the mass available to form second generation stars with a
given abundance of the element i equal to X2G

i is given by

M2G
GC(X2G

i )=M1G
GC

∫ 120

20

(∫

∆ti
ṁSW(t,M)

1
1−at

dt
)
Φ(M)dM, (11)

and the present-day mass locked into those stars is then

M2G
LL(X2G

i ) = M2G
GC(X2G

i ) × f 2G
LL × (1 − e2G

LL). (12)

Normalised distribution is obtained by dividing Eq. (12) by the
total number, MLL, of first and second generation stars given re-
spectively by Eqs. (1) and (2):

M2G
LL(X2G

i )
MLL

=
M2G

GC(X2G
i ) × f 2G

LL × (1 − e2G
LL)

f 1G
LL (1 − e1G

LL) + fSW(1 + d) f 2G
LL (1 − e2G

LL)
· (13)

Note that the above mass ratio is also equal to a number ratio
provided the mean mass of the low mass stars in the first and
second generation are the same, which is the hypothesis we have
made here.

We will use the theoretical predictions of our models of fast
rotating massive stars published in Paper I. In particular, we have
that the stars with initial masses of 20, 40, 60, and 120 M⊙ ex-
pel respectively 1.7, 12.5, 24.3, and 48.0 M⊙ in total in their
slow wind. In order to convolve by the polluter IMF we interpo-
late between those values for polluter stars with different initial
masses.

3.3. Mass of stellar remnants

Another important quantity is the contribution of stellar rem-
nants (i.e., white dwarfs, neutron stars or stellar black holes) to
the total cluster mass. Indeed first and second generation stars
more massive than the so-called long-lived stars (i.e., with initial
masses higher than 0.8 M⊙) already died and produced dark rem-
nants9. We call f 1G

rem and f 2G
rem the mass fraction to the total stellar

mass of respectively first and second generation remnants:

frem =

∫ 120

0.8
R(M)Φ(M)dM. (14)

We follow PC06 for the relations between the initial mass of a
star and the mass of its remnant:

R(M) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

0.446 + 0.106M for M < 10M⊙
1.5 for 10 < M < 25M⊙
3 for M > 25M⊙.

(15)

The total mass of the remnants in the cluster today is given by:

Mrem = M1G
GC f 1G

rem(1 − e1G
rem) + M1G

GC fSW(1 + d) f 2G
rem(1 − e2G

rem), (16)

with e1G
rem and e2G

rem the fraction of remnants lost by the cluster
during its evolution (these quantities take into account the loss
of both remnant progenitors and remnants).

Therefore the mass ratio between remnants and long-lived
stars today is obtained by combining Eqs. (1), (2), and (16), i.e.:

Mrem

MLL
=

f 1G
rem(1 − e1G

rem) + fSW(1 + d) f 2G
rem(1 − e2G

rem)
f 1G
LL (1 − e1G

LL) + fSW(1 + d) f 2G
LL (1 − e2G

LL)
· (17)

9 As mentioned in Sect. 3.2, we will assume later that only long-lived
stars formed in the second generation. However we derive here the most
general equations.

t=current time 
t✖=lifetime slow winds 

     FRMS 

FRMS slow winds pollute only on a small scale around 
the progenitor and are diluted locally 
 
To reproduce the Li-Na anticorrelation, 
matter ejected earlier by an individual 
FRMS encounters more pristine gas and is 
more diluted than mass ejected later  

SG matter   FRMS ejecta     FG matter 

He-problem as for 
AGB stars 
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Fig. 1. Theoretical distribution for the initial carbon, nitrogen, oxygen, sodium, magnesium, and aluminum abundances ([X/Fe] = log(X/Fe)⋆–
log(X/Fe)⊙) for [C/N] and for 12C/13C (initial value of 90) as a function of the initial helium mass fraction adopted for our 2P stars models (black
line; dots indicate the 16 values adopted for the model computations of each stellar mass between 0.3 and 1 M⊙). This accounts for dilution
between original 1P material and the ejecta of the 60 and 120 M⊙ FRMS models (red and blue lines, respectively; Decressin et al. 2007b) as
described in Eq. (1) (see text). The magenta arrows represent the variations observed in NGC 6752 for [C/Fe] and [N/Fe] (Carretta et al. 2005),
[O/Fe] and [Na/Fe] (Carretta et al. 2007), and [Mg/Fe] and [Al/Fe] (Carretta et al. 2012).
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FG stars 

FG gas 

Polluters’ 
ejecta 

Dilution 
SG stars 



Conroy & Spergel (2011) 

Lyman–Werner 
(912 <Å < 1100) 
photon density  
prevents gas 
cooling because 
photodissociation 
of H2 

Evolution of the Lyman–
Werner photon production 
rate for coeval stellar 
populations 

iii) Can the ejecta cool down ? 

Rescaled to a total of 
1M¤ 

Can self-shielding 
play  
a role? 



0.1 < M¤ < 100  Kroupa IMF 
 
‘reasonable’ IFMR (WD, ns or BH) 
 
Mgas SG≈ 0.10 MFG

now     
AGB polluters  5 < M¤ < 8   
 
 
 

Mgas SG≈ 0.06 MFG now     

FRMS polluters  20 < M¤ < 100   
 
 

iv) Mass budget, FG and SG IMF 
We observe 
nowadays NFG≈NSG 
 
 
Even assuming 100% SFE and 
IMF truncated at 1M¤  
major mass budget problem 
for SG stars 
 
Also, upper mass limit must 
be less than ≅10M¤ to avoid 
SG SNII to interfere with 
star formation 

Either the FG IMF was flatter, or GCs were 
about 10-40 times more massive at birth and 
have lost most of the FG long lived stars 



FG star loss mechanisms 

Stellar evolution induced                 (D’Ercole et al.2008) 

(loss of SN ejecta à cluster expansion beyond its tidal radius 
à loss of stars) 
It works with initial configurations very different with present 
globular clusters and young massive clusters 
 

Two-body relaxation  
Too long timescales 

External tidal shocks 
Too long timescales  

Primordial gas loss                      (Khalaj & Baumgardt 2015)  
If enough gas is left after FG and SG formation (same mass of FG stars) , 
and this gas is expelled, it is accompanied by cluster expansion and loss of 
stars. It must happen in 105 yr. Not enough SN to achieve this 

Predicts NSG/NTOT to decrease with present cluster 
mass… the opposite of what is observed 



v) The lessons from young (YMC - and intermediate age) 
massive clusters (Longmore 2015, Bastian et al. 2014, Niederhofer et al. 2015, 
Bastian et al. 2013, Mucciarelli 2012)  

 
Lack of ongoing star formation in YMCs with ages  
Between 10-1000 Myr and mass 104-108 M¤ 
No sizable age spreads  
 
YMCs are gas free after 3 Myr, no gas around the clusters  
 
 
No large extinction (expected from accretion of FG 
gas to form SG) in the cores of YMCs 

No abundance anticorrelations 
in a handful of LMC massive 
clusters with age 1-2 Gyr 

Pleiades

Young massive 
clusters: 

rc  ~ few to 10s pc 
M★: ~104 - 108 M☉ 
3 Myr < Age < few Gyr

R 136

Globular clusters: 

rc  ~ few to 10s pc 
M★: ~104 - 106 M☉ 
Age: ~ 10 - 12  GyrNGC 2808

5

While GC formation (at high-z) may have been 
fundamentally different from massive clusters forming 

today, all main theories for the origin of multiple 
populations don’t make any distinctions between star/

cluster formation at the present day and earlier epochs of 
the universe

Constraints from dust

Longmore 15:


• Used the gas profile from 
D’Ercole+ 08 simulation (one of 
the AGB scenarios).


• Calculated the expected 
extinction for young (< 100 
Myr) clusters

10

Av > 8 mag in the inner pc 
Av > 3 mag in the inner 3 pc

Extinction profile

Inconsistent with most YMC 
observations (Av < 0.2 mag)



vi) Dwarf galaxies field population (Larsen et al. 
2012, 2014) 
 
 

In a nutshell, if the globular clusters with  
[Fe/H]<−2 in Fornax, WLM and IKN were 10 
times more massive at birth (hence lost their 
stars to the galaxy haloes), the mass of field 
halo stars in the same metallicity range would 
be higher than observed. 
 
 

 
 



LMC 
clusters 

Sagittarius 
dwarf 
clusters 

Milky Way 
clusters 





   
 
   
 

a) Yields 
Na (or O)-He relationships predicted for the polluters do not match the 
observations.  
Is it possible to demonstrate that within current known uncertainties the 
polluters’ yields can eventually work?  

b) Dilution, SF 
Where was the FG gas?  
Does dilution really happen? 
Why SG high mass stars do not form?   
Proper calculations of SG formation (H2 formation and cooling) are needed 

ARE THE PROPOSED SCENARIOS TOO 
FLEXIBLE? CAN THEY BE FALSIFIED?   

DO WE NEED A NEW PARADIGM? 

c) Mass budget, IMF 
The mechanisms proposed to lose FG stars do not seem to work or do 
not seem to match (at least some) current observational constraints. 
  




