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O-Na anticorrelation in Galactic globular clusters 
A general property 

“Normal” ,  
[O/Na] ~ 0.6 
formed out of  
original GC material 

“Anomalous”, 
[O/Na] ~ -2 

Carretta et al. (10, VII) 

MW GCs with  
  -2.16 ≤ [Fe/H] ≤+0.07 
  a large range of physical properties 
   (≠ total M, concentration, density, HB morphology) 
  disk and halo population 

2d generation/ 
     population 

1st generation/ 
     population 

~ 30±7 % 

~ 70±7 % 

Prantzos & Charbonnel (06) 

[O/Na] ~ 0.6 
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NGC 6397 
H-burning (CNO, NeNa, MgAl)  
at T ~ 72 to 78 MK 
Denissenkov & Denissenkova (90), Prantzos, Charbonnel & Iliadis (07) 

The observed patterns pre-existed 
in the material out of which 

the presently surviving stars formed 

Lind, Charbonnel, Decressin, Primas, Asplund & Grundahl (11) 

The chemically anomalous  
(“second”) stellar population 

formed from “non pristine” intracluster gas 
that was polluted by  

first generation massive, rapidly evolving stars 
in which H burned at ~ 72-78 MK 

O-Na, Mg-Al anticorrelations 
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H-burning (CNO, NeNa, MgAl)  
at T ~ 72 to 78 MK 

O-Na, Mg-Al anticorrelations 

Li, F 
H-burning ashes devoid of light elements  
(LiBeBF) 
 2G stars form from 
H-burning ashes mixed with pristine gas 

Smith et al. (05) 

~  50  % of original gas 
                   (LiBeBF-rich)  
& 50 % of stellar ejecta 
                    (LiBeBF-free) 

Lind, Primas, Charbonnel, 
Grundahl & Asplund (09) 

NGC 6397 

M4 
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Charbonnel, Decressin & Talon (in prep.) 

Transport of angular momentum dominated by  
Circulation and turbulence in massive stars down to the Li dip 
Internal gravity waves in low mass stars with deeper convective envelopes 

Lithium in Pop I stars 



Rotation-induced mixing in 	

low-mass main subgiant stars	


Standard models : green lines	

Rotating models of various M* : other colored lines	

Observations : Field and 	

                        open cluster evolved stars	

Lèbre et al. (99), Wallerstein et al. (94), Gilroy (89)	

Pasquini et al. (01), Burkhart & Coupry (98, 00) 	


Palacios et al. (03), Pasquini et al. (04) 

Standard models : dotted lines	

Rotating models : full lines (Palacios et al. 03)	

Observations : IC 4651 evolved stars	


Pasquini et al. (05) 

Lithium in Pop I stars 



____  Classical models 
 
Models with thermohaline and 
rotation : 

 ------  VZAMS=80 km/s 
         ------  VZAMS=110km/s 
         ------ VZAMS=180 km/s 

Smiljanic, Pasquini, Charbonnel & Lagarde (09) 

Observations : IC 4651	


Standard models : green lines	

Rotating models of various M* : other colored lines	

Observations : Field and 	

                        open cluster evolved stars	

Lèbre et al. (99), Wallerstein et al. (94), Gilroy (89)	

Pasquini et al. (01), Burkhart & Coupry (98, 00) 	


Palacios et al. (03), Pasquini et al. (04) 

Lithium in Pop I stars Rotation-induced mixing in 	

low-mass main subgiant stars	




H-burning (CNO, NeNa, MgAl)  
at T ~ 72 to 78 MK 

O-Na, Mg-Al anticorrelations 

Li, F 
H-burning ashes devoid of light elements  
(LiBeBF) 
 2G stars form from 
H-burning ashes mixed with pristine gas 

Smith et al. (05) 

~  50  % of original gas 
                   (LiBeBF-rich)  
& 50 % of stellar ejecta 
                    (LiBeBF-free) 

Pasquini et al. (07) 

Lind, Primas, Charbonnel, 
Grundahl & Asplund (09) 

NGC 6397 

NGC 6397 

M4 
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Be is not  
produced  
in stars! 

and Be 



Proposed polluters (H-burning at T ~ 72 to 78 MK) 

Massive  
AGB 
~ 5 – 6 M 

Fast Rotating  
Massive Stars 
(FRMS) 
≥ 25 M 

Prantzos & Charbonnel (06) 
Decressin et al. (07a,b), Krause et al. (12,13) 

Ventura et al. (01, 11, 13) 

Massive binaries 
~ 10 – 20 M 
De Mink et al. (10) 

Denissenkov & Hartwick (14) 

Supermassive stars 
~ 104 M 
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Who is the culprit? 

AGB 

FRMS 

Supermassive star 

Massive 
binaries C.Charbonnel – Sesto – 2015 January 21 



Fast Rotating  
Massive Stars 
(FRMS) 
≥ 25 M 

Massive  
AGB 
~ 5 – 6 M 

If  1G polluters follow a standard IMF  
(Salpeter X=1.35 or Kroupa) 
today’s ratio 1G:2G should be ~ 90:10 
Decressin et al. (07), D’Ercole et al. (08) 

Observed ratio 1G:2G ~ 30:70 Prantzos & CC (06) 
                                                                                   Carretta et al. (10) 

Flat polluter IMF  
X ~ 0.6 - 0.8 (≥ 20 M)  
X < -0.65 (5 - 6.5 M) 
Prantzos & Charbonnel (06) 
Smith & Norris (82, C-N data) D’Antona & Caloi (04) 
Downing & Sills (07) Marks & Kroupa (10) Marks et al. (12) 

Standard IMF   
Loss of ~ 95 % of 1G low-mass stars 
Much higher initial GC mass  
8 – 25 x present-day mass 
 6 – 20 % Galactic halo made of 1G GC stars 
Prantzos & Charbonnel (06), Decressin et al. (07) 
D’Ercole et al. (08, 10), Vesperini et al. (10) 
Schaerer & Charbonnel (11), Conroy (12) 

Mass budget issue 

Prantzos & Charbonnel (06) 
Decressin et al. (07a,b) 
Krause et al. (12,13) 

Ventura et al. (01, 11) 

C.Charbonnel – Copenhagen – 2014, Nov 7   

Charbonnel et al. (14) 

Delayed (~ 2 – 4 Myr) star formation 
Original gas : only massive stars 
Polluted gas : only low-mass stars 
Initial GC mass ~ 2 – 4 x present-day mass 



Typical GC: 
NGC 6752 (today’s M ~ 3 x 105 M, no Fe spread) 
Proto-GC cloud of Mtot = 9 x 106 M  
N-body models (Decressin et al. 10; Baumgardt & Khalaj 14)  
Mass-segregated cluster (Hillenbrand 97; de Grijs+02; 
Klessen 01; Bonnel+01) 

Plummer profile for mass distribution  
        (eg Baumgardt+08)  

Half-mass radius r1/2 = 3pc  
Average ρ(gas) ~ 106 mp cm-3  
SFE = 1/3 
Extremely fast gas expulsion (~ 103 yrs) 
Salpeter IMF for 1G stars with Mi>0.8M 
  ~ 5700 massive stars between 25 and 120 M    
log-normal IMF for 1&2G low-mass stars  
Stellar parameters (lifetimes, winds, …)  
                          (Decressin et al. 07b; Krause et al. 12, 13) 



Standard IMF   
Much higher initial GC mass  
(8 – 25 x present-day mass) 
Loss of ~ 95 % of 1G low-mass stars 
(6 – 20 % of the Galactic halo) 

Consequences 
 for the initial conditions 
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Who is the culprit? 
When and how did it happen? 

AGB 
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CCSN 
(per Myr) 

SNIa 
(per Myr) 

SFR 
(MS/Myr) 

EVOLUTION	  OF	  A	  “STARBURST”	  OF	  106	  	  MS	  

Supernovae feedback ?  
Baumgardt et al. (08), D’Ercole et al. (08), Decressin et al. (10) 

Dark remnant activation? 
Krause, Charbonnel et al. (12) 

Courtesy N.Prantzos 

Distinct stellar generations 
but no recycling of the SNe ejecta 

AGB scenario 
  Need to re-accrete gas  
     to form the 2G 
        (D’Ercole + 11) 

Survey of 130 Galactic and extra-galactic YMCs  
(104 < M/M < 108; 10 < age/Myr < 1000): 
No evidence for extended or multiple SF episodes 
within  30 – 100 Myr 
Bastian et al. (13); Cabrera-Ziri et al. (14) 

Massive AGB scenario 
1st-2nd generations: Δt ~ 50 - 100 Myr 

Energetic event  
Ejection of gas  
and SNe yields 



How do all the GCs manage to re-accrete gas  
with exactly the same [Fe/H] than the one of the proto-GC,  
after having travelled around for ~ 50 – 100Myrs? 

anticorrelation

models!!

Anticorrelation possible only by dilution

venerdì 18 luglio 14

AGB yields  O-Na correlation 
in glaring conflict with observations 

Slide courtesy D’Antona (Sexten 2014) 

  Need to re-accrete original gas 
to turn the O-Na correlation into an 
anticorrellation (D’Ercole + 11) 

AGB scenario – Anticorrelation possible only by dilution 
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Who is the culprit? 
When and how did it happen? 

FRMS 
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CCSN 
(per Myr) 

SNIa 
(per Myr) 

SFR 
(MS/Myr) 

EVOLUTION	  OF	  A	  “STARBURST”	  OF	  106	  	  MS	  
Courtesy N.Prantzos 

Shorter than PMS timescale  
for low-mass stars 
 Almost coeval populations  
    (Decressin +07ab; Bastian +13;  Charbonnel +14) 

Fast-rotating massive stars   

Original gas is still present 

FRMS scenario: 
1st-2nd populations: Δt < 10 Myr 

Star-to-star abundance variations 
  H-burning yields are not fully mixed  
     with pristine material 
  Star formation in immediate vicinity  
     of the polluters 

YMCs (~ 106 M)  
in nearby dwarf and spiral galaxies 
with ages between a few and ~ 15 Myr 
have already cleared out their natal material 
Bastian et al. (13) 



Cluster	  is	  impacted	  by	  the	  stellar	  winds	  

Krause, Charbonnel et al. (12, 13) 



Stellar winds unable to lift any  
noteworthy amount of gas out of the GC  
on a relevant timescale 

Cluster	  is	  impacted	  by	  the	  stellar	  winds	  



Formation	  of	  hot,	  overlaping	  bubbles	  
around	  massive	  stars	  Spongy	  structure	  for	  ISM	  



Formation	  of	  hot,	  overlaping	  bubbles	  
around	  massive	  stars	  Lyman-Werner photons 

QLW(M) = 7 x 1043 (M/M)2.9 s-1 
→  Photodissociation of molecular H 
     Tgaz ~ 100K 
 
→  No « classical » star formation  
→   (confirm Conroy & Spergel 11)  

  Formation of 2P low-mass stars  
      in the decretion discs  
      of individual massive stars 
      « Fast Rotating Massive Stars » scenario 
→   (Decressin, Charbonnel et al. 07,  
        Krause, Charbonnel et al. 13) 

High	  ultraviolet	  radiation	  



Stellar evolution  FRMS Spongy	  structure	  for	  ISM	  



Higher rotational velocities in young massive clusters  
than in the field  
(Huang & Gies 06; Strom et al. 05; Dufton et al. 06)       
Be-type stars     

Transport of angular momentum and chemicals 
by meridional circulation and shear turbulence 
Zahn (92), Maeder & Zahn (98), Meynet & Maeder (00) 

Same physics successfully applied to  
Massive stars : HeBCN anomalies (Maeder & Meynet 00) 
Intermediate-mass stars : Primary N production at low Z (Chiappini et al. 06) 
Low-mass stars : Hot side of the Li dip, Li in subgiants (Charbonnel & Talon 99, 
                                                                         Palacios et al.03, Pasquini et al. 04) 

Prantzos & Charbonnel (06), Decressin et al. (07a,b,09,10) 
Schaerer & Charbonnel (10), Krause et al. (12,13) 

Fast-rotating massive stars 
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Early main sequence 
Meridional circulation and turbulence extract angular momentum  

from the fast-rotating core 
⇒ The star reaches the break-up velocity (Centrif. acc. compensates gravity) 

⇒ Equatorial matter released in a keplerian orbit 
 
 
  
 
 
 
 
 
 
 
 
 
 
 

Formation of a slow outflowing disk (Be stars) 
 

Green : pristine [O/Na]=0.6 
Blue : H-burning  
           products [O/Na]=-2 

Decressin et al. (07) 
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Main sequence and LBV phase at break-up : 
Transport of H-burning-products from the core to the surface and disk 

 
 
 
  
 
 
 
 
 
 
 
 
 
 
 

Green : pristine [0/Na]=0.6 
Blue : H-burning  
           products [O/Na]=-2 
Red :  He-burning  
           products [O/Na]=3 

Star formation in the “decretion disc” 
Clumps or protostars 
    observed in the disk 
    of the Be star MWC 1080 
    (Wang et al. 07) Decressin et al. (07) 
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After the LBV phase, the star moves away from break-up 
 
 
 
 
 
 
 
 
 
 
 
 
⇓ 

The disk is disconnected from the star,  
and the classical radiatively-driven fast winds ( ≥ 1000 km.sec-1) take over 

 ⇓ 
No recycling of the stellar ejecta  

of more advanced phases (He-burning products and metals) 

Green : pristine [0/Na]=0.6 
Blue : H-burning  
           products [O/Na]=-2 
Red :  He-burning  
           products [O/Na]=3 

Decressin et al. (07) C.Charbonnel – Sesto – 2015 January 21 



Slow equatorial mass ejection  
at critical rotation velocity 
→  Total mass output by equatorial  
      mechanism  
      averaged over total ejection time  
      (main sequence and LBV stage) 
      and IMF:  
      ~ 104 M /Myr 

Equatorial mass ejection 

Rotation (mechan.wind) 
ΔM ~ 20M 

Standard (rad.wind) 
ΔM ~ 1M 

60 M, Z = 5x10 -4 
Shadowing of the disc frees the equatorial 
region from radiation pressure 
 → Establishment of an accretion flow of  
      surrounding dense original gas 
→   Time- and orbit-averaged  
      Bondi accretion rate ~ 104 M /Myr 



Viscous processes transport 
material within  
the disc  

Equatorial mass ejection 
vs accretion 

Mixture of gas within the disk:  
~ ½ pristine – ½ ejecta (on average) 

Disc fed both by stellar processed  
matter and original material 
 
 
 

Mixture of gas within the disk:  
~ ½ pristine – ½ ejecta (on average) 

NGC 6397 Lind, Primas, Charbonnel, Grundahl & Asplund (09) 



30±7  Disc fed both by stellar processed  
matter and original material 
 
 

Equatorial mass ejection 
vs accretion 

NGC 6397 

Mixture of gas within the disk:  
~ ½ pristine – ½ ejecta (on average) 

Theoretical distribution of Na abundance 
for low-mass “2d generation” stars at birth 

Charbonnel et al. (14) 

~ 30±7 % 

~ 70±7 % 

Delayed (~ 2 – 4 Myr) star formation 
Original gas : only massive stars 
Polluted gas : only low-mass stars 
Initial GC mass ~ 2 – 4 x present-day mass 

“Fake” 1st generation stars 



Equatorial mass ejection 
vs accretion 

Delayed (~ 2 – 4 Myr) star formation 
Original gas : only massive stars 
Polluted gas : only low-mass stars 
Initial GC mass ~ 2 – 4 x present-day mass 

“Fake” 1st generation stars 

Observational test 
(submitted @ ESO/VLT/FLAMES/UVES) 

Theoretical distribution of 12C/13C vs Na 
for low-mass “2d generation” stars at birth 

Charbonnel et al. (14) 

“Fake” 1st generation stars 

“Real” 1st generation stars 

Anomalous 2d gen stars 



Mass limit for stars to explode as SNe ? 
M ≥ 25 M may to turn silently into black holes 
                        (Portegies Zwart et al. 97; Ergma & van der Heuvel 98;  
                          Kobulnicky & Skillman 97; Fryer 99; Belczynski et al. 12) 
 

Fast gas expulsion and loss of 1G stars? 
Baumgardt et al. (08), D’Ercole et al. (08), Decressin et al. (10) 
Krause, Charbonnel, Decressin, Prantzos, Meynet & Diehl (12a) 
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Multiple stellar generations in GCs 
Towards a global scenario? 

Important role of the physics  
of the intra-cluster medium  
and of the star-ISM interactions 

Which process can evacuate 
the bulk of gas and of 1G stars? 
Different IMF in different environments? 

Star formation in immediate vicinity of 
Massive stars 
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