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Globular Clusters: benchmark for stellar evolution
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Simple stellar Population
(SSP): aggregates of
single, coeval stars with
the same initial chemical
composition

In nature, STELLAR CLUSTERS ARE
THE BEST EXAMPLE

of Simple Stellar Populations (Renzini
& Buzzoni 1986)
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Globular Clusters are NOT SIMPLE: Multiple MSs, RGBs, SGBs
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[Na/Fe]

The Lick-Texas group (Kraft, Ivans, Sneden)

The Na-O anticorrelation

T T T T T
5 . —
* o
. o*
L . o P S 0 S a .
. .
4 g sk ® o, .
a
0 o —
o M13 ‘!4'
i 4
| i Aol
aMg2 p‘i .
+
+ —
.5 ‘s
+ + +
L I 1 | L l
-5 0 5
[O/Fe]

08 - NGC 6121 (M4)
S ;",.,: . °
0.4 - * g ":- ;_ g .
E ¢ [N o
5 oeer s . E
EI L] :. * o
-: .- .- -
ol . .. =. *e o ]
-0.2 | -
nl.z o!4 o!s
[0/Fe]

Marino et al. 2008

[Na/Fe]

o

[Na/Fe]

0.4 T T T
0.2
0.0r
-0.2F
_0al NGC6397
[O/Fe]
Lind et al. 2011
LA B B
1,.. o
[ . =,
5 “s @
i ®o ooou
I iy
0= [<9
I o 5
- NGC 1786 =z
- NGC 2210
®[ NGC 2257 .
[0/Fe]

Mucciarelli et al. 2009

0.9

0.8

0.3

0.0

-0.3

-0.8

L (Pe/H)c-18

[ _:_ 1 s ]

_1_ | _;__i_ N.GC 51?9 (w (IIe )_

iz -o8 Tz EY T 08
(0/Fe)

Johnson & Pilachowski 2010

IllI"llI'I"l

LELELEN LA LA )

T

NGC 6205 (M 13)

lIl!llI

* Primordial
* Intermediate
* Extreme |

I"l'll'

rlllllllllllllllll

Pl EPEPETE AP PR AT e |

-12-08-04 0.0 04 0.8
[0/Fe] johnson & Pilachowski 2012




T T T [ T T | T
0.6 -
L o 0
[e]
L % * o o) dj
0.4 % *
* * L o *Q o) :*:0
°© @ o
i * ¥, o * .0
0.2 [~ *;’g o oO €
? - , % %+ )%
= % oo
™~ * . *
© L Fok |
z 0 0
= G0 4 o]
*x ¥
X *** *
-0.2 x O —
*
* O
*
F oo M71 .
-0.4 O M4 |
L% M5
F o+ M3, M10, M13
I B I [ P T
-0.6 -04 -0R 0 0.2 0.4
[0/Fe]

0.6

Giants observed by Ivans et al. (2001)
and the Lick-Texas group (Sneden, Kraft, Langer)

The NeNa cycle that enhances Na, is
expected to operate in the same fusion
zones in which the ON part of the CNO
cycle is fully operative

Signature of
the activation of
high-temperature

proton capture
reactions

(Denisenkov & Denisenkova 1990; Langer et al. 1993).
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FIG. 1—Proton capture rates (in units of cm® moles™' 5_') for temper-
atures found in the energy-generating regions of small-muss red giant
stars.

CNO: T > 20 MK
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The smoking gun of the PRIMORDIAL NATURE:
The Na-O anticorrelation in GC dwarfs and subgiants

Internal mixing is ruled out: Gratton et al. (2001) Cohen et al. (2002)
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at least TWO stellar generations



A PREVIOUS GENERATION of stars which synthesised in
their interiors proton-capture elements are RESPONSIBLE for these
chemical signatures in GC stars
!
HOT hydrogen burning, where the ON, NeNa, and MgAI chains are
operating - the ON reduces O, the NeNa increases Na
(T ~ 30 million K), while the MgAIl produces Al (T~65 million K)
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Our Survey: Na-O abundances in 19 GCs

©
.. (7))
— O v B8
- o $ += 8
S I o < S O n
e
> c
®) pa - 9
oD C " (qv) - o
0N+ © N ge c N
w o mm s C T =
M by N e} 50 OO O -
c O < o O > >
A |- | — = - — a
- — O u — g a r r O
-1 O] (@) () — O o @)
L < & c L=<t
I—-____-—-———-—lf—.--—-—-—— --—LI_--_—___- -._ll
- (o] - -t S -
- L EEE T ° g% T sSieh P
- YR T T W 2-0”
l« ll.l - T —
- S+ Nt v 2] ©
- s ST 8]~
[ %;G-W 2 H o] |
T N PP Y O (PPN AT I TR WD
l____~_--____-_II____-—_____-___l.l__.-_——__-______ll—-_____-___~___l
B + + -+ W w v
N 9 T &%ﬁ@% T mm@o i %&%« %
| — —15 @ o ll«%« -
B 0 4 oW 4° 09% 3 B ]
L o of ¢ =do ¥ =1 ¥ 8
.«aMw 8T o oI i
- [ . L | & T . O
- VW e gt 54 54 8-
l———___pn-—__-w—l—__-—--__--N——l]__hnn——__-—-—-N_JI—--___--——__N__J
l_-___-_____.._I.l—___-—-____.__-—l.l__.-_______--__l.l—-________—-___—l
= A by d by .. %O .
L A O 4 - B @ o
F 488 T P 1 T 1 em& k
2 v <+ T - o~ T © ]
[ 3 i B 8 B - 8 B T
B oL ST ST 6.1
= S ST Pk B3
I_..___.._____.N._l...______..___...N_lr_________._...N__ll____.__...____N__l
l—--—-—-—..-—ll—q-u—-q-—--—l]—- -————-—-_-—ll—-—---—---l
F oo B T e T & T o 3& 7
el T T oafc I g
- 0% T +«T & ol © ]
@® o (¢ o] N
E ST T * ar @ ]
= b S b 81 b 81 S
Sl b b L e b Len B HE L Lensa b L s L L -
.l_--O——-———__-_I.l——--—-——__--Oq—l.l—--———__-—--—ll—-———--—-—-—l
o
™ T C0 ﬁ T o o Q 1T o S "e H
N 3 5 F 2 B P4 T @O |
— o —1- o A —- —
[ o i E ol Y& §¢T. & o]
< a2 - QT v b=
i ST 0T N R 4 @ -
= e i O + ©
e 5 L& I . BB

oy oy B 8

O O

L oL O L O L O
l—-————-———bb-w—ll—___n———-b—--m—ll__-———-b-—-—-w_llmnp—w_b--—~__W—l
- 8 O W~ 1 O v~ ¥ © W~ ©u O Y
o o o o o o o o

| | | I

[ed/®eN] [e4/eN] [4/®N] [2d4/°N]

[0/Fe] [0/Fe]

[0/Fe]

Carretta et al. (2009a)




Stellar generations in GCs: PIE groups
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A feature so widespread among GCs must be related to their
origin/formation mechanism (carretta 2006)

l

A NEW Definition:
“A bona fide GC is a stellar aggregate showing the

Na-O anticorrelation”
(Carretta et al. 2010)

|

GCs contain multiple stellar generations
born in at least two episodes of star
formation



Different clusters have
different Na-O anticorrelations
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The shape and the extent of the Na-O anticorrelation vary
from GC to GC



The Al-Mg anticorrelation
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Most favourite candidate polluters
(alterations in light elements, heavier elements unmodified)

Candidate Location of Mass involved Pollution
Polluter H-burning

Intermediate Mass Hot Bottom 4 -8 Mg Slow winds and
AGB stars Burning envelope ejection
(IM-AGBs, Ventura et

al. 2001)

Other suggestions: MASSIVE BINARIES (de Mink et al. 2009, Izzard et al.
2013); NOVAE (Maccarone & Zurek 2012)




(Some) Open Issues

1. Relations of p-capture element variations with global GC
parameters, e.g., the HB morphology ? (see Raffaele’s talk)
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(Some) Open Issues
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(con DAaffanls’c tAll)

PRO: May produce Y up to Y~0.4 PRO: No close over-imposition with core-
collapse SNe

CON: Timescales close to SNII
(how do we avoid Fe variation?) They can produce discrete values

Both candidates require GCs were initially much
more massive
(preferentially lost of FG stars) or
a very peculiar IMF

Hard to match the highest level of Na
_ _ enhancement and/or O depletion unless
NO Li production fine-tuning of input physics (convection
treatment + fast mass loss rate; ventura &
D’Antona 2005, D’Orazi et al. 2013a)
Rb (s-process elements in general, D’Orazi et al.
2013a,b)

Yong et al. 2005 )




Ask lithium...

It is expected that at CNO/NeNa cycle temperatures occur NO Li is left
- Polluting material (ejected from the first generation stars) has Li ~ 0

(under the assumption that there is NO Li production within the polluters)

Na-poor, O-rich stars (FG stars) should be Li-rich

Na-rich, O-poor stars (SG stars, formed from gas progressively
enriched by the ejecta of the first population) should be Li poor

LITHIUM AND OXYGEN ARE EXPECTED TO BE
CORRELATED, AND LITHIUM AND SODIUM ANTICORRELATED

While Fast Rotating Massive Stars can only destroy Li,

Any production of Lithium tends to erase the
Li—O(Na) (anti—)correlation
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NO Li — O positive correlation and Li-Na anticorrelation:
FG Stars and SG stars SHARE the same Li abundances

Take-home message: Lithium has been produced between the First and the Second
Generation (DILUTION is NOT the explanation!)

IM-AGB stars as internal POLLUTERS (?)
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(Some) Open Issues

attet

Open Clusters vs Globulars

@ GCs with Na-0O anticorrelation

The Open clusters Berkeley 39
and NGC 6791

Open Clusters are known NOT
to exhibit the proton-capture

element variations
(e.g., De Silva et al. 2009)

Gratton, Carretta, Bragaglia (2012, originally from Carretta et al. 2010)



Berkeley 39
ooz | / | Bragaglia et al. (2012): FLAMES

(m-M),=12.94

14 |BEV-01r | | observations for 30 giants =
| 5.6, 6.3, 7.1 Gyr "¢ .
Abundance analysis for several

No such scatter or anti-correlation was found, and we
conclude that Be 39 is a normal, homogeneous, single-
population cluster”

[Ti/Fe] n
[V/Fe]1

[Cr/Fe]1
[Mn/Fe] 1

[Ni/Fel1
[Ba/Fe] i




NGC 6791
(moan 1544 Geisler et al. (2012): HIRES @Keck |

Age=9 Gyrs

observations for 5 early RGB stars +
Hydra@WYIN for 19 stars in the upper

Thus, NGC 6791 becomes the first OC to display
an intrinsic dispersion in any element and the first presumed
OC
discovered with multiple populations.”




NO Na-O anticorrelation NGC 6791
according to Bragaglia et al. (2013, subm.)

1.0 _I | | I | | 1 | ] | | I | | | | ] | | I I_ _I 1 I | | | | 1 1 I I_
-(a) NGC6791 & 1 [(b) M4

- Mm - - -
L ATy - L DD -
_ 05| 80 1F “ogmiee,
0 : D/ggé 11 ]
e ™ A
g i O 1 i n%:l'q,ﬁ i
— 0.0 |- Y 4 F o ®
- - - D -

=]
~05 '_r,,=p.39 | ' [ ‘1L II ' | . -

-05 0.0 0.5 -0.5 0.0 0.5
[0/Fe] [0/Fe]

[Na/Fe]=0.28+0.03 (rms=0.15)
[O/Fe]=-0.18=%+0.02 (rms=0.08)




_ (Some) Open Issues
4. ~Environmental effect

Galactic vs extra-galactic GCs

EhetEornax globular clusters
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The LMC globular clusters
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The Sagittarius dSph globular clusters

Carretta et al. 2010:
Na-O + Al-Mg anticorrelations in the
(massive) GC M54
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Cohen et al. (2004): Homogeneous Na and
O abundances in four giants in Palomar 12
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No variation in Na,O, Al in Ter 7
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ERRRERAN T T T
' UVES T GIRAFFE Carretta et al. (2013, subm.):
os [ I | Giraffe spectra for 10 giants (Fe, Na)+UVES for
2 [ . I ; six RGB (Fe, Na, O) in Terzan 8
~ hd -+ ®
2 of B AT
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7()-57\\\\l\l\\‘l\ll‘l\\\l\l\lﬁi | | ‘ | Ii 1— T o 1
1.5 1 05 0 05 1 4500 4000
[0/Fe] Teft
None of the stars show O depletion and 08 2 T ]
only one exhibits Na overabundance - o ® :
o' I $ o
< 3
g or T o ]
Ter 8 seems to host SG stars I ’
(actually, only one within our sample), although i ~ , T ]
as a minority fraction, the opposite of what is ~05 - + -
found for higher mass MW clusters, and also at I | [ rers.
variance with other low-mass Sgr GCs, Pal 12 I el fer® T
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Ter 8 may represent a candidate for the class of mainly-FG cluster, while the two other
GCs can be considered as good candidates for FG-only clusters (Caloi & D’Antona
2011), (but keep in mind that only a very few stars were analysed in the
last two clusters)




Other issues include (BUT, unfortunately, are not limited to)

5. Continous vs discrete distributions in Na-O and/or Al-Mg
planes?

1 NGC6121 from
' . 1 Marino et al. 2008
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We provide two independent proofs that the distribution of giants in NGC 6752 is multi-
modal, with stars segregated into three distinct groups, according to both Stromgren
photometry and high-resolution spectroscopy.
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6. The exotic Globular Clusters:
w Centauri, M22, NGC 1851, M54..

Along with the the usual variations in elements affected by p-capture we
detect significant variations in: [Fe/H], a-elements, s-process elements
(to a different extent)
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In this peculiar GCs several episodes of star formation
are required

Much more complex star formation histories: different
timescales = different (kind of) polluters involved
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That’s NOT all folks !

O What about young massive star clusters?

(Portegies-Zwart 2004; Vinko et al. 2009; Larsen et al.2011;
Neguerela et al. 2011)

4 Binary fraction and density environment
(Milone et al. 2008; D’Orazi et al. 2010; Vesperini et al. 2011)

L The GC formation scenarios

(D’Ercole et al. 2008, 2010; Bekki et al. 2007, 2011,
Conroy & Spergel 2010, Valcarce & Catelan 2011)

O The different behaviour of AGB stars

(Norris et al. 1981; Sneden et al. 2000;
Gratton et al. 2010, Campbell et al. 2010, 2013)

U The GC — Milky Way connection
(Martell & Grebel 2010; Carretta et al. 2010; Sarah’s talk)



The road is long and bendy......

BUT WE CARRY ON...




