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ABSTRACT

Context. AGB stars have long been held responsible for the important star-teesiations in light elements observed in Galactic
globular clusters.

Aims. We analyse the main impacts of a first generation of rotating intermediats-stars on the chemical properties of second-
generation globular cluster stars. The rotating models were computedutvithagnetic fields and without thefects of internal
gravity waves. They account for the transports by meridional ctg@md turbulence.

Methods. We computed the evolution of both standard and rotating stellar models with miisdées between 2.5 andvB, within

the metallicity range covered by Galactic globular clusters.

Results. During central He-burning, rotational mixing transports fresh CO-mctterial from the core towards the hydrogen-burning
shell, leading to the production of primal§N. In stars more massive thawh 2 4M,, the convective envelope reaches this reservoir
during the second dredge-up episode, resulting in a large increasetotah€+N+O content at the stellar surface and in the stellar
wind. The corresponding pollution depends on the initial metallicity. At lowd imtermediate-metallicity (i.e., [F€] lower than or
equal to~ -1.2), it is at odds with the constancy of+®8+O observed among globular cluster low-mass stars.

Conclusions. With the given input physics, our models suggest that massiveXi4.M,) rotating AGB stars have not shaped the
abundance patterns observed in low- and intermediate-metallicity globusters. Our non-rotating models, on the other hands, do
not predict surface €N+0O enhancements, hence are in a better position as sources of the dteroivalies in globular clusters
showing the constancy of the+BGl+O. However at the moment, there is no reason to think that intermediatestaassvere not
rotating. On the contrary there is observational evidence that stars terslisve higher rotational velocities than in the field.

Key words. stars: AGB and post-AGB, rotation, abundances - globular clustensrage

1. Introduction Massive AGB stars that undergdieient hot-bottom burn-

) _ ing (HBB) during the thermal pulse phase (TP-AGB) have been
While the abundances of heavy elements (i.e., Fe-grouprandproposed as the possible GC polluters in this so-called self
elements) are fairly constant from star-to-star in anywalbied - enrichment scenario (Ventura et al. 2001). The AGB hypdshes
individual Galactic globular cluster (GE)giantand turnfistars  has been extensively discussed in the literature, first omad q
present some striking anomalies in their light elementdetin jtative basis, and more recently with the help of custom-enad
(Li, F, C, N, O, Na, Mg, and Al) that are not shared by theigtandard (i.e., non-rotating) stellar models (Ventural .e2@01,
field counterparts (for a review see Gratton 2007). Impoi&n 2002; Ventura & D’Antona 2005a,b,c, 2008a,b; Denissenkov
that the sum [(@N+O)/Fe] for individual GC stars otherwise g Herwig 2003; Karakas & Lattanzio 2003; Herwig 2004a,b;
presenting very dierent chemical features is constant to withifrenner et al. 2004; Bekki et al. 2007). These studies point ou
experimental errors in all the clusters studied so far, i several dificulties in building the observed chemical patterns in
possible exception of NGC 1851 (for references $igle theoretical TP-AGB models. The main problem stems from to

We now have compelling evidence that these peculiar chethe competition between the third dredge-up (3DUP) that con
ical patterns were present in the intracluster gas from lwhitaminates the AGB envelope with the helium-burning ashes pr
second-generation (anomalous) low-mass stars formedhand duced in the thermal pulse and HBB that modifies the envelope
they resulted from the dilution of pristine material witheth abundances via the CNO-cycle and the NeNa- and MgAl-chains.
hydrogen-burning products ejected by a first generationaem It is thus very dificult to obtain simultaneous O depletion and Na
massive and faster evolving GC stars (for a review see Ryantenrichment in the TP-AGB envelope, while keeping theNg-O
et al. 2007). sum constant as required by the observations (see Chatbonne

2007, for more details and references).

Send offprint requests to: T. Decressin, email: decressin@astro.uni- 1o date, only AGB models in the mass range 5-6 5have
bonn.de managed to simultaneously achieve an encouraging agréemen
1 Exceptw Cen (Norris & Da Costa 1995; Johnson et al. 2008).  with the observed O-depletion and the Na-enrichment (Vantu
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& D’Antona 2008a). These models include the FST formuladefault and those by Caughlan & Fowler (1988) otherwise (see

tion for convection (Canuto et al. 1996), which strongffeats Siess & Arnould 2008). The treatment of convection is based o

the O depletion once the stars enter the TP-AGB (Ventura tRe classical mixing length formalism withy 1 = 1.75, and no

D’Antona 2005b). Compared to the classical MLT treatmentpnvective overshoot is included. The mass loss rates ane co

FST indeed leads to higher temperatures at the base of the qmuited with Reimers (1975) formula (witjk = 0.5).

vective envelope (resulting in more advanced nucleosgighe  For the treatment of rotation-induced processes we proceed

and induces higher surface luminosities resulting in gfeon as follows. Solid-body rotation is assumed on the ZAMS and a

mass loss and thus fewer thermal pulses and 3DUP events.tyjsical initial surface velocity of 300 knt$ is chosen for all the

shown by Ventura & D’Antona (2005b), some O depletion camodels. (The impact of this choice is discusse$l .3 where we

also be obtained with the MLT prescription, but only when thpresent models computed with initial rotation velocitiasging

free parametar is arbitrarily and strongly modified with respectfrom 50 to 500 km s'.) On the main sequence, the evolution

to the value calibrated on the Sun. These models are alsadablef the internal angular momentum profile is accounted fohwit

produce a slight decrease in Mg accompanied with a large the complete formalism developed by Zahn (1992) and Maeder

crease in Al & Zahn (1998) (see Palacios et al. 2003, 2006; Decressin et al
The Na-enrichment is moreftlcult to estimate and requires2009 for a description of the implementation in STAREVOL),

fine tuning of the NeNa-cycle reaction rates. More precjsaty which takes advection by meridional circulation andfusion

increase in sodium is achieved in the most oxygen-poora&jetly shear turbulence into account. The initial solid-bodyfite

of the 5-6.5 M, models only when the maximum allowed valueselaxes on the main sequence on a short timescale of a few Myr

for the 22Ne(py) rate are adopted. In summary, and as clearnd generates fierential rotation. For our most massive stellar

stated by Ventura & D’Antona (2008a), the AGB scenario imodels M > 4 M), the complete formalism for angular mo-

viable from the nucleosynthesis point of view, providedtthamentum transport is applied up to the 2DUP. For the lower mass

only massive AGB stars of 5 to 6.5 Jvicontribute to the GC models, however, the complete treatment is only appliedoup t

self-enrichment, and under the physical assumptions itbestr the end of the main sequence, while a more crude approach is

above. used in the more advanced evolution phases where angular mo-
However the previously quoted models have only focusedentum evolves only through local conservatiae. (only the

on physical uncertainties related to the TP-AGB phase, lagid t structural changes modify the angular momentum). This sim-

predictions have not been tested ifffelient astrophysical con- plification is motivated by the evolutionary timescale .(i#ne

texts. In particular, the impact of rotation in our modelstba Kelvin-Helmholtz timescale on the RGB) becoming shortanth

nucleosynthesis predictions for AGB stars has never beasin the meridional circulation timescale. We test this assiuongty

tigated in the context of the GC self-enrichment scenatiio, aunning a 5 and M, with and without the full treatment of ro-

though rotation is often invoked to understand a wide warietational mixing and the results show littlefidirence, validating

of observations (e.g. Maeder & Meynet 2000, 2006; Chiappiaur approximation. In all cases the transport of chemicetss

et al. 2008, se& 4). The present paper addresses this quagsulting from meridional circulation and both verticabamor-

tion for the first time, using up-to-date treatment for rimat izontal turbulence is computed as dfdsive process (Chaboyer

induced processes. As we shall see, the main signature of &Zahn 1992) throughout the evolution.

tation on the chemical composition of the stellar envelopg a

winds of intermediate-mass stars already show up duringgbe ] o o

ond dredge-up event and cannot be erased during the TP-A&BSignatures of rotation-induced mixing up to the

phase. early-AGB phase

3.1. Models at [Fe/H]=-1.56

2. Physical input of the stellar models o
Up to the beginning of the TP-AGB phase, the surface compo-

Although only massive AGB stars in a very narrow mass ranggion of the standard models is only modified by the dredge-u
between 5 and 6.8 are now suspected to play a role in th@vent(s). Let us note that only the 2.5 and 3 Models undergo
self-enrichment scenario (Ventura & D’Antona 2008a,b), wegeep enough first dredge-up so as to modify their surface-abun
computed standard and rotating models of 2.5, 3, 4, 5, 7, afihces; however, all stars experience to various exteatsettr
8 M, stars with the code STAREVOL (V2.75) (Siess et al. 200@ind dredge-up (hereafter 2DUP) after central He exhaustisn
Siess 2006). We present results for several metallicttiasiely described below, in the rotating models thEeets of additional
Z=4x1073103,5%x10% 10% and 10° (i.e., [F¢H]~ -0.66, mixing become visible at the stellar surface during the sgeat
-1.26, -1.56, -2.26, and -3.26 respectivélyllhe composition is central He-burning phase.
scaled solar according to the Grevesse & Sauval (1998) neixtu  Figure 1 shows the abundance profiles (in mass fraction) of
and enhancement inelements (¢/Fe]= +0.3 dex) is accounted H, “He, 12C, 14N, and'®0, as well as the total sum++O, at
for. All models were evolved up to the completion of the 2DURhe end of central He-burning and before the 2DUP, for stahda
We used the OPAL opacity tables (Iglesias & Rogers 199fpwer row) and rotating (upper row) 8, model.

aboveT > 8000 K that account for C and O enrichments, and |n the standard cas&N steadily increases as one moves in-
the Ferguson et al. (2005) data at lower temperatures. We f@trds through the H-rich radiative layers down to the H&ésu
lowed the evolution of 53 chemical species frdto 3’Cl us-  (located betweeM, ~ 0.7 and 1.2M,) as a result of CNO pro-
ing the NACRE nuclear reaction rates (Angulo et al. 1999) yessing. Further inside, the stellar core has (laxperiemmplete

2 The models at [F#i]~ -0.66 and -3.26 are actually from Maeder &He-burnlng and is essentially madel&) and’®C. In this oMo
Meynet (2001) and Meynet & Maeder (2002), respectively. Takhlee model, d_urlng the 2DUP, the convective envelop_e pe netrases
consistency of our predictions with those of the Geneva code, we cofie He-rich bifer (down toM; =~ 0.85 M) as indicated by

puted a M, model atZ = 10°5 with STAREVOL and found excellent the hatched area. This produces an envelope enrichment in H-
agreement in terms of both evolutionary and chemical characteristigrning ashes: the surface abundance¥®fand*®O decrease,

(see Fig. 2). while that of N and“He increase. The sumi®l+0, however,
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Fig. 1. Chemical profiles (in mass fraction) at the end of central He-burningtating (top) and standard (bottom)My, models atZ = 0.001,
0.0005, 0.0001, and 0.00001 (left to right). The elements showfHarédotted-dashed lines¥C (short-dashed lines)N (long-dashed lines),
180 (dotted lines), sum €N+O (thick lines). The hatched area on top of each panel indicates the maxaxtent of the convective envelope
during the 2DUP.

remains constant, since only the H-burning products amdgir@ clei through CNO burning at high temperature. This leadfi¢o t
up. production of a peak girimary N at the base of the hydrogen-
Rotation-induced mixing strongly modifies the interndPurning shell (HBS) as seen in Fig. 1. The resulting chemical
chemical structure. As shown in the upper-row panels of Eig. profiles at the er)d of .central He-burning thufet §|gn|f|cantly
the abundance gradients are smoothed out in the radiatiee erffom those obtained in the standard case whids only pro-
lope (i.e., the region above the He-richia up to the surface or duced in the HBS from thé’C and*®O originally present in
the convective envelope) compared to the standard E&épro- the star and is therefore of secondary origin (Meynet & Maede
duced in the internal H-burning layersfitises outwards, while 2002). During the subsequent 2DUP, the convective enveibpe
the 2C and'®0 present in the envelope are transported inward§€ 5 Ms rotating model reaches the polluted He-riclifbu(see
As a consequence, during the whole central He-burning phak®: 1) producing a large increase iHe. Simultaneously the
rotational mixing produces a continuous surface increa®\i  Primary CNO and thus the overall metallicity increases ia th
concomitant to a decreaseC and€0. At the same time, the envelope.
products of central helium-burning, nameéfC and €0, also In the 2.5 and 3, rotating models, the convective envelope
diffuse outward in the He-rich Iffier (i.e., the region where He does not reach the contaminated Heéfduduring the 2DUP. As
is the dominant species, between 0.6 andM4in Fig. 1). a consequence in these low-mass models, only the H-burning

The transport of chemical species is mainly driven by she@foducts are dredged up to the surfat® strongly increases,
turbulence Dgpear ~ 10° cm s2) in the radiative envelope andWhile **C and 'O decrease, but the sum+8+0, as well as

in the He-rich layer. At the interface of these two regiors, at the total metallicity, remain unchanged (see Table'ip also

the base of the HBS, the large mean molecular weight gradi€ifuses outward into the radiative _envelope Iea_dlng to a seirfac
strongly reduces thefiiciency of mixing Ospear~ 10° cm s'2), He enha_ncement by about 0.03 (in mass fraction) compared to
thus preventing the transport of primary C, N, and O from tHeen-rotating models.

He-rich bufer to the HBS, hence thus to the surface during cen- Table 1 summarises the abundance variations after the 2DUP
tral He-burning. At the same time, hydrogen from the enveisp in all our standard and rotating models at ffp=-1.56. The
also transported inwards and rapidly captured®yand® nu- main signature of rotational mixing at the surface of massiv
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Table 1. Surface abundance variations after the completion of the L ' ' ' ' ' ' 5(;0 ' ' o
2DUP with respect to the initial compositiod[X/Fe] = [X/Febpup — 1F —
[X/Fel.i) for the models with initial value of [Fel]=-1.56 i ]
25M, 3M, 4M, 5M, 7M, 8M, 08 300 7
Standard models 2 L -
He 026 026 029 032 036 0.36 '3(? r 7
S[C/Fe] 020 -025 -029 -0.31 -030 -034 F06[ 7
S[N/Fe] 044 048 060 075 079 081 = L ]
6[O/Fe] -0.01 -0.01 -0.03 -0.06 -0.10 -0.11 5 B 150 b
S[CNO/Fe] 000 000 000 000 000 000 04r ]
Rotating models - .
He 029 029 032 034 035 0.36 r b
S[C/Fe] -1.12 -0.86 -020 144 214 216 02~ B
S[N/Fe] 123 112 113 124 119 1.09 - 50 ]
o[O/Fe] -065 -0.36 -001 018 146 155 ol T
S[CNO/Fe] 000 000 0.15 0.78 162 171 20 E u—\I; [ E
15 & =
3 I T T T I T T T I T T T T T z 10 ;_ _;
i [Fe/H] = -3.26 . 1 5 E =
- o — — —-A — 0 E 1 1 1 | 1 1 1 | 1 1 1 3
L - N 4 0 200 400 600
i / / N o Vo> (km s™1)
2 / / [Fe/H] =-2.26 a —  Fig.3. Top: enrichment in GN+O after the 2DUP completion as a
. L / /~/ | function of the mean main sequence velocity for 85, Z = 0.0005
3 / / _.—u for initial surface velocities of 0, 50, 150, 300, 500 km as indicated.
> I 7/ .f[;e JH] = -1.56 Bottom: distribution of surface velocities observed by Martayan et al.
+ L / % 7 o (2006) in the young LMC cluster NGC 2004 for B-type stars with mass
f | y /./ ‘// | from 2 to 10M,, (vsini measurements are multiplied by a factgry
2, L L e
s 1 / / /./ _
- / / 1 -156,-2.26, and-3.26). As previously explained, thet®l+O
/ /. . . ; . :
L ;7 ./'/‘/[Fe/H] . 1 profile _outgde the CO core is constant in the standard mod-
./ ;! w ' | els, while it strongly increases in the He-rich layers betbe
.f// HBS in the rotating models. This#IN+O step is higher in lower
- A .- [Fe/H] = -0.66 metallicity stars, which results in a stronger CNO surfaudoh-
0 % - — — — == —"— ment after 2DUP in the most metal-poor stars as shown in Fig. 2
T T S S S NS ST S S The maximal depth reached by the convective envelope for a
2 4 6 8 given stellar mass hardly depend on metallicity; e.g.,aches
M (M) 1.04 and 1.0M,, for the 7M, atZ = 103 andZ = 10,
. . ) At [Fe/H]=-2.26, the envelope (and thus the wind) of all the
Fig.2. Surface @GN+O increase index 6({C+N+Olpup = stars more massive than5M, undergo a @N+O increase by

[C+N+O/Febpup — [C+N+O/Fe}q ) at the end of the 2DUP for
rotating stars with various initial masses and metallicities. Squares
triangles indicate models computed with STAREVOL and with th

Geneva code, respectively (see text for details).

%ﬁ) 2 orders of magnitude, while an increase by a factor of 5 is
ained at [F&H] = —1.26. When metallicity becomes higher
than [F¢H] ~ -1, rotation-induced mixing increases the total
C+N+O by less than a factor 2-3, which is undetectable with
current observations (se€e5). The dfect is null at [FeH] =

early-AGB stars 1 > 4 M,) is a strong increase in He-burning—0.66.
products, i.e., primary CNO (see also Fig. 2). As all rogtin

models produce an enrichment of CNO elements inside the
buffer, the total increase of €N+O at the surface of rotating

'?S’. Influence of initial rotation velocity

models mainly depends on the depth reached by the conveciive present several models for theMs, star atZ = 0.0005
envelope during the 2DUP. We thus obtain a stronger vanati(fFe/H] = —1.56) with initial rotation velocities between 0 and

with increasing stellar mass.

3.2. Influence of metallicity

500 km st as part of investigating the dependence of our results
on this parameter. As shown in Fig. 3, thelL+O enhance-
ment increases with increasing initial rotation. A higheitial
velocity leads to a faster spinning core and to a largéedintial
rotation at the core edge during central He-burning. Sinoe m

The impact of rotation on stellar properties and stellaldges ing stems mainly from shear turbulence and scaleg@gdr)?
known to depend strongly on metallicity (see, e.g., Meynet &alon & Zahn 1997), more CNO elements are stored in the He-
Maeder 2002). The metallicity dependence of our predistionich bufer and then revealed at the surface after 2DUP. In the
is depicted in Fig. 1 showing the internal profiles'é€, N, model with an initial velocity of 150 km$, the G-N+O rises
and*®0 at the end of central He-burning in standard and rotdiy a factor 3, while it increases by more than a factor 14 for an
ing 5 My, models at four dferent metallicities ([F#] ~ —1.26, initial velocity of 500 km s2.
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4. Discussion on the model uncertainties netic fields is required to explain the whole observational
pattern (Hunter et al. 2008a);
— the observed number ratio of blue to red supergiants in the

As shown above, the totaH@+O enhancement depends on the SMC (Maeder & Meynet 2001); .
assumed initial rotational velocity. We note that, for aitiah  — the variation with the metallicity of the number fraction of
(i.e., ZAMS) velocity of 300 km 3., the time-averaged velocity ~ WR to O-type stars (Meynet & Maeder 2003, 2005);

of our models on the main sequence ranges between 220 andhe variation with metallicity of the number ratio of type
256 km s depending on the stellar mass and metallicity. What |2b(;30t50 type Il core collapse supernovae (Meynet & Maeder

4.1. Mean rotation velocity

are the observational constraints on this ingredient? ) ) )
Martayan et al. (2006, 2007a) find measini of 161+ — the lithium abundance patterns in A-type and early F-
20 km st and 155t 20 km s for SMC B-type stars of 2-#, type dwarf stars, as well as in their subgiant descendants

(111 stars) and 5-1M, (81 stars), respectively. Accounting in ~ (Charbonnel & Talon 1999; Palacios et al. 2003).
a statistical way for the sineffect (i.e. multiplying the aver-
agedvsini by 4/r supposing a random distribution of the ro
tational axis), we obtain averaged valuesvdretween 197 and

l _ - . H _ . . .
205 km s+ for B-type stars in the SMC. At first glance, the mamTherefore, while the present models are not free of unceiesi

sequence time-averaged velocity of our models is slight/ipér ; :
than the observed values for SMC stars. However, the fatigwi ]tczg}[/u?g\;/e the nice property of accounting for the above bser

points have to be considered:

Moreover, they provide a reasonable explanation for thgirori
of the high NO observed at the surface of metal-poor halo stars,
as well as for the @ upturn (Chiappini et al. 2006, 2008).

1. The mean observed values quoted above do not accountd@. Rotational rate of remnants
Be-type stars. Let us recall that Be stars are fast rotatats t _ _ )
present emission lines originating in an outward equatoriahe present models have soméidiilty, however, in accounting
expanding disk probably formed due to strong stellar rofati fOr the observed rotation rates of young pulsars and whiterfsw
(Martayan et al. 2007b). Therefore Be stars belong to tf&ee e.g. Kawaler 1988; Heger et al. 2005; Suijs et al. 2008).
upper part of the velocity distribution, and it is legitirego  More precisely, they predict too fast rotation of the stetiares
incorporate them in the estimate of the averaged velocitisthe advanced phases. This may be stem frafierdint causes
of B-type stars. Taking them into account does enhance gt could _Iead to additional angular momentum loss from the
observed average velocities. As an illustrative example, tcentral regions at @ierent evolutionary phases:
meanvsini for SMC Be stars in the mass ranges 2-5, 5— . e
10M, are 27734 km s* (14 stars) and 29¥25 kms(81 alrehady dunr;ghthe nuclear Ilfetmre, ionin th ¢
stars), respectively. As can be seen in Fig. 3, our assunptio ~ - e tlrr:je oft ehsu_lggrz?svg e)ép osion 'r:‘ the cas]fz cr’] neutron
on the stellar rotation velocities are thus totally readist stars or during the TP- phase at the time of the super-

. wind episode in the case of white dwarfs;
2. Martayan et al. (2007a) (see also Hunter et al. 2008b) find : '
that fgr both B rgmd Be)s(tars the lower the metallicity)the_ by the neutron stars or the white dwarfs themselves shortly
' ' ' after their formation.

higher the rotational velocities. This agrees with the fiigdi

by Maeder et al. (1999) and Wisniewski & Bjorkman (2006}, the second and third cases mentioned above, the physics an
that the fraction of Be stars with respect to the total nunhe predictions of the present models would not need to be re-
ber of B+Be stars increases when the metallicity decreasggseq since the loss of angular momentum would occur after
Since the metallicities considered in this work are Iowanth the evolutionary stages covered by the present compusation
that of the SMC, we may expect that the averaged velocitipgyyever, if the loss of angular momentum occurs before sec-
of the stars would be somewhat higher than the one quoigsly dredge-up, another mechanism should be included arearl
above for the SMC; o _ Phases in rotating models.

3. Last but not least, there is evidence that the rotatiogsrat  Tpe study of the s-process nucleosynthesis in low-mass TP-
of stars are higher in clusters than in the field (Keller 2004Gp stars could provide some hints to the rotational evohutif
Huang & Gies 2005; Strom et al. 2005; Dufton et al. 200@je stellar core. At the moment the properties and the bebiavi
Wolff et al. 2007). of rotating TP-AGB stars are poorly known. Calculations us-

L . ing a difusive treatment for the transport of angular momentum
Thus, in view of these remarks, it does appear that our adop Langer et al. (1999), Herwig et al. (2003), and Siess et al.

rotation velocities are probably very close to the averagot- 5404y haye shown that rotationally induced instabilifiesvide

ities 9; sta(;s I|fntﬁlusters: for thet rangletgf masses and g/';imﬁ enough mixing to trigger the 3DUPs. However, a shear layer at
consiaered. € previous extrapolations are Correetyilues e pase of the convective envelope leads to fanient pollu-

given in Fig. 2 should be considered as lower limits. tion of the3C pocket (the neutron source) bYN with the re-

sult of strongly inhibiting the s-process nucleosyntheBlss is
4.2. Treatment of rotation at odds with the observations of s-stars and tends to irelthat

the modeling of rotation used in these models needs to be im-
Of course, rotating models are not free from uncertaintiggoved and that angular momentum must have been removed by
and their predictions should be carefully compared withlwelthe time the thermal pulses start. Therefore, if the extraaif
observed features. The physics included in the present Isi0dghgular momentum occurs before core helium burning, no CNO
is the same as the one that provides a good fit to the followiggrichment will be expected because it relies on shear dae to
observed features: fast spinning core. On the other hand, if the extraction mecu

— the surface enrichments in nitrogen in main-sequence B-typ2 In this framework, the neutrons needed for the s-process are re-
stars (Maeder et al. 2009), even if invoking binarity or madeased in thé*C pocket by*3C(a,n) reaction.
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during the early-AGB phase, it could allow both the CNO en- In the case of the most metal-rich GCs such as 47 Tuc
richment of the He-bfier and the s-process during the TP-AGECarretta et al. 2005) and NGC 6712 (Yong et al. 2008), this
phase. C+N+0O constancy is actually compatible with pollution by both
The mechanism frequently pointed to for removing angulatandard and rotating AGB stars since the 2DUP CNO enrich-
momentum from the core is the magnetic field. For instanament is found to be negligible in the most metal-rich rotatin
Heger et al. (2005) have shown that magnetic coupling betwemodels. This is of course without considering possibiNGO
the core and envelope can account for the rotation ratesunfg/o increase due to the 3DUP of He-processed material during the
neutron stars. Suijs et al. (2008) also find that magnetoues TP-AGB phase, which is beyond the scope of the present study.
may be required to understand the slow spin rate of whitefdwar  In the case of intermediate-metallicity ([fF§ ~ —1.2) GCs,
However the dynamo model (Spruit 2002) on which the cusuch as NGC 288 and NGC 362 (Dickens et al. 1991) and
rent rotating models with magnetic fields are based has tlgcerM4 (lvans et al. 1999; Smith et al. 2005), the totatMG+O is
been tested through hydrodynamical computations by Za&in etfound constant from star to star, within observational uiade-
(2007), who do not find the amplification of the magnetic fiedd aies that amount ta0.25-0.3 dex. At this metallicity, the most
expected from the theory, casting some doubt on its valitlity massive intermediate-mass rotating moddéls £ 5) predict a
view of the remaining theoretical uncertainties assodiatéh C+N+O increase between 0.5 and 0.7 dex at odds with the ob-
the treatment of magnetic fields, it seems reasonable totstic servations. The only exception is NGC 1851 (Yong et al. 2009,
the present models whose predictions account for a bro#etyar [Fe/H] ~ -1.2), where variations in the total CNO by 0.57
of observations as described§mt.2. 0.15 dex were found, which is compatible with the CNO enrich-
Finally let us note that Talon & Charbonnel (2008) prement produced by our rotating models as shown in Fig. 2. We
dict that angular momentum transport by internal gravity@g note, however, that the stars observed by Yong and colladrsra
should be #icient in intermediate-mass stars during the earlya NGC 1851 are very bright objects. In view of its position in
AGB phase. If these waves were the culprit, then the prexfisti the colour-magnitude diagram, the only star witkNG+O ex-
of the present models would be valid as far as the CNO enriateeding the typical error bar could actually be an AGB star. |
ment is concerned since it builds up earlier in the life ofdtes. that case, the high value of the total CNO may not have been
inherited at birth by the star, but may instead be due to aucle
i i processes within the star itself. Being an AGB would also ex-
5. Consequences for the self-enrichment scenario plain why this star is the only one among the sample to exhibit
some enhancement in s-process elements. We note that in this
cluster a double subgiant branch has been detected by pétom
During central He-burning, rotational mixingheiently trans- ric measurements (Milone et al. 2008) that can be intergrase
ports primary*?C and®0 outside the convective core in thecaused by an ageféirence among cluster stars of about 1 Gyr
H-burning region where these elements are processed by Hmvever, Cassisi et al. (2008) propose to fit the double sempie
CNO cycle, resulting in an important production of primanassuming two coeval cluster stellar populations with+aNG@O
1N. In the massive N 2 4M,) rotating models, after central difference of a factor of 2. CNO measurements in NGC 1851
He-exhaustion, the convective envelope penetrates iettaii unevolved stars (as done in most of the other clusters stsdie
ers dfected by rotation-induced mixing. In contrast to standaifdr) are thus crucial for settling the problem.
models, the 2DUP produces a large surface enrichment ih tota Finally, the CNO predictions for the rotating most massive
C+N+O that cannot be erased by hot bottom (hydrogen) buriitermediate mass models lead to increasing factors up to 10
ing during the subsequent TP-AGB evolution. Third dredge-y5 M) and 100 (7M,) at low-metallicity ([FgH] = —2.2), in
episodes further increase the totaliC+O mass fraction as they clear contradiction with the observations in the metalfpbos-
bring the products of He-burning to the surface. ters studied so far, i.e., M3 and M13 (Smith et al. 1996; Cohen
As a consequence, if rotating massive AGB stars were &-Meléndez 2005), NGC 6752, and NGC 6397(Carretta et al.
sponsible for the abundance patterns observed in GCs, @@®5f. CNO measurements in other very metal-poor globular
would expect large EN+O differences between (O-rich and Naclusters like M15 or M92 would be extremely valuable in this
poor) first-generation stars and (O-poor and Na-rich) sgcorcontext.
generation stars (see e.g. Prantzos & Charbonnel 2006 Suc
differences would easily amount to 1.6 dex in GCs withjlHfe-
1.5, and to 2.2 dex in the most metal-poor clusters withHiFe- 6. Conclusions
2.2 for the cases where the ejecta of the first-generatioridvou ) ) o
not have been diluted with pristine material. Diluting thegecta " this paper we have investigated théeets of rotation in low-
with 10 times more pristine material would still givefidrences Metallicity intermediate-mass stars during their evolutip to
of 0.6 to 1.2 dex, well above the observed dispersion §seg). (he completion of the 2DUP and arrival on the AGB. Our ro-
Actually, to maintain GN+O constant would require such gtating stellar models include the complete formalism depet
high dilution of the ejecta with the intracluster mattertttiee  PY Z@hn (1992) and Maeder & Zahn (1998) and accounts for
O-Na and Mg-Al anticorrelations would be erased and, as ftgl}etransport of chemicals and angular momentum by merédiion

as abundances are concerned, first and second generation Sfigulation and shear turbulence. With respect to standerd-
would be indistinguishable. els, the most important change concerning the nucleosyistise

5.1. Summatry of the theoretical predictions

4 The hypothesis of two populations with similar age andffelif-
5.2. Comparison with the observations fering beyond the errorbars have been ruled out by the spectioscop
. ) study of RGB stars by Yong et al. (2009) and by the photometric study
C, N, and O abundances have been determined simultaneowsiyr Lyrae by Walker (1998).
in stars of several GCs. Up to now, no significant star-to-stas NGC 6397 ([FgH] ~ —1.95) does not show a very extended O-
variation of the total @N+O has been detected, except in NGQa anticorrelation, a more modestN+0 increase is expected in that
1851. case.
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the large'N production resulting from the fiusion of protons

below the HBS in a region enriched with primary C and O during

central He-burning. During the subsequent 2DUP, the cdiveec

envelope of massive AGB stars deepens in this region, piegluc

a large surface increase in the totatiT+O, which irreversibly
imprints the yields.

This behaviour is in sharp contrast to what is observed
low- and intermediate-metallicity globular clusters wiehe
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