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Abstract: The stellar system v Centauri (v Cen) is well known for the large range in elemental abundances

among its member stars. Recent work has indicated that the globular cluster M22 (NGC6656) also possesses

an internal abundance range, albeit substantially smaller than that in v Cen. Here we compare, as a function

of [Fe/H], element-to-iron ratios in the two systems for a number of different elements using data from

abundance analyses of red giant branch stars. It appears that the nucleosynthetic enrichment processes were

very similar in these two systems despite the substantial difference in total mass.
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1 Introduction

The stellar systemvCentauri (vCen) has been known for

a long time to be different from most other Galactic

globular clusters because its member stars exhibit a wide

range in the abundance of heavier elements such as iron

and calcium. This contrasts with the situation in most

other globular clusters where the size of any intrinsic

spread in the abundance of such elements is smaller than

the measurement uncertainties (e.g., Kraft & Ivans 2003;

Carretta et al. 2009b). The wide range in heavy-element

abundance1 in v Cen was first demonstrated by abun-

dance measures from spectra of cluster RRLyrae vari-

ables (Freeman & Rodgers 1975). This then led to the

recognition that the large colour width of the red giant

branch in the colour-magnitude diagram (CMD) of the

cluster, discovered by Woolley (1966) and Geyer (1967)

and confirmed by Cannon & Stobie (1973), was a natural

consequence of the heavy-element abundance spread.

There now exists a large body of spectroscopic data that

characterises the range in [Fe/H] in v Cen, and more

particularly, reveals the complex variations in [element/

Fe] ratios with [Fe/H]. The element ratios reveal the

nucleosynthetic history of the stellar system, and con-

tributions from both Type II and Type Ia supernovae are

recognisable, as is a significant role for asymptotic giant

branch (AGB) stars in the chemical evolution.

The difference between v Cen and other globular

clusters has led to the suggestion that v Cen may have

formed in a differentway from the other clusters— that it is

the nuclear remnant of a former dwarf galaxy that has been

tidally disrupted by the Milky Way (e.g., Freeman 1993).

Bekki & Freeman (2003), for example, have shown that

this is dynamically plausible. The different evolutionary

environment may then have allowed additional chemical

processes that do not occur in ‘regular’ globular clusters (e.

g., Bekki & Norris 2006; Romano et al. 2007, 2010).

The stellar systemvCen is, however, no longer the only

cluster in which a definite range in heavy-element abun-

dance is present among the member stars. For example,

following the initial photometric studies of Sarajedini &

Layden (1995), Bellazzini et al. (2008) have used spectra at

the Ca II triplet of a large sample of member stars to show

that the globular cluster M54, which is located at the centre

of the Sagittarius dwarf galaxy, possesses an internal

abundance range characterised by s([Fe/H])intE 0.14 dex

(see also the very recent work of Carretta et al. 2010c).

Further, two other globular clusters have recently been

shown to have internal ranges in heavy-element abundance.

The first of these is the Galactic bulge globular cluster

Terzan 5, for which observations presented in Ferraro et al.

(2009) reveal the presence of two distinct populations that

differ by a factor of ,3 in [Fe/H], and which likely also

differ significantly in age, with themore metal-rich popula-

tion being younger (Ferraro et al. 2009). The second

globular cluster is M22 (NGC6656), a stellar system long

suspected of possessing similar properties to v Cen (e.g.,

Norris & Freeman 1983), despite the fact that with MVE
�8.5, it is considerably less luminous than either v Cen or

M54, which have MVE�10.3 and �10.0, respectively

(Harris 1996). ForM22, Da Costa et al. (2009) used spectra

at the Ca II triplet of 41 red giants to derive an [Fe/H]

abundance distribution whose significant width could

not be explained by differential reddening effects. The

1
Usually represented by [Fe/H], the logarithm of the iron abundance

relative to that found in the Sun.
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inter-quartile range for theobserved abundances is 0.24 dex,

and the distribution suggests the presence of at least two

components, whose mean metallicities differ by 0.26 dex

(Da Costa et al. 2009). An intrinsic variation in star-to-star

abundances in M22 was also revealed recently by the high-

resolution spectroscopic study of 17 M22 red giants pre-

sented inMarino et al. (2009). These authors found not only

that there is an intrinsic range in [Fe/H] of order 0.15 dex,

but also that two groups of stars are present in the cluster,

with the iron-richer stars having higher calcium and s-

process element abundances relative to the iron-poorer stars

(Marino et al. 2009).

While the number of clusters showing internal heavy-

element abundance variations is small, this is not the case

for the lighter elements. After many decades of work, the

light elements C, N, O, Na, Al, and Mg are now known to

vary significantly and systematically within all globular

clusters for which adequate data are available (e.g., Gratton

et al. 2004; Carretta et al. 2010a). The sense of the varia-

tions is such that increases in the nitrogen, sodium and

aluminium abundances are coupled with decreases in the

carbon, oxygen and magnesium abundances. Together the

effects are referred to as the O-Na anti-correlation. The

abundance patterns seen in the Na-rich, O-poor stars are

consistent with being produced by the operation of the

CNO cycle, together with proton-capture reactions on Ne

and Mg seeds during H-burning at high temperatures

(Denisenkov & Denisenkova 1990; Langer et al. 1993).

However, the actual site of the nucleosynthesis is not yet

clearly established, with the most likely candidates being

intermediate-mass AGB stars (e.g., D’Antona & Ventura

2007) or rapidly rotatingmassive stars (e.g.,Decressin et al.

2007). Nevertheless, given that the ‘anomalies’ are found

among main sequence stars in at least some clusters, the

origin of the abundance patterns must be related to a

process or processes that occurred during the formation

of the clusters. In this respect v Cen and M22 are no

different from other globular clusters — the O-Na anti-

correlation is clearly present in both systems (Norris & Da

Costa 1995a; Marino et al. 2009).

The stellar system v Cen has one further property that

distinguishes it from most other globular clusters: the

likely presence of a large range in helium abundance. This

property is inferred from the presence of a double main

sequence in a high-precision Hubble Space Telescope-

based CMD for the cluster (Bedin et al. 2004, see also

Bellini et al. (2010)). In this CMD the bluer sequence is

less numerous and of higher abundance than the redder

sequence (Piotto et al. 2005). The observations are best

interpreted as indicating that the stars in the bluer

sequence are enhanced in helium by DYE 0.10–0.15

relative to those in the redder sequence (Piotto et al.

2005). Such large He abundance ranges have also been

suggested to occur in a small number of other luminous,

massive globular clusters. The prime example is NGC

2808, whose CMD shows a triple main sequence

(Piotto et al. 2007). Given the lack of heavy-element

abundance variation in the cluster (e.g., Carretta et al.

2009b), the main sequence structure is best interpreted

as indicating distinct He abundance groups, which are

then likely also related to the multi-modal structure of the

horizontal branch in the cluster CMD (e.g., D’Antona

et al. 2005). Other clusters for which very precise CMDs

reveal the existence of main sequence colour widths in

excess of that expected from the photometric errors

include 47 Tuc (Anderson et al. 2009) and NGC6752

(Milone et al. 2010). The origin of the postulated large Y

variations in these clusters is poorly understood though

the same candidates as those employed for explaining

the O-Na anti-correlation are often invoked (e.g., Renzini

2008). However, although some structure is present in the

vicinity of the subgiant branch in an HST-based CMD for

M22 (Piotto 2009), there is no evidence for any substan-

tial He abundance variations within this cluster. In this

respect then, M22 clearly differs from v Cen.

In this paper we concentrate on a comparison of the

element-to-iron abundance ratios, as a function of [Fe/H],

of the red giants in v Cen and M22. This allows an

investigation of the extent to which similar nucleosyn-

thetic activities occurred during their evolution, which

in turn, can constrain their origin. The observational data

used for the comparison are outlined in the next section.

The comparison is carried out in Section 3, and the results

are discussed in Section 4. Briefly, a considerable degree

of similarity is found between the two systems, suggesting

that they underwent analogous evolutionary processes.

2 Observational Data

There are a number of abundance analyses based on high-

resolution spectroscopy available for v Cen red giants.

These include Norris & Da Costa (1995b), Smith et al.

(2000), Pancinoet al. (2002) and Johnson et al. (2009), each

of which differ in sample size, elements studied,

and metallicity range covered. We will use primarily the

results ofNorris&DaCosta (1995b),who give abundances

for a large number of elements derived from observations

of a sampleof 40 red giants chosen to cover (almost) the full

range of [Fe/H] values exhibited by v Cen stars. Where

necessary we will also draw on the results of Smith et al.

(2000) and Johnson et al. (2009): both these papers have

demonstrated that any systematic differences between their

results and those of Norris & Da Costa (1995b) are small,

and have their origin in different choices of gf-values, lines

measured, and atmospheric parameters.2

In contrast to v Cen, the only published high-

dispersion study of a large sample of M22 red giants is

that of Marino et al. (2009). These authors analysed high-

resolution VLT/UVES observations of 17 M22 red giants

2
After this manuscript was submitted, a paper by Johnson &

Pilachowski (2010) appeared on the arXiv preprint archive. The paper

provides O, Na, Al, Si, Ca, Sc, Ti, Fe, Ni, La and Eu abundances for a

very large sample of 855vCen red giants.We have attempted to include

results from that paper where appropriate, but note that Johnson &

Pilachowski (2010) show that any systematic offsets between their

abundances and those of Norris & Da Costa (1995b) are also small.
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as well as somewhat lower-resolution VLT/GIRAFFE

data for a further 14 red giants, one of which is in common

with the UVES sample.

3 Comparing v Centauri and M22 Element-to-Iron

Abundance Ratios

To set the scene we show in Figure 1 generalised histo-

grams for the abundance distributions in M22 and v Cen.

The M22 data are from Da Costa et al. (2009) while the

[Fe/H] distribution for v Cen is derived from the [Ca/H]

distribution presented in Norris et al. (1996b), by

assuming a constant [Ca/Fe] ratio of 0.4 dex (Norris & Da

Costa 1995b, see also Figure 2). The two distributions,

which incorporate similar abundance uncertainties (see

Da Costa et al. 2009) have been scaled to have the same

peak height. As noted by Da Costa et al. (2009), the dis-

tributions show a considerable degree of similarity. Both

rise rapidly on the metal-poor side to a well-defined peak,

with that for M22 being ,0.09 dex more metal-poor

than that for v Cen. Both distributions then decrease with

increasing metallicity and there are clear hints of the

presence of multiple populations. The v Cen distribution

continues to substantially higher abundances than that for

M22, a result which is most likely not due solely to the

smaller sample size for M22 (Da Costa et al. 2009).

We now turn to a comparison of element-to-iron

abundance ratios between these two stellar systems,

starting first with the a- and iron-peak elements, which

constrain the contributions from Type II and Type Ia

supernovae. This is followed by the elements O, Na, and

Al, which are involved in the poorly understood globular-

cluster-specific nucleosynthesis process, and finally by

the r- and s-process elements, the latter of which is closely

tied to nucleosynthetic contributions from AGB stars.

3.1 The a- and Iron-Peak Elements

In Figure 2 we show element-to-iron ratios as a function

of [Fe/H] for the a-elements Si and Ca. We note that the

[Si/Fe] ratio for the v Cen stars shows a sizeable scatter

with an indication of a possible trend of increasing [Si/Fe]

with [Fe/H]. The [Si/Fe] data for the relatively small

number of red giants studied in Smith et al. (2000) show

no such trend, but the large sample of stars studied in

Johnson & Pilachowski (2010) reveals that the behaviour

of [Si/Fe] with [Fe/H] invCen is quite complex. The bulk

of the population has [Si/Fe]¼ 0.29 but the ratio rises to

[Si/Fe]¼ 0.45 for the most metal-rich stars, consistent

with the Norris & Da Costa (1995b) data shown in the

figure. Similarly, the Norris & Da Costa (1995b) [Ca/Fe]

data plotted in the lower left panel of Figure 2 show some

indication of a slight increase in [Ca/Fe] with [Fe/H] for

the stars more metal-poor than [Fe/H]E�1.3 dex. The

large-sample study of Johnson & Pilachowski (2010)

reveals similar behaviour, in that while the bulk of the

population has [Ca/Fe]¼ 0.26, there is a small (,0.1 dex)

increase in the abundance ratio as [Fe/H] rises. However,

the stars with [Fe/H]4�1 possess similar [Ca/Fe] values

to that for the bulk of the population (Johnson &

Pilachowski 2010). On the other hand, for M22 there is

clearly no trend in [Si/Fe] with [Fe/H], and the dispersion

in the [Si/Fe] values is particularly small. However, for

[Ca/Fe], theremay also be a small increase in [Ca/Fe] with

[Fe/H] similar to that seen forvCen. Further investigation

is needed to confirm the existence of this possible trend.

Similar plots for the other a-elements for which

abundances are available, Mg and Ti, show the same

result — the red giants in both clusters have essentially

constant and positive [Mg/Fe] and [Ti/Fe] values regard-

less of [Fe/H].3 The one exception, as noted in Norris &

Da Costa (1995b), is that the v Cen sample shows a small

number of Mg-depleted stars, with [Mg/Fe] values in the

Figure 1 Generalised histograms showing the abundance distri-
butions of vCen (dot-dash line) and M22 (solid line). The two
distributions have been normalised to the same peak height. See text
for details.

Figure 2 Element-to-iron abundance ratios for the a-elements
silicon (upper panels) and calcium (lower panels) as a function of
[Fe/H] forvCen red giants (left panels) and forM22 red giants (right
panels). Unless otherwise noted, in this and subsequent figures the
vCen data are fromNorris &Da Costa (1995b) and theM22 data are
from Marino et al. (2009).

3
The extensive sample of Johnson & Pilachowski (2010) shows that

[Ti/Fe] behaves similarly to [Si/Fe] and [Ca/Fe] in that there is a slight

increase in [Ti/Fe] with increasing [Fe/H].

30 G. S. Da Costa and A. F. Marino

https://doi.org/10.1071/AS10027 Published online by Cambridge University Press

https://doi.org/10.1071/AS10027


range ,0.05 to �0.2 dex. These stars, however, are all

strongly enhanced in [Al/Fe] (Norris & Da Costa 1995b)

presumably reflecting a significant contribution to the gas

from which they formed frommaterial processed through

the Mg-Al cycle. No such Mg-depleted stars are found in

the current M22 sample (Marino et al. 2009).

Consequently, in general it appears that both v Cen

and M22 show a similar degree of enrichment from Type

II supernovae, with the value of [a/Fe] also being closely
similar to that for Galactic halo field stars at comparable

[Fe/H] values (e.g., Gratton et al. 2004). However, we

note in passing that according to Pancino et al. (2002), at

the highest [Fe/H] values (not shown in Figure 2), the red

giants in v Cen have lower [a/Fe] values. In particular,

Pancino et al. (2002) have analyzed three v Cen red giants

with [Fe/H]E�0.6, finding [a/Fe]¼ 0.10� 0.04 (a¼Ca,

Si) compared to three red giants at [Fe/H]E�1.0 forwhich

[a/Fe]¼ 0.29� 0.01, a value comparable to those seen in

Figure 2. The lower [a/Fe] value at larger [Fe/H] is taken as
an indication that Type Ia supernovae have contributed to

the chemical evolution of v Cen. However, Johnson &

Pilachowski (2010) have also analysed two of the three

metal-rich stars studied in Pancino et al. (2002), and find

higher [Si/Fe] and [Ca/Fe] abundance ratios.Whether this is

solely the result of differences in adopted gf-values, model

atmospheres and lines measured (Johnson & Pilachowski

2010), or is amore fundamental discrepancy, is unclear. The

M22 sample lacks any low-[a/Fe] stars, though this is

perhaps not surprising if one supposes that the smaller

total abundance range in M22 means that the duration of

the chemical evolution epoch was shorter in that cluster

than for v Cen.

In Figure 3 we show [Cr/Fe] and [Ni/Fe] as a

function of [Fe/H] for the v Cen and M22 red giant

samples. Plots of the abundance ratios for scandium and

vanadium, the other iron-peak elements for which data

are available, show similar behaviour — no dependence

on [Fe/H] and ratio values near solar — and the

extensive data of Johnson & Pilachowski (2010) for

[Ni/Fe] and [Sc/Fe] show the same result. Further, as for

the a-elements, the abundance ratios for the v Cen and

M22 red giants are similar to those for halo field stars at

similar [Fe/H] values (e.g., Gratton et al. 2004). The

similarity between the two stellar systems and the halo

field is not surprising since at these metallicities the

production of iron-peak elements like Cr and Ni is

expected to closely follow that of Fe.

3.2 Oxygen, Sodium and Aluminium

In Figure 4 we show the oxygen, sodium and aluminium

abundance ratioswith respect to iron forvCen (left panels)

and M22 (right panels). The v Cen data for [O/Fe] come

fromNorris&DaCosta (1995b) while that for [Na/Fe] and

[Al/Fe] come from both Norris & Da Costa (1995b)

and Johnson et al. (2009). There are 7 stars in common. For

these 7 stars, themean difference in [Na/Fe], in the sense of

Johnson et al. (2009) minus Norris & Da Costa (1995b), is

�0.11 dex with a sigma of 0.20 dex. For [Al/Fe], Norris &

Da Costa (1995a) give only upper limits for two of the

Figure 3 Element-to-iron abundance ratios for the iron-peak ele-
ments chromium (upper panels) and nickel (lower panels) as a
function of [Fe/H] for vCen red giants (left panels) and for M22
red giants (right panels).

Figure 4 Element-to-iron abundance ratios for the elements oxy-
gen (upper panels), sodium (middle panels) and aluminium (lower
panels) as a function of [Fe/H] for vCen red giants (left panels) and
for M22 red giants (right panels). For v Cen, the filled circles are
from Norris & Da Costa (1995b) while the filled stars are from
Johnson et al. (2009). vCen points with downward arrows represent
upper limits.
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common stars, but for the remaining five the mean differ-

ence in [Al/Fe] isþ0.08 dexwith a sigma of 0.14 dex. Thus

any systematic difference between the two sets of abun-

dance determinations is minor, and can be neglected given

the substantial range in [Na/Fe] and [Al/Fe] observed. The

more extensive v Cen data set of Johnson & Pilachowski

(2010) shows essentially the same structure as seen in the

left panels of Figure 4.

Turning first to oxygen, we see that the upper limit for

the [O/Fe] values, namely [O/Fe]E 0.4–0.5, is similar in

both clusters and shows no obvious trend with [Fe/H].

This is not surprising since the [O/Fe] ratio for the ‘O-rich’

stars is expected to be similar to the element-to-iron

abundance ratio for other a-elements (e.g., Figure 2).

Nevertheless, as is common among globular-cluster stars,

bothvCen andM22 also exhibit populations of red giants

with depleted [O/Fe] ratios, which correlate with

enhanced Na and Al abundances (e.g., Norris & Da Costa

1995a; Marino et al. 2009). Specifically for the [O/Fe]

ratios, the only noteworthy difference between the two

stellar systems, within the range of [Fe/H] overlap, is the

presence invCen of a small number of stars showing very

low [O/Fe] values; such stars are not seen in the M22

sample of Marino et al. (2009). Further, it is also evident

from the upper left panel of Figure 4 that the relative

frequency of O-depleted stars in v Cen is larger for

[Fe/H]��1.2, compared to the bulk of the population

at [Fe/H]E�1.75 dex. Such an effect has already been

noted by, for example, Norris & Da Costa (1995b) and

Carretta et al. (2010b).

As regards [Na/Fe], again within the [Fe/H] interval

common to both v Cen and M22, the range in [Na/Fe]

seen in both systems is comparable, of order 0.8–1 dex.

This [Na/Fe] range is in agreement with that seen in most

globular clusters (e.g., Carretta et al. 2010a). Moreover,

the lower [Na/Fe] values, which correspond to the O-rich

stars, are similar between the two objects as well as being

similar to the [Na/Fe] values for halo field stars of

comparable [Fe/H] (e.g., Johnson et al. 2009; Carretta

et al. 2010a). However, as noted by Johnson et al. (2009)

and Carretta et al. (2010b), at [Fe/H]��1.2, stars with

notably larger enhancements in [Na/Fe] dominate in v
Cen, and there are relatively few stars with low values of

[Na/Fe]. In other words, using the terminology of Carretta

et al. (2009a), the metal-rich population of v Cen is

dominated by ‘extreme’ stars while ‘primordial’ stars

are rare at these metallicities (see also Johnson et al.

2009; Johnson & Pilachowski 2010). In contrast, M22, at

least as regards the sample of Marino et al. (2009), lacks

such ‘extreme’ stars.

For [Al/Fe], if we again restrict ourselves to the [Fe/H]

interval in which v Cen and M22 have stars in common,

we see results that are broadly similar to those for [Na/Fe].

In particular, a range in [Al/Fe] of ,1 dex is present in

both systems though there is some indication that the

M22 stars have a slightly lower ‘primordial’ [Al/Fe] and

a lower ‘enhanced’ [Al/Fe] than do the v Cen stars. This

may be a result of different choices of analysis parameters

rather than any real offset. The combined Norris & Da

Costa (1995b) and Johnson et al. (2009) results for v Cen

in the bottom left panel of Figure 4 present an intriguing

picture. For [Fe/H] values below approximately�1.2 dex,

it appears that the maximum [Al/Fe] value is constant at

,1.0 dex, but at higher abundances, it decreases with

increasing [Fe/H]. This effect contrasts with the situation

for [Na/Fe] in v Cen, where the highest values of [Na/Fe]

occur at and above [Fe/H]E�1.2 dex. Johnson et al.

(2009) discuss the possible implications of this result,

noting that it is certainly consistent with current AGB

nucleosynthesis models, which predict that more Al is

produced at low metallicity, and more Na at higher

metallicity, due to lower temperatures at the bottom of

the convective envelope, and shallower mixing, in more

metal-rich stars (e.g., Ventura & D’Antona 2008).

3.3 r- and s-Process Elements

We first examine the possible contribution of r-process

nucleosynthesis in v Cen and M22 by investigating the

element-to-iron abundance ratio for europium, an element

whose abundance is mainly determined by r-process

nucleosynthesis. The observational results are shown in

the left panels of Figure 5 where thevCen data have been

taken from Johnson et al. (2009) as the Norris & Da Costa

Figure 5 Left panels. Europium-to-iron ratios as a function of
[Fe/H] for red giants in vCen (upper panel) and in M22 (lower
panel). Note the absence of any clear trend of [Eu/Fe] with [Fe/H]
in both systems. Right panels. Lanthanum-to-europium ratios as a
function of [Fe/H] for vCen red giants (upper panel) and barium-to-
europium ratios as a function of [Fe/H] for M22 stars (lower panel).
The dotted lines in the right panels indicate the solar system r-process
ratio and an extreme s-process ratio taken from McWilliam (1997).
The increase of the ratios with [Fe/H] indicates the dominance of s-
process contributions to the nucleosynthesis. The vCen data are
from Johnson et al. (2009).
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(1995b) data for Eu contains only upper limits for a lim-

ited sub-sample of stars. Again the recent results of

Johnson&Pilachowski (2010) are similar to those shown.

The vast majority of Galactic globular clusters have

[Eu/Fe]¼þ0.40 dex with relatively little cluster-to-

cluster scatter (e.g., Gratton et al. 2004), a value con-

sistent with halo field stars of comparable [Fe/H] (Gratton

et al. 2004). The value for the M22 stars in the lower left

panel is clearly consistent with this value and there is no

indication of any intrinsic variation in the [Eu/Fe] values.

The v Cen values shown in the upper left panel exhibit

an apparently substantial scatter, though Johnson et al.

(2009) do not comment on it, presumably indicating that

the scatter is primarily due to observational errors. Cer-

tainly the small number of v Cen stars with apparently

low [Eu/Fe] ratios are not discrepant in the [La/Eu] plot

shown in the upper right panel of Figure 5. Specifically,

only two of the seven stars with [Eu/Fe]��0.1 in the

upper left panel of Figure 5 also have [La/Eu]� 1.0 in the

upper right panel of the figure, while the other eight stars

with [La/Eu]� 1.0 all have [Eu/Fe] values consistent with

the bulk of the v Cen sample.

Johnson et al. (2009) and Johnson & Pilachowski

(2010) note that the mean [Eu/Fe] for the v Cen stars is

0.1 to 0.2 dex lower than the value for other globular

clusters, including M22, and for the halo field. Never-

theless, the lack of any variation of [Eu/Fe] with [Fe/H] in

either v Cen or M22 indicates that the r-process nucleo-

synthesis in these systems must be tightly coupled to that

of iron. This is in contrast to the situation in themetal-poor

globular cluster M15 where a distinct range in [Eu/Fe]

abundances, of order 0.5 dex, is seen at constant [Fe/H]

(Sneden et al. 1997; Otsuki et al. 2006).

As regards the s-process contribution, we show in the

upper right panel of Figure 5 the abundance ratio [La/Eu]

as a function of [Fe/H], again using the data of Johnson

et al. (2009). Lanthanum is primarily synthesized by the

s-process while, as noted above, Eu traces the r-process.

Their abundance ratio is therefore a measure of the

relative importance of these two neutron-capture nucleo-

synthetic processes (see, e.g., McWilliam 1997). The data

reinforce the conclusions of Norris & Da Costa (1995b),

Smith et al. (2000), Johnson et al. (2009) and Johnson &

Pilachowski (2010) that as [Fe/H] increases in v Cen,

the s-process dominates the enrichment of the neutron-

capture elements.

This appears also to be the case for M22. The lower

right panel of Figure 5 shows a similar plot of abundance

ratio versus [Fe/H] for theM22 red giants in the sample of

Marino et al. (2009). Here we have used barium as the s-

process tracer since Marino et al. (2009) did not measure

La abundances. While the number of M22 stars in the

sample with measured abundances for both elements is

relatively small, the data nevertheless show a similar

trend of increasing abundance ratio with increasing

[Fe/H]. Indeed if we restrict the v Cen data to only those

stars with [Fe/H]��1.5, i.e., those which overlap in

[Fe/H] with the M22 sample, then the slope of the

([La/Eu], [Fe/H]) relation is essentially identical to the

slope of the ([Ba/Eu], [Fe/H]) relation for the M22 stars.

In other words the rate of increase with [Fe/H] of the

relative s-process contribution appears to have been the

same in both stellar systems, again suggesting that similar

nucleosynthetic processes are at work.

The high values of [Ba, La/Eu] at larger [Fe/H] in both

M22 and v Cen contrast with the situation in the majority

of other globular clusters, where the ratio typically reveals

a dominant r-process contribution. Gratton et al. (2004)

list a mean [Ba, La/Eu] value of �0.23� 0.04 (s¼ 0.21)

dex for 28 clusters with [Fe/H] values between �2.4 and

�0.7 dex. The one clear exception is M4, for which Ivans

et al. (1999) give/[Ba/Eu]S¼þ0.25 dex, indicative of a

more substantive s-process contribution to the gas from

which the M4 stars formed. We note, however, that there

is no evidence for any intrinsic spread in the barium (or

lanthanum) abundances in M4 (Ivans et al. 1999; Marino

et al. 2008).

We now look at the s-process elements in more detail.

In the left panels of Figure 6 we show the element-to-iron

ratios for v Cen red giants for the s-process elements

yttrium, barium and neodymium as a function of [Fe/H]

using data from Norris & Da Costa (1995b). As is evident

from the figure, all three elements show similar beha-

viour. There is an initial rapid rise in the element-to-iron

abundance ratio, from a presumably r-process-driven

initial value, up to abundance ratios that are significantly

above solar. At highermetallicities, however, the increase

ceases and the abundance ratio remains constant as the

iron abundance continues to rise. The total change in the

abundance ratios is of order 0.9 dex in all three cases.

We have endeavoured to quantify this behaviour as

follows. First, we adopted [Fe/H]¼�1.30 as the abun-

dance above which the [Y, Ba, Nd/Fe] abundance ratios

are constant. We then used a least-squares method to

determine the slope of the relation between the abundance

ratio and [Fe/H] for the stars less abundant than the

adopted limit. In carrying out the least-squares fits, two

stars, namely the extremely CN–strong star ROA 144 and

the CH star ROA 279, were excluded. Both these stars

have anomalously large [s-process/Fe] ratios for their [Fe/

H] values (Norris & Da Costa 1995b) and may possess

additional s-process enhancements resulting from binary

mass transfer. ROA 53 was also excluded from the ([Ba/

Fe], [Fe/H]) fit because of the apparently high abundance

ratio for its [Fe/H], but this star is not unusual as regards

[Y/Fe] or [Nd/Fe], nor in [La/Fe] for that matter.

The slopes found for each element ratio were all

consistent with each other to within the uncertainties.

Consequently, the values were averaged and a single

slope of 1.70 dex/dex for D[s/Fe]/D[Fe/H] refitted to each
of the element ratio datasets. The value of the element

ratio for the fitted relation at [Fe/H]¼�1.3 was then

extended to higher metallicities, and it provides a satis-

factory representation of the data. We note also that the

([La/Fe], [Fe/H]) data of Johnson et al. (2009) are con-

sistent with these results. Excluding the seven stars with
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[La/Fe] values exceeding þ1.3 dex, which may have had

additional s-process enhancement from mass transfer in

binary star systems,4 the distribution of the remaining

stars is consistent with a linear increase in [La/Fe]

with [Fe/H] for [Fe/H]��1.3, and the same slope of

1.7 dex/dex as for the Norris & Da Costa (1995b) [Y, Ba,

Nd/Fe] data, together with a constant value of [La/Fe]

above that [Fe/H] value. The data presented in Johnson &

Pilachowski (2010) are also, at least qualitatively, con-

sistent with this interpretation.

In the right panels of Figure 6 we show the same

s-process-element-to-iron abundance ratios as a function

of [Fe/H] using the M22 data of Marino et al. (2009). In

that data set abundance ratios are given from both the

VLT/UVES and VLT/GIRAFFE samples for [Y/Fe] and

[Ba/Fe] (21 stars) while the data for [Nd/Fe] come from

the VLT/GIRAFFE observations only (13 stars, Marino

et al. 2009). The M22 data show a distinct degree of

similarity with those for v Cen: again there is a steep rise

in the [s-process/Fe] element ratios with increasing

[Fe/H]. The total range in [s-process/Fe] is ,0.7 dex,

slightly smaller than that seen invCen.M22 also does not

show the ‘flat’ part of the relation as it lacks stars of higher

[Fe/H] when compared to v Cen.

To further investigate this similarity, we have endea-

voured to transpose the ([s-process/Fe], [Fe/H]) relations

found for v Cen to M22. The results of this are shown as

the dot-dash lines in the right panels of Figure 6. For

[Y/Fe] and [Ba/Fe], the dot-dash lines shown for M22 are

exactly those for v Cen save only that they have been

shifted to lower [Fe/H] values by 0.2 dex. In other words,

a given [Y, Ba/Fe] value occurs at a [Fe/H] value in M22

that is 0.2 dex lower than in v Cen. For [Nd/Fe], there are

two dot-dash lines shown in the M22 panel. The first,

which has lower [Nd/Fe] at fixed [Fe/H], is the same case

as for [Y/Fe] and [Ba/Fe], i.e., the v Cen relation shifted

to lower [Fe/H] values by 0.2 dex. Clearly it is a poor

representation of the M22 [Nd/Fe] data. The second is

identical to the first except that it has been shifted

vertically by 0.27 dex in [Nd/Fe] to match the M22

observations. This systematic relative offset in the

[Nd/Fe] versus [Fe/H] relation between M22 and v Cen

may well have its origin in the Nd lines measured, and

gf-values adopted for those lines, rather than any true

difference in [Nd/Fe] at equivalent [Fe/H] values. In

particular, we note that the [Nd/Fe] values for M22 come

from a single Nd II line at 532 nm (Marino et al. 2009)

while those for v Cen come from 3 to 6 Nd II lines,

including the 532 nm line (Norris et al. 1996a).

Intriguingly, the offset in [Fe/H] required to match the

v Cen and M22 [s/Fe] relations is very similar to the

difference between the peaks of the metallicity distribu-

tion functions for the two clusters, which is of order

0.1 dex (see Figure 1). Indeed, when we consider the

uncertainties in the zero points of the abundance scales

involved, the ,0.2 dex offset used in Figure 6 is fully

consistent with the ,0.1 dex difference between the

abundance distribution peaks. For example, we note that

theM22 data in Figure 1 come fromDaCosta et al. (2009)

who measured Ca triplet line strengths calibrated to the

[Fe/H] scale of Kraft & Ivans (2003). The v Cen data,

Figure 6 Element-to-iron abundance ratios for the s-process ele-
ments yttrium (upper panels), barium (middle panels) and neodymium
(lower panels) as a function of [Fe/H] forvCen red giants (left panels)
and for M22 red giants (right panels). The dot-dash lines represent the
relations adopted for the vCen stars; the slope of the linear portion is
the same for all three element ratios. The open square is the CH star
ROA 279 while the� sign is the CN–strong star ROA 144 (Norris &
Da Costa 1995b). These stars have been excluded from the fits, as was
the [Ba/Fe] data forROA53, shown as the open diamond in themiddle
left panel. In the right panels thevCen relations have been translated to
the M22 stars as described in the text.

4
We note that while mass transfer in binaries involving a thermally

pulsing AGB star is often invoked to explain large s-process element

enhancements for, e.g., halo field Ba II stars and specifically by Johnson

et al. (2009) for the stars in v Cen with high [La/Fe], the work of Mayor

et al. (1996, 1997) shows that in v Cen, the stars with large s-process

enhancements appear generally to be single, unlike what is found in the

halo field. In particular, while the multiple radial velocity observations

of Mayor et al. (1996, 1997) have demonstrated that the v Cen CH stars

ROA55 and ROA77 are indeed long-period binaries, the same data set

shows that the stars ROA421 and ROA451 (stars 51132 and 39048 in

Johnson et al. (2009)), which have very large [La/Fe] values (Johnson

et al. 2009) and which are classified as Ba II stars by Lloyd-Evans

(1986), are apparently single stars. Hence adopting a ‘mass transfer in

binary system’ explanation for the v Cen red giants with large s-process

element enhancements may require that the binary is subsequently

disrupted in the cluster environment. Johnson & Pilachowski (2010),

however, note that a proper accounting for hyperfine structure has

revised downwards the [La/Fe] values of Johnson et al. (2009), espe-

cially for themost La-rich stars. This reduces the need for invokingmass

transfer in binary systems.
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on the other hand, come from Norris et al. (1996) who

measured Ca triplet and CaK line strengths and calibrated

principally to the [Ca/H] values of Norris & Da Costa

(1995b). A mean [Ca/Fe] value was then applied to

generate the [Fe/H] distribution. Given these different

approaches, it is indeed likely that the difference in

abundance distribution peaks seen in Figure 1 is uncertain

at the ,0.1 dex level. We note further that even with the

most recent work, the absolute scale of globular cluster

abundances remains uncertain at the ,0.1 dex level. For

example, see the discussion of the various abundance

scales in Carretta et al. (2009b).

Nevertheless, the similarity in the slopes of the ([s/Fe],

[Fe/H]) relations, and the similar overall range in [s/Fe]

values, argue rather strongly that the s-process nucleo-

synthesis involved was very similar in both M22 and v
Cen. Further, it is worth noting that the slope for yttrium,

which is a first s-process peak (or light-s) element, is

evidently the same as for the second s-process peak (or

heavy-s) elements Ba and Nd (and La). Moreover, the

abundance ratio [Ba/Y], which is an [heavy-s/light-s]

indicator, shows no dependence on [Fe/H] in either

v Cen or M22, and takes the same value, 0.18� 0.04

(standard error of the mean) in both clusters, again

emphasising the similarity of the s-process nucleosynth-

esis in these systems. This lack of any dependence on

[Fe/H] of the [Ba/Y] ratio, despite the substantial changes

in both [Y/Fe] and [Ba/Fe] with the [Fe/H], shows that the

mechanism contributing the s-process elements changed

only as the regards the amount of s-process elements

produced, and not in any other significant way, as the iron

abundance increased.

The mechanism for generating s-process elements is

most likely relatively low-mass thermally pulsing AGB

stars (e.g., Busso et al. 1999). It appears then that there

was an epoch in bothvCen andM22when the production

of s-process elements exceeded the ongoing production

of iron so that the [s/Fe] ratios increased substantially

from low (pre-cluster r-process?) values to significantly

in excess of the solar ratios. In M22 it would appear that

the star formation then ceasedwhile invCen it continued,

but without the excess s-process element production, as

the [s/Fe] values now remain constant as [Fe/H] rises.

4 Discussion

The nucleosynthetic processes that are likely to have

occurred in v Cen are outlined in detail in, for example,

Johnson et al. (2009), Johnson & Pilachowski (2010) and

Romano et al. (2007, 2010), and need not be discussed

further here. Rather the emphasis in this contribution is

on the significant degree of similarity between v Cen

and M22 in their element-to-iron ratios as a function

of [Fe/H]. This similarity, particularly for the s-process

elements, suggests strongly that similar chemical

enrichment processes occurred in both systems. As a

result, any explanation for the chemical abundances, such

as an origin in the nucleus of a now-disrupted dwarf

galaxy, must apply to both if postulated for one. Conse-

quently, the difference in mass between M22 and v Cen

(and for that matter also with M54, which has a compar-

able luminosity to v Cen) is intriguing. Total mass is an

important parameter for retaining gas from which to form

successive generations of stars and so it is worthwhile to

ask if it is possible that M22 could have been significantly

more massive in the past. To investigate this question we

assume that the M22 dwarf galaxy progenitor was dis-

rupted at early times, as is the case for the v Cen dwarf

galaxy progenitor in the models of Bekki & Freeman

(2003). Thus we can compare the subsequent dynamical

evolution of M22 with that of halo globular clusters.

Under this assumption, it does not seem likely that M22

could have lost a substantial amount of stellar mass.

For example, in the compilation of Dinescu et al.

(1999), the orbit of M22 is typical for inner halo objects

(e.g., Carollo et al. 2007). It is prograde with Q¼ 178�
20 km s�1, apo- and pericentric distances of approxi-

mately 9.5 and 2.9 kpc, respectively, and a period of

,200Myr (Dinescu et al. 1999). This suggests that M22

is unlikely to be strongly affected dynamically by disk and

bulge shocks. Gnedin & Ostriker (1997) reach similar

conclusions, listing for M22 a destruction rate from disk

and bulge shocks of ,0.3 inverse Hubble times, i.e., a

destruction timescale exceeding 3 Hubble times. Further,

with a half-mass two-body relaxation time of order

1.4Gyr (Harris 1996; Gnedin & Ostriker 1997), M22 is

also unlikely to have lost significant mass through the

evaporation of stars. Indeed the parameters for M22 place

it inside the ‘survival triangles’ or ‘vital diagrams’ shown

in Gnedin & Ostriker (1997). Thus it seems improbable

that M22 could have lost the factor of 5 or more by which

its present day mass differs from that of v Cen.

In this context it is then interesting to speculate that

perhaps the M22 dwarf galaxy progenitor was of lower

total mass than that postulated for the v Cen system and

that of the Sagittarius dwarf which currently has M54

as its central star cluster. This lower total mass for the

original M22 systemmight then have meant that it did not

retain gas in the central regions as efficiently, given the

shallower potential well. The possible consequences

could then be less mass built up in the central star cluster

and insufficient time to allow the star formation and

chemical evolution to evolve to the higher [Fe/H] values

seen in v Cen. Similarly, in the scenario advanced for the

ultimate fate of M54 (e.g., Carretta et al. 2010b), the M22

progenitor would not have had sufficient mass to acquire

metal-rich stars from the nucleus of the dwarf galaxy in

the tidal disruption process.

We note for completeness that Terzan 5, the other

globular cluster with a significant internal [Fe/H] abun-

dance range (Ferraro et al. 2009), has recently been shown

(Lanzoni et al. 2010) to be more massive than previously

thought: Lanzoni et al. (2010) estimate the mass as

2� 106 solar masses. This is comparable to that of v
Cen for which mass estimates range up to 5� 106Msun

(Meylan et al. 1995, see also van de Ven et al. (2006)).
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Further, as a metal-rich object in the Galactic Bulge,

Terzan 5 is likely to be strongly affected by tidal shocks

andmay therefore have been yet moremassive in the past.

One final question that the data presented here allow

us to ask is whether there is any relation between the

process(es) that govern the O-Na anti-correlation and

those that govern the s-process element enhancements.

The former is seen in v Cen and M22 (Norris & Da Costa

1995a; Marino et al. 2009), and essentially all globular

clusters (e.g., Carretta et al. 2010a), while the latter is

seen in v Cen and M22 as well as in a very small number

of other clusters. For example, Yong et al. (2005) and

Yong & Grundahl (2008) have shown that there are small

intrinsic variations in s-process element-to-iron abundance

ratios in the clusters NGC6752 (D[Y, Zr, Ba/Fe]E
0.1 dex) and NGC1851 (D[Zr, La/Fe]E 0.3 dex). These

variations appear to correlate with [Na/Fe] and [Al/Fe]. No

[Fe/H] variations, however, were detected. Nevertheless,

Carretta et al. (2010d) have recently presented evidence for

the existence of two different groups of stars in NGC1851

whose iron abundances differ by 0.06–0.08 dex. Both

components show the O-Na anti-correlation and there is

also a hint that the more metal-rich stars have slightly

higher [s/Fe] values (Carretta et al. 2010d). A larger sample

of NGC1851 stars is required to establish whether this is a

real effect and if the slope of any ([s/Fe], [Fe/H]) relation is

similar to that seen in v Cen and M22.

A relation between the O-Na and s-process effects

might be expected given that thermally pulsing AGB stars

are the main source of s-process elements (e.g., Busso

et al. 1999), and such stars, albeit of somewhat higher

mass, are also often invoked to explain the O-Na anti-

correlation (e.g., D’Antona & Ventura 2007). The rela-

tively large range in [s/Fe] seen in both v Cen and M22

thus makes them ideal objects with which to investigate

this question.

In Figure 7 we show the [O/Fe], [Na/Fe] and [Al/Fe]

abundance ratios as a function of [Ba/Fe] for v Cen (left

panels) and M22 (right panels) red giants. For v Cen, we

have plotted only those stars with [Fe/H]��1.3, since

below this value the abundance ratio changes signifi-

cantly while above it the [Ba/Fe] ratio is essentially

constant (see Figure 6). Stars over the entire observed

[Fe/H] range are shown for M22. We note for complete-

ness, however, that while the majority of thevCenmetal-

rich stars are O-poor and Na, Al-rich, as seen in Figure 4,

there do exist some metal-rich stars that are O-rich and

Na, Al-poor. Thus there is a range in [O/Fe], [Na/Fe], and

[Al/Fe] at the essentially fixed (but high) [Ba/Fe] value

these stars possess.

Both the right and left panels of Figure 7 do not present

any compelling case for a correlation between the [O/Fe],

[Na/Fe], and [Al/Fe] abundance ratios with [Ba/Fe], in

line with the conclusions of Smith (2008). At best there is

a suggestion of a trend in which [Na/Fe] might be slightly

higher at larger [Ba/Fe] values, though the [O/Fe] and

[Al/Fe] values do not show any comparable trend. Plots of

[Na/Fe] and [Al/Fe] against [La/Fe] for v Cen red giants

using the data of Johnson et al. (2009) show the same

result — there is some indication of a trend for increasing

[Na/Fe] with increasing [La/Fe] but the [Al/Fe] data are

consistent with no correlation with [La/Fe]. The results of

Johnson & Pilachowski (2010) appear similar.

Thus is seems apparent that the process(es) which

generate the O-Na anti-correlation must be relatively

distinct from those that generate the s-process element

enhancements. This is despite the fact that in both v Cen

and M22 the existence of a range in [Na/Fe] at fixed

[Ba/Fe], and vice versa, suggests that both processes were

occurring together. It is hard to see how this can be the

case invoking onlyAGB stars of different mass in a closed

system — it is more likely that gas flows into and out

of the star-forming systems are required as suggested by,

for example, Bekki & Norris (2006) and Romano et al.

(2010). A detailed comparison of the abundance patterns

in the Sagittarius dwarf galaxy central star cluster M54

with those of v Cen and M22 would certainly assist in

investigating this possibility.

Figure 7 Oxygen-to-iron (upper panels), sodium-to-iron (middle
panels) and aluminium-to-iron (lower panels) abundance ratios as a
function of [Ba/Fe] for red giants in vCen (left panels) and M22
(right panels). The vCen red giants shown all have [Fe/H]��1.3
dex, the [Fe/H] range over which the [Ba/Fe] ratio changes signifi-
cantly (see Figure 6). As in Figure 6, the open square in the vCen
panels is the C-H star ROA 279 while the� sign is the CN–strong
star ROA 144. The lack of any correlation between these abundance
ratios suggests that in both stellar systems the nucleosynthesis
process that generates the s-process element enrichment is distinct
from that which involves the O-Na anti-correlation.
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