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Canonical stellar evolution predicts that first dredge-up (FDU) is the only means by which red
giant branch (RGB) stars change their surface abundances. However, observations of low-mass
RGB stars at essentially all metallicities display trends in C, N and Li that cannot be accounted for
by the FDU event. Some ‘extra mixing’ over a timescale longer than that of FDU is responsible
for cycling the products of partial hydrogen burning into the convective envelope. That C, N and
Li display clear variation with magnitude suggests that the changes are occurring in situ and not a
result of earlier pollution. We focus on the evolution of [C/Fe] in globular clusters across a large
metallicity range ([Fe/H) ≈−2.2 to −1.1) to probe this extra mixing. Observations are compared
to our stellar models that incorporate a 1D diffusive thermohaline mixing approximation. After
taking into account the various populations within globular clusters, we find that thermohaline
mixing can qualitatively reproduce the observed abundance trends with metallicity. However, the
models do not always match the carbon abundance at the tip of the RGB in the most metal-poor
clusters. Whether this is a failure of the models is unclear because the stars appear to conflict with
standard evolution also. We require homogeneous data to confirm the result.
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1. Introduction

Although it is now well understood that globular clusters (GCs) are not simple stellar popula-
tions, they still possess properties that make them useful diagnostics of stellar models. The number
of stars in these systems provide a populated colour-magnitude diagram, and allow the determina-
tion of distances and ages. As they traverse the Galaxy, the stars within are gravitationally bound
and unless perturbed, remain in the environment in which they were born. Thus GCs are prefer-
able to collections of field stars that may contain objects that vary in age, composition, distance,
origin and whose parameters are less certain. Although it is true that GCs are not entirely homo-
geneous, it is believed that they are comprised of distinct and identifiable populations which are
homogeneous. Photometric studies suggest that some clusters display splitting in the HR diagram
at various evolutionary stages [28, 29]. A second population enriched in 4He is required in some
clusters as an explanation for the horizontal branch morphology [9]. One further piece of evidence
comes in the form of a dichotomy in the CN band strength. The CN band strength is an indicator of
nitrogen content in stars. For archetypal clusters the favoured scenario is that ejecta from a fraction
of the first generation of stars (initially C-O-Mg rich, with the same chemical composition as field
stars of the same metallicity) mix with primordial gas, providing a medium from which a second
generation (C-O-Mg poor and N-Na-Al rich) form. New stars that form from the polluted gas,
which has undergone full CNO cycling, are inherently enriched in nitrogen as well as 4He com-
pared to the primordial generation [25]. Pollution from a progenitor that has undergone advanced
hydrogen burning is also an explanation for the the presence of the well known O-Na and Mg-Al
anticorrelations [16].

In addition, observations of GC stars have indicated that some of these light elements vary in
situ as the stars ascend the RGB. The first change to the stellar surface abundance is attributed to
FDU [20]. Mixing is associated with the inwards migration of the base of the convective envelope
which brings to the surface the products of partial hydrogen burning. Depletion in carbon is ac-
companied by enhancement in nitrogen until the convective envelope recedes outwards and these
changes are brought to a halt. These modest changes do not significantly alter the CN band strength
and thus do not obnubilate the multiple population picture.

Studies have also shown a clear distinction between the abundances of stars below the GC
luminosity function bump (LF bump) and those above [33, 30, 23]. The onset of this so called
‘extra mixing’ is thus thought to be related to the hydrogen burning shell erasing the composition
discontinuity left behind by FDU. As the name suggests such mixing is not predicted by canonical
stellar evolution although it is understood from observations that the mixing must occur over a
range of masses and metallicities ([32] and references therein). The mixing appears active in giants
of all metallicities from solar to at least [Fe/H] ≈ −2.5 [15] and masses less than ≈ 2.5M� [22],
although not necessarily with equal efficiency throughout these mass and metallicity ranges. In
fact, [6, 7] amongst others demonstrate that the mixing is more efficient at low metallicity. A form
of non-convective mixing seems responsible whereby the products of partial hydrogen burning are
cycled into the convective envelope, and conversely envelope material is transported to regions near
the burning shell where it can be processed. That the abundance variations display a correlation
with luminosity suggests that the mixing is occuring in situ and not due to pollution from a previous
generation (see the review of [17] on multiple populations in GCs).
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The cause of the extra mixing is still unresolved but possible candidate mechanisms include:
rotational mixing [35, 5, 26], magnetic fields [27, 3, 19], internal gravity waves ([11]) and ther-
mohaline mixing [12, 8, 13]. Thermohaline mixing is the most recent extra-mixing paradigm and
serves as the focus of this study. Mixing is thought to arise when material of higher molecular
weight (µ) sits upon that of lower µ . Such an inversion is not usually found in stellar interiors
but may develop following FDU due to the reaction 3He(3He,2p)4He. Note that although this is a
fusion reaction it produces more particles than it consumes. It is one of the first reactions to occur
in regions that undergo hydrogen burning but any effect on µ is usually swamped by reactions that
raise µ . When the hydrogen shell approaches the homogenised zone left behind by FDU, the 3He
reaction can dominate and without a previous µ gradient present, an inversion can develop.

In this study we model stars at three different metallicities, with the effects of thermohaline
mixing included. We then compare these models to observations of GCs. Our results are based on
that of [1, 2] where the clusters NGC 5272 (M3) and NGC 6205 (M13) ([Fe/H]≈−1.5) and NGC
7078 (M15), NGC 6341 (M92) and NGC 5466 ([Fe/H] ≈−2.2) were all explored. We also present
new data for the cluster NGC 6171 ([Fe/H]≈−1.1).

2. Method

We use MONSTAR (the Monash version of the Mt. Stromlo evolution code; see [4]) to pro-
duce stellar models for the clusters. Our results are based on that of [1, 2] where thermohaline
mixing is modelled as a diffusive process with coefficient of:

Dt =Ct K
(ϕ

δ

) −∇µ

(∇ad −∇)
for ∇µ < 0, (2.1)

where ϕ =(∂ lnρ/∂ ln µ)P,T , δ =−(∂ lnρ/∂ lnT )P,µ , ∇µ =(∂ ln µ/∂ lnP), ∇ad =(∂ lnT/∂ lnP)ad,
∇ = (∂ lnT/∂ lnP) and K is the thermal diffusivity. The theory predicts a mixing depth from the
nuclear burning thus Ct sets the mixing speed and acts as our dimensionless free parameter. The
formalism is based on that developed by [37] and [21] and advocated by [8]. Our set of reaction
rates for hydrogen burning come primarily from [14] and [18]. For the 14N(p,γ)15O reaction an
updated rate from Champagne (2004, private communication) is used which is very similar to the
recent LUNA rate. This rate is a factor of two less than previously thought.

We have compiled observational data for globular clusters over a range of metallicities. Data
are sourced from the literature (see [2]) as well as our own observations (NGC 6171). The data
are compared to stellar evolution models with thermohaline mixing. The mixing efficiency is kept
constant in all cases and is based on what we believe to be the best fit to the observations (Ct = 1000,
see also [8] and [34]). Note that the efficiency we have chosen is higher than implied by recent 3D
modelling of the process [10] but is consistent with the theoretical derivation of [37].

3. Results

In Figure 1 we have grouped clusters according to metallicity. Plotted are [C/Fe] abundances
for giants in each GC as a function of absolute visual magnitude. Observational data for each clus-
ter are taken from multiple studies and we use different symbols to distinguish these (see [1, 2]
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Figure 1: [C/Fe] and [N/Fe] abundances as a function of absolute magnitude for giants in the specified
globular clusters. The various symbols denote data from the respective cluster surveys utilised. The sources
of these studies can be found in [1, 2]. In all panels the solid vertical line denotes the end of first dredge-up
and broken lines represent observational determinations of the LF bump ([24]). The black and grey curves
are our stellar models with thermohaline mixing that try to simultaneously account for pre- and post- LF
bump abundances. The initial abundances for each curve are selected to try to account for the presence of
multiple populations in each cluster.

for sources). The black and grey curves represent the evolutionary calculations with thermoha-
line mixing. At each metallicity the two curves differ only in their initial abundances. Through
measurements of the CN bands in M3, the initial compositions of the distinct populations can be
inferred. The two models at intermediate metallicity were chosen with initial abundances to reflect
these data. In two of the low-metallicity clusters and in NGC 6171 models are provided simply to
match the spread of the (expected) subgiant stars. The leftmost panels, and our newest result, is for
NGC 6171 ([Fe/H]≈−1.1) where we also provide [N/Fe] abundances as a function of magnitude.
We will soon report on the Keck/LRIS spectra that these abundances were derived from (Martell et
al. 2013, in prep) but here we present the results for six stars. The results of our initial models for
this cluster are ambiguous and we require more data before drawing further conclusions. The two
middle panels are for the intermediate-metallicity clusters M3 and M13 ([Fe/H]≈−1.5). Our mod-
els are able to explain most stars in the intermediate-metallicity clusters save for the most [C/Fe]
depleted subgiants in M13. It appears as if these most carbon-depleted subgiants lack counterparts
on the RGB. This could be the role of a small sample size or the effect of systematic offsets from
different data sources. Note these stars are faint and may also have large associated errors.

The final three panels are for the metal-poor GCs NGC 5466, M92 and M15, and perhaps
are the most interesting. Although [31] find evidence for the presence of multiple populations
in NGC 5466, we require only a single model to explain the carbon depletion. The abundance
differences between the two populations do not appear as significant as seen in other clusters. The
more massive counterparts, M92 and M15, appear to deplete more carbon than predicted by the
models. Of greater concern is the fact that depletion seems to be occurring before the theoretical
limit predicted by standard evolution. The black line indicates the end of FDU whilst the broken
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lines are two estimates of the luminosity function bump; the expected onset of extra mixing. Mixing
appears to begin between these magnitudes. Either utilising data from multiple studies carried out
with different instruments is affecting our interpretation or our understanding of stellar evolution
at low metallicity is seriously wrong. In [2] we investigated the possibility of deeper FDU and
found this to be an unsatisfactory solution as FDU would need to be deeper in M92 and M15 but
not NGC 5466. Homogeneous data (i.e., observations carried out with a single instrument) over a
large range in luminosity will help with this mystery.

4. Summary

We have implemented an extra-mixing mechanism that requires only one free parameter (Ct)
and tested this across GCs of varying metallicity. In each case we selected a best fit initial abun-
dance to account for the presence of multiple populations. An empirically based mixing speed was
used and the mixing depth was dictated by the metallicity and nuclear burning. Keeping the Ct

value constant across our cluster sample has yielded mixed results. Although our models can, for
the most part, account for stars in the intermediate-metallicity clustersit is at low metallicity that
issues arise. Our models cannot explain the level of depletion seen in M92 and M15. Furthermore,
mixing appears to begin earlier than current stellar evolution theory predicts. If mixing begins be-
fore the bump, then it must remove the abundance discontinuity that itself is responsible for the
bump. These clusters are not only a problem for thermohaline mixing but for stellar physics in
general. A homogenous study of these clusters that focuses on [C/Fe], [N/Fe] and Li over a large
luminosity range would help identify the onset of mixing.

It is of course possible that thermohaline mixing does not govern the surface composition of
low mass giants but this still does not help with the problem of mixing in M92 and M15. Recent 3D
models of the process [10] and [36] suggest our efficiency is too high (see also the discussion by
Stancliffe in this volume). Some studies also suggest that horizontal turbulence inhibits this mixing
[21]. As was the situation 40 years ago, there is still much work to be done in order to understand
transport processes inside stars.
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