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Abstract. One possible scenario for the formation of carbon-enhancedmetal-poor stars is the
accretion of carbon-rich material from a binary companion which may no longer be visible. It is
generally assumed that the accreted material remains on thesurface of the star and does not mix with
the interior until first dredge-up. However, thermohaline mixing should mix the accreted material
with the original stellar material as it has a higher mean molecular weight. We investigate the effect
that this has on the surface abundances by modelling a binarysystem of metallicityZ = 10−4 with
a 2M� primary star and a 0.74M� secondary star in an initial orbit of 4000 days. The accretion
of material from the wind of the primary leads to the formation of a carbon-rich secondary. We
find that the accreted material mixes fairly rapidly throughout 90% of the star, with important
consequences for the surface composition. Models with thermohaline mixing predict very different
surface abundances after first dredge-up compared to canonical models of stellar evolution.
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1. INTRODUCTION

Carbon-enhanced metal-poor (CEMP) stars are defined as stars with [C/Fe]>+1.0 (Beers
& Christlieb 2005). A possible formation scenario for thesestars is the accretion of
carbon-rich material from a companion. It is commonly assumed (e.g. Cayrel et al.
2004) that this accreted material sits unmixed on the surface of the star up to the point
at which the star undergoes first dredge-up on the red giant branch. At this point, it is
thought that the accreted material becomes mixed with part of the interior of the star in
the deep convective envelope that develops. However, this picture neglects thermohaline
mixing.

Thermohaline mixing is the process that occurs when the meanmolecular weight of
the stellar gas increases towards the surface. Although this situation is dynamically sta-
ble as long as the density decreases outward, a secular instability sets in when a gas
element is displaced downwards and compressed. Such an element must be hotter than
the surrounding gas by virtue of its higher molecular weightand if it loses heat to its
surroundings its density increases and it will continue to sink. As a result mixing occurs
on a thermal timescale until the molecular weight difference has disappeared (Kippen-
hahn, Ruschenplatt & Thomas 1980). In interacting binary systems, mass transfer may
lead to the transfer of material that has been processed by nuclear burning from the pri-
mary to the surface of the less evolved secondary. This alters the surface composition of
the secondary. The extent to which the surface composition is changed depends on how



much the transferred matter is mixed with the pristine stellar material.
We expect thermohaline mixing to occur in a star that has accreted material from

a carbon-rich companion as this material will have a greatermean molecular weight
than that of the unevolved star. The aim of this work is to determine the effect that
thermohaline mixing has on the surface abundances of such anobject.

2. THE MODEL

We use the rapid synthetic binary code of Izzard et al. (2006)to model the evolution of
a binary system of metallicityZ = 10−4 consisting of a 2M� primary with a 0.74M�
companion in a circular orbit with an initial period of 4000 days. The secondary mass
is chosen as being representative of a companion with a mass close to the turn-off mass
of the halo. The primary mass was chosen as an example of an asymptotic giant branch
(AGB) star that becomes very C-rich. During the thermally pulsing asymptotic giant
branch (TP-AGB) the primary undergoes third dredge-up and becomes carbon rich while
the envelope is eroded by the stellar wind. We find that the secondary accretes 0.09M�
of material from the wind of the primary and we record the average composition of
this material. The total mass of material accreted and the average composition of this
material are then used in creating a detailed model of the secondary.

We model the secondary using a version of the stellar evolution code originally
developed by Eggleton (1971) and updated by many authors (e.g. Pols et al. 1995). Our
version includes the nucleosynthesis subroutines of Stancliffe et al. (2005). We create
a 0.74M� model and evolve it from the pre-main sequence to the age of the system
predicted by the rapid code. The initial abundances are chosen to be solar-scaled based
on the values of Anders & Grevesse (1989), with [Fe/H]1=-2.3. Thermohaline mixing
was included according to the prescription of Kippenhahn etal. (1980), who model it as
a diffusive process.

Once we have a model of the desired age (specifically 8.6×108 yrs), we create two
model sequences. In both, we accrete 0.09M� of material with the composition given
by the rapid code. The accretion rate is set to 10−6M� yr−1, which is approximately the
rate at which the secondary would accrete material from the AGB superwind. In one
sequence we include the effects of thermohaline mixing; in the other we do not.

3. RESULTS

We find that thermohaline mixing results in the star being mixed down to within 0.1M�
of the centre. This represents almost 90% of the star. Only the very central material es-
capes being mixed as it is here that material has experiencedsufficient nuclear burning
to raise its mean molecular weight. The mixing is rapid and the star reaches its equilib-
rium configuration within about 109 years after accretion. This is about one-tenth of its

1 This is the logarithm of the ratio of the iron abundance to thehydrogen abundance, relative to the solar
value, i.e. [Fe/H] = log(XFe/XH)− log(XFe/XH)�.
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FIGURE 1. Profiles of the1H, 12C, 14N and16O abundances as a fuction of mass at the end of the
main-sequence. The left-hand panel is the model with thermohaline mixing and the right-hand panel is
the model without thermohaline mixing. The step in the hydrogen profile of the thermohaline mixing
model is due to the existence of a gradient in the abundance ofCNO. The burning rate increases rapidly
across this region due to the increased abundance in these metals.

main-sequence lifetime.
Thermohaline mixing has a significant effect on the surface abundances. In the model

with thermohaline mixing all heavy elements are diluted compared to the unmixed
model, but the mixing does not dilute all the abundances by the same amount – the
degree of dilution depends on how different the abundance ofthe original material
is from that of the accreted material. For instance, the accreted material is extremely
carbon-rich and when it is mixed with the pristine stellar material a large change in
the abundance results: [C/Fe] is reduced from 3.25 in the model without thermohaline
mixing to 2.41 in the mixed model.

As a low-mass star begins to ascend the red giant branch, the convective envelope
deepens and material from the interior of the star is drawn tothe surface. This is first
dredge-up. Material that has experienced CN-cycling is brought to the surface and hence
the surface carbon abundance drops while the abundance of nitrogen increases. For the
model without thermohaline mixing the main effect of the dredge-up is not to bring
processed material to the surface, but to dilute the formelyaccreted material by mixing it
with the rest of the envelope. The surface abundance of all heavy elements is decreased.
The post-dredge-up abundances resemble those of the model with thermohaline mixing
at the end of the main sequence, although the dilution is lesssevere because the dredge-
up does not mix as deeply.

In the model that does include thermohaline mixing the accreted material had already
been mixed during the main sequence, so the dredge-up acts normally, bringing pro-
cessed material to the surface. Some of the accreted C-rich material was mixed into the
interior where it reached temperatures high enough for CN-cycling to occur (see the
left-hand panel of Figure 1). This material is brought to thesurface again by the dredge-
up, causing an increase in [N/Fe] and a decrease in [C/Fe]. [N/Fe] before dredge-up is
primarily determined by the N content of the accreted material, whereas [N/Fe] after
dredge-up is primarily determined by the C content of the accreted material.
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FIGURE 2. Plot of the evolution of the [C/Fe] and [N/Fe] ratios of the two models as a function
of luminosity. In both plots, the solid line is the model withthermohaline mixing; the dashed line is
the model without thermohaline mixing. Crosses represent the carbon-rich stars of the HERES sample
(Lucatello et al. 2006). The decrease in the abundance ratios of the model with thermohaline mixing at
log10L/L� ≈ 0 takes around 109 yrs. The excursion to higher luminosity before the abundance drops
corresponds to the accretion phase, which is very rapid compared to the rest of the evolution.

4. COMPARISON TO OBSERVATIONS

Lucatello et al. (2006) published a large sample of CEMP stars and their abundances as
a function of luminosity. If we assume that this data set reflects the chemical evolution
of these objects, our models should reproduce the trend seenin these data. Figure 2
shows the evolution of the [C/Fe] ratio of our models againstthe Lucatello data. The
model without thermohaline mixing (dashed line) displays alarge drop in [C/Fe] which
begins at around log10L/L� = 0.7 due to the onset of first dredge-up, when the accreted
material is mixed into the stellar interior as the convective envelope deepens. In the
model with thermohaline mixing (solid line) the accreted material is mixed into the
interior whilst the star is still on the main sequence, at log10L/L� ≈ 0. Thus only a
small change in [C/Fe] is seen as first dredge-up commences.

Our models are somewhat carbon rich compared to the observations. We have chosen
a primary that spends a long time on the TP-AGB and therefore becomes very carbon-
rich. Nevertheless, the model with thermohaline mixing is abetter representation of the
data, which show no evidence of a drop in [C/Fe] above log10L/L� = 0.7. The fact
that there are no observed objects with [C/Fe] greater than around 2.5 at luminosities
less than log10L/L� = 0.7 suggests that accreted material is mixed into the companion
whilst it is still on the main sequence.

There is considerable scatter in the Lucatello data. The objects in this data set cover
a spread of around two dex in metallicity. In the framework ofour model, we would
expect there to be scatter associated with the distributionof the parameters of the binary
systems (initial primary masses, mass ratios and separations). This means there should
be a spread in the abundances of the accreted material (see Stancliffe et al. 2007, for
further discussion of this point).

The right-hand panel of Figure 2 shows the evolution of the [N/Fe] ratio for our
original model with thermohaline mixing (solid line) against the Lucatello data. When



first dredge-up occurs, we see a large increase in the [N/Fe] ratio for the reasons outlined
above. The size of the increase at first dredge-up is dominated by the abundance of
carbon in the accreted material. This model covers the upperend of the observed [N/Fe]
values but only after dredge-up. The observations again show a large spread in [N/Fe]
but no evidence of a systematic increase at log10L/L� ≈ 0.7. The large number of stars
with enhanced [N/Fe] at lower luminosities in fact stronglysuggests that the accreted
material was already nitrogen-rich.

5. CONCLUSION

We have investigated the effects of thermohaline mixing on alow-metallicity, low-mass
star that has accreted material from a carbon-rich companion. This material does not
remain on the surface of the star: a thermohaline instability leads to the rapid mixing
of this material with the rest of the star. We find that about 90% of the star experiences
mixing, while only 0.1M� at the centre of the star remains unmixed.

This has a very dramatic effect on the surface abundances of the star. The surface
abundance of carbon is decreased by nearly an order of magnitude relative to the
unmixed case. The models also display very different abundance patterns after the
occurrence of first dredge-up. In the case of the model without thermohaline mixing,
the post-first-dredge-up abundances are similar to those ofthe thermohaline mixing
model when it has reached equilibrium after accretion. On the other hand, the model
with thermohaline mixing displays a very large increase in its nitrogen abundance after
first dredge-up.

Thermohaline mixing is an important component of models of CEMP stars. Without
its inclusion, we would expect to see an abrupt change in the [C/Fe] ratio as a function
of luminosity because of first dredge-up mixing the accretedmaterial into the stellar in-
terior. Such a change is not observed and thermohaline mixing is a possible explanation
for this. The observed [N/Fe] ratios can be reproduced by either model provided that
there is a spread in the C and N abundances of the accreted material.
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