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Abstract Mixing processes such as convection, overshoot-
ing and rotational mixing have long been known to affect
the evolutionary properties of low-mass stars. While model-
ing a 1.2 M, star, we encountered a semiconvective region
outside the fully convective core, reminiscent of the well-
known situation for massive stars. In this study we focus on
low-mass stars presenting convective cores and, by apply-
ing different prescriptions for the determination of the con-
vective boundaries and, using different mixing descriptions
for the dynamical processes in the core, we look for the ef-
fects of semiconvective mixing in the interior structure of
the stars and its observable quantities. With this purpose, we
have constructed different sets of evolutionary models us-
ing a stellar evolution code (GARSTEC), and analyzed the
models looking for imprints of these processes.
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1 Introduction

It has long been known that different mixing processes in
stellar cores strongly influence the overall evolution of stars.
The treatment of convectively unstable zones and overshoot-
ing regions in evolutionary models affects the outcoming
luminosity, temperature, and main-sequence lifetime of the
stars, among other consequences.
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One of the mixing processes that has been extensively
studied in massive stars evolution is that of semiconvec-
tion. During the hydrogen-burning phase the radiation pres-
sure makes the core expand. Opacities are increased out-
side the core by electron scattering, where a chemical dis-
continuity appears as a result of this core expansion. Since
the pioneer work of Schwarzschild and Hiarm (1958), sev-
eral authors have investigated the occurrence of semicon-
vective mixing in massive stars and its effects on stellar
evolution (see, e.g., Stothers 1970; Stothers and Chin 1975;
Langer 1985).

Although semiconvection was initially thought to occur
only in massive stars, it was also found in low-mass stars
as a consequence of a discontinuity in the molecular weight
produced either by convective core expansion due to the in-
creasing importance of the CNO cycle over the pp chain
(Mitalas 1972; Saio 1975), or by the retreating convective
core leaving behind a chemical discontinuity (Faulkner and
Cannon 1973), both cases producing higher opacities out-
side the convective core.

We address the issue of the determination of convective
boundaries and the treatment of mixing zones which present
a gradient in the molecular weight by the inclusion of the
Ledoux criterion for convective instability, and a diffusive
approach for semiconvective mixing in our stellar evolution
code.

2 Mixing prescriptions

The convective zone boundaries are defined either with the
Schwarzschild criterion (Schwarzschild and Hirm 1958) or
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the Ledoux criterion (Ledoux 1947). For the latter case, the
Ledoux temperature gradient is defined as
VLZVad‘i‘LvM, (1)
4-38

where V,  =dInu/dIn P, and B is the ratio of gas pressure
to total pressure. If the Ledoux criterion is applied, a zone
is considered convectively unstable if Vi < Viuq, while in
the case of Schwarzschild criterion this reduces to V,q <
Vrad- Convective zones can be mixed instantaneously or as
a diffusive process using the convective velocity estimated
from the mixing-length theory.

The inclusion of molecular weight gradients in the cri-
terion for convection allows us to identify semiconvective
zones, which are defined as the regions where Vyg < Viaq <
VL. Once a semiconvective region has been found, the tem-
perature gradient is calculated using the prescription given
by Langer (1983, 1985), and a time-dependent diffusive
mixing in the semiconvective zone is performed. Both the
diffusion coefficient and the temperature gradient in this pre-
scription depend on an efficiency parameter of semiconvec-
tion (asc). We stress the fact that unlike this study, previous
efforts to treat semiconvection in low-mass stars (see, e.g.,
Crowe and Mitalas 1982) considered the mixing in the semi-
convective layer to be performed by adjusting the composi-
tion until convective neutrality according to the Schwarz-
schild criterion is reached, making the hydrogen discontinu-
ity in the boundary of the convective core disappear.

Convective overshooting is also considered in our study
and it is implemented as a diffusive process consisting in
an exponential decay of the convective velocities within the
radiative zone. The diffusion constant is given by

D(z) = Do eXp<_—2Z>, (2)
§Hy,

where & corresponds to an efficiency parameter calibrated
with open clusters, Hp, is the pressure scale height, z is the
distance from the convective border, and the constant Dy is
derived from MLT-convective velocities. The extent of the
overshooting region is limited in the case of small convec-
tive cores.

3 Models

For our model calculations we used the Garching Stellar
Evolution Code (GARSTEC, Weiss and Schlattl 2008). The
input physics considered includes the OPAL equation of
state (Rogers et al. 1996) complemented with the MHD
equation of state for low temperatures (Hummer and Miha-
las 1988), Ferguson’s opacities for low temperature (Fergu-
son et al. 2005), OPAL opacities for high temperatures (Igle-
sias and Rogers 1996), the Grevesse and Sauval (1998) so-
lar mixture, and the NACRE compilation for thermonuclear
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reaction rates (Angulo et al. 1999). We computed models
without diffusion and a He content of ¥ = 0.25.

Several models were computed to test the different mix-
ing prescriptions and the convective boundary definition.
Within a convective zone the mixing is performed instan-
taneously, while in a semiconvective zone or overshooting
region the mixing is carried out as explained in Sect. 2.
Calculations were made for both the Schwarzschild and the
Ledoux criterion for the definition of the convective zones,
with and without including extra mixing due to overshooting
and semiconvection. We explore the effects of this processes
in models starting from the pre-main-sequence phase and
evolved up to hydrogen exhaustion in the core.

In Fig. 1, we present the convective core evolution dur-
ing the main-sequence lifetime for three models of 1.2,
1.5 and 2.0 M. The left panel shows the case where we
applied the Schwarzschild criterion for convective bound-
aries determination, while the right panel shows the case
where the Ledoux criterion was applied. In both cases, solid
lines depict the size of the convective core, while the dot-
ted lines represent the extent of the semiconvective region.
No mixing was performed throughout the semiconvective
zones (asc = 0), which do appear in models for both con-
vective criteria. We choose these models as they represent
cases of interest: one model where the development of the
convective core depends on the convective boundary defini-
tion used (1.2 M), one model with growing convective core
during the main-sequence lifetime (1.5 M), and one model
with a receding convective core during the H-burning phase
(2.0 M). However, it is important to keep in mind that the
effects of semiconvection are washed out when overshoot-
ing is included as described in Sect. 2, at least for the cali-
brated value of the efficiency parameter £, no matter which
criterion is used to define the boundary of the convective re-
gions. For the cases where it is present, the convective core
disappears when the central hydrogen is exhausted, which
corresponds to the end of the main-sequence phase.

In this study, we will focus mainly on the 1.5 M case,
as it corresponds to the model which has the most extended
semiconvective zone of all the considered ones. In Fig. 2
we present the main-sequence evolutionary models for this
mass value, including now semiconvective mixing. As can
be seen, already with a very small value for the efficiency
parameter of semiconvection, this extra mixing makes the
convective core grow much closer to the size of the Schwarz-
schild criterion case. This result is expected, as large values
of agc imply faster mixing, and in the limit when agc — 00
the mixing is performed instantaneously and the Schwarz-
schild limit should be recovered. As was already mentioned,
we consider the main-sequence lifetime to end when hydro-
gen is exhausted in the center, which coincides with the cen-
ter of the star becoming radiative. It is interesting to note that
in our models, the lifetime on the main-sequence is reduced
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Fig. 1 Left panel: Models

computed using the 0.14
Schwarzschild criterion for

convective boundary definition.

Right panel: Models computed 0.12
using the Ledoux criterion for
convective boundary definition.
Solid lines depict the convective
core evolution, while dotted
lines show the extent of
semiconvective zones. No
semiconvective mixing or
overshooting was applied. See 0.06
text for details

0.08

cc

0.04

0.02

0.00 & !

1.2 Mg

0.6

0.4 0.2

0.0 06 0.4 0.2 0.0

Fig. 2 Convective core

evolution for models of 1.5 M.

Black lines present the cases of

Ledoux criterion with no 0.08
semiconvective mixing (dots)
and Schwarzschild criterion
(solid). Blue lines show the
models where additional mixing
was included: semiconvection
with agc = 0.001 (dots), o =1
(dashed), and overshooting
(solid) =

0.06

ce

0.04
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when the Ledoux criterion and semiconvective mixing are
applied to the models with respect to the usual Schwarz-
schild criterion, which is an opposite result with respect
to previous findings (see, e.g., Crowe and Mitalas 1982).
This is because in the previous implementations of semicon-
vection for low-mass stars, the mixing through that region
recovering convective neutrality gave a fresh input of hy-
drogen fuel supply to the core and extended the H-burning
phase. This is not the case when a diffusive, time-dependent
mixing is considered for the semiconvective region as in our
models.

In Fig. 3 we present a Hertzsprung—Russell diagram for
the 1.5 M models considered. Marked with diamonds are

models which have very similar positions in this diagram,
but the mixing prescriptions applied make their evolution-
ary stage in the main-sequence different. This is shown in
Fig. 4, where the hydrogen profiles are plotted for the se-
lected models. The sharp chemical composition gradients
are clearly seen, signature of the location of the convective
core boundary. It is interesting to note that for the model
computed with the Ledoux criterion and no mixing in the
semiconvection region, the location in the HRD corresponds
to a star almost at the end of its main-sequence lifetime,
which is not the case for the other models considered being
in a less advanced evolutionary stage.
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Fig. 3 Hertzsprung—Russell T
diagram for the 1.5 Mg models.
Black lines present the cases of
Ledoux criterion with no
semiconvective mixing (dots),
and Schwarzschild criterion
(solid). Blue lines show the
models where additional mixing
was included, semiconvection
with agc = 0.001 (dots), oge = 1
(dashed), and overshooting
(solid)
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Fig. 4 Hydrogen profiles for
the 1.5 M models with

X ~0.25, marked with
diamonds in Fig. 3. Black lines
present the cases of Ledoux
criterion with no semiconvective 05
mixing (dots), and

Schwarzschild criterion (solid).

Blue lines show the models

where additional mixing was

included, semiconvection with o
ase = 0.001 (dots), agc =1

(dashed), and overshooting 0.3
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4 Conclusions and future prospects

In the present study, we have explored the effects of dif-
ferent convective boundary determinations and mixing pre-
scriptions on the internal structure and evolution of low-
mass stars. We have done so considering mainly the case
of a 1.5 My star, for which we have shown the difference
in the internal structure resulting as a consequence of the
applied physics, although the position in the Hertzsprung—
Russell diagram remains very similar. In an upcoming study
(Silva Aguirre et al. 2010), we will further investigate the
effects of these processes for different masses and metal-
licities, as well as changes in the efficiency parameters of
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semiconvective mixing and overshooting, and the inclusion
of diffusive mixing. It is also important to keep in mind that
semiconvection will play an important role in the evolution
of a star depending on the transition between the pp chain
and the CNO cycle as the main source of energy production
(for a given metallicity). This transition is critically depen-
dent on the value of the (N4 + p) cross section, which has
been subject of substantial reductions in the past years (see,
e.g., Marta et al. 2008).

Although accurate stellar parameters are of course of vi-
tal importance, asteroseismology can also be used as a tool
to disentangle the observational degeneracy by focusing on
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the structural differences among the models produced by
the mixing processes applied. It has been shown that both
p-modes (Popielski and Dziembowski 2005) and g-modes
(see, e.g., Miglio et al. 2008) are sensitive to changes of the
molecular weight in the interior of stars and could in prin-
ciple be applied to distinguish the type of mixing that has
occurred in the stellar interior.

Open Access This article is distributed under the terms of the Cre-
ative Commons Attribution Noncommercial License which permits
any noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.
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