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ABSTRACT

In this work we investigate whether low degree modes
that should be available from space and ground based as-
teroseismology missions can be used to determine the he-
lium abundance, Y, in stellar envelopes with sufficient
precision. We find that the oscillatory signal in the fre-
quencies caused by the depression in I'y in the second
helium ionisation zone can be used to determine the enve-
lope helium abundance of low mass main sequence stars.
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1. INTRODUCTION

The second helium ionisation zone in a star causes a dis-
tinct, reasonably localised depression in the adiabatic in-
dex I'; (see Fig. 1). This depression increases with in-
crease in the helium abundance. A localised feature in
the structure of a star, such as the depression in 'y at the
second helium ionisation zone or the change in temper-
ature gradients at the base of the convection zone intro-
duces an oscillatory term in frequencies as a function of
radial order n, that is proportional to
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(e.g., Gough, 1990) where 7, is the acoustic depth of the
localised feature, c the speed of sound, ry, is the radial
distance where the feature is located; and w the angular
frequency of oscillation modes, ¢ being a phase. The am-
plitude of the oscillation caused by the depression in I'y
depends on the amount of helium present. In principle,
if this amplitude is measured, then it can be compared
against models to estimate the helium abundance. Basu
et al. (2004) have demonstrated that this oscillatory sig-
nal can be extracted from the frequencies of low-degree
modes to determine the helium abundance in envelopes

of low mass stars. In this work we extend their work by
using improved 1.4M g models with diffusion to study
the oscillatory signal in low degree modes.

2. MODELS AND TECHNIQUE

We restrict ourselves to stars of mass close to the so-
lar mass at present. Specifically we have chosen stars
with 0.8M¢, 1My, 1.2Mg and 14Mg.  We con-
sider models evolved to different ages for each of these
masses. The models were constructed using YREC, the
Yale Rotating Evolution Code (Guenther et al., 1992).
These models use the OPAL equation of state (Rogers
& Nayfonov, 2002), OPAL opacities (Iglesias & Rogers,
1996) and nuclear reaction rates as used by Bahcall &
Pinsonneault (1992). The models include diffusion of
helium and heavy elements using the prescription of
Thoul et al. (1994). We have constructed models with
five different values of initial helium abundance, Yy =
0.24,0.26,0.28, 0.30 and 0.32. All models use initial
heavy element abundance Zy = 0.022. For higher mass
stars (M 2 1.4Mg) the convection zone is relatively
shallow and has very little mass. As a result, helium gets
depleted very fast from the outer layers due to diffusion.
Our method would not work in such cases where the he-
lium content in the envelope is very low. However, at a
later stage, the depth of the convection zone may increase
with age and helium may get dredged up once again.

Since the amplitude of the oscillatory signal is rather
small, we amplify it by taking the second difference of
the frequencies for modes with the same degree. We use
modes of degrees £ = 0-3. To test the sensitivity of re-
sults to the fitted form, we fit the second differences to the
following three forms (Basu, 1997; Monteiro & Thomp-
son, 1998; Basu et al., 2004):

a
v = (a1 +a21/+—;)
1%

b
+ (bl + U—Z) sin(4rvThe + due)
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Figure 1. The adiabatic index 'y as a function of frac-
tional radius for 1.4 Mg models with different Y evolved
to two different ages and a given radius.
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Figure 2. A sample of the fits to the second differences
of the scaled frequencies. The points are the ‘data’, and
the line the fits to the points. The examples shown are for
1.2 M models evolved to a radius of 1.2 R,
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Figure 3. The scaled mean amplitude of the oscillatory
signal due to Hell ionisation zone in 1.2M g models at a
radius of 1.15R¢ as a function of Y obtained with differ-
ent forms of the fitting function.
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where, sin(4nv e + Pne) is the oscillatory signal from
the Hell ionisation zone, sin{(4nv7cz + e z) is the oscil-
latory signal from the base of the convection zone, and
is the acoustic half-thickness of the Hell ionisation zone.
The parameters a;, b;, ¢; (0 = 1,2,3), THe, PHer TCZ»
¢cz and f are determined by least-squares fits to the sec-
ond differences of the frequencies.

An example of fits to the three forms of the fitting func-
tion for a typical model is shown in Fig. 2. Since stel-
lar model frequencies generally scale as /M /R3 and
models have different A/ R3, the frequencies are scaled
by this homology factor before taking the differences
and fitting. In actual practice, we use the average large
frequency separation, Av = (Vpi1,¢ — Vne) to apply
this scaling (Basu et al., 2004). Since the amplitude is
frequency dependent, we determine the average ampli-
tude in the fitting interval, which is chosen to be 1.5 to
3.0 mHz (after scaling). At higher frequencies the errors
in observed frequency tends to increase, while at lower
frequencies the asymptotic theory underlying this work is
not valid. It can be easily shown that the process of tak-
ing the second differences magnifies the amplitude of a
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particular oscillatory signal by a factor of 4 sin® (277 Av)
where 7 is the acoustic depth of the feature which pro-
duces the signal. Therefore, we divide the amplitude cal-
culated for the second differences by this factor to obtain
the amplitude of the oscillatory signal in the frequencies.
This scaling is found to remove some variation in am-
plitude between different models (Mazumdar & Antia,
2001). All the results shown here refer to the scaled am-
plitude of the oscillatory signal in the actual frequencies.
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Figure 4. The scaled mean amplitude of the oscillatory
signal due to Hell ionisation zone as a function of Y. The
individual points in the plots represent models at different
evolutionary stages for a given mass in each panel.
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Figure 5. The scaled acoustic depth of the Hell ionisa-
tion zone as a function of Y. The individual points in the
plots represent models at different evolutionary stages for
a given mass in each panel.
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Figure 6. The scaled amplitude of oscillatory signal due
to Hell ionisation zone as a function of Y for stars of
known mass evolved to a known radius. The error-bars
were obtained assuming an error of 1 part in 10 in the
frequencies.

3. RESULTS

Fig. 2 shows that, in effect, all the three forms produce
nearly equivalent fits and hence the amplitude of the os-
cillatory signal is not sensitive to the particular form of
the fitting function. This is further illustrated in Fig. 3,
where the amplitudes derived from each of Egs. (1) to (3)
for a set of typical models are found to be very similar.
Therefore, we present here only the results obtained from
one of the three forms, namely, Eq. (2).

Fig. 4 shows the mean amplitude as a function of ¥ for
different masses. It can be seen that the amplitude in-
creases with Y as expected, except for 1.4M; models
for which there is no clear trend. Fig. 5 shows the fitted
acoustic depth, 7y, of the Hell ionisation as a function
of Y. It can be seen that after the homology scaling Tge
lies in the same range for all models. Although in general
the mean amplitude increases with helium abundance, it
is difficult to compare models with different Y as they
would be in different evolutionary phases. To apply this
technique most efficiently, we need to construct calibra-
tion models of a given stellar mass and radius, which are
to be determined independently.

Fig. 6 illustrates the almost linear variation of the mean
amplitude with Y for different mass and radii. If both the
mass and radius are known, such diagrams can be easily
interpolated to obtain the helium abundance. Error bars
on the points assuming a constant relative error of 1 part
in 10* in the frequencies are also shown in the figure.
Within this margin of error, difference in Y of approx-
imately 0.02 should be measurable. For M 2 14Mg,
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Figure 8. The product of the amplitude of oscillatory
signal due to Hell ionisation zone and the half acous-
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Figure 7. The mean amplitude of the oscillatory signal
due to Hell ionisation zone as a function of Y, for mod-
els grouped by their average large frequency separation.
Blue, red and green symbols show models with 0.8 Mg,
1.0Mg and 1.2M, respectively.

the amplitude is not correlated with Y and it may not be
possible to use this technique. If neither the mass nor
the radius is known independently, we can still calibrate
the mean amplitude against the helium abundance by se-
lecting models with the same mean density (or average
large frequency separation, Av). This is shown in Fig. 7,
where models with different mass and radii but similar
Av exhibit similar variation of amplitude with Y.

Miglio et al. (2003) have suggested that the helium abun-
dance is related to the “area” under the depressed curve
of I'1, which is proportional to the product of the ampli-
tude of the oscillatory signal, Agerr and the acoustic half-
width of this region, 8. We find that for 1.4M g, stars, this
product (n = 8 x Agern) indeed shows a better trend with
Y than the amplitude itself (Fig. 8). It turns out, however,
that this product has a higher scatter and is systematically
overestimated if we attempt to use the 8 value derived
by fitting Eq. (2). Therefore, we have not attempted to
calibrate this relationship rigorously.

4. CONCLUSIONS

We have presented results of our investigation on how
low-degree oscillation frequencies may be used to deter-
mine the helium abundance in stars with solar-type os-
cillations. We find that the oscillatory signal in the fre-
quencies due to the helium ionisation zone can be used
to determine the helium abundance of a low-mass main-
sequence star, provided the radius is known indepen-
dently. The precision to which we may be able to de-

tic width of this zone as a function of Y for 1.4M, stars.
The two colours represent the product calculated with the
same amplitude, but either the theoretical B or its fitted
value.

termine the helium abundance increases with increase in
mass. Using reasonable error estimates it appears that a
difference of 0.02 in Y is detectable in most cases. Even
if the mass or radius is not known, it is possible to de-
termine Y from the mean amplitude of this signal, using
the mean large frequency separation. For 1.4M o models
it is difficult to use this technique to determine the he-
lium abundance. Using the product of amplitude and the
half-width 8 may help in this case.
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