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ABSTRACT

Intermediate-degree mode solar oscillation have been
used to determine the solar helium abundance to a high
degree of precision. However, we cannot expect to observe
these modes in other stars. We investigate whether low
degree modes that should be available from space-based
asteroseismology missions can be used to determine the
helium abundance with sufficient precision. We find that
the oscillatory signal in the frequencies caused by the de-
pression in I'y in the second helium ionisation zone can be
used to determine the envelope helium abundance of low
mass stars.
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1. INTRODUCTION

The second helium ionisation zone causes a distinct, lo-
calised depression in the adiabatic index I'; (see Fig. 1).
This depression increases with increasing helium abun-
dance and it also affects the sound speed in the stellar
interior. Helium abundance in the solar envelope has been
successfully determined using the sound speed in the solar
interior obtained from inversion techniques {Gough 1984;
Dappen et al. 1991; Basu & Antia 1995). These studies all
use the intermediate-degree modes to measure the sound
speed in Hell ionisation zone. These modes of oscillation
are not likely to be observed on other stars where we ex-
pect to be able to detect only low-degree modes.

A localised feature in the sound speed inside a star,
such as that caused by a depression in I'y at the Henn
ionisation zone or the change in temperature gradients at
the base of the convection zone, introduces an oscillatory
term in frequencies as a function of radial order n, that is
proportional to

R
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(e.g., Gough 1990) where 7., is the acoustic depth of the
localised feature, ¢ the speed of sound, r,, is the radial
distance where the feature is located; and w the angular
frequency of oscillation modes, ¢ being a phase. This os-
cillatory signal can be extracted from the frequencies of
low degree modes. The amplitude of the oscillatory term
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Figure 1. The adiabatic indez I'1 as a function of fractional ra-
dius for 1.2 Mg models. The upper two panels are models with
different Y evolved to the age indicated in the panels. The bot-
tom panel shows I'1 for 1.2 Mg models evolved till the surface
is at a radius of log(R/Rg) = 0.07. The lines of different types
represent models with different helium abundances as marked
in the figure.

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.

In this work we explore whether we can use low-degree
modes to determine the helium abundance in envelopes of
low mass stars by measuring the amplitude of the oscilla-
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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 models evolved
to an age of 1 Gyr.

tory term in the frequencies introduced by the reduction
of T'; in the He1lr ionisation zone.

2. STELLAR MODELS AND TECHNIQUE

In this preliminary work, we restrict ourselves to stars
with masses close to the solar mass. Specifically we have
chosen stars with 0.95 Mg, 1 Mg and 1.2 Mg. We look at
main sequence models evolved to different ages for each of
these masses. The models were constructed using YREC,
the Yale Rotating Evolution Code in its non-rotating con-
figuration (Guenther et al. 1992). These models use the
Yale equation of state (Guenther et al. 1992), OPAL opac-
ities (Iglesias & Rogers 1996) and nuclear reaction rates as
used by Bahcall & Pinsonneault (1992). At low temper-
atures we use the Alexander & Ferguson (1994) opacity
tables. The models do not include diffusion (so that the
surface helium abundance does not change with age) and
the models had been constructed with Z = 0.018. We have
constructed models with five different values of Y (0.22,
0.24, 0.26, 0.28, 0.30). For each of these stellar models we
calculate the frequencies of low degree modes and attempt
to extract the oscillatory term as explained below.

Because the amplitude of the oscillatory signal is very
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. In addition to amplifying the
oscillatory signal the process of taking second differences
suppresses the dominant smooth trend of the frequencies
to a large extent, thus making it easier to fit the oscillatory
term. The second differences are then fitted to the form
used by Basu (1997), but without the degree dependences
(which is not relevant at low degree), i.e.

a a .
§%y = a1 +azv + V_i‘ + (a4 + 1/_2> 3111(47”/7-}19 + d)He)

b
+ <b1 + V—22> sin(4rvroz + $cz), (2)

where, the coefficients aq,aq,as define the smooth part
of the second difference, the next term is the oscillatory
signal from the Hell ionisation zone, while the last term
is the oscillatory signal from the base of the convection
zone. The parameters a1, ag, 03, G4, G5, THe, PHe, 01, b2,
7oz and ¢oz are determined by least-squares fits to the
second differences of the frequencies. The HeII ionisation
zone actually has a small but finite width and the first
derivative of the squared sound speed (after some scaling)
can be approximated by a triangular function. Monteiro &
Thompson (1998) have shown that the amplitude of such
a signal would be modulated with an oscillatory factor of
the form sin®(wf), where g is the acoustic half-width of
the He1I ionisation zone. We have not included this factor
in our fits, but the quadratic variation in the amplitude
should be able to account for this modulation over the
small frequency range that is used in fitting.

For this work we assume that we know M/R? for the
star. M/R? can be found reasonably well from the large
frequency separation, vnt1e — Vne (Mazumdar & Antia
2001). Since the stellar model frequencies generally scale
as (M/R*)'/? and models have different M/R?, the fre-
quencies are scaled by (M R%, /Mg R®)!/? before taking the
differences and fitting.

Since the amplitude is frequency dependent, we deter-
mine the average amplitude in the fitting interval, which
is chosen to be 1.5 mHz to 3.2 mHz (after scaling by
(MR} /MgR®)1/?). This range of frequency is found to
be optimal for the solar oscillation data. At higher fre-
quency the errors in observed frequency tends to increase,
while at lower frequencies there is significant departure
from the form assumed in this work.

It can be easily shown that the process of taking the
second differences magnifies the amplitudes by a factor
4sin?(2nrAv) where Av = (Upg1y — Vnye) is the large
frequency separation. Thus 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 ampli-
tude between different models (Mazumdar & Antia 2001).
All results shown in this work are for this scaled amplitude
of the oscillatory term in the frequencies.
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Figure 3. The scaled amplitude of the oscillatory signal due to Hell ionisation zone as a function of central hydrogen
abundance, X. (left panel) and M/R® (right panel). Points with 8, 4, 5, 6 and 12 sides respectively show models with
Y = 0.22,0.24,0.26,0.28,0.30. Filled symbols show models for solar mass star, while crosses are for 0.95 Mg, and open symbols

for 1.2 Mg stars.

3. RESULTS

Fig. 2 shows the fits to the oscillatory signal in the second
differences of the frequencies for a few models. The higher
frequency term is the signal from the base of the con-
vection zone, the dominant lower frequency term is that
from the helium ionisation zone. Such fits are calculated
for each of the stellar models to obtain the mean ampli-
tude, A and the acoustic depth, Tye for the oscillatory
signal.

Fig. 3 shows the mean amplitude as a function of the
central hydrogen abundance (as a proxy for age) for differ-
ent stars of different masses. It can be seen that for a star
of any given mass and helium abundance, the amplitude
does not change much with age. The amplitudes are sys-
tematically higher the higher the helium abundance. The
change in amplitude with change in helium abundance in-
creases with increase in mass and age. Fig. 3 also shows
the mean amplitude as a function of M/R3. It can be seen
that for a given mass and M/R? (i.e., radius) the ampli-
tude increases with Y as expected.

Fig. 4 shows the fitted acoustic depth, Tre, of the Hell
ionisation zone as a function of M/R®. These numbers are
all scaled by (R®Mg/MR2 )12, It can be seen that after
scaling 7 is almost constant for all models.

Although, in general, the amplitude of the oscillatory
term increases with helium abundance, it is difficult to
compare models with different ¥ as they would be in dif-
ferent evolutionary phases. Our task is made easier if the
radius, R for the star is known independently from con-
ventional observations and if we have a reasonable idea of
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Figure4. The scaled 7 of the oscillatory signal due to Hell
ionisation zone as a function of M/R®. Points with 3,
4, 5, 6 and 12 sides respectively show models with ¥V =
0.22,0.24,0.26,0.28,0.30. Filled symbols show models for so-
lar mass star, while crosses are for 0.95 Mg, and open symbols
for 1.2 Mg stars.

the mass. Even if mass is not known independently, we can
estimate M/R® from the frequency separation and com-
bining that with known radius will give an estimate of the
mass. This would enable us to make calibration models of
a given radius and mass. A plot of the mean amplitude as
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Figure 5. The scaled amplitude of the oscillatory signal due to
He1l ionisation zone as a function of Y for stars of known
mass evolved to a known radius. The error-bars were oblained
assuming an error of 1 part in 10* in the frequencies.

a function of Y for different masses and radii is shown in
Fig. 5. In this case all we would need to do is interpolate
to determine Y. Also shown in the figure are the error bars
on the points assuming a constant relative error of 1 part
in 10% in the frequencies. The accuracy to which we can
use the amplitude to determine Y increases with increase
in mass and age. From the error bars it appears that dif-
ference in Y of approximately 0.02 should be measurable
for a relative error of 1 part in 104 in the frequencies. The
acoustic depth 7 of the Hell ionisation zone is found to
be essentially independent of Y for a given M and R in
most cases. It should be noted that the error in 7 will be
about 22 s.

4. CONCLUSIONS

We have presented preliminary results of our investigation
on how low-degree oscillation frequencies may be used to
determine the helium abundance in stars with solar-type
oscillations. 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 independently.
The precision to which we may be able to determine 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.

The next step in this investigation will be the expan-
sion of the mass range and an investigation into systematic

errors due to uncertain stellar parameters such as the mix-
ing length and metallicity. We also need to extend this
study to stars where the radius is not known indepen-
dently.
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