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Frequency dependence ofiv of solar-like
oscillators investigated: Influence of Hell
jonization zone

S. Hekker, Sarbani Basu, Y. Elsworth, W.J. Chaplin

Abstract Oscillations in solar-like oscillators tend to follow anppximately reg-
ular pattern in which oscillation modes of a certain degmee eonsecutive order
appear at regular intervals in frequency, i.e. the so-ddHdege frequency separa-
tion. This is true to first order approximation for acousticdas. However, to a sec-
ond order approximation it is evident that the large freqyeseparation changes
as a function of frequency. This frequency dependence has &een in the Sun
and in other main-sequence stars. However, from obsengsatib giant stars, this
effect seemed to be less pronounced. We investigate tlezalifte in frequency de-
pendence of the large frequency separation between mairesee and giant stars
using YREC evolutionary models.

1 Introduction

Stellar oscillations are an important means to study thermal structure of stars.
Stars with turbulent outer layers, such as low-mass mainesgce stars, subgiants
and red-giant stars, can stochastically excite oscilatim their turbulent atmo-
spheres, so-called solar-like oscillations. These @gmihs generally follow a reg-
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ular pattern in frequency described to reasonable apptiomby the asymptotic
relation derived b@%):

Vne ~ Av(n+ /24 €) — £(¢+1)Dy, (1)

with v, , the frequency of an oscillation mode with radial ordeand degreé and
Av the large frequency separation between modes of the sameedagd consec-
utive ordersDg is most sensitive to deeper layers in the star and the surface
layers.

The large frequency separation can be determined for manyista straightfor-
ward manner. It can be shown that this is directly proposiada the square root of
the mean density of the star (Ulrich, 1986; Kjeldsen & Bedpit095). Hence, this
parameter plays an important role in studies concerningrtteenal structures of
stars with solar-like oscillations. To a first order approation the large frequency
separation is constant over the observed frequency rangeeVér, small devia-
tions can occur due to for instance acoustic glitches,sweden internal property
changes, but also due to other more slowly varying undeglyariations, such as
changing conditions close to the core.

In contrast to the clearly observed frequency dependendedh the Sun and
main-sequence stars (€.9. Mathur ét al., 2010, Fig. 17 réissilts from thekepler
mission I 0) showed that for red giantsftguency dependence
of Av is much less (Hekker et dl., 2011). We investigate this difiee in sensitivity
of Av to the frequency range for main-sequence stars and redsgiaimg models
constructed using YREC, the Yale stellar evolution C| .2008). In
these models we use OPAL opacities (lglesias & Rogers, 19g8)lemented with
low temperature (lo§ < 4.1) opacities of Ferguson etlal. (2005) and the OPAL
equation of state (Rogers & Nayfonov, 2002). All nucleactim rates are obtained
from|Adelberger et al. (1998), except for that of #is( p, y) O reaction, for which
we use the rate of Formicola et al. (2004).

For a more details about this study and a complete desaripfiche different
sequences of models used in this investigation and , wetefégkker et al[(2011a)
and references therein.

2 Results

The observed difference in frequency dependence betwersequence and red-
giant stars could indeed be reproduced using radial osoilis computed for the
YREC models. Hence, we can investigate the cause of thisrdiite using these
models.

First, we checked whether the variation 60 as a function of frequency is
merely a trend, which can be resembled by a straight line avitertain slope, or
due to faster variations with an amplitude dominant ovestbpe of a straight line.
For more evolved stars the slope appears to be clearly domiwhich points to
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Fig. 1 Left: Period of the frequency modulation expressed in uoitdv as a function ofAv.
Right: The depth of the He Il depressionfindivided by the width of the depression expressed in
acoustic radius as a function Afv.

slowly varying underlying variations, such as changingditons close to the core
to be the dominant source of the frequency dependence. $oeimlved stars the
amplitude of the variation ofAv around a straight line is dominant, which implies
a dominant contribution of acoustic glitches to the frequyeslependence. Interest-
ingly, this amplitude appears to increase with increasieligs mass and decreasing
metallicity.

To investigate this further, we study the position and tregpshof the depression
in the first adiabatic exponerf®y( = (dInp/dInp)s, with p pressurep density and
s specific entropy) caused by the Hell ionization zone. Thitlglmodulates the
frequencies in a sinusoidal manner with a so-called ‘périnetrsely proportional
to the acoustic depttr) at which the glitch is located, with

in which r indicates the radius of the glitcR the radius of the star andsound
speed. For more evolved stars the Hell zone is located déefies star causing a
modulation in the frequencies, i.e. dependencéwfon frequency, with a ‘period’
much shorter (of the order of) than for less evolved stars, for which the ‘period’
is much longer, up to 28v (see left panel of Fid.l1). This confirms that for evolved
stars the smooth stellar structure changes are the dondoarihant effect causing
the dependence dfv on frequency, while for less evolved stars the effect froen th
Hell acoustic glitch is dominant.

We also investigated the influence of the shape of the depress/; due to the
Hell zone on the frequency dependencedsf. We parametrize the shape of the
Hell glitch by the ratio of the depth of the depressiorTini.e. its strength, to the
width (in units of acoustic radius) of the depression. Theaowaer the width for a
given depth the larger the effect the Hell depression habefréquencies. We find
that the changes in the shape of the Hell depressidn &s a function ofAv (see
right panel of Fig[lL) follow the same pattern as the ampétofithe variation in
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Av around the trend. Therefore, we conclude that the shapesdfiéhl depression
in 7 is a significant cause of the difference in the amplitudeshefvariation in
Av. Also, the increasing amplitude of the variation/im as a function of mass and
decreasing metallicity for less evolved stars is constltgmesent in the shape of
the He Il zone. However, there must be additional effectsiley a role, because
we only find qualitative agreement between the shape of thiedépression in;
and the amplitude of the variation fiw. An additional effect could be the influence
of the base of the convection zone, which induces a small latido with a period
that is of the same order as the period of the Hell zone, bugd@amplitude.
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