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Preface

The purpose of the present set of notes is to provide the technical background for the study
of stellar pulsation, particularly as far as the oscillation frequencies are concerned. Thus
the notes are heavily biased towards the use of oscillation data to study the interior of stars;
also, given the importance of the study of solar oscillations, a great deal of emphasis is given
to the understanding of their properties. In order to provide this background, the notes go
into considerably more detail on derivations and properties of equations than is common,
e.g., in review papers on this topic. However, in a course on stellar pulsations they must
be supplemented with other texts that consider the application of these techniques to, for
example, helioseismology. More general background information about stellar pulsation can
be found in the books by Unno et al. (1989) and Cox (1980). An excellent description of
the theory of stellar pulsation, which in many ways has yet to be superseded, was given by
Ledoux & Walraven (1958). Cox (1967) (reprinted in Cox & Giuli 1968) gave a very clear
physical description of the instability of Cepheids, and the reason for the location of the
instability strip.

The notes were originally written for a course in helioseismology given in 1985, and they
were substantially revised in the Spring of 1989 for use in a course on pulsating stars.

I am grateful to the students who attended these courses for their comments. This has
led to the elimination of some, although surely not all, errors in the text. Further comments
and corrections are most welcome.

Preface to 3rd edition

The notes have been very substantially revised and extended in this edition, relative to
the previous two editions. Thus Chapters 6 and 9 are essentially new, as are sections 2.4,
the present section 5.1, section 5.3.2, section 5.5 and section 7.6. Some of this material
has been adopted from various reviews, particularly Christensen-Dalsgaard & Berthomieu
(1991). Also, the equation numbering has been revised. It is quite plausible that additional
errors have crept in during this revision; as always, I should be most grateful to be told
about them.

Preface to 4th edition

In this edition three appendices have been added, including a fairly extensive set of student
problems in Appendix C. Furthermore, Chapter 10, on the excitation of oscillations, is new.
The remaining revisions are relatively minor, although new material and updated results
have been added throughout.
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Preface to 5th edition

The present edition has been extensively revised. New material includes a presentation of
the recent data on solar-like oscillations in distant stars, which mark the beginning of a
new era of asteroseismology. Also, the discussion of asymptotic eigenfunctions of stellar
oscillations, and of stochastic excitation of solar-like oscillations, has been substantially
extended.

Unlike previous editions, the present one has been typeset using IMTEX, leading to
substantial changes in appearance and changes to the equation numbering.

I am grateful to Ross Rosenwald for his careful reading of the 4th edition, which uncov-
ered a substantial number of misprints, and to Frank Pijpers for comments on a draft of the
present edition. I thank Sarbani Basu, Francois Bouchy, Bill Chaplin, Yvonne Elsworth,
Hans Kjeldsen, Jesper Schou, and Steve Tomczyk for help with figures or other material.

The present edition has been made available on the World Wide Web, at URL
http://astro.phys.au.dk/~jcd/oscilnotes/.

Aarhus, 29 January, 2014

Jorgen Christensen-Dalsgaard
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Chapter 1

Introduction

There are two reasons for studying stellar pulsations: to understand why, and how, certain
types of stars pulsate; and to use the pulsations to learn about the more general properties
of these, and hence perhaps other, types of stars.

Stars whose luminosity varies periodically have been known for centuries. However,
only within the last hundred years has it been definitely established that in many cases
these variations are due to intrinsic pulsations of the stars themselves. For obvious reasons
studies of pulsating stars initially concentrated on stars with large amplitudes, such as the
Cepheids and the long period variables. The variations of these stars could be understood in
terms of pulsations in the fundamental radial mode, where the star expands and contracts,
while preserving spherical symmetry. It was realized very early (Shapley 1914) that the
period of such motion is approximately given by the dynamical time scale of the star:

R\ /2
tayn = (G]\J) ~ (Gp)'/?, (1.1)

where R is the radius of the star, M is its mass, p is its mean density, and G is the
gravitational constant. Thus observation of the period immediately gives an estimate of
one intrinsic property of the star, viz. its mean density.

It is a characteristic property of the Cepheids that they lie in a narrow, almost vertical
strip in the HR diagram, the so-called instability strip. As a result, there is a direct relation
between the luminosities of these stars and their radii; assuming also a mass-luminosity
relation one obtains a relation between the luminosities and the periods, provided that the
latter scale as tqy,. This argument motivates the existence of a period-luminosity relation
for the Cepheids: thus the periods, which are easy to determine observationally, may be
used to infer the intrinsic luminosities; since the apparent luminosities can be measured, one
can determine the distance to the stars. This provides one of the most important distance
indicators in astrophysics.

The main emphasis in the early studies was on understanding the causes of the pulsa-
tions, particularly the concentration of pulsating stars in the instability strip. As in many
other branches of astrophysics major contributions to the understanding of stellar pulsa-
tion were made by Eddington (e.g. Eddington 1926). However, the identification of the
actual cause of the pulsations, and of the reason for the instability strip, was first arrived
at independently by Zhevakin (1953) and by Cox & Whitney (1958).

1



2 CHAPTER 1. INTRODUCTION

In parallel with these developments, it has come to be realized that some, and probably
very many, stars pulsate in more complicated manners than the Cepheids. In many in-
stances more than one mode of oscillation is excited simultaneously in a star; these modes
may include both radial overtones, in addition to the fundamental, and nonradial modes,
where the motion does not preserve spherical symmetry. (It is interesting that Emden
[1907], who laid the foundation for the study of polytropic stellar models, also considered a
rudimentary description of such nonradial oscillations.) This development is extremely im-
portant for attempts to use pulsations to learn about the properties of stars: each observed
period is in principle (and often in practice) an independent measure of the structure of the
star, and hence the amount of information about the star grows with the number of modes
that can be detected. A very simple example are the double mode Cepheids, which have
been studied extensively by, among others, J. Otzen Petersen, Copenhagen (e.g. Petersen
1973, 1974, 1978). These are apparently normal Cepheids which pulsate simultaneously
in two modes, in most cases identified as the fundamental and the first overtone of radial
pulsation. While measurement of a single mode, as discussed above, provides a measure
of the mean density of the star, two periods roughly speaking allow determination of its
mass and radius. It is striking that, as discussed by Petersen, even this limited information
about the stars led to a conflict with the results of stellar evolution theory which has only
been resolved very recently with the computation of new, improved opacity tables.

In other stars, the number of modes is larger. An extreme case is the Sun, where cur-
rently several thousand individual modes have been identified. It is expected that with more
careful observation, frequencies for as many as 10° modes can be determined accurately.
Even given likely advances in observations of other pulsating stars, this would mean that
more than half the total number of known oscillation frequencies for all stars would belong
to the Sun. This vast amount of information about the solar interior forms the basis for
helioseismology, the science of learning about the Sun from the observed frequencies. This
has already led to a considerable amount of information about the structure and rotation
of the solar interior; much more is expected from observations, including some from space,
now being prepared.

The observed solar oscillations mostly have periods in the vicinity of five minutes, con-
siderably shorter than the fundamental radial period for the Sun, which is approximately
1 hour. Both the solar five-minute oscillations and the fundamental radial oscillation are
acoustic modes, or p modes, driven predominantly by pressure fluctuations; but whereas
the fundamental radial mode has no nodes, the five-minute modes are of high radial order,
with 20 — 30 nodes in the radial direction.

The observational basis for helioseismology, and the applications of the theory developed
in these notes, are described in a number of reviews. General background information was
provided by, for example, Deubner & Gough (1984), Leibacher et al. (1985), Christensen-
Dalsgaard, Gough & Toomre (1985), Libbrecht (1988), Gough & Toomre (1991) and
Christensen-Dalsgaard & Berthomieu (1991). Examples of more specialized applications
of helioseismology to the study of the solar interior were given by Christensen-Dalsgaard
(1988a, 1996a).

Since we believe the Sun to be a normal star, similarly rich spectra of oscillations would
be expected in other similar stars. An immediate problem in observations of stars, however,
is that they have no, or very limited, spatial resolution. Most of the observed solar modes
have relatively short horizontal wavelength on the solar surface, and hence would not be
detected in stellar observations. A second problem in trying to detect the expected solar-



like oscillations in other stars is their very small amplitudes. On the Sun the mazimum
velocity amplitude in a single mode is about 15 cms™!, whereas the luminosity amplitudes
are of the order of 1 micromagnitude or less. Clearly extreme care is required in observing
such oscillations in other stars, where the total light-level is low. In fact, despite several
attempts and some tentative results, no definite detection of oscillations in a solar-like star
has been made. Nevertheless, to obtain information, although less detailed than available
for the Sun, for other stars would be extremely valuable; hence a great deal of effort is
being spent on developing new instrumentation with the required sensitivity.

Although oscillations in solar-like stars have not been definitely detected, other types
of stars display rich spectra of oscillations. A particularly interesting case are the white
dwarfs; pulsations are observed in several groups of white dwarfs, at different effective
temperatures. Here the periods are considerably longer than the period of the fundamental
radial oscillation, indicating that a radically different type of pulsation is responsible for
the variations. In fact it now seems certain that the oscillations are driven by buoyancy,
as are internal gravity waves; such modes are called g modes. An excellent review of the
properties of pulsating white dwarfs was given by Winget (1988). Another group of stars of
considerable interest are the § Scuti stars, which fall in the instability strip near the main
sequence.

The present notes are mainly concerned with the basic theory of stellar pulsation, par-
ticularly with regards to the oscillation periods and their use to probe stellar interiors.
However, as a background to the theoretical developments, Chapter 2 gives a brief intro-
duction to the problems encountered in analyses of observations of pulsating stars, and
summarizes the existing data on the Sun, as well as on § Scuti stars and white dwarfs.
A main theme in the theoretical analysis is the interplay between numerical calculations
and simpler analytical considerations. It is a characteristic feature of many of the observed
modes of oscillation that their overall properties can be understood quite simply in terms
of asymptotic theory, which therefore gives an excellent insight into the relation between
the structure of a star, say, and its oscillation frequencies. Asymptotic results also form
the basis for some of the techniques for inverse analysis used to infer properties of the solar
interior from observed oscillation frequencies. However, to make full use of the observations
accurate numerical techniques are evidently required. This demand for accuracy motivates
including a short chapter on some of the numerical techniques that are used to compute
frequencies of stellar models. Departures from spherical symmetry, in particular rotation,
induces fine structure in the frequencies. This provides a way of probing the internal ro-
tation of stars, including the Sun, in substantial detail. A chapter on inverse analyses
discusses the techniques that are used to analyse the observed solar frequencies and gives
brief summaries of some of the results. The notes end with an outline of some aspects of
the theory of the excitation of stellar pulsations, and how they may be used to understand
the location of the Cepheid instability strip.
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Chapter 2

Analysis of oscillation data

Observation of a variable star results in a determination of the variation of the properties
of the star, such as the luminosity or the radial velocity, with time. To interpret the data,
we need to isolate the properties of the underlying oscillations. When only a single mode
is present, its period can normally be determined simply, and often very accurately. The
analysis is much more complicated in the case of several modes, particularly when their
amplitudes are small or their frequencies closely spaced. Here one has to use some form of
Fourier analysis in time to isolate the frequencies that are present in the data.

For lack of better information, it was often assumed in the past that stellar oscillations
have the simplest possible geometry, namely radial symmetry. This assumption is success-
ful in many cases; however, radial oscillations are only a few among the many possible
oscillations of a star, and the possible presence of nonradial modes must be kept in mind in
analyses of oscillation observations (evidence for such modes in stars other than the Sun was
summarized by Unno et al. 1989). A nonradial mode is characterized by three wavenum-
bers: the degree [ and azimuthal order m which determine the behaviour of the mode over
the surface of the star (see below) and the radial order n which reflects the properties in
the radial direction (see Section 5.3). In general the frequencies wy,,, of stellar oscillations
depend on all three wave numbers. It is convenient, however, to separate the frequency
into the multiplet frequency wy;, obtained as a suitable average over azimuthal order m and
corresponding to the spherically symmetric structure of the star, and the frequency splitting
&Unlm = Wnlm — Wni-

Analyses of oscillation data must attempt to separate these different frequency com-
ponents. In the case of the Sun the oscillations can be observed directly as functions of
position on the solar disk as well as time. Thus here it is possible to analyze their spa-
tial properties. This is done by means of a generalized 2-dimensional Fourier transform in
position on the solar surface, to isolate particular values of [ and m. This is followed by
a Fourier transform in time which isolates the frequencies of the modes of that type. In
fact, the average over the stellar surface implicit in observations of stellar oscillations can
be thought of as one example of such a spatial Fourier transform.

In this chapter I give a brief description of how the observable properties of the oscilla-
tions may be analyzed. The problems discussed here were treated in considerable detail by
Christensen-Dalsgaard & Gough (1982). There are several books specifically on time-series
analysis (e.g. Blackman & Tukey 1959; Bracewell 1978); an essentially “nuts-and-bolts”



6 CHAPTER 2. ANALYSIS OF OSCILLATION DATA

description, with computer algorithms and examples, was given by Press et al. (1986). In
addition, I summarize some observations of solar and stellar oscillations.

Figure 2.1: Contour plots of the real part of spherical harmonics Y™ [cf.
equation (2.1); for simplicity the phase factor (—1)" has been suppressed].
Positive contours are indicated by continuous lines and negative contours by
dashed lines. The 6 = 0 axis has been inclined by 45° towards the viewer, and
is indicated by the star. The equator is shown by “++4++". The following
cases are illustrated: a) =1, m=0;b)l=1,m=1;¢)l =2, m=0;d)
=2m=1e)l=2m=2)1=3,m=0;g)l =3, m=1;h) =3, m=
2,1)l=3,m=3;j)l =5 m=>5;k) =10, m =5;1) ] =10, m = 10.



2.1. SPATIAL FILTERING 7

2.1 Spatial filtering

As shown in Chapter 4, small-amplitude oscillations of a spherical object like a star can be
described in terms of spherical harmonics Y;(6, ¢) of co-latitude 6 (i.e., angular distance
from the polar axis) and longitude ¢. Here

Y7 (0, 6) = (~1)"cum B (cos) explim @), (2.1)
where P/ is a Legendre function, and the normalization constant ¢, is determined by

Cim = <2147+r(%l ﬂ_z)?!n)! ’ (22)

such that the integral of |Ylm\2 over the unit sphere is 1. The degree [ measures the total
horizontal wave number kj, on the surface by

kh = E 3 (23)
where L = /I(l + 1), and R is the radius of the Sun. Equivalently the wavelength is
2r  27R
N 2T 2.4
WL (2.4)

Thus L is, roughly speaking, the number of wavelengths along the solar circumference.
The azimuthal order m measures the number of nodes (i.e., zeros) along the equator. The
appearance of a few spherical harmonics is illustrated in Figure 2.1. Explicit expressions for
selected Legendre functions, and a large number of useful results on their general properties,
are given in Abramowitz & Stegun (1964). A summary is provided in Appendix A.

In writing down the spherical harmonics, I have left open the choice of polar axis. In
fact, it is intuitively obvious that for a spherically symmetric star the choice of orientation
of the coordinate system is irrelevant. If, on the other hand, the star is not spherically
symmetric but possesses an axis of symmetry, this should be chosen as polar axis. The
most important example of this is rotation, which is discussed in Chapter 8. In the present
section I neglect departures from symmetry, and hence I am free to choose any direction of
the polar axis.

Observations show that the solar oscillations consist of a superposition of a large number
of modes, with degrees ranging from 0 to more than 1500. Thus here the observations and
the data analysis must be organized so as to be sensitive to only a few degrees, to get time
strings with contributions from sufficiently few individual oscillations that their frequencies
can subsequently be resolved by Fourier analysis in time. The simplest form of mode
isolation is obtained in whole-disk (or integrated-light) observations, where the intensity
variations or velocity in light from the entire solar disk are observed. This corresponds to
observing the Sun as a star, and, roughly speaking, averages out modes of high degree,
where regions of positive and negative fluctuations approximately cancel.

To get a quantitative measure of the sensitivity of such observations to various modes,
we consider first observations of intensity oscillations. The analysis in Chapter 4 shows
that the oscillation in any scalar quantity, in particular the intensity, may be written on
the form

1(6,6; 1) = VarR{LY™(6,¢) exp|—i(wot — )]}
= IoV4r(=1)"cpn P (cos ) cos(mep — wot + &) | (2.5)
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where $(z) is the real part of a complex quantity z. With the normalization chosen for the
spherical harmonic, the rms of the intensity perturbation over the solar surface and time
is In/v/2. The response in whole-disk observations is obtained as the average over the disk
of the Sun. Neglecting limb darkening, the result is

I(t) = % /A 106, 6;1)dA | (2.6)

where A is area on the disk. To evaluate the integral, a definite choice of coordinate system
is needed. As mentioned above, we are free to choose the computationally most convenient
orientation, which is to have the polar axis point towards the observer. Then the integral
is zero unless m = 0, and for m = 0

1(t) = SV Iy cos(wot — o) (2.7)
where the spatial response function SZ(I) is

1 27 /2
s = = / dé / V21 + 1P,(cos 0) cos 0 sin 6d0
0 0

™

w/2
= 2v2l+1 Py(cos @) cosfsinfdo . (2.8)
0

This may be calculated directly for low [, or by recursion. Some results are shown in
Figure 2.2.

Observations of the velocity oscillations are carried out by measuring the Doppler shift
of spectral lines; hence such observations are only sensitive to the line-of-sight component
of velocity. For low-degree modes with periods shorter than about an hour, the velocity
field is predominantly in the radial direction [¢f. equation (4.67)], and may be written as

V(ea ¢; t) = \/ZE% {‘/0 }/lm(ea ¢) exp[fi(wot - 50)]a7“} ) (29)

where a, is the unit vector in the radial direction. Here the rms over the solar surface
and time of the radial component of velocity is V5/v/2. The result of whole-disk Doppler
velocity observations may consequently be written, choosing again the polar axis to point
towards the observer, as

u(t) = Sl(v)Vo cos(wot — dg) , (2.10)
where /2
Sl(v) =2v2l+1 Py(cos 6) cos?  sin Hd6 (2.11)
0

is the velocity response function. This differs from Sl(l) only by the factor cosf in the
integrand, which is due to the projection of the velocity onto the line of sight. As a result
the response is slightly larger at [ = 3 than for intensity observations (see Figure 2.2).
The response corresponding to a different choice of polar axis can be obtained by direct
integration of the spherical harmonics, with a different orientation, over the stellar disk.
A simpler approach, however, is to note that there are transformation formulae connect-
ing spherical harmonics corresponding to different orientations of the coordinate system
(Edmonds 1960). An important special case is when the polar axis is in the plane of the
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L2 T - - - ]
1.0 S 3
0.8 :
0.6 \
0.4 ) ;
0.2
0.0} N ===
—0.2} :

Figure 2.2: Spatial response functions Sl(l) and Sl(v) for observations of inten-
sity and line-of-sight velocity, respectively, in light integrated over a stellar
disk.

sky; this is approximately satisfied for the Sun, where the inclination of the rotation axis,
relative to the sky, is at most about 7°. One then obtains the response as

Sim = Lim St (2.12)

where S; is the response as determined in equation (2.8) or (2.11), and the coefficients I';,,
can be evaluated as described by Christensen-Dalsgaard & Gough (1982). In particular it
is easy to see that Iy, is zero when [ — m is odd, for in this case the Legendre function
P/™(cos ) is antisymmetric around the equator. Also I'; _,,, = I',. The non-trivial values
of 'y, for the lowest degrees are:

Fgo=1
= 2.13
, . (2.13)
o= 3 [oo =
F31:§ 1133=§

To isolate modes of higher degrees, one must analyse observations made as functions
of 8 and ¢. Had data been available that covered the entire Sun, modes corresponding to
a single pair (lp, mg) could in principle have been isolated by multiplying the data, after
suitable scaling, with a spherical harmonic Yl:m (0, ¢) and integrating over the solar surface;
it follows from the orthogonality of the spherical harmonics that the result would contain
only oscillations corresponding to the degree and azimuthal order selected. In practice the
observations are restricted to the visible disk of the Sun, and the sensitivity to velocity
oscillations is further limited close to the limb due to the projection onto the line of sight.
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To illustrate the principles in the mode separation in a little more detail, I note that,
according to equations (2.1) and (2.9), the combined observed Doppler velocity on the solar
surface is of the form

Vb (8, ¢,t) = sinf cos ¢ Z Apim, (t)erm P™ (cos 6) cos[meo — wpimt — Onim ()] - (2.14)

n,l,m

Now the axis of the coordinate system has been taken to be in the plane of the sky;
longitude ¢ is measured from the central meridian. [Also, to simplify the notation the factor
(—1)™\/4r has been included in A,;,.] For simplicity, I still assume that the velocity is
predominantly in the radial direction, as is the case for five-minute oscillations of low or
moderate degree; the factor sin 6 cos ¢ results from the projection of the velocity vector onto
the line of sight. The amplitudes A,;,,, and phases d,;,, may vary with time, as a result of
the excitation and damping of the modes.

As discussed above, it may be assumed that Vp has been observed as a function of posi-
tion (0, ¢) on the solar surface. The spatial transform may be thought of as an integration
of the observations multiplied by a weight function Wi, (6, ¢) designed to give greatest
response to modes in the vicinity of [ = ly, m = mg. The result is the filtered time string

Vigms (£) = /A Vo (0, 6, ) Wigmo (6, $)d A

= Z SlomolmAnlm COS["Jnlmt + 5nlm7l0m0} . (215)

n,l,m

Here, the integral is over area on the solar disk, and dA = sin? 6 cos ¢ dfd¢; also, I intro-
duced the spatial response function Siymgim, defined by

2 - 2 - 2
(Stomotm)> = (Shmoim) + (Shomotm) (2.16)
where
Sl((j_nzolm = clm/ Wigme (0, @) P/™ (cos ) cos(me) sin @ cos p dA | (2.17)
A
and
Sl(oziolm = clm/ Wiyme (6, @) P/™ (cos 0) sin(me) sinf cos p dA . (2.18)
A

The new phases 5nlm,lom0 in equation (2.15) depend on the original phases d,;,; and on
S and S\

lomolm lomolm*

It is evident that to simplify the subsequent analysis of the time string Vjm, (t), it is
desirable that it contain contributions from a limited number of spherical harmonics (I, m).
This is to be accomplished through a suitable choice of the weight function Wj,,,, (¢, ¢) such
that Siymeim is large for | = lp, m = mgy and “small” otherwise. Indeed, it follows from the
orthogonality of the spherical harmonics that, if W, is taken to be the spherical harmonic
Y}", if the integrals in equations (2.17) and (2.18) are extended to the full sphere, and if,
in the integrals, sin 6 cos ¢ dA is replaced by sin 6 dfd¢, then essentially Sjymoim X 01510mgm.-
It is obvious that, with realistic observations restricted to one hemisphere of the Sun,
this optimal level of concentration cannot be achieved. However, the result suggests that
suitable weights can be obtained from spherical harmonics. Weights of this nature are
almost always used in the analysis. The resulting response functions are typically of order
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unity for |I—lp| < 2, |m—mg| < 2 and relatively small elsewhere (e.g. Duvall & Harvey 1983;
Christensen-Dalsgaard 1984a); this is roughly comparable to the mode isolation achieved in
whole disk observations. That the response extends over a range in [ and m is analogous to
the quantum-mechanical uncertainty principle between localization in space and momentum
(here represented by wavenumber). If the area being analyzed is reduced, the spread in [
and m is increased; conversely, intensity observations, which do not include the projection
factor sin 6 cos ¢, effectively sample a larger area of the Sun and therefore, in general, lead
to somewhat greater concentration in [ and m (see also Fig. 2.2).

2.2 Fourier analysis of time strings

The preceding section considered the spatial analysis of oscillation observations, either
implicitly through observation in integrated light or explicitly through a spatial transform.
Following this analysis we are left with timestrings containing a relatively limited number of
modes. These modes may then be separated through Fourier analysis in time. Here I mainly
consider simple harmonic oscillations. These are typical of small-amplitude pulsating stars,
such as the Sun. Some remarks on periodic oscillations with more complex behaviour are
given in Section 2.2.5.
A simple harmonic oscillating signal can be written as

U(t) = Qg COS(wot - 50) . (2.19)

Here wy is the angular frequency, and the period of oscillation is IT = 27 /wyp. Oscillations are
often also discussed in terms of their cyclic frequency v = 1/II = w/27, measured in mHz
or uHz. A period of 5 minutes (typical of the most important class of solar oscillations)
corresponds to v = 3.3 mHz = 3300 pHz, and w = 0.021s~!. In studies of classical
pulsating stars it is common to measure the period in units of the dynamical time scale
tayn [¢f. equation (1.1)] by representing it in terms of the pulsation constant

M 1/2 R —-3/2
— o 2= _ 2.20

@ <M@> (RQ) ’ (220)
where M and Ry are the solar mass and radius. Thus ) provides information about

the more intricate properties of stellar interior structure, beyond the simple scaling of the
period with the dynamical time scale.

2.2.1 Analysis of a single oscillation

The signal in equation (2.19) is assumed to be observed from ¢ = 0 to ¢ = 7. Then the
Fourier transform is

~ _ T iwt _ 1 T i(thflso) 71;((.001‘/750) twt
o(w) = v(t)e™'dt = —ap {e +e } e"tdt (2.21)
0 2 " Jo
1 e—i(SO ) ei50 )
= _ _ T [eiwtwo)T _ v i(w—wo)T
240 {i(w+w0)[e U+ el 1]}

~ a {ei[T/Q(w—l-wo)—(SO] sin[T'/2(w + wo)] 4 oflT/2(—w0) +60] sin[T/2(w — wo)] }
w + wo W — wo

= gao {ei[T/Z(“’+w°)_5°]sinc [g(w + wp)] 4 lT/2w=wo)+oolgin [g(w — wo)]} ,
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where )
sine (z) = 2L (2.22)
x
Plots of sinc (z) and sinc?(z) are shown in Figure 2.3. The power spectrum is
P(w) = [9(w)[? (2.23)
and has the appearance shown schematically in Figure 2.4.
1.0 a) 1.0} ﬂ b) 1
0.8 0.8}
0.6 0.6
® &
g 0.4 0 0.4
% 17!
0.2 0.2} A/\} \/\A
0.0 \/\/\ /\\/\V 0.0
-0.2 \j \/ -0.2¢}
-20-10 0 10 20 -20—-10 0 10 20
x x
Figure 2.3: The sinc function (a) and sinc? function (b) [¢f. equation (2.22)].
If Twy > 1 the two components of the spectrum at w = —wgp and w = wy are well
separated, and we need only consider, say, the positive w-axis; then, approximately
1 T
P(w) ~ 1 T?a2sinc? [Q(w - wo)} . (2.24)

I use this approximation in the following. Then both the maximum and the centre of
gravity of P is at w = wp. Thus in principle both quantities can be used to determine
the frequencies from observations of oscillation. In practice the observed peak often has
a more complex structure, due to observational noise and fluctuations in the oscillation
amplitude. In such cases the centre of gravity is often better defined than the location of
the maximum of the peak. As a measure of the accuracy of the frequency determination,
and of the ability to separate closely spaced peaks, we may use the width dw of the peak,
which may be estimated by, say

T ow
2 2

2
~ g , dw o =8 , ov ~ (2.25)

1
T T
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(More precisely, the half width at half maximum of sinc?(z) is 0.4437.) Hence to determine
the frequency accurately, we need extended observations (7" must be large.) In fact, the

relative resolution 5 5 I
w s
—_—~ = — 2.26
wo wol T ( )
is 1 divided by the number of oscillation periods during the observing time 7. Note also
that for 8 hours of observations (a typical value for observations from a single site) the

width in cyclic frequency is dv = 34 uHz.

Figure 2.4: Schematic appearance of the power spectrum of a single harmonic
oscillation. Note that the oscillation gives rise to a peak on both the positive
and the negative w-axis.

Figure 2.5: Schematic representation of spectrum containing 3 well-separated
modes.

2.2.2 Several simultaneous oscillations

Here the time string is
U(t) = aj COS(wlt — 51) + as COS(UJQt - 52) + asg COS(w;gt - (53) + (2.27)

The spectrum might be expected to be, roughly, the sum of the spectra of the individual
oscillations, as shown schematically in Figure 2.5. This would allow the individual frequen-
cies to be determined. This is the case if the modes are well separated, with |w; —w;|T > 1
for all pairs ¢ # j. However, in the Sun and other types of pulsating stars the oscillation
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frequencies are densely packed, and the situation may be a great deal more complicated. I
consider the case of just two oscillations in more detail:

v(t) = aj cos(wit — 1) + ag cos(wat — d2) . (2.28)
Then on the positive w-axis we get the Fourier transform

(W) ~ (2.29)
T

! {alei[T/2(w—w1)+51]SinC [g(w _wl)} + ageflT/20—w) ol gy [(w _ wQ)H 7

| N

and the power
Pw) = 1; { 2sinc 2 [Z(w — wl)] + a3sinc? [Z(w — wg)} (2.30)
+2ajassine {Z(w — wl)] sinc [g(w — wQ)] cos [g(wz —wp) — (02 — (51)]} .

Note that a naive summation of the two individual spectra would result in the first two
terms; the last term is caused by interference between the modes, which is very important
for closely spaced frequencies. The outcome depends critically on the relative phases, and
to some extent the relative amplitudes, of the oscillations.

In Figure 2.6 are shown some examples of spectra containing two oscillations. Here, to
limit the parameter space, a1 = as. Aw = wy —wy is the frequency difference (which is non-
negative in all cases), and Ad = dy — 97 is the phase difference at t = 0. The vertical lines
show the locations of the frequencies w; and wy. Note in particular that when Ad = 37/2,
the splitting is artificially exaggerated when Aw is small; the peaks in power are shifted by
considerable amounts relative to the actual frequencies. This might easily cause confusion in
the interpretation of observed spectra. These effects were discussed by Loumos & Deeming
(1978) and analyzed in more detail by Christensen-Dalsgaard & Gough (1982). From the
results in Figure 2.6 we obtain the rough estimate of the frequency separation that can be
resolved in observations of duration T" regardless of the relative phase:

ow ~ — . 2.31
oo (231)

Note that this is about twice as large as the width of the individual peaks estimated in
equation (2.25).

To demonstrate in more detail the effect on the observed spectrum of the duration of
the time series, I consider the analysis of an artificial data set with varying resolution, for
the important case of low-degree, high-order p modes of a rotating star. I use a simplified
approximation to the asymptotic theory presented in Chapter 7 [c¢f. equations (7.55) and
(7.58)], and the discussion of the effects of rotation in Chapter 8 [¢f. equation (8.45)], and
hence approximate the frequencies of such modes as

l
Unim =~ Avg(n + 5 +e€9) — (L 4+ 1)Dg + mAvyy , (2.32)
where n is the radial order (i.e., the number of nodes in the radial direction), and ! and

m were defined in Section 2.1. Here the last term is caused by rotation, with Avye =
1/, 0, where Il is an average over the star of the rotation period. The remaining
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A6=0 Aé:g Ab=m AS=

TAw= 4 A
PN I I Al

SRV, WY A m

Figure 2.6: Spectra of two modes closely spaced in frequency, with the same
amplitude [cf. equation (2.30)]. The vertical lines the frequency and amplitude
of the two modes. Aw = wy—w is the frequency difference between the modes,
and Ad = o — I1 is the phase difference at ¢t = 0.

terms approximate the frequencies of the nonrotating star. The dominant term is the first,
according to which the frequencies depend predominantly on n and ! in the combination
n+1/2. Thus to this level of precision the modes are organized in groups according to the
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parity of I. The term in /(I + 1) causes a separation of the frequencies according to [, and
finally the last term causes a separation, which is normally considerably smaller, according
to m. There is an evident interest in being able to resolve these frequency separations
observationally.

The frequencies were calculated from equation (2.32), with Avy = 120 uHz, ¢y = 1.2,
Dy = 1.5 uHz and a rotational splitting Avyoy = 1 uHz (corresponding to about twice the
solar surface rotation rate). These values are fairly typical for solar-like stars. The response
of the observations to the modes was calculated as described in Section 2.1; for simplicity
the rotation axis was assumed to be in the plane of the sky, so that only modes with even
I —m can be observed. For clarity the responses for [ = 3 were increased by a factor 2.5.
The amplitudes and phases of the modes were chosen randomly, but were the same for all
time strings. The data were assumed to be noise-free.

1.0-....|....|....|
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w
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|
: \
[ m il .
A A I Ny P
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PO A ] S [ P [ A
TR ! ] | R (AN
PURRYSTIAN G Lrtemran ||| D SRR 10T
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Figure 2.7: Power spectra of simulated time series of duration 600 h
(———),60h (-—————- ), 10h (— —-—-— Yyand 3h (---ooeeeeeeeeenn ). The
power is on an arbitrary scale and has been normalized to a maximum value
of 1. The location of the central frequency for each group of rotationally split
modes, as well as the value of the degree, are indicated on the top of the
diagram. (From Christensen-Dalsgaard 1984b.)

Short segments of the resulting power spectra, for 7" = 3h,10h,60h and 600h, are
shown in Figure 2.7. The power is on an arbitrary scale, normalized so that the maximum
is unity in each case. For T' = 600h the modes are completely resolved. At T = 60h
the rotational splitting is unresolved, but the modes at individual n and [ can to a large
extent be distinguished; however, a spurious peak appears next to the dominant peak with
I =1 at 2960 yuHz. For T' = 10h modes having degrees of the same parity merge; here
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the odd-l group at v ~ 2960 uHz gives rise to two clearly resolved, but fictitious, peaks of
which one is displaced by about 20 uHz relative to the centre of the group. These effects
are qualitatively similar to those seen in Figure 2.6. Finally, the spectrum for T' = 3h is
dominated by interference and bears little immediate relation to the underlying frequencies.

The case shown in Figure 2.7 was chosen as typical among a fairly large sample with
different random phases and amplitudes. The results clearly emphasize the care that is
required when interpreting inadequately resolved data. Furthermore, in general all values
of m are expected to be observed for stellar oscillations, adding to the complexity.

Figure 2.8: Sketch of interrupted time series. This corresponds to two 8 hour
data segments, separated by a 16 hour gap.

2.2.3 Data with gaps

From a single site (except very near one of the poles) the Sun or a star can typically be
observed for no more than 10-12 hours out of each 24 hours. As discussed in connection
with Figure 2.7, this is far from enough to give the required frequency resolution. Thus
one is faced with combining data from several days. This adds confusion to the spectra.
I consider again the signal in equation (2.19), but now observe it for ¢ = 0 to T" and 7 to
7 + T'. The signal is unknown between T and 7, and it is common to set it to zero here,
as sketched in Figure 2.8. Then the Fourier transform is, on the positive w-axis,

T . T+T .
B(w) = / v (1) tdt + / w(t)etde
0 T

_ Taoei[1/2(T+T)(w—wo)+§o] Cos

12

7w — wo)]sine [%(w — o), (2.33)

and the power is

P(w) = T?%a32 cosZ[g(w — wo)]sincz[g(w —wp)] - (2.34)

Thus one gets the spectrum from the single-day case, modulated by the COSQ[%T(UJ —wp)]
factor. As 7 > T this introduces apparent fine structure in the spectrum. An example with
7 = 37T is shown in Figure 2.9.

When more days are combined this so-called side-band structure can be somewhat
suppressed, but never entirely removed. In particular, there generally remain two additional
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Figure 2.9: Power spectrum of the time series shown in Figure 2.8 [¢f. equation
(2.34)].

peaks separated from the main peak by dw = 27/7 or v = 1/7. For 7 = 24 hours, ov =
11.57 pHz.

Exercise 2.1:

Evaluate the power spectrum for the signal in equation (2.19), observed between 0 and
T,7and 74+ 7T, ... N7, NT+ T, and verify the statement made above.

If several closely spaced modes are present as well, the resulting interference may get
quite complicated, and the interpretation correspondingly difficult. An example of this is
shown in Figure 2.10, together with the corresponding spectrum resulting from a single
day’s observations.

The effects of gaps can conveniently be represented in terms of the so-called window
function w(t), defined such that w(t) = 1 during the periods with data and w(t) = 0 during
the gaps. Thus the observed data can be written as

u(t) = w(t)vo(t) , (2.35)

where vg(t) is the underlying signal (which, we assume, is there whether it is observed or
not). It follows from the convolution theorem of Fourier analysis that the Fourier transform
of v(t) is the convolution of the transforms of vg(t) and w(t):

B(w) = (@ * ) (w) = / B(w — ' )iio(o)du! (2.36)
here ‘«” denotes convolution, and w(w) is the transform of a timestring consisting of 0 and

1, which is centred at zero frequency. It follows from equation (2.36) that if the peaks in
the original power spectrum Py(w) = |p(w)|? are well separated compared with the spread
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Figure 2.10: In (a) is shown the spectrum for two closely spaced modes with
TAw = 10, A§ = 3m/2, observed during a single day, from Figure 2.6. In
(b) is shown the corresponding case, but observed for two 8 hour segments
separated by 24 hours.

of the window function transform P, (w) = |@w(w)|?, the observed spectrum P(w) = | (w)|?
consists of copies of P, (w), shifted to be centred on the ‘true’ frequencies. Needless to
say, the situation becomes far more complex when the window function transforms overlap,
resulting in interference.

There are techniques that to some extent may compensate for the effects of gaps in
the data, even in the presence of noise (e.g. Brown & Christensen-Dalsgaard 1990). How-
ever, these are relatively inefficient when the data segments are shorter than the gaps. To
overcome these problems, several independent projects are under way to construct net-
works of observatories with a suitable distribution of sites around the Earth, to study solar
oscillations with minimal interruptions. Campaigns to coordinate observations of stellar
oscillations from different observatories have also been organized. Furthermore, the SOHO
spacecraft has carried helioseismic instruments to the L point between the Earth and the
Sun, where the observations can be carried out without interruptions. This has the added
advantage of avoiding the effects of the Earth’s atmosphere.

2.2.4 Further complications

The analysis in the preceding sections is somewhat unrealistic, in that it is assumed that the
oscillation amplitudes are strictly constant. If the oscillation is damped, one has, instead
of equation (2.19)

v(t) = ag cos(wot — dg)e™ ", (2.37)

where 7 is the damping rate. If this signal is observed for an infinitely long time, one obtains
the power spectrum
Pluw) = a5 (2.38)
Ww)y=-——"—-. .
4 (w—wp)?+ n?

A peak of this form is called a Lorentzian profile. It has a half width at half maximum of 7.
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Exercise 2.2:

Verify equation (2.38).

If the signal in equation (2.37) is observed for a finite time T', the resulting peak is
intermediate between the sinc? function and the Lorentzian, tending to the former for
nT < 1, and towards the latter for n7" > 1. This transition is illustrated in Figure 2.11.

Figure 2.11: Power spectrum for the damped oscillator in equation (2.37),
observed for a finite time 7. The abscissa is frequency separation, in units
of T~!. The ordinate has been normalized to have maximum value 1. The
curves are labelled by the value of nT', where n is the damping rate.

Equation (2.37) is evidently also an idealization, in that it (implicitly) assumes a sudden
excitation of the mode, followed by an exponential decay. In the Sun, at least, it appears
that the oscillations are excited stochastically, by essentially random fluctuations due to
the turbulent motion in the outer parts of the solar convection zone. It may be shown that
this process, combined with exponential decay, gives rise to a spectrum that on average has
a Lorentzian profile. The statistics of the determination of frequencies, amplitudes and line
widths from such a spectrum was studied by Sgrensen (1988), Kumar, Franklin & Goldreich
(1988) and Schou (1993). These issues are discussed in more detail in Section 10.3. It should
be noted (see also Figure 10.4) that the stochastic nature of the excitation gives rise to a
number of sharp peaks, with a distribution around the the general Lorentzian envelope;
thus, in particular, it cannot be assumed that the maximum power corresponds to the true
frequency of the mode. Substantial care is therefore required in analyzing data of this
nature.

So far I have considered only noise-free data. Actual observations of oscillations contain
noise from the observing process, from the Earth’s atmosphere and from the random velocity
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(or intensity) fields in the solar or stellar atmosphere. At each frequency in the power
spectrum the noise may be considered as an oscillation with a random amplitude and
phase; this interferes with the actual, regular oscillations, and may suppress or artificially
enhance some of the oscillations. However, because the noise is random, it may be shown
to decrease in importance with increasingly long time series.
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Figure 2.12: (a) Example of non-sinusoidal oscillation, plotted against relative
phase vyt = wpt/27. This is roughly similar to observed light curves of large-
amplitude Cepheids. (b) The first 3 Fourier components of the oscillation
shown in panel (a). The remaining components have so small amplitudes that
they do not contribute significantly to the total signal.

2.2.5 Large-amplitude oscillations

For large-amplitude pulsating stars, such as Cepheids, the oscillation typically no longer
behaves like the simple sine function in equation (2.19). Very often the oscillation is still
strictly periodic, however, with a well-defined frequency wqy. Also the light curve, for exam-
ple, in many cases has a shape similar to the one shown in Figure 2.12, with a rapid rise
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and a more gradual decrease.
It is still possible to carry out a Fourier analysis of the oscillation. Now, however, peaks

appear at the harmonics kwg of the basic oscillation frequency, where k = 1,2,... . This
corresponds to representing the observed signal as a Fourier series
u(t) = Z ag sin(k wot — ¢g) . (2.39)
k

Figure 2.12b shows the first few Fourier components of the oscillation in Figure 2.12. More
generally the shape of the oscillation is determined, say, by the amplitude ratios aj/a;
and the phase differences ¢ — k ¢1. These quantities have proved very convenient for the
characterization of observed light curves (e.g. Andreasen & Petersen 1987), as well as for
the analysis of numerical results. One may hope that further work in this direction will
allow an understanding of the physical reasons underlying the observed behaviour.

In a double-mode, large-amplitude pulsating star, with basic frequencies w; and wo,
Fourier analysis in general produces peaks at the combination frequencies kwi + jws, for
integral £ and j. Thus the spectrum may become quite complex. In particular, the detection
of additional basic frequencies is difficult, since these might easily be confused with the
combination frequencies, given the finite observational resolution.

2.3 Results on solar oscillations

By far the richest spectrum of oscillations has been observed for the Sun; this allows detailed
investigations of the properties of the solar interior. Thus it is reasonable to summarize the
observational situation for the Sun. Figure 2.13 shows schematically the modes that have
been definitely observed, as well as modes for which detection has been claimed in the past.
Only the modes in the five-minute region have definitely been observed and identified. As
mentioned in Chapter 1, they are standing acoustic waves, generally of high radial order.
It is interesting that they are observed at all values of the degree, from purely radial modes
at [ = 0 to modes of very short horizontal wavelength at [ = 1500. Furthermore, there is
relatively little change in the amplitude per mode between these two extremes. The p and f
modes have now been detected to frequencies as low as 500 uHz (e.g. Schou 1998; Bertello
et al. 2000). The apparent existence of oscillations at even lower frequency has caused very
substantial interest; if real and of solar origin, they would correspond to standing gravity
waves, or g modes, whose frequencies are very sensitive to conditions in the deep solar
interior. However, it should be noted that recent analyses have provided stringent upper
limits to the amplitudes of such modes, which makes highly questionable earlier claims of
detections (e.g. Appourchaux et al. 2000).

Figure 2.14 shows an example of an observed power spectrum of solar oscillations.
This was obtained by means of Doppler velocity measurements in light integrated over the
solar disk, and hence, according to the analysis in Section 2.1, is dominated by modes of
degrees 0 — 3. The data were obtained from the BiSON network of six stations globally
distributed in longitude, to suppress the daily side-bands, and span roughly four months.
Thus the intrinsic frequency resolution, as determined by equation (2.25), is smaller than
the thickness of the lines. There is a visible increase in the line-width when going from low
to high frequency. The broadening of the peaks at high frequency is probably caused by
the damping and excitation processes, as discussed in Section 2.2.4; thus the observations
indicate that the damping rate increases with increasing frequency. Finally, there is clearly
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Figure 2.13: Schematic illustration of the oscillations observed in the Sun. The
5 minute oscillations are standing acoustic waves. They have been completely
identified. Each of the lines in this part of the diagram corresponds to a given
value of the radial order n. The f mode, which is essentially a surface gravity
wave, has been observed at high degree; acoustic modes have frequencies ex-
ceeding that of the f mode. The presence of the long-period oscillations was
suggested by early observations, but the reality, let alone solar origin, of these
oscillations has not been established; had they corresponded to oscillations
of the Sun, they would likely have been g modes of low degree. Note that
g modes are restricted to lie underneath the frequency indicated as “g mode
upper limit”. The hatching indicates the region in [ that can be observed in
light integrated over the disk, as is generally the case for stars.

a well-defined distribution of amplitudes, with a maximum around 3000 pHz and very small
values below 2000, and above 4500, pHz. The maximum power corresponds to a velocity
amplitude of around 15cms™!; observations in broad-band intensity show amplitudes up
to around 4 ppm. The power distribution is essentially the same at all degrees where the
five-minute oscillations are observed. An interesting analysis of the observed dependence of
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Figure 2.14: Power spectrum of solar oscillations, obtained from Doppler ob-
servations in light integrated over the disk of the Sun. The ordinate is nor-
malized to show velocity power per frequency bin. The data were obtained
from six observing stations and span approximately four months. Panel (b)
provides an expanded view of the central part of the frequency range. Here
some modes have been labelled by their degree I, and the large and small
frequency separations Av and 0y, [¢f. equations (2.40) and (2.41)] have been
indicated. (See Elsworth et al. 1995.)
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mode amplitudes on degree, azimuthal order and frequency was presented by Libbrecht et
al. (1986). Woodard et al. (2001) recently made a careful investigation of the dependence
of the mode energy on degree and frequency of oscillation, based on observations from the
SOHO spacecraft.

The spectrum illustrated in Figure 2.14 evidently has a highly regular frequency struc-
ture, most clearly visible in the expanded view in panel (b). This reflects the asymptotic
expression in equation (2.32), apart from the rotational effects which are invisible at this
frequency resolution. According to the leading term in equation (2.32), the peaks should
occur in groups corresponding to even and odd degree, such that n +[/2 are the same, the
groups being uniformly spaced with a separation Avr/2; this apparent degeneracy is lifted
by the second term in equation (2.32). Thus the spectrum is characterized by the large
frequency separation

AV =VUpi1] — Vi s (2.40)

and the small frequency separation
OV = Vny — Vp—1142 = (41 +6)Dg . (2.41)

These separations are indicated in Figure 2.14b, where also selected peaks corresponding
to I = 0 and 1 have been labelled, in each case with a neighbouring peak with [ = 2 or
3, respectively. It should be noticed that the observed amplitudes of the [ = 3 peaks are
much reduced relative to the [ = 1 peaks, as predicted by the spatial response function
SZ(V) shown in Figure 2.2; on the other hand, the observed amplitudes for [ = 0 and 2 are
roughly similar, as expected.

To illustrate in more detail the properties of the frequency spectrum, it is convenient
to use an echelle diagram (e.g. Grec, Fossat & Pomerantz 1983). Here the frequencies are

reduced modulo Av by expressing them as
vpl = vy + EAV + Dy (2.42)

where 14 is a suitably chosen reference, and k is an integer such that 7,; is between 0 and
Av; the diagram is produced by plotting 7,,; on the abscissa and vy + kAv on the ordinate.
Graphically, this may be thought of as cutting the frequency axis into pieces of length Av
and stacking them above each other. If the asymptotic relation (2.32) had been precisely
satisfied, the result would be points arranged on a set of vertical lines corresponding to the
different values of [, the lines being separated by the appropriate dv;. The actual behaviour is
shown in Figure 2.15, based on frequencies from BiSON observations. The general behaviour
is clearly as expected, although with significant departures. The curvature of the lines
indicate that the frequency for each [ are not precisely uniformly spaced; as discussed in
Section 7.7.3 this results from variations in structure near the solar surface. Also, it is fairly
evident that the small separation varies with mode order.

To illustrate the quality of current frequency determinations, Figure 2.16 shows observed
frequencies at low and moderate degree from one year’s observations with the High Altitude
Observatory’s LOWL instrument (see Tomczyk et al. 1995). The error bars have been mag-
nified by a factor 1000 over the usual 1o error bars. For the most accurate measurements,
the relative standard deviation is well below 107, thus substantially exceeding the preci-
sion with which the solar mass is known. Precise measurements of frequencies, frequency
separations and rotational splittings for low-degree modes were published by Elsworth et
al. (1990), Toutain & Frohlich (1992), Frohlich et al. (1997), Lazrek et al. (1997), Chaplin
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Figure 2.15: Echelle diagram for observed solar frequencies obtained with
the BiSON network (Chaplin et al. 2002), plotted with vy = 830 uHz and
Av = 135 uHz (¢f. eq. 2.42). Circles, triangles, squares and diamonds are
used for modes of degree [ = 0, 1,2 and 3, respectively. For clarity the points
for I = 0 and 2 have been repeated in the right-hand part of the diagram; the
dotted vertical line indicates Av.

et al. (1998, 1999, 2001ab); such measurements are of great diagnostic importance for the
properties of the solar core (¢f. Section 7.3). An extensive set of high-degree frequencies
was obtained by Bachmann et al. (1995).

From spatially resolved observations, individual frequencies wy;,, can in principle be
determined. Because of observational errors and the large amount of data resulting from
such determination, it has been common to present the results in terms of coefficients in
fits to the m-dependence of the frequencies, either averaged over n at given [ (Brown &
Morrow 1987) or for individual n and [ (e.g., Libbrecht 1989). A convenient form of the
expansion was established by Ritzwoller & Lavely (1991); this can be expressed as

Jmax

Wnim = Wnio + 27 Z a; (n, l)P](l) (m) , (2.43)
j=1

in terms of the so-called a coefficients a;(n,l). Here the 73](-1) are polynomials of degree j

which satisfy the orthogonality relation >, , Pi(l)(m)P](-l)(m) = 0 for i # j (see also Schou
et al., 1994). Explicit expressions for these polynomials were given by Pijpers (1997). As
discussed in Chapters 8 and 9 [cf. Section 8.2 and equation (9.25)] the coefficients a; with
odd j arise from rotational splitting; the coefficients with even j are caused by departures
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Figure 2.16: Plot of observed solar p-mode multiplet frequencies, as a function
of the degree [, from one year of observations. The vertical lines show the 10000
error bars. Each ridge corresponds to a given value of the radial order n, the
lowest ridge having n = 1. (See Tomczyk, Schou & Thompson 1996).

from spherical symmetry in solar structure, or from effects of magnetic fields.

It is probably a fair assessment that the major developments in helioseismology in recent
years have resulted from improvements in the observations. The principal problems in early
data was the presence of gaps, leading to sidebands in the power spectra, and the effects
of atmospheric noise. The problems with gaps have been overcome through observations
from global networks; nearly continuous observations, which are furthermore free of effects
of the Earth’s atmosphere, have been obtained from space. The result has been greatly
sets of frequencies, extending to high degree, which has very substantially improved our
knowledge about the solar interior.

As shown in Figure 2.9, gaps in the timeseries introduce sidebands in the spectrum;
these add confusion to the mode identification and contribute to the background of noise
in the spectra. Largely uninterrupted timeseries of several days’, and up to a few weeks’,
duration have been obtained from the South Pole (e.g. Grec et al. 1980; Duvall et al.
1991); however, to utilize fully the phase stability of the modes at relatively low frequency
requires continuous observations over far longer periods, and these cannot be obtained from
a single terrestrial site.

Nearly continuous observations can be achieved from a network of observing stations,
suitably placed around the Earth (e.g. Hill & Newkirk 1985). An overview of network
projects was given by Hill (1990). A group from the University of Birmingham has operated
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the BiSON! network for many years, to perform whole-disk observations using the resonant
scattering technique (e.g. Chaplin et al. 1996). A similar network (the IRIS? network) has
been set up by a group at the University of Nice (Fossat 1991).

An even more ambitious network has been established in the GONG? project, organized
by the National Solar Observatory of the United States (for introductions to the project,
see Harvey, Kennedy & Leibacher 1987; Harvey et al. 1996). This project has involved
the setting up at carefully selected locations of six identical observing stations. They use
an interferometric technique to observe solar oscillations of degrees up to around 250. In
addition to the design and construction of the observing equipment, a great deal of effort is
going into preparing for the merging and analysis of the very large amounts of data expected,
and into establishing the necessary theoretical tools. The network became operational in
October 1995 when the last station, in Udaipur (India) started observing. The GONG
network, and early results obtained with it, was described by Gough et al. (1996) and in
accompanying papers.

Major efforts have gone into the development of helioseismic instruments for the SOHO*
spacecraft, which was launched in December 1995 (e.g. Domingo, Fleck & Poland 1995),
as a joint project between ESA and NASA. SOHO is located near the L,; point between
the Earth and the Sun, and hence is in continuous sunlight. This permits nearly unbroken
observations of solar oscillations. A further advantage is the absence of effects from the
Earth’s atmosphere. These are particularly troublesome for observations of high-degree
modes, where seeing is a serious limitation (e.g. Hill et al. 1991), and for intensity obser-
vations of low-degree modes, which suffer from transparency fluctuations.

SOHO carries three instrument packages for helioseismic observations:

e The GOLF instrument (for Global Oscillations at Low Frequency; see Gabriel et
al. 1995, 1997). This uses the resonant scattering technique in integrated light.
Because of the great stability of this technique, it is hoped to measure oscillations at
comparatively low frequency, possibly even g modes. Unlike the p modes, which have
formed the basis for helioseismology so far, the g modes have their largest amplitude
near the solar centre; hence, detection of these modes would greatly aid the study of
the structure and rotation of the core. Also, since the lifetime of p modes increases
rapidly with decreasing frequency, very great precision is possible for low-frequency
p modes.

e The SOI-MDI experiment (for Solar Oscillations Investigation — Michelson Doppler
Imager; see Scherrer et al. 1995; Rhodes et al. 1997) uses the Michelson interferom-
eter technique. By observing the entire solar disk with a resolution of 4 arcseconds,
and parts of the disk with a resolution of 1.2 arcseconds, it is possible to measure
oscillations of degree as high as a few thousand; furthermore, very precise data have
been obtained on modes of degree up to about 1000, including those modes for which
ground-based observation is severely limited by seeing. As a result, it has been pos-
sible to study the structure and dynamics of the solar convection zone, and of the
radiative interior, in great detail.

!Birmingham Solar Oscillation Network
2International Research on the Interior of the Sun
3Global Oscillation Network Group

4S0lar and Heliospheric Observatory
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e The VIRGO experiment (for Variability of solar IRradiance and Gravity Oscilla-
tions; see Frohlich et al. 1995, 1997). This contains radiometers and Sun photome-
ters to measure oscillations in solar irradiance and broad-band intensity. It is hoped
that this will allow the detection of g modes; furthermore, the observations supple-
ment those obtained in Doppler velocity, particularly with regards to investigating
the phase relations for the oscillations in the solar atmosphere.

Several very extensive tables of five-minute oscillation frequencies have become avail-
able in recent years. As examples, tables of multiplet frequencies are provided at
http://astro.phys.au.dk/~jcd/oscilnotes/data/. One set, described in more detail
by Basu et al. (1997), consists of a combination of BiSON low-degree data and data for
modes of low and intermediate degree from the LOWL instrument. The second set was
obtained from around 4 months of observations with the GONG network (see Schou et al.
2002). Links to further data are also given; these in particular include very extensive results
obtained with the MDI instrument on SOHO, covering both multiplet frequencies and «a
coefficients (cf. eq. 2.43) (see Schou 1999; Schou et al. 2002).

2.4 Other types of multi-periodic stars

Observations of stellar oscillations provide constraints on the properties of the star and, as
mentioned in Chapter 1, the information content increases with the number of observable
modes. Fortunately, pulsating stars are found throughout the Hertzsprung-Russell diagram.
This is illustrated schematically in Fig. 2.17, which summarizes the known classes of stars,
in relation to selected evolution tracks; some of these classes will be discussed in more detail
in the following,

An important region in the diagram is the Cepheid instability strip, populated by the
Cepheids (‘Ceph’) and RR Lyrae stars (‘RR Lyr’) as well as, close to the main sequence,
the & Scuti stars (‘0 Sct’). These are believed to be excited by an opacity mechanism
associated with the second helium ionization zone; as discussed in detail in Chapter 10
this provides an explanation for the localized nature of these stars in the HR diagram.
In the Cepheids and RR Lyrae stars typically only a single period is observed, in most
cases assumed to correspond to the fundamental radial mode. The stars near the main
sequence, on the other hand, generally show several periods, making them potentially more
interesting for investigations of the stellar interiors. This is also true for the more massive
slowly pulsating B stars (‘SPB’) and 5 Cephei stars (‘8 Cep’); the former have periods
of around a day or more whereas the latter have periods of the order of hours. These
oscillations are also excited by opacity mechanisms, although related to opacity features
dominated by iron-group elements.

The rapidly oscillating Ap stars (‘roAp’) are also located in the instability strip, but
with fairly peculiar characteristics. They oscillate in high-order acoustic modes, rather like
the Sun, but the oscillations are closely tied to the large-scale magnetic field found in these
stars; this is probably related to the abundance inhomogeneities set up across the stellar
surface as a result of the suppression of convection by the magnetic field.

Red giants show oscillations of very long periods, corresponding to the large dynamic
timescale resulting from their huge radii (¢f. eq. 1.1). The Mira variables have very large
amplitudes in the visible band, up to eight magnitudes, although the amplitude in the
luminosity oscillations are more modest; much of the effect in the visible arises from the
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Figure 2.17: Schematic Hertzsprung-Russell diagram illustrating the location
of several classes of pulsating stars. The dashed line shows the zero-age main
sequence, the continuous curves are selected evolution tracks, at masses 1, 2,
3,4, 7, 12 and 20 Mg, the dot-dashed line is the horizontal branch and the
dotted curve is the white-dwarf cooling curve.

temperature-sensitivity of the formation of molecules in the stellar atmospheres. They are
typically single periodic. The irregular variables (‘Irr’) have lower amplitudes and show
variations in the amplitudes and possibly periods.

The final stages of stellar evolution are represented by the subdwarf B variable stars
(also known as ‘EC 14026’ stars, after the first member of the group to be discovered),
discussed in more detail in Section 2.4.3 below. Their pulsations are also, as for the main-
sequence B stars, caused by an opacity mechanism related to iron-group elements. Several
groups of white dwarfs, discussed in Section 2.4.4, also pulsate.
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Finally, oscillations corresponding to those observed in the Sun are expected in a broad
group of stars. The solar oscillations are believed to be excited stochastically by the near-
surface convection (see also Section 10.6). Thus oscillations of a similar nature are expected
in all stars with effective temperature Teg < 7000 K, which have vigorous outer convection.
As discussed in Section 2.4.1, this expectation has recently been dramatically confirmed.

2.4.1 Solar-like oscillations in other stars

The archetypal example is obviously the spectrum shown in Figure 2.14, obtained for the
Sun observed as a star, in disk-averaged light. This is characterized by a broad spectrum
of almost uniformly spaced peaks, approximately satisfying the asymptotic relation (2.32)
and hence characterized by the large frequency separation Av and the small frequency
separation dv [c¢f. equations (2.40) and (2.41)]. The power distribution results from the
broad-band nature of the excitation (see also Section 10.6) which causes all modes in a
fairly extensive frequency range to be excited. This greatly simplifies the identification
of the modes and hence the comparison with stellar models. In the search for solar-like
oscillations the nearly uniformly spaced frequency pattern, and the distribution of mode
power, are typically the characteristics to look for.

The main difficulty in observing solar-like oscillations are the extremely small ampli-
tudes, either in Doppler or intensity observations, judging from the maximal solar am-
plitudes of around 15cms™! and 4 ppm, respectively. Christensen-Dalsgaard & Frandsen
(1983a) made rough estimates of the expected amplitudes from which Kjeldsen & Bedding
(1995) concluded that the amplitudes approximately scaled proportional to

L T
U™ % (2.44)
where L and M are the luminosity and mass of the star, and g5 is the surface gravity.
More detailed calculations by Houdek et al. (1999) largely confirmed these results (see also
Section 10.3). Accordingly, main-sequence stars more massive than the Sun are expected
to have substantially higher amplitudes, and relatively large amplitude are predicted for
red giants.

A major improvement in the observational techniques has recently resulted from the
development of very stable radial-velocity measurements to search for extra-solar planets
as reflected in the motion of their central stars. As discussed below, these have led to
striking detections of solar-like oscillations in a few cases, and more detections and detailed
investigations are expected in the near future from such observations.

Very substantial observational efforts have been made to detect solar-like oscillations
in stars near the main sequence. For example, Gilliland et al. (1993) carried out an
extensive coordinated campaign on the open cluster M67, with most of the world’s largest
telescopes; this failed to detect any oscillations, in some cases with upper limits well below
the theoretical predictions. Perhaps the first plausible detection was made by Kjeldsen et
al. (1995), who observed the subgiant n Bootis using a technique based on measurements
of equivalent widths of spectral lines. The resulting power spectrum, shown in Figure 2.18,
does display the enhancement of power expected for solar-like oscillations; the determination
of the oscillation frequencies was complicated by the fact that only observations from a single
site were observable, leading to the window function (¢f. Section 2.2.3) illustrated in the
inset. However, Kjeldsen et al. were able to determine both the frequency separations Av
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Figure 2.18: Observed power spectrum of 1 Bootis, based on equivalent-width
observations by Kjeldsen et al. (1995). The inset shows the window function
of these single-site observations. (From Bedding & Kjeldsen 1995.)

and dvgy, which were in reasonable agreement with expectations based on evolution models
of the star. It should be noted, however, that Brown et al. (1997) failed to find oscillations
in this star in Doppler velocity, with an upper limit which they estimated to be well below
the amplitudes claimed by Kjeldsen et al.; thus the reality of these oscillations remains
somewhat questionable.
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Figure 2.19: Observed power spectrum of Procyon, based on radial-velocity
observations. (From Barban et al. 1999.)

A promising case is Procyon (o« CMi) where Brown et al. (1991) reported oscillations
in radial velocity with approximately the expected dependence on frequency. This early
detection has recently been confirmed by Martié¢ et al. (1999), again using radial-velocity
observations; a power spectrum of these observations is shown in Figure 2.19. A careful
analysis by Barban et al. (1999), comparing the observed spectra with simulated data for
models of Procyon, led to a determination of the large separation Av ~ 56 uHz, in good
agreement with model predictions. Interestingly, the observed amplitude was only about
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1/3 of the predictions, confirming the inference from M67 that the theoretical estimates
provide an overestimate; it should be noted that both Procyon and the stars observed in
MG67 are somewhat hotter than the Sun.
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Figure 2.20: Power spectrum of 8 Hydri, from radial-velocity observations by
Bedding et al. (2001). The white line marks the noise level.

Detection of a power enhancement at the expected frequency was recently reported by
Bedding et al. (2001) from radial-velocity observations of the star § Hyi. This is a subgiant
with approximately the same effective temperature as the Sun, while the luminosity is
higher by a factor of around 3.5. The resulting power spectrum is shown in Figure 2.20;
there is a very clearly defined enhancement of power around 1 mHz, far exceeding the noise
level. This is perhaps the first incontrovertible detection of solar-like oscillations in another
star; the amplitude is approximately consistent with theoretical expectations.

A star of particularly great interest is « Cen A: it is quite similar to the Sun and, being
member of a nearby well-studied binary system, its parameters are known quite precisely.
Detailed modelling of the o Cen system has been carried out by Guenther & Demarque
(2000) and Morel et al. (2000). Kjeldsen et al. (1999) carried out extensive observations of
line-intensity variations in o Cen A; although hints of oscillations were found, they were
only able definitely to determine an upper limit to the oscillations, consistent with expecta-
tions. Very encouraging results have been obtained using the star tracker on the otherwise
failed WIRE satellite (see Buzasi 2000). Schou & Buzasi (2001) obtained a convincing de-
tection of oscillations in continuum intensity, with a maximum amplitude of around 6 ppm,
roughly consistent with theoretical expectations and a large separation of 106 uHz, again
largely consistent with model predictions. Definite Doppler-velocity observations, with a
remarkable signal-to-noise ratio, were obtained by Bouchy & Carrier (2001) with the Swiss
CORALIE instrument® on La Silla. The resulting power spectrum, shown in Figure 2.21,
has a power distribution similar to what is observed in the Sun, although shifted to slightly
lower frequency. A substantial number of modes have been identified in the spectrum, al-
though at the time of writing these have not yet been definitely identified. As in the other
cases a serious difficulty with the analysis is the fact that the observations shown in Figure
2.21 are from a single site; however, simultaneous observations from the Anglo-Australian
Telescope in Australia are currently being analyzed and will likely help substantially in
reducing the sidebands in the spectrum. These results show the power of modern carefully
stabilized spectrographs for this type of observations. Even more dramatic results can be

Sdeveloped to search for extra-solar planets by measuring the resulting radial velocity of the central
stars
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Figure 2.21: Power spectrum of oscillations of o Cen A, from radial-velocity
observations with the CORALIE spectrograph. (From Bouchy & Carrier
2001.)

expected when the HARPS instrument starts operations on the ESO 3.6-m telescope on La
Silla.

As mentioned above, solar-like oscillations of relatively large amplitude may be expected
in red giants. Strong evidence has been found for solar-like oscillations in the star Arcturus
(e.g. Smith, McMillan & Merline 1987; Innis et al. 1988; Merline 1998), including indica-
tions of a frequency pattern in accordance with the dominant behaviour of equation (2.32).
Also, Edmonds & Gilliland (1996) found variations in K giants in the globular cluster 47
Tuc which were apparently consistent with solar-like pulsations. Based on observations
with the WIRE star tracker Buzasi et al. (2000) claimed detection of solar-like oscillations
in a Ursa Majoris A, a giant of spectral type KO III, with an estimated mass, from mem-
bership of a binary system, of around 5Mg. Guenther et al. (2000) analyzed the evolution
and oscillation frequencies of this star. They noted that, as a result of the late evolutionary
state of the star, the spectra for [ > 0 were completely dominated by modes behaving like
g modes, leading to very dense frequency spectra; thus the only modes that could real-
istically be identified were the radial modes, which are purely acoustic. Comparing with
the observed frequencies, they obtained a tentative identification of some of the modes,
although they noted that this was not yet unique. Dziembowski et al. (2001) carried out a
more careful analysis of the possible causes of oscillations of @ UMa A and concluded that
the observed properties of the amplitudes were unlikely to be consistent with solar-like,
stochastic excitation. Thus the current results on @« UMa should perhaps be regarded with
some caution.

Even so, red giants remain promising targets for asteroseismology. Frandsen et al.
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Figure 2.22: Power spectra of 5 stars showing solar-like oscillations, compared
with solar data from the GOLF instrument. The power scale is arbitrary.
(Figure kindly provided by Hans Kjeldsen.)
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(2002) obtained clear evidence for solar-like oscillations in & Hydrae, using the CORALIE
instrument. This star is in the shell hydrogen-burning, or perhaps more likely in the core
helium-burning, stage (see also Teixeira et al. 2003). With a radius of 10Rs and a mass of
3Mg, the maximum power is at periods of around 3 — 4 hours; but the power distribution
is otherwise quite similar to the solar case.

An overview of some of the stars for which solar-like oscillations have been observed is
provided by Figure 2.22, based largely on data obtained by the Aarhus and Sydney groups.
Here solar data from the GOLF instrument are included, analyzed over a period of 55 hours,
to provide a frequency resolution corresponding approximately to the data for a Cen A.
The similarity of the power distributions, over a large range in stellar parameters and hence
frequencies, is obvious.

For red supergiants the relevant periods are of order weeks or months, and hence decades
of observations are required to resolve the oscillations and study their properties. Fortu-
nately, very extensive sets of data are available from amateur observations, spanning in
some cases a century. Although the precision of these mostly visual estimates is not as
high as for professional observations, the large amplitudes of the variability allow reliable
analysis of the oscillations; also the very extensive base of observations makes it possible to
study the statistical properties of the variability. In a very interesting analysis, Mattei et
al. (1997) related the variability in the oscillation amplitudes to the amplitudes. This iso-
lated the semi-regular variables as a clearly defined class, with a strong correlation between
variability and amplitude. Christensen-Dalsgaard, Kjeldsen & Mattei (2001) argued that
this relation corresponded closely to what would result from stochastically excited oscilla-
tions where the amplitudes have an exponential distribution, as has indeed been verified
for the Sun (e.g. Kumar, Franklin & Goldreich 1988; Chaplin et al. 1997; Chang & Gough
1998; see also Section 10.3). Also, Bedding (2003) analyzed several examples of long-period
variables, obtaining oscillation spectra reminiscent of solar-like oscillations. If confirmed
by more detailed analyses, such studies would provide extensive data on the excitation of
solar-like oscillations over a very broad range of stellar parameters.

The increasing observational basis for the study of solar-like oscillations in other stars
evidently promises extremely valuable information about the interior properties of these
stars and hence tests of the theory of stellar structure and evolution. In addition, the results
provide information about the excitation mechanisms responsible for the oscillations. From
the unexpectedly low amplitude found in Procyon, and the low upper limit to detections in
M67, it is already clear that the scaling in equation (2.44) predicts too high amplitudes for
stars hotter than the Sun. Interestingly, the amplitudes observed so far appear rather to
be consistent with a scaling with g;! (evidently, for stars with effective temperature close
to the that of Sun such as n Boo, a Cen A or 8 Hyi, the two scalings are equivalent). The
physical reason for this behaviour is so far not understood.

2.4.2 Observations of § Scuti oscillations

The § Scuti stars fall in an extension of the Cepheid instability strip, close to the main
sequence. They typically have masses around 2 — 2.5M and are either near or just after
the end of core hydrogen burning. Although they have been recognized as a separate class
of pulsating stars since the work of Eggen (1957ab), only within the last decade have the
details of their spectra of pulsations become clear. The fact that these stars typically
have periods of the order of one hour presents a considerable difficulty: observations from
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Figure 2.23: Schematic oscillation spectra of a number of § Scuti stars.

a single site will lead to a great deal of confusion from the side-bands (¢f. Section 2.2.3),
complicating the determination of the oscillation frequencies. However, thanks to a number
of observing campaigns involving two or more observatories extensive data for a number of
stars have become available (e.g. Michel & Baglin 1991; Michel et al. 1992; for reviews,
see Breger 1995ab). A detailed discussion of many aspects of the study of § Scuti stars was
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provided in the volume edited by Breger & Montgomery (2000).

The most extensive observations of § Scuti stars have been photometric, although the
oscillations have also been observed spectroscopically. Recent multi-site campaigns have
resulted in the determination of very substantial sets of frequencies in some cases (e.g.
Breger et al. 1998, 1999; Handler et al. 2000). Schematic spectra of several stars are
shown in Figure 2.23. The observed frequency range corresponds to low-order acoustic
modes. However, the distributions of modes excited to observable frequencies are evidently
strikingly different: in some cases only modes in a narrow frequency band are found, whereas
in other cases the observed modes extend quite widely in frequency. So far, no obvious
correlation between the frequency distribution and other parameters of the stars has been
found.

From a comparison with computed oscillation spectra (see Section 5.3.2) it is clear that
only a subset of the possible modes of oscillation are excited to observable amplitudes in
these stars. However, the reasons for the mode selection is currently unclear. This greatly
complicates the mode identification. A further complication comes from the fact that the
basic parameters of these stars, such as their mass and radius, are in most cases known with
poor accuracy. On the other hand, the § Scuti stars have the potential for providing very
valuable information about stellar evolution: unlike the Sun, these stars have convective
cores, and hence the frequency observations may give information about the properties of
such cores, including the otherwise highly uncertain degree of overshoot from the cores.
Therefore, a great deal of effort is going into further observations of § Scuti stars as well
as in calculations to elucidate the diagnostic potential of the observations and analyze the
existing data. Particularly promising are observations of § Scuti stars in open clusters.
With CCD photometry it is possible to study several variable stars in such a cluster at
once, and furthermore “classical” observations of the cluster can be used to constrain the
parameters of the stars, such as their distance, age and chemical composition (e.g. Breger
et al. 1993ab; Herndndez et al. 1998).

2.4.3 Subdwarf B variables

This group of stars® was identified as pulsating in parallel theoretical (Charpinet et al. 1996)
and observational (Kilkenny et al. 1997; Billeres et al. 1997) investigations. It consists of
hot so-called horizontal-branch stars, in the phase of core helium burning, following ignition
in a helium flash at the tip of the red-giant branch. Their location at the blue end of the
horizontal branch, with effective temperature around 35000 K, is a result of their having
lost most of the original hydrogen envelope. For a recent review, see O’Donoghue et al.
(1999).

Since their discovery, around 20 members of this group have been detected. The os-
cillations are excited through the opacity mechanism operating in the opacity bump com-
ing from iron-group elements, likely enhanced by radiatively driven levitation and settling
(Charpinet et al. 1997). They are characterized by rich spectra of oscillation frequencies,
potentially allowing detailed investigations in this late and relatively poorly understood
phase of evolution.

Most observations of these stars have been carried out in broad-band photometry. How-
ever, recently two groups have succeeded in measuring oscillations in radial velocity. Such

S Also known as EC 14026 stars, after the first member of the class to be discovered.
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observations are potentially very important in providing information about the identifica-
tion (i.e., the degree and possibly azimuthal order) of the modes. O’Toole et al. (2000)
observed the star PG 16054072 and found clear evidence of oscillations in three modes
(or groups of modes) in the Balmer lines of hydrogen. The frequencies agreed with those
obtained through photometry, with substantially higher frequency resolution, from a multi-
site campaign by Kilkenny et al. (1999). Interestingly, O’Toole et al. found that for a given
mode the radial-velocity amplitudes decreased with increasing order in the Balmer series
(i.e., decreasing wavelength). This presumably reflects aspects, so far not understood, of
the behaviour of the oscillations in the stellar atmosphere. Jeffery & Pollacco (2000) ob-
served the stars KPD 2109+4401 and PB 8783; in the latter case, five or six modes were
identified, again agreeing in frequency with modes observed in photometry; the photometric
observations show strong evidence for rotational splitting of most of these modes, indicat-
ing that they are nonradial. Further spectroscopic observations, with longer time basis, are
required to resolve the modes and obtain more precise information about the amplitude
and phase relations, for use in the mode identification. Additional information can also be
expected from other properties of the spectral lines; an important example is observation
of oscillations in equivalent widths.

The rich spectra of oscillation frequencies potentially strongly constrain the properties of
the stars, provided the observed frequencies can be identified with modes of stellar models.
Even without further observational information about the degrees of the modes, this may
be possible through fits of the frequencies to those of models of varying parameters. A very
interesting example was provided by the analysis by Brassard et al. (2001) of observations
of PG 00144-067. Identification of the modes led to stringent constraints on the parameters
of the star, including the mass My, of the outer hydrogen-rich layer, which was determined
as log Meny /M = —4.31 £ 0.22. Also, the surface gravity was obtained with a precision of
around 2 per cent. Interestingly, the remaining residuals between the observed and fitted
frequencies were substantially larger than the observational errors, indicating errors in the
model calculations; one might hope that further analysis of these residuals may indicate
how the models should be improved, beyond the assumptions of the original calculation.

2.4.4 Pulsating white dwarfs

The first observations of oscillations in white dwarfs were made in 1970 — 1975 (McGraw
& Robinson 1976). The initial results were obtained for so-called DA white dwarfs, char-
acterized by the presence of hydrogen in their spectra, with effective temperatures around
10000 K. Since then, additional groups of pulsating white dwarfs have been detected, each
characterized by a fairly sharply defined instability region. These regions are indicated
schematically in the HR diagram in Figure 2.17; they include planetary-nebula nuclei vari-
ables (‘PNNV’) which are in a stage of rapid evolution.

The typical periods of pulsating white dwarfs are in the range 3 — 10 mins. This is far
longer than the dynamical timescales tqyn for these stars [cf. equation (1.1)] which are of
the order of seconds. In fact, the observed modes are identified with the so-called g modes,
i.e., standing gravity waves. As discussed in Chapter 5, such modes may have arbitrarily
long periods. As for the § Scuti stars, it is characteristic that not all the possible modes
in a given frequency range are observed; the mode selection is apparently related to the
possibility of trapping of modes in regions of chemical inhomogeneity, although the precise
mechanism is so far not understood.
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Figure 2.24: Power spectrum of the DB variable GD358, obtained with the
Whole Earth Telescope. Numbers with arrows represent multiplet identifi-
cations. As discussed in Section 2.2.5, nonlinear effects give rise to linear
combinations of the basic frequencies (see also Appendix C, Problem 1.4);
these are indicated in the figure as, e.g., ‘(15+18)’ or ‘2(17)’. (From Winget
et al. 1994.)

The oscillations have been observed photometrically. As in other cases the complications
associated with gaps in the data from a single site have led to collaborative efforts to
obtain continuous data through the combined efforts of several observatories. This has
been organized in the very ambitious Whole Earth Telescope (WET') project, where more
than ten observatories have been involved in campaigns to observe a single star over 1 —
2 weeks (for overviews, see Winget 1993; Kawaler 1995). This has led to some of the the
most detailed pulsation spectra for stars other than the Sun. As an example, Figure 2.24
shows the spectrum obtained for a DB variable.

The analysis of the observed frequencies is providing a great deal of information about
the white dwarfs, such as accurate determination of white-dwarf masses and rotation rates
(e.g. Bradley & Winget 1994). Metcalfe, Winget & Charbonneau (2001) made a detailed
analysis of the frequencies of GD358, resulting amongst other parameters in a determination
of the mass fraction of oxygen in the core of the white dwarf; they noted that, when
combined with evolution models of the preceding phases of evolution, this constrains the
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rate of alpha-particle capture in carbon twelve. Perhaps the most interesting result is
the measurement of period changes in white dwarfs, caused by the evolution of the stars
along the white-dwarf cooling sequence (e.g. Winget et al. 1985; Kepler et al. 1991).
In early stages of the evolution towards the white-dwarf phase the cooling is dominated
by neutrino emission from the core of the stars; thus the observations promises to yield
information about physical processes involving electrons and neutrinos which cannot be
studied experimentally (e.g. O’Brien et al. 1998; Costa, Kepler & Winget 1999; O’Brien
& Kawaler 2000). Measurements of period changes of cooler white dwars, in particular
the DA variables, may provide a test of the crystallization of matter in the stellar interiors
and yield constraints on the overall cooling timescale of white dwarfs (e.g. Winget et al.
1997). This is crucial for estimates of the age of the Galaxy from the observed distribution
in luminosity of white dwarfs (e.g. Wood 1992).
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Chapter 3

A little hydrodynamics

To provide a background for the presentation of the theory of stellar oscillations, this
chapter briefly discusses some basic principles of hydrodynamics. A slightly more detailed
description, but still essentially without derivations, was given by Cox (1980). In addition,
any of the many detailed books on hydrodynamics (e.g. Batchelor 1967; Landau & Lifshitz
1959) can be consulted. Ledoux & Walraven (1958) give a very comprehensive introduction
to hydrodynamics, with special emphasis on the application to stellar oscillations.

3.1 Basic equations of hydrodynamics

It is assumed that the gas can be treated as a continuum, so that its properties can be
specified as functions of position r and time ¢. These properties include the local density
p(r,t), the local pressure p(r,t) (and any other thermodynamic quantities that may be
needed), as well as the local instantaneous velocity v(r,¢). Here r denotes the position
vector to a given point in space, and the description therefore corresponds to what is seen
by a stationary observer. This is known as the Fulerian description. In addition, it is often
convenient to use the Lagrangian description, which is that of an observer who follows the
motion of the gas. Here a given element of gas can be labelled, e.g. by its initial position r,
and its motion is specified by giving its position r(t,rg) as a function of time. Its velocity

d
v(r,t) = d—; at fixed ro (3.1)

is equivalent to the Eulerian velocity mentioned above.
The time derivative of a quantity ¢, observed when following the motion is

d¢_(a¢ dr 96

=g >r+v¢.dt_at+v.v¢. (3.2)

ot
The time derivative d/d¢ following the motion is also known as the material time derivative;
in contrast 0/0¢t is the local time derivative (i.e., the time derivative at a fixed point).
The properties of the gas are expressed as scalar and vector fields. Thus we need a little
vector algebra; convenient summaries can be found, e.g. in books on electromagnetism (such

43
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as Jackson 1975; Reitz, Milford & Christy 1979). I shall assume the rules for manipulating
gradients and divergences to be known. In addition, we need Gauss’s theorem:

/ a-ndA:/divadV, (3.3)
oV v

where V' is a volume, with surface OV, n is the outward directed normal to 9V, and a is
any vector field. From this one also obtains

/a L dndA = /V Vv (3.4)

for any scalar field ¢.

3.1.1 The equation of continuity

The fact that mass is conserved can be expressed as

dp . _
n +div(pv) =0, (3.5)

where p is density. This is a typical conservation equation, balancing the rate of change of
a quantity in a volume with the flux of the quantity into the volume. Had there been any
sources of mass, they would have appeared on the right-hand side. By using the relation
(3.2), equation (3.5) may also be written

%—I—pdivv:o, (3.6)

giving the rate of change of density following the motion. Note that p = 1/V, where V is
the volume of unit mass; thus an alternative formulation is

—— =divv. (3.7)
Hence div v is the rate of expansion of a given volume of gas, when following the motion.

3.1.2 Equations of motion

Under solar or stellar conditions one can generally ignore the internal friction (or viscosity)
in the gas. The forces on a volume of gas therefore consist of

i) Surface forces, i.e., the pressure on the surface of the volume

ii) Body forces.

Thus the equations of motion can be written

dv
b v f 3.8
P p+pf, (3.8)
where f is the body force per unit mass which has yet to be specified. The pressure p is
defined such that the force on a surface element dA with outward normal n is —pndA.

This may be identified with the ordinary thermodynamic pressure.
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By using equation (3.2), we may also write equation (3.8) as

ov

pa—l-pv-Vv:—ijLpf. (3.9)

Among the possible body forces I consider only gravity. Thus in particular I neglect
effects of magnetic fields, which might otherwise provide a body force on the gas. The force
per unit mass from gravity is the gravitational acceleration g, which can be written as the
gradient of the gravitational potential ®:

g=-Vo, (3.10)
where ® satisfies Poisson’s equation
V20 = 47Gp . (3.11)

It is often convenient to use also the integral solution to Poisson’s equation

@(r,t):—G/Vp(r/’t)dV. (3.12)

v — ']

3.1.3 Energy equation

To complete the equations we need a relation between p and p. This must take the form of
a thermodynamic relation. Specifically the first law of thermodynamics,

dg dE dVv

a - @ P (3.13)
must be satisfied; here dg/dt is the rate of heat loss or gain, and FE the internal energy, per
unit mass. As before V' = 1/p is specific volume. Thus equation (3.13) expresses the fact
that the heat gain goes partly to change the internal energy, partly into work expanding
or compressing the gas. Alternative formulations of equation (3.13), using the equation of
continuity, are

dgq dE pdp dE p .

—=——-=—=—+4=divv. 3.14

T T R P (3.14)
By using thermodynamic identities the energy equation can be expressed in terms of other,
and more convenient, variables.

dg 1 dp T'ip dp>
4 =/ _TF 3.15
dt p(I's — 1) (dt p dt (3:15)
B dTr Ty —1Tdp
- ( dt  Ts p dt) (3.16)
dT T dp
= — —(I3—1)=-="2] . 1
ov |G~ -1 ] (317)

Here ¢, and cy are the specific heat per unit mass at constant pressure and volume, and
the adiabatic exponents are defined by

Olnp -1 dlnT OlnT
I (fﬂnp)ad’ Iy (alnp)ad7 s (alnp)ad (3.18)
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These relations are discussed in more detail in, e.g., Cox & Giuli (1968).

It is evident that the relation between p, p and T, as well as the I';’s, depend on the
thermodynamic state and composition of the gas. Indeed, as will be discussed below, the
dependence of I'y on the properties of the gas forms the basis for using observed solar
oscillation frequencies to probe the details of the statistical mechanics of partially ionized
gases and to infer the helium abundance of the solar convective envelope. However, in many
cases one may as a first approximation regard the gas as fully ionized and neglect effects of
degeneracy and radiation pressure. Then the equation of state is simply

kBpT
p =

fimy

, (3.19)

where kp is Boltzmann’s constant, m,, is the atomic mass unit and p is the mean molecular
weight. Also
Ih=Ty=T3=5/3. (3.20)

I note that radiation pressure decreases I'; below this value; this effect becomes noticeable
in stars whose mass exceeds a few solar masses. Thus Otzen Petersen (1975) showed that
radiation pressure caused a systematic increase of the pulsation constant (cf. eq. 2.20) with
increasing luminosity along the Cepheid instability strip.

We need to consider the heat gain in more detail. Specifically, it can be written as

d
pd—(j =pe—divF; (3.21)

here € is the rate of energy generation per unit mass (e.g. from nuclear reactions), and F
is the flux of energy. In general, radiation is the only significant contributor to the energy
flux; in particular, molecular conduction is almost always negligible.

In convection zones turbulent gas motion provides a very efficient transport of energy.
Ideally the entire hydrodynamical system, including convection, must be described as a
whole. In this case only the radiative flux would be included in equation (3.21). However,
under most circumstances the resulting equations are too complex to be handled analytically
or numerically. Thus it is customary to separate out the convective motion, by performing
averages of the equations over length scales that are large compared with the convective
motion, but small compared with other scales of interest. In this case the convective flux
appears as an additional contribution in equation (3.21). The convective flux must then
be determined, from the other quantities characterizing the system, by considering the
equations for the turbulent motion. A familiar example of this (which is also characteristic
of the lack of sophistication in current treatments of convection) is the mixing-length theory.

The incorporation of convection in the hydrodynamical equations was discussed in some
detail by Unno et al. (1989). However, it is fair to say that this is currently one of the
principal uncertainties in stellar hydrodynamics.

The general calculation of the radiative flux is also non-trivial. In stellar atmospheres
the full radiative transfer problem, as known from the theory of the structure of stellar
atmospheres, must be solved in combination with the hydrodynamic equations. This is
another active area of research, and the subject of a major monograph (Mihalas & Mihalas
1984). In stellar interiors the diffusion approximation is adequate, and the radiative flux is
given by ;

Fo_ T yp-_ 20 gp (3.22)
3Kp 3Kp
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where B = (aé/4n)T* is the integrated Planck function, & is the opacity, ¢ is the speed of
light and a is the radiation density constant; this provides a relation between the state of
the gas and the radiative flux, which is analogous to a simple conduction equation.

When the mean free path of a photon is very large, one can neglect the contribution
from absorption to the heating of the gas. Then we have that

divF = 4npk,B , (3.23)

where k, is the opacity arising from absorption; this is the so-called Newton’s law of cooling.
Finally, one can generalize the Eddington approximation, which may be known from the
theory of static stellar atmospheres, to the three-dimensional case (see Unno & Spiegel
1966), to obtain

divF = —4mpra(J — B) , (3.24)

47
F=———-VJ, 3.25
3(Ka + Ks)p ( )

where ks is the scattering opacity and J is the mean intensity. As shown by Unno &
Spiegel the Eddington approximation tends to the diffusion approximation when x,p — oco.
Furthermore, it has the correct limit in the optically thin case.

Here I have implicitly assumed that the scattering and absorption coefficients are inde-
pendent of the frequency of radiation. In the diffusion approximation, the generalization
to frequency-dependence leads to the introduction of the Rosseland mean opacity. In the
optically thin case, one must in general take into account the details of the distribution of
intensity with frequency; thus, in equations (3.23) — (3.25) the absorption and scattering co-
efficients must be thought of as suitable averages, whereas F and J are frequency-integrated
quantities.

3.1.4 The adiabatic approximation

For the purpose of calculating stellar oscillation frequencies, the complications of the energy
equation can be avoided to a high degree of precision, by neglecting the heating term in
the energy equation. To see that this is justified, consider the energy equation on the form,
using equation (3.22)

dT Ty, —-1Tdp 1 1 .. (4acT?
A -d Tl . 2
dt Iy pdt ¢ l€+ p v ( 3Kp v )] (3.26)

Here the term in the temperature gradient can be estimated as

1
—div
PCp

4aéT3 4acT? T

o)~ L (3.27)
3kp?cpL? TR

where L is a characteristic length scale, and 7 is a characteristic time scale for radiation,

3kpc,L?
TF = —————

2£2
L 1012% . in cgs units . (3.28)
Typical values for the entire Sun are kK = 1, p = 1, T = 10%, £ = 10'°, and hence 75 ~ 107
years. This corresponds to the Kelvin-Helmholtz time for the star. For the solar convection

zone the corresponding values are k = 100, p = 107°, T = 10*, £ = 10°, and hence
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7F ~ 103 years. In the outer parts of the star the term in e vanishes, whereas in the
core it corresponds to a characteristic time 7. ~ ¢,7T"/e which is again of the order of the
Kelvin-Helmholtz time. T'/7r or T/7. must be compared with the time derivative of T in
equation (3.26), which can be estimated as T'/(period of oscillation). Typical periods are
of the order of minutes to hours, and hence the heating term in equation (3.26) is generally
very small compared with the time-derivative terms. Near the surface, on the other hand,
the density, and hence the radiative time scale, is low, and the full energy equation must
be taken into account.
Where the heating can be neglected, the motion occurs adiabatically. Then p and p are

related by

dp _ Tup dp

dt  p dt’
This equation, together with the continuity equation (3.5), the equations of motion (3.9)
and Poisson’s equation (3.11), form the complete set of equations for adiabatic motion.
Most of our subsequent work is based on these equations.

(3.29)

3.2 Equilibrium states and perturbation analysis

A general hydrodynamical description of a star, using the equations presented in the preced-
ing section, is far too complex to handle, even numerically on the largest existing computers.
To put this in perspective, it may be mentioned that A. Nordlund and R. Stein (e.g. Nord-
lund & Stein 1989; Stein, Nordlund & Kuhn 1989), by stretching the capabilities of existing
computers to the limits, have been able to follow numerically the development of a very
small region near the solar surface for a few hours. Even though this is a tremendous
achievement, which will be of great value to our understanding of solar convection and
solar oscillations, it clearly demonstrates the impracticality of a direct numerical solution
for, say, general oscillations involving the entire Sun. Furthermore, even to the extent that
such a solution were possible, the results would in general be so complicated that a simpli-
fied analysis is needed to understand them. Fortunately, in the case of stellar oscillations,
considerable simplifications are possible. The observed solar oscillations have very small
amplitudes compared with the characteristic scales of the Sun, and so it can be treated
as a small perturbation around a static equilibrium state. Even in “classical” pulsating
stars, where the surface amplitudes are large, most of the energy in the motion is in regions
where the amplitudes are relatively small; thus many of the properties of these oscillations,
including their periods, can be understood in terms of small-perturbation theory. In this
section I discuss the general equations for such small perturbations.

3.2.1 The equilibrium structure

The equilibrium structure is assumed to be static, so that all time derivatives can be ne-
glected. In addition, I assume that there are no velocities. Then the continuity equation,
(3.5), is trivially satisfied. The equations of motion (3.9) reduce to the equation of hydro-
static support,

Vpo = pogo = —poV Po, (3.30)
where I have denoted equilibrium quantities with the subscript “0”. Poisson’s equation
(3.11) is unchanged,

V2®o = 4nGpy . (3.31)



3.2. EQUILIBRIUM STATES AND PERTURBATION ANALYSIS 49

Finally the energy equation (3.21) is

0= dg =€y — idiV Fy . (3.32)
de Po

It might be noted that one often considers equilibrium structures that change on long
time scales. Here hydrostatic equilibrium is enforced (departures from hydrostatic equi-
librium result in motion on essentially the free-fall time scale for the star, of the order of
hours). However, it is not assumed that there is no heating, so that the general energy
equation (3.21) is used. Such a star is said to be in hydrostatic, but not in thermal, equilib-
rium. Typical examples are stars where nuclear burning does not supply the main source
of energy, as during the pre-main-sequence contraction, or after hydrogen exhaustion in
the core. Even during normal main sequence evolution the heating term provides a small
contribution to the energy, which is normally taken into account in calculations of stellar

evolution. However, we need not consider this further here.
For the present purpose the most important example of equilibrium is clearly a spher-
ically symmetric state, where the structure depends only on the distance r to the centre.

Here gyp = —goa,, where a, is a unit vector directed radially outward, and equation (3.30)
becomes q
Po

—_— = . 3.33

a = 900 (3.33)
Also, Poisson’s equation may be integrated once, to yield
G [T G

9o = 7/ Az por’ dr' = ?D : (3.34)
r? Jo r

where mg(r) is the mass in the sphere interior to 7. The flux is directed radially outward,
F = F,pa,, so that the energy equation gives

1d 1 dLg
= — F = R —
POO = 12 gy ('r T’O) 4rr? dr

where Ly = 4712 F, o is the total flow of energy through the sphere with radius r; hence

dL
diro = 4772 poeg - (3.35)

Finally the diffusion expression (3.22) for the flux may be written

dTp 3K0p0

— = "19. 3.36
dr 167rr2aET03 0 ( )

Equations (3.33) — (3.36) are clearly the familiar equations for stellar structure.

3.2.2 Perturbation analysis

We consider small perturbations around the equilibrium state. Thus, e.g., the pressure is
written as

p(r,t) = po(r) +p'(r, 1), (3.37)

where p’ is a small perturbation; this is the so-called Eulerian perturbation, i.e., the per-
turbation at a given point. The equations are then linearized in the perturbations, by
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expanding them in the perturbations retaining only terms that do not contain products of
the perturbations.

Just as in the general case it is convenient to use also a description involving a refer-
ence frame following the motion; the perturbation in this frame is called the Lagrangian
perturbation. If an element of gas is moved from rg to ro + dr due to the perturbation, the
Lagrangian perturbation to pressure may be calculated as

op(r) = p(ro + 0r) — po(ro) = p(ro) + dr - Vpo — po(ro)
= p'(ro) +r- Vpo . (3.38)

Equation (3.38) is of course completely equivalent to the relation (3.2) between the local
and the material time derivative. Note also that the velocity is given by the time derivative

of the displacement dr,

odr

Equations for the perturbations are obtained by inserting expressions like (3.37) in the
full equations, subtracting equilibrium equations and neglecting quantities of order higher
than one in p/, p/, v, etc. For the continuity equation the result is

/
%£f+whv(pov)::0, (3.40)

or, by using equation (3.39) and integrating with respect to time
P+ div (ppdr) =0 . (3.41)
Note that this equation may also, by using the analogue to equation (3.38), be written as
0p + podiv (dr) =0, (3.42)

which corresponds to equation (3.6).
The equations of motion become

0%dr ov
PO = PO = —Vp' + pog’ + p'go (3.43)

where, obviously, g = —V®’. Also, the perturbation ® in the gravitational potential
satisfies the perturbed Poisson’s equation

V2 = 4nGp' (3.44)

with the solution, equivalent to equation (3.12)

G/rrw (3.45)

The energy equation requires a little thought. We need to calculate, e.g.,

d 0 oy 8’ 06 8

=7 = (0p) (3.46)
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to first order in the perturbations. Note that to this order there is no difference between
the local and the material time derivative of the perturbations. Thus we have for the energy
equation, from e.g. equation (3.15),

oL (0T 050
ot poTsp—1) \ ot po Ot )~

(3.47)

This equation is most simply expressed in Lagrangian perturbations, but it may be trans-
formed into Eulerian perturbations by using equation (3.38). From equation (3.21) the
perturbation to the heating rate is given by

0dq

P05 = §(pe — divF) = (pe — divF)", (3.48)

if equation (3.32) is used. Finally it is straightforward to obtain the perturbation to the
radiative flux, in the diffusion approximation, from equation (3.22).
For adiabatic motion we neglect the heating term and obtain

dbp Ty opo Odp _

ot po Ot 0,
or, by integrating over time
op = LLOPO 5 (3.49)
Po
or, on Eulerian form
p'+8r-Vpy = M(p/ +dr-Vpp) . (3.50)

3.3 Simple waves

It is instructive to consider simple examples of wave motion. This provides an introduction
to the techniques needed to handle the perturbations. In addition, general stellar oscillations
can in many cases be approximated by simple waves, which therefore give physical insight
into the behaviour of the oscillations.

3.3.1 Acoustic waves

As the simplest possible equilibrium situation, we may consider the spatially homogeneous
case. Here all derivatives of equilibrium quantities vanish. According to equation (3.30)
gravity must then be negligible. Such a situation clearly cannot be realized exactly. How-
ever, if the equilibrium structure varies slowly compared with the oscillations, this may
be a reasonable approximation. I also neglect the perturbation to the gravitational poten-
tial; for rapidly varying perturbations regions with positive and negative p’ nearly cancel
in equation (3.45), and hence ®' is small. Finally, I assume the adiabatic approximation
(3.49).
The equations of motion (3.43) give

0%6r

POW =V,
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or, by taking the divergence
2

poﬁ(div or) = —V?p' .

However, div dr can be eliminated by using the continuity equation (3.41), and p’ can be
expressed in terms of p/ from the adiabatic relation. The result is

82/)/ I'topo o2
= ——=V* =gV, 3.51
where I
cg = - L,oPo (3.52)

Po
has the dimension of a squared velocity. This equation has the form of the wave equation.
Thus it has solutions in the form of plane waves

o =aexplilk-r —wt)]. (3.53)

(As discussed in more detail in Chapter 4 it is convenient to write the solution in complex
form; the physically realistic solution is obtained by taking the real part of the complex
solution.) By substituting equation (3.53) into (3.51) we obtain

—w?p' = & div (ikp') = —c2k|*p . (3.54)
Thus this is a solution, provided w satisfies the dispersion relation
w? =3 k2. (3.55)

The waves are plane sound waves, and equation (3.55) is the dispersion relation for such
waves. The adiabatic sound speed c¢g is the speed of propagation of the waves. I note that
when the ideal gas law, equation (3.19), is satisfied, the sound speed is given by

I'1,0ksTo

2
§= (3.50)
Thus ¢y is essentially determined by Tp/p.
With a suitable choice of phases the real solution can be written as
o = acos(k-r—wt), (3.57)
P = Gacos(k-r—wt), (3.58)
or = % acos(k-r—wt+ E) k. (3.59)
pow? 2

Thus the displacement dr, and hence the velocity v, is in the direction of the wave vector k.

3.3.2 Internal gravity waves

As a slightly more complicated case, we consider a layer of gas stratified under gravity. Thus
here there is a pressure gradient, determined by equation (3.33). However, I assume that
the equilibrium quantities vary so slowly that their gradients can be neglected compared
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with gradients of perturbations. Also, as before, I neglect the perturbation to the gravita-
tional potential. Clearly one solution must be the adiabatic sound waves considered above.
However, here we seek other solutions in the form of waves with much lower frequencies.

It is possible to derive an approximate wave equation under these circumstances (cf.
Section 7.5). However, to simplify the analysis I assume a solution in the form of a plane
wave from the outset. Thus I take all perturbation variables to vary as

expli(k - r — wt)] . (3.60)
Because of the presence of gravity there is a preferred direction in the problem. I choose a
vertical coordinate r directed upward, so that gop = —gpa,, and
dpo dpo
Vpy = — Vpo=—a,. 3.61
Po dr ar, Po dr ar ( )

Also, I separate the displacement dr and the wave vector k into radial and horizontal
components,

or=¢a, + &, (3.62)
k=ka +ky. (3.63)
The radial and horizontal components of the equations (3.43) are
—pow?éy = —ik,p' — plgo (3.64)
—pow*&n = —iknp' , (3.65)

and the continuity equation, (3.41), can be written
0+ poike&r + poiky - & =0 . (3.66)

From equations (3.65) and (3.66) we find the pressure perturbation

2
;W

= o0+ ihopote) (3.67)
h

p

This may be used in equation (3.64), to obtain
k2

k
sw?p’ + wQPok%&« —0'g0 - (3.68)
h

2
—pow?t, = —izh
ki
For very small frequency the first term in p’ can be neglected compared with the second,
yielding

]62
pow’ (1 + k@) & =090 - (3.69)
h

Notice that this equation has a fairly simple physical meaning. Buoyancy acting on the den-
sity perturbation provides a vertical force p’gy per unit volume that drives the motion. The
left-hand side gives the vertical acceleration times the mass pg per unit volume; however,
it is modified by the term in the wave numbers. This arises from the pressure perturba-
tion; in order to move vertically, a blob of gas must displace matter horizontally, and this
increases its effective inertia. This effect is stronger the longer the horizontal wavelength of
the perturbation, and hence the smaller its horizontal wave number.
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The adiabatic relation (3.50) gives

_ 1 1
P =g’ + podr - <FVPO - VPO) . (3.70)
Pol1o £0

)

However, we may estimate the importance of the term in p’ by noting that, according to

equation (3.67),

-2 7 2
P W

/T 212
P cokiy

(3.71)

Here the denominator on the right-hand side is the sound-wave frequency corresponding
to the horizontal wave number ky (c¢f. eq. 3.55); since we are specifically interested in
oscillations with frequencies far smaller than the frequencies of sound waves, this term can
be neglected. Physically, the neglect of the pressure perturbation essentially corresponds to
assuming that the perturbation is always in hydrostatic equilibrium; this might be compared
with the conventional discussion of convective stability in terms of displaced blobs of fluid,
where pressure balance is also assumed. Inserting the expression for p’ resulting from
equation (3.70), when p’ is neglected, in equation (3.69) finally yields

k‘2
w? (1 + g) & = N2, , (3.72)
ks,
where
1 dlnpg dlnpg
N2 — — .
go (Fl,o d?" d’l“ ) (3 73)

is the square of the buoyancy or Brunt-Vdisdld frequency N.

The physical significance of N follows from the ‘blob’ argument for convective stability
(e.g. Christensen-Dalsgaard 1993a; see also Cox 1980, Section 17.2): if a fluid element
is displaced upwards adiabatically, its behaviour depends on whether the density of the
element is higher or smaller than its new surroundings. When N? > 0 the element is
heavier than the displaced fluid, and buoyancy forces it back towards the original position;
thus in this case the element executes an oscillation around the equilibrium position. On
the other hand, if N? < 0 the element is lighter than the displaced fluid and buoyancy
acts to enhance the motion, forcing the element away from equilibrium; this corresponds
to convective instability.

From equation (3.72) we obtain the dispersion relation

2 N2

= 3.74
1+ k2/k2 (3:74)

W

When N? > 0 the motion is oscillatory. Then N is the frequency in the limit of infinite
ky, i.e., for infinitely small horizontal wavelength. This corresponds to oscillations of fluid
elements in the form of slender “needles”. For greater horizontal wavelength the horizontal
motion increases the inertia, as discussed above, and hence decreases the frequency. These
waves are known as internal gravity waves (not to be confused with the gravitational waves
in general relativity).

The condition that N2 > 0 can also be written as

dlnpg =~ 1
dlnpg = Tip’

(3.75)
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when it is not satisfied, w is imaginary, and the motion grows exponentially with time. This
is the linear case of convective instability. In general the motion grows until it breaks down
into turbulence due to nonlinear effects. Thus gravity waves cannot propagate in convective
regions. I return to this when discussing the asymptotic theory of stellar oscillations.
The condition (3.75) is the proper criterion for convective stability; it is normally known
as the Ledoux condition. The more usual condition, in terms of p and T', viz
dln To i FQ}O -1

<Va =
dlnpo ad FQO ’

)

(3.76)

can be obtained from equation (3.74) by using thermodynamic identities, when the chemi-
cal composition is homogeneous. Equation (3.76) is known as the Schwarzschild criterion.
When there are gradients in the chemical composition, the two conditions are not equiva-
lent. Nonetheless, the Schwarzschild criterion is most often used in calculations of stellar
evolution, due to computational convenience.

3.3.3 Surface gravity waves

In addition to the internal gravity waves described above, there is a distinct, and more
familiar, type of gravity waves, known, e.g. from the Bay of Aarhus. These are waves at a
discontinuity in density.

We consider a liquid at constant density pg, with a free surface. Thus the pressure on
the surface is assumed to be constant. The layer is infinitely deep. I assume that the liquid
is incompressible, so that po is constant and the density perturbation p’ = 0. From the
equation of continuity we therefore get

divv=0. (3.77)

Gravity g is assumed to be uniform, and directed vertically downwards. Since the density
perturbation is zero, so is the perturbation to the gravitational potential.
In the interior of the liquid the equations of motion reduce to

ov
— ==V . 3.78
Po ot p ( )
The divergence of this equation gives
Vi =0. (3.79)

We introduce a horizontal coordinate z, and a vertical coordinate z increasing downward,
with z = 0 at the free surface. We now seek a solution in the form of a wave propagating
along the surface, in the z-direction. Here p’ has the form

p(z,2,t) = f(2) cos(kpz — wt) , (3.80)

where f is a function yet to be determined. By substituting equation (3.80) into equation
(3.79) we obtain
da2f
5z =t
or
f(z) = aexp(—knz) + bexp(kpz) . (3.81)



56 CHAPTER 3. A LITTLE HYDRODYNAMICS

As the layer is assumed to be infinitely deep, b must be zero.

We must now consider the boundary condition at the free surface. Here the pressure
is constant, and therefore the Lagrangian pressure perturbation vanishes (the pressure is
constant on the perturbed surface), i.e.,

0=0dp=1p +dr-Vpy =79 + & pogo at z=0, (3.82)

where £, is the z-component of the displacement. This is obtained from the vertical com-
ponent of equation (3.78), for the solution in equation (3.81) with b =0, as

£z=—pﬁ?ﬂ- (3.83)
Thus equation (3.82) reduces to
0= (1-2) v,
and hence the dispersion relation for the surface waves is
w? = goky . (3.84)

The frequencies of the surface gravity waves depend only on their wavelength and on
gravity, but not on the internal structure of the layer, in particular the density. In this they
resemble a pendulum, whose frequency is also independent of its constitution. Indeed, the
frequency of a wave with wave number &y, and wavelength ), is the same as the frequency
of a mathematical pendulum with length

L=—=. (3.85)



Chapter 4

Equations of linear stellar
oscillations

In the present chapter the equations governing small oscillations around a spherical equi-
librium state are derived. The general equations were presented in Section 3.2. However,
here we make explicit use of the spherical symmetry. These equations describe the general,
so-called nonradial oscillations, where spherical symmetry of the perturbations is not as-
sumed. The more familiar case of radial, or spherically symmetric, oscillations, is contained
as a special case.

4.1 Mathematical preliminaries

It is convenient to write the solution to the perturbation equations on complex form, with
the physically realistic solution being obtained as the real part of the complex solution. To
see that this is possible, notice that the general equations can be written as

dy
A— =B(y), 4.1
Y~ B(y) @)
where the vector y consists of the perturbation variables (dr,p’, p/, ), A is a matrix with
real coefficients, and B is a linear matrix operator involving spatial gradients, etc., with
real coefficients. Neither A nor B depend on time. If y is a complex solution to equation
(4.1) then the complex conjugate y* is also a solution, since

A% = (A%) = o) = By, (4.2

and hence, as the system is linear and homogeneous, the real part R(y) = 1/2(y +y*) is a
solution.

Because of the independence of time of the coefficients in equation (4.1), solutions can
be found of the form

y(r,t) =y(r)exp(—iwt) . (4.3)

This is a solution if the amplitude function y satisfies the eigenvalue equation

—iwA -y = B(Y) . (4.4)

o7
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Equations of this form were also considered in Section 3.3 for simple waves. Note that in
equations (4.3) and (4.4) the frequency w must in general be assumed to be complex.

Figure 4.1: The spherical polar coordinate system.

Equation (4.3) is an example of the separability of the solution to a system of linear
partial differential equations, when the equations do not depend of one of the coordinates.
As the equilibrium state is spherically symmetric, we may expect a similar separability in
spatial coordinates. Specifically I use spherical polar coordinates (7,0, ¢) (c¢f. Figure 4.1),
where r is the distance to the centre, 6 is colatitude (i.e., the angle from the polar axis),
and ¢ is longitude. Here the equilibrium is independent of 6 and ¢, and the solution must
be separable. However, the form of the separated solution depends on the physical nature
of the problem, and so must be discussed in the context of the reduction of the equations.
This is done in the next section.

Here I present some relations in spherical polar coordinates that will be needed in the
following [see also Appendix 2 of Batchelor (1967)]. Let a,, ag and ay be unit vectors in
the r, 8 and ¢ directions, let V' be a general scalar field, and let

F = F.a, + Fpag + F¢a¢ (45)



4.1. MATHEMATICAL PRELIMINARIES 29

be a vector field. Then the gradient of V is

VV—?;; T+1(?)‘9/ +rsi1n9({(‘))‘qia¢’ (46)
the divergence of F is
leF_ri?ag( 2F)+r511n9§6(8m9F6) rsilnﬁai‘; ’ (47)
and consequently the Laplacian of V is
V2V = div(VV) (4.8)
1 0 [ ,0V 1 0 ov 1 0*V
= (750) * e (0% ) + g g
Finally, we need the directional derivatives, in the direction, say, of the vector
n = n,a, + ngag + nyae. (4.9)

The directional derivative n - VV of a scalar is obtained, as would be naively expected, as
the scalar product of n with the gradient in equation (4.6). However, in the directional
derivatives n - VF of a vector field, the change in the unit vectors a,, ay and as must be
taken into account. The result is

n-VF = (n-VFT—

ngFg _ n¢F¢) a
r r "

ngFy F
+( CVEFy — 207 ot + 0 T>a9
T T

F F
+(n.vp¢_|_n¢ vy et 900‘50) ay, (4.10)
r

where the directional derivatives of F,., Fy and Fy are the same as for a scalar field.
As the radial direction has a special status, it is convenient to introduce the horizontal
(or, properly speaking, tangential) component of the vector F:

Fy = Fpag + F¢a¢ s (4.11)

and similarly the horizontal components of the gradient, divergence and Laplacian as

10V 1 oV

VRV =096t rsing 02 (4.12)

o 1 0F,
Vi F = rsin 6 09(Sm9Fa) + rsinf 0¢ ’ (4.13)

and 5 5 o

1 |4 1 |4

2 — . 4.14
ViV = r2sin 6 96 26505 00 )+ r2sin2 0 92 ( )
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4.2 The Oscillation Equations

4.2.1 Separation of variables
The displacement dr is separated into radial and horizontal components as

or =¢ra, + &, . (4.15)
The horizontal component of the equations of motion, (3.43), is

%€,
£o 912

= —Vup — povhq)/ . (4.16)

As the horizontal gradient of equilibrium quantities is zero, the horizontal divergence of
equation (4.16) gives

82
P0G Vi &n = —Vipr' — poVid' . (4.17)
The equation of continuity, (3.41), can be written as
10
/ 2
p = —szg(ﬂor &) — poVh - &n - (4.18)

This can be used to eliminate Vy, - &, from equation (4.17), which becomes

82 / 190 2 2.1 25/
a2 |P + 725(7" poér) | = =Vip — poVip® . (4.19)

The radial component of equation (3.43) is

0%¢, o', 0P’
= Jg— . 4.20
P07 5y P90~ pog (4.20)
Finally, Poisson’s equation (3.44) may be written as
— — " =4AnGp' . 4.21
r2 Or (r or ) Vi TP (4.21)

It should be noticed that in equations (4.19) — (4.21) derivatives with respect to the
angular variables 6 and ¢ only appear in the combination Vﬁ.

We now have to consider the energy equation (3.47), together with equation (3.48) for
the heat gain. The result clearly depends on the form assumed for the flux F. However, if
the flux can be expressed in terms of a gradient of a scalar, as in the diffusion approximation
[equation (3.22)], the energy equation also only contains derivatives with respect to 6 and

¢ in V3.

Exercise 4.1:

Show this.

We may now address the separation of the angular variables. The object is to factor
out the variation of the perturbations with 6 and ¢ as a function f(6,¢). From the form
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of the equations this is clearly possible, if f is an eigenfunction of the horizontal Laplace
operator,

VS =M, (4.22)

where A is a constant. That 1/72 has to appear is obvious from equation (4.14); the choice
of sign is motivated later. Writing it out in full, equation (4.22) becomes

1 0 of 1 0%f

= (sing=L A —— 4.23

sin 0 90 (Sm ae) * SnZ00¢° / (4.23)

As the coefficients in this equation are independent of ¢, the solution can be further
separated, as

f(8,0) = f1(6) f2(0) - (4.24)
It follows from equation (4.23) that fo satisfies an equation of the form
d*f

where « is another constant; this has the solution fy = exp(a!/2¢). However, the solution
has to be continuous and hence periodic, i.e., f2(0) = f2(2m). Consequently we must
demand that o/2 = ém, where m is an integer.

When used in equation (4.23), this gives the following differential equation for fi:

d [(1 - ch)(il‘];l] + (A - ) f1=0, (4.26)

dz 1 — 22

where x = cos . It can be shown that this equation has a regular solution only when

A=1(l+1), (4.27)
where [ is a non-negative integer and
m| <. (4.28)
The regular solution is
£1(6) = P (cos 6) (4.29)

where P/ is the Legendre function. By including an appropriate scaling factor we may
finally write
f(0,¢) = (=1)" cim B (cos ) exp(ime) = Y"(0, ¢) , (4.30)

where Y™ is a spherical harmonic; here ¢;,,, is a normalization constant given by equation
(2.2), such that the integral of |Y;™|? over the unit sphere is 1. Y;™ is characterized by its
degree | and its azimuthal order m; the properties of spherical harmonics were discussed in
more detail in Section 2.1 (see also Appendix A). From equations (4.22) and (4.27) we also

have that 1041
+
Vif=-— = f. (4.31)

The dependent variables in equations (4.19) — (4.21) can now be written as

& (r,0, ¢, 1) = VAn & (r) Y™ (6. ¢) exp(—iwt) , (4.32)
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P (r,0,0,t) = Var ' (r)Y;™(0, ¢) exp(—iwt) , (4.33)

ete. Also it follows from equation (3.38) that if the Eulerian perturbations are on the
form given in these equations, so are the Lagrangian perturbations. Then the equations
contain Y, (6, ¢) exp(—iwt) as a common factor. After dividing by it, the following ordinary

differential equations for the amplitude functions &, 7, - - -, result:
, 1d - (l+1),_ -
2 / 2 _ / /
w [p + g po&«)} =5 +p?), (4.34)
2 g dﬁ/ ~/ dé/ (4 35)
—w - _ _ _ '
POSr dr P g0 0 dr P
1d [ ,do\ I(l+1)=, .,
= _ P =4 4.
r2dr (T dr > r2 G (4.36)
together with the energy equation
- Tiopo .\ -
dp — Tép = po(I's,0 — 1)dq . (4.37)

It should be noted that equations (4.34) — (4.37) do not depend on the azimuthal order
m. This is a consequence of the assumed spherical symmetry of the equilibrium state,
which demands that the results should be independent of the choice of polar axis for the
coordinate system. Changing the polar axis would change the spherical harmonics, in such
a way that a new spherical harmonic, with given [ and m, would be a linear combination
over m of the old spherical harmonics with the given value of [ (Edmonds 1960). As this
change of axis can have no effect on the dynamics of the oscillations, the equations must
be independent of m, as found here.

From equation (4.16) the horizontal component of the displacement is given by

Valr) (D L0 e
gh_\/ﬂgh(r)( S+ o o, ) expl(—it). (4.38)
where 1 1
= — (5P 4.
6ur) = 57 + ) (439
Thus the (physical) displacement vector can be written as
ov = VarR {[&()Y"(0, 0)a, (4.40)
~ ay;" 1 oy™m ,
+&n(r) ( a6 2 t 50 90 a¢)} exp(—zwt)} .

Asnoted in Section 4.1 the frequency w is in general complex. That this is so may be seen
from the energy equation (4.37), if the expression (3.48) for the heating rate perturbation is
used. Assuming the time dependence given in equations (4.33) for the perturbed quantities,
equation (3.48) can be written as

1
0q = —06(pe —divF) . 4.41
1= tdlp ) (441)
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Here the perturbations on the right-hand side can be expressed in terms of the perturbations
in, say, density and temperature. For instance, since € is a function €(p,T') of density and
temperature, we obtain

w0 =oe{[1+ (5is) 10+ (Ga), 7 ) iz

The expression for §(divF) depends on the treatment of the energy transport, discussed
in Section 3.1.3. Often the diffusion approximation is adequate; then d(divF) may be
obtained in a fashion similar to the derivation of equation (4.42) by perturbing equation
(3.22), although with considerable effort. Note that this gives rise to a term in the second
derivative of §T with respect to r; the same is true if the Eddington approximation [equation
(3.24)] is used, whereas the use of Newton’s law of cooling [equation (3.23)] gives a direct
relation between the heat loss and the local thermodynamic variables, and hence does
not increase the order of the equations. However, regardless of the approximation used,
substitution of the relevant relations into the energy equation, written in terms of p and T,
results in an equation which, because of the factor i/w in the expression for dg, has complex
coefficients. Hence the oscillation equations cannot in general have a real solution.

The complex frequency can be expressed as w = w; + in, where w, and n are real;
consequently the dependence of the perturbations on ¢ and t is of the form

cos(me — wit + 6)e (4.43)

where dg is the initial phase. For m # 0 this describes a wave traveling around the equator
with angular phase speed w,/m, whereas for m = 0 the perturbation is a standing wave.
The period of the perturbation is II = 27 /w,. Its amplitude grows or decays exponentially
with time, depending on whether the growth rate i is positive or negative.

Neglecting 1, we may obtain the mean square components of the displacement, when
averaged over a spherical surface and time, from equation (4.40). For the radial component
the result is

rims = (l0r-a,?) (4.44)
= & [ arl f LR [0, 0 expl-ien)] } ao
= SR

where (2 is solid angle. Similarly, the mean square length of the horizontal component of
or is )
5h?ms = <|€h|2> = 1/2l(l + 1)|£h(r)|2 s (445)

where £, is the amplitude function introduced in equation (4.39).

Exercise 4.2:

Verify equations (4.44) and (4.45). Note that the latter is a little tricky: this requires
integration by parts and use of the fact that P/ satisfies equation (4.23).
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The kinetic energy of pulsation is
1
Faw = [ 1vPpodV . (4.46)
1%

As in equations (4.44) and (4.45) it follows from equation (4.40) that the time-averaged
energy is 1/4w?E, where

R _ ~
£ = 4n /0 1€, ()2 + 11 + 1)[En(r)]?] por2dr . (4.47)

For m # 0 FEy, is independent of ¢, in accordance with the running-wave nature of the
oscillation in this case, whereas for m = 0 we have Ey, = %wzg COSQ(wt —dp). It is
convenient to introduce the dimensionless measure F of £, by

5 A8 ()P 410+ DI Plpor®dr _ Minode

MIERPE+II+D&®RE M (4.48)

where M is the total mass of the star, and My,oqe is the so-called modal mass; thus F
provides a measure of the normalized inertia of the mode. These quantities are defined
such that the time-averaged kinetic energy in the oscillation is

1/2M a0 V2

rms

=1/2EMV? | (4.49)

where V2 . is the mean, over the stellar surface and time, of the squared total velocity of
the mode.
From equation (4.31) it follows that for any perturbation quantity v,
I(1+1)
Thus if the oscillations are regarded locally as plane waves, as in equation (3.53), we may
make the identification
I(l+1)

72

=k, (4.51)

where ky, is the length of the horizontal component of the wave vector, as in equation (3.63);
note in particular that k;, depends on r.

For completeness, I note that the modes discussed so far (which are the only modes
considered in the following), are known as spheroidal modes. In addition there is a second
class of modes, the toroidal modes, which are briefly discussed in Cox (1980), Section 17.3.
In a spherically symmetric (and hence nonrotating) star, they have zero frequency and
correspond to infinitely slow, purely horizontal motion. In a rotating star they give rise to
oscillations whose frequencies are of the order of the rotation frequency.

4.2.2 Radial oscillations

For radial oscillations, with [ = 0, the perturbation in the gravitational field may be elim-
inated analytically. From Poisson’s equation in the form (4.36) we have, by using the
equation of continuity (4.18) with zero horizontal part, that

2
_AnGd 2 ey 4.52
r2 dr " dr r2 (rpoér) (4.52)

1d [ ,dd 4rG d :
dr
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or, as the gravitational force must be finite at r = 0,

do’ -
— = —47nG . 4.53
d’l" pOé-T ( )
Furthermore, the term containing ® drops out in equation (4.34).
With these eliminations, the oscillation equations can be reduced to a relatively simple
form. We write the energy equation (4.37) as

- 1 d 1d 2
7 ="+ pods (”“—po> P ryg—1)d3.  (4.54)

I'1 0po Tiopo dr  po dr | Tiopo

)

Then equation (4.34) may be written as

d, _ 2; 1 dpo; 1 P

= — —& — 7 I'so—1)dg 4.55
dr r>" Tyiopo dr " Fl,opop * T1,0p0( 30=1)9q, (4.55)
or, introducing ¢ = &, /r,
- da¢ 3 1 dpo .
= _T — 4+ — — I'so—1)dq . 4.56
D 1,0P07 (dr + TC + Tropo dr ¢ +po(I's0 —1)dq (4.56)

By substituting equations (4.53), (4.54) and (4.56) into equation (4.35) we obtain, after a
little manipulation,

1d /.. ¢\ d , . d )
AT eSS ) + L3 — 4 — L po(Ta0 — 1)54) . 4.
e ("” 1,000 dr) t3 (30,0 — 4)po]¢ + pow™r o [po(T'3,0 — 1)64] (4.57)

Exercise 4.3:

Fill in the missing steps in the derivation of equation (4.57).

It is important to note that the apparent simplicity of equation (4.57) hides a great deal
of complexity in the heating term on the right-hand side. Nevertheless, this equation is
convenient for discussions of the properties of radial oscillations. In these notes, however, 1
shall mostly consider the general equations for nonradial oscillations, where [ can take any
value.

4.3 Linear, adiabatic oscillations

To simplify the notation, from now on I drop the tilde on the amplitude functions, and the
“0” on equilibrium quantities. This should not cause any confusion.
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4.3.1 Equations

For adiabatic oscillations, d¢ = 0 and equation (4.37) can be written
P 1 dp 1dp
o= ot (po - ) (459)
1P 1

This may be used to eliminate p’ from equations (4.34) — (4.36). From equation (4.34) we

obtain
dgr__(Q 1 dp>§ [l(l+1)_1] RIES)
dr Lipdr)>" w2r? c? w2r2

i (4.59)

where we used that ¢> = I'1p/p is the square of the adiabatic sound speed [cf. equation
(3.52)]. It is convenient to introduce the characteristic acoustic frequency S; by

I(1+1)c?
sp= WD o (4.60)
T
Then equation (4.59) can be written as

dé, 2 1 dp 1 (s , ll+1)
_ : /I o 4.61
dr ( i Flpdlr)5 (W )p T (4.61)

Equation (4.35) gives
dp’ 9 1 dp, do’

NV 4 —P = 4.62
el C St e P (4.62)

where, as in equation (3.73), N is the buoyancy frequency, given by
1 d 1d
N2=g (p . p) . (4.63)

Finally, equation (4.36) becomes

1d [ ,dd LG ) WD
—_— — | =47 N . 4.64
r2 dr (T dr) G( g ) r2 (I) (4.64)

Equations (4.61), (4.62) and (4.64) constitute a fourth-order system of ordinary differ-
ential equations for the four dependent variables &, p’, ® and d®’/dr. Thus it is a complete
set of differential equations.

For radial oscillations equations (4.61) and (4.62), after elimination of the terms in ® by
means of equation (4.53), reduce to a second-order system in &, and p’; an alternative for-
mulation of this set of equations is obtained from equation (4.57), by setting the right-hand
side to zero. The reduction to second order is a useful simplification from a computational
point of view, and it may be exploited in asymptotic analyses. However, here I shall always
treat radial oscillations in the same way as the nonradial case.

It should be noticed that all coefficients in equations (4.61), (4.62) and (4.64) are real.
Also, as discussed below, the same is true of the boundary conditions. Since the frequency
only appears in the form w?, we may expect that the solution is such that w? is real, in
which case the eigenfunctions may also be chosen to be real. This may be proved to be
true in general. Thus the frequency is either purely real, in which case the motion is an
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undamped oscillator, or purely imaginary, so that the motion grows or decays exponentially.
From a physical point of view this results from the adiabatic approximation, which ensures
that energy cannot be fed into the motion, except from the gravitational field; thus the
only possible type of instability is a dynamical instability. I shall almost always consider
the oscillatory case, with w? > 0; note, however, that the convective instability discussed
briefly in Section 3.3.2 is an example of a dynamical instability.

4.3.2 Boundary conditions

To supplement the four equations in the general case, we need four boundary conditions.
These are discussed in considerable detail in Unno et al. (1989), Section 18.1, and in Cox
(1980), Section 17.6. Here I give only a brief summary.

The centre, » = 0 is a regular singular point of the equations. Thus, as is usual in the
theory of differential equations, the equations admit both regular and singular solutions at
this point. Two of the conditions serve to select the regular solutions. By expanding the
equations, it may be shown that near r = 0, &, behaves like 7/~!, whereas p’ and &' behave
as r'. In the special case of radial oscillations, however, the coefficient to the leading-order
term in &, vanishes, and &, goes as r. Indeed it is obvious from geometrical considerations
that for spherically symmetric oscillations, the displacement must vanish at the centre.
From the expansions, two relations between the solution near r = 0 may be obtained. In
particular, it may be shown that for [ > 0,

&~ &, forr - 0. (4.65)

In the radial case, one of the conditions was implicitly used to obtain equation (4.53),
and only one central condition remains.

One surface condition is obtained by demanding continuity of ® and its derivative at
the surface radius » = R. Outside the star the density perturbation vanishes, and Poisson’s
equation may be solved analytically. The solution vanishing at infinity is

' =ArtL, (4.66)
where A is a constant. Consequently ®' must satisfy

do’ 1+1
+

kil P = =R. 4.
T " 0 at r=R (4.67)

The second condition depends on the treatment of the stellar atmosphere, and may
consequently be quite complicated. These complications are discussed further in Chapter 5.
For the moment, I note that if the star is assigned a definite boundary at r = R, it is
physically reasonable to assume that the boundary is free, so that no forces act on it. In
this way the star can be considered as an isolated system. This is equivalent to requiring
the pressure to be constant at the perturbed surface. Thus as the second surface boundary
condition I take that the Lagrangian pressure perturbation vanish, i.e.,

d
5p:p/+§r§:0 atr=R. (4.68)

As shown later, a more detailed analysis of the atmospheric behaviour of the oscillations
gives a very similar result, except at high frequencies.
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From equation (4.68) one can estimate the ratio between the radial and horizontal com-
ponents of the displacement on the surface. The amplitude of the horizontal displacement
is given by equation (4.39). In most cases, however, the perturbation in the gravitational
potential is small. Thus we have approximately, from equation (4.68), that

?Eg = ;;2 =02, (4.69)

where gg is the surface gravity, and o is a dimensionless frequency, defined by

R3
2 2
= 7GMCU .

o (4.70)
Thus the surface value of &,/&,, to this approximation, depends only on frequency. The
ratio of the rms horizontal to vertical displacement [cf. equations (4.44) and (4.45)] is

Ofems _ W+l atr=R. (4.71)

OTrms o2

For the important case of the solar five-minute oscillations, o ~ 1000, and so the motion
is predominantly vertical, except at large .



Chapter 5

Properties of solar and stellar
oscillations.

It is straightforward to solve numerically the equations and boundary conditions derived in
the previous chapter. Reference may be made to Chapter 6 or, for example, to Unno et al.
(1989) Section 18.2. However, some care is required to achieve the accuracy needed in the
interpretation of the observed frequencies. The numerical techniques are discussed in some
detail in Chapter 6.

The equations and boundary conditions have non-trivial solutions only for specific values
of the frequency w, which is therefore an eigenvalue of the problem. Each eigenfrequency
corresponds to a mode of oscillation; from the computation one obtains also the eigen-
function, i.e., the variation of the perturbations &, p/, etc. with r. As the equations are
homogeneous, the solution is determined only to within a constant factor. Thus the equa-
tions do not determine the amplitude of the motion. This is fixed by non-linear effects, or
by a possible external forcing that may be responsible for the oscillations. However, the
eigenfunctions resulting from the calculation give the distribution of the amplitude with
position in the star; thus they may be used, e.g., to relate the observable surface amplitude
to the amplitude in the interior, or to the total energy in the oscillation.

This chapter first considers the general dependence of oscillation frequencies on the
properties of stars, including their mass and radius. Then the properties of stellar oscilla-
tions are discussed in terms of a highly simplified, largely physical, asymptotic description,
valid in the limit where the radial order of the mode (which is roughly given by the number
of nodes in the eigenfunction in the radial direction) is large. The asymptotic description
is made mathematically more rigorous and extended in Chapter 7; however, the results
obtained here are at least qualitatively valid. Furthermore numerical examples, based on
results of oscillation calculations, are given for a model of the present Sun, for models
representing 0 Scuti stars and for models of n Bootis. They are to a large extent repre-
sentative for other stars as well. Further results for other types of stars were given by,
for example, Unno et al. (1989). Section 5.4 discusses the behaviour of adiabatic oscil-
lations in an isothermal atmosphere, which is often an adequate approximation to real
stellar atmospheres. Finally, Section 5.5 presents some general properties of the solutions
to the oscillation equations, including an analysis of the effects on the frequencies of a small
perturbation to the equilibrium model or the physics of the oscillations.

69
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5.1 The dependence of the frequencies on the equilibrium
structure

5.1.1 What do frequencies of adiabatic oscillations depend on?

The coefficients in the adiabatic oscillation equations (4.61), (4.62) and (4.64) obviously
depend on the structure of the equilibrium model. Indeed, this is the whole basis for using
observed frequencies to probe the structure of, say, the Sun. A closer inspection reveals
that the coefficients are determined solely by the set of equilibrium variables

P, P, Fla g, (51)

as functions of r. However, the equilibrium model satisfies the stellar structure equations
(3.33) and (3.34); in addition it may be assumed to have a given mass and radius, which
at least in the case of the Sun are known with high precision.

If p(r) is given, g(r) is determined by equation (3.34); and, given g, the equation (3.33) of
hydrostatic support may be integrated from the surface to provide p(r) (the surface pressure
is known from theoretical or empirical atmospheric models). Thus of the set (5.1) only the
two functions p(r) and I'y(r) are independent, and the adiabatic oscillation frequencies are
determined solely by these two functions. Conversely, if no other constraints are imposed,
the observed frequencies give direct information only about p and I';.

One might imagine that I'; could be determined from the equation of state if p and p
were known. However, to determine the thermodynamic state the chemical composition
must be known, and this cannot be assumed, in particular as it varies through the star. In
addition, the equation of state under stellar conditions is not known with sufficient accuracy.
On the other hand I'; cannot be completely unconstrained, as it must be close to 5/3 in
the interior of the star where the gas is almost fully ionized.

To a fair degree of approximation the chemical composition can be specified by a sin-
gle parameter, such as the abundance Y by mass of helium. In this approximation just
three quantities should suffice to specify fully the thermodynamic state. In principle these
three quantities could be p, p and I'y which, as argued above, should be obtainable from
the oscillation observations. If the equation of state were known one should be able to
determine any other thermodynamic variable, including Y, from these observed quantities.
Outside the ionization zones, being very nearly constant, I'; gives a poor determination of
the thermodynamic state; however, it varies sufficiently in the ionization zones to allow a
determination of Y, provided that the properties of the equation of state are known with
sufficient accuracy. Indeed, procedures for such a determination of the helium abundance
of the Sun have been proposed (e.g. Dappen & Gough 1984, 1986; Kosovichev et al. 1992).
As discussed in Section 7.7.3 an apparently quite efficient technique can be obtained on the
basis of the asymptotic behaviour of the oscillations in the helium ionization zone.

The preceding discussion was made in terms of the pair (p,I'1). However, any other
independent pair of model variables, related directly to p and I'y, may be used instead.
As will be discussed extensively below, observed oscillations have in many cases (including
the Sun) essentially the nature of standing acoustic waves. Their frequencies are largely
determined by the behaviour of sound speed ¢, and hence it would be natural to use ¢
as one of the variables, combined with, e.g., p or I'y. Also, it is evident that analysis of
such oscillations may be used to determine properties of the sound speed; as discussed in
Section 7.7.2 below, the observations for the Sun are sufficiently rich that the observed
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frequencies may be inverted to obtain an estimate of the sound speed in most of the Sun. It
follows from equation (3.56) that this provides a measure of T'/u. However, it is important
to note that measurements of adiabatic oscillation frequencies do not by themselves allow
a determination of the temperature in a star. Only if the mean molecular weight can be
otherwise constrained (e.g. by demanding that its variation in the stellar interior results
from normal stellar evolution) is it possible to estimate the stellar interior temperature.
This limitation is of obvious importance for the use of observed solar oscillation frequencies
to throw a light on the apparent deficit of observed solar neutrinos (e.g. Christensen-
Dalsgaard 1991a).

5.1.2 The dependence of oscillation frequencies on the physics of the
stellar interiors

As discussed in texts on stellar evolution (e.g. Christensen-Dalsgaard 1993a; Kippenhahn &
Weigert 1990) the computation of stellar models depends on assumptions about the physical
properties of matter in the stars, in particular the equation of state, the opacity and the
rates of nuclear reactions; these aspects of the calculation might be called the microphysics.
Furthermore, the computations involve a number of simplifying assumptions, often covering
much complex physics which might be called the macrophysics:

e The treatment of convection is generally approximated through a parametrization
of the properties of the uppermost layers of the convection zone. A typical (and
commonly used) example is mixing-length theory which depends on the mixing-
length parameter a.; the value of «. fixes the value s of the specific entropy in
the bulk of the convection zone, where the temperature stratification is essentially
adiabatic and where s is therefore nearly constant.

e The dynamical effects of convection (the so-called turbulent pressure) is ignored.

e [t is assumed that there is no mixing outside convectively unstable regions; also
element settling and diffusion are usually ignored.

e Effects of magnetic fields are ignored.

Similarly, the calculations of oscillation frequencies are often done in the adiabatic ap-
proximation. Even when nonadiabatic effects are taken into account, their treatment is
uncertain, since there is no definite theory for the perturbation to the convective flux, in-
duced by the oscillations. Also, the perturbations to the turbulent pressure are usually
neglected.

The goals of the analysis of observed frequencies are evidently to test both the micro-
physics and the simplifying assumptions. This must be done in such a way that the results
are not compromised by the uncertainties mentioned above. A further complication is that
a given region of the model in general is affected by several aspects of the microphysics,
e.g. both the opacity and the equation of state; under these circumstances it may evidently
be difficult or impossible to isolate the cause of discrepancies between observations and
models.

In the analysis of solar data a very considerable simplification results from the presence
of the convection zone, despite the uncertainties in the detailed description of convection.
The reason is that, regardless of these uncertainties, there is no doubt that convection in
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almost the entire convection zone is a very efficient means of energy transport, requiring
only a minute superadiabatic gradient. Thus to a very good approximation the relation
between pressure and density is determined by

dlnp 1
dlnp ~ I'y’

(5.2)

such that, as mentioned above, the specific entropy s is virtually constant; also, since
radiation plays no role for the energy transport, the structure is independent of opacity.
The value of s is determined by the structure of the thin region just beneath the surface
where the gradient is significantly superadiabatic. It follows that the structure of the bulk
of the convection zone is determined just by the value of s, by the composition (which,
because of the very efficient mixing can be assumed to be uniform), and by the equation
of state. Consequently modes of oscillation that are sensitive just to the structure of the
convection zone are ideally suited to test the properties of the equation of state and to
determine the solar composition (see also Christensen-Dalsgaard & Déppen 1992). It will
be shown in Section 5.2.3 that solar five-minute oscillations of degree higher than about 40
have this property.

It should also be noted that much of the uncertain macrophysics is concentrated very
near the surface. This is true of the dynamical effects of convection, since convective
velocities are likely to be very small elsewhere, of the details of convective energy transport,
and of the effects of the visible magnetic field. Apart from convective overshoot and a
hypothetical strong internal magnetic field, the remaining difficulties listed are concerned
with the composition profile in the radiative interior of the model. Although the list of
problems is not exhaustive, this argument gives some support to the simplified view of
solar structure shown in Figure 5.1.

5.1.3 The scaling with mass and radius

It is evident that the oscillation frequencies depend on the total mass and radius of the
star. Indeed, it was noted in Chapter 1 that the dynamical time scale t4,, can be regarded
as a characteristic period of radial oscillation. It is interesting that a similar estimate can
be obtained by regarding the oscillations as standing acoustic waves. Here we expect that
the period is approximately given by the sound travel time across the star, i.e.,

R

M~ —, 5.3

- (53)
where ¢ is a suitable average of the sound speed. Approximating the density by the mean
density and using the equation of hydrostatic support we furthermore have the estimates

M GM?
R PR

p (5.4)

(e.g. Christensen-Dalsgaard 1993a). Using these to estimate ¢ in equation (5.3) yields

1/2
RS
H ~ (G]W) = tdyn 5 (55)

where I neglected I';.
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Mixing?

Figure 5.1: Schematic representation of solar structure. The thin hashed area
near the surface indicates the region where the physics is uncertain, because
of effects of convection, nonadiabaticity, etc. At the base of the convection
zone, convective overshoot and diffusion introduce additional uncertainty. The
structure of the adiabatic part of the convection zone is determined by the
equation of state (EOS), and the constant values of specific entropy s, and
composition (given by the abundances X and Z of hydrogen and heavy ele-
ments). Beneath the convection zone the structure also depends on opacity
and the energy generation rate e.

This scaling can be brought on a firmer footing. Motivated by the estimates in equation
(5.4) T express p and p in terms of
R* R3

Also, I measure distance to the centre in terms of = r/R, and the mass inside r in terms
of ¢ = m/M. Then gravity, sound speed, characteristic acoustic frequency S; and buoyancy
frequency N may be written as

_ GM B (GM)l/zé
g - R2 g7 - R I
GM\'? GM\'? .
where
. q o Tup o LI+ 1)e?
g = 90 ? - ) Slz = 9 )
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N2 — g (1Adp _ 1Adp) . (5.8)

Finally, I introduce scaled perturbations &, p’ and & by

2
fr:Rgrv p/:GM i

o= Mg

Then the adiabatic oscillation equations (4.61), (4.62) and (4.64), written in terms of &, §/
and @ as functions of z, can be expressed solely in terms of p, p, I'1, g, ¢, S; and N, if w
is replaced by the dimensionless frequency o, defined by

7= —Rg w?.
GM

g

(5.10)

This evidently corresponds to measuring the period in units of the dynamical time scale.

Exercise 5.1:

Verify the scalings given in equations (5.7) and (5.8) and write down the oscillation
equations in the indicated (so-called dimensionless) form.

For models that constitute a so-called homologous series (e.g. Kippenhahn & Weigert
1990), the functions ¢(x), p(x) and p(x) are uniquely determined. Thus the dimensionless
frequencies o or, equivalently, the pulsation constants @) defined in equation (2.20), are the
same for all models in such a series: in this case the periods scale precisely as tgqyn. A
particular example is the case of polytropic models: for each polytropic index there is a
unique set of dimensionless adiabatic oscillation frequencies o. For more realistic stellar
models the scalings are not exactly satisfied and hence o (or @)) shows some dependence on
stellar parameters; however, it is still often the case that the scaling with tgyln dominates
the variation of the oscillation frequencies. Examples of this are shown below.

5.2 The physical nature of the modes of oscillation

The general oscillation equations appear quite complicated. In particular, analytical solu-
tions can only be obtained in certain, very restricted cases (c¢f. Cox 1980, Section 17.7).
While such results offer some insight into the behaviour of the modes, a more fruitful ap-
proach is in general to approximate the equations to a point where they can be discussed
analytically. This is facilitated by the fact that the observed modes of solar oscillations
in the five-minute region generally are of high radial order; the same applies to solar-like
oscillations in other stars and to the comparatively long-period oscillations seen in white
dwarfs. Thus asymptotic theory is often applicable to an, actually surprisingly high, degree
of accuracy.

5.2.1 The Cowling approximation

The general equations are of fourth order. This is a difficulty in asymptotic studies which
generally deal with second-order systems. Fortunately the perturbation to the gravitational
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potential can often be neglected. To see this we may consider the integral solution in
equation (3.45) to Poisson’s equation. This can be written in separated form as

e 1 r R o (!
T 77’”1/0 p’(r’)r'“zdr’—i—rl/ pr/g:)df/] : (5.11)
T

2041
this is most easily seen by verifying that this solution satisfies the separated Poisson’s
equation (4.36). From equation (5.11) it follows that |®’| is small compared with p" under
the following two circumstances:

i) When [ is large.

®'(r) =

ii) When the radial order |n| is large.

In the former case (r'/r)'*2 (which appears in the first integral) is small when ' < r,
and (r/r")/=1 (which appears in the second integral) is small when r’ > r; in addition &’
is reduced by the factor (21 + 1)~!. In the second case ®' contains integrals over rapidly
varying functions of r and is therefore reduced relative to the size of the integrand.

Under these circumstances it appears reasonable to neglect ®'. This approximation was
first studied carefully by Cowling (1941), and is therefore known as the Cowling approzima-
tion. It reduces the order of the system of equations to two, with a corresponding reduction
in the number of boundary conditions.

It must be pointed out that the neglect of ® is not quite as obvious as may seem
from this discussion. In fact its mathematical justification has not been fully analyzed.
As discussed in Section 5.3.1 the properties of the so-called f mode, with no radial zeros,
with [ = 1 are drastically different in the Cowling approximation and for the full equations.
Nonetheless, for high-order or high-degree modes the validity of the approximation has been
confirmed computationally (e.g. Robe 1968; Christensen-Dalsgaard 1991a).

5.2.2 Trapping of the modes

The equations in the Cowling approximation can be written as

d¢, 2 1 _1> 1 (8P ,
= (- —H ') e+— (2L -1])p, 5.12
dr (7“ r,°? &t pc? <w2 p ( )
dp’ 2 2 Loy
b - CN?Y, - —HI Y 1
o = P ) = Hy p (5.13)
where dl
ot = -2 14
=2 (5.14)

hence H), is the pressure scale height, i.e., the distance, roughly, over which the pressure
changes by a factor e. For oscillations of high radial order, the eigenfunctions vary much
more rapidly than the equilibrium quantities; thus, e.g., the left hand side of equation
(5.12) is much larger than the first term on the right hand side which contains derivatives
of equilibrium quantities. As a first, very rough approximation, I simply neglect these
terms, reducing the equations to

dé¢, 1 (S}

= P <w2 — 1) ', (5.15)
/

dr _ p(w? — N2, . (5.16)

dr
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These two equations can be combined into a single second-order differential equation for
&; neglecting again derivatives of equilibrium quantities, the result is

2 2 2 2
e v [y N (5L ), (5.17)
dr? c? w? w? " '
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Figure 5.2: Buoyancy frequency N [cf. equation (4.63); continuous line] and
characteristic acoustic frequency S [¢f. equation (4.60); dashed lines, labelled
by the values of [], shown in terms of the corresponding cyclic frequencies,
against fractional radius r/R for a model of the present Sun. The heavy
horizontal lines indicate the trapping regions for a g mode with frequency
v =100 pHz, and for a p mode with degree 20 and v = 2000 pHz.

This equation represents the crudest possible approximation to the equations of non-
radial oscillations. In fact the assumptions going into the derivations are questionable. In
particular, the pressure scale height becomes small near the stellar surface (notice that
H, = p/(pg) is proportional to temperature), and so derivatives of pressure and density
cannot be neglected. I return to this question in Chapter 7. Similarly, the term in 2/r
neglected in equation (5.12) is large very near the centre. Nevertheless, the equation is
adequate to describe the overall properties of the modes of oscillation, and in fact gives a
reasonably accurate determination of their frequencies.

From equation (5.17) it is evident that the characteristic frequencies S; and N, defined
in equations (4.60) and (4.63), play a very important role in determining the behaviour
of the oscillations. They are illustrated in Figure 5.2 for a “standard” solar model. 5
tends to infinity as r tends to zero and decreases monotonically towards the surface, due
to the decrease in ¢ and the increase in r. As discussed in Section 3.3, N? is negative in
convection zones (although generally of small absolute value), and positive in convectively
stable regions. All normal solar models have a convection zone in the outer about 30 per
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Figure 5.3: (a) Hydrogen content X against mass fraction m/M for three
models in a 2.2Mg evolution sequence. The solid line is for age 0, the dotted
line for age 0.47 Gyr and the dashed line for age 0.71 Gyr. Only the inner
40 per cent of the models is shown. (b) Scaled buoyancy frequency, expressed
in terms of cyclic frequency, against m/M for the same three models. In the
scaling factor, R and Ry are the radii of the actual and the zero-age main
sequence model, respectively. For the model of age 0.71 Gyr, the maximum
value of (R/Rg)%/2N /2 is 2400 uHz. (c) Scaled buoyancy frequency N (heavy
lines) and characteristic acoustic frequency S; for [ = 2 (thin lines), for the
same three models, plotted against fractional radius r/R.

cent of the radius, whereas the entire interior is stable. The sharp maximum in N very
near the centre is associated with the increase towards the centre in the helium abundance
in the region where nuclear burning has taken place. Here, effectively, lighter material is
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on top of heavier material, which adds to the convective stability and hence increases N.
This is most easily seen by using the ideal gas law for a fully ionized gas, equation (3.19)
which is approximately valid in the interior of the stars, to rewrite N? as

9°p
N? ~ ?(Vad ~V+V,), (5.18)
where, following the usual convention,

dlnT olnT dlnp
_ . , _ , 1
v dlnp ’ Vad (81np>ad Vi dlnp (5.19)

In the region of nuclear burning, u increases with increasing depth and hence increasing
pressure, and therefore the term in V,, makes a positive contribution to NV 2,

The behaviour of N is rather more extreme in stars with convective cores; this is il-
lustrated in Figure 5.3 for the case of a 2.2My evolution sequence. The convective core
is fully mixed and here, therefore, the composition is uniform, with V, = 0. However, in
stars of this and higher masses the convective core generally shrinks during the evolution,
leaving behind a steep gradient in the hydrogen abundance X, as shown in Figure 5.3a.
This causes a sharp peak in V, and hence in N. When plotted as a function of mass
fraction m/M, as in panel (b) of Figure 5.3, the location of this peak is essentially fixed
although its width increases with the shrinking of the core'. However, as illustrated in
Figure 5.3c, the location shifts towards smaller radius: this is a consequence of the increase
with evolution of the central density and hence the decrease in the radial extent of a region
of given mass. This also causes an increase gravity ¢ in this region and hence in N, visible
in the figure. In accordance with equation (5.7), the characteristic frequencies have been
scaled by R3/2 in Figure 5.3: it is evident that S;, and N in the outer parts of the model,
are then largely independent of evolution. Thus the stellar envelope essentially changes
homologously, while this is far from the case for the core; it follows that stellar oscillations
sensitive to the structure of the core might be expected to show considerable variation with
evolution of the dimensionless frequency o introduced in equation (5.10). This is confirmed
by the numerical results shown in Section 5.3.2.

To analyze the behaviour of the oscillations I write equation (5.17) as

= —K(r)& (5.20)

w2 2 2
K(r)=—> (i; - 1) (fjg - ) : (5.21)

The local behaviour of &. depends on the sign of K. Where K is positive, &, is locally an
oscillating function of r, and where K (r) is negative the solution is locally an exponentially
increasing or decreasing function of r. Indeed, as will be shown in more detail in Chapter 7,
in the former case the solution may be written approximately as

where

ngCOS(/Klde‘—I—Qb) , K>0, (5.22)

!The erratic variation in N in the chemically inhomogeneous region is caused by small fluctuations,
introduced by numerical errors, in X (m).
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(¢ being a phase determined by the boundary conditions) while in the latter case

& ~ exp (i/|K1/2dr) ., K<O0. (5.23)
Thus according to this description the solution oscillates when
ol) lw| > |N]| and lw| > S, (5.24)
or
02) lw| < |N] and lw| < S, (5.25)
and it is exponential when
el) IN| < |w| < S, (5.26)
or
e2) S; < |w| < |NJ. (5.27)

These possibilities are discussed graphically in Unno et al. (1989), Section 16.

For a given mode of oscillation there may be several regions where the solution oscillates,
according to criterion ol) or 02), with intervening regions where it is exponential. However,
in general one of these oscillating regions is dominant, with the solution decaying exponen-
tially away from it. The solution is then said to be trapped in this region; its frequency is
predominantly determined by the structure of the model in the region of trapping. The
boundaries of the trapping region are generally at points where K(r) = 0; such points are
known as turning points. From equation (5.22) it follows that within the trapping region
the mode oscillates the more rapidly as a function of r, the higher the value of K. Thus,
if the order of the mode is roughly characterized by the number of zeros in &, the order
generally increases with increasing K.

From the behaviour of S; and N shown in Figure 5.2, and the conditions for an oscillating
solution, we may expect two classes of modes:

i) Modes with high frequencies satisfying ol), labelled p modes.

ii) Modes with low frequencies satisfying 02), labelled g modes.

These are discussed separately below.

Typical trapping regions, for a p and a g mode in a model of the present Sun, are shown
in Figure 5.2. I note also that in evolved stars with convective cores the large values of
N at the edge of the core may lead to the condition 02) being satisfied even at quite high
frequency. Thus here one might expect that the distinction in frequency between p and g
modes becomes less clear. Some consequences of that are illustrated in Section 5.3.2.

5.2.3 p modes

These are trapped between an inner turning point r = ry and the surface; the trapping at
the surface is in fact not contained in the analysis presented so far, but will be discussed in
Section 5.4 and in Chapter 7. The inner turning point is located where S;(r¢) = w, or

2 (ry) w?

2+ (5:28)

2The concept of order is defined more precisely in Section 5.3.1.
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This condition determines r; as a function of [ and w.
For p modes, in particular the observed solar modes in the five-minute region, we typi-
cally have that w > N. Then K can be approximated by

K(r) ~ C%(oﬂ _5?). (5.29)
In this approximation, therefore, the dynamics of the p modes is solely determined by the
variation of the sound speed with r. These modes are standing acoustic waves, with the
restoring force being dominated by pressure, and this motivates denoting them p modes.
Indeed, equation (5.29) determining the radial behaviour of the modes can be obtained
very simply from the dispersion relation (3.55) for a plane sound wave. I write the squared

length |k|? of the wave vector as the sum of a radial and a horizontal component, i.e.,

k|? = k2 + kE. (5.30)
Here ky, is determined from [ by equation (4.51); thus equation (3.55) becomes
2
w 5  U(1+1)
i k. + 7 (5.31)
or .
k2 = S (w? - SP) . (5.32)

2
Here, by equation (5.20), k2 must be identified with K, and equation (5.32) is therefore
identical to equation (5.29).

The sequence of approximations used to derive equation (5.29) corresponds closely to
the approximations made in the analysis of simple sound waves. Thus it is not surprising
that the same dispersion relation is recovered. Nevertheless, it is gratifying to see that the
full oscillation equations reduce to the correct behaviour in this limit.

The interior reflection of the p modes can be understood very simply in terms of ray
theory. A mode can be regarded as a superposition of propagating sound waves. Two
such waves are illustrated in Figure 5.4 (additional examples are shown on the cover). As
they propagate into the star, the deeper parts of the wave fronts experience a higher sound
speed and therefore travel faster. Consequently, the direction of propagation is bent away
from the radial direction. This is completely analogous to the refraction experienced by
light rays when traveling into a medium with a higher speed of light; mathematically it
is expressed by the decrease in the radial component of the wave vector with increasing
sound speed shown in equation (5.32). At the reflection point the wave travels horizontally;
the condition (5.28) then follows directly from the dispersion relation for sound waves. A
complete analysis of p modes in terms of ray theory has been given by Gough (1984, 1986a).

The dependence of the turning point position 7 on mode degree and frequency is of great
importance for the interpretation of the observations of the solar 5-minute oscillations. It is
illustrated in Figure 5.5, for a normal model of the present Sun. Curves are shown for three
different frequencies, spanning the range of the observations. For small [, r; is very close
to the centre, whereas for higher degrees the turning point moves closer to the surface. In
particular, I note that for [ = 40 the modes are essentially trapped in the convection zone,
which has a depth of about 0.28 R. As discussed in Section 5.1.2, such modes are very well
suited for investigations of the properties of the equation of state of stellar matter.

From equation (5.29) it follows that K increases with the frequency. This increases the
number of zeros in the eigenfunction, i.e., the mode order. This means, equivalently, that
the frequency increases with mode order.
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Figure 5.4: Propagation of acoustic waves, corresponding to modes with [ =
30, v = 3mHz (deeply penetrating rays) and [ = 100, v = 3mHz (shallowly
penetrating rays). The lines orthogonal to the former path of propagation
illustrate the wave fronts.

5.2.4 g modes

Here the turning point positions are determined by the condition N = w. As seen in Figure
5.2, at low frequencies (where claims have in the past been made for the detection of modes
in the Sun; c¢f. Section 2.3) this gives rise to one turning point very near the centre of the
Sun, and a second just below the base of the convection zone. At higher frequencies the
upper turning point is deeper in the model, and for frequencies close to the maximum in NV,
the modes are trapped in the deep interior. However, to this approximation the position of
the turning points is independent of [.
For high-order g modes typically w? < Sl2, and we may approximate K by

K(r) ~ iQ(N2 —w2)

(+1)
2 )

" (5.33)
thus in this case the dynamics is dominated by the variation of the buoyancy frequency N
with r. Gravity, acting on the density perturbation, provides the dominant restoring force,
and this is the reason that the modes are called g modes. The modes are trapped gravity
waves. In fact, by arguments similar to those used above for the p modes, one obtains
from the dispersion relation (3.74) for gravity waves that the radial component of the wave

number is given by
1) (N?
k2 = W+ ( - 1) ; (5.34)

r2 w?

this is in accordance with the relation for K given in equation (5.33).
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Figure 5.5: The location r¢ (a) of the inner turning point, and the depth of
penetration R—r¢ (b), in units of the solar radius R, for p modes in a standard
solar model. The results are shown as functions of degree [, for three typical
frequencies.

From equation (5.33) it follows that K increases with decreasing w. Thus the order of
the mode increases with decreasing w, or, equivalently, w decreases with increasing order.
It may also be noticed that the frequencies of g modes cannot exceed the maximum Ny ax
in the buoyancy frequency in the stellar interior. As shown below (c¢f. Fig. 5.6) one does
indeed find an upper limit on numerically computed g-mode frequencies. The approach to
this limit as [ gets large was analyzed by Christensen-Dalsgaard (1980).
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5.3 Some numerical results

To get a feeling for the basic properties of the oscillations, it is useful to consider results
of calculations of eigenfrequencies and eigenfunctions. The results presented in this section
are largely based on models computed with the code described by Christensen-Dalsgaard
(1982). This is similar to other calculations making the traditional assumptions of stellar
evolution theory (leading to what is often somewhat misleadingly termed “standard models”
in the solar case): the physics of the model (equation of state, energy reactions and opacity)
are treated in reasonable, although not full, detail, convection is handled with mixing length
theory, and it is assumed that convectively stable regions of the model are not mixed
during the evolution. Needless to say the predicted flux of neutrinos for the solar model is
substantially higher than the observed value.

5.3.1 Results for the present Sun

For the model of the present Sun, the hydrogen abundance and mixing length were adjusted
to obtain a model with the observed solar luminosity and radius at solar age. Figures 5.6
and 5.7 show computed eigenfrequencies for this model, as functions of the degree [. It is
convenient to regard [ as a continuously varying, real parameter; this is mathematically
completely permissible in the separated oscillation equations, although clearly only integral
[ have physical meaning. Consequently, the curves are shown as continuous, which helps
in identifying the modes. The curves are labelled by the radial order which is essentially
given by the number of zeros in the radial direction in the eigenfunctions.

It is evident that there are two distinct, but slightly overlapping, groups of modes,
with very different behaviour of the frequency as a function of [. The upper set of modes
corresponds to the p modes discussed in Section 5.2.3, whose dominant restoring force is
pressure. The radial order has been indicated on some of the curves; it is evident that
the frequencies of these modes increase with order, as mentioned in Section 5.2.3. The
modes labelled with order 0, although similar in behaviour to the p modes, are in fact
physically distinct; for [ greater than about 20 their frequencies are approximately given
by the expression (3.84) for a surface gravity wave. They are known as f modes. Finally,
the lower group of modes corresponds to the g modes, discussed in Section 5.2.4, where
the dominant restoring force is buoyancy. For these modes the frequencies decrease with
increasing number of nodes (c¢f. Section 5.2.4). It is evident that buoyancy demands
variation over horizontal surfaces; thus there are no g modes for spherically symmetrical
oscillations, i.e., for [ = 0. Only the g modes of order less than 50 have been shown; in
fact, the g-mode spectrum extends to zero frequency at all degrees, although the modes
obviously become increasingly crowded with increasing degree. On the other hand the gap
between the g and the f modes is real.

It might be noticed that there are apparent crossings of the frequencies, as functions of [,
between the f mode and some of the g modes. A closer examination shows that instead the
modes make so-called avoided crossings where they approach very closely without actually
crossing. This phenomenon is well-known from atomic physics; a very clear discussion of
the behaviour in the vicinity of an avoided crossing was given by von Neuman & Wigner
(1929). Indeed, there is a deep mathematical similarity between the equations of nonra-
dial oscillations and the Schrodinger equation (see Christensen-Dalsgaard 1980, 1981; also,
Section 5.5 below).
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Figure 5.6: Cyclic frequencies v = w/27, as functions of degree [, computed
for a normal solar model. Selected values of the radial order n have been
indicated.

The precise classification of the modes, i.e., the assignment of radial orders to them,
presents some interesting and so far unsolved problems. It appears that at each [ it is
possible to assign to each mode an integral order n, which ranges from minus to plus
infinity, such that, at least for reasonably simple stellar models® |n| gives the number of

3The definition of a ‘simple’ model in this context is not straightforward; examples might be zero-age
main sequence models or, e.g., polytropes of index between 1.5 and 3.
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Figure 5.7: Cyclic frequencies v = w/2m, as functions of degree [, computed
for a normal solar model. Selected values of the radial order n have been
indicated.

zeros in &,; the possible zero at r = 0 is only counted in the radial case, where [ = 0.
As hinted above, this is arranged such that in simple models n > 0 for p modes, n = 0
for the f mode and n < 0 for g modes. Also, with the single exception of the dipolar f
mode discussed below, the frequency is an increasing function of n; this rule is evidently
consistent with the fact, mentioned above, that the frequency increases with the number
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of radial nodes for p modes and decreases with the number of radial nodes for g modes. It
is conventional to denote p, f and g modes of a given degree Iy as p, (I = ly), f(I =lp) and
g (L = lo)-

Eckart (1960) proposed a general, and mathematically precise, scheme for the classifi-
cation of waves in a stratified medium. It was applied by Scuflaire (1974) and Osaki (1975)
to the definition of the radial order n for a nonradially pulsating star, on the basis of the
behaviour with varying r of the point (&.(r),p/(r)) in the so-called phase diagram. Specif-
ically, the order is determined by counting the zeros of &, assigning a positive value for
zeros where the p’ axis is crossed in the counter-clockwise direction in the phase diagram,
and negative values when the crossing is in the clockwise direction; the former case applies
where the mode behaves as a p mode and the latter to g-mode behaviour. It may be shown
(Gabriel & Scuflaire 1979; Christensen-Dalsgaard 1980) that in the Cowling approximation
this definition has the desirable property of being invariant under a continuous modification
of the equilibrium model or a continuous change of [. Also, for simple models or in the limit
of high-order modes this definition reduces to the simple counting of radial nodes in the
eigenfunction, described above. The Eckart scheme is not generally applicable, however,
when solutions of the full equations are considered. One finds, for example, that in models
of the present Sun application of this classification procedure to the lowest-order p modes
with [ = 1, computed from the full equations, results in a misidentification of the modes
with n = 1 and 2; for more evolved models the problem extends to modes of higher order.
Guenther (1991) considered an evolution sequence of 1M models extending to the base
of the giant branch. In the final model he found it difficult to determine the order of a
number of [ = 1 modes; from his plots of the eigenfunctions it is evident that the origin
of the problem is the presence in the solution of a significant slowly varying trend which
shifts the radial displacement sufficiently to eliminate several nodes. Problems were also
encountered by Lee (1985) for I = 1 modes in evolved models of 0 Scuti stars, and by
Christensen-Dalsgaard & Mullan (1994) for polytropic models of index exceeding 3.3. It
is interesting that these difficulties appear to be restricted to [ = 1, at least for realistic
stellar models.

The problem of mode classification may appear somewhat academic, of little interest in
analysis of observed frequencies. In fact, it is a severe nuisance when computing modes for
a given model, making it very difficult to ensure that all modes have been computed, or
to relate the modes to those of another, slightly different model. Thus there is still a need
for a reliable classification scheme, valid for a wide range of models. More details on these
problems were given by Christensen-Dalsgaard (1991a).

There are a few special cases. For [ = 0 only modes with n > 0 are found; this is in
accordance with the fact, mentioned above, that buoyancy can only act in the presence of
horizontal variation. Also, for [ = 1 the mode with n = 0 is peculiar in that its frequency
is zero; indeed a mode with [ = 1 and no zero in the radial direction may seem somewhat
unphysical, as it displaces the centre of mass of the star. However, the mode corresponds
to an infinitely slow, uniform motion of the entire star, without deformation; this must be
a solution to the original equations which, if written as an oscillation, has zero frequency
(see also Christensen-Dalsgaard 1976).
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Figure 5.8: Scaled radial displacement eigenfunctions for selected p modes
in a normal solar model, with a) [ = 0, n = 23, v = 3310 uHz; b) | = 20,
n =17, v =3375uHz; c) | = 60, n = 10, v = 3234 pHz. The arrows mark the
asymptotic location of the turning points r¢ [c¢f. equation (5.28)].

Exercise 5.2:

Verify this statement.

It is interesting that this f mode with [ = 1 behaves very differently in the Cowling
approximation and for the full set of equations. In the Cowling approximation there is a
mode with [ = 1 having no nodes in the radial displacement, intermediate in frequency
between the p and the g modes, which must be identified with the f mode. From a physical
point of view it can be thought of roughly as an oscillation of the whole star in the grav-
itational potential defined by the equilibrium model. The connection between this mode
and the zero-frequency mode for the full problem can be investigated by making a contin-
uous transition from the Cowling approximation to the full set of equations; this can be
accomplished formally by introducing a factor A on the right-hand side of equation (4.21),
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such that A = 0 corresponds to the Cowling approximation and A = 1 to the full equations
(Christensen-Dalsgaard 1978; Christensen-Dalsgaard & Gough 2001). When A is increased
from 0 to 1, the transition from the [ = 1 f mode in the Cowling approximation to the
zero-frequency “mode” in the full case takes place through a sequence of avoided crossings
with the g modes, where the frequencies approach very closely without actually crossing.
A similar transition occurs for solutions of the full equations, between the f mode with
[ = 2 and the zero-frequency mode with [ = 1, as [ is decreased continuously from 2 to 1
(Aizenman, Smeyers & Weigert 1977; Christensen-Dalsgaard 1978; Christensen-Dalsgaard
& Gough 2001).
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Figure 5.9: Scaled radial displacement eigenfunctions of p modes with [ = 1,
plotted against fractional radius /R in the outermost parts of a normal solar
model. The cases shown are: v = 1612pHz (------------- ); v = 2293 uHz
(——————— ); v = 3650 uHz (——).

Figures 5.8 and 5.9 illustrate typical eigenfunctions for p modes. According to equation
(4.47) the quantity plotted, viz. r p'/2¢,., is related to the contribution to the energy density
from the radial component of velocity. For the p modes this shows that the energy, at least
at low degrees, is distributed throughout most of the star. In particular, the radial modes
penetrate essentially to the centre. At higher degree the modes are trapped in the outer
part of the model. This is in accordance with the predictions of Section 5.2.3; indeed, the
arrows for the modes with [ = 20 and 60 show the locations of the turning points predicted
by equation (5.28). Intuitively, one might expect the sensitivity of the frequency of a mode
to the structure of the star to be given roughly by the energy density; thus the frequencies
of low-degree p modes should give averages of stellar structure over the entire star. In
contrast to the energy, the displacement is strongly peaked towards the surface; this is
obvious from Figure 5.8 if it is recalled that the density decreases by about 9 orders of
magnitude from the centre to the surface of the Sun. With increasing degree the p modes
become confined closer and closer to the surface; however, the behaviour near the surface,
at a given frequency, changes little with [.
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Figure 5.10: Eigenfunctions for selected g modes in a normal solar model.
Panels a) to c¢) show scaled radial displacement eigenfunctions with a) [ = 1,
n=-5v=110uHz b))l =2, n=-10, v = 103uHz; ¢) | = 4, n = —19,
v = 100 pHz. In panel d) the solid and dashed curves show unscaled radial
(&) and horizontal displacement (L&) eigenfunctions, for the [ =2, n = —10
mode. For clarity, the curve for &, has been truncated: the maximum value is
about 2.7 times higher than the largest value shown. The vertical dotted line
marks the base of the convective envelope.

Figure 5.9 shows the eigenfunctions in the outer few per cent of the radius of a solar
model, for modes of degree [ = 1 with different frequencies. It is evident that the mode
energy decreases in the atmosphere; this can be understood from the discussion in Sec-
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tion 5.4, which shows that for an isothermal atmosphere the energy decreases exponentially
with height for frequencies below the so-called acoustical cut-off frequency which in the solar
case corresponds to a cyclic frequency of about 5000 pHz. However, it should be noticed
that at frequencies below about 2000 pHz even the photospheric amplitude is substantially
smaller than the amplitudes at greater depth. This is related to the reflection of the modes
near the surface which is not contained in the simplified discussion in Section 5.2.3; an
asymptotic description that includes the surface reflection will be given in Section 7.5.

Figure 5.10 shows eigenfunctions for g modes. These have their largest amplitudes the
deep interior of the Sun, with maximum energy very near the centre. At a given frequency
the number of radial zeros increases rapidly with [; on the other hand there is little change
in the overall distribution of the energy. That the modes extend over essentially the same
region of the star is consistent with the fact, mentioned in Section 5.2.4, that for these
modes the locations of the turning points depend on frequency but not on degree. It should
be noticed in panel (d) that the surface displacement amplitudes for low degree (in this
case | = 2) remain comparable with the amplitude in much of the interior. Thus, even
though the modes are formally evanescent in the convection zone, they retain a potentially
observable surface response, providing of course that they are excited in a given star.

We may also consider global properties of the eigenfunctions. Of considerable interest
is the inertia parameter E defined in equation (4.48). It is shown for p modes and low-
degree g modes in Figure 5.11, as a function of the cyclic frequency v = w/27. Each curve
corresponds to a given value of [, with the points for the individual modes being connected
by continuous lines. This format for displaying results on the oscillations clearly makes little
physical sense, in that non-integer mode orders do not have any meaning; nevertheless it
provides a convenient illustration of the dependence of oscillation quantities on frequency
and degree. The p-mode results in panel (a) show an obvious marked decrease of the
inertia, at fixed surface amplitude, with increasing frequency, as well as a weaker but still
substantial decrease with increasing degree. The dependence on degree is a direct result of
the variation of the depth of penetration: with increasing degree the lower turning point
moves closer to the surface and hence the oscillation involves a smaller part of the star, thus
decreasing the inertia. Similarly, the increase with decreasing frequency can be understood
from the reflection properties near the surface and is consistent with the eigenfunctions
shown in Figure 5.9: since the inertia measure in equation (4.48) is normalized with the
surface displacement, the decrease in the value of the eigenfunction at the surface, relative
to the interior, leads to an increase in E at low frequency.

The results for low-degree modes, in panel (b) show that at the lowest degrees there is
essentially a continuous transition between the p and the g modes, the inertia continuing
to rise rapidly with decreasing frequency. At slightly higher degree (I = 3 — 5) there is
a beginning tendency towards stronger g-mode trapping as the frequency approaches the
maximum in N in the deep interior of the model. This trend is strongly accentuated at
higher degree, as shown in Figure 5.12. Here the variation is extremely strong, with very
large values being reached for high frequencies or high degrees. For such modes a surface
amplitude large enough to be observed would correspond to totally unrealistic amplitudes
in the interior. This is emphasized also by Figure 5.13 which shows the ratio between the
maximum interior, and the surface, radial displacement. The reason for this is the trapping
of the modes at high degrees and frequencies near the maximum in the buoyancy frequency
N. It is particularly pronounced for modes whose frequencies exceed the secondary maxi-
mum in N at 400 pHz. The very low values of E found at selected frequencies for higher
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Figure 5.11: The dimensionless inertia E [c¢f. equation (4.48)] for computed
modes of oscillation in a normal solar model, plotted against frequency v for
fixed values of the degree I. The inertia has been normalized by the norm of the
total displacement at the photospheric level. (a) results for p modes; selected
values of [ have been indicated. (b) results for low-degree g and p modes, using
the following line styles: { = 0 (solid), [ = 1 (dotted), [ = 2 (short-dashed),
[ = 3 (dot-dashed), | = 4 (triple-dot-dashed), and | = 5 (long-dashed).
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Figure 5.12: The dimensionless inertia E [cf. equation (4.48)] for computed f
and g modes of oscillation in a normal solar model, plotted against frequency
v for fixed values of the degree [. For clarity, modes of degree 5, 10, 15, 20,
25 and 30 have been shown with dotted lines; in addition, selected values of [
are indicated in the figure.

values of [ occur where the g modes pass through avoided crossings and take on the char-
acter of surface gravity waves; this happens when their frequencies are near the extensions
of the f-mode frequencies shown in Figure 5.6. It is interesting that this phenomenon can
be traced in inertia to a degree as low as 3. However, in general it is evident that the pos-
sibilities for observing g modes, regardless of the excitation mechanisms, must be limited
to fairly low values of the degree.

From the preceding discussion, there is obviously a high degree of regularity in the
computational results. Also, it is clear that at least some of these properties can be un-
derstood in simple terms by considering the asymptotic behaviour of the oscillations; this
understanding is of great assistance in the interpretation of the observed modes. This is
emphasized by more detailed study of the asymptotic behaviour of the oscillations, which
forms an important part of the remainder of these notes.
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Figure 5.13: The ratio |, max/&r(R)| between the maximum and the surface
value of the radial component of the displacement for computed f and g modes
of oscillation in a normal solar model, plotted against frequency v for fixed
values of the degree [. For clarity, modes of degree 5, 10, 15, 20, 25 and 30 have
been shown with dotted lines; in addition, selected values of [ are indicated in
the figure.

5.3.2 Results for the models with convective cores

To illustrate the effect of a convective core, particularly the maximum in the buoyancy
frequency at the edge of the core, Figure 5.14 shows the behaviour of the oscillation fre-
quencies, as functions of stellar age, for a 2.2M, evolution sequence. These models may
represent § Scuti stars; characteristic frequencies at a few ages in the sequence were illus-
trated in Figure 5.3. As in that figure I have applied the scaling according to tgyln. As a
result, the frequencies of largely acoustic modes, including the radial modes, change very
little with age. It should be noticed also that except at low order, the acoustic modes ex-
hibit a distinct pattern, with a close pairing of the radial and [ = 2 modes. Such a pattern
of closely-spaced peaks is familiar in solar data (¢f. Fig. 2.14) and may also have been
observed in other cases (e.g. Michel et al. 1992; see also Fig. 2.23). It will be discussed in
more detail, in the light of the asymptotic behaviour of the frequencies, in Section 7.3.
The most striking feature of the computed frequencies, however, is the interaction for
I =1 and 2 between the p modes and the g modes. At zero age, there is a clear distinction
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Figure 5.14: Scaled oscillation frequencies, as functions of age, in a 2.2Mg
evolution sequence. Modes of the same radial order have been connected. The
solid lines are for radial modes, of degree [ = 0, the dotted lines are for [ = 1
and the dashed lines for [ = 2.

between the p modes, with frequencies exceeding that of the lowest radial mode, and the
g modes with frequencies below 200 uHz. However, with increasing age the scaled g-mode
frequencies increase; this is a consequence of the increase in the scaled buoyancy frequency
with age (¢f. Figure 5.3c) which effectively acts to “pull up” the frequencies of the g modes.
As was first found by Osaki (1975), this leads to an interaction between the p and g modes
which takes place through a sequence of avoided crossings, similar to those encountered in
Figure 5.6. At the avoided crossing the two modes exchange nature, while still maintaining
the original labelling. Thus, for example, the n = 1 mode for | = 2, which at age zero is a
purely acoustic mode of frequency 310 pHz takes on the nature of a g mode trapped just
outside the convective core at the age 0.32 Gyr and again at the age 0.4 Gyr changes back
to being predominantly an acoustic mode.

This behaviour is further emphasized by considering the eigenfunctions of these modes;
examples of eigenfunctions near the p; — p2(l = 2) avoided crossing at age 0.4 Gyr are
shown in Figure 5.15. Before the avoided crossing, the p; mode has a substantial amplitude
near the edge of the convective core, and hence to a large extent behaves like a g mode,
whereas the py mode is predominantly a p mode, with largest amplitude in the outer parts.
At the point of closest approach of the frequencies, at an age of 0.39 Gyr, both modes
have a mixed character, with substantial amplitudes in the deep interior and near the
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Figure 5.15: Scaled eigenfunctions for the p;(I = 2) mode (continuous line)
and the pa(l = 2) mode (dashed line) in the vicinity of the avoided crossing
near age 0.4 Gyr, (R/Ro)*?v = 400 uHz in Figure 5.14. (a) Age 0.36 Gyr.
(b) Age 0.39 Gyr. (c) Age 0.44 Gyr.

surface, whereas after the avoided crossing the ps mode looks like a g mode, whereas the
p1 mode largely behaves like a p mode. It should be noted that this behaviour introduces a
potential difference between the mathematical classification of the modes and their physical
nature: modes with order n > 0, which in simple models would be p modes, may take on
the character of g modes. Also, it is evident that the presence of the g-like modes in
the p-mode spectrum, particularly at late evolutionary stages, complicates the analysis of
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observed frequencies. Dziembowski & Krolikowska (1990) pointed out that mode selection
might be affected by the larger energy of the modes that behave like g modes, thereby
restricting the choice of modes in the identification. However, such arguments depend on
the mechanisms responsible for exciting the modes and limiting their amplitudes, which
are so far incompletely understood. It should also be noted that if g-mode like pulsations
could in fact be identified, their frequencies would give strong constraints on conditions
in the region just outside the stellar core. In fact, Dziembowski & Pamyatnykh (1991)
pointed out that measurement of g-mode frequencies might provide a measure of the extent
of convective overshoot from the core.

11
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7000 6500 6000 9500 5000
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Figure 5.16: Evolutionary tracks in the HR diagram, for models with Z = 0.03,
X = 0.7 and a mixing-length parameter calibrated to obtain the proper solar
radius. Models are shown with masses of 1.6M), 1.63Ms and 1.66Ms. The
thin and bold error boxes indicate the observed location of n Bootis, before and
after the Hipparcos observations, respectively. The filled circle shows the model
identified by Christensen-Dalsgaard et al. (1995a) from fits to the observed
large frequency separation Av. (Adapted from Christensen-Dalsgaard et al.
1995a).

5.3.3 Results for the subgiant n Bootis

With the continuing contraction of the core after exhaustion of central hydrogen, the buoy-
ancy frequency in the deep stellar interior is increased even further. This brings the frequen-
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cies where g-mode-like behaviour can be expected into the frequency range of high-order
p modes, which may potentially be excited stochastically by near-surface convection, as
seems to be the case in the Sun. An interesting case is the star 7 Bootis where, as discussed
in Section 2.4.1, solar-like oscillations may have been detected by Kjeldsen et al. (1995);
however, a similar behaviour may have been observed recently in a few other subgiants,
including # Hydri. Thus it is of interest to consider the properties of 1 Bootis in some
detail.

The interpretation of the observed frequencies was considered by Christensen-Dalsgaard,
Bedding & Kjeldsen (1995a). The star is sufficiently close that its distance is known with
reasonable precision; at the time of the analysis, before the publication of the distance
determinations from ESA’s Hipparcos satellite, its luminosity had in this way been deter-
mined as L = (9.5 £ 0.7)Ls. Also, spectroscopy shows that the effective temperature is
Tor = (6050 £ 60) K and that the heavy-element abundance is somewhat higher than solar.
Figure 5.16 shows the observed location of the star in a Hertzsprung-Russell diagram, to-
gether with evolutionary tracks for Z = 0.03 and three masses. These identify the star as
being in fact past the phase of central hydrogen burning, and with a mass of about 1.6 M.

Calculation of adiabatic frequencies showed that it is possible to find models in the error
box with a Av which is consistent with the observed value. This provides an excellent test
of the consistency of the frequency observations with the more classical stellar data: Av is
essentially proportional to the the characteristic dynamical frequency wayn = (GM/ R3)1/2
and hence is predominantly determined by the stellar radius; thus it is largely fixed by
the location of the star in the HR diagram. The value Av = 40.3 uHz inferred from the
observations let Christensen-Dalsgaard et al. (1995a) to identify the star with the 1.6Mg
model shown with a filled circle in Figure 5.16, just within the pre- Hipparcos error box. It
is gratifying that the subsequently announced Hipparcos results led to L = (9.0 + 0.2) L
and hence the smaller error box, also shown in the figure, which was entirely consistent
with this inference (Bedding, Kjeldsen & Christensen-Dalsgaard 1998).

To assist the understanding of the behaviour of the oscillations in 1 Bootis, Figure 5.17
shows the buoyancy frequency and characteristic acoustic frequencies in a model of 1 Bootis,
in units of wqyn, and compare them with the buoyancy frequency in the present Sun (cf.
Figure 5.2). The dominant difference between the two models is the very large peak in
N near the centre of the 1 Bootis model. This is caused by two effects: during main-
sequence evolution the retreating convective core during the phase of central hydrogen
burning has left behind a steep gradient in the hydrogen abundance (see also Figure 5.3
and the discussion in Section 5.3.2) leading to a highly stable stratification and hence
contributing to a large value of N (e.g. Dziembowski & Pamyatnykh 1991); in addition, the
increasing central condensation as the core contracts after hydrogen exhaustion drives up
the gravitational acceleration in the core, further increasing N. As a result, the maximum
value of N exceeds the acoustical cut-off frequency in the stellar atmosphere. Thus all
trapped acoustic modes may in principle be affected by the buoyancy frequency, taking
on g-mode character in the core. In particular, at the frequencies characteristic for the
observations of 7 Bootis, indicated by the horizontal line in Figure 5.17, the modes have
extended p-mode regions in the outer parts of the star and a small g-mode region near the
centre. The separation between these two regions is quite small for [ = 1, leading to a
substantial coupling between the two types of behaviour; with increasing [, the separation
increases rapidly and the coupling becomes small.

The effects of this structure on the oscillations are illustrated in Figure 5.18. The



98 CHAPTER 5. PROPERTIES OF SOLAR AND STELLAR OSCILLATIONS.

100.0FyY — — 1T ° T T T -
r\ :
>y — i
3) N
o
)
=
S 10.0F E
& i ]
) ]
0 i
2
s K 1
o |
(5} 1l ]
= ]
= u T
/ i 1
i
0.1 R R R .
0.0 0.2 0.4 0.6 0.8 1.0
r/R

Figure 5.17: Dimensionless buoyancy frequency N = (GM/R3)~'/2N plotted
against fractional radius r/R for a model of the present Sun (dashed line) and
a model of 7 Bootis (solid line). The dot-dashed lines show the dimensionless
characteristic acoustic frequency S; = (GM/R3)~1/28), where S; = ¢L/r, for
[ =1 and 2 in n Bootis. The heavy horizontal line indicates the location of a
mode in 1 Bootis of frequency 850 uHz, typical of the observed frequencies.

frequencies of the radial modes, shown by dashed lines in panel (a), decrease approximately
with wqyn as a result of the increasing stellar radius. The same general trend is shared by the
! = 1 modes when they behave like p modes. However, as in the case shown in Figure 5.14
there are additional g-mode branches, with frequencies increasing with age as the maximum
value of N increases; as before these interact with the p-mode branches through sequences
of avoided crossings. The effect on the mode inertia E normalized at the photospheric
amplitude, defined in equation (4.48), is shown in panel (b); for clarity two modes with
I = 1 have been indicated in both panels by triangles and diamonds, respectively, at the
points corresponding to the models in the evolution sequence. Where the | = 1 modes
behave as p modes, their inertia is very close to that of a radial mode of similar frequency.
However, the g-mode behaviour corresponds to an increase in the amplitude in the interior
and hence in E. At the avoided crossing there is an interchange of character between the
two interacting modes. (It should be noted that the density of models in the sequence is
insufficient to resolve fully the variations with age in F, leading to the somewhat irregular
behaviour in panel (b); however, the overall variation is clearly visible.)
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Figure 5.18: (a) Evolution of adiabatic frequencies for model of mass 1.60M,.
The lower abscissa shows the effective temperature Teg, the upper abscissa
the age of the model in Gyr. The dashed lines correspond to modes of degree
[ = 0, and the solid lines to I = 1. The vertical solid line indicates the location
of the model whose frequencies are illustrated in Figure 5.20. (Adapted from
Christensen-Dalsgaard et al. 1995a). (b) The change with age in the normal-
ized mode inertia (cf. eq. 4.48). The solid lines show modes with | = 1, each
model being indicated by triangles or diamonds as in panel (a), whereas the
dashed line shows the radial mode with approximately the same frequency.
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Figure 5.19: Eigenfunctions of selected modes in the model indicated by a
vertical line in Figure 5.18. In panel (a) the amplitudes of the vertical dis-
placement are shown for the I = 1 mode indicated by triangles (solid line)
and the neighbouring radial mode (dashed line). Panels (b) and (c) are for
the [ = 1 mode marked by diamonds: the solid and dot-dashed lines show the
amplitudes of the vertical and horizontal displacement, respectively.
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The properties of the oscillations are further illustrated by the eigenfunctions shown in
Figure 5.19, for the two modes with [ = 1 undergoing avoided crossing at the vertical line in
Figure 5.18 as well as for the neighbouring radial mode. The displacement amplitudes have
been weighted by p'/2r, so that they directly shows the contribution at a given radius to
the mode inertia E,; (c¢f. eq. 4.48). The [ = 1 mode in panel (a) is evidently very nearly a
pure acoustic mode, with an vertical displacement behaving almost as for the radial mode,
apart from the phase shift associated with the difference in frequency. In contrast, the
second [ = 1 mode has very substantial displacement amplitudes in the core, leading to
the comparatively large normalized inertia shown in Figure 5.18; this is particularly visible
in the enlarged view in Figure 5.19(¢). It should be noted, however, that the separation
between the g-mode and p-mode propagation regions is quite small in this case (see also
Figure 5.17), leading to substantial coupling between the two regions and causing the large
minimum separation in the avoided crossing and a maximum normalized inertia which is
still relatively small, despite the g-mode like behaviour in the core. In contrast, for modes
with [ > 2 the separation between the propagation regions is larger and the coupling is
much weaker; as a result, a frequency plot corresponding to Figure 5.18(a) shows two sets
of frequencies apparently crossing with no avoidance, and the maximum inertia for, for
example, [ = 2 in the frequency region illustrated is around 4 x 1076,

The normalized inertia may provide a rough estimate of the likely surface amplitude of
the modes, at least if the modes are excited stochastically by convection (e.g. Houdek et
al. 1999; see also Section 10.6): in that case the mode energy is likely to be independent of
degree, at fixed frequency. It follows from equation (4.49) that kinetic energy of a mode can
be expressed as 1/242M E,,;, where A is the surface amplitude. Assuming that the energy
is independent of degree, the amplitude A,; of a mode of degree [, order n and normalized

inertia FE,,; satisfies
~1/2
Anl ~ Enl /
Ao(Vn1) Eo(vn) 7

where Ag(v) and Eg(v) are obtained by interpolating to frequency v in the results for
radial modes. In particular, the modes with strong g-mode character in Figure 5.18 would
be expected to have roughly half the surface amplitude of the pure acoustic modes.

The fine structure in the observed and computed frequency spectra can conveniently be
compared in an echelle diagram, introduced for solar observations in Section 2.3 (¢f. Figure
2.15). The result for the observed and the model frequencies is shown in Figure 5.20.
The open symbols are for a 1.6M; model that was chosen to have Av ~ 40.3 yHz; the
reference frequency was I/[ngd) = 856 uHz. The sizes of the symbols have been scaled by
the amplitude ratio A,;/Ao determined by equation (5.35). The model results for | = 0,
2 and 3 clearly reflect the behavior predicted by equation (2.32). In particular, the points
for [ = 0 and 2 run parallel, with a small separation dvy =~ 3.3 yHz resulting from the last
term in that equation. For [ = 1, equation (2.32) predicts an almost vertical series of points
separated by roughly Av/2 from those for [ = 0. The model frequencies deviate from this.
Comparison with Figure 5.18(a) (where the location of this model is marked by a vertical
solid line) indicates that this behavior is associated with the avoided crossings, which change
the frequency separation and therefore shift the frequencies relative to the location expected
from p-mode asymptotics. As discussed above, even [ = 1 modes behaving partly like g
modes still have sufficiently small normalized inertia F,; that their estimated amplitudes
are close to those of the pure p modes. (The figure shows a single exception: a mode at

(5.35)
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Figure 5.20: Echelle diagram with a frequency separation of Av = 40.3 yHz.
The open symbols show computed frequencies for a model with M = 1.60M
and Z = 0.03; here the reference frequency was V((]mOd) = 856 uHz. Circles
are used for modes with [ = 0, triangles for [ = 1, squares for [ = 2 and
diamonds for [ = 3. The size of the symbols indicates the expected relative
amplitude of the modes (see text); symbols that would otherwise be too small
have been replaced by crosses. The filled circles show observed frequencies

from Kjeldsen et al. (1995), plotted with the same Av but with a reference

frequency of y(()ObS) = 846 uHz.

730 pHz shifted almost to the [ = 0 line, with somewhat reduced amplitude.) In contrast,
since the g modes of degree 2 and 3 are trapped quite efficiently in the deep interior, their
estimated amplitudes are so small as to make the points virtually invisible in Figure 5.20.

The filled circles in Figure 5.20 show the frequencies observed by Kjeldsen et al. (1995),
again plotted with Av = 40.3 yHz, but with the reference frequency u(()ObS) = 846 puHz.
We can immediately identify modes with degrees | = 0 and 2, and the small frequency
separation found by Kjeldsen et al. (dvy = (3.1 £ 0.3) pHz) is in excellent agreement with
the model value. The remaining six observed frequencies coincide quite well with [ = 1
modes in the model and display an irregularity similar to the model frequencies (although
differing in detail). This might indicate that the observations of n Bootis show evidence for
avoided crossings involving g modes. Note, however, that some of the observed frequencies
may arise from modes with [ = 3.
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The interpretation of the observations must clearly be regarded as preliminary, given the
uncertainty in extracting individual frequencies in a single-site power spectrum complicated
by side lobes. In particular, the indications in the echelle diagram of effects of g-mode
trapping is clearly extremely tentative. On the other hand, the close agreement between
the observed and computed value of the [ = 0 — 2 frequency separation is suggestive. The
difference of 10 zHz in the reference frequency vy required to obtain agreement between the
location of the modes in Figure 5.20 is clearly a concern; however, it should be noted that
such differences may be induced by errors that are likely present as a result of the simplified
treatment of the near-surface layers in the modelling of the star and its oscillations (cf.
Section 5.1.2). In fact, is of a similar magnitude to the differences observed in comparisons
of solar observed and computed frequencies and attributed to errors in the treatment of the
superficial layers (see Figure 5.25). Similar effects might be expected for n Bootis (see also
Christensen-Dalsgaard et al. 1995b).

5.4 Oscillations in stellar atmospheres

In the preceding section I neglected terms of the order of the inverse scale heights in equi-
librium quantities. As pointed out, this is invalid near the stellar surface, where the scale
heights become small compared with the wavelength of the oscillations. In the present sec-
tion I discuss these effects in the particularly simple case of an isothermal atmosphere. This
has the significant advantage of allowing an analytical solution of the oscillation equations.
Furthermore, it is a reasonable approximation to a realistic stellar atmosphere where the
temperature variation is substantially slower than the variations in pressure and density.
In particular, in the solar case the temperature has a minimum at an optical depth of
about 1074, corresponding to an altitude of about 500 km above the visible surface. An
early treatment of this problem was given by Biermann (1947); for a somewhat more recent
review, see Schatzman & Souffrin (1967). The extension of the results obtained here to a
more general model is discussed in Chapter 7.

I neglect effects of ionization and treat the gas in the atmosphere as ideal, so that the
equation of state is given by equation (3.19), where the mean molecular weight p is taken
to be constant. Then equation (3.33) of hydrostatic support gives

dp P

where the pressure and density scale heights H,, and H (which are evidently the same in
this case) are given by

kgT
gumy
As the extent of the atmosphere of at least main-sequence stars is much smaller than the
stellar radius, g can be taken to be constant. Then H is constant, and the solution to
equation (5.36) is

(5.37)

P = paexp (-2) . (5.38)

Thus, from equation (3.19),
h
p = psexp (—H> . (5.39)
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Here I have introduced the altitude h = r — R, where R is the photospheric radius (corre-
sponding to the visible surface of the star, e.g. defined as the point where the temperature
equals the effective temperature), and ps and ps are the values of p and p at h = 0.

We now consider the oscillations. As argued in Section 3.1.4, the motion becomes
strongly nonadiabatic in the stellar atmosphere. Nonetheless, for simplicity, I shall here
use the adiabatic approximation in the atmosphere. This preserves the most important
features of the atmospheric behaviour of the oscillations, at least qualitatively. The study
of atmospheric waves and oscillations, with full consideration of effects of radiative transfer,
is a very complex and still incompletely developed area (e.g. Christensen-Dalsgaard &
Frandsen 1983b). It might be noticed that the waves are in fact approximately adiabatic
in the upper part of the atmosphere. Here the diffusion approximation (upon which the
argument in Section 3.1.4 was based) is totally inadequate, as the gas is optically thin;
indeed the density is so low that the gas radiates, and hence loses energy, very inefficiently,
and the motion is nearly adiabatic.

I use the Cowling approximation, equations (5.12) and (5.13). Due to the small extent of
the atmosphere I neglect the term in 2/r (this is consistent with assuming g to be constant,
and corresponds to regarding the atmosphere as plane-parallel). Then the equations may
be written as

d¢, 1 1 kic? hY\
= ———=Cr — 1 - 5 T 9 4
ah T LHY T T, ( w2 | P (H) b (5.40)
and o h .
D 2 2 /
— = —ps ——)(NZ — r— =—p . 5.41
= —peexp(— ) (N = ) = (5.41)
Here the squared sound speed
I'ips
2= 1P (5.42)
Ps
and the squared buoyancy frequency
g 1
N2=2 (1-— 4
=4 (-5 (5.43)

are constant. In accordance with the plane-parallel approximation I have introduced the
horizontal wave number kj, instead of the degree [, using equation (4.51). These equations
may be combined into a single, second-order equation for &,:

d%¢,  1d¢ 1 [1w?  kigH 1 -
I L e Y Ty A4
anz " Hdn 2 [4w§+ w? ( F1> " ’ o4

Here
Cs

T 2H
is a characteristic frequency for the atmosphere. In the solar atmosphere H is approximately
equal to 120 km, and w, is about 0.03 s~!, corresponding to a cyclic frequency of about
5mHz, or a period of about 3 min.

Wa,

(5.45)

Exercise 5.3:

Carry through the derivation of equations (5.44) and (5.45). Furthermore, consider
the dependence on stellar parameters (M, L and Teg) of w,, measured in units of the
characteristic dynamical frequency (GM/R3)Y/? (cf. equation 5.10).
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Equation (5.44) has constant coefficients, and so the solution can be written down
immediately as

h h
& (h) = atexp (/\+H) +a_exp ()\_H> , (5.46)
where 12
11 w? w21 1
=-4+ 41— 4 4k2H?* |1 —422 —(1- — . A4
)\i 2 2 { wg + kh [ wQ Fl ( F1>‘|} (5 7)

These equations have been the subject of extensive studies in connection with early attempts
to interpret observations of solar 5-minute oscillations of high degree (see e.g. Stein &
Leibacher 1974). From the expression for Ay one may qualitatively expect two regimes:
one where the frequency is relatively large, ky is relatively small and the first two terms
in {---} dominate; the second where the frequency is small, ky, is large and the last term
in {---} dominates. These correspond to atmospheric acoustic waves and gravity waves,
respectively. From the point of view of global stellar oscillations interest centres on waves
with a wavelength much larger than the scale height of the atmosphere. Thus I neglect the
last term, reducing equation (5.47) to

1,1 w2\
Ay = 3 + 3 (1 — w%) . (5.48)
This is clearly the relation for purely vertical waves.

Equation (5.48) shows the physical meaning of w,. When w < w,, Ay are real, and
the motion behaves exponentially in the atmosphere. When w > w,, A+ are complex, and
the motion corresponds to a wave propagating through the atmosphere. Thus w, is the
minimum frequency of a propagating wave, and is consequently known as the acoustical
cut-off frequency (Lamb 1909). The exponential behaviour in the former case provides
the upper reflection of p modes, which was absent in the simplified asymptotic analysis
of Section 5.3. To study this in more detail, I consider the boundary conditions for an
atmosphere of infinite extent. Here the energy density in the motion must be bounded as
h tends to infinity. The energy density is proportional to p&2, which for the two solutions

behaves as 1/2
w? h
+(1-— —| . A

a

pEZ ~ exp(—%) exp(?)\i%) = exp
Therefore only the A_ solution is acceptable, and here the energy density decreases expo-
nentially. This gives rise to the atmospheric reflection. Thus only modes with frequencies
below w, are trapped in the stellar interior. At higher frequencies the waves propagate
through the atmosphere; oscillations at such frequencies would therefore rapidly lose en-
ergy (such waves, generated in the convection zone, may contribute to the heating of the
solar chromosphere). In fact, the observed spectrum of oscillations stops at frequencies of
about 5mHz. It should be noticed that A_ > 0, so that the displacement increases with al-
titude. This increase can in fact be observed by comparing oscillation amplitudes obtained
in spectral lines formed at different levels in the atmosphere.

From this solution we may obtain a more realistic boundary condition, to replace the
condition (4.68) discussed earlier. The condition of adiabaticity (4.58) and the continuity
equation (3.41) give

op op ) dé&, A
~—=I—==-T ~ T =TI =¢,, :
p 1 P 1d1V or 1 dh 1 Hf (5 50)
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or
dp 1
/o _ e _
P =0p =& P =T )&, (5.51)

where, for simplicity, I neglected the horizontal part of the divergence of dr (this could, quite
simply, be included). This provides a boundary condition that may be used in numerical
computations, in place of equation (4.68). Typically it is applied at a suitable point, such
as the temperature minimum, in the atmosphere of the stellar model.

When w is small compared with w,, we can approximate A_ by

1 1 w? 1 w?
A ~—l1-[|1-==]| === 5.52
2[ ( 2w§>] 4 w? (5.52)

Then T'; A= can be neglected in equation (5.51), compared with 1, and we recover the
boundary condition in equation (4.68). In this limit the displacement is almost constant
throughout the atmosphere. Also, it follows from equation (5.50) that the Lagrangian
perturbations to pressure and density, and consequently also to temperature, are small.
Physically, this means that the atmosphere is just lifted passively up and down by the
oscillation, without changing its structure. Only when the frequency is quite close to the
acoustical cut-off frequency does the oscillation have a dynamical effect on the atmosphere.
In reality the Sun, and likely many other stars, is surrounded by a high-temperature
corona; in the solar case the temperature exceeds 10° K. Here the scale heights are large, and
the acoustical cut-off frequency correspondingly small. A typical temperature of 1.6 x 106 K,
corresponds to w, ~ 0.001s~!. This is below the frequencies of the modes observed in the
solar 5-minute region, and these are therefore propagating in the corona. This atmospheric
structure may be approximated by representing it by two isothermal layers, corresponding
to the inner atmosphere and the corona, respectively. In the corona the two solutions
obtained from equation (5.48) are waves propagating outwards into, and inwards from, the
corona. Of these only the former solution is physically realistic (unless one assumes that
there is a source of waves in the outer coronal!). It may be written, as a function of altitude

and time, as
or(h,t) = Ap~ % expli(kyh — wt)] (5.53)

where the radial wave number is

fu? 1/2
ky=H™ <w2 - 1) . (5.54)

a

This solution may also be used to obtain a boundary condition on numerical solutions of
the oscillation equations in the inner atmosphere, by requiring that the displacement and
the pressure perturbation be continuous at the interface between the atmosphere and the
corona. I shall not write down this condition in detail. Note, however, that as the solution
(5.53) is complex, the relation obtained between &, and p’ has complex coefficients. Thus
the solution and the eigenfrequency are no longer purely real. Physically, the propagating
wave in the corona carries away energy from the oscillation, which is therefore damped,
even in the adiabatic approximation. This damping gives rise to an imaginary part in the
eigenfrequency, which corresponds to an exponential decay of the solution with time.

To estimate the importance of these effects we return to the solution (5.46), in the inner
atmosphere. Because of the effect of the corona both terms must now be included. By
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matching to equation (5.53) it may be shown that the two terms are roughly of the same
order of magnitude at the interface, where h = h., say. At the altitude h the ratio between
the terms is therefore, roughly,

at exp(Aph/H) ’ N exp[Ay(h — he)/H| ‘
a_exp(A_h/H) exp[A_(h — h¢)/H]

B 9\ 1/2
— exp [_hCH h (1 - Z2> ] . (5.55)

The base of the corona is approximately at he = 2000 km. Thus h./H ~ 16, and the ratio
in equation (5.55) is very small in the lower part of the atmosphere, unless w is close to
wa. Therefore in general it is an excellent approximation to neglect the term in ay. By
the same argument, perturbations to the structure of the atmosphere, or the physics of the
oscillations, at the temperature minimum, say, or higher, have little effect on the solution in
the deep atmosphere; hence they barely perturb the solution in the interior of the star or the
eigenfrequencies. This is fortunate; for the upper solar atmosphere is highly inhomogeneous,
and contains magnetic fields of strength sufficient to modify the properties of the oscillations.
In addition, the modes may get non-linear at sufficient altitudes, which also affects their
propagation. Even so, the assumption of a pure exponentially decaying solution is probably
adequate in the inner atmosphere. This has been confirmed by numerical calculations.

The large decrease in the oscillation energy from the lower atmosphere to the base of
the corona also limits the importance of the loss of energy in the form of propagating waves
in the corona. Detailed, nonadiabatic calculations generally show that this only makes
a small contribution to the damping of the modes, except at very high frequencies. The
dominant source of damping is heat loss due to the radiative or convective flux in the upper
convection zone and the lower atmosphere.

5.5 The functional analysis of adiabatic oscillations

A great deal of insight into the properties of adiabatic oscillations can be obtained by
regarding the equations as an eigenvalue problem in a Hilbert space (Eisenfeld 1969; Dyson
& Schutz 1979; Christensen-Dalsgaard 1981). Here I consider two different, but very closely
related, formulations: one based on the unseparated oscillation equations, valid for general
perturbations and a second obtained after separation of the oscillation equations in terms
of spherical harmonics.

5.5.1 The oscillation equations as linear eigenvalue problems in a Hilbert
space

To obtain the general form, I go back to the perturbed equations of motion, equation (3.43).
After separation of the time dependence on the form (4.3) this can be written as

w?ér = F(or) , (5.56)

where .

1
F(or) = ;Vp/ gLy, (5.57)
0

Po
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Here the perturbation quantities denote the amplitudes, after the separation of the time
dependence. As indicated, F is a linear functional of ér. To see this, note that from the
continuity equation (3.41) p’ is a linear functional of dr; so, therefore, is the gravitational
potential perturbation ®" as given by equation (3.45). In the adiabatic case p’ is obtained
from p’ and dr as in equation (3.50); this defines the adiabatic operator F,. The nonadia-
batic case is more complicated, but here also it is possible to obtain p’ as a linear functional
of dr (see Christensen-Dalsgaard 1981).

To cast the problems in terms of functional analysis, I introduce a space H of vector
functions of position in the star, with suitable regularity properties, and define an inner
product on H by

<&n>= [ pog" mav. (5.58)

for £, m in H; here “*” denotes the complex conjugate. I also introduce the domain D(F) of
the operator F as those vectors in H such that the boundary condition (4.68) is satisfied.
The central result of this section is now that, as shown by Lynden-Bell & Ostriker (1967),
the operator JF, corresponding to equation (5.57) for adiabatic oscillations is symmetric, in
the sense that

<& Fa(n) >=< Fa(€&),n >, for £,m € D(F) . (5.59)

The formulation in terms of the spatially separated variables proceeds in a very similar
manner. The separated oscillation equations (4.20) and (4.19) may be written

1dp’  p do’ 9

il L - = - 5.60

p dr + pg+ dr wie ( )
1 /
- (p + <1>’> = w2, . (5.61)
rAp

As before, the quantities on the left-hand side can be obtained in terms of &, and &,; in
particular, ® is found from p’ from the separated integral solution to Poisson’s equation
given in equation (5.11). I introduce the subspace H; of the space of pairs of quadratically
integrable functions on the interval [0, R|, with vectors

= (&.6n) EHi (5.62)
Then equations (5.60) and (5.61) can be written as
Fi(€) = ¢, (5.63)

defining the operator JF; corresponding to the separated oscillation equations. Assuming
again the adiabatic relation for p’ one obtains the linear operator F,; for adiabatic oscilla-
tions in H;. The boundary conditions on &, and &, can be imposed by restricting the part
of H; where F,; is defined. Thus I define the domain of F,; by

D(Fay) = {(&,&n)l& — & =0 for r—=0 A 0p(R) =0} ; (5.64)

the boundary conditions on @' are satisfied automatically by the integral expression (5.11).
The inner product on H; is defined by

R
<€ >=4Ar /0 (€2 (r)e(r) + D265 (r)y(r)]r2pdr | (5.65)
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for two vectors & = (&,&n) and n = (1, nn) in H;. Again one may show, using the explicit
expression, that the operator F,; is symmetric, i.e.,

< Fai(&),n >1=< &, Far(n) > for all &,m e D(Fay) . (5.66)

From equations (5.59) and (5.66) follow immediately a number of useful properties of
Fa and F, ;. For simplicity I generally present them in terms of F,; precisely analogous
relations are obviously valid for F, ;. The simplest result is that the squared eigenfrequencies
are real. This may be demonstrated by introducing the functional ¥ on D(F) by

<& F(E) >
o <gE>

it follows from equation (5.59) that (&) is real. If w3 is an eigenvalue of the problem with
eigenvector &, i.e.,

(&) (5.67)

Fal€0) = wi&o , (5.68)

then
S(&) = wp (5.69)

and hence w? is real. Since the coefficients in equations (4.61), (4.62) and (4.64) are then
real, it follows that we may also choose the eigenfunctions to be real at all r.

As is well known, a second property of a symmetric operator is that eigenvectors corre-
sponding to different eigenvalues are orthogonal. Thus if

Ful) =wit;, Fa(&)=wilo;  wi#w3, (5.70)

then
<&, >=0. (5.71)

A very important result concerns the effect of a small perturbation to the oscillation
equations. This perturbation could result from a small change to the equilibrium model,
from the inclusion of nonadiabatic effects (Christensen-Dalsgaard 1981) or, as discussed
in Chapter 8, from the inclusion of the effect of large-scale velocity fields in the model.
I characterize the perturbation by a change §F in the operator defining the oscillation
equations. If dry and wq are solutions to the adiabatic oscillation equations,

wadry = Fa(drp) | (5.72)
the change in w? caused by the perturbation §F can be obtained from first order pertur-
bation analysis (e.g. Schiff 1949) as

S = org, 0F (drg) >
o < 61‘0,61‘0 > ’

(5.73)

Thus the frequency change can be computed from the unperturbed eigenvector. Similarly,
if 0.F; is a perturbation to the operator F; defining the separated oscillation equations, and
wd, & is a solution to the unperturbed problem,

fa’l(fo) = o.)gfo y (5.74)
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then the frequency change can be obtained from

St =S §0,6F1(&o0) >1
N < 50750 > '

Some further consequences of this relation are discussed in Section 5.5.3.

(5.75)

Exercise 5.4:

To prove equation (5.73), let F = F, + 6.F, w? = wi + dw?, and r = drg + §(dr),
such that F(dr) = w?dr. Neglect quadratic terms in the perturbations, and use the
symmetry of F, (equation 5.59) to eliminate the terms in the perturbation 6(dr) to the
eigenfunction.

5.5.2 The variational principle

From the symmetry of the operator of adiabatic oscillations it follows that w? satisfies a
variational principle (¢f. Chandrasekhar 1964). Indeed, it is easy to show from equation
(5.59) that if 6€ € H is a small change to the eigenvector, then

(&0 + 08) = wi + O(l|6€|*) , (5.76)

where ||---|| is the norm corresponding to < ---,--- >. Thus ¥ is stationary at the
eigenfrequencies. From a physical point of view this reflects Hamilton’s principle for the
system consisting of the pulsating star. It is conservative, because of the assumption of
adiabaticity, and isolated because of the boundary condition (4.68).

It is evident that the variational property, and equivalently the symmetry of the oper-
ators F and JFj, are not valid for nonadiabatic oscillations, where energy is not conserved.
Also it depends on the choice of boundary conditions that isolate the system, such as the
vanishing of the Lagrangian pressure perturbation. If a different condition is used, such as
the match to a solution in an isothermal atmosphere discussed in Section 5.4, the varia-
tional property is no longer guaranteed. However, regardless of the boundary condition it
is possible to write down expressions analogous to equation (5.69), but possibly containing
surface terms; if the effects of the surface properties on the oscillations are small, these
expressions may be expected to be approximately variational. In fact it follows from the
equations of linear adiabatic oscillations that for any radius r*

e e dp 1 dp dp
2 2 2¢2 2 2 2 2
L = TypD? +2-= 6Dy 4 — - —
A [ o) tar= [* (rwpt 2P eni+ - L L) rar
8w

2+ 1o A
ArG {Qp(r*)ér(r*)r*_(l_l) /OT D2(T)Tl+2dr_ [p(r*)fr@"*)]Q?"*B} :

r_(l_l)D2(r>/ T/l+2D2(7"/)d7”/d7" +p’(r*)§T(r*)r*2 (5.77)

+2l+1

here

D, = ﬁ@(r fr) &hs

1d, , I(1+1)
gl T

I+ 1)

Dy =

p&n (5.78)
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are the amplitudes of div(dr) and div(pdr) respectively. For radial oscillations equation
(5.77) may be considerably simplified, to give

¥ ¥ 2
[ gprrar = [ {rlpr‘* (5] -resiern 4>p]}dr
+r* BU1p(r*) & (r*) + r*op(r*)] &-(r") . (5.79)

These equations are valid at any r*. If the surface radius is chosen for r*, and the surface
terms are neglected, they reduce to the expression defined symbolically in equation (5.69).
In fact, the surface terms are in general relatively small, and even the complete expressions
are approximately variational. As discussed by Christensen-Dalsgaard, Gough & Morgan
(1979) and J. Christensen-Dalsgaard (1982), they may be utilized in the computation of
accurate oscillation frequencies (see also Section 6.6).

5.5.3 Effects on frequencies of a change in the model

As an example of the use of equation (5.75), I discuss in more detail the interpretation of
changes in the frequencies caused by changes in the equilibrium model. Consider a mode
(n,1), with eigenvector &, = (§n1, Enni) € Hy; without loss of generality I may assume that
& ni(r) and &y (1) are real. The relative frequency change caused by the perturbation 0.7,
is then, according to equation (5.75)

Swnt _ 10wy < &, 0Fi(Eut) >
wnl 2wl 2w2 < &, & >

(5.80)

Here the denominator is proportional wfllEnl, where E,; was defined in equation (4.48).
Also, I represent §.F; on component form as

5]:l(£nl) = (d)r[gnl]a(bh[énl]) ’ (581)
where ¢,[&,1](r) and ¢y [&y](r) are functions of r. Then we can write equation (5.80) as
)
En (:Zl =1In , (5.82)

where

_ 21 Jo" [&rm(r)@r €l (r) + L2 (r)n (6] (r)] prPdr
Mw?[E(R) + (1 + 1)E(R)] ‘

Thus I,; gives the integrated effect of the perturbation, normalized to the total surface
displacement.

Equations (5.82) and (5.83) provide a linear relation between the change in the model
and the change in the frequency. These expressions are somewhat formal. However, it
follows from the discussion in Section 5.1 that the changes in the coeflicients of the oscillation
equations, and hence the changes ¢,[&,](r) and ¢n[€,](r) in the components of §F;, can be
expressed in terms of changes in two suitably chosen model variables, for example density
and sound speed. For simplicity, I assume that the change in the model occurs without a
change in its radius (this would in general be the case for models of the Sun, where the
radius is known with high accuracy) and let 6,p and §,c? denote the changes, between the

I (5.83)
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Figure 5.21: Kernels for an | = 0, n = 21 mode (with frequency v = 3.04 mHz)
of a model of the present Sun. Panels (a) and (b) show RKlep and RK;”CQ.

The K gp is positive everywhere, while the kernel K Zlcg takes on both positive
and negative values. Panels (c) and (d) similarly show the kernels RKZZY and
RK{}fp for the same mode; the insert in panel (d) shows the detailed behaviour
of RK{}fp in the hydrogen and helium ionization zones.
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equilibrium models, in p and ¢? at fixed r*. Then, after some manipulation, equation (5.82)
can be written as

W, 02 r
> l-/ [ W ()+A;g()ifv)dr (5.84)

(e.g. Gough & Thompson 1991), where the kernels K ”lp and K] il .» are computed from the
eigenfunctions. Examples of such kernels are shown in Figure 5. 21

As discussed in Section 5.1.1, other pairs of “mechanical” variables may be used instead
of (%, p); the transformation between these pairs can be accomplished by means of the equa-
tion of hydrostatic support and mass, expressed in terms of the model changes, and suitable
integrations by part. If it is also assumed that the equation of state is known, further trans-
formation is possible. An important example is provided by the relation ¢? = I'1p/p, where
I’y can be obtained as a function I'y(p, p, Y, Z) of pressure, density and chemical composi-
tion as specified by the abundances Y and Z by mass of helium and heavy elements. This

52 Kamrl

yields®
1) Ol 0
: > +1w+_( nl) | 2P
& 811’1]? p,Y,Z p 81np »,Y,Z P

InT T
+(6n1> &Y+(6n1> 5.7 . (5.85)
Y j 9z :p,Y

By substituting this into equation (5.84), and eliminating d,p by means of the perturbed
equation of hydrostatic support, dwy;/wy; can be expressed in terms of d,p/p, 6,Y and §,Z.
Since the surface heavy-element abundance may be obtained from spectroscopic observa-
tions it is reasonable to assume Z to be known; neglecting therefore the term in 4,7, we
finally obtain

M”_/{ W)+K (1)8,Y ()| dr (5.86)

Examples of these kernels are shown in Figure 5.21, panels (c¢) and (d). In particular,
it should be noticed that K{ﬁfp is significantly different from zero only in the hydrogen
and helium ionization zones. As discussed in Section 9.2 this substantially facilitates the
determination of d,p/p through inverse analysis.

5.5.4 Effects of near-surface changes

I now assume that JF; in equation (5.81) is localized near the stellar surface, in the sense
that

or[€](r) ~ 0, onlE](r)~0 for R—r>e, (5.87)
for some small €. For modes extending substantially more deeply than the region of the

perturbation, i.e., with R — r; > ¢, the eigenfunctions are nearly independent of [ at fixed
frequency in that region (see also Figure 5.8 and the associated discussion). Hence I,

4These model changes should not be confused with the Lagrangian perturbations associated with the
oscillations, introduced in Chapters 3 and 4.

®As noted by Basu & Christensen-Dalsgaard (1997) one may in addition include a contribution from
the intrinsic difference (6I'1)int between the model and the true I'y, at fixed thermodynamic conditions
and composition.
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depends little on [ at fixed w. To get a more convenient representation of this property, I
introduce

Eﬂ
Q== 5.88
Eq (wnl) ( )
where E;(w) is obtained by interpolating to w in E,; at fixed I. Then
in(swnl (589)

is independent of [, at fixed w, for modes such that R — ry > e. Conversely, if Q0w is
independent of | at fixed w for a given set of modes, then §.F; is probably largely localized
outside r = max(ry) over the set of modes considered.

2000 3000 4000 5000
v, (uHz)

Figure 5.22: The inertia ratio @,;, defined in equation (5.88), against fre-
quency v, for f and p modes in a normal solar model. Each curve corresponds
to a given degree [, selected values of which are indicated.

Q1 has been plotted in Figure 5.22, for selected values of [. Its variation with [ is largely
determined by the change in the penetration depth. Modes with higher degree penetrate
less deeply and hence have a smaller inertia at given surface displacement. As a consequence
of this their frequencies are more susceptible to changes in the model.

An important example concerns the uncertainties in the physics of the model and the
oscillations in the near-surface region, discussed in Section 5.1.2 and indicated schematically
in Figure 5.1. These are confined to a very thin region, and hence, according to the
discussion following equation (5.89), we may expect that their effects on the frequencies,
when scaled with @,;, are largely independent of degree at a given frequency. As discussed
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below, and in more detail in Sections 7.7 and 9.2, this can be used to eliminate the effects
of the uncertainties in the analysis of observed frequencies.

T T T T T
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0.000
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-0.020F 3
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Figure 5.23: Relative sound-speed difference é,.¢/c between a model with mod-
ified surface opacity and a normal model, in the sense (modified model) —
(normal model).

To illustrate this behaviour, we may analyze model changes localized very near the
solar surface. Specifically, I consider a solar model where the opacity has been artificially
increased by a factor of 2 at temperatures below about 10° K; this is compared with a normal
model of the present Sun. In both models the mixing-length parameter and composition
have been adjusted so as to obtain a model with solar radius and luminosity; the effect of
this is that the interior of the model is virtually the same. The opacity has no effect in
the bulk of the convection zone where energy transport is totally dominated by convection;
hence the change in the model is largely confined to the atmosphere and the uppermost
parts of the convection zone. Figure 5.23 shows the sound-speed difference §,c? between
the modified and the normal model.

The unscaled differences between frequencies of the two models are shown in Figure
5.24a. It is evident that the differences show a very systematic increase in magnitude
with increasing degree. As shown by Figure 5.24b this is entirely suppressed by scaling
the differences by @Q,;. Indeed, the differences now seem to decrease with increasing I.
This is predominantly due to the fact that at the largest values of [ the modes can no
longer be assumed to be independent, near the surface, of degree at fixed frequency (for
an asymptotic description of this behaviour, see for example Gough & Vorontsov 1995). A
small additional contribution comes from the fact that the modes only penetrate partly, to
a degree-dependent extent, into the region where the sound speed has been modified.

It might also be noted that the frequency differences are very small at low frequency.
This is related to the fact that low-frequency modes have very small amplitudes in the
surface region (cf. Figure 5.9). However, a proper understanding of this feature requires a
more careful analysis (see Christensen-Dalsgaard & Thompson 1997).
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Figure 5.24: Frequency differences between a model with modified surface
opacity and a normal model, in the sense (modified model) — (normal model).
Panel (a) shows the raw differences. In panel (b) the differences have
been scaled by @, in accordance with equation (5.89). Points correspond-
ing to a given degree have been connected, according to the following line
styles: | = 0,1,2,3,4,5,10,20,30 (solid); = 40,50, 70,100 (short-dashed);
[ = 150,200,300,400 (long-dashed); I = 600, 700,800,900, 1000, 1100 (dot-
dashed).

A rather similar behaviour is obtained for the observed frequencies, as shown in Figure
5.25. The unscaled differences (panel a) show a strong dependence on [, which is largely
(but not completely) suppressed by scaling. This strongly suggests that most of the errors
in the model are located very near the surface. I note that this is precisely the region where,
according to the arguments in Section 5.1.2, many of the uncertainties in the physics of the
model and the oscillations are located. Thus it is not surprising that we obtain an effect
on the frequencies of this nature. As discussed in Section 9.2 it is possible to suppress the
effect, precisely because of its systematic dependence on frequency. However, I note also in
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Figure 5.25: Frequency differences between observed data and frequencies of a
solar model, in the sense (observations) — (model). The observed frequencies
were obtained from the MDI experiment on the SOHO spacecraft (Rhodes et
al. 1997, 1998), whereas the model frequencies are for Model S of Christensen-
Dalsgaard et al. (1996). Crosses indicate modes with { < 200, diamonds are
modes with 200 < [ < 500 and triangles are modes with 500 < [. Panel (a)
shows the raw differences. In panel (b) the differences have been scaled by Q,
in accordance with equation (5.89). Here ridges corresponding to low radial
orders n are evident; the lowest values have been indicated in the figure.

Figure 5.25b that there is a significant dependence of the differences on degree; this must
be associated with errors in the model in deeper layers. I return to the origin of these
differences in Section 7.7.2.

For the highest-degree modes the figure shows a clear ‘pealing-off’ into ridges for each
value of the radial order n. Here the upper turning point is so close to the surface that
the assumptions of nearly vertical propagation, and degree-independent eigenfunctions,
break down. A similar behaviour was noted in Figure 5.24 for differences between model
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frequencies. Also, I note that the f modes (with n = 0) represent a special case. As
discussed in Section 7.5.1, these essentially have the character of surface gravity waves, with
frequencies given approximately by equation (3.84); in particular, computed frequencies of
normal solar models are essentially independent of the details of the structure of the model
(see also Gough 1993; Chitre, Christensen-Dalsgaard & Thompson 1998). Thus the error in
the f-mode frequencies evident in Figure 5.25b must arise from effects other than differences
between the hydrostatic structure of the Sun and the model. A likely cause are dynamical
interactions between the modes and the turbulent motion in the solar convection zone
(Murawski, Duvall & Kosovichev 1998; Medrek, Murawski & Roberts, 1999). However, the
details of such mechanisms, and in particular their effects on the p-mode frequencies, are
still rather uncertain.

The probable presence of near-surface errors in the model must be taken into account
when relating differences between observed and computed frequencies to the corresponding
differences between the structure of the star and the model. Specifically, consider the
determination of corrections §,¢? and d,p to a stellar model, from the differences dw,; =

(obs) . (obs) .
w,; ~ — wp between observed frequencies w,; ’ and model frequencies wy;: here we expect
differences between the star and the model both in the internal structure, characterized by
(c2, p), and in the near-surface layers. In addition, the observed frequencies are unavoidably
affected by errors. From the analysis above we therefore expect that equation (5.84) must
be replaced by

Swy, R 5,2 n 5rp
L /0 lK§l7p(T)§(r)+ Kpla(r) 22 ()| ar

Wnt

+Q,,' G (W) + €t (5.90)

where the function G(w) accounts for the effect of the near-surface uncertainties, and ¢, are
the relative observational errors in the frequencies. The term in G must then be determined
as part of the analysis of the frequency differences, or suppressed by means of suitable
filtering of the data. As discussed above, for high-degree modes the scaled frequency effects
of the near-surface problems can no longer be regarded as purely a function of frequency; a
representation which takes this into account has been developed by Di Mauro et al. (2002).



Chapter 6

Numerical techniques

The differential equations (4.61), (4.62) and (4.64), in combination with boundary con-
ditions such as equations (4.65) — (4.68), constitute a two point boundary value problem.
Non-trivial solutions to the problem can be obtained only at selected values of the frequency
w, which is therefore an eigenvalue of the problem. Problems of this nature are extremely
common in theoretical physics, and hence there exists a variety of techniques for solving
them. Nevertheless, the computation of solar adiabatic oscillations possesses special fea-
tures, which merit discussion. In particular, we typically need to determine a large number
of frequencies very accurately, to match the volume and precision of the observed data.

Specific numerical techniques are discussed in considerable detail by, for example, Unno
et al. (1989) and Cox (1980). Here I concentrate more on general properties of the solution
method. The choice of techniques and examples is unavoidably biased by my personal
experience, but should at least give an impression of what can be achieved, and how to
achieve it.

I note that a self-contained package for computing stellar adiabatic oscillations, with
documentation and further notes on the numerical techniques, is available on the WWW
at http://astro.phys.au.dk/~jcd/adipack.n/.

6.1 Difference equations

The numerical problem can be formulated generally as that of solving

I

i&zzlaij(x)yj(a:) , for 1=1,...,T, (6.1)
i=

with suitable boundary conditions at © = z; and x2, say. Here the order I of the system
is four for the full nonradial case, and two for radial oscillations or nonradial oscillations in
the Cowling approximation.

To handle these equations numerically, I introduce a mesh x; = M < 2@ < <
xWVme) = 75 in x, where Ny is the total number of mesh points. Similarly I introduce
yi(n) = g;(z™), and al(-?) = ajj (z(™). A commonly used, very simple representation of the
differential equations is in terms of second-order centred differences, where the differential

119
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equations are replaced by the difference equations

R (n). (n) |, (n41) (n+1)

n+1) t4 be determined from the solution at

These equations allow the solution at z = z(
z =z,

More elaborate and accurate difference schemes (e.g. Press et al. 1986; Cash & Moore
1980), can be set up which allow the rapid variation in high-order eigenfunctions to be
represented with adequate accuracy on a relatively modest number of meshpoints. Alter-
natively one may approximate the differential equations on each mesh interval (z(™, z("+1)

by a set of equations with constant coefficients, given by

A" & ) :
Z#:Zagj)n]( J(x), for i=1,...,1, (6.3)
j=1

where EZ(-;L) = %(agl) + al(-?ﬂ)) (Gabriel & Noels 1976). These equations may be solved
analytically on the mesh intervals, and the complete solution is obtained by continuous
matching at the mesh points. This technique clearly permits the computation of modes
of arbitrarily high order. I have considered its use only for systems of order two, i.e., for

radial oscillations or non-radial oscillations in the Cowling approximation.

6.2 Shooting techniques

Perhaps the conceptually simplest technique for handling a boundary value problem is the
shooting technique. For simplicity, I consider first the case of a second-order system, such
as results from making the Cowling approximation. Then there is one boundary condition,
namely equation (4.65), at the centre, and one condition, equation (4.68), at the surface. For
any value of w the equations may be integrated numerically, imposing the central boundary
condition on &, and &, and the quantity

(6.4)

may be evaluated. The eigenfrequencies are obviously the zeros of A(w). A convenient
method of locating them is to evaluate A(w) at a sequence of points wy,ws,...; once an
interval has been found where A changes sign the zero can be found, for instance, by
applying the secant method. An attractive feature of the method is precisely this ability
to search automatically for all modes in a given frequency range, particularly when it is
combined with a method for determining the order of a given mode, so that a check can be
made that no modes have been skipped.

A slight elaboration of this basic technique is required to make it computationally
efficient. Due to the rapid decrease of temperature near the solar surface, the equations
are almost singular there. Far from the eigenfrequencies the solution therefore generally
increases rapidly towards the surface; this translates into a dramatic variation of A with w,
which complicates the determination of the zeros. To avoid this problem, one may compute

solutions (§£1)7 }(li)) and ( ,(~S), fl(ls)) satisfying the inner and the surface boundary conditions,
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respectively. A continuous match of the interior and exterior solutions requires the existence
of non-zero constants C® and C®) such that

C(l)gﬁl) (,,,.f) — C(S)fg‘S) (Tf)

N s (6.5)
COED () = CO () |

where r; is an appropriately chosen fitting point. This set of equations has a solution only
if the determinant

Ap(w) = €D (re)e (re) — € ()€ () (6.6)

vanishes. Hence the eigenfrequencies are determined as the zeros of A¢, as before.

The choice of fitting point should be guided by the expected behaviour of the eigenfunc-
tion, in such a way that the integration of the differential equations proceeds in a stable
fashion. Thus, for instance, when solving for a strongly trapped g mode of high degree,
r¢ should be near the maximum in the buoyancy frequency where the mode is trapped; in
this way the integration from both the centre and the surface is in the direction where the
solution increases. Similarly, when integrating for a p mode of high degree, rt should be in
the oscillatory region near the surface.

The solution of the full fourth-order problem proceeds in a very similar fashion. Here
there are two linearly independent solutions that satisfy the boundary conditions at the
centre, and two linearly independent solutions that satisfy the conditions at the surface.
The condition that these two sets of solutions match continuously at a point r; leads to a
set of equations whose solution requires the vanishing of a 4 x 4 determinant. It should be
noted, however, that problems arise when the effect of the perturbation in the gravitational
potential is small. In this case, although the two separate solutions from e.g. the centre are
formally linearly independent, they are in practice very close to being linearly dependent,
and the zeros of Ay are therefore ill-determined. This is no major concern in practice, since
under these circumstances the Cowling approximation is in general adequate. However,
as discussed below the problem may be avoided through the use of some variant of the
relaxation technique.

6.3 Relaxation techniques

The relaxation technique considers the set of difference equations, such as equations (6.2),
together with the homogeneous boundary conditions and a normalization condition, as a
set of equations for the unknown quantities {ygn);z’ =1,....,0;n=1,...,Npe;w}. Due
to the appearance of the eigenfrequency, the equations are non-linear in the unknowns.
They are solved by linearizing around an assumed initial trial solution, and the solution
is obtained by iteration. This technique is equivalent to what is commonly known as the
Henyey technique in computations of stellar evolution (Henyey, Forbes & Gould 1964; see
also Baker, Moore & Spiegel 1971; Kippenhahn & Weigert 1990).

A disadvantage of this technique is that it requires a reasonably accurate trial solution,
both for the eigenfrequency and the eigenfunction, if the iteration is to converge to the
desired mode. Also it is not immediately possible to search a given part of the spectrum.
These problems may be avoided by dropping one of the boundary conditions, and regarding
w as given (e.g. Castor 1971; Osaki & Hansen 1973). The difference equations are then
a linear set of equations for the {yz(n)} which may be solved directly. Given the solution,
the remaining boundary condition, now regarded as a function of w, is solved to obtain the
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eigenfrequencies. Thus in this form the relaxation technique retains the advantages of the
shooting method, in that a region of the spectrum can be scanned. Once a sufficiently close
approximation to the solution has been found, the rate of convergence can be increased by
switching to simultaneous iteration for the eigenfrequency and eigenfunction.

As for the shooting technique, the straight determination of the eigenfrequency through
root-seeking on one of the boundary conditions is rather ill-behaved. This problem may be
avoided by imposing all boundary conditions, but permitting for general w a discontinuity
in one component of the eigenfunction at a suitable interior fitting point r¢. The eigenfre-
quencies are then determined by requiring that the discontinuity vanish. I have found that
this technique allows stable solution of the full set of equations for all relevant degrees and
frequencies.

6.4 Formulation as a matrix eigenvalue problem

As discussed in Section 5.5 the equations of adiabatic oscillation, written as in equations
(5.60) and (5.61), constitute a linear eigenvalue problem in function space. If the operator
on the right hand side is discretized, the result is a linear discrete eigenvalue problem.
By solving this, one obtains (approximations to) the eigenvalues and eigenfunctions of the
continuous problem.

A method of this nature (but generalized to the non-adiabatic case) was used by Keeley
(1977) for radial oscillations. Knolker & Stix (1983) used it for adiabatic non-radial oscil-
lations in the Cowling approximation. In these cases, the operator describing the left hand
side of the oscillation equations is a pure differential operator; hence its discrete representa-
tion only couples the solution at a few neighbouring meshpoints and results in an eigenvalue
problem where the matrix is banded, with only a few off-diagonal elements. Consequently,
efficient techniques exist for the determination of the eigenvalues. In contrast, in the full
non-radial problem the terms in @’ couple all parts of the model [see also equation (5.11)];
then the corresponding matrix is full, although for large [ it is diagonally dominated, due
to the factors (r'/r)!*! and (r/r')! occurring respectively in the first and second term on
the right hand side of equation (5.11). In this case it is not evident that sufficiently fast
algorithms exist for the determination of the matrix eigenvalues to make the technique
competitive with the shooting or relaxation techniques. No attempt has apparently been
made to apply it to this problem.

The matrix eigenvalue problem can also be derived directly from the variational principle
as expressed in equation (5.77), by means of the so-called Rayleigh-Ritz method (e.g. Strang
& Fix 1973). To do so the eigenfunction is expanded on a set of suitable basis functions,
and the expansion coefficients are determined by imposing the condition that the expression
(5.77) be stationary. Although this method has proven useful in atomic physics (e.g. B. L.
Christensen-Dalsgaard 1982), the effects of the gravitational potential once again lead to a
full matrix in the resulting eigenvalue problem.

I finally note that Pesnell (1990) has developed an efficient algorithm, based on the
method of Castor (1971), for computing nonradial oscillations both in the adiabatic and
the nonadiabatic case. This involves formulating the oscillation equations as a generalized
linear algebraic eigenvalue problem; in contrast to the techniques discussed above, Poisson’s
equation is left on differential form, and hence the resulting matrices are sparse. Cox et al.
(1989) applied this method to the computation of solar oscillations.
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6.5 Richardson extrapolation

The difference scheme (6.2), which is used by at least some versions of the shooting, relax-
ation and matrix eigenvalue techniques, is of second order. Consequently the truncation
errors in the eigenfrequency and eigenfunction scale as N2, If w(3 Nme) and w(Npe) are
the eigenfrequencies obtained from solutions with %Nme and Ny meshpoints, the leading

order error term therefore cancels in
wB) = 1/3[4w(Ne) — w(1/2Nme)] - (6.7)

The evaluation of wR) known as Richardson extrapolation, was used by Shibahashi &
Osaki (1981) to compute frequencies of solar oscillation. This provides an estimate of the
eigenfrequency that is substantially more accurate than w(Nye), although of course at some
added computational expense.

6.6 Variational frequencies

The variational property discussed in Section 5.5.2 can be used to obtain an estimate of the
oscillation frequency which is at least formally more accurate than the frequency obtained
as an eigenvalue of the solution of the oscillation equations (Christensen-Dalsgaard, Gough
& Morgan 1979; J. Christensen-Dalsgaard 1982). It follows from equation (5.76) that if the
computed eigenfunction is substituted into the functional (&), the result agrees with the
squared eigenfrequency to within an error that is quadratic in the error in the eigenfunction.
If the latter error goes as N2, the error in ¥(£) would be expected to vary as N_.3; this
assumes that the evaluation of ¥(&), for given ¢, is sufficiently accurate.

For realistic solar models the complete expressions (5.77) or (5.79) must be used, in-
cluding the surface terms. However, since these terms are in general relatively small, the
variational property is still approximately satisfied. Hence the expressions may be used
to provide estimates of the frequency which are less sensitive to numerical error than the
eigenfrequency. On the other hand, it should be noted that the variational property, and
the analysis leading to equations (5.77) and (5.79), assume that the solar model satisfies
the equations of hydrostatic equilibrium and the mass equation exactly. When the model is
itself the result of a numerical solution of the equations of stellar structure this is evidently
not the case; then, even if they were to be evaluated with infinitely high precision for the
given model, the variational frequency and the eigenfrequency would not agree. The dis-
crepancy provides an estimate of the effect on the frequencies of the inconsistencies in the
model. Examples of this were discussed by Christensen-Dalsgaard & Berthomieu (1991).

6.7 The determination of the mesh

Computational efficiency demands that the distribution of mesh points be chosen appro-
priately. It is immediately obvious from the eigenfunctions (¢f. Figures 5.8 and 5.10 that
a mesh uniform in r is far from optimal; also the distribution of points should clearly be
different for p and for g modes.

Procedures exist that determine the optimal mesh as part of the numerical solution of a
set of differential equations (Gough, Spiegel & Toomre 1975). In the present case, however,
the requirements on the mesh are essentially driven by the behaviour of the modes of high
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radial order, whose eigenfunctions are given, with considerable precision, by the asymptotic
expression (5.22). Thus to have a roughly constant number of meshpoints between the nodes
in the eigenfunction, the mesh should be approximately uniformly spaced in terms of the
integral in this equation.

To define a flexible method for setting up the mesh I have adopted a simplified version
of the procedure developed by Gough et al. (1975). Thus I introduce a variable z, with a
range from 0 to 1, such that the mesh is uniform in z, and determined by

dz
= AH () ; (6.8)

here X is a normalization constant, relating the ranges of z and r, and the function H
determines the properties of the mesh. Given H, z is obtained as

z(r) = /\/OT H(r"dr", (6.9)

R -1
A:(A H@mk) . (6.10)

The mesh {r(”), n=1,..., Npe} is finally determined by solving the equations

with

N 6.11
) = 57— (6.11)
by interpolating in the computed z(r).
The choice of the function H must be guided by the asymptotic behaviour of the modes,
as described by the function K in equation (5.22). Specifically, I have used

w2 N? dlnp\?
H(MQ——R_2+wnc§4—Qlﬂl2+w%(drp> , (6.12)
g

where wg = GM/R3 = tgygn is a characteristic squared frequency. Here the term in ¢;
results from noting that in the limit of an extreme p mode K oc ¢~2 [cf. equation (5.29)],
whereas the term in cp similarly corresponds to the extreme g-mode case, where K oc N2 /r?
[cf. equation (5.33)]. The term in c3 provides extra meshpoints near the surface, where
the reflection of the p modes takes place. Finally the constant term ensures a reasonable
resolution of regions where the other terms are small.

Table 6.1
C1 Co C3

p-mode mesh 10. 0.01 0.015
g-mode mesh  0.025 0.1  0.0001

Table 6.1: Parameters in equation (6.12) for determination of meshes suitable
for computing p and g modes in a model of the present Sun.
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The parameters in this expression can be determined by testing the numerical accuracy
of the computed frequencies (e.g. Christensen-Dalsgaard & Berthomieu 1991). For nor-
mal solar models reasonable choices, based on a fairly extensive (but far from exhaustive)
set of calculations, are given in Table 6.1. In the p-mode case the mesh is predominantly
determined by the variation of sound speed, with the term in N giving a significant contri-
bution near the centre and the term in dInp/dr contributing very near the surface. The
g-mode mesh is dominated by the term in N in most of the radiative interior, whereas in
the convection zone, where |N| is generally small, the constant term dominates; the term
in dlnp/dr is again important in the surface layers.
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Chapter 7

Asymptotic theory of stellar
oscillations

In Chapter 5 I discussed in a qualitative way how different modes of oscillation are trapped
in different regions of the Sun. However, the simplified analysis presented there can, with
a little additional effort, be made more precise and does in fact provide quite accurate
quantitative information about the oscillations.

The second-order differential equation (5.17) derived in the previous chapter cannot be
used to discuss the eigenfunctions. Thus in Section 7.1 I derive a more accurate second-
order differential equation for &.. In Section 7.2 the asymptotic solution of such equations
by means of the JWKB method is briefly discussed, with little emphasis on mathematical
rigour; the results are used to obtain asymptotic expressions for the eigenfrequencies and
eigenfunctions. They are used in Sections 7.3 and 7.4 to discuss p and g modes. This
approximation, however, is invalid near the surface, and furthermore suffers from critical
points in the stellar interior where it formally breaks down. In Section 7.5 I discuss an
asymptotic formulation derived by D. O. Gough (¢f. Deubner & Gough 1984) that does
not suffer from these problems; in particular, it incorporates the atmospheric behaviour of
the oscillations analyzed in Section 5.4. On the other hand, it uses a dependent variable
with a less obvious physical meaning. This method gives a unified asymptotic treatment of
the oscillations throughout the Sun, although still under certain simplifying assumptions.
A similar, but even more complete, treatment was developed by Gough (1993), although
this appears so far not to have been substantially applied to numerical calculations.

One of the most important results of the asymptotic analysis is the so-called Duwvall
relation, which was first discovered by Duvall (1982) from analysis of observed frequencies
of solar oscillation. A rough justification for the relation is given in Section 7.3, and a more
rigorous derivation is presented in Section 7.5. It is shown that frequencies of p modes
approximately satisfy

1/2
R 22\ ar n+ a(w)]r
- —— —_— = (7.1)
e w?r c w

This is evidently a very special dependence of the frequencies on n and [. As discussed in
Section 7.7, this relation gives considerable insight into the dependence of the frequencies
on the sound speed, and it provides the basis for approximate, but quite accurate, methods
for inferring the solar internal sound speed on the basis of observed frequencies.

127
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7.1 A second-order differential equation for &,
To obtain this equation I go back to the two equations (5.12) and (5.13) in the Cowling

approximation. By differentiating equation (5.12) and eliminating dp’/dr using equation
(5.13) we obtain

d%, 2 1 4\ d&, 2 d /1.,
R A CLIE

1 (S? 1
+— (l_ >{p(w2_N2)§r_Pallpl

pc? \ w?
1 [S? ,

Here p’ may be expressed in terms of &, and its derivative by means of equation (5.12). The
result is

d

—1
dr "

+

6 (2 1 H_1> dé,

dr2 r Iy P dr

1, d 1 (S} d¢,
=K (r) + h(r)]&, (7.3)

where K is still given by equation (5.21). All other terms in &, are lumped together in h;
these contain derivatives of equilibrium quantities, and so may be assumed to be negligible
compared with K (except, as usual, near the surface). Equation (7.3) may also be written

as
d%¢, dlnfd¢, . B
dr2 ~  dr dr + [K(r) = h(r)]& =0, (7.4)
where ,
1 |S
f(r)zm wg—l" (7.5)

It should be noticed that the principal difference between equation (7.4) and equation
(5.20) derived previously is the presence of a term in d¢, /dr. This occurs because I have now
not neglected the term in &, on the right-hand side of equation (5.12), and the corresponding
term in p’ in equation (5.13). These terms cannot be neglected if &, is rapidly varying, as
assumed.

It is convenient to work with an equation without a first derivative, on the form of
equation (5.20). I introduce &, by

& (r) = f(r)"?6(r) ; (7.6)
ET satisfies
2 3 ~
if{ [K(r) = h(r)]& =0, (7.7)

where

1d2lnf 1 <d1nf)2 '

2 dr? +1 dr
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Here h, like h, is generally small compared with K. When it is neglected asymptotically,
equation (7.7) is identical to equation (5.20), apart from the change of the dependent
variable. In particular, the trapping properties of the modes, as inferred from this analysis,
are the same as obtained previously.

It is obvious that the derivation of equation (7.7) fails near points where w? = S? and
where consequently f has a singular logarithmic derivative. These are the turning points
of p modes. This problem can be avoided by deriving instead a second-order differential
equation for p’ (see Unno et al. 1989, Chapter 16); but, hardly surprisingly, this equation
has problems at the turning points for the g modes. It is possible to develop a coherent
asymptotic theory by suitably combined use of these two equations; a more convenient
approach, however, is to use a second-order equation that is valid throughout the model.
I return to this in Section 7.5, but base the initial asymptotic analysis on the somewhat
simpler equation (7.7).

7.2 The JWKB analysis

To analyze equation (7.7) asymptotically I use the JWKB method (for Jeffreys, Wentzel,
Kramers and Brillouin; in fact the method seems to have been first used by Liouville). It is
widely used in quantum mechanics (see e.g. Schiff 1949, Section 34), and is also described
in Unno et al. (1989), Chapter 16. It is possible to provide a firm mathematical foundation
for the method; knowing that this is so, it is enough here to sketch how it works, without
worrying too much about its convergence properties.

The assumption is that the solution varies rapidly compared with equilibrium quantities,
i.e., compared with K(r). Thus I write it as

& (r) = a(r) expli®(r)] , (7.9)
where VU is rapidly varying, so that the local radial wave number
dw
ky = — 1
dr (7.10)

is large; a(r) is a slowly varying amplitude function. Formally, it is always possible to write
the solution in this form. If equation (7.9) is substituted into equation (7.7), neglecting h,
one obtains

— + 2tk,— + 1a

d2%a da dk,
dr2 dr dr

— kfa) exp(1¥V) = —K(r)a(r) exp(iV) . (7.11)

2

~; to ensure that this term

On the left-hand side the dominant term is the one containing k
cancels with the right-hand side, k, must be chosen as

k(1) = K ()2 (7.12)

The next-order terms are those in k, which must cancel. Thus

1da 11 dk,
adr = 2h (7.13)

or, apart from a constant factor,

a(r) = [k |72 = K (r) V" (7.14)
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This leaves in equation (7.11) only a term in the second derivative of a. The asymptotic
approximation consists of neglecting this term, which by the assumption is small compared
with k2a. Then the approximate solution is completely specified by equations (7.12) and
(7.14). Since the solution may be chosen to be real, it can be written as

f}(r) =A \K(r)|_1/4 cos (/T K(r')1/2dr' + gb) , for K(r)>0, (7.15)
or

&) = 1K) [avexn ([ G2 ) + Acexn (= [ 0020
for K(r)<o0, (7.16)

for some suitable rg. Here A and ¢, or AL and A_, are real constants which must be
determined from the boundary conditions.

Notice that this solution has the property of being locally exponential where K < 0.
Thus it is in accordance with the discussion in Section 5.2. On the other hand, it breaks
down at the zeros of K; formally this may be seen from the fact that there a, as obtained
in equation (7.12), is singular, and its second derivative cannot be neglected in equation
(7.11). Thus we need to make a special analysis of the points where K = 0. In particular,
this is required to connect the solution in the exponential and oscillatory regions, and hence
apply the boundary conditions.

I consider a turning point 71 such that K(r) < 0 for r < r; and K(r) > 0 for r > rq. If
r1 is a simple zero for K, close to r1 we have approximately that

K(r)~ Ki(r—mr1), (7.17)
where K7 > 0 is a constant. I introduce the new independent variable x by
v=K"(r—m); (7.18)

then the equation for ET can be approximated by

dzgr °
w2 —x& (7.19)
with the solution R
& (r) = C1AL (—z) + C9Bi(—x) , (7.20)

where C7 and Cy are constants, and Ai and Bi are the Airy functions (e.g. Abramowitz &
Stegun 1964).

To be definite, I consider a solution that is trapped in the oscillatory region outside 71,
and hence we need to choose the constants C; and Cs such as to select the solution that
decreases exponentially as r decreases beneath 7. When x < 0, and |z| is large, Ai(—x)
and Bi (—z) have the following asymptotic behaviour:

. 1 _ 2
Ai(ma) = 5o ol e (~3kP") .
. 1 _ 2
Bi(—z) ~ ﬁ|x| V4 exp (3|l‘|3/2> . (7.21)
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Thus we must require that Co = 0, and the solution satisfying the boundary condition for
r < rq is therefore

&(r) = C1Ai (—x) . (7.22)

We can use this solution to determine the phase ¢ in equation (7.15). For large positive
x the asymptotic expansion of Ai(—z) is

1 2
Ai(-a) = a1 cos (3x3/2 _ Z) . (7.23)

This must agree with what is obtained from equation (7.15), assuming that there is a region
where both this equation and the approximation in equation (7.23) are valid. From the
expansion of K in equation (7.17) we obtain

r 2
U= / K@)\ 2ar' 4 ¢ = §x3/2 +¢, (7.24)
r1

so that equation (7.15) gives

. _ 2
& ~ AK, Y631/ cos (3563/2 + d)) . (7.25)
This agrees with equation (7.23) if
T
o=—7. (7.26)

Sufficiently far from the turning point r; the JWKB solution satisfying the boundary con-
ditions at r = ry is thus

E.(r) = A K (r)| "V cos ( / (') 2dr — D . (7.27)

Similarly, if there is an outer turning point at r = ry, so that K(r) > 0 for r < r9 and
K(r) <0 for r > rg, one finds that the asymptotic solution that is exponentially decaying

for r > ro is
T

Er(r) = Ao K (r)| ™Y cos (/:2 K ()24 — 4) : (7.28)

Exercise 7.1:

Verify this.

To obtain the full solution we must match the two separate solutions smoothly at a
suitable point between r1 and 19, r = 74, say. I define

Uy = Wy(ry) Z/f K(T)mdr—%,
T1

Uy = @2(”):/21((@1/2(174_ .
g

T (7.29)
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Then the conditions that both fr and its first derivative be continuous at r = r¢ give

AlK(rf)*l/4 cosW; = AgK(rf)*l/4 cos Uy ,
—AlKv(T‘f)il/4 sin¥y = AQK(Tf)il/Zl sin Uy . (730)
Notice that in the derivative I have neglected terms coming from the differentiation of K;

these are small compared with the term included. These linear equations for Ay, Ay only
have a non-trivial solution if their determinant vanishes. This leads to

sin Uy cos Wy + cos ¥y sin Wy = sin(¥; + ¥y) =0, (7.31)
or
U+ Uy = (n — 1)7T , (7.32)
where n is an integer. Thus
T2 1
/ K(r)'Pdr=(n—J)m, =12 (7.33)
r1

Here K depends on the frequency w; thus equation (7.33) implicitly determines the fre-
quencies of the modes trapped between r1 and ro. In addition, we find that 47 = A,.

We can also find the asymptotic behaviour of the eigenfunctions. From the definition
of &, equations (7.5) and (7.6), it follows from equation (7.27) that for v, < r < 79

1/2

gr(r) _ Ap_l/QT_lc_l

52
=+ -1
w

K (r)] 7% cos </r ()2 — Z)

T
S?jw? —1 e

-1/2 -1 _—-1/2
= A

cos (/T K(r")Y2dy — Z) , (7.34)

T1

where A = Aw~Y2. This expression is clearly valid only at some distance from the turning
points, where the asymptotic approximation (7.23) can be used. Thus the apparently
singular behaviour in |- - | causes no problems.

Notice that in equation (7.34) ¢~'/2 (which is proportional to T-'/%) and |- --|'/* vary
relatively little through the region where the modes are trapped. Thus the variation of &,
through the Sun is dominated by p~/2r~1. This is the reason why I plotted the eigenfunc-
tion in terms of p'/2r&,(r) in Figures 5.8 and 5.10.

We can also find the solution in the exponential regions, by using the asymptotic expan-
sion for Ai in equation (7.21). The results are, for the solution corresponding to equation
(7.34) in the trapping region

1/4
Ll ip 1 SPjw? -1 (_/r1 N 1/2 /)
&r(r) ~ 2Ap r e N2 =1 exp : [ K (r")[ /" dr
for r <ry, (7.35)
and
1/4
SO PR Y2 S R St/w® =1 (_/r ni1/2 /)
&(r) ~ 2Ap rc N2Ju? 1 exp . [ ()] dr

forr >ry. (7.36)
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7.3 Asymptotic theory for p modes

For high frequencies we may, as in Section 5.2, approximate K by

K(r) ~ C%(oﬁ _5?). (7.37)
As discussed previously the theory, as formulated so far, does not provide reflection at the
surface. Mathematically, this is expressed by the lack of a turning point near the surface.
Also, the formulation fails near the point where w = S; where the neglected term h(r)
in (7.8) is singular. Thus equation (7.33) for the eigenfrequencies cannot immediately be
used. It is shown in Section 7.5 below that a proper treatment of the surface and the lower
turning point leads to an asymptotic behaviour similar to that discussed above; however,
the effective phase shift in the equation corresponding to (7.33) is different. Thus the
frequencies for the p modes approximately satisfy

R dr
/ @~ s)2Y — (4 o), (7.38)
Tt c
where « is a new phase constant, which contains the contribution 1/4 from the inner
turning point, and an, as yet unidentified, contribution from the outer turning point. It is
convenient to write this equation as

R 22\ ar (n+a)m
/r (1—w2r2> ar_lnram (7.39)

. & w

where L? = [(I+1). Notice that the left-hand side of this equation is a function of w = w/L
it follows from equation (5.28) that 7 is determined by w/L]; thus equation (7.39) can be

written as ( )
m(n+«a w
—  =F| = 7.40
X (%) (7.40)

R 2\ ar

The observed and computed frequencies in fact satisfy relations like equation (7.40) quite
closely; this was first noticed by Duvall (1982) for the observed frequencies. An example is
illustrated in Figure 7.1.

When the function F(w) is known from observations, equation (7.41) can be inverted
to determine ¢(r). I return to this in Section 7.7.

It is instructive to consider a special case of this equation, which is furthermore a reason-
able approximation to the Sun. The solar convection zone is approximately adiabatically
stratified, so that

where

dlnp _ dlnp

dr dr 7

here I assume I'; to be constant (this is evidently not true in the ionization zones of H

and He, but they only occupy the outer few per cent of the Sun). We may also assume

that g is constant. Finally I take as boundary conditions on the equilibrium structure that
p=p=0at r=R. With these assumptions the sound speed is given by

=L (R-r), (7.43)

Hp

I'y (7.42)
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Figure 7.1: Observed frequencies of solar oscillation, plotted according to equa-
tion (7.40). The constant value of «, 1.45, was determined such as to minimize
the spread in the relation (7.40). (Adapted from Christensen-Dalsgaard et al.
1985.)

where i, = 1/(I'y — 1) is an effective polytropic index of the region considered. I also treat
the layer as plane parallel, so that r can be replaced by R in the integral in equation (7.41).
Then the integral may easily be evaluated, to yield

T ppR

F(w) = W 7 ) (7.44)

Exercise 7.2:

Derive equations (7.43) and (7.44).

Thus the dispersion relation (7.40) gives

2 g
2
w'=—=(n+a)lL. 7.45
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In particular, w is proportional to LY/2. This property is approximately satisfied by the
computed (and observed) frequencies at high degree (c¢f. Figure 5.6). Indeed, equation
(7.45) might be expected to be approximately valid for modes whose degree is so high that
they are entirely trapped within the convection zone.

For modes of low degree, 1y is very close to the centre (see Figure 5.5). In equation
(7.39), therefore, the second term in the bracket on the left-hand side is much smaller than
unity over most of the range of integration. To exploit this, I consider the difference

R qr R c? 1/2
I = a 1- ar
/0 c /,nt w2r2 c
_ /Ttdr+ R 1_<1_ 0222>1/2}dr
0o ¢ - w?r c

= L+1, (746)

=

where w = w/L. Notice that ¢ is almost constant near the centre (it may be shown that

the first derivative of ¢ is zero at » = 0). Thus I take ¢ to be constant in the first integral,

and obtain I
Tt

LH=—>~—=— 7.47

by using equation (5.28). In the second integral the integrand is only substantially different

from zero for r close to 7y, which was assumed to be small. Thus here I also approximate ¢

by its value at r = 0. Furthermore, the upper limit of integration may be replaced by oo.
Then we obtain - 1 d )
_1 \/2|du _ 1 (7
Ig—w/0{1—<1—u) a=—(5-1)- (7.48)

17
[=—— 4
-, (7.49)

Thus, finally,

and equation (7.39) may be approximated by

/R‘J“"_L”_(”+a)” (7.50)
0o ¢ w2 w ’ '
or

(n+L/2+a)n (751)

R dr

e

The derivation of equation (7.51) clearly lacks rigour. However, it may be shown from

a more careful asymptotic analysis of the central region (e.g. Vandakurov 1967; Tassoul

1980) that the result is correct to leading order, except that L should be replaced by [ +1/2.
Equation (7.51) may also be written as

. I
ol vt =+ > +a)Av, (7.52)

Yl = on 271

where

c

—1
Av = [2 /OR d"’] (7.53)
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is the inverse of twice the sound travel time between the centre and the surface. This
equation predicts a uniform spacing Av in n of the frequencies of low-degree modes. Also,
modes with the same value of n 4 [/2 should be almost degenerate,

Unl = Vp—11+2 - (754)

This frequency pattern has been observed for the solar five-minute modes of low degree
(cf. Chapter 2), and may be used in the search for stellar oscillations of solar type. In
fact, as shown in Figure 5.14 it is visible even down to very low radial order for computed
frequencies of models near the zero-age main sequence.

The deviations from the simple relation (7.52) have considerable diagnostic potential.
The expansion of equation (7.39), leading to equation (7.51), can be extended to take into
account the variation of ¢ in the core (Gough 1986a); alternatively it is possible to take the
JWKB analysis of the oscillation equations to higher order (Tassoul 1980). The result may
be written as

Vi =~ (n+ % + i + a)Av — (AL? = §) Ay:; , (7.55)
where . " R ged
= 7
Hence Av R dedr
OUni = Vnl — Vn—1142 ~ — (4l + 6)—— — (7.57)

An2u, Jo dr v

where I neglected the term in the surface sound speed ¢(R). It is often convenient to rep-
resent observed or computed frequencies in terms of a limited set of parameters associated
with the asymptotic description of the modes. This may be accomplished by fitting the
asymptotic expression to the frequencies. By carrying out a polynomial fit in the quan-
tity @ — xo, where x = n +[/2 and x( is a suitable reference value (Scherrer et al. 1983,
Christensen-Dalsgaard 1988b) one obtains the average over n of dv,,; as

(0Vn1)n =~ (4l + 6)Dy , (7.58)

where
L Pdedr

Dy~ ——> .
dm2zg Jo dr r

(7.59)
Thus dv,,; is predominantly determined by conditions in the stellar core. Physically, this may
be understood from the fact that only near the centre is ky comparable with k.. Elsewhere
the wave vector is almost vertical, and the dynamics of the oscillations is largely independent
of their horizontal structure, i.e., of [; therefore at given frequency the contributions of these
layers to the frequency are nearly the same, and hence almost cancel in the difference in
equation (7.57).

It should be noted that the accuracy of expressions (7.58) and (7.59) is questionable;
they appear to agree fortuitously with frequencies computed for models of the present
Sun, whereas they are less successful for models of different ages or masses (Christensen-
Dalsgaard 1991a). However, the form of the dependence of (Jvy;), on [ shown in equation
(7.58), as well as the argument that this quantity is most sensitive to conditions in stellar
cores, probably have a broader range of validity. As a star evolves, the hydrogen abundance
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in the core decreases and hence the mean molecular weight increases. For an approximately
ideal gas, the sound speed may be obtained from
kT

2
~ ; 7.60
e (7.60)

since the central temperature varies little during hydrogen burning, due to the strong
temperature sensitivity of the nuclear reaction rates, the main effect on the sound speed in
the core comes from the change in the mean molecular weight . Consequently ¢ decreases
as the star evolves, the decrease being most rapid at the centre where hydrogen burning is
fastest. As a result, ¢ develops a local minimum at the centre, and dec/dr is positive in the
core. This region gives a negative contribution to Dy (cf. eq. 7.57), of increasing magnitude
with increasing age, and hence Dy decreases with increasing age (see also Christensen-
Dalsgaard 1991a). Hence Dy, which can in principle be observed, is a measure of the
evolutionary state of the star. On the other hand, the overall frequency separation Av,
defined in equation (7.53), approximately scales as the inverse of the dynamical time scale
which, for main-sequence stars, is largely determined by the mass.

These considerations motivate presenting the average frequency separations in a
(Avg, Dg) diagram, as illustrated in Figure 7.2; this is analogous to the ordinary
Hertzsprung-Russell diagram. As shown in panel (b) (note the different scales) most of
the variation in Awyg is in fact related to tqyn, such that Avg scales as M 1/2 / R32. Tt is
evident from Figure 7.2 that on the assumption that the other parameters of the star (such
as composition) are known, a measurement of Av and Dy may allow determination of the
mass and evolutionary state of the star (Christensen-Dalsgaard 1984b; Ulrich 1986, 1988;
Christensen-Dalsgaard 1988b). On the other hand, Gough (1987) analyzed the sensitiv-
ity of this result to the other stellar parameters, and found that the uncertainty in the
knowledge of the heavy element abundance, in particular, had a severe effect on the de-
termination of the mass and age. As an example of such sensitivity, Figure 7.2(c) shows
the consequences of an increase of the hydrogen abundance by 0.03. A careful analysis
of the information content in measured frequency separations, when combined with more
traditional measurements of stellar properties, was given by Brown et al. (1994).

The eigenfunctions of p modes can be found from equation (7.34). It is convenient to
use equation (7.38) to get

T R
| KGR = = [TRE) R+ 0+ 0 (7.61)
Tt r

so that we obtain

&r(r) =~ (7.62)
1/4 12 .,
cos [w/R< —ié) d%—(—l/élea)w ,

where I have again neglected N?/w?. However, the derivation neglects the fact that the
present simple asymptotic description breaks down near the lower turning point. As shown
in Section 7.5, a more appropriate treatment gives essentially the same result, except that
the term —1/4 in equation (7.62) must be replaced by 1/4. Also, to simplify this expression
further I note that 5’12 decreases quite rapidly with increasing 7. Near r = r(, w? and SZQ are

2
A,O_I/QC_I/QT_I 1— 752
w
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Figure 7.2: Evolution tracks (——————) and curves of constant central hy-
drogen abundance (--------------- ) in (Avp, Do) diagrams. Here Ay is the aver-
age separation between modes of the same degree and adjacent radial order,
and Dy is related to the small separation between v,; and v,_1;42 (¢f. eq.
7.58). The stellar masses, in solar units, and the values of the central hydro-
gen abundance, are indicated. In panel (b), the frequency separations have
been scaled by (p)~1/2 (5 o« M/R? being the mean density), to take out the
variation with tgyln. Panel (c) shows the effect of increasing the hydrogen
abundance by 0.03 (heavy lines), relative to the case presented in panel (a)
(shown here with thin lines). (From Christensen-Dalsgaard 1993b.)
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comparable, but at some distance from the turning point we can assume that SIQ Jw? < 1.
Here, therefore

R A/
& (r) ~ Ap~ 27120 cos [w/ dTr —(1/4+ a)m| . (7.63)

To this approximation the eigenfunction is independent of [. Oscillations with the same
frequency but different [ therefore have approximately the same eigenfunctions near the
surface, if they are normalized to the same surface value. This was also seen in Figure
5.8. This property is important for the interpretation of the observed frequencies. It may
be understood physically in the following way: near the surface the vertical wavelength is
much shorter than the horizontal wavelength (i.e., k. > ky); the tangential component of
the displacement therefore has essentially no influence on the dynamics of the oscillation,
which is consequently independent of [.

T T T T T
«
)
D)
S
<
0.0 0.2 0.4 0.6 0.8 1.0

r/R

Figure 7.3: Scaled eigenfunction for radial p mode of order n = 23 and fre-
quency v = 3310 uHz in a normal solar model (the same mode as was shown
in Figure 5.8a). According to the asymptotic equation (7.63) the quantity
plotted should oscillate between fixed limits in the region where the mode is
trapped.

From equation (7.63) one should expect that c¢'/2p'/2r &, (r) behaves like a cosine func-
tion with a non-uniform argument. This is confirmed to high accuracy by Figure 7.3. Thus
equation (7.63) in fact gives a reasonable description of the eigenfunctions of high-order p
modes in the region where they are trapped.
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7.4 Asymptotic theory for g modes

For these in general w? < SZQ , and I approximate K by

K(r) ~ 1) (Nz _ 1) . (7.64)

r2 w?

Typically a mode is trapped between two zeros r; and ry of K, and equation (7.33) is
immediately valid. Thus the frequencies are determined by

no (N2 74
/ L <w2 - 1) L —m-1/2)r, (7.65)
T1

or

w? r L

- 1/2 _
/ (NQ _ 1) dr _ (n-1/2)m (7.66)

Here the left-hand side is solely a function of w, so that equation (7.66) can be written, in
analogy with equation (7.40), as

n—1/2

S = Glw) (7.67)
where 1/
1 (2 [ N? dr
== -1 —=. .
Glw) = / <w2 ) ’ (7.68)

I have here implicitly assumed that N has a single maximum, so that there is a single,
well-defined trapping region at each frequency. In many stellar models, including some
models of the Sun, there may be several maxima in N, and this may give rise to, at
least mathematically, interesting phenomena. Roughly speaking, to each maximum there
corresponds asymptotically a separate spectrum of g modes; where modes corresponding
to different regions happen to have nearly the same frequencies, the modes may interact in
“avoided crossings” (e.g. Christensen-Dalsgaard, Dziembowski & Gough 1980).

In the model illustrated in Figure 5.2 N has a weak secondary maximum near r/R =
0.35, and at a frequency of about 410 yHz; this is in fact faintly reflected in the behaviour
of the frequencies shown in Figure 5.6, where there is an accumulation of modes at this
frequency, for I > 15. I neglect this local maximum and assume that N has a single
maximum, Nyay, in the interior of the Sun; from equation (7.68) it then follows that

G(w) — 0 for w = Nyax - (7.69)

Consequently
w — Npax for L = oo (7.70)

This behaviour is clearly visible in Figures 5.6 and 5.7.

For high-order, low-degree g modes w is much smaller than N over most of the interval
[r1,72]. This suggests that a similar approximation to the one leading to equation (7.51)
should be possible. In fact, the integral may be expanded near the centre, in much the same
way as the integral in equation (7.39), by using the fact that N ~ r near r = 0. However,
the expansion near the upper turning point can apparently not be done in a similarly
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simple fashion, and in any case the result does not quite have the correct dependence on
. A proper asymptotic analysis (Tassoul 1980) shows that the frequencies of low-degree,
high-order g modes are given by

r2
L[N
r1 r
= 7.71
v T(n+1/2+ ag)’ (7.71)

where o is a phase constant. Thus in this case the periods are asymptotically equally
spaced in the order of the mode. The spacing decreases with increasing [, as is also obvious
from Figure 5.6.

The analysis was carried to the next asymptotic order by Tassoul (1980). Ellis (1988),
Provost & Berthomieu (1986) and Gabriel (1986) compared the resulting expressions with
numerically computed frequencies for polytropic or solar models.

In the trapping region the eigenfunction is given by equation (7.34). We may assume
that w? < SIQ, and so obtain

s\V2 N2 [TV r [ N2 Y2 x
~ Ay l/2p-1,-1/2 (0L N / EA SN
&(r) ~ Ap~*r ¢ (w) 2 1 cos | L 2 1 T
INY?2 A r [ N? Y ox
_A(E —1/2,-3/2 | V" _ EA a T
A(w) pr 2 1 cos L/T1 2 1 Tl (7.72)

Except close to the turning points 71, r2 we may assume that N2/w? >> 1 (note, from Figure
5.2, that IV increases very rapidly from 0 at the centre and at the base of the convection
zone). Here, therefore,

r 2 1/2 /
E.(r) = ALY2p 1232 N =12 o [L/ (‘i\; - 1> i—t — Z] : (7.73)
1

Hence we expect that p!/2r3/2N1/2¢, behaves like a distorted cosine function. This is
confirmed by Figure 7.4. Thus equation (7.73), as the corresponding equation for the p
modes, gives a fairly accurate description of the eigenfunction in the trapping region.

Outside the trapping region the eigenfunction locally decays exponentially; this is also
described by saying that the mode is evanescent. In particular, g modes are always evanes-
cent in convection zones. From Figure 5.2 it follows that in the solar case this evanescent
region is essentially restricted to the convection zone for v < 200 pHz. At higher frequencies
the evanescent region extends more deeply, and for frequencies near the maximum in N
the mode is oscillatory only in a narrow region around z = 0.1. Thus one would expect
such modes to be very efficiently trapped. To study the trapping I use the asymptotic
expression (7.36). In the convection zone we can assume that N = 0; and for low-frequency
(and high-degree) modes I neglect w?/S? compared with 1. Then K ~ —L?/r?, and the
variation in &, through the convection zone may be approximated by

1/2 r /
& (r) ~ 1<L> p~1/2p=3/2 oy (—L/ dr)
2 \w ro T

1 /L 1/2
=3 (w> ol p~1/2p=(/2+L) (7.74)
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Figure 7.4: Scaled eigenfunction for high-order g mode of degree 2, radial
order n = —10 and frequency v = 104 yHz in a normal solar model (the same
mode as was shown in Figure 5.10b). According to the asymptotic equation
(7.73) the quantity plotted should oscillate between fixed limits in the region
where the mode is trapped.

Thus the density decrease with increasing radius causes an increase in the amplitude, but
this is compensated for by the power law decrease represented by r—% (note that this is
the global manifestation of the locally exponential behaviour in the evanescent region). To
get an idea about the relative importance of these two effects I note that the radius r}, at
the base of the solar convection zone is about 0.7 R, whereas the ratio between the surface
density and the density at the base of the convection zone is about 1075, Thus we obtain

& (rp)/Er(R) ~ 1073(0.7)~B/2FL)  10=28+015L (7.75)

This approximation, however, assumed the validity of the asymptotic expression (7.36)
right up to the surface. This is not true, as the assumptions underlying the analysis break
down close to the surface where the pressure scale height becomes small. It appears that
these effects dominate unless [ is quite large. An attempt at analyzing this, based on the
more complete asymptotic theory to be described in the following section, is provided in
Section 7.6.2.

This analysis roughly describes the trapping of low-frequency modes. At higher fre-
quencies the deepening of the evanescent region must also be taken into account, and the
asymptotic analysis becomes rather complicated. Reference may be made, however, to the
numerical results presented in Figures 5.12 and 5.13. At low frequencies the increase in the
interior amplitude with degree, at fixed frequency, is roughly in accordance with the asymp-
totic discussion given above. The steep increase with increasing frequency at v > 400 uHz
is related to the faint local maximum in N at that frequency, which was discussed above
(c¢f. Figure 5.2); modes with higher frequency suddenly get trapped much deeper in the
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Sun, and their maximum amplitudes consequently rise very rapidly. For comparison one
might note that a mode with a velocity amplitude of 1 msec™! and a period of 1 hour has
a relative surface displacement amplitude of about 107. Thus modes with an amplitude
ratio of more than 10° are not likely to be seen. Clearly there is little hope of observing g
modes of degree greater than 20.

A more careful analysis than presented here would probably allow an understanding of
many of the features shown in Figures 5.12 and 5.13. This would be interesting but has, as
far as I know, not been undertaken so far.

7.5 A general asymptotic expression

An approximate asymptotic description of the oscillations has been derived by Gough (see
Deubner & Gough 1984), on the basis of earlier work by Lamb (1932). This does not
assume that the pressure and density scale heights are much larger than the wavelength;
but it assumes that the oscillations vary much more rapidly than r and g, so that the
problem is locally one of oscillations of a plane-parallel layer under constant gravity. Also,
as usual, the perturbation in the gravitational potential is neglected. Then the governing
equations are equations (5.12) and (5.13), but without the term in 2/r in the former. When
manipulating the equations, I neglect derivatives of r and g, but keep derivatives of the
thermodynamic quantities. I note that Gough (1993) generalized this treatment to include
also sphericity and varying gravity, although at the expense of obtaining considerably more
complicated expressions.

7.5.1 Derivation of the asymptotic expression
The trick of the analysis is to write the equations in terms of
x = div ér . (7.76)

By using the equation of continuity and the condition of adiabaticity we may also write x
as

L (p pg )
— (2 e ) . 777
X I (P P (7.77)
The oscillation equations can be written as
d¢, 1kE
— i} 7.78
G Xt (7.78)
and & dl
4 2 np
—_— = — )&, . 7.79
i p(w 9 >§+gpx (7.79)

In keeping with the plane-parallel approximation I have expressed [ by ky,, given by equation
(4.51), and I assume kj, to be constant.

By multiplying equation (7.77) by I';p and differentiating we obtain, on using equations
(7.78) and (7.79)

dr d k2
Sy = Tigpx + Tip=X = —pw?é, + g—;p’ : (7.80)
dr dr w
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This equation, together with equation (7.77), can be used to express &, in terms of x and
its first derivative. The result is

w4
plg——=5|& =11
< 9kﬁ>

Finally, by differentiating equation (7.80) and using equations (7.78), (7.79) and (7.81)
to eliminate &, p’ and their derivatives, we obtain the following second-order differential
equation for y:

d?y 2dc®  1dp) dy

SX (25 282 X 7.82

dr? + <02 dr + pdr ) dr (7.82)
LT 2dligp, o (N ) Ldp 1 dn gt

'y dr2 Tydrop h

w? dy dInTy
= (p2 = . 7.81
px+gkﬁ (pdr 9PX + P x) (7.81)

Here I have introduced the adiabatic sound speed ¢ from equation (3.52) and the buoyancy
frequency N from equation (3.73).

The differential equation for y contains no interior singular points. However, it is clear
from equation (7.81) that the case where the coefficient of &, vanishes is in some sense
singular. This occurs when

w? = gk . (7.83)

It is easy to show that then the solution for x to equation (7.81) grows exponentially towards
the interior; as this is clearly unacceptable, x must be zero. Then equation (7.77) gives

P =90, (7.84)

and equation (7.78) has the solution
& = aexp(knr) , (7.85)

where a is an arbitrary constant. It is easy to show that the resulting p’ satisfies equation
(7.79). Thus this is one possible solution to the plane-parallel oscillation equations. It
should be noticed that equation (7.83) agrees with equation (3.84) for the frequency of a
surface gravity wave. Thus the mode we have found must be identified with a surface gravity
wave; and we have shown that its frequency is independent of the structure of the model
below the surface, if sphericity is neglected. This result was first obtained by Gough. It is
obvious from Figure 5.6 that the mode can be followed to degrees well below 10, although
here the correction to the frequency given by equation (7.83) becomes significant.

To analyze equation (7.82) it is convenient to eliminate the term in dy/dr. Thus I
introduce X by

X =2p 2y (7.86)
After considerable manipulation one then finds that X satisfies the differential equation
d*X N? w? 1d 1
— Bl—-1 - —HY--H?|X= .
dr? +[h<w2 >+02 2dr( ) 4 0, (7.87)

where I have introduced the density scale height H by

_ dlnp
H'=—- . 7.88
dr ( )




7.5. A GENERAL ASYMPTOTIC EXPRESSION 145

Finally, I define a characteristic frequency w. by

2
, ¢ dH>
=—(1—2— .

Ye T UH? ( dr )’ (7.89)

and use equation (4.60) for the acoustic frequency S;, to obtain

2x 1 N?
+[Sf<2—1>+w2—w2]X:O. (7.90)
w

drz = 2

This is the final second-order differential equation. Considering that the only approxima-
tions made in deriving it are the constancy of g and the neglect of the derivatives of r, it is
remarkably simple.
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Figure 7.5: The acoustical cut-off frequency w. defined in equation (7.89)
(solid line), and the approximation w, appropriate to an isothermal region [cf.
equation (5.45); dashed line] in the outermost parts of a normal model of the
present Sun.

It might be noticed that equation (7.90) can also be derived from a careful analysis of
the propagation of waves in stellar interiors. This has been carried out by Gough (1986a).

Notice that if H is constant (as was assumed in Section 5.4), equation (7.89) for we
reduces to the frequency w, defined in equation (5.45). Thus we, as introduced here, gen-
eralizes the acoustical cut-off frequency defined for the isothermal atmosphere. Figure 7.5
shows w, and w, in the outer parts of a normal solar model; they are in fact quite similar,
except in a thin region very near the top of the convection zone, where the rapid variation
in the superadiabatic gradient causes large excursions in we.

Near the surface S? is small, and the coefficient of X in equation (7.90) is dominated
by the last two terms; hence X is exponential when w? < w?. This provides the trapping
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of the modes at the surface. In the interior w? (which roughly varies as g?/T) is generally
small, below about 600 xHz in models of the present Sun.
We may write equation (7.90) as

d’X

where
2 2 2 N2
c w w w
w? wf + Wi
= el 1— 2 1— ) (7.92)

defining the characteristic frequencies w; 1 and w; . They are plotted in Figure 7.6, in
a model of the present Sun. Equation (7.92) shows that the trapping of the modes is
determined by the value of the frequency, relative to behaviour of w; ; and w; . In the

interior of the Sun, particularly for large [,
wi+ >S5 wi,—~N. (7.93)

Thus here we recover the conditions for trapping discussed in Section 5.2.2. This was
indeed to be expected, as the assumptions entering the present formulation provide a natural
transition from the previously discussed simplified asymptotic treatment to the atmospheric
behaviour of the oscillations. On the other hand, near the surface where S;/w < 1

Wi+ ™~ we , (7.94)

while w; _ is small. Thus the trapping near the surface is controlled by the behaviour of w; 4.
As shown in Figure 7.6 trapping extends in frequency up to about 5.3 mHz, although the
spike in w; 4 just beneath the photosphere provides some partial reflection at even higher
frequency. Also, modes with frequency v = 2 mHz propagate essentially to the photosphere,
while modes of lower frequency are reflected at some depth in the convection zone. This
behaviour is visible in the eigenfunctions shown in Figure 5.9; also it is largely responsible
for the transition of the mode energy normalized with the surface displacement, shown in
Figure 5.11, from steep decrease to near constancy with increasing frequency.

7.5.2 The Duvall law for p-mode frequencies

We may apply the JWKB analysis discussed in Section 7.2 to equation (7.90). Thus the
asymptotic expression (7.33) for the frequency gives

T 2 2 N2 1/2
w/2l1—“¢—5l<1—w2>] d%:w(n—uz), (7.95)

2 2
) w w

where 1 and r9 are adjacent zeros of K such that K > 0 between them.

This expression is now also formally valid for p modes. Given the rapid variation of w;
near the surface its practical validity might be questioned. Christensen-Dalsgaard (1984c)
evaluated the left-hand side of equation (7.95), substituting computed eigenfrequencies
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for w, and found that the deviations from the asymptotic relation were relatively modest;
however, substantially better agreement is obtained if w, is replaced by the simple expression

for an isothermal atmosphere, given in equation (5.45).

Equation (7.95) may be used to justify the approximate relation (7.38) for the frequen-
cies of acoustic modes, with @ = a(w) being a function of frequency (see also Deubner
& Gough 1984). Here I present an argument derived by Christensen-Dalsgaard & Pérez
Hernéndez (1992). Assuming that the term in N2 can be neglected, I write equation (7.95)

) ﬂn—U@NF(W>_$h+b+

w L

R 2 \'"?ar
Pl = | (“w) r

and the dimensionless integrals I; — I3 are defined by

R 52 1/2d7’
L)
. w c

where

I3),

Izzw/’r‘g 75,7? 1/27 7&}72757? 1/2g
- w? w?  w? c

(7.96)

(7.97)

(7.98)

(7.99)



148 CHAPTER 7. ASYMPTOTIC THEORY OF STELLAR OSCILLATIONS

™ S? 12 dr
I3 = S 1 —. 1
, w/” ( w2> ) (7.100)

I assume that w? > 0 in the vicinity of the lower turning point, so that r; < r; [where 7y is
given by equation (5.28)]; also I have assumed that R > ry for all modes of interest.

To show that equation (7.39) is approximately valid, with « being a function of w, we
must show that I} + Iz + I3 is predominantly a function of frequency. In so doing I make
the assumptions:

° Sf/w2 < 1 at the upper turning point.

e w?/w? < 1 at the lower turning point.

Near the upper turning point we may then neglect the term in SZQ /w?, and hence the position
of the turning point is approximately given by ro ~ Ry, where Ry is defined by w = wc(Ry).
Thus r9 is a function of frequency alone; the same is therefore obviously true for I;. I3 is
small; in fact, by expanding S? in the vicinity of ry, neglecting the variation in w. and ¢, it
is straightforward to show that

1 5 H 2
Iy~ - ("”) oHet <°‘”> , (7.101)

3\ w Ct w

where wc ¢, ¢; and Hc ¢ are the values of we, ¢ and the sound-speed scale height at 7. Thus,
although I3 depends on 7 and hence on w/L, the term is O((w./w)?) and hence negligible.
This leaves I3 to be dealt with. To investigate its dependence on [ and w I rewrite it as

ro 2
I = 1/ o e WQ . (7.102)
I St we S ¢
) Ut

Since w?/c decreases quite rapidly with increasing depth (cf. Figure 7.5), this integral is
dominated by the region near the upper turning point 7. It is true that the integrand is
nearly singular, with an integrable singularity, at » = 71; but the contribution from that
is essentially O(w?;/w?) and is therefore small. Near ry, S7/w? is negligible; thus we can

approximate Iy as
1 r 2 d
Iy ~ 7/ e 2 (7.103)
w Jr W2\ 2 ¢
1+ (1 — ‘;)
w

which is obviously a function of frequency alone.
It follows that equation (7.96) may finally be written as

/R (1 B L202>1/2 dr _ [n+o(w)r ’ (7.104)

w?r? c w

with ]
(Il + IQ) — 1/2 . (7.105)

a:a(w):;
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This argument is evidently valid in general for stellar models where w?/c decreases suffi-
ciently rapidly with increasing depth.

It is instructive to consider the analysis for the special case where the outer layers of the
star can be approximated by an adiabatically stratified, plane-parallel layer; also I neglect
the variation of I';. Then we obtain equation (7.43) for ¢, and furthermore

2 9Hp 2
wi= 1+ , 7.106
4R—r) ( up> ( )

where p, = 1/(I'y — 1) is the effective polytropic index of the layer. Finally N is zero.
From equation (7.106) w. is small except near the surface, and so it is reasonable to neglect
it in most of the region where the p mode is trapped (notice, however, that this becomes
questionable for high [, where the trapping region is confined very close to the surface).
To approximate equation (7.95) I use a trick similar to that employed to derive equation
(7.51). Thus I write equation (7.95) as

o1z ()5 ”2dr_/R s\ ar
w B r1 w2 c T2 OJ2 c
; 1/2 1/2
_/2 _if _ _wf?_éj dr (7.107)
- w? w2 w2 c ’

Here, approximately, ro is given by wc(r2) = w, and is therefore close to the surface.
Furthermore, the dominant contribution to the third integral in question (7.107) comes
from the region near ry. In the last two integrals I therefore use the approximations (7.43)
and (7.106) for ¢ and we; furthermore I neglect the variation of r in S;. These integrals may
then, with a little effort, be evaluated analytically. The result is

1/2
m(n—1) /R S? dr 1 12T
AR 7o 1-2L) = 22 1
w o w2 c 2[,“1)(#10"‘ )] w (7.108)

This may also be written as equation (7.39), with
o =1/2[up(pp + 2)]V/2 = 1/2. (7.109)

Thus in this case « is a constant which is related to the effective polytropic index of the
surface layers.

Exercise 7.3:

Derive equation (7.108).

If the entire layer is polytropic, with equation (7.43) and (7.106) everywhere valid, equa-
tion (7.90) may be solved analytically (e.g. Christensen-Dalsgaard 1980). The condition
that the solution decreases exponentially at great depths determines the eigenfrequencies
as

2 o g
2 P
= + L=. A1
w ) <n 5 > (7.110)
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This is in accordance with equation (7.45) obtained asymptotically, but with a different «,
_ Hp
=5
It is easy to show that the difference between this exact « and the asymptotic approximation
in equation (7.109) is small; it tends to zero for large fip.

A minor point in these relations concerns the definition of L (which also enters into
S; = ¢L/r). In the analysis I have so far taken L = /I(l + 1). In fact, it may be shown
from a more careful analysis of the asymptotic behaviour of the oscillation equations near
the centre that a more appropriate choice would have been Ly = [ + 1/2 (note, however,
that L = Lo+ O(I™!) and that even for | = 1 they are very similar). In the rest of this
chapter I shall replace L by Lo and, for convenience, suppress the subscript ‘0’. [Note that
this was also used in the formulation of equation (7.52).]

o (7.111)

7.6 Asymptotic properties of eigenfunctions

An initial discussion of p- and g-mode eigenfunctions was presented above, based on the
simplified asymptotic description (cf. eqs 7.63 and 7.73). It was noted that the presence of
singularities in the asymptotic equations caused problems in these approximations, partic-
ularly for the phase of the p-mode eigenfunction. Such problems are avoided in the formu-
lation developed in Section 7.5. That formulation, on the other hand, was derived under
the assumption that derivatives of » and g could be neglected. Thus, as is indeed found
from numerical applications, a straightforward derivation of eigenfunctions from asymptotic
analysis of (7.90) leads to amplitude functions deviating from the correct variation by low
powers of r or g.

As already mentioned, a more complete asymptotic description which does not suffer
from this approximation was developed by Gough (1993). In a formal sense it is quite similar
to the formulation presented here, although with considerably more complicated expressions
for the characteristic frequencies and eigenfunction scalings. It is likely that an asymptotic
analysis based on these equations would yield the correct behaviour; however, such an
analysis has apparently not been published, and will not be attempted here. Instead I shall
apply a pragmatic, although certainly not rigorous, approach. The analysis in Sections 7.3
and 7.4 is correct, to leading order, away from the singular points. Consequently, we can
expect that the variation of the amplitude functions in equations (7.63) and (7.73) are
correct in these regions. I shall assume that this is the case and obtain the relevant powers
of r and/or ¢ in the analysis of equation (7.90) such that the final p- and g-mode expressions
have the correct behaviour [the dependence with ¢ and p is included fully in the derivation
of equation (7.90) and is therefore correctly included]. What is gained by using equation
(7.90) is therefore principally the correct treatment of the phases at the turning points.

7.6.1 Asymptotic properties of the p-mode eigenfunctions

I neglect the term in N? in equation (7.90), and assume that there is a region outside 7
where w? can be neglected. In that region, except near r,, JWKB analysis of equation
(7.90) leads to the following approximate solution for X:

2 2\ ~1/4 r 2 2\ /2 4
X(r) ~ Axc/?r1 (1 _ L ) cos {w/ (1 — LC,2> ar Z} ; (7.112)

w?r? w2r c
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where the constant Ax is determined by the boundary conditions; the factor 7~ does not
follow from the analysis but was, as discussed above, introduced to obtain the correct final
amplitude function. An expression for & can be derived from the general equation (7.81).
I neglect the derivative of I'; and write the equation as

wt w? /d r
P9 (1 — g =Tw|x+ s (X - wx) : (7.113)
f
2 _

gkt \dr ¢

where wi = gky, is the squared f-mode frequency. For high-order p modes we can assume
that w > we. On the right-hand side we need to estimate the term in dy/dr, compared with
the terms in x. To do so, when differentiating here and in the following I assume that the
eigenfunction varies on a scale short compared with scale heights of equilibrium quantities
and only differentiate through the argument of cos in equation (7.112). It follows that
the amplitude of dx/dr is, to leading order, w/c times the amplitude of y. Consequently,
the magnitudes of the coefficients to x in the three terms in the square bracket on the
right-hand side of equation (7.113) are

3 2
w w Ty
1, —, —— - 7.114
gck ki ( )
To estimate the magnitude of the second component I write it as
w? we  wlwe (7.115)

Ay g
In the first factor w > S; in regions of p-mode trapping. The second factor may be
estimated from equation (5.18), neglecting V,,, by writing it as

I'g?
N2 ~
2

(Vaa = V)5 (7.116)

thus we/g ~ (Vag — V)2w/N > 1 for typical p modes, at least in radiative regions where
Vad — V is of order unity. (Near the surface, in convective regions where this estimate is
not valid, it is typically the case that w? > SZQ) It follows that the second component
in the set (7.114) is typically much greater than unity. The ratio between the second and
third components is )
1/2

Ly Iy N , (7.117)

we  (Vag — V)YV2w
which is again typically much smaller than unity.

Using these estimates, it follows from equations (7.113) and (7.112) that

£ ~ _ﬁdlg_ —1/2w—2dX

w? dr dr
L3232 14 r L2c2 1/2 dr’ 7
o —1 N-1/2,.—1(1 _ B ar T
~ —Axw " (pc) r (1 w2r2> cos (,u/rt 1 2,2 - + 1l

By using equation (7.104) this equation may be written as

&r(r) =~ (7.119)
1/4 2 .,
Al(pe) /2! <1 - L2C2> cos [w /R (1 - LQCZ) d% —(a+ 1/4)%] )

(7.118)

w2r? w?r
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where A is a new constant; this corresponds to equation (7.63).

To find the horizontal displacement I note that in equation (5.12) the first term on the
right-hand side can be neglected compared with the left-hand side, so that

dg, 1 S? '’ rw? S?
T l\e P )

(7.120)
using equation (4.39). Thus
& 52\ e
~———(1-"L) 2~ 7.121
&n(r) rw? ( w2> dr ( )
1202\ V4 R 22\ % g
—Ap V222, (1 — w2j2> sin w/ 1- 7:/2 %‘ —(a+1/4)m| .

It may be noted that the ratio between the amplitudes of the root-mean-square lengths of
the horizontal and vertical components of the displacement is

Le L% 12 S 512 172
~S — 1 —_—— —_ —_— —_— —
rw ( w2r2> w < )

w2

Léh
&

(7.122)

(c¢f. eq. 4.45); thus well above the lower turning point, where w > S, the oscillation is
predominantly vertical.

From these expressions, we can finally find the asymptotic form of the energy integral
& (cf. eq. 4.47), replacing sin? and cos? by the average value 1/2:

R L33 1/2 L3¢ L2c2 12
~ 2 1 _
E ~ 27A /Tt [c (1 27“2) + 5,2 1 dr

 w2r2
R 1202\ V2 d
~ s <1_;2) dr
- w2r

C

(7.123)
7.6.2 Asymptotic properties of the g-mode eigenfunctions

We consider the region where a g mode is trapped, and assume that w? < SZQ ,N2. Then

N2
K~k <w2 - 1) : (7.124)

In the corresponding JWKB expression for the eigenfunction, comparison with equation
(7.72) will show that the extra factor gr—3/2 must be included. Thus we obtain

—1/4 1/2
N2 r N2 T
~ 32 (LT N 1T
X(r) ~ Agr <w2 1) cos {/ﬁ ky, <w2 1) dr 4] ,

(7.125)
where k;l/Q

was assumed to be constant and was absorbed in the amplitude A. To deter-
mine & we use again equation (7.113). On the left-hand side we can assume that w < ws.

On the right-hand side, according to equation (7.125) the amplitude of dy/dr is now, to
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leading order, kyN/w times the amplitude of y. Thus the magnitudes of the three terms
on the right-hand side of equation (7.113) scale as

wlN w2F1
1 — —— - 7.126
2 e (7.126)
Here, using equation (7.116), the second component is
wN w w
e (V- S (Vg -2« 1, 7.127
gkh Ckh ( ad ) Sl ( ad ) << ( )
and the third component is
w3l w?
— =T'1—= 1. 7.128
kic? ! S? < ( )
Thus the dominant term is the first. The result finally is
2
& ~ —x=p YV2glX (7.129)

9

—1/4 1/2
_ _ N? L [ N? T
ZAIO 1/27" 3/2<Q_}2_1> COS|:/T17"<Q)2_1> d?"/—4] .

To find the horizontal displacement we again use equation (7.120), now approximated
by

d¢,  L?
L g, (7.130)

Thus we obtain

o dé
L? dr

N2 1/4 v L (N2 1/2
—Ap_l/ZL_1r_3’/2 — —1 sin / —|—-1 -
w? o T\ W2 4

Here the ratio between the amplitudes of the root-mean-square lengths of the horizontal
and vertical components of the displacement is therefore

N2 1/2
~< —1) : (7.132)

S (7.131)

12

L&y
&

demonstrating that the oscillation is predominantly in the horizontal direction.

We may attempt to use equation (7.90) to describe the properties of g modes in an
outer convection zone, e.g. in the solar case, to correct for the approximations discussed in
connection with equation (7.75). We assume that N? ~ 0 and w? < w?, so that equation
(7.90) is approximated by

X (LF WP

dr? r2 2
using equation (7.89). Compared with the equation leading to equation (7.74), this differs
by the inclusion of the term in w?; since the density scale height H is much smaller than

w2

2 e ar

.1 <1_2dH)]X:O, (7.133)
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the stellar radius near the surface, there this term dominates over L?/r?, unless L is very
large.

It is possible to carry the analysis somewhat further if we approximate the convection
zone by a plane-parallel adiabatically stratified layer, and neglect the variation in I'y; this
approximation was also used in Sections 7.3 and 7.5.2 to analyze various aspects of the
Duvall law. Then p = ppz#?, where z = R — r is the depth and, as before, pu, =1/(I'1 — 1)
is the effective polytropic index. Also, we have equations (7.43) and (7.106) for ¢ and w;
we write the relevant equations as

2
62:£27 w2:%<1+>, g =t (7.134)
Hp 4z

It follows that equation (7.133) can be written as

L2

d2X
—— "2 + @Mp(ﬂp +2)

dz2

X=0, (7.135)

where, in accordance with the assumption of a plane-parallel layer, I replaced r by R in the
first term. A solution can be found to this equation in terms of modified Bessell functions.
However, here I assume that L is not very large, so that the term in 272 dominates. Then
the regular solution to equation (7.135) is

X ~ Xoz'tre/? (7.136)

where X is a constant. It follows from equation (7.86) that x ~ x¢ is approximately
constant. To determine &, we use again equation (7.113), with w < wf. Obviously the term
in dx/dr can be neglected; however, since formally ¢ — 0 at the surface both terms in y
must be included. The result is that

1 Iy r2w?
£~ = <02 - 1L2 ) X0 . (7.137)

Neglecting c? at the surface, this shows that g is related to &.(R) by

L?g
X0 = —WET(R) : (7.138)
Also, it follows that equation (7.75) is replaced by
r2 L2c(r,)? | 1 w? ré Si(rp)? | 1 w?
. (R~ -2 220 1 =0t - — , (7139
) /& (R) = = pr = | T Si(rp)2 RY w2 Ty Si(m)2 (7.139)

where I neglected the variation in mass, and typically w?/S;(r,)? < 1. I have found that
numerical results, for modes of degree [ < 5, in a model of the present Sun are in reasonable
agreement with this relation.

To estimate the horizontal component of the displacement I again use equation (5.12)
where, however, the term in &, can no longer be neglected. Since we consider an adia-
batically stratified convection zone, Flepf ' = H~! and hence equation (5.12) can be

approximated by
dé&, _ rw? [ S?
o 15?‘&(&‘ )fh- (7.140)
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When differentiating &, as given by equation (7.137), we neglect derivatives of g and 7;
using also equations (7.134) we obtain

dé, 1 1 F1r2w2up w?
- H =— |1+ - —-———TP =-I(1-—= ; 7.141
P & + o 752 )X 1 52 X0 ; ( )
Thus equation (7.140) gives, using also equation (7.138), that
Iyc? g 9
~———xo~ ——S&(R) ~ R 7.142
6~ o0~ Tt () ~ o () (7142)

is approximately constant in the convection zone. It should also be noticed that this result,
reassuringly, is consistent with the surface condition given in equation (4.69).

It would be interesting to match this behaviour in the convection zone to the region of
trapping in the interior, to obtain the asymptotic behaviour of the mode energy. However,
I have so far not been able to carry this analysis through to a result which resembles the
numerical behaviour.

7.7 Analysis of the Duvall law

It was shown in Section 7.5.2, on the basis of the asymptotic theory of p modes, that
such modes satisfy the Duwvall law: we can find a function a(w) of frequency such that
the quantity [n + a(w)]/w depends principally on frequency w and degree [ only in the

combination w = w/L, i.e.,
(n+a)m (w)
——=F(=]. .14
” 17 (7.143)
Here the function F'(w/L) is related to the adiabatic sound speed ¢(r) by

In R 2\ 2
F(w):/l 1-— ] aldlnr, (7.144)

nr(w) w?

where a = ¢/r. Also, the function «(w) is primarily determined by conditions near the
stellar surface. As illustrated in Figure 7.1 the observed frequencies of solar oscillation
satisfy a relation of the form given in equation (7.143) quite accurately. This suggests
that these relations are useful tools for analysing solar oscillation frequencies. It should be
noted, however, that they are only approximately valid. In fact, a much more precise fit
to the observed frequencies can be obtained by including additional terms (e.g. Gough &
Vorontsov 1995) which take into account the effect of the perturbation in the gravitational
potential (significant at low degree) and the dependence of the modes on degree near the
upper turning point (important at high degree).

In this section I illustrate some properties of the Duvall law by applying it to frequen-
cies computed for solar models, as well as to observed frequencies. The results are based
on computations by Christensen-Dalsgaard, Proffitt & Thompson (1993) who considered
both normal solar models and models which included effects of diffusion and gravitational
settling of helium; recent opacity tables (Iglesias, Rogers & Wilson 1992) and a reasonable
approximation to the equation of state were used. Thus the results illustrate both how
well modern solar models fit the observed frequencies and the sensitivity of such analyses
to relatively subtle features of the model calculations, such as gravitational settling.
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7.7.1 The differential form of the Duvall law

A very powerful relation can be obtained by considering the effect on equation (7.104) of
small changes to the equilibrium structure. I consider two cases (two solar models or a solar
model and the Sun) with the same surface radius, labelled with the superscripts 1) and

(2)and introduce the differences dwy,; = wr(fl) - wgl), Sre(r) = D (r) — M (r) and do(w)

o (w) — aM(w). By substituting ¢ (r) = ¢V (r) + 8,¢(r) and o? (w) = oD (w) + da(w)
into equation (7.104), retaining only terms linear in d,¢, da and dw, one obtains

5 R 202\ s5cdr 5
S 20 (1-— ; 2) dredr | dalwn) (7.145)
nl e wor c c W
where 1/
R L2c2\ T ar da
= e 14
St /rt ( r2wil> ¢ Tdw (7.146)

and I have suppressed the superscript (). This relation was first obtained by Christensen-
Dalsgaard, Gough & Pérez Herndndez (1988).

Exercise 7.4:

Derive equation (7.145). If initially you obtain a different result, you may be in good
company: so did the referee of Christensen-Dalsgaard et al. (1988).

Equation (7.145) may be written as

6 T mn
Snl “nl = Hl (le> +H2(wnl) 3 (7147)
nl
where 1/2
R 2\ T edr
= 11— —— —_ .14
Hi(w) /"'t ( r2w2) ¢ (7.148)
and .
Ho(w) = aéa(w) ) (7.149)

Some properties of this equation were discussed by Christensen-Dalsgaard, Gough & Pérez
Hernéndez (1988) and by Christensen-Dalsgaard et al. (1989). As pointed out in the latter
paper, H1(w/L) and Ha(w) can be obtained separately, to within a constant, by means of a
double-spline fit of the expression (7.147) to p-mode frequency differences. The dependence
of Hy1 on w/L is determined by the sound-speed difference throughout the star, whereas
Hz2(w) depends on differences in the upper layers of the models.

There is a close analogy between equation (7.147) and the ‘exact’ equation (5.90). From
equations (7.123) and (7.146) it follows that S,;, apart from the term in the derivative of
«, is proportional to the energy integral £. Thus one finds that the scaling @Q,,; in equation
(5.90) is essentially asymptotically equal to Sy;/So, where Sy = lim,,—0 S(w) (Christensen-
Dalsgaard 1991b); one may show that Sy = 79 where

R
m:/(h (7.150)
0o ¢
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Figure 7.7: The solid lines show the inertia ratio @,;, defined in equation
(5.88), against v/(l + 1/2) in a normal solar model, each curve corresponding
to a given degree [. The upper abscissa shows the turning-point radius ry,
related to v/(l41/2) through equation (5.28). The heavy dashed curve shows
the asymptotic scaling S, /70, where S, is defined as in equation (7.146) but
neglecting the term in da/dw.

is the acoustical radius of the star. The close correspondence between Q,; and Sy;/7 is
illustrated in Figure 7.7. Furthermore, the term G(w) in equation (5.90) to some extent
corresponds to the term Ha(w) in equation (7.147), in that both terms contain contri-
butions from the uncertain regions very near the stellar surface. However, as discussed
in Section 7.7.3 below Ho may also be used to gain information about somewhat deeper
regions.

Since ¢/r decreases quite rapidly with increasing r, (Lc/rw)? < 1 except near the
turning point r¢; hence as a rough approximation 1 — L?c?/r2w? may be replaced by 1 in
the integrals in equations (7.145) and (7.146). If furthermore the terms in da and do/dw
can be neglected, the result is the very simple relation between the changes in sound speed

and frequency:
R§.cdr
s |

- /R dr
Tt Cc

This shows that the change in sound speed in a region of the Sun affects the frequency

(7.151)

w
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with a weight determined by the time spent by the mode, regarded as a superposition of
traveling waves, in that region. Thus changes near the surface, where the sound speed is
low, have relatively large effects on the frequencies. Although this expression is only a rough
approximation, it is a useful guide in attempts to interpret frequency differences between
models, or between observed and computed frequencies.
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Figure 7.8: Fractional difference in sound speed between a model of the present
Sun with diffusion and a normal model, without diffusion. From Christensen-
Dalsgaard, Proffitt & Thompson (1993).

To illustrate the behaviour of the separation in equation (7.147) I consider differences
between two models of Christensen-Dalsgaard et al. (1993): a model with diffusion and
settling and a normal solar model. Figure 7.8 shows the sound-speed difference between
these models. It is dominated by the fact that the convection zone is slightly deeper in the
model with diffusion: since the temperature and sound-speed gradients are steeper in the
convection zone than in the radiative region below, there is a region where the sound speed
increases more rapidly with depth in the diffusive model, and this leads to the behaviour
seen in the figure. Furthermore, due to settling of helium out of the convection zone the
hydrogen abundance X, in the convective envelope is higher by about 0.03 in the diffusive
model, compared with the normal model. This causes differences in I'7, and hence in the
sound speed, in the ionization zones of hydrogen and helium.

Figure 7.9a shows scaled frequency differences, at selected values of [, between these two
models, plotted against v/L (with L = [+ 1/2; see above). I have normalized the scaling
by Sg, such that it tends to unity at low degree; hence the scaled frequency differences
correspond in magnitude to the differences for low-degree modes. The upper abscissa shows
the location of the lower turning point, which is related to w/L through equation (5.28). The
general behaviour of the frequency differences reflects the asymptotic expression (7.147).
The dependence of Sév /v on v/L can be understood from the sound-speed difference shown
in Figure 7.8: for v/L < 100 pHz the modes are entirely trapped in the convection zone,
and the frequency difference is dominated by the term Ho(v) arising from differences near
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Figure 7.9: Scaled frequency differences corresponding to the model differences
shown in Figure 7.8, plotted against v/(l + 1/2). The upper abscissa shows
the location of the lower turning point, which is related to v/(I+1/2) through
equation (5.28). In panels (a) and (b) points corresponding to fixed [ have been
connected. (a) Original scaled frequency differences. (b) Scaled differences,
after subtraction of the function H2(w) obtained from the spline fit. (c) The
fitted function Hq(w/L).
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the surface, particularly the difference in X,. In contrast, modes with v/L > 100 uHz sense
the substantial positive §,c just beneath the convection zone, and hence display a positive
frequency difference; the transition occurs quite abruptly as the modes begin to penetrate
beyond the convection zone.

This qualitative description suggests that the frequency differences may be analyzed in
detail in terms of equation (7.147). To do so, I have determined the functions H; and Hs
by means of the spline fit of Christensen-Dalsgaard et al. (1989), where details about the
fitting method may be found. Briefly, the procedure is to approximate Hj(w/L) and Ha(w)
by splines, the coefficients of which are determined through a least-squares fit to the scaled
frequency differences. The knots of the splines in w = w/L are distributed uniformly in
logw over the range considered, whereas the knots for the w-splines are uniform in w. I
used 28 knots in w and 20 knots in w. [As a technical point, I note that in the separation
in equation (7.147) H; and Hs are evidently each only determined up to a constant term;
hence in the following, when comparing Ho for different cases, we are permitted to shift Ho
by a constant.]

Figure 7.9b shows the result of subtracting the function Ha(w) so obtained from the
scaled frequency differences. It is evident that what remains is in fact very nearly a function
of w/L alone, directly reflecting the behaviour of d,c/c, as discussed above. The function
‘Hi(w) obtained from the fit is shown in Figure 7.9c. Similarly, Figure 7.10a shows the
residual scaled frequency differences after subtraction of the term in #;(w/L); these are
clearly predominantly functions of frequency, although with some scatter. The fitted func-
tion Ha(w) is shown in Figure 7.10b.

The same analysis can obviously be applied to differences between observed frequencies
and those of suitable reference models. To illustrate the power of helioseismic analysis to
investigate even quite subtle features in the Sun, I consider two such reference models:
one which does not include effects of settling and diffusion, and a second where settling
and diffusion of helium and heavy elements are taken into account. Further details of
the models were given by Christensen-Dalsgaard (1996b). The computed frequencies are
compared with a set of observed data, combining modes with [ < 3 from the BiSON network
(Elsworth et al. 1994) with data for [ > 4 from Libbrecht, Woodard & Kaufman (1990).

Figure 7.11a shows scaled differences between the observations and the model without
diffusion and settling. It is evident already from this raw difference plot that in this case
the term in Hy plays an important réle. That should not be a surprise: as mentioned
in Section 5.1.2 there are substantial uncertainties in the treatment of the near-surface
layers and these are expected to produce effects that, when scaled, are mainly functions
of frequency (see also Section 5.5.3). However, there is also evidence for a contribution
from H,. This becomes clear if the spline fit is carried out and the contribution from Hs
is subtracted from the scaled differences. The result is shown in Figure 7.11b, while the
fitted H; is shown in Figure 7.11c. There is again a sharp step corresponding in position to
ry ~ 0.7TR, i.e., the base of the convection zone. As discussed in connection with the model
comparison this may be taken as evidence that the convection zone in the Sun is somewhat
deeper than in the model.

Corresponding results for the model including settling and diffusion are shown in Figure
7.12. In the original scaled differences shown in panel (a) it is difficult to discern any trend
beyond the very obvious effect of the near-surface errors. Nonetheless, after carrying out
the spline fit the residuals in panel (b) show a very definite dependence on v/L, indicating
remaining problems in the interior of the model. This is also clear from panel (c¢), which
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Figure 7.10: The frequency-dependent part of the scaled frequency differences
corresponding to the model differences shown in Figure 7.8. (a) Scaled differ-
ences after subtraction of the function H;(w/L) resulting from the spline fit.
(b) The fitted function Ha(w).

shows the fitted function H;p; here there is evidently a step at a turning-point location
corresponding approximately to the base of the convection zone. Nevertheless, it is evident
even from this simple analysis that the inclusion of diffusion and settling very substantially
improves the agreement between the model and the Sun.

It is evident that there is considerably more scatter in Figure 7.11b than in the corre-
sponding Figure 7.9b. This is due to observational errors, both random and systematic.
In particular, it may be noticed that there is an apparent break at around v/L ~ 15 uHz.
In fact, the observed frequencies were obtained from two separate sets of observations, the
merge taking place at [ = 400; it has later been found that there were slight systematic
errors in the high-degree set. This difficulty is clearly reflected in the fitted H;(w/L) in
Figure 7.11c. Furthermore, there appear to be problems at low degree, corresponding to
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Figure 7.11: Scaled frequency differences between observed frequencies (see
text) and a solar model neglecting settling and diffusion, in the sense (obser-
vations) — (model), plotted against /(I + 1/2). The upper abscissa shows the
location of the lower turning point, which is related to v/(l + 1/2) through
equation (5.28). In panels (a) and (b) points corresponding to fixed [ have
been connected. (a) Original asymptotically scaled frequency differences. (b)
Scaled differences, after subtraction of the function Ha(w) obtained from the
spline fit. (c¢) The fitted function H;(w/L).
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Figure 7.12: Scaled frequency differences between observed frequencies (see
text) and a solar model including settling and diffusion, in the sense (obser-
vations) — (model), plotted against v/(l + 1/2). See caption to Figure 7.11.

the highest values of v/L.

The residual after subtraction of the fitted H; from the scaled differences, and the fitted
Ha, are shown in Figure 7.13. In panel (a) are shown the residuals for the model neglecting
diffusion and settling. As before, these are indeed predominantly a function of frequency.
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Figure 7.13: The frequency-dependent part of the scaled frequency differences
between observations and models. (a) Scaled differences, shown in Figure
7.11a, after subtraction of the function H;(w/L) resulting from the spline fit.
(b) The solid line shows the fitted function Ha(w) for this data set, while
the dashed line shows the corresponding fitted function obtained from the
differences in Figure 7.12a.

They are dominated by a slowly varying trend which, as argued in Section 7.7.3 below
reflects errors in the near-surface region of the model. However, there is also a weak but
clearly noticeable oscillatory signal. As discussed in Section 7.7.3 this probably reflects a
difference between the Sun and the model in the hydrogen abundance in the convective
envelope. This oscillatory behaviour is also very evident in the fitted Ha(w), shown as a
solid line in panel (b). In contrast, Ha(w) for the model with settling and diffusion, shown
as a dashed line, gives very little evidence for such oscillations, indicating that the envelope
hydrogen abundance for this model is quite similar to that of the Sun.
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7.7.2 Inversion of the Duvall law

The function F'(w) in equation (7.143) can be determined from the observations (c¢f. Figure
7.1). Given F, equation (7.144) is an integral equation of the Abel type, and can be inverted
analytically to obtain the sound speed implicitly, thus:

2 [a -1/2 dF
r = Rexp {—ﬂ/ (w_2 - a_2) / (jlwdw} (7.152)

(Gough 1984). This relation was used by Christensen-Dalsgaard et al. (1985) to infer the
sound speed in the solar interior. The properties of this inversion technique were discussed
in considerable detail by Gough (1986b).

Exercise 7.5:

Confirm that equation (7.152) is a solution to equation (7.144). This is most simply
done by substituting equation (7.144) into equation (7.152).

The asymptotic description leading to equation (7.152) clearly suffers from systematic
errors. It has been found, for example, that for the most deeply penetrating modes of low
degree the perturbation to the gravitational potential has a substantial effect on the func-
tions F'(w/L) obtained by fitting the relation (7.143) to computed or observed frequencies;
this may cause problems for the inversion in the solar core. Also, for modes trapped near the
surface the behaviour near the upper turning point depends on the degree; this introduces
what is effectively an [-dependent term in a. It is possible to generalize equation (7.143) to
take such effects into account and hence obtain a substantially more precise inversion (e.g.
Vorontsov & Shibahashi 1991).

Alternatively, it appears that the systematic errors cancel to some extent when differ-
ences are taken between inversions of different sets of frequencies. Christensen-Dalsgaard
et al. (1985) made use of this by considering differences between inversions done for the
solar data and for frequencies for a reference model. A more systematic approach follows
from the separation of scaled frequency differences in equation (7.147). Here the function
Hi(w/L) is related to the sound-speed difference between the models, or between the Sun
and the model, through equation (7.148). As shown by Christensen-Dalsgaard, Gough &
Thompson (1989), given a determination of #;, that equation is an integral equation for
drc/c, with the solution

be _ 20 d
¢c  wdnr

a
/ (a® — w?) ™2 H (w)dw (7.153)
as
where as = a(R). [It should be noticed that the right-hand side of equation (7.148) is
the same functional of w as that which arises in the asymptotic expression for the linear
frequency splitting due to latitudinally-independent rotation at a rate Q(r), with d,c/c
instead of © (Gough 1984). Thus it can be inverted in the same way.]
Christensen-Dalsgaard et al. (1989) carried out a careful test of the differential method,
as applied to several different pairs of models. Also, Christensen-Dalsgaard, Gough &
Thompson (1988) used the method to invert differences between observed frequencies and
frequencies computed for a solar model. Here I illustrate its properties by applying it to the
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Figure 7.14: The solid line shows the difference in squared sound speed 6,.¢%/c?
inferred by applying equation (7.153) to the function #H;(w/L) shown in Fig-
ure 7.9c. For comparison, the dashed line shows the true difference between
the two models. Adapted from Christensen-Dalsgaard, Proffitt & Thompson
(1993).

model pair shown in Figure 7.8 and to differences between solar and computed frequencies
such as those shown in Figures 7.11 and 7.12.

Figure 7.14 shows the 6.¢?/c? inferred from the scaled frequency differences in Figure
7.9 between the diffusive and the normal solar model, by applying equation (7.153) to the
fitted function H;(w/L) shown in Figure 7.9c. For comparison, the figure also shows the
true sound-speed difference, previously plotted in Figure 7.8. It is evident that the inversion
reproduces the main features of the true §,¢2/c? with considerable precision. One noticeable
difference is that the transition at the base of the convection zone is less sharp: as discussed
in Section 9.1 it is a general property of inverse analyses that they smooth the properties of
the true structure. However, otherwise the inferred and the true 6,c¢2/c? are quite close over
the entire range, 0.2R < r < 0.95R, where the solution is plotted. At smaller and larger
radii the systematic errors associated with the asymptotic representation increasingly affect
the results; hence here the solution has not been obtained.

From the frequency differences illustrated in Figures 7.11 and 7.12 we may now infer
the error in the sound speed in the solar models. Figure 7.15 shows the results of evaluating
drc/c by applying equation (7.153) to the H;(w/L) shown in Figures 7.11c and 7.12c. The
sound-speed differences are small, corresponding to errors in 7'/ in the models of generally
less than 2 per cent. Nonetheless, the differences are clearly highly systematic. It is inter-
esting that the relatively subtle, and often neglected, effect of gravitational settling leads
to a substantial improvement in the agreement between the model and the observations,
largely by increasing the depth of the convection zone in the model. This is a striking
illustration of the power of helioseismology to probe the details of the solar interior. How-
ever, it should also be pointed out that modest modifications in the opacity, well within the
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Figure 7.15: The dotted line shows the difference in squared sound speed
§-c/c? between the Sun and a solar model without diffusion and settling,
inferred by applying equation (7.153) to the function H; (w/L) shown in Figure
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The solid line shows the corresponding §,¢?/c? between the Sun and a model
including diffusion and gravitational settling, obtained from #;(w/L) in Figure
7.12c.

precision of current opacity tables, might introduce changes in the sound speed of similar
magnitude. The separation of opacity uncertainties from effects of diffusion and settling
is a major challenge, which will undoubtedly require better physical understanding of the
processes involved.

The cause of the dominant difference between the Sun and the nondiffusive model is
probably that the depth of the convection zone in the model is too small. In fact, the
model with diffusion has a slightly deeper convection zone. From a more careful analysis
of such results of inversions it is possible to obtain an estimate of the convection-zone
depth d;, which is largely independent of other uncertainties in the model. In this way
Christensen-Dalsgaard, Gough & Thompson (1991) found that dp, = (0.713 £ 0.003) R.

It should finally be mentioned that several other techniques have been developed to in-
vert the Duvall law (7.143) (Brodsky & Vorontsov 1987, 1988a; Shibahashi 1988; Shibahashi
& Sekii 1989). Gough & Thompson (1991) have made a comparison of these different tech-
niques. The results suggest that, at least for the cases considered, the differential technique
described here is superior. Nonasymptotic inversion of similar data sets will be discussed
in Section 9.2.

7.7.3 The phase-function difference Hs(w)

The function Hz(w) is predominantly determined by the region near the stellar surface.
Christensen-Dalsgaard & Pérez Hernandez (1992) analyzed the relation of Ha(w) to the
differences in sound speed and I'; in the outer parts of the Sun: differences localized very
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near the surface give rise to a component of Hs that varies slowly with w, whereas differences
at somewhat greater depth introduce an oscillatory variation with w in Ho, the “frequency”
of which increases with the depth of the difference. This is in fact a general property of
frequency differences caused by sharply localized modifications to stellar structure (e.g.
Thompson 1988; Vorontsov 1988; Gough 1990), and reflects the variation with frequency
in the phase of the eigenfunction at the location of the modification. At the surface the
behaviour of the eigenfunction changes slowly with frequency, whereas at greater depth
a change in frequency causes the eigenfunction to “sweep through” the point where the
model was changed, causing a rapid variation in the frequency change. In the case of the
variation of Hs with w, Christensen-Dalsgaard & Pérez Hernandez (1991) found several
cases where the relatively sharp change in I'; in the second helium ionization zone caused
an oscillatory behaviour of Hs(w). Similar variations in the basic phase function a(w) were
analyzed, for example, by Brodsky & Vorontsov (1988b, 1989) and Baturin & Mironova
(1990). Vorontsov, Baturin & Pamyatnykh (1992) showed how the phase could be separated
in a quantitative fashion into components varying slowly and rapidly with frequency. This
type of analysis provides a powerful diagnostic of the properties of the ionization zones of
hydrogen and helium, of great interest both for the analysis of the equation of state and
for attempts to determine the helium abundance of the solar convection zone.

It is very convenient to express Ha(w) in terms of differences between two models, or
the Sun and a model, in a form analogous to equation (5.90). Christensen-Dalsgaard &
Pérez Hernandez (1992) showed that a(w), and hence Ha(w), can be determined directly
from the model structure, without computing full modes of oscillation. In this way they
were able to find kernels relating Hs to the model changes. The kernels turn out to be
particularly simple if the model changes are expressed in terms of ¢ and the (isothermal)
acoustical cut-off frequency

c I'ig
= —— = —— .154
T om, T 2 (7.154)
(cf. eq. 5.45). Thus I express Ho as
R 0y Oy
Ho(w) = / Ko(r;0) 25 4 Ko (r;0) 22 | dr 4+ Gaw) (7.155)
T0 a

where rg is a point suitably deep in the convection zone. Here, as in equation (5.90), the
term Go(w) contains the contributions from the differences (or errors) in the physics of the
oscillations: as argued in Section 5.5.3 such errors are likely to be confined very close to
the stellar surface and hence probably depend on frequency alone, when properly scaled.
The kernel K, varies slowly with position and frequency, and hence give little interesting
contribution to Hy. On the other hand, the kernels K, have a very distinct behaviour. This
is illustrated in Figure 7.16, both as a function of r (at fixed frequency) and as a function
of frequency (at fixed r). The r-dependence is qualitatively similar to the behaviour of the
scaled eigenfunctions shown in Figure 5.8: the kernels oscillate within an envelope which
varies as c(r)~!. The frequency dependence clearly illustrates the behaviour discussed
above in a qualitative manner: at the surface the kernels vary slowly with frequency (the
erratic variations at the lowest frequencies are due to numerical errors), and the variation
with frequency becomes increasingly rapid with increasing depth. In fact, as shown by
Christensen-Dalsgaard & Pérez Herndndez (1992) the kernels may be approximated by

Ko (1) ~ —C(lr) cos|2u(r(r) — )] (7.156)
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(7.157)

is the acoustical depth, i.e., the sound travel time between the point considered and the
surface; also, 7/ is roughly a constant. It is evident that according to equation (7.156) K,
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is an oscillatory function of w, oscillating increasingly rapidly with increasing 7 and hence
increasing depth.
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Figure 7.17: The adiabatic exponent I'; in a normal solar model (solid curve)
and in a model with helium diffusion and settling (dashed curve).
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Figure 7.18: Fractional differences between a model of the present Sun with dif-
fusion and a normal model, without diffusion. The solid curve shows §,¢c2/c?,
the dashed curve §,I'; /T’y and the dot-dashed curve §,w,/w, (cf. eq. 7.154).

According to equation (7.155) the variation of K, with w at a certain r corresponds
to the Ho(w) arising from a localized change in w, at that position. Hence a sharp feature
in 0,w, at some point r = r* will give rise to an oscillatory contribution to Haz(w) with a
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‘frequency’ which, from equation (7.156), is approximately 27(r*). Such contributions are
in fact clearly visible both in Figure 7.10b, corresponding to the difference between two
models differing in the envelope helium abundance, and in Figure 7.13b for the differences
between the Sun and a model. The ‘frequency’ of the variation corresponds to a depth of
roughly 0.02R, i.e., the region of the second ionization of helium.

To understand the origin of this feature I first consider the behaviour of I';. In regions
of no or full ionization it is very close to 5/3. However, ionization causes a decrease of I';
below this value; as illustrated in Figure 7.17, there is a major dip in I'y in the overlapping
regions of hydrogen and first helium ionization and a smaller, secondary dip in the region of
second helium ionization. It is evident that the depth of the second dip must depend on the
helium abundance. The effect is clearly visible by comparing the solid curve in Figure 7.17,
for the normal nondiffusive model with an envelope helium abundance Y, = 0.28, with the
dashed curve for the model with diffusion and settling, where Y, has been reduced to 0.25.
These effects are also evident in the differences between the two models, shown in Figure
7.18 (the sound-speed difference was also shown in Figure 7.8, but for the whole model).
In particular, there is a fairly sharp feature in §,w, at r ~ 0.985R, which is responsible for
the oscillatory contribution to Ha(w) noted in Figure 7.10b.

These results suggest that Ho may provide useful information about the properties of
the upper parts of the convection zone, including the solar envelope helium abundance
which is otherwise quite uncertain. In fact, it was noted in Section 5.1.2 that the structure
of the adiabatic part of the convection zone is determined by the composition, in particular
the value of Y, as well as the specific entropy s which is essentially constant; in addition,
the equation of state must be known. Indeed, the Ha(w) which results from the differences
between the observed and the computed frequencies (¢f. Figure 7.13b) shows oscillations
which are superficially quite similar to those resulting from the difference in Y, although
overlayed by a substantial slowly varying trend. As shown by Figure 7.16, this slowly
varying component approximately corresponds to the contributions that may arise from
differences in the outermost parts of the model. More generally, the uncertain physics in
the layers immediately below the photosphere and in the solar atmosphere may be expected
to give rise to a similar behaviour, as indicated by the function Ga(w) in equation (7.155).
This complicates the interpretation of the Hs(w) determined from the observed frequencies.
It was shown by Pérez Herndndez & Christensen-Dalsgaard (1994a) that the slowly varying
part of Ho can be suppressed in a consistent way through filtering. Furthermore, Pérez
Herndndez & Christensen-Dalsgaard (1994b) made a fit of the resulting filtered Ha to
models differing in Y, and s, as well as the surface properties; in this way they inferred that
Y, = 0.243 + 0.002. It might be noted that this is quite close to the value obtained in the
model with helium settling and diffusion.

The results of such fits, or more generally of any attempt to measure Y, from analysis
of solar oscillation frequencies, depend critically on the equation of state. Indeed, all such
methods utilize the variation of I'; in the ionization zones; this variation evidently depends
on the details of the ionization processes and hence on the thermodynamic properties of the
plasma. In fact, Pérez Herndndez & Christensen-Dalsgaard (1994b) found that the quality
of the fit depended quite sensitively on the assumed equation of state, giving strong prefer-
ence for one formulation over another, even though both were comparatively sophisticated.
This indicates that it may be possible to get some separate information about the compo-
sition and the thermodynamic properties of matter in the solar convection zone. However,
it is evident that one might conceive of errors in the equation of state with an effect similar
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to that corresponding to a change in the helium abundance. Such effects evidently cannot
be separated on the basis of an analysis of the oscillation frequencies.

I finally note that the function a(w) also enters into the asymptotic behaviour of low-
degree modes (cf. eq. 7.55); this is visible in the curvature, essentially similar for the different
degrees, in the echelle diagram of low-degree solar observations in Figure 2.15. This sug-
gests that it may be possible to obtain information about the near-surface regions, similar
to what can be determined from Hs(w), by analyzing observations of stellar oscillations
where only modes of degree less than three are generally visible. Brodsky & Vorontsov
(1988a) presented a method to determine a function closely related to a(w) on the basis
of low-degree data alone. This was applied to models of main-sequence stars by Pérez
Hernandez & Christensen-Dalsgaard (1993), who found a characteristic dependence on the
stellar parameters. Further analyses of the effects on the frequencies or frequency separa-
tions of the detailed properties of the helium ionization zones were carried out by Monteiro
& Thompson (1998) and Miglio et al. (2003). A demonstration of the practical utility of
this type of analysis, given realistic observational errors and other uncertainties, requires
more extensive investigations, however.



Chapter 8

Rotation and stellar oscillations

I have so far assumed that there are no velocity fields in the equilibrium model. This is
manifestly false for an object like the Sun which is rotating; in particular, the observed
surface rotation depends on latitude, thus implying the presence of velocity fields. In
addition, other large-scale velocity fields, such as those caused by convection, could have
an effect on the modes. Hence we must investigate such effects. Apart from their intrinsic
interest, the principal purpose of such studies is obviously to be able to probe the velocity
fields from the observed properties of the oscillations.

It is straightforward to see, from a purely geometrical argument, that rotation might
affect the observed frequencies. Assume the angular velocity €2 to be uniform, and consider
an oscillation with a frequency wq, independent of m, in the frame rotating with the star.
I introduce a coordinate system in this frame, with coordinates (1, 6’, ¢') which are related
to the coordinates (7,0, ¢) in an inertial frame through

(r',0',¢") = (r,0,¢ — Qt) . (8.1)

It follows from equation (4.40) that, in the rotating frame, the perturbations depend on
¢’ and t as cos(m¢’ — wpt); hence, the dependence in the inertial frame is cos(m¢ — wpt),
where

W, = wo + mf . (8.2)

Thus an observer in the inertial frame finds that the frequency is split uniformly according
to m.

This description is obviously incomplete. Even in the case of uniform rotation, the effects
of the Coriolis force must be taken into account in the rotating frame, causing a contribution
to the frequency splitting (Cowling and Newing 1949; Ledoux 1949). Furthermore, in
general the angular velocity is a function Q(r, #) of position. Nevertheless, as shown below,
the effect of the Coriolis force is often small and equation (8.2) is approximately correct if
Q) is replaced by a suitable average of the position-dependent angular velocity.

To arrive at an expression valid for any rotation law it is convenient to consider first
the even more general case of an arbitrary stationary velocity field in the star.

173
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8.1 The effect of large-scale velocities on the oscillation fre-
quencies

We need to reconsider the derivation of the perturbation equations, including the effects of
a velocity field. I shall assume that the equilibrium structure is stationary, so that all local
time derivatives vanish. Even with this assumption the determination of the equilibrium
structure is a non-trivial problem, due to the distortion caused by the velocity fields (e.g.
due to centrifugal effects in a rotating star). However, here I assume that the velocity v in
the equilibrium state is sufficiently slow that terms quadratic in vy can be neglected. The
equation of continuity (3.6) gives, because of the assumed stationarity

div (poVo) =0. (8.3)
Also, because of the neglect of terms of order |v|?, the equations of motion (3.9) reduce to
0= —Vpo+ pogo - (8.4)

As usual I have replaced the body force per unit mass f by the gravitational acceleration
g. Thus equation (3.30) of hydrostatic support is unchanged. In the solar case, the ratio
between the neglected centrifugal force and surface gravity is of order 2 x 107> and so the
error in equation (8.4) is in fact small.

The perturbation analysis also requires some care. It was treated in considerable detail
by Lynden-Bell & Ostriker (1967), and is discussed in Cox (1980), Chapter 5. Here I just
present a few of the main features.

The velocity at a given point in space can be written as

v=vo+Vv, (8.5)

where v’ is the Eulerian velocity perturbation. The displacement dr must be determined
relative to the moving equilibrium fluid; it is related to the velocity perturbation by

d
g =ov=v'+(or-V)vg . (8.6)

Here 8v is the Lagrangian velocity perturbation and, as in Section 3.1, d/dt is the material
time derivative,

dor  Oér
ﬁ = E + (V() : V)JI' ) (87)

in contrast to the zero-velocity case, the local and the material time derivatives of pertur-
bations are now different.
The perturbed continuity equation may be written as

/

0 = a—pt +div (p'vo + pov’) (8.8)

= %[p' + div (podr)] + div {p'vo + po[(vo - V)r — (67 - V)vo]},

on using equations (8.6) and (8.7). After some manipulation, using equation (8.3), this may
be reduced to

A
%t + div (Avg) = 0, (8.9)
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where
A= p +div (pydr) . (8.10)

This may also, by using again equation (8.3), be written as
d /A
) = A1
PO (p()) 0, (8.11)

from which we conclude that A = 0, i.e., that equation (3.41) is valid in this case also.
To obtain the perturbed momentum equation I use equation (3.8); from the fact that
Lagrangian perturbation and material time derivative commute,

d deyp
for any quantity v, we then obtain
dov

by using equation (8.4). Alternatively this may be written, from equation (8.6), as

d2dr
PO = —Vp' + pog’ + 0’8o, (8.14)

or, by using equation (8.7) and neglecting the term quadratic in vy,

2
Po% +2po(vo - V) <(‘9§:~> =—Vp' + pog’ +p'go , (8.15)
which replaces equation (3.43). Finally, from the commutativity in equation (8.12), one
finds that the perturbed energy equation (3.46) is still valid. Thus to this level of accuracy,
the only change in the perturbation equations is the inclusion of the term in the first time
derivative of dr in equation (8.15)

As the equilibrium structure is independent of time, we may still separate the time de-
pendence as exp(—iwt). Using, for simplicity, the same symbols for the amplitude functions
in this separation, we obtain from the equations of motion

—w? pobr — 2iwpy(vo - V)or = =V p' + pog’ + p'go - (8.16)

Here the term in vq is a small perturbation. Thus we can investigate its effect by means of
perturbation analysis, as discussed in Section 5.5. Following equations (5.56) and (5.57) 1
write equation (8.16) as

w?dr = F(dr) + §F(dr) , (8.17)

where
dF(8r) = —2iw(vo - V)dr . (8.18)

It now follows from equation (5.73) and the definition of the inner product that the change

in w caused by the velocity field is, to first order,

_; Jyv podr* - (vo - V)ordV

dw =
Jy polér?dV

(8.19)
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8.2 The effect of pure rotation

Now vy is taken to correspond to a pure rotation, with angular velocity 2 = Q(r, 6) that
may depend on r and 6. I assume that the entire star is rotating around a common axis
and choose this as the axis of the spherical polar coordinate system. Then

vo=Qrsinfay, =Q xr, (8.20)
where I have introduced the rotation vector
Q =Q(cosba, —sinfay) . (8.21)

We must now evaluate equation (8.19) for a normal mode of oscillation, and hence we have
to consider the derivative in the direction of vi. From equation (4.30) the perturbations
depend on ¢ as exp(ime); thus for a scalar quantity a

1 Oa

(vo-V)a= Qrsm@rsinga—gZb

=imQa . (8.22)
For a vector F I use equation (4.10), and note that the directional derivatives of the coor-
dinates of F can be found by using equation (8.22). The result is

(vo - V)F = imQF + Q[—Fysinfa, — Fycosfag + (F,sinf + Fycosf)ay) . (8.23)
This can also be written as
(vo- V)F=imQF + Q x F . (8.24)
Thus equation (8.16) becomes
—w?podr 4 2mwQpedr — 2iwpe x dr = —Vp' + pog’ + p'go . (8.25)

In the case of a uniform rotation rate {2 this equation may be obtained much more simply.
Here we may transform to a coordinate system rotating with the star, with coordinates
(r',0',¢") = (r,0,¢ — Qt). In this system the dependence of the perturbations on ¢’ and ¢
is as

cos(mg@’ + mQt — wt) = cos(m¢’ — w't) , (8.26)

where W' = w — m$ (see also the simple analysis in the introduction to this chapter). To
write down the equations of motion in the rotating system I note that here there is no term
in the equilibrium velocity; however, we must add the term —2py€2 x dv from the Coriolis
force on the right-hand side. Using that to the required order of precision the velocity
perturbation is v = —iwdr, the result is

—w?podr = —Vp' + pog’ + p'go + 2iwpe x or . (8.27)

But this agrees with equation (8.25), if a term in Q2 is neglected.

In the general case of non-uniform rotation it might be argued that this relation would
hold locally at any given point in the fluid, thus resulting again in equation (8.25). However,
it is not clear (to me, at least) whether this is a consistent derivation of that relation, or
whether it results from fortuitous cancellation of terms coming from the variation of 2. In
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any case it allows a simple interpretation of the two terms in  in equation (8.25): the
first term comes from the coordinate rotation, or equivalently from the advection of the
rotating star relative to an observer in an inertial frame, and the second term comes from
the Coriolis force.

We must now calculate the integral. By substituting ér, given by the complex form of
equation (4.40), for F in equation (8.23) we obtain

(vo-V)or = imQdr (8.28)
B oy, B cos 0 9, . m 8Ylm) ]
+\/47TQ|: &n R a, ghsin@ 90 ag + (@smHYZ + &n cos 50 ag| .
Thus
R = / podr™ - (vo - V)ordV (8.29)
1%
ay;™ AY,"\* 0Y;™ cos 6
_ g 2 A ve 0% | 2 l l
= zm/vpoQ](Fr] dV+47r/vpoQ{ &Y™ 9 |n] < 50 ) 96 snf

. Y™\ m Q(GYZm)*@YImCOSO}
e, <a¢> el (55) g4V

Here Y;™ is always multiplied by its complex conjugate, so that the ¢-dependence cancels.
Hence the integration over ¢ is trivial. It should be noticed also that all terms in the second
integral in equation (8.29) contain the ¢-derivative of ¥ or its complex conjugate, which
is proportional to im. Thus R contains im as a factor, and can be written, using equation
(4.30), as

R =im8r%, Rum (8.30)
where
T R
R — / sin 66 / {l&-(r)2P™ (cos 0)? (8.31)
0 0
dpm 2 m2 -
+én(r)? [(dé) + mpz (COSQ)Q]

— P (cos 0)% &, (r)én(r) + &-(r)&(r)]

dP™ cos 0
2P (cost) S ST, 2 O)pu(r)rdr

Similarly, the denominator in equation (8.19) can be written as

i= / pol8t2dV = 8722, T | (8.32)
1%
where
T R
L = /0 sin 66 /0 {1 ()PP (cos 0)? (8.33)
AP\ m?
HeP [( )+ g Pineos 0)?] } po(r)r2dr
2 (I4|m|)!

R ) , ,
) 2l+1<l|m|>!/o (162 + 10+ D)l&af?] po(r)r?ar
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[compare with equation (4.47)]. From equations (8.19), (8.30) and (8.32) we finally obtain
the rotational splitting, i.e., the perturbation in the frequencies caused by rotation, as

Sty = m I (8.34)
Inlm
This may obviously be written on the form
R pm
OWnim = m/ / K (r, 0)Q2(r, 0)rdrdd | (8.35)
o Jo

where the kernel Ky, is defined by equations (8.31) and (8.33).

From equations (8.31) and (8.33), as well as the symmetry property of the Legendre
function with respect to m (eq. A.8), it follows that Ry /Inm is an even function of m
and hence that dwy, is an odd function of m,

(5wnl —m = —(5wnlm . (8.36)

Also, since P/"(x) is either symmetrical or antisymmetrical around = = 0, the factor mul-
tiplying Q(r, 6) in equation (8.31) is symmetrical around the equator, § = 7 /2; thus

Knlm(ra = 0) = Knlm(rv 9) . (837)

This has the important consequence that the rotational frequency splitting is sensitive only
to the part of ) that is symmetrical around the equator.

Exercise 8.1:

Confirm the symmetry properties in equations (8.36) and (8.37).

The rotational splitting for a uniformly rotating star was first obtained by Cowling &
Newing (1949) and Ledoux (1949). The general case, as presented here, was considered by
Hansen, Cox & van Horn (1977) and Gough (1981).

8.3 Splitting for spherically symmetric rotation

To proceed we must make an explicit assumption about the variation of €2 with 6. For
simplicity I shall assume first that €2 is independent of §. In fact, as mentioned earlier,
the solar surface rotation depends on #; however, the assumption of #-independent rotation
can be regarded as the first term in an expansion of 2, say, in terms of powers of cosf. In
this case the integrals over 6 in equation (8.31) only involve Legendre functions and may
be evaluated analytically. Two of the terms require a little care. One contains

dP/™ cos 1 dpP™
pm - - — _/ P (z)—1-
/ /" (cos 6) 0 g S0 6do B (x) = xdz

:—7"1,’_F)l

/ P (z)%dz (8.38)
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and here the integrated term vanishes, as P/"(x) is either symmetrical or anti-symmetrical
in x = cos §. The other non-trivial integral, which was already encountered in the evaluation
of Lyim, is

T dle 2 m2 . ) .
/0 [( d0> +sin29pl (cos0)| sinHd6 (8.39)

& d /. dP™ m?
= _/0 P/"(cos0) [d@ (Sln 9dé> — Sineplm(cos 0)] do

by using that P/ satisfies equation (4.26). As usual, I have introduced L? = [(I + 1). For
adiabatic oscillations we can take & and &, to be real. Thus, from equation (8.31), (8.33)
and (8.34), we finally obtain for the rotational splitting

) (62 + 1262 — 26,60 — €2) r2pdr
I (§r2 + LQ&%) r2pdr

OWnim = M , (8.40)

where [ have dropped the subscript “0” on p. It should be noticed that the integrands in
equation (8.40) are given solely in terms of &, &, and [, and therefore are independent of m.
Hence in the case of spherically symmetric rotation the rotational splitting is proportional
to m.

It is convenient to write equation (8.40) as

R
dWnim = mﬁnlA Knl(T)Q(T)dT ) (8'41)
where
(&2 + L2 — 26,6, — €2) r%p
Knl == R 5 202 2 5 5 (842)
St (&2 + L2€2 — 26.6, — €2) r2pdr
and
; St (&2 + 1262 — 26,6, — €2) r?pdr 3
nl = . .
(62 + 126 ) r2pdr
By using this definition we ensure that the rotational kernel K,; is unimodular, i.e.,
R
/ Kp(r)dr=1. (8.44)
0
Hence for uniform rotation, where 2 = ) is constant,
OwWnim = MBuls . (8.45)

In this case the effect of rotation is completely given by the constant (,;. For high-order
or high-degree p modes the terms in &2 and szﬁ dominate; as shown in Figure 8.1, 5,;
is then close to one. Thus the rotational splitting between adjacent m-values is given
approximately by the rotation rate. Physically, the neglected terms in equation (8.43) arise
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Figure 8.1: Coefficients 3,,; for acoustic modes in a normal solar model. Points
corresponding to fixed [ have been connected, according to the following line
styles: | =10 ————— [ = 20 ----ommmemoo =3 ———— ;L= 4:
—_————e il =5 ——————— 0l = 10,15,...,50: ---oeeeeeeeenn (with B
increasing with 7).

from the Coriolis force; thus rotational splitting for p modes is dominated by advection.
For high-order g modes, on the other hand, we can neglect the terms containing &, so that
1

B = 1— 7z (8.46)

In particular, the splitting of high-order g modes of degree 1 is only half the rotation rate.

Returning to the case where €2 depends on r, it should be noted that the integral in

equation (8.41) provides a weighted average of Q(r). For high-order p modes we can use
the asymptotic behaviour of the eigenfunctions to obtain

R 22\ dr R dr
/’f"c (1 - r2w2 ) Q(T) ? /’rt Q(’I”) ?
~m

nl

K[ 122\ g Rdr
/ (1 ) il %
Tt (& Tt

2,2
rwnl

SWnim =M

(8.47)

where in the last equality I crudely approximated (1 — L2¢?/r?w?) by 1. Note that the
last equality corresponds to neglecting the terms in &, in equation (8.42) and using that,
according to equation (7.34), & ~ (pc)_l/ 2r~1 outside the turning point; in this approxi-
mation we obtain the intuitively appealing result that the rotational splitting is an average
of the rotation rate, weighted by the sound travel time in the radial direction. The first,
more accurate expression can also be obtained from ray theory (Gough 1984). In fact, it
is straightforward to show that the weight given to Q(r) is simply the sound-travel time,
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corresponding to the radial distance dr, along a ray; this evidently becomes infinite at the
lower turning point. It should be noted that the first part of equation (8.47) may also be

written as 12
R 2L2 - d
Sn10Wnim =~ m/ (1 — :2> Q(r)—r , (8.48)

2
ls Cc

in complete analogy with equation (7.145) for the frequency change resulting from a change
in the sound speed; here I neglected the term mda/dw in equation (7.146) which in general
is small.
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Figure 8.2: Kernels K,,; for the frequency splitting caused by spherically sym-
metric rotation (cf. eq. 8.42). In a) is plotted RK,;(r) for a mode with | =1,
n = 22 and v = 3239 uHz. The maximum value of RK,;(r) is 62. In b) is

shown the same mode, on an expanded vertical scale, (———————) together
with the modes | = 20, n = 17, v = 3375 uHz (------------- ), and | = 60,
n=10,v=3234pHz (—————- ). Notice that the kernels almost vanish in-

side the turning-point radius 7, and that there is an accumulation just outside
the turning point.

Figure 8.2 shows a few kernels for the case of spherically symmetric rotation, for high-
order p modes. The strong increase towards the solar surface, which is also implicit in
equation (8.47), is evident. Also, the kernels clearly get very small beneath the turning
point, but are locally enhanced just above it. This effect arises from the term in &, in
equation (8.42); physically it corresponds to the fact that the waves travel approximately
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horizontally in this region, and hence spend a relatively long time there, as also indicated
by the integrable singularity at r = r{ in equation (8.47).

7~ ARl

Figure 8.3: Contour plots of rotational kernels K, in a solar quadrant.
The modes all have frequencies near 2 mHz; the following pairs of (I,m) are
included: a) (5,2); b) (20,8); ¢) (20,17); and d) (20,20). The dotted circles
mark the locations of the lower radial turning point ry and the dotted lines
show the latitudinal turning points, at co-latitude ©, defined by sin ® = m/L.

8.4 General rotation laws

In the general case, where () depends on both 7 and 6, the rotational splitting may be com-
puted from equations (8.31), (8.33) and (8.34), by evaluating the two-dimensional integral
in equation (8.31). This integral is in general m-dependent, and so the splitting is no longer
a linear function of m. Selected examples of the resulting kernels K, (r,0) (¢f. eq. 8.35)
are illustrated in Figure 8.3.

To illustrate the properties of the splitting, it is instructive to rewrite equation (8.31)
for R,;m, using integration by parts:

Rutm = /0 "0 /O * P (cos6)? {62+ (L2 = )& - 26,6 sin0 Q(r,0)
2

(3 00 o s P2\
+&i; <20059 20 + 2s1nt9 502 ) (" pdr (8.49)

(Cuypers 1980). I consider again the case of high-order p modes; here the terms in &2 and
L2§}21 dominate, and consequently

o JT S0P cos ) JiT O, 0)[6 (r)? + 26, (n))r?pdrde

S : ks (8.50)
Josin® [P (cos0)]”dO [y [& ()% + L2&,(r)2]r2pdr

Hence, the splitting is simply an average of the angular velocity Q(r,6), weighted by
r2pl&(r)? + L2&,(r)?| P/ (cos 0)?. Approximating the eigenfunction as in the derivation
of equation (8.47) and using, furthermore, an asymptotic approximation to P/, this may
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be written as

5wnlm =~ (851)
cos © 1 2 I2¢c2
/ (C082 O — cos? 9) / < 2> (r,0) — d(cos 0)
—cos© r2w
m )
R L2 2 d
7T/Tt 1= r2w? o

where © = sin~!(m/L) (Gough and Thompson 1990, 1991; Gough 1991). The asymptotic
approximation to P/ shows that a given spherical harmonic is confined essentially to the
latitude band between £0; within this region P/ oscillates as a function of ¢, whereas at
higher latitudes it decreases exponentially. The variation of the extent of the P with m/L
allows resolution of the latitudinal variation of the angular velocity, in much the same way
as the variation of the depth of penetration with w/L allows resolution of the variation with
radius. In particular, with increasing [ the sectoral modes (with | = |m|) get increasingly
confined towards the equator (see also Figure 2.1). Thus, the rotational splitting of sectoral
modes provides a measure of the solar equatorial angular velocity.

Exercise 8.2:

Confirm the statements about the oscillatory properties of the spherical harmonics, by
analyzing equation (4.26) satisfied by the Legendre function.

To study the splitting without making the asymptotic approximation, it is convenient
to consider a parameterized representation of Q(r,6). To illustrate the principle, we may
consider an expansion on the form

Smax

Z Q,(r) cos (8.52)

Then the integrals over € can be evaluated analytically, in much the same way as the
derivation of equation (8.40), and the rotational splitting becomes (see also Cuypers 1980)

Smax

dwnim = m Z / Knlms ( )d . (8'53)

Here
Koims(r) = prI {[ (& — €)% + (L7 = 2% = 35 = 2)&2] Qums
+5(25 = )& Qums1} (8.54)
where .
Iy = /0 pr? (&2 + 17 ) dr (8.55)
and A+1({—mD)! (1 s
Qums = = (l+|m])!/—1x [P ()2 . (8.56)
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For spherically symmetric rotation, Qs = 0 for s > 0. Since Qo = 1, the kernel K,j,0(r) =
Bri K () is independent of m, and the splitting is uniform in m. Thus we recover the results
of Section 8.3.

The factor Qs is a polynomial in m? of degree s; thus, in accordance with equation
(8.36), dwpim is a polynomial of odd powers of m. Up to s = 2 explicit expressions for the

les are

22 —2m2 —1
lel - w 9 (857)
and
Qim2 = R (R o + Rty + R™) + R (R, + R" + R™,) (8.58)
where 2 )
m o —m
R =" (8.59)

Hence equation (8.53) leads to an expansion of the rotational splitting in odd powers of m,
with expansion coefficients that are related to the expansion functions Qg(r). As discussed
by Brown et al. (1989), this forms the basis for an inversion to determine the 5, and hence
to estimate the rotation rate as a function of r and 6.

The choice of expansion

Smax

Q(r,0) = Z Qs(r)1has(cosb) , (8.60)
s=0

for Q(r,0), and of the expansion for dwy,, are clearly not unique. In particular, it was
pointed out by Ritzwoller & Lavely (1991) that a more suitable expansion of the rotational
splitting could be obtained in terms of Clebsch-Gordon coefficients. This is equivalent to
the odd terms in the expansion (2.43) of the m-dependence of the frequencies in terms of

the polynomials Pj(l) (m). Choosing also expansion functions for the rotation rate {)(r, ) as
Pos(cos @) = —(sin) "' Py, (cos ) (8.61)

(e.g. Ritzwoller & Lavely 1991; Pijpers 1997), the relations decouple such that each ex-
pansion coefficient for the splitting is related to a single expansion function for the angular
velocity:

Yrage i1 (n,l) = /0 K (1) () dr (8.62)

(see also Schou et al. 1998). This forms a convenient basis for the so-called 1.5-dimensional
inversions for Q(r,0) (cf. Section 9.1.2).

It should be noted that, in general, averaging or expansion of the observed frequencies
may involve loss of information; for the purpose of inversion it is, in principle, preferable
to work directly in terms of the observed frequencies. In fact, as mentioned in Chapter 9 a
direct inversion of the frequency splittings dwy, for individual m, in terms of a discretized
representation of {(r, #) on a grid in r and 0, is now computationally feasible (see also Schou,
Christensen-Dalsgaard & Thompson 1994). On the other hand, by suitably combining the
frequencies before inversion, the computational effort required may be greatly reduced.
Furthermore, it is often the case that the quality of the observations does not allow a
complete determination of the individual frequencies; in that case inversion has to be based
on expansions such as the one given in equation (2.43).



Chapter 9

Helioseismic inversion

The expression (8.41) for the splitting caused by spherically symmetric rotation is a par-
ticularly simple example of the relation between the observable properties of the oscillation
frequencies, and the properties of the solar interior which we wish to determine. The deter-
mination of Q(r) from the dwy;,, constitutes the simplest example of an inverse problem.
In particular, there is a linear relation between the observables and the property of the
solar interior. In contrast, the oscillation frequencies depend in a non-linear fashion on the
structure of the Sun, as specified by for example p(r) and ¢(r) (¢f. Section 5.1). However,
by assuming that the real solar structure can be obtained from the structure of a given
reference model by applying small corrections, the differences in frequency between the
observations and the reference model can be obtained from a linear perturbation analysis
of the oscillation equations, resulting, once more, in a linear relation between the frequency
differences and the corrections to the model; this was discussed in some detail in Sec-
tion 5.5.3 (see eq. 5.84). Thus the linear inverse problem forms the basis for much of the
inverse theory for solar oscillations.

Inverse problems have a vast literature, covering their application in, for example, geo-
physics and radiation theory (e.g. Parker 1977; Craig & Brown 1986; Deepak 1977; Taran-
tola 1987). The application to the solar inverse problem was discussed by Gough (1985),
and Christensen-Dalsgaard, Schou & Thompson (1990) made a systematic comparison of
different inversion techniques, as applied to the problem of spherically symmetric rotation.
The following discussion is to a large extent based on their results.

9.1 Inversion of the rotational splitting

Given the simplicity of the rotational-splitting inverse problem, it serves as a very useful
prototype of more general inversions. Furthermore, a determination of the solar internal
rotation is of great intrinsic interest. For these reasons, in this section I consider rotational
inversion in some detail.

185
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9.1.1 One-dimensional rotational inversion

I first consider the inversion for a spherically symmetric rotation rate Q(r). Thus the data
are

R
A= [CKQdr e, =1 M (9.1)
0

where, for notational simplicity, I represent the pair (n,l) by the single index i; M is
the number of modes in the data set considered. A; is the scaled rotational splitting
m~1 Bglléwnlm, the kernels K; having been normalized as in equation (8.44), and ¢; is the
observational error in A;. The goal of the inversion is to determine an approximation Q(rq)
to the true angular velocity, as a function of position 7y in the Sun; obviously this is only
possible for those parts of the Sun about which the oscillations provide data. In most cases
considered so far, the inversion is carried out through linear operations on the data. Hence
2 is linearly related to the data: for each 7 there exists a set of inversion coefficients ci(ro)
such that

Q(To) = Zci(ro)Ai . (92)

(2

It follows from equation (9.1) that this may be written as

~ R
Qro) = [ K(ro.)r)dr 93)
0
where the averaging kernel K(rg,r) is given by

K(ro,r) =Y ci(ro)Ki(r) . (9.4)
(2

The inversion coefficients and averaging kernels clearly depend on the choice of inversion
method, and of possible parameters that enter into the method; indeed, the inversion
may be thought of as a way to determine coefficients and averaging kernels such as to
obtain as much information about the angular velocity as possible. As discussed below, the
determination of the coefficients must take into account the estimated errors in the data.
On the other hand, once the method and parameters have been chosen, the coefficients and
averaging kernels are independent of the data values. Hence they can be used to make a
data-independent comparison of different inversion methods; this was the approach taken
by Christensen-Dalsgaard et al. (1990).

The averaging kernels provide an indication of the resolution of the inversion; it is clearly
desirable to achieve averaging kernels that are sharply peaked around r = rg, and with small
amplitude far away from that point. As a quantitative measure of resolution it is common
to use a width of K(rp,r) obtained as the distance between the quartile points, defined
such that one quarter of the area of K(rg, ), regarded as function of r, lies below the lower,
and one quarter of the area above the upper, quartile point. The inversion coefficients give
information about the propagation of errors from the data to the solution Q(rg). If the
standard error on A; is o(A;), the standard error in the result of the inversion is given by

U[Q(TO)]2 = Z Ci(To)zo'(Ai)2 . (95)

7

(The generalization to a non-diagonal covariance matrix is fairly obvious.) In particular, if
(somewhat unrealistically) o(4A;) = o is assumed to be the same for all the observed modes

O’[Q(T‘O)] = A(T’o)O' s (9.6)
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where I introduced the error magnification

1/2
A(ro) = [Z 01(7“0)2] - (9.7)

)

The optimization of the inversion techniques is often based on a trade-off between width of
the averaging kernels and error or error magnification magnification (cf. Figure 9.2 below).

A procedure which is based explicitly on the determination of the inversion coefficients
is the technique of optimally localized averages, developed by Backus and Gilbert (1970);
this has been used extensively for helioseismic inversion. The goal is to choose the co-
efficients ¢;(rg) such as to make K(rg,r) approximate as far as possible a delta function
§(r — rg) centred on 79; then Q(rg) provides an approximation to Q(rg). This is achieved
by determining the coefficients ¢(rg) such as to minimize

R
/0 (r = 70)*K(ro,r)dr + 1y Eijeic; , 68)

]
subject to the constraint
R
/ K(rg,r)dr =1; (9.9)
0

here Ej;; is the covariance matrix of the data. This is equivalent to solving the set of linear
equations

Z WijCj =b s (9.10)
J

and

dei=1, (9.11)
J
where b is a Lagrange multiplier. Here
Wz‘j = Sij + /J,Eij s (9.12)

where "
Si; = /0 (r — 1) 2Ky (r) I (r)dr . (9.13)

Furthermore, p is a parameter which, as discussed below, must be adjusted to optimize the
result.

The effect of the minimization is most easily understood for g = 0. Minimizing equation
(9.8) subject to equation (9.9) ensures that K(ro,r) is large close to ro, where the weight
function (r — 79)? is small, and small elsewhere. This is precisely the required “delta-ness”
of the combined kernel. However, with no further constraints, the optimization of the
combined kernel may result in numerically large coefficients of opposite sign. Hence, the
variance in €, which can be estimated as

Uz(Q) = ZEijCiCj s (9.14)
ij

would be large. The effect of the second term in equation (9.8), when p > 0, is to restrict
02(Q). The size of y determines the relative importance of the localization and the size of
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the variance in the result. Hence, i must be determined to ensure a trade-off between the
localization and the error, measured by the width of K(rg,r) and A(rg), respectively; p is
generally known as the trade-off parameter.

The principal difficulty of this method is computational expense: at each target radius
ro it involves the solution of a set of linear equations whose order is the number of data
points. Jeffrey (1988) proposed an alternative version where the coefficients were deter-
mined by minimizing the difference between K(rg,r) and the delta function é(r — r¢). This
is computationally more efficient, in that only one matrix inversion is required, but results
in averaging kernels with somewhat undesirable properties.

More recently Pijpers & Thompson (1992, 1994) have developed this method further,
by matching K(rg,r) instead to a prescribed target function T (rg,r) which more closely
matches the behaviour that can be achieved with the given mode set. They dubbed this
the SOLA technique (for Subtractive Optimally Localized Averaging), to distinguish it from
the MOLA technique (for Multiplicative Optimally Localized Averaging) discussed above.
Specifically, the coefficients ¢;(r¢) are determined by minimizing

R
/0 [K(ro,7) — T (ro, r)]2 dr + ,uz Eijcicj , (9.15)
ij
where again p is a tradeoff parameter. In addition, the width of 7 (rg,r) functions as a
parameter, in most cases depending on rg, of the method. As before, the inclusion of the

last term in equation (9.15) serves to limit the error in the solution. The minimization
leads to the following system of linear equations for the ¢;(rp):

>_(Kij + pBij)ej(ro) = Ti(ro) ; (9.16)
here .
Ky = [ KK (rdr (9.17)
and
R
Ti(ro) :/0 T (ro, ) K;(r)dr . (9.18)

In equation (9.16) the coefficient matrix on the left-hand side is independent of ry. Thus
it can be inverted or, more efficiently, suitably factored, once and for all; after this the
determination of the coefficients at each target point rq is virtually free. Compared with
the MOLA technique the computational effort is therefore reduced by roughly a factor
given by the number of target locations. An additional advantage of the technique is the
ability to choose the target function such as to tailor the averaging kernels to have specific
properties. In addition to the usual trade-off parameter p controlling the weight given to
the errors, the method obviously depends on parameters controlling the properties of the
target functions 7T (rg, 7). These are often taken to be of gaussian shape; it was argued by
Thompson (1993) that the radial resolution, for inversion of acoustic modes, is proportional
to the sound speed ¢, and hence the width of 7 (rg, ) is generally taken to be proportional
to ¢(rg), the constant of proportionality serving as a parameter characterizing the targets.

A second commonly used technique is the regularized least-squares, or Tikhonov,
method (see, for example, Craig and Brown 1986). Here the solution Q(r) is parameterized,
often as a piecewise constant function on a grid ro < r1 < ... < ry, with Q(r) = ©; on the
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interval [rj_1,7;]; the parameters Q; are determined through a least-squares fit to the data.
In general, this least-squares procedure needs to be regularized to obtain a smooth solution.
This is achieved by including in the minimization a term which restricts the square of €,
or the square of its first or second derivative. Thus, for example one may minimize

R ~ 2 R (320>
Zi: l/(l Ki(r)Q(r)dr — A, —i—,u2/0 <dr2> dr, (9.19)

where in the last term a suitable discretized approximation to dQ/dr?, in terms of the Q;,
is used. The minimization of equation (9.19) clearly leads to a set of linear equations for 2;,
defining the solution; however, it is still the case that the procedure can be formulated as in
equation (9.2) and hence leads to the determination of inversion coefficients and averaging
kernels. By restricting the second derivative the last term in equation (9.19) suppresses
rapid oscillations in the solution, and hence ensures that it is smooth; the weight p? given
to this term serves as a trade-off parameter, determining the balance between resolution
and error for this method.

The asymptotic expression (8.48) for the frequency splitting provides the basis for a final
example of an inversion method in widespread use. The right-hand side of that equation is
a function H(w/L) which is in principle determined by the observed splittings after scaling
with S. Given H(w), the angular velocity can be obtained from

) = -2 [ @ - ) ) (9.20)

m dlnr /g, ’ )
where a = ¢/r and as = a(R). This is entirely equivalent to equation (7.153) determining
the sound-speed difference from the function H;(w/L) fitted to the scaled frequency differ-
ences. In practice, since the asymptotic expressions are not exact, the scaled splittings are
not precisely functions of w/L. Hence, an approximation to H(w/L) is obtained by making
a least-squares fit to SAw,; of a function of that form, for example by representing it as a
spline over a suitably chosen set of knots. The number of knots determines the resolution
achieved in representing #(w) and hence in the inferred solution Q(r); therefore, in this
case the number of knots serves as trade-off parameter. Again, the processes of carrying
out the spline fit to the scaled data and evaluating the integral in equation (9.20) are linear,
and hence the method allows the evaluation of inversion coefficients and averaging kernels
(see Christensen-Dalsgaard et al. 1990 for details).

An illustration of the use of these methods is provided by the results obtained by Chri-
stensen-Dalsgaard et al. (1990). They considered a set consisting of about 830 modes at
selected degrees between 1 and 200, and frequencies between 2000 and 4000 pHz; for sim-
plicity, the standard errors were assumed to be the same for all modes. Figure 9.1 shows
examples of averaging kernels KC(rg, r) for the MOLA, regularized least-squares and asymp-
totic methods. The trade-off parameters were chosen such that the error magnification at
ro = 0.5R was close to 1 in all three cases. It should be realized that the kernels entering
into the combination are of the form shown in Figure 8.2. Thus, a very large degree of
cancellation has been achieved of the dominant contribution from near the surface. Never-
theless, it is obvious that the averaging kernels are only approximate realizations of delta
functions; structure on a scale smaller than roughly 0.05R is not resolved.

This limitation is inherent in any inversion method. Indeed, it is evident that from a
finite set of data one can never completely resolve the function (r). To obtain a definite
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Figure 9.1: Averaging kernels K(rg,r) at selected radii (ro/R = 0.1,0.2,
...,1.0) for inversion by means of the MOLA technique (panel a), the
Tikhonov inversion with second-derivative smoothing (panel b) and asymp-
totic inversion (panel ¢). The parameters in each inversion method have been
chosen to obtain approximately the same error magnification for rg = 0.5R.
In each case, the kernel at rg = 0.5R is shown as a bolder curve. From
Christensen-Dalsgaard et al. (1990).

solution additional constraints must be invoked. The constraints used here essentially
demand that the solution be smooth. This is ensured in the method of optimally localized
kernels by representing the solution by smooth averaging kernels whose shape is determined
by the minimization in equation (9.8). For the Tikhonov method smoothness is explicitly
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Figure 9.2: The trade-off between error magnification A(rg) (¢f. eq. 9.7) and
width (defined as distance between quartile points), for inversion at o = 0.5R.
Results are shown for the MOLA technique (=), Tikhonov inversion (o) and
asymptotic inversion (A), in each case varying the relevant trade-off parameter
over a wide range. From Christensen-Dalsgaard et al. (1990).

demanded by constraining the second derivative of the solution, whereas in the case of the
asymptotic technique the constraints lie partly in using the asymptotic description, which
in itself assumes that the solution varies on a scale larger than the wavelength of the modes,
partly in the spline fit to the scaled data.

All methods contain trade-off parameters which determine the relative weight given to
the demands of resolution on the one hand, and smoothness or minimizing errors on the
other. To illustrate this balance, it is common to consider trade-off diagrams, where a
measure of error is plotted against a measure of the width of the averaging kernels. An
example is shown in Figure 9.2. The similarity, in terms of such global measures, between
the three conceptually rather different methods is quite striking.

It is also of interest to consider in detail the way in which the different methods utilize
the data, as expressed in terms of the inversion coefficients. In the case of the asymptotic
technique it may be shown that these depend on w/L alone; hence for the purpose of com-
parison it is sensible to plot the coefficients as a function of w/L in all cases. In Figure 9.3
the coefficients for the optimally localized averages and the Tikhonov inversions are com-
pared with those obtained with the asymptotic technique, for rg = 0.5R. It is evident that
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Figure 9.3: Inversion coefficients ¢;(rg) for the inversions illustrated in Fig-
ure 9.1, at ro = 0.5R; they have been plotted against v/(I+1/2) which, accord-
ing to equation (5.28), measures the depth of penetration of the modes. The
continuous line in both panels shows coefficients for the asymptotic method
which are functions of v/(I + 1/2). Panel (a) gives the coefficients obtained
with the MOLA technique, whereas panel (b) shows coefficients for Tikhonov
inversion. From Christensen-Dalsgaard et al. (1990).

the overall behaviour of the coefficients is quite similar in all three cases; in particular, the
modes dominating the inversion are those whose turning point r¢ is in the vicinity of the
target radius rg. At a more subtle level, there are significant differences. In particular,
unlike the Tikhonov case, inversion by optimally localized averages makes substantial use
of modes of high degree. It may be shown that these are used essentially only to improve
the averaging kernels near the surface; in fact, as can be seen in Figure 9.1 the K(rg,r)
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for Tikhonov inversion have quite substantial amplitude at very short wavelength near the
surface, whereas such structure is entirely suppressed by the minimization in equation (9.8)
for the optimally localized averages. Christensen-Dalsgaard, Hansen & Thompson (1993)
found that considerable insight into such details of the behaviour of the inversion methods
can be obtained by analyzing the Tikhonov case by means of the so-called Generalized Sin-
gular Value Decomposition; this provides a natural basis for expressing the inverse problem
which can then be used to study the properties of other inversion methods.

Graphs such as Figure 9.2 are very useful for the choice of the trade-off parameter; how-
ever, it is evident that this choice depends critically on the particular application, including
the errors in the data. The question of how to fix the trade-off parameter, or indeed even
how to choose the inversion method, has given rise to a great deal of debate, occasionally
of an almost philosophical (or, dare one say, religious) nature. It has been suggested that
inversion methods should be chosen which aim at fitting the data; this makes the method
of optimally localized averages, whose goal is instead to design the averaging kernels, less
attractive. Also, a great deal of emphasis has been placed on techniques for objectively
determining the trade-off parameters, based on the errors in the data and possibly the
properties of the solution. In contrast, the approach taken in helioseismology has to a large
extent been pragmatic: in fact, it can be argued that since no method, or choice of trade-off,
can provide the exact solution given the necessarily incomplete data, the most important
aspect of the inversion is to be able to interpret the result and its significance. In this
respect, the averaging kernels which graphically illustrate the resolution, and the inversion
coefficients which allow evaluation of effects of errors in the data, are clearly very useful.
By choosing different inversion methods, and different values of the trade-off parameters,
considering in each case the properties of the resulting inversion, one can hope to obtain
a more complete impression of the underlying solution. In this process prior knowledge,
or prejudices, about the solution clearly play a significant role; these should ideally be
formulated in a well-defined statistical sense, but probably often are not.

9.1.2 Two-dimensional rotational inversion

So far, I have considered inversion for a function that depends on 7 alone. It is evidently
desirable, however, to carry out inversion for more general properties which are functions
both of r and 6. Here I concentrate on the case of determining the angular velocity £(r, 0); it
should be noticed, however, that another interesting inverse problem concerns the departure
of the structure from spherical symmetry caused, for example, by a latitude dependence of
the energy transport in the convection zone.

As is evident from Chapter 8, the latitude dependence of rotation is reflected in the
dependence of the frequencies on azimuthal order m. Thus in general individual frequencies
wnim have to be analyzed. This greatly increases the amount of data to be considered,
compared with the simple case discussed in Section 9.1.1, and computational efficiency
becomes a crucial consideration. However, it is still generally the case that the inferred
angular velocity €(rg, fp) at some location (rg, fp) is linearly related to the data; as discussed
by Schou et al. (1992) this allows the introduction of inversion coefficients and generalized
averaging kernels K(rg, 0o, r,0) defined such that Q(rg, ) is related to the true angular
velocity Q(r, ) through

T rR
Q(ro,eo):/o /0 K(ro, 00, 7, 0)Q(r, 6) rdrdd . (9.21)
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The form of the inverse problem evidently depends on the representation of the data.
The general problem has the form

R o,
Wnim — Wnio = OWnim = m/ / Knlm(r7 9)Q<7', 9)7”de9 (922)
0 Jo

(cf. eq. 8.35). However, it is often the case that the data do not allow determination of
individual frequencies wy;m,. In that case, it is customary to make fits of the general form
shown in equation (2.43), i.e

jmax
Wntm = waio + 210 Y aj(n,)) P (m) (9.23)
j=1

where 77]@ is a polynomial of degree j. Since the fitting procedure is in general linear, the
a coefficients a;(n,l) are linearly related to the frequency splittings,

2ma;(n, 1) Z’y] (I, m)(Wnim — wnio) (9.24)

for some coefficients 7;(l,m). It immediately follows from equations (8.35) and (8.36) that
rotation gives rise to odd a coefficients, related to Q(r,6) by

2magj+1(n, 1) / / Knl;j) (r,0)Q(r, 0)rdrdd , (9.25)

where the kernels Kr(:llj) can be determined in a straightforward manner from the kernels
Ky (r,0).

As discussed in Section 8.4 it may also be convenient to expand the dependence of
Q(r,0) on 0 on the form

Smax

ZQ sy (cosh) | (9.26)

where @Dé? (x) is a polynomial in x? of degree s. [Note that, as discussed at the end
of Section 8.2, the rotational splitting is sensitive only to the component of € that is
symmetrical around the equator; thus only even powers of cosf enter into the expansion
(9.26).] Based on the expansions given in equations (9.23) and (9.26), the inverse problem
can be formulated as the determination of the expansion functions Q(r) through a series
of one-dimensional inversions of the a coefficients a;j(n,l) (see, for example, Korzennik et
al. 1988; Brown et al. 1989; Thompson 1990). Such procedures are often called 1.5-
dimensional (or 1.5D) inversions. By chosing the polynomials PY as defined after equation
(2.43) (Ritzwoller & Lavely 1991; Schou, Christensen-Dalsgaard & Thompson 1994) and
the corresponding expansion of Q (c¢f. eq. 8.61), the relations between the a coefficients
and the expansion functions of €2 simplify to

2mags+1(n,l) / K} (r)Qs(r)dr, (9.27)

so that the separate 1-dimensional inversions can be carried out independently.
The 1.5-dimensional techniques very considerably reduce the computational efforts re-
quired for the inversion. However, the expansion of 2 evidently imposes a rather special
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structure on the solution, unless a large number of terms is included. An alternative is to
perform direct two-dimensional inversions, based either on equations (9.22) or equations
(9.25). Even given the large amount of data (as many as 200000 individual frequen-
cies wpim, or of order 50000 a coefficients a;(n,l)), this can be handled by means of a
straightforward regularized least-squares technique (e.g. Sekii 1991; Schou 1991; Schou,
Christensen-Dalsgaard & Thompson 1992, 1994). Here the inferred (r,#) is represented
on a suitable grid (rp,6,) inrand 6, p=1,...,n,, ¢ =1,...,n9, by expansion coefficients
Qpq. These expansion coefficients can be determined through a regularized least-squares
fitting technique, analogous to the one described in equation (9.19). Assuming that split-
tings dwpiy, for individual models are available, related to €(r,#) by equation (9.22), the
solution is determined by minimizing

Z (frﬂ K1 Qrdrdd — 5wnlm>2

nlm Onlm

220\ 020\
+,U'r /7«79 fT(T, 9) (67’2> de?" +/.L9 /T’g f9(7", 0) (({W) ded?",

here o, is the standard deviation for the observed splitting dwyim,. The last two terms
serve to regularize the solution, as before, and depend on the weight functions f, and fy
and the trade-off parameters j, and pp. Instead of dwyy,, expansion coefficients agj1 with
the corresponding kernels may evidently also be used. As in the 1-dimensional case, the
trade-off parameters must be determined such as to ensure a balance between resolution
and error. However, here one must also balance the resolution in the radial and latitude
directions (e.g. Schou et al. 1994).

To illustrate the resolution properties of the inversions we may consider the averaging
kernels which, as discussed above, can be defined both for inversions assuming an expansion
of € in powers of cos§ and for the full 2-dimensional techniques. Examples of such kernels
are shown in Figure 9.4, both for an inversion using expansions of the splittings and €2 and
for a full, two-dimensional inversion. In the former case, only a1, ag and as were included
and the latitude information is consequently relatively limited; hence the kernels have a
substantial extent in latitude. A particularly striking feature is the fact that the attempt
to determine the angular velocity close to the pole results in what contains aspects of
extrapolation from lower latitudes: indeed, it is obvious that the rotation of the region very
near the pole has little effect on the frequency splittings and hence cannot be determined
from the inversion. The inversion based on individual splittings provides substantially
better resolution in latitude, as might have been anticipated. Within the convection zone
it is possible to determine the rotation over a region extending only a few per cent of the
solar radius in both radial and latitude directions, for realistic sets of observed frequency
splittings.

The MOLA and SOLA techniques, discussed in Section 9.1.1, may obviously also be
generalized to the two-dimensional case, in principle. They offer considerable advantages in
terms of the ability to control the resolution, and possibly other properties of the averaging
kernels. However, a naive implementation would involve a prohibitive computational effort,
since this requires inversion of matrices whose order is given by the number of data values.
Fortunately, by utilizing the special properties of the kernels, very substantial improvements
of computational efficiency can be achieved. One class of techniques, the so-called R! @ R!

(9.28)
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Figure 9.4: Contour plots of two-dimensional averaging kernels
R72K(ro,00,7,0) [cf. equation (9.21)]. Results are shown at a target
radii near rg = 0.8R and three different target co-latitudes, as indicated.

The plots are in the (r,0) plane, with the polar axis towards the top of the
page. Positive contours are indicated by solid lines, negative contours by
dashed lines; A is the value of the separation between contour levels. The
cross shows the target location (rg,6p). The top row shows kernels for an
inversion based on just a1, ag and as and using a corresponding expansion
of 2. The bottom row shows results for a full two-dimensional regularized
least-squares inversion, for a mode set aiming at representing the results of
1 year’s observations with high spatial resolution. Adapted from Schou et al.
(1994).

methods, uses explicitly the fact that the kernels can be written as
Knlm(T’ 9) =In nl(T)Gl lm(e) + F nl(r)GQ lm(e) (929)

[cf. equations (8.31), (8.34) and (8.35)], where the first term generally dominates; a similar
expression applies in the case of kernels for a coefficients (e.g. Pijpers 1997). It was
pointed out by Sekii (1993) and Pijpers & Thompson (1996) that as a result the inversion
can essentially be separated into distinct, and computationally more manageable, inversions
in r and 6.

Larsen & Hansen (1997) showed that the linear equations [equations (9.16) — (9.18)]
arising in the SOLA technique can be solved efficiently by using explicitly the discretized
representation of the kernels. By using also the structure given by equation (9.29), Larsen
(1997) has developed an iterative technique which allows two-dimensional SOLA inversion
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to be carried out with fairly modest means (see also Larsen et al. 1998). These efficient
techniques have been applied to the very extensive and accurate data obtained with the
GONG and SOHO projects.

Further details on the implementation of rotational inversion, and tests of the various
techniques, were provided by Schou et al. (1998).

9.2 Inversion for solar structure

In its most general form, the dependence of the oscillation frequencies on solar structure
may be expressed as

wnt = Fuilp(r), (1), .. ], (9.30)

where, as indicated, other properties beyond the “mechanical” structure as characterized
by p and ¢® may affect the frequencies. This equation is often approximated by the corre-
sponding equation for the adiabatic frequencies, i.e.,

whi = Faillo(r), e(r)] (9-31)

where the functional ]-"ﬁ? is determined through the solution of the equations of adiabatic
oscillation. The inverse problem for solar structure then consists of inferring properties of
the structure by “solving” equation (9.30) or (9.31), given a set of observed frequencies
(obs)
{wnl }
A difficulty in this process is that the frequencies depend on solar structure in a compli-
cated, nonlinear way. As is common for nonlinear equations, the analysis proceeds through
linearisation around an initial reference model. Let (po(r), co(r)) correspond to the reference

model, which has adiabatic oscillation frequencies w! l) We seek to determine corrections
Sep(r) = p(r) — po(r) and 6,.c*(r) = c*(r) — c&(r) to match the differences wr(;l)bs) - w((l])

T
between the observed frequencies and those of the reference model. As discussed in Sec-
tions 5.5.3 and 5.5.4, linearization of equation (9.30), assuming d,p and 6.c¢*> to be small,

leads to

5“’"’ = / [K “(r)+ Kpczm‘;p (r) | dr
+Q1 G (wnt) + €n (9.32)

where the kernels K5 " and Kgl , are determined from the eigenfunctions in the reference
model (see also Section 5.5. 3). In equation (9.32) I included a contribution from the un-
certainties in the near-surface region, expressed by the term in G; this may be assumed to
contain the difference between the “true” function F,,; in equation (9.30) and the adiabatic
approximation .7-"3? in equation (9.31). Furthermore, I explicitly included the observational
errors €,;. An additional constraint on d,p is that the mass of the Sun and the reference
model be the same, i.e.,

R(srp(r) Pr2dr =
47r/0 e =0, (9.33)

In this way the original nonlinear inverse problem is reduced to a linear problem, which

may be analyzed by means of techniques similar to those discussed in Section 9.1.1.
Unlike the rotational case, the linearized inverse problem given by equation (9.32)

involves three unknown functions: &,p(r), 6.c3(r) and G(w). These may, after suitable
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parametrization, be determined through least-squares fitting with appropriate regulariza-
tion (e.g. Dziembowski, Pamyatnykh, & Sienkiewicz 1990). Alternatively, some form of
optimally localized averages may be used, by forming a linear combination of equations
(9.32),

Zcz'(ro)i:% =Y c To/ Kl (1) (r)dr (9.34)

+ch To / K! o "p( )dr
+Zci To Qz g (wi +ZC¢(7’0)6¢ ,

where, as in Section 9.1.1, ¢ labels the modes. If the goal is to determine the correction to
c%(ro), the coefficients ¢;(r9) must be chosen such that the first term on the right-hand side
of equation (9.34) provides an average of §.c¢?/c? localized near r = r(, while minimizing
the effect of the remaining terms.

A natural generalization of the SOLA technique is to obtain the coefficients ¢;(ro)
through minimization of

R
/0 [Kcz,p(ro,r) —T(ro,r)} dr+ﬁ/ C,c2(ro,7) dr—i—uZEwcz (ro)cj(ro) , (9.35)

tj

where .
Ke (1o, ) = Z ci(ro) Kz ,(r) (9.36)

is the averaging kernel; the cross term

Cpe2(ro,m) = Zci(ro)Kgcz(T) (9.37)

7

measures the influence of the contribution from d,p on the inferred 5.¢%, and E;; is the
covariance matrix, as before. The constraint (9.33) is incorporated by adding a fictitious
data point, with zero data and zero error, and with zero sound-speed kernel and a density
kernel given by pr?. The term in G(w), where G is assumed to be a slowly varying function
of frequency, may be suppressed by restricting the combinations of the data to those that
are insensitive to a contribution of this form (Déappen et al. 1991; Kosovichev et al. 1992).
Specifically, the coefficients may be constrained to satisfy

Zci(ro)Q;1¢)\(wi) :O,AZO,...,A, (938)

%

for a suitably chosen set of functions v¥,. It was shown by Basu et al. (1996a) that an
equivalent, but potentially more flexible, suppression of the near-surface terms may be
based on the filtering technique considered by Pérez Hernéandez & Christensen-Dalsgaard
(1994a).

The SOLA inversion is characterized by the trade-off parameters 5 and p controlling
the influence of the cross term and the errors, respectively, by the parameters determining
the target function 7 (ro,r) and by the number A of terms included in the suppression
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of the surface effects. The considerations involved in the choice of these parameters were
discussed by Rabello-Soares, Basu & Christensen-Dalsgaard (1999a).

The form of the surface term in equation (9.32) assumed that the local properties of
the eigenfunctions in the near-surface region are independent of degree; this is what led to
the function G being just dependent on frequency. From an asymptotic point of view this
corresponds to assuming that the rays characterizing the modes are nearly vertical in this
region. For modes of high degree this approximation no longer holds. Brodsky & Vorontsov
(1993) showed how the asymptotic relation (7.1) should be modified in this case, by intro-
ducing [-dependent terms in the phase function . The introduction of the corresponding
terms in structure inversion by means of the SOLA or MOLA techniques, generalizing the
constraints in equations (9.38), was discussed by Di Mauro et al. (2002); they also ap-
plied the techniques to preliminary observed frequencies of high-degree modes, obtained by
Rhodes et al. (1998) from analysis of observations from the SOI/MDI instrument on the
SOHO spacecraft.

Although the inversion has been discussed in terms of the pair (¢?, p), other sets of varia-
bles characterizing the equilibrium structure of the Sun may be used (see also Section 5.1.1).
In particular, as discussed in Section 5.5.3, the frequency changes can be expressed in terms
of changes d,p and 6, Y in density and helium abundance, if the equation of state (and the
heavy-element abundance) are assumed to be known. Another equivalent, and commonly
used, pair is (u,Y'), where u = p/p is the squared isothermal sound speed. From the point of
view of inversion, these pairs have the substantial advantage that the kernels corresponding
to 0, Y are relatively small and essentially confined to the ionization zones of hydrogen and
helium. Thus in the minimization corresponding to equation (9.35), it is comparatively
easy to suppress the cross term pr(ro, r). Furthermore, inversion can be carried out to
determine the difference 6,Y between the solar and model helium abundance (e.g. Koso-
vichev et al. 1992). It should be noted, however, that differences between the solar and
model equations of state may introduce systematic errors in the results of such inversions.
Basu & Christensen-Dalsgaard (1997) showed how the differences in equation of state might
be taken explicitly into account in the inversion, albeit at the expense of an increase in the
error in the solution; they also pointed out that the inversion might be carried out to de-
termine the intrinsic difference in I'y between the solar and model equations of state, i.e.,
the difference at fixed p, p and composition.

I finally note that asymptotic inversion techniques to determine the solar internal sound
speed were discussed in Section 7.7.2; in particular, it is possible to estimate the sound speed
directly from the data, without the use of linearization. Such techniques were originally
developed in geophysics (see Brodsky & Levshin 1979); their application to the helioseismic
problem was first considered by Gough (1984). In these techniques, the uncertainties asso-
ciated with the near-surface region are contained in the function a(w) or, for the differential
technique, in the function Ha(w) (c¢f. Section 7.7.3).

9.3 Some results of helioseismic inversion

To illustrate the power of current helioseismic analysis, it is instructive to present a few
selected results of the application of helioseismic inversion; results of the use of the differ-
ential asymptotic technique were already shown in Figure 7.13. 1 first consider inversion
to determine solar structure. As discussed in Section 5.1, this is carried out to determine
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Figure 9.5: Corrections to a reference solar model, obtained by inverting dif-
ferences between the observed frequencies and the frequencies of the model.
Panel a) shows corrections to the squared sound speed ¢, and panel b) shows
corrections to p. The vertical bars indicate the errors in the results, based on
the errors in the observed frequencies, whereas the horizontal bars provide a
measure of the resolution in the inversion (from Basu et al. 1996b).

corrections to an assumed initial reference model. An example is provided by the results
of Basu et al. (1996b), based on observations by the LOWL instrument, developed at the
High Altitude Observatory (Tomeczyk et al. 1995). The inversions were carried out in terms
of corrections 6,c¢? and 6,p. In the former case the variable pair (c?, p) was used, while the
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1.2

Figure 9.6: Inferred rotation rate /27 (panel a) and the associated error
(panel b) in a quadrant of the Sun, obtained by means of SOLA inversion of
144 days of MDI data. The equator is at the horizontal axis and the pole is at
the vertical axis, both axes being labelled by fractional radius. Some contours
are labelled in nHz, and, for clarity, selected contours are shown as bold. The
dashed circle is at the base of the convection zone and the tick marks at the
edge of the outer circle are at latitudes 15°, 30°, 45°, 60°, and 75°. The shaded
area indicates the region in the Sun where no reliable inference can be made
with the present data. (Adapted from Schou et al., 1998.)

density inversion used the pair (p,Y); as discussed in Section 5.5.3 it is therefore sensitive
to possible errors in the equation of state. As reference was used a model typical of re-
cent normal solar models, computed with little a priori attempt to match the observations.
The model included settling of helium and heavy elements, and used equation of state and
opacity tables from Livermore. The inversion for the corrections was performed by means
of the SOLA method discussed in Section 9.2. The results are shown in Figure 9.5; there
are evidently systematic differences between the Sun and the model but these are generally
fairly small. It is probable that the sharp bump in §,¢?/c? at r/R ~ 0.65 is a result of weak
mixing just beneath the convection zone, which partly offsets the sharp gradient in the
hydrogen abundance established by helium settling in this region. Similarly, the negative
5.c2/c? at the edge of the core could result from partial mixing of the central region. One
cannot exclude, however, that errors in the opacity may play a significant role. Nonethe-
less, it is remarkable that models computed without direct reference to the observations,
but based solely on our knowledge of the physics of the solar interior, are so successful in
reproducing the structure as inferred from the helioseismic analysis.

To illustrate the determination of the solar internal angular velocity, I present results
obtained by Schou et al. (1998) from analysis of early data from the MDI instrument on
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Figure 9.7: Averaging kernels for the SOLA inversion shown in Figure 9.6,
targeted at the following radii and latitudes in the Sun: 0.55R, 60°; 0.7, 0°;
0.7, 60°; 0.95R, 60°. The corresponding locations are indicated with crosses.
(Adapted from Schou et al. 1998.)

the SOHO spacecraft. The inversion was carried out as a fully two-dimensional SOLA
inversion of a coefficients, extending to ass, to determine (g, 0y). The resulting Q and
the estimated errors are presented in Figure 9.6, as contour plots. Strikingly, the error in
a substantial part of the Sun is less than 2nHz. To illustrate the resolution, Figure 9.7
shows selected averaging kernels. Further details of the solution are visible in Figure 9.8,
which shows cuts at fixed latitudes, as functions of distance to the centre; here, in addition
to the SOLA results, solutions obtained from a two-dimensional regularized least-squares
inversion have been included.

There is a striking change in the behaviour of rotation near the base of the convection
zone, at a depth of about 28 per cent of the solar radius (as inferred helioseismically; e.g.
Christensen-Dalsgaard, Gough & Thompson 1991); this is marked by the heavy dashed
circle in Figure 9.6 and the heavy dashed line in Figure 9.8. Within the convection zone the
variation with latitude in the rotation rate is quite similar to the behaviour observed directly
on the surface; in particular, the values at the outermost points in the solution are essentially
in agreement with the surface values. (It should be noted that the inversion does not impose
continuity with the surface angular velocity.) Near the base of the convection zone there is
a transition such that the angular velocity in the radiative interior is roughly independent
of latitude, at a value intermediate between the surface equatorial and polar values, but
substantially closer to the former. This transition region is known as the tachocline (Spiegel
& Zahn 1992) and likely plays an important role in the generation of the solar magnetic
field and the origin of the solar magnetic cycle. The apparent width of the tachocline
in Figure 9.8 in part reflects the finite resolution of the inversion, as determined by the
radial extent of the averaging kernels. This must be taken into account in estimating the
true width of the tachocline. Charbonneau et al. (1999) applied several analysis techniques
to LOWL data; they obtained a tachocline width, defined in terms of a representation of
the transition by an error function, of (0.039 &+ 0.013) R and an equatorial central radius
re = (0.693 £ 0.002) R, essentially placing the transition beneath the convection zone.

Although the overall features of rotation, as presented above, have been found using
several different data sets and analysis methods, it should be mentioned that there are
problems at the level of finer details, particularly at higher latitudes. These have become
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Figure 9.8: Inferred rotation rate 2/2m as a function of radius at the latitudes
indicated, obtained from inversion of 144 days of MDI data. The circles with
1-0 error bars show results of a SOLA inversion, while the dashed lines with
1-0 error band were obtained with regularized least-squares inversion. The
heavy vertical dashed line marks the base of the convection zone. (Adapted
from Schou et al., 1998.)

apparent in comparisons between results based on data from the GONG and SOI/MDI
projects, in both cases analyzed with the procedures used by both projects (e.g. Schou et
al., 2002). Also, as illustrated by the comparison of the SOLA and least-squares results in
Figure 9.8, different inversion methods may give different results at high latitude. Clearly,
the underlying causes for these various differences, and how to correct for them, need to be
identified.

The data used in the inversions presented in Figures 9.6 and 9.8 did not permit inference
of the rotation rate very near the centre. However, analysis of low-degree splittings from
the BiSON network provided a tantalizing hint that the core rotation might be below the
general rotation rate of the radiative interior (Elsworth et al. 1995). Chaplin et al. (1999)
carried out a more detailed analysis of a combination of LOWL and BiSON frequencies,
using a version of the MOLA technique especially designed to localize the averaging kernels
to the solar core. The results are shown in Figure 9.9. They are consistent with constant
rotation of the radiative interior, although with a possible suggestion of a down-turn in the
core; analysis of the averaging kernels showed that constraining the measure of rotation
to the inner 20 % of the solar radius was only possible at the expense of very substantial
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Figure 9.9: The inferred rotation as a function of fractional radius inside
the Sun at three solar latitudes: the equator, 30° and 60°; the vertical axis
shows the rotation frequency in nHz. The vertical error bars indicate the
statistical uncertainty on the rotation rate (1 standard deviation), whereas
the horizontal bars provide a measure of the radial resolution of the inversion.
Note that the result becomes much more uncertain in the deep interior, where
furthermore the different latitudes cannot be separated. The observations
used to infer the rotation were from the LOWL instrument and the BiSON
network. (From Chaplin et al. 1999.)

errors in the inferred rotation rate.
A more detailed discussion of recent results of helioseismology, with extensive references,
was presented by Christensen-Dalsgaard (2002).



Chapter 10

Excitation and damping of the
oscillations

So far I have almost exclusively considered adiabatic oscillations, and therefore have been
unable to investigate the stability or instability of the modes. Such questions are of obvious
interest, however. Here I consider some simple aspects of mode excitation, including prop-
erties of the nonadiabatic problem. A major goal is to get a feel for the conditions under
which a mode may be self-excited, i.e., with a positive growth rate. Also, in cases where all
modes are damped, they may still be driven to observable amplitudes by stochastic forcing
from near-surface convection; this seems, for example, to be the case for solar oscillations.

10.1 A perturbation expression for the damping rate

In the present section I derive an expression which allows an estimate of the growth or
damping rate on the basis of the adiabatic eigenfunction. The procedure is to use the per-
turbation expression in equation (5.73) which was derived from the oscillation equations
written as a linear eigenvalue problem in equation (5.56). Now, however, I take the per-
turbation §F to be the departure from adiabatic oscillations in the momentum equation.
From the perturbed energy equation, equations (3.47) and (3.48) it follows that

/

/ dln dIn 1 s —1 .
P _ F1p+€r< p—F1 p)—l— 2 (pe — divF)’
P 0 dr dr w p

! 'y —1
= Pad  PI3T e divE) (10.1)
p w p
where I dropped the subscript “0” on equilibrium quantities, and assumed a time depen-
dence as exp(—iwt). Here

/ dlnp dlnp
Pad =P 1p+€P = TR (10.2)

is the pressure perturbation corresponding to adiabatic oscillations. It follows that the per-
turbed momentum equation (3.43) can be written, after separation of the time dependence,
as

—pw?dr = —Vply +pg + g — éw(rg —1)(pe — divF)] . (10.3)

205
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This is of the form considered in equation (5.56):

w2dr = Foq(dr) + 6F(6r) , (10.4)
with
| — ;P
Fad(ar) = 7vPad -8 8, (105)
p p
and .
SF(dr) = wipV[(rg —1)(pe — divF)] . (10.6)

As argued in Section 5.5, F,q is in fact a linear operator on dr. It may be shown that the
same is true for J.F.

Exercise 10.1:

Show that 6 F may be obtained as a linear operator on dr, assuming the diffusion ap-
proximation, equation (3.22). Note that since 6.F is assumed to be a small perturbation,
it may be derived assuming that dp, dp and 07 are related adiabatically.

The effects on the frequency of departures from adiabaticity can now immediately be
obtained from the perturbation expression (5.73) as

; / or* - V[(T'3 — 1)(pe — divF)'|dV
2_ 2 JV
ow* = -

10.
J, plorav 100

The integral in the numerator can be rewritten as
/ div [t (T3 — 1)(pe — divF)]dV — / div (6t°)(Ts — 1)(pe — divF)dV;  (10.8)
1% v

the first integral can be transformed, by using Gauss’s theorem (3.3), into an integral
over the stellar surface which can be neglected, whereas in the second integral we use the
continuity equation (3.42). The result is, finally, that the frequency change caused by
non-adiabaticity is

5 *
. / P (T — 1)(pe — div F)'dV
&U:L v p
2w? [y plér|2dV

This is the desired expression. It should be noted that this expression is valid also in the
full nonadiabatic case, if the nonadiabatic eigenfunctions are used.

(10.9)

10.1.1 The quasi-adiabatic approximation

To evaluate the integral in the numerator in equation (10.9) we need an expression for
(pe — divF)". Using that € = €(p,T) (I neglect a possible Eulerian perturbation in the
composition) it is easy to see that

U /

T
(o) = pe |er s +(ep + V2] (10.10)
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where

Olne Olne
e = (alnT>p y €p = ((‘M)T . (1011)

Similarly, the perturbation in the flux can be evaluated from the diffusion approximation,

equation (3.22), and in particular assuming that there are no other contributions (such as
convection) to the heat transport. The result is

T 0 4aéT3
F = |B3—kr)— — (1 Z\ Fa, — T’ 10.12
(8= rr) s — (14 5)2 | Fa, = 59T (10.12)
where 91 91
nkK nkK
— — (=2 10.1
T <8lnT>p ’ oo <8lnp>T ’ (10.13)

and F; is the equilibrium radiative flux (which is of course in the radial direction). The
underlying assumption in the perturbation treatment leading to equation (5.73) and hence
(10.9) is that 0F should be evaluated for the adiabatic eigenfunction. Regardless of the
assumption of adiabaticity we may obtain p’ from the equation of continuity as

op _ T N S %
e div (dr), p =dp &dr . (10.14)

From adiabaticity it follows that the temperature perturbation can be computed from

5T Sp ) dT
— =(T3—-1)= T'=0T - & — . 10.1

Hence, given dr, p' and 7" can be computed, and then (pe — divF) can be obtained
from equations (10.10) and (10.12). Since this approximation to the damping rate can be
obtained from the adiabatic eigenfunction, it is known as the quasi-adiabatic approximation.
As the adiabatic eigenfunctions may be chosen to be real, the integrals in equation (10.9)
are real, and hence dw is purely imaginary. Thus it represents a pure damping or excitation,
with no effect on the (real) oscillation frequency.

It should be noted that the approximation is not without problems. The perturbation
approach is based on the assumption that the perturbation is small. This is true in most
of the star, but not very near the surface where nonadiabatic effects become strong. Here
nonadiabaticity has a substantial effect on the eigenfunction, and hence an evaluation of the
integral in equation (10.9) based on the adiabatic eigenfunctions is questionable. Nonethe-
less, we may hope that the quasi-adiabatic approximation at least gives an indication of
the stability properties of the mode. A separate problem, which would equally affect a full
nonadiabatic treatment, is the neglect of convective contributions to the heat flux. This
introduces a major uncertainty in the calculation of the stability of modes in cool stars with
extensive outer convection zones. Indeed, it was shown by Baker & Gough (1979) that the
transition to stability at the cool side of the Cepheid instability strip most likely is the result
of the increased importance of convection. Houdek (2000) made a more detailed analysis,
based on a sophisticated mixing-length model of the interaction between convection and
pulsations, and similarly showed that convection caused the return to stability at the cool
side of the instability region for & Scuti variables.
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10.1.2 A simple example: perturbations in the energy generation rate

To illustrate some simple properties of equation (10.9) I consider the case where the nona-
diabaticity is dominated by the energy generation. Here it is convenient to work purely in
terms of Lagrangian perturbations, by noting that

(pe — divF) = §(pe — divF) , (10.16)

since the equilibrium model is assumed to be in thermal equilibrium. Also, it is obvious
that d(pe) can be obtained from an expression analogous to equation (10.10). Neglecting
the term in F and using equation (10.15) we find

LT

Since er and €, are positive, and I's ~ 5/3, it is obvious that the integrals in equation
(10.17) are positive. With the assumed time dependence as exp(—iwt) this corresponds to
a growth in the oscillation amplitude, i.e., to instability of the mode.

The physical nature of this instability is very simple and closely related to the operation
of a normal heat energy: at compression the gas is hotter than normal and this, together
with the increased density, causes an increase in the release of energy; this increases the
tendency of the gas to expand back towards equilibrium; at expansion the gas is cooler and
less dense and hence the energy production is low; this similarly increases the tendency
of collapse towards the equilibrium; both effects increase the oscillation amplitude. This
mechanism is closely analogous to the operation of a normal car engine where energy is also
released (through the ignition of the air—fuel mixture) at the point of maximum compression.

For acoustic modes, which have large amplitudes in the outer part of the star, the
damping and excitation are normally dominated by the effects of the flux. This is more
complicated and will be discussed in Section 10.2. However, the destabilization through
nuclear reactions may play an important role for g modes in several cases; this includes the
Sun which becomes unstable towards a few low-order g modes in relatively early phases of
its evolution (see, for example, Christensen-Dalsgaard, Dilke & Gough 1974).

I's —1)[e, + 1+ (I's — 1)ep]pedV
Jy plor[2dV

(10.17)

10.1.3 Radiative damping of acoustic modes

I now consider the effects on high-order or high-degree acoustic modes and hence neglect
the effect of nuclear reactions. As in Problem 2.2(vi) (¢f. Appendix C) I assume that the
flux perturbation is dominated by the term in V7" in equation (10.12), to obtain

4acT* |2 T S4alT*T
=W

divF) = k
(div F) | 3kp2 T’

10.18
3 (10.18)

where in the last equality I used the dispersion relation for plane sound waves. Here T'/T
can be obtained from the adiabatic relation (10.15) where, in accordance with the treatment
of plane sound waves, I neglect derivatives of equilibrium quantities. Hence

T T )5,0

= =1 (10.19)
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As a result equation (10.9) for the damping rate becomes

2 ~4
4aéT
i/(r?’_l)z 6;5) 37;)02 v
Sw=—-"2Y 10.20
YT Jy plér2dV (10:20)

It is evident from equation (10.20) that dw is negative, i.e., the mode is damped. This
is again obvious from physical considerations: the effect of the term in the temperature
gradient is to increase the heat flux from regions that are compressed and heated, and to
decrease it from regions that are expanded; hence effectively there is heat loss at compression
and heat gain at expansion, and this works to dampen the oscillation. It should be pointed
out here that the opacity fluctuations, acting through the first term in equation (10.12),
may counteract that: if opacity is increased at compression the flux of radiation going
out through the star is preferentially absorbed at compression, hence heating the gas and
contributing to the excitation of the oscillation. This mechanism, the so-called Eddington
valve, is responsible for the pulsations of the stars in the instability strip.

To compare with the asymptotic expression derived below it is instructive to write
equation (10.20) in terms of dr; from the continuity equation we have, still assuming a
plane sound wave and using the dispersion relation, that

“5: = [div dr| = [i]|6x] = 3] (10.21)

Hence we obtain

(v — 1)24acT* _ ,
fo_ i h g T 022
w o2 [y plér|2dV ’ '

by using ¢ = vp/p; for simplicity I assume that I's = I'; = .
It is of some interest to consider also the damping from the asymptotic point of view. I
start from the modified dispersion relation derived in Problem 2.2

w? = 2k, (10.23)
where
1
1+ 2
WYTF 3kpp 3kyp
_ T S = . 10.24
Or L4t TF dac(y — D)THK|]?  4daé(y — 1)THw? ( )

WTFEF
If nonadiabatic effects are weak, i.e., wrp > 1, we can write equation (10.23) as
1

w? = k|2 — AkP2(1 - o) ~ Ak[? — iwpq L | (10.25)
YTF

where w,q is the frequency in the adiabatic case. Equation (10.25) is a perturbed version of
the sound-wave dispersion relation, of the form considered in Appendix B. Hence the effect
of the damping on the frequencies can be obtained from equations (B.6) and (B.7) as

R 2.2\ V2 _
S&":—Z/ (1—Lc> y—ldr (10.26)

w 2w Jr, w?r? vy ¢’
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where

R 22\ % qr da
— 1— - T 10.2
S /rt ( w2r2> ¢ Tdw (10.27)

By substituting the expression for 7+ we finally obtain

S— - - —. (10.28)

w2 I ol w?r? c

dw _iw (B (y=1)*4acT? 22\ ar
3Kp?

This equation essentially corresponds to equation (10.22) if we note that asymptotically
plor|2dV can be identified with ¢~1(1 — L2¢?/w?r?)~1/2dr, to within a constant factor.

10.2 The condition for instability

The arguments presented in this section were originally derived by J. P. Cox. They provide
insight into the reason why unstable stars tend to be found in well-defined regions of the
HR diagram, particularly the Cepheid instability strip, and are presented here essentially
in the form given by Cox (1967, 1974).

Expressing the frequency in terms of real and imaginary parts as w = w; + in, equation
(10.9) can be written approximately as

Cy
~ 10.
N ST (10.29)
where 55°
C, = Re [/ Z (3 — 1)(pe — divF)dV| | (10.30)
|4
and
I:/ plor|*dV . (10.31)
\%

Clearly the question of stability or instability depends on the sign of Ci: if C}; > 0 the mode
is unstable, whereas if C; < 0 the mode is stable.

I consider just the outer parts of the star, where the nuclear energy generation can be
neglected. The analysis is restricted to radial oscillations; however, as we know that the
behaviour of the modes is largely independent of degree near the surface the results are
likely to be at least qualitatively valid for nonradial oscillations as well. Also, I neglect
convection. Finally I assume that the oscillations are either quasi-adiabatic or strongly
nonadiabatic. In the former region all perturbation quantities can be taken to be real; the
strongly nonadiabatic situation is discussed below. Then we can approximate C; by

=L ‘if(rg - 1)% <5LL) dm . (10.32)

I now assume that §p > 0 everywhere in the region of interest. This would in general hold
for the fundamental mode. However, even for higher-order modes the dominant excitation
and damping generally take place so close to the surface that dp has constant sign in this
region. It now follows from equation (10.32) that the contribution of a given layer to the
damping or excitation depends on the rate of change of §L: if JL increases towards the
surface, the layer gives a negative contribution to C; and hence contributes to the damping,
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whereas if 0L decreases towards the surface, the layer contributes to the excitation. This is
entirely consistent with the simple heat-engine argument given in Section 10.1.2, if we notice
that we are considering the situation at positive dp, i.e., at compression: if §L increases
outwards, more energy leaves the layer at the top than flows in at the bottom; hence there
is a net energy loss from the layer at compression, which acts to damp the motion. The
reverse is true, of course, if 6L decreases towards the surface: then energy is dammed up
at compression, and the motion is excited. Clearly, the behaviour of the mode depends on
the global effect as determined by the integral in equation (10.32).

We now need to consider the behaviour of the luminosity perturbation in more detail.
It is given by an expression corresponding to equation (10.12) for the perturbation in the
flux. The radiative luminosity may be expressed as

4aé dlnT
- _ 1 2 44 . )
L ™ 6m°r=T . (10.33)

m

hence, expressing the equation in terms of the Lagrangian luminosity perturbation,

5L or 6T Sp (dlnT)l d (5T)

— =4—+(4- — — Kpy— — — 10.34
L r+( KT)T pr dm \ T ( )

dm

For low-order modes one can probably neglect the term in the d(§7/T)/dm, as well as a
term in the displacement. Thus we obtain
oL or dp

~4—Kp)—=—Kp— . 10.35
5 ) o=y (10.35)

In the region where the oscillations are nearly adiabatic, §7/T ~ (I's — 1)dp/p, and hence

) (4= k)T —1) — 1, 22 (10.36)

oL (2
P

L \L

In most of the star, , is close to unity, k7 is negative (as, for example, for Kramers
opacity) and I's ~ 5/3. Also, dp/p generally increases outwards. Hence it follows from
equation (10.36) that in most cases 0L increases towards the surface, so that the tendency
is towards stability. This is quite reassuring: after all most stars do not show obvious
variability, suggesting that special circumstances are required to excite modes to large
amplitudes.

In fact, it is clear that there are two circumstances that may give rise to a decrease
in (0L),: a strong decrease in I's or a strong increase in k7. Both effects are likely to
occur in ionization zones of abundant elements. As an example, Figure 10.1 shows I's —
1 in the ionization zone of He in a stellar envelope model (see also Figure 7.15 for the
qualitatively very similar behaviour of I'; in the Sun). This occurs because the degree of
ionization increases at compression, absorbing the energy that would otherwise have gone
towards increasing the temperature and hence reducing the temperature increase. Similarly,
although perhaps less obvious, there is a tendency for ionization zones to be associated with
‘bumps’ in k7: it should be noted that since what matters in equations (10.32) and (10.36)
is effectively the second derivative of opacity even quite minor features in the opacity can
lead to substantial contributions to the excitation, provided that they are confined to a
narrow temperature interval. These two mechanisms are generally known as the - and
rk-mechanisms for mode excitation.
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Figure 10.1: I's — 1 against temperature in the region of Het ionization in an
equilibrium model of a stellar envelope.

The description given so far suffers from two problems. First, it is clearly only the lower
part of the I's-decrease that will contribute to driving; the upper part similarly contributes
to damping, and since dp/p is assumed to increase outwards the damping part is likely to
dominate. A similar remark can be made about effects of opacity bumps. Secondly, the
argument depends on the quasi-adiabatic approximation, in that the adiabatic relation was
used to derive equation (10.35) for L. The great beauty of Cox’s analysis is that it is
precisely the transition to nonadiabaticity which is decisive for the occurrence of instability
of a star.

To make plausible the transition from adiabaticity to nonadiabaticity I use an argument
very similar to the one presented in Section 3.1.4. I write the perturbed energy equation,
neglecting the term in ¢, as

d /oT d [dp L d /0L
— =] -T3-D)=(— ) (=) . 10.
dt(T) (T's )dt(p) 47rpr20VTdr(L> (10.37)
This can also be written, approximately, as
oL oT op
Al— |~V |——-T3—-1)— 10.
(F)~v|F-m-n%]. (10.39)
where (v T)A
cy m
V=", 10.
i (10.39)

Here A(JL/L) is the change in L /L between the surface and the point considered, Am is
the mass outside this point, and (cyT') is a suitable average over this region; also II is the
pulsation period. Thus ¥ has a very simple physical meaning: it is the ratio between the
thermal energy stored in the layer outside the point considered and the energy radiated by
the star in a pulsation period.
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Now equation (10.38) can be understood in simple physical terms. Very near the surface
U < 1: the energy content in the stellar matter is so small that it cannot appreciably affect
the luminosity perturbation; thus the luminosity perturbation is frozen in, i.e., constant.
This is clearly the strongly nonadiabatic limit. Conversely, at great depth ¥ > 1: the
energy content is so large that the flow of energy over a pulsation period has no effect on
the energy content; this corresponds to the almost adiabatic case. Thus the transition from
adiabatic to nonadiabatic oscillations occurs in the transition region, where

{evT)rr(Am)TR
InL

The question of stability or instability is now decided by the relative location of the

transition region and the relevant ionization zone. It has been shown by Cox that the

Cepheid instability strip is controlled by the ionization of He™; thus in the following I

consider only this zone. Also, to understand the location of the instability strip it is

convenient to think in terms of varying the radius, and hence the effective temperature, at
fixed luminosity.

1. (10.40)

Positive
dissipation

Transition region
Ionization region

< Depth

Figure 10.2: L/L at instant of minimum stellar radius and hence maximum
compression against depth below the surface (schematic) for a star with R <
Rt (see text for explanation of symbols). Only the He™ ionization zone is
shown (after Cox 1967).

Consider first a star of small radius and hence large effective temperature. Here the
He™ ionization zone lies close to the surface, i.e., very likely above the transition region
(¢f. Figure 10.2). Below the transition region §L/L follows the adiabatic behaviour and
hence increases outwards; this contributes to the damping. Above the transition region
0L is approximately constant, and there is no contribution to the excitation and damping.
Thus the net effect is that C, < 0, i.e., the star is stable.

Now increase the radius, and hence reduce Tug, sufficiently that the transition region
coincides with the He™ ionization zone. As illustrated in Figure 10.3, at this critical radius
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Figure 10.3: 6L/L at instant of minimum stellar radius and hence maximum
compression against depth below the surface (schematic) for a star with R =
Rt (see text for explanation of symbols). Only the He™ ionization zone is
shown (after Cox 1967).

Rt the situation changes dramatically. We still get damping in the interior of the star;
however, the lower part of the ionization zone now contributes strongly to the excitation,
and the corresponding damping in the upper part of the ionization zone is absent because
the luminosity perturbation is frozen in here. Thus in this case there is chance for instability.
This is precisely what happens: the point where R = R corresponds to the location of
the instability strip.

Finally, at even larger radius and lower T,¢ the entire ionization zone lies in the quasi-
adiabatic region and hence it makes both positive and negative contributions to the excita-
tion. As argued above, the general increase towards the surface of §p/p makes it plausible
that the net effect is damping of the modes. In fact, computations show that it is dif-
ficult to reproduce the lower (so-called red) edge of the instability strip unless effects of
perturbations in the convective flux are taken into account.

This argument may be more quantitative, to determine the approximate location of the
instability strip. In fact, it is not difficult to obtain a relation that determines the slope of
the strip (see Problem 6.2 in Appendix C). It was arguments of this kind which first led
Cox to identify the He™ ionization as being mainly responsible for the Cepheid instability.

The location of the transition region, as given in equation (10.40), depends on the
period of oscillation. I have so far argued for the behaviour of a single mode (although the
changing radius would also tend to increase the period and hence push the transition region
deeper). However, it should be noted that higher-order modes would tend to have transition
regions closer to the surface. It follows that they should become unstable at higher effective
temperatures. This is indeed confirmed by more detailed stability calculations.

The arguments as given here refer specifically to the Cepheid instability strip. However,
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very similar arguments can be applied to other driving mechanisms, at least in fairly hot
stars where convection can be neglected. Thus any suitable feature that may cause a
substantial dip in (0L/L), might be expected to give rise to an instability region. It has
been found, through improvements in the treatment of iron line contributions, that there is
a bump in the opacities near temperatures of 2 x 10° K which can account for the 5 Cephei
and other B star pulsations in this way (e.g. Moskalik & Dziembowski 1992); before these
improvements the origin of B-star pulsations was a major mystery. A similar mechanism
is responsible for the excitation of g modes in at least some pulsating white dwarfs (e.g.
Winget et al. 1982).

10.3 Stochastic excitation of oscillations

Nonadiabatic calculations taking convection into account generally find that modes in stars
on the cool side of the instability strip are stable. In particular, this is the case for the
modes observed in the Sun (e.g. Balmforth 1992a). Thus the presence of oscillations in the
Sun and other cool stars requires other excitation mechanisms. In these stars the convective
motion near the surface likely reaches speeds close to that of sound. Such turbulent motion
with near-sonic speed is an efficient source of acoustic radiation, and it is likely that this
‘noise’ excites the normal modes of the star, to the observed amplitude.
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Figure 10.4: Observed spectrum, from Doppler observations with the BiSON
network, of a single radial mode of solar oscillations. The smooth curve shows
the fitted Lorentzian profile, multiplied by three for clarity. (See Chaplin et
al. 2002.)

Since the excitation is caused by a very large number of convective elements, the driving
is essentially random. The problem of a damped oscillator driven by random forcing was
considered by Batchelor (1956), and the analysis is discussed in Problem 6.1 in Appendix C.
The outcome is that the average power spectrum resulting for a mode of frequency wgp, and



216 CHAPTER 10. EXCITATION AND DAMPING OF THE OSCILLATIONS

damping rate 7, is approximately

1 (Prw))

(P(w)) =~ I @ —wol L

(10.41)
where (Pr(w)) is the average power spectrum of the forcing function. If the forcing spectrum
is a slowly varying functions of frequency, the result is therefore a Lorentzian spectrum,
with a width determined by the linear damping rate of the mode.

If a single realization, rather than the average, of the spectrum is considered, as is
generally the case for observations of stellar oscillations, the result is a random function
with a Lorentzian envelope. An example is shown in Figure 10.4, based on observations of
solar oscillations with the BiSON network. Such Lorentzian profiles are often assumed in
the fits carried out to determine the frequency and other properties of the modes. It should
be noticed, however, that the observed profiles show definite asymmetries and hence cannot
be strictly represented by Lorentzian profiles. This behaviour can be understood from the
detailed properties of the excitation, in particular the fact that the dominant contributions
to the forcing arise from a relatively thin region (e.g., Duvall et al. 1993; Gabriel 1993, 2000;
Roxburgh & Vorontsov 1995; Abrams & Kumar 1996; Nigam & Kosovichev 1998; Rast &
Bogdan 1998; Rosenthal 1998). Neglecting this effect in the fitting causes systematic errors
in the inferred frequencies; however, it appears that these are of a form similar to the effects
of the near-surface errors [i.e., the term Q,'G(w,) in equation (9.32)], and hence have no
effect on the results of structure inversion (e.g. Rabello-Soares et al. 1999b; Basu et al.
2000). Observational determination of the asymmetry does, however, provide constraints
on the properties of subsurface convection (Chaplin & Appourchaux 1999; Kumar & Basu
1999; Nigam & Kosovichev 1999).

As a result of the stochastic nature of the excitation, the observed amplitude of a mode
varies over time. The statistical properties of this variation were discussed by Kumar,
Franklin & Goldreich (1988) and Chang & Gough (1998). If the modes are observed over
a time short compared with the damping time, the energy distribution is exponential,

p(E)dE = (E) ' exp(—E/(E))dF , (10.42)

where (F) is the average energy, and the energy F is proportional to the squared amplitude.
It is straightforward, and instructive, to simulate such stochastically excited, damped,
oscillations. An example of such a simulation, for a long-period variable, is illustrated in
Figure 10.5. It is evident that the amplitude varies strongly and in an irregular fashion,
and hence at any given time there is a significant probability that any given mode may be
invisible; this must be kept in mind in the interpretation of such pulsating stars. Panel b)
shows the distribution of mode energy, obtained by analyzing the time series in 1-year
segments. Here N is the total number of segments, and n is a scaled binned number of
realizations,
B An(E)
"7 exp(AE/2(E)) — exp(—AE/2(E)) ’

where An(FE) is the number of realizations in the interval [E — AE/2, E + AE/2|. It may
be shown that n/N behaves like exp(—E/(FE)) (¢f. Chang & Gough 1998); as is clear
from Figure 10.5b the simulated data do indeed have this property. Very interestingly, the
observed distribution of solar oscillation amplitudes satisfies this relation quite closely (e.g.
Chaplin et al. 1997). An example, based on BiSON data, is shown in Figure 10.6.

(10.43)
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signal

In(n/N)

Figure 10.5: Artificial time series for an oscillation with a period of 82 days,
a damping time of 60 years and a sampling-time interval of 20 days. The
top panel shows the computed time series which, as indicated, covers about
1600 years. In the bottom panel the points show the binned, normalized
distribution of mode power, in units of the mean power; the line corresponds
to the expected exponential distribution in equation (10.42) (see text). (From
Christensen-Dalsgaard et al. 2001.)

Exercise 10.2:

Verify this property of the distribution, as described by equation (10.43).
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Figure 10.6: Binned, normalized distribution of observed solar mode power, in
units of mean power; this is based on 3368 individual samples, each contain-
ing 14 modes, of BiSON observations. The line corresponds to the expected
exponential distribution in equation (10.42). (See Chaplin et al. 1997.)

The distribution function in equation (10.42) also defines the relation between the av-
erage (A) and the standard deviation o(A) of the amplitude:

4 1/2
o(A) = <7r — 1) (A) ~ 0.52(A) . (10.44)
It was noticed by Christensen-Dalsgaard, Kjeldsen & Mattei (2001) that observed ampli-
tudes of semiregular variables on the red-giant branch approximately followed this relation,
suggesting that their variability may have a cause similar to the solar oscillations.

As indicated by equation (10.41) this excitation mechanism results in a definite pre-
diction of the oscillation amplitude, given a model for the power in the stochastic forcing.
This can be evaluated from models of convection, such as the mixing-length description.
A rough estimate was made by Christensen-Dalsgaard & Frandsen (1983a); following Gol-
dreich & Keeley (1977) they assumed equipartition between the energy in a single mode
of oscillation and the energy of a convective eddy with a time scale corresponding to the
period of the mode. The results were analyzed by Kjeldsen & Bedding (1995) who found,
as already discussed in Section 2.4.1, that the amplitudes scaled as L/M (cf. eq. 2.44).
A more careful calculation was carried out by Houdek et al. (1999), who determined the
damping or excitation rates of radial modes, using a nonlocal mixing-length description of
the interaction between convection and pulsation; for the stable modes they estimated the
stochastically excited amplitudes, from the computed damping rates and a mixing-length
calculation of the energy input to the modes from convection. The results are summarized
in Figure 10.7. It should also be noted that computations by Stein & Nordlund (2001)
of the energy input from convection to the oscillations, based on detailed hydrodynamical
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Figure 10.7: Unstable modes and mean velocity amplitudes of stochastically
excited modes, for radial oscillations. Evolution tracks, at the masses indi-
cated, are shown with dotted curves, some models being marked with dia-
monds. Selected models with unstable modes are indicated by the symbols,
as listed in the figure; note that, as argued in Section 10.2, the higher-order
modes tend to be excited in models with higher effective temperature. The
solid and dashed straight lines indicate the instability strips of the n = 1 and
2 modes, respectively. The contours to the right of the instability strip show
computed velocity amplitudes, averaged over frequency; the values of the am-
plitudes, in cms™!, are given. For the Sun, indicated by ®, the predicted
mean amplitude is 20cms~!. (From Houdek et al. 1999.)

simulations, have yielded results in general agreement with the observed properties of solar
oscillations.

The stochastic mechanism is expected to result in the excitation of all modes in a broad
range of frequencies, with amplitudes reflecting the presumed slow frequency dependence
of the forcing function. This property is indeed observed in the Sun and in the few cases
where solar-like oscillations have been observed in other stars (see Section 2.4.1). It greatly
simplifies the identification of the modes, compared with oscillations excited through radi-
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ative instability. In the latter case the mechanisms determining the final amplitude, and
hence the selection of modes which reach an observable level, are unknown and apparently
lead to detectability, with current techniques, of only a fairly small subset of the unstable
modes.
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Appendix A

Useful properties of Legendre
functions

The following expressions are mainly taken from Abramowitz & Stegun (1964) and Whit-

taker & Watson (1927).

Differential equation:

azpm o dpm m? ]
(-2 b -2+ l(l+1)—1_x2]Pl —0
d 5 AP m? |
i 0|+ “l“)—l_xz]f’l =0

Legendre Polynomials: P(z) = P(x). Explicit expressions for the first few cases:

()
Pi(z) = x

(1) = ~(1-)"

(x) = 1/2(32° — 1)

General expressions, for m > 0:
1 di(2? —1)

201 dat
P(e) = (-1 - a2

dz™
(2m)12—m

Pii(e) = (-1 (1 = oty

(A1)

(A.2)

(A.3)

(A.4)
(A.5)

(A.6)

Note that equation (A.4) shows that Pj(z) is a polynomial of degree [. Also, equation (A.6)

shows that (2m)12
P (cosf) = (—1) o sin 0
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Expression for negative azimuthal order:

(Il —m)!
(I 4+ m)!

P ™(cos ) = P"(cos ) .

Recursion relations:

((=m+ 1P (x) = 2+ 1)zB"(x) - (I +m)P"(z)
i
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dp dPy
i el S

Integrals:
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1
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Asymptotic expansion, for m > 0, large I:
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Appendix B

Effects of a perturbation on
acoustic-mode frequencies

In several of the Problems we consider the effect on the frequencies of acoustic modes, as
described by the asymptotics leading to the Duvall law, of various modifications (such as
the perturbation in the gravitational potential, changes in the sound speed and rotation).
These results all reflect a more general expression, which is derived here.

I start from the dispersion relation for a plane sound wave, with the addition of some
perturbation ¢,a(r) which, as indicated, is assumed to be a function of r alone:

w? =k + Sra(r) (B.1)

(cf. eq. 3.55), where for simplicity I dropped “0” on equilibrium quantities. I now use that
k|? = k2 + k2, where k2 is given by equation (4.51). Therefore, k, is given by

2 L2 1 1/2
ky = (“ S 5ra>

w L322 1/2 1 L22 -1/
~ ; |:<1 — w2’r2> — ﬁ 1— 70(}2712 5,«a , (BQ)

where in the last equality I assumed that d.a was small. The condition that we have a
standing wave can be expressed as

R
/ kydr = (n+ o), (B.3)

where, as usual, a takes into account the phase change at the surface. By substituting
equation (B.2) we obtain

(n+a)m /R ] 22\ ar 1 /R ) 22\ ? 5 dr (B.A)
— ~ - —— — - — - — a— . .
w - w2r? ¢ 2w? /), w2r? e
If we neglect the term in d,a we obviously obtain the usual Duvall law, equation (7.1).
Hence equation (B.4) shows the effect of the perturbation on the Duvall law.
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We can now find the effect on the oscillation frequencies of the perturbation. I assume
that the result is to change the frequency from w to w + dw. Also it should be recalled that
a = a(w) in general depends on w. By multiplying equation (B.4) by w and perturbing it
we obtain

doz(S 5 /R . L2c2 1/2 dr N /R . L2 —1/2 L2 Swdr
T—fw = dw - == — 4w - == ==
dw - w?2r? c - w?r? w?r?2 w c

1 (B L2c2 12 dr
_% . (]_ — m 5ra? . (B5)
From this we finally obtain
Sw 1 R L2c2 —1/2 dr
where 12
R L322\ T dr do

This is the desired general expression.

It should be noticed that equation (B.6) has a very simple physical interpretation: Apart
from the (generally small) term in da/dw in S, the equation shows that the change in w?
is just a weighted average of d,a, with the weight function

L202)_1/2

W(r) = % <1 re (B.8)

w?r?

However, it is easily seen that W(r)dr is just the sound travel time, corresponding to the
radial distance dr, along the ray describing the mode. Hence the weight in the average
simply gives the time that the mode, regarded as a superposition of plane waves, spends in
a given region of the star.

Example I. Effect of a change in sound speed: If the sound speed is changed from ¢ to
¢+ drc, the dispersion relation for sound waves can be written

Or
w? = 2 k|* 4 2¢8,clk* = k> + 202 C (B.9)
c

Hence here §,a = 2w?§,¢/c. Consequently, the frequency change is given by

5 R 22\ 5.4
Si’:/ (1 C) oeer (B.10)
Tt

w w?r? c c

It should be noted that in general a change to the model would result also in an intrinsic
change da in a. As a result, the general asymptotic expression for the frequency change
[which can be obtained by including explicitly a term in the change in o when deriving
equation (B.5) from equation (B.4)] is

S— ~ 55 (B.11)

w e w?r

dw R ( L202>1/2 drcdr S
1- oredr | o
c c w
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Thus we recover equation (7.145).

Ezample 11. Effect of rotation: As discussed in Chapter 8 the dominant effect of rotation is
purely geometrical. In a system rotating with the star, the dispersion relation is as usual
wd = ?|k|?; from equation (8.2) the dispersion relation in the inertial system is therefore,

to lowest order in €2,
w? = Ak[* + 2mwQ (B.12)

where I assume that the rotation rate € depends on r alone. Hence here 6,a(r) = 2mwQ(r),
and we obtain the perturbation in the frequency caused by rotation as

R 9 9 -1/2
S(Sw:m/ (1 Le ) o (B.13)
Tt

w?r? c
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Appendix C

Problems

The following problems have been used in courses on stellar pulsations in Aarhus. They
originally appeared on the weekly problem sheets (Ugesedler), but are collected here for
convenience and more general use. In a few cases reference is made to programming and
plotting with IDL. Obviously any other convenient graphics package may be used instead.

The problems are collected in sections corresponding approximately to the sections of
the main text, although the numbering has not been maintained.

C.1 Analysis of oscillation data

Problem 1.1:

Discrete Fourier transform. Observationally, the data are typically given at discrete
times t,,. Hence the continuous Fourier transform considered in Section 2.2 is not
immediately relevant. Here we consider the simple case where the data are uniformly
spaced in time,

tn, = nAt n=0,...,N—1 (C.1)

(this can in fact often be arranged). Then we define the discrete Fourier transform as

1 N-1
O(wj) = N Z v(tyn) exp(iwjty) , (C.2)

n=0

given at the discrete frequencies w;. For the moment we do not specify w;.

i) Find the discrete transform of the simple harmonic oscillator given in equation
(2.19). Sketch the power |d(w;)|?. Compare with the continuous transform.

A very efficient procedure for computing the discrete transform is the Fast Fourier
Transform (FFT). This requires that the number of data points is a power 2# of 2, and
provides the transform only at the frequencies

—7J, j=0,...,N, (C.3)
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where T' = N At is the total duration of the observing run. For more details about the
FFT, see also Numerical Recipes (Press et al. 1986).

ii) Sketch the power resulting from a FFT of the time string given by the harmonic
oscillator in equation (2.19); for simplicity take the frequency wy of the oscillator
to be 2mjo/(NAt) for some integer jo. Note that very little of the sinc function
structure in the continuous transform is preserved.

Normally, the number of data points will evidently not be an integral power of 2. In
that case, the data are extended by zeros up to a total number N; = 2# > N.

iii) Consider the effect on the FFT of the simple harmonic oscillator of extending the
data by zeros in this way. Show how this can be used to resolve the structure of
the peak of the power spectrum (note that we do not need to take the smallest
possible power of 2).

Note: In manipulating the Fourier transforms, it is useful to recall that

1. .
cosx = 5(6” +e '),
N+1

N 1-2z

Problem 1.2:

Multiperiodic harmonic oscillations. (This requires access to a computer with
graphics facilities. Here reference is made to the graphics and data analysis package
IDL, which is a very convenient tool for this type of exercise).

Consider a time string consisting of a sum of harmonic oscillators,

K
u(t) = Z a, cos(wit — O (C.5)
k=0

Take the amplitudes a; and the phases J; to be uniformly distributed random numbers,
between 0 and 1, and 0 and 27, respectively. Also choose suitably “random” frequencies
Wk

i) Plot v(t) for a total time 7' that is substantially larger than the longest period
27 Jwy, for several different numbers K of individual oscillations. Note how the
appearance of the time string becomes increasingly “chaotic” as K is increased.

ii) Plot the power spectra of the time strings found under i), using IDL’s FFT
routine. Consider the extent to which the individual frequencies can be separated.
How does this depend on the number of modes or the total duration of the time
string?
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A typical observed time string of solar oscillations (corresponding, for example, to ob-
servations made in light integrated over the solar surface) contains of order 50 modes.
Clearly, separating them is no trivial task.

Problem 1.3:

A non-harmonic oscillator. A simple model of a large-amplitude pulsating star (e.g.
a Cepheid) is provided by the following function

v(t) = apsinfwt + asin(wt)] . (C.6)

i) Show that v(t) is periodic, with the period Il = 27 /w.
ii) Sketch (or get IDL to plot) v(t) for w =1, ap = 1, a = 0.5.

iii) For small «, find a simple expression for v(t) by expanding it in powers of «,
including the term of order o. (If this is too hard, consider just the term of
order ). Try to guess what the expansion to higher orders in « will look like,
qualitatively.

iv) Use IDL to find the Fourier transform and power spectrum of v(¢) for some
typical cases. Compare with the expansion obtained in iii).

Problem 1.4:

A double-mode non-harmonic oscillator. In Problem 1.3 we considered a simple
model of a large-amplitude pulsating star, with the signal v(t) = ag sin|wt + asin(wt)];
the effect of the term in « is roughly to give a distortion to the phase which depends
on the instantaneous amplitude of the oscillation. This distortion may result from
non-linear effects near the surface of the star affecting what is essentially a harmonic
oscillation in the stellar interior.

We can generalize this concept to multiperiodic oscillators. For simplicity, we consider
a double-mode star, and assume that the signal can be written as

v(t) = agsinfwit + aag sin(wit) + aag sin(wat)]
+ agsinfwat + Pfag sin(wit) + Pag sin(wat)] . (C.7)

i) For small a and f3, expand v(t) in terms of harmonic functions. Include enough
terms to get a feel for what the form of a general term might be.
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ii) Use IDL to plot the time series and the power spectrum for typical cases. (It
may be a good idea to use a logarithmic scale for the power, suitably truncated,
to show the presence of weak peaks.) Compare with the expansion in i).

iii) What would happen if the star were pulsating in several modes?

Problem 1.5:

Spatial analysis of oscillation observations. As mentioned briefly in Section 2.1,
the analysis of observations of solar oscillations essentially proceeds by multiplying the
observed Doppler velocity field v(6, ¢, t) by different spherical harmonics }/I?O(H, ¢) and
integrating over the area A of the solar disk that is observed. The result is a function
Vlgmy (t) of time that predominantly contains contributions from modes with I = lo,
m = mg. Had the integration been over the entire Sun, the orthogonality of the spher-
ical harmonics would have given complete isolation of these modes. However, since we
can only see part of the Sun other modes leak in and complicate the analysis.

To illustrate these effects, we take out the ¢-dependent part of the analysis, by con-
sidering an oscillation of the form

v(t) = Vo cos(mep — wt) . (C.8)

This signal is observed over the interval in longitude from ¢ = —¢. to ¢ = ¢. (we take
¢ = 0 to correspond to the centre of the disk). The analysis results in an average over
the interval:

1 be
U (1) = 2% /_¢ v(t) cos(mog)de . (C.9)
i) Write vy, (t) as
Uy (1) = Smom Vo cos(wt) (C.10)

and find an expression for the spatial response function Sp,,m. Have we seen
something similar before?

ii) What happens in the limits of very small ¢.; or ¢ = 77 What does the latter
case correspond to?

iii) Plot Sy,,m for some typical cases.

Note that this behaviour is in fact very similar to the behaviour of the corresponding
response functions Sy mqim for the real observations. In fact, the calculation carried out
here is essentially the ¢-part of the full integral over the observed area on the solar disk.

Problem 1.6:

Spatial response functions. We consider observations of solar oscillations through
an aperture of radius d, in units of the radius of the solar disk, and centred on the disk.
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i) Show that the velocity response function, defined in analogy with equation (2.7),
is given by

$”(d)

220 +1 1
— d2/m1 Py(z)z?dz (C.11)

where 21 = V1 — d2.

ii) Using the explicit expressions and recursion relations for Pj(z) in Appendix A,

calculate Sl(v) (d) for d =1 and d = 0.5, and for as many [-values as you can be
bothered to consider. What is the effect of restricting the aperture?

iii) A more intelligent way to compute the responses can be obtained by deriving
recursion relations for the functions

PF(z) = /xki}; x, Of(x) = /kal(m)dx, (C.12)

based on the recursion relations for P, and its derivative, as well as a little
integration by parts. Try to see whether you can find a way of doing that, and
make a more extensive computation for the cases considered in ii). It may help
to look in Christensen-Dalsgaard & Gough (1982).

C.2 A little hydrodynamics

Problem 2.1:

Waves at a density discontinuity. In Section 3.3.3 a relation is derived for gravity
waves on a free surface. It is interesting also to consider gravity waves at an interface
where the density jumps discontinuously. Examples are waves in a glass with oil on
top of water, or waves at the interface between a helium-rich core and a hydrogen-rich
envelope.

e Consider a system consisting of an infinite layer of density p; on top of an infinite
layer of density po, with p; < p2. The assumptions are otherwise as in Section 3.3.3.
By requiring that the vertical displacement and the pressure are continuous at the
perturbed interface between the layers, show that the oscillation frequencies are
given by

2_P2— P
w 2 T o1 gok . (C.13)
Does this make sense in the limits p; — 0 and p; — pa?

Problem 2.2:

Damping of simple sound waves. To illustrate the effects of non-adiabaticity, we
consider the radiative damping of the simple sound waves discussed in Section 3.3.1.
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Except where otherwise noted, the assumptions are the same as in that section.

At low density, we use Newton’s law of cooling, equation (3.23), for the radiative
cooling. Also, we assume the ideal gas law, so that in particular I'y =Ty =T3 =+ =
5/3, and that there is no nuclear energy generation. Finally, we consider a perturbation
in the form of a plane wave, as in equation (3.53).

i) Assume that the opacity x is constant (i.e., independent of p and 7). Show that
the relation between p’ and p/, on complex form, can be written

/ /

P, (C.14)
Po Po
where ]
31
1+ 1
wT
YN = VON N = 72 2 (C.15)
14+ —
WTN
and »
0
™= —— C.16
4ackopo(y — )T ( )
is a characteristic time scale for cooling by Newton’s law.
ii) Show that the dispersion relation for a plane sound wave is
W? = kP . (C.A7)

where ¢y = (ypo/po)*/? is the adiabatic sound speed.

iii) Consider a wave where the wave number k is real. Show that the imaginary part
of w is negative and that therefore the wave is damped, i.e., that the amplitude
decreases with time. What is the physical explanation for the damping? (You
may assume that the damping is weak, so that Re(w) > Im(w).)

iv) As a more realistic case, assume that the opacity depends on p and T, such
that & oc p®T® where a and b are positive (this corresponds to conditions in
stellar atmospheres where the opacity is dominated by H™ absorption). Find the
expression for yn in this case, and verify that the wave is damped in this case
also. What is the effect of the opacity variation on the magnitude of the damping
rate?

v) Discuss the behaviour of the dispersion relation in the limits 7w — oo and 7w — 0.
Consider also the behaviour corresponding to p — 0 at fixed T (corresponding
to conditions high in a stellar atmosphere).

We now consider the limit of high density, where the diffusion approximation, equation
(3.22), can be used for the radiative flux. We still assume that equilibrium quantities
are constant and consider a plane wave.
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vi) Show that the perturbation in the radiative cooling rate is given by

, _ AalTy k2£,

divF
( ) 3K0p0 To

(C.18)
(remember that we assume that V7T = 0).

vii) Hence show that equations (C.14) and (C.17) are still valid, if yx and ¢n are
replaced by g and ¢g, where

i

1+
_ __ JWTF _ 3K0poPo C.19
WTE

Compare this expression for the time scale 77 for radiative diffusion with the
estimate given in Section 3.1.4.

viii) Show that this also results in damping of a sound wave. Discuss the physics of
the damping.

Finally, we consider the effects of nuclear energy generation on the waves. We assume
that the energy generation rate e oc pT™, and that radiative effects can be neglected.

ix) Show that in this case the relation between p’ and p’ can be written

r_,2. (C.20)

Po P0

where
] i(n—2)
Ye = 7¢6 y ¢€ = TL’V;L)TG s (0.21)
11—
WTe

and -
Te= ——F—— C.22
npoeo(y — 1) (C-22)

is a characteristic time scale for nuclear heating.

x) Show that this leads to excitation of the sound wave, such that its amplitude
grows with time. Discuss the physics of the excitation.

xi) Discuss qualitatively the case where both nuclear energy generation and radiative
damping, in the diffusion approximation, are taken into account. For which waves
might the overall effect be an excitation?
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Problem 2.3:

Dispersion relation for sound waves in a gravitating fluid. We consider acoustic
waves in a homogeneous system, as in Section 3.3.1, but include the effect of self-gravity
on the wave. Hence in the equation of motion, the term pgV®’ should be included on the
right-hand side, but we continue to neglect the equilibrium gravitational acceleration.

i) Show that equation (3.51) should be replaced by

82 p/

0 A2 + 4nGpop’ . (C.23)

ii) We assume a plane-wave solution, on the form given in equation (3.53). Show
that the dispersion relation is

w? = 3 |k|* — 4nGpp . (C.24)

iii) When the frequency w obtained from equation (C.24) is imaginary, the pertur-
bation either grows or decays exponentially with time. Show that this occurs
when the wavelength A\ of the wave satisfies A > Aui¢ and find Aeqt. Compare
with equation (10.4) of Lecture Notes on Stellar Structure and Evolution.

C.3 Properties of solar and stellar oscillations

Problem 3.1:

Rays of sound waves. Ray theory is a very powerful tool for understanding the
propagation of waves in a medium where conditions vary slowly. It is entirely analogous
to the study of the propagation of light rays. An important example is its use to describe
the properties of acoustic oscillations in the Sun. We consider an acoustic wave that
propagates in the (z — z) plane where the sound speed ¢ depends on z but not z. The
wave is described by a wave vector k = (k,, k,) and has a given frequency w; one may
think of it as being excited with a fixed frequency at some point in the region. Clearly, w
and k satisfy the dispersion relation (3.55). The z—component k, of k is fixed, whereas
the z—component k, depends on z.
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i) Show from equation (3.55) that
2 1/2

The propagation of the ray is parallel to the wave vector. Hence we can describe the
position (z, z) of a point on the ray by the equations

dz

a5 e

dz

&k 2
==k (C.26)

where s is a suitably chosen measure of position along the ray. From these equations
we obtain

dx  k;

— = C.27

dz k,° ( )
which determines the shape of the ray.

ii) Let z measure depth beneath some surface, and assume that c(z)? increases
linearly with z,
c(2)? =cg+ Az, (C.28)

where ¢y and A are constants (this corresponds approximately to conditions near
a stellar surface). Try to sketch, qualitatively, the behaviour of the ray.

iii) Find the solution to the equation for the ray.

iv) What happens at a horizontal interface where ¢ jumps from a value ¢; to a value
co? Have you seen anything like that before?

Problem 3.2:

Trapping of g modes. We consider g modes trapped near a maximum in the buoyancy
frequency, corresponding to the steep gradient in composition outside a convective core.
Specifically, we make the following assumptions:

o Sj/w>1.

e N2 is only non-zero in a narrow interval [rq, 72]:

0 for r < r
N?2={ N2 forr  <r<my (C.29)
0 for ro <r.
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e The region considered is so thin that we can make the plane-parallel assumption,
replacing [(I + 1)/72 by kZ which we take to be constant.

e The oscillations are described by the simplified equations (5.20) and (5.21).

i) Show under these assumptions that & approximately satisfies

‘ﬂﬂ__@<N2_ng (€.30)

dr? w?

ii) Show that the solution to equation (C.30), corresponding to modes trapped in
the region considered, have the form

Aexplkn(r —r1)] for r <m
& (r) =1 Bjcos|Bkn(r —r1)] + Besin[Sky(r —r)] forrm <r<ry (C.31)
C exp[—kp(r — r2)] for mo <1,
where )
Nm

iii) The solution must satisfy continuity of & and d§,/dr. Show that this leads to
the following relation which implicitly determines w:

2p

tan(BA) = 21

(C.33)

where A = ky(ry — r1).

iv) Sketch the left-hand side and the right-hand side of equation (C.33) as a func-
tion of B8 and argue that the equation has an infinite number of solutions 3,
corresponding to the frequencies w,, n=1,2,....

v) Assume A to be very large. Show that the lowest-order modes satisfy
BA ~ n | (C.34)

and hence )

2 Nm

W= 1+ (nw/A)2°

(C.35)
vi) Sketch (or plot) the solution &,(r) in this approximation for the first few values
of n.

vii) Does equation (C.35) look familiar? (Hint: Relate ro — 71 to the vertical wave-
length, and hence the vertical wavenumber k., of the mode.)

viii) Consider the opposite extreme of very high-order modes. Show that w, — 0 for
n — oo, and that consequently the frequencies are still given by equation (C.35).
Show also that the periods II,, of pulsation may be approximated by

272

M, ~Ton,  Tlh= . (C.36)
m

Thus the periods increase linearly with n.
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ix) Try to solve the dispersion relation (C.33) numerically, to obtain w,/Np as a
function of A, and make plots of the corresponding eigenfunctions.

Problem 3.3:

A simple example of avoided crossings. Avoided crossings play a major role in
understanding the properties of spectra of stellar oscillations. Here we analyze a very
simple physical system that exhibits this behaviour.

Consider two coupled oscillators, with a time dependence described by y;(¢) and y2 (1),
and satisfying the differential equations

d*y 2

w2 —w1(A) Y1 + ays

d2

ij = —ws(\)2y2 + a1 - (C.37)

Here « is a coupling parameter, which we assume to be constant. In the absence of
coupling (i.e., for a« = 0) the oscillators have frequencies w; and we which, as indicated,
depend on a parameter A. We assume that at A = Ay the two uncoupled oscillators
cross, i.e., wi(Ng) = wa(Ag)

i) Show that the system in equation (C.37) has solutions of the form

{ z;gg } = { 2 }exp(—z’wt) ) (C.38)

where the frequencies are given by

1 1 1/2
wi = 5(w% —&—wg) + 3 [(w% —w%)2 +4a2} /

(C.39)

ii) Discuss the behaviour of wy, as functions of A, far from A\g (in the sense that
lw?(X) — w3 (N)| > a) and at X = \o.

To analyze the behaviour of the system in more detail and find the coefficients, we
simplify the expressions by assuming that w} = 1, w3 = \.

iii) Make a plot of w%()\). Show that the two solutions are the two branches of a
hyperbola.

iv) Find the coefficients {cgi)()\), cgi)()\)}, normalized such that (c(li))Q—l—(cng))2 =1.

What is their behaviour far from the avoided crossing? And at the point of closest
approach of the frequencies? Make a plot of the coefficients.
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Problem 3.4:

A perturbation treatment of avoided crossings. As shown by von Neuman &
Wigner (1929) it is possible to describe the behaviour of the eigenfrequencies near an
avoided crossing by a simple extension of the usual first-order perturbation analysis.
This Problem reproduces von Neuman & Wigner’s analysis.

We consider the eigenvalue problem

F&=o0€. (C.40)
Here we express the operator F as
F=Fg+ AoF, (C.41)

where A 0F is a small perturbation. (We use the real parameter A to vary the perturba-
tion; d.F is a fixed operator.) We assume that both Fy and 6F are symmetric operators.
The eigenvalues and eigenvectors for the unperturbed operator Fy are given by

Fot® =60c® 12 (C.42)

(2

Here the ‘ffi) are taken to be normalized, H£Z(1)||2 = < El-(i),@(i) > = 1. We assume
that ogo) and O’éo) are very close together and neglect the remaining eigenvalues and
eigenvectors in the following.

We let o(A) be the eigenvalue of the perturbed operator, and assume that the corre-

sponding eigenvector £(\) can be expressed as

£ = a(MED + 2N . (C.43)

i) By substituting equation (C.43) into equation (C.40), and taking the scalar prod-
uct of the resulting equation with éo) and 550), show that the eigenvalues are

Ui()\) = Jgo) + 0'50) + )\(< OF >11 + < O0F >22)] (C.44)

DN |

1 9 1/2
5 { (01" = 08 + A< 6F >11 = < 0F >m)| + 4N < 6F >15 I2} )

where

<OF >iy=< &V 0FY >, =12, (C.45)

ii) Sketch the behaviour of the eigenvalues. Show that the minimum separation
between o4 (\) and o_(\) is

2| < 6F >12|
(< 6F >11 — < 6F >99)2 + 4 < 6F >1 22

Aomin = Aoy (046)
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where Aoy = aéo) - ag)), and occurs at

AO’()(< OF >11 — < OF >22)
(< OF >11 — < OF >22>2 +4‘ < O0F >19 ‘2 '

A= Amin = (047)

iii) Compare this solution with the eigenfrequencies obtained in Problem 3.3.

iv) Show that if the coupling term < 0F >12 is zero, equation (C.44) reduces to
the usual expression for the change in the eigenvalue induced by a perturbation,
equation (5.73).

v) Discuss the behaviour of the coefficients cf;) (M) associated with the eigenvalues

o+ () in the limit where |Aoyin/Aocy| < 1.

Note that if the coupling term < §F >12 vanishes, the avoided crossing is replaced by a
true crossing of the eigenvalues. It may be shown that this is the case for the eigenvalue
problem in equation (5.56) if we consider two eigenfunctions {%O) and 650) with different
values of the degree [. This is the reason why the curves for [ = 0 and [ = 1, for instance,
cross in Figure 5.14.

Problem 3.5:

The perturbation of the stellar surface. The displacement given in equation (4.40)
shows how each part of the star is moved by the oscillation. We take ¢ = 0.

i) Consider the behaviour in the equatorial plane. Sketch or plot the perturbed
surface for (I,m) = (0,0),(1,1),(2,2) using the expressions in the notes on the
Legendre functions. Consider different values of the ratio &, /&, .

ii) Repeat i), but in the plane passing through the pole, at ¢ = 0.

C.4 Asymptotic theory of stellar oscillations

Problem 4.1:

A simple derivation of the Duvall law. Equation (7.39) can be justified rather more
simply than by going through the full JWKB analysis (even though the arguments are
essentially equivalent). We start from the dispersion relation for a plane sound wave,
neglecting self-gravity (equation 3.55):

w? = cAlk|?, (C.48)

and write |[k|? = k2 + k2. For a wave corresponding to a mode of oscillation, ky, is given
by equation (4.51).
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i) Dropping subscripts “0” on equilibrium quantities, show that

12 w? L2
T2 2

(C.49)

Y

where L? = I(I +1).

ii) Argue that the condition for a standing wave (i.e., a mode of oscillation) is
roughly that

R
/ kpdr = nm . (C.50)

A more careful analysis shows that n in equation (C.49) should be replaced by n + a,
where « takes care of the behaviour near the lower turning point r; and the surface.

iii) Use equation (C.50), modified in this way, and equation (C.49) to derive equation
(7.39).

Problem 4.2:

The effect of the gravitational potential perturbation on p-mode frequencies.
By combining the results of Problems 2.3 and 4.1, we can estimate the error made in
the Cowling approximation.

i) Repeat the analysis in Problem 4.1, but using the dispersion relation (C.24) (cf.
Problem 2.3) for a gravitating fluid, to obtain the following modified form of
equation (7.39):

R 22 1/2
w/ <1 _Le + 477Gp> d—cr ~m(n+a). (C.51)

/ w?r? w?

ii) The last term in the bracket in equation (C.51) arises from the effect of the
perturbation in the gravitational potential. Since this term is generally small, we
can expand the bracket. Show that the result may be written as

R 9 9\ 1/2 R 9 9\ —1/2
w(n+a)2/ <1 Lc> dr  2nG p(l_L202> & o)
re wer c

w w22 c w2 Jp,
with the usual definition of 7.

We note that, as 7 is a function of w/L, equation (C.52) may be written as
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where the functions F'(w) and Fg(w) are defined by equation (C.52). This is a gener-
alization of equation (7.40).

From equation (C.52) we can derive an approximate expression for the difference
ow® = W) — () between the frequency wF) obtained taking the perturbation in
the gravitational potential into account, and the frequency w(©) obtained in the Cowling
approximation.

iii) Show by expanding equation (C.52) in 6w(®), including only the linear term, and
neglecting a small term arising from the frequency-dependence of «, that

2 G/R e ar
T _Ec ar
1 p w2r? c

Tt
w R L2332 12 dr
12 “r
/n w?r? c

Thus the frequency change induced by the gravitational potential perturbation depends
on an average of the density structure of the equilibrium model, over the region where
the mode is trapped.

Sw(®) (C.54)

Problem 4.3:

Effects of a change to the model. We assume that the oscillation frequencies are
given by the Duvall law, equation (7.104), where o = a(w) is a function of frequency.
Consider the case where the structure of the equilibrium model is changed (keeping the
surface radius R fixed) such that ¢(r) is replaced by ¢(r) + 0,¢(r), and «(w) is replaced
by a(w) + da(w) (note that 0 as used here should not be confused with the use of ¢
elsewhere to denote the Lagrangian perturbation). As a result of these changes, the
eigenfrequency w,,; is changed to wy; + dwy,.

i) Show that dw,; is given by

S (B 22\ "V scdr 5
S0 | <1_2(;> bredr | da (C.55)
Wni - r2w?, c c Wni
where 12
R L*2\ Tdr da
- 1- =< TRl .
St /m ( rzw%l> ¢ Tdw (C.56)

ii) Sketch the behaviour of the weight function

2 9 —1/2
W = % (1 - L%) (C.57)

2
W



262 APPENDIX C. PROBLEMS
for a typical increase of the sound speed with depth (you may, for example,
assume that ¢2 increases roughly linearly with depth). What is the effect of the
singularity at r = r¢?

iii) Discuss the physical interpretation of W (try to think in terms of travel time for
sound waves).

iv) Having made it through this derivation, go back and reconsider Problem 4.2 on
the effect of the perturbation in the gravitational potential on the oscillation
frequencies.

Problem 4.4:

The effect of discontinuities on oscillation frequencies. Sharp features in the
stellar model introduce characteristic oscillations in the frequencies as a function of
mode order. An example was encountered in Section 7.7.3 where we discussed the effect
on the phase function H2(w) of the rapid variation in I'y in the second helium ionization
zone. Another important example is the effect of the boundaries of convective regions.
Here we discuss the effects of such features in a very simple way. The analysis is based
on Appendix B of Monteiro, Christensen-Dalsgaard & Thompson (1994; but see the
end of this problem for a correction to that paper). We assume that the oscillations are
described by equation (7.90).

i) At the base of a convective envelope the temperature gradient V =dIn7T/dInp
goes from being adiabatic in the convection zone to being radiative below it.
The transition occurs very abruptly, in such a way that V is continuous but its
gradient dV/dr is essentially discontinuous (see also Lecture Notes on Stellar
Structure and Evolution, Fig. 6.3a). Argue that as a result w? in equation (7.90)
is discontinuous, whereas the other terms are continuous.

ii) Certain simplified models of convective overshoot predict that V is discontinuous
at the edge of the convective region. Argue that in this case w? has a d-function
singularity at the convection-zone boundary.

The results of i) and ii) suggests that we consider an equation of the form

2
V@Y (@) =0, (C.58)

on the interval [0,z], where the “potential” V(x) has either a discontinuity or a o-
function behaviour at some location in [0, z¢]. The eigenfrequencies w are determined
by imposing the boundary conditions

Y(0) =Y(z;) =0. (C.59)
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iii)

iv)

As a reference case we consider the potential being constant everywhere, V = V,,
say. Show that the corresponding eigenfrequencies satisfy the following dispersion
relation )
Wi V2= (m> : (C.60)
Tt
n being an integer corresponding to the (number of zeros + 1) of the eigenfunc-
tion.

To illustrate the effects of a discontinuity we consider the following modified
potential:
W for 0 <z < ajxy

Vi(z) = { Vo foraqgme <z <y . (C.61)

Show that Y and dY/dx are everywhere continuous. Hence, imposing the same
boundary conditions as before, show that w satisfies the dispersion relation

tan(Apaizy) = —% tan[A, (1 — aq)xy] (C.62)

where

M= (-2 a = () (C.69

To study the effect of a d-function singularity, consider the following modified
potential:
Vi(x) = V24 Asd(x — agay) (C.64)

Show that Y (x) is still everywhere continuous, whereas dY/dx satisfies the fol-
lowing jump condition at z = agxy:

dY dY

a — a = A(;Y(()Qa?t) . (065)

Q2T —

a2xt+
(Hint: integrate the differential equation (C.58) across the x = agzy.) Hence
derive the following dispersion relation for w:

tan[Ay (1 — ag)xi]

tan(A, == .
an(Ayooy) 1+ AsA 7 tan[AL (1 — ao) ]

(C.66)

We now consider the discontinuity or the singularity as small perturbations on a high-
order mode. Specifically, we assume that wy > Vj; also, writing w = wy + dw, and
§V2 =V2 — V{2, we assume that |[dw| < wo, |6V?| < V2, and that |4s| < V.

vi)

Show, by expanding equation (C.62) in terms of the small quantities, that in the
case of a discontinuity the frequency change has a periodic component which is
approximately given by

2

ov
dwp1 ~ —— sin(2A 0 xy) (C.67)
drwg
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vii) Show, by expanding equation (C.66) in terms of the small quantities, that in the
case of a d-function singularity the frequency change has a periodic component
which is approximately given by

dwpa ~ cos(2A,a0my) . (C.68)

TtWo

Note that in both cases the analysis predicts a frequency perturbation which oscillates
as a function of the unperturbed frequency wg. With the assumption that wg > V, the
“frequency” of this oscillation is approximately 2wga;xt; hence it measures the location
of the discontinuity or singularity. The two cases differ in the frequency dependence
of the amplitude of the oscillation (w; 2 for a discontinuity, wy ! for a singularity) and
in the phase of the oscillation. This in principle allows a determination of the nature
of the sharp feature. As discussed by Monteiro et al. an analysis of this nature allows
testing for the presence of overshoot below the solar convection zone.

viii) (Optional) Some stars have growing convective cores during parts of the core
hydrogen burning phase. Argue that this leads to a discontinuity in density. Try
to carry out a similar analysis for this case.

Erratum to Monteiro et al. (1994): As found by a student in the course on Stellar
Pulsations in 2012 there is a misprint in equation (B13). The correct equation is

C.

tan[Aq (1 — aomy)]
tan[Ag ==
an[Ag(ao)] 14+ As(w? — V2)=1/2tan[A,(1; — aory)]

5 Rotation and stellar oscillations

Problem 5.1:

Asymptotic description of rotational splitting. We can derive the asymptotic
expression for the rotational splitting of p-mode frequencies very simply from the plane-
wave treatment in Section 3.3.1. We neglect the Coriolis force, so that the only change
in the equation of motion is the addition of the term —2mwQpodr on the right-hand
side (¢f. eq. 8.25). This is treated as a perturbation to the Duvall relation, equation
(7.1), in much the same way as the analysis of the effect of the perturbation in the
gravitational potential in Problem 4.2.

i) Show that the dispersion relation for plane sound waves is changed to

w? = Ak|? 4 2mw . (C.69)
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ii) We assume that the rotation rate 2 = }(r) is a function of r alone, and that it
is small. Show that the modified Duvall relation can be written

R 1202\ /2 R 1202\ Y2
Tr”“‘:/ (1 C) dr_m <1 C) Q(r)d%. (C.70)

w w?r2 c W Jr, w2r?

iii) Hence show that the effect of rotation is to produce a frequency shift dw given

by
R L22 —1/2 dr
S ow ~ 1-— Q(r)— C.71
wem [ ( w) " (C.11)
where /2
R L22\ T dr da

Does this look familiar?

Problem 5.2:

Asymptotic inversion of rotational splitting. Given the result of Problem 5.1, and
the treatment of the asymptotic sound-speed inversion in Section 7.7.2, find a method
for inverting observed rotational splittings to determine the rotation rate (), assuming
it to be a function of r alone.

C.6 Excitation and damping of stellar oscillations

Problem 6.1:

Stochastic excitation of oscillations. It is generally believed that the observed
modes of solar oscillation are damped. This has been indicated by a number of cal-
culations, although there have been reports to the contrary also. If the modes are in
fact stable, their most likely cause is the turbulent convection near the solar surface. In
the uppermost part of the convection zone the velocity of the convective elements gets
close to the sound speed. Such elements are quite efficient at emitting acoustic noise,
and the noise excites the normal modes of the system. Essentially similar processes are
responsible for the generation of the notes of wind instruments, including an organ.

In this Problem we do not go into the physical details of this excitation process, but
instead concentrate on one aspect: its stochastic nature. The excitation of each mode
is caused by the effect of a very large number of essentially uncorrelated convective el-
ements. Consequently, the effective excitation force is a random function of time. Here
we model the process through the behaviour of a damped harmonic oscillator that is
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excited by a random forcing. It may in fact be shown that this is a reasonable model
for the nonlinear interaction between convection and the mode. We do not aim at a
mathematically rigorous treatment of stochastic differential equations, but rather at
getting a feel for the properties of the solution.

As a preparation, we first consider a simple damped oscillator, with no forcing.

i) Consider an oscillator with amplitude A(¢) which satisfies the differential equa-
tion £A A
d
— 42— +wiA=0 C.73
with initial condition A(0) = Ap and dA/dt = 0 at ¢ = 0. Find the solution for
t > 0 and show that for n > 0 it corresponds to a damped oscillation. You may

assume that |n| < wp.

ii) Find the Fourier transform of the solution from i), observed from ¢ = 0 to t — oo,
and the corresponding power spectrum [see also equation (2.38)]. This spectrum
is known as a Lorentz profile.

We now consider an oscillator forced by a random function f(¢) and hence satisfying
the equation

d?A dA

This equation is most easily dealt with in terms of its Fourier transform. We introduce
the Fourier transforms A(w) and f(w) by

Alw) = / At f(w) = / F(D)etdt | (C.75)
where we do not attempt to specify the limits of integration precisely.

iii) Show, by suitable use of integration by parts and neglecting the resulting bound-
ary terms, that A satisfies

—wA - 2inwA+ WA= f. (C.76)

iv) Show from equation (C.76) that the power spectrum of the oscillator is given by

- Fl0)|2
P) = AW = = s .1

Equation (C.77) describes the solution resulting from a particular realization of the
forcing. It is more interesting to consider an average over several such realizations
(obtained either by repeated observation of the same mode or by averaging data for
several similar modes). Furthermore, since the damping rate is generally very small
compared with the oscillation frequency, we are mainly interested in the behaviour
close to w = wy.
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v) Show that for |w — wp| < wp the average power of the oscillation, as a function
of frequency, is given by

L (Bpw)

(P(w)) ~ 1 =)+

(C.78)

where (Pf(w)) is the average power of the forcing function.

Since (Pf(w)) is often a slowly varying function of frequency, the frequency-dependence
of (P(w)) is dominated by the denominator in equation (C.78). This behaviour is ex-
actly the same as the profile for the unforced damped oscillator in ii). Hence we obtain
the remarkable result that the spectrum of a stochastically forced damped oscillator
is Lorentzian, with a width determined by the linear damping rate 7. Consequently,
under the assumption of stochastic excitation one can make a meaningful comparison
between computed damping rates and observed line widths. In the solar case rather de-
tailed calculations by Balmforth (1992b), including a relatively sophisticated treatment
of convection and radiation, have in fact resulted in good agreement with the obser-
vations. However, a more careful analysis of the statistical properties of the observed
oscillations is required to confirm that this is indeed the correct model for the excitation
of the solar modes. As discussed in Section 10.3, the observed amplitude distribution
is in fact in accord with expectations. Based on such models of excitation, predictions
have been carried out of amplitudes of similar oscillations in other stars, of obvious
significance for attempts to detect such oscillations. In the longer run, we may hope to
be able to probe properties of convection in different stars through observations of their
oscillation amplitudes.

Finally it should be remarked that numerical simulations of such stochastically excited
oscillators are both relatively straightforward and very instructive.

Problem 6.2:

The location of the instability strip in the HR diagram. We have found that
instability requires coincidence of the He™ ionization zone and the transition from adi-
abatic to nonadiabatic oscillations. Here we analyse this condition in more detail.

We consider the outer layers of a star. The mass of the layer is Am, and its thickness
is Ar; we assume that Am <« M and Ar < R, where M and R are the mass and radius
of the star. The pressure on the stellar surface is assumed to be zero.

i) Show from the equation of hydrostatic support that the pressure at the base of

the layer is
GMAm

W 9 (0-79)

p1 =

where G is the gravitational constant.

We assume that energy transport is through radiation, and that the opacity is given by
the Kramers expression, which we write on the form

k= RopT ™4, (C.80)
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where kg is a constant, and T is temperature.

ii) Show from the equations of hydrostatic support and radiative energy transport
that the temperature 77 at the base of the layer satisfies

M 1/2
p~K <L> T8 (C.81)
where L is the luminosity of the star and K is a constant.

In equation (10.40), it was argued that the transition from adiabaticity to nonadiabatic-
ity occurs at a depth (Ar)rgr such that

(evT)Tr(Am)TR
LI

~1, (C.82)

where (cyyT) TR is an average of ¢y T over the region outside the transition point, (Am)Tgr
is the mass of that region and II is the pulsation period. The condition for instability
is that (T1)tr =~ Tion, where (T7)rR is the temperature at the transition point and
Tion >~ 4 x 10* K is the temperature where He™ ionizes.

We write the pulsation period as

(C.83)

where Ilj is a constant, and approximate (cyT)Tr by cy(71)rR, where cy is assumed
to be constant.

iii) Show, using equations (C.79) and (C.81) — (C.83), that the instability condition
leads to the following relation between L and R:

L x R (C.84)

iv) Show that equation (C.84) can be expressed as
LTy, (C.85)

and find the exponent v.




