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Stellar Pulsation
and Oscillation

That some stars vary in brightness has been known from time immemorial.
That this variation is the result of intrinsic changes in the star itself has been known
for less than 100 years and the causes of those variations have been understood for
less than 30 years. It is not a simple matter to distinguish the light variations resulting
from eclipses by a companion from those caused by physical changes in the star
itself. However, for the cepheid variables (named for the prototype example &
Cepheii), the treatment of the light variations as if they resulted from eclipses by a
companion leads to some absurd results. If this were the case, the orbit of the
companion would have to be highly elliptical with the semimajor axes pointed
toward the earth. This somewhat Ptolemaic view suggests that the binary hypothesis
is incorrect but is far from conclusive. Further analysis shows that the sum of the
radii for the two hypothetical stars would exceed their separation. Such a situation is
even less likely. However, the coup degrace is administered to the binary hypothesis
when one considers the radial velocity curve produced by the star throughout a
period of light variation. Here one finds that maximum radial velocity occurs near
minimum light, which is nearly the reverse of that required by the binary hypothesis.
Thus, one is left with almost no other option than to conclude that this class of stars
is intrinsically varying.
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1 - Stellar Interiors

While a number of other types of stars were seen to exhibit similar behavior,
considerable interest was generated by the Cepheid variables themselves when it was
found that a relationship exists between the period of variability and the absolute
luminosity at maximum brightness. This period-luminosity relationship was found to
hold true, in one form or another, for the intrinsic variables. While it is true that the
RR Lyrae stars have basically the same absolute magnitude regardless of their
period, this can be viewed as a period luminosity relation since the very
determination of the RR Lyrae nature of a star establishes its luminosity. Thus,
variable stars could be used as "standard candles" for the purposes of distance
determination. Although it is not necessary to understand the physical processes
giving rise to the variation of light in these stars to use them to determine distances to
associated objects, the lack of such understanding may result in large errors of
interpretation. Such was the case with the Cepheid variables, and the result was an
error in the distances to galaxies of about a factor of 2. Although this error was
uncovered before the nature of stellar pulsation was understood, there can be little
doubt that such an understanding would have signaled the danger much earlier and
possibly prevented much confusion.

The detailed nature of the origin of pulsation for the intrinsic variables was
not understood until the computational power existed for the accurate construction of
model stars. Then, for the two most important classes of intrinsic variables, it was
found that the mechanism producing the light variations resulted from oscillations in
the ionization equilibrium in the outer layers of the star and had nothing to do with
oscillations in the energy generation process itself. However, in order to construct
these models, it is necessary to have some idea about the nature of the stars
themselves. Here their variations provide the clues required. From the stability of the
periods of these pulsating stars, it is clear that the oscillations are resonant
oscillations, and their periods will tell us much about the stars involved. We have
already established the conceptual foundation for this determination in the Virial
theorem.

8.1 Linear Adiabatic Radial Oscillations

Just as the pitch or oscillation frequency of an orchestral chime conveys information
about its length, so the oscillation period of a pulsating variable should indicate its
size. The low-pitch, or long- period, chimes or bells are characteristically larger than
higher-pitch ones. So it is with the most common of the pulsating stars. The RR
Lyrae stars having pulsational periods of less than a day are both hotter and less
luminous, and therefore smaller, than the longer-period Cepheid variables. The
Cepheid variables in turn are significantly hotter and smaller than the even longer
period Mira variables. Only for the cataclysmic variables, where the pulsations are
probably mediated by an outside source, does this size-period relationship fail. This
is as it should be, for the pulsation of a star, being a hydrodynamic phenomenon,
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8 - Stellar Pulsation and Oscillation

should take place on the hydrodynamic time scale roughly equal to the sound
crossing time. Let us now consider how we may quantify this notion.

Begin by assuming that the pulsations take place in an adiabatic manner. By
this we mean that the energy associated with the motion of the pulsation does no net
work on the gas of the star and is therefore conserved from one oscillation to the
next. Thus an adiabatic oscillation can proceed forever once it is established. This
lack of sharing of energy with the star means that driving and damping terms that
must be present in any real situation are assumed to be negligible. Thus we cannot
hope to determine anything about the evolutionary history of such oscillations in real
stars. The origin or fundamental cause of such oscillations will not be found by such
analysis. However, we can learn something about the eigenfrequencies for those
oscillations and the stellar parameters upon which they depend.

The history of the theory of stellar pulsation can be traced to Eddington" 2,
but a conceptually simple picture was introduced by Ledoux’ and is nicely described
by Ledoux and Walraven®. This approach involves the Virial theorem and so focuses
on the global properties of the stars and their relation to the periods of pulsation. This
approach was developed by Chandrasekhar’ to deal with some extremely
complicated problems and is summarized by Collins®.

a Stellar Oscillations and the Variational Virial theorem

Consider a spherical star in equilibrium. Now allow the moment of
inertia, the internal energy, and the gravitational potential energy to vary in such a
manner that the Virial theorem always holds. Then the Virial theorem as given by
equation (1.2.34) can be written as

1d4%0I
E —% = 20U + 0Q

(8.1.1)
The conservation of mass requires that the mass interior to some radial distance r

remain constant throughout the oscillation, so that

M) = Mir + ) = Mir) = fo ® anrdp dr

(8.1.2)
This is virtually a definition of what is meant by M(r). The variations of the moment
of inertia and gravitational potential energy can simply be calculated from their
definitions as

si=2 [C%a,  sa=— ("%,
0 1o 0 7o
(8.1.3)
To calculate the effect of the oscillations on the total internal energy, we have to

consider how the gas responds to the radial motion of material. In terms of the state
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variables, the total internal energy is

2U=3fVPdV=3LM§—dM(r)

(8.1.4)
For adiabatic pulsations
oP o
%= e
0 Po
(8.1.5)
Now let us assume that the pulsations can be characterized by
o
o (8.1.6)

and make the sensible requirement that & remain finite at the origin.

The conservation of mass [equation (8.1.2)] requires that

dIM(r)] =0 = Ig8nrop6rdr + jo Anr28p,dr + jo 4nrlp,d(dr)  (8.1.7)
while the definition of & requires

o 7o (8.1.8)
Assuming the variations are small and by keeping only the first-order terms, we get

. r ¢
fo 4mrg dpdr = —fo 4mpyra <3§ + 19 E) dr

(8.1.9)
Since this integral must hold for all values of r, the integrands must be equal, or

° ° (8.1.10)

When this is combined with equation (8.1.5), the variation of the internal energy as
given by equation (8.1.4) becomes

M P, dé

20U= —3 fo p—o(y — 1)(35 + r(,%>dM(r)
(8.1.11)

This may be combined with equations (8.1.1) and (8.1.3 to give the constraint on
radial oscillations implied by the Virial theorem. However, to arrive at some sensible
result, we have to make some further assumption about the nature of the oscillation.
Let us assume that the amplitude variation is linear with position, so that the

pulsation varies homologously within the star and is simply periodic in time and
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6 — foeiﬂ

(8.1.12)
Substitution of this form of the variation into the variational forms of the moment of
inertia, internal and potential energies, and subsequently into the variational Virial
theorem [equation (8.1.1)] gives

o2 = _<37 — 4>QO
Io

(8.1.13)
where <y> is an average throughout the star weighted by the gravitational potential.
For a homogeneous uniform star that behaves as a perfect gas throughout, this
becomes

0-2 = %4 == 37tGﬁO
0 (8.1.14)
If we compare this to the free-fall time given by equation (3.2.6), we see that the

pulsation period, which is just 2n/c, is of the same order. Specifically

sy, [ am |72 o
= ~ 1 2 3
P (3 Gﬁ) (8 x 10°)(p)~ Y*g/em

P,(sec) =
(8.1.15)
Since pulsation is a dynamic phenomenon, we should not be surprised that it takes
place on a dynamical time scale and its period is slightly longer than the free-fall
time. For Cepheid variables, observationally determined values for the mean density
(that is, 10”gm/cm’ > p > 10°® gm/cm’) imply that the characteristic pulsation periods
should lie in the interval 0.3d < P, < 90d which, conveniently, is observed for these
stars. Thus these stars can be understood as undergoing radial oscillations.

b Effect of Magnetic Fields and Rotation on Radial Oscillations

The impact of rotational motion or the presence of a strong magnetic
field can be significant to the characteristic periods of pulsation for a star. Detailed
predictions are difficult, for they depend on knowledge of the internal angular
momentum and magnetic field distribution. However, the Virial theorem gives us
some insight into the nature of such effects. We need only calculate the variational
behavior for the magnetic energy density and angular momentum (see Collins®) to
find that the pulsational frequency, under the assumptions made in obtaining
equation (8.1.13), is

o’ =-<3y-4>(Q,-M)+<5-3y>w, Ll (8.1.16)
Here M) is the total internal magnetic energy of the equilibrium configuration while
L is the total angular momentum. It is clear that the effect of rotation on stars where

4/3 <y < 5/3 will cause a decrease in the pulsational period, while the presence of a
strong magnetic field will cause the period to increase.
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c Stability and the Variational Virial Theorem

If we eliminate the total internal energy in favor of the total energy E,
the Virial theorem for static stars as given by equation (1.2.34) can be written as

2
%i—f =2E—Q>2E

\ (8.1.17)
Thus, if the total energy of any configuration is greater than zero, the moment of
inertia will increase without bound and the system can be said to be dynamically
unstable. This condition is sometimes called Jacobi's stability criterion and as stated
is a sufficient condition for a system to be dynamically unstable. We may extend this
condition to the variational Virial theorem by noting that if 6> < 0, then the

perturbations have the form

6 — foeiznt/to

(8.1.18)
Since we may expect the full spectrum of perturbations to be present in any
configuration, the V sign does not matter, for some perturbation will grow
exponentially without bound and the object will be unstable. A quick inspection of
equations (8.1.13) and (8.1.16) shows that they represent a set of sufficient
conditions for a star to be dynamically unstable. In the absence of magnetic fields
and rotation, equation (8.1.13) shows that a necessary condition for a star to be stable
is that y > 4/3, which is consistent with what we learned in Chapter 6 about the
relativistic polytrope. In the absence of rotation, equation (8.1.16) implies that the
magnitude of the gravitational energy must exceed that of the magnetic energy if the
star is to remain stable. In chapter 7 we saw that the presence of a magnetic field
would tend to distort the star and this would seem to be a destabilizing process. This
is not necessarily the case for rotation since equation (8.1.16) indicates that, for 4/3 <
v < 5/3, rotation actually seems to help stabilize the star. This occurs because as an
oscillation takes place in a rotating star, it is necessary for the pulsating material to
conserve angular momentum. For reasonable values of vy, this removes energy from
the gas, thereby enhancing the stability of the motion of the perturbation.

The oscillations described so far represent only the fundamental or lowest
frequency of oscillation that one could expect. It is this fundamental mode that is
limited by the global characteristics of the star. However, it is possible for the star to
oscillate at higher frequencies. Under these conditions, the oscillations will take the
form of standing waves, with nodes at the surface and the center of the star and
possibly elsewhere. However, to show this, it is necessary to consider the internal
structure in greater detail than that afforded by the Virial theorem.
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8 - Stellar Pulsation and Oscillation

d Linear Adiabatic Wave Equation

To find higher-order modes of oscillation, it is necessary to track the
motion of the gas within the star. This can be done by considering the equations of
motion for the gas. In Chapter 1 we developed the Euler-Lagrange equations of
hydrodynamic flow [equation (1.2.27)]. These can be use to develop equations of
motion for small-amplitude oscillations. Remember that

%l:—i-(u Vi = ‘—VQ+¥
: SRR (8.1.19)
Since u represents the motion of the gas during the pulsation, we can assume it to be
small. Under these conditions, the second term of equation (8.1.19) will be second-
order, and we may write the equations of motion as

Z VP
ro%zéz—VQ'F?
(8.1.20)
where
. drd dé
u=‘T=r0E P=P0+5P
° P=Poop (8.1.21)

The subscript ( refers to the equilibrium configuration, so hydrostatic equilibrium
requires that pV€Qy = -V Py. The variational form of the equations of motion becomes

)
ro%ic_= _vea . VoP 5pVP

Po Po

(8.1.22)
Assuming that the variation has the form given by equation (8.1.12) and that the
variation of the density is given by equation (8.1.10), we can use the fact that

£VP,

VoQ = EVQ, = —
Po (8.1.23)

and some algebra to write
1 4¢, d
7 (vo - ) + o {azp,4 + [y - 4)P01} =

This is known as the linear adiabatic wave equation for &(r) (see Cox');
since all the coefficients are real, 6 must also be real, and pure standing waves are
possible. Clearly this is a linear homogeneous second-order differential equation in
the displacement &p, so we can expect some ambiguity in the solution. This
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1 - Stellar Interiors

ambiguity takes the form of an amplitude that can be scaled. That is, if &y(r)
represents a solution to the wave equation, so does A&y(r). Since the spatial variation
must vanish at the origin, the boundary condition at the center is

dg

dr =0

r=0

f (8.1.25)
The appropriate boundary condition for the surface is rather more difficult to obtain
and is given by Cox’ (pp. 77-80) as

oP o’R3 &,
Pol=r _<GM +f‘)5° B “y<3f° " R°77,=R)
8
=y
Polr=r

(8.1.26)

These conditions provide the two constants required for the integration of the
wave equation, but the actual solution takes the form of a two-point boundary-value
problem. Actually with the equilibrium structure known from models, the problem is
to find the eigenvalue o* which satisfies the wave equation subject to the boundary
conditions. Thus, in principle, we can find the entire spectrum of allowed adiabatic
oscillations for a particular star. Since the solutions are pure standing waves, the state
variables oscillate locally about the equilibrium values passing through them twice
each cycle. However, to understand the origin of these oscillations, we must describe
the nonadiabatic processes which drive and damp them.

8.2 Linear Nonadiabatic Radial Oscillations

The nonadiabatic processes that give rise to stellar pulsations are basically
thermodynamic, so we should expect the time scale for their development to be
roughly the thermal or Kelvin time scale. Since this is generally much longer than
dynamical time scale of the resonant oscillation period, we might anticipate the
energies involved in the nonadiabatic processes to be significantly less than those of
the pulsational motions themselves. Small as these effects are, they are responsible
for the origin of the pulsations.

Throughout the book we have generally treated the gas in stars as an ideal
gas. Its thermodynamic properties could thus be represented by the parameter v,
which is just the ratio of the specific heats of the gas. Now that we will be dealing
with nonadiabatic processes, we should provide a more complete description of how
a gas behaves when it departs from being an ideal gas.
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8 - Stellar Pulsation and Oscillation

a Adiabatic Exponents

We will define several quantities that describe the change of the state
variables of the gas with respect to one another when the gas is subject to an
adiabatic change. It may seem a little odd that an adiabatic change is used to
characterize the nonadiabatic behavior of a gas, but for the defined parameters to
properly describe the behavior of the gas alone, it is necessary to separate the
external environment of the gas from the gas itself. Hence we consider externally
imposed changes to the gas that do no net work on the gas. If the gas is an ideal gas
then the single parameter y is sufficient to describe all the changes of the state
variables with respect to each other. If the gas is not an ideal gas, then it is necessary
to describe the change of each state variable with respect to the others. Thus we

define \
l"15<dlnp) r,—1= dinT FZ—IE dinT
dlnp /.4 dinp /.4 I, dnP /4
(8.2.1)

Since there are three state variables, there can be only two linearly independent
changes of one with respect to another. That is clear from the definition of I';. Since
the I" 's are defined in terms of logarithmic derivatives, they appear as exponents in
the actual relations between the state variables themselves. Since the I" 's describe the
response of the gas to an adiabatic change, they are known as the adiabatic
exponents of the gas. Under the conditions where the thermodynamic pressure is
entirely due to an ideal gas, I'; =v.

As one proceeds inward through the outer envelopes of stars there exist
regions where the dominant elements that make up the star (i.e., hydrogen and
helium) change from being largely neutral to being largely ionized. This change
usually makes for a relatively small change in temperature and so is physically a
relatively narrow zone in the envelope. A gas that undergoes a change in its
ionization state in response to a small change in temperature finds itself with more
degrees of freedom than an ideal gas. This can be described as a change in the values
of the adiabatic exponents, and it will play an important role in understanding stellar
pulsation.

b Nonadiabatic Effects and Pulsational Stability

In Section 8.1 we investigated the dynamical stability of a star to
small pulsation. However, even where stable adiabatic pulsations are possible, the
presence of nonadiabatic terms may force oscillations to grow or damp out in time.
Thus we must investigate how the presence of nonadiabatic effects will affect the
stability of stellar oscillations. We know that the thermodynamic nature of the
nonadiabatic terms will cause them to effect the oscillations on a thermal time scale,
but it would be useful to have a method of estimating what that time scale might be
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and to know whether the oscillations will grow or die out. To do this, we estimate the
rate at which energy is transferred from the kinetic and potential energies associated
with the oscillatory motion to the stellar gas by the nonadiabatic processes.

Let us begin by defining the nature of the perturbation to have the form

E=¢(0d w=0+in
(8.2.2)
The pulsational frequency is complex so as to represent the dissipational losses
through the quantity 1 as well as the pure oscillatory motion having a frequency .
The linear analysis of a simple harmonic oscillator shows that

(8.2.3)
where W is the total work done on the oscillator by the restoring forces over a
complete cycle while W is the total oscillation energy (potential and kinetic). We
may rewrite this for n and replace W/P, by the average rate of energy loss <dW/dt>.
We get

_ —3W/R) _ —3<dw/dt
=Ty ¥

(8.2.4)
The instantaneous work done on the star by the oscillation can be represented as the
sum of the gravitational and pressure forces times a differential displacement divided
by a differential time and integrated over the entire mass of the star, so

J‘M( 1 6P> AV — ( J‘;u GM(r)rdM(r))

M
- f FdMr)
aM( (8.2.5)

Integrating the second term on the right by parts and using the condition that the
surface pressure is zero, we get

aw d ™M M0 (1
TRl fo Q(r) dM(r) + fo P— (—) dM(r)

(8.2.6)
Now, by averaging over one full pulsational period, the grav1tat10na1 forces vanish
since they are fully conservative, so that

<dW> __I_J‘Pp AW ___i P, J*Mpa(l/p) AN
dt [ B0 ) (8.2.7)

However, since the heat increase over a complete cycle of the pulsation can be
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expressed in terms of the pressure and density changes,

P, dg o(1/p)
o I dt=|"P 3 dt
(8.2.8)
which means that the average energy transfer can be written as
1 (P, (M dq
< - > - f dM(r) dt
(8.2.9)

Since the pulsation represents a closed cycle the star, behaves as if it were a Carnot
engine. If <dW/dt> > 0, then the pressure forces are doing positive work on the star
and some source of that work must be found. Indeed, each mass shell may be treated

separately by calculating the iﬁPdV forces for that shell. So the star may be viewed

as a sum of Carnot engines, some of which feed energy into the pulsation and others
which remove it. If the sum of all the Carnot engines produce <d/#/dt> > 0, the star
is unstable and the oscillations will grow on a thermal time scale 1y, [see equation
(3.2.12)] which we can estimate from the inverse of 1. Thus

[al

P | —2¥

P, 1P, f:” ﬁ) M (dg/df) dAM(r) dt

(8.2.10)
Cox’ (see p. 117) finds that 10/Pp ranges from the order of 1 to about 1000 for
common variables extending from the Mira variables to the RR Lyrae stars,
respectively. This would imply that the pulsations in these stars ought to damp out in
less than 1000 periods due to thermal losses. Since this is clearly not the case, we
must find some sort of driving mechanism.

c Constructing Pulsational Models

While it is possible to develop a nonadiabatic wave equation (see
Cox’, pp. 72, 73) similar to equation (8.1.24), we forgo doing so here. Instead let us
consider a few aspects of the actual construction of a pulsating model. In principle,
one has a complete equilibrium model which provides the run of state variables
throughout the stars at equilibrium. It is against this background that one formulates
the problem of how those state variables will vary with position and time. By
assuming a variation of the form given in equation (8.2.2) for each of the state
variables, one has the four dependent variables or/ro, 5o/, pT/Ty, and SL/Ly, with
M(r) as the independent variable. The situation is similar to that encountered in
Chapter 4 when we arranged the variables in the same manner to utilize the Henyey
scheme for the construction of equilibrium models. Just as the construction of those
models involved the solution of a two-point boundary-value problem for a particular
eigenvalue, so this problem involves finding the complex eigenfrequency o.
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It is clear that unlike the linear adiabatic wave equation, the linear
nonadiabatic wave equation will be complex. Hence the four dependent variables
will be complex, with the real part describing the oscillatory motion and the
imaginary part describing the damping of the solution. The central boundary
conditions can make use of the fact that all variations must vanish at the center.
Indeed, many early models®® simply required the solution to go over to the adiabatic
solution in the deep interior of the star. However, the surface boundary conditions are
rather trickier. Perhaps the simplest condition that can be employed at the surface is
the radiative condition

3L
Lo

or

+46T
R Ty

R “To

R

(8.2.11)
In addition to the difficulties of posing the correct boundary conditions, significant
numerical problems are encountered in the actual solution. These problems were
overcome by Castor'® and Iben'' so that reliable pulsational models can now be
obtained.

d Pulsational Behavior of Stars

We have already indicated that the helium and hydrogen ionization
zones might be expected to play a significant role in determining the actual nature of
pulsating stars, since they represent zones where the value of I'; varies with position.
However, such zones exist in all stars, but not all stars exhibit radial oscillations.
Indeed, further thought about the role of ionization zones would lead one to believe
that the destabilizing effect on a radial oscillation entering the ionization zone from
below brought about by the rapidly declining value of I'; would be offset by the
damping effect of a rising I's at the top of the zone. For the majority of stars this
appears to be the case. Something else must be operative, and to understand its
nature, we must consider the nature of nonadiabatic forces near the surface of the
star.

Consider the part of the stellar envelope that is relatively near the surface.
This region is what Cox’ (pp. 140, 141) has called the transition zone. As one moves
up through the stellar envelope toward the surface, the thermal cooling time steadily
decreases. The nearer one is to the surface, the less time is required for energy to
diffuse to the surface and escape. Thus the nonadiabatic effects will be more
pronounced since pulsational energy that appears as thermal energy will be quickly
radiated away. Changes in the luminosity generated deeper in the star will become
"frozen in" the star and not travel with the wave. When this transition zone coincides
with an ionization zone, the potential exists for the nonadiabatic effects of ionization
to also be "frozen in". Thus, if the ionization zone lies at the right depth, the driving
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effects caused by the decline in I'3 upon entering the zone will not be reversed upon
leaving, because the luminosity changes so induced become "frozen in".

Since the conditions for ionization are set by atomic physics, we should
expect that stars with the appropriate effective temperatures and gravities to produce
an ionization zone at the correct diffusion depth corresponding to the transition zone
will exhibit radial pulsations. There is indeed a region on the H-R diagram known as
the instability strip which encompasses the Cepheid variables, W Virginis stars,
Scuti stars, RR-Lyrae stars, and Dwarf Cepheids where this condition appears to be
met for the He II ionization zone. The He II ionization zone seems to be the
dominant zone for most of the common variable stars. The H and He I ionization
zones lie so close together that they may be virtually considered as one. They
invariably lie above the ~ He II ionization zone in a region where the luminosity
changes have already been frozen in and so play little role in the hot stars. However,
this zone is suspected of introducing a phase shift between the luminosity variations
and the radial velocity variation from that which is expected. Normally one would
expect the time of maximum compression to be the time of maximum luminosity.
However, the luminosity maximum lags somewhat, and this may result from its
being delayed in the hydrogen ionization zone. In late-type variables where the He II
zone is so deep as to be below the transition zone, the hydrogen ionization zone may
be the primary driver of the pulsations. However, for these stars the situation
becomes complicated by the large geometric extent of the atmosphere and the
complex nature of the opacity.

We have seen how the onset of He Il ionization at the appropriate place in the
star can cause conditions to exist that will drive pulsations simply by a rapid decline
of I';. This cause of pulsation is called the j-mechanism. However, there is another
contributor to the destabilizing effect of ionization. In most of the stellar interior, an
increase in temperature is accompanied by a decline in opacity. Certainly Kramer’s
law [equation (4.1.19)] implies this. Thus any temperature increase accompanying
the compression of a passing pulsational perturbation would cause a decline in the
local opacity and a release of the radiation trapped there. This would tend to stabilize
the region against pulsations by removing the pulsational energy in the form of
radiation. However, at low temperatures a rise in temperature results in an increase in
opacity. This effect was largely responsible for the nearly vertical tracks of
collapsing convective protostars (see Section 5.2c). If the opacity increases with
increasing temperature, the opacity will tend to trap the energy at that point and
prevent the energy from diffusing away. This is a destabilizing effect that tends to
feed the pulsations, and it has been called the x mechanism. Of these two, the y
mechanism seems to be the more important for the pulsation of Cepheid variables.

When the oscillations become large, the linear theory we have been
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describing becomes invalid. However, the complications introduced by these
nonlinearities are well beyond the scope of this book, and we leave them to others to
discuss.

8.3 Nonradial Oscillations

So far we have considered only those oscillations that involve the radial coordinate
only. While these oscillations seem sufficient to explain the majority of known
pulsating stars, other less dramatic phenomena result from more complicated
oscillations. Indeed, one would expect that most pulsational energy would appear in
the fundamental radial mode of oscillation, and it is precisely those modes involving
the modulation of the greatest amount of energy that can be most easily detected.
However, the detection of short-period oscillations of low amplitude in the sun
suggests that more complicated types of oscillations can occur. Their importance to
the structural models of the sun and their probable detection in some early-type stars
require that we spend a little time discussing them. However, the subject is too broad
and many of the results are too uncertain to do more than sketch the nature of the
problem. To give the greatest insight into the nature of the problem, I will
concentrate on the adiabatic oscillations. The true cause of the oscillations lies in
nonadiabatic theory, as it did for radial oscillations, and the results are still rather
uncertain. In addition, the theory for oscillations among stars that are not spherically
symmetric is still in its infancy. It was clear from Chapter 6 that the loss of spherical
symmetry resulted in a substantial increase in the complexity of the theoretical
description. No less is to be expected from pulsation theory. From the small amount
of energy involved in the present cases of nonradial oscillations, it will be
appropriate to use perturbation theory and to assume that the amplitudes of the
oscillations are small.

a Nature and Form of Oscillations

Just as there exists a wave equation for radial oscillations, so there is
a wave equation for nonradial oscillations. However, instead of being a scalar
equation in the radial coordinate r alone, it will be a vector equation whose solution
will represent the behavior of the displacement vector o6r and the associated
variations of the state variables in the various dimensions that define the star. Since
our problem will be an adiabatic one, the solutions will be undamped waves
propagating not only along the radial coordinate but also over the surface
coordinates. In Chapter 7 we saw that it was possible to represent the polar angle
variation in terms of a series of Legendre polynomials. This was a special case of a
much more general representation of the angular variation of solutions to a wide
range of important physical equations. Laplace's equation, the Schrodinger equation,
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and the wave equation of classical electrodynamics are only a few of the equations
whose solutions can be described in terms of spherical harmonics. Spherical
harmonics are basically the product of the elements of two sets of functions. One set
of functions describes the solution variation in the polar angle and is represented by
the orthonormal Legendre polynomials. The orthogonal functions that describe the

behavior in the azimuthal coordinate are just ¢"™®. Thus the spherical harmonics are
defined"’ as

204+ 1 (0 —m)

Y70, d)= (‘I)M[Tm

12 .
] P™(cos B)e™®
(8.3.1)

As long as the star remains spherical, the equation describing the nonradial
oscillations will also be separable in spherical coordinates, and the orthogonality of
the spherical harmonics will guarantee that the full solution can be represented in
terms of them. Since some of the solutions to the radial wave equation were standing
waves, we should not be surprised if that were also the case for the nonradial
oscillations. The linearity of the small-oscillation equations guarantees that the sum
of any two solutions is also a solution. So a standing wave is just the interference
pattern of two oppositely directed traveling waves of similar amplitude. Just as there
could be higher-order modes of the radial wave equation excited, so higher-order
waves in the azimuthal and polar angles can be present. However, different modes in
each of the coordinates may combine to provide a much richer multiplicity of
possible oscillations for the nonradial case. Thus the solution will have the form

&, 0, ¢, ) =Re lfR(r)P;"(cos 0)ei('”"’+°"‘)l
(8.3.2)
The quantity R is a function of the radial coordinate only and represents the
eigenfunctions that are possible in the radial direction. Different orders are usually
denoted by the letter n. The periodic behavior of the spherical harmonics implies that
the parameters / and m will denote the different eigenfunctions in the polar and
azimuthal coordinates, respectively.

Deubner and Gough'® give a nice way of seeing this. Consider cases when
the wavelength of the oscillation is much less than the stellar dimensions. Under
these conditions Lamb'* showed that the equations of motion can be reduced to the
familiar form

(8.3.3)
where
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VAR

(8.3.4)
and c; is just the local speed of sound. This is simply the equation for a simple
harmonic oscillator; here K is the local wave number and in this instance is related to
the frequency of oscillation , scale height h, and local gravity g by

w?—-w? I 2
K2_____ wc+(+1)<N__I>

Csz f2 CO2

(8.3.5)
where

e = ESZ—(I—:——szh/@ N? = g(1/h) — g/c]
ah
(8.3.52)
Thus we may expect that the general solution for the equations of motion will
consist of a complicated interplay of waves propagating in all three coordinates. Also
the specific nature of these waves will depend on the structure of the star, with the
low-frequency wave anchored deep in the interior and the high-frequency waves
determined largely by the local structure of the star nearer the surface. To try to bring
some order to the multiplicity of oscillations that may be present in stars, let us
consider an idealized case.

b Homogeneous Model and Classification of Modes

Consider a homogeneous star of uniform density. Admittedly this is
an unrealistic case in the real world, but it has the virtue that the eigenfrequencies of
the equations of motion can be found and have a particularly simple form. Cowling'
found that the eigenfrequencies could be organized into several groups based on the
physical mechanisms primarily responsible for their propagation. These modes all
have their counterparts in the solutions of more realistic models, and so Cowling's
classification scheme provides a useful basis for identifying the types of modes to be
expected in real stars. Following Cox’ (p. 235), we can define a dimensionless
frequency

(8.3.6)
The radial oscillation modes are then given by
O = Qi + [QE + I + 1]V?
On=—24 T,[n! + 2n 2— 5) + 21 + 3]
(8.3.7)
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which for large n are approximately given by

i+ 1
2
2T n* + 2T

p modes
W~ ‘

-+ 1
—i‘i:—lnT b4 modes

: (8.3.8)
The negative root in equation (8.3.7) and its asymptotic counterpart in the g modes of
equations (8.3.8) imply that 2, < 0. So the star is dynamically unstable, and this is a
result of the homogeneous model's being unstable to convection. In real stars this is

not generally the case, and the g modes can be real.

The terminology has its roots in the nature of the oscillations corresponding
to each of the modes. The p modes are known as pressure modes; they can be viewed
as pressure or acoustic waves and are characterized by relatively large radial pressure
disturbances. For n = 0 they correspond to the radial oscillations studied in the
previous two sections. Thus, as n increases, the p modes can be roughly viewed as
radial standing waves having n nodes. It would be reasonable to call them
longitudinal waves. On the other hand, stable oscillations characterized by the g
modes can be viewed as transverse waves. They are also known as gravity waves
(not to be confused with gravitational waves, which are a phenomenon of the general
theory of relativity); because the primary force acting as a restoring force for the
oscillation is the local gravity. These waves are characterized by relatively small
pressure and density variations and are largely transverse in their physical
displacement. The most common analogy to these waves is water waves where the
restoring force is clearly that of gravity and virtually no pressure or density changes
are involved. Curiously the case for n =1 and n >> 1 leads to

(8.3.9)
and a characteristic frequency that is independent of the order n. Physically such a
condition would correspond to small blobs of material having a typical size much
less than the stellar dimension, moving radially, and exhibiting small pressure and
density changes. This is a fairly good description of a convective element and is
often taken as a basis for describing the expected spectrum for convective blobs in a
region unstable to convection. Thus the presence of g modes in a region stable
against convection may be the result of excitation by a lower-lying convective
region. The actual frequencies of oscillation for the g modes are always less than
those for the corresponding p mode (see Figure 8.1).

Lying between these two classes of modes is a solitary mode called the f
mode. This mode is generally attributed to Lord Kelvin and is characterized by V -
or = 0 for the homogeneous model. This implies that both 6P and 6p are zero as for
an incompressible fluid. However, this is not true for stellar models in general, and
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so this mode is sometimes referred to as the pseudo-Kelvin mode. Its dimensionless
eigenfrequency for the homogeneous model is given by

2l —1)
21+ 1

i =

, (8.3.10)

This eigenfrequency is independent of I'; which is to be expected since &P and dp are

both zero. That condition also implies a link between the radial and angular

displacements so that oscillations in the radial coordinate are uniquely linked to
displacements in the radial coordinate. There are no stable modes for / < 2.

7
Radial modes (1 — 1)
rd g /‘

Figure 8.1 shows the spectral distributions of modes to be expected for
non-radial oscillations. The vertical axis indicates the angular
eigenvalues while the horizontal axis displays the corresponding
oscillation frequency. Therefore the pure radial modes lie on the
horizontal axis (/=0) at the end of the spectra for p modes. The negative
g modes are those for which the model is unstable and their frequencies
indicate the growth of the instability. (reprinted from Cox,J.P. "Theory
of Pulsation" pp239)
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c Toroidal Oscillations

There remains one last class of oscillations that we have not
considered. So far we have been faithful to our assumption of spherical symmetry
and discussed no modes that have a dependence on the azimuthal angle ¢ so that m =
0. To have included cases where m # 0 would have been to admit the existence of a
preferred plane and thereby violate the assumption of spherical symmetry. Thus the
modes described so far will present surface phenomena that are independent of the
orientation of the star. This will not be the case for m # 0. However, there is no a
priori reason why azimuthal modes cannot exist. Indeed, for each value of 1 there are
2] + 1 allowed values of m (that is, m = 0, V1, V2, V - - - V1) which represent waves
that propagate in the V ¢ direction. Of course for a nonrotating star there is no
preferred direction of propagation, so these modes are degenerate and there are only /
+ 1 distinct possibilities.

Papaloizou and Pringle'® have shown that for rotation, this degeneracy is
broken and the resulting modes correspond to traveling waves around the rotational
axis of the star similar to Rossby waves in the earth's atmosphere, so they designated
them r modes. These waves travel with a characteristic velocity that is approximately
1/m times the rotational period of the star. Thus such a wave would be seen by an
observer to be moving at a rate that is slightly faster (+m) and slightly slower (-m)
than the rotational speed of the star. Any comprehensive analysis of the effects of
rotation must deal with the effects of angular momentum conservation as well as
shape distortion and is therefore quite difficult. However, there can be little doubt
that rotation will influence the values for the eigenfrequencies for the p and g modes.
Although the overall effects of rotation are extremely complicated, there is some
evidence from nonadiabatic studies that the prograde modes are somewhat less stable
and therefore more likely to be excited, than the retrograde modes.

It is possible to have such modes in a star for which the total angular
momentum is zero. In the case where / = 1 such modes represent uniform rotation of
the object. For / > 1 the modes would represent torsional oscillations. In the simplest
case where / = 2, one hemisphere would rotate, say clockwise, while the other
hemisphere rotated counterclockwise. Unfortunately, to stabilize such an oscillation,
some sort of shear would have to be sustained by the stellar material. Such restoring
shears are simply absent in normal stars. However, in white dwarfs and neutron stars,
at least part of the star is expected to be in a crystalline phase and this matter could
perhaps sustain such oscillations.
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d Nonradial Oscillations and Stellar Structure

From all that we have discussed so far, clearly the spectrum of
oscillations present in a star depends critically on the structure of the star. If it were
possible to observe the full spectrum of these oscillations, including their frequency
and amplitude, quite sensitive tests of the internal structure of the equilibrium model
would be possible. The analogy has been made to geophysicists who deduce the
internal structure of the earth from the propagation of seismic waves produced by
earthquakes. So strong is this analogy that the term helioseismology has come into
fairly common use to describe oscillation analysis as applied to the sun.

Clearly, in the case of the sun, we have an opportunity to map the oscillation
structure with a high degree of accuracy. While research in this area is ongoing, both
p and g modes have been detected. The p modes are usually characterized by the
generic term S-minute oscillations. Oscillations described by 1 </ < 1000 have been
detected, and the power (amplitude) of those oscillations has been determined. This
is done by mapping the radial velocity field of the entire solar disk over extended
periods and performing a Fourier analysis of the result for periodic structures.
Clearly the velocity of an oscillatory displacement is simply related to the
displacement and to the frequency itself. Thus the highly accurately determined
velocity measurements provide accurate knowledge of the amplitude and frequencies
of the oscillations that are present. The ability to resolve closely spaced frequencies
simply requires a long, continuous series of observations.

In addition to the p modes, g modes with characteristic periods ranging from
just under 3 hours to nearly 6 days have been reported. There is some disagreement
among observers as to what constitutes actual periodic waves and which modes are
"aliases" of other periodic phenomena and the data-sampling procedure. However,
the existence of the g modes is quite likely. In general, the low-order modes
represent wave structures that penetrate deeply into the interior, while the higher-
frequency modes are confined to the outer layers of the sun. Indeed, the highest-
frequency p modes are probably confined to the solar atmosphere itself. Thus the full
spectrum of the solar oscillations allows a continuous depth probe of the internal
solar structure. The standard solar model reproduces the overall properties of the
oscillation spectrum, but fails to fit that spectrum in detail. There is some indication
that the standard solar model may have a helium abundance that is somewhat low.
Ulrich and Rhodes'” conclude that the failure of the standard solar model to fit the
observations of the oscillation spectrum is real and lies outside the errors of either
theory or observation. This would place it in the same category as the solar neutrino
problem. Hopefully the solution of one can provide a solution for the other.
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There are strong indications that nonradial modes have been detected in other
stars. B Cephei stars are suspected to exhibit the effects of traveling waves on their
surfaces in their spectra. Papaloizou and Pringle'® explain the short period
oscillations seen in some cataclysmic variables to the r modes of surface traveling
waves. In addition' " sharp absorption features that move through the broad
absorption lines of some rapidly rotating stars have been interpreted as representing
nonradial oscillations. If this is proves to be the case, then the observations indicate
the existence of a phenomenon for which there is no clear theoretical description. For
reasons already mentioned, pulsation theory in the presence of extreme rotation is
extremely difficult and far from well developed. However, should nonradial
oscillations be unambiguously measured for these stars, the potential for detailed
understanding of their internal structure is considerable. Given the uncertainties
regarding the effects of rotation on the internal structure of these stars, every effort
should be made to explore these observations as a probe of the stellar interior.

Problems

1. Show how equations (8.3.8) and (8.3.9) can be obtained from equation
(8.3.7).

2. Use the Virial theorem to find the fundamental radial pulsation period for a

homogeneous star where the equation of state is
P = Kp?

3. Compute the lowest-order mode for polytropes with indices n of 1.5, 2.5, and
3 for stellar masses M = 1.5Mg and 30Mg .

4. Assuming that the shear forces resulting from the crystalline structure of a
white dwarf near the Chandrasekhar limit were sufficient to permit torsional

oscillations, estimate the frequency of the lowest-order mode.

5. Show how the wave equation [equation (8.1.24)] is obtained from the
equations of motion [equation (8.1.19)].
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Epilogue to Part I: Stellar Interiors

We have presented the study of stellar interiors as a subject that builds from a
minimal base of assumptions to the description of some of the most exotic objects in
the universe. To describe the structure of most stars in a qualitative manner, we need
only construct equilibrium models which follow a polytropic law. To improve that
description and to understand the evolution of stars, it is necessary to add a
substantial amount of physics and to construct steady-state models. We illustrated the
nature of the physics to be added, but many more details need to be included to
create models of contemporary accuracy. We did not examine in detail those
instances for which steady-state models fail because of rapid evolution which
requires hydrodynamic equilibrium to be invoked. However, we did sketch some
consequences of this rapid evolution.

We saw that it is possible to understand all the stellar evolution that takes
place on a time scale longer than the dynamical time in light of a sequence of
equilibrium models linked by estimates of the dominant mode of energy transport
required for the construction of steady-state models. This approach yields a good
qualitative picture of stellar evolution from pre-main sequence contraction through
the helium-burning phases. Finally, we investigated some problems that lie outside
the normal theory of stellar structure and evolution primarily to indicate the direction
in which research in these areas has been proceeding.

The one axiom that has dominated Part I of the book is STE. This enabled us
to characterize the stellar gas and radiation field entirely in terms of the state
variables P, T, and p. This was possible because the mean free path for particles and
photons was much smaller than the characteristic size of the star. As the boundary is
approached, systematic differences from the statistical energy distribution expected
from STE will appear, but by the time this begins to happen, the structure of the star
will usually be determined. However, to know what the star will look like, we have
to consider this region in greater detail. Such an investigation is the aim of Part II.
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