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SECTION 1 - THE VARIETY OF STARS

ICON KEY
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Section

Solar and stellar astrophysics have often developed separately in
the past. But in recent years increasing dialogne and interactions
have taken place between the two disciplines, resulting in a
vibrant, synergetic Solar-Stellar Connection. In this first Section,
we introduce the Module by summarising our rationale and the
content of various sections of the Course Notes. Then we consider
the wide variety of stars in relation to the Sun. We look at their
variety in terms of masses, luminosities, chemical compositions,
and finally the variability and tpes of “variable stars”, which
provide vital clues and constraints in the study of stellar
evolution.

he astrophysics of stars underpins much of the rest of astrophysics
including the evolution of galaxies and observational cosmology. Indeed,
to students of the science of astronomy and astrophysics, its importance
cannot be overestimated.

The study of stars, of their birth, life and death, of their structure and evolution,
and of their interactions with the interstellar medium, has progressed extremely
well over the last 80 years or so. Our understanding of the main aspects of stellar
structure and evolution has developed to the point where we can confidently
describe the eatly life of the Sun, some 5 billion years ago. And we can confidently
predict the future detailed structure and evolution of the Sun even 5 billion years
hence. This work must surely constitute one of the pinnacles of human intellectual
attainment.

Stars are born from clouds of interstellar gas and dust, and live most of their lives
in a relatively stable state as main sequence stars. The Sun is, of course, in the
middle of its main sequence stage at present. After their main sequence lives and
subsequent evolution, many stars die calmly as white dwarfs fading to black dwatfs;
some die explosively as supernovae. Some stars live brief highly-luminous lives;
most live long, relatively dim lives.
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How does the Sun compare to other stars? Students of physics and astronomy, at
almost all levels, are frequently told that the Sun is a very typical, normal, stable,
run-of-the-mill star, like millions if not billions of others in the universe. The only
thing that makes it special is its close proximity to us on Earth. Yet in fact, as we
will learn later in this module, astronomers have yet to find a “twin” of the Sun.
And in the preceding module (AA2055, Solar Astrophysics), you have learnt that
solar physics is an extensive, well-developed and exciting discipline in its own right.
When observed and investigated in detail, it is far from stable and instabilities and
outbursts can seriously affect the surrounding space and the planets that reside
there, including Earth. Furthermore, there are many unsolved problems and
mysteries in solar physics.

What, then, can solar physics do to help us understand the astrophysics of all the
other types of stars? What can we learn from solar physics to apply to solar-like
stars with somewhat different ages, or temperatures, or slightly different masses
and sizes? Conversely, what can we learn from the study of other types and ages of
stars, to constrain our theories of how the Sun (and the whole Solar System) will
develop in the future, during the rest of its main sequence lifetime, and beyond?
Does the study of solar-like stars help us to tackle the physics of the wide range of
phenomena occurring on the Sun — and vice versa?

In this module, AA2056, we will investigate relationships, comparisons, differences
and similarities between the Sun and other stars — the Solar-Stellar Connection. Your
studies of the Sun in detail in AA2055 should help you gain insight into many
aspects of stellar astrophysics.

For a long time, the scientific disciplines of solar physics and stellar astrophysics
were quite separate. Their professors and students did not talk much to each other,
and rarely collaborated on any projects. Whereas for the Sun, in both observation
and theory the work involved spatially-detailed phenomena and their photometry
and spectroscopy, for stars all that was available was total photometry or
spectroscopy of the whole star. On the other hand, stellar astrophysicists could
work with a huge range of stars, highly variable stars, interacting binary stars, very
young and very old stars, and so on. Thus, the two disciplines developed largely
independently of each other for decades.

However, in one particular aspect, that of flares and other “activity”” and structures
in the chromospheres and the coronae of the Sun and similar stars, there began to
develop a fruitful exchange of ideas between the solar and stellar scientific
communities. This area of work gradually came to be known as the Solar-Stellar
Connection. In this module, we take the liberty of extending the meanings of the
term to any area of cross-fertilisation between the two subjects, including all
aspects of stellar activity, activity cycles, seismology, atmospheric structure and
element abundances, and relevant aspects of stellar structure and evolution.

Professor Andrea Dupree of the Harvard-Smithsonian Center for Astrophysics, in
her introductory lecture at an international workshop on this topic in 2003, pointed
out that mention of the solar-stellar connection can be traced back to comments
by the famous astronomer George Ellery Hale in 1915. (The paper by A.K.
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Dupree is in the Proceedings of the 12 Cambridge Workshop on Cool Stars,
Stellar Systems and the Sun: see http://origins.colorado.edu/cs12/proceedings/ )

Hale was reviewing solar work undertaken at the Mt Wilson Observatory including
his discovery of magnetic fields in sunspots, and suggested that

...thousands of stars, in the same stage of evolution as the Sun, doubtless
exhibit similar phenomena, which are hidden from us by distance.

But it was not until the 1960s and 1970s that systematic studies of solar-stellar
activity began in earnest.

The first observations of spectral emission lines from stellar (non-solar)
chromospheres — an indicator of stellar chromospheric activity — were reported
by Eberhard and Schwartzschild as long ago as 1913. These observations were of
the famous Fraunhofer H and K lines of ionised calcium. But it was not until 1978
that Olin Wilson convinced the astrophysical world that cyclic variations in these
emission line strengths were clearly detected in some stars, and that these were
analogues of the 11-year solar sunspot and activity cycle. From that point onwards,
and with the launch in the same year of the International Ultraviolet Explorer
satellite (IUE) which for the first time could study various solar-activity indicators
on a range of cool stars, the solar-stellar connection rapidly grew in importance.

This first Section of the Course Notes is mainly concerned with background and
revision of relevant information from Level 1, with particular emphasis on the
variety of stars, of their masses, luminosities, temperatures and chemical
compositions.

N.B. If you have already taken the module AA2051 (The Milky Way) you
will notice a close similarity in some of these sub-sections to introductory
sub-sections in AA2051 Course Notes. This is intentional, because many
aspects need to be covered or revised for both courses, and students are not
required to study AA2051 before commencing the current module.

In this Section we also discuss not just the variety amongst stars but also the
variability of stars themselves. We look at the wonderful range of types of variable
stars, and indicate their particular importance for research into stellar structure and
evolution and the Solar-Stellar Connection. Variable stars have attracted the
attention of amateur and professional astronomers alike, for hundreds of years.
They provide valuable clues and constraints to help develop astronomers’
understanding of the detailed life cycles of stars, of the physical processes at work
inside stars, of interactions between close pairs of stars and between stars and the
interstellar medium.

Following this Section 1, the Module and these Notes may be grouped in two
broad categories:
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Figure 1.1 Cyclic
Evolution of stars

within the Galaxy.

PN = planetary
nebulae. SN =
supernovae.
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e Solar-Stellar Connections for the present Sun and its main mequence
life; and

e Solar-Stellar Connections for the distant past and distant future Sun.

Sections 2 to 5 inclusive relate to the first item above. We will consider: very short-
timescale phenomena such as flares and other manifestations of atmospheric
activity which happen over seconds, minutes and hours; and the use of
asteroseismology to probe stellar structure using pulsations with similar timescales.
We also study sunspot/starspot activity cycles and other cyclic phenomena with
timescales of years, decades or centuries; and we look at the physics of main
sequence stars and thus deduce the previous and forthcoming changes in the Sun
during its main sequence life.

Finally, in Sections 6 to 8 we will go on to study the early life and long-term future
of the Sun and other stars.

Before proceeding with this module, you should revise, or have revised recently,
your AA2055 Solar Astrophysics Module Notes Sections 1 to 4, and 7. In addition,
if you studied the module Introduction to Astronomy (for the University Certificate in
Astronomy) you should quickly revise sections 25 and 7—10 of the Course Notes.
You should also read or quickly revise the chapters on stellar astronomy and
astrophysics in the book Unzverse (Freedman & Kaufmann), or chapters covering
these topics in any recently-published introductory undergraduate-level textbook.

Big Bang
ormation of Galax

Interstellar gas

ISM enriched by
and dust clouds

heavy elements
from PN and SN

Stars born

Main sequence Low mass

upernovae
High mass stars Neutron stars
Black holes

The cyclic process of stellar evolution within the Galaxy is illustrated in Figure 1.1.
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SECTION 2 - THE MAIN SEQUENCE

2.4 Three equations from branches of physics
to input into the models

Let us consider the three extra equations referred to above, one at a time.

2.4.1 Energy generation rates — nuclear physics

In AA2055 Section 2 and Section 2.3.2 above we explored the relationship of the
luminosity to the energy generation rate through the energy balance equation. To
proceed further it is necessary to consider how the energy generation rate depends
on the specific nuclear energy source, and the temperature, density and chemical
composition of the stellar core.

On the lower main sequence, we know that the pp-chain is the principal source of
nuclear energy, but on the upper main sequence, the CNO cycle dominates.
Cleatly a necessary condition for the CNO cycle is for there to be some of these
elements present. If Z were effectively zero, as commonly assumed for primordial
gas resulting from nucleosynthesis in the Big Bang, there would not be any CNO
elements, and this cycle would not be able to operate at all. Instead energy
generation via the pp-chain would prevail, and the structure and subsequent
evolution of such upper main sequence stars would be completely different from
those of the population I stars that are observed today. This illustrates one of the
problems in modelling the evolution of the first generation of stars, belonging to
the so-called Population IIL

Now let us return to more typical chemical compositions and analyse the
behaviour of the pp-chain and CNO cycles. The energy generation rates (in
W kg1) can be described by the equations:

Epp = 81,0X2 (T/106y71 Equation 2.13

Ecno = €20XX oy (T/ 106)72 Equation 2.14

Here pis the density, X is the fractional abundance of hydrogen, and Xcn is the
fractional abundance of carbon and nitrogen, € and € are constants
corresponding to the pp-chain and CNO cycle respectively. These expressions
indicate that the energy generation rate is proportional to the temperature T raised
to a power index /J1 or /p. These indices are themselves dependent on the
temperature, as we shall see in the next two subsections.

For the pp-chain, this power index /1 is equal to approximately 4 near
15 million K the central temperature of the Sun. At lower temperatures the power
index is steeper (roughly 6 at half a million K) and shallower at higher temperatures
(say 3.5 at 20 million K). This energy generation rate &,, for the pp-chain as a
function of temperature is shown schematically by the red dashed curve in
Figure 2.4. It is possible to understand this general temperature behaviour in
terms of the energy required for two protons to react in the very first of the
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Figure 2.4

Energy generation
rates & for hydrogen
fusion as a function of
temperature, for
typical stellar densities
and abundances.
pp-chain (red dashed
line), CNO cycle (blue
dotted line) total
(green solid line).
Adapted from B&D
op.cit.

Temperature
dependence of scno
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reactions in the sequence (AA2055, Reaction 2.1). The approaching protons must
have sufficient kinetic energy to overcome the coulomb repulsion of their positive
charges. In the lower part of the temperature range, the increase in temperature
increases the fraction of protons with sufficient thermal energy but after a certain
temperature, the majority of protons already have this energy, and the increase in
reaction rate is somewhat less marked.

The consequence of this increase of energy generation rate with temperature is that
the energy generation is concentrated towards the centre of the core where the
temperature is highest. Nevertheless, cooler parts of the core also contribute, and
to calculate the overall energy generation rate for any one star, a range of
temperatures in Figure 2.4 will have to be considered.

+6
Energy generation rates for
hydrogen fusion as a

+3 function of temperature

Log e (Whkg

6.5 7.0 Log T 7.5 8.0

In the case of the main CNO cycle, several of the reactions (AA2055 Reactions
2.9, 2.11, 2.12, 2.14) involve the capture of a proton by a nucleus of carbon or
nitrogen, with nuclear charges of G6e, and 7e respectively. Therefore the
temperature required to impart sufficient kinetic energy to the particles to
overcome the coulomb repulsion is several times higher than for the pp-chain.
However, the rate of increase of &wo with temperature is much steeper, with the
power index 7/} in Equation 2.14 taking a value of 20 at 15 million K. At higher
temperatures, the power index decreases, (¢¢ /r = 13 at 40 million K).
Consequently, the gradient of the blue dotted line in Figure 2.4 is slightly less
steep as the temperature rises towards 100 million K.

For typical stellar densities and abundances, the cross over point for &, and &no
occurs at about 20 million K. At higher temperatures, energy production via the
CNO cycle predominates (¢g a 3 M@ roughly B7V) and for lower temperatures (¢g
0.45 M@, MOV) the pp-chain dominates throughout. For a solar star (1 Mg, G2V),
the pp-chain dominates the energy production over the core as a whole, with
CNO cycle contributing less than 5% of the energy. Yet because of the strong

temperature dependence of €cno, the ratio of &,/&no at the centre of the core
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Worked Example 1

SECTION 2 - THE MAIN SEQUENCE

where the temperature is highest is reduced to roughly 4, as illustrated by the
following worked example.

Assuming that at the very centre of the Sun the current values are 7. =1.5 X107 K
Xen = 0.005 X =0.306, calculate the ratio of &,,/&no at the centre of the Sun’s core.
Assume that the constants & and & in the Equations 2.13 and 2.14 are given by
&/86&=C=40x10"

Solution

By combining Equations 2.13 and 2.14, the ratio of the energy generation rates is
given by:

2
Emp _ EPXTM _&a X

x T, 71:)
€cno EszXCNT6,72 & Xen

where T is the temperature expressed in millions of degrees K. At 7. =1.5 X107 K,
I =4 and 7k = 20. Substituting the values into the above equation:

£
24 0x1017 x 230 15716 Z 4 4 to 2 sig fig
0.005

EcnNo

For a somewhat more massive star, the central temperature is higher. This result
follows from the virial theorem which applies to any system of gravitating
particles which is in equilibrium. This will be explored in greater detail in Section 6,
but may already be familiar to those of you who have studied AA2051, The Milky
Way. In essence, the virial theorem relates a star’s total gravitational energy to its
total thermal energy. The latter is related closely to the star’s central temperature,
and it follows that more massive stars have higher central temperatures.

The dominance of the CNO cycle, with its steeper temperature dependence of
energy generation, in the core of a massive star has further consequences in that it
makes the temperature gradient d7/dr much steeper, leading the star to turn to
convection in the core to carry away the energy as discussed in Section 2.5.3. This
changes the whole structure of the interior of the star. Convection mixes the
unburnt H with the He already fused from H, which has effects on the stat’s
further evolution (See Section 2.5.6).

Density and abundance dependency of the energy generation rates

Both &,, and &o are proportional to the density 0, a characteristic of a reaction
involving two particles. The collision rate will be proportional to the square of the
number of particles, which is related to the density via the mean molecular weight
(see Section 2.4.2 below). The energy generation rate per kilogram also depends on
the number of particles. Therefore the energy generation rate per kilogram is
proportional to the density. (Later in Section 7, we will see that the energy
generation rate per unit mass for the triple alpha reaction is proportional to the
square of the density. This is typical for a reaction which involves three particles in
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Figure 3.1.
Photometric U-band
light curve of a large
and long-lived flare
(maximum AU = 3.8
mag, duration

~3 hours) on 1994
October 23, of the star
2RE]J0241-53N

(AF Hor), taken at a
time resolution of 10
seconds.

From: W N Ball, PhD
thesis, University of
Central Lancashire,
1998.
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3.2 Photometry of flares

Figure 3.1 shows detailed photometric U-band (near-ultraviolet) observations of a
very large and complex flare on the star 2REJ0241-53N, taken with a time
resolution of 10 seconds over a period of several hours. This is a fast-rotating dMe
star in the final phase of pre-main-sequence life, with an estimated age of some 30
million years. It is classed as a post-T-Tauri star (see Section 1 Notes). Notice the
multiple flaring during these observations, the fast initial rise in intensity at the
start of flares, and the slower exponential-type decay. Such decays are
characteristic of many physical phenomena involving “relaxation” from an excited
state back to a normal state. The inset in the figure shows the detail at the peak of
the main flare. Separate flare components are labelled A to F. The horizontal
double arrow indicates a period of quiescence. The labels 49 to 72 are the sequence
numbers of spectra taken simultaneously with this photometry. Examples of these
spectra are shown below in Figure 3.6.
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By way of contrast with the multiple and complex flaring behaviour shown in

Figure 3.1, a typical example of a short-lived, simpler, single flare is shown in
Figure 3.2. In this case, the dMe star (Re0625-60) is in the early stage of its
main-sequence life. In fact, both simple and complex flares are observed to occur
on both pre-main-sequence and eatly-main-sequence dMe stars.
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Figure 3.2.
Photometric U-band
light curve of a large
but short-lived flare
(maximum AU = 2.7
mag, duration ~7 min.)
on 1995 December 30,
of the star
2RE]J0625-60, taken at
a time resolution of

1 second.

From: W N Ball, PhD
thesis, University of
Central Lancashire,
1998.
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SECTION 3 - STELLAR ACTIVITY & ADOLESCENT STARS
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Characterising the flare light-curve

The rise time of a flare is defined as the time between the start of the flare (the
point where the intensity is first enhanced above the quiescent star level) and its
maximum intensity. If the data are noisy, these times may sometimes be better
estimated after careful smoothing of the data. A commonly accepted definition of
a flare, compared (for example) with a single enhanced observation point which
might be a random enhancement, is that a flare is “real” when at least two
consecutive observation points are at least 3o above the average quiescent intensity
of the star. Here, o is the standard deviation of the quiescent-star data points
during the same set of observations, i.e. a measure of the level of random noise in

the data.

The decay time of a flare is the time between the peak and the end of the flare.
However, since the decay phase of flares is usually very slow compared with the
rise phase, and can sometimes go on for hours, this decay time is nototiously
difficult to estimate. Moreover, for large flares it often happens that the end of the
flare occurs after the observations have to finish, due to the star’s getting too low
in the sky or due to the arrival of dawn!

Hence, a more useful measure of the decay phase is the decay constant, or decay
time constant, of the flare. This is the time between the peak and that point at
which the intensity has decreased to (1/¢) times the peak intensity. This definition
is used because the flare decay can often be approximated by an exponential
decay function, and the standard definition of the “decay constant” of such a
curve is this time for the intensity to decrease by a factor of (1/e¢). Students who
have studied the 442057 Milky Way module may recall a similar definition for the
scale height of a component of the Galaxy.

In the two examples illustrated in

Figure 3.1 and Figure 3.2, the ordinate is plotted as “‘counts per integration time”
in the photometer detector, which corresponds to relative intensity or flux detected
from the star through this U filter. Alternatively, data are sometimes plotted in the
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Figure 3.3. A plot of
time-averaged flare
U-band luminosity
versus quiescent

U-band luminosity, for
flare stars. Note that to
convert to SI units,
one Watt of luminosity
is equal to 107 erg/s.
From: W N Ball, PhD
thesis, University of
Central Lancashire.
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literature as stellar magnitudes versus time, and conversion between flux and
magnitudes is through the standard relationship (see Section 1). Thus, a flare
enhancement of a factor of 10 in flux would correspond to a decrease in
magnitude of 2.5, for example.

The total flare energy detected (per unit area of detector, in units of ] m=?) in the
observed wavelength range (in this case through the U band filter) can then be
calculated from:

* the quiescent flux of the star (W m?), multiplied by

* the equivalent duration (in seconds) of quiescent-state radiation of the
star, for the radiation which is additionally emitted during the flare.

For a graph of flux versus time as in

Figure 3.1 and Figure 3.2, this “equivalent duration” is simply the area under the
flare curve over and above the quiescent level, when expressed in units of the
quiescent flux. The units are those of time and give a measure of the strength of
the flare. Students who have studied the 442057 Milky Way module may notice a
close similarity to the definition of “Equivalent Width” of a spectral line, which has
units of length (wavelength) and is a useful measure of the strength of the spectral
line.
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There is a good correlation between the time-averaged flare luminosity of a star
(averaged luminosity of flares, over a long period of time of observations and
therefore including many flares) and the quiescent luminosity of the whole star.
An example of such a graph is shown in Figure 3.3. This shows that the more
luminous the star, the more energy is released in flares per unit time.

Colour of flares

When simultaneous photometry of flares is performed in U, B and V, it is almost
always found that the enhancement in U is the greatest, that in B is next, and that
in V is least. Thus, the colour of these flares is very “blue” with maximum intensity
in the ultraviolet. Assuming the flare to be represented as a black-body thermal
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fundamental mode shown in the top panel of Figure 5.2. This is the usual mode
of pulsation for Cepheid variables and for RR Lyrae stars, amongst others.

The first overtone radial mode has N =1 with a radial node that is a concentric
shell within the star. As we are thinking in terms of the radial displacement, that
shell is a node that does not move; the motions above and below the node move
in antiphase. As an example, in the roAp stars (which are nonradial pulsators)
radial nodes can be directly observed in their atmospheres with just this kind of
motion in antiphase above and below the radial node. The surface of the star is
again an antinode.

There are Cepheid variables, RR Lyrae stars and O Scuti stars that pulsate
simultaneously in the fundamental and first overtone radial modes. In the cases of
the Cepheids and RR Lyrae stars they are known as double-mode Cepheids and
RRd stars, respectively. For the Cepheids the ratio of the first overtone petiod to
the fundamental period is 0.71; for the O Scuti stars it is 0.77. This is in obvious
contrast with the 0.33 ratio found in organ pipes and the 0.5 ratio found on strings
(see Figure 5.1 and Figure 5.2).

This difference is profound and it is our first use of asteroseismology. If the star
were of uniform temperature and chemical composition (so that the sound speed
were constant), then the ratio would be similar to that in the organ pipe. The larger
ratios in the Cepheids and 0 Scuti stats is a direct consequence of the sound speed
gradient in them (i.e. that increase in sound speed with depth in the star), hence the
temperature and (in places) chemical composition gradients (changes with depth).
The small, but significant differences between the Cepheid and 0 Scuti ratios is a
consequence of the Cepheid giant star being more centrally condensed than the
hydrogen core-burning O Scuti star. Thus, just by obsetving two pulsation
frequencies we have had our first look into the interiors of some stars.

57.2 Nonradial modes

The simplest of the nonradial modes is the axisymmetric dipole mode with £ = 1,
m = 0. For this mode the equator is a node; the northern hemisphere swells up
while the southern hemisphere contracts, then vice versa; one hemisphere heats
while the other cools, and vice versa. There is no change to the circular cross-
section of the star, so from the observer’s point of view, the star seems to oscillate
up and down in space.

That is disturbing to contemplate. What about Newton’s laws? How can a star
“bounce” up and down in free space without an external driving force? The
answer is that an incompressible sphere cannot do this; it cannot pulsate in a dipole
mode. After a large earthquake the Earth oscillates in modes such as those we are
describing. But it does not oscillate in the dipole mode and bounce up and down in
space. It cannot. There was a time when it was thought that stars could not do this
either, but we now know that the centre-of-mass of a star is not displaced during
dipole oscillations because the gas in the star is compressible, so stars can pulsate in
such modes.
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Figure 5.4

The £ = 3 octupole
modes. Figure courtesy
of Conny Aerts.
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Nonradial modes only occur for N = 1, so in the case of the £ =1 dipole mode,
there is at least one radial node within the star. While the outer shell is displaced
upwards from the point of view of the observer, the inner shell is displaced
downwards and the centre of mass stays fixed. Dipole modes are the dominant
modes observed in the rapidly oscillating Ap stars, and are also seen in many other
kinds of pulsating variables.

Modes with two surface nodes (£ = 2) are known as quadrupole modes. For the
€ =2, m = 0 mode the nodes lie at latitudes of about +35° The poles swell up (and
heat up, although not usually in phase with the swelling) while the equator
contracts (and cools), and vice versa. Figure 5.4 shows and explains a set of
octupole modes with { = 3, giving a mental picture of what the modes look like.

£a ,. -
Y -r \__/

/ .\ '. ‘: / \'5

In Figure 5.4 the rows show the modes from different viewing angles. The top
row is for an inclination of the pulsation pole of 30°, the second row is for 60°,
and the bottom row is for 90°. The white bands represent the positions of the
surface nodes; red and blue represent sections of the star that are moving in (or
out) and/or heating (or cooling), then vice versa (see the electronic notes for the
colours) — essentially adjacent areas are in anti-phase). The right-hand column
shows the axisymmetric octupole mode (€ = 3, m = 0) where the nodes lie at
latitudes *51° and 0°. The second column from the right shows the tesseral
(meaning 0 <M < ) £ =3, m= 1 mode with two nodes that are lines of
latitude and one that is a line of longitude. The third column from the right is the
tesseral £ =3, M = x 2 mode, and the left column shows the sectoral mode with
€ =3, m= £ 3. Importantly, rotation distinguishes the sign of m, as discussed in
the Section 5.7.3

573 The effect of rotation: The m-modes

For m-modes (i.e., modes with m # 0) the equations (see Box 5.1) combine to give
a time dependence to the pulsation phases. This means that the M-modes are
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travelling waves, where modes with positive M are travelling against the direction of
rotation (retrograde modes), and modes with negative M are travelling in the
direction of rotation (prograde modes).

For a spherically symmetric star the frequencies of all 20 +1 members of a
multiplet (such as the octupole septuplet { =3, m = -3, -2, -1, 0, +1, +2, +3) are
the same, and so indistinguishable — we say that they are degenerate. But
deviations from spherical symmetry can lift this frequency degeneracy, and the
most important physical cause of a star’s departure from spherical symmetry is
rotation. In a rotating star the Coriolis force causes pulsational variations that
would have been up-and-down to become circular, with the direction of the
Coriolis force being against the direction of rotation. Therefore, the prograde m-
modes travelling in the direction of rotation have frequencies slightly lower than
the M = 0 axisymmetric mode, and the retrograde modes going against the rotation
have slightly higher frequencies, in the co-rotating reference frame of the star, thus the
degeneracy of the frequencies of the multiplet is lifted.

In the observer’s frame of reference the rotational splitting relation for a uniformly
rotating star 1s

g, =0, +mC, Q-mQ Equation 5.4

where g, 1s the observed frequency, 7,,, is the unperturbed central frequency
of the multiplet (that for which m = 0) which is unaffected by the rotation, C,,is a

small constant generated due to the Coriolis force, and Q is the rotation frequency
of the star. We can see that the Coriolis force reduces the frequency of the (—m)
prograde mode slightly in the co-rotating rest frame, but then the rotation
frequency is added to that since the mode is going in the direction of rotation.
Likewise the (+M) retrograde mode is travelling against the rotation so has its
frequency reduced by the rotation frequency, from the point of view of the
observer.

In the end we end up with a multiplet with 2 + 1 components all separated by
(l -C, ) Q. In a real star the various components of the multiplet may be excited

to different amplitudes, and some may not have any observable amplitude, so all
members of the multiplet may not be present. The importance for
asteroseismology is that where such rotationally-split multiplets are observed, the £
and M for the modes may be identified and the splitting used to measure the
rotation rate of the star. Where multiplets of modes of different degree are
obsetved, it is possible to gain knowledge of the INterior rotation rate of the star —
something that is not knowable by any other means.

In the case of the sun, helioseismology has spectacularly measured the differential
rotation rate of the sun down to about half way to the core. Below the convection
zone at /R ~ (.7 the sun rotates approximately rigidly with a period close to the
27-d period seen at latitudes of about 35° on the surface. Within the convection
zone the rotation is not simply dependent on distance from the solar rotation axis,
as had been expected in the absence of any direct observation. It is a remarkable
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7.3.3 The helium flash

When the central temperature reaches about 108 K, helium ignites in the core of an
RGB star. In low mass stars, such as the Sun, the onset of helium burning is
marked by an extremely short-lived explosive episode known as a helium flash.
This is because the core in those stars is partially degenerate by the time the
temperature reaches the helium ignition threshold.

The ignition of helium increases the temperature rapidly. If the core were made of
normal matter it would expand and cool in response to the rise in temperature,
leading to a slow dissipation of the energy released. However, degenerate matter
can absorb energy and heat up without an increase in pressure. Thus the core does
not expand and cool to compensate. Instead the rise in temperature speeds up the
rate of helium burning dramatically (recall the temperature sensitivity of the triple-
alpha process). This increases the temperature further, which accelerates the He
burning rate in a runaway reaction that lasts until the degeneracy has been lifted by
the injection of sufficient energy to overcome the attractive forces in even this
extreme state of matter.

For a few seconds in the helium flash the luminosity of the core jumps to 10" Lg
— that is 100,000 million times that of the Sun, or approximately the total
luminosity of the Galaxy. At first the energy generated goes into lifting the
degeneracy, and only then is it available as thermal energy necessary to expand and
cool the core. The rest is absorbed by the overlying layers, resulting in some mass
loss. Because of the brief duration of the flash, the Sun will then settle into a new
equilibrium, with a non-degenerate core quiescently burning helium, surrounded
by a hydrogen burning shell.

When steady helium burning begins, the star’s core expands, cools rapidly and
heats the overlying layers. As a result, the hydrogen burning shell expands
acquiring a lower density, and decreases in temperature diminishing its energy
output. In the absence of a hot shell source at its base, the envelope contracts
leading to an increase in the surface temperature. Therefore, in response to the
ignition of helium, the star descends slightly and moves to the left in the H-R
diagram, arriving on the horizontal branch (Figure 7.2).

Stars settle on the horizontal branch for a lengthy spell, leaving it only when the
helium in their cores is exhausted. For a 1 Mg star, helium burning supplies only
one tenth of the energy per unit mass generated by hydrogen fusion, and the
luminosity is more than an order of magnitude higher than the main sequence
luminosity. In other words it consumes fuel one hundred times faster than on the
main sequence. Thus the Sun, with a main sequence lifetime of ~10' years, will
spend ~108 years on the horizontal branch.

7.4 Asymptotic branch giants

The events that transformed a main sequence star into a red giant are now rerun
on the horizontal branch. Recall that during hydrogen burning, the gas pressure in
the core declines as the number of particles decreases. Similarly, the core pressure
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