STELLAR STRUCTURE

Section 1: Basic ideas about stars

The course is concerned with the structure of isolated, spherical stars. Actual stars may be neither isolated nor spherical.

Reasons for lack of isolation:

1. Star embedded in gas and dust.

2. Star in double star system.

3. Star connected to interstellar medium by magnetic field.

Reasons for departures from spherical symmetry:

1. Star rotates rapidly.

2. 2 (tidal effects if stars are close together) and 3 above.

However, the majority of stars are sufficiently isolated and spherical that studying the structure of isolated, spherical stars is useful and in most cases sufficient.

A star is a ‘vast mass of gas’, held together by self-gravitation. We shall see later why a star is gaseous, and that it is prevented from collapsing to a point by the pressure exerted (normally) by the thermal motions of its particles. A star radiates energy into space because it is hotter than its surroundings and a major question in the course is why a star is hotter than its surroundings, and

whether it stays hotter: sometimes loss of energy actually causes a star to get even hotter!
What factors determine the observed properties of stars? We believe that there are five in the case of isolated, spherical stars. These are:

	1.
	Star's initial mass;
	(Initial

	2.
	Star's initial chemical composition.
	conditions)

	3.
	Star's age. 
	(Life history)

	4.
	Star's distance from us;
	(Our

	5.
	Absorbing or emitting matter between us and star. 
	position)


In addition, a star might suffer accidents (close passage of another star, passage through a gas cloud) or disease (instability of internal origin which might lead to variability and/or loss of mass) – but these events are beyond the scope of this course.

Observed properties of stars

Distance.

This can be measured directly, using trigonometric parallax, only for relatively nearby stars; the most accurate and comprehensive data set was gathered by the hipparcos satellite around 1990. A star appears to be in a different direction (relative to distant, ‘fixed’, stars) from opposite sides of the Earth's orbit, 
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and its distance can be obtained from trigonometry, making corrections for the intrinsic motions of the star and the Sun. The angle subtended at the star by the semi-major axis of the Earth's orbit around the Sun is called the parallax, and it is 0.76 arcseconds for the nearest star. The distance corresponding to a parallax of 1 arcsec is called a parsec; 1 pc = 3.09(1016 m. If d is the distance of a star of parallax p:

d (in pc) = 1/p (in arcsec) .

Distances out to about 500 pc have been measured in this direct way. Since the distance to the centre of the Galaxy is some 8 kpc, indirect methods are needed for most stars.

Light output.

We can observe something of both the quantity and quality of the light emitted by stars. If the distance of a star is known, the amount of energy crossing unit area at the Earth's surface (the flux density in W m-2) can be converted into the total power output (luminosity in W) of the star. The quality of the radiation is its colour, or distribution with wavelength (spectrum). From this we can learn about both the star's surface temperature and its chemical composition. If the star radiated like a black body, its energy distribution would be a Planck curve: 

intensity 
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and its surface temperature could be rigorously deduced. Actual energy distributions 
differ from Planck curves, and are crossed by absorption lines (and in some cases emission lines). The strengths of the absorption lines give information about the chemical composition of the surface layers, and the best fit of the observed distribution to a Planck curve gives an estimate of the surface temperature.

Both the quantity and the quality of the radiation are affected by absorption, both in the Earth’s atmosphere (total, apart from the optical and radio windows) and by gas and dust in the interstellar medium, especially in the extreme UV (atomic hydrogen gas, at wavelengths short-ward of the Lyman limit) and the optical (sub-micron-sized dust particles, which redden starlight). 

Mass.

If a star is a partner in a binary system of known distance, and if all the apparent properties of the binary orbits can be observed, the masses of the components can be obtained by application of Newton's laws of motion and gravitation. If rather less information about the binary system is available, it may be possible to obtain either the sum of the masses or the ratio of the masses.

Radius.

No star other than the Sun appears as a disk, so direct geometric measurements of apparent diameter are not yet possible. The radius can sometimes be obtained by interferometry or by using eclipse measurements. Interferometric measurements involve looking at the fringe pattern produced by two separated receivers and how it varies with receiver separation. If two stars orbit exactly in the plane of our line of sight, so that they periodically pass in front of one another, the timing of the eclipses can be used to deduce the sizes of the stars in units of the orbital separation.

Both these measurements are applicable only to a small number of stars, and the best estimate of a star's radius is often made by using their similarity to black bodies. If a star radiated exactly as a black body, with temperature Ts, the luminosity Ls and radius Rs would satisfy 

Ls = 4( Rs2 (Ts4 ,

where ( is the Stefan-Boltzmann constant; this is simply saying that the total power output is the surface area of the star (assumed spherical) multiplied by the surface emissivity of a black body. Many stars radiate sufficiently like a black body for us to estimate Ts, and then an estimate of the radius is
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where Ls includes the energy at all frequencies and must also be estimated, by extrapolating from the observed part of the spectrum. This discussion also suggests that we define the effective temperature Teff of a star by

Ls ( 4( Rs2 (Teff4 ,

so that Teff is the temperature of the black body which has the same radius and total luminosity as the real star.

Observed values of main properties.

Most stars have observed values in the following ranges:

	0.1 M(
	<
	Ms
	<
	50 M(

	10-4 L(
	<
	Ls
	<
	106 L(

	10-2 R(
	<
	Rs
	<
	103 R(

	2000 K
	<
	Ts
	<
	105 K


Another way of describing stellar brightness

Hipparchus (~150 BC) divided all stars into six magnitude classes, first magnitude being the brightest and sixth magnitude stars being only just visible to the naked eye. Because the eye has a logarithmic response, this scale is logarithmic in flux density F, and Norman Pogson (~1850) made the scale precise by defining the apparent magnitude m of a star to be:

m = constant – 2.5 log10F
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where the constant is the same for all stars and was chosen to make the scale approximately the same as defined by Hipparchus. Note that brighter stars have smaller magnitudes, and the very brightest ones actually have negative magnitudes. Pogson also defined the absolute magnitude of a star, M, as the apparent magnitude that a star would have if it were at a distance of 10 pc. Since F = L/4πD2, where D is the distance of the star, M is a measure of the luminosity of the star. Neglecting absorption, the apparent and absolute magnitudes are related by (example for reader):
M = m – 5 log10 (D/10 pc) .
Relationships between observed properties

We have already seen a relationship between luminosity, radius and effective temperature, and there are several other important relationships.

Hertzsprung-Russell diagram (HRD):  This is a plot of absolute magnitude, or logarithm of luminosity, against the logarithm of surface temperature. It is named after the two astronomers who first drew it [Handout 1]. The so-called main sequence is a band running from hot, high luminosity stars to cool, faint ones, and 90% of all nearby stars lie on it. The remaining 10% cluster in three main regions: giants, supergiants and white dwarfs. The reason for the names is that, if we compare stars at a given temperature, we see that L ( R2, and so the most luminous stars are also the largest.
Interpretation: 
Either 90% of all stars are main-sequence stars for all of their lives
X


Or all stars spend 90% of their lives on the main sequence 

(
Mass-Luminosity relation:  Main-sequence stars display a strong correlation between mass and luminosity, with more massive stars being more luminous. The correlation is determined from the relatively few stars with properties determined accurately from binary star systems, and is not very well known for low masses. Roughly, L ( M4 for masses near the Sun’s, with shallower slopes for both lower (~2.3) and higher (~3) masses [Handout 2].

Indirect ways of finding stellar properties.
Spectrum:  the strengths of absorption lines depend on three factors: chemical composition, temperature and luminosity. Many stars have similar compositions, so that the spectrum yields Teff and M (absolute magnitude).
Variability: some periodic variable stars show a period-luminosity relation, so that measuring the period yields L, which together with the apparent magnitude yields the distance.

Star clusters: groups of stars with the same distance and age – these provide tests of evolution.

Star clusters.

These are gravitationally bound groups of stars, moving together through space.
Globular clusters are compact and roughly spherical, containing 105 – 106 stars, and distributed in a spherical halo around the centre of our Galaxy.

Galactic or open clusters are open and irregular, containing 102 – 103 stars, and concentrated in the plane of the Galaxy.

Most clusters are sufficiently far away relative to their linear size that all stars in a cluster can be taken to be at the same distance. This means that the shape of the Hertzsprung-Russell diagram can be found by plotting apparent magnitude against temperature.
Globular clusters all have very similar HR diagrams, with a distinctive shape: a short main sequence, a prominent giant branch, and a “horizontal branch”, which contains a number of RR Lyrae variable stars [Handout 3]. By comparing the apparent magnitudes of the main sequence stars, the red supergiant stars and the variable stars with those of similar nearby stars whose distances and therefore absolute magnitudes are known, we can estimate the distance of a cluster; the three methods give comparable results.

Galactic clusters show more variety in their HR diagrams, but they all show main sequences, of varying length, and some show a few giant stars as well. If we assume that all the main sequences have the same absolute magnitude at a given temperature, we can fit them together to produce a composite diagram [Handout 3] (and find the distances of all the clusters if we know the distance of one).

This cluster main sequence is quite narrow (more so than the main sequence for all nearby stars – compare Handout 3 with Handout 1), which suggests that the stars in different positions along it differ in only property. If the stars in a cluster formed at about the same time by fragmentation from a single initial gas cloud, they are likely all to have similar ages and chemical compositions – the quantity that varies along the main sequence is then likely to be the mass. This is a very useful tool for interpreting cluster HR diagrams, although there is no time in this course to do that in detail.
An outline of the life history of a star

Stars form out of interstellar gas clouds when some perturbation (e.g. a nearby supernova explosion) increases the local density sufficiently for self-gravitation to overcome the combination of internal pressure and the attractive forces of neighbouring material. In practice, this is a very chaotic process, which is poorly understood, and may involve beforehand the fragmentation of a larger cloud. However, at some point the collapsing (and usually spinning) blob of gas separates from its surroundings and becomes a “protostar”. As it contracts, it spins faster, and leaves high angular momentum material behind in a disk surrounding the central blob – this disk may form planets, and observations suggest that some material is also driven off in two jets at right angles to the disk. 
As the central blob contracts, particles in the gas will collide and produce radiation. Initially, this escapes freely, but as the protostar becomes denser it also becomes opaque, radiation is trapped and the internal temperature starts to rise, producing a thermal pressure that slows the contraction. This is something like a normal star, with a hot interior and a cooler exterior, radiating energy from its surface. The contraction slows to a rate that releases just enough gravitational energy to balance the energy loss by radiation. 
In the late 19th century, Lord Kelvin and Baron von Helmholtz argued that gravitational energy was the main power source for stars, and they estimated the lifetime of the Sun as follows. A body of mass Ms contracting from infinity to radius Rs releases gravitational energy EG given roughly by
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(see next section).  If the Sun released all this energy at its present luminosity Ls, it could only radiate for a time
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(For more massive stars than the Sun, because L ( M4, this “Kelvin-Helmholtz timescale” is even shorter.) However, even in the 19th century it was known that geological evidence required the Earth (and hence the Sun) to be at least 100 times older than that – so, if the Sun is typical, gravitational energy cannot be the main power source for stars.  
Chemical energy is too small by an even larger factor (about 5 orders of magnitude), so stars cannot literally “burn” fuel. The problem was only resolved when Einstein proposed the equivalence of mass and energy, E = mc2. Sir James Jeans suggested that stars might transform their mass entirely into radiation, but we now believe that a less drastic solution is correct: a star’s source of energy is nuclear binding energy, which in the most favourable circumstances can release about 1% of the rest mass energy. If the Sun were to start as pure hydrogen and end up as pure iron (the most stable element), it could release a total energy of EN ( 0.01M(c2 ( 1.8(1045 joules. With the present luminosity, this energy would last for a time
tN( ( EN/L( ( 1.8(1045/4(1026 seconds ( 1.5(1011 years.

This is an over-estimate (the Sun did not start as pure hydrogen and will not end up as pure iron, and only about 10% of it will undergo nuclear transformation), but it very comfortably exceeds the value required by geology.

More massive stars have considerably shorter lives, even with nuclear sources. For a 50 M( star, with a luminosity of 105 L(, the nuclear lifetime is around 108 years, which means that the brightest stars we see must have been born comparatively recently, when the Earth was already old. 
To return to our contracting proto-star: we believe that it continues to contract until the centre is hot enough for hydrogen nuclei to fuse together to form helium. This energy source is then enough to balance the energy loss by radiation from the surface, and contraction stops for a nuclear timescale, i.e. until the hydrogen fuel is exhausted. There is then a series of phases of contraction alternating with further nuclear reactions (helium to carbon and so on, up to iron in massive enough stars) until no further fuel is available and the star contracts to a compact object. We shall discuss these final phases at the end of the course, but first must go back and fill in the detail.
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