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Why do Astrophysics?
$ 
Astrophysics is about the big questions - what is, and why is, the universe? In a way it is the ultimate purpose of the whole endeavour of physics! It is a basic part of human nature to be curious about our world. It all started with the ancient philosophers who tried to make sense of what clearly seemed to be an ‘Earth-centred’ world. They could not imagine that anything beyond the Earth could consist of ‘earthly’ material – but even then, Aristarchus did suggest that the Earth may be one of the planets around a ‘Sun-centred’ world! The mystery of our place in the universe is as old as civilization. Many of our young people still have that innate curiosity about their physical world and physics can help to keep it alive.

$ 
It is a central part of the great human adventure of discovery - it is life affirming and can inspire young people to see their world in a positive way.

$ 
Astrophysics can be seen as the ‘ultimate mystery story’; the emphasis should be on how have we found out what we now know about our world - not just on the facts! How much more is there to be known? How does this knowledge impact on our attitudes toward the Earth and its population? In this mystery story the solving of one mystery almost always opens up several more!

“The most beautiful thing we can experience is the mysterious. It is the source of all true art and science.”


Albert Einstein
$ 
It could be said that the story of astrophysics is the best antidote to fundamentalism and guru worship, which strangely seems to be an increasing rather than a decreasing problem in our modern world. Fundamentalism is not simply a problem in religion, it is also rife in politics and economics! Astrophysics opens one’s mind to all sorts of possibilities – the universe turns out to be a much more amazing place than our limited ‘creation stories’ suggest, and it becomes clear that there is so much more ‘mystery’ than we ever thought. To think that one particular view of the world could possibly have THE truth becomes an obvious absurdity. 

“I maintain that cosmic spirituality is the strongest and most noble driving force of scientific research.”


Albert Einstein
Einstein’s ‘cosmic spirituality’ could be seen as the truly open, but searching, mind. It is not a blank mind, rather it is one informed by the discoveries of other searching minds, but always aware of the danger of jumping to conclusions. At the same time, there is an element of faith – faith that the universe does make sense, and that our mere human reason can discover at least some of that sense.

$ 
Astrophysics is a particularly good area in which to help students understand the processes of science. The use of reason and evidence is particularly important in astrophysics. In our modern world ‘assertion’ is all too often taking the place of reason. Science education should help all our students to gain confidence in the power of reason, not just within science but in tackling the wider issues in modern society.

$ 
At a recent STAVCON, Morag Fraser gave the keynote address and talked of taking her grandchildren out under the stars at night and delighting in the ‘wonder’ that little children have in such experiences. She said that she saw science teachers as ‘custodians of wonder’. With the emphasis of much of our curricula so heavily on the practical and pragmatic, I am not at all sure that we really deserve that title. But what a wonderful, and challenging, way to see our role!

How to do it?
One could see the Study Design sequence as more or less an approach which starts with the beginning of the universe and works up to the present - a sort of ‘universe biography’. Remember, however, that the Study Design is not intended as a teaching sequence - it is simply a list of the key points to be covered. My suggestion is rather to take a ‘human historical’ approach, always asking questions: “How do we know?” or “how did we find out?” This simply means re-ordering the SD points somewhat. Here is a cut down version of the content as it is in the SD and as I am suggesting (expanded a little to show connections.

	Study design
	‘Human historical’

	Nature and origin of the Universe - Steady State and Big Bang models 

computer simulations

Doppler effect and Hubble's observations

distances to stars and galaxies

formation of galaxies, stars, and planets

stars - luminosity, radius and mass, temperature and spectral type

Hertzsprung-Russell diagram - evolution and death

Milky Way galaxy and other galaxies

Sun as a typical star, including size, mass, energy output, colour, radiation spectrum 

use a database


	How far away are the planets and stars?

Distance and apparent brightness give luminosity.

The Sun - our special star - distance, size, mass, luminosity, spectrum, temperature.

Computer simulations of the nuclear processes in the Sun - solar wind

Stellar spectral types  temperature; luminosity + temperature  radius; Binaries + distance  mass.

Luminosity and temperature  H-R diagram  MS, giants and dwarfs  evolution and death.

Galaxies far away (Cepheid variables) and moving away (Doppler and Hubble)

Milky Way our own galaxy (size, our position)

Models of the universe - steady state - big bang

Formation of galaxies, stars and planets.


What follows is one approach to the unit. Clearly there are many other possible approaches.  I have developed this approach more fully in Heinemann Physics 11, Astrophysics DS.

1. The stars - how far, how bright?
How far?
$ 
Copernicus started a revolution by suggesting a heliocentric view - but what were the stars? Surely not ‘suns’ at huge distances? Newton calculated that if Sirius was like the Sun it would have to be about a million times further away (it is actually about ½ mill AU). This was just incomprehensible for many people, but the lack of parallax seemed to require it.

$ 
The distance to stars can be measured by the parallax movement they show as a result of the Earth's revolution around the Sun. Galileo had a hard time explaining the lack of parallax! His attempts to measure parallax failed because no stars show any parallax greater than 1 arcsecond.

$ 
Parallax was eventually discovered (in 1835 for Vega). It was found that the closer stars showed parallax of less than one arcsecond (less than 1/3600th of a degree).

$ 
1 parsec is the distance to a star that would show 1 arcsecond of parallax: d = 1/p (So all stars are further than 1 pc). 1 pc is about 3¼ light-year, or a little over 200,000 AU.

$ 
The distances to thousands of stars can be measured by stellar parallax. It is effective out to about 1000 pc, thanks to Hipparcos (High Precision Parallax Collecting Satellite) - in honour of Hipparchus  ~140 BC who first mapped stars and measured the distance to Moon by parallax during an eclipse.

$ 
While Hipparcos has measured the parallax to over 100,000 stars, this is only a tiny fraction of the stars in our galaxy - we are about 8,500 pc from the centre of our Milky Way Galaxy. But importantly it is enough to establish the patterns that enable us to figure out the distances to virtually all stars – as we shall see.

How bright?
$ 
We see stars with a huge range of brightness - both because their distance and inherent brightness varies over a huge range.

$ 
The apparent brightness of stars can be measured on a scale of ‘apparent magnitude’. The brightest stars are around -1 and those barely visible are around +6 on this scale. More usefully, brightness, b, can also be measured in fundamental units (W/m²).

$ 
If we know the brightness (apparent) and the distance, we can figure out the actual or intrinsic brightness of the star (from the inverse square law). This is normally called the luminosity of the star and is measured in watts. It is basically the power output of the star! But how do we measure the power output of a star?

$ 
Actually it is not so difficult! We know that we receive about 1 kW from the Sun on a square metre. In space that figure is 1370 kW/m². Simply multiply by the number of square metres in a sphere of radius 1 AU and we have the total power output of the Sun: The Sun has a luminosity L = 3.86  1026 W.

$ 
If we know the distance to a star, the luminosity can be calculated from the ratio of the apparent brightness of the star compared to that of the Sun - just as Newton did for Sirius. When this is done we find that other stars may have up to a million times greater or down to one ten thousandth of L, but about 90% of stars are less bright than the Sun.

$ 
The absolute magnitude is also used to describe this quantity. It is the ‘magnitude’ that a star would appear to have if at a distance of 10 pc from us. Sirius has an apparent magnitude of -1.4, and an absolute magnitude of +1.5 (compare the Sun +4.8, that is quite a bit less bright) and luminosity of 26.1 L. (Sirius is at a distance of 2.6 pc)

$ 
However, most stars are too far away to measure their distance by parallax. If we could find the luminosity of a star by some means not involving its distance, then we could turn things around and find the distance from its apparent brightness. Later we will see that there is a way to find the luminosity! To see how we can do this we need to consider the nature of ‘starlight’.

The colour of stars tells us their temperature - and size!
$ 
Stars vary considerably in colour. This is taken to be due to differing surface temperatures - just as any ‘black-body’ gives off light according to its temperature. Wien’s law (T = k/p where k =2.9x106 K.nm) tells us the temperature from the colour - or more particularly the peak wavelength of the black-body spectrum.

$ 
Astronomers use the ratio of the brightness at different colours (UBV - ultraviolet, blue, visible) to deduce the temperature. eg. Betelgeuse has a V/B ratio of 5.6 (giving a temperature of 3,500 K) while Bellatrix has a V/B of 0.8 (21,500 K). Sirius is 1.0 (9,400 K) and the Sun is 1.9 (5,800 K).

$ 
Perhaps surprisingly, for stars whose luminosity and surface temperature are known it is possible to use the two basic laws of physics dealing with heat radiation to deduce the size of the star:

$ 
Imagine putting your hand near a hot object; the amount of heat you feel depends on two factors - the temperature of the object, and the size of the object. If we know the amount of heat and the temperature, we can reverse this argument to find the size. This is just what astrophysicists do to find the size of stars.

$ 
It is the Stefan-Boltzmann law that tells us the total energy radiated from any black-body (including stars) per square metre of surface at a given temperature (E =  kAT4 where k = 5.7 x 10-8 W/m2.K4). And so knowing the temperature (from Wien’s law) as well as the total energy, or in this case power, (the luminosity) we can therefore find the surface area needed to produce that much radiation - and thus the radius.

$ 
That these laws apply to the stars can be confirmed by applying the procedure to the Sun and checking the results against the known size of the Sun. (Try it!)

$ 
This all depends on knowing the luminosity - which depends on knowing the distance…but we can only measure the distance to a mere 100,000 stars. If we could somehow find the (intrinsic) luminosity of the star we could find its distance! Knowing both would then enable us to find the radius – and a whole lot more! There is a way to find the luminosity of a star without knowing its distance! But first we need to know more about how stars work. So let’s look more closely at …

2. Our favourite star - what and how we know about it.
$ 
The relative sizes of the orbits in the solar system were well known since Kepler, but it required triangulation using the Earth's diameter to determine the actual distances. The distance to the Sun, and therefore its size, has been determined very accurately. (1 AU = 150 million km, R = 700,000 km)

$ 
The mass of the Sun can be found from Newton’s universal law of gravitation, and thus the average density can also be found: M = 2 x 1030 kg or 300,000 times the earth, and the average density is 1.4 kg/litre. (Water is 1 kg/litre.)

The Sun’s Energy
$ 
From these figures it was calculated that if the Sun was made of coal, it could burn for about 10,000 years - given a lot of oxygen! As life on the Earth seemed to be millions of years old this appeared to be a problem!

$ 
Lord Kelvin and Hermann von Helmholtz suggested that the collapsing matter forming the Sun would generate huge amounts of heat - but still not enough to last millions of years. (This process is very important in the formation of new stars however.)

$ 
The source of the Sun's energy was a mystery until nuclear forces and the relationship between mass and energy were understood. The light we see from the Sun is emitted from the photosphere, the temperature of which is 5,800 K. Presumably the interior is very much hotter! In 1920, Robert Atkinson suggested that the temperature inside the Sun would be high enough so that the collisions between hydrogen nuclei would form helium nuclei by hydrogen fusion - thus explaining the presence of helium in the Sun, and the amount of energy it produces.

$ 
Because the nucleons are 104 times closer than the electrons, the forces between them must be about (104)2 that is 108 times larger than the forces between atoms (this is about the ratio of the weight of a jumbo jet to a mosquito). This means that the energy involved in nuclear reactions will also be around 100 million times as great as in chemical reactions. Thus the Sun has enough fuel to last many billions of years.

$ 
As hydrogen fusion is a well studied process we can deduce the conditions inside the Sun which drive it and model the processes which bring the heat to the surface and radiate it into space. Computer modelling of these processes enables us to deduce much about the mechanisms that drive it.

Modelling the Sun
$ 
The models take the laws of mechanics, heat transfer, hydrostatics and more, and then make various assumptions about the conditions such as temperature and pressure inside the Sun. A computer can then ‘run’ the model. If the model ‘sun’ dies out or blows up the assumptions were wrong! The process continues until the model closely matches the real thing.

$ 
These models show that: The inner core, where the fusion takes place, is about 0.25 R, the temp is 10 million K, density 160 kg/litre (14 x lead), pressure 340 billion atmospheres. The energy flows by ‘radiative diffusion’ out to 0.7R. There the pressure is down to 10 million atmosphere, temperature 1 million K and density 0.08 kg/litre (60 x air). 99% of the mass is below and convection currents take over - which we see as the moving ‘granules’ at the surface. It actually takes about 170,000 years for the energy generated in the core to reach the surface. The light we see by today was generated before human civilization began!

$ 
The atmosphere of the Sun has several layers. The photosphere is the visible, opaque layer 400 km thick and 5800 K. But it is only 10-4 as dense as air. The chromosphere is about 2000 km thick, 10-8 as dense as our atmosphere, but reaches a temperature of 25,000 K and glows red due to the excited hydrogen atoms. The corona is millions of km deep, 10-14 as dense as air, and about 1,000,000 K. It has a dull whitish glow which we can see during an eclipse. The solar wind that reaches the Earth and causes auroras originates in the corona.

$ 
Sunspots are the result of ‘knots’ that develop in the sun’s magnetic field which seem to ‘wind up’, and then unwind, over an 11 year cycle. The field winds up as the result of the differential rotation of the equator and poles of the sun.

3. We know stars by their light - it even tells us their distance
Spectra
$ 
The continuous spectrum of stars tells us much about their temperature, but there is a lot more information in the spectra of stars.

$ 
Astronomers examine the spectrum of stars by putting a prism or diffraction grating in the light path. They then get a picture or graph which is carefully analysed.

$ 
The continuous spectrum of a star provides information about the temperature of the surface, and the absorption and emission lines tell us what elements are present and under what conditions. The spectra of stars are quite similar to the spectrum of the Sun, indicating that they have similar characteristics and processes. It also justifies our faith in the universality of the laws of physics!
$ 
Stellar spectra are classified according to a system which grades them on the basis of the relative strength of certain lines which indicate the surface temperature (hot-OBAFGKM-cool). (The lines result from ionisation which occurs at different temperatures.)

The H-R Diagram and ‘Spectroscopic parallax’
$ 
The Hertzsprung-Russell (H-R) diagram is a graph of the relationship between the surface temperature and luminosity of stars. Generally, the hotter a star the brighter it is - this is the main sequence. The Sun is about in the middle of the main sequence. As we move up the main sequence on the H-R diagram the stars become hotter, brighter and larger. Computer models show that they would be short lived as, even though larger, they are burning their fuel much faster. This is consistent with other evidence.

$ 
The stars at top right are huge (1000 R) - red giants (about 1%), and at bottom left are small (0.001 R) white dwarfs (9%). (To be cool and bright they have to be large! And vice-versa)

$ 
Giants and dwarfs can be identified by small changes in certain spectral lines - eg. due to lower pressure in their atmosphere.

$ 
A new star can therefore be placed on the H-R diagram according to its colour/spectrum. Provided it is a main sequence star this enables us to find its luminosity. Given the luminosity (actual brightness) and apparent brightness we can then use the inverse square law to find its distance. This enables the distance to virtually all stars to be found. This technique is called spectroscopic parallax. (Rather confusingly as there is no trigonometry involved!)

$ 
The mass of the Sun is found from the motion of its planets. In a similar way the mass of binary stars can be determined from their motion and separation. It is found that there is a simple mass-luminosity relationship (L  m3) for main sequence stars. It can then be assumed that this applies to all stars, not just the binaries.

Stellar evolution
$ 
What does it all mean? By studying clusters (stars which were presumably ‘born’ at the same time) of various ages we find that all stars begin their lives on the main sequence. New clusters have more relatively large stars but older ones have relatively few - they have burnt out.

$ 
So we deduce that large stars die young, becoming giants or supergiants for a relatively short time, and then moving downward to become dwarfs as they collapse to electron degenerate matter. As they cool they eventually slide off to the lower right of the diagram.

$ 
But some very large stars end their lives more spectacularly as supernovae, an exploding star! This is just as well because that is the only way the universe has to create the heavier elements - without which we wouldn’t be here to talk about it. We are literally made of stardust! Tycho Brahe saw the supernova in Cassiopeia in 1572 and that was one of the reasons he decided to study astronomy with such vigour. Now the remnants of that supernova make a lovely sight (see Hubble telescope picture of it.)

4. Whole new worlds - the discovery of galaxies
$ 
Hubble found (using Cepheids) that certain 'nebulae' were not dust clouds, as had been thought, but distant galaxies. He used Cepheid variables in the nebulae to show that they were much further away than any stars in the Milky Way. (Cepheids are bright stars with a predictable luminosity-period relationship. This enables us to find their distance from their apparent brightness.)

$ 
Galaxies come in four major types (spiral, barred spiral, ellipse and irregular) and tend to group in clusters. The Milky Way is spiral with a diameter of about 50 kpc and thickness less than 1 kpc. The Sun is about 8 kpc from the centre.

$ 
On the large scale, galaxies were found to have a Doppler ‘redshift’, which suggested that they were moving away from us. Hubble found that their speed was proportional to their distance; v = Hod, where Ho is the Hubble constant, which has a value of about 70 km/sec/Mpc.

$ 
Galaxies appear to have much more mass than the visible matter in them. The search is on for the missing ‘dark matter’.

$ 
Quasars, extremely bright objects at vast distances, may have been present at the beginnings of galaxies.

5. The expanding universe
$ 
Hubble’s discovery resolved a long standing problem - Olber’s paradox - why was the sky dark at night? A stable, infinite universe should be bright! But if it is expanding, some stars are so distant that their light has not reached us.

$ 
Hubble’s discovery and Einstein’s general relativity suggested that it is space itself which is expanding, and causing the recession of distant galaxies. Objects within space are not expanding. A 2D model is ants on an expanding balloon. They are moving apart but there is no ‘centre’ or ‘edge’ to their world. Something similar is happening to 3D space.

Theories of the origin and end of the universe
$ 
Hoyle's steady state theory explained this by postulating the continuous creation of matter. After all, what was the alternative? Some sort of big bang? That seemed even more ridiculous!

$ 
If there really was a big bang, there should be left over ‘heat radiation’, cooled right down, but still radiating around the universe.

$ 
The discovery of cosmic microwave background in the 1960's and later accurately measured by COBE and WMAP confirmed the BB picture!

$ 
The age of the universe is given by 1/Ho. That is, if the universe is expanding and we run it backwards we can figure out when it started. WMAP has helped determine Ho and the age is found to be close to 14 billion years.

$ 
How will it all end? Another ‘big crunch’? Is space open, flat, or closed? The CMB radiation has been travelling through space for ever and is effected by the curvature. Results from WMAP suggest that in fact space is ‘flat’. This enables the total mass of the universe to be found - confirming that there is a lot of missing ‘dark matter’ and ‘dark energy’.

$ 
The WMAP results also seem to suggest that the expansion of the universe is accelerating! This opens up a whole new area of investigation.

$ 
And then there are all those ‘parallel universes’ to investigate! There are plenty of questions left for the next generation of keen young astrophysicists! So why and what is the universe? Who know? But it’s sure fun trying to find out! 

Prac work and Investigations: Some possible pracs: 

- Distance determination by parallax (but don’t spend too much time on it).

- The inverse square law - count the dots on a small screen held in a projected beam of dots.

- Probably the best investigations are those from CLEA (Contemporary Laboratory Experiences in Astronomy). These are free to download from www.gettysburg.edu/academics/physics/clea/  The best for this DS would be: ‘Classification of Stellar Spectra’ and ‘Hubble Redshift Distance Relation’.

- Another source of great investigations is LEA (Laboratory Exercises in Astronomy) a set of exercises (on paper) originally published in Sky and Telescope magazine in the 70's & 80's. See the reference below for the source. 

- For other resources and ideas for practical activities see: www.vicphysics.org - Teachers - Unit 2 – Astrophysics – Astronomy Resources.

Please let me know of any additions/corrections to the above.
Feb 2007

Good luck - and enjoy a great cosmic adventure with your students!
Keith Burrows  keith.b@physics.org 

