ATSR 102 Point Form Summary Themes 1-5

Theme 1: The Fundamental Properties of the Sun
· we can straightforwardly determine many of the superficial properties of the sun, but it takes considerably more thought to determine what its true physical nature and interior structure must be
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· to work out the sun's true size, we need to know how far away it is. (It is important to remember that determining distances in astronomy is critical if we are to understand the true physics.) Fortunately, we can do this within the solar system by sending out radar signals.

· the surface temperature of the sun comes from a consideration of the light it emits, while its detailed composition follows from the analysis of the discrete absorption lines in the solar spectrum. (This is not straightforward: it requires a good understanding of the atomic physics. See the ASTR 101 course notes.) At least the outer parts of the sun are (roughly) 2/3 Hydrogen, 1/3 Helium, and just a few percent of everything else.

· we determine the mass of the sun from the gravitational influence it has on the Earth and the other planets. (If you need to, re-read the relevant sections in the ASTR 101 course notes to remind yourself how this works.)

· from the sun's known size and mass, we calculate that it is considerably less dense, overall, than the Earth, so it cannot be simply a scaled-up version of a rocky planet

· the movement of sunspots reveals that the sun rotates differentially at the surface, which tells us in turn that it is not completely solid, at least in the outer parts

· the fossil record tells us that the Earth has had liquid water oceans for billions of years, so we infer that the sun's temperature and brightness must not have changed significantly over that long time-span

· to understand its long-lasting stability, we need to have a good understanding of its deep interior structure. Fortunately, this is not an impossible problem.

· The enormous mass of the sun means that its self-gravity -- that is, the gravitational pull of its constituent parts on one one another -- fantastically dominates any imaginable source of support other than very high temperatures. No girders, molecular bonds, or internal crystalline structure could withstand the fantastic pull of gravity, and the inevitable conclusion is that the sun must have a central temperature of 10-15 million degrees.

· this extreme heat has two consequences:

· the rapidly-moving particles provide a sustaining pressure that helps to hold the sun up (analogous to the way in which the molecules of air in the room bump into one another and 'puff up' the atmosphere so that the gas doesn't all fall down to form a thin layer on the floor); and

· the extremely heat of the solar material means that it gives off lots of light, yielding an outward 'radiation pressure' that also contributes to supporting the material

· in addition, as a result of this high temperature, all the atoms of all the elements in the deep interior of the sun are fully ionized -- that is, all the electrons are stripped off all the atoms, and we have a sea of free electrons and atomic nuclei rushing about. Unlike ordinary atoms where central nuclei are surrounded by extended 'clouds' of electrons, these are tiny objects, and as a consequence the interior of the sun acts like a Perfect Gas, with particularly simple laws which describe the structure. This makes the physical analysis surprisingly straightforward!

· a first naive thought about the sun suggests that it must do one of two things:

· if it has no source of internal energy generation, it will presumably lose its heat and turn into a cooler version of itself ; or

· if it has an 'internal engine' supplying fresh energy, it may be able to maintain itself, essentially unchanging, for a very long time

· even if it does have an inner 'engine', it must be destined eventually to run out of fuel (whatever that may be). This would seem to suggest that the first option above is inevitable, and that the sun will eventually die by becoming a cool cinder of some description, fading away like a dying lump of coal

· this expectation is wrong! Gravity changes everything! In particular, it means that the sun cannot cool down. Paradoxically, the inexorable loss of radiant energy (heat and light) has the inevitable consequence of the sun getting even hotter as its fuel supply diminishes (at least in the deep inner parts). In short, as the sun expends its energy, radiating it out into space, it gets hotter rather than cooler!

· it accomplishes this by shrinking a little, converting gravitational potential energy to heat (thermal energy). Re-read the third section of the first theme in the ASTR 101 course notes to remind yourself how this works, and indeed to remind yourself that this is the reason that the stars are hot in the first place! (We will explore this critcal concept in more detailed fashion, and see how it applies to evolving stars, in later themes in this ASTR 102 course.)

· although the stars were hot from birth (thanks to the effects of the gravitational contraction that formed them), the nuclear reactions in their centres provide the 'internal engine' that keeps the stars and sun hot for billions of years. Without nuclear reactions, the stars would not enjoy the enormous longevity that they do.

· A little more than a century ago, this was not known, and two other sources of energy were considered.

· ordinary chemical reactions (literal burning, like wood in a campfire) would provide the sun with many thousands of years of life at best.

· it seemed more likely that the Sun was continuing slowly to shrink ('Kelvin' contraction), with a steady conversion of potential energy to thermal energy (internal heat). But even this process implied a maximum possible lifespan of only about 10 million years for the sun

· these estimates were at odds with the enormous timespan needed for Darwinian biological evolution, but no one knew then how to resolve the differences

· in 1905, a little over a century ago, Einstein showed that there is a relationship between mass and energy (E = m2c). Matter is, in some sense, frozen energy. This explains the enormous energy released in atomic reactors and bombs, where a small amount of mass quite literally disappears and is convered to pure energy.

· this seems to violate one of the great Conservation Laws that we met in ASTR 101, where I said that mass cannot freely be created or destroyed. (Re-read the discussion of "Isaac Newton's Physics" in the ASTR 101 course notes.) But modern physics adopts a modified Conservation Law in which the sum total of mass and energy is conserved, with the ability to convert mass to energy and vice-versa.

· Einstein's equation implies that if even a tiny fraction of the mass of the sun could be continuously converted to a lot of energy, the sun could keep hot and essentially unchanging for billions of years while it slowly 'consumed itself'

· in fact, the sun has enough total mass to keep up its rate of energy output for literally trillions of years! It will not, however, last that long because it does not convert all of its mass to energy -- only about a tenth of a percent by the end of its life.

· this still gives it a potential life of ten billion years. We know that the solar system was formed about 4.6 billion years ago (see "The Age of the Solar System" in the ASTR 101 course notes to remind yourself how we determine that). So we conclude that our solar system is just entering its middle age.

Theme 2: Thermonuclear Fusion in the Sun
· sometimes, the conversion of mass to energy happens spontaneously, in a lump of undistinguished material, like a chunck of rock. This is the source of the energy released in the radioactive breakdown of naturally-occuring elements like Uranium, in a process known as nuclear fission

· by contrast, the conversion of mass to energy happens with great effectiveness in the sun simply because is so hot there, a circumstance that allows a series of thermonuclear fusion reactions to take place. These reactions would not occur in a cool gas of the same composition: the ten-million-degree temperature is the key.

· in the sun, hydrogen atoms are being fused together to make helium. A lump of helium is less massive than the four hydrogens that were joined together, and the lost mass (a bit less than one percent of the total) appears as energy.

· this cannot happen unless it is very hot. The hydrogen nuclei, which are protons, repel each other because they have positive electical charges. (Remember that "opposite charges attract; like charges repel.") The protons will only fuse together if they can be made to race about at high speed and slam into each other despite the electical repulsion. Once they get very close to each other, a new force takes over and binds them together. (In fact, this process also relies on some subtle 'quantum mechanical' effects, not foreseen in classical physics, that allows the protons unexpectedly to merge despite the repulsion.)

· the small amounts of heavier elements present in the sun play no significant role in the energy generation in the sun: hydrogen is the raw fuel, and helium is the product. We will see later that heavier elements can play a role in later stages of a star's life, especially in stars that are more massive than the sun. We will also learn that the heavy elements were themselves created in stars, and moreover that we understand the varied abundances we see in nature. (This explains, for example, why uranium is very rare but iron is not.)

· the sun is very stable: if you were to squeeze it, it would spring back to its original shape in a matter of minutes. Squeezing makes it hotter in the middle, which increases the sustaining pressure; it also increases the thermonuclear reactions, which releases more energy. For both reasons, is quickly 'pops' back to its original size, like a balloon which you briefly dimple and let go.

· these considerations all explain the remarkable longevity and stability of the sun (without which we would not be here to make these comments!)

· I remind you all that astrophysicists make precise numerical calculations of stellar structure, the rates of the nuclear reactions, and so on. Astronomy is an intensely mathematical subject, although I do not present that face of it to you in ASTR 102.

· as noted in the previous unit, the material in the centre of the sun is a completely ionized plasma (a cloud of hot gas in which all the electrons have been stripped from all the nuclei). This simplifies the behaviour (fortunately for physicists!). Thermonuclear fusion reactions take place between the nuclei.

· the binding energy curve, the nature of which you will need to understand qualitatively, tells us how much energy can be extracted by various nuclear processes. These reactions come in two kinds: fission and fusion

· in fission, a big nucleus, like uranium, breaks into two or more smaller pieces. The sum of the masses of the pieces is less than the original, with the difference showing up in the form of energy. (Imagine cutting a kilogram of butter into two parts, and discovering that the two lumps weighed precisely 666 and 333 grams. Where did the missing gram go?)

· in fusion, by contrast, two or more small lumps are merged together to form a heavier nucleus. In this case, the new lump weighs less than the sum of the small pieces, and energy is released. (Imagine mixing 200 gm of sugar with 100 gm of beaten eggs, and finding that the mixture weighs only 295 grams. Where did the missing 5 grams go?)

· the binding energy curve allows the physicist to work out the energy released. The critical point is the shape of the curve. The steepness at the low-atomic-number end tells us that if you merge a few little pieces, as in using Hydrogen to form Helium, you get out an enormous amount of energy.

· by contrast, the curve is considerably flatter at the high-atomic-number end. This tells us that breaking a big lump, like Uranium, into smaller pieces yields considerably less energy (but still quite a lot, compared to what can be produced by ordinary chemical reactions like burning)! This is how Uranium can power an atomic bomb -- or the Pickering power plant!

· fission (the breaking apart of radioactive elements) can occur spontaneously in nature, most often when a stray neutron hits the uranium nucleus (or plutonium or some other receptive element) and makes it unstable.

· typically, the uranium breaks into two big nuclei (often Krypton and Barium). Interestingly, though, it also releases two more neutrons, each of which can spark yet another fission event if they hit another uranium nucleus.

· if uranium atoms are packed closely together, this can give rise to a chain reaction that releases lots of energy. We do this in a controlled way in the Pickering reactors. (The energy is used to heat water to steam, which drives turbines to produce electricity.)

· if we have too many uranium nuclei in close proximity (more than what is called the critical mass), the reaction is uncontrollable and leads to an explosion: you have an atomic bomb.

· by contrast, hydrogen bombs do not rely on chain reactions! Fusing one set of hydrogen nuclei together will not automatically lead to another set doing so. But if you have a lot of ultra-hot material, you can get many such reactions happening here and there, quite independently, with a colossal release of energy -- a hydrogen bomb

· the big difference is this: 
· to create an atomic bomb, you just need to accumulate the fuel into a lump that exceeds the critical mass, and allow stray neutrons to spark the reaction; 
· by contrast, the fuel in the hydrogen bomb needs to be heated to millions of degrees before the reactions will start. This is harder to do, but obviously not impossible. (In fact, the 'fuse' in a hydrogen bomb is an atomic bomb!)

· if we could control them, fusion reactors on Earth could provide us with essentially limitless energy, and would not produce the 'dirty' waste products (radioactive elements) that fission reactors do. The problem is that it is hard to confine a modest amount of hydrogen gas that is at a temperature of millions of degrees, which is required if we want fusion reactions to tick along at some controlled pace. Various engineering research projects are seeking to develop the technology to do this.

· in the sun, Hydrogen is fused to form Helium. Helium is just about 4 times the mass of Hydrogen, so the fundamental process is that four hydrogen nuclei get fused together to make helium. The mechanism does not, however, depend on a single collision of four protons all at the same instant -- this would be extremely unlikely!! -- but instead relies on a steady buildup, piece by piece, through a chain of reactions known as the pp, or proton-proton, cycle.

· this cycle produces energy (much of it in the form of energetic gamma-rays: light!), plus positrons ('anti-matter') and neutrinos

· each positron carries off the positive charge of one of the original protons, leaving it as a neutron. (Helium has two neutrons and two protons, so two of the incoming protons have to change in this way.) But the positrons are short-lived. They promptly run into electrons and annihilate completely, forming yet more gamma rays (radiant energy)

· we cannot control or contain positrons on Earth, but as unlikely as it may sound, they have an everyday usefulness in medicine, in an application called PET (Positron Emission Tomography). The positrons that we use in PET are not, however, formed by thermonuclear reactions, but are created in the spontaneous decay of trace amounts of radioactive elements introduced into the human body

· the neutrinos that are created in the fusion cycle have a profound importance which we will return to a bit later

· as noted above, the reactions which fuse hydrogen into helium in the sun take place in stages, with a slow build-up through a series of steps where pieces of intermediate size are synthesized

· not all the steps in the process happen equally quickly: some reactions are more likely than others

· as a result, varied amounts of the intermediate products are produced, depending on whether or not there is a 'bottle-neck' in that stage of the proceedings

· you do not need to know the details of the particular reaction steps. The important point is that astrophysicists must know and understand these things because the rate of fuel consumption, and thus the potential lifetime of the sun, will depend on these slow changes in the composition and structure

· moreover, we have to be aware of other possible ways of producing energy. (If we want to understand the Sun completely, we'd better know about all the thermonuclear reactions it is undergoing!) It turns out that there are a few other ways of fusing hydrogen into helium

· one involves the momentary creation of other light elements, including Lithium, Boron, and Beryllium, which go on to participate in subsequent reactions -- but always with the net effect of converting hydrogen to helium. These are described as alternative branches of the pp cycle

· there is yet another way to convert hydrogen to helium, if you have a star which contains a small amount of Carbon, Nitrogen and Oxygen (which the Sun does). In the so-called CNO cycle, the elements Carbon, Nitrogen and Oxygen act rather as a catalyst. That is, they get involved in the reaction process, but the net effect is simply to turn Hydrogen to Helium, with no net change to the overall abundance of C, N, or O. Thus these elements merely facilitate the basic H -> He process.

· incidentally, this is not really a catalytic process because a true catalyst does not participate in the reactions it encourages -- instead, it merely acts as a favourable site for them to take place. Here, the C, N, and O do actively participate, but at the end of the cycle they wind up unchanged

· in any event, the CNO cycle, although a modest contributor, is not particularly important in the Sun: it is really only a significant source of energy in considerably hotter stars. The reason is the CNO reactions require the merging of protons with nuclei of C, N and O at various stages. But those nuclei contain 6,7, or 8 protons respectively, so their individual positive charges strongly repel any approaching protons. Consequently, the protons have to be moving really fast if these reactions are to take place -- in other words, the gas has to be very hot.

· putting it all together, astrophysicists now believe that they have a complete understanding of the reactions happening deep in the core of the sun. Ideally, we would like to have a probe of that: that is, to be able to measure the actual current rate of energy release deep within the core.

· unfortunately, the present release of radiant energy from the surface of the sun really only tells us about the reactions that were going on almost a million years ago. This is because the energy released there trickles its way out through various interactions and collisions with other particles, in a phenomenon which can be modelled as a drunkard's walk. Only then does the energy leave the sun and make its way speedily to us.

· we'd prefer to have some way of gauging the rate of reactions going on right now in the core of the sun. Ideally this means that we should study something that comes directly out, as though the sun were transparent. There are such particles: the neutrinos.

· neutrinos scarcely interact at all with ordinary matter, and they pass essentially unaffected through the sun's outer parts. The problem is that essentially all of them will also pass through any detectors we build on Earth (and indeed through the Earth itself) so they are very hard to detect and count!

· from our calculations of the rates of nuclear reactions in the sun, it is actually quite straightforward to predict the number of neutrinos passing by the Earth. In fact, there are reckoned to be about 100 billion of them passing through every square centimeter of the surface of the Earth -- that means through you, too! -- every second. The problem is to detect at least some of them, so that we can test this prediction

· neutrinos sound a little mystical, and in fact they were predicted long before they were ever directly detected. The prediction was intended to save the principles of the conservation of linear momentum and of energy. (Look back at the ASTR 101 notes to remind yourself what this means.) In the 1930's, physicists discovered that neutrons occasionally decay into two pieces in a way which did not conserve linear momentum and energy. The simplest explanation was to suppose that there was a new particle being created which had not yet been observed! It would have to move in a way which accounted for the 'missing' momentum and energy, but we would have to accept that these particles are unfortunately very elusive (or else they would have been observed before!)

· neutrinos can be produced in large and quite predictable numbers by nuclear reactors, which we can turn on and off. Although they are fantastically elusive, there are also ways of detecting a very tiny fraction of those produced. So the trick is to set up a detector near a nuclear reactor, then turn it on and see if the expected (weak but detectable) signal is found. In this way, we were able first to detect neutrinos in 1956, a couple of decades after their existence was first hypothesized. (This experiment won the Nobel Prize many years later, in 1994.) So neutrinos do exist!

· it was determined quite early on that there are actually three kinds (or flavours) of neutrinos. They can be produced in different ways, by different sub-atomic particles in various interactions and decays. On the other hand, the pp-cycle in the sun produces just one kind of neutrino: the so-called electron neutrinos

· as we noted, it would informative to detect some of the neutrinos flowing from the sun. It seems logical to look for the electron neutrinos specifically, since they are the ones created in the nuclear reactions happening there. So the first astronomical experiments were designed to be sensitive to only that kind of neutrinos

· The first such solar neutrino experiment used a tank of cleaning fluid deep in a mine (where it was shielded from interfering cosmic rays). This experiment worked -- it did indeed detect solar neutrinos! -- but it was not ideal, in several respects:

· There was no directional sensitivity (so there was no absolute guarantee that the detected neturinos were even coming from the sun, although there are no obvious other nearby cosmic sources);

· there was no time discrimination (so there was no way of telling exactly when the neturinos arrived, or whether they arrived randomly or in bunches);

· the use of chlorine-rich cleaning fluid was not the most sensitive technique available, just a simple first attempt;

· and the experiment was sensitive to only one kind of neutrino.

Still, it was an important and successful first attempt!

· Surprisingly, though, this experiment detected fewer than half the number of neutrinos expected. Why? There were three obvious possibilities:

46. maybe the experiment was faulty in some unexpected way

46. maybe the sun was not producing as many neutrinos as theory predicted

46. maybe the neutrinos left the sun in one form, but perhaps some of them turned into a different kind of neutrino en route, thanks to a mechanism called neutrino mixing. If so, the transformed neutrinos would not be detected because, by design, the instrument (the tank of cleaning fluid) would only respond to electron neutrinos

1. repeated independent experiments confirmed the deficit, using other methods, confirming that there was indeed a problem. So we can rule out explanation 1. Consequently, either we were wrong about the rate of nuclear reactions in the sun, or we were wrong about the nature of neutrinos -- but which was it?

1. the Sudbury Neutrino Observatory, which has its headquarters here at Queen's, was an experiment deep in a mine in Sudbury (2 km underground). It had directionality, time discrimination, better sensitivity, and the ability to detect all three kinds of neutrinos -- so it was better in all respects than previous experiments. (Even so, it still saw only a minuscule fraction of all the neutrinos that pass by, of course!)

1. the neutrino observatory consisted of a huge underground vessel filled with a thousand tons of 'heavy water' -- water in which ordinary hydrogen has been replaced by deuterium. This made it much more likely that the neutrinos would interact as they pass through: deuterium is a very effective "neutrino catcher"

1. the neutrinos can interact with the heavy water in a few ways, but the most likely result of an interaction is that an electron in the tank of heavy water will be accelerated to a speed greater than the speed of light in water. (As Einstein told us, nothing can outrun light in empty space, but light gets slowed down in other materials.) Charged particles moving at these 'superluminal' speeds emit light in the direction of motion, rather like momentarily turning on the headlights of a speeding car; and the brief flash of light is picked up by inward-looking phototubes (of which the SNO experiment has nearly ten thousand). So we can record the time of arrival of the neutrino (when the flash is seen), and the direction from which it came. The most important point, however, is that the experiment is sensitive to all three kinds of neutrinos.

1. in the end, the SNO experiment demonstrated conclusively that there are just as many neutrinos flowing from the sun as predicted -- but that some of them have converted into other 'flavours' on the way. In our earlier experiments, which were designed to pick up only electron neutrinos, we were simply unable to detect the ones that had changed. So the astrophysicists were proven to be quite right about the Sun and the rate of its nuclear reactions!

1. the profound revelation, however, is that neutrino mixing does occur: the neutrinos are changing flavour (from one kind to another) as they travel. This has enormous implications for our basic understanding and represents a considerable overthrow of the 'Standard Model' of particle physics. This was therefore one of the most important findings in physics research for many years

1. in the Fall of 2015, the Nobel Prize in Physics was awarded to Professor Art McDonald, the Director of the SNO Project and a professor right here at Queen's University, in recognition of the SNO Project's definitive demonstration of the phenomenon of neutrino mixing

1. consider now the face of the sun. It is the nearest star, metaphorically 'on our doorstep,' and can be studied in intricate detail -- far more than we need for this course

1. the granular structure that we see is caused by convection, the churning motions of the outer parts as the internal heat makes its way out

1. the visible part of the sun is surrounded by a very hot but tenuous (low-density) corona, visible during eclipses. That gas is so thin that it emits very little total light despite the million-degree temperature.

1. sunspots are seen to come and go in regular fashion, in roughly an 11-year cycle

1. at the start of the sunspot cycle, the first sunspots appear in mid latitudes. As time passes, the older spots vanish but we see new sunspots which appear at progressively lower latitudes (i.e. nearer the equator)

1. after about 11 years, the face of the sun is 'wiped clean' and the cycle starts again

1. the sunspots look dark because they are somewhat cooler than the surrounding gas, and emit correspondingly less light

1. being cooler, these regions of gas should quicky collapse under the pressure of the surrounding hotter gas, but do not. This tells us that there must be some extra source of pressure support in the sunspots

1. that pressure is provided by a strong magnetic field in the sunspot: the ionised gas is not free to move with complete liberty in the magnetic field, and this resistance provides an extra 'buoyancy'

1. the presence of the magnetic field is deduced from the behaviour of absorption lines in the light emitted by the sunspot regions. The magnetic field there is several hundred times the strength of the overall field of the sun

1. we now understand the sunspot cycle in terms of the general magnetic field of the sun getting progressively more 'wound up' as the sun rotates. This happens because the sun does not rotate as a solid body, as a basketball would, but rather differentially, being a fluid. Here and there, the tangled magnetic field 'pops out' through the solar surface, and the extra pressure support provided by the locally strong magnetic field allows the hot gas to radiate away its heat, cool off, and darken (forming a sunspot pair)

1. after about 11 years of progressively getting more tangled, the magnetic field simply 'wipes the slate clean' and goes back to a simple dipole field (like a bar magnet), except that the North and South poles have reversed. In this sense, the apparent 11-year cycle is actually a 22-year cycle

1. similar magnetic field reversals happen in the Earth, on much longer and less regular timescales. (The magnetic field of the Earth is produced in its swirling molten metal core, deep in the interior.)

1. one might suspect that the presence of sunspots would have an effect on the Earth, or on life on Earth. (For instance, the sun might be a little dimmer when its face is flecked with cooler sunspot regions; that might affect the biosphere.) But the evidence is subtle, and there is no obvious effect that seems to come and go on 11-year (or 22-year) timescales. One problem is that we do not have reliable sunspot records beyond just a few centuries ago, and the limited database makes the question a very difficult one to address

1. there is, however, suggestive evidence that some centuries ago there was a long period (the 'Maunder minimum') during which there were relatively few sunspots overall and the climate on the Earth was atypically cool for some decades. Whether this is a cause-and-effect relationship is not at all clear, however

1. we have one more way of studying the interior of the sun: we can see how it 'rings' in response to various motions within it that make it jiggle (rather as we use seismology on Earth -- the way earthquake disturbances pass through the Earth itself -- to learn about the interior structure of our planet). Applied to the sun, this is the science of helioseismology

1. the sun is vibrating in many 'modes' -- just as a musical instrument vibrates in a lot of different overtones. (Indeed, in music, it is the complex spectrum of overtones that gives rise to the rich nature and distinctive sound of various musical instruments.) In that sense, the sun is like an enormous bell, the 'ringing' of which tells us about its interior structure

1. in combination, helioseismology and the neutrino observations leave us confident that we have a very good understanding of the interior of the sun -- both the physical and compositional structure, and the thermonuclear reactions going on within it

An Introduction to the Stars; the Distances of Stars
· when we move from the Solar System (the topic of ASTR 101) to the realm of the stars, we are taking an enormous step in scale. The planets, moons, asteroids, comets, and the sun form a compact grouping in which (for example) the gravity of Jupiter has an important effect on the motion of Mars, and asteroids may collide with planets with disastrous consequences. By contrast, the individual stars are separated by huge distances and do not generally interact with one another significantly

· they do affect each other collectively, however. Any given star moves in the Milky Way in response to the combined gravitational influence of all the others (plus any other material present, like gas and dust)

· moreover, there are circumstances (binary stars, clusters of stars) where there are much closer interactions. But in general, a single star leads a life of quiet isolation

· we can study the motions of individual stars in two ways:
· watch slowly changing postions, thanks to sideways motions; or
· use the Doppler shift to measure radial velocities (i.e. towards or away from us)

· from the patterns of motions, we can infer that the sun is travelling at a speed of about 30 km/sec through the general distibution of stars in the solar neighbourhood

· with this kind of characteristic speed, a statistical analysis confirms that collisions between individual stars will almost never occur, even given the billions of stars in our Galaxy

· the most obvious thing about the stars is that they differ in apparent brightness. Of course, this could be because they are all identical but at a variety of different distances; on the other hand, there may be real differences between the stars. We need to determine the individual distances in order to address that question

· astronomers describe the brightnesses of the stars using an unfamiliar scale of magnitudes, which many people find confusing. You do not need to fully understand or apply the technical use of magnitudes as astronomers do, but it is a concept you may encounter in your readings

· the magnitude scale had its origins in ancient Greece, and was based on simple eyeball observations of the visible stars (although it has subsequently been more precisely and mathematically defined). It has the following features:
· fainter stars have numerically larger magnitudes (which some people find counter-intuitive);
· the magnitude scale can be negative or positive (just as the Celsius temperature scale can be);
· there is nothing special about a magnitude of "zero" - a star with this brightness is merely a relatively bright one, like Vega

· stars have different colours, which means simply that they produce different proportions of red and blue light. A cool star produces mostly red light; if it were to get hotter, it would produce more light overall, but the balance would shift to the blue

· in principle, this means that the colour of a star is a good indicator of its temperature. The problem is that the colours can be affected by intervening gas and dust. This is analagous to the way the sun looks red at sunset, when it is low on the horizon and seen through a lot of the Earth's atmosphere. For the stars, however, the problem is caused by interstellar material

· on the other hand, if you can spread the light of a star out into a spectrum, the pattern of absorption lines you see will tell you the truth about the temperature. A hot star has characteristically different absorption lines than a cool star. If such a star is deceptively red in colour, there must be intervening gas and dust -- which will also make the star fainter than expected, thereby confusing our impressions of its distance

· astronomers tried, literally for centuries, to detect heliocentric stellar parallax -- the effect by which the nearest stars should seem to shift about relative to the background of more distant stars as a result of the Earth's changing position as it orbits around the sun

· the problem was that stars are very remote. One can crudely estimate that the stars in the night sky appear to be about a trillion times fainter than the sun, which means (if the sun is a typical star) that the stars must be a million times farther away. This would explain the lack of readily observable parallax

· astronomers also picked the wrong targets to start with. They studied the stars that shine the brightest in the night sky, assuming that this was a consequence of the fact that they were the closest. This is not in general the case: the stars that appear so bright are often super-luminous stars that show up conspicuously even though they are very far away

· it was subsequently realized that the stars that appear to be moving quickly across the sky in their individual 'proper motions' are likely to be quite nearby. A remote star will scarcely seem to shift in position, even if moving quickly; a nearby star, even if moving rather slowly, will shift noticeably in position as time passes

· this realization led quickly to the first parallax measurements, in 1837, with many more to follow

· astronomers measure distances in parsecs, a contrived word which includes parts of the words parallax and the very small angle of a second of arc. (That tiny angle of one arc second is in fact about the size of the largest stellar parallax known, for the very closest star of all.) A shift of such a small size means that even the nearest stars will move almost imperceptibly between photographs taken months apart

· in this course, I will tend to describe distances in light-years. This has the virtue of reminding us that we see the stars and galaxies as they were in the past

· in the race to measure stellar parallaxes, there was one important serendipitous discovery. Herschel had the bright idea of studying stars which appear to be closely side-by-side in the sky. He assumed that one of the stars was very far off, in the background, and that it would serve as a good reference point against which the other star would seem to jump back and forth as the Earth orbited the sun. Instead, he found that such pairs of stars orbited each other! In other words, he had discovered binary stars! They are vital in our determinations of stellar masses, so this was fortunate indeed

· over the course of almost two centuries, ground-based observations have yielded some tens of thousands of precise parallax measurements. Using satellites allows higher precision, since the images are not blurred by the Earth's atmosphere, and the HIPPARCOS satellite in particular allowed us to get parallaxes for over a million stars. There are, however, a hundred thousand times as many stars as this in our own galaxy, so the lesson is that parallax measurements work for only a tiny fraction of the stars - just the relatively nearby ones. (We will meet other tools for distance measurements later.)

· knowing the distances of many stars, we can now work out their absolute (or intrinsic) brightnesses, free of any misleading effects caused by their varied distances

· thanks to having discovered binary stars, we can now now also work out masses of stars, from seeing how they affect each other in their mutual orbits and applying Newton's Laws. It should be noted, however, that we first need to know the distance to the binary pair in order to work out the masses

· using eclipsing binaries, in which one star regularly passes in front of its partner, we can also determine the radii (sizes) of the stars, even if the two stars are merged hopelessly into a single point-like dot of light. There are other, more indirect ways of estimating sizes as well

· In the end, all these studies tell us the distances, true (intrinsic) brightnesses, temperatures, sizes and masses of the stars -- after which we can do some real astrophysics!

The Physics of the Stars
· knowing the distances of stars allows us to investigate whether the various intrinsic properties depend on one another. This kind of search for correlations is an everyday tool used by scientists of all kinds

· we have to be careful to look at intrinsic properties, unaffected by irrelevant factors. So we have to compensate for the fact that remote stars look fainter in a way that tells you nothing about the stars themselves. The knowledge of distances allows us to do this, to metaphorically place the stars "side-by-side" to identify those which are truly brightest and truly faintest

· perhaps the most obvious correlation to consider is that of seeing whether the brightness of a star depends in any way on its temperature

· the star's temperature may be manifested by its spectral type or by its colour (the latter of these can be misleading because interstellar material can make a star look redder [cooler] than it really is)

· historically, this important correlation was studied independently by Hertzsprung and Russell, so the resultant figure is known as the HR diagram. It is the single most important representation in all of stellar astronomy

· even the first HR diagrams revealed that there are significant correlations: there is some (moderately complex) relationship between the temperatures and brightnesses of the stars. Thanks to increased numbers of stars with known distances, we can now construct HR diagrams using the data for literally millions of stars

· we notice the presence of several different broad groupings of points in the HR diagram, and assign some names

· there is a broad band of stars ranging from bright blue [hot] ones to faint red [cool] ones; we call that diagonal distribution the main sequence

· we notice a bunch of very bright red stars. Being cool, they emit rather little energy per square metre of surface area (remember the fundamental radiation laws). So the only way they can be intrinsically very bright is to be enormous in size, with a vast surface area. Such stars may be hundreds of times as big as the sun in diameter, and are called red giants

· note that red giants may be much bigger than the sun but not necessarily more massive. (Compare a beach ball and a billiard ball. The beach ball is not massive, merely large. The billiard ball is the more massive object: it contains the most atoms.The mass is a measure of the total content, not how 'spread out' the material is)

· we also see some very faint but rather hot stars. To explain their limited luminosity, we deduce that they must be quite small (comparable in size to the Earth). We give them the name 'white dwarfs'

· investigations of binary star systems that contain white dwarfs reveal that they are as massive as the sun. To pack this much mass into such a small volume implies that the white dwarfs must be a million times as dense as water. This is a new state of matter, to be discussed later

· in the HR diagram, we see stars of many kinds, but this does not mean that they are equally common. There are many faint stars low on the red part of the main sequence, and many white dwarfs; but there are relatively few very luminous stars, like the giants. Unfortunately, they are the conspicuous ones, so they catch our attention. We have to be very careful to pick an unbiassed sample if we want to know what an 'average' star is like

· the sun itself lies in the middle of the range of stellar properties, but is not average. A truly 'average' star is one of the much fainter ones

· the HR diagram has a redundancy in it. For example, there are some stars of spectral type G which are like the sun -- that is, of middling luminosity. But there are some very luminous giant stars which are also seen to be of spectral type G. (Their outer parts have the same temperature as the sun, and so the same spectral features show up.) Although these classifications mean that the spectral features are broadly similar, the stars are clearly not the same objects! Fortunately there are some subtle differences in their spectra that allow us to distinguish the ultra-bright giants from the main sequence stars in other ways

· this fine-tuning is important because we have to rely on the spectra to derive their distances for stars that are too far away for a direct parallax measurement. Here is how that reasoning works:

· get a spectrum for the target star

· among the sample of nearby stars (those close enough to have their distances measured directly by parallax), identify a 'twin' of the target star by finding one whose spectrum is exactly like that of the target, including the subtleties that allow us to distinguish giants from main sequence stars

· then merely intercompare the brightnesses of the star of known distance and the target star to deduce how far away the latter must be in order to look as faint as it does

· you can see that the spectrum plays the important role of telling us exactly which kind of star our target is

· in this way we can derive distances to any star for which we have a spectrum

· the appearance of the main sequence is suggestive: it leads one right away to wonder if stars start out hot and get cooler and dimmer over time; or if instead they burn more vigorously with time, getting hotter and bluer. In short, do stars evolve along the main sequence? And what is the role of the red giants and white dwarfs? To resolve these questions, we need to know the masses of the stars

· about half the visible stars are in binary systems. The sun, being a single star, is not unusual, but binaries and single stars are about equally common

· some stars appear close together in the sky, but are unrelated and will gradually drift apart on separate trajectories. They are referred to as (temporary) optical doubles

· for some binary stars, we can actually see both companions (two dots of light!) and watch them orbit one another. These are visual binaries, the orbits of which can take decades or centuries to complete. Patience is needed! Note that the orbit may be seen at a random angle, somewhat complicating the apparent motions and our interpretations of them

· for some stars, we see just a single dot of light, but the spectrum reveals that it is a close binary consisting of one hotter star and one cooler one. The presence of different sets of lines makes this clear! -- we might, for instance, see the Heliumabsorption lines that tell us of a hot stellar surface, but also the strong Calcium absorption lines that indicate the presence of a cooler star. But suppose we revisit this point of light and some later time and take a spectrum. We may discover that the absorption lines have shifted in wavelength. This will happen if the stars are in mutual orbit because, at various times, one star will be momentarily approaching us while the other is moving away, and then vice versa as more time passes and the orbital motion continues. These changing Doppler shifts allow us to study these spectroscopic binaries

· some spectroscopic binaries have two nearly identical stars in them, in which case we see doubled sets of essentially identical absorption lines shifting back and forth, thanks to the motions of the stars. Or there could be a pairing of a hotter and a cooler star: the spectral lines will be different, but both sets will still be seen to move (in opposite senses). Occasionally, however, we find a star which has only a single set of absorption lines, but they move back and forth in wavelength. This changing Doppler shift tells us that the star is orbiting something, but the lack of other lines in the spectrum tells us that the other object contributes very little light. It might even be a black hole!

· some binary stars are so close together that their light is inextricably merged, appearing as a single dot of light; but that dot may vary in brightness because one member periodically passes in front of the other (thereby blocking off some of the light). These are eclipsing binaries

· we sometimes see a single star 'wobble' in its path across the sky, a clear sign that it is orbiting a faint companion that is moving along with it. This is an astrometric binary

· by studying all these kinds of binaries, we are able to work out the masses of many hundreds of stars of various kinds. These determinations come from simple applications of Newton's laws of gravity. To do this, however, we have to know how far away any given binary star system is: we cannot get the masses unless we know the true separation of the stars to apply Newton's laws meaningfully

· from the binary stars, we now know the masses of many thousands of stars of various kinds. We can go back to the HR diagram to see how the position of the stars in that figure depends (if at all) on stellar mass

· we discover that there is a strong correlation along the main sequence (MS). The bright blue MS stars are massive (up to 100x the mass of the sun); the faint red MS stars are less massive (at 10% of the mass of the sun or less)

· there is no such simple relationship off the main sequence: among the giants, there are stars of a variety of masses. The white dwarfs, however, all seem to be about one solar mass or less

· the dependence of mass along the main sequence means that stars cannot evolve along it. There is no way that so much mass can be lost or gained during the course of a star's life. So the sun did not start out as a bright blue star and gradually get dimmer; neither did it start as a dim red star and gradually get hotter and brighter

· it is true that stars lose some mass as they age, because mass is being converted to energy via E = m-c-squared. But this is just a tiny fraction of the total original mass

· it is easy to understand why the more massive stars are hotter and brighter. The inward pull of gravity is stronger, so the outward pressure that sustains the star must be greater. This requires a higher temperature, which makes the star hotter overall. Moreover, the higher temperature leads to higher rates of nuclear reactions, which eats up the fuel very quickly

· the luminosities of the MS stars are directly correlated with their masses. In fact the dependence is a strong one: a star ten times more massive than the sun is a thousand times more luminous. The relationship can be encapsulated in the mass-luminosity law

· this law means that the more massive stars will have dramatically shorter lifetimes than the low-mass stars. (They have more fuel, but chew it up at a prodigious rate.) In this sense, they are completely unlike biological animals, where the bigger living creatures (humans, whales) tend to have longer lifetimes than smaller ones (mayflies, mice)

Theme 5: The Life and Death of Low-Mass Stars
· the mass of a star determines its life cycle. Very low-mass blobs of gas become objects like Jupiter; a blob the mass of the sun will live out a sun-like life; more massive stars will evolve much more rapidly and end their lives in spectacular fashion, with supernova explosions and other fireworks

· for all stars, the main sequence lifetime is the longest stable period because the hydrogen fuel is abundant and high quality (i.e. it releases the most energy in its nuclear reactions). Once the star's core contains heavier elements -- the products of nuclear fusion -- subsequent reactions depend on lower-grade fuel, which means that their lifetimes will be limited

· the outer parts of stars do not get 'stirred down' into the core, which means that not all of the raw hydrogen fuel is ever in parts of the star where it is hot enough to undergo thermonuclear reactions. This means that stars do not live as long as they could in principle: not all the fuel is used.

· the lack of 'stirring' means that stars become stratified, with progressively heavier elements being created in the deep interior where it is hot enough to do so. Note that the stratification is not the result of the settling of dense material to the core

· the sun's core will eventually be pure helium, and the reactions will go out. The core will contract and heat up until helium fusion reactions can begin, releasing more energy and preventing further contraction. So we expect central parts of the sun to get more compact and hot late in its life

· once begun, the helium burning reactions convert helium nuclei to carbon nuclei, in a process called the 'triple-alpha' process

· the problem is that this happens deep inside the stellar core, where we can not see it. The outer parts of the star do something else while all that is taking place.

· while the core contracts and heats ups, leading to the onset of helium burning, the outer parts of the sun indeed do something remarkably different: they expand and cool down, turning the sun into a red giant

· how do we know this? Ideally, we would test this proposition by simply watching a one-solar mass star go through its aging process, or by looking at a variety of one-solar-mass stars of different ages. Neither of these approaches works in practice.The lifetimes of stars are so long that we would see no significant changes over many centuries or millennia. Moreover, for single stars sitting in empty space, we have no good way of estimating the ages. There is no easy way of identifying single stars that have been around for ten billion years and are running out of fuel

· on the other hand, we certainly don't want simply to rely on "what the astrophysics theorists tell us." We really need to refer to observational evidence!

· the solution is to study star clusters. A cluster contains stars of varied masses, so we can see what different evolutionary stages they have reached in comparison to one another. Moreover, we can identify star clusters of different ages, and see how they compare

· star clusters provide groups of stars where the only important difference between individual stars is that they have different masses. They are alike in age, composition, and distance

· the reality of star clusters is unmistakeable, and can be confirmed both statistically and because the individual stars move in common directions and with similar speeds through space

· a star cluster forms from a distended cloud of gas, when gravity dominates and starts its collapse. Individual stars subsequently form here and there within it

· as they form, stars pass through a 'protostar' phase in which they are large and cool (but gradually heating up as they contract). This means that protostars are superficially rather like red giants. They can be distinguished, however

· within a cluster, we can readily measure the brightnesses and colours of the member stars, and plot an HR diagram. We do not need to know the distance of the cluster to do this, because all the stars are at the same distance and the differences in brightness are meaningful. (If the cluster was farther away, all the member stars would look fainter, but their distribution in the HR diagram would not change).

· a very young cluster, newly formed, would be expected to have a long main sequence, with stars of all colours

· in a somewhat older cluster, the brightest, hottest main sequence stars have used up their fuel. In clusters which lack these extremely hot blue stars, we find instead a number of red giants, which is the evidence we need to tell us that that is what the stars turn into

· some clusters have almost no stars left on the blue part of the main sequence, and must be billions of years old (since every star more massive than the sun has used up its fuel). In such clusters, there are very many red giants, again confirming our understanding that all stars turn into red giants when they run out of hydrogen fuel on the main sequence

· the 'turnoff' is the colour of the point on the main sequence beyond which (to the blue side) there are no main sequence stars left. The turnoff is an indicator of the age of the cluster. A young cluster still has some moderately massive stars, and a blueish turnoff colour; in an old cluster, only faint orange and red stars will still be found on the main sequence

· there are star clusters that span an enormous range of ages. Some clusters formed very recently (in astronomical terms); others are billions of years older than the sun and solar system

· we can use computer models to predict how stars will chew up their fuel and turn into red giants (and later remnants). These predictions can be compared to the observations and fit remarkably precisely. We seem to understand stellar evolution very well

· the sun is not in a cluster at present, but may have formed in one five billion years ago. Individual clusters can disrupt and break apart, either because they 'evaporate' or because of the tidal influences of other massive objects passing by; these tidal forces pull individual stars away from the cluster

· very small objects (pebbles, for example) can easily sustain their structure because of the electrical bonds between molecules and atoms; the internal temperature is irrelevant. A bigger object, like the Earth, can only take on a spherical shape because of its enormous self-gravity, but it does not need to be hot to maintain itself against the inward pull of gravity. Indeed, it will eventually cool off but maintain its integrity

· objects as massive as stars, however, cannot resist gravity unless they are hot -- at least according to 'classical physics.' In the 1930s, however, it was realised that the then-new physics of quantum mechanics provided an important new insight into this question

· it turns out that electrons resist being compressed tightly together, to an extent which has nothing to do with their physical sizes or electrical charges, in a way and to a degree which is completely unpredicted by classical physics. The phenomenon is known as 'electron degeneracy' and is understood as part of the then-new science of quantum mechanics -- the physics of the very tiny

· this only becomes important in material that is compressed to a density about a million times that of water, so is unknown in ordinary materials here on Earth. But this density is reached in the cores of sun-like stars after they have converted helium to carbon and then continued to contract deep in their interiors

· the full recognition of this effect was first accomplished by Chandrasekhar, a brilliant young student in Cambridge. His presentation of it, however, was shot down completely by Eddington, who was the dominant British astrophysicist of the time (and Chandra's boss in Cambridge)

· among other things, Chandra showed that there was a limit to the mass of a star which could be supported by electron degeneracy. The 'Chandrasekhar limit' is about 1.4 solar masses, and implies that more massive stars may be doomed to collapse completely under the influence of gravity. Eddington disliked this notion (which, however, could have led to the prediction of black holes!)

· Chandra regrouped to do other equally brilliant work, and was subsequently proven completely correct and awarded the Nobel Prize for his many contributions to astrophysics (not just for his analysis of white dwarfs)

· when sun-like stars become white dwarfs, they will be made almost entirely of carbon nuclei and a sea of electrons (which provide the sustaining pressure). Being carbon, they can be thought of (very loosely!) as 'diamonds in the sky', as in the old nursery rhyme. (But the actual physical structure is unlike any real diamond, and the density is enormously higher!)

· we get to see the white dwarf remnant because the dying star 'puffs off' its outer parts, perhaps the majority of the original mass of the star, in the form of a gaseous shell expanding gently into space

· the shell is known as a 'planetary nebula', but this is a complete misnomer, an accident of history. It has absolutely nothing to do with planets

· the precise reason for the star to 'shed its skin' is not perfectly understood (there are a variety of plausible theories, and there may be several contributing mechanisms at work)

· as the gas shell expands, we see the white dwarf as a hot 'cinder' in the centre of the nebula. It will radiate its heat away into space and cool and fade to a faint 'clinker' in space. Long before that happens, however, the gas in the nebula will dissipate into space

· there are literally tens of millions of faint white dwarfs in our own galaxy



