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Preface



This book grew out of a talk I gave at the dedication of the Undergraduate Science Center at Harvard in November 1973. Erwin dikes, president and publisher of Basic Books, heard of this talk from a mutual friend, Daniel Bell, and urged me to turn it into a book.


At first I was not enthusiastic about the idea. Although I have done small bits of research in cosmology from time to time, my work has been much more concerned with the physics of the very small, the theory of elementary particles. Also, elementary particle physics has been extraordinarily lively in the last few years, and I had been spending too much time away from it, writing nontechnical articles for various magazines. I wanted very much to return full time to my natural habitat, the Physical Review.


However, I found that I could not stop thinking about the idea of a book on the early universe. What could be more interesting than the problem of Genesis? Also, it is in the early universe, especially the first hundredth of a second, that the problems of the theory of elementary particles come together with the problems of cosmology. Above all, this is a good time to write about the early universe. In just the last decade a detailed theory of the course of events in the early universe has become widely accepted as a “standard model.”


It is a remarkable thing to be able to say just what the universe was like at the end of the first second or the first minute or the first year. To a physicist, the exhilarating thing is to be able to work things out numerically, to be able to say that at such and such a time the temperature and density and chemical composition of the universe had such and such values. True, we are not absolutely certain about all this, but it is exciting that we are now able to speak of such things with any confidence at all. It was this excitement that I wanted to convey to the reader.


I had better say for what reader this book is intended. I have written for one who is willing to puzzle through some detailed arguments, but who is not at home in either mathematics or physics. Although I must introduce some fairly complicated scientific ideas, no mathematics is used in the body of the book beyond arithmetic, and little or no knowledge of physics or astronomy is assumed in advance. I have tried to be careful to define scientific terms when they are first used, and in addition I have supplied a glossary of physical and astronomical terms (here). Wherever possible, I have also written numbers like “a hundred thousand million” in English, rather than use the more convenient scientific notation: 1011.


However, this does not mean that I have tried to write an easy book. When a lawyer writes for the general public, he assumes that they do not know Law French or the Rule Against Perpetuities, but he does not think the worse of them for it, and he does not condescend to them. I want to return the compliment: I picture the reader as a smart old attorney who does not speak my language, but who expects nonetheless to hear some convincing arguments before he makes up his mind.


For the reader who does want to see some of the calculations that underlie the arguments of this book, I have prepared “A Mathematical Supplement,” which follows the body of the book (here). The level of mathematics used here would make these notes accessible to anyone with an undergraduate concentration in any physical science or mathematics. Fortunately, the most important calculations in cosmology are rather simple; it is only here and there that the finer points of general relativity or nuclear physics come into play. Readers who want to pursue this subject on a more technical level will find several advanced treatises (including my own) listed under “Suggestions for Further Reading” (here).


I should also make clear what subject I intended this book to cover. It is definitely not a book about all aspects of cosmology. There is a “classic” part of the subject, which has to do mostly with the large-scale structure of the present universe: the debate over the extragalactic nature of the spiral nebulae; the discovery of the red shifts of distant galaxies and their dependence on distance; the general relativistic cosmological models of Einstein, de Sitter, Lemaitre, and Friedmann; and so on. This part of cosmology has been described very well in a number of distinguished books, and I did not intend to give another full account of it here. The present book is concerned with the early universe, and in particular with the new understanding of the early universe that has grown out of the discovery of the cosmic microwave radiation background in 1965.


Of course, the theory of the expansion of the universe is an essential ingredient in our present view of the early universe, so I have been compelled in Chapter II to provide a brief introduction to the more “classic” aspects of cosmology. I believe that this chapter should provide an adequate background, even for the reader completely unfamiliar with cosmology, to understand the recent developments in the theory of the early universe with which the rest of the book is concerned. However, the reader who wants a thorough introduction to the older parts of cosmology is urged to consult the books listed under “Suggestions for Further Reading.”


On the other hand, I have not been able to find any coherent historical account of the recent developments in cosmology. I have therefore been obliged to do a little digging myself, particularly with regard to the fascinating question of why there was no search for the cosmic microwave radiation background long before 1965. (This is discussed in Chapter VI.) This is not to say that I regard this book as a definitive history of these developments—I have far too much respect for the effort and attention to detail needed in the history of science to have any illusions on that score. Rather, I would be happy if a real historian of science would use this book as a starting point, and write an adequate history of the last thirty years of cosmological research.


I am extremely grateful to Erwin Glikes and Farrell Phillips of Basic Books for their valuable suggestions in preparing this manuscript for publication. I have also been helped more than I can say in writing this book by the kind advice of my colleagues in physics and astronomy. For taking the trouble to read and comment on portions of the book, I wish especially to thank Ralph Alpher, Bernard Burke, Robert Dicke, George Field, Gary Feinberg, William Fowler, Robert Herman, Fred Hoyle, Jim Peebles, Arno Penzias, Bill Press, Ed Purcell, and Robert Wagoner. My thanks are also due to Isaac Asimov, I. Bernard Cohen, Martha Liller, and Philip Morrison for information on various special topics. I am particularly grateful to Nigel Calder for reading through the whole of the first draft, and for his perceptive comments. I cannot hope that this book is now entirely free of errors and obscurities, but I am certain that it is a good deal clearer and more accurate than it could have been without all the generous assistance I have been fortunate enough to receive.


STEVEN WEINBERG


Cambridge, Massachusetts


July 1976















Preface to the Second Paper Edition



Recent advances in astronomical knowledge have generally confirmed the broad outlines of cosmological theory as they were understood in 1977, when The First Three Minutes was first published. But over the past sixteen years various uncertainties have been resolved; new problems have appeared; and radically new ideas have been proposed about the very early history of the universe, the period before the first second. I am therefore glad that this new edition of The First Three Minutes has given me the opportunity to add an afterword that brings this book up to date. My thanks are due to Martin Kessler of Basic Books for overseeing this new edition, and to Paul Shapiro and Ethan Vishniac for valuable comments about the afterword.


STEVEN WEINBERG


Austin, Texas


April 1993














I






INTRODUCTION: THE GIANT AND THE COW






 


THE ORIGIN of the universe is explained in the Younger Edda, a collection of Norse myths compiled around 1220 by the Icelandic magnate Snorri Sturleson. In the beginning, says the Edda, there was nothing at all. “Earth was not found, nor Heaven above, a Yawning-gap there was, but grass nowhere.” To the north and south of nothing lay regions of frost and fire, Niflheim and Muspelheim. The heat from Muspelheim melted some of the frost from Niflheim, and from the liquid drops there grew a giant, Ymer. What did Ymer eat? It seems there was also a cow, Audhumla. And what did she eat? Well, there was also some salt. And so on.


I must not offend religious sensibilities, even Viking religious sensibilities, but I think it is fair to say that this is not a very satisfying picture of the origin of the universe. Even leaving aside all objections to hearsay evidence, the story raises as many problems as it answers, and each answer requires a new complication in the initial conditions.


We are not able merely to smile at the Edda, and forswear all cosmogonical speculation—the urge to trace the history of the universe back to its beginnings is irresistible. From the start of modern science in the sixteenth and seventeenth centuries, physicists and astronomers have returned again and again to the problem of the origin of the universe.


However, an aura of the disreputable always surrounded such research. I remember that during the time that I was a student and then began my own research (on other problems) in the 1950s, the study of the early universe was widely regarded as not the sort of thing to which a respectable scientist would devote his time. Nor was this judgment unreasonable. Throughout most of the history of modern physics and astronomy, there simply has not existed an adequate observational and theoretical foundation on which to build a history of the early universe.


Now, in just the past decade, all this has changed. A theory of the early universe has become so widely accepted that astronomers often call it “the standard model.” It is more or less the same as what is sometimes called the “big bang” theory, but supplemented with a much more specific recipe for the contents of the universe. This theory of the early universe is the subject of this book.


To help see where we are going, it may be useful to start with a summary of the history of the early universe, as presently understood in the standard model. This is only a brief run-through—succeeding chapters will explain the details of this history, and our reasons for believing any of it.


In the beginning there was an explosion. Not an explosion like those familiar on earth, starting from a definite center and spreading out to engulf more and more of the circumambient air, but an explosion which occurred simultaneously everywhere, filling all space from the beginning, with every particle of matter rushing apart from every other particle. “All space” in this context may mean either all of an infinite universe, or all of a finite universe which curves back on itself like the surface of a sphere. Neither possibility is easy to comprehend, but this will not get in our way; it matters hardly at all in the early universe whether space is finite or infinite.


At about one-hundredth of a second, the earliest time about which we can speak with any confidence, the temperature of the universe was about a hundred thousand million (1011) degrees Centigrade. This is much hotter than in the center of even the hottest star, so hot, in fact, that none of the components of ordinary matter, molecules, or atoms, or even the nuclei of atoms, could have held together. Instead, the matter rushing apart in this explosion consisted of various types of the so-called elementary particles, which are the subject of modern high-energy nuclear physics.


We will encounter these particles again and again in this book—for the present it will be enough to name the ones that were most abundant in the early universe, and leave more detailed explanations for Chapters III and IV. One type of particle that was present in large numbers is the electron, the negatively charged particle that flows through wires in electric currents and makes up the outer parts of all atoms and molecules in the present universe. Another type of particle that was abundant at early times is the positron, a positively charged particle with precisely the same mass as the electron. In the present universe positrons are found only in high-energy laboratories, in some kinds of radioactivity, and in violent astronomical phenomena like cosmic rays and supernovas, but in the early universe the number of positrons was almost exactly equal to the number of electrons. In addition to electrons and positrons, there were roughly similar numbers of various kinds of neutrinos, ghostly particles with no mass or electric charge whatever. Finally, the universe was filled with light. This does not have to be treated separately from the particles—the quantum theory tells us that light consists of particles of zero mass and zero electrical charge known as photons. (Each time an atom in the filament of a light bulb changes from a state of higher energy to one of lower energy, one photon is emitted. There are so many photons coming out of a light bulb that they seem to blend together in a continuous stream of light, but a photoelectric cell can count individual photons, one by one.) Every photon carries a definite amount of energy and momentum depending on the wavelength of the light. To describe the light that filled the early universe, we can say that the number and the average energy of the photons was about the same as for electrons or positrons or neutrinos.


These particles—electrons, positrons, neutrinos, photons—were continually being created out of pure energy, and then after short lives being annihilated again. Their number therefore was not preordained, but fixed instead by a balance between processes of creation and annihilation. From this balance we can infer that the density of this cosmic soup at a temperature of a hundred thousand million degrees was about four thousand million (4 × 109) times that of water. There was also a small contamination of heavier particles, protons and neutrons, which in the present world form the constituents of atomic nuclei. (Protons are positively charged; neutrons are slightly heavier and electrically neutral.) The proportions were roughly one proton and one neutron for every thousand million electrons or positrons or neutrinos or photons. This number—a thousand million photons per nuclear particle—is the crucial quantity that had to be taken from observation in order to work out the standard model of the universe. The discovery of the cosmic radiation background discussed in Chapter III was in effect a measurement of this number.


As the explosion continued the temperature dropped, reaching thirty thousand million (3 × 1010) degrees Centigrade after about one-tenth of a second; ten thousand million degrees after about one second; and three thousand million degrees after about fourteen seconds. This was cool enough so that the electrons and positrons began to annihilate faster than they could be recreated out of the photons and neutrinos. The energy released in this annihilation of matter temporarily slowed the rate at which the universe cooled, but the temperature continued to drop, finally reaching one thousand million degrees at the end of the first three minutes. It was then cool enough for the protons and neutrons to begin to form into complex nuclei, starting with the nucleus of heavy hydrogen (or deuterium), which consists of one proton and one neutron. The density was still high enough (a little less than that of water) so that these light nuclei were able rapidly to assemble themselves into the most stable light nucleus, that of helium, consisting of two protons and two neutrons.


At the end of the first three minutes the contents of the universe were mostly in the form of light, neutrinos, and antineutrinos. There was still a small amount of nuclear material, now consisting of about 73 percent hydrogen and 27 percent helium, and an equally small number of electrons left over from the era of electron-positron annihilation. This matter continued to rush apart, becoming steadily cooler and less dense. Much later, after a few hundred thousand years, it would become cool enough for electrons to join with nuclei to form atoms of hydrogen and helium. The resulting gas would begin under the influence of gravitation to form clumps, which would ultimately condense to form the galaxies and stars of the present universe. However, the ingredients with which the stars would begin their life would be just those prepared in the first three minutes.


The standard model sketched above is not the most satisfying theory imaginable of the origin of the universe. Just as in the Younger Edda, there is an embarrassing vagueness about the very beginning, the first hundredth of a second or so. Also, there is the unwelcome necessity of fixing initial conditions, especially the initial thousand-million-to-one ratio of photons to nuclear particles. We would prefer a greater sense of logical inevitability in the theory.


For example, one alternative theory that seems philosophically far more attractive is the so-called steady-state model. In this theory, proposed in the late 1940s by Herman Bondi, Thomas Gold, and (in a somewhat different formulation) Fred Hoyle, the universe has always been just about the same as it is now. As it expands, new matter is continually created to fill up the gaps between the galaxies. Potentially, all questions about why the universe is the way it is can be answered in this theory by showing that it is the way it is because that is the only way it can stay the same. The problem of the early universe is banished; there was no early universe.


How then did we come to the “standard model?” And how has it supplanted other theories, like the steady-state model? It is a tribute to the essential objectivity of modern astrophysics that this consensus has been brought about, not by shifts in philosophical preference or by the influence of astrophysical mandarins, but by the pressure of empirical data.


The next two chapters will describe the two great clues, furnished by astronomical observation, which have led us to the standard model—the discoveries of the recession of distant galaxies and of a weak radio static filling the universe. This is a rich story for the historian of science, filled with false starts, missed opportunities, theoretical preconceptions, and the play of personalities.


Following this survey of observational cosmology, I will try to put the pieces of data together to make a coherent picture of physical conditions in the early universe. This will put us in a position to go back over the first three minutes in greater detail. A cinematic treatment seems appropriate: frame by frame, we will watch the universe expand and cool and cook. We will also try to look a little way into an era that is still clothed in mystery—the first hundredth of a second, and what went before.


Can we really be sure of the standard model? Will new discoveries overthrow it and replace the present standard model with some other cosmogony, or even revive the steady-state model? Perhaps. I cannot deny a feeling of unreality in writing about the first three minutes as if we really know what we are talking about.


However, even if it is eventually supplanted, the standard model will have played a role of great value in the history of cosmology. It is now respectable (though only in the last decade or so) to test theoretical ideas in physics or astrophysics by working out their consequences in the context of the standard model. It is also common practice to use the standard model as a theoretical basis for justifying programs of astronomical observation. Thus, the standard model provides an essential common language which allows theorists and observers to appreciate what each other are doing. If some day the standard model is replaced by a better theory, it will probably be because of observations or calculations that drew their motivation from the standard model.


In the last chapter I will say a bit about the future of the universe. It may go on expanding forever, getting colder, emptier, and deader. Alternatively, it may recontract, breaking up the galaxies and stars and atoms and atomic nuclei back into their constituents. All the problems we face in understanding the first three minutes would then arise again in predicting the course of events in the last three minutes.















II






THE EXPANSION OF THE UNIVERSE





 


A LOOK at the night sky gives a powerful impression of a changeless universe. True, clouds drift across the moon, the sky rotates around the polar star, and over longer times the moon itself waxes and wanes and the moon and planets move against the background of stars. But we know that these are merely local phenomena caused by motions within our solar system. Beyond the planets, the stars seem motionless.


Of course, the stars do move, at speeds ranging up to a few hundred kilometers per second, so in a year a fast star might travel ten thousand million kilometers or so. This is a thousand times less than the distance to even the closest stars, so their apparent position in the sky changes very slowly. (For instance, the relatively fast star known as Barnard’s star is at a distance of about 56 million million kilometers; it moves across the line of sight at about 89 kilometers per second or 2.8 thousand million kilometers per year, and in consequence its apparent position shifts in one year by an angle of 0.0029 degrees.) Astronomers call the shift in the apparent position of nearby stars in the sky a “proper motion.” The apparent position in the sky of the more distant stars change so slowly that their proper motion cannot be detected with even the most patient observation.


We are going to see here that this impression of changelessness is illusory. The observations that we will discuss in this chapter reveal that the universe is in a state of violent explosion, in which the great islands of stars known as galaxies are rushing apart at speeds approaching the speed of light. Further, we can extrapolate this explosion backward in time and conclude that all the galaxies must have been much closer at the same time in the past—so close, in fact, that neither galaxies nor stars nor even atoms or atomic nuclei could have had a separate existence. This is the era we call “the early universe,” which serves as the subject of this book.


Our knowledge of the expansion of the universe rests entirely on the fact that astronomers are able to measure the motion of a luminous body in a direction directly along the line of sight much more accurately than they can measure its motion at right angles to the line of sight. The technique makes use of a familiar property of any sort of wave motion, known as the Doppler effect. When we observe a sound or light wave from a source at rest, the time between the arrival of wave crests at our instruments is the same as the time between crests as they leave the source. On the other hand, if the source is moving away from us, the time between arrivals of successive wave crests is increased over the time between their departures from the source, because each crest has a little farther to go on its journey to us than the crest before. The time between crests is just the wavelength divided by the speed of the wave, so a wave sent out by a source moving away from us will appear to have a longer wavelength than if the source were at rest. (Specifically, the fractional increase in the wavelength is given by the ratio of the speed of the wave source to the speed of the wave itself, as shown in mathematical note 1, here.) Similarly, if the source is moving toward us, the time between arrivals of wave crests is decreased because each successive crest has a shorter distance to go, and the wave appears to have a shorter wavelength. It is just as if a traveling salesman were to send a letter home regularly once a week during his travels: while he is traveling away from home, each successive letter will have a little farther to go than the one before, so his letters will arrive a little more than a week apart; on the homeward leg of his journey, each successive letter will have a shorter distance to travel, so they will arrive more frequently than once a week.


It is easy these days to observe the Doppler effect on sound waves—just go out to the edge of a highway and notice that the engine of a fast automobile sounds higher pitched (i.e., a shorter wavelength) when the auto is approaching than when it is going away. The effect was apparently first pointed out for both light and sound waves by Johann Christian Doppler, professor of mathematics at the Realschule in Prague, in 1842. The Doppler effect for sound waves was tested by the Dutch meteorologist Christopher Heinrich Dietrich Buys-Ballot in an endearing experiment in 1845—as a moving source of sound he used an orchestra of trumpeters standing in an open car of a railroad train, whizzing through the Dutch countryside near Utrecht.


Doppler thought that his effect might explain the different colors of stars. The light from stars that happen to be moving away from the earth would be shifted toward longer wavelengths, and since red light has a wavelength longer than the average wavelength for visible light, such a star might appear redder than average. Similarly, light from stars that happen to be moving toward the earth would be shifted toward shorter wavelengths, so the star might appear unusually blue. It was soon pointed out by Buys-Ballot and others that the Doppler effect has essentially nothing to do with the color of a star—it is true that the blue light from a receding star is shifted toward the red, but at the same time some of the star’s normally invisible ultraviolet light is shifted into the blue part of the visible spectrum, so the overall color hardly changes. Stars have different colors chiefly because they have different surface temperatures.


However, the Doppler effect did begin to be of enormous importance to astronomy in 1868, when it was applied to the study of individual spectral lines. It had been discovered years earlier, by the Munich optician Joseph Frauenhofer in 1814–1815, that when light from the sun is allowed to pass through a slit and then through a glass prism, the resulting spectrum of colors is crossed with hundreds of dark lines, each one an image of the slit. (A few of these lines had been noticed even earlier, by William Hyde Wollaston in 1802, but were not carefully studied at that time.) The dark lines were always found at the same colors, each corresponding to a definite wavelength of light. The same dark spectral lines were also found by Frauenhofer in the same positions in the spectrum of the moon and the brighter stars. It was soon realized that these dark lines are produced by the selective absorption of light of certain definite wavelengths, as the light passes from the hot surface of a star through its cooler outer atmosphere. Each line is due to the absorption of light by a specific chemical element, so it became possible to determine that the elements on the sun, such as sodium, iron, magnesium, calcium, and chromium, are the same as those found on earth. (Today we know that the wavelengths of the dark lines are just those for which a photon of that wavelength would have precisely the right energy to raise the atom from a state of lower energy to one of its excited states.)


In 1868 Sir William Huggins was able to show that the dark lines in the spectra of some of the brighter stars are shifted slightly to the red or the blue from their normal position in the spectrum of the sun. He correctly interpreted this as a Doppler shift, due to the motion of the star away from or toward the earth. For instance, the wavelength of every dark line in the spectrum of the star Capella is longer than the wavelength of the corresponding dark line in the spectrum of the sun by 0.01 percent; this shift to the red indicates that Capella is receding from us at 0.01 percent of the speed of light, or 30 kilometers per second. The Doppler effect was used in the following decades to discover the velocities of solar prominences, of double stars, and of the rings of Saturn.


The measurement of velocities by the observation of Doppler shifts is an intrinsically accurate technique, because the wavelengths of spectral lines can be measured with very great precision; it is not unusual to find wavelengths given in tables to eight significant figures. Also, the technique preserves its accuracy whatever the distance of the light source, provided only that there is enough light to pick out spectral lines against the radiation of the night sky.


It is through use of the Doppler effect that we know the typical values of stellar velocities referred to at the beginning of this chapter. The Doppler effect also gives us a clue to the distances of nearby stars; if we guess something about a star’s direction of motion, then the Doppler shift gives us its speed across as well as along our line of sight, so measurement of the star’s apparent motion across the celestial sphere tells us how far away it is. But the Doppler effect began to give results of cosmological importance only when astronomers began to study the spectra of objects at a much greater distance than the visible stars. I will have to say a bit about the discovery of those objects and then come back to the Doppler effect.


We started this chapter with a look at the night sky. In addition to the moon, planets, and stars, there are two other visible objects, of greater cosmological importance, that I might have mentioned.


One of these is so conspicuous and brilliant that it is sometimes visible even through the haze of a city’s night sky. It is the band of lights stretching in a great circle across the celestial sphere, and known from ancient times as the Milky Way. In 1750 the English instrument maker Thomas Wright published a remarkable book, Original Theory or New Hypothesis of the Universe, in which he suggested that the stars lie in a flat slab, a “grindstone,” of finite thickness but extending to great distances in all directions in the plane of the slab. The solar system lies within the slab, so naturally we see much more light when we look out from earth along the plane of the slab than when we look in any other direction. This is what we see as the Milky Way.


Wright’s theory has long since been confirmed. It is now thought that the Milky Way consists of a flat disk of stars, with a diameter of 80,000 light years and a thickness of 6,000 light years. It also possesses a spherical halo of stars, with a diameter of almost 100,000 light years. The total mass is usually estimated as about 100 thousand million solar masses, but some astronomers think there may be a good deal more mass in an extended halo. The solar system is some 30,000 light years from the center of the disk, and slightly “north” of the central plane of the disk. The disk rotates, with speeds ranging up to about 250 kilometers per second, and exhibits giant spiral arms. Altogether a glorious sight, if only we could see it from outside! The whole system is usually now called the Galaxy, or, taking a larger view, “our galaxy.”


The other of the cosmologically interesting features of the night sky is much less obvious than the Milky Way. In the constellation Andromeda there is a hazy patch, not easy to see but clearly visible on a good night if you know where to look for it. The first written mention of this object appears to be a listing in the Book of the Fixed Stars, compiled in A.D. 964 by the Persian astronomer Abdurrahman Al-Sufi. He described it as a “little cloud.” After telescopes became available, more and more such extended objects were discovered, and astronomers in the seventeenth and eighteenth centuries found that these objects were getting in the way of the search for things that seemed really interesting, the comets. In order to provide a convenient list of objects not to look at while hunting for comets, Charles Messier in 1781 published a celebrated catalog, Nebulae and Star Clusters. Astronomers still refer to the 103 objects in this catalog by their Messier numbers—thus the Andromeda Nebula is M31, the Crab Nebula is M1, and so on.


Even in Messier’s time it was clear that these extended objects are not all the same. Some are obviously clusters of stars, like the Pleiades (M45). Others are irregular clouds of glowing gas, often colored, and often associated with one or more stars, like the Giant Nebula in Orion (M42). Today we know that objects of these two types are within our galaxy, and they need not concern us further here. However, about a third of the objects in Messier’s catalog were white nebulae of a fairly regular elliptical shape, of which the most prominent was the Andromeda Nebula (M31). As telescopes improved, thousands more of these were found, and by the end of the nineteenth century spiral arms had been identified in some, including M31 and M33. However, the best telescopes of the eighteenth and nineteenth centuries were unable to resolve the elliptical or spiral nebulae into stars, and their nature remained in doubt.


It seems to have been Immanuel Kant who first proposed that some of the nebulae are galaxies like our own. Picking up Wright’s theory of the Milky Way, Kant in 1755 in his Universal Natural History and Theory of the Heavens suggested that the nebulae “or rather a species of them” are really circular disks about the same size and shape as our own galaxy. They appear elliptical because most of them are viewed at a slant, and of course they are faint because they are so far away.


The idea of a universe filled with galaxies like our own became widely though by no means universally accepted by the beginning of the nineteenth century. However, it remained an open possibility that these elliptical and spiral nebulae might prove to be mere clouds within our own galaxy, like other objects in Messier’s catalog. One great source of confusion was the observation of exploding stars in some of the spiral nebulae. If these nebulae were really independent galaxies, too far away for us to pick out individual stars, then the explosions would have to be incredibly powerful to be so bright at such a great distance. In this connection, I cannot resist quoting one example of nineteenth-century scientific prose at its ripest. Writing in 1893, the English historian of astronomy Agnes Mary Clerke remarked:


The well known nebula in Andromeda, and the great spiral in Canes Venatici are among the more remarkable of those giving a continuous spectrum; and as a general rule, the emissions of all such nebulae as present the appearance of star-clusters grown misty through excessive distance, are of the same kind. It would, however, be eminently rash to conclude thence that they are really aggregations of such sun-like bodies. The improbability of such an inference has been greatly enhanced by the occurrence, at an interval of a quarter of a century, of stellar outbursts in two of them. For it is practically certain that, however distant the nebulae, the stars were equally remote; hence, if the constituent particles of the former be suns, the incomparably vaster orbs by which their feeble light was well-nigh obliterated must, as was argued by Mr. Proctor, have been on a scale of magnitude such as the imagination recoils from contemplating.


Today we know that these stellar outbursts were indeed “on a scale of magnitude such as the imagination recoils from contemplating.” They were supernovas, explosions in which one star approaches the luminosity of a whole galaxy. But this was not known in 1893.


The question of the nature of the spiral and elliptical nebulae could not be settled without some reliable method of determining how far away they are. Such a yardstick was at last discovered after the completion of the 100” telescope at Mount Wilson, near Los Angeles. In 1923 Edwin Hubble was for the first time able to resolve the Andromeda Nebula into separate stars. He found that its spiral arms included a few bright variable stars, with the same sort of periodic variation of luminosity as was already familiar for a class of stars in our galaxy known as Cepheid variables. The reason this was so important was that in the preceding decade the work of Henrietta Swan Leavitt and Harlow Shapley of the Harvard College Observatory had provided a tight relation between the observed periods of variation of the Cepheids and their absolute luminosities. (Absolute luminosity is the total radiant power emitted by an astronomical object in all directions. Apparent luminosity is the radiant power received by us in each square centimeter of our telescope mirror. It is the apparent rather than the absolute luminosity that determines the subjective degree of brightness of astronomical objects. Of course, the apparent luminosity depends not only on the absolute luminosity, but also on the distance; thus, knowing both the absolute and the apparent luminosities of an astronomical body, we can infer its distance.) Hubble, observing the apparent luminosity of the Cepheids in the Andromeda Nebula, and estimating their absolute luminosity from their periods, could immediately calculate their distance, and hence the distance of the Andromeda Nebula, using the simple rule that apparent luminosity is proportional to the absolute luminosity and inversely proportional to the square of the distance. His conclusion was that the Andromeda Nebula is at a distance of 900,000 light years, or more than ten times farther than the most distant known objects in our own galaxy. Several recalibrations of the Cepheid period-luminosity relation by Walter Baade and others have by now increased the distance of the Andromeda Nebula to over two million light years, but the conclusion was already clear in 1923: the Andromeda Nebula, and the thousands of similar nebula, are galaxies like our own, filling the universe to great distances in all directions.


Even before the extragalactic nature of the nebulae had been settled, astronomers had been able to identify lines in their spectrum with known lines in familiar atomic spectra. However, it was discovered in the decade 1910–1920 by Vesto Melvin Slipher of the Lowell observatory that the spectral lines of many nebulae are shifted slightly to the red or blue. These shifts were immediately interpreted as due to a Doppler effect, indicating that the nebulae are moving away from or toward the earth. For instance, the Andromeda Nebula was found to be moving toward the earth at about 300 kilometers per second, while the more distant cluster of galaxies in the constellation Virgo were found to be moving away from the earth at about 1,000 kilometers per second.


At first it was thought that these might be merely relative velocities, reflecting a motion of our own solar system toward some galaxies and away from others. However, this explanation became untenable as more and more of the larger spectral shifts were discovered, all toward the red end of the spectrum. It appeared that aside from a few close neighbors like the Andromeda Nebula, the other galaxies are generally rushing away from our own. Of course, this does not mean that our galaxy has any special central position. Rather, it appears that the universe is undergoing some sort of explosion in which every galaxy is rushing away from every other galaxy.


This interpretation became generally accepted after 1929, when Hubble announced that he had discovered that the red shifts of galaxies increase roughly in proportion to the distance from us. The importance of this observation is that it is just what we should predict according to the simplest possible picture of the flow of matter in an exploding universe.


We would expect intuitively that at any given time the universe ought to look the same to observers in all typical galaxies, and in whatever directions they look. (Here, and below, I will use the label “typical” to indicate galaxies that do not have any large peculiar motion of their own, but are simply carried along with the general cosmic flow of galaxies.) This hypothesis is so natural (at least since Copernicus) that it has been called the Cosmological Principle by the English astrophysicist Edward Arthur Milne.


As applied to the galaxies themselves, the Cosmological Principle requires that an observer in a typical galaxy should see all the other galaxies moving with the same pattern of velocities, whatever typical galaxy the observer happens to be riding in. It is a direct mathematical consequence of this principle that the relative speed of any two galaxies must be proportional to the distance between them, just as found by Hubble.
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Figure 1. Homogeneity and the Hubble Law. A string of equally spaced galaxies Z, A, B, C,… are shown, with velocities as measured from A or B or C indicated by the lengths and directions of the attached arrows. The principle of homogeneity requires that the velocity of C as seen by B is equal to the velocity of B as seen by A; adding these two velocities gives the velocity of C as seen by A, indicated by an arrow twice as long. Proceeding in this way, we can fill out the whole pattern of velocities shown in the figure. As can be seen, the velocities obey the Hubble law: the velocity of any galaxy as seen by any other is proportional to the distance between them. This is the only pattern of velocities consistent with the principle of homogeneity.








To see this, consider three typical galaxies A, B, and C, strung out in a straight line. (See figure 1.) Suppose that the distance between A and B is the same as the distance between B and C. Whatever the speed of B as seen from A, the Cosmological Principle requires that C should have the same speed relative to B. But note then that C, which is twice as far away from A as is B, is also moving twice as fast relative to A as is B. We can add more galaxies in our chain, always with the result that the speed of recession of any galaxy relative to any other is proportional to the distance between them.


As often happens in science, this argument can be used both forward and backward. Hubble, in observing a proportionality between the distances of galaxies and their speeds of recession, was indirectly verifying the truth of the Cosmological Principle. This is enormously satisfying philosophically—why should any part of the universe or any direction be any different from any other? It also helps to reassure us that the astronomers really are looking at some appreciable part of the universe, not a mere local eddy in a vaster cosmic maelstrom. Contrariwise, we can take the Cosmological Principle for granted on a priori grounds, and deduce the relation of proportionality between distance and velocity, as done in the last paragraph. In this way, through the relatively easy measurement of Doppler shifts, we are able to judge the distance of very remote objects from their velocities.


The Cosmological Principle has observational support of another sort, apart from the measurement of Doppler shifts. After making due allowances for the distortions due to our own galaxy and the rich nearby cluster of galaxies in the constellation Virgo, the universe seems remarkably isotropic; that is, it looks the same in all directions. (This is shown even more convincingly by the microwave background radiation discussed in the next chapter.) But ever since Copernicus we have learned to beware of supposing that there is anything special about mankind’s location in the universe. So if the universe is isotropic around us, it ought to be isotropic about every typical galaxy. However, any point in the universe can be carried into any other point by a series of rotations around fixed centers (see figure 2), so if the universe is isotropic around every point, it is necessarily also homogeneous.


Before going any further, a number of qualifications have to be attached to the Cosmological Principle. First, it is obviously not true on small scales—we are in a galaxy which belongs to a small local group of other galaxies (including M31 and M33), which in turn lies near the enormous cluster of galaxies in Virgo. In fact, of the 33 galaxies in Messier’s catalog, almost half are in one small part of the sky, the constellation Virgo. The Cosmological Principle, if at all valid, comes into play only when we view the universe on a scale at least as large as the distance between clusters of galaxies, or about 100 million light years.
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Figure 2. Isotropy and Homogeneity. If the universe is isotropic about both galaxy 1 and galaxy 2, then it is homogeneous. In order to show that conditions at two arbitrary points A and B are the same, draw a circle through A around galaxy I, and another circle through B around galaxy 2. Isotropy around galaxy 1 requires that conditions are the same at A and at the point C where the circles intersect. Likewise, isotropy around galaxy 2 requires that conditions are the same at B and C. Hence they are the same at A and B.








There is another qualification. In using the Cosmological Principle to derive the relation of proportionality between galactic velocities and distances, we supposed that if the velocity of C relative to B is the same as the velocity of B relative to A, then the velocity of C relative to A is twice as great. This is just the usual rule for adding velocities with which everyone is familiar, and it certainly works well for the relatively low velocities of ordinary life. However, this rule must break down for velocities approaching the speed of light (300,000 kilometers per second), for otherwise, by adding up a number of relative velocities, we could achieve a total velocity greater than that of light, which is forbidden by Einstein’s Special Theory of Relativity. For instance, the usual rule for addition of velocities would say that if a passenger on an airplane moving at three-quarters the speed of light fires a bullet forward at three-quarters the speed of light, then the speed of the bullet relative to the ground is one and one-half times the speed of light, which is impossible. Special relativity avoids this problem by changing the rule for adding velocities: the velocity of C relative to A is actually somewhat less than the sum of the velocities of B relative to A and C relative to B, so that no matter how many times we add together velocities less than that of light, we never get a velocity greater than that of light.


None of this was a problem for Hubble in 1929; none of the galaxies he studied then had a speed anywhere near the speed of light. Nevertheless, when cosmologists think about the really large distances characteristic of the universe, as a whole, they must work in a theoretical framework capable of dealing with velocities approaching that of light, that is, Einstein’s Special and General Theories of Relativity. Indeed, when we deal with distances this great, the concept of distance itself becomes ambiguous, and we must specify whether we mean distance as a measured by observation of luminosities, or diameters, or proper motions, or something else.


Returning now to 1929: Hubble estimated the distance to 18 galaxies from the apparent luminosity of their brightest stars, and compared these distances with the galaxies’ respective velocities, determined spectroscopically from their Doppler shifts. His conclusion was that there is a “roughly linear relation” (i.e., simple proportionality) between velocities and distances. Actually, a look at Hubble’s data leaves me perplexed how he could reach such a conclusion—galactic velocities seem almost uncorrelated with their distance, with only a mild tendency for velocity to increase with distance. In fact, we would not expect any neat relation of proportionality between velocity and distance for these 18 galaxies—they are all much too close, none being farther than the Virgo cluster. It is difficult to avoid the conclusion that, relying either on the simple arguments sketched above or the related theoretical developments to be discussed below, Hubble knew the answer he wanted to get.
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