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Doc 1: The expanding Universe: Extract from “The illustrated Theory of Everything” by Stephen Hawking Our sun and the nearby stars are all part of a vast collection of stars called the Milky Way galaxy. For a long time it was thought that this was the whole universe. It was only in 1924 that the American astronomer Edwin Hubble demonstrated that ours was not the only galaxy. There were, in fact, many others, with vast tracks of empty space between them. In order to prove this he needed to determine the distances to these other galaxies. We can determine the distance of nearby stars by observing how they change position as the Earth goes around the sun. But other galaxies are so far away that, unlike nearby stars, they really do appear fixed. Hubble was forced, therefore, to use indirect methods to measure the distances. Now the apparent brightness of a star depends on two factors—luminosity and how far it is from us. For nearby stars we can measure both their apparent brightness and their distance, so we can work out their luminosity. Conversely, if we knew the luminosity of stars in other galaxies, we could work out their distance by measuring their apparent brightness. Hubble argued that there were certain types of stars that always had the same luminosity when they were near enough for us to measure. If, therefore, we found such stars in another galaxy, we could assume that they had the same luminosity. Thus, we could calculate the distance to that galaxy. If we could do this for a number of stars in the same galaxy, and our calculations always gave the same distance, we could be fairly confident of our estimate. In this way, Edwin Hubble worked out the distances to nine different galaxies. We now know that our galaxy is only one of some hundred thousand million that can be seen using modern telescopes, each galaxy itself containing some hundred thousand million stars. We live in a galaxy that is about one hundred thousand light-years across and is slowly rotating; the stars in its spiral arms orbit around its center about once every hundred million years. Our sun is just an ordinary, average-sized, yellow star, near the outer edge of one of the spiral arms. We have certainly come a long way since Aristotle and Ptolemy, when we thought that the Earth was the center of the universe. Stars are so far away that they appear to us to be just pinpoints of light. We cannot determine their size or shape. So how can we tell different types of stars apart? For the vast majority of stars, there is only one correct characteristic feature that we can observe—the colour of their light. Newton discovered that if light from the sun passes through a prism, it breaks up into its component colours—its spectrum—like in a rainbow. By focusing a telescope on an individual star or galaxy, one can similarly observe the spectrum of the light from that star or galaxy. Different stars have different spectra, but the relative brightness of the different colours is always exactly what one would expect to find in the light emitted by an object that is glowing red hot. This means that we can tell a star's temperature from the spectrum of its light. Moreover, we find that certain very specific colours are missing from stars’ spectra, and these missing colours may vary from star to star. We know that each chemical element absorbs the characteristic set of very specific colours. Thus, by matching each of those which are missing from a star’s spectrum, we can determine exactly which elements are present in the star’s atmosphere. In the 1920s, when astronomers began to look at the spectra of stars in other galaxies, they found something most peculiar: There were the same characteristic sets of missing colours as for stars in our own galaxy, but they were all shifted by the same relative amount toward the red end of the spectrum. The only reasonable explanation of this was that the galaxies were moving away from us, and the frequency of the light waves from them was being reduced, or red-shifted, by the Doppler Effect. Listen to a car passing on the road. As the car is approaching, its engine sounds at a higher pitch, corresponding to a higher frequency of sound waves; and when it passes and goes away, it sounds at a lower pitch. The behaviour of light or radial waves is similar. Indeed, the police made use of the Doppler effect to measure the speed of cars by measuring the frequency of pulses of radio waves reflected off them. In the years following his proof of the existence of other galaxies, Hubble spent his time cataloguing their distances and observing their spectra. At that time most people expected the galaxies to be moving around quite randomly, and so expected to find as many spectra which were blue-shifted as ones which were red–shifted. It was quite a surprise, therefore, to find that the galaxies all appeared red-shifted. Every single one was moving away from us. More surprising still was the result which Hubble published in 1929: Even the size of the galaxy's red shift was not random, but was directly proportional to the galaxy's distance from us. Or, in other words, the farther a galaxy was, the faster it was moving away. And that meant that the universe could not be static, as everyone previously thought, but was in fact expanding. The distance between the different galaxies was growing all the time. 



The discovery that the universe was expanding was one of the great intellectual revolutions of the twentieth century. With hindsight, it is easy to wonder why no one had thought of it before. Newton and others should have realized that a static universe would soon start to contract under the influence of gravity. But suppose that, instead of being static, the universe was expanding. If it was expanding fairly slowly, the force of gravity would cause it eventually to stop expanding and then to start contracting. However, if it was expanding at more than a certain critical rate, gravity would never be strong enough to stop it, and the universe would continue to expand forever. This is a bit like what happens when one fires a rocket upward from the surface of the Earth. If it has a fairly low speed, gravity will eventually stop the rocket and it will start falling back. On the other hand, if the rocket has more than a certain critical speed–about seven miles a second–gravity will not be strong enough to pull it back, so it will keep going away from the Earth forever. This behaviour of the universe could have been predicted from Newton’s theory of gravity at any time in the nineteenth, the eighteenth, or even the late seventeenth centuries. Yet so strong was the belief in a static universe that it persisted into the early twentieth century. Even when Einstein formulated the general theory of relativity in 1915, he was sure that the universe had to be static. He therefore modified his theory to make this possible, introducing a so-called cosmological constant into his equations. This was a new “antigravity” force, which, unlike other forces, did not come from any particular source, but was built into the very fabric of space-time. His cosmological constant gave space-time an inbuilt tendency to expand, and this could be made to exactly balance the attraction of all the matter in the universe so that a static universe would result. Doc 2: Spectacular spectrum reveals Sun's chemistry From issue 2697 of New Scientist magazine This is what visible light from the sun looks like if you split it into its constituent colours. But playing with a prism at home will not give you this high-resolution masterpiece, which was created using a sophisticated spectrometer fixed to the world's largest solar telescope at the Kitt Peak National Observatory in Tucson, Arizona. The spectrometer splits light from the sun into two beams and sends them towards two mirrors, which bounce the light back to a detector where the beams recombine. Via a complex mathematical technique, the resulting interference pattern appears as a spectacular solar spectrum, covering the entire range of visible light. What are the dark blobs in the image? These are known as Fraunhofer lines after German physicist Joseph von Fraunhofer, who first studied them in detail in 1814. They are caused by specific elements in the outer layers of the sun absorbing a characteristic wavelength of light - the missing wavelength showing up as a dark line. This barcode-like image tells us about the elements present in the sun. For instance, the broad dark patch in the red part of the spectrum (upper right) indicates the presence of hydrogen and the two prominent lines in the yellow part are sodium. As well as helping us to study the chemical composition of stars, such spectra can also tell us about the atmosphere of planets orbiting other stars. Astronomers first collect the spectrum when the planet is behind its host star, then when the planet passes in front. Subtract the first from the second, and you get the spectrum of the planet. If we find other Earthlike planets in a star's habitable zone, astronomers can study their spectra to look for water vapour, oxygen or methane in the planet's atmosphere - all tantalising hints of life elsewhere. Questions: 1. The major element inside a spectrometer (prior to all the high resolution sensors and the electronics that serve to analyse the content of the light) is the grating. It is made up of a large number of slits that diffract the incoming light. What is diffraction in general terms (you can draw a sketch) and give precisely the condition required to make this phenomenon appear. Why is it able to decompose the light from a star like a prism (but in a different manner)? (You will find the answer with the formula that gives the angle of diffraction). 2. What is the Doppler effect in general terms? Give an application in your daily life. How do radars detect the speed of cars? 3. What are the four types of information about a star that astrophysicists can infer from the study of its light? 4. What was Hubble’s conclusion about our Universe? What led him to make this conclusion? Why were physicists opposed to this point of view at the time of the discovery? 5. Give another type of information that spectroscopy can provide to astrophysicists? Explain how they proceed in order to get this kind of information. 
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Correction: light and astrophysics 1. A spectroscope or spectrometer is an apparatus used by astrophysicists to obtain and study the spectrum of light. Spectroscopes are made of a grating (a collection of evenly spaced slits) used to decompose light and send it to a sensor; the light is diffracted (instead of being refracted by a prism) and split up into its different components or wavelengths so that it reveals in great details its composition. Spectroscopes are generally mounted on high-resolution telescopes. Diffraction is the bending of light as a wave when it passes through an aperture or hits an obstacle. Diffraction (see sketch) occurs when a wave passes through a small aperture; its size, denoted a, must be lower than or about the same size as the wavelength 𝝀 of the light. Then we can see on the screen a main bright spot surrounded by dimmer and dimmer twice-smaller spots. 𝜃 is the angle ! between the first extinction of light and the main axis of the setup. The formula: 𝜃 = ! shows that light is diffracted differently according to its wavelength, therefore diffraction can be dispersive and used to decompose light into its wavelengths in a way similar to the prism, but in a different manner. 2. The Doppler effect is the change of frequency of a wave perceived by an observer when the source is moving. In our daily life, it is possible to notice this effect. When an ambulance approaches, the sound of the siren is higher pitched (higher frequency, lower wavelength) while its siren is lower pitched (smaller frequency, higher wavelength) when the ambulance is receding. The Doppler effect is used by speed control radar on highways to determine the speed of cars. A microwave is sent and bounces off the moving car, the moving car behaves then as a moving source of wave; the device measures the difference between the wavelength of the emitted wave and the wavelength of the wave reflected by the car to work out the speed of the car. 3. Four information can be extracted from the analysis of the light of a star: (1) The distance between the star and the Earth can be deduced from the apparent brightness of the star, which depends on two factors: luminosity and distance. (2) The speed of the star relative to the Earth; if the star is moving away from the Earth, its spectrum is shifted to the red (Red shift: higher wavelengths or lower frequencies, while when it approaches its spectrum is shifted to the blue). (3) The chemical composition of its atmosphere; there are dark lines inside the spectrum which are characteristic of the chemical elements present in the atmosphere of the star called the chromosphere. A chemical element inside a vapour can absorb the same wavelengths that it can emit when it is excited. (4) The temperature at the surface of the star; a star behaves like a black body; there is a relationship called Wien’s law between the temperature of the black body and the wavelength for which there is a maximum of emission of light; this law states that λmax(µm)×T(K)=2898 µm.K 4. Hubble demonstrated that the spectra of galaxies are all shifted to the red; it means that the universe is constantly expanding. According to Hubble’s law, these galaxies are flying away from each other at tremendous speeds; the greater the distance between any two galaxies, the greater their relative speed of separation. In other words, the expansion of the universe is roughly uniform. This empirical finding strongly supports the theory that the universe began with an explosive big bang. Our universe is not static as thought before by physicists, even by Einstein; instead it is expanding. There are two different hypotheses about the expanding universe; either the speed of expansion of the Universe is greater than a specific value so that it can overcome gravity, in this case the universe is likely to expand forever; another hypothesis is that the expansion of the universe is weaker than gravity and that one day the universe is likely to contract under gravity. 5. Exoplanets are Earth-like planets orbiting stars other than the sun. Astrophysicists study the spectrum of the light emitted by their host star passing through the atmosphere of the planet by subtracting the spectrum of the planet in front of the star from the spectrum of the star alone; in this way they can determine the chemical composition of the atmosphere of the planet and conclude whether there is life as we know it on the planet. 
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