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Chapter 3      Relativity and the expanding universe 

 

In this chapter, we discover that the recession of the galaxies can be explained in the context of Einstein’s general 

theory of relativity. In the 1920s, several theorists noticed that relativity predicts a universe that is evolving with 

time. This prediction was disputed for some years but was gradually accepted after Hubble’s observations.  

 

Newtonian cosmology 

In 1687, Isaac Newton published a number of universal laws that described all known motion, 

the culmination of his life’s work.1 In particular, he postulated a universal law of gravity that 

predicts an attractive force between any two bodies due to their mass, i.e., due to the amount of 

matter in each body. This gravitational force is extremely small and decreases sharply with 

increasing distance; it is only noticeable when one body has the mass of a planet.2 Newton’s law 

of gravity successfully accounted for the motion of falling bodies on earth and the motion of the 

planets about the sun. In this manner, he gave the first explanation for both terrestrial and 

celestial gravity, showing them to be of common origin.  

 Newton’s laws of motion dominated physics for over two hundred years. His law of 

gravity gives a very good description of most gravitational phenomena and is still used today in 

many applications – including the calculation of spaceflights to distant planets. However, 

physicists struggled to explain the structure of the universe in terms of the law. Since gravity was 

the only force that was known to act over long ranges, surely Newton’s attractive force predicted 

a universe that must collapse under its own gravity? This was a great puzzle for many years; the 

                                                 
1 The laws are set out in Newton’s monumental work Principia (Newton 1667). 
2 The force is given by the expression F = Gm1m2/r2, where m1 and m2 are the masses of the bodies, r is the 

separation between them and G is a universal constant. 
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problem became much more pressing with Hubble’s discovery of the runaway galaxies.  

 

The special theory of relativity  

In 1905, Albert Einstein, a young clerk in the patent office in Berne, published a paper that 

revolutionized the traditional view of space, time and motion (Einstein 1905). This paper marked 

the start of the formal theory of relativity, a theory that underpins much of modern cosmology.  

 Einstein was interested in a well-known principle of physics known as the principle of 

relativity. First articulated by Galileo, the principle states that the laws of physics are identical 

for observers moving in uniform motion3 relative to one another. Hence an object dropped in the 

cabin of a ship falls to the floor, irrespective of whether the ship is at rest or moving smoothly 

along - indeed an observer inside the cabin cannot tell from the object’s motion whether the ship 

itself is moving or not. According to the principle of relativity, it is only the relative motion of 

bodies that is important. (It is for this reason that we can enjoy a cup of tea on an airplane, or 

indeed go about our daily lives without taking the motion of our spinning planet into account). 

Relativity is a simple idea but it has profound implications; it suggests that there is no such thing 

as absolute motion, i.e., there is no absolute frame of measurement from which all other motion 

can be measured.  

 In the 19th century, it was discovered that all electric and magnetic phenomena could be 

described as a single phenomenon, a theory known as electromagnetism. Among other things, 

the theory predicted that light itself is a travelling wave consisting of alternating electric and 

magnetic fields. This was a great advance but there was one major snag; the theory seemed to 

imply that electromagnetism violated the principle of relativity, i.e., that there was an absolute 

                                                 
3 In physics, uniform motion means observers travelling at constant velocity with respect to one another - they are 

not accelerating. 
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frame of reference, at least for phenomena of an electric or magnetic nature. Young Einstein’s 

great insight in 1905 was to insist that this could not be true;4 instead, he suggested a radical 

addition to electromagnetic theory in order to force it to obey the relativity principle. This 

addition took the form of Einstein’s famous hypothesis that ‘the speed of light in vacuum is a 

universal constant for all observers’. The hypothesis seems nonsensical at first – how can the 

speed of anything be measured as the same by all observers, independent of their own motion? 

(A fast driver and a pedestrian will measure the speed of a passing cyclist very differently). 

Einstein’s genius was to recognize that the speed of light in vacuum is an exception to this 

commonsense rule. 

 In his paper (Einstein 1905), the young clerk deftly demonstrated that, if one accepts the 

hypothesis of the universality of the speed of light, the laws of electromagnetism do in fact obey 

the principle of relativity. However, his hypothesis had some truly strange implications -  since 

speed is simply distance travelled in a given time, it implied that distance and time are not 

absolute quantities, but are experienced differently by different observers (at least for observers 

travelling at high speed). Later, it was realized that relativity could be best formulated by 

hypothesizing that space and time are not independent of one another but form components of 

the four-dimensional entity spacetime; it is this entity that is invariant for observers in relative 

motion.5 Most surprisingly, the theory predicted that an object’s mass increases with its motion, 

a prediction that later led to the famous postulate that mass is simply a form of energy (E= mc2).  

 Young Einstein’s theory of space, time and motion - later known as the Special Theory of 

Relativity - seemed far-fetched and was politely ignored at first. However, it gained acceptance 

                                                 
4 Einstein was led to this idea by two experimental results ; (1) a magnet induces a current in a wire if either the 

magnet or the coil moves (2) attempts to measure the motion of the earth relative to the ‘absolute ether ‘ yielded null 

results. 
5 This was shown by Einstein’s erstwhile teacher Hermann Minkowski in 1908. 
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over the next decade, as scientists became convinced by the simplicity and completeness of the 

theory, and by emerging evidence. Nowadays, the astonishing dependence of mass, distance and 

time on motion is routinely observed in measurements of sub-atomic particles moving at high 

speeds in high-energy particle accelerators.6 Meanwhile, innumerable measurements of the speed 

of light in vacuum have shown it to be independent of the motion of source or observer, and to 

constitute a natural limit for the speed of any object (as the relativists say: “everything is relative 

except the speed of light in vacuum”). 

 

The general theory of relativity 

 Special relativity revolutionized the classical view of space, time, and motion. However, 

Einstein himself quickly realized that his theory raised a difficult question concerning Newton’s 

universal law of gravity. If nothing can travel faster than the speed of light in vacuum, how does 

the sun’s gravity act instantaneously on the planets over immense distances? Einstein saw that 

there was a need to incorporate the phenomenon of gravity into relativity and he spent many 

years working on the problem. In 1915, he published his greatest work, the General Theory of 

Relativity, a theory that extended the principle of relativity to all observers including those 

subject to the action of forces (Einstein, 1915). Most importantly, the theory incorporated a 

startling new view of gravity.7 

 A central prediction of the general theory of relativity is that space and time are affected 

by the presence of mass, i.e., by matter itself. The theory predicts that a large amount of matter in 

                                                 
6 The effects of special relativity only become noticeable when bodies are travelling at speeds close to the speed of 

light; hence most of the direct evidence comes from experiments involving the lightest particles of matter 

accelerated to high speeds. 
7 A key step in the development of the theory was Einstein’s discovery of the principle of equivalence; that it is 

impossible to distinguish between an observer in accelerated motion and an observer acted upon by the force of 

gravity.  
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a given location can cause spacetime to curve. Thus, Einstein replaced Newton’s action-at-a-

distance force of gravity with a view of gravity as a curvature of space and time. In this view, a 

massive body like the sun warps the space in its vicinity – the planets then travel along the lines 

of curvature of space (see figure 5). 

 

Fig 5 A star distorts space in its vicinty and a nearby planet moves along the lines of distortion. 

 

In support of his new theory, Einstein pointed out that Newton’s laws could not give a 

satisfactory explanation for the motion of the planet Mercury and he showed that general 

relativity gave the correct answer for the effect (Einstein, 1915). Another prediction was that 

passing starlight would be bent by the mass of our sun. In 1919, two expeditions attempted to 

measure this effect during a solar eclipse.8 The results, although a little uncertain, matched the 

predictions of Einstein’s theory. The experiment brought the world’s attention to relativity, and 

turned Einstein into an international celebrity.  

 Since that time, general relativity has passed every experimental test with flying colours. 

Such tests include phenomena such as time dilation - the stretching of a given time interval by a 

                                                 
8 Because of the brightness of the sun, the effect could only be measured during an eclipse. 
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strong gravitational field- and gravitational lensing - the observation of multiple images of a 

distant galaxy due to the bending of light by a massive star between the galaxy and the observer. 

In a recent test, the geodesic effect (a sag in the curvature of space caused by the mass of our 

own planet) was measured directly.9 Meanwhile, the spectacular prediction that gravity affects 

time has found an important technological application; in today’s Global Positioning Satellite 

(GPS) system, the clocks aboard the satellites feature a relativistic correction factor in order to 

keep them synchronized with earthbound clocks (which are in a stronger gravitation field). 

 We note in passing that an early prediction of general relativity was the existence of 

strange entities known as black holes. In one of the first analyses of the theory, the brilliant 

young mathematician Karl Schwarzschild showed that relativity predicts that if enough mass is 

concentrated in a minute region of space, the resulting curvature of space could be so extreme 

that nothing escapes from the region – even light. It is now thought that black holes are formed 

in the dying throes of certain massive stars and there is strong evidence that our universe 

contains a great many black holes. Indeed, it seems that nearly all galaxies (including our own) 

have an enormous black hole at their centre.  

  

 Relativity and the universe 

Einstein soon set about the task of applying his new theory of gravity to the study of the universe 

as a whole (Einstein, 1917). The key idea of relativistic cosmology is that, since matter causes 

spacetime to curve, the geometry of the universe will be determined by the amount of matter it 

contains. However, obtaining solutions to the field equations of general relativity is far from 

easy. In order to simplify the analysis, Einstein made two assumptions – that, on the largest 

                                                 
9 See (Everitt et al.2011). 
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scales, the universe is homogeneous (has the same content everywhere) and isotropic (appears 

the same from every point of view). These twin assumptions arise from basic principles of 

symmetry and are collectively known as the cosmological principle.   

 Proceeding with his analysis, Einstein made another assumption, namely that the universe 

at large is static (i.e., unchanging in time). Historians of science agree that this was a perfectly 

reasonable assumption at the time - there wasn’t a scintilla of evidence to the contrary. However, 

Einstein soon found that, for relativity to admit a non-zero solution for the case of the universe, 

he was forced to introduce an extra term into his equations that he called the cosmological 

constant. This extremely small but non-zero term would act to counter the force of gravity at the 

largest cosmological distances, keeping the universe static. As regards a physical interpretation 

for his cosmological constant, Einstein suggested that it represented a natural, very slight 

tendency of space to expand on the largest scales. 

 

The evolving universes of Friedmann and Lemaître 

A small number of other mathematically-minded physicists soon joined in the attempt to apply 

relativity to the study of the universe. In one case, the Dutch theoretician Willem de Sitter 

obtained a solution for the case of the universe that is completely empty of matter. This model 

also seemed to be a static universe; however, it was later shown to be a universe that expanded 

forever. A much more general analysis was provided by the Russian theorist Alexander 

Friedmann.  A brilliant young mathematician at the University of St Petersburg, Friedmann 

showed that the universes of Einstein and de Sitter are special cases of a more general class of 

solutions to the equations of general relativity (Friedmann, 1922 and 1924). Assuming only the 

cosmological principle, Friedmann showed that relativity predicts a universe that evolves in time, 
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with three possible geometries depending on the amount of matter it contains. If the universe 

contains a high density of matter, the pull of gravity eventually overcomes the expansion of 

space, resulting in gravitational collapse: because matter curves space, the geometry of such a 

universe will be closed (like that of a sphere). Conversely, in a universe that has a low density of 

matter, the expansion of space overcomes the pull of gravity and the expansion continues 

forever: such a universe has open geometry (like that of a saddle). In between these possibilities 

lies the special case of a universe where the density of matter is such that the pull of gravity 

exactly balances the outward expansion of space; in this universe space is flat, the familiar 

geometry of Euclidean algebra and our everyday world. The three possible universes and their 

corresponding geometries are shown in figure 5; note that the graphs are usually expressed in 

terms of the parameter Ω, defined as the ratio of the actual density of matter to the critical 

density required to close the universe.  

 

 

 

Figure 5a Evolution of the universe in time. If the density of matter exceeds the critical value (Ω>1), gravity 

overcomes the expansion and the universe eventually collapses: if the density of matter is less than the critical value 
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(Ω< 1), the expansion overcomes gravity and the universe expands forever: if the density is at the critical value (Ω = 

1), the universe is exactly balanced between gravity and the expansion 

 

 

Fig 5b) Geometry of the Friedmann universes. In a closed universe, space has positive curvature (the angles of a 

triangle add up to less than 180°): an open universe has negative curvature (the angles add up to more than 180°): a 

flat universe has zero curvature (the angles add up to 180°). 

 

As we shall see, Friedmann’s analysis forms the foundation of much of today’s cosmology. 

However, his work made very little impact at the time, even amongst the relativists. One reason 

may be that Einstein disliked the idea of a non-static universe and publicly accused the young 

theorist of having made a mathematical error. When it transpired that it was Einstein himself 

who made the mistake, he withdrew his objection. However, he remained skeptical of the idea of 

a dynamic universe throughout the 1920s. Another reason may be that Friedmann himself did not 

take his models too literally, seeing them as mathematical possibilities to be explored rather than 

a picture of the real world (this is not an unusual attitude amongst mathematicians). Sadly, he 

died of typhus in 1925 at the young age of 27. 

 In the mid-1920s, the Belgian physicist and Catholic priest Georges Lemaître also 

became interested in what relativity had to say about the universe. Unlike any of the theoreticians 

above, Lemaître was a trained astronomer as well as a theoretician; he spent a year as a student at 
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the observatory of Cambridge University under Arthur Eddington, a year at the Harvard 

observatory under Harlow Shapley and had visited both Slipher at the Lowell observatory and 

Hubble at Mount Wilson. Thus Lemaître was aware of Slipher’s redshift measurements and 

Hubble’s work on the distant nebulae.  

 Back home in the Catholic University of Louvain, Lemaître embarked on his own 

relativistic study of the cosmos, in order to see how it might chime with astronomical 

measurements. Unaware of the earlier work of Friedmann, Lemaître once again showed that 

general relativity predicts a universe that evolves in time (Lemaître, 1927). However, Lemaître 

interpreted his analysis very differently to Friedmann; he saw the dynamic universe as a model 

of the real world, not an intriguing mathematical possibility. He explicitly suggested that the 

‘receding velocities of the extragalactic nebulae are a cosmical effect of the expansion of the 

universe’, and derived a relativistic expression for the redshifts that was in reasonable agreement 

with the data of the time (Lemaître, 1927).  He even estimated a factor for the expansion that was 

not very different to what emerged from Hubble’s velocity/distance graph in 1929.  

 Sadly, Lemaître’s work also lay dormant for some years. One reason may be that it was 

published in French a rather obscure Belgian journal. Another may be that he did very little to 

promote the model. He may have lost confidence after a put-down from Einstein; when he drew 

the great physicist’s attention to his work at a conference in 1927, Einstein declared that he 

found the concept of an expanding universe as ‘abominable’. Worse, Einstein made the young 

cleric aware that a similar suggestion had already been made some years earlier by Alexander 

Friedmann.  

 In 1929, Hubble published his landmark velocity-distance graph of the galaxies. The 

discovery was a bolt from the blue for most scientists, but the relativists paid close attention. 
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When Hubble extended his results to over forty galaxies in 1931, it became clear that a new 

model of the universe was required. The famous astronomer Arthur Eddington pointed this out at 

a meeting of the Royal Astronomical Society, an observation that prompted Lemaître to politely 

remind him of his own model of 1927. In consequence, Eddington arranged for Lemaître’s 

model to be translated into English and published in a well-known astronomy journal. This time, 

the community of relativists sat up and took notice; Lemaître’s work was widely hailed as a 

masterpiece. Even Einstein became a convert. When he visited Hubble at the Mount Wilson 

observatory in California in January 1931, Einstein declared: “New observations by Hubble and 

Humason concerning the redshift of light in distant nebulae make the presumptions near that the 

general structure of the universe is not static” (AP 1931). 

 For the rest of the physics community, it suddenly seemed that relativity had something 

important to say about the universe. The astounding discovery of the receding galaxies was now 

coupled with a daring new theory of gravity that explained the phenomenon terms of an 

expanding universe. According to relativity, the galaxies are not really receding; space itself is 

expanding, bringing the galaxies with it. Georges Lemaître, priest and physicist, became an 

overnight celebrity.  

 

Who discovered the expanding universe? 

 

Thus the general theory of relativity gave a beautiful, off-the-shelf explanation for the runaway 

galaxies – the universe itself is expanding! It is important to note that the theory predated the 

observations. It was not a model cooked up in order to explain difficult evidence. That said, it is 

clear that even most relativists found the prediction of an expanding universe too fanciful until 

the experimental data was in.  
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It’s also worth noting that, far from an instant conversion to a new worldview, questions 

concerning the data persisted in the physics community remained for many years. Controversy 

continued to focus on the redshift measurements – did they really represent an outward velocity 

of the galaxies? Various alternate theories for the phenomenon were put forward; for example 

the Hungarian physicist Fritz Zwicky proposed an effect known as ‘tired light’, whereby light 

interacts with interstellar dust to produce the observed redshift effect. However, such 

explanations gradually lost support over the years as evidence for an expanding universe 

mounted. In one of the great ironies of science, it was in fact Hubble’s estimates of stellar 

distance that contained a significant error. 

 Today, one often reads that ‘Edwin Hubble discovered the expanding universe’. This is 

not very accurate. While Hubble was the first to establish the recession of the galaxies, he was 

not the first to suggest the phenomenon. Furthermore, throughout his lifetime he declined to 

interpret his data in terms of an expanding universe. Instead, it seems that Georges Lemaître was 

the first to draw a clear link between the runaway galaxies and the expanding universe. Then 

again, a mathematician might argue that Alexander Friedmann was the first to predict a dynamic 

universe, or that Einstein’s relativity provided the framework for all of the cosmological models! 

The truth is, few discoveries in science can be cleanly attributed to one particular person or 

moment in time. Instead, the process of scientific discovery is that of a community gradually 

coming around to a new point of view, based on emerging theory or evidence (or both) – rather 

like a group of observers gradually agreeing on the nature of an object that is slowly coming into 

view such as a ship approaching a shore. Who first declared the object to be a ship (and why) is 

rather difficult to pin down and becomes somewhat academic once its nature has become clear to 

all.  That said, what Lemaître did next caused another great shock to the world of science… 

 


