The expanding universe

Complete the exercise to find the velocity of the galaxy M31 at the http://imagine.gsfc.nasa.gov/YBA/yba-intro.html website. 

Einstein’s famous general theory of relativity implied that the universe should be either expanding or contracting. However, the accepted scientific wisdom at that time was that the universe was of fixed dimensions and had been so for all time. This would lead Einstein to include in his theory what he has described as ‘the biggest blunder of my life’, by including a cosmological constant that brought a balance to the universe and kept it stable. 

Working entirely independently from this, American Vesto Slipher had uncovered that light from stars showed similar characteristics to the Doppler shift of sound waves. When light was travelling to an observer the wavelength would appear to contract and create a blue shift in the wavelength. However, Slipher was to also discover that the stars were all moving away from the Earth and created a cosmic red shift. Slipher’s observations did not receive much notice, although they were essential to the pioneering work of Edwin Hubble.

The name Hubble is most famous now for the telescope in orbit around the Earth. But where does the name come from? Edwin Hubble was one of the greats of 20th century astronomy. (See the science timeline section to find out more of his story.) 

At the end of World War I the number of known galaxies in the universe totalled one: our own Milky Way. Everything that was observable was believed to be part of the Milky Way or unimportant puffs of gas at the periphery of the universe. Hubble was to demonstrate that there are many more galaxies. Currently astronomers believe that there are possibly 140 billion galaxies in the universe. In other words, if a galaxy was a chocolate raisin, there are enough to fill the SECC.

Hubble’s two driving pursuits in his work were to discover the age and the size of the universe. To do this he had to use stars known as ‘standard candles’, stars whose luminosity can be reliably calculated and used as a reference point to measure the luminosity and relative distance of other stars. However, it was not Hubble who found these reference stars. The term ‘standard candles’ was coined by Henrietta Swan Leavitt, who noticed that a particular type of star, known as a Cephid variable, had a constant frequency pulse. Leavitt discovered that by comparing the relative magnitudes of Cephids at different points it was possible to calculate where they were in relation to each other. By knowing the relative distances of the standard candles there was a practical way to measure the large-scale universe. Today, 

Cepheid variables remain one of the best methods for measuring distances to galaxies and are vital to determining the expansion rate (the Hubble constant) and age of the universe.

So, by knowing the luminosity of a source it is possible to measure the distance to that source by measuring how bright it appears to us: the dimmer it appears the farther away it is. Thus, by measuring the period of these stars (and hence their luminosity) and their apparent brightness, Hubble was able to show that some nebulae were not clouds within our own galaxy, but were external galaxies far beyond the edge of the Milky Way. In 1923 he demonstrated that one of these clouds was in fact a huge collection of stars, a galaxy. This galaxy, for which Hubble was to use the term ‘nebula’, was a hundred thousand light years across and over nine hundred thousand light years away. This meant that the universe must be much, much larger than previously thought.

Hubble’s second revolutionary discovery was based on comparing his measurements of the Cepheid-based galaxy distance determinations with measurements of the relative velocities of these galaxies using Slipher’s red shift work. What he was able to show was that the further away a galaxy was the faster it was moving away from us.


Using data from this graph he was able to produce the following relationship:

v = Hod
Where v is the speed at which a galaxy moves away from us and d is its distance from us. The constant of proportionality Ho is now called the Hubble constant. The common unit of velocity used to measure the speed of a galaxy is km s–1, while the most common unit for measuring the distance to nearby galaxies is called the megaparsec (Mpc), which is equal to 3.26 million light years or 30,800,000,000,000,000,000 km! Thus the units of the Hubble constant are (km s–1)/Mpc. 

As you can imagine from the data in the graph, the value of Hubble’s constant has been a subject of some debate. Initial attempts at calculating the age of the universe found it to be younger than the Earth. Values have ranged from as low as 50 to as high as 100. Improved measurements narrowed the range and the currently accepted value comes from WMAP: 73.5 (km s–1)/Mpc (give or take 3.2 (km s–1)/Mpc). This measurement is completely independent of traditional measurements using Cepheid variables and other techniques.

This discovery marked the beginning of the modern age of cosmology. Belgian George Lemaitre had used Einstein’s general theory and had predicted the outcome of Hubble’s work to produce what he called his ‘fireworks theory’, which suggested that the universe started at a fixed point, underwent a massive expansion and is still expanding now. He did not predict the linear relationship, and the combination of his and Hubble’s work was to become known as Hubble’s law.

To view a timeline of this work use the following link: http://www.timelineindex.com/content/view/1207.

During the 1930s other ideas were proposed as non-standard cosmologies to explain Hubble’s observations, including the Milne model, the oscillatory universe (originally suggested by Friedmann, but advocated by Einstein and Richard Tolman) and Fritz Zwicky’s tired light hypothesis.

After World War II, two distinct possibilities emerged. One was Fred Hoyle’s steady-state model, whereby new matter would be created as the universe seemed to expand. In this model, the universe is roughly the same at any point in time. The other possibility was Lemaître’s Big Bang theory, advocated and developed by George Gamow, who introduced big bang nucleosynthesis and whose associates, Ralph Alpher and Robert Herman, predicted the cosmic microwave background (CMB). It is an irony that it was Hoyle who coined the name that would come to be applied to Lemaître’s 

theory, referring to it as ‘this big bang idea’ in derision during a 1950 BBC radio broadcast.

For a while support was split between these two theories. Eventually, the observational evidence, most notably from radio source counts, began to favour the latter. The discovery of cosmic microwave background radiation in 1964 secured the Big Bang as the best theory of the origin and evolution of the cosmos. Much of the current work in cosmology includes understanding how galaxies form in the context of the Big Bang, understanding the physics of the universe at earlier and earlier times, and reconciling observations with the basic theory.

The way that Hubble’s expansion law predicts the movement of the galaxies is important: the speed of recession is proportional to distance. Imagine an onion loaf being baked. If every part of the loaf expands by the same amount in a given interval of time, then the onion pieces would move away (recede) from each other with exactly a Hubble-type expansion law. In a given time interval, an onion piece close to another would move relatively little, but a distant onion piece would move relatively farther – and the same behaviour would be seen from any onion piece in the loaf. In other words, the Hubble law is just what one would expect for a homogeneous expanding universe, as predicted by the Big Bang theory. Moreover no onion piece or galaxy occupies a special place in this universe – unless you get too close to the edge of the loaf, where the analogy breaks down.
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