
Episode 705: Cosmology

Cosmology is the study of the origins, history and future of the universe. The currently favoured model is the big bang.

Lesson Summary

· Discussion: The hot big bang (10 minutes)

· Discussion: How old is the universe? (10 minutes)

· Student questions: The age of the universe (20 minutes)

· Discussion: Cosmic microwave background (10 minutes)

· Discussion: The future of the universe (10 minutes)

· Student questions: Critical density (20 minutes)

· Discussion: Missing mass and dark energy (10 minutes)

· Student activity: Olbers’ paradox (20 minutes)


Discussion: The hot big bang

Imagine running a film of the universe backwards – all matter and energy were originally in a very, very dense state. All exploded outwards: the big bang (Fred Hoyle coined this name, intending it to be derisive).

What happened before the big bang? Space-time was created at the big bang; so many cosmologists argue that the question has no physical meaning.

At the present time (2005) the overwhelming weight of evidence favours the Hot Big Bang theory. There are 3 independent pieces of evidence:

· The observed expansion of the universe

· The Cosmic Microwave Background (CMB) radiation

· The cosmic relative abundance of the light elements (created by the big bang, rather than subsequently in stars or supernovae)

Discussion: How old is the universe?

Episode 704-3: Hubble’s law and the age of the universe (Word, 200 KB) - see end of document
As discussed above, the Hubble constant gives us a means of estimating the age of the universe. It is ~ 14 billion years old.

Episode 705-1: The age of the universe (Word, 102 KB) - see end of document

Thus the size of the visible universe is set by how far a light beam has travelled since the big bang, which is c  ×  age of universe.

size of the visible universe = 14 × 109 light years or 1.3 × 1026 m.

Student questions: The age of the universe

Students can look at a number of estimates of the age of the universe.

Episode 705-2: Calculating the age of the universe (Word, 59 KB) - see end of document

Episode 705-3 The parsec (Word, 50 KB) - see end of document

Discussion: Cosmic microwave background (CMB)

Space is filled with the cosmic microwave background radiation. This allows an estimate of how much the universe has stretched since it was emitted.

Episode 705-4: The cosmic microwave background radiation (Word, 198 KB) - see end of document

Discussion: The future of the universe

This is a topic that is still the focus of research and debate.

[image: image1.png]Radius of the Universe
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If there is enough mass in the universe then its gravitational attraction will eventually overcome the expansion. The universe will stop expanding and then collapse to an eventual big crunch (cf. throwing an object upwards with less than the escape velocity). This is called a closed universe .

If the quantity of mass is just right then the expansion slows to zero at infinity. This is called a flat universe.

If there is not enough mass for its gravitation effect to overcome the expansion, the universe will continue to expand forever. This is called an open universe .

A closed universe might rebound forever – a big bang eventually resulting in a big crunch which rebounds into a big bang and so on. The whole universe may be a gigantic oscillator!

The critical density is the demarcation between an open and closed universe.

[image: image2.png]



Student questions: Critical density

Observation has yet to pin down the actual density with sufficient precision to decide if our universe has a density larger or smaller than the predicted critical density r0 .

Episode 705-5: Critical density (Word, 36 KB) - see end of document

Discussion: Missing mass and dark energy

According to the standard cosmological model, the universe consists of three categories of mass/energy. Dark matter (25%), dark energy (70%) and a smattering of normal matter (5%).

Dark matter was invented to account for the observed rotational shape of galaxies. Dark energy has been invented more recently to account for the latest red shift data. (As of 2005) at the highest red shifts the universe seems to be accelerating!

Student activity: Olbers’ paradox

To exemplify the depth of ideas that can come from thinking about a simple observation – that the sky is dark at night – students can read about Olbers’ paradox. They could report their thoughts to the class.

Episode 705-6: The sky is dark at night (Word, 46 KB) - see end of document

Episode 704- 3: Hubble’s law and the age of the Universe
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The expanding Universe: by measuring the present rate of expansion and the distance to far galaxies, we can estimate the age of the Universe.

Practical advice

This diagram is reproduced here so that you can discuss it with your class. It could be used as an OHT

External reference

This activity is taken from Advancing Physics, chapter 12, 160O

Episode 705- 1: The ‘age’ of the Universe
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This diagram shows how we come to estimates of the age of the Universe.

Practical advice

This diagram is reproduced here so that you can discuss it with your class.

External reference

This activity is taken from Advancing Physics, chapter 12, 200O

Episode 705- 2: Calculating the age of the Universe

Hubble’s constant

The Hubble constant can be used to estimate the age of the Universe. Over time, estimates of this constant have changed and so estimates of the age of the Universe have changed. This question asks you to work out the changing estimates of the age of the Universe from the Hubble constant.

What does the constant mean?

Hubble’s realised that the light from distant galaxies is red-shifted and that the more distant they are, the greater the red shift. Today, this is interpreted to mean that the Universe is expanding: that is, the space between clusters of galaxies is expanding and therefore the distance between galaxies is increasing. Hubble’s interpretation was slightly different: he took the results to mean that galaxies were receding from each other through space. Following Hubble’s explanation, we can write:


[image: image5.wmf]Hd

v

=


where v is the recession speed of a distant galaxy, d its distance from us and H is the Hubble constant. Now, if you imagine the Universe running backwards, how long would it take a distant galaxy to reach you? Answering this question tells you how long ago it is since all the galaxies were together in the same place, i.e. how long ago the Big Bang occurred. The time taken for a galaxy travelling at speed v to travel a distance d is:


[image: image6.wmf].
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Therefore, the value of 1 / H gives us an estimate of the age of the Universe. This is only as an estimate because as the galaxies in the time-reversed Universe fall towards one another, they would be expected to speed up.
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A more precise description of 1 / H is the ‘expansion timescale’, or ‘Hubble time’ rather than the ‘age of the Universe’.

A graph of measured values of Hubble’s constant

The following graph, taken from Physics World, July 1999, shows how measured values of the Hubble constant have changed since the 1920s, when Hubble made his original measurement.
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The units of H on the graph are km s–1 Mpc–1 (km per second per million parsecs). This is a useful unit for astronomers as it tells them how fast, in km s–1, a galaxy is receding if its distance is a certain number of parsecs from us. The two different units are useful to astronomers for measuring the two different quantities, speed and distance, but if you want to find the age of the Universe from 1 / H, then you must have H in units of (time)–1. The first thing you have to do is change the units of H into s–1.

1.
What is 1 Mpc in km?

2.
By writing 1 km s–1 Mpc–1 in terms of km s–1 km–1, write down a conversion factor that 
changes km s–1Mpc–1 into s–1. 

3.
The earliest point on the graph gives a Hubble constant value of approximately 

600 km s–1Mpc–1. What is this in s–1? 

4.
For this early value of the Hubble constant, calculate an estimate for the age of the 
Universe. What are the units of your answer? Convert the answer to years. 

5.
Read from the graph the upper and lower limits of the recent disputed values of the 
Hubble constant. Calculate the two different ‘ages of the Universe’ that they imply. 

Hints

1.
1 parsec is 3.09 x 1016 m  - see Episode 705-3: The parsec
2.
Use your answer to question 1 to write 1 Mpc in km. The reciprocal of this gives the 
conversion factor – note that the km cancel out when you rewrite the unit.

3.
Use your conversion factor from question 2.

4.
Simply find the reciprocal of your answer to question 3 and, noting that the answer must 
therefore be in seconds, you can easily convert to years by calculating how many 
seconds there are in a year.

5.
This is simply lots of calculations like question 4. Putting a formula in a spreadsheet 
means that you can do all the calculations at one go.

Practical advice

This exercise is intended to give practice in converting Hubble’s constant to an age of the Universe. It is important for students to understand the connection between this constant and the age of the Universe, and this point will need careful explanation for some students. Important points can also be made about units: from Hubble’s equation, H should have dimension (time)–1, yet astronomers use an odd unit (which, of course, does have the correct dimensions) for convenience. It is not sensible to use the same length unit in the speed and in the distance to distant galaxies.

First, some agreement is being reached on the value of H and therefore of the age of the Universe – a remarkable achievement. Second, large numbers of people have kept themselves busy measuring this constant. Third, the range from 50 to 100 km s–1 Mpc–1 was the subject of a bitter dispute over at least a decade, only recently resolved. In fact values as low as 42 have been claimed.

Finally, make the point that H is not a constant at all! As the Universe expands, its rate of expansion will change (it will fall if the cosmological constant is zero; it may increase if the cosmological constant is non-zero). In the absence of the cosmological constant, the values of the age of the Universe calculated here give only an upper limit.

Social and human context

Should we care about the age of the Universe? Should society spend money to measure the age of the Universe? Why are such questions important to some? Why has the origin of the Universe fascinated humans for so long?

Answers and worked solutions

1.
1 Mpc = 3.09 x 1019 km

2.
1 Mpc = 3.09 x 1019 km. Therefore:
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4.
Age of the Universe = 1/H:


[image: image11.wmf].
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5.
The values in dispute lie between 100 km s–1 Mpc–1 and 50 km s–1 Mpc–1. The ages 
implied lie between approximately 10 billion years and 20 billion years.

External reference

This activity is taken from Advancing Physics, chapter 12, 90D

Episode 705-3: The parsec

A unit of distance in common use amongst astronomers is the parsec. As the Earth moves in its orbit around the Sun, the position of nearby stars against the background of very distant stars seems to change.
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The parallax of a star is the angle labelled  on the diagram. These angles are very small because even nearby stars are very distant compared with the Earth’s orbital diameter. Small angles can be expressed in minutes and seconds; one minute of arc is 1 / 60 of a degree; one second of arc is 1 / 60 of a minute. If the radius of the Earth’s orbit is R then the distance to a star with parallax  is:


[image: image13.wmf].
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The parsec

A star that has a stellar parallax of 1 second of arc is at a distance of 1 parsec (1 pc). The radius of the Earth’s orbit is 149.6  106 km. 
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External reference

This activity is taken from Advancing Physics, chapter 12, 20S

Episode 705- 4: The cosmic microwave background radiation
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The decoupling of the radiation – the Universe becomes transparent to electromagnetic radiation.
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The expansion of the Universe stretches the wavelength of the radiation, decreasing its frequency and therefore reducing the energy density and lowering the temperature.
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The expansion of space-time and the stretching of wavelengths compared.

Practical advice

These are intended to help with an explanation of the current temperature of the cosmic microwave background radiation. It should be compared with that on the origin of the cosmological red shift.
See Red shifts of galactic spectra in Episode 704: The expanding universe
Both these phenomena have their explanation in the expansion of space-time and the development of the appropriate equations in both cases is intended to make this comparison explicit.

Alternative approaches

Drawing background radiation on a balloon and blowing this up provides a very visual way of seeing this phenomenon. A Modellus model showing the stretching of electromagnetic radiation as it travels between two galaxies animates the explanation.

Modellus

Modellus is available as a FREE download from https://docente.ifrn.edu.br/alessandrorolim/informatica-aplicada-a-fisica/software-modellus-4.01/view.
Social and human context

It is a fascinating fact that holding your hand up means that you are intercepting photons that have been travelling since very early times in the history of the Universe. The microwave background is a relic of the Big Bang. The origin of the Universe has fascinated humankind since time immemorial.

External reference

This activity is taken from Advancing Physics, chapter 12, 210O

Episode 705-5: Critical density

This activity shows how the critical density of the Universe can be calculated from the Hubble constant

Imagine that all the matter in the Universe is completely smoothed out, so that the mass of all the stars, planets, gas, dust and so on is spread uniformly throughout space, forming a very low-density gas of density ρ. 

Now think of a thin spherical shell of this material, of mass m and radius r:
[image: image18.emf]
The gravitational potential energy of the material in the shell is affected only by the material inside it – the effects of all the surrounding material (which extends infinitely in all directions) cancel out.

The mass, M, of gas within this shell is
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The size of the gravitational potential energy, Eg, of the shell is given by
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The kinetic energy Ek of the shell is given by

Ek = ½mv2
But by the Hubble relation v = H0r

(Think of an observer at the centre of the shell measuring the distance, r, and the speed, v, of the receding material.)

So we can write
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If the shell is to have just enough energy to keep moving so that its kinetic energy just becomes zero when r becomes infinite, then
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This equation must define the critical density ρc
Questions

1.
Use 
[image: image23.wmf]2
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 to get an expression for ρc in terms of H0 and some other constants.
2.
If H0 lies between 50 and 100 km s-1 Mpc-1 (1.6 to 3.2 x 10-18 s-1), what is the range of values that the critical density, ρc, could have? (Use G = 6.67 x 10-11 N m2 kg-2)

3.
Approximately how many hydrogen atoms per m3 would correspond to the larger value of ρc that you have just calculated? (Mass of hydrogen atom, m = 1.67 x 10-27 kg)

Practical advice

It is worth emphasising that the critical density is a theoretical concept – a ‘benchmark’ against which to measure the actual (average) density of the Universe, rather than being the real density of the Universe. At the same time, pause and wonder at the extremely low average density of matter in the Universe – it really is almost empty space, and the existence of such huge concentrations of matter in stars and galaxies is a tribute to the influence of the ‘weak’ force of gravity acting between all matter.

Answers and worked solutions

1.
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2.
With H0 = 50 km s-1 Mpc-1,

ρc = (3 x 1.6 x 10-18)/ (8 π x 6.67 x 10-11) = 4.6 x 10-27 kg m-3 
If H0 is twice as large, then ρc will be four times greater: = 4.6 x 10-26 kg m-3
3.
The larger value of ρc corresponds to about 10 hydrogen atoms per cubic metre.

This is less than the density of the interstellar medium

External reference

This activity is taken from Salters Horners Advanced Physics, section STA, additional activity 6

Episode 705- 6: The sky is dark at night

A reason to think that the Universe has evolved

Thinkers as far back as Edmond Halley (1656–1742) realised that there is important cosmological information in the simple fact that the sky is dark at night. You can read here what some modern cosmologists have said about the cosmological implications of the dark night sky.

Olbers’ paradox
‘Why is the sky dark at night?’ Heinrich Olbers (1758–1840), German astronomer and comet hunter, raised this question in 1826, though not for the first time. Olbers pointed out that if the Universe is infinite and filled uniformly with stars, there must be a star in every direction you can look. So the sky should be as bright as the surface of a star. That’s what ‘infinite’ means.
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But the sky is rather black at night. Most lines of sight do not seem to end on a star. This was called ‘Olbers’ paradox’. Olbers himself suggested that dust in space intercepts and absorbs the missing starlight. An objection to this is that the light would heat up the dust until it glowed as bright as a star, so that the sky would be bright again. If the Universe were infinitely old, this must have happened already! Back to the paradox.

‘Our evolving Universe’

Here is what Cambridge astronomer Malcolm Longair has written about Olbers’ paradox:

In its simplest form, Olbers’ paradox arises because, if the Universe were infinite, static and uniformly filled with stars, the sky would be as bright as the surface of the stars, clearly in contradiction with our experience. At least one of these assumptions about the nature of our Universe has to be wrong….The fact that the sky is not as bright as the surface of the Sun provides us with some very general information about the Universe. Probably the most general way of expressing the significance of this observation is that the Universe must, in some sense, be far from equilibrium, though the way in which it is in disequilibrium cannot be deduced from this very simple observation. The fact that the Universe is expanding and has a finite age are two contributions to the resolution of the paradox.

Malcolm S Longair (1996) Our Evolving Universe (Cambridge University Press).

‘Getting rid of the debris’

Professor Jim Peebles, American cosmologist, looks at the paradox in a different way. He asks, ‘Where has all the starlight gone?’ He points out that if the radiation in the Universe just grew and grew, it would put out the stars:

If energy is conserved, the stars cannot be permanent, for they must eventually exhaust their fuel supply. If energy conservation as usually understood were violated within stars, so they could shine forever, what would become of the starlight? If the material Universe were a finite island in infinite empty space, the starlight could stream away. In a homogeneous static Universe, however, the mean energy per unit volume of starlight would have to grow with time. The energy density in starlight presumably would continue to grow until the radiation temperature reached the internal temperature of the material within stars, making it impossible for the material to release any more energy unless the stars got hotter, and of course making space quite uninhabitable for us. This is the effect known as Olbers’ paradox. The effect has been more or less understood since at least the seventeenth century, though people have not always been eager to face up to it, as we see from the fact that Einstein did not take note of this problem with his world model.

…The assumption of a homogeneous unchanging Universe leads to a double bind: we have to postulate an eternal source for new stars and galaxies, and we need some provision for getting rid of the debris. In the absence of the latter the energy density of starlight would build up until it became intense enough to suppress energy production within stars.

P J E Peebles (1993) Principles of Physical Cosmology (Princeton University Press).

‘The microwave background is old starlight’

The microwave background radiation fills the Universe with photons emitted long ago. It does not dazzle us as the original photons would have, because it is red shifted by a factor of about a thousand. Its temperature is only a few degrees Kelvin, so it is cold and the sky looks dark. This is how Professor Michael Rowan-Robinson of Imperial College looks at Olbers’ paradox:

…the phenomenon of the microwave background radiation, interpreted as the relic of the fireball phase of the Hot Big Bang, on which so much of our present cosmological story is pinned. This can be experienced gratuitously by looking at the random dots on your television screen after broadcasting has ceased. Part of this ‘noise’ is due to the microwave background radiation. This radiation is also in a sense related to the darkness of the night sky, which in a supposedly infinite Universe of stars perplexed astronomers and philosophers for centuries (the so-called Olbers’ paradox) until Edgar Allan Poe explained the darkness as due to the finite age of the Universe. The light from the most distant stars has not had time to reach us yet. But as I like to point out, the sky is pretty bright in the microwave band, being about as bright in energy terms as the Milky Way is in the visible band.

Michael Rowan-Robinson (1993) Ripples in the Cosmos (W H Freeman).

To think about…

1.
Can so much really be decided from so little?

2.
What might make people want to believe that the Universe is infinite and eternal?

3.
‘The light from a star at distance r is dimmed by a factor 1/r2. So distant stars make little 
contribution, and Olbers was wrong.’ What is wrong with this proposal? If you have no 
idea, look at the next question.

4.
‘The number of stars at distance r increases as r 2, because they fill a shell of surface 
area 4r 2. So the more distant the stars the bigger the contribution they make. Olbers 
was wrong.’ What is wrong with this proposal? If you have no idea, look at the previous 
question.

5.
List as much evidence, as you can think of, which suggests that the Universe has not 
always been the same.

Practical advice

The meaning of Olbers’ paradox is actually quite subtle, as the three quotations here bring out by their different points of view. But it does provide good material for some students to think about, and a nice example of the working of an inverse square law. So you might choose to suggest this reading to some students, or to base a piece of teaching on it.

Notice that the inverse square law argument, suggested in the questions at the end, leads to an infinite intensity of light (each shell of radius r contributes the same amount since the r2 terms cancel, and there are infinitely many shells). This is wrong. The light would be intercepted by other stars, and would reach the brightness of the surface of a typical star.

Alternative approaches

It is well worth searching the Internet for the latest cosmological discoveries. The RAS website, (http://www.ras.org.uk/ ), lists many press releases (and many other space-related sites, e.g. the NASA site, (https://www.nasa.gov/) contain similar items. Links between sites are plentiful.

Social and human context

It is interesting to note how long the idea has been around, without ever quite having the effect on cosmological thinking which some think it should have had.

External reference

This activity is taken from Advancing Physics, chapter 12, 60T
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