
Episode 704: The expanding universe
The Universe is expanding; don’t confuse this with the Big Bang (see Episode: 705 Cosmology).

Summary
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Student activity: Looking at a galaxy. (20 minutes)

Discussion: The scale of the Universe. (10 minutes)

Discussion: Hubble’s observations. (10 minutes)

Demonstrations: Expanding universe. (20 minutes)

Student activity: Modelling Hubble’s law. (20 minutes)

Discussion: Cosmological red shift. (10 minutes) 

Student questions: Red shift of quasars. (30 minutes)

Student activity:

Looking at a galaxy

In 1925 Hubble showed that the Andromeda nebula was a collection of stars (i.e. a galaxy) outside and quite distinct from our own Milky Way galaxy. Students can look for Andromeda using binoculars.

TAP 704-1: Two million-year-old light: Seeing the Andromeda nebula
Discussion:

The scale of the Universe

Discuss the different ways in which astronomers determine distances in space, and the units used.

TAP 704-8: The ladder of astronomical distances
1 light-year = 1 ly = 9.46 ( 1015 m

1 parsec = 1pc = 3.09 ( 1016 m

1 Mpc = 3.09 1022 m

TAP 704-2: Distances in light travel time
Discussion:

Hubble’s observations 

Hubble measured 24 galaxies. 22 had red shifted light. He plotted recession speed v against distance d.

Speed was much easier to measure (from the Doppler shift) than distance. There are real problems in setting a length scale. Different methods are used at the ever increasing distances, each overlapping to allow a (hopefully) consistent calibration. 

Hubble found v ( d; for each increase in distance of 1 Mpc the recessional speed of galaxies increases by 70 km s-1. This is the Hubble constant, Ho. The bigger Ho the faster the Universe expands (and thus the younger it is) and vice versa.

This gives us an idea of the age of the Universe:

Ho in km s-1 per km = 70/3.09 ( 1019 = 2.26 ( 10-18 s-1;

Age of Universe = 1/2.26 ( 10-18 s-1 = 4.4 ( 1017 s = 15 My approx.

TAP 704-3: Hubble’s law and the age of the Universe
Demonstrations:

Expanding universe

It is useful to show that, although the whole of the Universe is expanding, this does not imply that there is a single centre of expansion.

Inflate a balloon with sticky paper dots attached to it, representing galaxies. Note that the galaxies move apart, but they do not themselves get bigger (because gravity holds them together).

TAP 704-4: Relativity and the expanding Universe
Draw up two OHP sheets, each with a matrix of dots. They have the same pattern, but one has a greater spacing. Overlay second OHP sheet – whichever dot on the bottom sheet you use as the origin to match to a dot on the second sheet, all the other dots move away from the chosen dot. There is no centre from which all dots move away from.

Student activity:

Modelling Hubble’s law

Students could use a length cut from a wide rubber band. Mark dots to represent galaxies. Identify a ‘home’ galaxy. Stretch the rubber. A dot twice as far from the home galaxy moves twice the distance; this is the Hubble Law. 


The Hubble law thus implies that the Universe is expanding.

What’s it expanding into? Nothing! Space (or rather space-time) is being created as the Universe expands.

If Universe is expanding, why don’t we see it locally – e.g. in the solar system? Is it too small an effect?  Yes; the expansion is overcome by gravity.

Discussion:

Cosmological red shift

The so called cosmological red shift is not due to relative speeds as such – it’s due to the expansion of space itself, stretching the wavelength of light because space(time) is expanding but the resulting formula for red shift is the same.

A red shift of 1 corresponds to 7 ( 109 years ago, i.e. the light was emitted when the Universe was half as old as it is now. Red shifts > 5 have been observed.

TAP 704-5: Red shift
TAP 704-6: Red shifts of galactic spectra
Student questions:

Red shift of quasars

Students can tackle some questions about the red shifts of quasars.

TAP 704-7: Red shifts of quasars
TAP 704-1: Two million-year-old light: seeing the Andromeda nebula

Astronomy with binoculars

You do not need an expensive telescope to see interesting things in the night sky: mountains on the Moon or distant galaxies. A pair of binoculars is enough.

You will need

· a borrowed pair of binoculars

· a dark moonless night with a clear sky, between August and December

· a deck-chair

Finding the Andromeda galaxy M31

The Andromeda galaxy M31 can just, but only just, be seen with the naked eye. Its light, 2 million years old, is the oldest light you can see with the unaided eye.

The Andromeda galaxy, M31, is the nearest neighbour large galaxy to our own Galaxy, the Milky Way. It is about 2.2 million light years away and about 100 000 light years across. You will probably only see the central bright region, which is about a quarter of this distance across. It looks like a faint misty globule of light with very hazy edges.

To make sure of seeing M31, use binoculars. The best time of year is between August and December. In the spring and summer M31 is low on the northern horizon and hard to see. Instructions for three dates are given below.

If you live in a big city, find a way to get into the country where the city lights don’t pollute the night sky with unwanted light.

You need to know the direction of north. Pop out in the day at mid-day, turn your back to the Sun and so face north. Or use a compass. Make a note of any useful landmarks that tell you which way to face to be looking north.

You need a dark moonless night. The sky must be clear. So watch the weather forecasts to know when you may have a chance.

Borrow a pair of binoculars. The magnification is not important, and you will do better using the lowest magnification if the magnification can be changed. At lower magnifications you get a wider field of view. The job of the binoculars is to increase the amount of light getting into your eyes, so choose a pair with large diameter objective lenses.

Finding M31 on holiday in August

Holiday time in August is a good time to try to see M31. There is a chance that you are away from the city and its lights. Wait until about 11 pm, or later. M31 climbs up the sky during the night, and is quite low down at nightfall. Make sure there are no tall buildings, trees or hills to the east, which could hide it.
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This sketch shows roughly what to look for. It is late August, and this is what you do to find M31.

1.
Face north, and look for the constellation of stars called the Plough (or the Great Bear 
Ursa Major). It will be a little to your left, not very high up. Find the two ‘pointer stars’ at its 
right-hand end. A line through them takes your eye close to the Pole Star Polaris, in the 
north.

2.
Now you need to find the W-shaped constellation Cassiopeia. It will be to the right of the 
Pole Star. You may be able to see that Cassiopeia lies right in the path of the Milky Way 
as it crosses the sky. If you can, remind yourself that you are looking from the inside at 
our Galaxy.

3.
Identify the larger and deeper of the two triangles which make up the W of Cassiopeia. It 
is the top one of the two. The triangle points to the right. Follow a line through the middle 
of the triangle, to look for M31. It is about three times the depth of the triangle along this 
line. Looking through binoculars in about the right place, you should pick up a hazy white 
glow. That’s the central bright region of the galaxy. Remind yourself how old the light is 
that you are seeing.

Finding M31 in mid October

In mid October, M31 is practically right overhead at around 11 pm. So you need a deck-chair in which you can sit comfortably while you look directly upwards. Without it, you’ll get a crick in the neck. Again you need a dark night away from the city lights.
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This sketch shows roughly what to look for. Here’s how to find M31 in mid October.

1.
Face north, and look for the constellation of stars called the Plough (or the Great Bear 
Ursa Major). It will be to the north, right ahead of you, and low down. A building or tree in 
the way could easily hide it. Find the two ‘pointer stars’ at its right-hand end. A line 
through them going more or less vertically upwards takes your eye close to the Pole Star 
Polaris, in the north.

2.
Now you need to find the W-shaped constellation Cassiopeia. It will be above the Pole 
Star. You may be able to see that Cassiopeia lies right in the path of the Milky Way as it 
crosses the sky. If you can, remind yourself that you are looking from the inside at our 
Galaxy.

3.
Identify the larger and deeper of the two triangles which make up the W of Cassiopeia. It 
is the top one of the two. The triangle points high up into the sky. Follow a line through 
the middle of the triangle, to look for M31. It is about three times the depth of the triangle 
along this line. Looking through binoculars in about the right place, you should pick up a 
hazy white glow. That’s the central bright region of the galaxy. Remind yourself how old 
the light is that you are seeing.

Finding M31 just before Christmas

In late December, M31 is in the west. The nights are long and a frosty clear night gives you a good chance. Maybe again you might be away from the city lights.
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This sketch shows roughly what to look for. Here’s how to find M31 in mid December.

1.
Face north, and look for the constellation of stars called the Plough (or the Great Bear 
Ursa Major). It will be on your right, towards the east. Find the two ‘pointer stars’ at its 
right-hand end. A line through them to the left takes your eye close to the Pole Star 
Polaris, in the north.

2.
Now you need to find the W-shaped constellation Cassiopeia. It will be above and to the 
left of the Pole Star. You may be able to see that Cassiopeia lies right in the path of the 
Milky Way as it crosses the sky. If you can, remind yourself that you are looking from the 
inside at our Galaxy.

3.
Identify the larger and deeper of the two triangles which make up the W of Cassiopeia. It 
is the top one of the two. The triangle points away from the Pole Star, further to the left 
(East). Follow a line through the middle of the triangle, to look for M31. It is about three 
times the depth of the triangle along this line. Looking through binoculars in about the 
right place, you should pick up a hazy white glow. That’s the central bright region of the 
galaxy. Remind yourself how old the light is that you are seeing.

Unaided eye

It is quite hard to see M31 with the unaided eye. Here are some tips.

1.
Don’t even try if there’s a Moon, or you can’t get away from street and house lights. 
Camping in a field is a good place to be, though too chilly as autumn and winter advance. 
Get the lights in the nearest house turned off if they get in your eyes.

2.
Stay out in the dark for half an hour to get your eyes really dark-adapted. You’ll notice 
this happening as gradually more and more stars become visible to you: it is your eyes 
changing, not the stars getting brighter!

3.
Find M31 with binoculars, and be sure where it is. Then look near that place but not quite 
directly at it. Your retina is more light-sensitive away from the central fovea, where the 
image of something you are looking at directly is formed. You should catch a glimpse of 
M31, ‘in the corner of your eye’. Look at it directly and it may vanish. Look away a little 
and it may reappear.

You will have seen

1.
Another galaxy like our own, the Milky Way, containing some 1011 stars.

2.
The oldest light the unaided eye can see; the furthest back in time you can look for 
yourself.

Practical advice

Of its nature, bearing in mind the time of day and of year that is needed, this is a home experiment. You may be able to help with the loan of binoculars.

The instructions may give you ideas about how and when to organise a group to look for M31.

Remind your students not to look directly at the sun with binoculars or telescopes.

Alternative approaches

There really is no substitute for seeing the stars for oneself. Naturally, you will want to have as good a collection of astronomical photographs as possible.

Recently, there have been automated telescopes set up so that schools can ask for an object to be photographed.

Social and human context

Two million years ago, when the light from M31 set out, human beings were just in the process of evolving from apes. Humanoid skeletons of that age have been found as fossils in Africa.

External reference

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

TAP 704-2: Distances in light travel time
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Here are some everyday, and not so everyday, distances, represented as trip times for light.

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, 10O

TAP 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

TAP 704- 4: Relativity and the expanding Universe
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General relativity pictures the expansion of space-time as if it were an expanding balloon.
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Wavelengths are red shifted because space-time stretches as the light travels through it.

The expansion of space is related to the cosmological red shift.

Practical advice

The balloon model of the expansion of space-time is a good analogy of the predictions of general relativity. The problem with drawing galaxies (more correctly, clusters of galaxies) on a balloon is that the galaxies themselves expand as space-time does. This does not happen in reality because of the gravitational attraction between the galaxies within a cluster. A different model can be made by gluing cotton wool galaxies to the balloon which then do not expand as the balloon does – however, these galaxies do stick out from the space-time fabric in a rather unrealistic way!

The cosmological red shift, from which measurements of the Hubble constant are made, is seen using this model as being due to the expansion of space-time. The recession of distant galaxies is not then due to their velocities through space but rather to the expansion of the space-time between them. Hubble’s original data were interpreted as being due to an actual velocity of the galaxies away from each other; today’s interpretation is rather different.

Alternative approaches

A Modellus model animating stretching wavelengths in an expanding Universe.

Modellus

Modellus is available as a FREE download from http://phoenix.sce.fct.unl.pt/modellus/ along with sample files and the user manual

Social and human context

The origins and future of the Universe are of constant fascination to humankind.

External reference

This activity is taken from Advancing Physics, chapter 12, 170O

TAP 704- 5: Red shift
The CLEA software enables you to simulate controlling a telescope so that it points at a selected galaxy, and then using a spectrometer to record the light received over a range of wavelengths. From this spectrum you can measure the observed wavelengths of one or more absorption lines in the galaxy’s spectrum.

You are then able to calculate each galaxy’s red shift, z, and use Hubble’s law to calculate its distance. If you have collected data for several galaxies, a spreadsheet will speed up this calculation.

Finally, you can plot a two-dimensional chart showing the distances of galaxies that lie in various directions from Earth. This chart will show you how the galaxies are distributed in space.

In order to obtain and plot data on a large number of galaxies, collaborate with other students and arrange that you each select different galaxies. Then pool your results to make a combined plot.

You will need

· a computer running the CLEA activity ‘The Large Scale Structure of the Universe’.

· a computer running a spreadsheet program

Specialist terms

The CLEA software uses some terms and units that may be unfamiliar.

· Wavelengths are expressed in units of angstroms (A°).

1A° = 1x10-10 m, so 10A° =1 nm. For example, a particular shade of blue light might have a wavelength λ = 4500A° = 450nm.
· Astronomical positions are expressed in right ascension (RA) and declination (dec).

Declination is equivalent to latitude, and runs from +90° (above the Earth’s North Pole) to -90° (above the Earth’s South Pole). Fractions of degrees are usually expressed in arcmin and arcsec.

Right ascension is equivalent to longitude, but is expressed in units of time rather than angle – it is related to the time taken for the sky to appear to move relative to a fixed reference direction. An apparent rotation of 360° takes 24 hours, so each hour of RA is equivalent to 15° of longitude. Fractions of hours are usually expressed in minutes and seconds of time.

All the galaxies used in this activity lie within a fairly small ‘slice’ of the sky, covering a range of 60° in RA and 5° in dec

[image: image8.emf]
· Galaxies are generally referred to by their numbers in the NGC or IC catalogues (two large comprehensive catalogues giving the positions of thousands of galaxies plus various other items of data), or by two four-digit numbers that indicate their approximate RA and dec. For example, the galaxy 1245 + 2715 has an RA close to 12 h 45 min and a dec close to +27° 15́́́.
· The spectra of galaxies all have two very noticeable absorption lines, known as the calcium H and K lines. (They are produced by calcium in the cool outer layers of stars.)

What to do

Using the CLEA software

Preparation

You will need to use Table 2 from the CLEA student manual for the activity ‘The Large Scale Structure of the Universe’.

This table lists over 200 galaxies with their RA and dec.

There are also two blank columns headed ‘mag’ and ‘radial velocity’. Change the headings of these columns and use them to record the red shift, z, and distance, d, for each galaxy that you study. (The units of d should be megaparsecs, Mpc.)

· Load the CLEA activity ‘The Large Scale Structure of the Universe’.

· From the ‘File’ menu, select ‘Run’.

· From the ‘Telescope’ menu select the 1.0 or 0.9 m telescope.

Locating a galaxy

The screen shows a control panel and an image of the inside of a telescope dome. You begin by simulating the use of a small telescope (a ‘finder’) to point the main telescope towards a chosen

galaxy.

· Click ‘Dome’ to open the shutters and reveal a view of the sky.

· Click ‘Tracking’ to ensure that the telescope keeps pointing at your chosen galaxy as the Earth rotates.

Choose a galaxy from the CLEA table (Table 2 in the student manual for this activity).

Either

· click ‘Set Coordinates’ and type in its RA and dec

or

· click ‘Tracking’ and use the N, S, E, W buttons to bring your chosen galaxy into view.

You have now made the telescope point at your chosen galaxy and you should see its image in the red square in the centre of the sky image similar to that below:

[image: image9.emf]
Obtaining data

The next stage is to use the main telescope to make detailed observations of your galaxy.

· Click ‘Change View’ to switch from the finder to the main telescope.

You will see a larger image of you galaxy, with red lines indicating the position of a spectrometer slit.

You may need to use the N, S, E, W buttons to align the slit with the centre of the image

[image: image10.emf]
You are now ready to collect data.

· Click on ‘Take Reading’.

· Click on ‘Start Count’.

The screen will show you a graph of intensity against wavelength that builds up gradually as light enters the telescope.
Allow the data to accumulate until the ‘signal-to-noise’ ratio is at least 20 and you can clearly see ‘dips’ in the collection of points on the graph.

· Click ‘stop count’.

The software will then average the points and produce a line graph

[image: image11.emf]
You should be able to identify the calcium H and K absorption lines quite close together at the short-wavelength end of the spectrum.

· Move the cursor on to the lowest point of one of the lines and click the left mouse button.

The wavelength will appear on the screen. Record its value.

· Repeat for the other calcium line.

Do NOT use the ‘Record/Measure’ facility on the screen.
Returning to the beginning

· To go back to the telescope control panel, click ‘Return’.

A message will appear, warning that you have not used the on screen facility to record the spectrum.

· Click ‘OK’.

You should now see the original telescope control panel.

· Repeat the procedure for other galaxies selected from the CLEA table.

Processing the data

In addition to the wavelength measurements you have obtained from CLEA, you will need to use the following information.

In the laboratory, the wavelengths of the calcium H and K lines are 397.0nm and 393.3 nm.

Speed of light, c = 3.00 x 108 ms-1.

Hubble constant, H0 = 75kms-1 Mpc-1.

If you have measured several galaxies, set up a spreadsheet to calculate their red shifts and hence their distances.

To calculate the red shift z use

[image: image12.wmf]em
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[image: image13.wmf]em

rec

l

l

l

-

=

D

 and λem is the emitted wavelength and λrec the wavelength received by the telescope.

If you have measured the wavelengths of two lines, you will obtain two values that can be averaged to get a ‘best’ value for red shift.

To find the distance, d, use 
[image: image14.wmf]c
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[Think carefully about the units of each quantity]
Record your values of z and d in your table of galaxies.

Practical advice

Students use the CLEA software to simulate the collection of (real) spectral-line data and hence relate red shift to distance. This works well as a collaborative activity. Analysing all the galaxies listed would be a long and tedious task.

The Activity Sheet guides students through their use of the simulations, in which they obtain measurements of wavelength and then use a spreadsheet to calculate red shifts and distances. Note that students should not use the in-built calculation facility provided by CLEA, as this takes a somewhat different approach to analysing the data.

Hubble and the galaxies

The purpose of this is to show students that it is only since the 1920s that people realised that there were other galaxies like ours beyond the Milky Way. This is partly because telescopes and instruments were getting better, and partly because no-one had previously made and interpreted the relevant observations. It was only with the discovery of Cepheid variable stars (and the 1912 work of Henrietta Leavitt that linked the Cepheid period of pulsation and luminosity.) that distances beyond the Milky Way galaxy could be estimated.

Students may wonder if, when spectral lines are always red shifted, how astronomers know the ‘lab’ wavelengths of the lines. They know this because all stars and galaxies contain the same elements, each with their own pattern of radiation, and always with the same ratios between the wavelengths even when they are shifted – and the wavelengths have been accurately measured in the laboratory.

The Doppler effect is invoked as an explanation for the red shift observed in the radiation from other galaxies though the explanation for red shifted galaxies should properly be called ‘cosmological red shift’ – it is not actually a Doppler effect, though the end result is the same.

Alternative approaches

For an alternative or extension to this activity, students will also need Internet access.

They will also need a copy of Table 2 from the CLEA student manual for this activity. (The table is called ‘Target galaxies in the PC red shift survey’ and is a long table containing over 200 entries.)

In addition to using the CLEA software, or as an alternative, students could use an applet: http://jersey.uoregon.edu/hubble/Hubble_plugin.html  

The following site has background information

http://skolor.nacka.se/samskolan/eaae/summerschools/Hubble.html 

and data enabling the Hubble constant to be deduced.

Technician’s note

CLEA Software

Contemporary Laboratory Experiences in Astronomy (CLEA) software is needed.

You will also need PKUNZIP, or its equivalent, and an Acrobat reader. Your school/college computer services unit should have these available for your use should you not have them.

The CLEA software needs to be downloaded from the Internet by going first to the CLEA homepage at http://www.gettysburg.edu/academics/physics/clea/CLEAhome.html  Click on the icon ‘Software’ scroll down the page and follow the Hubble link. The manual is a pdf file.

External reference

This activity is taken from Salters Horners Advanced Physics STA activity 29

TAP 704- 6: Red shifts of galactic spectra

These spectra show red shifted absorption lines. They can be used to discuss the possible contributions to this red shift.
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Photographs of the brightest galaxies in successively more distant clusters, together with observed red shifts in the light from these galaxies. The two dark absorption lines are due to calcium – they are called the H and K lines
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Practical advice

These spectra show increasing red shift with distance. You can make an interesting teaching point about the different ways of interpreting this red shift. Hubble’s interpretation was in terms of recession of these galaxy clusters through space and the recession velocity can be calculated from the Doppler formula, z = v/c. As the recession velocity of the most distant, Hydra, is only about 20% of the speed of light, the non-relativistic approximation is reasonably good, although it would be useful to carry out the calculations to check, yielding a difference of about 20%.

A more modern way of interpreting the red shift is in terms of expansion of the Universe. In this case, the red shifts allow us to calculate by what factor the Universe has expanded since the light was emitted using the equation

z + 1 = R (now)/R (emission)
so that putting z = v/c, the light from Virgo was emitted when the Universe was about 0.3% smaller than it is now.

Alternative approaches

A Modellus model animating stretching wavelengths in an expanding universe.
Modellus

Modellus is available as a FREE download from http://phoenix.sce.fct.unl.pt/modellus/ along with sample files and the user manual

Social and human context

These spectra provide evidence that can be interpreted in more than one way: either as due to recession of distant galaxies due to their speed away from us, or as due to an expansion of space-time. This illustrates that the ways that data are interpreted are inevitably influenced by current theoretical models.

External reference

This activity is taken from Advancing Physics, chapter 12, 180O

TAP 704- 7: Red shifts of quasars

Red shifts from the expansion of the Universe 

The questions below are about the red shift of light from quasars (‘quasi-stellar radio source’ abbreviated to QSR). You will need to know that the change in the wavelength of the light is due to the expansion of the Universe. Thus the ratio: 
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is equal to the factor by which the Universe has expanded during the time of travel of the light. The red shift z is usually expressed as: 
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Thus for a red shift z the corresponding expansion of the Universe is z + 1. 
The first quasar identified 

In 1962, Australian radio astronomers got an accurate position for one of the sources in the Third Cambridge Catalogue of radio sources. Its catalogue number was 3C273. They did it by watching 3C273 being eclipsed by the edge of the Moon. Optical telescopes picked it up as a very faint star-like object with a faint ‘jet’ coming out of it. Opinion was generally that it was a peculiar nearby star. But when Maarten Schmidt took its spectrum, he recognised the spectrum as part of the hydrogen spectrum, shifted to longer wavelengths by 15.8%. 

1.
One of the hydrogen lines Schmidt observed normally has wavelength 486 nm. What 
wavelength did Schmidt observe it to have?

2.
Another hydrogen line has wavelength 434 nm. What wavelength does it have, red 
shifted by the same fraction

3.
By what factor has the Universe expanded since light now reaching us left 3C273?

Another quasar, already seen 

Earlier, another source, 3C48 had been identified with an even fainter ‘star’. Its spectrum was reported as showing 'a combination of lines unlike that of any other star known'. Given Schmidt’s identification of red shifted lines in the 3C373 spectrum, others quickly identified lines in the 3C48 spectrum that had an even bigger red-shift, of 36.8% 

4.
If a line in the 3C48 spectrum appeared in the red at 650 nm, what would its original 
wavelength have been? Is this in the visible region?

5.
If the scale of the Universe is now about 15 billion light years, what was its scale when 
the light left 3C48?

Red shifts make invisible radiation visible 

Hydrogen atoms emit strongly in the ultraviolet. One such line is at wavelength 122 nm. This line was found appearing in even more distant quasars at the far blue end of the spectrum, wavelength about 360 nm.  

6.
What is the percentage red shift in this case?

7.
What was the scale of the Universe when this light was emitted?

Extreme red shifts 

For a time it was thought that there were no quasars to be found beyond 200% red shift. However, since then red shifts discovered have reached as high as a factor 5.  

8.
In what part of the spectrum would a photon now seen in the visible have started out, if 
the red shift is 5?

9.
By what factor has the photon energy decreased in this case?

10.
By what factor has the Universe expanded in this case?

Hints

1.
Remember z = Δλ/λ.

2.
Remember z = Δλ/λ.

3.
Think of the ratio of the wavelengths 

4.
Think of the ratio of the wavelengths, again 

5.
Work from 1+z 

6.
Find the change in wavelength first 

7.
Use data from question 5 

8.
Use the ratio z + 1. Guess a ‘visible wavelength’ 

9.
Use E = hf 

10.
Try z + 1 again

Practical advice

These are intended as simple practice questions about the cosmological red shift. For that reason, no ‘recession velocities’ are calculated. The red-shift is here determined by the expansion of the universe. The questions give practice in calculating red shifts z and expansion ratios 1 + z, with some interesting information about when and how these discoveries were made. 

Be aware of how easy it is to mistake whether to use 
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Alternative approaches

You may well find up-to-date magazine articles about cosmological red shifts, which could be used to generate similar questions.  

Social and human context

It is remarkable that these very distant objects, giving fundamental insights into the nature of the universe, were first picked up by radio astronomy, soon after it emerged following developments in radar in World War II.

Answers and worked solutions

1.
z = 15.8% = 0.158 = . Thus  = 0.158  486 nm = 76.8 nm. The new wavelength is 
486 nm + 77 nm = 563 nm.  

2.
z = 15.8% = 0.158 = . Thus  = 0.158  434 nm = 68.6 nm. The new wavelength is 
434 nm + 69 nm = 503 nm. 

3.
The expansion factor is z+1, with z = 0.158. Thus the expansion factor is 1.158. 

4.
If z = 0.368 then 


[image: image23.wmf]368

.

1

1

=

+

=

z

sent

received

l

l

.

Thus sent = received/ (1+z), or sent = 650 nm/1.368 = 475 nm. This is in the blue region of the spectrum. 

5.
The scale is 15 billion light years divided by 1 + z = 1.368, giving just under 11 billion light 
years. 

6.
Red shift z = (360 nm – 122 nm) /122 nm = 1.95 or nearly 200%. 

7.
Expansion ratio = 1 + z = 1 + 1.95  3. Scale of universe = 15 billion light year/3 = 5 
billion light years. 

8.
Take the centre of the visible region as 500 nm. Then the original wavelength is 500 nm 
/ (z + 1) = 500 nm/5 = approximately 80 nm, in the very hard ultra-violet region. 

9.
Since E = hf and f = c/ the energy has decreased by the same factor as the wavelength 
increased, a factor 6 

10.
Expansion ratio is z + 1, so the universe has expanded by a factor of 5 + 1 = 6      

External References

This activity is taken from Advancing Physics, chapter 12, 95S

TAP 704- 8: The ladder of astronomical distances

Few measurements in physics have proved as difficult to make reliably, or have caused as much argument and dispute, as the seemingly simple question, ‘How far is it to the stars and galaxies’, or, in modern terms, ‘How big is the Universe?’. Here you can find out a little about some of those arguments, and what they were about.

Challenge:

It’s half as big as you say

The prestigious meeting of the International Astronomical Union in 1976 was startled to be told that the Universe is only half as big as the astronomers present all thought, and therefore only half as old. The challenger was the French-American astronomer Gerard de Vaucouleurs; the leader of the challenged orthodoxy was Allan Sandage, who had inherited the mantle of the American astronomer Edwin Hubble, who had in the 1920s first assembled evidence for the expansion of the Universe from red-shifts of galaxies. Sandage’s main collaborator was Gustav Tammann.

De Vaucouleurs mounted a sarcastic attack on Sandage and Tammann’s arguments for the distances of galaxies, accusing him and his collaborators of confusion, circular argument and observational errors. Both sides admitted uncertainties in their estimates, but the ranges of estimates of error did not even overlap. The dispute lasted for 20 years: today – with some irony – the generally agreed values seem to have settled down half way between the two. But for those 20 years astronomers had either to decide for one value or the other or in despair to split the difference.

How could such a strong difference of opinion about the facts come about? It arose because establishing distances to stars and galaxies does involve a long chain of reasoning, and an error at one step propagates through all the others. There was also a matter of belief involved. The size and age of the Universe which Sandage and Tammann preferred was large and long enough for models of the evolution of the Universe in which he believed to be right; the smaller size and shorter age which de Vaucouleurs advocated made serious trouble for these models. The Universe according to de Vaucouleurs came out dangerously close to being younger than some of the oldest objects, such as globular star clusters, to be found in it.

This was by no means the first time that changes to astronomical distance scales had been suggested. Successive revisions from the 1920s had in fact lengthened the scale, with Sandage himself having at least quadrupled the scale over that time. You may wonder how there can be such uncertainty in a measurement. The reason is that distances have to be worked out by making links in a long chain, each link introducing uncertainties and doubts of its own.

It all hangs by a hair

There are two ways to estimate the distances to the nearby stars, one of which is simple but bad and the other of which is difficult but good. The simple bad method is to assume that stars are all much of a muchness, and that all are about as bright as the Sun. Then comparing how bright they look with how bright the Sun looks gives you the ratio of the two distances, using the inverse square law. This turns out to be a bad method because stars vary in brightness by a factor of a million, though the astronomer Herschel used it to guess at the scale of the Milky Way, for lack of anything better. But bad as it is, this method illustrates several important features of astronomical distance measurement:

· If you have a class of objects of the same or known brightness, you can get distances just from the inverse square law of light intensity. Astronomers call such objects ‘standard candles’. It just turns out that stars are bad standard candles.

· The result you get from this kind of method is a ratio of distances, not the distance itself. One of the distances has to be linked back somehow to a known distance, often through a series of other estimated distance ratios.

· Questionable assumptions have to be made: for example that the light is not dimmed by absorption along the way.

· There is a built-in bias (called Malmquist bias) because at great distances one only sees the brightest stars and compares them with average stars nearby. Thus large distances consistently get underestimated. It is one reason why the astronomical distance scale has usually tended to enlarge when corrected.

The ultimate distance, found directly by radar measurement, is the scale of the solar system, and in particular the diameter of the Earth’s orbit.
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The difficult but good method of finding the distances of nearby stars is to look for a shift in their direction, against the background of much more distant stars, as the Earth goes round its orbit. The effect is called parallax. You use it unconsciously yourself to judge distances of nearby things, using the baseline between your two eyes, which see things in slightly different directions. The trouble is that even the nearest star, Alpha Centauri, is more than 200 000 times further away than the diameter of the Earth’s orbit. The shift in angle is less than 1 second of arc, less than the thickness of a hair seen across a large room. It was not until the mid nineteenth century that the first such parallax shift was measured. The distance at which a star would shift by 1 second of arc to and fro as the Earth moves round its orbit is called 1 parsec, equal to roughly 3 light-years.

Difficult as measurements of parallax are, they are not the source of substantial uncertainties in the astronomical distance scale. They are the place where, in the end, other estimates of ratios of distances link to the known diameter of the Earth’s orbit. In recent years, good parallax measurements, previously limited to a few thousand stars, have been extended to greater distances by the scientific satellite Hipparcos. Crucially, Hipparcos provided parallax measurements of a number of the bright variable stars called Cepheid variables, which play an important part in the story of the astronomical distance scale.
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Colour and brightness

The first step beyond parallax in building a distance scale is a development of the simple but bad method of judging the distance of stars by their brightness. As stars were surveyed, it became clear that a large number of ‘normal’ stars ran on a scale from being very massive, very hot and very bright to being less massive than the Sun, less hot than the Sun and not so bright. The temperature of a star can be measured from its spectrum, intense in the blue if very hot and intense towards the red if relatively cool. So although it was a mistake to suppose that all stars were more or less equally bright, how bright many of them truly were could be found by looking at the spectrum of their light. Knowing the ratios of brightness of two stars, and again using the inverse square law, the ratio of their distances can be found. Again, by linking to the Sun, a link to the measured size of the Earth’s orbit could be made.
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Henrietta Leavitt measures Cepheid variables

In 1912 women of talent found it hard to get university positions to do science. But they were often welcome doing work such as making calculations for their male colleagues. The American Henrietta Leavitt found herself such a role at Harvard. In 1912, photography was beginning to be used not just to make pictures through telescopes, but to make careful measurements. Over time, Miss Leavitt became a world authority on the new science of measuring the optical density of images of stars, so as to measure how bright they appear to be. She made a study of a special kind of variable stars which are so bright that they could be detected outside the Milky Way Galaxy, in a ‘satellite’ star cluster called the Large Magellanic Cloud, visible to the naked eye in the Southern Hemisphere. These Cepheid variable stars vary in brightness over periods from 2 to 200 days. Detecting them calls for painstaking examination and measurement of repeated images of thousands of stars, to detect those which are varying, and how rapidly.

Henrietta Leavitt found that there is a simple relationship between the brightness of the Cepheid variables and their period of oscillation: the slower the brighter. She could assume that differences in the apparent brightness of the Cepheid stars in the Magellanic Cloud were due to real differences in brightness, since they were all more or less at the same distance. She could not know how bright the stars were, or how far away they were. But she provided a way for astronomers to compare true brightness just by clocking the time of variation, and so to get ratios of distances from ratios of apparent brightness.

Since then, Cepheid variables have been an essential link in the astronomical distance scale. With parallax measurements to nearby Cepheids from the Hipparcos satellite, and with the Hubble telescope just recently able to detect Cepheid variables as far away as the Virgo cluster (tens of millions of light-years), it turns out that Henrietta Leavitt identified one of the strongest and longest links in the chain of constructing an astronomical distance scale. The value of her work was recognised also, back in the 1920s, when Edwin Hubble observed Cepheid variables in the nearest large galaxy, M31 in Andromeda, establishing it as an ‘island universe’ outside and on the same scale as the Milky Way. So Henrietta Leavitt contributed also to the first solid evidence that the building bricks of the Universe are the galaxies, each with perhaps 1011 stars. But, just to illustrate the difficulties, you should know that Hubble’s 1920s estimate of the distance of M31 was half as big as the current estimate, because of the indirect way he had to use to estimate the distance of the Magellanic Clouds.

More brightness guesswork

Beyond the range of the Cepheid variables, only the very brightest of stars could be picked out in distant galaxies. These are the blue supergiant stars, very big, bright and hot. The distance scale could be pushed out further if one assumed that there is some limit to how bright and big a star can get. If so, the very brightest stars in a galaxy would all be equally bright, and could be used as standard candles as far out as they could be seen. You will see for yourself that this is a rather dangerous assumption to make. Could there not be other perhaps unknown kinds of even brighter object? (And in fact there are). But for a time it was the only way available to get distances of distant galaxies from the brightness of stars in them.

A lucky break:

Brighter galaxies spin faster

Beyond the distance where individual stars could be seen in galaxies, the only hope was to make further dangerous assumptions, for example that galaxies of the same type are equally bright, or equal in size. Neither method is helped by the fact that galaxies are seen at all angles to the line of sight, head-on, sideways, and in-between.

In 1972 two young American graduate students, Brent Tully and Richard Fisher, had the idea of using radio astronomy to measure how fast distant galaxies were rotating. The idea was that the radio emission at 21 cm from hydrogen in a galaxy (then recently used to map the arms of the Milky Way) would show through Doppler shifts in its frequency the difference in speeds of the gas towards or way from us as the galaxy rotates. The point of finding out how fast a galaxy rotates is that more massive galaxies should rotate faster, and more massive galaxies should be brighter. Tully and Fisher were after a clock which could measure galaxy brightness, much as Henrietta Leavitt had found for Cepheid variables.

People were not slow to point out the dangerous assumptions involved. Most serious was that most of the brightness of a galaxy comes from its hot blue stars, while most of its mass is in the bulk of cooler redder ones and indeed in dust and gas clouds. So the empirical relation they could show for galaxies whose distances had been estimated by other means, between brightness and rotation speed, was a relationship between not really connected things. Luckily for Tully and Fisher, in more recent years infrared telescopes on satellites have confirmed that the infrared brightness is also related to rotation speed. The Tully–Fisher step on the distance ladder has proved very useful.

Standard outbursts

One very special and very rare kind of stellar object can be seen out to nearly the largest distances telescopes can reach. They are the stellar explosions called supernovae, in which a cataclysm in a dying star briefly makes it shine as brightly as a whole galaxy. There are two types, Type 1 and Type 2. Type 2 explosions are of giant stars, and vary in brightness depending on the mass of the star. But Type 1 are remarkable standard candles, each as bright as another. This is because they come from a collapsed dwarf star which collects matter from a neighbouring star. It happens that such a collapsed star cannot ever be more than 1.4 times the mass of the Sun. Beyond that mass, it cannot support its own gravitational attraction, and collapses yet further. These second collapses all start from the same point, the point when the dwarf has just collected the maximum mass possible, and all work in the same way. This makes every such explosion equally big. But they are also rare, perhaps 20 or 30 a year in a given galaxy. So to use them for distance measurement means looking at thousands of distant galaxies in the hope of detecting a few such outbursts.

Practical advice

Students may ask how the distance to different objects was established. The text is intended to provide background information and aid a discussion of how the distance scale was established

The scale is subject to constant revision. The story is a good example of substantial uncertainty in physics, and it remains true that the distance scale and so the Hubble constant are amongst the least accurately known facts in physics.

The story provides a good opportunity to discuss the calibration of measurements, for example the calibration curve needed between Cepheid time periods and brightness. It also illustrates well how errors can propagate along a chain of argument.

With less able students it may be best to build a class discussion around the diagram showing some of the methods on the astronomical distance ladder. It would be a mistake to go into too much detail, however. Better students will be able to take the reading as it stands, and perhaps describe the main ideas to others.

A compact account at the right level for a teacher needing some updating on astronomical distance measurement can be found in M Rowan-Robinson (1996) Cosmology 3rd edn (Oxford University Press).

Alternative approaches

You may prefer to use one or more of the excellent popular books that discuss the measurement of astronomical distances. One which gives a lot of personal detail and historical background is Dennis Overbye (1991) Lonely Hearts of the Cosmos (Macmillan). The story is told briefly in M Rowan-Robinson (1993) Ripples in the Cosmos (Freeman), and in technical detail in M Rowan-Robinson (1985) The Cosmological Distance Ladder (Freeman).

Social and human context

The distance scale is a dramatic and very real example both of uncertainty in physics, and of the bitter arguments that sometimes arise. The clash between Sandage and de Vaucouleurs was fierce and long, and harsh words were spoken. An initial enmity may have arisen when de Vaucouleurs had, in Sandage’s opinion, used some of Sandage’s unpublished data without permission.

External reference

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