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Student Sheet 1

This sheet is
intended to help
you develop your
own summary of
key terms and
techniques as you
study astrophysics.

1 By Definition ...

Building up a summary of terms and techniques will help you to
check that you really know and understand the key ideas as you
study this topic, and your completed summary will be useful when
you come to revise.
For each entry in your summary, you should start by writing a
clear definition. In most cases, it will probably be useful to add a
few notes, and maybe equations and/or diagrams. As you progress
through the topic, you may want to refine or expand some of your
entries.
Before you start writing your summary, there are some important
things to think about. You may find it useful to discuss them with
other students.

o How should you record your summary? Each entry on a
separate sheet or card? On a computer disc? In a bound
notebook? Which would you find most useful?

o How will you refer back to your summary? Would an index be
useful? Should your entries be in alphabetical order? Will you
add cross-references between entries?

o What makes a good entry in a summary? What might be the
disadvantages of entries that are too brief, or too long?

Here are three examples to help you think about the third point.
Decide what you think is useful or unhelpful about each, then
write your own 'ideal' entry for constellation.

constellation A group of stars. [Chambers English
Dictionary]

constellation A number of fixed stars grouped
together within an outline of an imaginary figure
traced on the face of the sky. [Shorter Oxford
Dictionary]

constellation In the second century AD Ptolemy of
Alexandria listed forty-eight constellations. Many of
them were named after mythological gods and
heroes such as Orion and Perseus, though a few were
named after everyday objects such as the Triangle.
Later astronomers have added to the list, but we
must remember that the constellation patterns have
no real significance, because the stars are not all at
the same distance from us; we are dealing with line
of sight effects. Generally the constellations are
known by their Latin names: Taurus (the bull), Canis
Major (the great dog) and so on.
Astronomers nowadays use 88 constellation names
as a convenient way of referring to parts of the sky.
A distant galaxy might be said to be 'in Perseus' even
though it lies far beyond the bright stars that ancient
astronomers thought looked like a Greek hero and
has no physical connection with them.
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Constellations are used in naming stars according to
an internationally agreed code, in which a shortened
form of the Latin constellation name is preceded by
a Greek letter. For example, the brightest star in
Taurus is called a Tau.
[Adapted and extended from The Night Sky by Patrick
Moore, a booklet contained in the Philip's Stargazer
Pack, George Philip Ltd.]

Finally, you will need to decide as you go along which terms and
techniques are important enough to include in your summary. You
will find it useful to include those highlighted in bold on the
student sheets for this topic. Discussion with other students may
help you to decide which others to include and to think about what
makes a good entry.
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The aim of this
sheet is to help
you to plan and
carry out some
observations of
the night sky and
discuss your
findings with
others. In doing
so, you will
observe some
similarities and
differences
between stars and
be introduced to
some of the terms
used to describe
stars.

Some key terms are
printed in bold type.
You may find it
useful to include
them in a summary of
definitions.

SAFETY Make sure
you observe from a
safe location.

2 Observing Stars

Introduction

Figures 2.1, 2.2 and 2.3 overleaf show stars in three well-known
constellations. The constellations were named in ancient times
when people thought that their shapes had some meaning.
Nowadays we know that the shapes of constellations are random
patterns, but astronomers still use their ancient names as a
convenient way to describe different areas of the sky. Stars are
named according to an internationally agreed code, in which an
abbreviated Latin form of the constellation name is (for bright
stars) preceded by a Greek letter. Some bright stars are also known
by informal names, many of which come from the Arabic.

Star maps often use different-sized dots to indicate the
magnitude of the stars (see Figures 2.1-2.3). Before there were
instruments to measure the brightness of starlight, the brightest
stars were classified as 'first magnitude', the next brightest as
'second magnitude' and so on down to the faintest stars that could
just be made out with the naked eye, which were classified as
'sixth magnitude'. The classification was originally quite crude, and
based on differences in brightness that can be detected by eye.
Nowadays magnitudes are defined in terms of instrumental
measurements that are much more precise than the naked eye.

Planning

You should aim to observe the stars in at least one of the
constellations pictured on this sheet and then discuss your
findings in a group with other students.
When you make your observations, try to link what you see with
the magnitude scale indicated on star maps.

Before making your observations, plan what you will do. Here are
some points to think about - you may think of others.
• Where will you make your observations? Do you need to

consider any safety aspects?
• How many evenings should you allow for observing?
• How long should you aim to spend observing?
• Which constellation(s) will you observe? Why might some be

better than others?
• Should everyone in your group observe the same

constellation?
• What should you take with you?
• How will you record your observations? What will you record?
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FIGURE 2.1 Orion
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FIGURE 2.2 The Plough (part of Ursa Major, the Great Bear)
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FIGURE 2.3 Cassiopeia
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Observations
Here are some things to look out for.

• Notice the brightness of the stars. Do they all seem equally
bright?

• Look at some first-magnitude stars. Do they indeed seem to be
brighter than the others?

• Compare some stars of different magnitudes. Do they indeed
appear different?

• What is the magnitude of the faintest stars you can see?
Stars can be described according to their brightness - but that is
not the only way.

• Notice the colours of the stars. Do they all look the same
colour?

• As well as stars, you may see other light sources in the sky
(including planets, artificial satellites and aeroplanes). How
does their light compare with starlight?

There may be other interesting things in the sky, so keep a look
out and be ready to record anything that you observe.

Discussion and evaluation
First think about these points yourself, then discuss them in a
group with other students.
o Did your observations match up with the magnitudes indicated

on your star map?
o The faintest stars you can see define the limiting visual

magnitude of your observations. What factors do you think
affect the limiting visual magnitude? How might the limiting
visual magnitude change if you observed from a site of
different altitude, or nearer or further from Earth-based light
sources? Would you expect to find the same limiting visual
magnitude every night? Would you expect everyone else to
measure exactly the same limiting visual magnitude as you at
your site?

o In addition to brightness, what other similarities and
differences are there in the light from different stars? How
does light from other sources (such as planets or aeroplanes)
differ from starlight? In what ways is it similar?

o Spend a few moments reviewing this activity.
What worked well? What did not work so well?
When you made your observations, did anything happen that
you had not planned for?
Has making your own observations helped you to understand
the magnitude scale?
What else have you learned from this activity?
Did you find it helpful to discuss your findings with other
students?
Would you do anything differently if you repeated the activity?
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Figure 2.4 is a map of the brightest stars in the northern sky.
However, they are not all visible at the same time
Using a photocopy of this sheet, cut around the edge of the mask
provided in Figure 2.5 and cut out the shaded circle. Place it on top
of the star map of Figure 2.4 to make a simple planisphere. Line
up the date and time of your observations, and the hole in the
mask will reveal the brightest stars that are above the horizon at
that time.

The times on the chart are Greenwich Mean Time (GMT). If you are
using the chart during British Summer Time, subtract one hour
from clock time to get GMT.

Oriony\
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Taurus (bull) ~emini (twins)
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FIGURE 2.4 The brightest stars in the northern sky
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PLACE TIME

ABOVE DATE

FIGURE 2.5 Mask to cut out and place over Figure 2.4

Acknowledgement
The star maps in Figures 2.1-2.3 were originally generated using
SkyMap software and are reproduced with permission.
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This sheet is
intended to help
you become
familiar with
distance units
used by
astronomers, and
with the location
and nature of
some important
types of
astronomical
object. The sheet
ends with details
of two scale
models and some
suggestions for
activities using
skills of
communication
and presentation.

Some key terms are
printed in bold type.
You may find it
useful to include
them in a summary of
definitions.

3 Size, Separation and Distance

Angular measurements
Astronomers often describe apparent sizes or separations in terms
of angles. Angles can easily be related to observations of stars and
other objects without the need to know their distances from us.

Figure 3.1 shows two objects A and B subtending an angle a at an
observer O. For two objects lying anywhere along the dashed lines,
the angle a is their angular separation. The lines could be
leading to the opposite edges of a single object, in which case a is
its angular diameter or (more loosely) its angular size.

A_---e---

x
measured along
a straight line at
right angles to d

d

measured round arc
of circle centred on 0

---e--_
B

FIGURE 3.1 Two objects A and B that sub tend an angle a at an observer 0

You can measure a as follows. Hold a transparent ruler at arm's
length and line up the scale with the objects. Measure the distance
between the points on the ruler that coincide with objects A and B
(this is x on Figure 3.1) and the distance between your eye and the
mid-point of x (this is d on Figure 3.1). You can then use
trigonometry to find a from x and d. Using right-angled triangles

a x
tan-=-

2 2d

If a is small, then we can use the small angle approximation

tana = sina
x
d

Angles smaller than one degree are often expressed in minutes of
arc (arcmin) or seconds of arc (arcsec).

10 = 60 arcmin or 60'
l' = 60 arcsec or 60"

Angles can also be expressed in radians.

I dla = - ra Ian
d
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which is sometimes written as

a/radian = i
d

If a is small, then

I ~ x

and so

a/radian ~ ~
d

Table 3.1 illustrates these relationships and approximations with
some numerical values.

TABLE 3.1 Angles, sines and tangents

Angle a expressed in various units sin a tan a

50° 3000' 180000" 0.8727 rad 0.7660 1.1917

20° 1200' 0.3491 rad 0.3420

10° 36 000" 0.1763

~~ 0.01745 rad 0.01745 0.01746

QW 9;f, y )Rd

O. (' t1'~ " lGp!
Ql Complete Table 3.1 and decide how small an angle should be
for the small angle approximation (sin a ~ tan a) to be valid.
If you have a calculator that can be switched between 'degree' and
'radian' modes, practise using it to find sines and tangents of
angles expressed in radians and the same angles expressed in
degrees - if you use the calculator correctly you will get the same
answers either way. .

Using angular sizes
You can estimate the approximate angular sizes and separations of
objects by comparing them with parts of your hand held at arm's
length.

Q2 Use Table 3.2 to record your own personal 'rules of thumb'.

TABLE 3.2 Rules of thumb

Object Size/ m Angular size when viewed at arm's
length
degrees radians

Thumb (side-on)

Wid th of palm

Outstretched fingers

Distance from eye to hand with arm outstretched d = ... m

TRUMP Astrophysics Project 2
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SAFETY Make sure
you observe from a
safe location.

• Betelgeuse

•

••..,
.,
•

-I • Rigel

FIGURE 3.2
Betelgeuse and Rigel
in Orion

nearby star

¢= 1 aresee
(exaggerated)

d = 1parsec

FIGURE 3.3 Stellar
parallax

Q3 Estimate the distance at which alp coin (diameter 20 mm)
would be observed to have an angular diameter of (a) 10 (b) l' (c) 1''.

Q4 Use your personal 'rules of thumb' or a ruler held at arm's
length to find the angular diameter of the Moon and the angular
separation of the bright stars Betelgeuse and Rigel in Orion
(Figure 3.2). Estimate the uncertainty (error) in your measurements
and in your final results.

Distances and sizes
Most general books on astronomy use the light year as a unit for
describing large distances and sizes: it is the distance that light
travels (at 3.00 x 108 m s-l) in a year

1 light year (ly) = 9.46 x 1015 m

However, astronomers more often use other units of distance,
chosen to be convenient for particular situations.

When describing stars and other similar-sized objects, solar units
are often used - distances and sizes are given in units of R0, where
R0 is the Sun's radius (the symbol 0 has been used since ancient
times to represent the Sun).

1 R0 = 6.96 x 108 m
For distances within the Solar System, astronomers generally use
the astronomical unit, AU, which is the average distance between
Earth and Sun.

1 AU= 1.50 x io!' m

For distances far beyond the Solar System, astronomers use the
parsec, a distance unit based on a method of measuring distances
to nearby stars, known as stellar parallax. Figure 3.3 illustrates
the principle. When Earth is at the point marked in the figure, the
nearby star appears in the direction shown. Six months later, Earth
will be on the opposite side of the Sun and the position of the
nearby star against the distant background will appear to have
shifted by an angle 2¢. This apparent shift is called parallax.
The angle ¢ is always very small, so with ¢ in radians

d= x
¢/rad

The parsec (from parallax second, abbreviated to pc) is defined as
the distance d that gives ¢ = 1 arcsec. Since

x=lAU

= 1.50 xl011m

and

1°1arcsec =--
3600

= 4.85 xl 0-6 rad

then
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1.50xl011m
Ipc=-----

4.85 xl0-6

= 3.09 x 1016 m

The nearest star has ¢ = 0.769 arc sec. The most distant stars whose
parallaxes can be measured directly (with Hipparcos, a satellite
designed to make very precise measurements of star positions) lie
at about 100 pc. The pc is the standard astronomical unit of
distance even where parallaxes cannot be measured directly. For
large distances, standard prefixes are used:
1 kpc (kiloparsec) = 1000 pc; 1 Mpc (megaparsec) = 106 pc.

QS Using the data in Table 3.3, work with a partner or in a small
group to decide which of the objects listed is the most distant
from Earth and which has the largest physical size. Before you
start, decide on a plan of action that will enable you to compare
the sizes and distances while avoiding too many calculations. Take
care with units - notice that Table 3.3 uses a mixture.

Actual sizes and distances of astronomical objects are much more
difficult to measure than angular sizes. If one is known then the
other can be calculated, but in practice it is difficult to measure
either accurately. Most methods for measuring size or distance
involve several steps, each of which may have uncertainties and
assumptions associated with it and the value obtained will often
depend on the method used. If you find that two books give
different values for the size or distance of the same object do not

TABLE 3.3 Approximate sizes and distances of some astronomical objects

Object Notes Angular Distance Physical
size from Earth size

Andromeda A galaxy similar 2' 2.4 million ly
nebula to the Milky Way

Pleiades A group of bright 110 arcmin 410ly
young stars

Sun Our local star 30 arcmin 1 AU 2 R0

M13 A densely packed 17 arcmin 110ly
globular group of about
cluster 105 stars

Orion A cloud of gas, dust 90 arcmin 38ly
nebula and young stars

Crab A star that exploded 5 x 7 arcmin 2 kpc
nebula SNR about 1000 years ago

Cygnus A A galaxy that is a 2 arcmin 230 Mpc
powerful emitter
of radio waves

Jupiter The largest planet in 30-50 arcsec 4-6 AU 0.2 R0
our Solar System

Betelgeuse A red star in Orion 5.5 x 10-2 425 ly
arc sec

3C 273 The nearest quasar - less than approx. less than
quasar the powerful core of 1 arcsec 600 Mpc 3.4 kpc

a galaxy
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necessarily assume that one of them is wrong (though mistakes do
happen) - it may be that the discrepancy reflects the uncertainty in
the measurement, or that one author has access to a more recent
and reliable measurement.

Our view of the Universe
For many centuries, people have observed the sky, and their
observations have helped them to speculate about the Universe
and our place in it. Ideas about our surroundings in space have
evolved over time, influenced by increasingly precise and
sophisticated observations, laboratory experiments, advances in
theoretical physics - and religious and philosophical thinking.
According to our current understanding, our place in the Universe
is not particularly special.

Our Earth is one of nine planets that, together with smaller objects
(asteroids and comets), orbit the Sun and make up the Solar
System. The extent of the Solar System can be defined
approximately by the orbit of the planet Pluto, whose mean
distance from the Sun is about 40 AU.
The Sun is one of about lOll stars in the galaxy known as the
Milky Way, a disc of stars, gas and dust about 1 kpc thick and 30
kpc in diameter, surrounded by an extensive halo of low-density
gas with faint stars scattered throughout, giving the whole galaxy
the shape of a squashed sphere. The brightest stars in the disc
trace out a pattern of spiral arms extending from the centre.

The gas and dust between the stars is known as the interstellar
medium (ISM).The ISMis far from uniform: there are regions (such
as the Orion nebula) where matter is clumping together under its
own gravity to form new stars that heat the surrounding gas and
make it glow. Stars tend to form, and remain, in clusters: some
contain relatively few stars, such as the Pleiades, while the
globular clusters, such as M13, are made up of many thousands
of stars. The ISMalso contains near-spherical shells of warm gas
thrown from the surfaces of dying stars (e.g. the Helix nebula), and
the glowing remains of stars that have blown themselves up
(e.g. the Crab nebula).

(The term nebula (plural nebulae) literally means 'cloud'. It was
used by astronomers in the eighteenth and nineteenth centuries
for all objects that appeared extended and fuzzy when observed
through their telescopes, and hence were unlike stars, which
appear pointlike. Nowadays we know that some nebulae are clouds
of gas within our own galaxy while others are separate galaxies
beyond the Milky Way, but the term, used loosely, has stuck.)
The Solar System lies about 10 kpc from the centre of the Milky
Way galaxy, within the disc whose millions of distant stars can be
seen from Earth as a band of light across the night sky.
There are about lOll galaxies in the observable Universe, some
(like the Milky Way) have a disc and spiral arms, some look like
smooth ellipses, some have irregular shapes. Galaxies range in
mass from about 105 to about 1013 times the mass of the Sun.
(Masses of astronomical objects are often expressed in units of M0,

where M0 is the Sun's mass. 1 M0 = 1.99 x 1030 kg. For example, the
mass of the Milky Way is roughly lOll M0 or 2 x 1041 kg.)
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Galaxies are grouped into clusters: the Milky Way is one of a small
cluster, known as the Local Group, of about 30 galaxies within a
region about 2 Mpc across. Many clusters are much richer, some
with more than a thousand members in a region not much greater
than that occupied by the Local Group. And clusters, too, are
grouped - into superclusters, typically about 50 Mpc across.
A few galaxies (about 2%)are active galaxies, which emit far more
radiation than can be accounted for by their stars alone, but most
galaxies (e.g. the Milky Way and the Andromeda galaxy) are normal
galaxies. Cygnus A is an active galaxy, so is 3C 273, which
contains a quasar. Quasars are the most distant objects yet
detected; they appear like peculiar bright stars (their name comes
from quasi-stellar, meaning star-like), but are much more powerful
than other types of active galaxy. Because of their great distance,
quasars give us information about the Universe in the remote past.
Q6 For each of the objects in Table 3.3, say whether it lies in the
Solar System, the Milky Way, the Local Group or beyond.

Q7 Roughly how long ago did the radiation we receive today set
off from the quasar 3C 2737 Why should studying distant objects
give us information about the Universe in the remote past?

Modelling
The following models illustrate some of the sizes and distances
involved in astronomy.

The Milky Way

Table 3.4 gives the distances of some objects within the disc of the
Milky Way galaxy and their directions when viewed from Earth. For
objects within the Milky Way, astronomers often specify directions
using angles measured from a line joining the Solar System to the
centre of the Milky Way, as shown in Figure 3.4.

TABLE 3.4 Distances" and directions of some objects in the Milky Way's
disc

Object Notes Distance/m Direction
angle, e

o Cen The nearest star to 4.2 x 1016 3160

the Sun

Pleiades Groups of bright 4.0 x 1018 16T
Hyades young stars 1.3 x 1018 1800

Orion nebula Clouds of gas, 3.2 x 1019 2090

Carina nebula dust and young stars 7.7 x 1019 28T
Helix nebula Shells of gas 1.5 x 1019 360

Ring nebula blown from the 3.7 x 1018 630

Toby jug nebula surfaces of stars 3.0 x 1018 2720

Crab nebula Remains of 6.2 x 1019 1850

Vela supernova exploded stars 1.5 x 1019 2640

remnant
Cas A 8.6 x 1019 lIT

,,< The distances given here are believed to be the most reliable currently
available.
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angle e

Solar
System

centre of
Milky Way

disc of
Milky Way

FIGURE 3.4 Using angles to specify the directions of objects in the disc of
the Milky Way

o Make a scale drawing showing the positions of the objects
listed in Table 3.4. You will need to decide on a sensible scale:
2 ern to represent 1020 m fits the whole of the disc on to an A4
page, but you may prefer to make a larger drawing for display
and you may decide not to show the whole disc on your
drawing.

o With other students, discuss how you could label or talk about
your drawing to help other people (younger students, for
example) to appreciate the sizes of the objects and the
distances between them. You might consider doing some of the
following:
• say how long it takes for light to travel from each

object to us, or across each object, and compare this
with the time taken for sunlight to reach us (a
distance of 1 AU at a speed of 3 x 108 m s-l)

• say roughly how long it would take a space probe to
reach each object, compared with the Voyager probes,
which took about two years to reach Jupiter

• say how large each object actually appears in the sky,
compared with, say, the full Moon

• say how far away a 2p piece would need to be if it
was to appear the same size as each object.
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Q8 assumes that both
stars are the same
size, which is
approximately the
case.

QIO assumes that
both galaxies are the
same size. In fact the
Andromeda galaxy is
slightly larger.

Stars and galaxies
The following questions and data may help you to decide how to
use simple models to illustrate the typical relative sizes and
separations of stars and galaxies.

Q8 If two marbles 2 ern in diameter are to represent the Sun and
the nearest star (ex Cen) in a scale model, how far apart should they
be placed?

Q9 If two grains of sand, each 1 mm in diameter, represent Sun-
like stars at opposite sides of the Milky Way, what would be the
size of a scale model Milky Way made from sand grains?

QI0 If two cardboard discs 10 ern in diameter represent the discs
of the Milky Way and the Andromeda galaxy in a scale model, how
far apart should they be placed?
Data:

Radius of Sun, R0 = 6.96 x 108 m
Distance of ex Cen ~ 4.2 ly
Diameter of Milky Way galaxy ~ 30 kpc
Distance of Andromeda galaxy ~ 2.4 x 106 ly
1Iy=9.46x101Sm

1 pc = 3.09 x 1016 m

o With other students, use the answers to Questions 8-10 to help
you decide how you might use models to help people
appreciate the relative sizes and separations of stars and
galaxies. You may decide it is better to describe some of the
suggested models, rather than attempt to make them.

TRUMPAstrophysics Project 8



Ql See Table 3.5
TABLE 3.5 The answers to Question 1

Angle a expressed in various units sin a tan a

50° 3000' 180 000" 0.8727 rad 0.7660 1.1917

20° 1200' 72 000" 0.3491 rad 0.3420 0.3639

10° 600' 36 000" 0.1745 rad 0.1736 0.1763

1° 60' 3 600" 0.01745 rad 0.01745 0.01746
l#'~ . 0 5° 6' 360" 0.008727 lad o 008727 O.OOg727

"[<gOO f). 00 ~1-21-,..~

Answers to questions on Student Sheet 3

0.(1 ~ 6 i J~J"
The approximations involving a in radians, sin a and tan a become
better as the angles become smaller. The values for a = 0.5° are not
exactly the same, but the differences are noticeable only if you
record more than four significant figures. So, deciding how small
an angle must be for the approximation to be valid rather depends
on how precise you want your values to be - if you are interested
only in the first significant figure, the approximation 'works' for
angles up to about 20°, but if you want four-figure precision then
even F' ls too large. Quite often, though, you will only need to care
about the first two or three figures, so as a general rule you can
say that angles of a few degrees or smaller count as 'small'.

Q2 As the initial measurements will not be very precise, you can
use the small angle approximation x/ d :== sin a= a/radians in all
three cases. Your answers will depend on the size of your hand and
arm. Table 3.6 lists the values for the hand of one of the authors,
held at arm's length 70 ern from her eyes.
TABLE 3.6 Typical answers to Question 2

Object Size/ m Angular size when viewed at arm's
length
degrees radians

Thumb (side-on) 0.01 0.8° 0.014 rad

Width of palm 0.08 6.6° 0.11 rad

Outstretched fingers 0.20 16° 0.29 rad

Distance from eye to hand with arm outstretched d = 0.70 m

Q3 As the angles are all small, use

sln n « tana
:== a/rad

x
d

and hence

d:== X
a/rad
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or
xd~--

sina
or

d~_X_
tana

It does not matter which of these three expressions you use, but
take care with angles in arcmin or arc sec - whichever expression
you use, you need to convert either to degrees or to radians.

X= 20 mm = 0.020 m

(a)

tt=--rad
180

=0.0175rad
(or sin 10= 0.0175, or tan 10 = 0.0175)

so
d = 0.020m

0.0175
= 1.14m

(b)
a = l'

1°
60

=0.0167°

= 2.9 x 10-4 rad
(or sin 0.016 T = 2.9 x 10-4 , or tan 0.016 T = 2.9 x 10-4)

so
d = 0.020m

2.9 xl0-4

= 68.8m (~70m)

(c)
1"a=

3600
=2.78°xl0-4

= 4.85 x 10-6 rad
so

d = 0.020m
4.85 x 10-6

= 4.13 xl03 m (~4km)
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Q4 You should get values close to 0.5° for the Moon's angular
diameter and 18.5° for the angular separation of Betelgeuse and
Rigel. You will almost certainly not get exactly those values, but
they should fall within the range allowed by experimental
uncertainty.

For example, if you hold a ruler at 70 em ± 1 em from your eyes,
the Moon appears to cover about 0.5 em ± 0.1 em on the ruler.
Using the small angle approximation

· 0.5 ±0.1
Slna<::::---

70 ±l

The 'best' values give

· 0.5
Slna=-

70
= 0.0071

a = 0.41 °

But these measurements allow values as large as

· 0.6
Slna=-

69
= 0.0087

a = 0.50°

and as small as

· 0.4
Slna=-

71
= 0.0056

a = 0.32°

So in this example the result should be written a = 0.4 °± 0.1 0, a
range that includes the 'official' value of 0.5°. Your own estimate of
uncertainty may be different, depending on how you made the
measurements, and if you made a rough estimate using your 'rules
of thumb' your uncertainty will be larger.
Q5 The most distant object is the quasar 3C 273, and the radio
galaxy Cygnus A has the largest physical size. If you first express
all the sizes and distances in the table in the same units, as shown
in Table 3.7 (overleaf), it is then easier to use sin a ~ xl d (or
alrad ~ xl d) to complete the table with values shown in bold. If
you complete the whole of one column, you can probably answer
the question without needing to complete the whole of the other.
For example, if you complete the right-hand column first, you can
see that Cygnus A, while physically bigger than all other objects,
has a smaller angular size than all but three of them, so it must be
further away than any of them apart from 3C 273; two of the
objects with smaller angular sizes (jupiter and Betelgeuse) have
much smaller physical sizes, so they must be much closer to us
than Cygnus A.

TRUMP Astrophysics Project 11



Student Sheet 3

TABLE 3.7 The answers to Question 5

Object Notes Angular Distance Physical
size from Earth/m size/m

Andromeda A galaxy similar T 2.2 x 1022 7.9 xl020

nebula to the Milky Way

Pleiades A group of bright 110 arcmin 3.9 x 1018 1.3 xl017
young stars

Sun Our local star 30 arcmin 1.5 x lOll 1.4 x 109

M13 A densely packed 17 arcmin 2.0 xl020 1.0 x 1018

globular group of about
cluster 105 stars

Orion A cloud of gas, dust 90 arcmin 1.4 xlO 19 3.6 x 1017

nebula and young stars

Crab A star that exploded 5 x 7 arcmin 6.2 x 1019 1.1 x 1017

nebula SNR about 1000 years ago

Cygnus A A galaxy that is a 2 arcmin 7.1 x 1024 4.3 x 1021

powerful emitter
of radio waves

Jupiter The largest planet in 30-50 arcsec 6-9 x io!' 1.4 x 108

our Solar System

Betelgeuse A red star in Orion 5.5 x 10-2 4.0 x 1018 1.1 x 1012

arc sec

3C 273 The nearest quasar- less than approx. less than
quasar the powerful core of 1 arc sec 2 x 1025 1 x 1020

a galaxy

Q6 You need to compare the extent of each region with the
distances in Tables 3.3 and 3.7.
• Jupiter and the Sun are the only objects that lie in the Solar

System.
• The Pleiades, M13, Orion nebula, Crab nebula and Betelgeuse

all lie beyond the Solar System but within the Milky Way - they
are all within about 10 kpc (3 x 1020 m) of Earth.

• The Andromeda nebula is a member of the Local Group of
galaxies (closer than about 1 Mpc, 3 x 1022 m).

• Cygnus A and 3C 273 lie far beyond the Local Group.
Q7 From Table 3.3 you can see that quasar 3C 273 is at a distance
of 600 Mpc. 600 Mpc ::::;2 x 109 ly, so the radiation from 3C 273 that
we receive today must have set off about two thousand million
years ago. If the quasar had changed in some way since emitting
the light that we now receive, we would not yet be able to see the
change. The more distant an object, the longer its light takes to
reach us, so it brings us information about the object as it was in
the past.
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(3C 273 is the nearest known quasar. Other, more distant, quasars
have been found whose light must have set off when the Universe
was an even smaller fraction of its present age of about 1010

years.)

The following notes show just one way to answer Questions 8-10,
which involves expressing all distances and sizes in metres to make
comparison easier. You may have chosen a different approach, but
you should still get the same answers in the end.

QS

Distance from Sun to a Cen, d = 4.21y

= 4.2 x 9.46 x 1015 m

<::::4.0x 1016 m

distance from Sun to a Cen d

radius of Sun R0

4.0xl016m
6.96 x 108 m

= 5.7xl07

<::::6xl07

So, in the model the marbles should be separated b~ a distance
approximately 6 x 107 times their radius, i.e. 6 x 10 ern - or
600 km.

Q9

Diameter of Milky Way, d = 30 kpc

= 30 x 1000 x 3.09 x 1015 m

<::::9.3xl019m

diameter of Milky Way d

diameter of Sun 2R0

9.3xl019m
2x6.96xl08m

=6.7xl010

<::::7xl010

So, in the model, the sand grains should be separated b6' a distance
approximately 7 x 1010 times their diameter i.e. 7 x 101 mm - or
7 x 104 km. (For comparison, Earth's diameter is about
1.3 x 104 km.)
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QIO Diameter of Milky wav- 9.3 x 1019 m (from Q9)

distance of Andromeda galaxy » 2.4 x l 06ly

=2.4xI06 x9.46xl015m

=2.3xl022m

distance of Andromeda galaxy 2.3 xl 022 m
diameter of Milky Way 9.3 xl019 m

=244

So, in the model, the discs should be separated by a distance
approximately 240 times their diameter, i.e. 2400 em or 24 m.
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The information
on this sheet is
concerned with
making
astronomical
observations
from above
Earth's
atmosphere. The
activities involve
interpreting
graphical
information and
raise some points
for discussion.

0.1 nm 1 nm

Some key terms are
printed in bold type.
You may find it
useful to include
them in a summary of
definitions.

4 Getting Above Ourselves

Nearly all that we know about stars and other astronomical objects
comes from studying their electromagnetic radiation. Stars emit
mainly visible radiation, but other objects emit mainly in other
parts of the spectrum: for example, cool gas clouds and certain
types of galaxy emit mainly radio waves, and strong X-ray emission
comes from some close-knit pairs of stars and from very hot gas
between galaxies. Rather than simply detecting objects that lie
beyond Earth, astronomers are interested in finding out what they
are made of and how they 'work'; comparing amounts of radiation
received at different wavelengths gives important clues to physical
conditions and processes within the objects. Some of these
observations require telescopes on high mountains or in space.

Why put telescopes into space?
Earth's atmosphere may appear transparent but in fact it absorbs
and scatters electromagnetic radiation. At visible wavelengths this
may not be obvious at first (sunlight and starlight reach us at
ground level, and we can see long distances) but even on a clear
day the atmosphere makes distant objects appear fainter and bluer
than those nearby. In other parts of the spectrum, there is much
more atmospheric absorption and scattering. In some respects,
this is a good thing (the atmosphere protects us from harmful solar
X-ray and ultraviolet radiation, for example), but it presents
challenges for astronomers.

In order to use the full range of electromagnetic radiation,
astronomers nowadays build telescopes on high mountain tops or
launch them into space to get above the atmosphere.

Figure 4.1 is a schematic diagram showing the percentage of
radiation that can penetrate Earth's atmosphere and reach sea-
level.

10 nm 100 nm 1urn 10urn 100 urn 1 mm 1 em 10 em 1 m

wavelength

10m 100m

FIGURE4.1 Transparency of Earth's atmosphere

Ql Label Figure 4.1 to show the different parts of the
electromagnetic spectrum - decide which wavelength ranges
correspond to visible, radio, ultraviolet, infrared, gamma-ray and
X-ray radiation.
Q2 Which parts of the electromagnetic spectrum could
astronomers use for making observations at sea level? Which parts
of the spectrum might be observed with telescopes on high
mountain-tops or carried in aircraft, and which would probably
only be detected by telescopes carried above the atmosphere?
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Decide how best to present you answers. (You could use a table or
perhaps add more labels to Figure 4.1.)

As well as reducing the amount of radiation that we receive, the
atmosphere also distorts our view of distant objects; variations in
atmospheric density give rise to the twinkling of stars and blurs
their images on a detector. Figure 4.1 gives no information about
this blurring, but you need to bear it in mind as another reason for
putting telescopes above the atmosphere.

Your answers to Question 2 can be related to the following
information about telescopes and satellites.
Sea-level observations can be made in the visible and radio regions
of the spectrum (often referred to as the atmosphere's optical and
radio windows). But nowadays most optical telescopes are built
on high mountain tops or even (in the case of the Hubble
telescope) placed in orbit above the atmosphere - mainly to avoid
the blurring caused by the atmosphere, as well as to reduce the
loss of radiation by absorption and scattering.
Observations in the near-infrared and near-ultraviolet (i.e. those
parts of the spectrum that are closest to the visible) can be made
from mountain tops. Most large 'optical' telescopes can observe in
wavelengths down to about 310 nm (near-ultraviolet), and the UK
infrared telescope (UKIRT)on Hawaii observes in the infrared and
millimetre wavelength ranges. However, the International
Ultraviolet Explorer satellite (lUE, launched in 1978 and finally
switched off in 1996) extended the range of far-ultraviolet
astronomy down to about 50 nm. The Infrared Astronomical
Satellite (lRAS,a brief but ground-breaking mission in 1983)
extended the range of infrared observations and more recently the
Infrared Satellite Observatory (ISO, launched in 1995) has observed
at wavelengths from 3 to 200 urn.

The atmosphere absorbs X-rays and gamma-rays, so these
radiations were detected from astronomical sources only when
rockets were developed that could carry detectors above the
atmosphere. The Einstein and Rosat X-ray satellites (launched in
1978 and 1990 respectively) have made X-ray astronomy possible
in the range 0.1-10 nm, and the satellites COS-B(1975-82) and
Compton Gamma Ray Observatory (launched in 1991) have
observed at even shorter wavelengths.

Comparing costs
Building telescopes on mountain tops, or launching them into
space, is a complex and costly undertaking. Modern professional
astronomy is often called big science, meaning that each project
involves large expensive specialized equipment that takes a long
time to be built and is operated by large, often international, teams
of people (it shares these characteristics with particle physics,
which is also 'big science'). In contrast, many other scientific
research projects (little science) involve equipment that, while
specialized and usually not cheap by everyday standards, fits into
a laboratory. The work is carried out by small teams of people who,
while they may be in contact with others throughout the world
with similar interests, are based in a single institution.
Big science is largely funded by government (in the UK, it is the
responsibility of the Particle Physics and Astronomy Research
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Council). It is certainly expensive - but so are other things. The
figures in Table 4.1 give you some idea of how the cost of
astronomy compares with some of the other undertakings in the
UK that are financed by the government and also with some other
forms of public spending.

TABLE 4.1 Comparison of the cost of 'big science' with other areas of
public spending"

Approx. amount/Emillion

Total UK government expenditure budget

• science research

- particle physics and astronomy

- engineering and physical sciences

- medical

• social security

• health service

• defence

• education and employment

• overseas aid

319400

1 312

192

376

282

93400

34900

21800

14200

2200

4700

92

57

Sales of National Lottery tickets=

Donations to Oxfam=

Donations to British Heart Foundation=

~< Figures are for 1996/97, except those marked ** which are for 1995/96.

Some of the UKbudget for 'big science' goes on subscriptions to
international research organizations such as the European Space
Agency (ESA)and the European particle physics laboratory (CERN).
ESAruns projects such as the Hipparcos satellite, which was
launched in 1989 in order to make very precise measurements of
star positions. The total cost of launching and operating Hipparcos
has been estimated at £240 million.
In the USA, the total cost of the Hubble Space Telescope (HST) up to
1996 has been estimated at $2600 million. The HST's annual
budget is about 2%of the total NASAbudget, which in turn is about
1%of the US government budget.
As you study astrophysics, you will probably develop your views
on the value of astronomical research. You may find it interesting
to compare your views with the views of other students who are
studying the topic, and with the views of those who are not. Here
are some points to think about.

o How does the amount of money the UKgovernment spends on
astronomy and particle physics compare with the amount it
spends on other areas of science?

o How does the amount of money the UKgovernment spends on
science research as a whole compare with what it spends in
other areas?

o Suppose someone in government was suggesting that the
amount spent on astronomy should be doubled (or halved).
Would you agree with them? What would be your reasons?
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Answers to questions on Student Sheet 4
QI Figure 4.2 shows the approximate wavelength ranges
corresponding to different parts of the electromagnetic spectrum.
Note, though, that they are approximate - apart from the visible
region, which is defined as the range of wavelengths that human
eyes can detect, there are no firm boundaries between different
regions of the spectrum.

Q2 Figure 4.2 indicates which parts of the electromagnetic
spectrum can be observed from sea level and which must be
observed from mountairi tops and from space.

optical window - can observe at low altitude can observe from high altitude or aircraft

can observe only from I I can observe only from I

above atmosphere above atmosphere I
,.----------./'----- -r--, r''-..,------'.'---~ ~~ ,.----./'-----------.

radio window - can
observe at low altitude

0.1 nm Inm 10 nm 100 nm

y-rays~ ultraviolet

l um l Gum lOO!-lm I mm 1 em

wavelength

lOcm 1m 10m 100m

X-rays visible•• microwaves

infrared radiowaves

FIGURE 4.2 The electromagnetic spectrum. The answers to Questions 1
and 2
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This sheet will
help you to
interpret Hubble's
observations of
the recession of
distant galaxies,
and to use your
communication
skills to explain it
to others.

Some key terms are
printed in bold type.
You may find it
useful to include
them in a summary of
definitions.

FIGURE5.1 Some
galaxies in a model
universe

5 Galaxies and Hubble's Law

In the 1920s, the American astronomer Edwin Hubble (1889-1953)
found that distant galaxies were receding from us, and that the
recession velocity, v, was proportional to distance, d. This
observation is summarized in Hubble's law

V= Hod

where Ho is Hubble's constant.

Modelling the recession of the galaxies
Figure 5.1 shows some galaxies in a 'model universe' where
observers in one galaxy observe other galaxies receding. In this
universe, a galaxy at a distance of 10 ern is found to recede at 1 em
per year, and the recession velocity of all galaxies is found to be
proportional to their distance.

E

A

B

c

D

TRUMPAstrophysics Project 1



Student Sheet 5

o Decide which galaxy in Figure 5.1 is your 'home' galaxy -
consult with other students and make sure that you do not all
choose the same one.

o Measure the distance from your home galaxy to each of the
other galaxies, and hence complete Table 5.1. (The row for
your chosen home will have zeros in all columns.)

TABLE 5.1 Galaxies in a model universe

Galaxy Distance from home
galaxy measured
from Figure S.l/cm

Recession velocity Distance from home
observed from galaxy one year after
home qalaxy/cm vr"! Figure S.l/cm

A
B
C

D

E

o Place a piece of acetate or tracing paper over Figure 5.1. Mark
the centre of your home galaxy with a dot on your overlay, and
then use the right-hand column of Table 5.1 to mark the
centres of all the other galaxies as they will be one year later -
just make a dot for each galaxy, labelled with its letter, and do
not make any other marks that could distinguish your home
from the other galaxies.

o Now compare your overlay with those of other students who
have chosen a different home galaxy. By placing your overlays
on top of one another, you should find that you have all
produced the same arrangement of galaxies.

o Discuss how you could use your model to explain the
following key points to other people:

• the observed recession of galaxies is consistent with the
idea of an expanding universe

• the observed recession of other galaxies does not imply
that we are at the centre of the Universe - an observer in
any galaxy would see distant galaxies receding.

Using Hubble's constant
To determine the value of Hubble's constant, astronomers need to
measure the distances and recession velocities of distant galaxies.
Velocities are found relatively easily, using the redshift of spectral
lines. Radiation emitted at a wavelength Aem from a source moving
away at speed v is received at a longer wavelength Arec. Provided v
is small compared with the speed of light, c, then the redshift, Z,
is given by

~A
Z=--

Aem

v
c

where the change in wavelength ~A = Arec - Aem.
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Student Sheet 5

Data:
Ho = 75 km s-l Mpc-1
c= 3.0 x 108 m s-l

Astronomers normally express the recession velocities of distant
galaxies in units of km s ', and their distances in Mpc, so Ho is
usually quoted in units of km s' Mpc". Current estimates of Ho lie
between about 50 km s-1 Mpc" and 100 km s' Mpc-1 - like many
other people, we will adopt 75 km s-1 Mpc"! as a compromise value.

Although Ho is not accurately known, Hubble's law provides a
simple and direct way of estimating the distances of distant
galaxies and quasars.

QI A galaxy is found to have a redshift of z = 0.01. Calculate the
galaxy's recession velocity and hence estimate its distance.
Q2 The line spectra of galaxies usually include a line due to Ca+,
emitted at a wavelength of 393.4 nm. If the redshifted spectrum of
a galaxy includes a line at 469.2 nm that is identified as the Ca"
line, what is the redshift of the galaxy? What is the recession
velocity of this galaxy, and what is its distance?

Q3 Figure 5.2 shows the line spectrum of the quasar 3C 273. The
wavelengths do not directly match any elements measured in a
laboratory, but the four peaks marked can be interpreted as
hydrogen lines that have undergone a large redshift. In a laboratory,
the hydrogen spectrum has lines at 410 nm, 434 nm, 486 nm and
656 nm. Use these values to help you find the redshift of 3C 273
and hence estimate its distance.

400 450 500 550 600 650 700 750 800
wavelength, Alnm

FIGURE 5.2 The line spectrum of 3C 273

Hubble's law can be used to estimate roughly the age of the
Universe. Think about the model universe of Figure 5.1. If you ran
time backwards, you would find a time when all the galaxies were at
the same point. Galaxies separated by 10 ern were moving apart at 1
cm per year in that model, so, provided the galaxies had always
been moving at the same speed, they would have all been at the
same point 10 years before the time of Figure 5.1.
If we assume that galaxies in the real Universe have also kept
moving at the same speed, we can estimate the time since the Big
Bang - the time at which all matter in the Universe expanded from
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Data:
1 Mpc = 3.09 x 1022 m
1 year = 3.16 x 107 s

being squashed together at infinitely high density. If Hubble's
constant is 75 km s-l Mpc", that means that a galaxy 1 Mpc from
us is receding at 75 km s'.
Q4 How many years would it take a galaxy to move through a
distance of 1 Mpc travelling at 75 km s-l? What would be the
recession velocity of a galaxy 2 Mpc from us? How many years ago
would that galaxy have been squashed together with us?
QS If Ho = 50 km s-l Mpc'", what is the estimated age of the
Universe? What is the estimated age if Ho = 100 km s-l Mpc?
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Answers to questions on Student Sheet 5
QI Since z = vic, the galaxy must be receding at a velocity v,
where

v=O.Olc

= 0.01 x 3.0 x 108 m s-1

=3.0x106ms-1

= 3.0 x 103 km s'

From Hubble's law, d = ~. With Ho in units of km s-1 Mpc " and v
Ho

in km s',we get d in units of Mpc:

d=3.0x103kms-1

75 km s-1 Mpc-1

= 40Mpc

Q2

Change in wavelength ~A = 469.2nm -393.4nm
= 75.8nm

Redshift z = ~A
A
75.8nm
393.4nm

= 0.19

Recession velocity v = 0.19 c

= 5.7x107 ms"

=5.7x104kms-1

Distance d = ~
Ho

5.7 x 104 km s-1

75 km s-1 Mpc"
= 760Mpc

Q3 Table 5.2 shows how wavelengths read from the graph can be
used to determine the redshift. Your actual values will depend on
your reading of the graph, but they should not be very different
for those given here. Averaging all four measurements gives
z = 0.159 (which is very close to the accurately determined value of
0.158 - the lowest known redshift for a quasar).

TRUMP Astrophysics Project 5



Student Sheet 5

TABLE 5.2 Answer to Question 3

Emitted Received Change in
wavelength, wavelength, wavelength,
Aem/nm Arec/nm LlA/nm

410 475 65

434 505 71

486 560 74

656 760 104

Redshift, LlA/Aem

0.159

0.164

0.152

0.159

Using the same method as in Questions 1 and 2
v= 4.8 x 104 km s-l

and hence

d= 640 Mpc

Q4 For motion at constant speed v
distance d = speed v x time t

and so

d
t=-

v

With d= 1 Mpc = 3.09 x 1022 m and v= 75 x 103 m s-l

3.09x1022m
t=-----

75x103ms-1

=4.1x1017s

= l.3 x 1010 yr

A galaxy at twice the distance (2 Mpc) would be moving at twice the
speed (150 km s-l), so would take the same time and would have
been squashed together with us 1.3 x 1010 years ago.

Q5 Using the same method as in Question 4, the time taken for
a galaxy to travel 1 Mpc at 50 km s-l would be 6.2 x 1017 s, or
2.0 x 1010 yr. At 100 km s'. this would take 3.1 x 1017 s or
1.0 x 1010 yr.
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This sheet is
about the effect
of gravity on the
motion of
astronomical
objects. It gives
you an
opportunity to
use ideas about
the Doppler
effect, the inverse
square law of
gravitation and
circular motion,
to find masses of
astronomical
objects, and to
use your skills of
communication
and presentation.

Some key terms are
printed in bold type.
You may find it
useful to include
them in a summary of
definitions.

6 Binary Stars

Introduction
Many stars are binary stars - they are found in binary systems
in which two stars orbit about their common centre of mass, as
shown in Figure 6.1. (Our Sun is unusual in that it is not in a binary
svstern.) Some binary stars are far enough apart (and close enough
to us) that the two stars can be seen separately, but mostly they
appear in a telescope as a single light source. A binary star is
distinguished from a single star by having a light curve (a plot of
light output against time) that dips as one star passes in front of
the other (Figure 6.2) and/or having a line spectrum with two sets
of lines whose wavelengths vary as each star moves towards and
away from us (Figure 6.3).

\

\

\

centre of mass
rl ! r2

star l/~-------~I;'~---------t-, ----
,

massmI d :
speed vI ,i

mass m2
speed v2

o to observer

FIGURE 6.1 A binary star system
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I~ time to cross discr-- of large star

t

orbital period

FIGURE 6.2 The light curve of an eclipsing binary

stars have no line-of-sight velocity

Aem +L1Al

redshifted line due to star 1

Aem-L1A2

blueshifted line due to star 2

star 1 receding

FIGURE 6.3 The wavelengths of spectral lines from a binary star system
are Doppler shifted
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The stars in Figure 6.1 both move around their orbits in the same
sense, and their centre of mass does not move. With the stars at
the positions shown, light from star 1 will be observed with its
maximum redshift while that from star 2 will have maximum
blueshift. A quarter of a period later, light from both stars will be
neither redshifted nor blueshifted but star 1 will be hidden behind
star 2, so the total light from the system will be reduced. After
another quarter period, light from star 1 will be blueshifted and
that from star 2 will be redshifted, and after a further quarter
period star 2 will be hidden behind star 1 and the total light will
dip again.

Analysing binary stars
Observations of binary star systems enable astronomers to find the
masses of the stars. To do this, ideas about centres of mass,
circular motion, gravitation and the Doppler effect are needed. You
may find it helpful to look at Figure 6.1 as you work through the
following analysis of binary star systems.

Centre of mass
The centre of mass of the two objects of masses mi and m-, lies on
a line joining their centres, at a distance YI from mi and Y2 from
m2 such that

(1)

Circular motion
If an object is moving in a circular orbit of radius r at a speed v,
the orbital period, T, is found by dividing the distance travelled
around the circumference, 2nY, by the speed, so

2ny
T=-

v
(2)

It is often convenient to use the angular velocity, ,OJ = ~, giving
Y

T = 2n
OJ

The two stars take the same time to complete one revolution, so

(3)

VI v2

and so

~=~
VI v2

In order to keep an object moving in a circle, there must be a
centripetal force (i.e, a force directed towards the centre of the

(4)
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circle). For an object of mass m moving in a circle of radius rat
speed v, the centripetal force must have magnitude F given by

mv2
F=--

r
(5)

Gravitation
Two objects of masses ml and m-, separated by a distance d,
experience a mutual gravitational attractive force of magnitude F
given by

(6)

where G is the universal gravitational constant.

For the stars shown in Figure 6.1, d = rl + r2 and so

(7)

This must be the centripetal force responsible for keeping each
star in its circular orbit, so

2 Gmlm2m1vl

rl (rl + r2)2

and

2 Gm1m2m2v2
r2 (rl +r2)2

(8)

(9)

Rewriting Equations 8 and 9 in terms of the angular velocity to, and
cancelling ml and m-, respectively, we get

rlm2 Gm2

(rl + r2)2

and

r2m2 em,
(rl+r2)2

(10)

(11)

Adding Equations 10 and 11 and using d = rl + r2, and M = ml + m2
(the total mass of the system) we get

dm2 = GM
d2

Multiplying both sides by d2 and dividing by Ggives
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Data:

solar mass
M0 = 1.99 x 1030 kg

speed of light
c= 3.00 x 108 m s-1

1 day = 86400 s

gravitational constant
G= 6.67

x 10-11 N m2 kg-2

(12)

Equation 12 is often written in terms of the orbital period
T (T = 2n/ OJ):

(13)

or

(14)

Doppler effect
When electromagnetic radiation emitted at a wavelength Aem is
received from a source moving at speed v along the line of sight, it
is shifted in wavelength by an amount ~A, given by

AA, v
(15)

where c is the speed of light. Provided the centre of mass of the
binary system is not moving towards or away from the observer,
the speeds found from the Doppler shifts of spectral lines are the
stars' orbital speeds.

The binary star system eM Ora
The equations set out above can be used to find the separation,
speeds and masses of binary stars from observations of the stars'
spectra, but first they must be rearranged to get expressions that
can be used directly with observations.
Figures 6.4-6.6 show some data obtained from observing a binary
star system called CMDra (it is in the constellation Draco, the
dragon - a small constellation between Hercules and Polaris, the
Pole Star).
o Working in a pair or a small group, spend a few minutes

looking at Figures 6.4-6.6. Try to describe in words the
information given in the graphs. Try to work out as much as
you can about CMDra just by examining the graphs - for
example, from looking at the width of the 'dips' in the light
curve, what can you say about the sizes of the stars compared
with the size of their orbits?

o How can you use this information from Figure 6.6 to deduce
that the whole binary star system is moving with respect to
Earth? Is it moving towards or way from us? Within the binary
star system, which of the two stars is moving faster?
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o Decide how you can use the equations given above to find the
period, speeds, separation and masses of the stars in eM Dra
using any or all of Figures 6.4-6.6. (Hint: the most useful
expressions are probably Equations 1, 2, 13 and 15.) Decide
how you can take account of the fact that the whole binary
system is moving with respect to Earth.

o When you think you have worked out some answers, look
again at Figures 6.4-6.6 and see if you can find any 'clues' as to
whether your answer seems reasonable.

o When you have worked out your answers and are satisfied
with your results, write them out clearly so that other people
can follow your reasoning and your working.

o eM Dra is actually quite an unusual binary system because we
see it almost exactly edge-on (and because the stars move in
almost exactly circular orbits). Spend a few minutes thinking
about and discussing what difference it would make to the
observations shown in Figures 6.4-6.6 if we were to observe
eM Dra at an angle.

1.0 2.0
time/days

FIGURE 6.4 The light curve of CM Ora
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FIGURE 6.5 Parts of the light curve of CM Ora
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FIGURE 6.6 Measurement of wavelength for a spectral line from eM Ora.
The line has Aem = 434.05 nm
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Answers to questions on Student Sheet 6
The following notes illustrate just one way of tackling the activity
set out on Student Sheet 6. You may have chosen a different
approach. Your answers should be close to the ones given here, but
might not be exactly the same because they will depend on reading
values from the graphs.

What can you deduce from looking at the graphs?
From looking at the light curve (Figures 6.4 and 6.5) you can say
that the two stars must be small compared with the size of their
orbits - the time for which one blocks the light of the other is quite
short compared with the time taken to complete an orbit.

The light dips to about half the maximum value when one star
blocks the other, which suggests that they are probably similar in
size and brightness.
The spectral lines from the two stars have quite similar maximum
Doppler shifts, so they must have quite similar orbital speeds. This
in turn implies that they must move in orbits of similar size and so
their masses must be quite similar.

The motion of the whole system relative to Earth
The 'middle' value of the wavelength in Figure 6.6 is not the same
as the laboratory value of 434.05 nm. It is quite a bit shorter,
which shows that the whole binary system is moving towards
Earth.
From Figure 6.6, the 'middle' wavelength is 433.88 nm. (You can
find this by drawing smooth curves though each set of plotted
values and finding the wavelength midway between the maximum
and minimum for each curve.)

L1A = Arec - Aem

= 433.88nm - 434.05nm
= -0.17nm

L1A -0.17nm
Aem 434.05nm

= -3.917 x 10-4

Using the Doppler formula (Equation 15), the velocity of the whole
system has magnitude

eL1A
vsys =--

Aem

= 3.00 x 108 m s"! x 3.917 x 10-4

= 1.18 x 105 m s"! (= 118kms-1)
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Orbital speeds
From a smooth curve drawn on Figure 6.5, the shortest wavelength
from star 1 is 433.78 nm. Using Equation 15 again, we can find its
maximum velocity towards us, which must be the star's orbital
speed plus the velocity of the system, vI + vsys'

LlA = 433.78nm-434.05nm
= -0.27nm

The magnitude of the velocity is

CLlA
vI +Vsys =--

Aem

3.00xl08ms-I xO.27nm
434.05nm

= 1.87 x 105m s" (= 187kms-I)

For star 2, the shortest wavelength is 433.76 nm, and so

LlA = 434.05nm - 433. 76nm
= -0.29nm

CLlA
v2 +vsys =--

Aem

3.00 x 108 ms-I x 0.29nm
434.05nm

=2.00xl05ms-I (=200kms-I)

Subtracting Ysvs gives

Orbital period
From Figure 6.4, the period is about 1.3 days. Figure 6.5 gives
about 30.4 hours. Expressing either value in seconds gives

T=1.1xl05s

(There are two dips per orbit - one as star 1 passes behind star 2,
and one as star 2 passes behind star 1.)

Radii and separation
Knowing T, VI and V2 we can find the orbital radii YI and Y2 using
Equation 2:
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viT
YI=-

2n
6.9 x 104 m s-1 x 1.1 x 105 S

2n
= 1.2 x 109 m

and

V2T
Y2 =--

21t

8.2 x 104 m s-1 x 1. 1x 105 S

21t

The separation d = YI+ Y2 so

Mass

We can now use Equation 13 to find the total mass of the binary
system

(6.67 x 10-11 Nm2kg-2 )(1.1 x 105 st

= 9.6 x 1029 kg
Equations 1 and 4 then help us to find the mass of each star
separately. Since

m2Y2
mI=--

YI

m2v2

vI

8.2m2

6.9
we can deduce that

8.2Mm ---
I - 15.1

and

6.9Mm ---
2 - 15.1
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Therefore

8.2 x 9.6 x 1029 kg
ml = 15.1

6.9 x 9.6 x 1029 kg
m2 = 15.1

and so

ml = 5.2 x 1029 kg

m2 = 4.4 x 1029 kg

Notice that, as indicated in the discussion at the start, the masses
and orbital radii of the two stars are quite similar.

Further notes
It is useful to compare the masses and separations with figures
relating to the Sun. The Sun's mass is 1.99 x 1030 kg. These stars
are both slightly less massive - ml = 0.26 M0 and m2 = 0.20 M0 - the
fact that they are not very different should reassure you that the
masses are reasonable. (These stars are in fact both of a type
known as 'red dwarfs' - they are smaller and redder than the Sun.)

The separation of the stars is quite small in astronomical terms.
The distance from Earth to the Sun (1 AU) is 1.50 x lOll m, but the
two stars in eM Ora are separated by only about one-hundredth of
that distance. The small separation is consistent with the short
period of the orbit.

The research paper in which the original data were published
states that the stars have diameters of 3.5 x 108 m (star 1) and
3.3 x 108 m (star 2). (These sizes cannot be found directly from the
data in Figures 6.4-6.6. Additional information about the stars was
used.) The sizes are about one-tenth of the distance between the
stars, which seems reasonably consistent with the time for which
the light dips in comparison with the time for a complete orbit.
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