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measurement of distances to globular clusters, both in our own Galaxy and in 
nearby galaxies in which individual stars can be resolved. The technique also 
permits an estimation of the age of the globular cluster, showing these objects to 
be some of the oldest in the universe. 
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To measure the spectral characteristics of a candidate for a standard candle the 
light from the star must be passed through a diffraction grating before it is 
projected onto a detector (Figure 2.4). The effect of the diffraction grating is the 
same as that of a prism: the light is spread out into its constituent wavelengths or 
spectrum. It should be noted that the light emitted from stars is not confined to 
the visual band and useful spectral characteristics are present across the whole 
wavelength range. Fortunately, the process of producing spectra can be utilised at 
virtually any wavelength. The optical spectrum of a typical main-sequence star is 
shown in Figure 2.5. Figure 2.6 shows the spectrum of a white dwarf. 
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The features in these stellar spectra make the spectral type, and hence, for instance, 
the colour, easy to estimate. Other types of objects can also be identified by 
spectral characteristics. In Figure 2.7 the spectrum of a supernova is shown while 
in Figure 2.8 the spectrum of a quasar is shown. 

Figure 2.4. Diffraction 
grating has similar effect 
to a prism, splitting the 
light into its component 
wavelengths. Modern 
detectors can split the 
light in the visible 
wavelength range into 
thousands of individual 
bands. 

Figure 2.5 (Left) Main 
sequence star spectrum. 
Note the sharp 
absorption lines. 
 
Figure 2.6. (Right) White 
Dwarf Spectrum. Note 
the broad absorption 
lines. 
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The geometry in an expanding universe 
We have established that the universe exists in an expanding spacetime, described 
by the general theory of relativity. Geometrical properties of the spacetime are 
described by a metric, the meaning of which will become clear a little later. From 
simple geometrical considerations, a very general spacetime metric to describe 
the universe has been derived, in which the cosmological principle is obeyed. The 
metric is used to describe a small increment of “distance” — usually expressed as 
ds  or s∆ (pronounced a d-s or delta-s) — between two points in the spacetime. 
The notation ds  means an infinitesimal increment of “distance” s  and the notation 

s∆  means a small but finite increment of s ; for our purposes the distinction will not 
be important. The mathematical expression for 2)ds(  or 2)s( ∆  — written 2ds or 

2s∆  for brevity — is the metric of the spacetime. 

Although we normally think of coordinates to be in an orthogonal system such as 
height, depth and width it is more convenient to introduce a system based on 
spherical polar coordinates. The spherical polar coordinates are r, θ, φ where r is 
the radial coordinate from the origin and θ, φ are similar to the longitude-latitude 
system on the Earth (except that θ = 90 – latitude). Figure 3.7 shows a pictorial 
representation of the coordinates. The spherical polar coordinates r, θ, φ are 
comoving coordinates (recall that they remain fixed) and the proper distance 
between comoving points can be found from their coordinates and the scale factor 
at the epoch of interest. 
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Pythagoras showed that 
222 yxs ∆+∆=∆ for a 

right angled triangle. This 
expression is actually a 
metric for 2-D flat space. 

Figure 3.8 Definition of 
polar coordinate system. 
The r, θ, φ coordinates 
are shown relative to the 
origin of of the familiar 
x, y, z. coordinate system. 
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The metric can be written using spherical polar coordinates as 
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where c  is the speed of light and t  is the cosmic time. 

This equation is the Robertson-Walker metric and only a few very special 
versions, for different values of k, are important in cosmology. Because of the 
coordinate system that we have chosen to use, this equation looks far more 
complicated than it actually is. The metric is used primarily in the calculation of 
proper distances and angular sizes of remote galaxies. First, consider the terms and 
variables in the equation. Figure 3.8 shows how the spherical polar coordinates are 
defined to describe the position of an object P. Small changes in the coordinates 
can be represented by ∆r, ∆θ, ∆φ. The term c ∆t has units of distance like all the 
other terms in the equation. k is the curvature parameter and is discussed below. 

The Curvature Parameter 
An interesting variable or parameter introduced in the Robertson-Walker metric is 
the curvature parameter k. This curvature parameter specifies the curvature of the 
three-dimensional spatial part of the spacetime. There are three homogeneous, 
isotropic geometries: flat, spherical and hyperbolic (see Figure 3.9). 

k = 0
flat geometry

k = –1
hyperbolic geometry

k = 1
spherical geometry  

These corresponds to three values of k:  

1. k = 0 flat geometry;  

2. k = +1 spherical geometry; 

3. k = −1  hyperbolic geometry.  

Robertson-Walker 
metric 

�
In this form of the 
Robertson-Walker metric 
r is the comoving angular 
diameter distance 
coordinate. A form that 
looks different but is 
equivalent can be written 
in which r is the 
comoving radial distance 
coordinate. 

Figure 3.9 Space 
geometries:  
a) flat k = 0; 
b) spherical k = 1; 
c) hyperbolic k = −1. 
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µ
−− ν+ν+→µ ee   

The τ�decays into either an e� 

τ
−− ν+ν+→τ ee   

or into a µ� 

τµ
−− ν+ν+µ→τ . 

The decay of the τ� to a µ� is followed by the decay of the µ� to an e� as above. 

You might want to check that charge and lepton numbers (Le, Lµ, Lτ) are 
conserved in the above reactions. The decay times of the µ� and τ� are typically  
~ 10�6 seconds and ~ 10�13 seconds respectively.  

Neutrinos have for a long time been suspected of oscillating between types in 
transit. Such neutrino oscillations have apparently been confirmed in June 2001, 
after many years of inconclusive results. The solar neutrino problem is thus 
reported to be solved. Two-thirds of electron neutrinos from the Sun have 
changed to muon or tauon neutrinos by the time of arrival at the Earth.  

In the standard model, neutrinos are mass-less, but oscillations require them to have 
mass. Neutrino oscillations thus require physics beyond the standard model. 
Furthermore, conservation of lepton flavour number is apparently violated, and 
the possibility of neutrino decay is raised. The experiments that confirm oscillations 
are sensitive to differences in mass-squared. We therefore know that neutrinos have 
mass but do not know their actual masses. 

Interactions, mediators and Feynman diagrams 
The particles that mediate the strong, weak and electromagnetic interactions are 
bosons (i.e. integer spin). The particles that mediate the gravitational interaction are 
expected to be bosons too (gravitons). 

The particles that mediate the four interactions are shown in Table 4.5. As 
mentioned previously, a quantum field theory of gravity has not yet been 
established and gravity is not considered to be a part of the standard model. 

Interaction: Strong Weak Electro-
magnetic Gravitational 

mediator 8 gluons W+, W�,  Z0 photon graviton 

charge 0 +1, �1, 0 0 0 

mass 0 80-90 GeV 0 0 

range infinite* 10�17 m infinite infinite 

Neutrino 
Oscillations 

You might want to find 
out more about neutrino 
oscillations �  a very 
topical subject. 

Table 4.5.   
Mediators of interactions. 
*See notes on the range 
of the strong interaction.  




