1.3 The Expansion of the Universe

1914 – Veslo Slipher discovered that the “nebulae” catalogued by Messier had spectra where absorption lines were shifted from their measured laboratory wavelengths – in practically all the nebulae the shift in the wavelength was to the red end of the spectrum.

Slipher’s observations were extended and finally explained by Edwin Hubble.  In 1924 he showed that the Andromeda galaxy and M33 were too far away to be contained within the Milky Way Galaxy.  In 1929, Hubble had measured the spectra of 18 spiral galaxies with a reasonably well known distance.

The spectral shift or redshift is given by
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where (obs is the observed wavelength in the spectrum of an absorption line

(em is the rest wavelength of the emitted photon

Applying the Doppler formula for light:
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where v is the recession velocity of the galaxy or distant object.

Hubble plotted the velocity against distance for his sample of 18 galaxies and found a linear relation – the recession velocity increases with distance.

Hubble’s Law: 
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Ho is called the Hubble Constant.

If the measured velocity, v is in kms-1 and r is in Mpc, units of Ho are km s-1 Mpc-1 or 
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Hubble’s law means that the Universe is expanding.  The linear nature of the law means that if we take two galaxies, one at twice the distance of the other, the closer one would be moving away from us at half the speed of the further one.  This implies a uniform spatial expansion is ongoing at any given moment.

Over the years since the discovery, many attempts have been made to determine the value of Ho.  The Hubble Key Project was one such attempt recently, using the Hubble Space Telescope (HST), hence the name.  Attempts are still continuing.  The task is difficult because we have to know the distances independently.  Ho lies somewhere between 50 and 100 kms-1 Mpc-1.  This gives a factor of 2 uncertainty.  This will be discussed in more detail later.  (Current best estimate for Ho = 65-70 kms-1 Mpc-1).

[Hubble diagram]

The general recession of galaxies is called the Hubble Flow.  At scales of 10s to 100s of Mpc all the galaxies we measure are being carried along on the Hubble Flow away from us and each other.  Those closer to us have peculiar velocities due to the gravitational attraction of nearby galaxies and the pull of the Virgo Cluster at 16 Mpc.

At first sight, it appears that the Cosmological Principle must be violated since we observe everything to be moving away from us and this apparently places us at the centre of the Universe.

Wrong – the Hubble Flow reveals a uniformly expanding universe, i.e. has the property that every observer sees the same law – we are not at a preferential location.  This is a consequence of the linear relationship between recession velocity and distance.

A common analogy is a plum pudding being baked in an oven, or a balloon with dots on its surface being blown up.   As the cake rises (or balloon inflated) the raisins (or dots) move apart.  If you are sitting on a raisin (or a dot) you will see all the others moving or receding away, and the further away they are the faster the recession is.
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t2 > t1
      Time, t1                            t2
Relative to galaxy A, between the times t1 and t2, galaxy C travels twice as far as galaxy B and so has twice the recession velocity of galaxy B relative to A.  Since galaxy C is always twice the distance of B from A, a velocity-distance relation has to be a general property of a uniformly expanding Universe.  Because everything is receding, this implies that in the distant past, everything in the Universe was much closer together and at some point far back in time everything must have been together – the Big Bang.

Relativistic Redshift

Classic formula is v = cz  gives a recession velocity greater than c if z > 1.  Many distant quasars have z = 5.  To determine distances and recession velocities, we need to use the relativistic redshift formula:
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(1.4)

(1.5)

eg. If in a quasar with z = 4, a transition occurs from the ground state to the 1st excited state of hydrogen, the corresponding Lyman ( line occurs at 121.5 nm.  But a distant observer will measure
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 then the line will be redshifted to 607.5 nm.

The quasar’s recession velocity will be (from the vantage point of the distant observer) - 

v=0.923c or 92.3% of the speed of light.

Its distance would be 2900 Mpc 
(if Ho = 50 kms-1 Mpc-1).

Currently we detect objects out to z = 6.

1.4 Homogeneity and Isotropy

The Cosmological Principle states that on large scales (> 100 Mpc) every point in the universe is equivalent to every other point at a given time.  The universe is a dynamical system because it expands continually.  The C.P. implies that the universe possesses two important properties homogeneity and isotropy on large scales.

Homogeneity – The universe looks the same at every point, i.e. Matter and radiation are uniformly distributed [eg. take a box of volume (100 Mpc)3].

Isotropy – The universe looks the same in all directions, therefore there is no preferred location, no centre and no edge.

A useful analogy is the 2D surface of the Earth – no matter how much we travelled along the surface, we would never find its centre nor its boundary.  We will consider this further when we look at the geometry of the universe later on.

There is no ‘point of origin’ of the Big Bang, as such a point in space would be special or distinguishable from other points in space, and violate the C.P.  Space and time were created at the instant of the Big Bang.  (Unlike a conventional explosion where the material is ejected out into an existing space from a point of origin).  If we take any point in the present universe and track back its history it would start out at the explosion point, and in that sense the Big Bang happened every in space simultaneously.

1.5 Olbers’ Paradox

“Why is the sky dark at night?”  This problem was realised by many scientists including Kepler (17th C) and was first formulated by Wilhelm Olbers in 1823.

Pose the problem as follows:

Suppose the universe is static and infinite in both its spatial extent and its age, and that stars (or galaxies) are distributed randomly within it.  How much light would we expect to see?  The flux density of light from a distant object is proportional to 
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, but more objects will appear in our line of sight as r increases.

Consider a spherical shell centred on us at a distance, r and thickness, dr.  For a star located within this shell the amount of flux we receive from it would also be (
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.  The number of stars within the shell is ( 4(r2dr, i.e. the volume of the shell, so the total flux from the shell is independent of distance.

Since there infinitely many such shells, total light received should be infinite.  This is Olbers’ paradox.  The simplest and most fundamental observation is that the sky is dark at night which contradicts this proposition.

Possible resolution(s):

1) Dust obscuring the starlight?

No – Dust would heat up and we would observe its emissions in the IR.  Besides, so much dust would be required that it would obscure the Sun.

2) Galaxies are not randomly distributed?

No, this would lessen the paradox and the sky would be fainter.

Olbers’ solution – the universe must be finite in either its spatial extent or its age.

Finite age – the Universe is not old enough for the culmative (or cumulative) total of photons emitted from stars to make the sky bright at night.  We only receive light from galaxies at distances less than some maximum distance.

Expanding universe is not static:

Photons emitted by distant galaxies are redshifted so that each photon arriving carries less energy than when it was first emitted.  At the same time the volume of the Universe grows and the energy density decreases.

Both of these conditions contribute to the solution of Olbers’ Paradox, but in particular the finite age of the Universe.

1.6 Particles in the Universe

Up to now we have only considered macroscopic bodies such as stars and galaxies, and radiation. Since everything in the Universe is made up of fundamental particles, the behaviour of the Universe as a whole is influenced by the properties of these particles.

One crucial question when considering particles is whether a particle is moving relativistically or not.  The energy of a particle has two contributions – kinetic energy and mass-energy, which can be conbined to give a total energy:
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where m = mo is the particle’s rest mass.

If the mass-energy dominates, the particle will have a speed v << c and is non-relativistic.  In that case we expand Eq 1.6 using the Binomial expansion:
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(1.7)

The first term E = mc2 is Einstein’s equation for the rest mass-energy, and the 2nd term is the kinetic energy term as p = mv in the non-relativistic limit.

If the mass-energy does not dominate, the particle will be moving close to the speed of light and is relativistic in this case.  Then E ~ pc >> mc2  

Any particle having zero rest mass will move at the speed of light, eg. Photons.  Then E = pc and momentum,
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 where ( is the wavelength.  And 
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Some of the main particles that exist in the Universe are:

Baryons – general term for matter that is made up of 3 quarks, i.e. protons contain 2 up + 1 down quark, while neutrons contain 1 up + 2 down quarks.  As these are the only stable baryons they are of the most significance in the universe.  The proton lifetime is either infinite or much longer than the present age of the Universe (1031 yr) and so are effectively stable.  Free neutrons are unstable, but those bound in nuclei are probably stable.  As we shall see later the lifetime of free neutrons is crucial to the production of helium in the early Universe. (thalf = 940 s) and the age of the Universe at the time of He production was ~ 400 s.  So if t1/2 was shorter, all the neutrons would have decayed and only H could have formed.

In particle physics units the rest mass-energy (E = mc2) of a proton = 938.3 MeV, and a neutron 939.6 MeV.  (1 MeV = 106 eV = 1.602(10-19 J ( 106)

Although electrons are not made of quarks, they are considered ordinary matter and traditionally regarded as baryons.  A crucial property of the Universe is that it is charge neutral, so there must be one electron for every proton.  Electron rest mass me = 0.511 MeV or about 
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th of the proton mass, so electrons make no significant contribution to the mass of the Universe. 

Baryons typically are moving non-relativistically, so generally the K.E. << mass-energy.

Radiation  - Photons, (, E = hf and their motion is always relativistic v = c

Photons can interact strongly with baryons and electrons. A high energy photon can ionize an atom by knocking an electron out of it, or can scatter off a free electron.  Scattering produces no change in energy but can change the direction of the particle.

Neutrinos,  ( – are produced in radioactive ( decay via: 
p ( n + e+ + (
Extremely weakly interacting particles (take part in interactions involving the weak force).  Millions of neutrinos pass through us every second.  One of the questions crucial to cosmology is whether neutrinos have a tiny rest mass (~10 eV) or not.  If they do, then they could account for much of the mass of the universe.  Recent experiments show that neutrinos do have a tiny rest mass actually much smaller than the 5 eV required to be cosmologically interesting.  (One way out of this dilemma is to postulate a 4th type of sterile ().  Neutrinos are relativistic.  The combination of photons and neutrinos make up the relativistic material in the Universe and is radiation.  There are 3 types of neutrino: electron neutrino, (e, muon neutrino, ( and the tau neutrino, ((
Dark Matter – there is much evidence that most of the mass of the Universe resides in particles that we know nothing about.  Dark Matter does not interact via EM forces, only gravity.  There are two types of DM: Hot dark matter – relativistically moving particles e.g. (’s.  Then there is cold Dark Matter (not part of standard particle theory - axions, gravitinos and WIMPs).  

1.7 Radiation in the Universe

In thermodynamic equilibrium, the characteristic distribution of photons at a temperature, T is the Planck or Black-body distribution
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(1.9)

and if we integrate over all frequencies.

Total energy density 
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Where ( = 7.565(10-16 Jm-3 K-4 is the radiation constant.

If we plot the energy density distribution as a function of 
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, we find that the distribution peaks at 
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 = 2.8 or hf = 2.8 kBT

i.e. If we take E = hf ~ 3 kBT and take the binding energy of a hydrogen atom = 13.6 eV, then
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 was the temperature of the Universe when the mean energy of a    

                                                                                                                         photon ~ 13.6 eV.

This is very significant for the formation of the CBR (see later).
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