7. The Inflationary Universe

7.1 Successes of the Hot big Bang (HBB) Cosmology

There are three pieces of strong evidence in favour of the HBB:

a) The observed uniform expansion of the Universe – the fact that we observe galaxies moving away from us implies that in the distant past, everything in the Universe started at the same point i.e. an initial ‘explosion’.

b) The existence and thermal form of the Cosmic Microwave Background (CMB) – This is easily explained by the HBB.  Its existence shows that the Universe must have been extremely hot in its earliest stages.  The thermal form of the CMB shows that it originated when the Universe was in a highly interacting thermal state.

c) The relative abundances of the light elements (4He, 3He, 2D, 7Li) predicted by cosmic nucleosynthesis agree with observations for a single value of the baryonic density ((B or (B) of material in the Universe.

7.2 Problems with the hot Big Bang Theory

The Flatness Problem

We know that the present day density of material, (o is close to the critical density (c which gives ( very close to, or equal to 1.

(m = 0.3 and  ((= 0.7

Ignoring the energy density parameter ((, we can say that (m is close to 1, i.e. not 

10-6 or 10.  Also in terms of geometry, the universe must be very close to being flat or Euclidean.

We can re-write the Friedmann equation
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Put into the Friedmann equation
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If  ( = 1 it remains so for all time.  

But if  ( ( 1, then for 

a radiation-dominated universe: 
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And for a matter-dominated universe: 
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So,

| ( - 1 | ( t for radiation-dominated universe
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So in both cases the difference between ( and 1 increases with time.

Although the solutions we have used assume a flat geometry, they are good enough to give us an idea of the Flatness problem.

If  ( ( 1, i.e. if there is any departure from flatness, then the Universe becomes more and more curved very quickly.  Thus, for the Universe to be very close to flat at the present epoch means it must have been very nearly flat at early times.

To see how close ( had to be to unity in the early universe, in order for it to be 1 today, assume that for the radiation-dominated universe:

| ( - 1 | ( t and to = 1017 s; | ( - 1 |o < 10

Decoupling: tdec ~ 1013 s; | ( - 1 | 
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Matter-radiation equality, teq ~ 1010 sec; | ( - 1 | 
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Nucleosynthesis: tnuc ~ 1 sec; | ( - 1 | 
[image: image13.wmf]£

 10-16
Earliest known physics: t ~ 10-12 sec; | ( - 1 | 
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This is a very restricted range! Any other value would lead to an extremely different universe.  The solution is that if  ( = 1 precisely and the universe must have precisely the critical density.  But why should it have chosen this value? (Could it not have been any value at all?)  This tells that k = 0 is a good approximation at decoupling and Nucleosynthesis.  If ( is much higher than 1, the universe would have re-collapsed into a Big Crunch by now.  Why is  ( = 1 when the BB makes no predictions about (?

7.2.2 The Horizon Problem

This is the most important problem with the HBB.  It comes from the fact that the Universe has a finite age, to and thus light will travel a finite distance, cto.  The observable universe is the region we can actually see = cto, and is of finite size even if the Universe as a whole is infinite.

The horizon of the observable universe had to be smaller in the past:
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The CMB is very, very nearly isotropic, and all the photons have close to the same temperature To = 2.725 K.  To obtain the same temperature, the CMB had to have been in thermal equilibrium, which implies that all the parts of the universe had to be interacting at the time of the CMB’s creation (tdec ~ 3 ( 105 yrs).  Now when we see the CMB, we look back at >> 99% of the age of the Universe.  The CMB provides an image of the universe when it was 300,000 years old.

But since the light has only just reached us, it can’t possibly have made it across to the other side of the sky.  The light travel time is not sufficient for regions on the opposite side of the sky to have interacted and established thermal equilibrium
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We receive radiation from points A and B on opposite sides of the sky.  The 2 outer circles indicate the extent of regions able to influence points A and B by the present time.  How did the different regions of the CMB ‘know’ they had to end up looking the same?
In fact the problem is even worse because the interaction size or horizon at t ~ 3 ( 105 yr << ct because the two regions have to interact and thermalize before decoupling and photons are strongly scattered i.e. they have a small mean free path.

From this, any point more than about 1o to 2o apart would not have been able to interact before decoupling to establish thermal equilibrium.  (When we take into account the short mean free paths of the photons ( Horizon size about 1o to 2o). 

7.2.3 The Monopole Problem

Grand unified theories of particle physics predict that magnetic monopoles should have been produced in great abundance at an early stage in the universe (they originated from unified forces).  The monopole mass ~ 1016 GeV was heavy, so they were immediately non-relativistic and behaved like matter, rather than radiation – so now that the universe is matter dominated, the monopoles should dominate the Universe because of their heavy masses.  But where are they?

Why have we not observed monopoles in the universe at the present epoch? 

(One theory postulates that the monopoles were massive particles, so were non-relativistic at the time of their formation.  However, during the rapid exponential expansion during the Inflationary Epoch, the monopoles were quickly forced out of the horizon, or ‘boiled off’ during this period.  Thus we do not observe monopoles in the present day universe).

7.3 Inflationary Expansion

Proposed by Alan Guth in 1981 as a solution to these problems – it is not a replacement for the HBB but rather an add-on which applies during a very early stage of the Universe’s expansion.

Inflation is defined as a period when the scale factor, a was accelerating, i.e.  Inflationary expansion requires that the acceleration rate is
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Acceleration equation:
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For 
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We encountered negative pressure before, when we considered ( - this is equivalent to having a fluid with P = -(c2.

Full Friedmann equation is
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For rapid expansion the first two terms quickly diminish and ( is a constant so this term dominates.
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Since ( is constant, this has the solution
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( extremely large exponential expansion rate during the inflationary epoch, which is constant since ( is constant.

7.4 Solving the Big Bang Problems

7.4.1 The Flatness problem – (tells us how much inflation we need).

Friedmann Equation:
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In the BB theory 
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 increases with time, so ( moves away from unity.  Inflation reverses this scenario.

Inflation drives ( to be equal to one.  It would also tend to flatten out (drive k ( 0) a curved spatial geometry (locally) towards a flat geometry.
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Since a2H2 = 
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increases rapidly with inflation, the RHS of (7.12) gets smaller, and ( is driven towards unity with increasing time, t. (Another crucial change of sign).

How much inflation is needed to solve the Flatness Problem?

Suppose inflation ends at  10-34 s and is perfectly exponential and the Universe is radiation dominated:

| ( - 1 | ( t
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And if today
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where we have used:
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H is constant, so 
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can be derived if a is increased by a factor 1027 during the inflationary expansion.

To solve the Flatness problem, the Universe has to inflate to such an enormous size and very quickly such that it is driven towards flatness (analogy – the Earth’s surface where locally it can be regarded as being flat in situations where the Earth’s curvature can be ignored).  Such a short period of inflation can drive ( ( 1 regardless of its initial value before inflation.  So we no longer need to assume that its initial value was very close to 1.
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Our horizon today is limited to the observable portion of the Universe.  From any other vantage point in space other observers would face a similar situation.

7.4.2 The Horizon Problem

Inflation increases the size of a region of the Universe while keeping the Hubble scale fixed.  [Note: during inflation, the Hubble scale, ct = 
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 = constant, so the size of the Universe is fixed.]

It has a small patch of radius r1 < ct which will be in thermal equilibrium, but then inflation rapidly expands this region to a physical size: 
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but with H constant, obtain 
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Another way of saying this is that because of inflation, light can travel a much greater distance between the time of the BB and the time of decoupling than it did since the time of decoupling to the present.

7.4.3 Solving the Monopole Problem

Inflation dilutes away the monopoles at 
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.  An inflation of ~ 1027 can easily make sure that none will be observable today since their energy density will fall off rapidly.  

7.5 Inflationary Models

The Universe at the very earliest stages of its evolution went through an exponentially rapid expansion while it was in a type of unstable vacuum-like state.  This vacuum-like state is often called a false vacuum and has the property that it has a high energy density that cannot be rapidly lowered.  The driving force of inflation is the negative pressure or repulsive gravitational field.

An inflationary model therefore starts with a small patch in the early universe which somehow came to be in a false vacuum state.  A false vacuum naturally arises in particle physics theories that aim to unify the forces because to accomplish this, scalar fields (which have no direction) are required.

For example, the mediators of the electromagnetic and weak forces are the massless photon and the heavy W and Z bosons.  To unify these 2 forces, a scalar field is required.  The closest analogy to this is the electrostatic potential – if the whole universe has the same electrostatic potential, the field would not be apparent.  It would just be another vacuum state.  The main difference between the constant electrostatic potential and the scalar field is that it does not have its own energy unlike the scalar field, which may have a potential energy density 
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 has a minimum at ( = (o, then the whole universe eventually becomes filled with the field (o.  This field is invisible, but if it interacts with the W and Z particles, they become heavy.  Meanwhile, if photons do not interact with the scalar field, they remain massless.

Inflation models start at a time in which all particles are light and there is no fundamental difference between the weak and electromagnetic interactions.  The difference appears later when the Universe becomes filled with the scalar field (. At this moment the symmetry between different types of fundamental interactions breaks down.

Define a scalar field with energy density, 
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The state in which the energy density of the scalar field is above the minimum, (o at the top of the plateau corresponds to the false vacuum.  If the plateau region is flat enough it can take a very long time (by the standards of the early universe) for the scalar field to ‘roll’ down the hill so that the energy density can be lowered.  The flatter the plateau, the greater the amount of inflation – these models are called ‘slow roll-over inflationary models’.

Eventually the false vacuum decays, and the energy it contains is released.  This energy produces a hot, uniform ‘soup’ of particles (relativistic matter and radiation), which corresponds to the traditional starting point of the Hot Big Bang model, and all its successes.

The Universe starts off incredibly small ~ 10-26 m (1011 times smaller than the size of a proton).  Through inflation, our universe can start from very little – just a few ounces of primordial matter.

For inflation to be a true theory, there has to be an explanation of why it occurs.  It is thought that a false vacuum state may arise due to a “phase transition.”  An analogy is water freezing.  Very near the beginning, all four forces are unified and the Universe undergoes successive phase transitions as each forces separates or freezes out.  At each transition, its properties will change dramatically.  One transition that inflationary cosmologist and modellers have focussed on is the one where the strong force obtains an identity distinct from the electro-weak force which freezes out later.  This occurs at 1016 GeV or 10-34 sec.

Another (more likely) possibility is super-symmetry (SUSY) – a theory of particle physics, which postulates that every fundamental particle we know about (photons, electrons and quarks) has a partner particle with higher mass.  In the early universe, they would have had very similar properties and then a phase transition would lead to their present separate identities.  Their higher mass means they are impossible to detect using particle accelerators so they are entirely theoretical at present, or they might not exist at all!

(For more inflationary theories see Andrei Linde – chaotic inflation theories)

7.6 Before the Epoch of Inflation

As we go back to nearer and nearer the beginning, we eventually reach the point called the ‘Planck Era’.  This is the time when the classical theory of gravity breaks down and we need a quantum description of gravity because the region is so small.

Planck Era: t ~ 10-44 sec, E ~ 1019 GeV, T ~ 1032 K – requires a quantum description of gravity. Region, a is very tiny.  This epoch is defined by the Planck scale using the fundamental parameters, G, 
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We can’t say anything about the universe for earlier times, t < tPlanck.  Possibly the Universe’s density approached a singularity.  Or perhaps a sort of space-time ‘foam’ existed?
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