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        Speculative Theories of the Early Universe
               Spontaneous Symmetry Breaking and

                            the Inflationary Universe

The idea of inflationary cosmology relate to spontaneous symmetry breaking in the early Universe. Some may find it puzzling that inflationary cosmology is regarded as a speculative theory. Many accounts of the very early Universe take exponential inflation as an established fact. According to this theory there was a period of exponential expansion when the Universe inflated by a factor of about 1030 or even 1060 or more. Some may even object to the fact that spontaneous symmetry breaking in the very early Universe is regarded as speculative. It is not the idea of spontaneous symmetry breaking that is being questioned. There are numerous very good examples of spontaneous symmetry breaking such as superconductivity which are well established phenomena. The question may, however be raised if it is not applied in inappropriate circumstances. The ideas discussed in this article have not yet received unambiguous support from observation and the question of its relevance may well be raised.

1. Spontaneous symmetry breaking

The idea of spontaneous symmetry breaking may be explained by reference to the phenomenon of ferromagnetism. Imagine a spherical solid ball of iron. The atoms can be thought of as little magnets which, because of the forces involved, have lined up parallel with their neighbours, with the same north/south orientation. When the temperature of the ball is increased above, what is known as the critical temperature, of about 770 degrees Centigrade (1043 K) the thermal agitation of the atoms will override the tendency to magnetic alignment and the magnetic arrangement of the atoms disappear. At a temperature of lower than 770 degrees Centigrade (the ‘Curie point’) it is favourable for the atoms to line up and, in an ideal situation the iron would become magnetized. There is a natural tendency o the iron to find a minimum energy state which occurs when all atoms are aligned with a definite direction of north/south polarity. However, none of these directions is favoured above any of the others. This is called degeneracy in the states of minimum energy. Since there is no preferred direction in its initial unmagnetized state the final direction comes about randomly. This is an example of spontaneous symmetry breaking; the initial spherically symmetrical state settles down into a state with smaller symmetry of rotation about the north/south axis only. Let me introduce its formal names. An SO(3)-symmetrical state (the original hot unmagnetized ball) evolves to an SO(2)-symmetrical one (the cold magnetized ball. 

The best way to describe this situation is to think of a Mexican hat. The hat represents the allowable states of the system (the ambient temperature having been cooled down to zero), and the height represents the system’s energy. The equilibrium state (like having a horizontal tangent plane) is represented by the peak of the hat possessing the complete symmetry of the original group, represented by the rotation about the vertical axis. The reader should note that this SO(2) rotational symmetry is taken to represent the full SO(3) symmetry of the iron ball. We have to sacrifice one spatial dimension to make the picture visualizable. The peak of the hat therefore represents the state of complete lack of magnetization of the ball as a whole. The important point here is the equilibrium – representing the unmagnetized state – is unstable, and therefore does not represent the minimum of the available energies. The minima are the states represented by the horizontal parts just inside the rim of the hat, in the form of a complete circle. 

Envisage this state being initially at the peak represented by a marble at that point to represent the physical state. The lack of stability will cause the marble to roll away from that point to finally stop in the rim of the hat. Imagine that each point in the rim the marble might set in represents a different direction of magnetization that the ball might finally acquire. Let the marble represent the final physical sate. But, because of rotational degeneracy, there is no favoured place for the marble to come to rest. This means that all the equilibria in the rim are on equal footing. The choice by the marble is a random one, and when that choice is made, the symmetry has been broken – in some randomly chosen direction.

Let me introduce a new name. A phenomenon of this nature, where a reduction in the ambient temperature induces an abrupt gross overall change in the nature of the stable equilibrium state of the material, is called a phase transition. In the example of the iron ball, the phase transition takes place when the ball passes from the unmagnetized state to the uniformly magnetized one. The example of water is perhaps more familiar. When the water freezes the state passes from liquid to solid and, in the reverse process, when the water boils the state passes from liquid to gas. A phase transition, when the temperature is lowered, is often accompanied by a symmetry reduction, but this is not essential.

We can use the ‘Mexican hat’ picture to illustrate the breaking from U(2) down to U(1) that occurs in the standard model of particle physics. The electroweak U(2) symmetry is taken to be broken to the U(1) symmetry of electromagnetism at a temperature of about 1016 K, which would have occurred at 10-12 s after the Big Bang. In more general GUT theories other groups are involved such as SU(5) where we can envisage different stages of symmetry breaking at different temperatures. Therefore, at some temperature much higher than 1016 K (much earlier than 10-12 s, just after the Big Bang, SU(5) might first break down to something that appropriately contains both the SU(3) for strong interactions and the SU(2)xU(1)/Z2 (that is U(2)) required for the electroweak theory. Let us look at what this means for the very early Universe.  
2. Topological defects at Cosmic scale

The reader should bear in mid that this symmetry breaking is unlikely to have taken place taken place ‘all at once’ and there will be areas in which the symmetry is broken in different ‘directions. If we take the iron ball as example it may be expected that the random initial choice of magnetization direction could be different in different places in the ball. In the event of the cooling being slow enough these non-uniformities might ‘even’ themselves out, to give one uniform magnet. Rapid cooling on the other hand might result in a ‘patchwork’ of directions. The size of the resulting cells, and the patterns they present, might depend on he rate at which the cooling takes place, among other things. There is also the issue of “communication” between the regions and how magnetization direction in one region of the ball might get changed under the influence of neighbouring regions.

More serious is the topological defects which cannot be removed by the wriggling around of magnetization directions in the interior of the ball. Such a defect is called a ‘Dirac magnetic monopole’ (isolated south or north magnetic pole). However, such a monopole cannot be produced in ordinary space with any collection of magnets and currents. This can technically be achieved by draining away (called ‘pipe away’) the excess south pole at the ball’s centre. Although theoretically, such a monopole will exist in suitable non-Abelian (non-commutative forces) gauge theories.

The complications referred to above in the example of the ball of iron are relevant to basic physical theories (such as the electroweak or GUT) which depend in a fundamental way on the idea of spontaneous symmetry breaking. If such spontaneous symmetry breaking did occur in the early Universe, topological defects may be expected to occur on a cosmological scale. For 3-dimensional space there are three basic kinds of topological defect, depending upon the dimension of the regions on which they reside. These are called cosmic monopoles, essentially 0-dimensional cosmic strings (spatially 1-dimensional) and the domain walls (spatially 2-dimensional). The dimension in turn depends on the topological issues to do with the groups involved. The important point is that no matter the amount of continuous wriggling of the ‘direction’ of symmetry breaking, the topological defects cannot be removed. ‘Direction’ as used here does not refer to a direction in ordinary space, but to a more abstract notion of ‘direction’ that occurs within the physical model under consideration (e.g. in electroweak theory, which tells us what degree of electron/neutrino mixture is being considered). The topological defects present serious issues that cannot be disregarded if symmetry breaking is to be taken seriously as processes that have taken place in the early Universe.

3. Inflationary cosmology
We have seen above that cosmic monopoles are a feature of certain GUTs (Grand Unification Theories). The biggest problem with these monopoles is the lack of any indication of their existence. Alan Guth, as previously suggested independently by Alexei Starobinski and Katsuoko Sato, suggested that if the Universe were to have expanded by a factor of 1030 or 1060 or even more, at some period after the production of the monopoles (before the electroweak symmetry was broken, at the time of 10-12 s) the monopoles would be so sparse that they could escape detection, hence the failure to detect them through observation.

It was soon realized that this period of extreme exponential expansion of the very early Universe would ‘explain’ the uniformity of space. The Universe is remarkably uniform, and close to being spatially flat on a very large scale. This was a puzzle to cosmologists. An example is the observed temperature of the early Universe is very nearly the same in different directions (to about one part in 105). This could be explained as a result of ‘thermilisation’ in the very early Universe, but only if there was time enough for the different parts of the Universe to have been in communication with each other. Yet we know from the cosmic black-body radiation that the different parts were too far apart from each other to have been in causal communication. This is referred to as the horizon problem. However, if the very early Universe did expand exponentially it would explain the thermilisation of the various parts of the Universe.

Similarly the smoothness problem could be explained by the inflationary theory. The very early Universe might have been irregular in detail, but the enormous expansion of the Universe during the inflationary stage would have ‘smoothed’ out the irregularities. Going back to the Mexican hat potential of energy, inflation takes place during the course of the rolling of the ball, and ceases when the ball reaches the bottom. During the inflation stage there was a region of ‘false vacuum’ representing a quantum mechanical phase transition to a vacuum different from the one that we are familiar with today.

4. How valid are the motivations for inflation?

There are some powerful reasons for doubting the basis of inflationary cosmology. It must be stressed that this does not mean that inflationary cosmology is wrong. It is the initial motivations behind the inflationary idea that are in doubt. The inflationists claimed that three problems related to the initial precision in the early Universe were solved namely the horizon problem, the smoothness problem and the flatness problem. The so-called fine-tuning in the very early Universe to account for solving these problems is, according to the inflationists, ugly. According to them they regard the inflationary picture as a more aesthetically pleasing physical picture.

There are, however, some elements fundamentally to the inflationary picture whose aesthetic status is questionable, such as the introduction of several scalar fields unrelated to other known fields of physics with very specific properties to make inflation work. The aesthetic preference is an important issue which needs further investigation in a future article. Einstein similarly believed in the aesthetics of his equations.

The first problem with the inflationary theory is how thermilisation is dealt with. The theory tries to explain the uniformity of the very early Universe in terms of thermilisation. (Remember how very special the early Universe had to be for the second law of thermodynamics to start). It is fundamentally wrong to try to explain any feature of the very early Universe whether it is uniformity in the background temperature, the matter density or in the space-time geometry in general. If thermilisation is really doing anything (such as making temperatures in different regions more equal than before) then it represents a definite increase in entropy. Thus the Universe would have been even more special before thermilisation than after. This only increases the difficulty we have in trying to come to terms with the extraordinary special nature of the Universe.

Let us look at the equality of temperatures as seen in different directions from our perspective. We might imagine that in an even earlier era, time to the temperatures were unequal and only became equal after a thermilisation process between time to  time t1. We might even consider that at the earlier time to the two temperatures were equal to each other, and that no thermilisation took place. In the first case there has been an entropy increase between to and t1, and we find an even greater degree of specialness of the Universe at to than there was at t1. This presents us with an even greater puzzle by the special nature of the Universe at the time to, than the puzzle of its specialness at time t1. But the problem is getting even worse. In the second case, the problem of the specialness at to is, at least, not any worse than at t1. The point is in neither case have we explained the puzzle of why the Universe is special, in this or in any other respect. Fact is that introducing thermilisation to address the problem, is worse than useless! 
We know that the Universe appears to be uniform in all directions at large scales and that it is very nearly flat. The claim is that the exponential expansion of the very early Universe was responsible to make the Universe look so uniform and flat. But here again is a fundamental misconception. The problem refers to the so-called “initial state”. The idea seems to be that if we start from a ‘generic’ initial state the exponential expansion would smooth out the irregularities of that initial state. The catch is that in order to know if such a process has a chance we need to have some knowledge of what the ‘generic’ initial geometry might look like. An important presumption is that such a state would have to be, on small scale, smooth. Fact is that fractal sets never iron themselves out, no matter how much they are stretched. The reason is simply that the Universe could not have started in a generic state because of the Second Law of Thermodynamics. If we take the Universe back in reverse flow of time we end up with a great mess of congealing black hole singularities. This is what we should expect from a generic big bang.

We know from the Second Law that the Universe was very special at the big bang. Otherwise the Second Law would not exist. The Universe we observe clearly shows the Second Law in action; an increase in entropy, never a decrease.  To really understand why the Universe was so special we need to study a space-time geometry described by the Friedmnn-Le Maître-Robertson-Walker models, which will be discussed in a future article.
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