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Chapterr 12 

Summary y 

Ourr current understanding of the early history of the Universe is based on observa-
tionss of its matter content (stars, galaxies, dust, cosmic rays), the Cosmic Microwave 
Backgroundd Radiation {the CMB, more about this later) and theories and experi-
mentss within nuclear and high-energy physics. All is set within the framework of 
generall  relativity, the (current) theory gravity. 

AA puzzling property of the Universe is that it consists solely of matter (as opposed 
too anti-matter). The standard framework describing quantum particles, quantum 
fieldfield theory, tells us that for every particle with charge (say, electric charge), an anti-
particlee exists with the exact same mass and opposite charge. The electron (electric 
chargee -1) has a partner called a positron (electric charge -1). A proton (+1), which 
consistss of quarks, has the anti-proton (-1), which consists of anti-quarks, etc. If a 
particlee and its anti-partner collide, they will annihilate into two (or more) photons, 
lightt particles. Photons, incidentally, are their own anti-particle, since they have no 
charge.. This has all been confirmed by experiment. 

Wee are fairly sure that our solar system consist of matter, since we have landed probes 
andd flown satellites through most of it. and none of them annihilated upon impact 
(wee think). The solar wind (a constant flow of particles emanating from the sun) does 
nott annihilate with us. and does not seem to annihilate with any other astronomical 
objectt in the solar system. We must therefore conclude that the sun and all the 
planetss are made of matter. 

Thiss sort of argument can be used to move the bounds within which there is only 
matterr further and further away. It all boils down to the fact that if matter (say. a 
domainn surrounding us) meets anti-matter (say. a domain next to it), we can expect 
aa huge amount of photons to be created from annihilation processes at the boundary, 
wheree they touch (assuming they do touch, but that can be shown to eventually 
happen).. From measurements of the photon background (or in this case, the lack of 
suchh a background) it is possible to conclude that if our domain is just one of many 
withh particle dominance (as opposed to antiparticle dominance), it is at least the size 
off  the visible Universe. 
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Chapterr 12. Summary 

Iff  the Universe was created with equal numbers of particles and anti-particles, there 
seemss to be no reason why it would choose to favor one above the other. A mechanism 
whichh can explain this asymmetry is known as a mechanism of Baryogenesis (from 
Baryon.. a unifying name for particles like protons and neutrons etc.. and "Genesis", 
creat ion).. We note in passing that even if the Universe is overall symmetric, but 
dividedd into domains, we would still need baryogenesis to take place in each domain. 
Ass far as we can see. the Universe is expanding. If this has always been the case, 
galaxiess must have been closer together in the past. Stretching this argument to the 
limit ,, we must conclude that the Universe started from a single point (the Big Bang), 
andd we can calculate1 when that was. by just extrapolat ing the current expansion 
speedd back in t ime. The best current measurement of the age of the Universe is 
13.44 billio n years. We note that we can really only trust this extrapolat ion to the 
t imee when general relativity breaks down as a description of gravity, the Planck t ime. 
100 43 seconds after the Big Bang. This in turn would be at energy scales far beyond 
whatt has been reached in experiment, which correspond to 10"10 seconds after the 
Bigg Bang. 

Att present, the temperature of the Universe is about 3 Kelvin (-270 Celsius), but 
short lyy after the Big Bang the Universe must have been denser and therefore hot-
ter.. 300.000 years after the Big Bang, it reached the temperature at which atoms 
splitt up into electrons and protons (for Hydrogen: for Helium and higher elements, 
intoo electrons and nuclei). Before then the Universe was filled with a gas of charged 
electronss and protons. Photons interacted strongly with these charged particles, scat-
teringg and rescattering. making the Universe opaque. As the electrons and protons 
"recombined""  (the name is misleading: they were never combined in the first place), 
electricallyy neutral atoms were created, which the photons interacted much less with. 
Thee Universe became see-through. The photons which were liberated at that t ime 
stilll  fil l the Universe, and constitute the Cosmic Microwave Background Radiation 
(CMBB or CMBR). 

Thee CMB has the same temperature from all directions (within 0.00001 K) . Measuring 
thee spectrum of the photons in different directions on the sky. we find exactly the 
samee result. This turns out to be difficul t to explain, since it can be shown that-
opposi tee directions in the sky are too far apart for them to ever have been in "causal 
contact".. That two regions of space are in causal contact means that signals (say 
light)) can have traveled from one to the other within the age of the Universe. At 
"recombination"",, patches of the order of 300.000 light years (the distance light can 
travell  in 300.000 years) wil l have been in causal contact. Such patches have since 
expandedd further. The currently observed part of the Universe can be shown to be 
muchh bigger than such a patch, and so photons that come from different directions in 
thee sky originate in different patches. There is no reason why they should have the 
exactt same temprature if they have never been in contact with each other. 

Inflationn is a period of accelerated expansion of the Universe, taking place at very 
earlyy t imes (a tiny fraction of a second after the Big Bang) (as reviewed in chapter 
2).. The expansion was fast enough that a causally connected region was blown up 
(inflated)) to a size big enough to hold the presently observed Universe. Inflation can 
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alsoo explain the tiny temperature fluctuations which have in fact been found in the 
CMB. . 
Theree exist many theories of baryogenesis and inflation, some of which can be tested by 
observationss of the CMB, some by high-energy particle experiments, past and future. 
Inn this thesis we try to construct a model of baryogenesis, building on work by other 
authors,, which can generate the particle asymmetry by only using the experimentally 
welll  tested Standard Model of particle physics. Generic baryogenesis models rely on 
extensionss of the Standard Model which has not been observed in experiment, and 
whichh therefore to some extend can be fitted (or even constructed) to successfully 
reproducee the baryon asymmetry. 

Itt turns out that in the Standard Model there is a tiny difference in properties between 
particless and anti-particles in the way they interact and decay, and it has been meas-
uredd recently with good precision. Although models of baryogenesis have been con-
structedd using this bias on numerous occasions, it turned out that if the Universe 
wass hot at the time (as you would expect in this very early, very dense epoch in the 
Universall  evolution), the bias is too small. Another necessary condition for baryo-
genesis,, departure from thermal equilibrium, turned out also to be missing. Models 
off  baryogenesis within the framework of the Standard Model (as opposed to theoret-
icall  extensions of it) are known as Electroweak Baryogenesis models, because all the 
relevantt physics has to do with the (Electro)weak interactions (roughly the physics of 
radioactivee decay), rather than for instance the Strong interactions (the force which 
keepss quarks together in protons and neutrons. 

Thee scenario we have studied is to use inflation to get rid of the high temperature. 
Inflationn expands the Universe very fast, and immediately afterwards, the particles 
wil ll  be so diluted that the temperature is essentially zero (Cold). In generic inflation 
models,, the Universe is then "re-heated" through one of several processes. 
Wee study a model where the temperature after reheating is very low (compared to the 
energyy scale of the physics we consider, Electroweak physics) and where baryogenesis 
tookk place during "re-heating". 

Inn this thesis we constructed such a model of inflation which fulfilled certain necessary 
criteriaa for the scenario not to be in conflict with experimentally verified features of 
thee Standard Model (chapter 7). Then we calculated the particle-anti-particle asym-
metryy which would be created, given a particular size of a certain biasing parameter 
(chapterss 4, 5). What is now needed is to relate the biasing parameter we used to 
thee experimentally measured parameter in the Standard Model. This is however not 
soo simple, and we have not presented it here. In chapter 6 we studied the specific 
processs of "re-heating", known as "tachyonic (p)re-heating", which is expected to be 
relevantt in this baryogenesis model. 

Baryogenesiss and "re-heating" are in principle quantum phenomena. It is however 
possiblee in a particular regime (when there are many particles present) to study them 
usingg classical ("Newtonian", non-quantum mechanical) methods. This was done 
inn the numerical simulation of chapters 4. 5. 6. In chapter 8 we studied (among 
otherr things) whether this approximation is good in the regime of "tachyonic (p)re-
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heating*'' and found that this was the case. To do this we numerically solved a rather 
complicatedd and very computer intensive set of equations, which are supposed to be 
closerr to the complete quantum mechanical description than classical dynamics. 
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