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Chapterr 1. Introduction 

numericall  tools have to be introduced somewhere along the line. This is essentially 
becausee real-time evolution means solving non-linear part ial differential equations 
inn a regime where1 there is no obvious "small" parameter. Far out-of-equilibrium 
processess such as phase transit ions are inherently non-perturbative. Also the lack 
off  t ime translat ion invariance means that most problems are initial value problems, 
whichh depend on "memory" stretching back to the initial t ime. This dependence on 

yy kernels" can be a challenge to deal with. 

Inn the Early Universe we believe that phase1 transit ions took place as well as out-
of-equilibriumm decay of heavy particles. These1 processes require1 out-of-equilibrium 
heldd theory for a proper description. For some out-of-equilibrium processes, it can 
bee argued that classical dynamics provides a good approximation in terms of quasi-
particless (Be)ltzmann equations) or classical field equations. This makes the study of 
thee transit ion between quantum and classical regimes interesting in its own right. 

Inn this thesis we shall be1 studying thnn1 such processes, baryogenesis. reheating after 
inflationn and thermalizat ion using some of the numerical tools available. In particular 
wee shall be interested in regimes where the classical approximation to the dynamics 
iss expected to be valid. 

Th ee problem at hand: Cold Electroweak Baryogenesis 

Anotherr perspective on the present work is that we construct a model of baryogen-
esis.. the creation of the cosmological baryon asymmetry, realized within a minimal 
extensionn of the Standard Model of particle pliyics. Al l the ingredients required for 
baryogenesiss are present in the SM [1. 2]. and many realisations of baryogenesis have1 

beenn proposed. As wil l be reviewed in chapter 3. they all suffer from some1 basic prob-
lems,, which can perhaps be solved by extending the1 SM. for instance by imposing 
Supersymmetry. . 

Wee wil l develop a model for baryogenesis based on electroweak physics, which take's 
placee after low-scale inflation, and in which Higgs symmetry breaking happens at zere) 
temperaturee [3. 4]. This Cold Electroweak Baryogenesis has some nice feature-s which 
circumventt many of the problems of the original electroweak baryogenesis scenario. 
I tt requires the construct ion of a model of low-scale inflation (chapter 7). the origin 
off  which cannot be within the SM itself. The only SM field with the1 right quantum 
numberss to act as an inflaton is the scalar Higgs. and it has the1 wrong potential 
forr inflation. It wil l be of interest to study the end of inflation anel the subsequent 
tachyonicc preheating in CEB. which is very much an emt-eff-equilibrium process, anel 
thee thermalizat ion stage through which we recover a normal radiation dominateel 
Universee (chapter 6). 

Wee wil l need to treat the SM baryon number changing processes fully non-perturbatively 
usingg numerical simulations of the dynamics of the electroweak degrees of freedom 
includingg a CP-violat ing term. The resulting equations of motion turn out to be very 
complicatedd and require extensive computing power (chapters 4. 5). Finally we wil l 
applyy an approximation to the full quantum dynamics which goes beyond classical 
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1.1.. Cosmological frame-work 

fieldd equations, partly to study thermalization and partly to see whether the classical 
approximationn is valid for Cold Electroweak Baryogenesis (chapter 8). 

Manyy of the methods used in this thesis are standard (or variations of standard) 
numericall  and analytical methods for (quantum) field theory. Rather than review the 
formalismss we refer to text books on the subjects of: Quantum field theory [5. 6]. 
Latticee field theory [7, 8. 9], Cosmology [10. 11] and numerical methods [12]. 

1.11 Cosmological frame-work 

Wee will assume the Universe to be described by a flat Friedmann-Robertson-Walker 
(FRW)) metric 

dsds22 = -dt2 + a2{t) (dr2 + r2dil) . (1.1) 

Wee use a (—h -f+) metric signature. The time evolution of the scale factor a(t) is 
governedd by the Friedmann equations 

H2=H2= p a = _ 0 ^ + 3 p) 
3 mJ]]  a 6 mpl 

wheree we have introduced the reduced Planck mass mp\ — (8ITG)~1/2 — 2.436 x 
10188 GeV. which encodes the strength of gravity: p is the energy density and p the 
pressure.. A possible cosmological constant is included in the energy density. H = aja 
iss the Hubble rate. The current value is defined to be HQ = h 100kins- 1 Mpc- 1. 

Wee have used that for a homogeneous, isotropic Universe the comoving energy mo-
mentumm tensor T^v is diagonal 

T^T  ̂ = dmg(p.p,p.p). (1.3) 

Forr most of the evolution of the Universe, p and p have a simple relation, sometimes 
knownn as the equation of state 

pp = up. (1.4) 

withh UJ some constant. We can solve for the evolution of the scale factor in three 
limitingg cases of UJ, 

 Vacuum energy domination: 

u>u> = —1. p constant. — — exp (H t). (1-5) 
a0 0 

 Radiation domination: 

u;=1/3.. ^ = ( ^ y 4 . - = ( -V / 2. (i.o) 
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Tablee 1.1: Cosmological parameters as determined by W M A P [13] 

Matterr domination: 

- 0 . . 
Pi)Pi) V 'O 

a a 
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Forr radiation domination, we can introduce temperature by relating it to the energy 
densityy of a free gas with g*  (effective) relativistic degrees of freedom 

''  30 J :i.8) ) 

Densit iess of different energy contributions (pi) are usually quoted as fractions of the 
criticall  densitv 

Pi Pi n,n, = ^. pc=3H2nï2pl. 
Pr Pr 

Inn our case of a flat Universe, the total energy density is critical: 

]T ^^ = i. 

;i.9) ) 

1.10) ) 

Wee finally define the redshift z. so that (1  z) = au/az. where ÜQ is the scale factor 
noww and az is at the redshift z. In Table 1.1 we compile the cosmological parameters 
ass determined bv the W M A P mission [131. 

1.22 Cosmological timeline 

Thee evolution of the Universe is usually divided into epochs, each of which is related 
too a certain event, energy scale (p1^4) or type of process. We shortly summarize them 
ass follows (see Fig. 1.1): 
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1.2.. Cosmological timeline 

Bigg Bang 

?? (GUT, SUSY) 
Inflation n 

Reheating g 

Baryogenesiss ? 

Electroweakk phase transition 

Baryogenesiss ? 

QCDD phase transition 

LL k Energy density/Temperature 

AA 1015(?)GeV 

- \\ ?GeV 

} } 

Neutrinoo decoupling 1 

Nucleosynthesiss J 

Matter-radiationn equality 

Photonn decoupling 

\\ <10 (?)GeV 

AA ?GeV 

AA 100 GeV 

AA 100 MeV 

AA lMeV 

andd recombination - \ 1 eV 

Structuree formation 

Now w T i m e \ \\ 2.725 K 

Figuree 1.1: Timeline of the cosmological evolution. 

 Big Bang: p1!4 > mpi(?), the Universe is created. Study of the origin of the 
Universee awaits a consistent quantum theory of gravity, and we will not comment 
furtherr on it. We should bear in mind, however, that this era sets the initial conditions 
forr inflation. 

 Inflation : mpi(?) > p1'4 >?. The cosmological horizon and flatness problems 
suggest,, that a period of accelerated expansion took place in the early Universe [14, 
15,, 10, 11]. Most models of inflation are based on the dynamics of a scalar field (the 
inflaton).. In many cases, the energy scale of inflation is the GUT scale (1015 GeV) or 
higher.. Inflation is discussed in chapter 2 and a particular model in chapter 7. 

 Reheating: Treh < 1015GeV(?). Whatever the initial matter content of the Uni-
verse,, the exponential expansion during inflation diluted and redshifted everything 
away.. At the end of inflation, the Universe is thought to have been empty of particles, 
TT = 0 (see however [16]). The energy residing in the inflaton potential is turned into 
kineticc energy. Through interactions, this energy is transfered to other (Standard 
Model)) degrees of freedom, eventually thermalizing to some reheating temperature 
Treh-- Reheating is described in chapter 2 and one scenario is studied in chapters 6 
andd 8. 

 Baryogenesis: T = 1 MeV < T < Treh < 1015 GeV(?). Astronomical objects con-
sistt solely of matter (as opposed to anti-matter) particles. It has been argued, that 
onn scales as large as the horizon, no anti-matter exists [17. 18], except when produced 
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inn high-energy processes such as cosmic ray showers or laboratory accelerators. This 
obviouss asymmetry between mat ter and ant i -matter requires an explanation. De-
pendingg on the model at hand, baryogenesis can have taken place any t ime between 
thee end of inflation (before which any asymmetry would have become diluted away) 
andd nucleosynthesis (see belowT). Baryogenesis is discussed in chapter 3 and a specific 
model.. "Cold Electroweak Baryogenesis" (CEB). is the main issue of this thesis. 

 E lec t roweak phase t rans i t ion : T — Tcw ~ 100 GeV. In the Standard Model of 
part iclee physics, it is assumed that the Higgs field currently has a non zero vacuum 
expectat ionn value (vev). breaking the electroweak symmetry. At high temperatures 
(T(T ~ 100 GeV) it is believed that a phase transit ion takes place, at which the vev goes 
too zero and electroweak symmetry is restored. During the expansion of the Universe, 
suchh a phase transit ion took place from the symmetric to the broken phase, if the 
temperaturee was ever above 100 GeV after reheating. 

 Q C D phase t rans i t ion : T = TQCD — 170 MeV. Similarly, the QCD sector 
off  the Standard Model is expected to have a phase transit ion at an energy around 
TT ~ 170 MeV. At higher temperatures, quarks and gluons exist freely as a plasma (a 
Quark-Gluon-Plasma,, QGP), whereas in the current, cold, phase they are confined 
intoo hadrons. 

 N e u t r i n o decoup l ing: T ~ 1 MeV. Neutrinos experience only weak interactions 
wi t hh the other Standard Model particles. In an expanding Universe, thermal equilib-
r iumm can only be maintained as long as the interaction strength T can overcome the 
di lut ionn of particles, parametr ized in terms of the Hubble rate H. When this was no 
longerr the case, "H > F \ the neutrinos '"decoupled" from the rest of the matter, and 
propagatedd freely with the energy distribution relevant to the temperature at decoup-
ling.. Subsequent redshift due to the expansion changed this temperature (but not 
thee shape of the distr ibut ion). This relic neutr ino population is in principle detect-
ablee and could hold information of the Universe at the time of neutrino decoupling. 
Detect ionn methods are not yet sensitive enough to measure this neutrino background. 

 N u c l e o s y n t h e s i s: T ~ 1 MeV. The earliest epoch of which we have direct observa-
t ionall  relics is the fusion of primordial protons into the nuclei of the lighter elements. 
I tt took place at around T = 1 MeV, the typical binding energy of a nucleus. Detailed 
modelss of fusion have resulted in very accurate predictions of the abundances. These 
cann be compared to observed amounts of these elements, and allow us to fix the single 
unknownn parameter of nucleosynthesis, the rat io of baryons to photons [19]. 

== nb - n-b = __ x 1 0_1 0 

whichh is nicely in agreement with the W M A P result (Table 1.1) [20]. 

Thee parameter 7/ which here enters as an input to the nucleosynthesis calculations 
quantifiess the asymmetry between matter (b) and ant i -matter (b). The creation of such 
ann asymmetry is the result of baryogenesis as described above, and the constraints 
onn the primordial abundances therefore provides a bench-mark with which to test 
proposedd models of baryogenesis. In particular, 77 7̂  0, requiring baryogenesis to have 
takenn place before nucleosynthesis. 
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 Matter-radiatio n equality: As time went by. relativistic matter p oc a- 4 was 
overtakenn by non-relativistic matter p oc a- 3 as the dominant contributor to the 
energyy density. For z > zeq the scale factor is approximately given by a oc t1//2, for 
zz < zeq. a oc t2/3. 

 Photon decoupling and recombination: As the gas of nuclei and electrons 
wass diluted, eventually the temperature reached T ~ 1 eV, somewhat below the 
typicall  binding energy of an electron in an atom. Neutral atoms formed, and photons 
scatteredd much more rarely and eventually were able to propagate freely. This Cosmic 
Microwavee Background (CMB) is the prime source of knowledge of the early Universe, 
andd our only probe of inflation. 

 Structur e formation : The fluctuations on the CMB tell us, that the Universe was 
nott completely homogeneous at recombination. This sets the stage for the formation 
off  galaxies and stars through gravitational collapse around seeds of excess density. 
Althoughh this mechanism is very complicated and the details not settled, the standard 
loree suggest that it takes around 109 years to generate galaxies, and we indeed see 
thee oldest galaxies at such redshifts (1 + 2 = 5 — 6). 

 Now: T — 2.725 K, t ~ 13.7 x 109 years. We are presently experiencing a transition 
fromm matter domination to vacuum domination. Indeed, the present energy content 
seemss to be divided between (dark) matter (ftm = 0.3) and dark energy (fl\ — 0.7). 
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