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1. Introduction

The observed Hubble expansion of the universe, the discovery obdmic microwave back-
ground radiation (CMBR) and the success of nucleosynthesis (seRed.q1]) in reproducing the
observed abundance of light elements in the universe had establisthsdriblard big bang (SBB)
cosmological model (for a textbook treatment, see e.g. Ref. [2]). This Intogether with the
grand unified theories (GUTS) [3] of strong, weak, and electromagimgécactions provides the
scientific framework for studying the early stages of the universe.

Despite its great successes, the SBB model had some shortcomings. tbema$ the so-
called horizon problem. The CMBR received now has been emitted frolonegf the universe
which, according to the SBB model, had never communicated before seth@mgdiation to us.
The question then arises how come the temperature of this radiation fronrélgeses is so finely
tuned as the measurements of the COBE [4], the WMAP [5], and the Plahektlites show.
Another important puzzle is the so-called flatness problem. It is a fact6}lle present universe
appears to be very flat. This means that, in its early stages, the universbanesteen flat with a
great accuracy, which requires an extreme fine tuning of its initial conditialso, combined with
GUTs which predict the existence of superheavy magnetic monopoleth§EBB model leads
[8] to a catastrophic overproduction of these monopoles. Finally, the nhadeto explanation for
the small density perturbations required for explaining the structure formiatitne universe (for
a pedagogical discussion, see e.g. Ref. [9]) and the generationalisbeved [4, 5, 6] temperature
fluctuations in the CMBR.

Cosmological inflation [10] offers a solution to all these problems of the SBBeah@or a
textbook introductions or reviews on inflation, see e.g. Ref. [11]). Tka id that, in the early
universe, a real scalar field (the inflaton) was displaced from its vaa@lue. If the potential of
this field is quite flat, the roll-over of the field towards the vacuum can beslevy for a period of
time during which the energy density of the universe is dominated by the alostiant potential
energy density of the inflaton. Consequently, the universe undesgoesod of quasi-exponential
expansion, which can readily solve the horizon and flatness problemsaighing the distance
over which causal contact is established and reducing any pre-existimgture in the universe.
It can also adequately dilute the GUT magnetic monopoles and provide us wititherdial
density perturbations which are needed for explaining the large scatéustun the universe [9]
and the temperature fluctuations observed in the CMBR. Inflation can dadag the GUT phase
transition at which the GUT gauge symmetry breaks by the vacuum expeotatien(VEV) of a
Higgs field, which also plays the role of the inflaton.

After the end of inflation, the inflaton starts performing damped oscillationstabe vacuum
and decays into light particles. The resulting radiation energy densitjualdominates over the
field energy density and the universe returns to a normal big bang tghetien. The temperature
at which this occurs is historically called reheat temperature although theegher supercooling
nor reheating of the universe [12] (see also Ref. [13]).

An acceptable inflationary scenario must necessarily be followed by @essfcl reheating
process which, in the case of supersymmetry, must satisfy the gravitistraiom [14] on the reheat

temperatureT, < 10° GeV. This process must also generate the observed baryon asymmetry of

the universe. In inflationary models, it is generally preferable to géméhne baryon asymmetry
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by non-thermal [15] leptogenesis [16], i.e. by first producing a prinabidpton asymmetry from
the decay products of the inflaton. This asymmetry is then partly converteddanton asymmetry
by the non-perturbative electroweak sphaleron effects [17, 18haNg, in many specific models,
this is the only way to generate the baryon asymmetry of the universe sindafltten decays
into right handed neutrinos. The subsequent decay of these fieldsleytoa (antilepton) and an
electroweak Higgs field can only produce a lepton asymmetry.

Recent measurements [6] confirmed the prediction of inflation that therpresieerse is flat.
They also reveal that matter constitutes only 27% of the universe. Th&3%sof the universe
is in the form of dark energy, i.e. in a form close to a cosmological consfEmit means that
this energy is basically not diluted by the expansion of the universe exagtlye energy driving
inflation. On the other hand, the baryonic (visible) matter constitutes oBB24 of the universe
as nucleosynthesis [1] and the Planck satellite [6] have shown. Casrsguabout 22% of the
universe is made of some form of dark matter. The most promising candatatark matter [19] is
the lightest supersymmetric particle (LSP) since it is protected by a distr&eparity symmetry
from decaying into lighter particles. The LSPs can annihilate in pairs omiloiate with the next-
to-LSPs. Their relic density can be reduced to the observed valuelofrddter abundance mainly
by resonant pair annihilation [20] or coannihilation [21] with next-to-L3FPsch happened to be
almost degenerate with them. Other possible dark matter candidates includeath¢22] and
superheavy [23] or intermediate scale mass [24, 25] fermions.

At cosmic times greater than the Planck titae- 102 sec, gravity is adequately described
by the classical theory of general relativity. However, for smaller cosimies, quantum fluctua-
tions of gravity are present. Therefore, it is desirable to have a quathiony of gravity and if
possible unify gravity with the other three interactions, which are deschpeelativistic quantum
field theory, so as to obtain the theory of everything. However, in caniridts the other three in-
teractions, the quantum field theory for gravity is not renormalizable. Thisym#hat the infinities
appearing in the various calculations and originating from the point-likeacher of particles can-
not be systematically gathered in a finite number of parameters. Conseqtientheory is lacking
predictability. The theory of (super)strings [26] was proposed inra@eure this difficulty. The
idea is that the fundamental objects are not point-like particles but one donahstrings of size
/p ~ 1033 cm. Their various vibrational modes, one of which is the graviton, appepadicles
with different quantum numbers. The main disadvantage of string theoratist tadmits a huge
number of solutions~ 10°%9), but none of them reproduces exactly our universe. It predicts tha
there exist ten spacetime dimensions (or eleven in the case of M theory).tBenoare compacti-
fied to form a 6-dimensional compact space of gjizavhile the other four dimensions remain open
and are the usual spacetime dimensions. The geometric structure of thectiiegpdimensions
determines many of the phenomena in the 4-dimensional spacetime.

One problem we can address in the light of string theory is the problem ofl iodtritions
[27] for inflation which takes place at the GUT transitiontat 1037 sec>> tp. At the onset
of inflation, one needs a large homogeneous region around the GU® phasition. However,
this region consists of many smaller homogeneous regions originating froRighek era, where
causal communication is restricted to distances of the order of the Plandhk.l€Fige resolution
of this problem requires a first stage of inflation near or before the big,bahich provides the
necessary homogenization for the onset of conventional inflation. &pcimordial inflation can
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take place in the pre-big-bang period. During the motion of the universarttsithe initial singu-
larity, we have conditions of very high curvature and the extra dimensmmtsact and compactify.
This causes inflation in the four open dimensions. Another application oftigeregravity could be
the explanation of the origin of primordial gravity waves if such waves atedaled in the future.
The Planck satellite measurements [6] imply an upper bound on the tensmakiostior < 0.06.
Therefore, one cannot exclude that future experiments may detectrdiahgravity waves orig-
inating from inflation. Quantum gravity may then be required to understandrigm of these
waves.

In Sec. 2, we summarize the salient features of SBB cosmology, while irBSexsketch the
series of phase transitions the universe underwent in accordanc&Wwills. The shortcomings
of big bang and their resolution by inflation are discussed in Secs. 4 ardfgctively. Sec. 6 is
devoted to the detailed discussion of inflation, reheating, and density andrimome fluctuations.
Baryogenesis via leptogenesis is the subject of Sec. 7. In Secs. §ard®iew the composition
of the universe, while in Secs. 10 and 11 we briefly refer to quantumitgi@nd string theory with
some possible applications in cosmology. Finally, in Sec. 12 we summarize melusimns.

2. Big Bang Cosmology

We start with an introduction to the SBB model [2]. For cosmic titnege = ms* ~ 1043 sec
(mp ~ 2.44x 10'8 GeV is the reduced Planck scale) after the big bang, the quantum fluctiafion
gravity cease to exist and gravitation can be described by the classios} tifegeneral relativity.
Strong, weak, and electromagnetic interactions, however, are desbybgauge theories which
are relativistic quantum field theories.

An important starting point is the so-calledsmological principlewhich states that, at large
scales, the universe is homogeneous and isotropic. The strongest@yir this is the observed
[4, 5, 6] isotropy of the CMBR. The spacetime metric then takes the Robevsdker form

r2
1—kr2
wherer, ¢, andd arecomovingpolar coordinates, remaining fixed for objects that just follow the
cosmological expansion. The paramekés the scalar curvature of the 3-space &nd0, > 0, or
< 0 corresponds to flat, closed, or open universe. The dimensionlemsigi@ra(t) is the scale
factor of the universe. It is normalized so tlegt= a(ty) = 1, wherety is the present cosmic time.

The instantaneous radial physical distance is given by

r dr
R= a(t)/o Tt 2.2)

For flat universek = 0), R= a(t)r (r is a comoving an® a physical radial vector in 3-space) and
the velocity of a comoving object is

ds? = —dt® 4 a2(t) +r2(d9?%+sif9 d¢?) |, (2.1)

. _
V=_R=H®R (2.3)

where the overdot denotes derivation with respedt amdH (t) is the Hubble parameter. This
equation is the well-known Hubble law asserting that all objects run away &ach other with
velocities proportional to their distances. This law is the first success Bfc@Bmology.
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Energy-momentum conservation yields the continuity equation

80— aHWm+p) 24

wherep and p are the energy density and pressure in the universe. The first term iiigkit-hand
side (RHS) of this equation describes the dilution of the energy due to thklélakpansion and
the second term the work done by pressure. Einstein’s equations fRiothertson-Walker metric
take the form of the Friedmann equation

at)\? 8nG _ k
2= <agt;) - X (2.5)
whereG is Newton’s gravitational constant. Averaging the pressyree writep + p = yp and
Eq. (2.4) givesp O a~%. From Eq. (2.5) withk = 0, we then get(t) Ot%%. For a universe
dominated by pressureless maties 1 and, thusp O a2 anda(t) = (t/tg)%3. This is interpreted
as mere dilution of a fixed number of particles in a comoving volume due to thelélakpansion.
For a radiation dominated universe= p/3 and, thusy = 4/3, which givesp 0 a~* anda(t) =
(t/to)¥/2. The extra factor o&(t) in the energy dilution is due to the red-shifting of all wave lengths
by the Hubble expansion.

The early universe is radiation dominated and its energy density is given by

v
= 30%

whereT is the cosmic temperature agd= N, + (7/8)N; is the effective number of massless de-
grees of freedom withl, ) being the number of massless bosonic (fermionic) degrees of freedom.
The temperature-time relation during radiation dominance is derived frorREj.(withk = 0):

2_ 3v5me
V29, mt’

Classically, the expansion startd at 0 with T = 0 anda = 0. This initial singularity is, however,
not physical since general relativity fails fors tp. The only meaningful statement is that the
universe, after a yet unknown initial stage, emergés-atp with T ~ mp.

An important notion is the notion of particle horizdg (t), which is the instantaneous distance
att traveled by light since the beginning of timee={ 0). From Eqg. (2.1), we find that

ch(t)=a(t) [ 9)

p T (2.6)

mp = (8nG)‘% = the reduced Planck mass (2.7)

which is finite and coincides with the size of the universe already seen atdmequivalently, with
the distance over which causal contact has been establisheBatmatter (radiation) dominated
universe, we havey (t) = 2H(t) = 3t (dy (t) = H~1(t) = 2t). After the Planck satellite measure-
ments [6], the present age of our universe is estimated tpb€13.801+0.024) x 10° years, the
present value of the Hubble parametigr= 100h kmsec *Mpc—1 with h ~ 0.674+0.005, and the
present critical density corresponding to a flat univesse- 3H3/81G ~ 0.86 x 10-2° gm/cm?.
The fraction of the actual to the critical density@s= p/p; ~ 1+ 0.01, which means that our
present universe is very flat.
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3. Phase Transitions in the Universe

GUTs together with the SBB model predict that, as the universe expaddsoals after the
big bang, it undergoes [28] a series of phase transitions during whedBthr gauge symmetry is
gradually reduced and several important phenomena take place.fifitetess, we consider here
a simple non-supersymmetr&lJ(5) GUT model, but the discussion can be readily extended to
include other gauge groups suchBs SQ(10), SU(4)¢ x SU(2). x SU(2)r, andSU(3)3 [29] with
or without supersymmetry. At a scalés ~ 10'® GeV (the GUT mass scale$U(5) breaks to the
standard model gauge groGgm = SU(3): x SU(2). x U (1)y by the VEV of an appropriate Higgs
field . SubsequentiyGsy is broken toSU(3). x U (1)em at the electroweak scaldyy (SU(3). and
U(1)em are, respectively, the gauge groups of strong and electromagnetaciiers).

Initially, SU(5) was unbroken and the universe was filled with a hot soup of massle&dqsar
including photons, quarks, leptons, gluons, weak gauge bdatnsz®, GUT gauge bosonX,
Y, and several Higgs bosons. At 103" sec [ ~ 10'® GeV), SU(5) broke down toGsy and
the X, Y bosons and some Higgs bosons acquired masdds. Their out-of-equilibrium decay
could, in principle, generate [17, 30] the observed baryon asymmeting aiiverse, i.e. an excess
of baryons over antibaryons. Important ingredients are the violatiomigfom number, which is
inherentin GUTs, and C and CP violation. This is the second (potentialgssiof the SBB model.

Moreover, at the GUT phase transition, topologically stable extendedtsigdg such as mag-
netic monopoles [7], cosmic strings [32], or domain walls [33] can also hergéed. Monopoles,
which exist in most GUTS, can lead into problems [8] which are, howewsidad by inflation
[10, 11] (see below). This is a period of exponentially fast expansiadheouniverse which can
occur during the GUT phase transition and can totally remove the monopohes$tfe scene. Alter-
natively, a more moderate inflation such as thermal inflation [34], assoeidted phase transition
occurring at a temperature of the order of the electroweak scale, caa tfiem to an acceptable,
but possibly measurable level. Cosmic strings from GUTSs [35], on the btoed, can generate
gravity waves [36], which will be possibly measurable [24, 37, 38] lyreiexperiments. Finally,
domain walls are [33] catastrophic and GUTs should be constructed sthéyaavoid them (see
e.g. Ref. [39]) or inflation should extinguish them. Note that, in some casa®g, complex ex-
tended objects such as walls bounded by strings [40] or strings conppentinopoles [41] can be
temporarily produced.

Att ~ 10 10sec [ ~ 100 GeV), the electroweak phase transition takes plac&gpdreaks
to SU(3)c x U(1)em. The electroweak Higgs field as well as the weak gauge basonZ® acquire
masses- My. Subsequently, @t~ 10~ sec I ~ 1 GeV), color is confined and the quarks come
together to form hadrons. The direct involvement of particle physics bace. We will, however,
sketch some of the subsequent cosmological events since they pravai arformation on the
early universe, where their origin lies.

At t ~ 180 sec T ~ 1 MeV), nucleosynthesis takes place, i.e. protons and neutrons form
nuclei. The abundance of light elements BBle, “He, 6Li, and ’Li) depends (see e.g. Ref. [42])
crucially on the number of light particles (with massl MeV), i.e. the numbeN,, of light neu-
trinos and the baryon abundan@gh? (Qg = pg/pc With pg being the baryon energy density).
Agreement with observations [43] can be achievedNipe= 3 andQgh? ~ 0.02. This is the third
success of SBB cosmology. Much later, at the so-called equidensitytdime4.7 x 10* years,
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matter dominates over radiation. &4 200,000h~! years T ~ 3,000 K), the decoupling of mat-

ter and radiation and the recombination of atoms occur. After this, radiat@wesvindependently

and is detected today as CMBR with temperaflyye: 2.73 K. The existence of the CMBR is the
fourth success of SBB. Finally, structure formation [9] starts-aR x 10° years.

4. Shortcomings of SBB cosmology

The SBB model has been very successful in explaining, among othesthivggHubble ex-
pansion of the universe, the existence of the CMBR, and the abunddribe light elements
formed during nucleosynthesis. Moreover, combined with GUTs proviuebasis for generating
the baryon asymmetry of the universe, i.e. the slight excess of baryensotibaryons, so that
after baryon-antibaryon annihilation there are leftover baryons owtath the visible part of the
universe is made. Despite its successes, this model had a number olzelyng shortcomings
which we will now summarize:

1. The horizon problem:The CMBR was emitted at the decoupling of matter and radiation
whenTy ~ 3,000 K. The decoupling timg is estimated from

(4.1)

T alty) (td>g 273K

Ta alty) \to/  3,000K

and turns out to bg ~ 200,000h~* years. The distance over which the CMBR has traveled
since its emission is

ato) [ a‘?:) =3 [1— (:g)

which practically coincides witby (to). A sphere of radiudy (tp) around us is called tHast

~ 3ty ~ 6,000h~* Mpc, (4.2)

scattering surfacsince the CMBR has been emitted from it. The particle horizon at decou-

pling 3ty ~ 0.168 h~1 Mpc, expanded until now to becomel@8 h—1(a(to) /a(ty)) Mpc ~
184h~! Mpc. The angle subtended by this decoupling horizon noWyis- 184/6,000~
0.03 rads. Thus, the sky splits intar4(0.03)2 ~ 14,000 patches which never communi-
cated causally before emitting the CMBR. The puzzle then is how can the tetomeeod
the black body radiation from these patches be so finely tuned as the emeasts of the
Planck satellite [6] require.

2. Flatness ProblemThe present energy density of the universe has been observaulljé]
very close to its critical value corresponding to a flat univel@g £ 14+ 0.001). From
Eq. (2.5), we obtairip — pc)/pc = 3(8mGpe) L (k/a?) O a for a matter dominated universe.
Thus, in the early universe(p — pc)/pc| < 1 and the question is why the initial energy
density of the universe was so finely tuned to its critical value.

3. Magnetic Monopole ProblemThis problem arises only if we combine SBB with GUTs
[3] which predict the existence of magnetic monopoles [7]. These mon®podeproduced
during the GUT phase transition, where the Higgs figldtsponsible for the breaking of the
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GUT gauge symmetr acquires its VEV. They are localized deviations from the vacuum
with radius~ Mg* and massmy ~ Mg/ac (ac = g4/41, wheregg is the GUT gauge
coupling constant). The value gfon a spheré&? of radius>> Mgl around the monopole
lies in the vacuum manifol@>/Gsy and we, thus, obtain a mappin@ — G/Ggm. If

this mapping is homotopically non-trivial, the monopole is topologically stable. Titialin
relative monopole number density must satisfy the causality boundyadls (nm/T3)in >

10710 (ny is the monopole number density), which comes from the requirement that, at
monopole productiong cannot be correlated at distances bigger than the particle horizon.
The subsequent evolution of monopoles is studied in Ref. [8]. The nesthiat, ifry in 2

1079 (< 1079), the final relative monopole number densityfin ~ 107° (~ ryn). This
combined with the causality bound yieldg fin 2 1010, However, the requirement that

~

monopoles do not dominate the energy density of the universe at nuctbesis gives
rv(T ~1MeV) <1019 (4.3)
and we obtain a clear discrepancy of about nine orders of magnitude.

4. Density Perturbations:For structure formation [9] in the universe, we need a primordial
density perturbatiop/p at all length scales with a nearly flat spectrum [45]. We also
need an explanation of the temperature fluctuations of the CMBR measutbd Byanck
satellite [6] at angle$§ 2> J4 ~ 2°, which violate causality. The SBB model cannot provide
the required perturbations.

5. Inflation

All these four puzzles are solved by inflation [10, 11], which is a pericekponential expan-
sion in the early universe. Consider a real scalar fgg(the inflaton) with a (symmetric) potential
V(@) which is quite flat neap = 0 and has minima ap = +(¢) with V(£+(¢@)) = 0. At highT'’s,
the potential acquires temperature corrections, which ngaked the absolute minimum. As the
temperature drops, the effective potential tends to the zero-temperatergial, but a small bar-
rier separating the local minimum et= 0 and the vacua a@ = +(¢) remains. At some pointp
tunnels out tapg, < (@) and a bubble witlp = ¢ is created in the universe. The field then rolls over
to the minimum oW/ (@) very slowly (due to the flatness of the potentalp)) with the energy den-
sity p ~V (@ = 0) =V, remaining practically constant for quite some time. The energy-momentum
tensor during the slow roll-over of the inflaton beconigb~ —\Vg 9, yielding p ~ —p ~Vo. So,
the pressure is practically opposite to the energy density, which remainst @loms$ant in accord
with Eq. (2.4). The scale fact@(t) grows (see below) and the curvature tekya? in Eq. (2.5)
diminishes. We thus obtaiH? ~ 8mG\, /3 = constant, which givea(t) O €. Therefore, the
bubble expands exponentially for some time aftd grows by a factor

a(tr)
a(t)
between an initialt() and a final §) time.
It is almost obvious that, with an adequate numbee-tdldingsN = Hr, inflation automati-
cally resolves the first three puzzles of SBB:

=expH (tr —tj) = expHTt (5.2)
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1. Resolution of the Horizon Problenthe particle horizon during inflation
e [0 dt -1
du(t) — e /tié_n,zH expH (t —t), (5.2)

for t —t > H™1, grows as fast aa(t). At t; where inflation endsgly (t;) ~ H lexpHT
and ¢ starts oscillating about the vacuum. It then decays and reheats [12]itlezsenat a
temperaturdl, ~ 10° GeV [14] after which normal big bang cosmology is recovered. The
particle horizon at the end of inflatiady (t;) is stretched during th@-oscillations by a factor

~ 10° and betweerT; and the present time by a fact®/To. So, it finally becomes equal
to H=1e"710°(T; /To), which must exceedt2; * if the horizon problem is to be solved. This
readily holds foNg ~ Mg, Mg ~ 10'® GeV, andN > 55.

2. Resolution of the Flatness ProblenThe curvature term of the Friedmann equation, at

present, is
2
k k o an1g (107 GeV
— | ~ (= 10 _— 5.3
<32>o <a2>bie 10°Gev /)~ 59

where the factors in the RHS are the curvature term before inflation antbitdhgfactors
during inflation, g-oscillations, and after reheating. Assumidgaz)bi ~ HZ2, we obtain
Qo —1=k/agHZ ~ 10*8 e 21T < 1 for HT >> 55. Strong inflation implies that the present
universe is flat with a great accuracy.

3. Resolution of the Monopole Problerror N > 55, the magnetic monopoles are diluted by
at least 70 orders of magnitude and become irrelevant. Also, Jingemy, there is no
magnetic monopole production after reheating. For models leading to a passiakurable
magnetic monopole density, see e.g. Refs. [25, 34, 38, 46].

4. Generation of density perturbationsgnflation transforms the quantum fluctuations of the
almost massless inflaton field into classical metric perturbations, which in taerae tiny
primordial density perturbation§p/p ~ 5.6 x 10~°. These perturbations grow in the late
universe to become non-linear and lead to the formation of structure igslddaments,
and great voids) via gravitational collapse of matter. They also genemtethperature
fluctuationdT /T ~ 6 x 10°° in the CMBR measured by the COBE, WMAP, and Planck
satellites. The predictions of inflation can fully agree with all experimentairfgsd

6. Details of Inflation

The Hubble parameter during inflation is slowly varying with the value:of

8nG
H?(¢) = 3 (@). (6.1)
The evolution equation fop is
@+ 3HQ+T o0 +V'(9) =0, (6.2)

where the dot and prime denote derivation with respect to the cosmic timeg, aespectively, and
Iy is the decay width [47] of the inflaton to light particles, which is assumed to loé @ig, < H)
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[48]. Inflation is by definition the situation where tfréction term 3H @ dominates and Eq. (6.2)
reduces to the inflationary equation [49]

3Hp=—-V'(p). (6.3)

The conditions for this equation to hold (slow roll conditions) are:

/ 2 "
e, Inl <1 with s_;rr%<\\//(($))> n :nﬁ\\’/(((g). (6.4)

The end of the slow roll-over occurs when either of these inequalities isasadiu If @ is the value

of @ at the end of inflation, theta ~ H=Y(@).
The number ok-foldings during inflation from; (or @) tots (or @) is

. 2
N@g—a@)=In <:EE;> = t,t Hdt = /: gp)dfp— —/: 3HV/(((1(;))d(p7 (6.5)

where Egs. (5.1) and (6.3) were used.

After the end of inflation ats, ¢ starts performing coherent damped oscillations about the
global minimum of the potential. The rate of energy density loss, due to thengimaof the
universe, is given by

p=-3Hg" = ~3H(p+p) = —3Hyp, (6.6)

wherep = ¢?/2+V (), p= ¢?/2—V (@), and we averaged over one oscillation ofp. From this
equation and Eq. (2.5), we obtain

pOa™, at)Otd. (6.7)

The parametey depends on the shape of the potentélp). For a quadratic (quartic) potential,
y =1 (y=4/3) and the expansion is similar to that of a matter (radiation) dominated universe

In order to discuss the subsequent decay of the inflaton, we must usiéédigofution equation
in Eq. (6.2), which also includes the decay td‘rw. This is approximately solved [12, 50] by

t

-2
o(t) = pr (tf) e ol 6.8)

where p; is the energy density at and, for definiteness, we considered that the potential is
quadratic. The second and third factors in the RHS of this equation egyirékee dilution of the
field energy due to the expansion of the universe and the deaayodight particles respectively.

All pre-existing radiation (known as old radiation) was diluted by inflationth&only radia-
tion present is the one produced by the decay afhd is known as new radiation. Its energy density
pr satisfies [12, 50] the equation

pr = —4Hpr + YT gp, (6.9)

where the first term in the RHS represents the dilution of radiation due to meatogical expan-
sion while the second one is the energy density transfer fpaoradiation. This yields

3 3 9
pr=c Pl 1+§r¢t+§3(r¢t)2+"' (6.10)
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with p = pf(t/tf)‘zexp(—r(pt) being the energy density of the fietd Initially, p, < p, but, at
tg= F;l, pr dominates and the universe becomes radiation dominated. The tempergjuse at

45 \ 1
ﬂ=<y@) (Tome) (6.11)

Nl

and is historically called reheat temperature although there is neither sopegenor reheating.
As already mentioned, inflation not only homogenizes the universe bugatmrates the den-
sity perturbations needed for structure formation. An important notionfderstanding the under-
lying mechanism is event horizon. It includes all points with which we will ¢évaltly communi-
cate sending signals fatIn contrast to the case of matter or radiation dominance, the instantaneous
radius of the event horizon during inflation is finite:
[e¢) dt/

de(t) = a(t)/t a-h e (6.12)

Points in our event horizon atare eventually pulled out by the exponential expansion. We say
that these points (and the corresponding scales) crossed outsidestiiénexizon. Actually, the
situation is like in a black hole turned inside out. Then, exactly as in a blackthele are quantum
fluctuations of the thermal type governed by the Hawking temperaturd{p]H /271. It turns out

[52] that the quantum fluctuations of the inflaton &ge= T, leading to density perturbatiod® =
V’'(p)d@. As the scale of these perturbations crosses outside the event horizon, they beg8me [
classical. Whert (or k = 2711//) re-enters the post-inflationary horizon, we obtain the perturbation
[54] (for a review, see e.g. Ref. [55])

3
(5P> __1 Vi@ (6.13)
P/, 5/3mmV(@)

where ¢ is the value ofp when/ crosses outside the horizon. From the results of COBE [4],
(6p/p) ~ 2 x 107° at the pivot scal& = 0.002 Mpc . The spectrum of the perturbatiodp /p O

(% is characterized by the scalar spectral index 1—2as= 1+2n —6¢. The Harrison-Zeldovich
flat spectrum [45] correspondsg= 1, while the experimental value g = 0.968+ 0.006 [6].

The density fluctuations on the last scattering surface produce temeflattiuations in the
CMBR. The dominant mechanism is the scalar Sachs-Wolfe [56] effegibrre with a deep grav-
itational potential will cause the photons to lose energy as they climb up thetjpbtsall and,
thus, appear cooler. The scalar quadrupole anisotropy is

5T 1 Vi(g)
— | = . 6.14
( T )s 12V/5mmiV’(¢r) (644
There are also tensor fluctuations [57] in the temperature of the CMBR witiettiser quadrupole
anisotropy given by
5T Vi(@)
— | ~0.15 = 6.15
(7), =015 e
The tensor-to-scalar ratio )
@1/} .19
(0T /T)s

is experimentally bound to b€ 0.06 [6].

10



Particles and the Universe George Lazarides

7. Baryogenesis

A successful inflationary scenario has to be followed by a succestfahting process [12].
Note that, in the case of supersymmetric theories, the reheat tempd&afuté® GeV since other-
wise the gravitino relic density is unacceptably large [14]. Also the obddB}daryon asymmetry
ng /s~ 8.66 x 10-11 [6] should be generated after inflationg(ands are the baryon number and
entropy densities). The most promising way to generate the baryon asymaitetrynflation is
via non-thermal [15, 58] leptogenesis [16] (for a review, see R&)[5In accordance with this
scenario, the inflaton decays into a pair of right handed neutrin9s The subsequent out-of-
equilibrium decay of these®’s into (anti)leptons and electroweak Higgs fields can generate a
primordial lepton asymmetry provided there is CP-violation. This asymmetrygatléttroweak
transition, is partly turned [17] into baryon asymmetry by sphaleron [18¢&d.

In order to understand the sphaleron mechanism, let us recall that tha eatheSU(2),
gauge theory are characterized [60] by a winding nunmberZ. In the presence of the VEV of
the electroweak doublet which brea®&8(2), , the minimal height of the potential barrier between
the vacua with winding numbersandn+ 1 corresponds to a static solution [61] calkgzhaleron
which is actually a saddle point of the potential. The mass of the sphaleronus Hb- 15 TeV.

At T =0, the tunneling between the vacim and|n—+ 1) is utterly suppressed. However, between
T ~ 200 GeV and the critical temperatufgof the electroweak phase transition, this tunneling is
very frequent and in equilibrium with the universe [17, 18]. BaryBhd&nd Lepton () number
anomalies imply [62] that the tunneling from) to |[n+ 1) is accompanied by a changé3 =

AL = —3. Note thatB — L is not violated and the primordial asymmetry-il. can be considered
as primordialB — L asymmetry, which remains constant at subsequent times. At the electroweak
phase transition this asymmetry is partly converted Bi@symmetry. The resultings /s can be
calculated [63] by setting equal to zero the algebraic sum of the chemitlt@ds (1) of all the
particles involved in each of the reactions which are in thermal equilibrium.ir@pthie system of
the resulting equations, we find the fraction of the primorBial L asymmetry which turns intB
asymmetry.

8. Dark Energy

Inflation implies that the present universe is exactly fat£f p/p. = 1) and thus will keep
expanding for ever. This is also confirmed by the recent measureménighj6h also reveal that
matter is only 27% of the universe. The question then arises what is thé3%sof the universe
made of. The answer to this question was first given in 1997-8 by the\altiems on Supernovae
la [64], which are seen today as they were in a previous cosmic time. Tépected result of
these observations was that the expansion of the universe in previossvaseslower than it is
today, i.e. the expansion of the universe is accelerating. This can tmregif more than 2/3 of
the energy in the universe is in the form of cosmological constant, i.e. adipally not diluted by
the expansion exactly as the energy driving inflation (because of thersésof negative pressure
close in magnitude to the energy density). One can then wonder whetheeabaut to enter a
new inflationary phase. The idea of quintessence [65] (for a revesvRef. [66]) though tells us
that this may not be the case. The WMAP and Planck satellites [5, 6] confainthil 73% of the
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energy density in the universe is in the form of dark energy, i.e. a féosedo a cosmological
constant.

9. Dark Matter

Studies of nucleosynthesis [1] combined with the results of the Planck satélliieply
that the baryonic (visible) matter constitutes onlg%P6 of the energy density in the universe.
Therefore, if one subtracts baryonic matter from the total matter conteheafniverse, which is
about 27%, concludes that about 22% of the universe consists lohtiter. The question then
arises what is the nature of dark matter. Dark matter is usually considereattddy i.e. consisting
of non-relativistic massive particles which interact very weakly (mainlyiggionally) with all
other particles. However, very light weakly interacting particles suchkiama can also contribute
to dark matter since they are non-relativistic for different reasons. vswon or hot dark matter
has been considered.

What could the dark matter particle be? There are several proposalwiduimention only
the most important ones.

1. Lightest supersymmetric particle (LSP)his particle is the most promising candidate for
dark matter [19] since it is protected by a discréieR-parity symmetry from decaying into
lighter particles. The LSPs can annihilate in pairs or coannihilate with the n&:x3Rs.
There are many detailed calculations of the relic density of the LSPs (sdeedsy[67, 68])
which show that, under certain circumstances, they can account foatkendtter.

2. Axion: This light boson is connected with the Peccei-Quinn solution [22] of the gt@&n
problem and can contribute [69] to dark matter. However, one has toreéutaince, if
combined with inflation, it may lead to unacceptably large isocurvature pattans [70] in
the CMBR. This problem is avoided if the Peccei-Quinn symmetry breakingreedter the
end of inflation [24] or if the value of the Peccei-Quinn field during inflatiokagt large
[71].

3. Superheavy fermionsgntermediate scale dark matter particles coexisting with axions appear
in Refs. [24, 25], while superheavy dark matter particles (wimpzillas) haesn studied in
Ref. [23].

The LSPs could be detected by their scattering off nuclei as in the XENOBXp&riment
[72], which has no positive results so far. The detection of axions isleseder. In supersymmetric
theories the gravitino [73], the superpartner of graviton, or the axihpddn also contribute to the
composition of dark matter.

The most promising candidate for dark matter is the LSP. In supersymmetriietheibere
exist a discret&, symmetry known as R-parity, which is necessary for preventing untaiugp
fast proton decay. Under R-parity, all the standard model particles/are while all the supersym-
metric particles are odd. By virtue of R-parity, the LSP, which is normally thedigfmeutralino,
is stable as it cannot decay to lighter particles and thus is a good candiddi@anatter. The
supersymmetric particles can annihilate into pairs to standard model partidefindTthe LSP
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relic abundance, we need to consider also coannihilations of the LSP witlexh¢o-LSP, which

is usually the lightest stau. This is a very complicated calculation since very prangsses are
involved but, fortunately, there are already publicly available codes ferclculation such as
microMEGASs [68]. The relic density of neutralinos usually comes out toclarpwever, the fol-

lowing main mechanisms can reduce the LSP relic abundance to the obsalwedfdark matter
abundanc@®py h? ~ 0.12 [6].

1. A-pole exchangeThe LSP pair annihilation can be resonantly enhanced b#-pale ex-
change in thes-channel [20] A is the CP-odd Higgs boson in the minimal supersymmetric
standard model).

2. Coannihilation: Coannihilation [21] of the LSP with the next-to-LSP, which is usually the
lightest stau eigenstate, can reduce drastically the relic LSP density. dhisyér, requires
a small mass splitting between the LSP and the next-to-LSP.

10. Quantum Gravity

So far, we considered gravity at the classical (non-quantum) levedegratrately from the other
three interactions, which are described by relativistic quantum field trearypossibly unified in
a GUT. The questions then arise:

(a) Can gravity be quantized as the other three interactions?
(b) Can it be unified with the other three interactions to yiklel theory of everythiry

Quantum gravity phenomena are expected to appear at very high erattfie order of the Planck
massmp ~ 2.44 x 10'8 GeV, or at small distances of the order of the Planck lerigtk m,;l ~
10733 cm, or at small times of the order &f ~ 10~%3 sec. Therefore, quantum fluctuations of
gravity are expected to be important

(i) very near the big bang, i.e. for cosmic tintes tp, and

(i) forthe possible generation of primordial gravity waves, which could caigifrom the quan-
tum fluctuations of gravity during cosmological inflation. These waves majebected in
the future by the space based observatory LISA.

In trying to construct a quantum field theory for gravity, we encounteblgms withrenor-
malizability. In order to understand the meaning of renormalizability, let us considssictd
electrodynamics, as an example. Relativity implies that every elementary partiskebe point-
like. Consequently, the energy of the electric fiEldround such a particle with chargde.g. the
electron) is proportional to

/E24nr2dr:4ne2/ dr (10.1)
0 o I

This integral diverges at= 0 and thus the energy is infinite. We must then assume thduaiee
mass of the particle is-, so that the final mass és— c0 and turns out to be finite.
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This situation appears also in quantum electrodynamics, where we enceewdeal mean-
ingless infinities while performing various calculations. However, all theBeities can be sys-
tematically gathered and put inside two parameters: the mass and chargelefcthen. We then
take the bare values of these parameters to be infinite, so that theireinmaimalizedvalues are
finite and equal to their experimental values. This complicated mathematica&donecis called
renormalizationand the theories where it applies are called renormalizable. The threetittesa
(except gravity) are renormalizable as shown by 't Hooft and Veltmamng(feview, see Ref. [75]).
Therefore, with a finite number of experiments, we can determine the vdlaefinite number of
parameters and then everything else can be predicted. So, the thearhigagredictability. The
problem with quantum gravity is that, as it turns out, it is not renormalizable.

11. String Theory

The theory of (super)strings [26] was proposed in order to cure dmerenormalizabity of
gravity and also unify it with the other three interactions, so as to achieveotistraction of the
theory of everything. The idea is that the fundamental objects are notlp@rgarticles, but one
dimensional strings. Adding supersymmetry to the scheme one obtainstsngsts We have
strings of size/p ~ 10-33 cm which vibrate, but for the present energies look like point particles.
The various vibrational modes of these strings appear as particles wighedifiquantum numbers
and we obtain a unified description of all particles and all their interactiomge abandonment
of point particles removes the notorious infinities. It is actually believed thiaigstheory gives
renormalizable or even completely finite unification of all four interactione ésg. Ref. [76]).
One of the vibrational modes is the graviton, which is the carrier of gravitimteractions.
Therefore, we can, in principle, describe quantum gravity and the tthee interactions in a
unified way, which would be the theory of everything.

However, there are some important shortcomings of string theory.

() Initially, people thought that there is a unique solution of string theory, wivctld make
it of very high predictability. However, we now know that there exists achmgmber of
solutions & 10°%9). The string vacua comprise a collectilandscape[77] with a huge
number of hills, valleys, etc and, therefore, a huge number of minima (satliti@ne can
then employ the so callednthropic principle which states that the minimum (solution)
corresponding to our universe had the right conditions so as to peagueventually. In my
opinion, this is not an acceptable scientific way of thinking.

(ii) Although there exist very many solutions with a variety of discrete symmetress €.
Ref. [78]), none of them reproduces exactly our universe.

An important prediction of string theory is that there exist ten spacetime dinrenfd6] (or
eleven in the case of M theory [79]). Six of them are compactified, i.e. thegtaongly curved
to form a 6-dimensional compact manifold of sige~ 1033 cm. The other four dimensions
remain open and correspond to the usual spacetime dimensions. The gestnetture of the
compactified dimensions determines many of the phenomena encountered wdithengional
spacetime.

14
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As already mentioned strings allow us to discuss quantum gravity and theisigjithe pos-
sibility to approach the big bang, i.e. the initial singularityt at 0. Therefore, we can consider
cosmic timeg < tp ~ 1073 sec or even negative times before the big bang. One problem we can
address, in the light of string theory, is the problem of initial conditions f@inflation.

Conventional inflation takes place at the GUT phase transition at cosmit tmé 3" sec>
tp, where we need, as initial condition for inflation to start, a large region ef few timesH 1
within which the fields are homogenized taking appropriate values [80]. eMery this region
consists of many regions of smaller sizewhich resulted from the expansion of regions of size
/p at the Planck time, where causal communication could not exceed the digtaritieerefore,

a region of sizeH ! at the onset of inflation cannot be homogenized. This is again a problem
of initial conditions. Its resolution requires a first stage of inflation neavefore the big bang

to provide the necessary homogenization for the onset of conventidiatidn. One possible
solution could be the pre-big-bang scenario [81]. Imagine that we tae{wards in time and
pass through the initial singularity &= 0 , which is though smoothed by strings, and enter the
realm of negative times (before the big bang). There, during the motioreairtverse towards
the initial singularity, we have conditions of very high curvature and theaditnensions contract
and compactify. This causes inflation (accelerated expansion) in th@peur dimensions. This
can be a first stage of inflation providing the initial conditions for the cotioral inflation or can

be the main inflation producing the density perturbations too. We should bghthauy careful
with these stringy considerations since the physics of strings is not fullgratabd or solved yet.
Note that the problem of initial conditions for inflation can be solved by a eotional two stage
inflation [82] too.

Another application of quantum gravity could be the explanation of the origprimordial
gravity waves if such waves are detected. The BICEP2 experimenbf@3rved the polariza-
tion vector pattern of the CMBR, which can be split into BEmode resembling an electrostatic
field with sources and sinks andBamode resembling a magnetostatic field with vortices. Sub-
tracting theB-mode from polarized dust from the obseri@emode in CMBR, they found that
there is a remaining-mode, which could be due to primordial gravity waves from inflation. The
subsequent Planck satellite measurements [6], however, did not cahiéregonclusion, which as
it turned out underestimated the foreground from polarized dust. Hawpussible existence of
primordial gravity waves, which may be measurable in the foreseeable futamnot be excluded
since the Planck measurements [6] put only a moderate upper bound ongbet@scalar ratio
r < 0.06. These waves could originate from tensor (gravitational) quantunudtions during in-
flation which become classical fluctuation (i.e. gravity waves) as they exifila¢gionary horizon.
Therefore, quantum gravity may be required to understand the origiresé thraves.

12. Conclusions

We presented the SBB cosmological model together with its successes @tebstings,
which are resolved by inflation, i.e. a period of exponential expansioneire#ly stages of the
universe evolution. This may have happened during the GUT phaséitraras which the relevant
Higgs field was displaced from its vacuum value. This field (inflaton) cowdd tifior some time,
roll slowly towards the vacuum providing an almost constant false vaenergy density driving
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the exponential expansion. Inflation provides the density perturbagopusred for the generation
of the large scale structure in the universe and the temperature fluctuatibesSCMBR. After the
end of inflation, the inflaton performs damped oscillations about the vacuerayd, and reheats
the universe.

We described how the observed baryon asymmetry of the universedsagea, in inflationary
models, via non-thermal leptogenesis. The inflaton normally decays intohdgitted neutrinos,
whose subsequent out-of-equilibrium decay into leptons (antileptodglactroweak Higgs fields
produces a primordial lepton asymmetry. This asymmetry is then partly codviette baryon
asymmetry by the electroweak sphaleron effects. Recent measuremeraiiedethat the present
universe is flat with matter constituting only 27% of its energy density. Th& 88 of the universe
is in the form of dark energy. On the other hand, the baryonic (visible) metiestitutes only
4.85% of the universe. The rest 22% is made of dark matter. The most prgneisididate for
dark matter is the LSP since it is protected by a disceet®-parity symmetry from decaying.
These particles can annihilate in pairs or coannihilate with the next-to-LSPhein relic density
can be reduced to the observed value of dark matter abundance maiakooyant pair annihilation
or coannihilation if they are almost degenerate with the next-to-LSPs. Otissitype dark matter
candidates include the axion and superheavy or intermediate scale fermions

We sketched briefly the renormalization problem encountered in trying totigeagravity
and its possible resolution by string theory, whose aim is not only to constiviable theory for
guantum gravity but also to unify it with the other three interactions. The maaddistage of
string theory is that it admits a huge number of solutions, but none of themssiereproduce
exactly our universe. It predicts that there exist ten spacetime dimen(@oeteven in the case
of M theory). Six of them are compactified, while the other four remain opehagie the usual
spacetime dimensions. The geometric structure of the compactified dimensiomsidesemany
of the phenomena in the 4-dimensional spacetime.

String theory allows us to discuss physics very near or even beforeghmhbg, where the
quantum fluctuations of gravity are present. Therefore, it can helgatviag the problem of initial
conditions for inflation. In order to have inflation started, one needs a lawghogeneous region
around the time of the GUT phase transition. However, this region consistarof smaller regions
which originate from homogenized regions around the Planck era, wheoausal communication
could not extend to distances larger than the Planck length. Therefdiret stage of inflation
near or before the big bang which provides the required homogenizatiba anset of inflation is
needed. Such a primordial inflation can take place in the pre-big-barmmglp&uring the motion of
the universe towards the initial singularity, we have conditions of very tighature and the extra
dimensions contract and compactify. This causes inflation in the four dpgndions. Another
application of quantum gravity could be the explanation of the origin of prirabgalavity waves
from inflation if such waves are detected in the future, which is not exdlibgiehe recent data.
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