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Abstract

In this work we analyze various implications of the presence of large field vacum
expectation values (VEVs) along supersymmetric flat directions during the early
universe.

First, we discuss supersymmetric leptogenesis and the gravitino bound. Supersym-
metric thermal leptogenesis with a hierarchical right-handed neutrino mass spectrum
normally requires the mass of the lightest right-handed neutrino to be heavier than
about 10° GeV. This is in conflict with the upper bound on the reheating tempera-
ture which is found by imposing that the gravitinos generated during the reheating
stage after inflation do not jeopardize successful nucleosynthesis. We show that a
solution to this tension is actually already incorporated in the framework, because of
the presence of flat directions in the supersymmetric scalar potential. Massive right-
handed neutrinos are efficiently produced non-thermally and the observed baryon
asymmetry can be explained even for a reheating temperature respecting the grav-
itino bound if two conditions are satisfied: the initial value of the flat direction must
be close to Planckian values and the phase-dependent terms in the flat direction
potential are either vanishing or sufficiently small.

We then show that flat directions also contribute to the total curvature perturbation.
Such perturbation is generated at the first oscillation of the flat direction condensate
when the latter relaxes to the minimum of its potential after the end of inflation.
If the contribution to the total curvature perturbation from supersymmetric flat
direction is the dominant one, then a significant level of non-Gaussianity in the
cosmological perturbation is also naturally expected.

Finally, we argue that supersymmetric flat direction VEVs can decay non pertur-
batively via preheating even in the case where they undergo elliptic motion in the
complex plane instead of radial motion through the origin. It has been generally
argued that in this case adiabaticity is never violated and preheating is inefficient.
Considering a toy U(1) gauge theory, we explicitly calculate the scalar potential,
in the unitary gauge, for excitations around several flat directions. We show that
the mass matrix for the excitations has non-diagonal entries which vary with the
phase of the flat direction vacuum expectation value. Furthermore, this mass matrix
has zero eigenvalues whose eigenstates change with time. We show that these light
degrees of freedom are produced copiously in the non-perturbative decay of the flat
direction VEV.
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Chapter 1

Introduction

1.1 Scales and Scalars

Scalar fields are an essential component of our understanding of particle physics and
cosmology. First of all they provide, via the Higgs mechanism, an explanation for the
masses of fermions and gauge bosons. Indeed, in the Standard Model [1] of particle
physics (SM), the Higgs mechanism is responsible for breaking the electro-weak force
(described by the gauged SU(2) x U(1)y symmetry group) into a long range force -
electromagnetism, mediated by the massless photon - and a short range force: the
weak interaction, mediated by the massive W, W~ and Z bosons. The accuracy to
which the SM describes Nature is frightening: from the most stringent precision tests
carried at the earth-based Large Electron Positron (LEP) collider in CERN [2], the
Stanford Linear Accelerator Centre (SLAC) Linear Collider (SLC), and at Tevatron,
to a precise description of the generation of primordial light element abundances
during the early universe (Big Bang Nucleonsynthesis [3]), in impressive accordance
with experimental bounds from WMAP data and light element abundances [4, 5].

The simplest and most studied implementation of the Higgs mechanism [6] relies
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on the existence of a scalar field! - the Higgs field - charged under SU(2) x U(1)y,

which breaks the symmetry once it acquires a vacuum expectation value (VEV).

A scalar field is also possibly responsible for providing the initial conditions for
Hot Big Bang cosmology: a flat, isotropic universe, free of unwanted relics, filled
with homogeneous relativistic matter carrying the imprint of tiny perturbations
which will eventually collapse and give rise to the complicate structures we observe
today... stars, galaxies, clusters of galaxies. Such a scalar field - called the inflaton
[9] - is supposed to have dominated the energy density of the whole baby-universe
during at least 1073 seconds. This short period of time was enough to cause the
physical universe to expand exponentialy fast, faster than the speed of light, so
fast that the scales that are coming back into the visible universe (the horizon)
today are the ones that were inside the horizon shortly before inflation ended. And
it expanded so much, that the quantum fluctuations of the initial vacuum were
stretched and amplified into the classical density perturbations at the origin of large

scale structures. This mechanism relies, again, on the existence of a scalar field.

Furthermore, a scalar field called the azion is thought to be at the origin of the
smallness of the fgcp parameter in QCD - the strong CP problem in QCD [10].
In cosmology, the K-essence field [11] could be responsible for the cosmological
constant and why it seems to dominate the energy density of the universe today.
There is a plethora of other examples in which scalar fields play a major role in the

understanding of Nature.

However, from the experimental point of view, there is a caveat to all this: no
fundamental scalar field has ever been observed. The search of such fields is the

biggest priority in experimental physics today, with the construction of the Large

! A number of alternatives have been proposed, which do not rely on the existence of scalar fields.
In technicolor-like models [7] for example the Higgs scalar arises similarly to pions in QCD, from a
composite state of fermions; in models with extra dimensions [8], on the other hand, electro-weak
symmetry is broken by boundary conditions without the need for a Higgs field.
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Hadron Collider (LHC) at CERN, searching for the Higgs particle, and the launch
of the PLANCK satellite looking into the cosmic microwave background in search
of signals from inflation. Independently of whether or not scalar fields are observed
in these experiments, there is also a theoretical, fundamental problem with scalar
fields in any field theory: quantum corrections to their masses inevitably drive these
to the maximum allowed value, the scale at which that theory ceases to be valid
which, for the case of the SM, is believed to be of order the (reduced) Planck scale,
M, = 2.4 x 10" GeV. Scalar fields lighter than M, are theoretically unacceptable
in the SM. In the context of the Higgs field this is referred to as The hierarchy
problem: through the exchange of virtual particles and through vacuum polarisation,
the Planck scale and the weak scale, separated by 16 orders of magnitude, mix with
each other. This large separation can only be maintained by repeatedly fine-tuning
all orders in perturbation theory. We can quantify this problem by calculating the
quantum corrections to the Higgs mass my originating, for example, from a coupling

of the Higgs field H to fermion fields v of the form —hH11), at one loop

h 2
Am2y| = %Mi > md, (11)

where we have assumed that the SM is valid up to the Planck scale and? that the
Higgs mass my ~ O(100 GeV).

It is important to stress that this plague affects only scalar fields. Fermion field

masses are naturally ® small thank to chiral symmetry. In fact, fermion mass terms

have the form (here ¥ = ¥fy)

myp, (1.2)

In the SM, from measurements of Gauge Boson masses, (H) = \/—2m?% /X = 174 GeV, where
A is the Higgs self coupling (quartic). Therefore, without fine-tuning on the A parameter, we expect
the Higgs mass to be of order the Higgs VEV.

3 Natural here meaning that the quantum corrections are proportional to the mass itself, not to
some other (possibly large) energy scale involved in the theory, see the arguments by Weinberg,
Susskind and 't Hooft [12].
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and are incompatible with chiral symmetry

) — €Y, (1.3)

where « is a real parameter while ;5 and 7y are Dirac matrices which do not commute
with each other. Since the contribution from eq. (1.2) is the only term in the fermion
Lagrangian that violates chiral symmetry, we expect that in the limit m, — 0 this
symmetry must be restored. It follows that also the contribution to the fermion
mass coming from quantum corrections must be proportional to some power of
m,, and, on dimensional grounds, it must be linear. A similar argument holds for
gauge fields. In this case, mass terms are forbidden by gauge invariance and, as for
fermions, quantum corrections cannot be proportional to any dimensionful quantity
other than their own mass m4. In both cases, for fermions and gauge bosons, the
natural smallness of their mass is linked to a symmetry being restored when their

mass goes to zero [12].

Is it possible to find such a symmetry for scalar fields? Let us note here that
massive fermions have two more degrees of freedom than massless ones, while massive
gauge bosons have an extra degree of freedom compared to massless ones: restoring
symmetries kills degrees of freedom. Massive scalar fields have only one degree of
freedom: is this the end of the story? Fortunately not, there are some ways out.
The first solution to this problem, comes from noting that a mass term for a scalar

¢ is incompatible with the shift symmetry
o — O+ a, (1.4)

(where « is a constant parametrizing the symmetry) although the kinetic part of
the scalar Lagrangian is invariant under this shift. This symmetry, characteristic of
Nambu Goldstone degrees of freedom, could provide the kind of symmetry that we

need to protect scalar masses. Little Higgs models [13], in which the Higgs field is
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the Nambu Goldstone mode originating from the breaking of a fundamental symme-
try?, are based on this idea. Another possibility would be to protect scalar masses
by connecting them to fermion or vector masses which, in turn, are protected by
chiral and gauge symmetries. This idea is exploited for instance in some models
with extra dimensions where one embeds the Higgs scalar into a higher-dimensional
vector multiplet [14], whose mass is protected by higher dimensional gauge invari-
ance. Similarly, one can extend fermion multiplets to incorporate scalar fields, their
mass will now be protected by chiral symmetry. This corresponds to introducing a
new symmetry, called Supersymmetry (SUSY), relating bosons with fermions and
protecting their mass difference from large quantum corrections. SUSY will be the

main topic of this thesis.

In the simplest implementations of SUSY [15], every SM fermion is partnered with
a supersymmetric scalar, and vice versa: SUSY is the raison d’étre for light scalar
fields. There are a number of other reasons, however, to believe that SUSY is the
best extension of the Standard Model constructed so far. First of all, since SUSY
transforms bosons into fermions, its generators must carry spin angular momentum
1/2 and must therefore represent a spacetime symmetry, just like the Poincaré group.
It was shown by Haag, Lopuszanski and Sohnius in an extension of the Coleman-
Mandula theorem [16] that SUSY is the only possible extension of the space-time
symmetry group. In some sense then SUSY is the missing space-time symmetry of
the SM. Another reason to believe in SUSY is related with Grand Unified Theories
(GUT) [17]: SUSY could provide a perfect description of nature from low energies,
up to the unification scale Mgyt = 106 GeV. A study of the energy evolution of the

gauge couplings (of the SU(3), color, the SU(2),; weak and the U(1)y hypercharge

4Note that a small amount of fine-tuning is still present in these theories. Indeed, gauge interac-
tions break the shift symmetry of eq. (1.4) giving a contribution to the scalar mass proportional to
the scale of new physics. On one hand, a light scalar is favored experimentally, on the other hand,
this scale of new physics cannot be too low without being in conflict with electro-weak precision
measurements. This tension is known as the Little Hierarchy Problem.
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interactions) within SUSY, shows that these couplings could have a common origin
at the scale Mgyr: the couplings unify almost exactly (unlike the SM). Furthermore,
in the framework of cosmology, SUSY solves one of the biggest quests of astroparticle
physics today: the nature of dark matter, needed to explain the formation of large
scale structure in the universe and the anomalous rotation curves of galaxies. In
SUSY, the Lightest Supersymmetric Particle (LSP) is protected from decaying by
the same (R-type) symmetry that forbids proton decay®. If produced in the early
universe, the LSP could survive till today and explain dark matter. The LSP has
also the desirable feature that it can be produced at present colliders, probing with
precision the viability of the dark matter model. Finally, the phenomenologically
most attractive versions of String Theory, which possibly provides the consistent
description of a quantum theory of gravity [18], naturally incorporate a form of
supersymmetry. Some trace of this fundamental theory might then survive to low

energy and can be described by SUSY.

All these theoretical motivations might look pointless in front of the experimental
fact that supersymmetric particles have not been observed so far. But this shouldn’t
discourage believers in SUSY. In fact, all discovered fundamental particles have the
common property that, without electro-weak symmetry breaking, they would be
massless®. On the contrary, undiscovered SUSY particles can all have a mass term
in the Lagrangian in agreement with SU(2) x U(1)y gauge invariance (see Section
1.3). It is therefore naturally expected that their mass be heavier than that of their

SM partners.

5 R-parity, is a multiplicatively conserved quantum number, defined for each SM field and its

partner as
R, = (_1)3(BfL)+25 (1.5)

where B and L are the lepton and baryon numbers carried by the field, S the spin. It is introduced
in SUSY theories to avoid the appearance of dangerous B- or L- violating interactions at the
renormalizable level. Such interactions can then appear only at the non-renormalizable level,
and will be suppressed by powers of the (large) mass governing the scale of non-renormalizable
interactions.

6This is not true for composite particles, such as baryons, which owe their mass to the strength
of QCD interactions.
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In SUSY, gauge symmetries and supersymmetry itself constrain the form of the
Lagrangian density describing the dynamics of fields. In particular the potential of
scalar fields is bound to include only certain combinations of interactions and the
coupling constants multiplying these operators must respect certain rules. The most
important consequence of this is that, along some particular directions in field space,
the scalar potential vanishes exactly: these are called flat directions. A vanishing
(renormalizable) potential” means that it is easy to excite these flat directions, and
large VEVs can be produced. This has enormous implications for the cosmology
of the early universe. Indeed during inflation large VEVs are produced along these
directions and can take values as big as the Planck scale M,. Large quantities of
energy can be stored in these condensates and can change the history of the early
universe when their energy is released once the condensate decays into the quanta
of SM fields. The most dramatic example of this is provided by the baryogenesis
model of Affleck and Dine [19]. They explain that a flat direction made up of a
combination of fields with a non-vanishing total baryon (or B — L) number, once
it decays, can fill the universe with enough matter (as opposed to antimatter) as is

observed today.

In this thesis we analyse some major implications of flat directions for the history of
the early universe, in particular in relation with their non-perturbative decay. Non-
perturbative effects can lead to an explosively fast depletion of the energy carried
by a scalar condensate. This is the theory of preheating, originally introduced by
Kofman, Linde and Starobinsky [20] in the framework of inflation. We will show
that, when applied to flat directions, preheating can for instance explain the bary-
onic (matter/antimatter) asymmetry or account for the generation of cosmological

density perturbations responsible for the formation of large scale structures.

7 As it will be discussed later, in the particular realisations of this scenario studied in this thesis,
the scalar potential along the flat directions is not exactly zero but possesses a minimum which,
depending on the parameters of the theory, can be as large as the Planck scale.
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In the rest of this chapter we first give a short introduction to the early universe
and then to supersymmetry in order to define flat directions and determine their
dynamics. We also discuss how non-perturbative effects can influence flat directions.

The remaining part of this thesis is organised as follows

e Chapter 2 is dedicated to the study of leptogenesis via supersymmetric flat

directions and is based on [21].

e Chapter 3 analyses cosmological perturbations resulting from the decay of flat

directions. This chapter is based on [22].

e Chapter 4 includes a detailed analysis of the non-perturbative decay of flat
directions in the case relevant for Affleck-Dine baryogenesis. This chapter is
based on [23] and [24] and is followed by the conclusions, two short appendices

and the bibliography.

In support of this thesis, beside the studies published in [21], [22], [23] and [24], T also
present the work published in [25] which, with a topic orthogonal to supersymmetry,

didn’t find a place in this thesis.
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1.2 The Early Universe

Einstein’s General Relativity relates the geometry of spacetime with its matter-
energy content, describing the relationship between gravity (its geometrical origin)
and its own sources. The geometry of an homogenous and isotropic universe is
described in its most general form by the Friedmann-Robertson-Walker metric

2

2 g2 2
ds? = —dt +R(t)<1_Kx2

+ 2%(d#* + sin® 9d¢2)) : (1.6)

where R(t), the scale factor, describes the physical size of the universe at time ¢ and
K is the curvature of our universe. Then, Einstein’s equations provide a description

of the evoultion of the scale factor via the Friedmann equation,

K A
H2(t) = L 2 1.7
=5z T nern 3 L7
where
R
H == 1.8
. (1.9

is the Hubble parameter, p is the total energy density of the universe and A is the
cosmological constant, a term that can be added to Einstein’s equation and can be
interpreted as vacuum energy. The observational and theoretical values of A differ by
about 120 orders of magnitude: this big puzzle is known as the cosmological constant
problem and has no widely accepted solution at present (see [25] for example, where
such a solution is discussed). For the present discussion we an assume A ~ K = 0,

as suggested by observation. Eq. (1.6) together with the continuity equation

p=—3H(p+ P), (1.9)

where P is the total pressure of the universe, provide a complete description of the

evolution of our universe.
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It is widely believed that right after the Big Bang, the universe underwent an ex-
tremely short period of extremely fast expansion: inflation. During this time the
scale factor

R(t) ~ it (1.10)

grew exponentially fast (H; is the nearly constant Hubble parameter during infla-
tion). What caused this expansion is still a mystery (hints about inflation might soon
be given by the Planck satellite mission), but the most accredited scenarios suppose
that during this epoch the energy density of the universe was dominated by a scalar
field, the inflaton. The particular equation of state of scalar fields is such that, when
plugged into eq. (1.9) and eq. (1.6) one obtains the behavior of eq. (1.10). Inflation
explains, for example, why the universe is so flat, homogenous and isotropic: before
inflation, only small regions had time to become homogeneous, during inflation these
regions where stretched to the size of the whole visible universe. For inflation to be
effective and last long enough, the inflaton potential must be very flat. The inflaton
vacuum expectation value (all space dependence of the inflaton is quickly wiped
away by the expansion and can be treated as perturbation - see Chapter 3) then
rolls slowly down this nearly flat potential, while the universe expands very fast.
At some stage inflation must end (otherwise the universe will be empty today); this
happens (the details are very much model-dependent) when the inflaton runs into
a steeper part of the potential. The rapid expansion of the universe stops, and the
energy stored in the inflaton is transferred to relativistic particles through a process
known as reheating: this is the beginning of the Hot Big Bang cosmology, and the
temperature of the universe can easily be of order 10'® GeV. The universe filled with
highly relativistic particles continues its expansion and cooling (R increases, while
H decreases) and, at some stage the Baryon asymmetry is generated (see Chapter
2). This happens certainly above a temperature of 100 GeV, when the electro-weak

phase transition takes place.
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The subsequent evolution of the universe can be studied very well within the Stan-
dard Model of particle physics. At a temperature of order 100 MeV the quarks bind
into hadrons: protons and neutrons are formed. During the expansion, the density
of particles is diluted and the interactions between particles become rarer and rarer.
At some stage some interaction becomes too slow to keep on exchanging energy be-
tween a certain type of particle and the rest: these particles then decouple and are
no longer in thermal equilibrium with the other particles. One can estimate when
this takes place by comparing the total reaction of some particle with the expansion
(Hubble) rate:

'~ H. (1.11)

This is what happens to neutrinos at 7" ~ 1 MeV (the universe is only one second
old). Weak reactions are too slow to keep the neutrinos in thermal equilibrium with
the other SM particles; they decouple and will evolve undisturbed for ever. After
about 3 minutes (7" ~ 0.1 MeV) the primordial synthesis of nuclei takes place (Big
Bang Nucleosynthesis), and all the neutrons of the universe bind subsequently into
Deuterium, Helium 3 and 4 and a small quantity of Lithium. Since no stable nuclei
with nuclear number 5 (which would result by the collision of Deuterium and Helium
3) or 8 (two nuclei of Helium 4 colliding together) exist in nature, this primordial
chain production of nuclei stops here (heavier nuclei will form in the burning process
inside stars). After this the universe evolves undisturbed for about 100'000 years. At
a temperature of 0.1 eV the amount of radiation equals the amount of non-relativistic
matter in the universe; from then on the collapse of structures is no longer inhibited
by the pressure of radiation and the formation of galaxies begins. Finally, after 10°
years the first bound structures form. Today the universe is about 13 x 10° years old
and its temperature, as measured by the WMAP experiment [4] probing the cosmic

microwave background, is 2.728 K.
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1.3 Supersymmetry

Having motivated supersymmetry in the first section, we shall now give it a short
introduction, as this will be the main topic of this thesis. As argued in the previous
section, supersymmetry transforms fermions into bosons and vice versa, schemati-
cally

Q|fermion) = |boson) and @|boson) = |fermion), (1.12)

where () denotes the quantum generator of supersymmetry. For consistency with
eq. (1.12) and as a consequence of the extended Coleman-Mandula theorem [16], @
must be spinorial. The simplest (N=1) choice of SUSY generators is a 2-component
Weyl spinor ) and its conjugate Q. As discussed above, supersymmetry is a space-
time transformation and therefore must have non-trivial (anti)commutation rela-
tions with the generators of the other space-time symmetries - the Poincaré group.

In particular

{Qu s} = {@hQl} =0 (1.13)
{Qa.Ql} = 20".p, (1.14)
[Qa,PM} = [QL,PM}ZO (1.15)

where the spinorial indices o, 8 of Q and ¢, B of Q! take values 1 or 2, P, is the
generator of space-time translations (the momentum) and o* = (1, 0;) where o; are
the Pauli matrices. Consider now the representation space of the SUSY algebra,
divided into a bosonic subspace and a fermionic subspace; the generators @ and QT
map one such subspace into the other. For the class of representations of interest to
us, we know that acting on any subspace with the translation generator P, does not
change the number of degrees of freedom (on quantum fields P, is represented by
the partial derivative ¢0,). This means, using eq. (1.14), that in the double mapping

QQ" 4+ Q'Q no dimensions are lost. Since no dimensions can be created either in
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any of these mappings, we conclude that the fermionic and bosonic subspaces of the
representation space of the SUSY algebra must have the same number of degrees of

freedom:

np = nNng. (116)

In the SM, left- and right-handed fermions have different transformation properties
under the symmetry group SU(2) x U(1)y. This makes it much simpler and more
natural to use 2-component Weyl spinors rather than 4-component Dirac spinors
to describe fields transforming differently under the symmetry group of electro-
weak interactions. This is why we are interested in the simplest representation
of supersymmetry, the chiral multiplet, which contains a 2-component left-handed
chiral spinor (right-handed spinors are obtained by taking the hermitian conjugate
of these). The equality in eq. (1.16) tells us that we need a complex scalar with two
degrees of freedom to partner this Weyl spinor inside the chiral multiplet. However,
we know that a spinor fulfilling the equations of motion (on-shell) has only two
degrees of freedom, while an off-shell spinor has four! Quantum computations are
dominated by off-shell particles and since we introduced supersymmetry to cure
quantum divergences, we must ensure that SUSY is preserved also off-shell. The
solution is to introduce an auxiliary field F' with the non-dynamical equation of

motion (for a theory with no interactions)
F=F=0. (1.17)

The on-shell F' will have zero degrees of freedom, while off-shell it will provide the
two missing bosonic degrees of freedom to match the fermionic ones. The simplest
SUSY multiplet thus consists of a complex scalar field ¢, a 2-component left-handed

Weyl spinor 1, and a complex auxiliary field F'

(03, (Vi)a, Fi) (1.18)
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where 7 is a generic index denoting the type of field and a = 1,2 is the spinorial
index. The Lagrangian describing the dynamics of a free scalar, a free spinor and

the non-dynamical auxiliary field 8 is
Lowz,iin = —0"0"0,0; — i (V) (") 0, (i) + F'F, (1.19)

where repeated field indices ¢ are summed over, spinorial indices a and & are also
summed over using 7* = (1, —0;) and o* = (1, 0;), while Lorentz indices are con-
tracted as usual using the metric tensor. This is the non-interacting massless Wess-
Zumino model [26]. The SUSY transformations that keep this Lagrangian invari-
ant (up to a total derivative) can be worked out completely using the relations of
eq. (1.13) - (1.15) (and imposing the constraint that the SUSY algebra closes on the

chiral multiplet). Under the action of €Q + €'QT,

0¢; = ety (Boson — Fermion)
(Wi)a = U(0"€")a0uti + €aF; (Fermion — Boson) (1.20)
SF; = @'EL (@) 0,(Yi)a (F — Total derivative),

where, here and in what follows, inside products of spinors, spinorial indices are
contracted using the antisymmetric tensor ((0,1),(—1,0)). Here €* is an infinitesi-
mal, anticommuting, two-component Weyl fermion object parametrising the SUSY

transformation.

We can use a similar procedure to derive the form of the vector multiplet, the SUSY
multiplet containing the SM vector bosons. A gauge boson Af has two degrees
of freedom on-shell, three off-shell; its supersymmetric fermionic partner A%, with
spinorial index «, will be a two component Weyl spinor with two (four) degrees of
freedom on-(off-)shell. To fulfil the condition of eq. (1.16) and match the number

of bosonic and fermionic degrees of freedom, we need a real auxiliary field D® with

only one degree of freedom off-shell. The vector multiplet is

(A%, Aa, DY) (1.21)

80nce gauge interactions are included, partial derivatives have to be substituted with covariant
derivatives, the same is true for the transformation of eq. (1.20).
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and the kinetic Lagrangian is

1 : 1
Lgange = =7 F, 17" = idI! (@)™ DuXG + 5D D" (1.22)

where the field strength is given by
Fo, = 0,A% — 9,A% + gf " AL A (1.23)
and the covariant derivative acting on the field A* is
D" = 9\ + g [ AN (1.24)

Here g is the coupling of the gauge interaction and f®¢ the structure constants of the
symmetry group, with indices a, b, ¢ running over its adjoint representation. Note
from eq. (1.24) that the fields A* transform in the adjoint (real) representation of
the gauge group. The SUSY transformation properties for the fields in the vector
multiplet can be derived as above, from the algebra of eq. (1.13) - (1.15), by imposing
that the algebra be closed on the vector multiplet; the Lagrangian of eq. (1.22) is

automatically left invariant.

Supersymmetric multiplets are written more elegantly in the Supefield formalism.
We shall briefly sketch how this works. We mentioned previously that in Supersym-
metry the Coleman-Mandula theorem is avoided and a new spacetime symmetry
is discovered. This requires the introduction of new space-time coordinates, which
have the particularity of behaving as spinorial (anticommuting) degrees of freedom,
0, and 0, = (6,)*, with a = 1,2. The space made of standard spacetime (z*),
extended with these spinorial coordinates is referred to as Superspace. Integration

and differentiation in Superspace are defined as

90, 0
/d@aea = aea =1 and /d‘ga = a—eal = 0. (125)

Fields which depend on all Superspace coordinates are called Superfields; every

supersymmetric multiplet can be written in terms of its own single superfield (which
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we shall write, in what follows, using bold characters). For example, the chiral

multiplet is defined as the superfield which is a function of §, and z, only (and not

of 0):
b,(2.0) = &i(x) + 00 + %HHF(:c), (1.26)

where spinor indeces are contracted antisymmetrically, as usual. Note that this
expression represents a Fourier expansion in the 6 coordinate which, since anticom-
muting (so that #2 = 0), stops after the third term in the expansion. The mass
dimension of a chiral superfield is that of its scalar component, while the parameter
0 itself carries mass-dimension 1/2. The vector multiplet can be written (in the so

called Wess-Zumino gauge) as
A(2,0,0) = —00" A, (2) + 020 \(x) — i6°0 N () — %e?@%@ (1.27)

Similarly to the identification of i0/Jdx* with the generator of space-time transla-

tions, one can identify

0
00

Q. =1 0 and Q! =i

20 (1.28)

In superfield notation it is then easy to understand how the supersymmetry trans-

formations interchange the components of the chiral multiplet among each-other:

b = —i[¢,eQ] and 1 = —i[, Q€] (1.29)

give indeed eq. (1.20). Despite the elegance of superfield notation, in what follows

we will mainly use component notation, unless we state otherwise.

This is a good moment to pause and introduce the field content of the Minimal Super-
symmetric Standard Model (MSSM). In this model, every particle of the Standard
Model is partnered with a supersymmetric particle to form a SUSY multiplet. The
scalar partners ¢; of the fermions 1); are called the sfermions while the fermionic

partners A" of the gauge bosons Aj are called gauginos. Since the SUSY generator ()
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| Names | spin0 | spin1/2 [ SUB)c, SU2)L, ULy |
squarks, quarks | @ | (4 dp) | (up dp) (3,2, %)
(x3 families) | @ iy, ul, (3,1, -2)
d ds dh, (3,1, 1)
sleptons, leptons | L (veér) (v er) (1,2, 1)
(x3 families) | € & el (1,1,1)
Higgs, higgsinos | Hy | (H HY) | (Hf HY) (1,2, +3)
Hp | (H Hp) | (H) ) (1,2, -3)
Table 1.1: Particle and sparticle content of the MSSM.
| Names | spin 1/2 | spin1 | SUB)c, SU2),, UD)y |
gluino, gluon g g (8,1,0)
winos, W bosons | W* W° | W+ W?° (1,3,0)
bino, B boson BY BY (1,1,0)

Table 1.2: Gauge and gauginos in the MSSM.

commutes with all internal symmetries, particles and sparticles must share the same
quantum numbers. In the MSSM, the quantum anomaly of electro-weak symmetry
receives a non-vanishing contribution from the higgsino H, the fermionic partner of
the Higgs scalar (the contribution to the anomaly from the other fermions exactly
cancels like in the SM). Two higgs fields with opposite hypercharge are thus needed
for the consistency of the electro-weak theory at the quantum level®. Tables 1.1 and
1.2 summarise schematically the particle content of the MSSM [15], where SUSY

particles are generically distinguished using tildes.

For the present work, an important characteristic of SUSY is that at the renormal-
izable level all interactions between the fields in a chiral multiplet are fixed by a
unique function: the superpotential, an analytic function of the superfields treated
.

as complex variables, with dimension of [mass|®. The superpotential that defines

the MSSM is

WMSSM = hUﬂQHU — hDEQHD - heELHD + LLHUHD, (130)

9Due to the constrained interactions of the MSSM - see below - two Higgs doublets are also
needed to give masses to both up- and down-type quarks.
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where we suppressed flavour indeces in the fields and the yukawa coupling matrices
hu pe; SU(2) indices are contracted antisymmetrically. The dimensionful parameter
w1~ O(100 — 1000) GeV in order to properly break electro-weak symmetry giving
a VEV v = 174 GeV to the higgs field!?. Given a superpotential, the interactions

among the fields in the chiral multiplet take the form

L’VVZ int — /dezw (131)
in superfield notation, or
PW 0W
£J int — — i 1 2
WZ,int <a¢la¢jwwj a¢l )+CC ( 3)

in component notation. In eq. (1.32) the superpotential W is treated as function
of scalar components of superfields and derivatives are taken with respect to scalar
fields. As we explained above, the auxiliary fields are not dynamical and the solution
to the equations of motion derived from eq. (1.19) and eq. (1.32), in the presence of

interactions, reads
ow*
g7

Similarly, also the interactions between fields in the vector multiplet and fields in

Fi=— (1.33)

the chiral multiplet are constrained by supersymmetry and gauge symmetry: beside
the terms already present in the covariant derivative we can also write the following
terms

Lo = (—V20 (6" T50) N +he.) +¢ (6" Tg0) D" (1:34)
where T are the generators of the gauge symmetry!! (we will omit to write family

indices summed over in what follows). Note that the strength of these couplings in

10, is a SUSY preserving quantity but is forced to have the same size as SUSY breaking quanti-
ties, in order to cancel the contribution from SUSY breaking masses at the miniumum of the Higgs
potential. This is called the u-problem; several solutions, all involving extensions of the MSSM
have been proposed, see for example [27].

UThe first two terms in eq. (1.34) resemble the couplings of gauge bosons and matter fields
coming from the covariant derivative terms. This is in fact how they appear in the superfield
formalism. It is interesting to note that, for this reason, gauginos are thought of as force-carriers
as much as the gauge bosons, since they have similar interactions in the Lagrangian. The only
difference is that, since fermions obey the Pauli exclusion principle, they will never conspire to
form a coherent measurable potential, while gauge bosons do.
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relation to the kinetic part of the Lagrangian eq. (1.19), is fixed by SUSY. Again,

imposing the equation of motion gives an expression for the auxiliary fields
D" = —g (¢"T"9). (1.35)

Putting all this together, eq. (1.19), eq. (1.22), eq. (1.32) and eq. (1.34), we find
the full renormalizable supersymmetric Lagrangian. In particular, we identify the
scalar potential with

0
Vo) =S IRl + 3 Y 0pt =3 |5

%

2
1
+35 zajgi (6'T°¢)°.  (1.36)

We see that in SUSY, differently from the SM, gauge symmetries and supersymmetry
strongly constrain the form of the scalar potential. The most striking consequence
of this is that along some particular directions in field space the potential vanishes
exactly: these are called flat directions [28]. Take for example the case in which a

VEV develops along the L and Hy directions as

L:(S), and HU:<8), (1.37)

where the upper (lower) field component carries weak isospin 7% = 1/2 (= —1/2).
Since, as shown in Table 1.1, Hy; carries opposite hypercharge than L and since the
VEVs, with same value and phase, are assigned to different weak isospin charges, it
is easy to show that

Dy =D*=D*=D'=0. (1.38)

Similarly, since Hy and L never appear in the same term in the superpotential, we
conclude that

F,=0 (1.39)

for all fields i (assuming that no VEVs are developed along fields different from Hy,
and L). It follows that V' = 0 for any value of v: no energy is required to produce

a VEV along the flat direction.
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In general, D-flat directions can be parametrised by the set of holomorphic gauge
invariant polynomials [29] (F-flatness depends on the particular shape of the super-
potential). This is an important result and we shall now briefly sketch the argument.
By defining

da = exp (z’ZAaT“> ¢, A, eC (1.40)

as the complezified gauge transformation G© of the field configuration ¢, the flatness

condition D* = 0 will be satisfied by ¢, if

0

O(Im A) (¢TA¢A) =0 (14D

Since gb;r\qu is real and bounded from below, it must have a minimum. This means
that for every field configuration ¢ one can use a complexified gauge transformation
to find a solution to the D-flatness condition, i.e. the space M of classical vacua
is given by the space of all vacua F, modulo complexified gauge transformations,
M = F/GC. Tt follows that one can identify M with the space of holomorphic gauge
invariant polynomials, since these polynomials are constant both under standard and

complexified gauge transformation.

To conclude this section let us mention that, although these results were derived at
the classical (tree-) level, they hold to every order in perturbation theory, thanks to
the supersymmetric non-renormalization theorem [30]. In particular the flatness of

flat directions is independent of quantum corrections.

1.4 Beyond Supersymmetry

The fact that the SUSY generator commutes with the translation generator, the
momentum P*, means that particles and sparticles must share the same mass. But
no supersymmetric particles have been ever observed so far: SUSY must be a badly

broken symmetry. To describe broken SUSY in the most general way, a large number
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of terms must be added to the Lagrangians of eqs. (1.19), (1.22), (1.32) and (1.34).
Moreover, once gravity is incorporated as a quantum theory!? into a high-energy
completion of SUSY, also non-renormalizable interactions will appear in the theory
at low energies. These observations imply that the MSSM as outlined above can not
be the end of the story. In this section we summarise the contributions coming from
SUSY breaking and from non-renormalizable interactions to the low-energy effective
Lagrangian of the MSSM and in particular to its scalar potential, eq. (1.36). As a

by-product, we also mention the issue of gravitinos in the early universe.

From a theoretical point of view, we expect SUSY to be broken spontaneously, i.e.
to be an exact symmetry with a symmetry breaking vacuum. This means that the

vacuum is not annihilated by the action of the SUSY generators,

Qal0) #0 and  QF[0) #0. (1.42)

On the other hand, from the algebra of eq. (1.14), we know that the energy operator

can be expressed in terms of the SUSY generators as

1
H=P" =7 (QuQl + Q@1 + 00} + Q1@s ) - (1.43)
From the above expressions, we can evaluate the energy of the SUSY breaking
vacuum:
1
(D = 7 (1RO + I Qu0)IE + QU + Qa0 F) > 0. (1.44)

That is, when (global) SUSY is spontaneously broken, the vacuum energy is neces-
sarily positive. The expression for the scalar potential, eq. (1.36), tells us that this
happens when some field acquires a non vanishing expectation value for its F- or
13

D-component

(F)£0 or (D% #£0. (1.45)

12Gravity must be quantized, otherwise we could imagine an experiment measuring exactly the
position and the momentum of an electron to arbitrary precision, in contrast with Heisenberg
principle.

13 As we shall discuss later, in eq. (1.49), in the framework of local SUSY (Supergravity) negative
contributions to the scalar potential generally arise and the vacuum energy can no longer be used
as order parameter for SUSY breaking; on the other hand, non-vanishing expectation values for
F- and D-terms always signal symmetry breaking.
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There are several proposals for how this could take place in a phenomenological vi-
able way [31, 32]. In this thesis we are not interested in the details of SUSY breaking,
but only in how this breaking can be parametrised in the low energy Lagrangian by
the inclusion of SUSY breaking interactions. We denote the SUSY breaking part of
the Lagrangian as L. First of all note that, for broken SUSY still to be able to
solve the hierarchy problem, Ly,c.x can contain only terms with coupling constants
having positive mass dimension (called soft SUSY breaking terms). Indeed, if this
is the case, then all quantum corrections to the Higgs mass due to the SUSY break-
ing terms will be proportional to m, the biggest scale associated with the SUSY
breaking interactions (we will generically refer to this scale as the SUSY breaking
scale), since they must vanish in the limit m — 0. On dimensional grounds then we
can conclude that these quantum corrections cannot be proportional to a different
scale possibly much bigger than m, but at most to the logarithm of such a scale.
Requiring that m < O( TeV) makes the soft SUSY breaking terms compatible with
a solution of the hierarchy problem. The most general renormalizable Lagrangian

softly breaking supersymmetry in the MSSM can be written as

1 1
L‘brcak = - <§Ma)\a)\a + 6

ij [y i
ATk + 55]@%’) +cc.— (m?)j¢" ¢ (1.46)
where the terms proportional to A¥* and b” are trilinear and bilinear scalar interac-
tions, while M, and m? represent gaugino and scalar masses'? respectively (SUSY is

indeed broken, since particles within the same multiplet have now different masses).

Generally,
A~ M, ~/|m?| ~\/|b| ~m (1.47)

Furthermore, note that part of the SUSY breaking terms have the same form as the
terms appearing in the superpotential. This suggests that, if a source contributes in
some form to the superpotential, then it can also generally contribute to the SUSY

breaking part of the Lagrangian.

14Both gauginos (see eq. (1.24)) and Higgsinos are in a real representation of the gauge group,
for this reason mass terms are compatible with gauge invariance.
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During the early universe, quantum fluctuations can drive the VEVs along flat
directions to very large values, even of order the Planck scale itself, where non-
renormalizable interactions become important. Moreover, in SUSY, contributions
originating from the unification with gravity, are particularly well motivated by Su-
pergravity, local supersymmetric invariance. Once global SUSY is elevated to a local
symmetry, gravity is naturally accounted for. This can be seen from the algebra
of eq. (1.14): invariance under local SUSY transformations necessarily implies in-
variance under local coordinate shifts generated by P*. In turn, via the Poincaré
algebra, this implies local invariance under the whole Poincaré group which is the
underlying principle of Einstein’s General Relativity. Supergravity, like all theories
of gravity, is non-renormalizable as a quantum field theory. We will now say a few
more words on supergravity, before characterising non-renormalizable interactions in
the most general case. Similarly to the gauging of a gauge symmetry, which requires
the introduction of gauge fields, promoting SUSY to a local symmetry requires the
introduction of a new particle, the gravitino, the spin-3/2 partner of the graviton.
Once SUSY is broken, this particle becomes massive by ”eating” the degrees of free-
dom of the Nambu Goldstone boson of SUSY, the goldstino®®, via the super-Higgs
mechanism. This gives it a mass m3/2, whose magnitude depends on the details of
SUSY breaking (if SUSY breaking is mediated by gravity, ms/, ~ m, while in gauge

mediated scenarios mg/, can be much smaller: the gravitino is the LSP).

Gravitinos play a major role during the early universe. After inflation, when the
energy density stored in the inflaton is converted into radiation at high tempera-
tures (reheating), gravitinos can be produced copiously by scattering in the thermal
bath - the production rate being bigger with bigger temperatures. If the gravitino
is light keV < mg/» S m and stable, as in gauge-mediated SUSY breaking, then a

large quantity of gravitinos could give too large a contribution to the total energy

15 As shown above, SUSY breaking is equivalent to either (|F|) # 0 or {|D|) # 0. The goldstino
is the fermionic component of the multiplet whose auxiliary field gets a VEV breaking SUSY.
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density of the universe, over-closing it. On the other hand if the gravitino is heavier,
ms/o 2, M as in gravity-mediated scenarios, then this poses a threat to Big Bang Nu-
cleosynthesis (BBN). Indeed, at high energies, gravitinos couple with gravitational
strength!'® to SM particles (and their supersymmetric partners), and therefore de-
cay very late, jeopardizing the successful predictions of BBN. For gravitinos with

mg/2 ~ TeV decaying into a photon and an LSP, for example, we have

2

M
T3ja ~ —5— ~ O(10°sec) (1.48)

ULEYD)

which is much longer than the time at which BBN starts, ¢ ~ O(100sec). During
BBN hydrogen nuclei are efficiently converted into heavier nuclei in almost perfect
agreement with observations [5, 4] and gravitinos would compromise this picture
because the highly energetic decay products of the gravitino would e.g. photodis-
sociate helium nuclei and overproduce deuterium. This is the gravitino problem
[33]; we shall discuss possible solutions in Chapter 2. For instance, if gravitinos are
not efficiently produced during reheating, that is if the reheating temperature Try
is small enough, this problem can be evaded. For gravitino masses in the natural
range from 100 GeV to 1 TeV, within the minimal supergravity framework, the re-
heating temperature should be smaller than about 10°-107 GeV [33], depending on
the chosen values of the supersymmetric parameters and of the primordial element

abundances. We will comment on this possibility in Chapter 2.

After this short parenthesis on gravitinos, let’s come back to the problem of non-
renormalizable contributions to SUSY (this includes contributions from supergravity
but applies in the more general case). It turns out that all nonrenormalizable cor-

rections to SUSY (including terms with up to two spacetime derivatives) can be

6 At low energy (relevant for collider phenomenology) it is the goldstino, helicity-1/2 compo-
nent of the (now) massive gravitino which dominates its interactions, which are much faster than
the interactions mediated by the helicity-3/2 component, suppressed by powers of Mp. At high
energies, however, this is no longer true (for mg/, comparable to the other sparticle masses) and
the gravitinos interact mostly gravitationally.
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written in terms of just three functions: the superpotential, the Kahler potential
and the gauge kinetic function. We have already met the superpotential W (¢;)
(here in terms of scalar components of superfields) in the previous section where,
however, we have not included nonrenormalizable terms. W (¢;) includes any gauge-
invariant holomorphic combination of the fields such that its dimension is [mass]?:
for example nonrenormalizable terms of the form ¢ /]\/[g_3 can be present in the
superpotential if allowed by gauge symmetries. The Kéhler potential K (¢, ¢*) (this
is generally written in terms of superfields although unless specified we shall refer
to it as a function of the scalar component of superfields), on the other hand, is a
real, gauge-invariant function of both ¢; and ¢; and has dimension [mass]?, it obeys
Kt = K. In the MSSM, at tree level it’s simply given by > ¢ ;. The gauge kinetic
function fup(¢;) is a dimensionless analytic function of the fields, symmetric in its
indices a and b, which determines the non renormalizable couplings between fields
in the gauge multiplet. In the MSSM it’s simply given by d,,/g>. For example, the
full supergravity potential for scalar interaction can be written uniquely in terms of

these functions:

; , T WW* 1 A A
_= j . *¥t__ K/Mp _ -1 a b
V= KR F =3 S o+ S Re DD (1.49)
where
0K (KT
K, =—, [ 1.50
and

Fo= =SR] (W] 4 WG/ME) and DY =~ (TK (151)

are a generalization of the auxiliary fields of global SUSY. In superfield notation the
supergravity Lagrangian part containing chiral fields only (without gauge interac-

tions) can be written as

L= /d29d2§K(¢i,¢Tj) + (/ d*0W () + h.c.) : (1.52)
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The first two terms of eq. (1.49) can be easily derived from this expression, using

eq. (1.26).

Let us now comment on the relevance of SUSY breaking and nonrenormalizable
terms in the scalar potential for the dynamics of flat directions. As argued before,
a flat directions can be written as a gauge invariant polynomial X = ¢*, where ¢
denotes the VEV of the k fields involved in the flat direction - we will refer to ¢ as
the flat direction VEV. First of all there can be nonrenormalizable corrections to

the superpotential of the form

A A

W = nMn_ggb" or W= =

", (1.53)

where 1) denotes a field not making up the flat direction (but such that ¢! is
a gauge singlet) and M denotes generically the scale where new physics becomes
important. The exponent n is the order at which the the flat direction is lifted, i.e.
the smallest possible power at which we can write a polynomial consistent with both
gauge symmetries and R-symmetries. Both superpotential terms of eq. (1.53) result

in the following term in the scalar potentiall”

Vig) o L g (154)
M2n—6 : :

SUSY breaking also gives a non-vanishing contribution to the scalar potential. In
particular soft SUSY breaking masses of order m and soft A-type terms proportional

to the superpotential of eq. (1.53) are generated:

AA

V(p) > m*e|* + s

Q" (1.55)

It is important to stress that the terms originating from the nonrenormalizable su-
perpotential might vanish in the presence of a discrete R-symmetry. An R-symmetry

is a non-trivial abelian symmetry acting on the components of a supermultiplet, such

1"There are other, higher-order in M, 1 terms originating from these superpotential terms. Such
terms become important if the lowest order terms are for some reason suppressed. We will discuss
this possibility below and in the following chapters.
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that different components have different charges. For this to be possible, also the
spinorial parameter # must carry charge (chosen to be unitary) and from expres-
sion eq. (1.31) and from the requirement that the Lagrangian be invariant, we see
that the superpotnetial W must carry charge —2. For particular choices of such an
R-symmetry, the flat direction is lifted by SUSY breaking terms only. In this case
Planckian VEVs can develop and higher order terms coming from eq. (1.49) - (1.51)
can become important; the scalar potential will have the form [35]

V =m’M.f (%) +m*Mg <%) , (1.56)

for some functions f and g.

During the early universe there are much bigger contributions [35] to the flat direc-
tion potential than the ones listed above. For example, during inflation, the finite
positive energy density of the inflaton necessarily breaks supersymmetry (see the
discussion below eq. (1.44)). For a Hubble parameter H > m the contribution from
this type of breaking dominates the potential. Moreover, during the radiation dom-
inated era, the different thermal occupation numbers of fermions and bosons also
break SUSY. This SUSY breaking is then comunicated to the flat direction mainly
by nonrenormalizable interactions (surprisingly, the effect of renormalizable terms is
negligible, this is because the fields coupled to the flat direction via renormalizable
terms acquire large masses of order ¢, decoupling from the theory, and are not able
to communicate the breaking). Nonrenormalizable interactions on the other hand
give large contributions to the scalar potential. Consider, for example, a term in the
Kahler potential of the form'® (here K is written in terms of superfields)

_ 51 1
LD /d02d92K = /d92d92mq>*@¢*¢ ) WF;F@% (1.57)
p p

18This term, which contributes to the so called n-problem giving a large mass to the inflaton,
can be avoided only in particular circumstances, see for example [36] .
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where Fg is the auxiliary component of a field ® dominating the energy of the

universe (e.g. the inflaton). From ¥ eq. (1.36),
FoFo =V(®) = p, (1.58)

where p is the energy density of the field. Since ® dominates the energy density of
the universe, we know from the Friedman equations, that p = 3H*M?. Plugging
all this into eq. (1.57) and into eq. (1.49) we obtain an effective mass term for ¢ of

order the Hubble parameter H,
V(p) D H*¢*. (1.59)

Similarly, one can show that A-type terms also arise from this kind of SUSY breaking
[35],

V(¢) D HM}f (%) : (1.60)
for some function f. The general message here is that the SUSY breaking caused
by the finite energy density of the universe during inflation contributes to the scalar
potential with terms similar to the soft SUSY breaking ones, but with m replaced

by H. To summarize the results of this section, the scalar potential along SUSY flat

directions has the general form

A+aH
nMn—?)

|
M2n—6 ’

V(p) = (m* — cH?) 6] + </\ " + h.c.) + AP (1.61)

where ¢, a and X\ are dimensionless model-dependent couplings, while A has dimen-
sions of [mass| and is of order the SUSY breaking masses m. Depending on the
sign of ¢, see [35], this potential will have a minimum either at ¢ = 0, for ¢ < 0 or
at large ¢, for positive ¢; we shall consider the latter example (otherwise the flat

direction VEV relaxes in the origin and has no consequences for cosmology). In the

191t can be shown that supergravity corrections to the Inflaton scalar potential are small, see
[35].
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case ¢ > 0, during inflation, the flat direction amplitude will reach the minimum of

the potential at

HMn—3 1/(n—2)
wl= (25) (162)

where (3 is a numerical coefficient depending on a, ¢ and n. Depending on the order
at which the flat direction is lifted, ¢o can take values up to the Planck scale. The
later evolution of the flat direction depends on the details of the model and will be

treated in more detail in the following chapters.

1.5 Preheating

As outlined in the previous section, large VEVs can develop along supersymmetric
flat directions during the early universe. After inflation, the form of the flat direction
potential eq. (1.61) will change with time (since the Hubble parameter is a function
of time H(t)) and the homogeneous VEVs will evolve accordingly to their classical

equations of motion in the expanding universe,
G+3Hp+V'(¢)+ Ty =0, (1.63)

dots standing for derivatives with respect to time. Eq 1.63 is obtained by varying

the action
S :/\/ —g£¢ (164)

with respect to the field ¢. Here g is the determinant of the metric of eq. (1.6)
and Ly is the standard Lagrangian for scalar fields. The term proportional to the
decay rate I'y is a friction-like term due to the decay rate of the VEV. Eventually
the curvature of the potential around the origin will change (this will happen for
example when SUSY breaking terms proportional to H become smaller than soft
SUSY breaking terms proportional to m) and the true minimum will shift to ¢ = 0.

At this stage, the flat direction VEV will start oscillating around the origin. This
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scenario is very similar to the inflationary scenario where the inflaton scalar field,
after slow-roll inflation, starts oscillating coherently around the origin while the
amplitude of its oscillations slowly decreases due to Hubble expansion. Eventually
the inflaton decays, transferring its energy to matter (which is highly relativistic
and behaves like radiation) and heats the universe giving birth to the Hot Big Bang.
As discussed in section 1.2, the inflaton decays when its decay rate is comparable

to the expansion rate

r,~H (1.65)

where the decay rate for an inflaton with VEV (¢) coupled to scalar fields x via the

term
1
§h2g02x2 (1.66)
is given by?’
)
T, ~ . (1.67)
Y 8mmy,

The amplitude squared, however, red-shifts like =2 in the expanding universe, while
H ~ t7! and the decay rate never keeps up with the expansion rate. Moreover,
in many models of inflation H is believed to be quite large, which means that the
inflaton may decay very late after inflation (leading to small reheat temperatures,
since its energy has had time to be diluted by the expansion), when H has decreased
enough that inflaton decays are faster than the expansion rate. The inflaton can,
however, decay in a much faster, non-perturbative way, via the mechanism of pre-
heating [20]. This happens because any field x which couples to the inflaton with

the coupling of eq. (1.66) will receive a time dependent contribution to its mass
my (1) = me + B2 (1)), (1.68)

with m, being the bare mass of the field x, where (p)(¢) is the time-dependent

inflaton VEV as it oscillates around the origin. Similarly to the Unruh effect in

20 After inflation when the inflaton starts oscillating around the origin, we can still estimate its
decay rate since inflaton oscillations can be taken to be very fast compared to H, in particular
after a few oscilations, when H has had time to decrease.
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particle physics, this time-dependence will have interesting consequences: quanta of
the field x will be created by the time varying background [20, 37] and, due to energy
conservation, the inflaton condensate will be depleted. This non-perturbative decay
of the inflaton takes place on time scales much shorter than the ones for perturbative
decay. In what follows we will review some aspects of quantum field theory in a time-

dependent background relevant for the theory of preheating.

The equations of motion for the scalar field y coupled to the time varying background

field o (t) (the oscillations of ¢ are treated classically, using eq. (1.63)) have the form
Y+ my(t)*x =0 (1.69)
The decomposition (d is the number of space dimensions)

d
x(z,t) = / % (a(k)x(k,t)e™™ + a(k)'x* (k, t)et™ ") (1.70)

leads to the following equation of motion for the functions x(k,t):
V(k,t) +w(k, t)*x(k,t) = 0. (1.71)

Where w(k,t)? = k? + m(t)? incorporates all the information about the time-

dependent background®!. Exact solutions of (1.71) can be written as

e—zft dt'W (k,t")

)= 1.72
W) = s (172
where W (k,t) is solution of the non-linear equation
1 (3W(k,t)? W(k,t)
Wk, t)? = wk,t) + - | =5 — 70 | - 1.73
(k,8)" = w(k, )’ +35 <2 Wk 02 Wk ) (1.73)
0—th order _

~
higher order

Once the field x is quantized and the coefficients a(k) and a(k)' promoted to an-
nihilation and creation operators, the expansion of eq. (1.70) also uniquely defines

the vacuum state of the theory:

a(k)|0) = 0. (1.74)

21This formalism can also by used to study particle creation by a time-varying gravitational
background, as during inflation, leading to the formation of density perturbations; the expression
for w will then include information about the changing metric.
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Eventually, we want to compare the (particle content of the) vacuum state at late
times, with the vacuum state at early times, before the background perturbation
caused by the field ¢ had any effect. For this purpose we need to define a reference
initial vacuum that evolves undisturbed by the dynamics of ¢. We refer to this state
as the adiabatic vacuum, [0). To find such an initial state (and its unperturbed
evolution) let’s note that the dynamics of the background m, (t) influence the quan-
tum state of y via the time-dependence of the frequencies w(t, k) and, in particular,
via the "higher order” terms of eq. (1.73). How much influence the dynamics of ¢
will have on x depends on the size of w/w?. We can define unperturbed (adiabatic)
states as the modes corresponding to 0-th order solutions of eq. (1.73),

O (e, 1) = et ) dt/w(k’t/), (1.75)

2w(k,t)

and we can equally well expand the quantum field x along these modes:

d
‘= / (;% (a© (k)X O (k, D)e™*+ + aOT (k)X O" (k, t)et ) (1.76)

This expansion defines the set of creation and annihilation operators a(”f(k) and
a® (k) which, in turn, define the adiabatic vacuum, a®(k)|0®) = 0. Equating
eq. (1.76) with eq. (1.70) gives an expression for the perturbed creation and annihi-

lation operators in terms of the adiabatic ones:

/d
a(k) = / (zcjf;dp(a(k’,k)a(o)(k’)+ﬁ*(k’, k)a 9T (k) (1.77)
with
B0 = [ S8 W b £0, (175

where a(K, k) = (O (K)e~ ™, x(k)e=") and B(F, k) = —(( (K)e~ %7, " (k)e™)
are the Bogoliubov coefficients between adiabatic and exact modes; the scalar prod-

uct in a space-time with metric g*” is defined as

(Gr00) =i [ oula)(@ ~ B)osg™yg s’ (1.79)
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Expression eq. (1.78) shows that the adiabatic and perturbed vacua are different:
particles must be created by the time-dependence of w. The expectation value
of the particle number operator N(k) = a(k)Ta(k) of the system at later times is
indeed not vanishing when evaluated on the initial vacuum (after having evolved it

adiabatically):

dk/n

OOV B = [ S R (1:50)

One can see that creation of particles takes place only if the exact modes differ from

the adiabatic ones (adiabaticity is violated), i.e. if the parameter

] > 1. (1.81)

In Chapter 4 we shall extend this analysis to the more general case where the inflaton
is coupled to a set of scalar fields x; via a time-dependent mass matrix - this will
allow preheating even in the case where decay into the single fields seems not not
be efficient. For the analysis of Chapters 2 and 3, however, we are mainly interested
in order-of-magnitude estimates of the number density of particles produced by the
decay of the oscillating background field into quanta of a single species. For this
purpose, only the expression of eq. (1.81) is needed: when adiabaticity is violated,
particles are created. Adiabaticity is maximally violated when the scalar field VEV
passes close to the origin, since there the change in m, is maximal, while its absolute
value is minimal. Let us then estimate the number of particles of a field x created
by a scalar field VEV ¢ passing close to the origin with maximal velocity |¢*|, when
the two fields are coupled with strength h. If we assume that the particles created
have vanishing bare mass m,o = 0, then particle production occurs for

x|
h, Y

where ¢, is the absolute value of the background field when creation of particles

begins. Particle production occurs for a short period of time,

Ps

= 7 — (h]o )2 1.83
o] (h|ox]) (1.83)

At,
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The uncertainty principle implies that the particles created will have typical mo-

E~ (At) ™' = 1/hld.]. (1.84)

We can then assume the spectral density to be a Guassian distribution with average

mentum

momentum given by eq. (1.84),

() = (=57)
ng=exp|—7m= | =exp | —T— (1.85)
K hlo.]

which can be extended to the case m,o # 0 by a simple shift in the value of the

momentum squared:
k:2 _I_ m2
Ny = exp (—7?7.@) . (1.86)
hlg.]

Momentum integration of the spectral density eq. (1.86) gives an estimate of the
total number density of particles produced during one oscillation of the VEV through

the origin:

. 3/2
1 > 2 (h|¢*|> 7Tm?co
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Chapter 2

Supersymmetric Leptogenesis and
the Gravitino Bound

2.1 Thermal Leptogenesis

The observed baryon/antibaryon number asymmetry (normalized with respect to

the entropy density s) of the Universe [4]

Vg = @ = (0.87 £ 0.03) x 1071 (2.1)

is one of the most intriguing puzzles of fundamental particle physics. During infla-
tion, all the energy of the universe is stored in the 0-mode of the inflaton - there
is no matter - and, even more importantly, the universe is perfectly baryon sym-
metric. But now, we do not observe any bodies of anti-matter within the solar
system. Furthermore, the lack of highly energetic y-rays coming from the annihi-
lation of protons and anti-protons from nearby regions of matter and antimatter
suggests that no antimatter is present within a radius of 10Mpc around the solar
system. The universe looks completely baryon asymmetric to us. The mechanism
responsible for matter/antimatter asymmetry is called baryogenesis [38] and cannot

be accounted for within the Standard Model of particle physics. In fact, as pointed
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out by Sakharov [39] already in 1967, for the baryon asymmetry to be produced,

three conditions need to be met:

1. Baryon number violation
2. C and CP violation

3. Out of equilibrium conditions.

In the Standard Model, surprisingly, condition 1 is met thanks to quantum anomalies
that violate the B+ L - although the difference B — L is still conserved. This implies
the existence of a number of vacua differing by their B and L contents and separated
by barriers of size of order the electro-weak scale. Therefore, for temperatures
102 GeV 2> T 2> 100GeV the baryon and lepton numbers in the universe can
change via sphaleron processes', as long as B — L is kept constant. However, in the
Standard Model, conditions 2 and 3 are not fulfilled. Out of equilibrium conditions
are met only during the electro-weak phase transition, but this turns out to be too
smooth, due to the present experimental bounds on the Higgs mass, m;, > 115 GeV.
Since particles and antiparticles share the same mass and statistics, without out
of equilibrium conditions they would appear in the same numbers. Anyway, even
if the electro-weak phase transition had been strong enough, due to the smallness
of CP violation in the SM it would have been impossible to explain the observed

baryon asymmetry (without CP violation baryons and antibaryons behave in the

same way ).

One way out of this problem is the mechanism of thermal leptogenesis [40, 41],
the simplest implementation of this mechanism being realised by adding to the

Standard Model three heavy right-handed (RH) neutrinos Ny, Ny and N3. Heavy

!This common terminology refers to non-perturbative electro-weak processes interpolating be-
tween different vacuum configurations characterised by different B + L.
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RH neutrinos can also provide an explanation for the smallness of neutrino masses,
via the see-saw mechanism [42]. To illustrate how this idea works, we shall consider
a simplified model with only one lepton flavour L. The part of the Lagrangian

involving RH neutrinos is
AT Mz’ 2

where M; is a Majorana-type mass for the RH neutrinos, while J; is a dimensionless
coupling constant that gives a Dirac-type mass to the neutrinos once the Higgs field
receives a VEV (H) = v = 174GeV; i = 1,2,3. We take N; to be the lightest RH
neutrino and work in the limit M, 3 > M;. Diagonalising the mass matrix for the
L, N; fields, reveals three heavy states with masses ~ M; and one light state with

mass
2,,2
m = 20
v ™ .
M,

A large mass M; > v explains the smallness of neutrino masses m,, which from

(2.3)

atmospheric neutrino experiments [43] is bound to be of order Amyy, = 0.05eV
(unless neutrinos are highly degenerate). On the other hand, the CP violation from
the complex phases? in the couplings of the Lagrangian eq. (2.2) is responsible for
an asymmetry in the decay rate of N into leptons and anti-leptons [44]. From the

diagrams of Fig.2.1,

2 (2.4)

AT+ ANMA

M - M
PNy — LH) = = M+ ANAS[ TN = TH) =

where A is the loop factor, and has a complex part [44] which can be computed in
the limit of hierarchical RH neutrino masses, M, 3 > M;. The asymmetry is given,
at leading order in M; /M, 3, by

3 Mllm ’)7~’L273
167 v?

['(N, — LH)+T'(N, — LH) 4m M3

2 ~Y
Im Aj 3 =~

(2.5)

where 1mg3 = A3 30°/Maj is the part of the light neutrino mass mediated by the

heavy Ny 3, see eq. (2.3).

2We can absorb all but two of the phases appearing in the parameters of eq. (2.2) into a
redefinition of the fields IV; and L. We shall take Ay and A3 to be complex.
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L
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1 1 2,3
Ny 3 .‘

H .

Figure 2.1: The Feynman diagrams describing the tree-level and one loop contributions to the
decay of the lightest RH neutrino V.

In thermal leptogenesis the heavy RH neutrinos are produced by thermal scatter-
ings after inflation and, if their decay rate is small enough (I' < H (M), where
H(M) is the Hubble parameter when the temperature is of order M), they decay
out-of-equilibrium generating the lepton asymmetry. This lepton asymmetry is then
converted into a baryon asymmetry due to (B + L)-violating sphaleron interactions
[45]. A complete study of baryogenesis via leptogenesis requires the use of Boltz-
mann equations which take into account sphaleron processes and processes that can

potentially wash away the asymmetry. Eventually, one obtains [44] that

(2.6)

where njy ~ 273 /72 is the number density of RH neutrinos N; when they are still
in thermal equilibrium at 7' > M; and s = (272/45)g,T? is the entropy density (g.
being the number of relativistic species). The factor of 8/23 in front of eq. (2.6) can
be calculated [46] by an analysis of the chemical potentials of all particle species in
the high temperature phase (where sphalerons are active) and takes into account the
fact that the original B — L asymmetry is converted into B asymmetry by sphaleron

processes.

The same argument goes through even for supersymmetric theories, where now also
the decays into and from scalar partners need to be taken into account, resulting in

an asymmetry ¢ which is four times bigger3.

3Note that generally, also wash-out effects are twice as big in SUSY than they are in the SM.
So, effectively, the asymmetry is normally only two times bigger.
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From eq. (2.6) and an estimate of the equilibrium abundance of RH neutrinos, we can
estimate the produced baryon asymmetry which will put bounds on Mj, since £;
M. Indeed, if RH neutrinos are hierarchical in mass successful leptogenesis requires
that the mass M, is larger than 2 x 10° GeV, for vanishing initial N; density [47].
This lower limit on M; is reduced to 5 x 108 GeV when N, is initially in thermal
equilibrium and to 2 x 10” GeV when N, initially dominates the energy density
of the Universe [48]. Hence, in the standard framework of thermal leptogenesis,
the required reheating temperature after inflation Tgy cannot be lower than about
2x10% GeV [48]. In supersymmetric scenarios this is in conflict with the upper bound
on the reheating temperature necessary to avoid the overproduction of gravitinos

during reheating [33] (see discussion below eq. (1.48)).

The severe bound on the reheating temperature makes the thermal generation of the
RH neutrinos impossible, thus rendering the supersymmetric thermal leptogenesis
scenario not viable if RH neutrinos are hierarchical. Of course, there are several
ways out to this drawback. First of all, one can modify the usual assumptions on
gravitinos. If the gravitino is stable, the nucleosynthesis limit depends on the nature
of the next-to-lightest supersymmetric particle, but values of Tgy even larger than
10° GeV can be obtained [49]. Also, gravitinos lighter than 1 KeV (as possible in
gauge mediated SUSY breaking [32]) or heavier than about 50 TeV (as possible in
anomaly mediated SUSY breaking) avoid the stringent limits on Try. Alternatively,
one can modify the standard mechanism of leptogenesis, and rely on supersymmetric
resonant leptogenesis [50] or soft leptogenesis [51]. Indeed, in resonant leptogenesis
the RH neutrinos are nearly degenerate in mass and self-energy contributions to
the CP asymmetries are enhanced, thus producing the correct baryon asymmetry
even at temperatures as low as the TeV. Soft leptogenesis can be successful for
values of the mass M; of the lightest RH neutrino as low as 10° GeV. Another

interesting variation is the case in which the right-handed sneutrino develops a large
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amplitude, dominating the total energy density [52]. Then the sneutrino decay
reheats the universe, producing a lepton asymmetry, where values of Try as low as
10% GeV do not cause a gravitino problem. Finally, one can modify the standard
thermal production mechanism of N;. The lightest RH neutrinos can be produced
non-thermally either during the preheating stage [53], or from the inflaton decays

[54] or from quantum fluctuations [55].

In this chapter, we would like to show that a solution to the tension between super-
symmetric leptogenesis with hierarchical RH neutrinos and the gravitino bound is
in fact already rooted in one of the basic properties of the supersymmetric theory,
that is the presence of flat directions in the scalar potential [28]. No new ingredient
has to be added to the theory. Let us briefly sketch how the solution works. As
explained in the Introduction, the F- and D-term flat directions are lifted because
of the presence of the soft supersymmetry breaking terms in our vacuum, of possible
non-renormalizable terms in the superpotential and of finite energy density terms in
the potential proportional to the Hubble rate H during inflation [35]. As a conse-
quence, the field ¢ along the flat direction will acquire a large vacuum expectation
value (VEV). After inflation, when the sign of the curvature of the potential changes,
the condensate starts oscillating around the true minimum of the potential which
resides at ¢ = 0. If the condensate passes close enough to the origin, as discussed
below, the particles coupled to the condensate are efficiently created at the first
passage. The produced particles become massive once the condensate continues its
oscillation leaving the origin and may efficiently decay into other massive states?,
in our case RH neutrinos. The latter will subsequently decay to generate the final
baryon asymmetry. This process allowing the generation of very massive states is

called instant preheating [56] and is a particular case of preheating [20] in which

4Notice that this prompt decay of the produced particles, effeciently removes them from the
resonant band and no resonant preheating is expected from the oscillating flat direction. This is
the reason why we consider particle production only at the first oscillation.
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the produced particles are coupled to fermions. It represents a very efficient way of
producing heavy states with only one oscillation of the condensate. In this sense,
the solution we are proposing may be considered as a non-thermal production of
RH neutrinos, but we stress that it does not involve any extra assumption such as

a large coupling between the RH neutrinos and the inflaton field.

2.2 Flat Direction Leptogenesis

The generic potential for a supersymmetric flat direction ¢ is given by eq. (1.61)
where we assume the scale M of non-renormalizable terms to be equal to the reduced
Planck scale (M = M, = 2.4 x 10" GeV). For ¢ > 0 and H > m, the flat
direction condensate acquires a VEV given by eq. (1.62). At the end of inflation,
the inflaton field starts oscillating around the bottom of its potential and the Hubble
rate decreases. As soon as H ~ m/3, the condensate starts rolling down towards its
minimum at ¢ = 0. In this case, the field ¢ will oscillate coherently with frequency

m around the origin.

Now, if in the potential of eq. (1.61) both terms proportional to A and aH are
present and their relative phase 6, — 64 does not vanish, the condensate |¢|e? will
spiral around the origin at ¢ = 0 with a nonvanishing 0 (possibly leading to a
large baryon asymmetry through the Affleck-Dine mechanism [19, 35]). In this case
instant preheating does not occur and no heavy states are produced [57], unless
several flat direction phases are simultaneously excited [23, 58], see Chapter 4. We
will focus on the opposite case, when the condensate passes through the origin (or
sufficiently close to it). This is easy to achieve without any fine-tuning [35] as it
is enough to consider a flat direction which is lifted only by a non-renormalizable
superpotential term which contains a single field not in the flat direction and some

number of fields which make up the flat direction [35],

A

W= Mn—3

" (2.7)
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For terms of this form, Fj is non-zero along the flat direction (see eq. (1.54)),
but W = 0 along it. Examples of this type are represented by the direction with
field content ue which is lifted by W = (A\/M)uude, since F;j = (A\/M)uue is non-
zero along the direction, and by the Que direction which is lifted by the n = 9
superpontial W = (A\/M)QuQuQuHpee since Fy; = (A/M)QuQuQuee does not
vanish [59]. If W = 0 along the flat direction, no phase-dependent terms are induced.
Alternatively, the superpotential may vanish along the flat direction because of a
discrete R-symmetry. In such a case, when W exactly vanishes, the potential during

inflation has the form [35]
V() = Hi M f(|of" /M) + Hi Myg(¢" /My), (2.8)

(where Hj is the Hubble parameter during inflation) and the typical initial value
¢o for the condensate is O(M,), rather than eq. (1.62). For this reason we will
treat ¢q essentially as a free parameter in our analysis and not fixed by the relation
eq. (1.62). Finally we remark that the coefficients A and a of eq. (1.61) depend
on the specific form of the Kahler potential couplings and there are cases in which
they are suppressed by inverse powers of M,. In the case of D-term inflation [60]
a vanishes identically and no phase-dependent terms are generated if along the flat

direction W = 0.

From now on, we will consider a flat direction along which the induced phase de-
pendent A-type terms are suppressed and therefore the corresponding condensate
will oscillate passing very close to the origin. Furthermore, we will focus on the
flat direction involving the third generation quark uz. When the condensate passes
through the origin, it can efficiently produce states which are coupled to it. Let us
consider the scalar Higgs Hy which is relevant for leptogenesis although, of course,
other states will be produced as well. If the third generation is involved in the

flat direction, the up-Higgs is coupled to the condensate through the Lagrangian
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term h?|¢|* [Hy|*. Tts effective mass is therefore given by m%, = m3;, + h?|¢|%,
where ﬁﬁqU is the corresponding soft-breaking mass parameter. At the first passage
through the origin, particle production takes place when adiabaticity is violated [56],
M,/ quU 2 1, as explained in Section 1.5. Following the discussion below eq. (1.82)

and taking the velocity of the condensate at the origin to be

b = Mo, (2.9)

(where ¢y is the amplitude of the flat direction vev when oscillations start) we can

estimate the number density of up-Higgses generated during the first oscillation of
the flat direction VEV (see eq. (1.87)):

—3 ~
E (o))

where we have assumed the SUSY breaking mass my,, of Hy (called m, eq. (1.87)) to
be much smaller than its average momentum, k ~ (h;7m|¢o|)*/?. After the condensate
has passed through the origin continuing its motion, the up-Higgses become heavier
and heavier, having an effective mass ~ h;|¢|. When this mass becomes larger
than the lightest RH neutrino mass M;, the up-Higgses will promptly decay into
the lightest RH neutrinos N; through the superpotential coupling h,;N;¢; Hy;, where
¢; stands for the lepton doublet of flavour j and 7,7 = 1,2,3 (an extension of the
toy-model of eq. (2.2) to account for different lepton flavours). Indeed, the Hy

decay is prompt because the decay rate into N; and leptons,

ha;|2he
FDNZ% (2.11)
J

is faster than the oscillation rate 'y ~ ¢ /¢ as long as
877'77“250
> hajPhe’

which is certainly satisfied during the first oscillation. Moreover, if one of the hy;

¢? > (2.12)

is not too small, and @3 is not involved in the flat direction®, Hy will dominantly

5For the Que flat direction the n = 9 lifting superpotential contains Qs only if all the n = 4 lift-
ing superpotentials QQQL, QuQd, QuLe and uude are present in the supersymmetric Lagrangian.
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decay into N/, since any decay process occurring through top-Yukawa or gauge
interaction is kinematically forbidden (or strongly suppressed) at large ¢, due to the

large masses obtained by the fields coupled to the flat direction.

To estimate the maximum value M["** that can be generated we have to compute
the maximum value ¢™** achieved by the condensate during its first oscillation, after

passing through the origin. The equation of motion for ¢ is [61]

b+ mip = —ht%nmj. (2.13)

The term on the right-hand side corresponds to the ¢-dependent energy density
mu, (¢)nm, generated by the Hy particles produced when ¢ crosses the origin. It

acts as a friction term damping the ¢ oscillations. Solving eq. (2.13), we obtain

47T3m1/2¢1/2 ¢0 1/2 m 1/2
M s g = 00 102 Gev (2) (L 214
e ny? 076V, maey) - G

p
where we have taken the top-Yukawa coupling h; ~ 0.6 at high-energy scales. Thus,

very heavy RH neutrinos can be produced through this mechanism.

In first approximation, we can assume that all Hy decay into N; and the number
density of the RH neutrinos is given by ny, ~ ng, ~ (hit|¢o])*? /873, When
the mass of the up-Higgses decreases because the condensate, after reaching its
maximum value at the first oscillation, starts decreasing again, the RH neutrinos
may efficiently decay into up-Higgses and leptons and produce a lepton asymmetry
ny, ~ eny, where the usual CP asymmetry e is generated by the complex phases in

the Yukawa couplings h;;.

During all these stages, the inflaton field continues to oscillate around the minimum
of its potential and will eventually decay into SM degreees of freeedom giving rise
to the reheating stage, leading to the Hot Big Bang. Before reheating, the uni-
verse is matter dominated because of the inflaton oscillations and the scale factor

~2/3

increases as a ~ H The lepton asymmetry n; ~ eny, produced during the
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first oscillation at Hos. ~ m/3 is diluted at the time of reheating by the factor
ad../aby = Hiy/H?2,.. Expressing ny, through eq. (2.10), we find that the baryon
asymmetry Yp = (8/23)(n/s)(Hay/HZ2,.) becomes

9 € B2 Tru |0)*? | Th 6ol \*/? /100 GV 2
Y ~ . —10-5¢ VN (215)
927T3m1/2M§ 107 GeV M, m

Notice that in our estimate we have not inserted any wash-out factor, due to inverse
processes that might erase the produced asymmetry. Indeed, as soon as the RH
neutrinos decay, their energy density pn, = Miny, gets promptly converted into a
“thermal” bath with an effective temperature

_ 1/4
T ~ (30%) (2.16)

Q*N7T2

where g,y is the corresponding number of relativistic degrees of freedom. We esti-

mate that T is smaller than M; when

M, > 10° Gev [ (2] P _m 1/2. (2.17)
M, 100 GeV

As much heavier RH neutrinos are generated through the preheating stage, we may
safely conclude that AL = 1 inverse decays are not taking place. Similarly, one
can show that the AL = 2 processes are out-of-equilibrium. Finally, flavour effects
[62] play no role in determining the final baryon asymmetry as AL = 1 inverse
decays are out-of-equilibrium. The maximum CP asymmetry parameter for normal

hierarchical light neutrinos, in the supersymmetric case, is given by

3M1m3
= - 2.18
T In(Hy)? (2.18)
where ms = (Am2,)"? is the largest light neutrino mass, which we take from

atmospheric neutrino experiments to be of order 0.05 eV; we assume maximal phases.

From eq. (2.15), we therefore estimate that enough baryon asymmetry is generated

107GeVY [ M, \*? 3 1/2
M z 2 x 10" GeV P . 9219
b ‘ ( Tan ) <|¢o|> <100Gev> (2.19)

if
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This limit, together with the result in eq. (2.14), implies that a successful baryo-
genesis can occur only if ¢g 2 0.2 M, (107 GeV /Tru)'/2. The condensate of the flat
direction has to start its oscillation from field values close to the reduced Planck
mass. Notice that this limit on ¢q is independent of h;. However, the presence of
the top Yukawa coupling is necessary to guarantee that the flat direction decays

abundantly into Hy.

2.3 Remarks

We conclude with some remarks. First, gravitinos are produced also during the
instant preheating phase by scatterings of the quanta generated at the first oscillation
of the condensate; one might worry that this reintroduces the problem we set off to

solve. It is easy to estimate that their abundance is

3

n3/o _4 (Tru Po

—= ~10 — — 2.20
s ( M, ) (Mp) ( )

and therefore it is never larger than the gravitino abundance produced at reheating

by thermal scatterings, given by

ns3/2 ~12 Tru
—= ~2x10 — . 2.21
s 8 <1010 GeV) (221)

Secondly, from eq. (2.19) we infer that large values of the lightest RH neutrino mass
M are needed for the generation of a sufficiently large baryon asymmetry. However,
we would like to point out that our mechanism can work also in models with smaller
values of M, since the baryon asymmetry could be generated by the decays of the
heavier RH neutrinos. Indeed, the up-Higgs may decay into the RH neutrinos Ns
(or N3) instead into the lightest RH neutrino N if the condensate reaches the value
¢ = ¢n, = My/h; before the up-Higgs decays into Ni’s plus leptons. The time

needed for the condensate to reach the value My/h; is

Aty ~ Ony /& ~ (My/hiindy) (2.22)
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and is smaller than the decay time of the up-Higgs into N;’s plus leptons if

877'771(;50
¢S (W) : (2.23)

Imposing that this critical value is larger than Ms/h;, we find that the up-Higgs will
promptly decay into Ny’s rather than Ny’s if
M < (87rht77~1¢0> v (2.24)
SR DT '
This condition can be satisfied if the Yukawas h;; are hierarchical and |hy;| < 1. If

this is the case, one should replace M; with My (or Ms) in egs. (2.17) and (2.19).

Thirdly, in models of hybrid inflation, the flat direction might have different cou-
plings to the inflaton and to the field that comes to dominate the energy den-
sity of the universe after slow-roll inflation. In this case, the curvature of the flat
direction potential might change its sign promptly at the end of inflation, when
H ~ H; < 10" GeV rather than H ~ m. The flat direction will start oscillating
around the origin with frequency of order the Hubble parameter during inflation, H;
and a much larger number of quanta of Hy can be produced when the flat direction

VEV goes through the origin. This would relax the bound on ¢y.

In conclusion, the observed baryon asymmetry can be explained within the super-
symmetric leptogenesis scenarios for low reheating temperatures and a RH hierar-
chical mass spectrum, thus avoiding the gravitino bound, if two conditions are met:
the initial value of the flat direction is close to Planckian values, and the phase-
dependent terms in the flat direction potential are either vanishing or sufficiently

small for the particle production to happen efficiently.
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Chapter 3

Cosmological Perturbations

3.1 Microcosmos to Macrocosmos

In our current understanding of cosmology, the universe was made nearly uniform
(and flat) by a primordial stage of rapid expansion, inflation [9], driven by the
energy density of a scalar field, the inflaton. During this period of time the physical
universe expanded superluminally, although the visible universe always expanded at
the speed of light. This explains why the universe looks so uniform, regions which
were in causal contact before the expansion, went out of causal contact when the
universe was stretched by inflation. The fast expansion is also responsible for the

flatness of the visible universe.

The universe was not, however, perfectly uniform after inflation. Tiny quantum fluc-
tuations in the inflating patch of the universe were stretched to classical sizes by the
expansion!, a link between the microcosmos of particle physics and the macrocosmos
of galaxies. These seed perturbations excited metric (gravity) perturbations which,

in turn, caused inhomogeneities in the baryon and photon (and dark matter) fluids.

! This process can be studied using the formalism introduced in Section 1.5: the time-dependent
metric describing the expanding universe feeds into the equations of motion for the quantum
modes populating the vacuum of the universe and (similarly to the theory of preheating) classical
fluctuations (particles) are produced from this vacuum.
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These inhomogeneities were then kept from collapsing by the expansion of the uni-
verse and by the pressure of the photon bath while the universe was still dominated
by radiation. Eventually, when matter domination began, these primordial density
inhomogeneities (of order dp/p ~ 107°) were amplified and then collapsed under
the gravitational attraction, forming the structure we observe today and leaving an
imprint in the Cosmic Microwave Background (CMB) radiation anisotropy. The
latest confirmation of the inflationary paradigm has been recently provided by the
five-year data from the Wilkinson Microwave Anisotropy Probe (WMAP) satellite

14].

Consider the fluctuations dx(x,t) of a massless scalar field x during the early uni-
verse. The equation of motion for the Fourier transforms dyy is

2

k
53+ BHOYoc + 00 = 0. (3.1)

where k = |[k| = 2nR/X and R = e/! is the scale factor of the inflating universe
(see eq. (1.10)). Consider a mode with physical wavelength much smaller than the
visible universe (the horizon at time ¢ has size H~'): A < H~'. In this limit we can

neglect the friction term in eq. (3.1) and write

2

. k
Xk + ﬁéxk = 0. (3.2)

This is the equation of the harmonic oscillator (with time-dependent frequency):
during inflation perturbations of scalar fields oscillate. When the universe expands,
physical wavelengths are stretched proportionally to the scale factor and they soon

become larger than the horizon, A > H~'. In this limit eq. (3.1) becomes
%1 + 3H oY = 0. (3.3)

Only friction: on scales bigger than the horizon the perturbations dxy are constant

(frozen). An exact solution of eq. (3.1) interpolating between these limits shows
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that at the time perturbations freeze, when k = RH, their size is?

G| ~
Xk_\/2—k:37

and it remains constant, while its wavelength grows exponentially. The perturba-

(3.4)

tions of eq. (3.4) will, of course, produce inhomogeneities in the energy density of
the field x which, in turn, will be transmitted to the gravitational field, causing
perturbations in the metric. To study perturbations to the metric it is convenient
to introduce a gauge-invariant quantity which depends both on the density pertur-

bation dp and on the curvature perturbation 1 appearing in the perturbed metric:
dp;
Ci5¢+H7f, (3.5)

where the index ¢ reminds us that any field contributing to the total energy density
p can induce perturbations. This quantity ( is called ‘curvature perturbation on
slices of uniform energy density’, but we shall refer to it simply as the curvature
perturbation. The inhomogeneities of eq. (3.4) produces initially a non-vanishing
contribution to the second term of eq. (3.5). When eventually, the field x decays,
the second term disappears, but the perturbations remain imprinted in the metric

due to the first term in eq. (3.5). Poisson’s equation (G is Newton’s constant)
V2 = 4nG nop (3.6)

will then communicate the metric perturbations to the energy density p of baryons,
photons and dark matter, which populate the universe after inflation decay. Beside
providing the seeds for structure formation, this mechanism also explains the tiny

temperature anisotropies 67 /T ~ 1075 observed in the CMB.

Despite the simplicity of the inflationary concept, the mechanism by which cosmo-

logical curvature (adiabatic) perturbations are generated is not yet fully established.

2These calculation can be extended the the case where the scalar field y has a non-vanishing
2 2
mass 1, In this case, a factor of (k/RxH)™x/3H" needs to be included in eq. (3.4) (the subscript
k is to remind us that the scale factor is evaluated when the scale k crosses the horizon).
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In the standard slow-roll inflationary scenario associated with a single inflaton field,
density perturbations are due to quantum fluctuations of the inflaton itself. While
this possibility is in agreement with present CMB data [4, 63], it is not the only one.
In the curvaton mechanism [64, 65], the final curvature perturbation ¢ is produced
from an initial isocurvature mode associated with quantum fluctuations of a light
scalar (other than the inflaton), the curvaton, whose energy density is negligible
during inflation and which decays much after the end of inflation. Further proposals
invoke the inhomogeneity of the inflaton decay rate [66], inhomogeneous preheating

[67] and the generation of the curvature perturbation at the end of inflation [68].

In this chapter we point out that the generation of a flat spectrum for the curvature
perturbation may be the general consequence of the presence of flat directions in
supersymmetric theories. Let us briefly sketch how this can happen. Similarly to the
leptogenesis scenario described in the previous chapter, the large VEVs developed
along flat directions will start oscillating around the origin sometime after the end
of inflation. If the condensate passes close enough to the origin, it will quickly decay
non-perturbatively into the particles coupled to it [56]. Subsequently, when the
VEV continues to increase during its oscillations, the particles created acquire large
masses (proportional to the VEV - note that this damps the oscillation of the VEV,
see eq. (2.13)) and might decay into light degrees of freedom. Now, the key point
is that the initial conditions for the flat direction when the oscillation starts may
not be the same in separate horizon volumes. This happens if the degree of freedom
associated to the phase of the flat direction is sufficiently light during inflation to be
quantum mechanically excited. As a consequence, the condensate oscillates around
the origin of its potential starting from slightly different values in different patches
of the Universe. These different initial conditions give rise to fluctuations in the
comoving number densities of the light relativistic states produced during the decay

process after instant preheating and, ultimately, to CMB anisotropies. In this sense,
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supersymmetric flat direction provide a concrete and natural realization of the idea
that the observed perturbations are associated to some underlying global symmetry

which is slightly broken during inflation [67].

3.2 Initial Conditions

The generic potential for a supersymmetric flat direction ¢ during inflation is given,

as usual, by eq. (1.61). For m < H; we write it as

arHy
nMn—3

|¢|2n—2
M2n—6"

1
V= —CQHIQ|¢|2 + ()\ o+ h.c) + | A2 (3.7)

As discussed above eq. (1.62), for ¢ > 0 the flat direction condensate acquires a
VEV given by

HMn—3 1/(n—2)
57) | (3.8)

or = |pr)e™, |or| = ( 3

The phase 0;(x,t) is very likely to undergo quantum fluctuations during inflation.

Indeed, its mass is given by

7
mg = n|as|3 cos(n@ + 04, + 0,)H7, (3.9)

where the factor of 1/|¢;| has been introduced to canonically normalize the field 6;.
Here 6y and 6,, are the phases of the coefficients A and a;; for the sake of simplicity
we absorb these phases into 6; in what follows. For small enough values of the
ar-parameter, my is smaller than the Hubble rate H; during inflation. In fact, as
noted in Chapter 2, without any fine-tuning, the parameter a; may be extremely
small or even identically vanishing, showing that during inflation the phase 0(x,t)

may be an effectively massless degree of freedom.

In the post-inflationary era, the flat direction starts oscillating around ¢ = 0.
At which frequency these oscillations take place depends crucially on the post-

inflationary inflaton dynamics. If the inflaton is very weakly coupled, it will undergo
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a long period of oscillations around the minimum of its potential and eventually de-
cay into radiation. If this happens when the Hubble rate is smaller than m, the flat
direction will be anchored to the minimum of its potential till H ~ m/3 when it

will start oscillating with a frequency of order of m.

On the other hand, the flat direction may oscillate around ¢ = 0 with a much larger
frequency. Indeed, the inflaton may release the energy stored in its potential very
rapidly within a Hubble time. This is expected, for instance, if inflation ends through
a rapid waterfall transition induced by a second field whose energy density dominates
the energy density of the Universe in this phase, as in scenarios of hybrid inflation
[9]. The potential of the flat direction will receive H-dependent corrections through
the non-renormalizable couplings of the flat direction in the Kahler potential to the
second field. In particular a mass squared term c,sH 2|q5|2 may be induced. If cu
is positive, the flat direction starts oscillating around the minimum of its potential
with a frequency of the order of H; if the waterfall transition is fast®. Similarly, a
phase-dependent term (a.;H;¢™/M™3) may be generated through the coupling of

the flat direction to the second field driving the end of inflation.

In fact, the flat direction may oscillate around ¢ = 0 with a frequency much larger
than H;. This happens if the inflaton energy is released through a preheating stage
[70]. Fluctuations of the scalar fields produced at the stage of preheating after
inflation are so large that they can break supersymmetry much strongly than the
inflation itself. These fluctuations may lead to symmetry restoration along flat
directions of the effective potential so that the ¢ condensate moves at the very early

stage of the evolution of the Universe, during the preheating era, with a frequency

3Notice that a large positive mass squared of the order of H? may be induced even during the
first stages of the radiation phase again by the non-renormalizable couplings of the flat direction in
the Kéhler potential to the light relativistic fields ¢iigne [69]. Indeed, if there is a non-renormalizable
coupling of the form |¢|*|diignt|*/M? and thermal effects generate the variance (¢fiyy,) ~ 77, then
the flat direction will acquire a mass squared ~ T%/M? ~ H? where we have assumed that
radiation is produced promptly after inflation and M is of the order of M,,.
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1/2 . .
) / , where mg is the inflaton mass. Furthermore, a

which can be as high as (meM,
phase-dependent term can be induced by the large fluctuations of the scalar degrees

of freedom generated at preheating, (mge¢™/M)~?) [70].

From now on, we will assume that the flat direction starts oscillating around the
minimum of its potential right after the end of inflation with a frequency of the
order of H; (even though the reader should keep in mind that the frequency may
be in fact larger), an initial amplitude ¢; and a phase dependent term of order of

(aoscHI¢n/Mn_3):

‘¢‘2n—2
M 2n—6 )

é aoscHI
ﬁ Mn—3

1
V= §H12|q5|2 + ( " + h.c) + A2 (3.10)

(where the factor of A\/f is introduced for later simplicity). All the considerations
made so far lead us to treat ¢; and a.s as basically free parameters. It is also
important to point out that the power n of the non-renormalizable terms lifting the

flat direction is not necessarily the same during and after inflation.

3.3 Perturbations

If the condensate passes sufficiently close to the origin, it can efficiently produce any
state which is coupled to it. We generically call this state y (it might be Higgses,
squarks or sleptons) and suppose that it is coupled to the flat direction through
the Lagrangian term h2|¢[”|x|*. Its effective mass is therefore given by mi =
fﬁi + h? |¢\2, where fhi is the corresponding soft-breaking mass parameter. At the
first passage through the origin, particle production takes place when adiabaticity is
violated [56], |1 | /m2 2 1. The flat direction continues its classical oscillation, now
giving a large mass to the produced quanta of order m3 ~ h?|¢[?. If they couple to
some other light fermionic degrees of freedom, they can efficiently decay into these

light states.
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The comoving number density of y particles produced during the first flat direction

oscillation is given by eq. (1.87),

(nlé |)3/2 Bl
* T 8
nx = Texp {—W} s (311)

where |¢,| and |¢,| are the minimum distance and maximum speed of the trajectory

with respect to the origin

r (=)
|p.| = 7Taosc|¢l|m sin(nfr) (3.12)

~—

0|3

and

|pu| = Hy|o1|(1 + 52) /1 + 4(aose/n) cos(nby). (3.13)
Egs. (3.12) and (3.13) are obtained in Appendix A and comparison of these approx-
imations with the numerical evaluations are shown in Fig. 3.1 and Fig. 3.2. The
non-adiabaticity condition |7, | /m2 2 1 implies that 19/(h|¢?) 2 1 or

¢ Vh\ ol 7l (52) sin(n;)  V/xh | [¢1] sin(nfr)’

(3.14)

Qose S @

Let us now compute the curvature perturbation associated to the light particles gen-
erated through the instant preheating stage. The presence of the phase-dependent
term in the potential of the flat direction eq. (1.61) during inflation violates the
U(1) carried by the complex ¢ and gives n discrete minima for the phase of ¢.
The potential in the angular direction goes like cos(nf;) during inflation (the reader
should remember that for simplicity we have set to zero the phases of the parame-
ters a; and A). If the phase is a light degree of freedom during inflation, the field 6
does not sit at the minimum of its potential as it is quantum mechanically excited.
It may acquire a random value, but constant over scales larger than the present
horizon. Therefore, when the flat direction starts oscillating, its initial condition
varies from patch to patch. When light particles are generated through the instant

preheating phenomenon, their abundance will not be uniformly distributed. On the
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Figure 3.1: The angular dependence of |¢.|, the minimum distance from the origin plotted in

units of its initial value |¢r| for acsc = 0.003 and n = 4 (see Appendix A). The numerical evaluation

(with 8 = 0.1 and A = 0.01) is represented by the continuous line, while the analytical estimate of
Eq. (3.12) is dashed.
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Figure 3.2: The angular dependence of the flat direction velocity |¢>*| at ¢, (the minimum distance

from the origin) plotted for aese = 0.003 and n = 4 in units of Hy|d;| (see Appendix A) . The

numerical evaluation (with 8 = 0.1 and A = 0.01) is represented by the continuous line, while the
analytical estimate of Eq. (3.13) is dashed.
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contrary, isocurvature fluctuations of their number density are expected on super-

horizon scales. These isocurvature fluctuations in the light fields are derived from

eq. (3.11)
Ortgne Oty _ <§ + ”h‘.¢*‘2) dlon] _ 2rh|o." 26| (3.15)
A - A X I A
where, from eqs. (3.12) and (3.13),
A cos(ndy)
~ 20T 5 3.16
|| sin(ndr) (3.16)
8], ] sin(né;)
— ~ =2 . 1
[oN aoscl + (4/n)aose COS(?’L@I)(SQ (3.17)
These expressions lead to
MU f () 0,
Might

£(0r) ~ sin(ndy) 3
' - fose \/1 4/71 Qosc COS 7’L9] 4\/1 4/71 Qosc COS(?’L@I)

w3h|¢ T (1;") (ose Sin?(n07)
lose 2H/(1+ 551 (1+ ) V1 + (4/n) s cos(nby) Fncos(nfr)| .

The fluctuation vanishes in the appropriate limit, a.. = 0: in this case there is

+

no dependence on the phase in the potential of the flat direction and therefore
the condensate starts oscillating around the origin from the same initial condition
throughout the Universe. Supposing now that the inflaton field during inflation has
generated a negligible amount of curvature perturbation during inflation, we can
finally estimate the total curvature perturbation ( generated by the supersymmetric
flat direction

¢ = H(Sp'light ~ _15phght _ _lplight 5nlight’ (3.18)

Ptot 3 Prot 3 Prot Miight

where
plight/ptot ~ Px/Ptot ~ mxnx/ptota (3'19)

and where we have used eq. (1.9). Notice that p, may not exceed the energy stored

in the flat direction, p, < ps. The fluctuations in 6 take the form

H[ k %na;ﬁcosn@l—%
2
90E)I" = 2k3] g1 (RkHI) ’ (3:20)
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where H; is the Hubble parameter at the time when the scale k exits the horizon
at the value of the scale factor Rj. The slow-roll parameter ¢ = —H /H? accounts
for the fact that during inflation the Hubble rate is slowly decreasing with time [9].

The power spectrum of the phase therefore reads

B k’3 2 HI 2 k %najﬁcosnej—k
= (o () ()~ o

We can therefore estimate the maximum value of the curvature perturbation by

using the maximum allowed value eq. (3.14) of the aos-term and assuming p, =~ py
2
max = [o1] cot(nfy) 46, (3.22)
Mp
corresponding to a maximum power spectrum of the curvature perturbation of the

order of

tnf;) [ H' "
P2k ~ L ! , 3.23
¢ ( ) o1 )\Mzgn—l) ( )

where we have chosen M = M,. Barring possible fine-tuning over the angle 6;, we
find for instance that for n = 4 and H; ~ 107*M,, the right amount of curvature

perturbation 7341/2 ~ 2.5 x 107° is obtained for A ~ 1072

Our findings indicate that a large (and possibly dominating) curvature perturbation
may be obtained through the interplay of the inflationary and post-inflationary dy-
namics. If during inflation the field parametrising the phase of the flat direction has
a mass smaller than the Hubble rate, then the particles generated through the phe-
nomenon of instant preheating, when the flat direction condensate oscillates around
the minimum of its potential starting from slightly different initial conditions, will
not be uniformly distributed on super-Hubble distances, thus leading to a nonva-
nishing curvature perturbation. This happens if particle production occurs. This
requires that the flat direction passes sufficiently close to the origin, which imposes
the bound eq. (3.14) of the aqs-term and, as a consequence, the upper bound eq.

(3.22) on (.
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Let us close with some comments. The fact that we can choose non-renormalizable
operators lifting the flat direction at the n = 4 level is relevant because there are,
among all the flat directions lifted by n = 4 non-renormalizable operators, two of
them, uude and QQQL, which carry no (B — L) number [35] (the ones which are
lifted by n > 4 non-renormalizable operators all carry a non-vanishing (B — L)-
number). This implies that the oscillations of the ude and QL directions may be
associated to the right amount of curvature perturbation without giving rise to
any (eventually large) baryon isocurvature perturbation associated to the baryon
number generated by the flat directions [28], which are bound by experiment to be
subdominant. Indeed, being uude and QQQL neutral under (B — L) any baryon
asymmetry generated by their oscillations is promptly erased by the (B+ L)-violating

processes induced by sphalerons in the standard model.

3.4 Non-Gaussianities

We conclude this chapter with a brief discussion on non-gaussianities (NG). The
fluctuations of a scalar field x are Gaussian when their Fourier components (the
dxk introduced at the beginning of this chapter) have independent probability dis-
tributions and are, therefore, uncorrelated. When this is the case, all the statistical?*
properties of the system can be expressed via the 2-point correlation function, which
is related to the spectrum of, for example, eq. (3.21),

272

(0Xi 1) = 0 (ke — ko) 3

Psx (k). (3.24)

In particular, the 3-point correlation function, and all odd-point correlation func-
tions, vanish in this case. For example, in single-field models of inflation (where both

the density perturbations and inflation are caused by the same field) the slow roll

4One assumes that our universe belongs to an ensemble of typical universes over which statistical
arguments make sense.
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conditions constrain the self-interactions of the inflaton field to be very small. Then
the equations for the Fourier components will be uncorrelated and they will behave
like independent harmonic oscillators: the spectrum will be Gaussian to a very good
approximation [71]. In models where the density perturbations are caused by a field
different than the inflaton, self correlations can become important and give rise to
NG. The subsequent evolution of these fluctuations and their collapse into struc-
tures will leave an imprint in the CMB anisotropies which can be observed today
and offers an important discriminator between different theories of inflation (single-
field versus multy-field). Phenomenologically, NG in the cosmological perturbations
are parametrised by the non-linear parameter fy; through Bardeen’s gravitational
potential [72]

® = O; + fnrPf, (3.25)

where @4 represents the Gaussian part of the gravitational potential and, in our

case we can express ¢ in terms of the curvature perturbation [67]
3
d=—-(. (3.26)
5
WMAP 5-year data [4] puts the bound
-9 < fyr <111, (3.27)
which is consistent with vanishing NG.

If eq. (3.22) is the dominant component of the total curvature perturbation, the lat-
ter may have a sizeable non-Gaussian component which is easily found by expanding

all the quantities obtained so far up to second-order in 46,
D = £1(0)60 + f2(0)(66)?, (3.28)

where f; and f, are the coefficients of the expansion and depend on #. The non-linear

parameter fyi, characterizing the level of NG then becomes

(3fx1/5) = g;_f ~ (M, /¢1)2(1/ cos* 0y). (3.29)
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Thus, large (negative) values of NG are generically obtained unless the initial ampli-
tude of the flat direction is close to Planckian values. Therefore, we conclude that,
if the supersymmetric flat direction’s dynamics produce a sizeable contribution to
the total curvature perturbation, a large NG component in the CMB anisotropy is

expected, as will be tested by the upcoming Planck satellite.
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Chapter 4

Non-Perturbative Flat Direction
Decay

4.1 Rotating Flat Directions and Delayed Ther-
malization

So far in this thesis, we have concentrated our attention on supersymmetric flat
directions for which the phase dependent terms in the potential are relatively small,
compared with the other terms in the Lagrangian. We have argued that this is nat-
urally the case if the superpotential vanishes along the flat direction, or if inflation
is driven by D-terms. Then, after inflation the flat direction VEV starts oscillating
through the origin and decays non-perturbatively, providing, for example, a mecha-
nism to describe the baryon asymmetry via leptogenesis (Chapter 2) or generating

the density perturbations responsible for structure formation (Chapter 3).

In this chapter we concentrate on the opposite limit, in which the phase dependent
terms in the potential eq.(1.61) are of the same order as the other terms in the scalar
potential. During inflation, the flat direction develops a VEV given by eq.(1.62) as
before (the parameter 5 will now be determined both by the quadratic and the phase-

dependent terms in the potential). The phase dependent part of the potential, for
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H > m, will be proportional to cos(nf + 6, + 6,); this determines the value of the
phase during inflation (from now one we neglect fluctuations of the phase). After
inflation, the Hubble parameter decreases and the flat direction VEV tracks the
minimum of the potential, decreasing with H, with constant phase, until H ~ m.

At this moment its VEV is given by

~ gy 1/(n=2)
|l = <%) : (4.1)

For H < m, the SUSY breaking soft phase-dependent term in the potential becomes
bigger than the term proportional to H: the potential for the flat direction phase
changes and the condensate starts moving along the angular direction in its complex
plane. For H < m the potential is well approximated by V = (1/2)m?¢?* and the
flat direction VEV simply spirals slowly towards the origin red-shifted by Hubble
expansion. The motion of the flat direction VEV described here is showed schemat-
ically in Fig.4.1. Affleck-Dine baryogenesis [19] is based on this scenario to produce
the observed baryon asymmetry via the out of equilibrium decay of the rotating flat

direction.

Recently, much interest has focused on the cosmological fate of these flat direction
VEVs. In particular, it has been argued [75, 76] that in realistic supersymmetric
models, large flat direction VEVs can persist long enough to delay thermalization
after inflation, leading to low reheat temperatures, or also preventing preheating
after inflation. Indeed, due to the presence of these large VEV amplitudes, all the
fields coupled to the flat direction (including gauge bosons) become very massive,
thus kinematically forbidding the decay of the inflaton into these heavy modes.
These arguments hold so long as the flat direction VEVs do not rapidly decay —
they must persist long enough so that they can delay thermalization and block
inflaton preheating. Since now the flat direction undergoes a circular motion in

the complex plane, we would expect that preheating of the flat direction is very
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Figure 4.1: Motion of the flat direction VEV in the complex plane for n = 4 (solid) and n = 6
(dashed) with initial condition § = —7/10. Taken from [74].

inefficient. Indeed, for fields obtaining a mass m from couplings of strength A to the

flat direction as in eq.(1.68),

mo mlgl m
— ~ = < 1, 4.2
m? h|¢o|? h|o| (4.2)

which means that adiabaticity is never violated and particles are not produced.
In [58], however, it was claimed that even in this case non-perturbative decay can
lead to a rapid depletion of the flat direction condensate and thus precludes the
delay of thermalization after inflation. But was also concluded that in order for
the flat direction to decay non-perturbatively the system requires more than one
flat direction [58, 77]. Finally, in [77] it was pointed out that even in the presence

of multiple flat directions, some degree of fine-tuning was necessary to achieve flat
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direction decay.

An important aspect of this discussion centers on the issue of Nambu-Goldstone
(NGo) bosons. In general, supersymmetric flat directions are charged under the
(local) gauge group of the MSSM, SU(3) x SU(2) x U(1)y. Consequently, the flat
direction VEV will break some or all of the gauge symmetries of the theory and thus
we expect the presence of the associated NGo bosons which, via the Higgs mecha-
nism, are absorbed as longitudinal degrees of freedom of gauge bosons. In calculating
non-perturbative flat direction decays, [58] considers a gauged U(1) model (as a sim-
plified version of the MSSM) and constructs the mixing matrix for the excitations
around the flat direction VEV. Similarly to preheating, discussed in Section 1.5, the
time-dependence of the mass-matrix can cause the non-perturbative decay of the flat
direction. The results in [58] show, however, that in the single flat direction case,
non-perturbative decay proceeds solely via a massless NGo mode as only the NGo
mode mixes with the Higgs and all other massless moduli remain decoupled. Since
the NGo boson represents an unphysical gauge degree of freedom?, it was concluded
[58, 77] that no preheating occurs in the single flat direction case. As the appearance
of a massless NGo boson in the spectrum is a gauge dependent artifact, it remains
unclear if the conclusions drawn about the system hold in the unitary gauge, where
NGo degrees of freedom are explicitly eliminated in favor of massive gauge bosons.
In order to determine if flat direction VEVs decay non-perturbatively into scalar
degrees of freedom, the effect of the NGo boson must first be removed from the
low energy spectrum. The process of removing the NGo modes by switching to the
unitary gauge changes the form of the mixing matrix among the left over scalar

degrees of freedom.

In this chapter we consider toy models to demonstrate that, in the unitary gauge,

the mixing matrix of the excitations around a flat direction VEV permits preheating.

INGo bosons are the longitudinal component of the gauge bosons associated with the broken
symmetry. As such, they become very massive and decouple from the low-energy theory.
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Moreover, we find that flat direction decay depends on the number of dynamical,
physical phases appearing in the flat direction VEV. Specifically, a physical phase
difference between two of the individual field VEVs making up the flat direction is

needed.

The outline of the rest of this chapter proceeds as follows: first we explicitly construct
— in the unitary gauge — the mass squared matrix arising from the D-terms of a toy
gauged U(1) model with three charged chiral superfields. We then present the
formalism of preheating with multi-component fields (following the discussion of
Section 1.5) and show that preheating occurs for the light moduli associated with
the flat direction. We then analyze the specific dynamics of the background field
equations for the toy models examined. Finally we evolve the background field
equations for one of the toy models to obtain quantitative results. Note that back-
reaction effects are not taken into account in this analysis, which concentrates on a

qualitative, rather than quantitative, discussion of the issue of flat direction decay.

4.2 A Toy Model

As an example, we examine a toy model which demonstrates the important features
of supersymmetric flat direction VEV decay. We introduce three complex scalar
fields (belonging to SUSY chiral multiplets), ®;, &3 and ®3 charged under a U(1)
gauge group with charges ¢; = +1/2, go = —1 and ¢3 = +1/2 respectively. The
Lagrangian reads ,

L= ; %|DM<I>,-|2 —V - iij, (4.3)
where D, = 0, —ig;A,, denotes the covariant derivative. The potential we consider

arises from the supersymmetric D-terms and has the form

2
V= T |21 + 2 |22 + g5 95, (4.4)
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where ¢ is the gauge coupling of the U(1) gauge symmetry. In the above, we have
neglected contributions from supersymmetry (SUSY) breaking and from any non-
renormalisable terms arising from the superpotential. These contributions play the
dominant role in the analysis of the evolution of the flat direction VEV, as discussed
in the previous section. However, the effects we investigate here do not depend on
their inclusion in the quadratic part of the potential and so for clarity we neglect

them.

The potential in eq. (4.4) admits several flat directions. Choosing one particular

direction and including excitations around the VEV we can write

) 60,
b = (p+E&) T,
. 0
o, = (Q0—|—€2)62(02+7?), (4.5)

. 0
I N a2

where 0y 93 represent time dependent (classical) phases of the VEVs, ¢ denotes the
VEV’s time dependent amplitude? while & 53 and 6y 53 parameterize the six real
scalar (quantum) degrees of freedom corresponding to the excitations around the
VEVs. Note that the flat direction VEV breaks the U(1) gauge symmetry. Thus,
out of the six real scalar degrees of freedom we expect one massive Higgs field and

one massless NGo boson, leaving four massless scalar degrees of freedom.

The kinetic terms for the scalar fields play an important role in this analysis. Their

expansion in eq. (4.3) includes the term
LD —¢*Ay(d) — 204 + 03) (4.6)

which has the form of a coupling between the gauge field and the background con-

densate. Terms of this type will feed into the equations of motion for the gauge

2Throughout this analysis we limit ourselves to the conservative case ¢ < ¢¢. In the opposite
case the effect is enhanced.
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field which, in turn, will have an effect on the equations of motion for the scalar

excitations. By making a U(1) gauge transformation on the VEV of the form

(@;) — (@) = '™ (Dy) (4.7)

(2

with
. 20'2 — 01 — O3

e (4.8)

we can gauge this term away and avoid a complicated analysis of the kinetic terms.

The resulting form of the VEV reads
(®1) = e,
(@) = e, (4.9)
(®3) = e,

where v = (01 — 03)/2 and 0 = (01 + 02 + 03)/3 represent the two remaining

independent physical phases. Following Kibble [78], we can write the fields in the

unitary gauge as

o = (p+ &) AT,
_ i(o+-22)
Dy = (p+&)e"7 e, (4.10)
. 0 0’
By = (p+ &) AT,

where &3, 6 and ¢ denote the physical excitations — the NGo boson has been
removed®. We choose the particular combination of field excitations appearing in
eq. (4.10) (the exponent in particular) in order to retain canonically normalised

kinetic terms.

On substituting the fields of eq. (4.10) into the Lagrangian given in eq. (4.3) and

defining the vector = = (&1, &, &3,0,0)T, we find the quadratic terms

1 1 1.
LD 5@5\2 — 5ETM25 + 5ETUE + ... (4.11)

3This can be verified by expanding out the scalar kinetic terms which reveals the absence of
terms of the form A,0"(...).
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where the ellipses denote higher order terms and interactions. The matrix U given

in the last term in eq. (4.11) reads

s+ 644
000 s
0 0 0 O v
U= 0 0 0 = A (4.12)
544 &—4
5 0 5 0 0
_oty _ o zZoty 0 0
V3 V3. V2
while the mass matrix for the physical excitations appears as
1 -2 1 00
-2 4 =200
Mi=(gp?| 1 -2 1 0 0 | =BM32B" (4.13)
0 0 0 00
0 0 0 00

with eigenvalues M7 = 6(gp)?, M3 = M2 = M? = M2 = 0 (the entries of the
diagonal matrix M,). B is an orthogonal matrix which diagonalizes M? and M;
corresponds to the mass of the physical Higgs field associated with the spontaneous
breaking of the U(1) symmetry. The four zero eigenvalues correspond to the massless

excitations around the flat direction VEV.

The last term in eq. (4.11) appears as a consequence of the time-dependence of the
background — it represents a mixing between the fields & 23, 6, ¢ and their time-
derivatives. The effect of these terms on the system becomes clear if we make field
redefinitions that remove the mixed derivative terms. The resulting transformation
leaves the system in an inertial frame in field space and leads to a time-dependent
mass matrix. Defining =/ = A= (A is orthogonal), we find the condition that A

must satisfy, in order for all the mixed derivative terms to cancel, to be
ATA=U. (4.14)
The Lagrangian for the Z' system now reads

1 1
LD §|8 =2 - 5E’T/\/t’25’ (4.15)
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where M"? = AM?AT = ABMZBTAT = CM2CT and C' = AB. The matrix C
is an orthogonal time-dependent matrix, with columns corresponding to the eigen-
vectors of M2, We now have a system of scalar fields with canonically normalized

kinetic terms and time dependent eigenvectors.

The central point of this discussion centers precisely on the appearance of the time
dependent eigenvectors for the five scalar fields. This satisfies a necessary but not
sufficient condition for preheating. In what follows, we investigate the details of the
non-perturbative production of the light scalar fields following the analysis of Section
1.5, extended to the particular case where preheating is shared among multiple

degrees of freedom [79).

Including gravity, the dynamics of the re-scaled conformally coupled scalar fields,
x: = RZ] (where R denotes, as usual, the scale factor and =} the i-th component of
the vector Z'), are governed by the following equations of motion (sum over repeated
indices is implied),

Yo+ Q4 (0 = 0 (4.16)
where dots represent derivatives with respect to conformal time ¢, and
2
Q?j - Rz/\/l/ij + ]{?252']', (417)

where k labels the comoving momentum. This is very similar to eq. (1.69), but
where the background time-dependance is included not only in the eigenvalues of the
matrix €2, but also possibly in its eigenvectors. Using an orthogonal time-dependent

matrix C(t), we can diagonalize (2;; via
CT()Q2(H)C(t) = W2 (t) (4.18)

giving the diagonal entries wjz- (t). Terms of the form ~ pox arising from the kinetic

terms do not affect the evolution of the non-zero k£ quantum modes [80].
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Once we have identified the basis in which the Hamiltonian
1 =172 [ i, + s (1)) (4.19)

appears diagonal, v; = C7Ty;, the study of particle creation by the time-varying
background proceeds as in [81, 20, 79], which extends the results of [37]. Following
[79], we assume that €);; initially evolves adiabatically by assuming that the initial
angular motion of the flat-direction varies slowly. This assumption allows us to
define adiabatically evolving mode functions with positive and negative frequency
and rewrite the quantum fields as mode expansions in terms of the mode functions

and their associated creation/annihilation operators

~ dl{ig ~ ~ —ik.x ~ ~(0)* ik.x
x§°’=/ (B REY (e aP WL (k nete) - @.20)

—i [*dt'w; (k,t)
O ty=C 421
X (k.t) o) (4.21)

) (k)|0).

and w;(k,t)*> = wi(t) + k* This allows us to define the initial vacuum, a;

During the evolution, the entries of €2;; do not necessarily change adiabatically and
consequently we must find new mode functions x; that satisfy eq. (4.16). The new set
of creation/annihilation operators appearing in the expansion along x; (they define
the true vacuum) can be related to the initial set using a Bogolyubov transformation
with Bogolyubov coefficients « and 3 (which denote matrices in the multi-field
case). Due to difficulties in finding exact solutions of eq. (4.16) (since C' is time-
dependent, it is not enough to diagonalize {2 and then write the eigenfunctions as
CTetwit) it is preferable to translate this equation into an equation of motion for the
Bogolubov coefficients directly. These equations of motion governing the system’s

time evolution are (matrix multiplication implied)

a = —iwoz—l—iﬂ—loz—Jﬁ
2w

g = ﬂa—l—zwﬁ—Ja—Iﬁ (4.22)
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where initially & = I and § = 0 (since initially adiabatic and non-adiabatic modes

coincide) while the matrices I and J are given by

L pere L
1_5(@0 C=+ 7
J= % (ﬁ CTC"% — \% CTC\/J) . (4.24)

Similarly to the single-field case it can be shown [79] that at any generic time the

OTC'\@) , (4.23)

occupation number of the ith bosonic eigenstate reads
ni(t) = (88" (4.25)

As pointed out in [79, 58|, there exists two sources of non-adiabaticity in the multi-
field scenario. The first source arises from the individual frequency time dependence
and appears as the only source of non-adiabaticity in the single field case. The second
source appears from the time dependence of the frequency matrix €2;; giving rise to
terms in eq. (4.22) proportional to I and J. This second source provides the most
important contribution in our analysis and gives rise to non-perturbative particle

production.

Since initially & = I and 8 = 0, eq. (4.22) shows that a non-vanishing matrix J is a

necessary condition to obtain 3 # 0 and hence n;(t) # 0. In general, we have
CTC = BTATAB = -B"UB (4.26)

where A, B and U were defined in eqs.(4.12), (4.13) and (4.14). For the toy U(1)
example outlined above, J is a 5 x 5 matrix in the y; basis with non-vanishing

components

_ k2 2
Ji2 = : WML (4.27)

J - )
2T OBk + M)
where M; denotes the mass of the heavy Higgs field. These entries in the matrix J

link the eigenstate of the Higgs (i = 1) with one of the light eigenstates (i = 2). We

see that in the toy U(1) model, preheating can occur provided that 4 # 0.
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We now demonstrate that both physical phases ¢ and ~ are in general dynamical,
i.e 5,4 # 0. In our particular toy example the cancellation of U(1)? and mixed
U(1)-gravitational anomalies requires that we extend the field content of our model
by including three additional complex superfields, ®4, ®5 and ®¢. We assign the
U(1) charges and R-Parity (R,) as follows:

(I)l (I)Q (I)g (I)4 (I)5 (I)G
Uy [ 1/2 -1 1/2 -1/2 1 -1/2
R, |+ - 4+ - + -

This choice of R, assignments forbids the superpotential term ®;®,®3, thus pre-
serving F-flatness. There exist several possible flat directions for this particular
field content. We assume that VEVs for only ®;, ®, and ®3 are turned on, leaving
®,, &5 and Pg with no VEVs. With this assumption, the lowest dimension terms
appearing in the scalar potential, which are R, and gauge invariant arise as soft

SUSY breaking A-terms and appear as

VD a5 @032 + ay T 3D3D; + ags O D303

—l—M%‘b%‘b% + a5%®%‘b§ + h.c., (4.28)

where M denotes the cut-off scale of the theory (e.g. the Planck mass or GUT scale),
m represents the scale of the SUSY breaking, and a; label dimensionless coefficients
of order one. Lower order phase-independent interactions will also contribute to the

lifting of the flat direction and have the generic forms
VoY Ea e+ 3 e e (4.20
2 irj 8 s

where m? denote the soft SUSY breaking masses, and the second terms arise from
loop corrections with \; ; ~ g*m?/p? (see for example [19] for similar loop induced

terms). The potential from eq. (4.28) and eq. (4.29), for the single flat direction
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amplitude case considered in Section 4.2, using the VEV form shown in eq. (4.9),

becomes

m? +m2 + m? N
1 22 3302_'_1904

_'_()06 (A/11€i6cr _'_A/12ei(6cr+2~/) + A/lgei(ﬁo—?y) _'_A/22ei(6cr+4~/) _'_A/33ei(6cr—4~/))’

v

where Aj; and A" denote combinations of the couplings discussed above. The phase-
dependent terms in the potential provide non-trivial dynamics for the phases o and
~v and will in general lead to 4 # 0 and therefore a non-vanishing J matrix. As
discussed above, the appearance of a non-vanishing J matrix can lead to the non-
perturbative production of particles by the rotating flat direction: the condensate

can decay via preheating.

4.3 Multiple Flat Directions

We can extend the analysis of the previous sections by allowing the magnitudes of
the individual field VEVs to differ from one another. As above, we consider the
case with three complex superfields charged under a U(1) gauge group with charges
¢ = +1/2, go = —1 and g3 = +1/2 respectively, and with the scalar potential given

in eq. (4.4). We can write the flat direction with the following VEV

(@2) = —z(pf + )%™, (4.30)

By substituting the above into the potential given in eq. (4.4), it can readily be

shown that the configuration satisfies D-flatness. Expanding around this VEV we
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have
. 0
(I)l — ((pl+£1)el<al+711>7

1 2(0'2-‘1-\/%1/2)
o, = (ﬁ(%pf + )2+ 52) e (et+e3)

(I)3 = (¢2+£3)ei<03+%)7 (431)

Y

where the fields & 23 and 6, 53 represent the excitations around the VEVs. As in
the previous case, we can use a gauge transformation to remove a phase from the
VEV structure that ensures the absence of terms of the form appearing in eq. (4.6).

The form of the VEV in this case becomes,

(@) = prell7E)

Y

1 10
(@) = 5(80%4'903)1/26 : (4.32)

. ¥
<(I>3> = Sp262<0_%0_;7)’
where o and ~ represent two independent phases®.

In the unitary gauge, a form that preserves the canonically normalized kinetic terms
reads,

o+ﬂw+w)

b = (<p1+€1)el< CRANE S
0/(2/3)1/2)

1 i(a+7
q) — 2 + 2 1/2 + ) e (p%+w%)1/2 : 433
2 (\/5(301 ()02) 52 ( )

Z‘<U_ﬂ _w)

By = (pot e\ 2T et

where &1 23, 6 and ¢’ label the physical excitations around the VEV once the NGo
boson has been gauged away. The resulting spectrum consists of one Higgs field

with mass M? = 3¢%(p? + ¢3), and four massless scalar fields.

4Again we have applied the limit ¢ < ¢, @¥. If we do not apply this limit the gauge trans-
formation parameter (\) needed to remove the linear term in Ay can be found by integrating the
coefficient of the Ay term with respect to time. This is in general complicated and we choose to
assume that ¢ is varying very slowly with time.
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We proceed, as before, by diagonalizing the kinetic terms and evaluating the .J
matrix given in eq. (4.24). The non-vanishing entries of the J-matrix are

— /2 M2
Jip = b VML (4.34)

= Jy, = :
BT T S Bk 1 M)t

which demonstrates that also in this case preheating can take place provided that
¥ #0.

It is instructive to compare the two cases considered thus far. The first flat direction
contained a single VEV amplitude, eq. (4.5), the second contained two independent
VEV amplitudes, eq. (4.31). The final result, however, is the same for both cases.
This demonstrates a simple property of flat direction VEV decay: the determining
factor is not the number of flat directions present in the system, but the number
of fields that have VEVs. In particular, a necessary condition for non-perturbative
production of particles is the existence of at least one relative physical and dynamical
phase between the field VEVs that constitute the flat direction. As shown above
this is generally the case unless all phase dependent terms in the scalar potential

are suppressed.

A further instructive toy model consists of two independent flat directions existing
simultaneously. We consider four scalar fields &, ®5, 3, and &, charged under a
gauged U(1) symmetry with charges +¢; and +¢s respectively. The potential arising
from the D-terms reads
2
V= %(Ch |(1)1‘2 — ¢ |(I)2‘2 + Q2 |(I)3‘2 — @ @4‘2)2- (4.35)
Although this toy model has been examined previously in [58], applying the methods

outlined above helps establish the important properties of the model. The potential
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in eq. (4.35) admits flat direction VEVs of the following forms
<(I>1> - @16%17
(By) = @i, (4.36)
(P3) = @qe
(Bg) = e’
We can write the excitations around the VEVs as
O = (g1 +&)e" T v,
L~ 2]
Oy = (o1 +&) ), (4.37)
D3 = (p2+&3)e iGat )
Qs = (o2 +§4) ety 2

As before we can make a gauge transformation and remove one phase in such a way

that terms of the form shown in eq. (4.6) vanish. The final form appears as

i(o1+y )

= ()016 111591

<P2)

i(o1—y

= e aer’,

(4.38)

demonstrating the existence of three physical phases. Transforming in to the unitary

gauge, we can write the excitations around the VEVs as

2(0_1+,y _P2 +6—L— +6//‘12‘P2)

(j[)1 — (4101 + 51) q1¢1 fwl o1

Py = (p1+&

by = (@24_53) io2— PY(I2¢2 V2¢o o o9 7

+ 1 _9//112l<P2)

AN
) (01— 7q1¢1 V2¢1 oy

+9/ 1 _9//111<Pl)

+9/ +9// Q1 L1 )

Py = (p2+8&)e ot v T

)

(4.39)




4.4 Numerical analysis 85

where ¢’ = V2(q1¢? + q203)"/?. The spectrum in this case consists of one massive
Higgs particle and six massless scalar fields (the NG has been gauged away). Again,
we must diagonalize the kinetic terms. Applying the necessary field redefinitions we
are able to evaluate the J matrix. The non-vanishing J matrix elements read

k—\/k*+ M} q1go
VE(k2 + MP)1 ¢

Dy Jyy = P VR M G (4.40)
P k(R 1 MR)VA '
PR s

T VR 4 M) g

which depend on the relative phases between the field VEVs. We should point out

Jig=Ja1 = (0"1 - 572)8014?2

that only the Higgs eigenstate (i = 1) is distinguishable. The other indices label the
light fields which at this level are all massless. Preheating is again possible provided
two of the phases have non-zero time derivatives. Using the particular case with

¢1 = @2, we can write the scalar potential (see Appendix B for details) yielding the

terms
V=1%%f%%+&%+m®£+iﬂﬁwm
2 2 8 M
+ %%WP% vt Eh (4.41)

Clearly, non-trivial dynamics exist for the phases v, o and os.

4.4 Numerical analysis

As a proof-of-principle that achieves quantitative results, we numerically analyse the
second model described in Section 4.3. We use a simplified version of the potential

appearing in eq. (4.41), confining ourselves to the potential

1~ 1 190
V= —m?plapz + = 5 @2% + ——g0164 ! +

o2 4, 4.42
2 8 M the (4.42)

3 M8026
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2

~ 2
where my,

by = m32 + m?. This potential decouples the equations of

= mi +m3, m
motion for v, o7 and g5. The equation of motion for v reduce to 4 = 0, and with the
choice of initial conditions, 7 = 0, the effects of v on preheating are removed. Our
simplified potential allows us to numerically evolve the classical evolution of the flat
direction VEVs and analyze particle production in a self-consistent background. We
also make the simplifying assumption setting a; = a, = )\% in eq. (4.41). Again,
we stress that we use this grossly simplified potential simply to demonstrate the

quantitative behaviour of the toy model class.

Measuring the conformal time in units of 7 — ft with f = gy, and using the

re-scaled flat-direction VEV amplitudes

Y1 = %Fl
P2 = %Fz (4.43)

we find the background equations,

2R2 R// )\F3
FI 4 {MQ — o2 f] F+ gcos (401) =0
2R2 R// )\F?) 2
A e g (B2) st =0
0

where a prime represents a derivative with respect to 7 and

/

FIooX
ol + za;# — = Flsin(40y) = 0
1

2g°
F, A (P2 .
o—g+za;F 2 (@12) F3 sin(4oy) = 0 (4.45)

describes the motion of the flat direction VEVs; 1 = my, /f, o = my,/f. The

scale factor evolves as,

R 2¢g% R?

¥29 2 A (9020) FZ R2p¢
+ F;y+— | =] == cos(4o + 4.46
i (22) 7 g (22) estaon |+l a0

R" R/2 A F4
— =75 T3 [ { P2 L cos(40y)
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where py is the energy density of the inflaton field and f, = ¢1,/M, is set to
fp = 0.1 in our numerics. We also take p; = 1072, uy = 1072/2, and A\ = p? for
computational ease. As initial conditions, we start the flat direction at rest, such
that (12 exp(ior2))’ = 0. We choose to set initially Fy» =1, 015 = 0.05, 07, = 0,
R =1 and R" = py, which implies F, = R’ = y;. While these initial conditions
do not present a realistic case (where p ~ 107" and F], > j), they do provide a

numerical proof-of-principle similar to [58].

1010

n, (Occupation number)

10 0 2 4 6 8 10 12 14 16 18 20

Dimensionless conformal time

Figure 4.2: Occupation number for one of the excited fields as a function of dimensionless con-

formal time, obtained using eq. (4.25) after numerically integrating the background field equations

and Bogolyubov matrices; k = u1/3 x 10°, other parameters as explained in the text. The solid

lines represents preheated fields with ¢a,/¢1, = 1 while the dashed lines indicate the preheated
fields with o, /1, = 0.1

Initially the flat direction VEVs correspond to a condensate of coherent particles
with vanishing momentum. The motion of these VEVs, described by eq. (4.44) and
eq. (4.45), and the interactions described in the previous section, cause the rapid
decay of this condensate into a decoherent state of particles. FIG. 4.2 shows the
occupation numbers, n;(t), of these light particles as a function of conformal time:

the exponential growth of these functions signals the exponentially fast decay of
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the flat-direction VEV. The two line types, solid and dashed, represent the ratios
v,/ p1, = 1,0.1 respectively. We see that preheating occurs over a wide range
of the ratio ¢o,/¢1,. In this numerical example, preheating effects do not vanish
until ¢y, /1, < 1072 FIG 4.3 displays the resulting spectrum for one of the light

fields, we see that production of higher momentum modes becomes kinematically

suppressed.
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Figure 4.3: Occupation number as a function of comoving momentum obtained as for FIG. 4.2,
with ¢a, /91, = 0.5 at time ¢t = 20.

We must stress that effects of SUSY breaking terms in the Lagrangian eq. (4.3)
will significantly affect the amount of particle production produced by the rotating
condensate. A mass term for the light fields translates into a momentum shift in
eq. (4.17) and this corresponds to a kinematic suppression of the modes [58]. On
the other hand, in general, the flat direction will undergo elliptical motion in the
complex plane, with angular velocities at the origin much bigger than ¢ = m. A
realistic model involving MSSM flat directions will in general contain many SUSY

breaking terms and non-renormalisable operators, creating large model dependencies
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in the precise determination of the momentum shift. Consequently, we leave such a

study to future work.

4.5 Discussion

The cosmological fate of flat directions provides a major ingredient for the history
of the early Universe. Flat directions can provide mechanisms for generating the
baryon asymmetry of the Universe and can play an important role in reheating after
inflation. Our analysis stresses the use of the unitary gauge in which the physical
content of the theory becomes manifest. By transforming to the unitary gauge,
complications arising from massless NGo modes in the mixing of the excitations
around the flat direction VEV are removed. The mixing matrix in this gauge defines
the mass eigenstates of the physical scalar fields and determines if non-perturbative
decay is possible. Since the mass matrix in the unitary gauge can contain time
dependent mixing among all fields, one of the necessary conditions for preheating

can be satisfied.

Two further crucial conditions for preheating in our analysis center on the existence
of physical relative phases between the field VEVs that make up the flat direction(s)
and that these phases possess non-trivial dynamics during the early universe. The
first of these conditions generally becomes satisfied if the difference between the
number of fields that acquire a VEV and the number of broken diagonal generators
is larger than one — every diagonal generator removes one unphysical phase. The
second condition generally becomes satisfied if terms which explicitly depend on the
phase differences appear in the scalar potential. The existence of gauge invariant
products of background fields exhibiting this phase dependence represents the crucial
ingredient and determines the phase dependence in the scalar potential. Once these
conditions are satisfied, the flat direction condensate can decay non-perturbatively

via preheating.
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Chapter 5

Conclusions

Our present understanding of Nature, as summarized in the Standard Model of
particle physics is still incomplete. One of the major issues being the hierarchy
problem: scalar masses (in particular the mass of the Higgs field) are driven by
quantum corrections to very large values, requiring an unacceptable degree of fine-
tuning to make the theory consistent. Solutions to this problem require the addition
of new structure to the Standard Model of particle physics. One possibility is to
introduce supersymmetry, a symmetry relating scalars with fermions, which protects
the mass of scalar fields by connecting it to the mass of fermion fields which, in
turn, is protected by chiral symmetry. Supersymmetry, besides solving the problem
of diverging scalar masses, has other interesting features, such as the unification
of gauge couplings at the GUT scale, a natural explanation for the negative Higgs
mass needed for electro-weak symmetry breaking and, finally, SUSY incorporates a
candidate for dark matter: the Lightest Supersymmetric Particle. The new structure
needed to support supersymmetry has also other interesting consequences, among

which, the existence of flat directions along the supersymmetric scalar potential.

Flat directions play a major role during the early universe. Indeed, during inflation,

large field VEVs can develop along these directions providing a large source of energy
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that can have important consequences when it eventually decays. One example is
Affleck-Dine baryogenesis, where the out-of-equilibrium decay of these VEVs can

explain the observed baryon/anti-baryon asymmetry.

In this thesis we have analysed several implications of the presence of these large
VEVs along supersymmetric flat directions and, in particular, in relation to their
non-perturbative decay via preheating. In Chapter 2 we have shown that the non-
perturbative decay of flat directions can generate a large lepton asymmetry even
if the temperature at which the universe is reheated is low enough to avoid over-
production of gravitinos. Normally, in scenarios of thermal leptogenesis, in order
to produce enough right handed neutrinos, the reheat temperature must be big-
ger than about 10° GeV. At such high temperatures, large quantities of gravitinos
are produced by scattering in the thermal bath. These gravitinos decay after Big
Bang Nucleosynthesis, destroying its products and compromising its success. The
solutions to this problem proposed so far, all involve adding new structure to the
Minimal Supersymmetric Standard Model. We showed that the non-perturbative
decay of flat directions is able to produce a large number of up-Higgses during its
decay. These particles acquire a large mass when the flat direction continues its
oscillation and can decay into the heavy right handed neutrinos, responsible for the
production of the lepton asymmetry. The leptons produced with this mechanism
are then converted into baryons by sphaleron processes. If the VEV along the flat
directions are initially of order the Planck scale and if the phase dependent terms in

the potential are small enough, the observed baryon asymmetry can be reproduced.

In Chapter 3 we studied a similar mechanism which produces cosmological pertur-
bations of the right size to explain the temperature anisotropies in the CMB and to
seed structure formation. Such perturbations are produced during inflation, when
quantum fluctuations of scalar fields are stretched to macroscopic size by the rapid

expansion of the universe and become classical. Once generated, these perturbations
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in the energy density of this primordial scalar field are transmitted to the metric
which, in turn, creates perturbations in the baryon, photon and dark matter fluids.
As soon as the pressure from photons is diluted enough by the expansion of the uni-
verse, these tiny perturbations collapse under the gravitational attraction and give
birth to the large scale structure we observe today, galaxies, cluster of galaxies etc...
It is generally assumed that the primordial field responsible for the fluctuations is
the inflaton itself. In our study we showed that curvature perturbations can origi-
nate from quantum fluctuations in the phase of flat direction VEVs. The curvature
of the scalar potential along flat directions can change sign soon after inflation (this
is the case for instance in models of hybrid inflation) so that the flat direction VEV
oscillates around the origin with frequencies comparable to the Hubble parameter
during inflation. In this case, fluctuations in the initial conditions during inflation
are transformed into fluctuations in the efficiency of the mechanism that converts
the energy of the flat direction into the energy of its decay products. These fluctu-
ations provide the right amount of curvature perturbations. If this is the dominant
mechanism that generates the curvature perturbations, then large non-Gaussianities

in the power spectrum are expected.

Finally in Chapter 4 we analysed the case where the phase dependent terms in the
scalar potential along flat directions are of the same order as the other terms in the
Lagrangian. In this case the flat direction VEV undergoes an elliptic motion in the
complex plane, without passing through the origin. Since non-perturbative decay
generally takes place when the VEV goes through the origin, it has generally been
assumed that the flat direction would decay only perturbatively, after a long period
of time. If these large VEVSs persist long enough, they can delay thermalization (and
block inflaton preheating), leading to low reheat temperatures. We have shown
that this is not true: flat directions decay non-perturbatively, due to the time-

dependence of the mass-matrix (from D-terms) for the excitations around the flat
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direction VEV. For this decay to be efficient, two conditions have to be met: the flat
direction VEV must contain two physical phases (that one can not remove using a
gauge transformation) and these phases need to have non-trivial dynamics during
the early universe (which is generally the case if the phase dependent terms in the

scalar potential for the flat direction are not suppressed).

Much attention has been dedicated to the study of SUSY particle phenomenology,
in particular in view of the upcoming experiment at the Large Hadron Collider at
CERN, partially devoted to the discovery of low-energy SUSY. Indeed, as moti-
vated above, SUSY is a very attractive theory from the point of view of particle
physics, and certainly the most compelling extension of the SM constructed so far.
SUSY adds just enough structure to the SM in order to solve its major problems
(hierarchy problem, dark matter, unification), without compromising its successes
(electro-weak precision data, ...). In the forthcoming years the LHC will effectively
probe energies up to a few TeV, where the SUSY partners of SM particles are be-
lieved to live, if SUSY has to provide a natural solution to the hierarchy problem.
Therefore, SUSY should be soon proved either right or wrong. Despite the gigantic
efforts invested in collider searches, it is important to analyse the astrophysical and
cosmological implications of SUSY. For instance, direct or indirect searches of dark
matter could lead to valuable information on the LSP, information which is hard
to extract at colliders, where the LSP is invisible. Although cosmological tests gen-
erally do not provide stringent constraints on the parameters of SUSY, in specific
models allowed regions in parameter space, derived from negative collider searches,
can be tightened using cosmological inputs. In this thesis we have taken a positive
approach to SUSY and, confident that it will be discovered at the LHC, we have
tried to show that cosmological bounds can be evaded and solutions found. Flat
directions are not present in the SM and represent the main difference between stan-
dard and supersymmetric cosmology. In this sense, they provide a valuable extra

tool to address cosmological issues.
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Appendix A

An Estimate for ¢,

In this short Appendix we will give an explicit derivation of the expressions of Eq.
(3.12) and Eq. (3.13). Starting from the potential of eq.(3.10), we rescale the fields
in units of |¢;| and time in units of the inverse frequency H; '; the potential in units

of H?|¢;|* becomes
> 1~ Qosc 1, T12n—
V= SI012 + (226" + hee.) + 2192, (A1)

where é = ¢/|p;]. Since we work in the limit of small a,s, we can write the real
and imaginary part of the trajectories as
Or = O +auetn + O(a2,),
{ b = 09+ amd® + O, 42
where

{ NS cos(fp) cost, (A3)

T
lego) ~ sin(fy) cost,
are the 0-th order (in aes) solutions of the equations of motion (approximated for

small 3) and # = (1 + 32)t. Solving the first order equations

DS
Ho=—"" A.
¢+ 3Ho 00 (A4)

one finds

{ o = 2cos ((n = 1)) full) + Olase), A5)
o) = ~2sin((n— 1)) fa(D) + Olao).
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where f,(%) is a complicated n-dependent function of time. As we shall see below, for
the present purpose we are only interested in its value and the value of its derivative
at t = /2,

hG) =Tt 1(G)=5 a9

We can now analyse the approximated trajectories as they pass close to the origin,
expanding the time-parameter around /2 (the time when the 0-th order solution
crosses the origin) as ¢ = 7/2 4 6. We then find that the minimum of the distance

|¢| from the origin lies at

5t = —2a05c fn (g) cos(nfly) + O(a?,.). (A.7)

Inserting this into the expressions of Egs. (A.2)-(A.5), we can evaluate the minimum

distance from the origin

~

‘¢*| = 2aosc

I (g) ‘ sin(nfy) + O(a?,.), (A.8)

which, when the proper dimensionful units are reintroduced, gives Eq.(3.12). Sim-
ilarly one can evaluate the velocity taking the derivative of Eqs. (A.2)-(A.5), and
obtains Eq. (3.13).
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Appendix B

A Simple Model of Multiple Flat
Directions

In this appendix we specify a simple model to justify the form of the potential
given in eq.4.41. We have the following field content with U(1) charges and R,

assignments,

D, D, By D, |
U1 1 1 -1
R, | - + - +

The lowest dimension gauge invariant operators are
O =9,9;, Oy =039y,
Og = @1@4, 04 = @2@3. (Bl)

The lowest dimension terms which are R, invariant and phase-dependent arise as

soft SUSY breaking A-terms and appear in the scalar potential as
V= Z—@ 2+ ‘“m “2m02 a3mo2 02 (B.2)

where the ellipses stand for other terms of the same order with different products
of the gauge invariant operators, loop induced contributions and higher order terms
in the (1/M) expansion. Substituting the vevs given in eq.4.38 we generate the

potential terms given in eq.4.41.
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