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Abstract

We review the particle theory origin of inflation and curvaton mechanisms for generating large
scale structures and the observed temperature anisotropy in the cosmic microwave background
(CMB) radiation. Since inflaton or curvaton energy density creates all matter, it is important to
understand the process of reheating and preheating into the relevant degrees of freedom required
for the success of Big Bang Nucleosynthesis. We discuss two distinct classes of models, one where
inflaton and curvaton belong to the hidden sector, which are coupled to the Standard Model
gauge sector very weakly. There is another class of models of inflaton and curvaton, which are
embedded within Minimal Supersymmetric Standard Model (MSSM) gauge group and beyond,
and whose origins lie within gauge invariant combinations of supersymmetric quarks and leptons.
Their masses and couplings are all well motivated from low energy physics, therefore such models
provide us with a unique opportunity that they can be verified /falsified by the CMB data and also
by the future collider and non-collider based experiments. We then briefly discuss stringy origin

of inflation, alternative cosmological scenarios, and bouncing universes.


http://arxiv.org/abs/1001.0993v1

Contents

I. Introduction

I1. Inflation

A.
B.

Slow-roll inflation

Primordial density perturbations

1. Fluctuations in de Sitter

2. Adiabatic perturbations and the Sachs-Wolfe effect
3. Spectrum of adiabatic perturbations

4. Gravitational waves

. Multi-field perturbations

1. Adiabatic and isocurvature conditions
2. Adiabatic perturbations due to multi-field
3. Isocurvature perturbations and CMB

4. Non-Gaussianity

. Curvaton and fluctuating inflaton coupling/mass scenarios

. Confrontation to the CMB and other observational data

1. Primordial power spectrum for scalar and tensor
2. Cosmic strings and CMB fluctuations
3. Isocurvature perturbations

4. Higher order correlation functions

. Dynamical challenges for inflation

1. Initial conditions for inflation
2. Choice of a vacuum where inflation ends
3. Quantum to classical transition

4. Inflaton decay, reheating and thermalization

. Requirements for a successful inflation

1. Baryons and nucleosynthesis
2. Baryogenesis

3. Cold dark matter

I1I. Particle physics tools for inflation

EIEEEEEEREEREEREEEREREEEIRIEIEREIRIE] =




A. Standard Model of particle physics
B. Radiative corrections in an effective field theory
C. Supersymmetry (SUSY)
1. Minimal Supersymmetric Standard Model (MSSM)
2. Soft SUSY breaking Lagrangian
3. Next to MSSM (NMSSM)
4. Gravity mediated SUSY breaking
5. Gauge mediated SUSY breaking
6. Split SUSY
7. Renormalization group equations in the MSSM
D. F-and D-flat directions of MSSM
1. Non-renormalizable superpotential corrections
2. Spontaneous symmetry breaking and the physical degrees of freedom
E. N =1 Supergravity (SUGRA)
1. SUSY generalization of one-loop effective potential
2. Inflaton-induced SUGRA corrections
3. No-scale SUGRA
F. (SUSY) Grand Unified Theories
1. SU(5) and SO(10) GUT
2. Symmetry breaking in SUSY GUT
G. Symmetry breaking and topological defects
1. Formation of cosmic defects during or after inflation in 4D
2. Formation of cosmic (super)strings after brane inflation

3. Cosmological consequences of (topological) defects

IV. Models of inflation
A. What is the inflaton ?
B. Non-SUSY one-field models
1. Large field models
2. Small field models
C. Non-SUSY models involving several fields
1. Original hybrid inflation

ERREREERNEEIEBEEEEFRBRBEEREREERERIKIEREIREIRIEISIEE ]



2. Mutated and smooth hybrid inflation

3. Shifted and other variants of hybrid inflation

4. Assisted inflation

5. Non-Gaussianities from multi-field models

6. Challenges for non-SUSY models

. SM Higgs as the inflaton

1. Dynamics of the SM Higgs inflation

2. SM Higgs inflation and implications for collider experiments
. SUSY models of inflation

Chaotic inflation in SUSY

Hybrid inflation from F'-terms

CMB predictions and constraints

SUGRA corrections to F-term inflation

Non-minimal kinetic terms and the SUGRA 7 problem

Initial conditions for F-term hybrid inflation

NS gt W=

Other hybrid models and effects of non-renormalizable terms
. Inflation from D-terms in SUSY and SUGRA

Minimal hybrid inflation from D-terms

Constraints from CMB and cosmic strings

D-term inflation from superconformal field theory

D-term inflation without cosmic strings

Fp-term hybrid inflation

Embedding D-term models in string theory

Hybrid inflation in N = 2 SUSY: P-term inflation

. Embedding inflation in SUSY GUTs

1. Inflation in non-SUSY GUTs

2. Hybrid inflation within SUSY GUTs and topological defects
3. Embedding inflation within GUT

4. Origin of a gauge singlet inflaton within SUSY GUTs

bt

6

NS o WD

. Other inflationary models within SUSY GUTs

. Inflation, neutrino sector and family replication

EEEEEEEEEEEEIRIEIE ]

—
—
@)

klElkEEEEEREEREE

—
o
LO




V. MSSM gauged inflatons

A. Inflation due to MSSM flat directions
1. Inflaton candidates
2. Inflection point inflation
3. Parameter space for MSSM inflation
4. Embedding MSSM inflation in SU(5) or SO(10) GUT
5. Gauged inflaton in SM x U(1)p_p,
6. Inflection point inflation in gauge mediation
B. Quantum stability
1. Radiative correction
2. SUGRA 7 problem, trans-Planckian, and moduli problems
C. Exciting SM baryons and cold dark matter
D. Particle creation and thermalization
1. Benchmark points for MSSM inflation and dark matter abundance
2. Can dark matter be the inflaton?
E. Stochastic initial conditions for low scale inflation
1. Quantum fluctuations of MSSM flat directions
2. Inflection point as a dynamical attractor
3. Inflating the MSSM bubble

F. Other examples of gauge invariant inflatons

VI. Inflaton decay, reheating and thermalization

A. Perturbative decay and thermalization
B. Non-perturbative inflaton scatterings
1. Parametric Resonance
Instant preheating
Tachyonic preheating
Fermionic preheating
Fragmentation of the inflaton
Non-perturbative creations of gravity waves

Non-perturbative production of gauge fields

O N o o W

SM Higgs preheating

—
1

S

—
O

A=

—
o

ekl E

f—
=N
No)]

—
o0

I SHSH SR

—
0
O

A=




VII.

VIII.

C. SUSY generalization of reheating and preheating
1. Gravitino problem
2. Gauge singlet inflaton couplings to MSSM

D. MSSM flat directions, reheating and thermalization
1. kinematical blocking of preheating
2. Late inflaton decay in SUSY
3. Decay of a flat direction
4. SUSY thermalization
5. Reheat temperature of the universe

E. Quasi-adiabatic thermal evolution of the universe
1. Particle creation in a quasi-thermal phase

2. Gravitino production

Generating perturbations with the curvaton
A. What is the curvaton 7
B. Cosmological constraints on a curvaton scenario
C. Curvaton candidates

1. Supersymmetric curvaton

2. The A-term curvaton and a false vacuum

3. Thermal corrections to the curvaton

4. uydyds as the MSSM curvaton

5. Models without A-term

6. Curvaton and non-Gaussianity

D. Inhomogeneous reheating scenarios

String theory models of inflation
A. Moduli driven inflation

1. Basic setup

2. KKLT scenario

3. N-flation

4. Inflation due to Kahler modulus
B. Brane inflation

C. Reheating and thermalization

19

=0 =l =l S 2l S

O

~
o
=1

EEIEEERE

V)
—
0

EEEEERE]

DO
o
)

EEEEEREE]




D. String theory landscape and a graceful exit
E. Other stringy paradigms

1. String gas cosmology

2. Seed perturbations from a string gas

3. Example of a non-singular bouncing cosmology
Acknowledgments

References

B EER]

2306

238

238




I. INTRODUCTION

The paradigm of primordial inflation has met with glorious successes over the past three
decades since its conception [1-6] (for some excellent reviews on inflation, see [7-10]). In
the most general scenario, inflation occurs because a slowly rolling scalar field, the inflaton,
dynamically gives rise to an epoch of accelerated expansion dominated by a false vacuum
(for a review on inflaton models, see [10]). During inflation, quantum fluctuations imprinted
on space-time are stretched outside the Hubble patch. These primordial fluctuations even-
tually re-enter the Hubble patch, whence their form can be extracted by observing the
perturbations in the Cosmic Microwave Background (CMB) radiation. Slow-roll inflation-
ary scenarios generically predict almost Gaussian adiabatic perturbations with a nearly flat
spectrum (for a review on generating quantum fluctuations during inflation, see [11]), which
have met with an unprecedented success with the latest observations, see the recent data
from WMAP [12] !. Future CMB experiments such as PLANCK ? will improve the current
data, and also provide useful constraints on the scale of inflation in terms of primordial
gravity waves [13-16], departure from random Gaussian fluctuations [17-22], isocurvature
perturbations [23, [24], etc.

The end of inflation can be considered as a paradigm for the origin of matter, since all mat-
ter arises from the vacuum energy stored in the inflaton field. However the present models do
not give clear predictions as to what sort of matter there is to be found in the early universe.
Theoretical and observational successes of the Big Bang Nucleosynthesis (BBN) have con-
strained the degrees of freedom around the temperature of 7' > 1 — 5 MeV, which contains
the Standard Model (SM) quarks and leptons and three generations of neutrinos [25-2§].
The present observational uncertainties allow only one extra species of relativistic particle
at the time of BBN [27, 29]. From the current observations we also know that SM baryons
constitute about 4.6% of the total energy density, almost 23% of the total energy density
is in non-luminous, non-baryonic dark matter, and the rest of the energy density is in the
form of dark energy [12].

Besides the cosmological issues, one of the theoretical challenges is to understand why

the mass scale of the SM, of O(100) GeV, is much lower than the scale of gravity, Mp =

! See http://map.gsfc.nasa.gov/.
2 See http://www.sciops.esa.int/index.php?project=PLANCK&page=index



(87GN)~1/? = 2.436 x 10" GeV. Unfortunately, the SM masses are not protected from the
quantum corrections, which is known as the hierarchy problem. The most popular remedy
is the supersymmetry (SUSY) (for a review, see [30-34]), which is believed to be broken at
a scale ~ O(100 — 1000) GeV. The SUSY is presumably broken first at high scales in some
hidden sector then transmitted to the minimal SUSY extension of the SM, known as the
MSSM, by gravitational [30,31] or gauge interactions [35,36]. The Large Hadronic Collider
(LHC) ® at CERN has a potential to discover the MSSM particles. Theoretical estimations
of radiative corrections of gauge couplings also suggest that MSSM enables grand unification
(GUT) of the gauge interactions at scales Mgyr ~ 10'® GeV (for a GUT review, see [37,38]).
When SUSY is broken locally, like any other gauge symmetry, an intimate connection with
gravity emerges, known as the supergravity (SUGRA), which is valid below the Planck
scale [30]. Furthermore, the unification of gravity with the other gauge interactions seems
to require viewing fundamental particles as, instead, excitations of extended objects in the
framework of string theory [39-41]. Therefore, it is important to ask whether beyond the
SM physics can provide all the right ingredients for inflation to occur or not.

Since the origin of baryons and dark matter bring inflation closer to the particle physics,
the models of inflation must rely on an effective field theory treatment, where the inflaton
belongs to the hidden sector, or the observable sector. In the former case, the coupling
between the inflaton and the (MS)SM sector is either through gravitational strength, or via
small unknown Yukawa coupling. Unfortunately, in the case of a hidden sector inflation
the particle origin, mass, and couplings are largely unconstrained and at times unmotivated
from theoretical point of view. Therefore, the inflationary predictions from such hidden
sector models are also highly model dependent.

String theory lends strong support to hidden sector models of inflation. There are plenty
of absolute gauge singlet moduli, which mainly arise in the gravitational sector upon com-
pactications [42-44]. There are many attempts to embed inflation within string theory,
for a review, see [8, 45-53]. The most exciting phenomenological revelation from string
theory is that it can stabilize all the moduli [42], and also the volume modulus [54],
with large and small positive cosmological constants, which has lead us to believe in a

stringy landscape [44, 55-57]. At low energies, the number of vacua could be humongous,

3 http://1lhc.web.cern.ch/lhc/



10°%0 — 101990 4456, 157], and one in 10'° could be SM like [58-60]. False vacuum inflation
in such a landscape is generic with all possible scales of inflation down to the current cosmo-
logical constant [54]. However, our patch of the universe must have had a graceful exit from
inflation at least before BBN. Exiting from such eternally inflating regime and exciting the
SM degrees of freedom pose a new challenge for string theory.

In order to seek an observable sector origin of inflation, it is important to ask whether
inflation can happen within the GUT theory [61-84]. Invariably all of the models of inflation
require an absolute gauge singlet inflaton couplings to the GUT/MSSM fields to drive the
first phase of inflation, or to prepare the initial conditions for inflation. There is also an
interesting proposal to realize inflation within the SM, with a non-trivial Higgs coupling
to the Ricci scalar [85]. The advantage is that inflation occurs within an observable sector
physics, therefore the origin of matter creation is ascertained. But this idea does not rely
on SUSY at all, and assumes the SM to be valid all the way up to the Planck scale.

In a recent development, it has been shown that within MSSM parameters allow a unique
possibility to realize inflation with the help of gauge invariant flat directions [86-89]. In
MSSM there are many scalars, which span into a moduli space of gauge invariant F-and
D-flat directions made up of squarks and sleptons (SUSY partners of quarks and leptons)
(for a review, see |90, [91]), which carry the SM charges, i.e. baryon and/or lepton number.
These inflatons have an enhanced symmetry point near the origin (at a VEV defined by
zero). Away from the origin the inflatons break wholly or partly the SM gauge symmetry
depending on the flat direction. But such a spontaneous breaking of charge and color in
the early universe is not considered to be dangerous, provided they all settle down to their
minimum before the electroweak phase transition. Note that in all these cases inflation
occurs within an observable sector, where their mass and couplings are all well motivated
from low energy physics.

In any inflationary scenario, it is important to understand the mechanisms of how to
excite the SM quarks and leptons, known as the reheating [92-95] and preheating [96-1118],
and how to thermalize the universe with the MS(SM) degrees of freedom [119-123]. In
this regard the observable sector models of inflation have an advantage, since the inflaton
couplings to the matter fields are all known.

There is yet another paradigm for generating the amplitude for the CMB perturbations,

known as the curvaton scenario [124-129]. The curvaton is a light scalar field, which obtains
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its quantum fluctuations induced by the vacuum energy of the inflaton potential. However,
the curvaton being light does not decay as rapidly as the inflaton, albeit its slow dynamics
leads to its late decay. The relative perturbations between the fields give rise to entropy
perturbations, which feed the curvature perturbations. Once the curvaton decays, it con-
verts all its entropy perturbations into the adiabatic and nearly scale invariant perturations.
One advantage of the curvaton scenario is that it is possible to generate significant non-
Gaussianity [124, 129, 130], however the present non-Gaussianity bounds are also tied to
the residual isocurvature perturbations [131]. The challenges for the curvaton paradigm are
the same as that of the inflaton, if the curvaton decays, then it must excite the (MS)SM
degrees of freedom [132-134]. There are also alternative mechanisms to understand the
temperature anisotropy in the CMB data without invoking inflation, such as in the case of
a bouncing cosmology [135-140], we will briefly discuss some of these scenarios.

The main goal of this review is to address the origin of infation and curvaton, where
they explain the large scale structures, and also the microphysical origin of the inflaton
and curvaton. This can be achieved provided they belong to a well-motivated sector of
particle physics. Our aim is to review such models in details and some of their cosmological
consequences.

The review is organized as follows. In section (Sec.) II, we recapitulate some basic
inflationary cosmology, in particular quantum fluctuations during inflation, multi-field per-
turbations, curvaton scenario, non-Gaussianity, challenges and requirements for a successful
inflation. In Sec. III, we present some background material for particle physics tools re-
quired for inflation and curvaton, we particularly focus on MSSM, renormalization group
equations, moduli space of flat directions within MSSM, properties of flat directions and
their cosmological consequences, SUGRA and their role in building inflationary models, and
a brief discussion on cosmic strings and grand unified theories (GUT). In Sec. IV, we dis-
cuss models of inflation, particularly highlighting the connections with particle theory, we
discuss non-SUSY models of inflation, SM Higgs inflation and implications for collider and
non-collider experiments, SUSY F-and D-term inflation models, and embedding inflation
within SUSY GUTs. In Sec. V, we discuss various attempts to gauge the inflaton with
the SM charges, we discuss MSSM inflation models where we recognize the inflaton candi-
dates. We also consider thermal production of dark matter in conjunction with inflationary

parameter space. In Sec. VI, we discuss inflaton decay, reheating and thermalization. We
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focus on gauge singlet inflaton couplings to the SM and the MSSM. We discuss thermal-
ization in perturbative decay of inflaton, basics of preheating and its applications to SUSY
inflationary models. In Sec. VII, we discuss models of curvaton where the curvaton is a
MSSM flat direction. We then single out curvaton candidates, and discuss predictions for
non-Gaussianity. In Sec. VIII, we discuss inflationary models within a string theory setup.
We briefly describe alternative mechanisms for generating primordial perturbations in the

context of a non-singular bouncing cosmology, and discuss various challenges they face.

II. INFLATION
A. Slow-roll inflation

A completely flat potential would render inflation future eternal (but not past |4, 6, 141
144]), provided the energy density stored in the flat direction dominates. The inflaton
direction is however not completely flat but has a potential V(¢) with some slope. An
inflationary phase is obtained when the expansion rate evolution satisfies @ > 0. Slow-
roll inflation assumes that the potential dominates over the kinetic energy of the inflaton
$* < V(¢), and ¢ < V'(¢), therefore the Friedmann and the Klein-Gordon equations can

be approximated as:

> 1
H‘ ~ 3—MP2)V(¢)> (1)
3Ho ~ =V'(¢), (2)

where prime denotes derivative with respect to ¢. The slow-roll conditions are give by:

_ M (VT
o)l = M| | < 1. @)

Note that € is positive by definition. These conditions are necessary but not sufficient for
inflation. They only constrain the shape of the potential but not the velocity of the field
¢. Therefore, a tacit assumption behind the success of the slow-roll conditions is that the
inflaton field should not have a large initial velocity.

Slow-roll inflation comes to an end when the slow-roll conditions are violated, € ~ 1,

and 7 ~ 1. However, there are certain models where this need not be true, for instance
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in hybrid inflation models [145], where inflation comes to an end via a phase transition,
or in oscillatory models of inflation where slow-roll conditions are satisfied only on average
[146,1147), or inflation happens on average over every oscillations of a bouncing universe |148],
or in fast roll inflation where the slow-roll conditions are never met [149]. The K-inflation
where only the kinetic term dominates where there is no potential at all [150]

One of the salient features of the slow-roll inflation is that there exists a late time attractor
behavior *. This means that during inflation the evolution of a scalar field at a given field
value has to be independent of the initial conditions. Therefore slow-roll inflation should
provide an attractor behavior which at late times leads to an identical field evolution in the
phase space irrespective of the initial conditions [151]. In fact the slow-roll solution does not
give an exact attractor solution to the full equation of motion but is nevertheless a fairly
good approximation [151]. A similar statement has been proven for multi-field exponential
potentials without slow-roll conditions (i.e. assisted inflation) [152].

The standard definition of the number of e-foldings between time, ¢, and the end of

inflation, t.,q, is given by

a(tend> tend 1 /¢ V
N =1 = Hdt ~ — —d
TR VE ., 7 ®)

end
where ¢epq is defined by €(penqg) ~ 1, provided inflation comes to an end via a violation of the
slow-roll conditions. The number of e-foldings can be related to the Hubble crossing mode

k = apHy by comparing with the present Hubble length agHy. The final result is [153, [154]

k 1016 GeV |74 T Vv
N(k) =62 — 1 — I — " 4 Ip 2tk lend 6
" I A R

where the subscripts end (rh) refer to the end of inflation (end of reheating) °.

A simple generalization of the above formula has been derived in [155], where there are
mutiple stages of inflation, with potentials V;, V;, V;, one after the other separated by the
matter epochs, whose expansions are parameterized by t™*, t"2 ..., t"L with ny, ng,....,ny <

1. We can assume instant reheating after the last phase of inflation, which yields, pr, cna =

4 A more rigorous set of parameters are presented describing slow-roll inflation in Eq. (@Il), which is inde-

pendent of slow-roll conditions or the number of fields.
® For the particular scale of today’s Hubble length, we define: Ng = N(k = agHp). The corresponding

slow-roll parameters at that scale will be denoted by e, nq.
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prnz- Concentrating on the present horizon scale Ng = N(agHp), we obtain [155]

3o b () + 52 (V). .

One can impose new constraints arising from the fact that there should be no reprocessing
of modes in between the two phases of inflation on the scales probed by CMB experiments.

This requirement constraints |155]

1 1
1( )>1(————),':zm¢—1 8
N ag, H; N arh,z'Hz'ﬂ ! ( )

Hence, in general we obtain the following set of constraints |155]:

1- v,
Ny > 6.9+ Q”Hn(f),

| Vi
. 1 Vir 1, Vi .

N->—ln(—)— —jln( ), 1=2,..,L—1. 9
]Z:; 772 Vi jz:; 2 Vi ©)

In the special case n; = 1, it is easy to see that these constraints are trivially satisfied
(32;N; > 0). The details of the thermal history of the universe determine the precise
number of e-foldings required to solve the horizon problem, but for most practical purposes
(for high scale inflation with large reheating temperature) it is sufficient to assume that
Ng ~ 50 — 60, keeping all the uncertainties such as the scale of inflation and the end of
inflation within a margin of 10 e-foldings. A significant modification can take place only if
there is an epoch of late inflation such as thermal inflation [156,[157], or in theories with a low

quantum gravity scale [158-160], or if there are phase transitions during inflation [161-163].

B. Primordial density perturbations

Initially, the theory of cosmological perturbations has been developed in the context
of FRW cosmology [164], and for models of inflation in [23, [165-179]. For a complete
review on this topic, see [11]. For a real single scalar field there arise only adiabatic density
perturbations. In case of several fluctuating fields there will in general also be isocurvature
perturbations. Irrespective of the nature of perturbations, any light scalar field obtains

quantum fluctuations in a de Sitter space, which has many applications.
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1.  Fluctuations in de Sitter

By solving the Klein-Gordon equation for a light scalar field in a conformal metric:
ds* = g drtdx” = a*(7,2)(dr* — da?), one can find the plane wave solution, ¢(x,7) =

W [ d3k (¢r(T)e™ > + h.c.), for the mode function: [172, [180-186]:

1/2
onr) = (§) HIFP? (@HP (k) + HP (k7)) |
9 m?
— _H—l —Ht 2 _ - _ "
T e 7", and v 1

(10)
where m is the mass of the scalar field, H, M and H? are the Hankel functions and c1,Cy are
constants. By using a point splitting regularization scheme, it is possible to obtain a Bunch-
Davies vacuum for a de Sitter background which actually corresponds to taking ¢; = 0, and
co = 1.

Generically, in a de Sitter phase, the main contribution to the two point correlation

function comes from the long wavelength modes; k|7| < 1 or k < H exp(Ht), determined
by the Hubble expansion rate [172, [183].

1 Hth
2) ~ k| gn|* . 11
)~ e [ Pl (1)

The integration yields an indefinite increase in the variance with time
H3
2

~ —t. 12
()~ (12

This result can also be obtained by considering the Brownian motion of the scalar field
[144, 187-190]. For a massive field with m < H, and v # 3/2, one does not obtain an
indefinite growth of the variance of the long wavelength fluctuations, but [173, 181183, 191):

<¢2> 3H* (1 . e—(2m2/3H2)t) . (13>

8m2m?

In the limiting case when m — H, the variance goes as (¢?) ~ H?. In the limit m > H,
the variance goes as (¢?) ~ (H?/127?m). Only in a massless case (¢?) can be treated as a

homogeneous background field with a long wavelength mode.

2. Adiabatic perturbations and the Sachs- Wolfe effect

Let us consider small inhomogeneities, ¢(x,t) = ¢(t) + dp(x,t), such that dp < ¢.

Perturbations in matter densities automatically induce perturbations in the background

15



metric, but the separation between the background metric and a perturbed one is not unique.
One needs to choose a gauge. A simple choice would be to fix the observer to the unperturbed
matter particles, where the observer will detect a velocity of matter field falling under
gravity; this is known as the Newtonian or the longitudinal gauge because the observer in
the Newtonian gravity limit measures the gravitational potential well where matter is falling

in and clumping. The induced metric can be written as
ds® = a®(7) [(1 4 20)dr* — (1 — 20)dydz'da”] | (14)

where @ has a complete analogue of Newtonian gravitational potential. In the case when
the spatial part of the energy momentum tensor is diagonal, i.e. 5Tji = 5;, it follows that
® = W, [11]. Right at the time of horizon crossing one finds a solution for d¢ as

H(t,)?
2k3

([6¢%]*) = (15)

where t, denotes the instance of horizon crossing. Correspondingly, we can also define a

power spectrum

H(t*)r _ {Hr (16)

2 o

Pull) = ez loen) = |

k=aH
Note that the phase of d¢, can be arbitrary, and therefore, inflation has generated a Gaussian

perturbation.

In the limit £ — 0, one can find an exact solution for the long wavelength inhomogeneities

k < aH |7, 11], which reads:
T\ H
P, ~ ¢ | — adt | +c—, (17)
a Jo a

% (Cl /tCL dt/ — Cg) y (18)
0

¢

where the dot denotes derivative with respect to physical time. The growing solutions

SHES

are proportional to ¢;, the decaying proportional to ¢;. Concentrating upon the growing
solution, it is possible to obtain a leading order term in an expansion with the help of the

slow-roll conditions:

¢, & —c
S o
o H

¢

|
—~
)
N2



Note that at the end of inflation, which is indicated by @ = 0, or equivalently by H = —H?,
one obtains a constant Newtonian potential ®; ~ c¢;. This is perhaps the most significant
result for a single field perturbation.

In a long wavelength limit one obtains a constant of motion ¢ [11,169,[192] defined as © :

QH1®, + d

¢ 3 14+w p

This is also known as a comoving curvature perturbation [193] reads in the longitudinal
gauge |11] for the slow-roll inflation as
G—a, - (H‘lcbk n q>k> . (22)
H
For CMB and structure formation we need to know the metric perturbation during the
matter dominated era when the metric perturbation is ®(t;) ~ (3/5)c;. Substituting the
value of ¢; from Eq. (20), we obtain

3, 00
D (ty) = 578 | (23)
In a similar way it is also possible to show that the comoving curvature perturbations is
given by
Y (24)
¢ lp=anm

where 0, denotes the field perturbation on a spatially flat hypersurfaces, because on a

comoving hypersurface ¢ = 0, by definition. Therefore, on flat hypersurfaces

S = ot (25)

where 0t is the time displacement going from flat to comoving hypersurfaces [24, 153]. As a
result

Co = Ht. (26)

Note that during matter dominated era the curvature perturbation and the metric pertur-

bations are related to each other

), = —ng- (27)

6 If the equation of state for matter remains constant, there exists a simple relationship which connects the

. . . . . N 1424wt )
metric perturbations at two different times: ®x(ty) = mfbk(tz) |11, [169, 192].
3 wit:
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In the matter dominated era the photon sees this potential well created by the primordial

fluctuation and the redshift in the emitted photon is given by

AT,

=—Py. 28
T it (28)
At the same time, the proper time scale inside the fluctuation becomes slower by an amount

§t/t = ®,. Therefore, for the scale factor a oc ¥, decoupling occurs earlier with

da 20t 2
a 3t 3° (29)
By virtue of T o< @~ this results in a temperature which is hotter by

ATy, 2 D,
T kTt 3 k 3 (30)

This is known as the Sachs-Wolfe effect [194].

3. Spectrum of adiabatic perturbations

Now, one can immediately calculate the spectrum of the metric perturbations. For a

critical density universe

op 2 ( k\°
o= —| =—|— | O 31
: Pl 3 <aH) o (31
where V2 — —k?, in the Fourier domain. Therefore, with the help of Eqs. (I623), one
obtains ) )
4 49 (H H
2= Polk) = —— () (Z 32

where the right hand side can be evaluated at the time of horizon exit k = aH. In fact the

above expression can also be expressed in terms of curvature perturbations |24, [153]

2 ( k\’
5=2 () o 3

and following Eq. [22), we obtain 02 = (4/25)Pc(k) = (4/25)(H/¢)*>(H/27)?, exactly the
same expression as in Eq. (32). With the help of the slow-roll equation 3H¢ = —V’, and
the critical density formula 3H?M32 = V', one obtains

1 V3 1V 1 v
e = Y and Plk)=
N e ve ot e M P = omm

where we have used the slow-roll parameter ¢ = (M3/2)(V'/V)?. The COBE satellite

(34)

measured the CMB anisotropy and fixes the normalization of P, (k) on a very large scales. For
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a critical density universe, if we assume that the primordial spectrum can be approximated

by a power law (ignoring the gravitational waves and the k—dependence of the power ny) [12]

ns—1
Pe(k) =~ (2.445 + 0.096) x 107 <kﬁo) : (35)

where n, is called the spectral index (or spectral tilt), the reference scale is: kg = 7.5a9Hgy ~
0.002 Mpc™!, and the error bar on the normalization is given at 1. The spectral index n(k)

is defined as

o dln'Pg
(k) —1= 0%

This definition is equivalent to the power law behavior if n(k) is close to a constant quantity

(36)

over a range of k of interest. One particular value of interest is ny = n(ky). If ny = 1,
the spectrum is flat and known as Harrison-Zeldovich spectrum [195, [196]. For ng # 1, the
spectrum is tilted, and ny > 1 (ns < 1) is known as a blue (red) spectrum. In the slow-roll
approximation, this tilt can be expressed in terms of the slow-roll parameters and at first
order 7

ny — 1= —6e+2n+ O(, 1, en, &) . (37)
The running of these parameters are given by [151]

de
dlnk

dn dé®
—%en — 42, 1 — 9 2 92 4?4 5B

where
V’(d3V/d¢3) R V’z(d4V/d¢4)

Slow-roll inflation requires that ¢ < 1,|n| < 1, and therefore naturally predicts small

& =M : (39)

variation in the spectral index within Alnk ~ 1 [197]

dn(k)
dlnk

= —16en + 24¢* + 2£2. (40)

Independently of slow-roll considerations or of the number of fields involved in the dynamics

of inflation, a new set of parameters, known as the Hubble-flow parameters, were discussed

7 At second order,

_)52 )

n5—1:2{—36+n— (§+12C>62+(80—1)6n+%772—(0—3

3

where C' is a numerical constant C =1In2 + v — 2 ~ —0.7296.
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in [198, 199] 8:

In |e,
€0 = H s €Entrl1 = ]|V | (41)
It gives for the slow-roll parameter ¢; = —H /H? and inflation takes place only when d > 0

which is equivalent to €; < 1. Slow-roll inflation takes place when Vn, ¢, < 1. In the

slow-roll limit, these parameters can be related to the slow-roll parameters,
€1 = €+O(€2an2>€2) y €2 246—277_'_0(62’772762) . (42)

Transient violation of slow-roll conditions were studied in hybrid inflation [201], for com-
putation of the power spectrum, see [202, 203]. Models of inflation with large 1 were also

considered in [149)].

4.  Gravitational waves

Gravitational waves are linearized tensor perturbations of the metric and do not couple
to the energy momentum tensor. Therefore, they do not give rise a gravitational instability,
but carry the underlying geometric structure of the space-time. The first calculation of the
gravitational wave production was made in [13], and the topic has been considered by many
authors [14-116]. For reviews on gravitational waves, see |11, 204].

The gravitational wave perturbations are described by a line element ds? + dds?, where
ds® = a*(1)(dr? — da'dz;), 6ds® = —a®(7)hyda'da’ . (43)

The gauge invariant and conformally invariant 3-tensor h;; is symmetric, traceless §h;; = 0,
and divergenceless V;h;; = 0 (V; is a covariant derivative). Massless spin 2 gravitons have
two degrees of freedom and as a result are also transverse. This means that in a Fourier

domain the gravitational wave has a form
hij = h+eZ;» + hX€Z-Xj . (44)

For the Einstein gravity, the gravitational wave equation of motion follows that of a massless

Klein Gordon equation [11]. Especially, for a flat universe

oy . k2 ;
hﬂ%H@+( )@:0, (45)

a?

8 Tt is possible to extend the calculation of metric perturbation beyond the slow-roll approximations based
on a formalism similar to that developed in Refs. [174, [177, 179, 1200].
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As any massless field, the gravitational waves also feel the quantum fluctuations in an

expanding background. The spectrum mimics that of Eq. ((I6)

2 (H\*
Pt~ 1 (51

Note that the spectrum has a Planck mass suppression, which suggests that the ampli-

(46)

k=aH

tude of the gravitational waves is smaller compared to that of the adiabatic perturbations.
Therefore it is usually assumed that their contribution to the CMB anisotropy is small. The
corresponding spectral index can be expanded in terms of the slow-roll parameters at first

order as ?

r =

7)grav dIn Pgrav (]{7)
= 1 =
) 6, and ny Tk

Note that the tensor spectral index is negative. It is expected that PLANCK could detect

—2e, . (47)

gravity waves if r < 0.1, however the spectral index will be hard to measure in forthcoming
experiments. The primordial gravity waves can be generated for large field value inflationary
models. Using the definition of the number of e-foldings it is possible to derive the range of

A¢ (see for instance [205-207])

2
16¢ = r < 0.003 (%) (@—f) . (48)

C. Multi-field perturbations

In multi-field inflation models contributions to the density perturbations come from all
the fields. However unlike in a single scalar case, in the multi-field case there might not
be a unique late time trajectory corresponding to all the fields. In a very few cases it is
possible to obtain a late time attractor behavior of all the fields; an example is assisted
inflation |152]. If there is no late time attractor then different trajectories inherit difference
in perturbations, known as entropy perturbations, which opens new set of constraints which

we will discuss below |10, [L78, [208-210)].

9 At second order, r ~ 16¢ [1 4+ 2(3C — 1)(2¢ — )], where C is a numerical constant C' =In2+ vg — 2 ~
—0.7296.
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1. Adiabatic and isocurvature conditions

There are only two kinds of perturbations that can be generated. The first one is the
adiabatic perturbation discussed previously; it is a perturbation along the late time classical
trajectories of the scalar fields during inflation. When the primordial perturbations enter
our horizon they perturb the matter density with a generic adiabatic condition, which is
satisfied when the density contrast of the individual species is related to the total density

contrast d, [23, [24]

1 1 1 1 1
0 = =00, = 00, = =6 = = 4
35kb 35kc 45ku 45k'y 46142 5 ( 9)

where b stands for baryons, ¢ for cold dark matter, v for photons and v for neutrinos.

The other type is the isocurvature perturbation. During inflation this can be viewed as
a perturbation orthogonal to the unique late time classical trajectory. Therefore, if there
were N fluctuating scalar fields during inflation, there would be N — 1 degrees of freedom
which would contribute to the isocurvature perturbation [211-214].

The isocurvature condition is known as dp = 0: the sum total of all the energy contrasts
must be zero. The most general density perturbations is then given by a linear combination

of an adiabatic and an isocurvature density perturbations.

2. Adiabatic perturbations due to multi-field

In a comoving gauge, see Eq. 22), ¢ = —Hd¢/¢ holds good even for multi-field inflation
models, provided we identify each field component of ¢ along the slow-roll direction. There
also exists a relationship between the comoving curvature perturbations and the number of

e-foldings, N, given by [208, 215]

ON
(= 0N = 5o=b6u. (50)

where N is measured by a comoving observer while passing from flat hypersurface (which
defines d¢) to the comoving hypersurface (which determines (). The repeated indices are
summed over and the subscript a denotes a component of the inflaton. A more intuitive
discussion has been given in [10, (153, [205].

If again one assumes that the perturbations in d¢, have random phases with an amplitude
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H/27)?, one obtains:
(
. vV ON AN

F 7 T5r2 M2 0¢, 0da
For a single component ON/d¢ = (Mp>V/V'), and then Eq. (EI)) reduces to Eq. (34). By

(51)

using slow-roll equations we can again define the spectral index

MpViVa 2 MpNuNoViw
e MEN,N, VNN,

n—1=— (52)

where V, = 0V/0¢,, and similarly N, = ON/0¢,. For a single component we recover

Eq. B7) from Eq. (52)).

3. Isocurvature perturbations and CMB

One may of course simply assume a purely isocurvature initial condition. For any species

the entropy perturbation is defined by

5= 00 (53)

n; N~

Thus, if initially there is a radiation bath with a common radiation density contrast 9,, a

baryon-density contrast ¢, = 34,./4, and a CDM density contrast d., then

S, =6, — 25’“ _ prdpe— (B/4)pdpr _ pr+ (3/4)p06

PrPec PrPec

Pe R be, (54)

where we have used the isocurvature condition dp, + dp. = 0, and the last equality holds
in a radiation dominated universe. Similarly the baryon isocurvature is given by: Sp =
dp — (3/4)d, and the neutrino (or any other relativistic species) isocurvature component is
given by: S, = (3/4)d, — (3/4)),.

However a pure isocurvature perturbation gives five times larger contribution to the Sachs-
Wolfe effect compared to the adiabatic case [24, 216, 217]. This result can be derived very
easily in a matter dominated era with an isocurvature condition dp. = —dp,, which gives a
contribution ¢, = (1/3)Sk. Therefore from Eqs. (2730), we obtain ATy /T = —Si/15. There
is an additional contribution from radiation because we are in a matter dominated era, see
Eq. (B4), S =~ §. = —(3/4)d,. The sum total isocurvature perturbation AT /T = —S/15 —
S/3 = —6S5/15, where S is measured on the last scattering surface. The Sachs-Wolfe effect

for isocurvature perturbations fixes the slope of the perturbations, rather than the amplitude
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[130, 1218]. Present CMB data rules out pure isocurvature perturbation spectrum [12, 219
2206], although a mixture of adiabatic and isocurvature perturbations remains a possibility.
In the latter case it has been argued that the adiabatic and isocurvature perturbations

might naturally turn out to be correlated [209, 227-229]. It is sometimes useful to consider

a defined by:
« . Pg(lﬁ?o)
11—« N PC(kO) ’

where Pg(kg) is the power spectrum of the entropy perturbation S, at the pivot scale. This

(55)
parameter « is constrained by observations, see Sec. [IE] below.

4.  Non-Gaussianity

The inflaton inevitably has to have interactions with other scalars, fermions and gauge
fields for a successful reheating. Furthermore, there could be more than one light scalar
dynamics involved during and after inflation. The collective dynamics of more than one
light field can source non-Gaussianity [17-21, 230-232] (for a review see [22, 205]). The
non-Gaussianity can also be generated by invoking initial conditions which depart from
Bunch-Davies vacuum [233], non-canonical kinetic term [234, 235], breaking slow-roll con-
ditions abruptly for a brief period [236, 237], multi-field inflationary models [231], curva-
ton scenarios [124, [129] and large non-Gaussianity during prehating [238-241]. In [242],
non-Gaussianity during preheating has been found less significant when studied in the con-
text of N formalism. The simplest form for the local non-Gaussianity can be written
as [151), [178, 208, 243]:

(@) = 9(e) + 3 fr @) + rome @)+ (56)
where g(x) is the Gaussian random fluctuations. In general, the non-Gaussianity can be
calculated by studying the bispectrum (three point correlator (gi,, gr,» grs) 7 0) and the

trispectrum (four point correlator (gi,, Gy, Gy, Gra) 7 0) 0.

10 Assuming that ¢ is dominated by the Gaussian perturbations, ¢, the power spectrum 7P

is determined by, (Ck,Ck,) = (2m)3Pc(k1)d(ki + ko), the bispectrum B is determined
by (G CeaCis) = (2m)°Be(ki, ko, ks)d(ky + ko + k), and the trispectrum 7T¢ is given by
(Cky CnCis) = (277)3l3<(k1,k2,k3)6(k1 + ko + k3), where B, and 7; can be written as:
Be (ki k2, ks) = (6/5)fNL (Pe(k1)PC(k2) + Pe(k2)Pe(ks) + Pe(ks)Pe(k1)), and Te(ky, ko, ks, k) =
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The 0N formalism developed in Refs. [208, 1244, 245] provides a powerful tool to study
the non-Gaussianity. It assumes that light fields contribute to the local evolution of the

number of e-foldings [246]:

C(l’,t) = 6N(¢1([L’), ¢2(I), ,t) = N(¢1([L’), ¢2(I), ,t) — N(Cbl, ¢2, ,t) s (57)

where N(z,t) is the number of e-foldings of expansion starting from an initial flat slice
ending to a slice of uniform density. For instance, upto the first order in field perturbations,
C(x,t) = > N;i(t)0;(z) leads to Pr = (Hy/27)* > N2(k). For a single field [205],

1 1 N”

¢ = N'G6+ 3N"(09)* = N'6 + 5~ (N'39)”. (58)

where 7 = §/6¢ and (3/5) fxr = (1/2)(N"/N"). Given the fact that N’ = H(t)/¢, we can
evaluate N’, N” in terms of the slow-roll parameters, which yields [20)]

3 n — 2e

ngL: 5 (59)

The value of fy in the case of slow-roll inflation is always bounded by the slow-roll param-
eters. During inflation these parameters €, n < 1, therefore non-Gaussianity is negligible.

Similar conclusion holds for more that one fields during inflation [231], 1247].

D. Curvaton and fluctuating inflaton coupling/mass scenarios

The curvaton paradigm involves at least two fields, the inflaton and a light field curvaton,
which are not coupled to each other, we will discuss a slightly variant scenario when the fields
have coupling. It is essential that (1) the curvature perturbations created by the inflaton
are negligible compared to the total curvature perturbations, (2) the curvaton field is very
light during inflation therefore, it obtains random fluctuations of order H;,;/2m, and (3)
the curvaton oscillations dominates the universe and its decay generates the total curvature
perturbations [124, [125, [127-129].

Let us assume a curvaton field, o, whose equation of motion and the perturbations read
as:

G+3Hs+V,=0, 00y, + 3Hdoy + ((k/a)? + V,e)d0, = 0. (60)

TNL (Pe(k13)Pe(ks)Pe(ka) + 11 permutations.) + (54/25)gn1, (Pe(k2)Pe(ks)Pe(ka) + 3 permutations.) .
Here fxr, 7ni and gni, are non-linearity parameters where 7w, = (36/25) f3..
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where V,, < H? during inflation, therefore the VEV is ¢ ~ o, nearly a constant. The
perturbations ino field is given by: do/o ~ (H;,r/2m0,) for H;,p < o, therefore 77;50 ~
(Hine/2m0,). It is assumed that the curvaton field rolls slowly as the universe becomes
radiation dominated after the inflaton decay.

On large scales the curvature perturbations are given by: ( = —Hdt = —Hdp/p, (, =
(1/4)0p,/pr and (, = (1/3)0ps/ps = (1/3)d,, they all evolve independently [246]. The
value of (, has been calculated assuming that the curvaton is oscillating with a pressureless
equation of state. During these oscillations the curvaton converts its fluctuations into the

curvature perturbations. The total curvature perturbations is given by [124, [129]:

4pTCT’ + 3p0’<0’
(=10 T (61)
4pr + 3ps

Since prior to the curvaton oscillations, the curvature perturbations in the universe is domi-
nated by that of the inflaton decay products, i.e. radiation, therefore, ¢ = (,., which simplifies
the above expression:

Po
=27 __5,. 62
¢ 4py + 3ps (62)

If the curvaton energy density dominates over radiation, then ¢ = (1/3)d,, otherwise, the

fraction, r ~ p,/p, < 1, would signify the curvaton energy density at the time of decay. In

which case ( = (1/4)rd,, and
2 Hinf ?
PC =T s (63)

and the spectral tilt is given by

Hinf 2 voo
c=1—6e+2m=1 ‘ . 64
n €+ 27 +Hi2nf+3Hi2nf (64)

Since Hmf/anf, Voo/H},; < 1, the spectral tilt is fairly close to one. The coherent

n

oscillations of the curvaton generates non-Gaussian perturbations. A small perturbations

around the minimum leads to
N ik
Po o o

, (65)

averaged over many-many oscillations over Hubble period. In some realistic curvaton sce-
narios, the curvaton may decay almost instantly via SM gauge couplings in less than one
Hubble time scale. In which case the curvaton oscillations may not last long enough to

generate any significant non-Gaussianity.
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By using ¢ = (1/3)d, and Eq. (B6]), the non-Gaussianity parameter can be determined
by (for a quadratic potential) [129]

fri= (66)

Another interesting proposal is that the perturbations could be generated from the fluc-
tuations of the inflaton coupling to the SM degrees of freedom [248-252]. It has been argued
that the coupling strength of the inflaton to ordinary matter or the inflaton mass, instead
of being a constant, could depend on the VEV of various fields in the theory. If these fields
are light during inflation their quantum fluctuations will lead to spatial fluctuations in the
inflaton decay rate. As a consequence, when the inflaton decays, adiabatic density pertur-
bations will be created because fluctuations in the decay rate translate into fluctuations in
the reheating temperature.

This can be understood intuitively from the fact that fluctuations in the inflaton de-
cay rate leads to fluctuations in the reheat temperature of the universe, given by Ty, ~
)x\/m, where my is the mass of the inflaton. The fluctuations in the decay rate,
[' ~ myA? can be translated into fluctuations in the energy density of a thermal bath
with dp, /p, = —(2/3)60/T" [249, 1250]. The factor 2/3 appears due to red-shift of the modes
during the decay of the inflaton whose coherent oscillations still dominates the energy den-
sity of the universe. The inflaton decay rate fluctuates if either A or my is a function of a
fluctuating light field.

The fluctuation in the decay rate for the various cases is given by:

2% = Z’A’;[f , direct decay.

or .

T = 2% = Ifrgf , indirect decay. (67)
% = ZW”Sf, fluctuating mass.

Various examples do predict non-Gaussianity within a range of fyy ~ 5 [249, 250].

11 For a departure from quadratic potential, the form of fy modifies by Eq. [@57) (see Sec. [VILTG).
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E. Confrontation to the CMB and other observational data

The CMB data is currently providing (including WMAP, CBI 12, VSA 3, ACBAR 4
Boomerang ') and will provide (including PLANCK) stringent observational data to con-
strain the power spectrum of density fluctuations. There are other data set which can be
used in conjunction; type Ia supernovae (SN), Baryon Acoustic Oscillations (BAO), large
scale structures, Lyman-« forest, etc. In this section, we briefly review the current bounds
on the amplitude of the power spectrum, spectral index, and tensor to scalar ratio, running

of the spectral index, non-Gaussianities, cosmic strings, and isocurvature perturbations.

1. Primordial power spectrum for scalar and tensor

Most of the observational tests of inflation models arise from the 2 point correlation
function, related to the power spectrum of the primordial perturbations, both for scalar
and tensor perturbations. The most recent update on the WMAP results, combined with
SN and BAO data confirmed that so far the minimal 6-parameter ACDM model provides a
very good fit of the combined observations. It contains the baryon, CDM, and dark energy
fractions; Qyh2, Q.h2, Qu, the spectral index ng, the optical depth of reionization, Tyeion, and
the normalization of the power-spectrum P¢(kg), with central values and 1o error bars for

the inflation related parameters given by [12]:
AZ (ko) = (2.445 £ 0.096) x 1077 at kg = 0.002Mpc™' ,  n4(ky) = 0.960 £0.13 .  (68)

In this minimal model, the primordial power spectrum is approximated by the expression
of Eq. (35)) and the tensor contribution or the k—dependence of the spectral index are ne-
glected ¢, It is important to stress that these central values and error bars vary significantly

when other parameters are introduced to fit the data, in part because of degeneracies between

12 See http://www.sciops.esa.int/index.php?project=PLANCK&page=index

13 See http://www.mrao.cam.ac.uk/telescopes/vsa/

14 See http://cosmology.berkeley.edu/group/swlh/acbar/

15 See http://www.astro.caltech.edu/ lgg/boomerang front.htm

16 The confrontation to the data presented here relies on the slow-roll conditions. Alternatively, as proposed

by several teams, one can reconstruct the primordial power spectrum [253, [254] as well as the inflationary
potential [255, 256] (see also [12] and Refs. therein). These approaches are limited as only a small range

in ¢ € [¢pg, ¢.] is observable and therefore accessible to this reconstruction.
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parameters (in particular n, with ,h?, the optical depth 7, its running, the tensor-to-scalar
ratio, 7, and the fraction of cosmic strings).

If the tensor-to-scalar ratio r and/or a running «, are introduced, the best fit and error

bars ' (at 10) ]

ny = 1.01710053 , ., = —0.028 4+ 0.020 ,
ns=0.970+£0.015, r<0.22 (at20), (69)
ns = 1.08970000 , 1 <055 (at 20), ;= —0.05340.028 .

These data therefore suggest that a red spectrum is favored (ns = 1 excluded at 2.50 from
WMAP and at 3.10 when other data sets are included) if there is no running. Although,

the reader and the model builder should keep in mind that a lot more data is necessary

before these results can be used as bench-mark points (see for e.g. [257] for a pedagogical

presentation about Bayesian model selection).
These various best fit values are consistent with a model that predicts a non-negligible

level of tensor or a running of the spectral index. These results are summarized in Fig. [l

T T T T T T

005 F 7

10F M WMAP ] 10f ]
B WMAP+BAO+SN t

015 0.1 005 0 005 09 10 11 12 13 14
dng/dink Ng

FIG. 1: Two-dimensional likelihood for the spectral index, the running and the ratio tensor /scalar,
from the WMAP data only (blue) and the WMAP data combined with the BAO and supernovae

data sets (red) at 1o and 20. Figures are taken from ]

The confrontation of inflationary models to data can also be done by directly constraining

the parameters of the potential for each model [202] (see also [203] for a pedagogical review).
These methods have the advantage of not relying on a generic parameterization of the power

spectrum/potential, or the slow-roll conditions, as some models violate those assumptions

17 Note that the results vary significantly when WMAP data only or combined observations are used, see
Ref. ﬂﬂ] for details.
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temporarily [201] or constantly [149]. It is one of the best methods to carry a bayesian

analysis for a model selection based on the data. Their disadvantage is that they require to
treat each model individually and cannot provide ways to use current constraints to build

new models.

2. Cosmic strings and CMB fluctuations

As we shall also see below (at Sec. [[V]) that several models of inflation can produce cosmic
strings (see Sec.[[ILGl). This has important consequences when confronting the model to the

data as some degeneracy has been observed between the spectral index and the fraction of

cosmic strings responsible for the temperature anisotropies at the 10th multipole fio [25§].

The 2D likelihood function when fiq is included is represented in Fig. 2l

flO

15 2 25 0.9 1 1.1
10(PO A2 n
S
FIG. 2: Two-dimensional likelihood between the fraction of cosmic strings fi19 and the normaliza-

tion and tilt of the power spectrum. Figures are taken from ]

When a certain fraction of cosmic strings is present, the spectral index best fit and
error bars - from WMAP 3years data - are shifted and enlarged, and (at 1lo) we read
approximately:

ns ~1.01+£0.05, fo~0.11+0.9. (70)

Once other data sets are taken into account (BBN, large scale structures), the current data

can only put an upper constraint on the fraction of cosmic strings fip < 0.11 at 20 [258]. This

constraint should be improved by the future PLANCK data, both at large multipole and

from confrontation to the polarized data, notably the B-modes. Luckily, if cosmic string are

present then they should contribute to them [259-261], and their fraction is not degenerate
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with the primordial tensor signal from inflation [262].

The current CMB fluctuations generated from strings involve the simplest Nambu-Goto
strings, the presence of currents inside cosmic strings can possibly affect their precise signa-
ture in CMB [263]. More generally, the properties of cosmic strings arising from non-SUSY
theories, from SUSY F-and D-term or N = 2 SUSY P-term hybrid inflation, or from brane
inflation are different. By adding only 1 parameter to fit the data (f19) and confronting

all models to the posterior probabilities might not be the best strategy in such a case (see

Sec. [IILG).

3. Isocurvature perturbations

The isocurvature perturbations measure the deviation from the adiabaticity of the primor-
dial fluctuations, denoted by the quantity S (in the context of cold dark matter in Eq. (54)),
it was denoted by S.). The isocurvature perturbations arise if there are light scalar fields
fluctuating during inflation, which do not thermalize with the inflaton decay products, i.e.
the SM degrees of freedom, after the end of inflation. Usually this deviation is measured
by the parameter « related to the ratio between the entropy power spectrum, Pg, over the
curvature perturbation, P, via the Eq. (55). There could be some correlations between S

and (, the parameter:
Ps.¢

V/Ps(ko)Pc (ko)

where Pg is the cross-correlated power spectrum between S and ¢, distinguish between

B(ko) = — (71)

the totally correlated case (f = —1) and the totally anti-correlated case (5 = 0). Two
parameters a_; (for § = —1) and ag (for § = 0) are commonly used to describe each
case, which are typically encountered in the curvaton scenario and in the axion dark matter
scenario, respectively.

The most recent observations from WMAP 5-years data lead to the values for a_; and
ag compatible with zero, and respectively, slightly and strongly degenerate with the spectral

index [12]. Marginalizing over other parameters, it was found that, at 20:
a_y < 0.0041 | ap < 0.072 (72)

when the WMAP data were combined with BAO and SN data. These constraints suggest
that the deviation from S = 0 is smaller than 2.1% and 8.9% respectively at 95% confidence
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level.

4. Higher order correlation functions

Higher order correlations, such as bispectrum B and trispectrum 7; (defined in
Sec. [TC4)) can also constrain the inflationary dynamics and the interactions, (see [22] for
a review). The amount of non-gaussianities has been recently constrained by the WMAP
data [12]. As pointed out in Eq. (B9), even a single field inflation model in a slow-roll regime
generates small non-Gaussianities at the level, fx; ~ e, ~ 1072 |20, 151], though the
current limits are around four orders of magnitude above this level.

The first constraint on full bispectrum was computed for the COBE data [264]
— 3500 < fnr <2000, at 20, (73)

but due to the computational cost the WMAP employ the “KSW estimator” [265] that
combine squeezed triangular configurations in the harmonic space to construct an optimal
estimator for fyr. For example inflation, curvaton, and preheating induced non-Gaussianity
belong to this category, where ¢ and (? are evaluated at the same location in space [12].
In addition, the equilateral non-linear coupling parameter fyy, ., provides a complementary
description of the bispectrum, combining triangular configurations in the harmonic space
that are equilateral 8.

The constraints from the most recent observations are currently given by WMAP 5-years

data [12]
—9< fyr <115, at 20, —151 < fnp g <253, at 20, (74)

meaning that there is a hint in favor of a non-vanishing positive fyr. The lower bound
on fyr is even raised above zero when the bispectrum maps are less restrictive. This is
the origin of the discrepancy between these results and the prior claimed detection of non-

Gaussianities from [267] using the WMAP 3-years data. Note that using another statistics

18 ITndeed, models can generate a large amount of non-Gaussianities only in one configuration. Note that
several other configurations and statistics to estimate fn; have been proposed and searched for, such
as the point-source bispectrum Bg,. measured in the WMAP 5-years data [12], the flattened triangle
configurations from models with departure from the Bunch-Davies initial condition [266].

19 Note that there is no known constraint on the trispectrum parameter, 7. It is expected to be of order

TNL ™~ (fNL)z-
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(Minkowski functional) has lead so far a negatively preferred value for fy; ~ —60+60. This
discrepancy has not yet been fully resolved [12]. The future observations from PLANCK and
the galaxy distribution should be able to constrain a deviation up to |fyz| < 5 [268-271].

F. Dynamical challenges for inflation

Inflation has several dynamical challenges which have been discussed in the literature.

1. Initial conditions for inflation

The question of initial condition is a worrisome factor. universe could have started either
cold or hot. Whether universe began hot or cold, once vacuum energy density takes over
it would always yield a cold universe. However there are nontrivial initial conditions to be

satisfied.

e Homogeneity problem:
In an Einstein gravity inflation does not solve the homogeneity problem, instead infla-
tion requires an initial patch of the universe, r, to be sufficiently homogeneous on scales
larger than the Hubble patch, r > H~!, before inflation could begin see Refs. [272-
277]. Initial conditions if set at the Planckian scale do not suffer through this problem
as shown by Refs. [4, 143, 278]. Low scale models of inflation require earlier phases of

inflation in order to set the initial conditions.

e Chaotic initial conditions:
For sufficiently flat potential the only constraint is given by: (1/2)¢? + (1/2)(8;0)% +
V(p) < ML, see Refs. [4, 143, 1182, 1278]. The initial conditions are set by: (1/2)¢? ~
(1/2)(0:¢)* ~ V(¢) ~ O(Mp). If by any chance (1/2)¢* + (1/2)(8:¢)*> < V(¢)
in a particular domain, the inflation begins and within a Planck time the poten-
tial energy density, V' (¢), starts dominating over kinetic term. In domains where
(1/2)¢* 4 (1/2)(9;0)* > V(¢), inflation does not take place and do not exist classi-
cally. The above mentioned conditions are naturally satisfied when ¢ > Mp for a sim-
ple chaotic type potential, V' ~ m?¢?, where there exists a window, O(100 — 10)Mp >

¢ > O(Mp), where universe enters a process of eternal self-reproduction [143, 27§].
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In the self-production regime new regions of H Z.;; prop up on a timescale of one e-
folding with field values ~ ¢ &= A¢/2, where A¢p ~ H,,r/27. In such regions quantum
fluctuations dominate over the classical slow-roll of the field. After few e-foldings, IV,
these regions are locally homogeneous and grow almost independently. The correla-
tion between the two regions (¢ + A¢/2,¢ — Ap/2) ~ eV die exponentially. Such
self-reproduction regions in the inflationary potential can solve the initial homogeneity

problem without any trouble. This is also known as eternal inflation 2°.

Also note that chaotic initial conditions can be obtained for low scale models of infla-
tion provided the potential is extremely flat. For instance, near the saddle point ¢
of a potential, V'(¢9) = 0, V"(¢9) = 0, the quantum fluctuations will dominate over
classical motion in a range A¢ < Mp. Such regions will support self-reproduction of
space-time with locally homogeneous regions. However as we shall argue that in order
to reach a plateau of such a low scale inflationary potential one requires stochastic

jumps of the inflaton field during a prior phase of inflation [89, 279].

Furthermore, if inflation is driven by a collection of scalar fields as in the case of
assisted inflation, then the initial condition problem for a single field chaotic inflation
model can be ameliorated, as one would not require super-Planckian VEVs for the

inflatons [280-282].

e Problems with a large VEV:
A natural question arises for many models: can we trust the effective field theory
treatment of an inflaton potential when the VEV of the field is super-Planckian. The
answer is no, in particular when the inflaton has couplings to the SM or MSSM degrees
of freedom. An effective field theory treatment is trustable only when the momentum
is bounded by the cut-off as well as the total energy density is below the Planckian

energy density. For any renormalizable coupling between the inflaton and any matter

20 Note that inflation is not past eternal. The first argument is based on singularity theorems due to
Hawking-Penrose [141]. The large stochastic fluctuations cannot take the field forever up the potential.
When the field fluctuations become non-linear in one Hubble region, the entire region would collapse to
form a blackhole. The second reason is due to [142], where it has been argued that null and time like
geodesics are past-incomplete during inflation as long as the averaged expansion rate is such that Hg, > 0
holds along the past directed geodesics. The observers along these geodesics would take finite amount of

time to hit the singularity.
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field would render super-Planckian VEV dependent mass to the matter field ( for a
reasonable gauge or Yukawa coupling < O(1)). The effective field theory prescrip-
tion is bound to break down when super-heavy quanta is running in the loops of an
inflaton field. For a gauge invariant inflaton, i.e. MSSM inflaton, it is impossible to
consider VEVs above the cut-off, as the inflaton has SM gauge interactions. Similarly,
embedding inflation in SUGRA or in string theory will always provide inflaton VEV
below the Planck scale, this remains true for any realistic potential arising from the
low energy effective theory [283-285]. In a limit when the inflaton coupling to matter
vanishes, or in a free field theory case, it is possible to obtain VEVs above the cut-off

maintaing the effective field theory arguments given in Refs. |4, 143, 278].

Quantum initial conditions:

If inflation lasts long enough, i.e. N ~ 60 — 70 e-foldings, then it is inevitable that the
present observable mode would originate from sub-Planckian length scales. Potentially
quantum gravity corrections at those length scales can leave some imprint in the
CMB perturbations, it is known as the trans-Planckian problem for an inflationary
cosmology [286-291]. There are two pertinent questions, the first one is related to
the choice of Bunch-Davies vacuum as an initial state |180, 292] in order to evolve
the quantum perturbations. Second one has to do with an adiabatic evolution of the
state throughout the dynamics of inflation. Both the questions have been raised in the
literature. It was observed that if either the vacuum or the evolution of a state would
violate Lorentz-invariance the corrections to the amplitude of the CMB perturbations
would be as large as order one. Typically the corrections will be o< (H,,z/M..), where
M, is the cut-off above which either the initial state is modified or the evolution. In
Ref. [288], the initial state was chosen to be alpha-vacuum (a variant of Bunch-Davies
vacuum with large excitations) and the modification to the amplitude of the CMB
perturbations were found to be (H;,r/M.)?. It was argued in [293] that as long as the
state evolves adiabatically and Lorentz-invariance is maintained, the trans-Planckian
corrections would be small of order ~ (Hy,;/M,)?, which is a good news for any low

scale inflation.
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2. Choice of a vacuum where inflation ends

In order to realize our observable universe, inflation must come to an end in the right
vacuum. The exit must happen such that the relevant degrees of freedom required for the
BBN, i.e. the relativistic SM degrees of freedom, and right abundance for the cold dark
matter can be excited. There are only few models where inflation can end right in the SM
vacuum; the SM Higgs inflation [85], and the MSSM inflation [86]. In many particle physics
models of inflation, the existence of a hidden sector coupling to the MSSM or the SM sector
is common, see [10]. All these models require extra set of assumptions in order to make
sure that the inflaton energy density gets transferred into the MSSM or the SM degrees of
freedom. Note that a hidden sector inflaton can excite hidden degrees of freedom as the
couplings between the two hidden sectors are not barred by any symmetry. Furthermore,
gravity will always couple one such sector to the another. Therefore, it is desirable to end
inflation where one can directly excite the SM quarks and leptons 2!.

In the case of stringy models, there exists no construction where inflation ends right in
the MSSM or the SM sector. The problem becomes more challenging with an introduction
of a string landscape, since there are nearly 10°% to even 10'%° vacua [44, 56, [57], with the
vast majority of those having large cosmological constants. In such cases exiting inflation
from the string landscape and exiting the inflation in our own vacuum becomes even more

challenging task [279].

3. Quantum to classical transition

The initial sub-Hubble perturbations are quantum in nature. The perturbations are
then stretched outside the Hubble patch during inflation, therefore the correlation function,
(0p(x)dp(x")), evolves during inflation. It has been shown that the evolution is similar to that
of a squeezed state [294-299], the squeezing happening due to the exponential expansion.
For very long wavelength (super Hubble) modes the quantum correlation between the two

inflating regimes dies away exponentially by the number of e-foldings of inflation ~ e=.

21 Suppose inflation ends in a GUT vacuum, it does not guarantee automatically that the GUT would be
broken down to the SM vacuum. There are many ways to break it and one requires special care in realizing

such a scenario. See Sec. [ITH
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This lends some support to this idea that two distinct Hubble patches behave for all good
purposes classical [143, (166, 278]. But it is still unclear whether the short wavelength modes
have any role to play in decohering the long wavelength modes [299]7

The density matrix of the fluctuations within the causal horizon, p[d¢(z),d¢ (y)] =
(0p(x)|pldd' (y)) = V[dp(x)|V*[dp(y)], evolves from pure state to a mixed state,
ploo(x),0¢' (y)] = Pldo(x)]0[dd(x) — d¢'(y)], under the influence of a time dependent in-
teraction Hamiltonian arising from (a) time dependent evolution of the inflaton, and (b) the
inflaton interactions to matter. It was pointed out in [299] that short wavelength modes
can play a role in decohering the long wavelength modes, once reheating takes place. The
thermal bath produced from the inflaton decay can act as an environment for the long wave-
length modes when these modes re-enter the Hubble patch after the end of inflation. The

decoherence effects during inflation are still an open issue [299-301].

4. Inflaton decay, reheating and thermalization

Reheating takes place due to the perturbative decay of the inflaton [92-95]. After the
end of inflation, when H < my, the inflaton field oscillates about the minimum of the
potential. Averaging over one oscillation results in pressureless equation of state where
(p) = (¢%/2 — V(¢)) vanishes [92,193], so that the energy density starts evolving like matter
domination (in a quadratic potential) with ps = p;(a;/a)? (subscript ¢ denotes the quantities

22

right after the end of inflation) “*. If I';, represents the total decay width of the inflaton to

pairs of fermions. This releases the energy into the thermal bath of relativistic particles when
H(a) = \/(1/3M2)p;(a;/a)®? =~ T's. The energy density of the thermal bath is determined
by the reheat temperature Tg, given by:

90 \ V4 200 /4
Tp = ( ) T,Mp = 0.3 ( p ) VToMp . (75)

T2, X

where g, denotes the effective relativistic degrees of freedom in the plasma. However the
inflaton might not decay instantaneously. In such a case there might already exist a thermal

plasma of somerelativistic species at a temperature higher than the reheat temperature

22 For \¢* potential the coherent oscillations yield an effective equation of state similar to that of a radiation

epoch.
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already before the end of reheating [95]. If the inflaton decays with a rate I'y, then the

instantaneous plasma temperature is found to be [95]:

1/4

Enst(a) ~ (g*_l/zHF(bMI%) (76>

The temperature of the universe reaches its maximum 7,,, soon after the inflaton field starts
oscillating around the minimum. Once the maximum temperature is reached, then py ~
a=%?, and T ~ a~>/® until reheating and thermalization is completely over. Thermalization
is achieved when both kinetic and chemical equilibrium are reached.

Note that the above analysis is solely based on energetic argument. It claims that Ty <
pjn/;lc, but ignored the microphysical aspects such as what degrees of freedom are excited after
the end of inflation. For a successful cosmology one needs to ask how the inflaton energy
gets converted into the SM degrees of freedom. This will be discussed in chapters V and VI.

For large reheat temperatures, Tg ~ 10° GeV, the universe could abundantly create
thermal relics of unstable gravitinos with a mass of order 100 — 1000 GeV, which could
spoil the success of BBN [302-307]. For extremely low reheat temperatures, i.e. Tr ~
O(1-10) MeV, it becomes a great challenge to obtain matter-anti-matter asymmetry and the
right abundance for the dark matter. Only a few particle physics scenarios can successfully

create baryons and dark matter at such a low temperature, see for instance [308-311].

G. Requirements for a successful inflation

The success of inflation is closely tied to the success of BBN [25, 126, 28] as the epoch
constraints the number of relativistic degrees of freedom beyond the SM, and the bary-
onic asymmetry. Furthermore the CMB data and galaxy formation also constraints the

abundance of cold dark matter and baryons.

1. Baryons and nucleosynthesis

For a successful BBN, which takes place within the first few hundred seconds, the abun-
dances of light elements 2H, *He, *He and "Li crucially depends on the baryon-to-photon

ratio:

n=—. (77)



All the relevant physical processes take place essentially in the range from a few MeV
~ 0.1 sec down to 60 — 70 KeV ~ 103 sec. During this period only photons, e* pairs,
and the three neutrino flavors contribute significantly to the energy density. Any additional
energy density may be parameterized in terms of the effective number of light neutrino
species N, so that

5 =10754 E(N,, 3. (78)

BBN constraints the number of light neutrino species by N, < 4 [27, 29]. The four LEP
experiments combined give the best fit as NV, = 2.994 £ 0.12 [312]. The likelihood analysis
which includes all the three elements (D, He, and " Li) yields the baryon to photon ratio [313]

47x107"0 < <6.2x1071, 0.017 < Quh* < 0.023. (79)

Despite the uncertainties there appears to be a general concordance between theoretical
BBN predictions and observations, which is now being bolstered by the CMB data Q,h? =
0.02229 4 0.00073 [253].

2.  Baryogenesis

The baryon asymmetry of the universe (BAU) parameterized as ng = (ng — ng)/s = n
is determined to be 0.9 x 107! by the recent analysis of WMAP data [12]. As pointed
out by Sakharov [314], baryogenesis requires three ingredients: (1) baryon number non-
conservation, (2) C' and C'P violation, and (3) out-of-equilibrium condition.

All these three conditions are believed to be met in the very early universe. Baryogenesis
during the electroweak phase transition [315] has been studied widely, see [316]. Another
mechanism known as Affleck-Dine baryogenesis, which happens due to the non-trivial dy-
namics of a light scalar condensate is a natural outcome of inflation [317-319]. It is also
possible to convert leptonic asymmetry into baryonic asymmetry, B = a(B — L) [320-323],
for a review see [324], where a = 28/79 in the case of SM and a = 8/23 for the MSSM [325].

A lepton asymmetry can be generated from the out-of-equilibrium decay of the right
handed (RH) neutrinos into Higgs bosons and light leptons, provided C'P—violating phases
exist in the neutrino Yukawa couplings. The created lepton asymmetry will be converted

into a baryonic asymmetry via sphaleron processes. This scenario works most comfortably
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if Tr > M; > 10° GeV, where M is the lightest RH neutrino [326] 23. There exist various

scenarios of non-thermal leptogenesis [329-333] which can work for T < My.

3. Cold dark matter

The WMAP data, galaxy clusters and large scale structure data pin down the dark matter
abundance to be : Qpy = 0.22 [269]. It is important to note that at the end of inflation
right abundance of dark matter must be created. There are many well motivated particle
physics candidates for cold dark matter [334, 1335]. All the plausible candidates arise from
beyond the SM physics. Within MSSM the lightest SUSY particle (LSP) is an excellent
candidate by virtue of R-parity [30], the non-topological solitons such as Q-balls [90, 91],
and Kaluza-Klein dark matter particles in theories with extra dimensions [335] are the most
popular ones.

The dark matter particles can be created via thermal scatterings in the case of thermal
cold relics, and non-thermally in the process of decay of heavier particles. The thermal relic
abundance is easy to calculate, the number density of dark matter X, ny, gets exponential
suppression in comparison with the number density of relativistic degrees of freedom deter-
mined by the freeze-out temperature, Ty < mx. The abundance is calculated by solving the

Boltzmann equation [95]:

an 2 eq\2
— T 3Hnx = —(ov)(nx — (n¥)%) (80)

where o is the total annihilation cross section, v is the velocity and bracket denotes thermally
averaged quantities. In the case of heavy X, the cross section can be expanded with respect
to the velocity in powers of v2, (ov) = a+b{v?) + O((v*)) + ... ~ a+6b/x, where x = mx /T
and a, b are expressed in GeV 2. In the regime where the dark matter abundance is frozen-

out for x > xy = mx /Ty, the relic density can be expressed in terms of the critical density:

1.07 x 107 z
My \/g(a+3b/zy)

where g, is the relativistic degrees of freedom and zy ~ 25 — 30 (in the standard LSP case)

Qxh? ~ GeV!, (81)

are evaluated at the time of freeze-out. An approximate order of magnitude estimation of

23 Thermal leptogenesis can work below the reheat temperature T < 10° GeV in the case of a resonant
leptogenesis [3217, 1328].
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the abundance can be written as:

3x 10727 cm? st

Ovh? ~
xh o0)

(82)

III. PARTICLE PHYSICS TOOLS FOR INFLATION
A. Standard Model of particle physics

The Glashow-Weinberg-Salam model of electroweak interactions [336-1338], for details
see [339], is based on SU(2), x U(1)y gauge theory containing three SU(2). gauge bosons,
Wﬁ, i = 1,2,3, and one U(l)y gauge boson, B,, with kinetic energy terms, Lxp =
—iWZL,}W“”i — 1B, B", where Wi, =0,Wi—0,W;+ ge* W)W} and B,, = 9,B, — 0,B,.
Coupled to the gauge fields is a complex scalar SU(2) doublet, H,

H+
H= (83)
HO
with a scalar Higgs potential given by
2
V:,u2|HTH|+>\(| H'H |) : (84)

where A > 0. For p? < 0, the minimum energy configuration is given by the Higgs VEV,
which mediates the symmetry breaking: SU(2); x U(1)y — U(1)ey, such that the electro-

magnetism is unbroken.

1 0
(H) = VA (85)

The Higgs VEV, also known as the Higgs mechanism, generates masses for the W and 7

gauge bosons

/
L, = (D"H)(D,H)—V(H), where D,=0,+ igT W, + i%BMY. (86)

Since, after symmetry breaking, in the unitary gauge there are no Goldstone bosons left,
only the physical Higgs scalar remains in the spectrum. The mass to the gauge boson arises

from the scalar kinetic energy term,

0

Lo U)Ggf W+ 1B )2 (87)
g W UNIT e B ) )
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The physical gauge fields are two charged fields, W*, and two neutral gauge bosons, Z and

~. The masses of the gauge bosons are given by:
1 1
My =t =gy, a-o (59)

Since the massless photon must couple with electromagnetic strength, e, the coupling con-
stants define the weak mixing angle 6y, e = gsin Oy and e = ¢’ cos Oy .

One can also include fermions, let us consider the electron and its neutrino as an example.
The fermions in terms of their left-and right-handed projections, v, p = %(1 F v5)0. We
need to couple the fermions with the SU(2), doublets, therefore:

=", (89)

€r

The known matter content of the SM has the following charges: Qp = (3,2,1/6), (B =
1/3,L = 0), ur = (3,1,-2/3),(B = —1/3,L = 0), dr = (3,1,1/3),(B = —1/3,L =
0), Ly = (1,2,-1/2),(B=0,L=1), eg=(1,1,1),(B=0,L =—1), H = (1,2,1/2), (B =
0,L = 0), using the notation (ns3,ns,Y), with color SU(3), weak SU(2) and hypercharge
U(Y), respectively. In MSSM, anomaly cancelation will require additional Higgs with an
opposite hypercharge, (1,2, —1/2).

Using the hypercharge assignments of the fields, the leptons can be coupled in a gauge
invariant manner to the SU(2), x U(1)y gauge fields,

/ /
Liepton = 1€RY" (m + i% GBH> er +iLy" (au + zgr W, + z’%YLBH) Ly . (90)

All of the known fermions can be accommodated in the Standard Model in an identical
manner as was done for the leptons.

A fermion mass term, L = —m) = —m(Y g + Pribr), is not gauge invariant
under SU(2), and U(1)y. The gauge invariant Yukawa coupling of the Higgs boson to the
up and down quarks is given by, L4 ~ —\gQ; Hdg + h.c.:

1 - 0
- )\dﬁ(ﬂL’ dL) ; dR + h.c. (91)

which provides mass term for the down quark if Ay = m4v/2/v, while the up quark mass is

determined by: £, = —\,Q;®ug + h.c., since fact that H¢ = —ity H* (7 is a Paui matrix)
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Similar couplings are used to generate mass terms for the charged leptons, the neutrino has
no right handed partner, it remains massless within SM.

In order to obtain neutrino masses, one would have to introduce right handed neutrinos
with a Yukawa coupling, i.e. £ ~ h(LH)vg. From the VEV of the Higgs the neutrinos will
obtain masses o< hv. In order to get neutrino masses in the interesting range m, ~ 107! eV,
for solar and atmospheric neutrino mixing, the Yukawa coupling has to be very tiny, i.e.
h ~ 1072, The origin of neutrino masses can also arise from higher dimensional lepton

number violating operator [340-343):
00
L~ —(LH)(LH). 92
= (LH(LH) (92)
When the Higgs gets a VEV, these gives rise to Majorana masses for the neutrinos of order

In order to get neutrino masses in the interesting range we require M ~ 10'* GeV, remark-

ably close to the GUT scale.

B. Radiative corrections in an effective field theory

An effective field theory is a powerful tool to study the loop corrections of the scalars
coupled to gravity [283, 285, 1344-1349]. The most general action for N dimensionless scalar
fields, 6", and the metric g, can be written in terms of derivative expansion, with terms

involving up to two derivatives, see [283, 1285, 1346, 1347]:
Log M3

V=N otV (0) + 55 " [W(0) Ruy + Gig(6) 0,80, (94)
+A(60)(00)* + B(6) R* + C(6) R(90)* + % (80)° + % R4

where M < Mp is regarded as the lightest mass scale of particles which would be integrated
out, the coefficient functions, V(0), G;;(0), A(0), B(6),C(0), E(0), F(#) are dimensionless,
and R? collectively represents all possible independent invariants constructed from three
Riemann tensors, or two Riemann tensors and two of its covariant derivatives; R(960)? de-
notes all possible invariants involving one power of the Riemann tensor and two derivatives

acting on 6°.
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An effective action for a scalar field expanded about a classical solution 6*(z) = 9*(z) +

¢'(x)/Mp, g (z) = Gu(x) + hu(z)/Mp can be given by [285]:

Lo = Log + M2M2Y Aj@ﬂ O, <Mi ﬁ;) (95)
P P

n

where Lo is the classical Lagrangian density evaluated at the background configuration,
¢ and hy, are the small perturbations around the background scalar field and the metric.
The sum over n runs over the labels for a complete set of interactions, O,,, each of which
involves N, = N\* + N > 2 powers of the fields ¢' (for N fields) and h,, (with N, # 1).
The parameter d,, counts the number of derivatives appearing in O,, and c,/M% is a
dimensionless quantity, where M < Mp denotes the scale at which heavy degrees of freedom
have been integrated out. The overall prefactor, M? Mg, is to keep the kinetic terms canonical
for individual fields.

In terms of dimensionless couplings, \,,, the scalar part of the potential can be expanded

2 4
Ao + Az <M£P) +)\4<Mip) + -

Note that the natural scale for the scalar masses under the above assumptions is m =~ v?/Mp.

as 2%

V(g) =o' : (96)

The quartic coupling constant, \s(v/Mp)?, is similarly Planck suppressed. For the purpose
of inflation, the scale of the scalar potential will be governed by V ~ v* < M*. Such small
masses and couplings are needed to keep the successes of inflation.

In general, in order to study the evolution of couplings, ¢,, and how the two scales M and
Mp appear in a given problem, one has to study the 1— particle irreducible (1PI) graphs
perturbatively in the interaction part of the Lagrangian density. To this end, one can obtain
the leading order expression for the amplitude of such graphs, by assuming that FE denotes
the largest of physical scales that appear explicitly in the propagators or vertices of the

calculation. One can neglect any other smaller scales compared with F when estimating the

. (%)dﬂl ) , (07)

24 Similar potential can also be derived in the context of supergravity (SUGRA), see Refs. [161, 1350].

size of a particular Feynman graph [283, 285, 1347).

- () (k) T

n
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where € denotes the number of external lines, L loops and V,, vertices with d,, derivatives.
The factor E/4mMp < 1 ensures that successive insertions of interactions to be smaller than
preceding ones.

One particular application is integrating out a particle of mass m > M. In the infla-
tionary context, M ~ H,;,; ~ v*/Mp for the above potential Eq. (@6), and A, ~ O(1).
Expanding the above amplitude Eq. ([@7)) for arbitrary derivatives and comparing the coef-
ficients with Eq. (@8], one finds v*/(E*Mg) ~ v*/(m*Mg) ~ H} ;/m* < 1. In addition,
the generic loop factor (m/4wMp)?, the d,, > 4 interactions are suppressed by at least two
powers of m?/Mg, and X, are additionally suppressed by powers of H7 ./m?. Only the
d, = 2 interactions remain unsuppressed beyond the basic loop factor if A, S O(1). On the
other hand, if there are interactions in the scalar potential that are unsuppressed by powers
of Mp, such as if A, ~ (Mp/v)"\,, i.e. higher powers of ¢ and h,,, then loops involving
these interactions can modify the inflaton potential [285, [346] 2°.

One such known example is in the case of Higgs inflation [85], where the presence of
EHTHR (interaction vertex involves d,, = 2 derivatives) term helps flattening the Higgs
potential 26. A successful inflation requires & ~ 5 x 10*y/\, where X is the Higgs self-
coupling. The unitarity bound on interactions such as Higgs-Higgs scattering, graviton-
Higgs scattering (through graviton exchange) leads to E < E,,, &= Mp /£, which constraints
the validity range for an effective field theory treatment for the Higgs inflation to be within
a narrow range VA < H,;/M < 1, where Hy,; ~ AMp/¢. Any Higgs coupling to
the matter field will induce corrections to the Higgs potential and alter the predictions for
inflation, see [285].

In other extreme limit, when a light particle is running in the loop, i.e. m < H;,y and
m <K qb/ ¢, the above analysis when applied to 2-point correlations, yields a well known
result, (¢%) ~ H7, ,/4m* [285].

The one-loop effective potential, which can be generated when the heavy fields are ex-

plicitly integrated out, serves as an useful tool to lift a generic flat direction, which is helpful

25 There are two types of operators; (i) relevant operators, which are proportional to positive powers of M,
and (ii) marginal operators, which grow logarithmically with M, have been considered in studying the

trans-Planckian physics, see for instance |289, 351].
26 In an Einstein frame the Higgs potential with canonical kinetic terms is given by Eq. [2IF), see section

LV DI
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to obtain inflationary potential. A simple calculation of the virtual effects of the heavy
scalars and fermions on the light scalar potential, which can be the inflaton, can be ob-
tained by matching the one-loop corrected effective potential for the full theory. This gives
the following result following Coleman-Weinberg [352] 27

Vers(9) = Ving(9) + AV

1 |
AV = o > (=) M;(¢)* In

(98)
where Vj,s is now the renormalized potential, A(¢) is the renormalization mass scale. The
sum extends over all helicity states i, F; is the fermion number, and M(¢) is the mass of
the i-th state.

As an example, let us consider a chiral Lagrangian for N fermions invariant under Zy
symmetry [353]. In general, Zy symmetry can be defined for an Abelian and non-Abelian

gauge group, which keeps the action, S, invariant under the symmetry transformation:

S — e?™i/N xS where j =1,2,---, N. The relevant Lagrangian is:
N-1 )
L= (1/2)0,00"¢+ Y 1h;in"0utby + [mo + e’ 2N ip gt b, (99)
=0

where (g, ) = (1£7°)1)/2, my is an explicit breaking term, and the scalar VEV responsible
for generating € via some Yukawa interaction between scalar and N fermions is given by:
(¢p) = €/ f//2. Under the Zy discrete symmetry: v; — i1, Uy_1 — %o, ¢ — & +
275 f/N. The induced one-loop potential can be calculated from Eq. (@), with a cut-off:
A < f. The potential is: o
— M# M?

AV = — ; ﬁ In (A—;) , (100)
where M7 = mge® + 2moecos (¢/f + 2mj/N). The scalar field, ¢, is a simple example of
pseudo-Nambu Goldstone Boson (pNGB), which can protect its potential naturally due to

symmetries 2. For N = 2 the pNGB mass is my ~ moe/ f.

2T A supersymmetric (SUSY) generalization of the Coleman-Weinberg formula will be presented in

Sec. [IITETl

28 Technically natural small mass scales are protected by symmetries, such that when the small mass

vanishes it can not be generated in any order of perturbation theory.
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C. Supersymmetry (SUSY)

The SM physics has number of pressing issues, the most compelling one is the quadrati-
cally divergent contributions to the Higgs mass, which arise in one-loop computation from
the fermion contribution and quartic self interaction of the Higgs boson. The quadratic di-
vergence is independent of the mass of the Higgs boson and cancel, exactly if Ay = )\?c, where
A is the fermion Yukawa and A, is the quartic scalar coupling. However this procedure fails
at 2-loops and one requires fine tuning of the couplings order by order in perturbations to
a precision of roughly one part in 107 (for the scale of gravity at Mp ~ 10*® GeV), often
known as the hierarchy problem or the naturalness problem.

In SUSY, there is a scalar of same mass associated with every fermion and the couplings
are such that A\, = >\§c. The electroweak symmetry is still broken by the Higgs mechanism,
but the quadratic divergences in the scalar sector are absent. The minimal extension of the
SM in SUSY is known as MSSM (minimal SUSY SM).

The matter fields of N = 1 SUSY are chiral superfields ® = ¢ + /20y + 0F, which
describe a scalar ¢, a fermion ¢ and a scalar auxiliary field F'. The SUSY scalar potential

V' is the sum of the F- and D-terms are:

1
_ 2 2 Mna NHa
V= § | F}| +§§a g>D*D (101)
where
ow
F, = . D*=¢'T% | 102
5 o' (102)

where W is the superpotential, and we have assumed that ¢; transforms under a gauge
group G with the generators of the Lie algebra given by 7. Note that all the kinetic energy

terms are included in the D-term.

1. Minimal Supersymmetric Standard Model (MSSM)

In addition to the usual quark and lepton superfields, MSSM has two Higgs fields, H,
and H;. Two Higgses are needed because H' is forbidden in the superpotential. The
superpotential for the MSSM is given by, see [30, 31, 133, 134]

WMSSM = )\UQHUU + )\dQHdd + )\eLHde + ,uHqu s (103)

47



where H,, Hy, Q, L,u,d, e in Eq. (I03)) are chiral superfields, and the dimensionless Yukawa
couplings A, Ag, Ac are 3 x 3 matrices in the family space. We have suppressed the gauge and
family indices. The H,, Hy, @, L fields are SU(2) doublets, while u, d, e are SU(2) singlets.
The last term is the p term, which is a SUSY version of the SM Higgs boson mass. Terms
proportional to HH, or Hj;H, are forbidden in the superpotential, since Wj;ssy must be
analytic in the chiral fields. H, and H, are required not only because they give masses to
all the quarks and leptons, but also for the cancellation of gauge anomalies. The Yukawa
matrices determine the masses and CKM mixing angles of the ordinary quarks and leptons
through the neutral components of H, = (H,F, HY) and Hy; = (H}H ). Since the top quark,
bottom quark and tau lepton are the heaviest fermions in the SM, we assume that only the
third family, (3,3) element of the matrices A, A\g, A are important.

The p term provides masses to the Higgsinos
LD —pu(HFH; — HYHY) + c.c, (104)
and contributes to the Higgs (mass)? terms in the scalar potential through
— LDV O ul([H,[* + [H]* + [Hg* + [Hy ). (105)

Note that Eq. (I05) is positive definite. Therefore, it cannot lead to electroweak symmetry
breaking without including SUSY breaking (mass)? soft terms for the Higgs fields, which
can be negative. Hence, |u|? should almost cancel the negative soft (mass)? term in order to
allow for a Higgs VEV of order ~ 174 GeV. That the two different sources of masses should
be precisely of same order is a puzzle for which many solutions has been suggested [354-357].

The most general gauge invariant and renormalizable superpotential would also include
baryon number B or lepton number L violating terms, with each violating by one unit:
War=1 = 2NI*L;Liey + N9*L;Q;dy + " LiH,, and Wap—y = X" u;d;dy, where i = 1,2,3
represents the family indices. The chiral supermultiplets carry baryon number assignments
B = +1/3 for Q;, B = —1/3 for u;,d;, and B = 0 for all others. The total lepton number
assignments are L = +1 for L;, L = —1 for e;, and L = 0 for all the others. Unless A and \”
terms are very much suppressed, one would obtain rapid proton decay which violates both
B and L by one unit.

There exists a discrete Zy symmetry, which can forbid baryon and lepton number violating

terms, known as R-parity [358]. For each particle:

PR — (_1)3(B—L)+2s (106)
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with Pr = +1 for the SM particles and the Higgs bosons, while Pg = —1 for all the sleptons,
squarks, gauginos, and Higgsinos. Here s is spin of the particle. Besides forbidding B and
L violation from the renormalizable interactions, R-parity has interesting phenomenological
and cosmological consequences. The lightest sparticle with P = —1, the LSP, must be
absolutely stable. If electrically neutral, the LSP is a natural candidate for cold dark matter

1359, 1360] 2.

2. Soft SUSY breaking Lagrangian

In the MSSM there are several proposals for SUSY breaking, which we shall discuss below.
However most of the time it is not important to know the exact mechanism of low energy
SUSY breaking. This ignorance of the origin of SUSY breaking can always be hidden by
simply writing down explicitly the soft breaking terms.

The most general soft SUSY breaking terms in the MSSM Lagrangian can be written as
(see e.g. [30, 131])

1 1

ﬁsoft = —5 (M)\)\a)\a + C.C.) — (mZ);ng ¢, — <§b,]¢z¢] + aa]kgbigqubk + C.C.) s (107)

where M, is the common gaugino mass (m?)! ~ m2 ~ (O(100)GeV)? are 3x 3 matrices deter-
mining the masses for squarks and sleptons, denoted as mg), mZ, mg, m7, m?, m¥, ,my b~
mZ ~ (0(100))? GeV?; b;; is the mass term for the combination H,Hy; and finally, a* are
complex 3 x 3 matrices in the family space which yield the A-terms a,, aq, a. ~ mg ~
O(100) GeV. There are a total of 105 new entries in the MSSM Lagrangian which have
no counterpart in the SM. However the arbitrariness in the parameters can be partly re-
moved by the experimental constraints on flavor changing neutral currents (FCNC) and C'P
violation [361] °

There are a number of possibilities for the origin of SUSY breaking [30, 31, 134]. Fayet-

Iliopoulos mechanism [362] provides SUSY breaking by virtue of a non-zero D-term but

29 Symmetries with the property that fields within the same supermultiplet have different transformations are
called R symmetries; they do not commute with SUSY. Continuous U(1) R symmetries are often employed
in inflationary model-building literature. Under this symmetry a general chiral superfield transforms as
® — eFo®, and in order to keep the theory R-invariant, the superpotential must have R = 2.

30 Within global SUSY there exists a mass formula StrM? = Z;:O(—l)j trM7 , which prevents all the
squarks and sleptons to have masses larger than those of quarks and leptons. This constraints on SUSY

breaking scenarios in the global case, but by introducing SUGRA the above relationship will be modified.
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requires a U(1) symmetry. However, this mechanism does not work in the MSSM because
some of the squarks and sleptons will get non-zero VEVs which may break color, electro-
magnetism, and/or lepton number without breaking SUSY. Therefore the contribution from
the Fayet-Iliopoulos (FI) term should be negligible at low scales.

There are models of SUSY breaking by F-terms, known as O’Raifeartaigh models [363],
where the idea is to pick a set of chiral supermultiplets ®; D (¢;,1; F;) and a superpotential
W in such a way that F; = —0W /¢! = 0 have no simultaneous solution. The model requires
a linear gauge singlet superfield in the superpotential. Such singlet chiral supermultiplet is
not present in the MSSM. The scale of SUSY breaking has to be set by hand.

The only mechanism of SUSY breaking where the breaking scale is not introduced either
at the level of superpotential or in the gauge sector is through dynamical SUSY breaking
[364-367], see also [368]. In these models a small SUSY breaking scale arises by dimensional
transmutation. It is customary to treat the SUSY breaking sector as a hidden sector which
has no direct couplings to the visible sector represented by the chiral supermultiplets of the
MSSM. The only allowed interactions are those which mediate the SUSY breaking in the
hidden sector to the visible sector.

The main contenders are gravity mediated SUSY breaking, which is associated with new
physics which includes gravity at the string scale or at the Planck scale [30, 1369, 1370], and
gauge mediated SUSY breaking, which is transmitted to the visible sector by the ordinary
electroweak and QCD gauge interactions [366, 371-373]. There are other variants of SUSY
breaking based upon ideas on gravity and gauge mediation with some extensions, such as
dynamical SUSY breaking (see [36], and references therein), and anomaly mediation (see

35, 1374)).

3. Next to MSSM (NMSSM)

The simplest extension of the MSSM can be obtained by adding a new gauge-singlet
chiral supermultiplet with even matter parity. The superpotential reads as [375-378], see
also [379]:

Wimssm = Wassm + ASH Hg + %/@53 + %,uSSZ, (108)

where S is the new chiral supermultiplet. It is often called the next-to-minimal SUSY

standard model (NMSSM). The NMSSM introduces extra coefficients, by choosing them
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correctly it is possible to realize a successful electroweak symmetry breaking.

One of the virtues of the NMSSM is that it can provide a solution to the p problem.
An effective p-term for H,H, will arise from eq. ([I08), with pgeg = As. It is determined
by the dimensionless couplings and the soft terms of order my.g, instead of being a free
parameter conceptually independent of SUSY breaking. In general, NMSSM also provides
extra sources for large CP violation and conditions for electroweak baryogenesis [380, [381].

The singlet S contains a real Pp = +1, and a Pz = —1 Weyl fermion singlino, S. These
fields have no gauge couplings of their own, so they can only couple to the SM particles
via mixing with the neutral MSSM fields with the same spin and charge. The odd R-parity
singlino S mixes with the four MSSM neutralinos.. The singlino could be the LSP and the
dark matter candidate [382-384], in some parameter space neutralino type dark matter is

also possible [385,1386]. For collider signatures, see |387].

4. Gravity mediated SUSY breaking

The gravity mediated SUSY breaking, which is associated with new physics which in-
cludes gravity at the string scale or at the Planck scale [30,1369]. Tt is assumed that SUSY is
broken by the VEV (F') # 0 and is communicated to the MSSM by gravity. On dimensional
grounds, the soft terms in the visible sector should then be of the order mgy ~ (F')/Mp, see
130].

The SUGRA Lagrangian must contain the non-renormalizable terms which communicate
between the hidden and the observable sectors. For the cases where the kinetic terms for
the chiral and gauge fields are minimal, one obtains the following soft terms [30, [369]

F F)?
) e WEE
Mp M2

()
Mp’

)
Mp'

myjo ~ Ag ~ By ~ (109)

The gauginos get a common mass M; = My = M3z = my 3, the squark and slepton masses

are mg, = m;, = mj = mj =m? = my, and for the Higgses m7;, = m}, = mg. The A-terms
are proportional to the Yukawa couplings while b = By.

Note that mg.pr — 0 as Mp — 0o. In order to obtain a phenomenologically acceptable
soft SUSY mass mg,pe ~ O(100) GeV, one therefore requires the scale of SUSY breaking in
the hidden sector to be y/(F) ~ 10 — 10! GeV.

Another possibility is that the SUSY is broken via gaugino condensate (0|A?A°|0) =
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§%°A% # 0, where A is the condensation scale [30, 370, 375]. If the composite field A2\b
belongs to the (F') ~ A3/Mp-term, then again on dimensional grounds one would expect
the soft SUSY mass contribution to be [30, 369]

A3

A 110

Mgoft ™~

In this case the nature of SUSY breaking is dynamical and the scale is given by A ~ 10'3 GeV.

Commonly gravity mediated SUSY breaking scenario is also known as minimal SUGRA
(mSUGRA). In mSUGRA the number of independent parameters reduce a lot, there are
mo, M2, Ag, the GUT scale value for pi, by, and the gravitino mass. Further more by =
Ag —myg and mg/ = mg further reduces the parameter space. Nowadays, the popular choice
of parameters is known as CMSSM (constrained MSSM), they are: tanf = (H,)/(Hq),
mo, Ao, mije and sgn(up). Within CMSSM the LSP is the lightest neutralino (the neu-
tral higgsinos (H? and HY) and the neutral gauginos (B, W°) combine to form four mass
eigenstates called neutralinos), myg, < mg, < mg, < mg, is known to be the LSP, unless
gravitino is the lightest, or R-parity is not conserved.

There are variants of gravity mediation, known as anomaly mediated SUSY breaking
(AMSB) scenarios, where at tree level gaugino masses are not present. The masses for
gauginos arise from one-loop whose origin can be traced to the super-conformal (super-
Weyl) anomaly which is common to all SUGRA models [374, 1388, 1389]. At low energies
gaugino mass parameters are given by:

2

bigi
P Ton2 (111)

where ms3/; ~ 100 — 1000 GeV is the gravitino mass, and b; are the MSSM gauge beta-
functions, i.e. for SU(3), SU(2), U(1) gauge groups: (bs = —3,by = 1,b; = 33/5). AMSB
can naturally suppress the flavor changing processes, however at a cost of negative squared
masses for the sleptons. Therefore AMSB cannot alone be the main source for SUSY break-

ing in the slepton sector.

5. Gauge mediated SUSY breaking

In gauge mediated SUSY breaking one employs a heavy messenger sector which couples

directly to the SUSY breaking sector but indirectly to the observable sector via standard
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model gauge interactions only [366, 371-373,1390]. As a result the soft terms in the MSSM
arise through ordinary gauge interactions. There will still be gravitational communication,
but it is a weak effect.

The simplest example is a messenger sector with a pair of SU(2) doublet chiral fields
[, [ and a pair of SU(3) triplet fields ¢, g, which couple to a singlet field z with Yukawa,

couplings g, A3, respectively. The superpotential is given by
Winess = A2l + A32qq . (112)

The singlet acquires a non-zero VEV and a non-zero F-term (F,). This can be accomplished
either substituting z into an O’Raifeartaigh type model [371),1390], or by a dynamical mech-
anism [366, 372]. One may parameterize SUSY breaking in a superpotential Wiy,eqr by
(OWhrear/0z) = —(F7F). As a consequence, the messenger fermions acquire masses and a
scalar potential with (OW,,.ss/02z) = 0.

SUSY breaking is then mediated to the observable fields by one-loop corrections, which
generate masses for the MSSM gauginos [366]. The ¢, g messenger loop diagrams provide
masses to the gluino and the bino, while [, ] messenger loop diagrams provide masses to the
wino and the bino, i.e., My—1 23 = (a,/4m)A, where A = (F,)/(z).

For squarks and sleptons the leading term comes from two-loop diagrams, e.g. mi) x o?.
The A-terms get negligible contribution at two-loop order compared to the gaugino masses,
they come with an extra suppression of « /4w compared with the gaugino mass, therefore
a, = aqg = a, = 0 is a good approximation. The Yukawa couplings at the electroweak scale
are generated by evolving the RG equations.

One can estimate |366, 1372] the soft SUSY breaking masses to be of order

a, (F)
dm My~

(113)

Msoft ™~

If My ~ (z) and m are comparable mass scales, then the SUSY breaking can take place
at about /(F) ~ 10 — 10° GeV.

In gauge mediated SUSY breaking the gravitino could be the LSP, and the next-to-LSP
(NLSP) could be either stau, bino-like neutralino. The NLSP decay into gravitino could
be very long ranging from seconds to years, the decay process: 7 — 7G is governed by the

gravitational coupling. The decay of long lived staus are constrained by the BBN.
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6. Split SUSY

An advantage of a low scale (TeV) SUSY is the gauge coupling unification, and the LSP,
such as neutralino or gravitino as a dark matter candidate. Both of these virtues can be
kept without any need of a TeV scale supersymmetry as shown in Refs. [391-394]. Split
SUSY has light SM like Higgs bosons, the A-term and the p-term, but super heavy squarks
and sleptons. If the SUSY breaking is mediated via gravity, then the gravitino mass comes
out to be: ,

My > % (114)
where mg correspond to the scalar masses, which suppresses flavor changing neutral currents

and CP violations mediated via heavy squarks. While the A-term, p-term, and gauginos

are light (393, 1394],
m§/2
ME -

Therefore the neutralino like LSP can be realizable with a very long lived gluino, which

A, L, m1/2 ~ (115)

decays via off-shell squark to quark, anti-quark and LSP.

The reasoning for such a split spectrum is due to an accidental R-symmetry, which can
protect the masses for gauginos, the A-term and the u term, which gets broken via non-
renormalizable interactions. The model also allows the Higgs mass to be fine tuned to be
light at the weak scale. However there are other advantages, there will be no gravitino
problem for BBN, as the gravitino mass can be made higher than TeV, and the proton

decay upper limits can also be satisfied as the squarks are heavy.

7. Renormalization group equations in the MSSM

In many cosmological applications of flat directions, it is important to consider the run-
ning of (mass)? below Mgyr. For simplicity we can also assume that it is the scale where
SUSY breaking is transmitted to the visible sector. The running of low-energy soft breaking
masses has been studied in great detail in the context of MSSM phenomenology [30, 131, 33],
see also [395], in particular in connection with radiative electroweak symmetry breaking

[396]. A general form of RG equations, which to one loop can be written as:

2
agz: = Z aigmg + Z hi(z b”mf + A2) s (116)
g a J
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where a;, and b;; are constants, m, is the gaugino mass, h, the Yukawa coupling, A is the
A-term, and t = In My /q. The full RG equations have been listed in [30, 131, 33].
However, let us consider some of the salient features of the MSSM one-loop RG equations.

The one-loop RG equations for the three gaugino mass parameters are determined by:

d 1

. — ——b.q%m. = 1. — 11
dtmz 87T2blglm“ (bz 33/5> s 3) ( 7)

where ¢ = 1,2, 3 correspond to U(1), SU(2), SU(3). An interesting property is that the
three ratios m;/g? are RG scale independent. Therefore at the GUT scale, where the gauge
couplings unify at Mgyr ~ 2 x 10*0 GeV, it is assumed that gauginos masses also unify with

a value my ;. Then at any scale:
m; M2

2 2
g; Jour

where ggur is the unified gauge coupling at the GUT scale. The RG evolution due to

: (118)

Yukawa interactions are small except for top. The ones relevant to flat directions, involving
the Higgs doublet H, which couples to the top quark, the right-handed stop us, the left-
handed doublet of third generation squarks @3 and the A—parameter A; associated with
the top Yukawa interaction. The RG equations read [30, 131 133]

d 3h? 1 1 3

d—qm%ru = 8—7;; (miy, + mo, +mu, + A7) - o2 <193\m1|2 + 19§\m2|2) ;

d 2 2h’t2 2 2 2 2 1 4 2 2 4 2 2

g 8—722 (m, + mg, +mi, + |A?) — 5.3 §gl|m1| + §93|m3| ;

d 2 h’t 2 2 2 2 1 1 2 2 3 2 2 4 2 2

@ _ M ARy — - (L ° i

4g""s 87r§ (m%, +md, +mi, + |A?) 52 36gl|ml| + 4g2|m2| + 393|7"”63| )
d 3h 1 /13 3 4
KU /0 WO (5O S Y ST W B 119
dgt T st o (369lml Tgsme o 3gms (119)

Here ¢ denotes the logarithmic scale; this could be an external energy or momentum scale,
but in the case at hand the relevant scale is set by the VEV(s) of the fields themselves.
h is the top Yukawa coupling, while g; and m; are respectively the gauge couplings and
soft breaking gaugino masses of U(1)y x SU(2) x SU(3) . If h; is the only large Yukawa
coupling (i.e. as long as tan 3 is not very large), the beta functions for (mass)? of squarks
of the first and second generations and sleptons only receive significant contributions from

gauge/gaugino loops. A review of these effects can be found in [33, 1395].
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D. F-and D-flat directions of MSSM

Field configurations satisfying simultaneously:

ow
X,

D*=X"T"X =0, Fy, = 0. (120)

for N chiral superfields X;, are called respectively D-flat and F-flat. D-flat directions
are parameterized by gauge invariant monomials of the chiral superfields. A powerful tool
for finding the flat directions has been developed in [317-319, 1365, 1397-399], for a review
see [90, 91] where the correspondence between gauge invariance and flat directions has been
employed.

A single flat direction necessarily carries a global U(1) quantum number, which corre-
sponds to an invariance of the effective Lagrangian for the order parameter ¢ under phase
rotation ¢ — €. In the MSSM the global U(1) symmetry is B — L. For example, the LH,-
direction (see below) has B — L = —1. A flat direction can be represented by a composite
gauge invariant operator, X,,, formed from the product of k£ chiral superfields ®; making up
the flat direction: X,, = ®;®5---®,,. The scalar component of the superfield X, is related
to the order parameter ¢ through X,, = co™.

An example of a D-and F-flat direction is provided by

Hu:% Z ,L:% ?: , (121)
where ¢ is a complex field parameterizing the flat direction, or the order parameter, or the
AD field. All the other fields are set to zero. In terms of the composite gauge invariant
operators, we would write X,,, = LH, (m = 2).

From Eq. BIZ one clearly obtains F};, = A\Qu + pHg = F} = M\Hge = 0 for all ¢.
However there exists a non-zero F-component given by Fj = pH,. Since p can not be
much larger than the electroweak scale My, ~ O(1) TeV, this contribution is of the same
order as the soft SUSY breaking masses, which are going to lift the degeneracy. Therefore,

following [318], one may nevertheless consider LH, to correspond to a F-flat direction.

The relevant D-terms read
a T T 1 2 1 2
DSy = HymsHy + L' L = §|¢>| - §\¢ =0. (122)
Therefore the LH, direction is also D-flat.
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The only other direction involving the Higgs fields and thus soft terms of the order of u
is H,H,4. The rest are purely leptonic, such as LLe, or baryonic, such as udd, or mixtures of
leptons and baryons, such as (QLd. These combinations give rise to several independent flat
directions that can be obtained by permuting the flavor indices. For instance, LLe contains

the directions Ly Loes, LoLsey, and Ly Lses, let us consider a particular configuration [91]:
Li=— , Ly=— , 3= —=0, (123)

The SU(2)xU(1) D-terms are
92 2 2\2 9’2 2 2 2\2
Vp = T (IL1)* = |Lof?) +5(\L1\ — 3|Laf* + 2les]?) (124)

where g = ¢/sin6,, is the SU(2) coupling and ¢’ = e/ cosf is the U(1)y coupling. When
Li = L3 = e3 = ¢ the D-terms in the potential vanish as they must.

Along a flat direction gauge symmetries get broken, with the gauge supermultiplets gain-
ing mass by super-Higgs mechanism with m, = g(¢). Several chiral supermultiplets typically
become massive by virtue of Yukawa couplings in the superpotential; for example, in the
LH, direction one finds the mass terms Wi ass = Ay (@)Qu + \e(p) Hge. In this respect when
the flat direction VEV vanishes, i.e. ¢ = 0, the gauge symmetry gets enhanced.

Vacuum degeneracy along a flat direction can be broken in two ways: by SUSY breaking,
or by higher order non-renormalizable operators appearing in the effective low energy theory.

Let us first consider the latter option.

1.  Non-renormalizable superpotential corrections

Non-renormalizable superpotential terms in the MSSM can be viewed as effective terms
that arise after one integrates out fields with very large mass scales appearing in a more
fundamental (say, string) theory. Here we do not concern ourselves with the possible restric-
tions on the effective terms due to discrete symmetries present in the fundamental theory,
but assume that all operators consistent with symmetries may arise. Thus in terms of the

invariant operators X,,, one can have terms of the type [318;1319]

ooy h

dMd=3""m dMd—3

W= ¢!, (125)
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where the dimensionality of the effective scalar operator d = mk, and h is a coupling constant
which could be complex with |h| ~ O(1). Here M is some large mass, typically of the order
of the Planck mass or the string scale (in the heterotic case M ~ Mgyr). The lowest value
of k is 1 or 2, depending on whether the flat direction is even or odd under R-parity.

A second type of term lifting the flat direction would be of the form [318, 1319

— vt (126)

where v is not contained in X,,. The superpotential term Eq. (I26]) spoils F-flatness through
Fy # 0. An example is provided by the direction u;usugeseq, which is lifted by the non-
renormalizable term W = (h'/M)ujuadse;. This superpotential term gives a non-zero con-
tribution Fj = (h'/M)ujugey ~ (h'/M)¢* along the flat direction.

Assuming minimal kinetic terms, both types discussed above in Eqs. (I25[I20]) yield a

generic non-renormalizable potential contribution that can be written as

AP

V(6) = 2o (@0)" (127)

where we have defined the coupling |[A\|? = |h|*+]|R/|>. By virtue of an accidental R-symmetry
under which ¢ has a charge R = 2/d, the potential Eq. (I27) conserves the U(1) symmetry
carried by the flat direction, in spite of the fact that at the superpotential level it is violated,
see Egs. (125/120)).

All the non-renormalizable operators can be generated from SM gauge monomials with R-
parity constraint which allows only even number of odd matter parity fields (Q, L, u, d, €) to
be present in each superpotential term. At each dimension d, the various F' = 0 constraints
are separately imposed in order to construct the basis for monomials.

As an example, consider flat directions involving the Higgs fields such as H,Hy and LH,
directions. Even though they are already lifted by the p term, since p is of the order of
SUSY breaking scale, for cosmological purposes they can be considered flat. At the d = 4
level the superpotential reads [318, 1319, 399

A 2, Aij
Wi D S (HHo)? + S8 (L) (L Ha). (128)

Let us assume A, \;; # 0. Note that Fy, = 0 constraint implies AHJ(H,Hy) = 0, which
acts as a basis for the monomials. An additional constraint can be obtained by contracting

Fr, = 0 by €51, 5 , which forms the polynomial H,H; = 0 in the same monomial basis.
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Similarly the constraint Fy, = 0, along with the contraction yields \“(L;H,)(L;H,) = 0.
This implies that L;H, = 0 for all . Therefore the two monomials LH, and H,H, can be
lifted by d = 4 terms in the superpotential Eq. (128]).

The other renormalizable flat directions are LLe,uud, QdL,QQQL,QuQd,uude and
QulLe, dddL L, uvuuee, QuQue, QQQQu, uudQdQd, and (QQQ)4LLLe. The unique flat di-
rections involving (Q, u, e) is lifted by d = 9, (L,d) by d = 7, and (L,d,e) by d = 5. The
flat directions involving (L,e), (u,d) and (L,d,e) are all lifted by d = 6 terms in the su-
perpotential, while the rest of the flat directions are lifted already by d = 4 superpotential
terms [399].

Vacuum degeneracy will also be lifted by SUSY breaking soft terms. The full flat direction
potential in the simplest case reads [318,319]
AA¢p?
dMa=3
where the SUSY breaking mass mg, A ~ 100 — 1000 GeV.

| ¢ | 2d—2
M2d—6 ’

V() = mi|o]* + { + h.c.] + A2 (129)

While considering the dynamics of a flat direction, in a cosmological setting, the super-
potential of Eq. (I26]) generates a vanishing A-term. This is due to the fact that ¢ being
light during inflation, i.e. H;,; > my, it obtains large VEV during inflation due to random
walk. As a result ¢ field gets a large mass induced by the VEV of ¢, which drives ¢ to
roll down to its minimum in less than one Hubble time, i.e. (1) = 0. The A-term being
proportional to v vanishes in this limit, and does not play any dynamical role during and
after inflation. In other words, the ¢ field being super massive decouple from the dynamics.

The A-term in Eq. (I29) violates the U(1) carried by the flat direction and thus provides
the necessary source for B — L violation in AD baryogenesis. In general, the coupling A is
complex and has an associated phase 5. Writing ¢ = |¢| exp(ifl), one obtains a potential
proportional to cos(fy + nf) in the angular direction. This has n discrete minima for the
phase of ¢, at each of which U(1) is broken.

A very generic one-loop quantum corrections result in a logarithmic running of the soft
SUSY breaking parameters . The effective potential for the flat direction is then given
by [90, 400, |401]:

v R T 2 AioAo g ?
esf(9) = gmpd” |1+ Kilog 2 — g0 |1+ Kalog e
2

A 2
+ M;C’f_g) ¢ [1 + Kjlog <%)} . (130)
0
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where myg, Ap, and A\ are the values of my, A and A, given at a scale py. Here Ay is
chosen to be real and positive (this can always be done by re-parameterizing the phase
of the complex scalar field ¢), and |K;| < 1 are coefficients determined by the one-loop

renormalization group equations. We will provide an explicit example in section in [V Bl

2. Spontaneous symmetry breaking and the physical degrees of freedom

A flat direction VEV spontaneously breaks symmetry and gives masses to the gauge
bosons/gauginos similar to the Higgs mechanism [121, [122, 1318, 1402, 403]. A crucial point
is to identify the physical degrees of freedom and their mass spectrum in presence of a non-
zero flat direction VEV. Let us consider the simplest flat direction, which includes only two
fields: H,Hy. This is also familiar from the electroweak symmetry breaking in MSSM. A
clear and detailed discussion is given in [31].

One can always rotate the field configuration to a basis where, up to an overall phase,
H! = H2 =0 and H? = H} = ¢¢/\/2. Here superscripts denote the weak isospin compo-
nents of the Higgs doublets. In this basis the complex scalar field is defined by:

p = W , (131)
represents a flat direction. Its VEV breaks the SU(2)w x U(1)y down to U(1)en (in exactly
the same fashion as in the electroweak vacuum). The W= and Z gauge bosons then obtain
masses my, myz ~ goo from their couplings to the Higgs fields via covariant derivatives (g
denotes a general gauge coupling). There are also:

(- H)) (H) + H2)
MTTTE V2

Then x2 and x1, g (R and I denote the real and imaginary parts of a complex scalar field

and xo = (132)

respectively) acquire masses equal to my, and my, respectively, through the D—term part
of the scalar potential. Note that
_ (H, — H})
X3 = T )

and xi, r are the three Goldstone bosons, which are eaten by the gauge fields via the Higgs

(133)

mechanism. Therefore, out of 8 real degrees of freedom in the two Higgs doublets, there are
only two light physical fields: pgr, ;. They are exactly massless when SUSY is not broken

(and there is no p term either).
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An important point is that the masses induced by the flat direction VEV are SUSY
conserving. One therefore finds the same mass spectrum in the fermionic sector. More
specifically, the Higgsino fields H! and H2 are paired with the Winos, while (H2 — H})/v/2
is paired with the Zino to acquire masses equal to my and my, respectively, through the
gaugino-gauge-Higgsino interaction terms. The fermionic partner of the flat direction (f]i +
H 1)/v/2 remains massless (note that the photon and photino are also massless, but not
relevant for our discussion).

SUSY being broken, ¢ obtains a mass m, ~ O(TeV) from soft SUSY breaking term (the
same is true for the gauginos). However, for gpo > O(TeV), which is the situation relevant
to the early Universe, the mass spectrum is hierarchical: xi, g, X2, and gauge fields (plus
their fermionic partners) are superheavy.

In a general case the total number of light scalars, Nygne, is given by [402, 403]:
Nlight = Ntotal - (2 X Nbroken)a (134)

where Ny,q is the total number of scalar degrees of freedom, and Npy.open is the number of
spontaneously broken symmetries. Note that the factor 2 counts for the number of eaten
Goldstone bosons plus the number of degrees of freedom which have obtained large masses
equal to those of the gauge bosons. In the case of H,H, direction, Eq. (I34]) reads: Njjgn =
2=2x2x2—(2x3). Similarly, for LH, flat direction, Njgn =2 x2x 2 — (2 x 3) = 2.

E. N =1 Supergravity (SUGRA)

At tree level, N = 1 SUGRA potential in four dimensions is given by the sum of F' and
D-terms [30]

. . , 2
V = K@M | (K1) [T - |]\VZL +7 R fDeDP, (135)
where
i i w ~a i (ra\g a
W+KM2, D :—K(T>i¢j+£ . (136)
Pl

where we have added the Fayet-Iliopoulos contribution £ to the D-term, and D* = D® /9%,
where ¢ is gauge coupling. Here K(¢;, ¢*') is the Kahler potential, which is a function
of the fields ¢;, and K* = 0K/d¢;. In the simplest case, at tree-level K = ¢*¢; (and
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K7 = (K7 = §7) 3. The kinetic terms for the scalars take the form:

’K
06,00

The real part of the gauge kinetic function matrix is given by Ref. In the simplest case,

D, D" (137)

it is just a constant, fu = d4/g%, and the kinetic terms for the gauge potentials, A, are
given by 32:

i(Re Ffan) FO F1 (138)

purtoa

SUGRA will be broken if one or more of the F; obtain a VEV. The gravitino, spin +3/2
component of the graviton, then absorb the goldstino component to become massive. Re-
quiring classically (V) = 0, as a constraint to obtain the zero cosmological constant, one
obtains ' .

<KJZ'FZ'F*j> (K) /M2 ‘<W>‘2

In case of SUGRA at tree-level with minimal kinetic term, the super-trace formula modifies

to (for D-flat directions):

StrM? = > (=1)* (2] + DtrM3 & 2(ng — 1)m3 5, (140)

spin J
where n, is the number of the chiral multiplets in the spontaneously broken SUGRA.
1. SUSY generalization of one-loop effective potential

A SUSY generalization of one-loop effective potential, Eq. (O8], is given by [404, 405]:

Str (MO) A*1n A—g + ! Str (MQ) A% + LStr M*1n %2 +
¢ p? 3272 ¢ 64n? A2 o
(141)

B 1
6472

AV

with A, being a momentum cut-off and u the scale parameter. The renormalized potential

will not depend on A., and the dots stand for A.-independent contributions.

31 In general the superpotential can have non-renormalizable contributions. Similarly, the Kihler potential
can be expanded as: K = ¢;¢* + (k]ij¢i¢j¢*k + c.c.)/Mp + (k]i]l‘¢i¢j¢*k¢*l¢*k¢*l + klijkqﬁmj(bk(b*l +
c.c.)/M3+---). We will discuss no-Scale SUGRA where the choice of Kéhler potential plays an important
role in maintaining flat potential during inflation.

32 In general, fu = 0ap(1/92 + fi¢i/Mp + ---). The gauginos masses are typically given by my« =
Re[fi](F;)/2Mp. For a universal gaugino masses, fi are the same for all the three gauge groups of
MSSM.
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The first term in Eq. (I41]), being field-independent, this term can affect the cosmological
constant problem in SUGRA, but does not affect the discussion of the gauge hierarchy prob-
lem. However, this term is always absent in SUSY theories, which possess equal numbers of
bosonic and fermionic degrees of freedom. In Ref. [403, 1406], it was shown that for unbroken
N = 1 global SUSY, StrM" is identically vanishing for any n, due to the fermion-boson
degeneracy within SUSY multiplets. It was argued that the term StrM? vanishes [406],
as a field identity, if global SUSY is spontaneously broken in the absence of anomalous
U(1) factors [405]. Anyway, the third term in Eq. (I4I), plays the most important role in
inflationary models in lifting the flat potential for the inflaton.

It was argued in [407], that in the derivation of [405], an explicit use has been made of
the fact that all first order partial derivatives of the tree-level effective potential to the fields
vanish. This limits the region of applicability of the simple Coleman-Weinberg formula in
the context of inflationary models. Only at extremum (or saddle) points it is justified to

throw away the second term of Eq. (I4]) 3.

2. Inflaton-induced SUGRA corrections

Since non-zero inflationary potential gives rise to SUSY breaking, the scale of which is
given by the time dependent Hubble parameter. It is important to know how this will af-
fect any other light scalar field during and after inflation, in particular the flat directions
of MSSM. At early times this breaking is dominant over breaking from the hidden sec-
tor 3. After the end of inflation, in most models the inflaton oscillates and its finite energy
density still dominates and breaks SUSY in the visible sector. A particular class of non-

renormalizable interaction terms induced by the inflaton arise if the Kahler potential has a

33 For a particular case of SUSY model of inflation, known as the hybrid inflation (see the discussion in
section IVE.1, the Coleman-Weinberg formula given by the third term in Eq. (I4I) is applicable only
in the global minimum and along the inflationary valley, because here all derivatives in the tree-level
potential vanish. If one wishes to study the field dynamics throughout the phase space, one requires

special care |407].
34 Note that this does not replace the soft SUSY breaking terms required to solve the problems for the low

energy physics, such as addressing the hierarchy problem or the electroweak symmetry breaking within
MSSM, etc.
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form [318, 1319, 408, |409]
1
K= [ d551600), (142)
Mg
where I is the inflaton whose energy density p = ([ d*6I'I) dominates during inflation, and

¢ is the flat direction. The interaction, Eq. (I42]), will generate an effective mass term in

the Lagrangian in the global SUSY limit, given by

L= A’;—%M — 3H2¢'¢, (143)

where H7 is the Hubble parameter during inflation.
For a minimal choice of flat direction Kéhler potential K (o', ¢) = ¢'¢, during inflation
the effective mass for the flat direction is found to be [318,319] %:

m2 = (2 + ﬁ‘;f(f)’ ) H?. (144)

Here it has been assumed that the main contribution to the inflaton potential comes from
the F-term. If there were D-term contributions Vp([/) to the inflationary potential, then a
correction of order Vp(I)/(Vr(I) + Vp(I)) must be taken into account. In purely D-term
inflation there is no Hubble induced mass correction to the flat direction during inflation
because F; = 0. However, when D-term inflation ends, the energy density stored in the
D-term is converted to an F-term and to kinetic energy of the inflaton. Thus again a mass

term mj = +O(1)H? appears naturally, however the overall sign is undetermined [410].

3. No-scale SUGRA

There exists a choice of Kéahler potential for which there is no Hubble induced correction
to the mass of the lights scalars. An example of this is provided by no-scale models, for
which K ~ In(z + 2* + ¢j¢), where z belongs to SUSY breaking sector, and ¢; belongs to
the matter sector, and both are measured in terms of reduced Planck mass [411-413] (for
a review, see [414]). In no-scale models there exists an enhanced symmetry known as the
Heisenberg symmetry [415], which is defined on the chiral fields as §z = €*¢’, §¢' = €', and
dy" = 0, where y* are the hidden sector fields, such that the combinations n = z + z* — ¢} ¢,

35 If the Kahler potential has a shift symmetry, or its of type no-scale model, the Hubble induced mass

correction to the flat direction does not arise at the tree-level potential.
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and y; = 0 are invariant. For a especial choice

K = f(n) + In[W(¢)/ M + g(y) , (145)

The N =1 SUGRA potential reads 408, 416]

2 W 1| |W |2
Vi = f M+9w) f__3 | S W(gHegb . 146
P=e I M2 TR +94(97 )59 7 (146)

Note that there is no cross term in the potential such as [¢;W |2 As a consequence any

tree level flat direction remains flat even during inflation [408] (in fact it is the Heisenberg
symmetry which protects the flat directions from obtaining Hubble induced masses [415]).

A particular choice of Kéahler potential, i.e.
K = -3In(¢ + @),

arises quite naturally from string compactifications [417,418]. For a constant superpotential,

Wy, the F-term of the potential yields;
Vi = XM (KW KUK — 3] [Wol?. (147)

and for the above choice of the Kahler potential, Vy = 0 for all ¢, because the Kéahler
potential satisfies (K _1)3 K'K; = 3, this is a property of no-scale model. The symmetry
is broken by gauge interactions or by coupling in the renormalizable part of the Kéahler
potential. Then the mass of the flat direction condensate arises from the running of the

gauge couplings.

F. (SUSY) Grand Unified Theories

The observation that within SUSY the value of three gauge couplings nearly meet at
~ 2 x 10% GeV has led to the idea 3¢ that the three gauge groups emerge from a single

(Grand Unified) group Ggyr with a single gauge coupling goyr 27. Another motivation for

36 Tnitial attempts were made by Pati and Salam [419] in SU(2)r x SU(2)r x SU(4)c model, where quarks
and leptons are unified-a lepton becomes the fourth color of a quark. Although the model did not have

gauge unification, but later models unified the couplings in a left-right symmetric model [343, 420, [421].
37 The requirement of a simple gauge group can be relaxed. It is also possible to have a single high energy

gauge coupling constant with a non-simple gauge group made up of products of identical groups, i.e.
Geur = H x H x.... The single gauge coupling constant is ensured by imposing an additional symmetry

that render the theory invariant under exchange of the factors of H.
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such a unification beyond the SM is to explain the quantification of the electric charge, that
is to explain why 3Q(quark) = Q(electron). Various Lie group candidates are SU(n + 1),
SO(4n + 2) families and Fg, when imposing that the groups must contain anomaly free
complex representations to accommodate the known fermions of the SM [422]. The smallest
and most studied of these candidates are SU(5), SO(10), and Eg. For reviews, see [31, 1423~
426] and more specifically [38] for proton decay, and [422] for group theory and useful tables
on symmetry breaking.

Although the idea of gauge unification is very appealing, but this concept has additional
constraints. Clearly the GUT group must contain Ggyr O Gy and must break sponta-
neously into its subgroups and finally Ggy; at some high scales. During this breaking the
extra gauge bosons of Ggyr, which carry quantum numbers of several groups and Ggyy,
acquire a superheavy mass, Mgy, which prevent from a too rapid decay of the nucleons.
The choice of Ggyr and the presence of SUSY affect the predictions for proton lifetime of
a given model as the scale of SUSY breaking and the particles involved in Feynman graphs
modify the results. Finally, the electroweak precision measurements require the particles
beyond the SM to be heavy enough, for instance the famous doublet-triplet splitting of the
SM higgs from the additional Higgs fields (see the SU(5) example below).

1. SU(5) and SO(10) GUT

The most studied candidate is based on SU(5) whose generators are represented by five-
by-five traceless, Hermitian matrices. SU(3) x SU(2) x U(1) is one of its maximal subgroup
(of same rank) together with SU(4) x U(1). Let us highlight the main features of the
fermionic, bosonic and the Higgs sectors. If the gauge bosons necessarily belong to the
adjoint representation of dimension 24, the fermions and the Higgs can be accommodated
in any representations that lead to the right phenomenology. The smallest representations
for SU(5) are the fundamental 5, 10, 15, 24, .... First, the 15 fermions can be put in a
fundamental 5 and 10, a anti-symmetric traceless 5 x 5 matrix [427]. The decomposition of
these representations under SU(3). x SU(2), lead to the quantum numbers of the fermions

under the SM:

5=(3,1)+(1,2) and 10=(3,2)+ (3,1)+(1,1). (148)
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This accommodates a quark triplet, dg, and a leptonic doublet, (e, L), respectively in the
5, and the quark triplets, (ur,dr) ug, and e™, respectively in the 10. The construction of Q
as a combination of two diagonal traceless generators of SU(5) requires that the sum of all
the charges of the fermions in the fundamental representation vanishes, and thus explains
the quantification of the charges.

There are 24 gauge bosons of SU(5) and their quantum number under the SM are given

by the decomposition under SU(5) D SU(3) x SU(2) [422]:
24 =(1,1)+(1,3)+(3,2)+(3,2) + (8,1) , (149)

which are the photon, the triplet W=, Z bosons, the so-called X and X, and the gluon
octet. The 12 gauge bosons X and X carry both SU(3), and SU(2);, quantum numbers,
therefore they violate the baryon quantum number, leading to a proton decay.

The Higgs sector of SU(5) must contain a Higgs field breaking SU(5) into Gy, and at
least another Higgs for the electroweak breaking, as the two scales are different. The smallest
representation that contains a singlet under the SM is the adjoint ¥ = 24, see Eq. (I49).
Its potential is a generalization of the usual mexican hat potential:

1 1 1
V(8) = —5mETey?® + 2a(Try?)? + SHIr! (150)

where m% > 0 and a, b are constants. The most general potential for ¥ would also contain a
term of the form Tr¥3, if the invariance ¥ — —X is not assumed. To break SU(5) into the
SM, the VEV has to be taken in the direction X9y = Diag(—1,—1,—1,3/2,3/2) 38, though
depending on the sign of b, the minimum of the above potential can be obtained for VEVs
x Diag(1,1,1,1,—4), instead. The breaking in this case is the other maximal subgroup,
SU(5) — SU(4) x U(1). The SM Higgs can be embedded into a fundamental, H = 5, as it
contains a component (the Hy = (1,2)), a singlet under SU(3). but doublet under SU(2),
has a potential:

2
V(H) = —%HTH + 2(}1*}1)2 . (151)

It is important to note that summing the two potentials V' = V(%) + V(H) is not sufficient

to construct a realistic theory. As a general rule, the potential of all the Higgs fields contain

38 We remind the reader that any field in the adjoint can be decomposed into a linear combination of the

the generators of SU(5), the factors are gauge singlet fields.
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cross-terms that are allowed by symmetries. The correct approach is to consider a field
content and minimize the multi-dimensional potential to be sure that the minima give the
right phenomenology. Embedding the SM Higgs into a fundamental leads to the well-known
doublet-triplet splitting problem, as a mass term for Hs would give the same mass to the
SM doublet and the additional triplet H3 = (3,1) contained in H. This is catastrophic as
Hj possesses the right quantum number to contribute to the proton decay, thus requiring
that its mass is higher than ~ 10 GeV. Interestingly one possible solution of the second
problem is to allow cross-terms between H and X.

Non-SUSY SU(5) unification has many problems. The three gauge couplings do not
exactly meet at the unification scale at a single value. In addition, the unification scale
Meoyr ~ 10'GeV is now incompatible with the most recent observations of the proton
decay [428].

SUSY SU(5) introduces new low mass particles in the spectrum and the existence of a
SUSY breaking scale affect the running of the gauge couplings, which allow for a better
unification at a larger scale Mgyr ~ 2 x 10'® GeV. Now the proton decay is even more
suppressed in the dimensional 6 channel. However the proton decay can now happen through
dimensional 4 operators, that would be more dramatic. In order to suppress them one
requires the R-parity (see the discussion in Sect. [ITCT]).

One of the major problems of SUSY SU(5) is the doublet-triplet splitting. Part of the

superpotential which generates the masses to the fermions is given by:
W ~ aTr(X) + bTr(2?) + cTr(2?) + M(HXH + pHH) , (152)

where X belongs to 45, H belongs to 5 and H to 5. Out of three degenerate vacua, the right
one with the SM gauge group is given by; Diag((¥)) = (2, 2,2, —3, —3) Mgyr. Substituting

the VEV in the above superpotential generates an effective superpotential;
W~ X2Megur + p)H(3)H(3) + N(=3Meur + 1) H(2)H(2) . (153)

Since, the Higgs mass ought to be around ~ 100 GeV, the cancellation in yu ~ 3Mqgyr has
to be within one part in 102 to match the observed expectation. This fine tuning is also
related to the p-problem in MSSM. This fine tuning can be replaced by a see saw mechanism
in the case of SUSY SO(10), where the triplet can be made naturally heavy as compared
to the doublet [429]. On the cosmological front, SU(5) conserves B — L, and baryogenesis
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via leptogenesis cannot take place. This is another reason why it is desirable to go beyond
SU(5).

The next to the simplest gauge group candidate for the unification is SO(10) [430] (see
some recent reviews [431-434]), for which the entire generation of fermions can be fit into a
single representation, 16, of SO(10) which decompose under SU(5) x U(1) into 5 + 10 + 1.
It can therefore accommodate all the fermions of the MSSM along with an additional sin-
glet fermion, with the quantum numbers of a right-handed neutrino which can fit into the
fundamental spinorial representation 16 [340-343].

The SM leptons are now identified as a fourth color of quarks after the inclu-
sion of right handed neutrino. The direct product of spinor representation gives,
16 16 = 10EP 120 P 126, therefore the Higgs sector must contain either of these three,
10,120, or 126, in order to generate mass terms for the fermions, for detailed discussion
see Refs. [37, 138, 423]. In particular when 126 develops a VEV, it gives rise to the Ma-
jorana right handed neutrino masses as large as the GUT scale, in order to generate the
neutrino masses one would then have to invoke the see saw mechanism [343, 1435] 3°. This
also opens up naturally the possibility to realize baryogenesis via leptogenesis [320]. On the
proton decay front, SO(10) is also attractive as it contains a (gauged) B — L, the kernel
of which is a Z, that automatically plays the role of R-parity. This requires however to
break SO(10) only with safe representations, such as 10, 45, 54, 120, 126, 210, ... but
not 16, 144, 560, ... [437]. Finally in the doublet triplet front, the situation is improved
compared to the SU(5) case by employing the Dimopoulos-Wilczek scenario [438].

2. Symmetry breaking in SUSY GUT

The most simple superpotential to break a GUT symmetry is simply the generalization

of the Higgs, one particular type of superpotential which can break Ggyr can be written as:

W = AX(Tr¥? — M2) , (154)

39 The SO(10) can be broken down to the MSSM via many routes, but the most popular one is through left-
right symmetric group, SO(10) — SU(4).x SU(2)LxSU(2)r — SU(3)cxSU2)LxSU2)gxU(1)p_r —
SU(3)exSU(2)L xU(1)y (see for e.g. [436] and references therein). This can happen by a scalar belonging
to 210 or a combination of the fields belonging to 45 4 54. The next stage of breaking, i.e. left-right
symmetry, can happen via the Higgs of 126 dimensional representation or 16 of SO(10), see for a recent

review [37].
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where X is a GUT singlet. Such superpotentials play important role in inflationary cos-
mology, in the context of hybrid inflation at the GUT scale. In particular the most general
Higgs sector (containing many scalar fields that could play constructive roles in inflation)
can be constructed once the representations of all the fields present are known. For instance,
SO(10) can contain Higgs field in many representations, such as a fundamental 10 H;, a
four index 210 field ®;j;;, or a 3 index 120 field €2;;,. It is possible to construct a mass
term, for example ®2 symbolizing, D11 Psjk1, but it is not possible to construct a scalar term
(with all indices contracted) using three factors of H, or 2 %° . For example, in the minimal
SO(10) [433], the field content which realize the breaking of SO(10) are ®;;; in 210, H;
in 210, Xk, and iijklm in 126 and 126. The most general Higgs superpotential is then
given by 4L

Wy = me®? + Ao ® + myH? + meXY + ndXY + ¢ H(aX + ax) (155)

The possible symmetry breaking depends on the minima of the full superpotential, but only
MSSM singlets inside each Higgs fields can take a non-vanishing VEV. For example, in the
minimal SO(10), there are three MSSM singlets inside ®. The decomposition is given
by: 210 = (15,1,1)+ (1,1,1) + (15,1,3) + (15,3,1) + (6,2,2) + (10,2, 2) + (10, 2,2)
under the Pati-Salam subgroup SU(4). x SU(2);, x SU(2)g [422]. The MSSM singlets
are found in (1,1,1), (15,1,1) and (15, 1, 3).

The minimal SUSY SO(10) model contains 2 additional MSSM singlets in ¥ and 3.
Candidates for the inflaton should be searched for within these components. All the minima
can be found by solving for the values of the singlet fields minimizing all the F-terms. The

symmetries of these minima are given by the number of invariant generators of SO(10).

40 The same conclusion can be made by looking at whether the product of three 10 contains a singlet of

SO(10) or not.
41 The fermionic sector is also written in the form of a superpotential. The only Higgs coupling to the

fermions generate Yukawa terms are in a representation R such that 16 x 16 x R contains a singlet. In
the case of a minimal SO(10), this is the case only for H and ¥ and the superpotential generating the
fermion mass matrix: Wp = ¥, (Yg H +Yg§)\llb, where a, b are family indices and the Y are the symmetric
Yukawa matrices. The most general fermionic sector contains only one additional term involving a 120 as
16 x 16 x 120. One can also enlarge the minimal SO(10) model to have a more realistic fermionic mass
matrices [434, 439, 1440)].
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G. Symmetry breaking and topological defects

The formation of topological defects during symmetry breaking has been found by Kib-
ble [441], and has rapidly gained popularity in the 80’s and the 90’s as it was realized that
the cosmic strings - the line-like topological defects - formed at the GUT scale could generate
temperature anisotropies at the level of 107° as observed by the COBE. They form during
symmetry breaking, if generated via the Higgs mechanism, then their nature depend on the
actual symmetry breaking and the fields involved. As presented earlier in this chapter, these
symmetry breaking are assumed to have occurred in the SM of particle physics as well as
many of its extensions: MSSM, (SUSY) GUTSs, etc. Even string theories often give rise to a
4D effective theories that possesses symmetries that are larger than those of the SM, requir-
ing then some symmetry breaking [39,40]. In this section we will give a rapid presentation
on some general properties of topological defects useful for inflation model builders, and we
refer the reader to the more specialized literature for more details [441-448], for a review

see [449].

1.  Formation of cosmic defects during or after inflation in 4D

As we will describe in the chapter [Vl many semi-realistic models of inflation within
regular 4D field theory consider the interaction between the inflaton ¢ and a second scalar
field 9 that acquires during or at the end of inflation a non-vanishing VEV. As a consequence,
depending on the precise model and inflation dynamics, it is frequent to break symmetries
during or at the end of inflation, if the Higgs-type field 1 is charged under some symmetries.
The hybrid inflation models is the most common class of such models (see Sec. [V]).

Let us for a moment forget about the phase of inflation and illustrate the formation of
topological defects. If ¢ is non-trivially charged under some gauge symmetry G, a non-
vanishing VEV of ¢ will realize the symmetry breaking G — H. The manifold of all the
vacua accessible to v is given by the quotient group M = G/H. For example, for the
simplest abelian Higgs model, the symmetry breaking is U(1) — [ and the manifold of
vacua is M = U(1), corresponding to the circle of constant radius in the complex plane
|¢| = constant. What govern the formation and the type of topological defects are the
topological properties of M [441], 444]. The homotopy groups 7, of order n are the most
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efficient way to study these properties. Each group m,(M) is composed of all classes of
hypersurfaces of dimension n that can shrink to a point while staying inside M [450]. If any
hypersurface can shrink to a point, the homotopy group contains only one element and is said
to be trivial. In particular, mo(M) is trivial if and only if M is connected, m; (M) is trivial if
and only if M is simply connected. One can easily visualize that if M is not connected (for
example during the breaking of a discrete group Z,, — I), uncorrelated regions of the universe
will fall in different vacua and will necessarily be separated by domain walls [441,1442]. With
the same reasoning, if the universe undergo a phase transition satisfying m [G/H]| # I, cosmic
strings, that is line-like defects will necessarily form, with a density given by the correlation
length or the mass scale of the Higgs field responsible for the symmetry breaking. It is for
example the case for U(1) — I or all symmetries of the type G — H x Z,. In general, the
formation of topological defects of space-time dimension d is governed by the non-triviality

of the homotopy group:
T3 qF# 1 . (156)

One can show that any symmetry breaking of the form G — H x U(1) gives rise to the
formation of monopole (point-like defects). This is the origin of the well-known monopole
problem, since the Standard Model group contains a U(1) factor. This formation of unwanted
defects was one of the original motivation to introduce a phase of inflation [3].

Note that the above topological conditions of formation of defects only govern the for-
mation of topologically stable defects. It was however found that defects solutions can form
even when the topology is trivial [443, |445]. The most well-known example are the electro-
weak strings, formed during the eletroweak symmetry breaking which are perturbatively
stable for a range of parameters which are not realized in nature, and belong to the broader
class of embedded defects.

These defects are a priori unstable though mechanisms (such as plasma effects) have
been found to stabilize them. They are of interest for inflation model builders since this
mechanism can allow lift the constraints from the formation of cosmic strings (see Sec. [V F]

on D-term inflation)

72



2. Formation of cosmic (super)strings after brane inflation

Recently, a new class of models of inflation was proposed, mimicking hybrid inflation
within extra-dimensional theories (see [VIIIBl). This model like D-term hybrid inflation
produces cosmic string-like objects called F- and D-strings [451-453]. The nature of these
objects are distinct from regular cosmic strings, as F-strings are Fundamental strings of
cosmic size and D-strings are D-brane of spatial dimension 1. Fundamental strings are
expected to have a Planckian size and therefore a Planckian mass-per-unit length p ~ M3,
leading to Gu ~ 1 that is incompatible with observation. However in the context of the
recently proposed large extra dimension, the fundamental Planck mass can be reduced by
large warp factors and these object can be formed with a cosmic size. In fact the range of
mass-per-unit length in Planckian unit for these objects is: 10713 < Gu < 1076,

The D-strings can be formed at the end of brane inflation when a brane collide another
brane of different dimension or an anti-brane, giving rise to the production of Dp-branes,
with p dimensions, of which 1 is in the non-compact dimensions. This mechanism is con-
sidered as a generalization of the production of regular cosmic strings at the end of D-term
inflation in N = 1 SUGRA [454]. The energy per unit length (or the tension) of a D1-brane
is given by u = M2 /(2mwgs), where M, is the string scale and g, the string coupling. But for
gs 2 1 this can give rise to too large of a tension, considering the CMB bounds (see below).
Therefore some D(p — 2)-branes are assumed with (p — 3) dimensions compactified to the
volume V.. Then the string tension reads the generic value [451]

MPY, M?
= 5 ¢ s o2 157
H (27T)p_293 4o s ( )

if the gauge coupling o ~ 1/25. The CMB constraint, P, ~ 107°, requires from brane
inflation that M, ~ 10'® GeV leading to G ~ 107",

3. Cosmological consequences of (topological) defects

Let’s turn to the consequences of the formation of topological defects for observations,
keeping in mind that a phase of inflation has to take place at some energy to explain the most
recent CMB observations and solve the horizon problem. For reviews on defect evolution,
see [444, 1446-449]. Domain walls, that is topological defects of space-time dimension 3,

are cosmologically disastrous as they evolve following ppw o ' and would dominate the
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energy density of the universe unless they form at an energy lower than ~ 100 MeV. They
cannot even have formed at an energy higher than ~ 1 MeV without producing temperature
fluctuations larger than 67'/T Z 1077 in the CMB [455], and without being in contradiction
with CMB observations 42.

Point like topological defect, called (magnetic) monopoles [456, 457, with a mass of
order of the GUT scale are expected to form during the early phase transition from Ggyr
down to SU(3) x SU(2) x U(1) if Ggur is assumed simple. It was argued that unless their
abundance is ny;/s > 10719 at the time of phase transition, their abundance can not be
diluted in an adiabatic expansion of the universe [458], these ideas ultimately propelled the
birth of inflation in order to dilute them.

On the other hand cosmic strings do not suffer from these problems, as a network of
cosmic strings can inter commute *3 and lead to the formation of closed loops from long
strings. The loops oscillate due to their tension and decay into gravitational (and potentially
particle) radiation, leading to a global scaling regime: their relative energy density evolve
as, pcs < t~', and do not dominate the universe (see [459] for the analytical proof and for
example [460-462] for numerical confirmations, see also for more recent discussion [463, 464].
Their observational signatures are numerous (see [465] for a recent discussion); contribution
to the CMB _temperature fluctuations via the Kaiser-Stebbins effect [466], gravitational
lensing [467, 468], generation of gravity wave background [469-472]. The amplitude of these
effects are all mainly related to one property - their tension T'. If the strings do not carry

currents, this tension is equal to their energy per unit length in Planck units:
Gu = 2me(B)v? /M3, . (158)

where v is the VEV of the Higgs far away from the string. In the case of non-SUSY strings,
or if the strings saturate the Bogomolnyi bound (they are then called “BPS strings” for
Bogomolnyi-Prasad-Sommerfeld), ¢(8) = 1. In the context of SUSY/SUGRA, this function

becomes dependent on the ratio of the Higgs to the gauge boson mass, f = mg/my. For

42 The defects in higher dimensions can give rise to inflation, see Sec. [VIII Bl
43 The probability of inter-commutation, p, that is an exchange of partners when two strings intersect of

one another is very close to p = 1 for cosmic strings from 4D field theory. This probability become much
smaller when considering cosmic superstrings appearing from brane inflation. This is the main origin of

the differences in the observational signature between cosmic strings and cosmic (super)strings.
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non-BPS strings, the function ¢(5) is given in [473]. This is the case for F- and D-strings
originating from brane inflation.

Currently the constraints on their effects on CMB is among the most stringent observation
and is directly relevant to inflationary physics when they are formed close to or at the end
of inflation. In this case, their formation affects the normalization of the fluctuation power
spectrum by imposing an additional contribution. This can be described by an additional

contribution to the temperature quadrupole anisotropy [72, 474-476)]

5_T 2

T

> er
T

P T

1
inﬁ+ T ; (159)
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where (0T/T)cs = y2me(B)v*/M?. The constant y parametrizes the density of the string
network at the last scattering surface and has to be extracted from numerical simulations.
The most recent simulations computing this parameter predicts y = 8.9 £ 2.7 [477], though
older simulations or semi-analytical calculations give y € [3 — 6] (see for e.g. [478] and
references therein). The current constraints from this normalization (for example in the

case of their formation at the end of F-term inflation) lead to [476, 478]:
vS2x10%GeV, Gu<S8x1077, (160)

In more recent studies, the effect of a cosmic string network on the CMB anisotropies have
been computed at ¢ = 10 instead of the quadrupole ¢ = 2 [479] as the latter is polluted by a
large cosmic variance error. These simulations are improved compared to previous analysis
since cosmic strings are described using field theory instead of modeled. Analyzing of the
presence and the impact of cosmic strings in the CMB data assuming a model of inflation
can therefore be made fully consistently using Monte-Carlo methods [258]. At ¢ = 10, a
fraction fip < 0.11 of the temperature anisotropies from cosmic strings are found compatible
with the 3 years WMAP data (at 20), assuming a 7-parameter ACDM model and it is shown
that the fraction of cosmic strings fio is strongly degenerate with the spectral index (see
Sec. [[TE]). This constraint can be translated into Gu < 7 x 1077,

Other CMB searches, such as direct searches in spatial map for line discontinuity gives
a bound on Gu S 3 x 1077 [480]. To search for cosmic string signals in future CMB data,
one should also incorporate recent developments on the small-scale signal in temperature
anisotropies [481), 1482], on the CMB B-mode polarization signal [259-261] or from the gen-

eration of non-Gaussianities [483, 484]. Recent work have also investigated the cosmological
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evolution and CMB signatures of meta-stable semi-local cosmic strings [485] as their forma-
tion is very motivated from a particle physics point of view, especially at the end of F-term
hybrid inflation [436] or D-term hybrid inflation (see Sec. [VE4).

Other very stringent constraints on the presence of cosmic strings in the universe comes
from the amplitude of gravity wave background arises from the timing of the millisecond
pulsar, which gives [472]

Gu<107®—-107".

Note that these constraints are more model-dependent than the CMB or lensing constraints.

IV. MODELS OF INFLATION

A detailed account on inflation model building can be found in many reviews [9, [10, [153,
486, 487]. In this chapter and the next, we will review some inflationary models ** that
are motivated or that originate from particle physics, and present their successes and their
challenges. By no means this section is an exhaustive description of all the models, their

number being huge and still growing gradually.

A. What is the inflaton ?

There are two classes of models of inflation, which have been discussed extensively in the
literature. In the first one, the inflaton field belongs to some hidden sector (not charged
under the SM), such models will have at least one SM gauge singlet component, whose
couplings to other fields and mass are chosen to match the CMB observations. This section
will review some of the important ones. Models involving gauge invariant inflatons, charged
under the SM gauge group or its extensions will be discussed in Sec. [Vl

All the inflationary models are tested by the required amplitude of density perturba-
tions for the observed large scale structures [11]. Therefore the predictions for the CMB

44 The very first attempt to build an inflation model was made in |2], where one-loop quantum correction
to the energy momentum tensor due to the space-time curvature were taken into account, resulting in
terms of higher order in curvature invariants. Such corrections to the Einstein equation admit a de Sitter
solution [488], which was presented in [2, |489]. Inflation in Einstein gravity with an additional R? term
was considered in [168]. A similar situation arises in theories with a variable Planck mass, i.e. in scalar
tensor theories [490).
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fluctuations are the most important ones to judge the merits of the models, especially the
spectral index, tensor to scalar ratio, and running of the spectral tilt with the help of slow-
roll parameters €, 7, and &2, as defined in Sec. [TAl %°. We will also discuss generation of
non-Gaussianities and cosmic strings (see Sec. [TEl for more details about the current status
of the cosmological data), in order to visualize how well a given model matches the obser-
vations. Although we might not be able to pin down the model(s) of inflation, but certainly
we would be able to rule them out from observations. From particle physics point of view,
there exists an important criteria for a successful inflation; which is to end inflation in the
right vacuum where the SM baryons can be excited naturally after the end of inflation in

order to have a successful baryogenesis and BBN.

B. Non-SUSY one-field models

The most general form for the potential of a gauge singlet scalar field ¢ contains an

infinite number of terms,

0 )\a .
V:VOJrZMa_m . (161)
a=2 P

In 4d, restricting to renormalizable terms allows to prevent all terms with o > 4. Further-
more, assuming extra symmetries can ensure that certain neglected terms in this series are
not generated at the loop level. Note that this is the case for the constant term V; also. The
usual example of such a symmetry is the parity Zs, under which ¢ — —¢, which allows to
prevent all terms with o odd. Most phenomenological models of inflation proposed initially
assume that one or two terms in Eq. (I&I]) dominate over the others, though some do contain

an infinite number of terms.

1. Large field models

a. Power-law chaotic inflation: The simplest inflation model by the number of free

parameters is perhaps the chaotic inflation [4] with the potential dominated by only one of

45 Review of some of these models using the Hubble-flow parameters of Eq. (&) has been performed in [202,
491]).
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the terms in the above series

A
V=—"0, 162
M]gc—4¢ ( )
with a a positive integer. The first two slow-roll parameters are given by
a? M2 M2

Inflation ends when e = 1, reached for ¢, = aMp/v/2. The largest cosmological scale
becomes super-Hubble when ¢g = \/2NgaMp, which is super Planckian; this is the first
challenge for this class of models (see discussion Sec.[[TF]). The spectral index for the scalar

and tensor to scalar ratio read:

2+« 4o

521_ ) = :
" 2NG + /2 "T Ngtajd

(164)

The amplitude of the density perturbations, if normalized at the COBE scale, yields to
extremely small coupling constants; A\, < 1 (for e.g. Ay ~ 3.7 x 107). The smallness of the
coupling, \,/Mg™*, is often considered as an unnatural fine-tuning. Even when dimension
full, for example if a = 2, the generation (and the stability) of a mass scale, /A Mp =~
10'® GeV, is a challenge in theories beyond the SM, as they require unnatural cancellations.
These class of models have an interesting behavior for initial conditions with a large phase
space distribution where there exists a late attractor trajectory leading to an end of inflation
when the slow-roll conditions are violated close to the Planck scale [4, 275, 278, |492].

Recently, these models also suffer from an observational challenge which comes from
the prediction of a high tensor to scalar ratio that is under tension by the most recent
CMB+BAO+SN data [12]. The cases o > 4 lie outside the 20 region, though the case
a = 2 is still in the 1o region for Ng Z 60 (see Sec. [TE).

Note that the above mentioned monomial potential can be a good approximation to
describe in a certain field range for various models of inflation proposed and motivated from
particle physics; natural inflation when the inflaton is a pseudo-Goldstone boson [493], or
the Landau-Ginzburg potential when the inflaton is a Higgs-type field [85]. Some of these
potentials will be discussed below. Chaotic inflation was also found to emerge from SUGRA
theories [494-496] (see Sec. [VET]) as well as in certain classes of brane-world models [497],
where it has been claimed to give rise to a larger expansion rate due to modification in the
Hubble equation rate. The necessity of super Planckian VEVs represents though a challenge

to such embedding in particle physics.
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Variants of these simple models have been constructed, based on the radiative corrections
appearing at the loop level. First, the radiative corrections due to the inflaton self-interaction
can induce a running of the mass of the inflaton with its VEV (see Sec. [IIB]). For example
for @ = 2, a “running mass” potential of the form V(¢) = m?(1 + aln(¢/u))¢* has been
considered in [498]. Though the dynamics is not significantly affected by this running, it
was found to be able to affect the decay of the inflaton during reheating via fragmentation.

In [499], the chaotic inflation potential was extended to include a Yukawa coupling
(h/2)pNrNpg to the right-handed neutrino Ng. This introduces a one-loop correction to
the inflation potential of the form Vi_joop >~ k¢*In(h¢/u), where k = h*/167* and p is a
renormalization scale. It was found that the radiative corrections can affect significantly
the predictions of the chaotic models, namely by reducing the level of tensor-to-scalar ratio.
For example, for the quartic potential, h = 0 gives rise to ng >~ 0.95 and r ~ 0.25, whereas
for h ~ 1.7 x 1073, ny ~ 0.95 and r ~ 0.084 which is within the 1o contour of the WMAP

data. Note that these results are very sensitive to the value of h.

b. Exponential potential: An exponential potential also belongs to the large field mod-

els:

2
V(¢) = Voexp (— ]SM%) : (165)
It would give rise to a power law expansion a(t) o P, so that inflation occurs when p >
1. The case p = 2 corresponds to the exactly de Sitter evolution and a never ending
accelerated expansion. Even for p # 2, violation of slow-roll never takes place, since €(¢) =
1/p and inflation has to be ended by a phase transition or gravitational production of
particles [10, 500].

The confrontation to the CMB data yields: ng = 1 — 2/p and r = 16/p; the model
predicts a hight tensor to scalar ratio and it is within the one sigma contour-plot of WMAP
(with non-negligible r) for p € [73 — 133]. Multiple exponentials with differing slopes give
rise to what has been dubbed as assisted inflation [152]. Such potentials might arise in

string theories and theories with extra dimensions.
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c. A combination of exponential and power law potential: Another form of potential

has been found emerging from SUGRA [501-505], which is given by:

2 2 1
V(p) = Vhexp <2?(41§) [1 — 2?(4]% + 2;@% , (166)

This potential can emerge from hybrid inflation when SUGRA corrections dominate over
radiative corrections, that is in the small coupling limit. In this class of models, the spectral
tilt tends to exceed unity ns > 1 depending on the number of e-foldings of inflation [503,504].

It is therefore disfavored at 20 at least, unless cosmic strings are formed at the end of inflation

(see Sec. [V.C 1] on hybrid inflation and Sec. [IIGl on topological defects).

2. Small field models

Contrary to the models of the previous section, the small field models ¢ take place for
VEVs much smaller than the Planck scale, which is their main motivation. Their potential

is of the form

V() = Vo {1 t (%)} | (167)

with the potential dominated by the constant Vg (¢/pu < 1). Below we discuss some of the
variants.
The most studied potential of this form is the effective hybrid model, based on

V(p) = M" [1 + (éﬂ , (168)

1
since, p = 2 corresponds to the effective potential for the two field hybrid model (see
Sec. [V.(). In that case, a second field triggers the end of inflation by fast-rolling due
to a waterfall at a critical value ¢ = ¢.. In the large field limit ¢ > u, one recovers the
large field potential of Eq. (I62)). The slow-roll parameters read

_ MBSy ME e = D@0/
202 [1 4 (o))" 2 1+ (p/pp

The parameter €(¢) is small both for ¢ > p and ¢ — 0, which identifies two phases of

€(¢) (169)

slow-roll inflation at large field and at small field. The spectral index and the ratio tensor

46 Sometimes they are also known by the name of modular inflation |10, 1487, 1506]
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to scalar in the slow-roll approximations read

na(9) — 1 = L2 <¢)H 22+ (2+p) (2)"

" i+ <%)p]2 | (170)
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L SR (?)2”‘2 1

S -
o ()]

Let us first discuss the small field limit. For p > 1 and p # 2, the model is considered

slightly disfavored by the recent data, since n, 2 1 with negligible tensor to scalar ratio,
and running of the spectral index is predicted (r oc (¢/p)?, as o< (¢/u)?). It was pointed
out however that to confront this model with CMB data, one could include the concordance
model parameters and a weight for cosmic strings, since this model in its two-field version
can produce cosmic strings. In that case, ny, ~ 1 is in agreement with observations at

1o |258]. In the case p = 2, n is constant and n, is predicted to be:

4 M2
ng(¢) — 1~ 2n~ M;’ . (171)

which is well above unity unless pz > Mp. This is equivalent to having an extreme fine-tuning
on a coupling constant, which is considered unnatural. The model is therefore disfavored
at more than 20 if the data are analyzed with the minimal 6-parameter model. However, if
i 2 7TMp then it predicts a spectral index around 1 < n, S 1.1, which is still in agreement
with current observations if cosmic strings have a non-negligible contribution to the CMB
anisotropies (see [258] and Sec. [ILGI).

The case p = 2 has been studied away from the small field regime and/or without the
slow-roll approximations [201, [501, 507]. It was shown that the model is in agreement with
the CMB data if inflation is realized in the large field regime. This can be achieved by some
mechanism (such as a waterfall triggered by an external field) independently of the parameter
w201, 1501, 1507] or when p < 0.32Mp [201]. In the last case, the Hubble-flow parameter
€1 differs from e at small VEVs and violation of slow-roll is responsible for forcing inflation
to take place in the large field model without any condition on a waterfall parameter [201].
In both cases, inflation is necessarily realized for inflaton VEVs large compared to p, which
reduces the appeal of the model.

An inverted hybrid (or hiltop) inflation model has also been proposed where the curvature
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of the slope is negative by construction, in order to predict a red spectrum, [508§]

V(p) = M* [1 - (f)p} : (172)

I

This model emerges naturally when studying natural inflation [493], modular inflation [506]
in the small field regime or from generic SUGRA theories, see [10, 509, [510]. Again the
model differs from the chaotic limit if ¢ < p, which is therefore the limit of interest.
Another motivation to assume that the form of the potential is only valid at small VEVs
is the fact the potential is not bounded from below; at large VEV, it must therefore be
compensated by other terms for field theory to be well defined. In this limit, 7 is negative
and so is ng — 1, since € < |n| if p > 1. However, n, is very close to unity for p # 2 or
well below for p = 2 and therefore p = 2 is incompatible with data [10]. Note that in the
case p = 2, the limit of small fields could be abandoned and super-Planckian VEVs would
then be necessary to obtain CMB predictions in agreement with the WMAP5 data. But
in addition to the problem of super-Planckian VEV, inflation is then realized in a sector
where the potential is not trustable because not bounded from below. As an example of the

completion of an inverted hybrid model, in Ref. |511] authors have analyzed the potential:
1
V=TVo—gmie* + ¢, (173)

where the amplitude of the CMB predictions can be matched, with almost a flat spectral
tilt. In this model € remains negligible and ny, — 1 ~ 2|7|.

The running of one (or more) parameters of the general scalar potential can also be the
origin of the function f(¢) in Eq. (I67). The most common one, the “hybrid running mass”
model is driven by a potential of the form [512-515]

2
V(g) = M* {1 + ;’3\% In (g - %N . (174)

A reasonable fit to the CMB data has been found in Ref. [516], with a significant running
of the spectral tilt for ny < 0, and ¢, the scale of the RG flow. The current WMAP

data actually disfavors running of the spectral tilt and therefore these models are now very
well constrained. The validity of the running of a quartic coupling constant has also been
proposed in Ref. [10].

We will see below that another form of inflationary potential can also emerge of type [517]:

V(p) =M" [1 = <%>n} : (175)
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only valid in the large field limit ¢ > ¢,, since in the small field limit, the potential is not

bounded from below and should be completed.

C. Non-SUSY models involving several fields
1. Original hybrid inflation

The most studied multi-field inflation model is the hybrid inflation first discussed in
Ref. [145] (and studied extensively in [501]) as a model that differs from chaotic inflation on
two main properties; it ends inflation with a waterfall triggered by a Higgs (not necessarily
the SM Higgs) field coupled to the inflaton and it does not necessarily require an extremely
small coupling to account for the normalization of the power-spectrum. The model is based

on the potential given by |145]
1 A N
V(g,0) = gm?d* + 7 (0F = M?)" + %P (176)

where ¢ is the inflaton and 1 is the Higgs-type field. A and X are two positive coupling
constants, m and M are two mass parameters. It is the most general form (omitting a
quartic term \’¢?) of renormalizable potential satisfying the symmetries: ¢ <+ —1) and
¢ <> —¢. Inflation is assumed to be realized in the false-vacuum along the 1) = 0 valley and
ends with a tachyonic instability for the Higgs-type field. The critical point of instability

below which the potential develops non-vanishing minimum is at

)
b = M\/;. (177)

The system then evolves toward its true minimum at V = 0, {¢) = 0, and () = £M *7.
The inflationary valley, for (1) = 0, is usually assumed to be where the last 60 e-foldings
take place. This is supported by numerical and analytical simulations [201, 1503, [525-527],
where the fine-tuning of the initial conditions were discussed. In Ref. [201] it was found that
when the initial VEV of the inflaton, ¢, is sub-Planckian, a subdominant but non-negligible
part of the initial conditions for the phase space leads to a successful inflation, i.e. around

less than 15% depending on the model parameters. Initial conditions with super-Planckian

47 The hybrid inflation models were also considered in Refs. [158, [159, 1309, 1310, 518-523] in the context of

large extra dimensions at TeV scale [524].
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VEVs also lead to automatically successful inflation similarly to chaotic inflation. In the

inflationary valley, (1)) = 0, the effective potential is given by:
M1

V(@) = “ + SmPe? | (178)

whose phenomenology has been studied around Eq. (I68), using p = 2, Vo = AM?/4, and

Vo /M2 = m?/2. Therefore, the predictions are disfavored by the data because of a blue tilt
in the spectrum, i.e. ny > 1, in the small field regime, ¢ < Mp. Note however that if its
end is accompanied by the formation of cosmic strings, a slightly blue spectrum is found in
agreement with the data, if these cosmic strings contribute to the CMB anisotropies around
10% [258]. It was also suggested in [499] that loop corrections to the hybrid tree level
potential due to a Yukawa coupling to the right handed neutrino can render the spectral
index of the model below 1, like for the chaotic model. This was confirmed recently in [528],
where a red spectral tilt was found, even in the small field regime. These Yukawa couplings
were also found suitable for a successful reheating phase and the generation of lepton /baryon
asymmetry after inflation.

Note that a more realistic version of the model would include a quartic term for ¢ allowed
by symmetries and generated by the Feynman diagrams involving loops of v fields. If this
term dominates over the quadratic term in the inflationary valley, it was found that the
spectral index would then be very close to unity [201]. Note that the coupling to a Higgs-type
waterfall field has potentially important cosmological consequences [529,1530], as topological

defects generically form during this symmetry breaking after inflation. This will be discussed

in Sec. [VE2

2. Mutated and smooth hybrid inflation

Two variations of the hybrid inflation idea were proposed soon after the original model,
both assuming that the term ¢? is negligible.

The two-field scalar potentials are of the form:

Vog(d, ) = M* [1 - (%ﬂ 2 +A%Y7 (179)

They share the common feature of having an inflationary trajectory during which (1) is

varying and not vanishing. They also both reduce, in the one-field approximation to the

form of Eq. (I7H).
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The mutated hybrid inflation is one of them with a potential of the form of Eq. (I'79)
with (p,q) = (1,2) [517]

VI (4 = %mw — M)?+ %&wz . (180)

Inflation in this case always happens for sub-Planckian VEVs. If one assumes chaotic initial
values ¢ > 1, like for hybrid inflation, the potential is minimized at ¢» = 0. While ¢ slow-
rolls to smaller values, v settles in the local minimum satisfying, v = Ma(¢)/[1 + a(e)],
with a(¢) = 2m?/(A¢?). At large ¢, a < 1, and its effective potential is of the form of

Eq. (ITH), with n = 2:

2
v = gmtar? (1- 30 ) + 0ol (151)

while the kinetic terms, though modified, are close to minimal. In this approximation, the

model predicts a red spectral index and negligible tensor to scalar ratio,

3 3 3
g — 1~ ~097, ro~ 20

_—— ~ ~ 1074 182

~ <
2ANY? 8N

if we assume Ng ~ 60. It is worth noting also that the model can emerge from a SUSY

theory, e.g., from a superpotential of the form [517]
W= A2 (D)5, + ADUY, . (183)

f(¥) should be generated by non-perturbative process, such as gaugino condensation [30]
in some hidden sector, in order to generate a A much smaller than the Planck scale. It also

needs to satisfy f(0) =1 and f'(0) < 0.

The smooth hybrid inflation model |62] also belongs to the similar class of model,
with a potential of the form of Eq. (IT9) with (p,q) = (4,6). It therefore involves non-
renormalizable terms of order Mp 2. This model is also characterized by a ¢-dependent
minimum for ¢ and, therefore a realization of inflation along a multi-field trajectory. The
motivation presented in [62] is to avoid the formation of topological defects since the sym-
metry breaking occurs during inflation when all topological defects are inflated away. This
is necessary when the symmetry breaking gives rise to monopoles or domain walls. Along
the inflationary trajectory, the effective one-field potential is of the form of Eq. (I75), with

n = 4. The end of slow-roll inflation in this model is necessarily triggered by a violation of
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the conditions; €,n < 1, since no waterfall transition takes place. This allows the predictions
for the spectral index to be [62]

5
s— 1o~ ——— ~0097, 184
n s =07 (184)

and the ratio for tensor to scalar is found to be negligible. This model can also emerge
from a SUSY framework, which helps protect the form of the potential, as discussed in
Sec. [VETl The embedding of the model in particle physics and its predictions for reheating

and leptogenesis will be discussed in that section too *®.

3. Shifted and other variants of hybrid inflation

The shifted hybrid inflation model [66] shares also the features of shifting the VEV
away from (¢) = 0 in the inflationary valley. Like the smooth hybrid inflation, the intro-

duction of non-renormalizable terms in V' is employed to shift the inflationary valley:
: - SN2 - N2
Ve (g, ) = M* [(1 — 0P El") 4 670 (1 - 260?) } . (185)

The parameter & controls the existence, locations, and number of valleys where inflation
can occur. The model was proposed in the context of SUSY GUTs and will be studied in
details in Sec. [VET Let us for now only mention that the predicted spectral index lies
within: ng € [0.89,0.99], and the tensor to scalar ratio r S 107° can be in agreement with
the observations for certain values of €.

The inverted hybrid inflation has also been proposed in a 2-field version [531]

V(p,) =V — %m?,p? + %miw — %zp%? +.. . (186)

Clearly this potential is not bounded from below at large VEVs, and the model is therefore
only complete once non-renormalizable terms (contained in the dots) are assumed. Another
modified version of hybrid inflation, the complex hybrid inflation has been proposed

recently by [532]. In this model, the potential is not invariant under the change of phase

48 Reheating in presence of a SM gauge singlet within SUSY is quite different, for the discussion see
Sec. In many gauge singlet SUSY models of inflation, the role of MSSM squarks and sleptons
are not taken into account appropriately. This also affects leptogenesis and in general thermal history of
the universe [122].
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of the waterfall field, assumed complex. This modification was proposed as a new way to
generate a baryonic asymmetry.
Finally, the thermal hybrid inflation model has also been considered [157]. In this

model, thermal corrections are assumed to generate part of the hybrid potential 4°
1
V($) = Vo + T+ T2 — smi® + T°6% (187)

However, as it is well known, the rapid expansion due to inflation dilute the content of
the universe, exponentially rapidly driving the temperature to 0. This model therefore
requires that a period of hot big-bang evolution takes place immediately before the phase
of inflation. This condition can be considered rather fine tuned. In addition, inflation starts
with T" ~ %1/ * and the temperature triggers the waterfall transition taking place at 1" ~ my.
With 7' ~ 1/a during inflation, inflation will last only 10 e-foldings and to be acceptable,
this mechanism should be invoked many times.

Another way temperature effects could influence inflation has been proposed in a number
of recent articles (see [533,1534]), known as thermal inflation. This mechanism is based
on the assumption that the couplings between the inflaton field and other particles (inde-
pendently required for a successful reheating) can generate a constant decay of the inflaton
during inflation (assuming I' ~ Hj,q). This particle production would induce a thermal bath
with a finite temperature that back-reacts on the inflaton dynamics and induces finite tem-
perature effects on the potential. In particular this mechanism introduces a new viscosity
term Cl,¢ in the field dynamics Eq. (), which slows down the rolling of the inflaton °. This
idea was used in a number of articles to realize inflation with potentials that would be too
steep for inflation without temperature effects, for example in string theory (see for exam-
ple [535]). This possibility is however ad-hoc and still debated and some authors [99, [536]

argue that these effects are unlikely to take place, as the viscosity term is expected to be

49 In order to estimate the coefficients of thermal corrections one has to understand the exact particle
contents. However note that ¢ belongs to a hidden sector, therefore exact particle contents are model

dependent and sometimes chosen just to meet the desired results.
50 To our knowledge the viscosity term has never been introduced consistently in the equations of motion

in an expanding background. Note that the decay term usually introduced phenomenologically during
the inflaton oscillations is valid only when the frequency of the inflaton oscillations is larger than the
Hubble expansion rate. Therefore one can safely use the decay of the inflaton as in the case of a flat

space-time [99].

87



negligible during slow-roll inflation. They argue that this mechanism could only be con-
sidered as a phenomenological idea that still lacks some theoretical support and an explicit

regime where this can be realized.

4. Assisted inflation

There could be many more light fields during inflation, they could collectively assist
inflation by increasing the effective friction term for all the individual fields [152, [280, 281,
537-540]. This idea can be illustrated with the help of ‘m’ identical scalar fields with an

V(¢i) = Voexp (—=v€§j§;) : (188)

exponential potentials [152]:

For a particular solution; where all the scalar fields are equal: ¢1 = o = -+ = ¢y,
o= m V(g1) + 1l (189)
T 3ME Vgt
. 4V
o1 = —3H¢1 — (@) : (190)
den

These can be mapped to the equations of a model with a single scalar field gz; by the redefi-
nitions

PZ=m¢? ; V=mV ; p=mp, (191)

so the expansion rate is a o t?, provided that p > 1/3. The expansion becomes quicker the
more scalar fields there are. In particular, potentials with p < 1, which for a single field
are unable to support inflation, can do so as long as there are enough scalar fields to make
mp > 1.

In order to calculate the density perturbation produced in multi-scalar field models, we
recall the results from |208§]:

2

where Py is the spectrum of the curvature perturbation R, N is the number of e-foldings
of inflationary expansion remaining, and there is a summation over ¢ and j. Since N =

— [ H dt, we have

ON .
Z %@‘ =-H, (193)

i
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where in our case each term in the sum is the same, yielding
H\* 1 H?
Po= =] ——. 194
R <27r) mo ¢? (194)
Note that this last expression only contains one of the scalar fields, chosen arbitrarily to be

¢1. This estimation for the spectral tilt is given by |208]:

. ON ( did;  MEVi;\ oN
H d¢; \ MZH? i% d¢;
Y 0¢; 09,

where there is a summation over repeated indices and the commas indicate derivatives with
respect to the corresponding field component. Under our assumptions, the complicated
second term on the right-hand side of the above equation cancels out, and Eq. (I93]) reduces

to the simple form
AUCID
g1
— | =—. 196
V(1) mp (196)

This result shows that the spectral index also matches that produced by a single scalar

H  m?
l-n=-929— =211
" 0?3

field with p = mp. The more scalar fields there are, the closer to scale-invariance is the
spectrum that they produce. Note however that if the fields have such steep potentials as
to be individually non-inflationary, p < 1, then many fields are needed before the spectrum
is flat enough. The above calculation can be repeated for arbitrary slopes, p; in Eq. (ISS).
In which case the spectral tilt would have been given by n =1 —2/p, where p = > p;. The
above scenario has been generalized to study arbitrary exponential potentials with couplings,
V=>"z,exp(D " asj¢;) in Ref. [537], see also [540]. Such potentials are expected to arise
in dimensionally reduced SUGRA models [541].

One particular nice observation for m scalar potentials of chaotic type, V ~
S f(er/Mp~*) (for n > 4), is that inflation can now be driven at VEVs below the Planck
scale [280, 1281, 1538, 1539] ®'. The effective slow-roll parameters are given by: €.;; = ¢/m < 1
and |ness| = |n|/m < 1, where €, n are the slow-roll parameters for the individual fields.
Inflation can now occur for field VEVs [281]:

AQb 600 NQ Eeff 1/2
ﬁp”(ﬁ) (@)(2) <1, (197)

51 The double inflation model has been studied extensively with two such fields, V = m2¢? + ma¢3, in Refs.
1209, 1212, 1542-545]. In general one could expect: V ~ 3" m?¢? [280, 538, 1539], or V' ~ \; (¢ /Mp™),
where n > 4 |281]], where ¢; < Mp.
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where Ng is the number of e-foldings. Obviously, all the properties of chaotic inflation can
be preserved at VEVs much below the quantum gravity scale, including the prediction for
the tensor to scalar ration for the stochastic gravity waves, i.e. 7 = 16¢€.5. For e.sr ~ 0.01
and m ~ 100, it is possible to realize a sub-Planckian inflation. the spectral tilt close to
the flatness can be arranged in the above example ng — 1 = —6e.f¢ + 2ncf¢. Furthermore,
realistic assisted inflation model can be realized with a better UV understanding in string
theory with m complex structure axions arising in type IIB string theory [282, 546], Kaluza-
Klein scalars [280, 1538, 539], in multi-brane driven inflation [547-549], and in SU(N) gauge
theories [281] 2.

However, the caveat for all these models discussed in Secs. [V.C1], [V.C2 TV C3l IVC4
is that the connection with the SM physics is still lacking. It is not clear whether the scalars
(i.e. inflaton, waterfall fields, etc.) can carry the SM charges or not. A partial attempt has
been made in the context of assisted inflation in Ref. [281] within SU(N) gauge theories,
where the inflatons are gauge invariant under SUSY SU(N). Therefore, all these models
bear similar uncertainties for reheating and thermalization as any other gauge singlet models

of inflation, see the discussion in Sec. [VIC2l

5. Non-Gaussianities from multi-field models

With several light fields one would expect isocurvature perturbations [130, 1210, 218,
551]. Isocurvature perturbations can also seed second order metric perturbations, which
can yield large non-Gaussianities (see for example [22, 1238, 1552, 1553]). The generation of
non-Gaussianities in hybrid inflation has been studied in Refs [232, 1553-558]. It was found
that the regular hybrid inflation models do not produce large amount of non-Gaussianities,
since inflation is effectively realized by the slow-roll of one field, while the fluctuations of
the waterfall field are highly suppressed by its super-heavy mass. Some modifications of
the model were proposed in Refs. [553, 1554, [559], and then generalized to the “multi-brid

inflation” scenarios [555, [556], where large non-Gaussianities can be generated. The model

52 Although it is quite plausible that conditions for late inflation can naturally be created after high scale
assisted inflation, where one can have a possible signature for very long wavelength stochastic gravity
waves |550].
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is based on the coupling of several inflaton fields ¢; to a waterfall field x [555]
1 ~ o0 A, 0 ’
V(gnv) =3 Z:gicbix +2 (-5 (198)

In the two-brid model (case n = 2), the predictions are found very different from the original
hybrid model. The value of fx is computed using the J NV formalism in [555, 556, 560], and
it is found to be [555]:

8(m gy oSy + Mags sin y)? local _ 5925
g? cos?y + g2sin®y Nk 60(g? cos?y + gZsin®y)
(1

99)

where m; are the masses of the components ¢; (in Planck units), and the VEVs at the end

ne=1—(mi+m3), r=

of inflation are parametrized by:

g o .
Prp=—C087Y, ¢oy=—siny. (200)
91 92

The presence of extra-parameters allows the model to predict large levels of non-
Gaussianities. For example, for m; ~ 0.005, ms ~ 0.035, v < 1 and g1 = ¢ = g, the
model predicts ng >~ 0.96, r ~ 0.04, and

local ~_ 5g m% ~ g
NLo 6m10 )\1/4 ’

The stability of the model requires A/* >> 1073 which still allows fi$! < 4 x 10%. These
results were generalized in [556] to more general potentials and for a larger parameter space.
A generalized expression for non-Gaussanity for multiple field case has been derived
in [231, 244] from the 0N formalism (see Sec. [LC4):
v ) Z(ZN;,V)N
kY k

where N, = ON/0¢; ~ V;/V/ by using the horizon crossing approximation |10, 244], r is the

, (201)

tensor to scalar ratio, and f is a geometrical factor relating to the triangular bispectrum,
lying in the range, 0 < f < 5/6 [20]. The value of r for V =" \;¢% is given by [247, [561]:
8M3 A
> (Vi/Vi)R T N
where N ~ Mp?Y", ff;nd (V;/V))dei = (57, ¢?/2aME). With the help of the above expres-

(202)

r =

sion, the value of fy; can be given by [562]

-2
—6 ) V7 V2 Vv M3 1 r
(203)
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Unfortunately, in these models the value of fy is very small and undetectable by the future
experiments. The expression is also a generalization of [563], derived for the two field case.

Non-Gaussianities can also be created after inflation through tachyonic preheating at
the end of inflation [240, 558, |564]. Preheating of light fields after inflation has also been
considered in [238, 239, 241], and in N formalism [242, |565]. It was found that the A¢?
model can lead to levels of non-Gaussianities that are already on the verge of being excluded
by current observations [238]. Also, very recently, it was pointed out that the waterfall part
of the dynamics in a generic non-SUSY hybrid type inflation (or hilltop inflation) with a
potential of the generic form

nVo
2M2

Vg, ¥) ~ Vo + ¢* = App* + O(¢%,...) | (204)

could generate a large amount of non-Gaussian fluctuations given by [566] °.

4
Ine ( vy )3/2 v 1072 Mp 1072\ /2 (205)
1.3 x 104 102 103 Mp A €e ’

where the index e denotes the end of inflation and v is a semi-analytic parameter in the

range [0.03 — 0.1].

6. Challenges for non-SUSY models

For non-SUSY models of inflation there are two more challenges related at the classical

and the quantum level.

e Effective couplings and symmetries:
At the classical level inflaton can couple to other light scalar fields during inflation. In
any of the effective potentials considered so far, there is no symmetry argument which
will not allow couplings of type; ¢? > X7, or some non-renormalizable couplings to

other fields (belonging to other hidden sectors) such as ~ ¢"x™/Mp+™"* for n,m > 2.

53 A word of caution when we use 6N formalism to estimate non-Gaussianity during parametric resonance
or during tachyonic prehetaing. Note that prehetaing is a violent and non-adiabatic process, which can
happen at time scales much shorter than one Hubble time. Especially, during tachyonic prehetaing, the
field displacement can be very negligible as compared to one Hubble time, during which the éN = 0,
therefore in a separate universe approach, where the Hubble patches evolve homogeneously and smoothly,

one can not trust the 6 N formalism.
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There may be some discrete symmetries which will forbid some terms or some com-
binations, but it cannot render all the couplings to be vanishing. Any such light field
other than the inflaton would introduce isocurvature perturbations during inflation,
which at the classical level leaves such models vulnerable to quantum predictions of
the CMB fluctuations. A simple calculation assuming adiabatic nature of density

perturbations will not suffice in such cases.

Furthermore, the same couplings can dump almost all the inflaton energy density into
some other non-SM degrees of freedom (or hidden sectors) upon reheating or preheat-
ing. One must assume that SM degress of freedom are excited, but such assumptions

are always hard to justify if the particle contents are unknown.

e Quantum stability of the potential:
The inflaton cannot be considered free from matter couplings, any coupling of the
inflaton to fermions and gauge bosons would introduce loop corrections at the pertur-
bative level [352]. This will spoil the classical flatness of the inflaton potential even
when the scale of inflation is far below the scale of gravity [285, 347, 1349] 5. Be-
yond destabilizing or modifying the shape of the potential, radiative corrections can

substantially alter the CMB predictions of the models.

SUSY helps stabilizing the classical potential, as the leading quantum corrections are
logarithmic in nature. The another classic example is the pseudo Nambu Goldstone
Boson (pNGB) as an inflaton, where the potential explicitly breaks the global sym-
metry with small couplings [353, 1493, 1567, 568]. In Ref. [568], it was observed that
if the global symmetry is explicitly broken by a combination of couplings, then loop
contributions to pNGB masses must involve all of the couplings, and therefore one-loop
contribution cannot be quadratically divergent. This is due to collective or non-local

symmetry breaking as discussed in Ref. [569)].

Let us follow the discussion of [568], where they begin by considering the simplest
model which involves a pNGB 6 which comes from the breaking of a global SO(2)

54 However, it is interesting to note that the potential of Eq. (I62) with o = 2 or o = 4 have some accidental
stability with respect to loop corrections due to the absence of a self-coupling or a mass term respectively.
This is not the case anymore if both the terms are present, if @« = 3, or in the case of a coupling with

other fields, for example in hybrid inflation and its variants.
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symmetry. After integrating out the “radial” degree of freedom and pushing the cutoff
of this non-linear sigma model to the point where the interactions become strongly

coupled, namely A ~ 47 f. The inflaton, ®, can be parameterized as

cos(0/f) sin(0/f) -1 f
b = X = 206
—sin (8/f) cos(0/f) 1 V2 (206)

Let us consider the tree-level potential to be:

V=x(0To—v?)’ + % (0T®)? + % (0T ®)? (207)

where 07 = (0, 03) and 7 is the first Pauli matrix. Let us consider a simple situation

when g1, g, = g # 0. From expanding out the ®s in the potential, one finds:

_9f?
4

Now computing the one-loop corrections to the mass of 6, the authors of Ref. [568§]

1% (0f + 05 — 20104 cos (20/ f)) (208)

obtained that there is no one-loop quadratic divergent contribution to a # mass. This
is because # only couples to the combination ;09 making it impossible to close a loop

with only one vertex. There is a logarithmic divergence at one loop proportional to

9192 = 92

g9’ A? T 2
Vi—loop = T8 log Eg (') + ...

_ o log <A2) cos? (20/f) + ... (209)

12872 m2

The value of A could be as large as Mp or below, but the corrections to the potential is

only logarithmic dependent. The pNGB inflaton could also originate in SUSY inflation

models and in extra dimensional models [568, |570, [571].

Some of the above mentioned challenges can be addressed if inflation is explicitly em-

bedded within an observable sector. One such example of inflaton is the SM Higgs in a

non-SUSY context.

SM Higgs as the inflaton

It is natural to study if the SM Higgs can play the role of the inflaton field. This question

has been discussed long ago [572], and has regained interest in the last few years [85, 285,573~
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1. Dynamics of the SM Higgs inflation

It has been proposed long ago to improve this situation by abandoning the universal cou-
pling to gravity 85,572,577, 578, in order to flatten the Higgs potential at high energies
The lagrangian is extended to contain a non-minimal coupling to gravity (only) for a Higgs
field H

M2
L=Lou——R- EH'HR . (210)

This non-minimal coupling can be motivated by the renormalizability of the A\¢* potential
[591]. The very form of this Lagrangian might represent the first challenge of the model,
since the equivalence principal is lost; all particles are not coupled in the same way to gravity.

The above Lagrangian has been studied in the past [572,1592], where H is a GUT Higgs
field and was applied in [85] to the SM Higgs field. If h is the Higgs field in the unitary

gauge, the resulting action for &, in the Jordan frame, reads

M? + €

Sy = /d‘*m/ { R+ %@haﬂh — % (h* — v2)2} : (211)

Since the coupling to gravity is not minimal in S, studying the phenomenology of the model

is simplified once the conformal transformation is applied [85, 572]

QP =1 +§h2 y  Guv —>§W = Q29W )

dy \/92 66202 /M2 (212)
dh Qi ’

h — x with

such that the action in the Einstein frame reads

SE:/d‘lx\ﬁ{ PR+ auxa”x Ulx )} (213)

In order to keep canonical kinetic terms once the metric is redefined, the potential U for the
new field xy now reads

R*(x) — vﬂz . (214)

55 Such attempts were previously made in connection with scalar tensor theories of inflation to flat-
ten the potential [572, 579-590]. Typically the gravitational part of the action is given by: S =
S d4a:\/—_g[%M 2f(p)R— %@Lgb(?”gb]. The action is dynamically equivalent to a theory in which the gravita-
tional action is the usual one, via the conformal transformation: §,, = f(¢)g,., where we use the bar to
indicate a quantity in the new frame. The new action looks like: Sp = 3 [ dia/=g[M?R — K(¢)(94)?],

. 2 0/2
where, K(¢) = —Qj(“b);r;’;\@)f (@)
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At low energies, that is for small VEVs, Q2 ~ 1, h ~ y and the two frames are indistin-
guishable. At high energies, h o< exp x, and the potential tends to
M3 -2y
U(y) =~ P {1 +ex ( )] . 215
0= Lo (2 215

Once the potential is known at high energies, it is straightforward to compute the CMB

predictions for the model. From Eq. (2IF), the slow-roll parameters read [83]

_AM} AN _16M;

E(X)—ggz—}#, n(x)z—@, C_W’ (216)

which requires inflation to take place in the range h € [1.07 — 9.4|Mp/\/E. A correct
normalization to the COBE data imposes ¢ ~ 5 x 10*V/\, and the model predicts, at the
classical level [85, 575],

(4Ng +9) 192
s 1 -8 2~ (.97, ~ = ~(.0033,
" (4Ng + 3)? "7 NG + 3)2
ay ~ —52x 107, (217)

which is in agreement with the most recent WMAP data.

The main challenge to this model is to evaluate the quantum corrections to the infla-
tionary potential at high energyto evaluate if the flatness of the inflationary potential can
be destabilized by them. Both the quantum gravity corrections and the quantum correc-
tions due to SM particles can be evaluated, though the full quantum gravity corrections
cannot be rigorously computed. It has been argued in Ref. [85] that the model is safe since
U(x)/Mg M€ < 1 and d*U/dy? < ME.

The leading log method [85] as well as renormalization group (RG) methods have been
implemented [574, [575] in both frames to compute corrections to V', and £. The corrections
from SM particles to V' using RG improved calculation with 2-loop beta-function are also
found in Ref. [575] to be very small and do not spoil the model (see Fig. Bl). However, they
introduce a dependence of the CMB predictions on the SM particle masses, in particular on
the Higgs mass m;, and the top quark mass m,; as detailed below.

The stability of the present classical action could also be affected by the presence of non-
renormalizable operators. This represents another serious challenge to the model 285, [576],
though this argument can be applied to other high scale models of inflation. Indeed, it is
shown that the effective cutoff of the Lagrangian of Eq. (2I0) is Mp /¢, whereas the energy

scale of inflation is Mp//€. One therefore should expect non-renormalizable contributions
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FIG. 3: Normalized scalar potential of SM inflation in the Einstein frame, in the classical approx-
imation (green), or taking into account quantum corrections for m; = 126.5 GeV and m; = 128

GeV, in blue and red respectively. Figure is taken from [575].

to the action to be relevant at energies well below inflation. This represents a challenge to the
model since the implicit assumption is that the SM of particle physics is the effective theory
at least up to the inflationary scale. In the absence of symmetries to prevent the appearance
of non-renormalizable contributions the model should be considered as fine-tuned, so that

these contributions do not spoil the flatness of the model.

2. SM Higgs inflation and implications for collider experiments

As mentioned above, the important feature of this model of inflation is that masses of
SM particles enter the quantum corrections to the scalar potential, and thus impact the
CMB predictions ng, r and a,. In particular the most important masses that affect the
predictions are the Higgs mass my as it enters the tree level potential, and then the top
mass, the highest mass that enters in loops of SM particle. Independently of inflation,
current accelerator experiments allow these masses to range in [312] my, € [114.4 — 182]
GeV and m; € [169 — 173] GeV. The evolution of the CMB predictions with respect to
these masses is given in details in [575]. We will here only mention that compared to the
classical values (equivalent to large my,), ns r and |as| increases when my, decreases or when

my increases. In particular, for the spectral index to be within the 1o contour of WMAP
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(ns < 0.99), the mass of the Higgs is found [575] to be larger than

— 171 M) —0.1176
mp 2/ 125.7 + 3.8 (mt 7 GGV) 14 (aSU(3)( Z)

2 GeV 0.0020 ) £2GeV,  (218)

where agy(s) is the strong coupling and the £2 GeV is due to theoretical uncertainties from
higher order corrections.

Testing this model in the future will therefore require the discovery of the Higgs particle
at the LHC, which is expected if its mass is within the above range, together with an
improvement of the error bar on n, as given by the PLANCK and some improvement on
the top quark mass measurement at the LHC and the ILC. From phenomenological point of
view SM Higgs inflation is a welcoming news, the Higgs can directly produce the SM degrees

of freedom as shown in Refs. [123, 1593].

E. SUSY models of inflation

Historically, SUSY inflation was first introduced to cure the flatness problem and asso-
ciated fine tuning of new inflation [594, 595], but since then utilizing SUSY as a tool for
inflation has gained in popularity. The fundamental reason is similar to the resolution of
the hierarchy problem for which SUSY was introduced, i.e. to protect the flatness of the
potential.

The scalar sector is now described by a superpotential W and a Kahler potential K,
instead of just a scalar potential (see Sec. [ITC]). Another difference with non-SUSY effective
field theory concerns the range of VEVs allowed, which is now below the Planck scale. Close
to the Planckian VEVs SUGRA corrections become important. One of course recovers the
global SUSY in the limit when Mp — oo.

In four dimensions, the N = 1 SUSY potential receives two contributions; one from the
F-terms, describing interaction between chiral superfields, and the second from the D-terms,
which contains the gauge interactions. The scalar potential derived from W and K has to
be non-vanishing to support inflation, therefore breaking (transiently) SUSY. Therefore two
classes of models driven by F-terms or by D-terms have been proposed. We will discuss first
old and new properties of F-and D-term hybrid inflation, which is by far the most popular

amongst the model builders. Some of these models have also been reviewed in Refs. |10, 596].
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1. Chaotic inflation in SUSY

Embedding chaotic inflation within SUSY is a challenging problem, discussed long ago
and is still under investigation by many [486,494-496,597-599]. As discussed in Sec. [VB1I]
chaotic inflation in its non-SUSY description requires super-Planckian VEV to last long
enough. By construction SUSY and SUGRA are only valid when ¢ < Mp. Another
challenge comes from the fact that chaotic inflation requires a UV-complete theory that
SUGRA does not provide [486].

Even discarding the question of validity, if inflation was driven by the F'-terms, the expo-
nential of the Kahler potential potential can generically spoil the flatness of the potential.
To tackle this problem, non-minimal Kahler potentials with a logarithmic form have been
proposed [494], which can be combined to a mass-term superpotential, W = M®? to gen-
erate the right scalar potential, driven by F-terms. It has also been shown that a chaotic
potential can also be embedded within D-terms [495, 496]. They assume 4 chiral superfields
and that the symmetries of the theory are U(1)gauge X U(1)g . A renormalizable super-
potential and a minimal Kahler potential can generate a scalar potential possessing many
F- flat valleys lifted by D-terms required for generating chaotic inflation. It was pointed
out in Ref. [599] that the mechanism requires a fine-tuned moduli sector which is hard to
embed within string theory. As a conclusion, the question of managing super-Planckian
VEVs and densities within SUGRA does not make chaotic models appealing from particle

physics point of view 57.

56 A challenging problem for these kind of attempts is that the inflaton sector, though it resides in a hidden
sector, must couple to the observable sector, i.e. MSSM. This modifies the D-flatness conditions for any
extra U(1)gauge sector added to the SM gauge group, which opens up new D-flat directions and this will
eventually modify the inflationary potential by lifting such combinations with the help of F-term. Such

contributions are often ignored in the literature [495, 496, |599].
57 There are attempts to embed natural inflation realizable at low scales within SUGRA, see [161, 1350, 600

602]. The generic potential has a form: V = A*(1 + B|¢|? + v|¢|® +6|¢|* +...), where 3, 7, § are model
dependent coefficients. Challenge for these models is to justify why inflation starts at ¢ ~ 0 VEV and

& ~ 0. A prior phase of inflation may justify such initial conditions.
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2. Hybrid inflation from F-terms

The most well-known model of SUSY inflation driven by F-terms is of the hybrid type
and based on the superpotential [61]

W = kS(®d — M?) . (219)

where, S is an absolute gauge singlet while ® and ® are two distinct superfields belonging

to complex conjugate representation, and x is an arbitrary constant fixed by the CMB ob-

servations °. This form of potential is protected from additional destabilizing contributions

with higher power of S, if S, ® and ® carrying respectively the charges +2, o and —a under

R-parity. Then W carries a charge +2 so that the action & = [d?0 W + ... is invariant.
The tree level scalar potential derived from Eq. (2I9) reads

Viree (S, 0, 0) = K*|[M? — 6¢|* + 57| S]*(|¢]* + |9]*)* + D — terms , (220)

where we have denoted by S, ¢, ¢ the scalar components of S, ®, ®. It has a form similar to
the original hybrid inflation model, though m = 0, and both A\ and X are replaced by only
one coupling constant x%. In what follows, it is assumed that ¢* = ¢ along this direction,
the D-terms vanish and that the kinetic terms for the superfields are minimal, which is
equivalent to a minimal Kihler potential, K = |[S|? + |®|> + |®|?.

We can defined two effective real scalar fields canonically normalized, o = v/2Re(S), and

1 = 2Re(P) = 2Re(P). The two-field scalar potential can then be put to the form [596]

2
Viree(0, 1) = K? <M2 — %2) + %20%2 . (221)

Like in the non-SUSY version, the global minimum of the potential is located at S = 0,
#p = M?, though at large VEVs, S > S, = M, the potential also possesses a local valley of
minima (at (¢)) = 0) in which the field o, identified as the inflaton from now on, lies in a flat
direction, Viree = Vo = k?>M*. This non-vanishing value of the potential both sustain the
inflationary dynamics and induces a SUSY breaking. Chaotic initial conditions are usually

assumed [61], which provide for a large inflaton VEV at the “beginning” of inflation (We

58 Tt is desirable to obtain an effective singlet S superfield arising from a higher gauge theory such as GUT,
however to our knowledge it has not been possible to implement this idea, see Sect. [V.G3l Typically S

would have other (self)couplings which would effectively ruin the flatness.
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will return later to the issue of initial conditions in this model). The end of inflation is
then triggered by slow-roll violation and the system rapidly settles at the bottom of one of
the global minima, breaking the symmetry G, potentially forming topological defects, and
restoring SUSY.

Since, V(¢» = 0) # 0, SUSY is broken. This induces a splitting in the mass of the
fermionic and bosonic components of the superfields ® and ®, with m%(S) = x?|S|? £ k2 M?>
and m% = k2|S|%. Note that this description is valid only as long as S is sufficiently slow-
rolling such that x?|S|?|®|? can be considered as a mass term. Therefore radiative corrections
do not exactly cancel out [61, 67], and provide a one-loop potential:

kAN M* s2K?

Vi oop(S) = 297 21n it (z4+ 1) In(1+2 Y+ (-1 (1 —-2zY] , (222

using the Coleman-Weinberg formula [352]. In this expression

52
z:‘M—LExQ, (223)

A represents a non-physical energy scale of renormalization and N denotes the dimension-
ality ®° of the Higgs fields ® and ®. When discussing the predictions of the model and
the dynamics at the end of inflation, it is important to keep in mind that the perturbative

approach of Coleman and Weinberg breaks down when close to the inflection point at z ~ 1.

3. CMB predictions and constraints

The predictions of the model differ strongly from the original model, because the potential
is concave down due to the radiative correction is the origin for the slope in the potential.
For small coupling k, the slow-roll conditions (for n) are violated infinitely close to the
critical point, z = 1, which ends inflation. Thus, the quadrupole value for the inflaton,
zq = S3/M?, is obtained by solving

3273 M? [*@ dz
© Wﬁ%fl 2f(2) (224)
with  f(2)=(z+ D)In(1+2"")+ (2 = 1)In(1—27") .

59 To be very precise, the value of N is less or equal to the dimensionality of ® or ®. This factor should
count the number of degrees of freedom in ® that are light enough to be affected by the value of S. This
can depend on the precise mass spectrum of the gauge group, for instance a specific GUT model. See

discussion in [72].
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The normalization to COBE allows to fix the scale M as a function of k. If the breaking
of G does not produce cosmic strings, the contribution to the quadrupole anisotropy sim-
ply comes from the inflationary contribution (see Eq. (34])) and the observed value can be

60 However it has been shown that

obtained even with a coupling & close to unity [61]
the formation of cosmic strings at the end of F-term inflation is highly probable when the
model is embedded in SUSY GUTSs [436]. In that case, the normalization to COBE receives
two contributions [63, 475], one from inflation (67/7T)ima o V3/2/V’, and the other from
cosmic strings (67/T)cs o< Gu, where 1 is the mass per unit length of the strings (see

Sec. [ILGl). The relation between M and « from the normalization of the power-spectrum

is now obtained by solving [475]

5T>2 <(5T)2 (6T)2
— == + (= : (225)
(T COBE T Infl T CS

which affects the relation M (k) at large x, and imposes new stringent bounds on M < 2x10%°
GeV, and [476, 478]

kST X 10—7% : (226)

N

coming from imposing that the weight of cosmic strings in the WMAP3 data is less than
S 10% [258]. This constraint can be made less stringent if some other sector of the Higgs
potential imposes that some components of ®, ® acquire an ultra-large mass before inflation,
during previous symmetry breaking [478§].

Once M is fixed, the spectral index ng can also be computed as a function of the coupling
constant. The range found is ng € [0.98, 1] whether cosmic strings form or not [478, 1607].
This represents the most important difference with Linde’s original model, where a blue tilt
is generated. Note however that, when cosmic strings form, the coupling constant has to be
suppressed (see Eq. ([220)) the predicted value for ng is very close to unity, ng ~ 1=. This

value is precisely in agreement with the observations when cosmic strings are formed, if they

contribute significantly to the generation of the anisotropies [258].

60 Small values of % can render the scale of inflation very low, as low as the TeV scale [603-606)].
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4. SUGRA corrections to F-term inflation

When the VEVs are not negligible compared to the Planck scale, SUGRA effects become
important and may ruin the flatness of the inflaton potential. Indeed, the potential is
now given by Eq. (I33), the F-terms containing an additional exponential factor. The soft
breaking mass of the scalar fields are typically [318, 1319, 1494, 501, 597, 599, 608-613]

9 V
msoft ~ 3M2
P

~ O(1)H?. (227)
Once the inflaton gains a mass ~ H, the contribution to the second slow-roll parameter 7 is
of order unity and the field simply rolls down to the minimum of the potential and inflation
stops,

ol = a3 Mo o), (228)
where m3para = Miyey + Veusy/3Mp) ~ m2,,, + O(1)H?, where mg,s ~ O(100) GeV
contains soft-SUSY breaking mass term for low scale SUSY breaking scenarios. For VEVs
smaller than the Planck scale it is always possible to obtain ¢ < 1, but in SUGRA n can
never be made less than one for a single chiral field with minimal kinetic terms '. This is
known as the n problem in SUGRA models of inflation [318&, 1319, 501].

When there are more than one chiral superfields, as in the F-term hybrid model, it
can be possible to cancel the dominant O(1)H correction to the inflaton mass by choosing
an appropriate Kéhler term [501, 611]. In hybrid inflation models derived from an F-
term the dominant O(1)H correction in the mass term can be cancelled if |S| = 0 exactly,
which however seems to lead to an initial condition problem, as discussed above. The fact
that the superpotential is linear in S (as in Eq. (2I9)) guarantees the cancellation of the
dominant contribution in the mass term for a minimal Kéhler, Ky, (V;, UF) = > ¥, 0F =
ISP+ 9] + [T[? [501],

2 2
U s° 4+
thms GRA _ .2 oury < P )

2 ) 2 P e
M g
: ( i ) ( 2ME 4M§) (229)

§21)? 1 /1 2
= {HW;(ZW_MQ)} }

61 Except when myy, ¢ > H;ns. This can be realizable in an inflection point inflation as in the case of MSSM

inflation, see Sec. B2
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Note that these corrections affect the dynamics at large field, though at small VEVs, the
radiative corrections are the dominant origin of the dynamics. This is generically the case

during the last 60 e-foldings of inflation [505].

5. Non-minimal kinetic terms and the SUGRA n problem

For Kahler potentials such as
K =|S|? +|®* + |®|* + wg|S|*/ME + ..., (230)

the kinetic terms K*9,®;0*®* are non-minimal because K # §. One obtains in particular
(9g5-K) ™" ~ 1 —4kg|S|?/MZ+ ... that leads to a problematic kg x O(1)H contribution to
the inflaton mass, and therefore on the second slow-roll parameter 7, unless some suppression

is invoked. Several mechanisms have been proposed to tackle this n-problem.

e The first one is to constrain the parameter of the leading corrections, imposing
kg ~ 1073 which is sufficient to keep the model safe, but without much physical
motivation. For a generic inflationary model it is not possible to compute k4 at all
(see the discussion on the footnote below). In this model |S| < Mp ensures that

higher order terms are negligible [596].

e Safe non-minimal Ké&hler potentials have also been proposed [614-617] making use of
the shift symmetry 52 [598, 1618] to protect the Kihler potential of the form K (®, ®) —
K(® + ®). This symmetry generates an exactly flat direction for an inflaton field and
a non-invariance of the superpotential induces some slope to its potential to allow

slow-roll at the loop level.

Another symmetry - the Heisenberg symmetry - has also been invoked to protect the
form of the Kéhler potential, see for a recent discussion in [619], generating a model
where the effective Kéhler is a no-scale potential, that is of the form K = In(®;). This

obviously solves the n-problem by canceling the exponential term exp(K) %.

62 Under this symmetry, a superfield S — S + iC, where C is a constant.
63 There is a word of caution here, it is assumed that one can take the inflaton VEV above the Planck scale,

as in the case of Heisenberg symmetry of the Kéhler potential, in order to realize chaotic type models [598,

615,1618,1619]. However, this assumes that the Kéhler potential does not obtain any quantum corrections.
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FIG. 4: Spectral index for F-term hybrid inflation with minimal kinetic terms (top green curve)

and non-renormalizable corrections to the Kahler. Figure is taken from [81].

The presence of non-renormalizable correction to the kinetic terms has important conse-
quences on the CMB predictions of the F-term hybrid model. In particular it can be used
to realize a better agreement with the WMAP 5 measurement on the spectral index |71, [81].
It has been shown that the presence of the k¢ term in Eq. (230) allow the model to;

1) lower the value of M responsible for the normalization of the spectrum for a given s and
thus lower the influence of cosmic strings on the CMB, and

2) predict a spectral index lower than 0.98, easily in the range ng € [0.9, 1] as represented

in Fig. ().

Further note that non-renormalization theorem can only protect the superpotential terms ], but the
Kahler potential generically obtains quantum corrections, which have been computed explicitly in some
cases @] In string motivated models it is hard to realize chaotic type models of inflation with
VEVs larger than the 4d Planck scale.
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FIG. 5: Initial condition space for F-term hybrid inflation in minimal SUGRA, when restricting
to the sub-Planckian (M) = Mp) initial VEVs and vanishing velocities. The color code represents
the number of e-foldings generated for each initial VEVs. This confirms that hybrid inflation is
successful when the onset of inflation occurs close to the inflationary valley (the white narrow band
along the y-axis), but shows a subdominant space for other trajectories where inflation is also

successful for the sub-Planckian VEVs -
6. Initial conditions for F-term hybrid inflation

We have seen in Sec. [V that initial conditions for hybrid inflation was considered one

of the challenges for the hybrid models, and it was considered as a problem for the F-term

inflation in [526]. It was argued that for inflation to be successful, the initial field value for
the waterfall field v; had to be fine-tuned to an almost vanishing value, so as to start close
enough to the inflationary valley. Note that in this reference, the radiative corrections to the
inflationary potential has been approximated by a mass term, similarly to the non-SUSY

case (see Sec. [V.()). This model has been studied more recently with a high precision,

taking into account of the SUGRA corrections induced by a minimal Kéahler potential [505].
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In [505], the space of successful initial conditions is found composed of a non-fractal set
of successful points but with fractal boundaries. Such a set is represented in Fig. (H), where
for given initial VEVs, the number of e-foldings of inflation realized is represented. It was
pointed out that similar to non-SUSY hybrid inflation, inflation is realized generically by a
first phase of fast roll down the potential and when the velocity vector is correctly oriented at
the bottom of the potential, the inflaton climbs up and slow-rolls back down the inflationary

valley around (¢) = 0.

7. Other hybrid models and effects of non-renormalizable terms

The superpotential of F-term hybrid inflation given in Eq. (2I9) contains only renormal-
izable terms. However VEVs close to the UV cutoff of the theory, (necessarily smaller than
the reduced Planck mass), non-renormalizable terms play a non-negligible role. Two mod-
els have been proposed to study these effects: the “smooth” [62] and “shifted” [66] hybrid
inflation models.

The initial motivation for both of these models was to implement hybrid inflation in
a GUT model based on the Pati-Salam gauge group Gps = SU(4)c x SU(2)L, x SU(2)r
without the formation of monopoles at the end of inflation. The idea is therefore to break
the symmetry before the phase of inflation, which can be achieved by introducing one non-

renormalizable term in the superpotential.

e Smooth hybrid inflation:
In this model [62], the superpotential has to satisfy a new Z; symmetry in addition to
the R-symmetry and Ggur under which the pair of Higgs superfields would transform
following ®® — —®®. This forbids the second term in the superpotential of standard

F-term inflation Eq. (2I9]), but allows one of the first non-renormalizable term

OP)?
Jysmeoth — g l—M2 + (M2) } : (231)
P
the scalar potential reads
oo P)? |’ D2/ P _
v, @) = x| -art 1+ PO s PR ap jap) - am)
P P

where we denote by the same letter the superfield and its scalar component (6 = 0).
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We remind the reader that ®, ® are 2 fields charged under Ggyr. If we follow the
original motivation, Ggur = Gpg and we want ® to be non-trivially charged under
the factors SU(4)c x SU(2)gr in order to generate the breaking scheme Gpg — Gsyy.
The simplest possibility to realize this is to assign ® to the representation (4,1, 2). It
is then necessary to assign ® to its complex conjugate representation (4,1,2) so that
the superpotential is invariant under GG, S being necessarily an absolute gauge singlet

belongs to a hidden sector.

We can define two real scalar fields, s and ¢, as being the relevant component of the

representation of the S, ®, ® fields such that the potential can be rewritten [67]

2
pomooth (s ) = 2 (M2 _ _) NPYCRL (233)

This modifies the picture drastically, since now the valley ¢ = 0 still represents a flat
direction for s, but is also a local maximum in the ¢ direction. As a consequence,
inflation will be realized for non-vanishing values of ¢, which induces the symmetry
breaking during inflation. The minimum of the potential at fixed s is indeed reached

for
_ %M2M2
3 52

which correspond to the two symmetric minima of the potential.

¢2

, for s> uM | (234)

Inside the inflationary trajectory described above, the effective one-field potential is
V(s) = p*(1 — (2/27)u*M?/s*) in the limit s > uM, a form similar to mutated
hybrid inflation. The predictions of the model have been studied in [62], assuming an
embedding within SUSY GUTS, that is with a unification scale of 2 x 10'® GeV and a
gauge coupling constant of ~ 0.7. The normalization to the COBE data imposes the
mass scales of inflation is found lower than in the F-term case p ~ 9 x 10** GeV and
the cutoff M scale is found close to the reduced Planck mass M ~ Mp. The spectral
index is then given by [62]

5
c~l=-—""0~097 (for Ny=60), 235
n 3N, (for Ng = 60) (235)

and a negligible running spectral index.

Shifted hybrid inflation:

The shifted inflation model is similar to the smooth model except that the additional
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FIG. 6: Shifted hybrid inflation potential of Eq. (238]) for &€ > 1/4 (left) and 1/6 < & < 1/4 (right)

in the reduced variable space.

Z5 symmetry is not imposed. As a consequence, the superpotential reads @]

S(DD)?
MZ

wehitted — kS (0D — M?] — 3 (236)

where ®, ® are two distinct superfields that belong to non-trivial representations of
the Pati-Salam group Gpg = SU(4). x SU(2) x SU(2)p: ® € (4,1,2), d € (4,1,2).
This gives rise to the following F-terms (in global SUSY)

2

. _ D)2 _ 26 |
vsifsznf'—“M”ﬁ@@—ﬂ% PRSP (81 + o) |1~ 2 00| (237
Mg K Mp

where we have denoted by the same letter the superfield and its § = 0 component in

the superspace.

Following ﬂa], we define the relevant fields ¢ and ¢ as the component of ® and ® that
generates the symmetry breaking Gps — Gsyy, that is to give a VEV to a component
of ® that is charged under Gpg but not under Ggs,,. For the inflaton field, we will
define s = |S|. We can also choose to set 3 > 0 and ¢* = ¢, so that the potential is

D-flat and becomes

2 2

. 2

Vshlftcd(s’ ¢) _ /432 _M2 + |¢|2 o %lgbl‘l} + 2/{232|¢|2 |:1 — /43]\52 |¢|2:| 5
Vshifted(w y> : ' (238>
= 0 - 1=y 2wty (- 26°)°

The second form is for normalized fields, w = s/M, y = ¢/M and & = BM?/kMs.
The potential is represented by Fig. ([@l).
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We can observe that the potential contains three (respectively two) local minima at
high (respectively small ) values of the inflaton field w, if £ > 1/4 is of the order of unity
(Fig. (6) left). They are located at y = 0 for the central one while the other valleys are
“shifted” away from y = 0, with a trajectory function of the inflaton field y = f(w).
The number of valleys goes up to four at small inflaton VEVs and intermediate values
of 1/7.2 < £ < 1/4 (Fig. (0) right): two new shifted valley at y = +1//2€ appears.
At smaller values of &, both shifted valleys become indistinguishable. If inflation is
realized in one shifted valley, like for smooth hybrid inflation, the symmetry G is broken
during inflation and no topological defect can affect the post-inflationary cosmology.
This is the motivation of the model and also an implicit assumption. Note that the
dynamics could impose inflation to take place in the central valley, at vanishing ).
It would then be possible that the number of e-foldings produced after the symmetry
breaking is small enough that topological defects have some influence on the CMB.

This is still an open question.

If inflation is realized in the y = 41/4/2€ valley, it is possible to compute the full mass
spectrum of the model [66]. The classical contribution to the potential is Vy = x2M*,
where M* = M*(1/4¢ — 1)?. The one-loop quantum corrections appear like in the
F-term case from the splitting in mass, 2x2M, between fermions and bosons of the
superfield ®, ®. Consequently, the effective scalar potential in this valley is identical
to Eq. (222)) for the original F-term model replacing M by M. The CMB predictions
are then derived; the scale of inflation and the spectral index are found as a function
of k, for a fixed value of 3 and My identified as the string scale. For x € [1072, 1073,
they are predicted in the ranges n, € [0.89,0.99] and Vi € [2,7] x 101 GeV, which is
in agreement with the most recent CMB measurements [66]. The level of predicted

tensor perturbations with these parameters, r S 107°, is however beyond the reach of

planned experiments.

Non-renormalizable terms and SUGRA effects:

The analysis of the previous models driven by F-terms are based on the presence of
non-renormalizable terms (smooth and shifted hybrid inflation), which can be expected
to become unstable and suffer from the n-problem when formulated in SUGRA. It ac-

tually turns out not to be a major problem, the presence of extra non-renormalizable
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term changes the shape of the tree-level potential and avoid the n-problem as dis-
cussed in the previous section. Moreover, we are allowed to assume non-minimal
(non-renormalizable) Kéhler potentials, which introduce more parameters and more

freedom to flatten the potential |71, 181)].

For example in the case of a smooth hybrid inflation (with the superpotential given
by Eq. (231))) the effective potential in minimal SUGRA is of the form % [70]

2@EM? st

V)= ut 275t SME

(239)

The last term in this expression comes from the SUGRA corrections. Assuming this
expression is valid for relevant scales, it is found that the spectral index is raised from

ns ~ 0.97 in _global SUSY to larger values ny € [0.98,1.03] depending on the scale
M = /] [70].
Introducing the non-renormalizable corrections to the Kahler potential, K = K, +

AS1/(4M) + ..., lead to an effective potential [81, 502

202 M? 52 ve 8
— —A —— . 240
274 2M * 8 Mg (240)

V(s) ~pu* |1

This allows the model to reduce the tension by increasing the cutoff scale M and

reduce of the predicted spectral index to values inside ng € [0.95,0.99].

We conclude this section by pointing out that non-renormalizable corrections can also
affect significantly other predictions such as the running spectral index, even if inflation
takes place well below the scale of new physics [624, [625]. The reason is that if the
inflationary valley is flat at tree level, all the dynamics is determined by the lifting
of a non-renormalizable term. It was first found in [624] that smooth hybrid inflation
could predict a non-negligible amount of running by balancing the non-renormalizable
contributions to W and K with the SUGRA effects. This prediction however requires
the modification of the superpotential to include a phase of new inflation, since the
parameter range to generate a large running imposes a short (less than 60 e-foldings)

phase of smooth inflation. A model independent study of SUSY hybrid type models

64 Note that this expression has a rather small range of validity, since it is valid only if s? > uM and
s < Mp.

111



with potentials flat at tree level, and lifted by radiative corrections was considered

in [625],
¢2N
M?2N )

where the last term contains an arbitrary non-renormalizable operator. It was found

(9)

V(qﬁ):vowlnmu + ¢

that typically running of the spectral tilt is negligible, oy < 1, in renormalizable
models if a large number of e-foldings is realized. However they also pointed out
that if the non-renormalizable mass scale, M is larger than the inflationary scale can

generate a large running O(—0.05).

Extensions of hybrid F-term inflation:

Many models have been proposed, that generalize or extend the idea of the hybrid
inflaton driven by F-terms. In Ref. [603, 606], the realization of hybrid inflation has
been illustrated in conjunction with solving the p-problem of the MSSM within the
NMSSM. They proposed that the waterfall field coupled to the inflaton also induce
the mass term for the electroweak Higgs pairs of the MSSM:

WONMSSM — ANH Hy — kSN? . (241)

At the cost of adding two scalar singlets to the MSSM, this model is found to solve
the p-problem, prevents from domain walls to form during the electro-weak symmetry
breaking (see [626]), and give rise to a phase of inflation of the (non-SUSY) hybrid
type with an effective potential of the form V, + m?2¢2.

Other examples of extensions of the hybrid model via F-terms are the smooth and
shifted scalar potentials obtained with only renormalizable operators [69, 82]. They
were named “new smooth” and “new shifted” hybrid inflation, and require the intro-

duction of additional fields interacting with the inflaton and the waterfall field.

For example, new shifted hybrid inflation is still based on a singlet S of the Pati-Salam
gauge group Gpg coupled to ®, ® in (4, 1,2) and (4, 1,2). But the model also assumes
the introduction of new superfields ¥, ¥ both in (15,1, 3) to which the inflaton S
would be coupled. The introduction of these extra-fields has motivations [68] from the
fermion spectrum, in particular the predicted mass of the bottom quark, that becomes
in better agreement with experimental measurements, compared to the minimal Pati

Salam model.
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The inflaton sector now relies on the following superpotential [69]
Jynew shifted — L 9(@P — M?) — BSU? + MUV + \VPD | (242)
which leads to the following F-term contribution to the scalar potential

V= |5(@® — M%) = BU[*+[260 — m¥ "+ |m¥ + A0B|*+ ]S + AT[* (|0 + |3]°)
(243)
The flat directions of the potential are at (®) = (®) = (U) = (¥) = 0 for the trivial

one, and at
o) = (P Sy>0, (@ =-2 [r gy _g~ 244
<>_<>_U’<>>’<>_75_§’<>_X’ (244)
where
o _ 2RP(1L/AE+1) + N?/€ ¢
U= 2(Kk2 4+ A2) '

Inflation is assumed to take place in this shifted valley, and thus in this model breaking
of the Pati-Salam group to the SM group (and the formation of monopoles associated
with it) is realized during inflation. Indeed, the VEV of ® breaks completely the Pati-
Salam gauge group only leaving the SM group unbroken (the doublet of SU(2)g breaks
it completely and the 4 of SU(4). necessarily breaks its U(1)g_1, subgroup [422]).

The presence of many free parameters in this model only allows to confirm that with
reasonable parameter values (coupling of order 1072, and masses and unification scales
around 105 —10' GeV), the normalization to COBE, around 60 e-foldings of inflation,
and a spectral index around ng; ~ 0.98 can be obtained [69]. The motivations and the
mechanism behind the “new smooth hybrid inflation” [82] are identical, with a similar
potential given by Eq. (242). The predictions of the model are: ngs ~ 0.969 ; r =~
94x 1077, ay~—58x 1071 [82].

A “semi-shifted hybrid inflation” was also proposed [83], with a similar framework
of the extended Pati-Salam group, as for new shifted or new smooth hybrid inflation
and the same (super)potential. In this model, however, the chosen inflationary valley

is different, since it takes advantage of a third flat direction appearing only if M? =

M? —m?/2k? > 0




This inflation is then called semi-shifted, since only the VEVs of W, ¥ are shifted away
from 0. As a consequence the breaking during inflation is Gps — SU(3). x SU(2) %
U(1)g x U(1)p_r, leaving the second symmetry breaking SU(3). x SU(2), x U(1)g X
U(1)p_, — Gsp for the end of inflation. As a consequence, the model predicts
the formation of B-L cosmic strings, which can have important phenomenological
consequences [627], including on the CMB predictions of the model. When taking
into account of the SUGRA corrections, the spectral index [83] is found in the range
ns € [0.98,1.05] for m € [0.5,2.5] x 10" GeV, in agreement with WMAP data in
presence of cosmic strings. The running and the ratio of tensor to scalar is again

found well below expected detection limits.

F. Inflation from D-terms in SUSY and SUGRA

It was first noticed in Ref. [611] that inflation with a perfectly flat inflaton potentials
in SUSY/SUGRA can be constructed using a constant contribution to the D-term, and a
rather complicated superpotential used to drive the field dependent contributions to the D-
terms to 0. In [628, 1629], a very simple superpotential was proposed to achieve the similar
result, where it was noticed that the radiative correction would lift this flat direction and
drive inflation.

In addition, it was noticed that the n problem arising in F-term models does not appear
for D-terms driven inflation even for the non-minimal Kéahler potential because the D-
sector of the potential does not receive exponential contributions from non-minimal SUGRA.
The model requires the presence of a Fayet-Iliopoulos (FI) term &, and therefore a U(1)¢
symmetry that allows or generates it.

This model rapidly became one of the most studied models of inflation because of its
stability in SUGRA, and its stability when embedded in other high energy frameworks
such as SUSY GUTs (see for example [63, 167]), and SUGRA from superconformal field
theory [454]. The model was also found to be a good low-energy description of brane
inflation [630, 631]) proposed in the context of extra-dimensional cosmology.

Finally, the presence of anomalous U(1) symmetries in weakly coupled string theo-
ries [632-635] generated a lot of hope, though there are problems in fully embedding the
model and the generation of the FI term [636, 637]. Also, the model tends to require large
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inflaton values (Planckian, even super-Planckian in part of the parameter space) unlike
F-term inflation, which represents another challenge for the model, and thus necessitates

D-term inflationary models to be studied in the context of SUGRA with a VEV below Mp.

1. Minimal hybrid inflation from D-terms

Let us consider both F-and D-terms contribute to the scalar potential. Given a Kahler

potential K(®,,,d,), the D-terms
D" = —g,[Dy = 6i(T) K7 + €,
(where K™ = 0K /0®,,) give rise to a scalar potential within N = 1 SUGRA:
VSUGRA (4, e — %[Re (@)1 S DD, + F — terms (246)

where g, and T are respectively the gauge coupling constants and the generators of each
factors of the symmetry of the action, ‘a’ running over all factors of the symmetry, and f(¢)
is the gauge kinetic function. If this symmetry contains a factor U(1)e, not originating from
a larger non-abelian group, the most general action allows for the presence of an additional
constant contribution &. Below we will assume that such an abelian symmetry is the only
symmetry of the inflaton sector.

The simplest realization of D-term inflation reproduces the hybrid potential with three
chiral superfields, S, ¢4, and ¢_ with non-anomalous U(1)¢ (an abelian theory is said
to be anomalous if the trace of the generator is non-vanishing » ¢, # 0) charges ¢, =

0,41, —1 [628, 1629]. The superpotential can be written as
WP =\Sp, o_ . (247)

In what follows, we assume the minimal structure for f(®;) (i.e., f(®;)=1) and take the

minimal Kahler potential ®>. Then the scalar potential reads
—SUGRA |91 + ¢4 ] + |S]? |S|* o |*
Ve = e (1950 os0- (145 ) 0w (1+ 15

4 b5 2
"f{}é' ) 1302250 j}; | ]+%(|¢+\2— 6-I +€)" .

+]o_S|? (1 +

(248)

65 This is the simplest SUGRA model and in general the Kahler potential can be a more complicated function
of the superfields.
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where g is the gauge coupling of U(1)¢. Here, we have assumed a minimal Kéhler potential
K =1¢_|? + |64 |> + |S]?. The global minimum of the potential is obtained for (S) = 0 and
(®_) = /€, which is SUSY preserving but induces the breaking of U(1)¢. For S > Sja =
gev/E/ X the potential is minimized for |¢4| = |¢—| = 0 and therefore, at the tree level, the
potential exhibits a flat inflationary valley, with vacuum energy Vg = gZ¢*/2. The radiative
corrections depend on the splitting between the effective masses of the components of the
superfields ®, and ®_, because of the transient D-term SUSY breaking. Extracting the
quadratic terms from the potential Eq. (248)), the scalar components ¢, and ¢_ get squared

masses:
Elk
Mg,

while the squared mass of the Dirac fermions reads

m2 = A2|S|2exp( ) gk (249)

|SJ?

The radiative corrections are given by the Coleman-Weinberg expression [352] and the full

potential inside the inflationary valley reads

242 2 21 |2 2
V;]g—SUGRA:gﬁg {H— Ye [21]&)‘ 5] exp(‘S‘ )+

2 1672 A2 M2
(251)
(z4+1)In(1+ 2z H + (2 — 1)*In(1 — z_l)] :
with
NS <|5|2>
z2=——exp|—5 ] . 252
R M (252)

Inflation ends when the slow-roll conditions break down, that is for z.,q ~ 1, and the
predictions for the inflationary parameters are very similar to the previous discussion on
F-term inflation. D-term inflation based on an anomalous U(1), symmetry (which could
appear in string theory [633-635]) is no different. More than one anomalous U(1),’s can

also give rise to a multiple phase of hybrid inflation, see [155].

2. Constraints from CMB and cosmic strings

The CMB phenomenology is very similar to the F-term inflation model described in the
earlier sections. The fitting to the CMB observables can be done by simply setting the values
for energy scale /¢, superpotential coupling A, and gauge coupling g¢ of U(1)e.
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FIG. 7: Cosmic strings contribution to the CMB quadrupole anisotropies as a function of the

superpotential coupling A and gauge coupling g = g¢. Figure is taken from [73].

By construction, the model leads to the formation of cosmic strings, since the inflationary
phase ends by the breaking of the abelian symmetry U(1), [63,1628]. Their formation affects
the normalization of the fluctuation power spectrum by imposing an additional contribu-
tion. This can be described by an additional contribution to the temperature quadrupole

anisotropy
2

or
T

2 er
T

? LT
Q infl T
where (0T /T)cs = y2m& /M3, because the D-term strings are BPS. The contributions from

, (253)
CS

inflation and cosmic strings are therefore proportional to the same energy scale /€. When
using y = 9, it was found [72, |474-476] that the contribution of strings to the anisotropies
varies with the coupling constants; A and g, as represented in Fig. [7 .

Thus the formation of cosmic strings only imposes a suppressed superpotential coupling
for a successful D-term inflation;

AS107° . (254)

This conclusion was found valid also with next-to-minimal Kéhler potentials [72, 73, [80].
Three mechanisms have been proposed to lift this (slight) fine-tuning; adding some symme-
tries to the Higgs @ or adding more fields to make the strings unstable [454, 638, modifying
the superpotential to produce them during inflation or finally introducing couplings for the

inflaton to flatten its potential [639]. They will be discussed in Sec. [VE 4]
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The predicted spectral index of the model can be computed in a similar way to the F-
term model. In the inflationary valley, the potential of Eq. ([251]) allows to compute ng at
the quadrupole scale for given values of £, zg, A and ge. The general logarithmic slope of
the potential being concave down, the second slow-roll parameter is negative and thus the
spectrum turns out to be red.

More precisely, the normalization of the spectrum and imposing 60 e-foldings of inflation
between the field values responsible for the quadrupole zg and zenq, leaves two parameters
unconstrained (say A and g¢) out of the four unknowns. The model possess two regimes; at

large coupling A, 2, Zena => 1, and the spectral index can be approximated by [72]

2\

ns:1_77
2g§NQ—|—)\

(255)

which can be much smaller than unity. In the small coupling limit, 2g, Zena ~ 1, and ng—1 ~
0, which is slightly disfavored in the WMAP 5-years data. Note also that in this regime the
computation of loop corrections to the potential using the Coleman-Weinberg [352] formula
breaks down, since the relevant quantities are computed very close to the inflection point
z = 1, at which V" and thus 7, ng diverge. A more accurate description of this regime
might require the use of renormalization group improvements (see Sec. [ILBJ).

Finally, an additional problem for D-term inflation is the super Planckian VEVs for the
relevant parameter space Sg,/Mp < PLog[gZ¢/A*] %°. For a gauge coupling, g¢ < 107%, and a
small superpotential coupling in agreement with a low weight of cosmic strings, the inflaton
VEV already shoots up above the Planck scale for 60 e-foldings.

The minimal version of D-term inflation does not predict a detectable amount of non-
Gaussianity, as only one field effectively rolls and fluctuates during inflation, at least. The
reason is that in the inflationary valley, the waterfall fields coupled to the inflaton have mass
of the order of the GUT scale, m3 =~ \*>S? 4 gZ¢, much heavier than the Hubble scale during
inflation. But in case of the presence of a light (super)field Sy with mass us in the theory,
both S and Sy contribute to the primordial fluctuations, and can create a large amount of
non-Gaussianities, well above the level of one field inflation [640]. Furthermore, this will
also induce large isocurvature perturbations which would modify the spectral tilt and the

primordial spectrum 67,

66 Plog[x] represents the inverse function of  — ze®.
67 Note that during the tachyonic stage of the waterfall field the non-Gaussianity was found to be small |564],
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3. D-term inflation from superconformal field theory

The standard picture described in the previous section has been modified in [454] to
take into account of the possibility that SUGRA is constructed from a superconformal field
theory (see [641] for a review). In this framework the theory is described by a conformal
Kahler A and a conformal superpotential W. In this formulation, which allows to embed
any SUGRA of N < 4, the field content are some chiral superfield ®; and a field Y, called

the “conformon”, whose modulus fixes the Planck scale:
V|* = Mg exp[K(®;, ©7)/3ME] (256)
where K is the SUGRA Kahler potential, related to the conformal Kahler by
1 2 * 2
—gN(Y, ®;) = |Y|*exp [—K(<I>,-, <I>Z-)/3MP] .

The theory is fully described once a conformal superpotential WV is chosen, related to the

SUGRA superpotential, W, by
W(Y, ®;) = Y MW (®;) (257)

The phase of the conformon, Ay, is free and should be fixed to break the invariance of the
theory under the Kéhler transformations that leave the Lagrangian invariant. Ay can be
fixed by imposing that the superconformal superpotential is real, YW = W*. This leads to
the regular description of N = 1 SUGRA, where the Lagrangian is fully described by the
function G = K/M3+1In(|W|*/M§). But during D-term inflation, this choice is meaningless
as the superpotential is vanishing [454]. Alternatively, another choice to fix the gauge is to
assume that Y is real [641], Y = Y™ (see [641] for the full description of the Lagrangian with
this choice).

The transformation of ¥ under U(1)¢ can be written as an imaginary constant,

NAS
5.Y = , 2
"33 (258)

where ¢ is the FI term. From Eq. (257), it is clear that imposing the invariance of the
conformal superpotential, ),V = 0 = 36,Y + 0,W, implies that the existence of the FI
term requires the superpotential W not to be invariant, 6,W = ige&/M3.

but see contradictory results found in [566].
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For W = S®,®_, §,W =ige Y g;, and the presence of a FI term imposes the anomaly
(non-vanishing sum of charges) of the U(1)¢ symmetry, which is given by £/M3. This can
be accommodated by modifying the charges from 0, +1, —1, for example to 0, (1 — &£/2M3)
and (—1 — £/2M3) for S, @, and ®_, respectively. This leads to a tree level potential of

the form:

VD (616 >—9—2K1— : )|¢> |2—(1+ ; )|¢ |2+sr (250)
e T 2 2Mz) T 2ME) T ’

This affects only the D-terms of the potential, which modify the effective masses of the
components of ¢ involving the expression for the one-loop contribution to V'(S), but note
that the amplitude, £/M3, is very small |73, 454], since /€ is found at least three orders
of magnitude below the Planck mass, from the normalization of the CMB anisotropies and
the non-observation of cosmic strings. It is worth noting that this construction makes the
D-term inflation more robust against non-renormalizable corrections to W, since the new

charge assignment prevents, by symmetry, all terms of the form S(®,®_)»/M2"~? [73,1454].

4.  D-term inflation without cosmic strings

Several modifications of the original D-term model have also been proposed to avoid the
formation of cosmic strings and therefore lift the constraint on the coupling constant, A\ given
in Eq. [254). These works were partly motivated by the fact that the model was thought
incompatible with the observations because the cosmic strings had been found responsible for
most of the temperature anisotropies (75%), in contradiction with observations (< 10%) [63].
Other motivations include the embedding of D-term inflation in strings theory, where FI
term are generically present, but at a much lower scale than that imposed by the COBE
normalization. They either assume that extra symmetry or extra fields are present to render
the defects unstable, or add couplings in the superpotential to produce the strings before or
during inflation or add couplings to allow for a normalization to COBE with lighter cosmic
strings (then reducing their impact on the CMB).

It is first possible to assume that the Higgs fields are charged not only under U(1)g,
but also under some additional non-abelian local symmetry [454]. For example, if ®_ that

takes a non-vanishing VEV, /£, is also a doublet under some other symmetry SU(2),, the
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symmetry breaking at the end of inflation follows:
SU((2), x U(1)e = U(1)", (260)

and no topologically stable cosmic strings form (though embedded strings would form, like
during the electro-weak symmetry breaking). Rendering the cosmic strings unstable by
enlarging the symmetries of the theory can also be achieved by assuming two additional
fields [454, 638]. For example, if a second pair of Higgs fields, ¢y, carry some charges
identical to ¢4 under U(1),. Thus the theory possesses an extra accidental global symmetry

SU(2), since the potential (written here in global SUSY) is given by

7 :g_2 2 T2 2 1212 2
V(os:62) = T (164 + 18412 = lo-2 = 16 — ¢) -
~ ~ ~ o~ |2
#2282 (16424 194+ 16- 2+ 16- 1) + 610 — 616-|

which is now invariant under the exchange ¢, <> (]3+ and (]3_ <> ¢_. When the Higgs fields
settle in the global minimum, a global U(1) symmetry is left unbroken and the symmetry

breaking at the end of inflation is of the form:
SU(2)giob X U(1)e = U(1)giob (262)

producing again no topologically stable strings, but only embedded (or semi-local) strings.
Note that their stability in this case depends on various parameters; the ratio of the scalar
mass over the U(1)e gauge field mass, the existence of zero modes and the details of the
symmetry breaking [638]. As a conclusion, it is not excluded that these objects have an
interesting impact on cosmology. Both of these ingredients can be found in string theory [454,
638].

Other mechanisms have been proposed to eliminate the impact of cosmic strings by
breaking the U(1) symmetry before inflation. For example, authors in [642] modified the
D-term superpotential with the introduction of a pair of vector-like fields [under U(1)¢] ¥, ¥
and two singlets X, o [642]

W = Ao, &_ + X (VU — M) + 00, (263)

68 In |454], the same idea is proposed, though they employ only 1 extra Higgs fields ¢/ with a charge identical
to ¢_.
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Inflation then takes place with (X) = (o) =0, (¥) = (V) = M, therefore breaking U(1)¢
before or during inflation, and diluting the strings.

The Refs. [639, 1643], explored various ays to reduce the impact of cosmic strings on the
CMB, proposing the “sneutrino modified D-term inflation”. The superpotential is modified
by introducing a coupling of the inflaton superfield S to the right-handed sneutrino Ng
field [639, 643]

M
W =AS®,d_ + \,OH,L + TRNg : (264)

where the second and third terms are responsible for generating neutrino masses via see-
saw mechanism. The model also requires a coupling through a non-renormalizable Kahler

potential:
¢ STSNLNg
A? ’

which affects the main conclusions of the model concerning the impact of cosmic strings

Kmin — Kmin + (265)

via the predictions for the spectral index. The potential in Eq. (25I]) is modified by an
additional term, —ks?/2, where k = (c — 1)M3|Ng|?/A?, if the coupling is assumed to be

A 2 0.1. For such large couplings, inflation is realized with z > 1 and the effective potential

ﬁfz In(s?/A?%) — ks?/2. For ¢ > 1, this reduces the spectral index

reduces to V >~ Vj + 5

and allows for a better fit to the observations. In addition, the normalization of the power
spectrum of primordial fluctuations is enhanced, leading to a lowering the energy scale of
inflation, therefore a reducing the energy per unit length for cosmic strings.

Similarly, the “sneutrino D-term inflation” proposed in [644] assumed the sneutrino to

be the inflaton. The superpotential is given by:

A M
W= - Npb &+ A NpH, L+ TRN}% : (266)
P

where Np is assumed to be the lightest right handed (s)neutrino, with U(1)g charge +1
and no U(1), charge. Therefore, the tree level D-terms in the potential of Eq. (248) are not
affected, though the additional couplings will affect the radiative correction, and therefore
the dynamical properties of the model. Even with a minimal Kéhler potential, inflation
is found to be successful in the regime, M3ANr < g§§2. The model predicts an almost
scale-invariant power spectrum, ng ~ 1, and the constraint from the cosmic string tension

is relaxed as compared to the standard case.
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5. Fp-term hybrid inflation

There are also models where both F' and D-terms are contributing to the inflationary
potential. A mixture of the - and D-term inflation was proposed by [645, 646], built as an
extension to the NMSSM. The model is constructed in such a way that the inflaton field .S
involved in a F-term like superpotential also generates the u term of the MSSM, and it is
also coupled to the right-handed neutrinos, generating the Majorana mass scale.

The symmetries of the model are also extended to G'sy x U(1)e, the additional abelian
factor allowing for the presence of a FI term. This subdominant contribution to the D-terms
is employed to control the decay rate of superheavy fields such as the waterfall fields X; and
the inflaton field into gravitinos. In this model, the potential is dominated by the F-terms.

The renormalizable superpotential for the Fp-terms hybrid model is given by:

W =rS (XX — M?) + \SH,Hy+ % SNiN; + b, LiH, N, + WU (267)

where Wh(fszs‘ﬁi denotes the MSSM superpotential without the p-term, S is the SM-singlet
inflaton superfield, IV; are the right-handed Majorana neutrinos and X 5 is a chiral multi-
plet pair with opposite charges under some U(1), gauge group. Consequently, the D-term
contribution to the scalar potential is given by: Vp = (¢%/8)(|X1|*> — | X2|* — €)%, The soft
SUSY-breaking sector can be obtained from Eq. (267) and reads:

Lo = M2S*S + (KAKSX1X2 FAAVSHLHy + gAPSN,N,. — kasM?S + H.c.) . (268)

where Mg, A 5, and ag are soft SUSY-breaking mass parameters of order Msysy ~ 1 TeV.

The second term in Eq. ([267)) induces the u-term when when the scalar component of
S acquires a VEV, = A(S) =~ 2 |A, — ag|, where the VEVs of H,, are neglected
compared to the VEV of Xj 5. The third term in Eq. (267), %pi]— S N;N;, gives rise to an
effective lepton-number-violating Majorana mass matrix, i.e. Mg = p;; vg. Assuming that
pi; is approximately SO(3) symmetric, viz. p;; = p 13, one obtains 3 nearly degenerate
right-handed neutrinos v 93, with mass my = pvs. If A and p are comparable in
magnitude, then the p-parameter and the SO(3)-symmetric Majorana mass my are tied
together, i.e. my ~ p, thus leading to a scenario where the singlet neutrinos v 23 can
naturally have TeV or electroweak-scale masses.

The renormalizable superpotential Eq. ([267) of the model may be uniquely determined

by imposing the continuous R symmetry: S — ¢S L — e L,Q — “Q with W —
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e'TV , whereas all other fields remain invariant under an R transformation. Notice that the R
symmetry forbids the presence of higher-dimensional operators of the form X; XoN;N;/Mp.

The crucial observation is that the superpotential Eq. (267) is symmetric under the
permutation of the waterfall fields, X; <> X,. This permutation symmetry persists, even
after the spontaneous SUSY breaking of U(1)e, since in the ground state, (X;) = (Xy) = M.
Hence, there is an exact discrete symmetry acting on the gauged waterfall sector, similar
to the D-parity. In order to break this unwanted D-parity, a subdominant FI D-term is
required. As a D-parity conservation, heavy particles with mass gM are stable and can be
considered cosmologically bad, if they are overproduced after the end of inflation.

Furthermore, in order to avoid the SUGRA-7n problem, the Kéahler potential has to be
chosen of the form K = S? + k,|S|*/4MZ, where the Hubble induced mass correction to S
field turns out to read +3k,H2S? [645,646], and the tree level potential is similar to F-term
inflation models, reading in the limit S > M,

S 4
(4K% 4 82 + 6p%) In(|S|? /M?) +M§Sz—(fza2M25+h.c.)+/{2M42' ]\} :
P

(269)

‘/;nﬂ ~ l‘{,2]\44 1+

6472

where the last term corresponds to the SUGRA correction assuming a minimal Kéahler
potential. The cosmological predictions of the model are typical of any F-term inflation
with so many free parameters at disposal, it is always possible to get the desired spectral

tilt and the power spectrum.

6. Embedding D-term models in string theory

Attempts were made to embed D-term models within an explicit SUSY SU(6) model [65].
This will be discussed with other embedding of inflation in SUSY GUT below at section [V Gl
More recent modifications of the D-term models were motivated by the possibility that the
model is generically realized at large field VEV. This opens up the importance of non-
renormalizable corrections to the Kéhler potential [73, 501, |647], or corrections which are
motivated from string theory [648-1650]. It was found that the dynamics of the model remains
mostly unchanged when considering any non-renormalizable corrections of order My 2 in
Kéhler potential |73, 1647]. It was observed in Ref. [73] that despite the new contributions to
the potential, the non-observation of cosmic strings still requires a suppressed superpotential

coupling constant A S 1074,
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The D-term inflation models arising from string theories have generated a lot of activity
in the past (within weakly coupled string theories) [10, 636, 637, 651], and more recently
within a brane description or with a more phenomenological approach studying the moduli
corrections to the model. The original interest for D-term inflation was in part due to the
observation that anomalous U(1), generically appear in weakly coupled string theories with
> qi < 0. There are many problems to circumvent destabilizing the model by vacuum
shifting due to > ¢; < 0, or to generate the right amplitude for the FI term and the string
coupling, see for discussion in [10, 636].

The D-term inflation has also been found to be the low energy description of brane
inflation [454, 1630, 631]. The existence of branes in string theory allows to construct a
new class of inflationary models (see Sec. , Where the inflaton becomes a modulus
describing the distance between two branes. The most studied examples are the D3/D7
and the D3 — D3 [630, [652-654] brane systems. It has been shown that such a system give
rise to a D-term model of inflation, the inter-brane distance possessing a flat direction at
tree level, and the open string degrees of freedom between the two branes playing the role
of the waterfall fields &, as one of them becomes tachyonic below a certain inter-brane
separation, i.e. near the string length scale. The formation of cosmic (super)strings occurs
at the end, in the form of D1-branes or fundamental (F-)strings [452, 1655, 656].

A more phenomenological approach is to study the modifications of D-term models when
embedded in string inspired SUGRA [648-650]. These corrections arise from the coupling (at
least gravitationally) to moduli fields, originating from the string theory compactification. A

volume modulus can be stabilized using the following form of the potentials [649, 657, (658

Ae—oT
xb

Wmod(Tv X) = WO + Kmod =-3 ll’l(T + T - |X‘2 + 5GS‘/2) ) (27())

where T is a volume modulus, the modulus, Y, is a matter field introduced to allow for an
additional contribution to the superpotential which is charged under a new U(1) abelian
symmetry, with V5 its gauge superfield, and dgg is the Green-Schwarz parameter. The

moduli potential derived contains the D-terms of the form:

0 gy A88Gs[1 (oD
Voot X) = SRa(F (1)) exp?(~K/3) e

where fi0a(T) is the gauge kinetic function for that sector. Interestingly, the above stabi-

lization potential has a non-vanishing vacuum which can generate an effective FI term for
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inflation, if 7" and x are also charged under the U(1)¢, giving

¢ _ 3Lt /)
ARe(T) — 2]x?

with 6% the Green-Schwarz parameter of U(1)e.
The form of the Kéhler potential can be invariant under the shift symmetry of the inflaton
field
King = |S = SPP/2+ |24 + |2_], (272)

as the minimal potential would induce a SUGRA-7n problem, due to non-vanishing F-terms
of the moduli sector during inflation. However, if we assume that the total Kahler is simply
the sum, K = K04 + King, the contribution from that sector to the (effective mass)? of the
waterfall field would spoil the graceful waterfall exit from inflation. A total K&hler potential
of the form:

K= -3In(T+T —|x|* = Kina/3 + 0lsVa + 055 V1) (273)

would preserve the general behavior of the D-term inflationary model, as long as the am-
plitude for the moduli are small. The current observations constrain the parameter space
of this model, leaving 3 classes of models, all predicting a spectral index below or close to
unity. One last modification due to the moduli sector is the nature of the cosmic strings
formed at the end of inflation, which are not being BPS anymore and potentially containing

massive fermionic currents.

7. Hybrid inflation in N = 2 SUSY: P-term inflation

There are attempts to embed hybrid inflation in N = 2 SUSY [474, 1659, |660]. In
Ref. [474], the authors have unified F' and D-terms within P-term inflation in the con-
text of a global SU(2,2|2) superconformal gauge theory, which also corresponds to a dual
gauge theory of D3/D7 branes [661]. The idea is to break the SU(2,2|2) symmetry down
to N =1 SUSY by adding the N = 2 FI terms. The bosonic part of the superconformal
action is given by [474]

1 1
L= D,®;3D'®} — ZFi,, + 5P2 + D, @D D4 + FAF, + gd204PPdp — 26° 04D, D305 .
(274)
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where two complex scalar fields forming a doublet under SU(2), ®* and &4 = (®4)*. N =2
gauge multiplet consists of a complex scalar ®3, a vector A,,, (all singlets in SU(2)), a spin-
1/2 doublet A = e4B~y5C\L (gaugino) and an auxiliary field P7, triplet in SU(2). There is
also a doublet of dimension 2 auxiliary fields, F'4 with Fy = (F4)* The covariant derivatives

on the hyperderivatives are given by [474]:
D,®s=0,P4+igA, P4, D, o = 0,04 —igA,d* . (275)
After adding the N = 2 FI terms, the potential is given by:
VE = 2¢% | ®TD|ds)% + i (®lod —)°] . (276)

where the terms in the potential arises after solving the equations of motion for the auxiliary
fields, P = —g®4(0) 4Z®5 and F4 = 0. Note that the FI term proportional to ¢ has already
been added to the potential now.

Let us isolate the gauge singlet, S = ®3, and rest of the charged fields, ®; = &, (5 = P_)
for the positively (negatively) charged scalars, the total potential can be written as [474]

2 2 2
VE, =2 (|s<1>+\2 Fisef i oo - & ) t (o -g) . @)

It was observed that the P-term potential now corresponds to an N = 1 model, V = [OW |2+
%Dz, with an appropriate superpotential and a D-term given by: W = /2¢gS(®,®_ —
£+/2) D=0, [>—|®_|*—&, where £ = \/[E[? = /€€ + (&), fr =610 %,

It was noticed in [474] that the potential for N = 2 SUSY gauge theory at £, = ¢ =0,
& = || are similar to the case of D-term inflation studied before in [628] with W = AS®, & _
and D = |®,|> — |®_|*> — &, for which the potential is given by:

2 2
g
VR =202 (190s 2+ |50 2+ |00 ) + L (jo f o P —¢) . (278)

with an assumption, A = v/2¢. If instead, £, = £_ = 2M? = £, one recovers a potential of
an F-term inflation model with, W = AS(®' ®" — M?), and, D = |/ |* — |9’ |?, with a

potential:

2 2
VE, = 292(|S<1>’+\2 +[SP 2+ |0, @ — M2|2> + %(\@;\2 - \(I)’_P) . (279)

9 In D3/D7 brane construction the three FI terms ¢ are provided by a magnetic flux triplet o (14+I'5) F,, %,
where F; is the field strength of the vector field living on D7 brane in the Euclidean part of the internal
space with a = 6,7,8,9. The spectrum of D3 — DT strings depends only on [£| [474, 661-663).
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The first term of the potential now coincides with the F-term inflation potential in N =1
theory, proposed by [61], under the assumption that the gauge coupling g = \/v/2.

The P-term model could be coupled to N =1 SUGRA and the inflationary potential is
given by [454, |474]

Lk SS  /S5\2
V = 2¢%M7 l|<I>+®_ — £, /22 (1— —+ (= )+ 1SD, > + |S<I>_\2}
M? <M3>

2 2
+ Lo -0 P-g) . (280)

The inflating trajectory takes place at &, = ®_ = 0. After adding the 1-loop correction
from gauge fields, one obtains [474]

9%&* 1521, ISI
V= 1+ —=In 281
5 <+ Mg T ) (281)
where f = 5126%55 : 0 < f < 1and... stands for terms [S|°/2M} and higher order

gravitational corrections. Special case f = 0 corresponds to D-term inflation, and f =1
corresponds to F-term inflation. A general P-term inflation model has an arbitrary 0 < f <
1. The running of the spectral index from blue to red and the amplitude of the perturbations

are similar to what has been studied in [502].

G. Embedding inflation in SUSY GUTs

Embedding inflation within GUT has a long history. We give here an overview of some
of the old attempts and the current status of some of these models, and then turn to more

recent developments.

1. Inflation in non-SUSY GUTs

The original idea of inflation was built on SU(5) GUT, and the motivation was to dilute
the unwanted relics, i.e. GUT monopoles, besides predicting the universe as large and as
homogeneous on the largest scales as possible. Guth [1] first suggested (see also [486, 1664])
that the GUT phase transition is first order, driven by the potential of the GUT Higgs
field ® in the adjoint representation 24. Once the finite temperature effects are taken into

account, [486] - 2 g
7T e —
90 2

V(g T) = — ¢* — T + v , (282)
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where ¢? = Tr®? and o; and 7; are constants of the theory. Assuming an initial temperature
much larger than p and the GUT scale, the cooling of the universe induces the GUT phase
transition SU(5) — Gsyr, which could be used to generate a false vacuum inflation if the
universe was trapped in a local minimum of the potential, typically at ¢ = 0. The false
vacuum leads to the so called “old inflation”, which is terminated by the formation of bubbles
of true vacuum, as the phase transition takes place. This idea was abandoned because it
was plagued with many problems. In particular, inside a bubble of new vacuum, the energy
density of the false vacuum is transfered into kinetic energy, inducing the bubble expansion
and the collisions due to bubble walls. This leads to a highly inhomogeneous and anisotropic
universe in strong contradiction with the observations.

In Refs. 3, 15], the “new inflation” scenario was proposed to avoid such problems and also
implemented within SU(5), as it was suggested that the field ¢ trapped in the false vacuum
¢ = 0 slowly rolls down its potential described by the Coleman-Weinberg potential [352] at
finite high temperature T > M, [486]

oML 5 Wit [ 61
|/ new T) = X e 2T2 2 In— — = T4
(0T =52 T390 + g \Ig, "7) v

A
= V(O) - Z¢4 )

(283)

where the second expression describes the effective inflationary potential close to the origin
when the temperature has dropped to T' ~ H. In this expression, V(0) = 9M% /3272 and
A\ ~ 25¢*/327% (In H /¢y — 1/4). This model evaded the old inflation problem but predicted
the wrong amplitude of anisotropies dp/p ~ 110v/A > 10~%.

An improved version of this idea followed, the Shafi-Vilenkin model and the Pi
model [665-668], based on an SU(5) theory containing an additional SU(5) singlet x, which
is driving inflation in order to obtain an effective potential similar to Eq. (283) with an
appropriate level of CMB temperature anisotropies. The theory is based on the following
potential (& still represents the GUT Higgs in the adjoint, and Hjy represents the Higgs in
the fundamental representation which is realizing the electro-weak breaking) [665] (see also
1486, 1669, 670] for recent reviews)

Vi (x, @, Hy) = %a(tr %)% + %btr O — o(HIHs)tr &2 + %(H§H5)2 — BH®*H;

- %X‘l — %X%r % + %X2H§H5 :
The inflaton develops a Coleman-Weinberg potential due to its coupling to ® and Hs. Its

(284)

precise expression is obtained by minimizing the above potential for ® which settles the
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system in the inflationary valley. Indeed, the breaking SU(5) — Ggy; is realized in the
usual Ty, o< Diag(1,1,1,—3/2,—3/2) direction, the VEV of ® being a function of that of x

because of the coupling Ao,

(D) = \/%gb Diag(1,1,1,-3/2,-3/2) , with ¢° = (2X2/A)x” . (285)

(A = a+T7b/15 represents the mixture of the ®* terms in V.) Discarding the pure Hj sector
(relevant at the EW scale) and computing the masses of the triplet and doublet in Hy that
enter the Coleman-Weinberg formula, one can reduce the potential to V (¢, x) and then to
the effective inflationary potential using Eq. (285) [665]

new () At [ (22 L] L A0
o (X) = Ax {ln(XO) 4]+ T (286)

where X is the position of the minimum of V¥V (x) and A is a function of the couplings Ao,
A and the gauge coupling gs. The system after inflation is trapped in the global minimum

at x = xo and ¢ = ¢g = \/2X2/\.. The mass of the superheavy gauge bosons inducing the

My — \/g %’50 , (287)

Thus the phase of inflation take place at an energy close to the mass scale involved in the

proton decay is proportional to ¢q,

proton decay, My ~ 2%1/ 4, and its stability constrains the inflationary scale.

The predictions for SU(5) singlet inflation [3, |3, 665, 666, [668] is similar to that of the
potential; V' = V5[1 — A\ (x/p)?], with A\, = Alnx/xo. The predictions depend on A or
alternatively on Vp, and for V)/* € [2 x 10%,4 x 10'6] GeV, they are found in the range:
ns € [0.93,0.96] , re€[107°—10""], «, €[0.6,1.3] x 1073, These predictions are found
within the 20 limit of the WMAP data provided that V; is large, [670, 671], though this
requires that inflation taking place for super Planckian VEVs [670]. A large scale Vj ~ 10
GeV also implies a proton lifetime roughly estimated in the range 7(p — 7°™) € [10%*,10%]
years [670]. It was also proposed in Ref. [670] to realize a chaotic-like inflation with the same
potential but at large field x > xg, but this also imposes super Planckian VEVs. Taking the
VEV above the Planck scale does not make any physical meaning as it would be hard to
rely on the Coleman-Weinberg one-loop corrected potential away from the renormalization

scale.
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Other challenges for this model makes it unappealing or unrealistic. The analysis of the
parameter space (a,b,g) in [672] revealed that the potential possess a local minimum with
symmetries SU(4) x U(1) in which the system gets trapped, even when starting close to
the SM minimum (with symmetries SU(3) x SU(2) x U(1)). Obtaining the standard model
at low energy is therefore only possible after another first order transition that leads to
the problems of old inflation. Other problems were found related to the reheating and the

generation of baryon asymmetry (see for e.g. [486]) ™.

2. Hybrid inflation within SUSY GUTs and topological defects

The embedding of inflation in SUSY GUTs has mostly been studied for hybrid inflation
as those models consider a coupling between the inflaton sector and the GUT Higgs sector.
It was therefore natural to first inquire if some GUT Higgs field already present in theories
which can play the role of the waterfall fields ®... For the D-term model, the presence of
a constant FI term would require that the group U(1) is not the subset of a non-abelian
group [63]. As a consequence, if the SM is embedded in a model based on the group Ggur,
the whole theory is based on Ggur % U(1)¢ and inflation takes place in the chain [63],

GGUTXU(l)g—)...HXU(l)glﬂ}iH—)"'—)GSM, (288)

where “Infl” identify the symmetry breaking that triggers the waterfall at the end of inflation.
This represents the lowest possible level of embedding of inflation within SUSY GUTs, since
both the inflaton field and the Higgs fields are introduced in addition to the field content
motivated by the particle physics.

70 One can also think of realizing a brief period of thermal inflation close to the electroweak scale with the
help of the GUT singlet [156, [157]. The idea is that thermal effects will keep the singlet scalar field close
to the symmetric phase, but once inflation begins, the universe would cool down and the field would roll
down the potential and settle in its minimum, which is close to the GUT scale. The simplest potential will
be like: V ~ Vo —m?2¢?. The idea is appealing, but challenging to realize. The model requires a very light
GUT singlet, i.e. m ~ 100 GeV to be kept in thermal equilibrium with other light degrees of freedom to
get +T2¢? correction. However the singlet should break the GUT group down to the SM when it develops
a VEV and excite the SM degrees of freedom alone at the electroweak scale. If Vol/ * ~ 106 GeV, then
the initial temperature of the universe prior to such a phase transition ought to be very high fairly close
to the GUT temperatures and final temperature should be close to the electroweak scale to get sufficient
inflation, i.e. roughly 7 — 10 e-foldings of inflation, which is sufficient to dilute the unwanted relics such
as excess gravitons or damping the moduli oscillations, etc. To our knowledge there is no explicit light

GUT singlet which has been constructed to execute this idea.
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The F-term inflation model does not contain the restriction due to the presence of a
FI term, therefore its embedding withing SUSY GUT has a richer phenomenology. The
superfields ® and ® are assumed to belong to a non-trivial representation and the complex
conjugate representation of some group Gi,g, whereas S is a singlet of Gi,g, in such a way
that W = kS(®®) is invariant under Gjyg.

The general picture is when inflation takes place, within the cascade of spontaneous

symmetry breaking induced by the Higgs sector is therefore [63],

Gaur — .. . H X Gug S H — -+ = Gsus . (289)

Cosmological observations can constrain what Gi,g can and cannot be, i.e. one of the
motivation to introduce inflation in GUT was to solve the monopole problem. Therefore,
the breaking of Gi.g, and all subsequent SUSY breaking cannot give rise to the formation
of monopoles. Following the argument of Ref. [64] for SO(10), a systematic study has been
done in Ref. [436] for all possible models that can be constructed using SUSY GUTSs based on
all possible GUT group of rank lower than 8 (including SO(10), SU(n), E¢). It was assumed
that a discrete Z symmetry is left unbroken at low energies to protect the proton from a
too rapid decay. It was shown that generically the waterfall at the end of inflation gives
rise to the formation of cosmic strings, since almost all possible ways to break Ggyr down
to Ggsy involve the generation of a U(1) symmetry (leading to monopoles) or its breaking
(leading to cosmic strings).

In addition, for an SO(10) or Eg based models, the waterfall accompanies generically the
breaking of the U(1)p_;, symmetry [436]. Consequently, the Higgs coupled to the inflaton
can also be involved in the see-saw mechanism. Assuming an SO(10) model that preserves
the R-parity, and using a minimum number of fields to realize this breaking, this is realized
generically employing a pair ® = 126,® = 126 [437], though ® = 16,® = 16 is also
possible, and does not preserve the R-parity. Since the U(1)p_; symmetry breaking scale is
also commonly used to generate the Majorana mass for right-handed neutrinos, this opens
up the possibility to combine constraints from neutrino measurement and CMB constraints

on the parameter space in specific models with these ingredients.
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3. Embedding inflation within GUT

Several embeddings of F-term models of inflation in a specific and realistic SUSY GUT
model have been proposed, see Refs |72, 75, 1673, 674]. Most of these references [72, 75, 673]
have considered SUSY SO(10) models that are capable of accounting for enough proton
stability, a (semi-)realistic mass matrix for fermions, and a doublet-triplet (D-T) splitting
usually through the Dimopoulos-Wilczek mechanism. We will discuss such models in this
section and also discuss a more minimal model of SO(10) [674] in the next subsection.

Imposing that the R-parity is unbroken at low energy is usually assumed in order to pro-
tect the proton from a too rapid decay through dimension 4 operators involving sparticles
(see Sec. [[ITE]). SO(10) contains a Z, symmetry subgroup of U(1)g_; C SU(4)c C SO(10)
that can play this role provided only “safe” Higgs representations are employed to re-
alize SO(10) — Gspr, namely via 10, 45, 54, 126, 126, 210, etc. Therefore, in
Ref. [673], the model has the following field content; two pairs of adjoint 45 and 54 denoted
Ays, Als, Ssa, Sk, are assumed to break SO(10) down to 3.2;1z1p_ 1 while a pair 126 + 126
denoted ® + ® is used to break the B — L symmetry and obtain the MSSM Ggys x ZE.
An additional pair (H, H') of fundamental 10 are assumed for the electroweak symmetry
breaking and one last 45 denoted A” is also required to avoid dangerous light degrees of
freedom.

Finally F-term hybrid inflation is realized adding an SO(10) singlet S to this field con-
tent. The superpotential then contains 5 sectors, the first two implementing the breaking of
SO(10) and the electroweak symmetry breaking respectively, and the D-T splitting at the

same time, [673]
Wl = mAA2 + m352 + )\353 + )\AAZS s W2 = HAH + m/HH/2 . (290)

The third sector is a replica of the first sector for the field S” and A’. If each sector 1 and
3 can break individually SO(10) down to 3.2.2g1p_, their combination can break SU(2)g
further down to U(1)g. The fourth sector breaks the B — L symmetry dynamically, realizing

the F-term hybrid inflation at the same time using
Wy = kS(0® — M?) . (291)

It is argued that though the inflaton was not required to break the B-L symmetry, its presence

can be motivated by the fact that then the symmetry breaking is realized dynamically and
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at a scale close to the GUT scale. One last sector has to be introduced to avoid massless
goldstone bosons W5 = AA’A”. The VEV in the appropriate direction for all those fields can
break SO(10) to the MSSM x Z, and it is clear that at least one of the global minima of the
potential emerging from, Wi+ Wy + W3+ W, + Wi, possess the right symmetries. However it
seems unclear from what part of the initial conditions in field space the dynamical evolution
of the system would indeed end up on the inflationary valley and give rise to F’-term inflation.
Indeed the risk is the presence of tachyonic instabilities in this multi-dimensional potential
that would destabilize the dynamics and avoid the inflationary valley.

Another problem that may arise is the stability of the superpotential, since many other
terms are allowed by the symmetries of the model, for example coupling the inflaton to itself
or with other fields would have potential to ruin the inflationary success, as it would introduce
mass terms or quartic terms for the inflaton potential destroying the flat direction of the
potential ensured by the linearity of W in §. Note however that the non-renormalizability
theorem protects the form of a given superpotential against the generation of other terms
from radiative corrections.

A similar attempt to embed F-term hybrid inflation in the Barr-Raby model has also been
described in the appendix of |72] with a different field content; 1 adjoint, A = 45, instead
of 2, the same pair of fundamental (H, H'), the breaking of B — L symmetry employing one
of the two pairs of 16,16 (therefore breaking the R-parity), and 4 singlets instead of 1 are
assumed. The D-T splitting is then realized giving a VEV along B-L to the adjoint and
the presence of the singlets is required to avoid the presence of massless pseudo-goldstone
bosons. For the symmetry breaking, like in the previous model, the VEVs of the adjoint
and one pair of spinors is enough to break SO(10) down to the MSSM, the inflaton S being
again coupled to the pair of spinors 16,16 that breaks B — L. The superpotential of the

theory contains non-renormalizable terms and reads:

_ 1 - PA
W = S(‘P‘P—M2)—I—LA4—|—— AA2+T1AT2+MTT22+(I>/ C~—— +CzZ:| P
4MS 2 MS
T PA _
+& [gﬁs + gzzl} P+ Mpd'd' . (292)

where the spinors are denoted by: ® &, & & and S, P, Z,, Z, being the 4 gauge singlets.
Plugging in the VEV required to achieve the symmetry breaking of SO(10) allows to identify
which of the components of 16 + 16 stay light during inflation, and which are coupled to the
GUT Higgs fields and thus acquire a GUT scale mass. This is important for the predictions of
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the F-term hybrid inflation model, since only the light states will contribute to the radiative
corrections and to the effective N in front of the In term (see Sec. [VE2 and Eq. (222))). In
this particular model, ® is a 16-dimensional spinor, only two of its components will remain
light, although having such light states is rather model dependent issue.

Finally, an embedding of shifted hybrid inflation in a very elaborated SO(10) model has
been proposed in [75], and an embedding of D-term hybrid model has been proposed in [65].

4.  Origin of a gauge singlet inflaton within SUSY GUTs

It is desirable to seek an answer to the question, whether F-term hybrid inflation coupled
or embedded within SUSY GUTs? Independently of the assumed GUT group, because of
the form of the superpotential Eq. (2I9)), the inflaton superfield, S, is necessarily an absolute
gauge singlet, since SM? cannot be a gauge invariant if S is not an singlet superfield [674].

To fully embed the inflation model within SUSY GUTSs, one could generate M by the
VEV of some other field, though this has not yet been done so far, and attempts in this
direction within the minimal SO(10) model of [433] are unsuccessful [674].

These models are based on a minimal number of superfields, and a protected R-parity
at low energies. It contains only a ¥ = 210, a pair ® = 126, ® = 126 and a fundamental
H =10, and the most general superpotential with this field content given by [433]:

WM = mey? + ma®® + AeX + S0 + mp H + SH(ad + ad) . (293)

min

One can show that any VEV that would generate the mass term M? in the inflaton su-
perpotential would also generate a mass for the inflaton field |[674]. As a conclusion it is
not possible to generate exactly the F-term model, at least within this minimal version of
SO(10).

Another concerning issue is the stability of the superpotential [674]. The form of the
superpotential of Eq. (2I9)) is supposedly protected by a U(1)g symmetry, under which
S is doubly charged, while ® and ® have opposite charges. This property is important
for example to prevent contributions to W such as quadratic or cubic terms in the inflaton
superfield, that would spoil the flatness of the inflationary potential. Furthermore, assigning
R-charges to obtain flatness of the inflaton potential in presence of the Higgs sector is

also challenging. For example, the minimal SO(10) model of [433], whose most general
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superpotential cannot be invariant under such an R-symmetry. Trying to accommodate a

phase of F-term inflation in such model would receive destabilization from various sources.

e Quadratic and cubic terms in the inflaton potential, which would a-priori ruin the
flatness of the potential. It is possible to arrange the parameters to realize a saddle

point or an inflection point inflation. More work is required in this direction.

e Additional couplings between the inflaton, S, and other singlets (including S®? for all
the superfields ®; in the theory), which would demand additional assumptions such

that these ®; superfields remain heavy during inflation via their couplings.

e Like the original hybrid model, those additional couplings would generate dangerous
quadratic and cubic terms at one-loop level, even if they were assumed vanishing at
the tree level. One would have to ensure that extra terms do not spoil the flatness of

the potential.

Note that these stability problems are also present in earlier attempts to embed F-term
hybrid inflation in SUSY GUTs. If these stability issues are left aside, it is interesting
to note that among all possible global minima of the minimal SO(10) theory, one and
only one of them can accommodate a phase of F-term inflation, when the stability of the
potential against VEV shifting and the formation of topological defect formation are taken

into account |674].

5. Other inflationary models within SUSY GUTs

Inspite of the challenge to seek an origin of a gauge singlet inflaton within the GUT
group, there have been many examples to embed the waterfall field within SUSY GUTs.

Here we briefly sketch some examples of the embedding.

e Shifted and smooth hybrid inflation:
As we discussed in Sec. the shifted hybrid inflation model was built embedded
in the Pati-Salam subgroup Gps = SU(4)c x SU(2) x SU(2)r of SO(10) [66, 675].
The idea is to break the gauge group during inflation in a single step which also
avoids the monopole problem arising in the breaking of the Pati-Salam group down

to the MSSM group, breaking that can be done using a pair of Higgs superfields,
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H¢ = (4,1,2) and H¢ = (4,1,2). These Higgs fields also give through their VEVs
a Majorana mass to the right-handed neutrino directions, inducing the see-saw
mechanism to account for the tiny mass of the left-handed neutrinos. This pair of
Higgs fields is also assumed to be the one coupled to the inflaton field, realizing the
symmetry breaking during inflation, and supporting inflation through their F-terms.
The vanishing of the D-term part of the potential constraints, |H¢| = |H¢|. The
inflationary potential is embedded in a potential where there are many more fields,
which are relevant for the computation of one-loop corrected inflationary potential.
The actual potential also is invariant under the global U(1)g of conventional SUSY
and under a Peccei-Quinn symmetry, U(1)pg. Like for the original F-term inflation,
the R-symmetry prevents from non-linear terms for S, such as 52, 5% terms in the

superpotential, which would ruin the flat direction for the inflaton at tree level.

In Ref. [75], the authors embedded this shifted model within an explicit model based on
SO(10)and also implemented the Dimopoulos-Wilczek mechanism [429], and addressed
the MSSM pi-problem. The inflationary superpotential is given by [66, [75]

VVinﬂ ~ —kS M%_L - 16H1_6H + K&3(16HEH)2
k1 55 1 5\ 2 P2 =\ 2
——PP PP 294
PPt st @ (204)

where a gauge singlet S is the inflaton, 16, 16, additional singlets are P, P, @, and
Q are displaced from the present values, for which two eigenvalues can potentially act
like a moduli, while two of them are heavy as the GUT scale with a large VEV. The

dimensionless constants are x, x;, p [75].

It is assumed that initially, |(S)]*? ~ M3 _,[1/(4¢) — 1]/2, with 1/4 < ¢ < 1/7.2,

and (16g), (16g), (P), (P), (Q), (Q) # 0, where M% ~ M2 ,. With DsW =~
—kMZ2 (14 |S|?/M3), the F-term part of the potential is given by:

2 54 52 54
e (1 Y (1 B (1 B S S ]
P

(295)

where all scalar fields except S contribute to ¢y. The factor (14>, [¢p|?/M3z +---)

in front originates from /M2, Provided, |Dgy, W|/Mp are much smaller than the
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Hubble scale (~ kMZ% /Mp), the flatness of S will be guaranteed even after including
SUGRA corrections. This can be realized by the choice k < 1, and k/p < 1.
The U(1) R-symmetry ensures the absence of terms proportional to S?, S3, etc.
in the superpotential, which otherwise could spoil the slow-roll conditions. The
spectral tilt arising from this model is very close to one, i.e. ng = 0.99 4+ 0.01 and

|dns/dIn k| < 0.001.

The smooth hybrid inflation model was also originally built within SO(10) [62, (675]
though to our knowledge this model has not be embedded into a specific SUSY GUTs
model. Its proximity to the shifted model allows us to guess that there should not be

any problem as long as an additional singlet is assumed to play the role of the inflaton.

As mentioned earlier in this chapter, these two models can also be realized without the
non-renormalizable superpotential terms leading to the new shifted [69], and the new

smooth hybrid inflation [82] models, at the cost of adding more fields in the picture,
see Sec[IVET

Flipped SU(5):

Inflation in flipped SU(5) (= SU(5) x U(1)x ), which is a maximal subgroup of SO(10)
with a chiral superfield in the spinorial representation 16 per family, was also consid-
ered in [77]. The breaking of SU(5) x U(1)x to the MSSM gauge group happens when
10y and 10y develops a VEV. The relevant superpotential is given by [77]

W = kS [105105 — M?] + \1051045, + 21051045, (296)
+11010,10,5, + y."10,5,5, + v 15,5,

j j

where K, A1, A2 are constants and the appropriate Yukawas are given by Y;, i.e. ngu ’V),
provide masses to up-type quarks and neutrino Dirac masses. The U(1)gr symme-
try eliminates terms such as S? and S® from the superpotential. Higher dimensional
baryon number violating operators such as 10,10,;10,5,(S)/M3, 10,5,;5,1,(S)/M3,
etc. are suppressed as a consequence of U(1). The proton decay proceeds via dimen-
sion six operators mediated by the superheavy gauge bosons. The dominant decay

mode is p — et /uT, 7 and the estimated lifetime is of order 10% yrs. [676, 677).
This Z, ensures that the LSP is absolutely stable. Inflation happens for x < 1072
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and matches the standard predictions, i.e. ny, &~ 1 with negligible gravity waves and

running of the spectral tilt [74, [77] for M ~ 106 GeV.

e 5D SO(10):
Inflationary models from 5D SO(10) were also constructed in Refs. [76, 678]. There
are certain advantages of orbifold constructions of five dimensional (5D) SUSY GUTs,
in which SO(10) can be readily broken to its maximal subgroup H [679-681], with
the doublet-triplet splitting problem addressed due to construction where SO(10) is
compactified on S'/(Zy x Z}) (where Z, reflects, y — —y, and Z} reflects y' — —y/
with ¥ = y + y./2. The two orbifold points are y = 0 and y = y./2). In order to
realize inflation in 4D, the N = 2 SUSY in the 5D bulk is broken down to N =1
SUSY on the orbifold fixed points, below the compactification scale 7 /y., where the

branes are located.

The F-term inflation potential can be constructed on the branes, assuming that the
inter brane separation is fixed. The two branes preserve different symmetries, on one
the full SO(10) is preserved while in the other SU(4).x SU(2), x SU(2)g [682]. There
also exists a bulk scalar field, S, which couples to the singlets of SO(10) on the branes.
For instance, on the brane where SO(10) is preserved, the superpotential would be
given by: W = kS(ZZ — M}), while in the second brane W = kS(¢p — M2), where
¢, ¢ belong to (4,1,2) and (4, 1,2) [678]. Similar constructions were made in Ref. [76]
where on one brane SU(5) x U(1)x and on the other SU(5)" x U(1)’y were preserved,
inflationary potential arises to the breaking of U(1) at a scale close to the GUT scale.

In all the above examples, see Refs. [66, 169,75, (76, 82,1675, 678, 683], it is possible to excite
non-thermal leptogenesis either from the direct decay of the inflaton or the Higgs coupled

to it or from non-perturbative excitation from the coherent oscillations of the inflaton.

6. Inflation, neutrino sector and family replication

The right handed Majorana sneutrino as an inflaton has been proposed as a particle

physics candidate for inflation [494, 1684]. These initial models were based on a chaotic type
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potential for the inflaton with a superpotential ™
W = §MN1N2 + ,uHqu + hZ]NZ'LjHu + k”eiLde s (297)

where the right handed Majorana neutrino superfield, N, has been treated as a gauge sin-
glet. In order to avoid higher order contributions such as N? term in the superpotential,
the right handed neutrino can be assigned odd under R-parity. The lightest right handed
electron sneutrino acts as an inflaton with an initial VEV larger than Mp. After the end
of inflation the coherent oscillations of the sneutrino field generates lepton asymmetry with
the interference between tree-level and one-loop diagrams. The largest lepton asymme-
try is proportional to the reheat temperature, ny/s ~ €(3Tgr/4Mp). The CP asymmetry,
€ ~ (In2/87)Imh32. Models of inflation and non-thermal leptogenesis were also considered
in Refs. [332, 1685, 686].

Sneutrino hybrid inflation was constructed in Refs. |78, [79]. In [78] the following super-

potential has been used to generate inflation and the masses for the right handed neutrinos:

P* (An)ij
W:nS(W—M2)+ i IN;N;®® + ..., (298)

*

where k, (Ay);; are dimensionless Yukawa couplings, M, M’, M, are three independent mass
scales. ®, S5, N are all gauge singlets. The waterfield is ® generates masses for the right
handed sneutrinos. During inflation N can take large VEVs as ® is stuck at the zero VEV.
The Kéhler potential was given by [78]:

S|t VI |9]*
K — S2 2 N2 |
S]] |SI?[ V]2 [N P[]
+I€5N7+I€N¢ + ..., (299)
Mg Mg Mg

+ Iig¢

and the F-term potential is given by:
2 2 2 2
o[ lolt ¢ V] 5]
V:/{(M/2—M) <1—|—(1—I€S¢)MP2)—|-(1—I€SN)MP2)—KSMP%

4N3
2 NP + INPlo) + .. (300)

+

Inflation is driven by the singlet field, S, where ¢ has a zero VEV. By virtue of the coupling

between ¢ and N, the N field remains massless during inflation and therefore subject to

"I We are using the superfield and the field notation to be the same for the right handed neutrinos, i.e. V.

140



random fluctuations during inflation. The authors assumed that the last 60 e-foldings of

inflation arises when the sneutrino field is rolling slowly down the potential given by:

2 N‘4
~REMY (14 (1 — ] | 1
Vak + ( KSN)2M5+54M§ +..., (301)
where § = 0.5 + H%N — ksnkn + 1.25kN + .... The predictions of the model is typical of

a hybrid inflation with a nearly flat spectrum. The WMAP data constraints parameters
such as |(1 — kgn)| < 0.02, also the running in the spectral tilt and tensor to scalar ratio
are negligible. The model also generates isocurvature fluctuations, since both S and N in
principle can be light during inflation, but they have assumed that S obtains a heavy mass
and therefore settled down to its minimum in one Hubble time or so during inflation [78].
Hybrid inflation model with Dirac neutrinos was constructed in Refs. |79, 1687, [688], in a
specific Type-I string theory with the help of anisotropic compactification [688]. The model
explains the smallness of the p-term, strong-CP and the Dirac nature of neutrinos. The

relevant part of the superpotential for inflation is given by:
W = \pH, Hy + kN? | (302)

where A ~ k ~ 107!, Including the soft SUSY breaking terms, the F-term potential is
given by [79, 687

V = Vo + Ao H, Hy + kA0N? + hee. +mi(|Hy|? + |Hy|? + [N|?) + mgd?, (303)

where the origin of Vj arises from the Peccei-Quinn breaking scale, A = 27 f,, where 10! <
f < 10" GeV.

The phase transition associated with the spontaneous breaking of family symmetry, by
flavons, which is responsible for the generation of the effective quark and lepton Yukawa
couplings could also be responsible for inflation [84].

In order to understand the origin of fermion masses and mixing, one can extend the SM
by some horizontal family symmetry G g, which may be continuous or discrete, and gauged
or global. It must be broken at high scales with the help of flavons, ¢, whose VEV will
break the family symmetry. The Yukawa couplings are generically forbidden by the family
symmetry G'g, but once it is broken, effective Yukawa couplings can be generated by non-
renormalizable operators, i.e. (¢/M.)"p1p*H. This gives rise to an effective Yukawa coupling
e"pp°H, where ¢ = (¢p)/M,. ~ O(0.1) and ¢, are SM fermion fields, H is a SM Higgs

field, and M, is the messenger scale.

141



The relevant superpotential for inflation can be given by [84, 689]:

W = kS [% — /f] (304)

forn > 1 and k ~ 1. The fields, ¢ = (¢1, ¢o, ¢3) is in the fundamental triplet 3 representation
of A4 or Ay;. At the global minimum of the potential, the ¢; components get VEVs of order

The Kéhler potential is of the non-minimal form [84, 1689

SPlof? [l
K =1|S 2 2 ‘

i
3
AMZ,

e . (305)

Along the D-flat direction, the VEVs are ¢1 = ¢9 = ¢35 < M < Mp. One can further make
an assumption such that k3 < —1/3, so that the S field becomes heavy compared to the
Hubble expansion rate, and therefore the field relaxes to its minimum VEV, S = 0, within
one e-folding. By assuming |¢;| = ¢/v2, B = (kg — 1), A = (B(B+ 1) +1/2 + k1/12) and
v =2/(6)*"/2 < 0.14, the potential along ¢ is given by [84]
8 W oo

“EtE am (306)

Vo~ ot

One needs to suppress the quartic term in the potential, i.e. ¢* term, otherwise for
|y @3 /M3 | < |(M/4) () Mp)|, it turns out that M > Mp. For a specific parameter space,
M =~ 10% —10% GeV and p ~ 10" —10* GeV and n = 2, 3,4 and 3 < 0.03, it is possible to
match the amplitude of the perturbations and the spectral tilt within n, = 0.96 4+ 0.014 for
N = 60 e-foldings of inflation. The model requires pre-inflationary phase to set the initial

conditions for ¢ =~ 0 to be realizable.

™2 The initial motivations were proposed in [33(, 689] in order to obtain a phenomenologically viable new
inflationary potential from the superpotential: W = S(—u? + (®®)™/M2>m~2). Here ®(®) denotes a
conjugate pair of superfields charged under some gauge group, and S is a gauge singlet. There is an
U(1)g symmetry under which ® — &, & — &, S — €225 and W — ¢2*W. Under these symmetries
m = n for odd n and m = n/2 otherwise. Along the D-flat direction, the kihler potential is given by;
K = |S|? 4 (2|®|? + k1| ®|*/AME + k2| S|?|®|? /MB) + k3| S|*/4Mp . .. . The resultant potential is given by:
V o~ pt (11— k3|S)?/ME +2(1 — k2)|9|? /ME —2|¢|>™ /M2™ +...). For k3 < —1/3, the S field obtains heavy
mass compared to the Hubble expansion rate and the field rolls to its minimum in one e-foldings leaving
behind the dynamics of ¢ field to slowly roll over the potential; V a2 pu*(1—0.5(k2 —1)¢? /M2 —24*™) [690].
The spectral can match the CMB data for values of m = 2 — 5 with a negligible running of the spectral
index dn,/dInk < 1073. One particular issue is that the initial condition for ¢ field which needs close to

zero VEV| this is a nontrivial initial condition, one proposal is to have a pre-inflationary phase.
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Another example of flavon is to consider a vacuum alignment potential as studied in
the SU(3) family symmetry model of [84, 691]. Tt was assumed that < ¢q3 >oc (0,1,1)7
and < X >= diag(a, a, —2a) are already at their minima, and that the relevant part of the

superpotential which governs the final step of family symmetry breaking is given by [691]

W = kS (Prazdizs — M?) + K'Yigzazdraz + K" Z12301235 0193 + .. - (307)
where a singlet, S, is the driving superfield for the flavon ¢193 and the non-minimal K&ahler
potential is given by:

K = |S|2 +S‘<2123|2 + \&123\2 + |Y123|2 + \<523|2 + \¢23\2 + |le3\2 + |2|2

|S? Z195)?
+K +I<LSZ 4MI%

ST (308)

During inflation the fields with larger VEVSs Yia3, ¢193, ¢123 do not evolve, the inflationary

potential is dominated by

Vet 1o, 8 e T
- Yoz T oz

+..0. (309)

where |S| = 0/v/2, | Z123] = £/v/2 and v = kg7 — 1. Inflation can happen if the coefficients
in front of the mass terms for o and/or ¢ are sufficiently small.

The inflaton could be o if v < —1/3, the mass of £ becomes heavy compared to the Hubble
scale during inflation. For kg ~ (0.005 — 0.01) and s ~ (0.001 — 0.05), the spectral index is
consistent with the current data, n, = 0.9640.014 [71]. Finally, the scale, M ~ 10 GeV, of
family symmetry breaking along the (¢193)-direction will be determined by the temperature
anisotropy in the CMB.

So far, as shown in details regarding I and D-term hybrid inflation models, all of them
have to assume an existence of a hidden sector physics, an extra gauge singlet playing the
role of the inflaton field, whose mass and couplings are constrained only from the CMB data.
There are of course sneutrino driven models of inflation which employ a SM gauge singlet
with an additional motivation of connecting inflationary sector to the neutrino physics.
However, it is desirable to seek models of inflation which are truly embedded within an
observable sector particle physics. Such models are based on beyond the SM physics within
a robust framework, where the shape of the potential, interactions and various parameters
are well motivated from the low energy particle physics point of view. Furthermore, such an
observable sector model of inflation can be directly put to the test by both LHC and CMB
data from PLANCK.
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V. MSSM GAUGED INFLATONS
A. Inflation due to MSSM flat directions

Since MSSM introduces so many squarks and sleptons, one obvious question is why can’t
they be an inflaton? Indeed the squarks and sleptons, being light compared to the high
scale model of inflation, can also be displaced away from their minimum. However, since
they do not minimize F-and D-terms of the total potential, they cost more energetically
as compared to a gauge invariant combination of squarks and sleptons. In the SUSY limit
both F' and D-contributions are vanishing for gauge invariant flat directions, which maintain
their D-flatness, but they can be lifted by the F-term contribution away from the point of
enhanced symmetry.

A simple observation has been made in [86-88], where the inflaton properties are directly
related to the soft SUSY breaking mass term and the A-term. In the limit of unbroken
SUSY the flat directions have exactly vanishing potential. This situation changes when soft

SUSY breaking and non-renormalizable superpotential terms of the type [90, 91]

A, O"
Wnon = T A g2
n M3

n>3

(310)

are included. Here ® is a gauge invariant superfield which contains the flat direction. Within
MSSM all the flat directions are lifted by non-renormalizable operators with 4 < n <9 [399],
where n depends on the flat direction. Let us focus on the lowest order superpotential term
in Eq. (BI0) which lifts the flat direction. Softly broken SUSY induces a mass term for ¢
and an A-term so that the scalar potential along the flat direction reads [86, [87]

) ¢2(n—1)

Ang"

n—3
n Mg

1
V= §m§) @* + Acos(nf +6,) (311)

Here ¢ and 6 denote respectively the radial and the angular coordinates of the complex
scalar field ® = ¢ explif], while 64 is the phase of the A-term (thus A is a positive quantity
with dimension of mass). Note that the first and third terms in Eq. (BI1]) are positive
definite, while the A-term leads to a negative contribution along the directions whenever

cos(nf +64) < 0.
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1. Inflaton candidates

As discussed in [86-89], among nearly 300 flat directions [399], there are two that can
lead to a successful inflation along the lines discussed above.
One is udd , up to an overall phase factor, which is parameterized by:
1 1 1
IVEASR B 73

Here 1 < «, 8,7 < 3 are color indices, and 1 < 4,7,k < 3 denote the quark families. The

¢, di=—7x¢. (312)

flatness constraints require that o # 3 # v and 7 # k.

The other direction is LLe, parameterized by (again up to an overall phase factor)

o L[O) po L9 1
Li - \/g ¢ 7Lj_ \/g 0 ) €k = \/g(ba (313>

where 1 < a,b < 2 are the weak isospin indices and 1 < 7, j, k < 3 denote the lepton families.
The flatness constraints require that a # b and i # j # k. Both these flat directions are
lifted by n = 6 non-renormalizable operators [399],

1 1
Ws D ~—=(LLe)(LLe),  Wg D ~——(udd)(udd). (314)
MP MP

The reason for choosing either of these two flat directions is twofold:

1. within MSSM, a non-trivial A-term arises, at the lowest order, only at n = 6, and

2. we wish to obtain the correct COBE normalization of the CMB spectrum.

Since LLe and udd are independently D- and F-flat, inflation could take place along
any of them but also, at least in principle, simultaneously. The dynamics of multiple flat
directions are however quite involved [281), 1692].

Those MSSM flat directions which are lifted by operators with dimension n = 7,9 are
such that the superpotential term contains at least two monomials, i.e. is of the type [318,
319, 1399

1
My

W Yt (315)

If ¢ represents the flat direction, then its VEV induces a large effective mass term for 1,
through Yukawa couplings, so that (1)) = 0. Hence Eq. (BIH) does not contribute to the

A-term.
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The scalar component of ® superfield, denoted by ¢, is given by

_utd+d
\/g )

for the udd and LLe flat directions respectively.

_L+L+e

¢ 7

¢ (316)

After minimizing the potential along the angular direction #, we can situate the real part

of ¢ by rotating it to the corresponding angles 6,,;,. The scalar potential is then found to

be [86, 187, 189

1 >\¢6 ¢10
V(g)==-mj¢*— A N
(0) = 5me @” = AGE + A 3

where m, and A are the soft breaking mass and the A-term respectively (A is a positive

(317)

quantity since its phase is absorbed by a redefinition of 6 during the process).

2. Inflection point inflation

Provided that
A2
40m )

=1+4a?, (318)

where o? < 1, there exists a point of inflection in V(¢)

3\ 1/4
o = (”;i’/]\%’) +0(a?), (319)
V"(¢o) =0, (320)
at which
V(go) = —mii + 0(a?), (321)
V'(¢o) = 4a’mio + O(a) (322)
2
V() = 32% + 0. (323)
0

From now on we only keep the leading order terms in all expressions. Note that in gravity-
mediated SUSY breaking, the A-term and the soft SUSY breaking mass are of the same order
of magnitude as the gravitino mass, i.e. mg ~ A ~ mg/y ~ (100 GeV—1 TeV). Therefore the
condition in Eq. (BI8) can indeed be satisfied. We then have ¢g ~ O(10'* GeV). Inflation

occurs within an interval
o
6OM1%’

¢ — ¢o| ~ (324)
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in the vicinity of the point of inflection, within which the slow-roll parameters ¢ =
(MZ/2)(V'/V)? and n = ME(V"/V) are smaller than 1. The Hubble expansion rate during

inflation is given by

H - 1 m¢¢0
MSSM — \/ﬁ MP

The amplitude of density perturbations 05 and the scalar spectral index n, are given by [86,

81,1693, 1694]:

~ (100 MeV — 1 GeV) . (325)

S — 8 md)Mpi
T VB g A2

sin[NoVA?] (326)

and

ng = 1 — 4VA? cot[NoV A2, (327)

respectively where

M- 4
A? = 900a2/\/52(¢—5’> . (328)

Ng is the number of e-foldings between the time when the observationally relevant perturba-
tions are generated till the end of inflation and follows: Ng ~ 66.9 + (1/4)In(V (¢g)/Mp) ~
50, provided that the universe is immediately thermalized after the end of inflation [154, [155].
We note that reheating after MSSM inflation is very fast, due to gauge couplings of the in-
flaton to gauge/gaugino fields, and results in a radiation-dominated universe within few

Hubble times after the end of inflation [86, [87].

3. Parameter space for MSSM inflation

A remarkable property of MSSM inflation, which is due to inflation occurring near a
point of inflection, is that it can give rise to a wide range of scalar spectral index. This
is in clear distinction with other models (for example, chaotic inflation, hybrid inflation,
natural inflation, etc.) and makes the model very robust. Indeed it can yield a spectral
index within the whole 20 allowed range by 5-year WMAP data 0.934 < ng < 0.988. Note
that for a? = 0, Eqgs. (326l327) are reduced to the case of a saddle point inflation, for which
the spectral index is strictly 0.92, for details see [88, 89, [693] 3.

™3 Varying range of spectral tilt is in concordance with the statistical nature of the vacua at low energies below
the cut-off. MSSM harbors a mini-landscape [89] with a moduli space of 37 complex dimensions [399],

which has more than 700 gauge invariant monomials [695]. Although, its much smaller compared to the
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FIG. 8: n, is plotted as a function of dy for different values of my. The 20 region for dg is shown
by the blue horizontal band and the 20 allowed region of ng is shown by the vertical green band.

The 1o allowed region of ng is within the solid vertical lines. We choose A =1 [89].

2 < 0, the spectral index will be smaller than the 0.92, which is more than 3¢

For «
away from observations. The more interesting case, as pointed out in [89, 1693], happens for
a? > 0. This happens for

2x 1079 < A?<52x107°. (329)

In Fig. (§), we have shown ¢y as a function of ng for different values of my4. The horizontal
blue band shows the 20 experimental band for dg. The vertical green shaded region is the
20 experimental band for n,. The region enclosed by solid lines shows the 1o experimental
allowed region. Smaller values of mg are preferred for smaller values of ny,. Note that the
allowed range of m, is 90 — 330 GeV for the experimental ranges of ny and d5. This figure
is drawn for A ~ 1, which is natural in the context of effective field theory (unless it is

suppressed due to some symmetry). Smaller values of A will lead to an increase in my, see

string landscape, but one would naturally expect a distribution of discrete values of non-renormalizable
A-terms along with the soft breaking terms. This would inevitably give rise to many realizations of our

universe with varied range of spectral tilts.
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FIG. 9: Contours of A for §7 = 1.91 x 107° in the ns-mg plane. The blue band on the left is due
to the stau-neutralino coannihilation region for tan 5 = 10 and the blue band on the right (which

continues beyond the plotting range) denotes the focus point region [696].

Fig. (@), where we have plotted (ns, my) for different values of A for the case of udd direction
with different masses of m,, mgy, and fixed value of tan(f). We will explain the blue bands
when we discuss the parameter space of MSSM inflation at low energies close to the dark

matter production scale |89, 1696].

4. Embedding MSSM inflation in SU(5) or SO(10) GUT

By embedding MSSM inflation in GUT makes a mild assumption that there exists new
physics which encompasses MSSM beyond the unification scale Mg. We remind the readers
that inflation occurs around a flat direction VEV ¢ ~ 10* GeV. Since ¢y < Mg, heavy
GUT degrees of freedom play no role in the dynamics of MSSM inflation, and hence they
can be ignored. Here we wish to understand how such embedding would affect inflationary
scenario.

It is generically believed that gravity breaks global symmetries [697]. Then all gauge
invariant terms which are Mp suppressed should appear with A ~ O(1). Obviously the
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above terms in Eq. (BI4]) are invariant under the SM. Once the SM is embedded within a
GUT at the scale Mg, where gauge couplings are unified, the gauge group will be enlarged.
Then the question arises whether such terms in Eq. (814) are invariant under the GUT
gauge group or not. Note that a GUT singlet is also a singlet under the SM, however, the
vice versa is not correct.
We briefly recollect representations of matter fields in this case: L and d belong to
5, while e and u belong to 10 of SU(5) group. Thus under SU(5) the superpotential
terms in Eq. (314]) read [696]
Fxbx10x5x5x10

0 (330)

This product clearly includes a SU(5) singlet. Therefore in the case of SU(5), we
expect that Mp suppressed terms as in Eq. (BI0) appear with A ~ O(1). If we were
to obtain the (LLe)? term by integrating out the heavy fields of the SU(5) GUT,
then A = 0. This is due to the fact that SU(5) preserves B — L.

e SO(10):
In this case all matter fields of one generation are included in the spinorial represen-

tation 16 of SO(10). Hence the superpotential terms in Eq. (3I0) are [16]° under

SO(10), which does not provide a singlet. A gauge invariant operator will be obtained
by multiplying with a 126-plet Higgs. This implies that in SO(10) the lowest order

gauge invariant superpotential term with 6 matter fields arises at n = 7 level:

16 X 16 X 16 X 16 x 16 X 16 X 1264

1

Once 1264 acquires a VEV, S0(10) can break down to a lower ranked subgroup, for

instance SU(5). This will induce an effective n = 6 non-renormalizable term as in

Eq. (310) with
126 M,
A~ 11260)  O(Maur) (332)
Mp Mp
Hence, in the case of SO(10), we can expect A ~ O(1072 — 107!) depending on the

scale where SO(10) gets broken.
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By embedding MSSM in SO(10) naturally implies that A < 1. Smaller values of ng
(within the range 0.92 < ng < 1) point to smaller A\, as can be seen from figure 6. This,
according to Eq. (332), implies a scale of SO(10) breaking, i.e. (126y), which is closer to
the GUT scale. Further note that embedding the MSSM within SO(10) also provides an
advantage for obtaining a right handed neutrino. It was concluded in Ref. [696] that if we

include the RH neutrinos, then udd direction is preferred over L Le.

5. Gauged inflaton in SM x U(1)p_r,

If we augment MSSM with three right-handed (RH) neutrino multiplets, then it is possible
to realize neutrinos of Dirac type with an appropriate Yukawa coupling. Whether the nature
of neutrino is Dirac or Majorana can be determined in the future neutrinoless double beta
decay experiment.

For various reasons, which will become clear, the inclusion of a gauge symmetry under
which the RH (s)neutrinos are not singlet is crucial. As far as inflation is concerned, a singlet
RH sneutrino would not form a gauge-invariant inflaton along with the Higgs and slepton
fields. The simplest extension of the SM symmetry, SU(3)c x SU(2), x U(1)y x U(1)p—_1,
which is also well motivated: anomaly cancelation requires that three RH neutrinos exist,
so that they pair with LH neutrinos to form three Dirac fermions.

The relevant superpotential term is

W > hNH,L. (333)

Here N, L and H, are superfields containing the RH neutrinos, left-handed (LH) leptons
and the Higgs which gives mass to the up-type quarks, respectively.

In this model there is an extra Z boson (Z’) and one extra gaugino (Z’). The U(1)p_y, gets
broken around TeV by new Higgs fields with B — L = £1. This also prohibits a Majorana
mass for the RH neutrinos at the renormalizable level (note that NN has B — L = 2). The
Majorana mass can be induced by a non-renormalizable operator, but it will be very small.

The value of h needs to be small, i.e. h < 107'2, in order to explain the light neutrino
mass, ~ (0.1 eV) corresponding to the atmospheric neutrino oscillations detected by Super-

Kamiokande experiment. Note that the N H, L monomial represents a D-flat direction under
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FIG. 10: The inflaton mass mg is plotted as a function of the neutrino mass m, [698].

the U(1)p_r, as well as the SM gauge group [87, 1698].

 N+H,+1L
\/g 9

where N, L, H, are the scalar components of corresponding superfields. Since the RH

¢ (334)

sneutrino N is a singlet under the SM gauge group, its mass receives the smallest contribution
from quantum corrections due to SM gauge interactions, and hence it can be set to be the
lightest SUSY particle (LSP). Therefore the dark matter candidate arises from the RH
sneutrino component of the inflaton, see Eq. (834]). The potential along the flat direction,

after the minimization along the angular direction, is found to be [87, 1698],

m} h? Ah
V(o)) = =21 + —|o|* — ——=|o]>. 335
(o) = 216 + L5lol" — Zjol (335)
~ ~ m2 +m?2, +m?2
The flat direction mass my is given in terms of N, H,, L masses: m; = —~———L_ For

A = 4my, there exists an inflection point for which V'(¢g) # 0, V" (¢o) = 0, where inflation

takes place

0.05 eV m

4
), V(¢0):4—h¢;:3x1024m3)<

0.05 eV) 2

v

¢0:\/§%:6X1012m¢<

(336)
Here m, denotes the neutrino mass which is given by m, = h(H,), with (H,) ~ 174 GeV.
For neutrino masses with a hierarchical pattern, the largest neutrino mass is m, =~ 0.05
eV in order to explain the atmospheric neutrino oscillations [699], while the current upper
bound on the sum of the neutrino masses from cosmology, using WMAP and SDSS data

alone, is 0.94 eV [700].
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The amplitude of density perturbations follows [87, 698].

1 H2 m 2 Mp
S~ — 35 1072 ( v ) (—) N2 337
=5 g . 0.05ev/) \m,/ @ (337)

Here mg denotes the loop-corrected value of the inflaton mass at the scale ¢y in
Egs. (336337). In Fig. (I0), we have shown the neutrino mass as a function of the in-
flaton mass for dy = 1.91 x 107°. We see that the neutrino mass in the range 0 to 0.30 eV
corresponds to the inflaton mass of 0 to 30 GeV. The spectral tilt as usual has a range of

values 0.90 < ny, < 1.0 [87, 1698].

6. Inflection point inflation in gauge mediation

In GMSB the two-loop correction to the flat direction potential results in a logarithmic
term above the messenger scale, i.e. ¢ > Mg 35,190, 91, [701]. Together with the A-term
this leads to the scalar potential [702]

2

V = MpIn <—2) + Acos(nf + 04)
Mg

n 2(n—1)
Y.

nMggr " MGGy

, (338)

where My ~ (msysy X Mg)/? and mgysy ~ 1 TeV is the soft SUSY breaking mass at the
weak scale. For ¢ > M3 /ms )2, usually the gravity mediated contribution, m3 /2¢2, dominates
the potential where ms/, is the gravitino mass. Here we will concentrate on the VEVs such

that M, < ¢ < Mz /mg/2. A successful inflation can be obtained near the point of inflection;

n— 1/(n—1)
¢0 ~ MGUsTMI% n (339)
N No—Dm-2) ’
4(n —1)°\,
an Ao DA s (340)

nMgyr

In the vicinity of the inlection point, the total energy density is given by
V(o) ~ M [hl (E—%) - 7;;2 - ?)] , (341)
There are couple of interesting points, first of all note that the scale of inflation is extremely
low, the Hubble scale during inflation is given by: Hi, ~ Mz/Mp ~ 1072 — 107! eV for
Mp ~1—10 TeV. The relevant number of e-foldings is Ng ~ 40 [702]. For Mg ~ 10 TeV,

and ¢y ~ 10 GeV it is possible to match the CMB temperature anisotropy and the required
tilt in the spectrum [702].
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The validity of Eq. 338) for such a large VEV requires that Mz > (10" GeV) X my)s.
For Mg ~ 10 TeV this yields a bound on the gravitino mass, msz/;; <1 — 10 MeV, which is

compatible with the warm dark matter constraints.

B. Quantum stability
1. Radiative correction

Since the MSSM inflaton candidates are represented by gauge invariant combinations of
squarks and sleptons, the inflaton parameters receive corrections from gauge interactions
which can be computed in a straightforward way. Quantum corrections result in a logarith-
mic running of the soft SUSY breaking parameters my and A. The effective potential at

phase minimum nf,,;,, = 7 is then given by [88]:

1 2 AnoA 2
o = [ ()] - S [ )
0

: - nMn—B
A2 2
0

where my, Ap, and A, are the values of m,, A and A, given at a scale . Here Aj is
chosen to be real and positive (this can always be done by re-parameterizing the phase
of the complex scalar field ¢), and |K;| < 1 are coefficients determined by the one-loop
renormalization group equations.

In the limit when |K;| < 1, one finds a simple relationship [8§]

A2 = 8(n — 1)m? () (1 LK, — %IQ + ﬁf@,) | (343)
e M 3my(eo) ( 1. 1 )

For n = 6, the coefficient is A% ~ 40m§), where ¢y denotes the point of inflection. The
coefficients K; need to be solved from the renormalization group equations at the inflationary
scale i = ¢p. Since K; are already one loop corrections, taking the tree-level value as the

renormalization scale is sufficient 7.

7 In general there is no prospect of measuring the non-renormalizable Ag term, because interactions are sup-
pressed by Mp. However, a knowledge of SUSY breaking sector and its communication with the observable

sector may help to link the non-renormalizable A-term under consideration to the renormalizable ones. In
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FIG. 11: The running of mi for the LLe inflaton when the saddle point is at ¢g = 2.6 x 1014GeV
(corresponding to n = 6, mg = 1 TeV and A = 1). The three curves correspond to different values
of the ratio of gaugino mass to flat direction mass at the GUT scale: £ = 2 (dashed), £ =1 (solid)
and £ = 0.5 (dash-dot) [8§].

The radiative corrections do not remove the inflection point nor shift it to unreasonable
values. The existence of an inflection point is thus insensitive to radiative corrections.

One can analytically obtain the values of K; for the LLe flat direction. For LLe the
one-loop RG equations governing the running of mi, A, and X\ with the scale p are given

by [30, 31, 88|

dm? 1 3 3
¢ _ ~2 2 ~92 2
MW ) (57”292"‘57”191) )
% — _i §m 2+§m 2
dA 1 3 3
— = ——— A zg+=g). 345
o 2 (292+291) (345)

Here 1y, my denote the mass of the U(1)y and SU(2)w gauginos respectively and g;, go are

the associated gauge couplings. The running of gauge couplings and gaugino masses obey

the case of a Polonyi model where a general A-term at a tree level is given by: ms/s[(a—3)W +¢(dW/d¢)],
with a = 3 — /3 [30, 131]. One then finds a relationship between A-terms corresponding to n = 6 and

n = 3 superpotential terms, denoted by Ag and Aj respectively, at high scales |88]: Ag = g: \/gA3.
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the usual equations [30, 131, I8§]:

dgp _ 11 4

dp 167271

dga _ 1 s

du 167292
d ml) d <m2)
(=) = =(=)=0. 346
du(gf dy \ g3 (346)

By solving the above equations, one finds:

1 ma \ > mr \
K ~ ——— 2 2
! 4 [<m¢o> 92_'_ <m¢o) gl] ’
3 ma\ o mi\ o
K 2 2 it
2@ @)

3
K3 ~ —@)\0 {93"‘9?] ) (347)

Q

l

where the subscript 0 denotes the values of parameters at the high scale py.

For universal boundary conditions, as in minimal grand unified SUGRA, the high scale
is the GUT scale ux ~ 3 x 10 GeV, m(uyx) = ma(ux) = m and g; = \/m ~ 0.56,
g2 = y/7/6 =~ 0.72. With the help of RG equations to run the coupling constants and
masses to the scale of the saddle point pg = ¢o ~ 2.6 x 10" GeV for Mp = 2.4 x 10'® GeV,
mg, = 1 TeV, Ay = 1. With these values one obtains [8§]

Ky ~ —0.017¢2, K, ~ —0.0085¢, Ks~ —0.029. (348)

where £ = m/my is calculated at the GUT scale. Similar calculation can be performed for

the N H, L flat direction also [87].

2. SUGRA n problem, trans-Planckian, and moduli problems

SUGRA corrections often destroy the slow-roll predictions of inflationary potentials. In
general, the effective potential depends on the Kéahler potential K as V' ~ (eK(S”*W)/MFZ’V(QZ)))
so that there is a generic SUGRA contribution to the flat direction potential of the type for

minimal choice of K,

V(6) = H2MES (Mip) , (349)

where f is some function (typically a polynomial). Such a contribution usually gives rise to

a Hubble induced correction to the mass of the flat direction with an unknown coefficient,
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which depends on the nature of the Kéahler potential. If the Kéhler potential has a shift
symmetry, i.e. no scale type, then at tree level there is no Hubble induced correction.

Let us compare the non-gravitational contribution, Eq. (311]), to that of Hubble induced
contribution, Eq. (349). Writing f ~ (¢/Mp)” where p > 1 is some power, we see that

non-gravitational part dominates whenever [8§]

(b p
g (1) < miet, (350)

so that the SUGRA corrections are negligible as long as ¢g << Mp, as is the case here
(note that HineMp ~ mypo). The absence of SUGRA corrections is a generic property of
this model. Note also that although non-trivial Kahler potentials give rise to non-canonical
kinetic terms of squarks and sleptons, it is a trivial exercise to show that at sufficiently
low scales, Hiny << my, and small VEVs, they can be rotated to a canonical form without
affecting the potential.

The same reason, i.e. Hi,y << my also precludes any large trans-Planckian correction.
Any such correction would generically go as (His/M,)? ~ (mg/M.) < 1, where M, is the
scale at which one would expect trans-Planckian effects to kick in [286, 288, [293]. Note
that in our case the initial vacuum is the Bunch-Davis and the evolution of the modes is
adiabatic. The latter condition is important to make sure that unknown physics at the high
scale is less and less sensitive to the low energy world [293, 1346].

Finally, we also make a comment on the cosmological moduli problem [703-706]. The
moduli are generically displaced from their true minimum if their mass is less than the
expansion rate during inflation. In our case Hiy < Mpoawi ~ O(TeV) . This implies
that quantum fluctuations cannot displace the moduli from their true minima during the
inflationary epoch driven by MSSM flat directions. Moreover, any oscillations of the moduli
will be exponentially damped during the inflationary epoch. Therefore, MSSM inflation can

naturally address the infamous moduli problem [8§].

C. Exciting SM baryons and cold dark matter

Interesting aspect of MSSM inflaton is that inflation takes place away from the point of
enhanced gauge symmetry. Keep in mind that the VEV of the MSSM flat direction inflaton
breaks the gauge symmetry spontaneously, for instance udd breaks SU(3)c x U(1)y while
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LLe breaks SU(2)w x U(1)y, therefore, induces a SUSY conserving mass ~ g(¢(t)) to the
gauge/gaugino fields in a similar way as the Higgs mechanism, where ¢ is a gauge coupling.
When the flat direction goes to its minimum, (¢(t)) = 0, the gauge symmetry is restored.
In this respect the origin is a point of enhanced symmetry.

After the end of inflation, the flat direction starts rolling towards its global minimum. At
this stage the dominant term in the scalar potential will be: mg¢?/2. Since the frequency of
oscillations is w ~ mgy ~ 103 Hyy, the flat direction oscillates a large number of times within
the first Hubble time after the end of inflation. Hence the effect of expansion is negligible.
Further note that the motion is strictly along the radial direction, i.e. one dimensional.

In all the examples inflaton has gauge couplings to the gauge/gaugino fields and Yukawa

couplings to the Higgs/Higgsino fields. As we will see particles with a larger couplings are

produced more copiously during inflaton oscillations ™.

D. Particle creation and thermalization

There are distinct phases of particle creation in this model, here we briefly summarize

them below 6.

75 The flat direction is coupled to the scalar fields through gauge and Yukawa interactions. For instance,
in the LLe case since the lepton Yukawas are < 1072 we can safely neglect them. The gauge cou-
plings arise from the D-term part of the scalar potential. The D-terms corresponding to SU(2)y and
U(1)y symmetries follow: Vp O 123 | (EIT7Ly + LiT7L2)?) + Lg”[(1&5* — L|L1[" — 3|La]")]. Here
T, T?, T? are the SU(2) generators (i.e. 1/2 times the Pauli matrices) and g, ¢’ are the gauge couplings
of SU(2)w, U(1)y, respectively.

Similarly, couplings of the flat direction to the gauge fields are obtained from the flat direction ki-
netic terms: £ O (D"L1)T(D,L1) + (D*L)"(D,Ls) + (D"é3)1(Dyé5), where DLy = (0, + $9'B,, —
igWh Tt —igWo , T? —igWs , T3) L1, DyLo = (0, + Lg'B, —igWi T — igWs, , T? — igW3,, T°) Lo, and
D,és = (0, — ig'B,)és, where Wy ,, Wy ,, W3, and B, are the gauge fields of SU(2)w and U(1)y,
respectively.

The flat direction couplings to the fermions are found from the following part of the Lagrangian: £ O
V2930 [LIWET (i09Ly) + LYW T  (i05La)|+/2¢' |6} Bt (i02e3) — A L B*(io L1) — L LY B (io2 Lo) |+ h.c.,
where Wy, Ws, W3 and B are the gauginos of SU(2)w and U(1l)y respectively. Superscript ¢ de-

notes transposition, and o, is the second Pauli matrix. The field content of Ly, Lo, e3 are given by:

o P4

work out all the relevant couplings of udd.
76 Readers may wish to revisit this section after reading the following Secs. WIB3| VIB 2l VIl [VID 4] and

V1D ol

Ly = <¢1 ), Ly = <¢3 , e3 = 15, where 1; are left-handed Wyle spinors. Similarly, one can also
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e Tachyonic preheating:

Right after the end of inflation, the second derivative is negative in the case of
inflection point inflation. The inflaton fluctuations with a physical momentum
k < mg will have a tachyonic instability, see Sec. VIB3l Moreover V" < 0 only at
field values which are ~ ¢y ~ 10'* GeV. Tachyonic effects are therefore expected to
be negligible since, unlike the case in [707], the homogeneous mode has a VEV which
is hierarchically larger than m,, and oscillates at a frequency w ~ mg,. Further note
fields which are coupled to the inflaton acquire a very large mass ~ h¢g from the
homogeneous piece which suppresses non-perturbative production of their quanta at
large inflaton VEVs. Therefore tachyonic effects, although genuinely present, do not

lead to significant particle production in this case 7.

e Instant preheating:

An efficient bout of particle creation occurs when the inflaton crosses the origin, which
happens twice in every oscillation. The reason is that fields which are coupled to the
inflaton are massless near the point of enhanced symmetry (see Sec. VIB2]). Mainly
electroweak gauge fields and gauginos are then created as they have the largest coupling
to the flat direction. The production takes place in a short interval, At ~ ( gm¢¢0)_l/ 2,
where ¢y ~ 10'* GeV is the initial amplitude of the inflaton oscillation, during which
quanta with a physical momentum k& < (gm¢¢o)1/ ? are produced. The number density
of gauge/gaugino degrees of freedom is given by [88, [117]

~ (9m¢¢0)3/2 (351)

g 83

As the inflaton VEV is rolling back to its maximum value ¢, the mass of the produced
quanta g(¢(t)) increases. The gauge and gaugino fields can (perturbatively) decay to
the fields which are not coupled to the inflaton, for instance to (s)quarks. Note that

(s)quarks are not coupled to the flat direction, hence they remain massless throughout

™" One interesting observation for the LLe direction is that its VEV naturally gives masses to the Hy-
percharged fields, thus breaking the conformal invariance required for the photons 708, [709]. The ex-
cited hypercharge can be converted into normal electromagnetism after the electroweak phase transition.
This would seed vector perturbations for the observed large scale magnetic field in the intergalactic
medium [710)].
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the oscillations. The total decay rate of the gauge/gaugino fields is then given by
I = C (¢*/487) g¢, where C ~ O(10) is a numerical factor counting for the multiplicity
of final states.

The decay of the gauge/gauginos become efficient when (¢) =~ (48mmypo/C 93)1/ 2

where we have used (¢(t)) &~ ¢omgt, which is valid when myt < 1, and ' ~ ¢!, where
t represents the time that has elapsed from the moment that the inflaton crossed the
origin. Note that the decay is very quick compared with the frequency of inflaton

oscillations, i.e. I' > m,. It produces relativistic (s)quarks with an energy [88]:

48wm¢¢o)”2 (352)

1
E:§9¢(t)2< Cy

The ratio of energy density in relativistic particles thus produced p,owith respect to
the total energy density po follows from Eqs. (851), (420):

Prel
Po

~107'g, (353)

where we have used C' ~ O(10). This implies that a fraction ~ O(107!) of the
inflaton energy density is transferred into relativistic (s)quarks every time that the
inflaton passes through the origin. Within 10 — 50 oscillations the inflaton would

loose its energy into relativistic MSSM degrees of freedom.

Reheating and thermalization:

A full thermal equilibrium is reached when (a) kinetic and (b) chemical equilibrium
are established. The maximum (hypothetical) temperature attained by the plasma
would be given by:

Trnaz ~ VY4 ~ (mggo)'/? = 10° GeV . (354)

However, not all the MSSM degrees of freedom can be in thermal equilibrium at such
a high temperature. Depending on the nature of a flat direction inflaton, the final

reheat temperature can be quite low.

For instance, if LLe is the inflaton then udd can acquire a large VEV independently.

The VEV of udd will spontaneously generate masses to the gluons and gluinos, i.e.

ma ~ g{p(t)) < g¢oo . (355)
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To develop and maintain such a large VEV for udd, it is not necessary that udd
potential has a saddle point, or point of inflection as well. It can be trapped in a false
minimum during inflation, which will then be lifted by thermal corrections when the
inflaton decays |88, [134]. The above inequality arises due to the fact that the VEV of
© cannot exceed that of the inflaton ¢, since its energy density should be subdominant

to the inflaton energy density.

If gpo > Tynae the gluon/gluino fields will be too heavy and not kinematically acces-
sible to the reheated plasma. Here ¢q is the VEV of udd at the beginning of inflaton
oscillations. In a radiation-dominated Universe the Hubble expansion redshifts the flat
direction VEV as (¢) oc H** which is a faster rate than the change in the temper-
ature T oc HY/2. Once g{¢) ~ T, gluon/gluino fields come into equilibrium with the
thermal bath. When this happens the final reheat temperature is generically small,
i.e. TR <107 GeV [88,1121]. See Secs. VTD 4, [VIDH| and [VTEL

1. Benchmark points for MSSM inflation and dark matter abundance

In this section we explore the available parameter space for inflation in conjunction with
a thermal cold dark matter abundance within the minimal SUGRA model. Remarkably
for the inflaton, which is a combination of squarks and sleptons, there is a stau-neutralino
coannihilation region below the inflaton mass 500 GeV for the observed density perturbations
and the tilt of the spectrum. For such a low mass of the inflaton the LHC is capable of
discovering the inflaton candidates within a short period of its operation. Inflation is also
compatible with the focus point region which opens up for the inflaton masses above TeV.

Since my is related to the scalar masses, sleptons (LLe direction) and squarks (udd
direction), the bound on m,, will be translated into the bounds on these scalar masses which
are expressed in terms of the model parameters [88].

Note that CMB constraints my at ¢g ~ 10'* GeV which is two orders of magnitude below
the GUT scale. From this mg, mg and m,/, are determined at the GUT scale by solving
the RGEs for fixed values of A and tan 8. The RGEs for my are

dm -1.3 9
dm? 1 2
e
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M, My and My are U(1), SU(2) and SU(3) gaugino masses respectively. After determine
mg and m;, from mg, one can determine the allowed values of mg from the experimental
bounds on the mSUGRA parameters space [711-714].

The models of mSUGRA depend only on four parameters and one sign. These are
my (the universal scalar soft breaking mass at the GUT scale Mg); mq/, (the universal
gaugino soft breaking mass at Mg); Ao (the universal trilinear soft breaking mass at Mg);
tan 5 = (H,)(Hy) at the electroweak scale (where H, gives rise to u quark masses and
Hy to d quark and lepton masses); and the sign of p, the Higgs mixing parameter in the
superpotential (W, = pH,Hy).

Unification of gauge couplings within SUSY suggests that Mg ~ 2 x 10'® GeV. The model
parameters are already significantly constrained by different experimental results. Most
important constraints are: (1) The light Higgs mass bound of Mo > 114.0 GeV from LEP
[715]. (2) The b — s branching ratio [716]: 2.2 x 107 < B(B — X,v) < 4.5x107*. (3) In
mSUGRA the x! is the candidate for CDM. (4) The 20 bound from the WMAP [12] gives a
relic density bound for CDM to be 0.095 < Qcpyh? < 0.129. (5) The bound on the lightest
chargino mass of Mg+ > 104 GeV from LEP [717]. (6) The possible 3.3 o deviation (using
eTe” data to calculate the leading order hadronic contribution)from the SM expectation of
the anomalous muon magnetic moment from the muon g — 2 collaboration [718].

The allowed mSUGRA parameter space has mostly three distinct regions: (i) the stau-
neutralino (7, — Xg), coannihilation region where ¥; is the LSP, (ii) the Y} having a
dominant Higgsino component (focus point) and (iii) the scalar Higgs (A°, H°) annihilation
funnel (2Mz =~ Mao po).

The mSUGRA parameter space in Figs. (I2), for tan 5 = 10 and 40 with the udd flat
direction using A = 1. In the figures, we show contours correspond to ny, = 1 for the
maximum value of §y = 2.03 x 107 (at 20 level) and n, = 1.0, 0.98, 0.96 for 6y =
1.91 x 107°. Tt is also interesting to note that the allowed region of my, as required by
the inflation data for A = 1 lies in the stau-neutralino coannihilation region which requires
smaller values of the SUSY particle masses. See Fig. (@), where both co-annihilation and
focus point regions have been illustrated for A ~ 1 — 0.02.

The SUSY particles in this parameter space are, therefore, within the reach of the LHC
very quickly. The detection of the region at the LHC has been considered in [719]. From

the figures, one can also find that as tan 8 increases, the inflation data along with the dark
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FIG. 12: The contours for different values of ns and 0y are shown in the mg — my/, plane for
tan 8 = 10,40, and A = 1 for the contours. We show the dark matter allowed region narrow
blue corridor, (g-2),, region (light blue) for a, < 11 x 1078, Higgs mass < 114 GeV (pink region)
and LEPII bounds on SUSY masses (red). In the third panel A = 0.1 were chosen, The black
region is not allowed by radiative electroweak symmetry breaking, and m; = 172.7 GeV for this
graph. Note that black curved lines denote the cosmological parameters, (dz7,ns), within 95%c.l.

Note that smaller values of ny < 1 is preferred by the dark matter abundance in this scheme of

parameters. The plots are taken from [696].

matter, rare decay and Higgs mass constraint allow smaller ranges of m;,. For example, the
allowed ranges of gluino masses are 765 GeV-2.1 TeV and 900 GeV-1.7 TeV for tan g = 10
and 40 respectively. Now if A is small, i.e. A S 107!, the allowed values of mg would be
large. In this case the dark matter allowed region requires the lightest neutralino to have

larger Higgsino component in the mSUGRA model.

2. Can dark matter be the inflaton?

If the reheat temperature of the universe is higher than the mass of the inflaton, then the
plasma upon reheating will, in addition, have a thermal distribution of the inflaton quanta.
If the inflaton is absolutely stable, due to some symmetry, then it can also serve as the cold
dark matter. One such example, NH,L as an observable sector inflaton is an interesting

scenario, as it can explain successful inflation, exciting SM quarks and leptons, the observed
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neutrino masses via Dirac coupling and the right handed sneutrino, N , as a dark matter
candidate [698)].

It is well known that for particles with gauge interactions, the unitarity bound puts an
absolute upper bound on the dark matter mass to be less than ~ 100 TeV [334]. Once the
temperature drops below the inflaton mass, its quanta undergo thermal freeze-out and yield
the correct dark matter abundance. Furthermore, scatterings via the new U(1)g_1, gauge
interactions also bring the right handed sneutrino into thermal equilibrium. Note that part
of the inflaton, i.e. its N component see Eq. (334), has never decayed; only the coherence
in the original condensate that drives inflation is lost. However, the neutrino Yukawa, h, is
way too small to allow acceptable thermal dark matter. Note that N would dominate the
universe right after the end of inflation if it had no gauge interactions.

In order to calculate the relic abundance of the RH sneutrino, it is necessary to know the
masses of the additional gauge boson Z’ and its SUSY partner Z’, the new Higgsino masses,
Higgs VEVs which break the new U(1) gauge symmetry, the RH sneutrino mass, the new
gauge coupling, and the charge assignments for the additional U(1). Assuming that the new
gauge symmetry is broken around 2 TeV, and the existence of two new Higgs superfields to
maintain the theory anomaly free.

The primary diagrams responsible to provide the right amount of relic density are medi-
ated by Z' in the t-channel. In Fig. (13), we show the relic density values for smaller masses
of sneutrino. In the case of a larger sneutrino mass in this model, the correct dark matter
abundance can be obtained by annihilation via Z’ pole [698, [720]. A sneutrino mass in the
1 —2 TeV range provides a good fit to the PAMELA data and a reasonable fit to the ATIC
data [721].

Since the dark matter candidate, the RH sneutrino, interacts with quarks via the Z’
boson, it is possible to see it via the direct detection experiments. The detection cross
sections are not small as the interaction diagram involves Z’ in the t-channel. The typical
cross section is about 2x107% pb for a Z’ mass around 2 TeV, makes it possible to probe

the dark matter candidate in direct detection [722].
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Qh?

FIG. 13: Qh% vs m ~- The solid lines from left to right are for Qh? = 0.094 and 0.129 respectively.
The Z'-ino mass is equal to the Bino mass since the new U(1) gauge coupling is the same as the

hypercharge gauge coupling.
E. Stochastic initial conditions for low scale inflation

It is conceivable that the universe gets trapped in a metastable vacuum at earlier stages,
irrespective of how it began. Metastable vacua are ubiquitous in string theory, see the
discussion in section [VIITDl Inflation can be driven from one vacuum to another, either via
quantum tunneling or via transient phase of non-inflationary dynamics [155]. In any case,
it is important to note that these high scale inflation provides a natural initial condition for
MSSM inflation.

Let us imagine that there are almost degenerate metastable vacua. Once the energy den-
sity of the false vacuum dominates, inflation begins and the universe undergoes accelerated
expansion with a constant Hubble rate Hp,e. False vacuum is not stable and decays via
bubble nucleation. The rate per volume for the decay of a metastable vacuum to the true
vacuum is given by:

')V =Cexp(—ASEg) , (357)

where C' is a one-loop determinant and ASEg is the difference in Euclidean actions between
the instanton and the background with larger cosmological constant. The determinant C'
can at most be C' S Mj, simply because Mp is the largest scale available, and estimates

(ignoring metric fluctuations) give a value as small as C' ~ 5, with 7y the instanton bubble
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radius [723,724]. Therefore a typical decay rate in a (comoving) Hubble volume is given by
4

M,
rs HTP exp (—ASg) . (358)

false

Especially with a large Hubble scale Hp,ge, the associated decay time is much longer than

H—l

false’

given that typically ASg > 1. This implies that most of the space is locked in the
false vacuum and inflate forever, while bubble nucleation creates pockets of true vacuum
whose size grow only linearly in time. Here we will concentrate on one such true vacuum,

where MSSM flat directions can be excited.

1. Quantum fluctuations of MSSM flat directions

During false vacuum inflation quantum fluctuations displace any scalar field whose mass
is smaller than Hgye.. The question is whether these fluctuations can push the MSSM
inflaton sufficiently to the plateau of its potential around the point of inflection ¢q, see
Egs. (319324)). If MSSM inflaton begins with a small VEV ¢ < ¢q, the mass term in
Eq. (311) dominates. Hence, for any Hp,s > O(TeV), it obtains a quantum jump, induced
by the false vacuum inflation, of length Hpase/27, within each Hubble time [486]. Typically
the quantum fluctuations have a Gaussian distribution, and the r.m.s (root mean square)
value of the modes which exit the inflationary Hubble patch within one Hubble time is
given by Hp,se/2m. These jumps superimpose in a random walk fashion, which is eventually
counterbalanced by the classical slow-roll due to the mass term, resulting in [173, 181-

183, 1191, 1486]

3HE .. 2m?2
() = e ; 1—exp( - 3Hfaiet)}’ (359)
which for t — oo yields
3 HZ,
rm.s — — = 360
Cb, 871'2 m¢ ( )

If ¢pm.s > o, then ¢ will lie near ¢g, see Eq. (B19),in many regions of space. This requires
that

{2\ 1/4
Huse > () " (mago)* 2 10° GeV, (361)

where mg ~ 100 GeV and ¢y ~ 3 x 10" GeV. ¢,.,, s settles at its final value when ¢ >

3 Hpalse/2m7, which amounts to

3/ Healse \ 2
Nfalse > _< ol ) r% 10167 (362)
2\ my
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e-foldings of false vacuum inflation. The large number of e-foldings required is not problem-

atic as inflation in the false vacuum is eternal in nature.

2. Inflection point as a dynamical attractor

In general the MSSM inflaton can have a VEV above the point of inflection ¢ > ¢q
and/or a large velocity qu at the beginning of false vacuum inflation [86-89, 279]. In this
case the classical motion of the field becomes important. There are typically three regimes
in the evolution of ¢ field [89]; (1) Oscillatory regime: If the initial VEV of ¢, denoted by
¢i, is such that V”(¢;) > HZ ..., then it starts in the oscillatory regime, (2) Kinetic energy

dominance regime: If ¢; < ¢y, then V"(¢) < HE,.., and the potential is flat during false
vacuum inflation, then the dynamics of ¢ in this case depends on its initial velocity denoted
by ¢;. If gbf > 2V (¢;), the kinetic dominance prevails. In principle the inflaton will overshoot
the point of inflection only if it begins very close to ¢y and has a large negative velocity
initially. It is interesting to note that ¢ can end up above the point of inflection even if
¢; < ¢g, provided that b; > 3 Hpase (00 — ¢;). The most important regime is (3) the slow-roll
regime: which we will discuss below.

Once an initial phase of oscillations or kinetic energy dominance ends, ¢ starts a slow-roll
motion towards the inflection point, ¢y. The equation of motion in this regime is 3Hfalsegz5 +
V'(¢) =~ 0. Initially the field is under the influence of the non-renormalizable potential, i.e.
V(g) o< ¢, see Eq. ([BI7), however, as ¢ moves toward ¢y, the ¢'° term becomes increasingly
smaller. Eventually, for ¢ ~ ¢q, we have V'(¢) = V'(¢g) + V" (¢0)(¢ — ¢0)?/2. It happens
that this is the longest part of ¢ journey. It is desirable to find how long does it take for ¢

to reach the edge of the plateau in Eq. ([324]). Outside the plateau, V'(¢p) is subdominant,

see Eqgs. (322 B23)), and hence:
30— )

363
3Hfalso¢0 ( )
This results in
3Hfalse¢0
— N — 364

for large t. Therefore the inflection point acts as an attractor for the classical equation of
motion. After using Eq. (324)), tgow = 1010 e-foldings of false vacuum inflation (note that
do ~ 10" GeV, and Hpyee > my ~ O(100) GeV). After this time ¢ is settled within the
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FIG. 14: The plot shows ¢ (scaled by ¢g) as a function of time for ¢; = 10 and $; = 100, with

Hpase = 103my. There is an initial oscillatory phase since V”(¢;) > HZ ... It ends quickly as the

false*
amplitude of oscillations decreases fast due to Hubble expansion. Then the slow-roll motion begins
which lasts much longer. In the second plot the slow-roll phase for the same initial conditions is

depicted. Tt lasts very long but the field asymptotes to the point of inflection ¢o with ¢ — 0. The

plots are take from [89].

plateau in the bulk of the inflating space. This implies that the bubbles which nucleate

henceforth have the right initial conditions for a subsequent stage of MSSM inflation.

3. Inflating the MSSM bubble

Let us consider the bubbles that have the right initial conditions for MSSM inflation, i.e.
¢ has settled in the plateau around a point of inflection according to Eq. (824]). The initial
size of the bubble is ry < H; . . Inside of an expanding bubble has the same geometry as

false*

an open FRW universe. The Hubble rate inside the bubble is therefore given by [279]

V¢> + V 1
= L — (365)

H? = I
where a is the scale factor of the universe and V,, is the energy density in the ¢ field. Note
that ¢ is the field responsible for forming the false vacuum, which could either arise within
MSSM or from some other sector.There are examples of ¢ field as an MSSM flat direction.

Since ¢ is inside the plateau of its potential, its dynamics is frozen, hence V(¢) ~ V(¢y)
as long as H > Hyggum. Right after tunneling, H = a/a =1y 1> Hiuse. This implies that the
last term on the right-hand side of Eq. (B65) dominates over the first two terms, and hence
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FIG. 15: The attractor behavior holds for a wide range of initial values of ¢ and ¢. In the left panel
the initial values of ¢ versus ¢ for Hiyge = 102m¢ is shown. The dots show the initial values for
which ¢ settles to £¢g and the white bands N show the critically damped regions where ¢ settles
to zero at late times. The situation improves a lot for a larger Heyee = 1O4m¢ as shown in the
right hand panel. The plots are symmetric under ¢ — —¢. Here we have shown the upper half of

¢ — ¢ plane where ¢ > 0. The plots are take from [89].

the universe is curvature dominated. The ¢ field oscillates around the true vacuum of its
potential at the origin, and quickly decays to radiation whose energy density is redshifted
o< a~*. On the other hand the curvature term is redshifted oc a™2, while V(¢) remains
essentially constant (due to extreme flatness of the inflaton potential) for H > Hyssy. As
a result, the universe inside the bubble will remain curvature dominated until H ~ Hyssm.

At this point the inflaton field ¢ dominates the energy density and a phase of MSSM
inflation begins. This blows the open universe inside the bubble and inflates away the
curvature term. As long as the total number of e-foldings is Ng plus few, the observable
part of the universe looks like flat today (within the limits of 5 year WMAP data) [12].
Perturbations of the correct size with acceptable spectral index will be generated during the

slow-roll phase, and the SM degrees of freedom will be created from the decay of ¢ field in
the post-inflationary phase.

F. Other examples of gauge invariant inflatons

Within MSSM:

So far we have studied the flat direction inflaton represented by a monomial superfield, ®,
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instead one can also imagine a polynomial I spanned by the Higgses and the sleptons as an
example [692],
I = I/lHuLl + VQHuLQ + VgHuLg (366)

where v; are complex coefficients, H, is the up-type Higgs and L; are the sleptons. For a

following field configuration, the polynomial I has a vanishing matter current and vanishing

gauge fields [692],
o [0 » 1
L; = X%, . Hy=e2 Do) , (367)
1 p 0

where ¢; are complex scalar fields and the phase x is a real field constrained by
T

DML
The field configuration in Eq. ([BG7) leads to an effective Lagrangian for the flat direction
fields ¢;,

8, I = 6;0,0: — $:0,9; - (368)

3
1 1
L=|D,H,+Y |DL*-V = 50@* <1 +P— 5132) b -V, (369)

i=1
where D, is a gauge covariant derivative that reduces to the partial derivative when the

gauge fields vanish, P; is the projection operator along ® and P, along ¥, where

- ¢ ¢
d=(¢1 ¢ ¢3)", o=1 | U= _ ] (370)
¢ —¢
and the corresponding equation of motion
. 1 oV L i
0,0'®+3HP + (1 — §P1 + P 5 R [QL\I/ (UToHD)

1

+ U (0,VT R0 d) + §<1> 9,®1 (1 — P - gpg) aﬂcb] =0, (371)

where R = vV ®T®. We are interested in the background dynamics where all the fields are
homogeneous in time, and for simplicity we study only the radial motion, such that ® = Rég,
where ép = 0 (the dot denotes derivative w.r.t time). Then the equation of motion simplifies
to

10V

R43HR+ 555 =0, (372)
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A notable feature is that the fields have non-minimal kinetic terms, since the field manifold
defined by the flat direction is curved, actually a hyperbolic manifold. This results into the
usual equation of motion for one scalar field with a potential for the radial mode except for
the factor 1/2, which makes the potential effectively flatter in this direction. This can be
traced to the square root nature of H, in Eq. (B67).

As far as our example of LH, is concerned there are only three families which we
can account for. The flattest MSSM direction, QuQue, is lifted by n = 9 superpotential
operator, QuQuQuHjee. The flat direction QuQue is an 18 complex dimensional manifold,
Ref. [399]. The largest D-flat direction is only 37 complex dimensional [399]. One can
imagine a larger representation which will have larger number of D-flat directions which

can mimic assisted inflation [281] ™.

Beyond MSSM:
A gauge invariant inflationary model has been proposed sometime ago in in Ref. [728]. The
idea is that (SU(3))® gauge group is spontaneously broken down to SU(3). x SU(2); x
SU(2)g x U(1)p_r. The quartic contribution to the superpotential is given by a D-flat
direction of (SU(3))3, ®, which is invariant under 27,

A

~ ——(2727)?
w MP( 727)2, (373)

where ) is a small number determined by matching the amplitude of the CMB observations,
and ® is the monomial representing, N, N or v¢,¢. The potential along such a D-flat
direction is given by [728]:

Mol
3 ME’

V(o) m M5 | o "+ (374)

™ Let us consider M fields H; and N — 1 fields G; in the fundamental representation N of the gauge
group SU(N). Note that the matter content is also enhanced, which has a total N — 1 + M
degrees of freedom. Then there exists a D-flat direction described by a gauge invariant polyno-
mial [ = Zﬁl €y oy HY ---H;f,N:llGj, which after solving the constraint equations 9I/0H{ =
CH$*, 0I/0G} = CG{* produces a vacuum configuration: Hf = §%¢;, for j = 1,--- M, and
G¢ =468 Z;‘il |¢;|?, for i = 1,--- ,N — 1. When one substitutes these into D-terms, one finds that all
D-terms vanish. The Lagrangian for the flat direction is given by £ = ¢ Zﬁl |D H; 2 +e SN DG -
V({Hi,G;}), where ¢ = 1/2 for the real fields, and ¢ = 1 for the complex fields [281, [725]. The lagrangian
reduces to: £ = 39,1 [1 4+ (N — 1)P]9"® — V(®) where P = ®®T/(®1®) is the projection operator, and
the field configurations of the real fields are: ® = (¢1,..., ¢ )7, for ¢; € R. Similar generalizations can

be made for N x N non-commutative hermitian matrices, see [726, [727].
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where Mg ~ 103 GeV, denotes the soft SUSY breaking scale. It was argued that the negative
mass squared term would appear due to running in presence of strong dynamics [72§].
Inflation happens near ¢ ~ 0, and ends with a VEV, ¢ ~ M ~ \"V2/MpMg GeV.
In order to match the CMB temperature anisotropy, AT /T =~ 0.023)\N5, where Ng =
(27/3)(¢/Mp)? is the number of e-foldings before the end of inflation. We require M ~
10" GeV and A ~ 1077 [728]. The spectral index for the scalar perturbations tend to be
small n ~ 0.92—0.88, while the ratio of the tensor to the scalar ratio is given by; r ~ 0.4—0.7.

VI. INFLATON DECAY, REHEATING AND THERMALIZATION
A. Perturbative decay and thermalization

For a plasma which is in full thermal equilibrium, the energy density, p, and the number

density, n, of relativistic particles are given by |25, |95]

p = (7°/30)T*, n=(¢(3)/x*) T, (Boson) ,
p = (7/8) (x*/30) T*, n=(3/4)(¢(3)/7*)T®, (Fermion), (375)

where T is the temperature of a thermal bath. Note that in a full equilibrium the relation-
ships, (E) ~ p'* and n ~ p** hold, with (E) = (p/n) ~ 3T being the average particle
energy. On the other hand, right after the inflaton decay has completed, the energy density
of the universe is given by: p ~ 3 (Fde)Q. For a perturbative decay, which generates en-

1/4

tropy, we have (E) ~ mg > p'/*. Then, from the conservation of energy, the total number

density is found to be, n & (p/my) < p*/4

. Hence the complete inflaton decay results in a

dilute plasma which contains a small number of very energetic particles. This implies that

the universe is far from full thermal equilibrium initially [92,193, 196-99, 119, [121), [729].
Reaching full equilibrium requires re-distribution of the energy among different particles,

kinetic equilibrium, as well as increasing the total number of particles, chemical equilibrium.

172



Therefore both the number-conserving and the number-violating reactions must be involved.

Ji X Ji Ji X fﬁ

f2 i f2 f2 i f2
Fig. A Typical scattering diagram which builds kinetic equilibrium in the reheat plasma.

Note that the t—channel singularity which results in a cross-section oc |[¢|~'. The second

panel shows a typical scattering diagram which increase the number of particles.

e Kinetic equilibrium among SM fermions:
The most important processes are 2 — 2 scatterings with gauge boson exchange in
the t-channel, shown in Fig. (A). The cross-section for these scatterings is ~ at|™.

//t//

Here is related to the exchanged energy, AF, and the momentum, A—];, through
t = AE? — |A—];|2 The fine structure constant is denoted by a (note that o > 1072
in the SM/MSSM). This cross section can be understood as follows: the gauge boson
propagator introduces a factor of |t\_2, while phase space integration results in an extra
factor of |t|. Scalar exchange in ¢-channel diagrams are usually suppressed, similarly a
fermion-fermion-scalar vertex, which arises from a Yukawa coupling, flips the chirality

of the scattered fermion, are also suppressed. Due to an infrared singularity, these

scatterings are very efficient even in a dilute plasma [119, [121].

e Chemical equilibrium:
In addition one also needs to achieve chemical equilibrium by changing the number
of particles in the reheat plasma. The relative chemical equilibrium among different
degrees of freedom is built through 2 — 2 annihilation processes, occurring through
s—channel diagrams. Hence they have a much smaller cross-section ~ as~!. More
importantly the total number of particles in the plasma must also change. It turns out
from Eq. (B75) that in order to reach full equilibrium, the total number of particles
must increase by a factor of: neq/n, where n ~ p/m, and the equilibrium value

is: neq ~ p**. This can be a very large number, i.e. ne/n ~ O(10%). It was
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recognized in [119,[120], see also [730H732], that the most relevant processes are 2 — 3
scatterings with gauge-boson exchange in the t—channel. Again the key issue is the
infrared singularity of such diagrams shown in Fig. (A). The cross-section for emitting

V2 « E| from the scattering of two fermions is

a gauge boson, whose energy is |t
~ a?[t|”". When these inelastic scatterings become efficient, i.e., their rate exceeds the
Hubble expansion rate, the number of particles increases very rapidly [733], because
the produced gauge bosons subsequently participate in similar 2 — 3 scatterings.
Decays (which have been considered in [732]) are helpful, but in general they cannot

increase the number of particles to the required level.

The full thermal equilibrium will be established shortly after the 2 — 3 scatterings become
efficient. For this reason, to a very good approximation, one can use the rate for inelastic
scatterings as a thermalization rate of the universe I'yy,,. Since the inflaton decay products
have SM gauge interactions, the universe reaches full thermal equilibrium immediately after
the inflaton decay. The reason is that the 2 — 3 scatterings with gauge boson exchange in
the t—channel are very efficient, see |[119-121].

Even before all inflatons decay, the decay products form a plasma can very quick ther-
malize, and the plasma has the instantaneous temperature given by Eq. (76). The plasma
can reach its maximum 7., soon after the inflaton field starts to oscillate around the min-
imum of its potential, which happens for a Hubble parameter H; < mg,. During this era
the energy density of the universe is still dominated by the (non-relativistic) inflatons that
haven't decayed yet. The scale factor of the universe a then varies as a oc 7%/ [95]. The
universe remains in this phase as long as H > I'q. During this phase one can produce
massive long-lived or stable weakly interacting massive particles (WIMPS) [120, [734-741],
see also gravitational production of particles [742, 743]. There are three possible scatterings
which have been discussed in the literature.

Particle creation via Soft-soft scatterings were investigated in detail in Refs. [734-738,
741], where the relevant Boltzmann equations governing the production and annihilation of
stable particles, x’s, are solved both numerically and analytically. In Refs. [734-736, [741],
out of equilibrium production of y from scatterings in the thermal bath were studied and

the final result is found to be (the superscript “ss” stands for x production from “soft—soft”
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scatterings) 7:

200\*? . /2000T%\"
OSh? ~ ( ) a2< R) . (376)

9s Y\ my
Here ), is the x mass density in units of the critical density, and & is the Hubble constant
in units of 100 km/(s-Mpc). The cross section for x pair production or annihilation is given
by: o ~ of/m2. Most yx particles are produced at T" ~ m,/4. The density of earlier
produced particles is strongly red—shifted, while y production at later times is suppressed

by the Boltzmann factor.

B. Non-perturbative inflaton scatterings

Many studies have been devoted to understand non-perturbative effects during reheating.
Various non-thermal and non-perturbative effects may lead to a rapid transfer of the inflaton
energy to other degrees of freedom by the process known as preheating. The requirement
is that the inflaton quanta couple to other (essentially massless) field x through, i.e. terms
like ¢*x%. The quantum modes of y may then be excited during the inflaton oscillations
via a_parametric resonance. Preheating has been treated both analytically [96-99, 111-
118, 123, 1530, [744-753] (for an elaborate discussion on reheating and preheating, see [99]),
and numerically on lattice simulations |[100-110, [754]. Like bosons, fermions can also be
excited during preheating [94, 331, [755-758]. In fact, it has been argued that fermionic
preheating is more efficient than bosonic preheating, however these fermions can not be
related to the chiral fermions of the SM. The SM fermions can only couple to a gauge singlet
inflaton via non-renormalizable dimensional 5 operators, therefore the effective couplings are
very small. During preheating it is possible to excite gravity waves [709, [759-768], magnetic
field [769, [770], gravitino abundance with spin £1/2, + 3/2 [641, [771-776], moduli and
non-thermal stringy relics [777], phase transitions |707, [778]. A successful cold electroweak
baryogenesis were also studied in the context of preheating [779-781].

During preheating, it is also possible to excite the perturbed FRW metric potential,
see 210, [763, [782-785], however as shown in Ref. [786], it is hard to excite large metric

™ Particle creation via hard-soft scatterings, and hard-hard scatterings were also considered in [120, [740].
It was found that the x production through hard—hard scattering is most efficient before thermalization

is completed.
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perturbations in g?¢*y? theory. For large g and large inflaton VEV, ¢, the initial x pertur-
bations in the vacuum are very much suppressed, see also [787]. The second order metric
perturbations can also leave non-Gaussian signature during preheating [238-241, 565,

which may put severe constraint on a simple A\¢? inflation model [23§].

1. Parametric Resonance

Let us briefly review the initial stages of a gauge singlet inflaton decay, which happens
typically non-perturbatively, i.e. preheating, in most of the non-SUSY cases. In SUSY, there
are complications with the potential itself, as well as the presence of MSSM flat directions.

Our focus is on bosonic preheating which acts most efficiently in transferring the energy
density from the inflaton oscillations. We consider models of large field inflation, such as
chaotic inflation or hybrid models, for which bosonic preheating is most pronounced. The
relevant renormalizable couplings between the inflaton ¢ and a scalar field x will read from

the following potential:

1 1
V= imigbz + §m§<X2 + opx® + 2o + A, (377)

where we have considered ¢ and y to be real. Here o is a coupling which has a [mass]
dimension. The only scalar field in the SM is the Higgs doublet. Therefore in a realistic case
x denotes the real and imaginary parts of the Higgs components. The cubic interaction term
is required for a complete inflaton decay. The quartic self-coupling of x is required to bound
the potential from below along the x direction. The dimensionless couplings o/m, and h
(as well as \) are not related to each other, hence either of the cubic or the quartic terms
can dominate at the beginning of inflaton oscillations (i.e. when the Hubble expansion rate
is H(t) ~ mg and the amplitude of oscillations is ¢ ~ O(Mp)).

In a non-SUSY case efficient preheating happens over a narrow window 3 x 107* < h <
1073, The reason is that the h2¢?y? term yields a quartic self-coupling for the inflaton at a
one-loop level which is constrained by the CMB normalization of the density perturbations,
i.e. A < 107, However, in SUSY this correction is canceled out by that from fermionic

partner of y, so in principle one could expect a rather broader range of parameter space.
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Neglecting the self interaction for x field, the equation of motion for x, quanta is given by:
. a. k? 2 2,2
Xk"‘?)an"‘ ¥+mx+2(0¢+h¢) xr=0. (378)

It is assumed that the inflaton oscillations are homogeneous, ¢(t) = ¢(t)sin(myt), where

o(t) = (Mp/v/3nmyt), for chaotic inflation with mass mg. The occupation number for the

w (1|2 1
m= 2 (B ) - 5 (379)

2\ w? 2’

It was observed in Refs. [96-99], that in general one can have a narrow resonance, when

excited xy is given by:

expansion of the universe and the trilinear interaction are neglected, then the evolution
for x, yields a Mathieu equation, which has well known instability bands, during which
the mode grows exponentially, xx o exp(ufz), where p} is set by the instability band A}
labeled by an integer n, and z = myt. The resonance occurs for k = 0.5m,(1 £ ¢/2), where
1, vanishes at the edges and takes the maximum value p, = ¢/2, where ¢ = ¢2(¢2/ 4m3).
Thus the occupation number grows exponentially. The situation changes quite dramatically
when one switches the expansion rate of the universe, the evolution of the scalar field during
the first 10 — 50 oscillations modifies to:

Mp cos (myt)

V3T md)t

where t is the physical time. The presence of the t at the denominator shows the damping

o(t) ~ (380)

of the oscillations due to the expansion of the universe. During this period the stochastic
resonance come into the picture [99], where there are resonance bands as well as decrease
in the particle number due to quantum effects.

In either case (expanding or non-expanding background), based on initial VEV of ¢ there

would be two distinct cases.

o 0 <K h?>Mp:
In this regime the h%2¢?y? term is dominant at the beginning of the inflaton oscilla-
tions. This case has been studied in detail in first two references of |98, 99]. For
a nominal value of the inflaton mass, i.e. my = 10" GeV in chaotic inflation case,
non-perturbative y production during every oscillations of ¢ field, with a physical
momentum, k S <hm¢¢3) 2 (where b ~ Mp), takes place if h > 107°. Particle pro-

duction is particularly efficient if h > 3 x 107*, and results in an explosive transfer of
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energy to xy quanta. The number density of y; quanta increases exponentially. The
parametric resonance ends when re-scatterings destroy the inflaton condensate. The
whole process happens over a time scale ~ 15Om;1, which depends logarithmically on

h |99, 101].

o 0> h?>Mp:
In this regime the cubic term o¢x? dominates. This case was recently considered in
Refs. [102,[788], where the the y field becomes tachyonic during half of each oscillation.
For ¢ > m7/Mp (which amounts to o > 107 GeV for mg = 10" GeV) this tachyonic
instability transfers energy from the oscillating condensate very efficiently to the x
quanta with a physical momentum k 3 (aq?)) 1/2. Particle production ceases when the
back-reaction from y self-coupling induces a mass-squared > O’Qg. Depending on the
size of A, most of the energy density may or may not be in y quanta by the time back

reaction becomes important [789].

Couple of points to note here. In the borderline regime o ~ h%?Mp, the cubic and quartic
interaction terms are comparable. The inflaton decay happens due to a combination of
resonant and tachyonic instabilities. If h < my/Mp and o < mj/Mp, the inflaton decays
perturbatively via the cubic interaction term. However this requires very small couplings;
h, (0/mg) < 107%. Therefore, unless the inflaton is only gravitationally coupled to other
fields, the initial stage of its decay will be generically non-perturbative.

Resonant particle production and re-scatterings lead to the formation of a plasma con-
sisting of ¢ and y quanta with typical energies ~ 10~} (hm¢Mp)1/2, see [99, [114, 707, [778§].
This plasma is in kinetic equilibrium but full thermal equilibrium is established over a much
longer time scale than preheating |101, [103].

The occupation number of particles in the preheat plasma is > 1 (which is opposite
to the situation after the perturbative decay). This implies that the number density of
particles is larger than its value in full equilibrium, while the average energy of particles is
smaller than the equilibrium value. It gives rise to large effective masses for particles which,
right after preheating, is similar to their typical momenta [99, 114, [778]. Large occupation
numbers also lead to important quantum effects due to identical particles and significant
off-shell effects in the preheat plasma. Because of all these, a field theoretical study of

thermalization is considerably more complicated in case of preheating. Due to the large
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occupation numbers, one can consider the problem as thermalization of classical fields at
early stages [101-103]. In the course of evolution towards full equilibrium, however, the
occupation numbers decrease. Therefore a proper (non-equilibrium) quantum field theory
treatment will be inevitably required at late stages when occupation numbers are close to
one.

Preheating ends due to back reaction as well as the expansion of the universe. Preheating
does not destroy the zero mode of the inflaton condensate completely, although the amplitude
of the inflaton oscillations diminish, but the inflaton decay is completed when the zero mode
perturbatively decays into the SM or some other degrees of freedom, see [96-99)].

One of the most interesting effects of preheating is the copious production of particles
which have a mass greater than the inflaton mass mg. Such processes are impossible in
perturbation theory and in the theory of narrow parametric resonance. However, superheavy
x-particles with mass M > mg can be produced in the regime of a broad parametric
resonance. For very small ¢(t) the change in the frequency of oscillations w(t) ceases to be

adiabatic when the adiabaticity condition is violated [99]

d“;—? > Wi (t). (381)

The momentum dependent frequency, wy(t) violates the above condition when
K2+ m2 S (hP¢myo)?® — h2? . (382)

The maximal range of momenta for which particle production occurs corresponds to ¢(t) =

¢4, Where ¢, ~ % mT‘“b. The maximal value of momentum for particles produced at that
. hmyd . 2
epoch can be estimated by k7, +m; = =52, The resonance becomes efficient for hmg¢ Z

4mf<. Thus, the inflaton oscillations may lead to a copious production of superheavy particles
with m, > m if the amplitude of the field ¢ is large enough, hquS 2 4mf< /M.

During the second stage of preheating both mg4 and ¢ change very rapidly, but their
product remains almost constant because the energy density of the field ¢, which is propor-
tional to mi& /2, practically does not change until the very end of preheating. Therefore it
is sufficient to check that hme = 4mf< at the end of the first stage of preheating. One can

represent this criterion in a simple form [99]:

My ot 1012%) " (383)

m
< % 174 P
ERRVo R m¢<3m¢n h> M,
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For example, one may take m, = 2mg and h ~ 0.007, which corresponds to ¢y = h?¢?/ my; =
10% . The production of x-particles with m, = 10m, is possible for h Z 1072, Anyway, as
we shall see in a realistic SUSY case, the existence of heavy mass of y induced by the flat

direction VEV of MSSM can kinematically block resonant preheating altogether [122], see
Sec. VID1l

2. Instant preheating

Let us focus solely on the interaction h2¢?y?. In instant preheating the particle production
occurs during one oscillation of the inflaton |[117]. The particle production occurs when the
inflaton passes through the minimum of the potential ¢ = 0. In this case the process can
be approximated by writing ¢ = @o(t — t), where ¢ is the velocity of the field when it
passes through the minimum of the potential at time ¢;. The time interval within which
the production of o quanta occurs is [117] At, = (g|o|) /2, which is much smaller than
the Hubble expansion rate; thus expansion can be neglected. The occupation number of
produced particles jumps from its initial value zero to a non-zero value during —¢, < ¢ < ¢,.
In the momentum space the occupation number is given by [117] ny = exp (‘JTT’%) and

the largest number density of produced particles in z-space reads [117]

(hlgo|)*/2
o (384)
with the particles having a typical energy of (g|¢o|/m)"/?, so that their total energy density
is given by .
1 . (gl¢0])?
~ Z(6Wy)2 ~
P~ 5(077X) ST (385)

These expressions are valid if mi < g|¢o|- Instant preheating has applications especially
when gauge fields and fermions are involved [88, [706]. One particular interesting point
is when the modulus is carrying the SM gauge charges and passing through the point of
enhanced gauge symmetry, i.e. {¢) ~ 0 (see Sec.[VDI). Where the gluons are nearly massless,
then they can be excited with a similar abundance given by Eq. (384]). When the modulus is
displaced away from the point of enhanced gauge symmetry, the gluons become heavy due to
modulus induced VEV dependent mass ~ g(¢), where g is the gauge coupling. As the gluons

become heavy they rapidly decay into fermions to reheat the plasma [121]. Transferring the
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inflaton energy through this mechanism is quite fast and efficient, see the discussion on

reheating due to MSSM inflaton, Sec.

3. Tachyonic preheating

The second scenario is known as tachyonic preheating. Let us consider a simple example
of tachyonic potential
A

1
V="V — §m2><2 + ZX4 (386)

The rolling of a tachyon in itself results in an exponential instability in the perturbations
of x with physical momenta smaller than the mass. The tachyonic growth takes place
within a short time interval, t, ~ (1/2m)In(7?/)\) (see [707]). During this short period
the occupation number of y quanta grows exponentially for modes & < m up to ng ~
exp(2mt,) ~ exp(In(m?/\)) ~ w2/A\. For very small self-coupling, which is required for
a successful inflation, the occupation number, which depends inversely on the coupling
constant, can become much larger than one. First, the number density of the produced
particles in z-space is given by n, ~ m?®/(87)). Hence the total energy density stored in
produced x quanta is given by [707]

1 m?

1 1 m”
STt N

px ~ (OX)? ~ miny ~ (387)

The plasma from the non-perturbative inflaton decay eventually reaches full thermal equi-
librium, though, at time scales much longer than that of preheating itself [101, [103]. The
occupation number of particles is fr > 1 in the meantime. This implies that dangerous relics
(such as gravitino and moduli) can be produced much more copiously in the aftermath of
preheating than in full thermal equilibrium. This is a negative aspect of an initial stage of
preheating. One usually seeks a late stage of entropy release, in order to dilute the excess

of relics. As we shall show, SUSY naturally provides us a tool to undo preheating [122], see

Sec. V1D 1]

4. Fermionic preheating

The resonant and instant preheating calculations can be reanalyzed for a fermionic cou-

pling, h¢. In both the cases one would expect a large exponential growth in particle
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creation. It is also possible to excite superheavy fermions from resonant preheating [331, 756
758]. However note that both ¢ and 1 are SM gauge singlets.

For an inflaton field coherently oscillating about the minimum of the potential V =
%mzqﬁ If one neglects the back reaction of the created particles, then after few oscillations,
the inflaton evolves according to the formula Eq. (B80). Thus, there exists a final time after
which |¢| < my/h, and the total mass no longer vanishes, then the resonant production of
fermion ends.

The Dirac equation (in conformal time 7)) for a fermionic field is given by:
i 30
2V OutigHY —m(n) | =0, (388)

where a is the scale factor of the universe, H = a’/a? the Hubble rate and / denotes derivative
w.r.t. n, and m(n) = my + he(n), where m,, is the bare mass of the fermion. The particle

density per physical volume V = a3 at time 7 is given by:

N 1
(o) = O 10) = 5 [ dk? |3l (3%9)

where ay, i, are the Bugolyubov’s coefficients satisfying: |ax|* + |B|* = 1. The occupation
number of created fermions is thus given by ny = |Si|?, and the above condition ensures
that the Pauli limit n, < 1 is respected. One important physical quantity is the scaling of
the total energy

Py X My Ny, X qm}/z (390)

which is linear in ¢ = h2¢? /m7, as generally expected [331, [756-758], but also note that
my(t) oc g'/2.
In a realistic case, since the SM fermions are chiral, if the inflaton is a SM gauge singlet,

then it can only couple via dimension-5 operators, i.e.

MLPWHQ_I)QR, (391)
where A ~ O(1), H is the SM Higgs doublet and ¢, qr are the SU(2); doublet and the
right handed SM fermions, respectively. As a result preheating of SM fermions from a gauge
singlet inflaton becomes less important due to weak coupling.

In Ref. [331], it was argued that an inflaton coupling to right handed neutrino, h¢) N N,

where N is right handed neutrino, will induce non-thermal leptogenesis, where the right
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handed neutrinos were treated gauge singlets. Anyway, if we embed the right handed neu-
trinos in a gauge sector, where they get their masses via some Higgs mechanism, then one
requires non-renormalizable couplings like Eq. (39T]).

Similar argument holds for coupling to the SM gauge bosons, where the inflaton can only

couple via non-renormalizable operator, i.e.
A
—oF,, F", 392
i (392)

where A ~ O(1). Therefore, exciting the SM gauge bosons and the SM fermions through
parametric resonance of a gauge singlet inflaton is a daunting task. Inflaton would rather

prefer perturbative decay 8°.

5. Fragmentation of the inflaton

One very curious aspect of fermionic coupling to the inflaton is fragmentation of the
inflaton to form an inflating non-topological solitons, known as Q-balls 8!. Let us illustrate
this idea by studying a chaotic inflation model where the inflaton field is not real but
complex. Provided the fermions live in a larger representation than the bosons, the inflaton

mass obtains a Logarithmic correction 82

6)) 2
V =m?®|? [1 — Klog <|]\4—|2>} , (393)

where the value of K is determined by the Yukawa coupling h with K = —C(h?/167?),

where C' is some number. If K < 0, the inflaton condensate feels a negative pressure for

field values ¢ < M, we find:

Nl 2 2 ¢_2 " 242K
V(d))_2m3/2¢ e X ¢ . (394)

80 The only way one can excite SM fermions and gauge fields copiously, if they are directly excited by the
oscillations of the SM Higgs boson. This can happen in low scale electroweak baryogenesis [779-781], or
in the context of SM Higgs inflation [123]. During the Higgs oscillations the SM degrees of freedom can be
excited via parametric resonance, instant preheating and also via tachyonic preheating. All three phases
of preheating are present. The other notable example is the MSSM inflation discussed in Sec. [V Dl where

gluons and MSSM fermions were excited via instant preheating.

81 The Q-balls known to evaporate from their surface, see for a review |90], therefore suppressing the reheating

and thermalization time scale.
Similar corrections to the potential arises for the MSSM flat directions in a gravity mediated scenarios,
2
my /g

where m ~ O(TeV) and K ~ g- e where my /9 is the gaugino mass and mj is the slepton mass.

Fragmentation of such flat direction can excite Q-balls and also gravity waves, see [765, [766].

82
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FIG. 16: Lumps of Q-matter are formed during the fragmentation of a condensate with a potential

given by Eq. (393).

where we assume |K| < 1. The equation of state for a field rotating in such a potential is
LK K]
TorRPT T2

where p and p is a pressure and energy density of the scalar field, respectively. Evidently,

p (395)

the negative value of K corresponds to the negative pressure, which signals the instability

of the condensate. A linear perturbation analysis [498] shows that the fluctuations grow

exponentially if the following condition is satisfied:

k? [ k? 9
Clearly, the instability band exists for negative K, as expected from the negative pressure
arguments [90]. The instability band, k, is in the range [498] 0 < ’;—2 < kgg% = 2m; /2|K l,

where a is the expansion factor of the universe. The most amplified mode lies in the mid-
dle of the band, and the maximum growth rate of the perturbations is determined by
&~ |K|mg//2 M] When 0¢/¢y ~ O(1), the fluctuations become nonlinear. This is

the time when the homogeneous condensate breaks down into Q-balls and anti-Q-balls 3.

6. Non-perturbative creations of gravity waves

The gravity waves are generated during preheating, as the excitations involve inhomo-

geneous, non-spherical, anisotropic motions of the excited scalar modes. As a result, the

83 In general K and h are not independent quantities but are related to each other by |K| ~ C(h?/1672).

2
In this regime the evaporation rate is saturated by: I'g = %% ~ \1{\;3/2 (Mﬂp) m . Even though
coupling is large, i.e. h ~ O(0.1), the decay rate mimics that of a Planck suppressed interaction of the

inflating @-ball with matter fields.
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stress energy tensor receives anisotropic stress-energy contribution. The generation of grav-
ity waves were studied in Refs. [709, [759-768]. Typically, the peak frequency of the gravity
waves is such that they correspond to the sub-Hubble wavelengths at the time of production.
Gravity waves excitations can be studied numerically by following the transverse-traceless
(TT) components of the stress-energy momentum tensor. By perturbing the Einstein’s

equation, we obtain the evolution of the tensor perturbations, see [761]:

. . V2

hij + 3Hh” — ﬁh” = 167TGHU s (397)
where 9;II;; = II;; = 0 and 0;h;; = h; = 0. The TT part of the spatial components
of a symmetric anisotropic stress-tensor T}, can be found by using the spatial projection

operators, P;; = 6;; — l%,-l;‘j, with k; = ki /k:
L (k) = Aijyun () Tn (k) (398)

where A@Jmn(]%) = (Pi (]%)Pj (k) — (1/2)132](1%)13,%”(1%)) The TT perturbation is written as
hij(t, l;‘) = Aij,lm(iﬁ)uij(t, k), where

1

The source terms for the energy momentum tensor in our case are just the gradient terms
of the scalar field y involved during preheating.

1
Tij = ?(viXIVjXI + Vix2V;xa), (400)

where y; and y» represent the real and imaginary parts of ¢, respectively. The gravitational

wave (GW) energy density is given by:

.. 1
- 3k hi. b ~ /3 401
pew - d’k hi;h;; e dx U1 (401)

where V' is the volume of the lattice. As an application, let us consider exciting gravity
waves in hybrid inflation model of inflaton, with inflaton, ¢, and the Higgs field, x, see [761].
The coupled evolution equations that have to be solved numerically on a lattice for the

hybrid model of inflation are given by [761] 8*:

¥ =V + (¢lo]* + 1*) x =0, (402)
b0 — V20 + (6°X° + ANo|* —m?) ¢ =0, (403)

84 Note that the weakness of gravity renders negligible on scalar fields.
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FIG. 17: The time evolution of the different types of energy (kinetic, gradient, potential, anisotropic
components and gravitational waves for different lattices), normalized to the initial vacuum energy,
after hybrid inflation, for a model with v = 1073 Mp. One can clearly distinguish here three stages:

tachyonic growth, bubble collisions and turbulence. The plot is taken from [761].

where y is the inflaton and the ¢, are the complex water-fields.

The initial energy density at the end of hybrid inflation is given by: py = m?v?/4, with
m? = M\?, where v is the VEV of the Higgs field (water-field), so the fractional energy
density in gravitational waves is r is roughly given by [761]:

At oo 1

P _ - (s 404
po  vPm? 8w Guvm2 \7 /v’ (404)

where <hijhij>v, defined as a volume average like < [ dPxhi;hV | is extracted from the nu-
merical simulations.

There are three stages of preheating which contribute to gravity waves. First, an expo-
nential growth driven by the tachyonic instability of the long-wave modes of the Higgs field.
Second, the Higgs field oscillates around the true vacuum, as the Higgs’ bubbles collide and
scatter off each other. Third, a period of turbulence is reached, during which the inflaton
oscillates around its minimum and the Higgs is already settled in its vacuum [707, [761, [77§].

Gravity wave production has also been studied in a potential given by Eq. ([393). The
fractional energy density can be estimated by following Eq. (0Tl), given by [766]:

2
Qaw = 525 ~ KT (j’%) . (405)
The scalar field is dominating the energy density of the universe at the time of fragmentation.
For physically motivating parameters, we have chosen; m ~ 100 GeV, ¢(t) ~ 10 GeV, and
H(t) ~ 1 GeV, therefore, for a reasonable value of K ~ 0.1, we obtain, Qg ~ 107¢. Note
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FIG. 18: The final amplitude of the gravity waves does not depend on the initial perturbations, 9,
and The final amplitude of gravity waves saturates for different values of K. Note for K = 0 there
is no fragmentation at all, therefore there is no gravity waves.The field value is: ¢g = 10'6 GeV

and m ~ mg/, = 100 GeV.

that Qgw depends on the value of K, for K = 0 there are no excitations of gravity waves,

see Fig. (I8).

7. Nom-perturbative production of gauge fields

Let us now consider non-perturbative effects on gauge fields. For simplicity, let us consider
an example where the tachyonic field, y, is charged under U(1) x U(1), which arises quite
naturally in a brane-anti-brane inflation [709]. Here F'™ and F~ are the gauge fields that
live in the world volume of the brane and anti-brane respectively. The tachyon, Y, is a bi-
fundamental field that couples only to a linear combination of the two gauge fields: D, x =

dux — (A — A7) x, and ¢ is the inflaton field ®. The Lagrangian is given by:

1 1 1 1 A 1
L =20,00"¢ + s DuxD"x* + smid” + smi x|* (¢° — og) + = Ix[' = = F”
2 2 2 2 4 4
(406)

The tachyon mass is fixed in terms of the string scale, mr = M,, while the mass of the

inflaton is determined by the amplitude of the temperature anisotropy, which turns out to

85 The physical situation is quite similar to that of a hybrid inflation. The tachyon field in brane-anti-brane
inflation plays a dynamical role of a water-fall field or the Higgs field.
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be: mg = 0.01M,. The stress-energy tensor now gets contributions from both the charged

tachyon, y and uncharged inflaton, ¢, as well as the gauge fields, which is given by [709]:

1 1 1
Hij = ECF] ¢ géiijchc - DzXDJX* + géz]DkXDkX* — 8Z¢8j¢* + gémﬁkgb@kgb*
(407)

The energy density of the gravitational waves is simply given by the ‘t{,, component of the
energy-momentum tensor of the gravitational waves calculated in a synchronous gauge, i.e.
ho; = 0, hgg = 0. In Fig. (I9), the energy pumped into the gauge fields and the gravity
waves are shown for A = 1, my = 0.01 Mg and the tachyon mass is given by Mg = 107*Mp..
Of course, larger the value of a tachyon mass, greater is the instability, and the growth in
the respective perturbations, but compare the energy densities in gauge fields and gravity

waves.
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FIG. 19: Different colors show how the gravitational wave energy and gauge field energy grow for

different values of the tachyonic mass.

In Figs. (20), 4 snap-shots of the iso-surface of the constant energy density of gauge field,
gravity waves, tachyon and inflaton are depicted. All the fields except the inflaton show
a remarkable departure in the homogeneity. Except the inflaton, all fields undergo long
wavelength excitations (they all look relatively smooth on small scales), while the inflaton
obtains the largest inhomogeneity on the smaller scales. This is due to the fact that the

there is no long wavelength amplification for the inflaton in this case [709].
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FIG. 20: Snap-shots of iso-surface of the energy density for gauge field, gravity waves, tachyon
and the inflaton (from left-to-right) at a particular instant of time, ¢ = 300. The plots are taken
from [709].

8. SM Higgs preheating

On particular realistic example of preheating [123,1593] can be illustrated by the SM Higgs
inflation [85]. After inflation the Higgs field evolves in time, h = h(x(t)), see Eq. (213), so
the effective masses of the fermions and of the gauge bosons also obtain time dependence.

1 1
m = mz cosbw = S gh(x(t),  my = Sy h(x(1), (408)

where Oy is the Weinberg angle 6y, = tan™"(g1/g2), and y;, g1 and g, are the Yukawa and the
U(1)y and SU(2) couplings, respectively. The time dependent Higgs VEV spontaneously
breaks the gauge symmetry, and give masses to W and Z gauge bosons masses. The relevant
interactions are given by the charged and neutral Currents, coupling the SM fermions to
gauge bosons through the Jff, Jf currents, and the Yukawa sector, and coupling the SM

fermions with the Higgs:
S _ d4 2 +Y1 = 1 2 w _ 4 7 7
ssp = | day=g{miWiwr 4 om3z, 20} Sy = [ dav=g{mabata+ mabi .
92 -, 92 92
= [ d*a/=g 3 =W — + Z,Jh 5. 4
Scc + Sne / x g{ﬂWu S+ \/§WM S+ cos Oy uJZ} (409)

One can redefine the fields and masses with a specific conformal weight as to keep the

canonical kinetic terms for the gauge fields and fermions, provided: Wf = Wj /€,
Zy = Z,J da = /PR by, = b PP md, = Y cos? Oy = mi/ Q7 =
(G3ME/A€)(1 — =), vy = my /Q = (yMp/v/2E) (1 — =) where Q* ~ exp(ary)
with a = \/ﬂ and k = 1/Mp. The oscillations of the Higgs field can be approximated
by a simple quadratic potential U(x) = (1/2)M?x?, where M = \/\/3Mp/¢ ~ 107°Mp.

189



1e+08 -

Higgs: p, -
Bosons: pg
Fermions: pg «

1e+07 |

)
e}
o®

1e+06 |

100000

10000

1000

100 2040 €0 80 100 120 140 |=Mun

FIG. 21: Evolution of the energy density transferred into the gauge bosons and into the fermions

as a function of j, for A = 0.2 and & = 44700v/\. All densities are in units of M* [123)].

The oscillations evolve with x(¢) ~ X (¢) sin(Mt), where X (t) oc (Mt)™!, like in the matter-
dominated case. There is a small departure from a quadratic potential, which is given by
Eq. @I8), U(x) = (1/2)M?x* + AU(x), but during reheating this correction is negligible.
As x passes through the minimum, by virtue of its couplings, the gauge fields and fermions
become massless, therefore they can be excited through parametric resonance or via instant
preheating during every oscillations 8. However during one cycle of oscillation, the gauge
bosons and fermions become heavy, as x goes away from the minimum and obtains a time
dependent VEV. During this epoch the gauge fields can decay into lighter fermions, but
there is a kinematical blocking. The process of preheating is not as efficient as one would
have thought. Nevertheless, the Higgs energy can be transferred at a faster rate compared
to that of the perturbative decay of the Higgs, as shown in the Fig. (21I)) [123]. Furthermore,
in order to obtain a full thermalization, Higgs must decay completely, which happens in a

time scale similar to that of a perturbative decay rate.

C. SUSY generalization of reheating and preheating

Reheating, preheating and thermalization issues are quite different once SUSY is intro-
duced. SUSY introduces new degrees of freedom and new parameters. Cosmology also acts
as a test bed where some of the SUSY particles can be tested from the success of BBN, a

well known example is the gravitino problem in the context of a SUSY cosmology.

86 This feature was first discussed in the context of MSSM inflation, where instant preheating excites the

gluons abundantly near the point of enhanced gauge symmetry [88].
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1. Gravitino problem

The gravitino is a spin-3/2 partner of a graviton, which is coupled to the SM particles
with the gravitational strength. Gravitinos with both the helicities can be produced from a
thermal bath. There are many scattering channels which include fermion, sfermion, gauge
and gaugino quanta all of which have a cross-section oc 1/MZ [302-304], and [305], which
results in a gravitino abundance (up to a logarithmic correction):

Helicity j:g TN ( I ) 10712,

s 1010 GeV
(full equilibrium)

. 1 nsp M2 Tr _
Helicity + = : —= ~ (1 g 10712; 41
I T < " Tom2, ) \ 107 Gev 0 (410)

where Mz is the gluino mass. Note that for Mz < mg/s both the helicity states have

l

essentially the same abundance, while for Mz > mg/» production of helicity £1/2 states is
enhanced due to their Goldstino nature %7,

An unstable gravitino decays to particle-sparticle pairs, and its decay rate is given by
[y/0 o m§/2/4MP2,, see [304]. If mg/e < 50 TeV, the gravitinos decay during or after BBN
[25, [790], which can ruin its successful predictions for the primordial abundance of light
elements. If the gravitinos decay radiatively, the most stringent bound, (n3 12/ s) <1074 —
10712, arises for mg/, ~ 100 GeV — 1 TeV [313]. On the other hand, much stronger bounds
are derived if the gravitinos mainly decay through the hadronic modes. In particular, for a
hadronic branching ratio ~ 1, and in the same mass range, (77,3/2/8) < 10716 — 1071 will be
required [306, 1307].

For a radiatively decaying gravitino the tightest bound (ng/g / s) < 107* arises when
mgse =~ 100 GeV [313]. Following Eq. (#I0) the bound on reheat temperature becomes:
Tr < 10 GeV. For a TeV gravitino which mainly decays into gluon-gluino pairs (allowed
when mgz > M) a much tighter bound (nge/s) < 107! is obtained [306, 307], which
requires quite a low reheat temperature: T < 10° GeV.

The gravitino will be stable if it is the LSP, where R-parity is conserved. The gravitino

87 Since the cross-section for the gravitino production is o My 2 the production rate at a temperature,
T, and the abundance of the gravitinos produced within one Hubble time will be oc 73 and oc T respec-
tively. This implies that the gravitino production is efficient at the highest temperature of the radiation-

dominated phase of the universe, i.e. Tg.
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abundance will in this case be constrained by the dark matter limit, 23 /2h2 < 0.12, leading

to

M2 5% 10710 <
S

1 GeV) . (411)
ms/2

For mg/, < Mj, the helicity £1/2 states dominate the total gravitino abundance. As an
example, consider the case with a light gravitino, ms,; = 100 KeV, which can arise very

naturally in gauge-mediated models [701]. If M; ~ 500 GeV, see Eq. (10), a very severe

constraint, Ty < 10* GeV, will be obtained on the reheat temperature 3 89,

Note that the above discussions assume that all the MSSM degrees of freedom are in
thermal equilibrium instantly right after inflation, however this basic assumption is in con-
tradiction in presence of MSSM flat directions [121], which alters the thermal history of the

universe and also affects the gravitino abundance.

2. Gauge singlet inflaton couplings to MSSM

Within MSSM there exists two gauge-invariant combinations of only two superfields:
H,H,;, H,L. (412)

The combinations which include three superfields are:

H,Qu, H,Qd, HyLe, QLd, udd, and LLe. (413)

88 Gravitinos could also be produced by non-perturbative processes, as was first described in [771] for helicity
+3/2 component of gravitino. Later the production of the helicity 1/2 state were also studied [641, 772~
776, 791]. The helicity £1/2 component obtains a major contribution from the inflatino (superpartner
of inflaton), however the inflatino decays with the same rate as that of the inflaton, therefore the +1/2
abundance does not any major role |774H776, [791]. A very late decay of inflatino could however be
possible, as argued in [T74-776]. In [792], it was argued that if the inflatino and gravitino were not LSP,

then late off-shell inflatino and gravitino mediated decays of heavy relics could be significant.
89 Recently, non-thermal abundance of gravitino from a modulus decay has been revisited [793-796]. The
gravitino abundance is given by: Y3/ ~ Bs /2%, where Bg )y is the branching ratio into gravitino and
would be Bs /g = 10~2 — 1 with the mixing between modulus and the SUSY-breaking field, where we have
used an approximation ng/s ~ (31r/4my), essentially the moduli decay is creating all the entropy of the
universe. The branching ratio of the gravitino production from a modulus decay is little more contentious
than one would naively expect. For B3,y ~ 1, there is a possibility of overproducing gravitinos. However,
as it was pointed out in Ref. [795], the decay rate generically obtains a helicity suppression. The precise
value depends on the details of the SUSY breaking hidden sector. There are well known examples of

hidden sectors, where one naturally obtains the expected value of Bs/y ~ 1072 [795].
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SUSY together with gauge symmetry requires that the inflaton (a SM gauge singlet) su-
perfield be coupled to these combinations. The superpotential terms ®H,H,; and H,L
have dimension four, and hence are renormalizable. On the other hand, the interaction
terms that couple the inflaton to the combinations with three superfields have dimension
five and are non-renormalizable. In following we focus on renormalizable interactions of the
inflaton with matter which play the dominant role in its decay. Further note that terms
representing gauge-invariant coupling of the inflaton to the gauge fields and gauginos are
also of dimension five, and hence preheating into them will be suppressed .

Preserving R-parity at the renormalizable level further constrains inflaton couplings to
matter. Note that H,H, is assigned +1 under R-parity, while H,L has the opposite as-
signment —1. Therefore only one of the couplings preserves R-parity: ®H, H; if Re = +1,
and ®H,L. If R = —1 (such as models where the RH sneutrino plays the role of the
inflaton [765]). Therefore the renormalizable inflaton coupling to matter can be represented
as [122]:

290H,V (414)

where U = H, if R = +1 and ¥ = L if R = —1. Taking into account of the inflaton
superpotential mass term: (mg/2) ®®, and defining X, » = (H,+¥)/v/2, the renormalizable
part of the potential, which is relevant for the inflaton decay into MSSM scalars is given by:

1 1
VD omd® +g°¢°x" + ﬁg%@f : (415)

where x denotes the scalar component of X 5 superfields, and we have only considered the
real parts of the inflaton, ¢, and x field. Further note that the cubic interaction term appears
with different signs for x; and y», but this is irrelevant during inflaton oscillations.

In addition to the terms in Eq. (dI%), there are also the self- and-cross-couplings,

2
g 2
Vb D (Z) (O —x3)" + axixs, (416)

arising from the superpotential and D-terms respectively (« is a gauge fine structure con-

stant). Therefore even in the simplest SUSY set up the scalar potential is more involved than

90 Tt is possible that the inflaton mainly decays to another singlet (for example, the RH neutrinos) superfield,
however, the underlying interactions of a gauge singlet to the MSSM superfields do not change. One must
transfer the inflaton energy into the MSSM sector at any cost.
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the non-SUSY case given in Eq. (871), which can alter the picture of preheating presented

in the literature, see for the detailed discussion in Refs. [121), 122] '

D. MSSM flat directions, reheating and thermalization

The MSSM flat directions have important role to play in SUSY reheating and thermal-
ization [121, 122]. Consider a MSSM flat direction, ¢, with the corresponding superfield
denoted by ¢ (only for flat directions we are denoting the superfield and the field with the
same notation in this section). Note that since ¢ and X superfields are linear combinations
of the MSSM superfields (defined in the earlier subsection after Eq. (#14))), and hence are
coupled through the MSSM superpotential in Eq. (103)).

W D AlHuale + )\2@(,022 + ceey (417)

where ¥, 5 are some MSSM superfields such that ¥, # ¥ and Y, # H,, since ¢ is a non-
gauge-singlet.

For example consider the case where ¢ is a flat direction classified by the udd monomial,
and ¥ = Hj. In this case X o are () superfields and \; 5 correspond to A\, and A, respectively.
Then with the help of X, = (H, + ¥)/+/2, part of MSSM superpotential can be written
as: WD %Xapzl + %X@EQ. This results in [122]:

/\§+>\§)1/2

. (418)

VO NP, A= <
where we have again considered the real part of y. Note that the first generation of (s)leptons
and (s)quarks have a Yukawa coupling ~ O(107% — 107°), while the rest of the SM Yukawa
couplings are: A > 3 x 107%.

The most important point is to note that 60 — 70 e-foldings of inflation is sufficient for the
MSSM flat directions to take large VEVs during and after inflation by virtue of stochastic
jumps during inflation, see the discussion in Sec. VE ] and the Refs. [90,91]. This however

requires that the MSSM flat directions do not obtain positive Hubble induced corrections

during inflation.

91 A remarkable feature in Eq. ([#15)) is that SUSY naturally relates the strength of cubic ¢x? and quartic ¢ 2
interactions, which is required for complete decay of the inflaton field. One can also include couplings
of the inflaton to fermionic partners of y. Regarding the prospects for fermionic preheating the same

conclusions hold as that of a bosonic case.
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1. kinematical blocking of preheating

In order to understand the preheating dynamics it is important to take into account of x
coupling to the inflaton ¢, as well as to the MSSM flat direction, ¢, which is displaced away

from its minimum (towards large VEVSs) during inflation. The governing potential can be

obtained from Eqs. [I5H4IS):

1 g
Vi=5mid® + 9" + =

V2

As mentioned in the previous section, we generically have A > 3 x 107%, and g can be as

medx” + N\, (419)

large as ~ O(1). After mode decomposition of the field y, the energy of the mode with

momentum k, denoted by xy, is given by:

1/2

e = (K2 +20%0)” + V2gma(6) + 20%()°) (420)

Let us freeze the expansion of the universe first. Including the expansion will not change our
conclusions anyway. Let us even consider the most opportunistic case for preheating with a
large inflaton VEV, i.e. (¢) > Mp. Therefore if g > 107%, the inflaton induces a large mass
g{¢) > Hy,s for x during inflation. As a result, x, quickly settles down to the minimum, i.e.
(x) = 0, even if it is initially displaced, and remains there. Therefore, ¢, does not receive
any mass corrections from its coupling to y during inflation. Note that the VEV of the flat
direction, ¢, induces a large mass, Apg, to the x field during inflation.

In the interval mg < H(t) < my, where mg ~ O(100) GeV is the mass of the MSSM flat
direction, the flat direction VEV slides very slowly because of the under damped motion
due to large Hubble friction term, the flat direction effectively slow rolls. Non-perturbative
production of x quanta will occur if there is a non-adiabatic time-variation in the energy,
i.e. that dwy/dt 2 w?. The inflaton oscillations result in a time-varying contribution to wy,
while the flat direction coupling to x yields a virtually constant piece. The piece induced
by the flat direction VEV weakens the non-adiabaticity condition. Indeed time-variation of
wy will be adiabatic at all times: dwy/dt < w2, provided A\2()? > gomy, where ¢ is the
amplitude of the inflaton oscillations. There will be no resonant production of y quanta,
provided that

0o > A1 (gMPm¢)1/2 ., Typically A >3x107%, (421)

except the first generation of (s)leptons and (s)quarks which have a Yukawa coupling ~

O(107% — 107®), and g > 107%, in order to have large inflaton couplings to matter, see
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Eq. (#I4). This surmounts to a kinematical blocking of preheating by inducing a piece
(which is virtually constant at time scales of interest) to the mass of inflaton decay products
due to their couplings to a flat direction which has a large VEV. Similar argument holds
for kinematical blocking for fermionic preheating, as the symmetry between bosons and

fermions implies similar equations for the momentum excitations, see Eq. (420]).

2. Late inflaton decay in SUSY

The inflaton decay at the leading order will be kinematically forbidden if y|p| > my/2 (v is
a SM gauge or Yukawa coupling) [121,1122]. One should then wait until the Hubble expansion
has redshifted, ||, down to (mgs/2y). The decay happens when (note that |p| oc H, after
the flat direction starts oscillating and before the inflaton decays):

H; = min {(ym—tp(i)) mo, Fd] , (I'q = total inflaton decay width), (422)
where mgy ~ O(100) GeV is the MSSM flat direction mass. The inflaton also decays at higher
orders of perturbation theory to particles which are not directly coupled to it [121), [740].
This mode is kinematically allowed at all times, but the rate is suppressed by a factor of
~ (mg/yle|)? Tq. Tt becomes efficient at:

H meTng 2/3 F1/3
o (M) (123)
Therefore, if the decay products are coupled to a flat direction with a non-zero VEV, the

inflaton will actually decay at a time when the expansion rate of the universe is given by [121]
Hyq = max [Hy, Hy. (424)

In general it is possible to have, Hy < ['q, particularly for large values of ¢q. Flat directions

can therefore significantly delay inflaton decay on purely kinematical grounds.

3. Decay of a flat direction

There is a crucial difference between a rotating and an oscillating flat direction when it
comes to decay. It is well known that an oscillating condensate can decay non-perturbatively

via preheating, as we discussed in the earlier subsections.
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In the case of a rotating condensate, there is the conservation of global charges asso-
ciated with the net particle number density in fields [317-319] 2. This ensures that the
total number density of quanta will not decrease and, consequently, the average energy of
quanta will not increase. The actual decay of a rotating flat direction into other fields hap-
pens perturbatively, through the F-term couplings, as originally envisaged by Affleck and
Dine [317-319], see also [797, [798].

It was argued that there could be possible non-perturbative effects [799-801], stemming
from the D-terms of the potential for a rotating flat direction condensate. However it was
shown in [402, |403] that such non-perturbative effects have no bearing for the decay of
energy density in rotating flat direction(s). In the case of a rotating condensate all that can
happen is a mere redistribution of the energy among the fields on the D-flat subspace.

There is a no-go theorem for a rotating condensate 402, 403], which states; for MSSM
flat direction(s), which are represented by gauge-invariant combinations of fields ®; = ¢* ®;,
possible non-perturbative particle production from time-variation in the mass eigenstates

caused by the D-terms:

(1) cannot change the net particle number density in ®;, denoted by n; = z(IDj b, + h.c.,

and hence the total baryon/lepton number density stored in the condensate.

(2) cannot decrease the total comoving particle number density in ¢;, denoted by n;, thus
the total number density of quanta 7 = >, 7; in the condensate. As a direct consequence
of the conservation of energy density, non-perturbative effects will not increase the average

energy of quanta Fj..

The theorem also applies to elliptical trajectories, where the condensate will mainly
contain particles (or anti-particles), but it will also contain a small mixture of anti-particles
(or particles). The theorem is applicable for the subsequent evolution of the plasma formed
after the phase of particle production. This implies that possible non-perturbative effects do
not lead to the decay of a rotating condensate. They merely redistribute the energy which
is initially stored in the condensate among the fields on the D-flat subspace [402].

The marked difference between rotating and an oscillating flat direction case can be un-

92 Charges identified by the net particle number in fields, which are included in a flat direction are most

notably baryon and lepton number, which are preserved by the D-terms
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derstood from the trajectory of motion (i.e. circular for rotation versus linear for oscillation).
An oscillating condensate ¢, whose trajectory of motion is a line, can be written as

¢ = g exp(if) + g exp(—if), (425)

and the conserved charge associated with the global U(1) (corresponding to phase 6) is given
by
n=i¢ ¢+ h.c. = 0. (426)

This is not surprising since an oscillation is the superposition of two rotations in opposite
directions, which carry exactly the same number of particles and anti-particles respectively.
Therefore the net particle number density stored in an oscillating condensate is zero.

Now consider non-perturbative particle production from an oscillating condensate. One
can think of this process as a series of annihilations among N particles and N anti-particles
in the condensate, N > 1, into an energetic particle-anti-particle pair. This is totally
compatible with conservation of charge, see Eq. ([@20]); n = 0 after preheating as well as in
the condensate.

On the other hand, a (maximally) rotating condensate consists of particles or anti-
particles only [402, 403]. Conservation of the net particle number density then implies
that N — 2 annihilations (N > 2) are forbidden: annihilation of particle (or anti-particle)
quanta cannot happen without violating the net particle number density. Therefore the total
number density of quanta will not decrease, and the average energy will not increase .

Any possible non-perturbative particle production in the rotating condensate case will
result in a plasma which is at least as dense as the initial condensate. All that can happen
is a redistribution of the energy density among the fields on the D-flat subspace. These
fields have masses comparable to the flat direction mass mg, as they all arise from SUSY
breaking. Since the average energy is F,. < mg, the resulting plasma essentially consists
of non-relativistic quanta. Its energy density p = nF,. is therefore redshifted oc a=3. The

decay of a rotating condensate happens quite late [402]

mo

4/3
Haee ~ Mo <—) (m. d.),  Hae ~ mo (@) (r. d.), (427)
Y¥o Y¥o

93 Note that an increase in the total particle number density, through creation of an equal number of particles
and anti-particles will be in agreement with the conservation of the net particle number density. In this

case the resulting plasma will be even denser than the condensate.
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where m.d. corresponds to matter domination and r.d. corresponds to radiation domination,
and y is the Yukawa coupling of the flat direction to MSSM matter. The decay happens
essentially perturbatively for ypo > my, as envisaged by [317-319)]

4. SUSY thermalization

Flat directions VEV can dramatically affect thermal history of the universe. The reason
is that the MSSM flat direction VEV spontaneously breaks the SM gauge group. The gauge
fields of the broken symmetries then acquire a SUSY conserving mass, mg ~ ¢|p|, from their
coupling to the flat direction, where g is a gauge coupling constant. In which case a flat
direction can crucially alter thermal history of the universe by suppressing thermalization
rate of the reheat plasma. Note that, mg, provides a physical infrared cut-off for scattering
diagrams with gauge boson exchange in the t—channel shown in Fig. (A). The thermalization

rate will then be given by (up to a Logarithmic “bremsstrahlung” factor):

n

Cipr ~ 0 —, (428)
2
|l

where we have used m] ~ ?|p|” where o ~ g2/4mw. After the flat direction starts its
oscillations at H ~ mg ~ O(100) GeV, the Hubble expansion redshifts, |¢|* oc =3, where a
is the scale factor of the FRW universe. The interesting point is that, n oc a=3(¢), as well,
and hence I'y,, remains constant while H decreases for H(t) < mg ~ O(100) GeV. This
implies that 'y, eventually catches up with the expansion rate, even if it is initially much
smaller, and shortly after that the full thermal equilibrium will be achieved. Depending on

whether mgy > I'q or mgy < I'y, different situations will arise which we discuss separately 4.

e my > ['q: In this case the inflaton decays after the flat direction oscillations start. The
inflaton oscillations, which give rise to the equations of state close to non-relativistic
matter, dominate the energy density of the universe for H(¢) > I['y. This implies
that a(t) oc H=2/3(t), and || is redshifted oc H(t) in this period. We therefore have,
wa ~ (I'a/mg) o, where g denotes the amplitude of the flat direction oscillations

at the time of the inflaton decay H(t) ~ I'y. By using the total energy density of

94 If two or more flat directions with non-zero VEVs induce mass to the gauge bosons, then || denotes the
largest VEV.
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the plasma; p ~ 3 (I'qMp)?, and note that || and n are both redshifted o< a=3(t) for
H < Ty, after using Eq. (428)), we find that complete thermalization occurs when the
Hubble expansion rate is [121]

Mp\* m32
He ~ 1002 <70P) Z—z (429)

e my < I'q: In this case the flat direction starts oscillating after the completion of
inflaton decay. The universe is dominated by the relativistic inflaton decay products
for H(t) < Tg4, implying that a(t) oc H(t)"'/2. The number density of particles
in the plasma is redshifted oc H(t)*? until H(t) = mg ~ O(100) GeV. Note that
n, |¢|” o a(t)=3, and hence Ty, remains constant, for H(t) < mg. The reheat plasma
then thermalizes when the Hubble expansion rate is [121]

TNY2 /N2 2
Hip ~ 1002 (—d) (—P) Mo (430)
mo Yo Mg

Since the kinetic equilibrium is built through 2 — 2 scattering diagrams as in Fig. (A),
which have one interaction vertex less than those in 2 — 3. Therefore the rate for establish-
ment of kinetic equilibrium will be I'ig, ~ o ' Ty. In SUSY case, the relevant time scales
have an hierarchy [121):

Ca> Tin > T (431)

The relative chemical equilibrium among different degrees of freedom is built through 2 —
2 annihilations in the s—channel with a rate ~ ozzn/ E? <« Ty,. Hence composition of
the reheat plasma will not change until full thermal equilibrium is achieved. This implies
that the universe enters a long period of quasi-adiabatic evolution after the inflaton decay
has completed. During this phase, the comoving number density and (average) energy of

particles remain constant %°.

95 The decay of flat directions and their interactions with the reheat plasma are negligible before the universe

fully thermalizes.

200



5. Reheat temperature of the universe

The temperature of the universe after it reaches full thermal equilibrium is referred to as

the reheat temperature Tx. In the case of MSSM, we therefore have [121), [122]:
Tr ~ (HyMp)'? (432)

where, depending on the details, Hy,, is given by Eqgs. ([@29) and ([@30). Since Hy, < Iy,
the reheat temperature is generically much smaller in MSSM ( or in a generic theory with
gauge invariant flat directions ) than the standard expression Tk ~ (IqMp)"/?, which is
often used in the literature with an assumption that immediate thermalization occurs after
the inflaton decay. Note that the reheat temperature depends very weakly on the inflaton
decay rate, for instance Eq. (30) implies that Tk o Fé/ 4, while Ty is totally independent of
[q in Eq. (429). Regardless of how fast the inflaton decays, the universe will not thermalize
until the 2 — 3 scatterings become efficient. A larger ¢, results in slower thermalization

and a lower reheat temperature, see the following table for some sample examples %.

VEV (in GeV)|Tr(TF'q = 10 GeV < mg)|Tr(TCq = 10* GeV > my)
0o ~ Mp 3 x 107 7 % 10

0o = 1072 Mp 3 x 10° 7 x 106
0o = 107*Mp 3 x 107 7 % 108
vy < 1075 Mp 3 x 10° 7 x 1010

Table 1: The reheat temperature of the universe for the inflaton mass, my = 10'* GeV, and
two values of the inflaton decay rate, ['q = 10, 10* GeV (if the inflaton decays gravitationally,
we have I'q ~ 10 GeV). The flat direction mass is my ~ 1 TeV. The rows show the values
of Ty for flat direction VEVs. Note that when the VEV of a flat direction is < 102 GeV,
the flat direction can no longer delay the thermalization, and the reheat temperature, Ty ~

(L4Mp)*/2, remains a good approximation 7.

9 If Hi,, > T'q, the reheat temperature in such cases follows the standard expression: T =~ (Fde)l/z.

This will be the case if the flat direction VEV is sufficiently small at the time of the inflaton decay, and/or

if the reheat plasma is not very dilute.
97 Majority of MSSM flat directions can take a VEV > 10'* GeV, which are lifted by more than dimensional

6 operators, for instance udd, LLe, etc.
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E. Quasi-adiabatic thermal evolution of the universe

Before complete thermalization is reached the universe remains out of equilibrium °®.The

deviation from full equilibrium can be quantified by the parameter ”.A” [121, [731], where

2

3 Ty,
A= ot (2 (433)
My

Here we define T' &~ (FE) /3, in accordance with full equilibrium. Note that in full equilibrium,
see Eq. ([B75)), we have A ~ g, (= 228.75 in the MSSM).

One can also associate parameter A; = 3p;/T* to the i—th degree of freedom with the
energy density p; (all particles have the same energy E, and hence T, as they are produced
in one-particle decay of the inflaton). Note that A = ) . A;, and in full equilibrium we
have A; ~ 1. Note that A depends on the total decay rate of the inflaton I'y and its mass
mg through Eq. (433). While, A; are determined by the branching ratio for the inflaton
decay to the :—th degree of freedom. The composition of the reheat plasma is therefore
model-dependent before its complete thermalization. However, some general statements can
be made based on symmetry arguments.

During the quasi-adiabatic evolution of the reheated plasma, i.e., for Hy, < H < I'q, we
have % [121]

i :A-ET“ n; :A~iT4 H ~ AY? T_2 (434)
K3 271'2 ) K3 Z7T2 Y - BMP °

In this epoch T varies in a range Ty < T < Thax, Where Thax & my/3 is reached right
after the inflaton decay. Because of complete thermalization, T" sharply drops from T,,;, to

Tr at Hy,, where the conservation of energy implies that

A\
TR = z55== Tmim Tr < Thnin - 4
R (228.75) — IR (435)

98 Right after the inflaton decay has completed the energy density of the universe is given by; p ~ 3 (I‘de)2,
and the average energy of particles is (E) ~ mgy. For example, in a two-body decay of the inflaton, we

have exactly E = my/2.
99 One can express A; in terms of a negative chemical potential j;, where A; = exp (;/T). Note that for a

large negative chemical potential, i.e., in a dilute plasma, the Bose and Fermi distributions are reduced to
the Maxwell-Boltzmann distribution and give essentially the same result. The assignment of a chemical
potential merely reflects the fact that the number of particles remains constant until the number-violating
reactions become efficient. It does not appear as a result of a conserved quantity (such as baryon number)
which is due to some symmetry. Indeed, assuming that inflaton decay does not break such symmetries,

the same chemical potential to particles and anti-particles are the same.
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1. Particle creation in a quasi-thermal phase

In this section, we wish to create weakly interacting y particles from the scatterings of
the MSSM particles during the quasi-thermal phase of the universe. Recall the Boltzmann
equation governing the number density of y particles, which is given by [95, 334]:

fia + BHNy =Y (Vrel Gijo) i1 (436)
1<j

Here n; and n; are the number densities of the :—th and j—th particles, 0;;_,, is the cross-
section for producing x from scatterings of ¢ and j, and the sum is taken over all fields
which participate in x production. Also (...) denotes averaging over the distribution. Since
the production of x quanta will be Boltzmann suppressed if 7' < m, /3. Therefore, in order
to obtain the total number of y quanta produced from scatterings, it will be sufficient to
integrate the RH side of Eq. (436) from the highest temperature down to Ty,,. The relic

abundance of x, normalized by the entropy density, s, is given by [121]

5/4 Tinax

n_; ~ 1077 (&A%) / Z { - A Aj(rel 0ijsy) Mp dT'| (437)

Z‘?j

where we have used Eq. (433]).

2. Gravitino production

For flat direction(s) VEV > 10'2 GeV, slow thermalization results in a low reheat tem-
perature, i.e Tz < 10° GeV, which is compatible with the BBN bounds on thermal gravitino
production. However gravitinos are also produced during the quasi-thermal phase prior to a
complete thermalization of the reheat plasma. Generically gravitinos are produced from the
scatterings of gauge, gaugino, fermion and sfermion quanta with a cross-section oc 1/M3.

During the quasi-thermal phase, the gauge and gaugino quanta have large masses
~ a'’?p4 (induced by the flat direction VEV) at a time most relevant for the gravitino
production, i.e., when H ~ I'q, therefore, they decay to lighter fermions and sfermions at

3/20% /my, where a®2pq is the decay width at the rest frame of gauge/gaugino

a rate ~ «
quanta, and ¢q/my is the time-dilation factor. The decay rate is > I'y, thus gauge and
gaugino quanta decay almost instantly upon production, and they will not participate in

the gravitino production. As a consequence, production of the helicity +1/2 states will not
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be enhanced in a quasi-thermal phase as scatterings with a gauge-gaugino-gravitino vertex
will be absent 1%,

The following channels contribute to the gravitino production [302]: (a) fermion + anti-
sfermion — gravitino + gauge field, (b) sfermion + anti-fermion — gravitino + gauge
field, (c) fermion + anti-fermion — gravitino+ gaugino, (d) sfermion + anti-sfermion —
gravitino + gaugino.

The total cross-section involves cross-sections for multiplets comprising the LH (s)quarks
@, RH up-type (s)quarks u, RH down-type (s)quarks d, LH (s)leptons L, RH (s)leptons e
and the two Higgs/Higgsino doublets H,,, H;. Since particles and anti-particles associated
to the bosonic and fermionic components of the multiplets which belong to an irreducible

representation of a gauge group have the same parameter 4;. This implies that [121]

3 2 3
Yot = Z Z Z Ai,a,aAj,b,B <Utotvrol> =

i,j=1 ab=1 «a,f=1

1 9
T D [6as(243 + A%+ A7) + 10@(3% + A2 + A2)

+ia1(¢422 + 8A2 4+ 245 + 3A7 +6.A4% + 3A4%))], (438)

where 1 <14,7 <3,a,b=1,2and 1 < a, 8 < 3 are the flavor, weak-isospin and color indices
of scattering degrees of freedom respectively. Also as, as and «a; are the gauge fine structure
constants related to the SU(3)¢, SU(2)w and U(1)y groups respectively. The sum is taken
over the three flavors of @, u,d, L,e and the two Higgs doublets. After replacing Y, in
Eq. (@37), and recalling that Ti,.x ~ mg/3, we obtain [121]

/4
"2 (10-1 M2 22875\ [ Thnax —12
U2 (1070 ztot)( E e ) 10712, (439)

Note that in full thermal equilibrium, Yo = (47/M32) X (163 + 6ag + 2ay) =~ (1071 /M3)
(up to logarithmic corrections which are due to renormalization group evolution of gauge
couplings).

Let us consider a simplistic scenario when the inflaton primarily decays into one fla-

vor of LH (s)quarks. In this case Ag = 1/24 for the relevant flavor %' while A = 0

100 Otherwise gauge and/or gaugino quanta in the initial state (particularly scattering of two gluons) have

the largest production cross-section [302-305].

101 The total number of degrees of freedom in one flavor of LH (s)quarks is 2 (particle — antiparticle) x

2 (fermion — boson) x 2 (weak — isospin) x 3 (color).
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for the rest of the degrees of freedom. This results in a gravitino abundance: ngs/s ~
(A/228.75)%* (Thax /10" GeV) 107'2, where A is given by Eq. ([@33) and note that
Tmax > Tr. The largest value for Ty ~ 10'2 GeV, therefore the the tightest bound
for unstable gravitinos come from BBN (n3/2 / s) < 107 (arising for mgs, ~ 1 TeV and a
hadronic branching ratio ~ 1) is satisfied if A < 1075, Much weaker bounds on A are found

for a radiative decay. For example, A < 107° (1) if mg/, ~ 100 GeV (1 TeV).

VII. GENERATING PERTURBATIONS WITH THE CURVATON
A. What is the curvaton ?

The curvaton scenario is an interesting possibility [124, 125, 127130, 802], see also [126],
where the perturbations of more than one light scalar fields play important role during
inflation. In many realistic examples of particle physics having more than one light scalar
fields is quite natural, especially in the case of MSSM [90]. However, as we shall argue below
that within MSSM there are only handful of such good candidates for a curvaton [132-
134] 102,

In the original curvaton paradigm it was assumed that the curvaton is responsible for
generating the entire curvature perturbations, and the perturbations arising from the inflaton
component are subdominant [124, [127-129]. However, there are variants where both inflaton
and curvaton can contribute to the curvature perturbations, see for instance [807, I808].

Irrespective of their origins the curvaton must possess the following properties:

e Lightness of the curvaton:
During inflation the Hubble expansion rate is: H;,y > m,,, where m,, is the effective
mass of the curvaton. Since it does not cost anything in energy, therefore the quantum
fluctuations are free to accumulate along a curvaton direction and form a condensate

with a large VEV, ¢y. During inflation, V(¢) > V(p), where ¢ is the inflaton here.

102 Sneutrino as a curvaton have been considered in Refs. [803-1805], With an extension of MSSM, where right

handed sneutrinos are introduced as SM gauge singlets. However sneutrino alone is not a D-flat direction,
one must consider the D-term contribution of the potential also. There are also models of curvaton where
the field is a pNGB [806], however, it is uncertain how such a field would excite dominantly the SM degrees
of freedom.

205



After inflation, H oc t!, and the curvaton stays at a relatively large VEV due to
large Hubble friction term until H ~ m,,, when the curvaton starts oscillating around
the origin with an initial amplitude ~ ¢y. From then on |p| is redshifted by the
Hubble expansion o< H (t) for matter dominated and ~ H3/4(t) for radiation dominated
Universe. The energy of the oscillating flat direction may eventually start to dominate

over the inflaton decay products.

e Longevity of the curvaton and its dominance:
Furthermore, the curvaton must not evaporate due to thermal interactions from the
plasma already created by the inflaton decay products [134, 1809]. The curvaton and
the inflaton decay products can be weakly coupled, i.e. via non-renormalizable in-
teractions. In such a case the curvaton can survive long enough and its oscillations
can possibly dominate the energy density while decaying. It has been shown that
MSSM flat direction can remain long lived [402, 1403]. However, if the curvaton does
not dominate while decaying, and the curvaton decay products do not thermalize
with the inflaton decay products, then this will lead to potentially large isocurvature
fluctuations [129, I810-813]. Note that the non-Gaussianity parameter, fyr, is also
constrained by the allowed isocurvature perturbations [131, 1814, I815]. The curvaton
can easily dominate the energy density if the inflaton decay products are dumped
outside our own Hubble patch, which may be realizable in certain brane-world models

with warped extra dimensions [816-818].

e Thermalization:
When the curvaton energy density does not dominate while decaying, then the curva-
ton decay products must thermalize with that of the inflaton decay products, other-
wise, there will be large remnant isocurvature perturbations. It is desirable that both
inflaton and curvaton excites solely the SM and/or MSSM degrees of freedom, which

requires non-trivial construction on both the sectors |134].

Curvaton paradigm with more than 2 light fields were also constructed in [819, 820], but
they bear more uncertainties, especially when the curvatons belong to the hidden sector.

There are various challenges to the curvaton paradigm, which we discuss below.

e An absolute gauge singlet or a hidden sector curvaton:
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An absolute gauge singlet curvaton’s origin might lie within string theory [127, 128], or
within a hidden sector [309, 806,818, 1821-823]. The modulus will generically couple to
all other sectors presumably with a universal coupling, i.e. gravitationally suppressed
interaction. Note that dumping entropy into non-SM-like sectors from the curvaton
decay would lead to large isocurvature perturbations, if the curvaton is subdominant,
and these non-SM like degrees of freedom do not thermalize with that of the inflaton

decay products before BBN [810)].

If the inflaton is also a modulus or a hidden sector field, then it is important to
make sure that the inflaton and the curvaton are extremely weakly coupled, otherwise,
inflaton decay into curvaton can destroy the curvaton condensate prematurely before

its dominance.

e A SM gauge invariant curvaton:
MSSM provides gauge invariant curvaton candidates [132-134, 1803-805, 1809, 1816, 817,
824-827], which can decay into MSSM degrees of freedom directly. In this case the
curvaton must ensure its longevity, and its dominance at the time of decay. If the
inflaton decay products are of MSSM/SM like quanta, then they can interact with the
MSSM curvaton and can possibly destroy its coherence and longevity [134, [809]. The
advantage of an MSSM curvaton is that the couplings are that of the SM, therefore,

predictions are robust.

B. Cosmological constraints on a curvaton scenario

The main observable constraints for a curvaton scenario are: (1) isocurvature perturba-
tions, and (2) primordial non-Gaussianity. The isocurvature perturbations are created when
the curvaton fail to dominate the energy density while decaying and the curvaton decay
proucts fail to thermalize with that of the inflaton decay products. There are potentially
well motivated isocurvature perturbations one can create, CDM [129, 224-226, 1813, 1828],
baryon isocurvature perturbations [126, 129, 829-834], neutrino isocurvature perturbations

were also considered in [129] 1%3.

103 There is a way to avoid large isocurvature component provided the inflaton perturbations are subdominant

during inflation, i.e. (6p/p)ins < 1075. This can be achieved very well in many inflationary models [807],
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For a conserved number density dn; = 0, where i corresponds to baryons or CDM, the

entropy perturbation is given by [129, 246]

Si=3(G—-0¢), (440)

where ( is the total curvature perturbations, and (; is the curvature perturbations in the
1 component. Recall that in a curvaton scenario the total curvature perturbations is given
by; ¢ = r(,, where r = p,/p, at the time of curvaton decay, and p, is the radiation energy
density due to the inflaton decay products.

Let us now imagine, when the curvaton decays either into baryons (need not be the
SM baryons), or non-relativistic CDM, then ¢(; = (, = (1/r)¢. Combining this fact, the

isocurvature perturbations yield:

SZ-:3<1_T)§. (441)

r

However, if the curvaton does not decay into the baryons or CDM at all, then (; = 0 and S; =
—3(, the isocurvature mode becomes three times larger than the curvature perturbations,
which is ruled out by the current CMB and LSS data [223-225], for axion isocurvature
perturbations, see [226].

In terms of a constrainable parameter, \/a = S;/(, the constrains on r read as:

0.98 < rm—@ <10, (442)

for v < 0.0037 at 95% c.l. |12, 1269]. The fraction of energy densities, r = p,,/p,, also governs
the non-Gaussianity generated by the curvaton. Thus the constraint on non-Gaussianity

parameter fyr, yields

5
r

which is 1o away from the central value of the quoted value from WMAP [12], which is
—9 < fnr < 111 (at 95% c.l.) In view of these bounds, it seems that the curvaton decay
products cannot generate large CDM, or baryon isocurvature perturbations, or they must

not decouple from the thermal plasma created before by that of the inflaton. This could be

but the curvaton perturbations can create the required level of perturbations even if they do not dominate
the energy density while decaying. This can be possible for a curvaton potential discussed in Eq. ([@50)

for specific choices of (n, mg), see Ref. [807].
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achieved simply if the curvaton and the inflaton decay products excite the relevant degrees
of freedom required for BBN. Otherwise, the curvaton must dominate while decaying and
create all the SM or MSSM degrees of freedom. There are mixed curvaton-inflaton scenarios,
where the curvature perturbations are contributed by both inflaton and curvaton [808]. In

such models larger fy;, is expected.

C. Curvaton candidates

Only handful of the curvaton candidates exist which belong to the observable sector, i.e.
charged under the SM gauge group [132-134, 803, 804, 1809, 1816, 1817, 1824, 1827]. The SM
Higgs can act as a potential curvaton, since Higgs is light compared to any high scale of
inflation, it would induce fluctuations ~ H,,/2m(h) ~ 107°, where (h) is the Higgs VEV
during inflation. Validity of the SM Higgs potential beyond the electroweak scale makes
it actually less attractive candidate, besides it cannot dominate the energy density of the
universe. Within MSSM, with two Higgses, it is possible to realize a curvaton scenario, where
the inflaton energy density is dumped out of our own observable world, as a consequence the
Higgses can dominate the energy density and create all the matter fields [816,817]. However
this scenario will work only if the inflaton does not couple to the MSSM sector at all, which

is very unlikely.

1. Supersymmetric curvaton

An important constraint arises from CMB temperature anisotropy involving the ratio of
the perturbation and the background VEV of the curvaton, since this ratio is related to the
curvature perturbations [125,[127-129,1246]. Provided the perturbations do not damp during
its evolution, strictly speaking for a quadratic potential, the final curvature perturbation is
given by 1%:

5= 02 - Hnr s (444)
¥ 2T Ping
For an MSSM flat direction curvaton, it is important to keep in mind that the they carry

SM gauge couplings, therefore, if the inflaton decay products create a plasma which has

104 A detailed analysis of a curvaton scenario for a non-quadratic potential can be found in Refs. [807, [835].
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MSSM degrees of freedom then they would interact with the curvaton rendering thermal
corrections to the curvaton potential inevitable. There are three issues which have to be

taken into account.

e Curvaton must not have a renormalizable coupling to the inflaton, otherwise curvaton
cannot obtain large VEV during inflation. For instance, neither H,H; nor LH, are
good curvaton candidates, because a gauge singlet inflaton can couple to these flat
directions through renormalizable interactions [121, 122, [134]. The inflaton couplings

to LH, or H,H, ought to be very weak in order for them to be a curvaton candidate.

e Curvaton must not induce a mass > my/2 to the inflaton decay products, otherwise,
the two-body inflaton decay into MSSM quanta will be kinematically blocked. The
inflaton decay will be delayed until the relevant flat direction has started its oscillation

and its VEV has been redshifted to sufficiently small values [121], 122, 134].

e The flat direction VEV of a curvaton must not break all of the SM gauge symmetry.
This will affect the inflaton decay products to thermalize quickly, both kinetic and
chemical equilibrium of MSSM degrees of freedom will be delayed, and furthermore,

the curvaton oscillations will not be able to dominate the energy density [121, (122, 134].

Let us denote the flat direction superfield by ¢. In the case of w;d;dy (for i,j,k =
1,2,3, j # k) as a flat direction, ¢ would represent the VEV. The MSSM superpotential

can be rewritten as:
Wassm D A Huppr + Ao Happs + A3 Lpps, (445)

where ¢ 2 3 are MSSM superfields, see Eq. (I03), L is denoted by Ly, Lo or Lz, and A1, Ao, As
are the Yukawas. In general my,; < H;,s, which is true for high scale models of inflation,
and @;,,; ~ 10°H;, ;. Note that the VEV of the flat direction induces VEV dependent SUSY
preserving masses to the MSSM particles, ~ Aj23(@ins). Therefore, for the inflaton decay

into MSSM quanta to be kinematically allowed, we require:

A, Ao <1075, (446)
if the ®H,Hy coupling is allowed by R-parity, and

A, A3 <1077, (447)
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if the ®H,L coupling is allowed, where ® is the inflaton superfield.

The above conditions considerably restrict the curvaton candidates within the MSSM, as
only the first generations of (s)quarks and (s)leptons have Yukawa coupling < 107°, while
first two generations have Yukawas > 1073,

Given these constraints an acceptable flat directions should include only one ) or one wu.
The reason is that D- and F-flatness conditions for directions which involve two or more
@ and/or u require them to be of different flavors (for details, see [399]). The only flat

directions with \; < 107° are as follows:

e udd: This monomial represents a subspace of complex dimension 6 [399]. D-flatness
requires that the two d are from different generations (hence at least one of them will
be from the second or third generation). This implies that Ay > 1073, see Eq. ([445).
As a consequence the two-body inflaton decay via the superpotential term; ®H, H,
term will be kinematically forbidden, but ® H, L term will led to the inflaton decay into
MSSM degrees of freedom. The VEV of udd direction keeps SU(2)w unbroken, so that
the decay products of the inflaton with SU(2)w degrees of freedom can completely

thermalize before the curvaton, udd, has a chance to dominate and decay.

e (QLd: This monomial represents a subspace of complex dimension 19 [399]. F-flatness
requires that ) and d belong to different generations. Then, since () and d are both
coupled to Hy, Eq. (445) implies that Ay > 1072, The two-body inflaton decay via
superpotential ® H, H; term will be kinematically forbidden, but the other superpoten-
tial term is kinematically allowed, i.e. ®H,L. The VEV of ()Ld directions completely
break the SU(2)w x U(1l)y, but leave a SU(2) subgroup of the SU(3)c unbroken.
Therefore the associated color degrees of freedom can thermalize quickly to SM de-

grees of freedom, before () Ld could dominate the energy density.

e LLe This monomial represents a subspace of complex dimension three [399]. D-
flatness requires that the two Ls are from different generations, while F-flatness re-
quires that e belongs to the third generations (therefore all the three lepton generations
will be involved). A feasible curvaton candidate will be Ly Lse; direction. For this flat
direction we have \; = 0 and A3 ~ 107 (see Eq. ([@45)). This implies that two-body
inflaton decay will proceed via the ®H,L; term without trouble. The flat direction
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VEV breaks the electroweak symmetry SU(2)w x U(1)y, while not affecting SU(3)c.

e LLddd: This monomial represents a subspace of complex dimension three [399]. D-
flatness requires that the two Ls and the three ds are all from different generations.
This implies that that Ay ~ 1072 and A\; = A3 = 0 (see Eq. (#4H)). This direction
breaks all of the SM gauge group. This results in late thermalization of the Uni-
verse [121, [731] and the absence of thermal effects which, as a consequence, does not

yield early oscillations of the flat direction.

Thus within MSSM the potential curvaton candidates could be the udads and Q1 Lzds
(and possibly LsLgeq) flat directions. Because in all these two cases the inflaton can decay
and produce a thermal bath, which will enable the curvaton oscillations to dominate early
during its oscillations, and the curvaton can receive finite temperature thermal corrections.
Without the latter the curvaton can never lead to dominate the energy density of the universe

while decaying.

2. The A-term curvaton and a false vacuum

Let us consider an MSSM flat direction potential:

|<p|2(” 2
V=m |g0| +)\2
0 M

2 (A)\ M 3+hc) : (448)
where A, ~ O(1), n > 4, and A ~ my ~ O(100 GeV — 1 TeV), and depends on a phase.
Note that we have not added the Hubble-induced corrections to the mass and the A-term.
They can be avoided for a simple choice of no-scale type Kahler potential, either motivated
from R-symmetry [318,1319], shift symmetry or Heisenberg symmetry [408, 416].

The radial and angular direction of the potential remains flat during inflation, there-
fore they obtain random fluctuations. There will be equally populated domains of Hubble

patches, where the phase of the A-term is either positive or negative. In either case, during

inflation, the flat direction VEV is given by:

1/n—2

Ping ~ (moMp~?) (449)

However there is a distinction between a positive and a negative phase of the A-terms. The

difference in dynamics arises after the end of inflation. In the case of a positive A-term
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the flat direction starts rolling immediately, but in the case of a negative A-term, the flat
direction remains in a false vacuum at a VEV which is given by Eq. (449).
The mass of the flat direction around this false minimum is very small compared to

the Hubble expansion rate during inflation, i.e. (3n? — 9n + 8)m2 < H?

n

s Where n > 3.
During inflation the flat direction obtains quantum fluctuations whose amplitude is given by
Eq. (444). The flat direction can exit such a metastable minimum only if thermal corrections

are taken into account.

3. Thermal corrections to the curvaton

The flat direction VEV naturally induces a mass ~ Ap;,¢ to the field which are coupled
to it, where ) is a gauge or Yukawa coupling. Note that ¢;,s is the initial VEV of the
curvaton, after the end of inflation slides down gradually. If there is a thermal bath with a
temperature T then there is a thermal corrections to the flat direction depending on whether

Aping < T or Mgy > T, different situations arise.

[ ] )\gpmf S T:
Fields in the plasma which have a mass smaller than temperature are kinematically
accessible to the thermal bath. They will reach full equilibrium and result in a thermal

correction V4, to the flat direction potential
Vin ~ +A2T2 . (450)

The flat direction then starts oscillating, provided that AXT" > H [121), 122, 134, [731].

o \ping > 1T
Fields which have a mass larger than temperature will not be in equilibrium with
the thermal bath. For this reason they are also decoupled from the running of gauge
couplings (at finite temperature). This shows up as a correction to the free energy
of gauge fields, which is equivalent to a logarithmic correction to the flat direction
potential [134]:
Vin ~ +a T4 (J¢]?) | (451)

where « is a gauge fine structure constant. Decoupling of gauge fields (and gauginos)

results in a positive correction, while decoupling of matter fields (and their super-
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partners) results in a negative sign. The overall sign then depends on the relative
contribution of decoupled fields. As an example, let us consider the H,H, flat direc-
tion. This direction induces large masses for the top (s)quarks which decouples them
from the thermal bath, while not affecting gluons and gluinos. Therefore this leads to

a positive contribution from the free energy of the gluons.

Obviously only corrections with a positive sign can lead to flat direction oscillations
around the origin. Oscillations begin when the second derivative of the potential

exceeds the Hubble rate-squared which, from Eq. ([@5]), reads (a1?/@ins) > H.

Note that thermal effects of the first type require that fields which have Yukawa couplings
to the flat direction are in full equilibrium, while those of the second type require the gauge

fields (and gauginos) be in full equilibrium. There are two main possibilities:

o uidyds: SU(2)w remains unbroken in this case. This implies that the correspon-
ding gauge fields and gauginos, H, and Hy (plus the Higgsinos) and the LH (s)leptons
reach full thermal equilibrium. The back-reaction of H, results in a thermal correction
N2T2|¢f?, see Eq. ([@H), with A, ~ 1075, The free energy of the SU(2)w gauge fields
result in a thermal correction ~ +aw7In (\@\2) Note that the sign is positive since
the flat direction induces a mass which is > T' (through the d) for the LH (s)quarks

but not the SU(2)w gauge fields and gauginos.

o (Q1Ld: An SU(2) subgroup of SU(3)c is unbroken in this case. Therefore only the
corresponding gauge fields and gauginos plus some of the (s)quark fields reach full ther-
mal equilibrium. Then the back-reaction of u; and d; results in a thermal correction
(A2 + A2 T2||? according to Eq.(@4H), where A; ~ Ay ~ 1075, Note that decoupling
of a number of gluons (and gluinos) from the running of strong gauge coupling results

in a negative contribution to the free energy of the unbroken part of SU(3)c.

Therefore, within MSSM and from the point of view of thermal effects, the uidsds flat
direction is the most suitable curvaton candidate. The L,Lse; flat direction can obtain a
large VEV . The SU(3)¢ part of the SM gauge symmetry remains unbroken for this flat
direction, and hence gluons, gluinos and (s)quarks will reach full equilibrium. We note that

neither of L and e are coupled to the color degrees of freedom. This implies that there
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will be no T2%p? or logarithmic correction to the flat direction potential in this case. This

excludes the LyLze; flat direction from being a successful curvaton candidate.

4. uidods as the MSSM curvaton

From the discussion in the previous section, it follows that thermal effects will lead to a
following potential:

Vin ~ NT2|0)* + awT"In (|¢|*) , (452)

where \; ~ 107 and aw ~ 1072. Typically at initial (larger) temperatures the first term
dominates and at later (lower) temperatures the second term dominates. Note that the
curvaton is in a metastable vacuum, only the temperature corrections can lift the curvaton
, therefore we need Vi, > m%go?nf, so that the thermal effects will overcome the potential
barrier. This yields:

awT* > mie?, ;. (453)

The thermal mass should be sufficient to trigger curvaton oscillations, otherwise, the curva-
ton will remain in a metastable vacuum. In order for the flat direction oscillations to start

we must have d*Vy, /d|¢|* > H?. This leads to:

> H(T), (454)

which always holds in a radiation-dominated phase where H ~ T?/Mp (note that @,y <
Mp). This implies that the u;dsds direction starts oscillating once the condition given in

Eq. (@53) is satisfied. This happens, when temperature of the Universe is given by

Oing  \/? 9
Tosc ~ (m) x 10 GeV (455)

Although, its a very high temperature, the flat direction curvaton does not evaporate due to
the presence of a thermal bath. Thermal scatterings are governed by A\2p?x?, with ¢ being
the flat direction and, x collectively denotes the fields in thermal equilibrium. The rate for
evaporation is proportional to A\] ~ (1075)% much feeble to destroy the flat direction by
evaporation.

The flat direction curvaton, wuydsds, is lifted by n = 6 superpotential level, therefore
Qing ~ 3 x 10" GeV, see Eq. (@49). In order to be a curvaton, the perturbations should
match the observed limit, therefore H;,; ~ 2w, X 107° ~ 10'° GeV.
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The final reheat temperature is determined by the radial oscillations of the curvaton.
The curvaton oscillations dominate the energy density as the ambient temperature of the
plasma redshifts below the T,,. very rapidly due to the expansion of the universe. This is
the only example where the finite temperature effects can render the curvaton oscillations
dominating while decaying [134]. The decay of uidayds curvaton will take place via instant
preheating discussed in section VDl The decay happens via SM gauge and Yukawa couplings
and the decay products are the MSSM degrees of freedom. There is no residual isocurvature
fluctuations and the LSP dark matter can be created from the thermal bath.

Since uidsds as a curvaton dominates the energy density while decaying, there will be no
significant non-Gaussianity. However as we shall show in the next section, there are MSSM
flat directions which do not dominate while decaying, they have a possibility to generate
large non-Gaussianity, see for example [825, 1826], where the imaginary part of the MSSM
flat direction curvaton is responsible for generating the perturbations. In these models the
treatment for the inflaton decay products is not quite complete, it is not clear in which
sector the inflaton decays. Thermal corrections are important for the MSSM flat direction

potential as we have seen in the above discussion.

5. Models without A-term

There are many viable candidates of curvaton within MSSM which do not use A-term.
These are flat directions which are lifted by hybrid operators, such as W ~ ®"~ 10 /)73,
for such operators the A-term becomes dynamically negligible. A generic curvaton potential
is given by [132, 133, 1816, 817):

|p]2(n =)

Mg(”—3) ’

V(p) =mip* + A2 (456)

The flat direction candidate, i.e QuQuQue (lifted by QuQuQuHgaee) by the superpotential
term n = 9 is the only viable term which can dominate the energy density of the universe at
the time of decay [132,133]. Note that the superpotential term which lifts the direction is a
hybrid type and therefore the A-term vanishes, see the discussion after Eq. (315). In these
models, it was assumed that prior to the curvaton domination the inflaton decays primarily

into the hidden sector radiation, which is not a satisfactory assumption.

For n = 7 the flat direction is LLddd (lifted by H,LLLddd), and for n = 6 the flat
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direction QdL (lifted by QdLudd) are allowed to be a curvaton candidate, provided the
background equation of state is that of a stiff fluid at the time of curvaton oscillations. The
flat directions which are lifted by n = 4 or by n = 3 can never dominate the energy density
of the universe. This is due to the fact that their initial amplitude of the oscillations is very
low.

There is of course a way to cure flat directions which are lifted by n = 4 by the renormal-
izable superpotential, such as H,Hy (lifted by (H,Hy)?), and for n = 3, the flat direction
NH,L, in the extension of the SM gauge group by U(1)p_r,, where N is the right handed
neutrino. They can dominate the energy density of the universe during oscillations, provided
the inflaton energy never gets dumped into the observable world [817].

To summarize, when the curvaton does not dominate while decaying, then they can
generate significant non-Gaussian perturbations and isocurvature fluctuations, however, the
results are model dependent, as it depends on the nature of the inflaton decay products and

the choice of the flat direction.

6. Curvaton and non-Gaussianity

One of the prime observable signature of a curvaton mechanism is to generate non-
Gaussian perturbations of order fy; ~ O(10 — 100). However as we have seen earlier, in
most of the models of inflaton and curvaton, the non-Gaussian perturbations are constrained
by the isocurvature perturbations. Models where the curvaton dominates while decaying will
generate no large non-Gaussianity. For a realistic A-term curvaton model, uidsds will never
generate large non-Gaussianity. The flat direction decays in couple of oscillations and its
energy density dominate while decaying.

On the other hand, models without A-term curvaton can potentially generate large non-
Gaussianity, as many of the directions, n = 3,4,6,7, do not seem to dominate the energy
density while decaying. There are however non-trivial constraints on such models in order

to avoid large isocurvature perturbations.

e Inflaton decay products must create the MSSM degrees of freedom. There should not
be any trace of hidden degrees of freedom which do not thermalize with that of the
MSSM. Otherwise the inflaton perturbations must be sub-dominant, i.e. (dp/p)ins <
107" during inflation [807, 1835].
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e Provided the curvaton perturbations and the inflaton perturbations are of the same
order, the curvaton must not create large baryon asymmetry and/or dark matter
through its decay. In principle an absolute gauge singlet moduli curvaton can decay

into gravitino or axino LSP. In such a case a stringent constraint on reheat temperature

applies [306, 1308, [794-796].

In presence of non-renormalizable potential [814, 1836], the fy. and gy parameters are

given by:
5 Lol 5 br
- 2 (1 2 457
v = (1T o2 3 6 (457)
251 9 o 3ol 9 1 9
gy = 2 { . (300% + %,fo) _ (1+¢°%) = (1— P0h )+1or+3r] ,
54 | 4r “o %o r o5 2 @5

(458)

where (g is the initial amplitude of the curvaton field. For r << 1, which is the ratio of
curvaton and ambient energy densities, the above equations simplify to:

5 <P0S00 259 %@6” e
~ 1 3 . 459
Jve = 47“( * 2 ) TR (e P * o3 (459)

For a quadratic potential, fy;, ~ (5/4r) and gyr ~ —(10/3r), holds true and gyj =~
—(10/3) fnr. In Ref. [835, 1836], the authors have studied the departure from quadratic
potential for a curvaton and obtained, gy ~ O(—10%) — O(—10°) for r ~ 0.01. These

values also depend on the non-renormalizable operator, n. The constraints on isocurvature
perturbations are extremely model dependent, as it depends on details of thermal history

of the universe and the assumptions behind inflaton and curvaton sectors.

D. Inhomogeneous reheating scenarios

Inhomogeneous reheating scenarios were considered in Refs. [248-251, [685]. This idea
is similar to the curvaton paradigm, the main difference here is that the isocurvature per-
turbations are now converted into curvature perturbations during the inflaton decay. Here
we present a simple example within MSSM. For a SM gauge singlet inflaton, ®, the only
renormalizable coupling to the MSSM is either W ~ g®H, H,, or g®LH, where g < O(1).
There are other non-renormalizable couplings which appear in the combinations with three

superfields are [122]:

o o
H, LLe. (460)

W M. M, M, M,

M, M,
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Where M, is a cut-off scale. Since ® has a large VEV during inflation, therefore its direct
couplings to H,H,; or LH, for a reasonable range of coupling strength ¢ will render them
heavy compared to the Hubble expansion rate, g(¢) > H;,s. These fields will not obtain
large quantum fluctuations, and will dynamically stay close to their respective minimum,
(Hu.), (Hg), (L) ~ 0. Note here that it is assumed that inflation is driven by the large VEV.
Therefore, fields coupled to either H,, Hy or L will remain massless by virtue of their zero
VEV, and subject to large quantum fluctuations of order Hj,;/27 during inflation. It is
possible to convert these fluctuations when the inflaton decays to the MSSM quanta at the
time of reheating.
The effective coupling for the inflaton to decay either via H,H,; or LH, is given by:

g:g<1+%+...) : (461)

where S is the VEV of the field which couples to either H,, H;, L, then the inflaton decay

will generate a quasi-thermal bath. The initial decay width of the inflaton will generate a

plasma with a temperature T' Fcl/ ? x g. Therefore, fluctuations in temperature induced

by (S) ~ Hjny/2m, would lead to

6T  Hy, 6T  Hi,
el , or — NS : (462)
T 27S decay T 2w M, decay

depending on whether the inflaton decays via non-renormalizable or renormalizable opera-
tors. In order to match the seed perturbations for CMB, 67 /T ~ 107>, either the VEV of
S or the scale of new physics should be around 10°H,, f-

VIII. STRING THEORY MODELS OF INFLATION

One of the best motivated framework of quantum gravity is the string theory. Therefore
it is natural to seek whether string theory can shed some light on inflation. There are
many reviews dedicated to stringy inflation [8, 45-53]. Since, there are many models of
inflation with large VEVs close to the Planck scale, which are particularly sensitive to the
UV properties of the field theory, it is possible that string theory can provide some insight
into the shape and stability of the potential. String theory also involves many degrees of
freedom with equally large number of physical solutions, which makes it vulnerable when it

comes to making concrete predictions, such as selecting the right vacuum at low energies. It
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is hoped that cosmological observations along with particle phenomenology beyond the SM
would help us constructing inflationary models 1.
There are important avenues where string theory can actually help us in our understand-

ing the inflation dynamics and various cosmological consequences.

e UV completion:

The UV completion of an inflationary potential is related to the fact that whether the
potential can be kept flat enough during the interval of slow-roll inflation or not at
VEVs close to the cut-off of the theory. For instance, the slow-roll parameters, i.e.
e < 1,n <1, ought to be maintained during sufficiently large e-foldings of slow-roll
inflation. One particular example is the realization of chaotic inflation [4] in string
theory, but below the Planckian VEV, with the help of assisted inflation |152]. In
string theory it is possible to realize N number of string axions arising from part-
ners of Kéhler moduli, which can collectively drive inflation below the 4d Planck
scale [280]. These axions have shift symmetry from 10d gauge invariance, which is
broken non-perturbatively, and avoids the SUGRA 7 problem, thus keeping the po-
tential sufficiently flat enough for the success of inflation [282,1546].

e Initial conditions:
String theory provides multiple vacua with all possible values of the cosmological
constant [55, 57, 1846, 847, for reviews, see |44, 56]. There has been a new revelation
in string theory after the advent of a KKLT scenario [54], where the moduli are
stabilized in an anti de Sitter (AdS) space with a negative cosmological constant. The
initial configuration is stabilized with the help of various flux vacua |42]. Various non-
perturbative effects such as gaugino condensation and/or warped brane instantons lift

the vacuum from AdS to de Sitter (dS) with a meta stable minimum with a life time

105 With the discovery of branes |837, 1838], string theory has influenced string phenomenology and cosmology
in a radical way, see [46, [51]. As a consequence, not all interactions see the same number of space-
time dimensions. For instance, gravitons are allowed to propagate in the entire space-time dimensions,
while the gauge fields including photons are localized on the brane position where the open strings must
end [837, 1838]. This has lead to a number of paradigms such as; a low string scale: the string scale
could be as low as TeV, the large extra dimensions could be as large as the micron scale [524, 839-841], or
at intermediate scales [842], and cosmological constant problem: a possible solution emerges where

it is possible to decouple 4d vacuum energy from the 4d curvature [843-845].
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greater than the present universe. These numerous vacua eliminate the problem of
initial conditions for inflation |57, 848, 1849]. Our patch of the universe could emerge
from one such initial vacuum with a large cosmological constant. It is also quite
plausible that string theory would provide some hints on the nature of trans-Planckian

problem [286-290].

e Low primordial tensor to scalar ratio:
One of the bold predictions of string theory models of inflation is that the tensor
to scalar ratio will be generically small, i.e. r < 0.001. In order to obtain large
tensor to scalar ratio, i.e. r ~ 0.1, one requires field values to be in the range, where
A¢ > Mp [206]. In a stringy setup the scale of inflation is always below the 4d Planck
scale, Mp. Note that the chaotic type inflation is now driven with the help of assisted
inflation [282, 1546], where the largest tensor to scalar ratio could be detectable by the
future experiments if » < 0.13. Similar arguments hold for brane inflation models,
where the brane-anti-brane separation acts as an inflaton, but the tensor to scalar

ratio remains quite small [850, 851].

e Cosmic (super)strings, localized gravity waves:
In brane-anti-brane case, inflation ends via annihilation of the branes. This process
is likely to generate cosmic strings [451-453, 1852], see Sec. [ILIG2 However their
longevity is a model dependent issue [452]. Brane-anti-brane annihilation would also
lead to exciting gravity waves on sub-Hubble scales with a peak frequency governed by
the string scale and a distinct sharp spectrum [709]. If the string scale is close to TeV,

then there is a possibility of detecting them in future gravitational wave observatories.

Stringy models of inflation also bring various challenges, whose roots are tied to the origin
of particle phenomenology. One of the issues is pertaining to exciting the SM degrees of
freedom, baryons and cold dark matter. Reheating and thermalization of the SM degrees of

freedom in stringy models of inflation are poorly understood [853-857].

e Embedding MSSM in a stringy setup:
There are tremendous progress in embedding MSSM in a stringy setup, with the help
of intersecting branes in Type ITA /B theories. Typically these theories have quantized

fluxes in presence of sources which lead to a warped geometry. Embedding MSSM in
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a realistic warped geometry is not well understood yet. Most of the constructions are
done in a simple background geometry [858-864]. Furthermore, besides the SM gauge
group there are extra U(1)’s which appear in the spectrum, which can be advantageous
for cosmology, such as a natural embedding for neutrino masses, leptogenesis, for a
review see [51], or can bring numerous uncertainties in thermal history of the universe

depending on what scales they are broken.

Inflationary sector:

It has been proven hard to embed inflationary sector within an observational sector,
in most of the examples inflation and (MS)SM sectors are two distinct sectors. For
all practical purposes inflaton remains in a hidden sector, whose couplings to the SM
world remains unknown apriori. In a warped geometry, with multi-throats it is not
clear why only the SM or MSSM throat will be dominantly excited after the end of
inflation, as required for the success of BBN. Furthermore, it has been argued that
during inflation the effect of back reaction would alter the compactified geometry and

all the throats below the inflationary scale [854].

Graceful exit from a string landscape:

In a string landscape scenario, if the universe were to tunnel out of the false vacuum,
then the universe would be devoid of any entropy as the nucleated bubble would keep
expanding forever with a negative spatial curvature [55, 279, I847]. Such a universe
would have no place in a real world. Therefore, it is important that a bubble with
an MSSM like vacuum must undergo the last phase of slow-roll inflation, in order to
gracefully exit the string landscape. Inflationary epoch should explain the observed

temperature anisotropy and also the right degrees of freedom upon reheating [279].

A. Moduli driven inflation

Moduli are abundantly in large numbers in 4d effective theory, which can be used to

construct inflation models. The potential along the moduli remains massless in a SUSY

limit. However, SUSY breaking, non-renormalizable superpotential terms, along with non-

perturbative effects lift their flatness. These corrections are important to compute in order

to keep the inflationary potential sufficiently flat. Some of these corrections are understood

222



recently in the context of a KKLT scenario [54], which helps understanding the stabilization
of all the complex structure moduli with the help of flux compactification [42], leaving a

single volume (K&hler) modulus which can be stabilized via non-perturbative effects.

1.  Basic setup

The basic setup for any string theory is the gravitational action in 10d, which can be

reduced to an effective 4d with a metric ansatz:
ds? = 2@y datde + grada™da™ (463)

where u, v runs for the non-compact space-time, 4d, while m,n runs for the compact 6d.
Demanding that in 4d we arrive at N = 1 SUSY, ¢, is required to be Calabi Yau mani-
fold [39-41], a Ricci-flat metric with SU(3) holonomy. The compactification scale of 6d is
given by; M. < M,, where M., is the compactification scale and M, is the string scale. The

gravitational part of the action is given by:

1 1

S = 52 leSL’\/ —9106_2¢R10 =353 dlox —g4€2A€6u6_2¢R4 (464)
2K1 2K1
where €% is the six dimensional volume of the compact metric and where 2x%, =

(2m)7a™ [41]). Eq. (@64) does not give the usual Einstein-Hilbert term for g,,; therefore,
a following transformation; g, = e%e*%g,,, leads to decouple the dilaton and the overall
volume of the compactification. The string coupling is determined by gs = e®. Then the

effective action is the usual

1
/d4x\/—gERE , — = é , Vo = | d®c+/det gy, 240
(465)

Note that now there can be a large hierarchy between 10d and 4d Planck constants, due to

1

~ 9.2
2Ky

S

a large warp factor, oc e, see [865-868].

For the rest of the discussion, an important ingredient will be the 10d type IIB SUGRA,
which arises as a low energy limit of type IIB string theory. The fields of [IB SUGRA are the
metric, a complex scalar, two 3-form field strengths, and a self-dual 5-form field strength.
The dilaton-axion scalar, 7 = C +ie~?, combines the RR scalar with the string coupling. It

is convenient to combine the R-R (F3 = dC5) and NS-NS (H3 = dB;) 3-forms into a single
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complex field, Fy = Fy — CHy. The 5-form, Fy = dCy — CyHs, is neutral under self-duality,
*[%5 = 5, which is imposed as an equation of motion [41], for a review see [43, 868].

There are other non-perturbative stringy objects such as D branes, a Dp brane is an
extended hypersurface over p flat spatial dimensions in p+ 1 dimensional space-time, where
open strings are free to move [837,1838]. Open strings do not propagate in the bulk, while the
closed strings do. In type IIB, the allowed number of p-branes are p =1,3,5,7,9. The two
D-branes interact by exchanging gravitons, dilatons and antisymmetric tensors, provided
their separation is large compared to the string scale.

In a compact manifold the D-branes can modify the dynamics. They do so via gravita-
tional field they create, which gives rise to the warping of the metric as shown in Eq. (463).
The presence of anti-symmetric tensor fields, for which the branes act as sources also lead
to quantization of three-form fluxes similar to the argument for monopoles [42], i.e.

1 1
/HgO(nl, /FgO(TlQ, (466)

2ma! 2ma!

where C' is a 3-cycle, ny, ny are integers. The presence of fluxes induces scalar potential
to the moduli, which can be used for fixing them. In this respect fluxes can break some or
all the residual SUSY in 4d. Finally the branes can also wrap around a non-contractable
surface, in particularly D7 branes, which fill 7 spatial dimensions also extends into 4 of
the compact 6 dimensions can wrap around 4-cycle in the internal dimensions. The brane
tension provides potential for the moduli, depending on how many times it wraps. There
are also negative tension branes, known as orientifold planes, i.e. O7, required to cancel
to total charge in the internal dimensions created by the warping of D7 branes. All these
contributions lead to fix all the moduli, which are known as complex structure moduli,

within type IIB compactifications [42].

2. KKLT scenario

In KKLT, flux compactification lead to fixing all the moduli with a constant superpoten-
tial term, W, while the volume modulus, 7', is assumed to be fixed by the non-perturbative

superpotential term in 4d [54]:

W(T) =Wy + Ae™™, K =-3In(T+T). (467)
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where a = 2w /N, A are constants, K is the Kédhler potential, which is assumed to be given at
the tree level arising from the compactification volume, K = —2In(M5Vy), where MSVy o
(T + T)3?%. The origin of non-perturbative superpotential term arises due to instanton
contribution or the presence of D7 brane wrapping certain cycles of the internal dimensions
carrying asymptotically free, SU(N), gauge group. Then the gaugino condensation along
such a gauge group will induce a non-perturbative potential [869,1870]. Note that usually the
Kéhler potential also obtains non-perturbative corrections [621H623], however, for a choice
of W, it is possible to neglect them °6. With the help of the above superpotential and the
Kéhler potential, the resulting minimum is found to be the SUSY one (for a pedagogical

discussion, see [46]):

3(W0 -+ Ae‘“Tm)

DrW(T,,) = —aAe™™ — — =0, (468)
L I+T, .
- 3(Wy + AeTm)? Ae=Tm)?
V(T Ty) = —Wotdern)  lader ™) (469)
(T + T'n)? 3(Trm + 1)

where T,,, denotes the minimum. Note that the potential is adS in the minimum, and requires
uplifting to get a dS universe. As suggested by KKLT, this can be achieved by adding SUSY
breaking contributions, such as anti-D3 brane (D3), although breaks explicitly, its effect can
be made small by the choice of brane tension, or in other words placing the D3 brane in a

warped geometry [54], whose contribution turns out to be:

Vin = ¢ ¢ (470)

T+T)%
where C' > 0, given in terms of the brane tension and the six dimensional volume. The
addition of D3 lifts the potential keeping the minimum almost intact, T' ~ T},, for which
either the total potential vanishes or become dS. For |T'| — oo, potential V' — 0 leads to
decompactification to 10d. Thus, the potential is separated by the barrier which can keep

the metastable minimum stable enough for the life time of the universe |54, 871).

106 There are two kinds of string corrections, string loop corrections in powers of g5 ~ e and o/ ~ 1/M?2 type
corrections. It is known that non-renormalization theorem forbids holomorphic superpotential to obtain

corrections of either type |620]. However, the Kéhler potential is not similarly protected.
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3. N-flation

Amongst various realizations of assisted inflation, N-flation is perhaps the most interesting
one 7. The idea is to have N ~ 300(Mp/f) ~ 10* number of axions, where f is the axion
decay constant, of order f ~ 0.1Mp . These axions can drive inflation simultaneously with

a leading order potential [282]:
V=Vo+ > Alcos(i/f;) + - (471)

where ¢; correspond to the partners of Kahler moduli. The ellipses contain higher order
contributions. The advantage of this potential is that there are no H?®? type contributions
at the lowest order provided there is a shift symmetry, therefore the SUGRA 7 problem
can be evaded. The axions have shift symmetry, which are only broken at non-perturbative
level.

In string theory case, the assumption behind the potential is following. In a compactified
framework, it is assumed that all the moduli are heavy and thus stabilized by prior dynamics,
including that of the volume modulus. Only the axions of T} = ¢;/ f;+iM2R? are light [282].
The assumption of decoupling the dynamics of Kéhler modulus from the axions is still a
debatable issue, see the discussion in [47]. These axions can then obtain an exponential
superpotential, W ~ Y. W;e*%i correction similar to the KKLT setup, in addition to a
constant superpotential piece, Wy. The shift symmetry is now protected by the choice of

Kéhler potential [47]

K= —n |

= (T = Ti)(T; = T;) (T = Th) | (472)

where Cjjj is the Calab-Yau intersection number. After rearranging the potential for the
axions, V ~ > V; &~ Y. |9;W|?, expanding them around their minima and for a canonical

choice of the kinetic terms, the Lagrangian simplifies to the lowest order in expansion:

1 1
L= 50.0:0"0; — 577%2@2 RIS (473)

107 There are also realizations of assisted inflation via branes [547, 548] in a type IIB setting, with a large

number of Kaluza Klein modes [280], exponential potentials arising from a generic string compactifica-
tion [537], and in a M-theory setting with the help of large number of NS-5 branes in [549], etc.
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The exact calculation of m; is hard, assuming all of the mass terms to be the same m; ~
10" GeV, and N > (Mp/f)?, it is possible to match the current observations with a tilt in

the spectrum, n ~ 0.97, and large tensor to scalar ratio: r ~ 8/Ng ~ 0.13 for Ng ~ 60.

4. Inflation due to Kdhler modulus

Various realizations of modular inflation have been studied in the context of volume
modulus, out of which the racetrack models [872-874], and the Kéhler moduli inflation are
the most popular ones [875, 876]. In the simplest version of racetrack inflation, the Kéhler

and the superpotential are given by:
K=-3Wn(T+T), W=Wy+ Ae™" + Be T (474)

where A, B,a,b are calculable constant, and T is a complex Kéhler modulus. Similar to
the KKLT scenario, it is also assumed that there is an uplifting of the minimum of the
Kihler potential by D3 brane, see Eq. (@70). The potential is spanned in two real scalar
directions with a complicated profile with many dS minima. For a certain choice of fine
tuned parameters, it is possible to obtain sufficient slow-roll inflation near the saddle point
spanned in two real directions. The model can produce the spectral tilt ng &~ 0.95.

A better racetrack model has been constructed with the help of two Kéhler moduli [877],
the Kéhler and the superpotential are given by [873]:

1 _ _
K = —2In | (Ty + To)*? — (Ty +T1)*?) | (475)
W = Wy + Ae Tt 4 Be T2 (476)

where there are 4 real scalars involved, i.e. 175 = X; 2+ ¢Y) 5. The uplifting of the potential
from adS to dS is given by: §V ~ D/(X3/* — X7/)2,

In all these models the choice of Wy is such that the corrections of the Kahler potential can
be neglected. This is due to the fact that W, is chosen small in order to explain the current
cosmological constant. However W, need not be small and in which case o’ corrections to
kéhler potential cannot be neglected [875, 876]. One such toy model with three moduli were

constructed where the Kahler and superpotential are given by:

K = —2In {(T1 + T0)*% — ko (Ty + Ty)3? — kg(Ts + T5)%% + g , (477)

3
W= Wo+ > A’ (478)

i=1
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where A;, a; are constants. Of course, now there are more parameters and the full potential
is hard to analyze, however, it is possible to imagine that only one of the modulus is driving
inflation, say T3, and rest of them are decoupled from the dynamics. The potential along

the lightest modulus is then given by:
Va Vo — C(Ts + Ty) P exp [—c(Ts + T3)*] | (479)

for some positive constants ¢ and C. In all these class of models the spectral tilt comes out
to be close to the observed limit, ngy ~ 0.96, with no significant gravity waves and no cosmic

string strings are produced aftermath of inflation [875, I876].

B. Brane inflation

The position of various branes along with their motion can lead to inflation. Let us
imagine that there is a gas of Dp branes in p+ 1 space-time dimensions. Their stress energy
tensor leads to an equation of state [87§]

+1
Py = [p—d ¥ — g} Pd (480)

where p, is the pressure and p, is the energy density of the gas of p branes. In a relativistic
limit, v> — 1, a gas of branes behaves as a relativistic fluid with an equation of state,
w = p,/pp, = 1/d, while in the non-relativistic case, v — 0, we obtain w = —p/d, a negative
pressure which could lead to a power law inflation with a scale factor a oc t¥@=P) for d = p+1.
This would inflate the entire p + 1 dimensional bulk. A stringy realization would require
that the dilaton be fixed at all times. A bound state of fractionally charged branes in 10d
universe can also lead to a high entropy state, with an initial correlation length larger than
the string scale, as discussed in [879]. These scenarios are helpful in setting up the initial
conditions for the universe. First of all they provide a homogeneous Hubble patch with a
large causal horizon (bigger than the string scale), where subsequent phases of inflation can
take place.

Motion of much fewer branes can also lead to inflation, first realized in [50, 1547, 1630,
648, 1652-654, 662, 663, I880-885], for a review see [48]. Consider a system of Dp — Dp
branes, where they interact via closed string exchanges between the branes, i.e. the

attractive gravitational (NS-NS), and the massive (R-R) interactions, see [838], yields,
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V(y) = =37 — p)/2)(1/7OP2y"P) where T, = (2ra/)**9/2 is the Dp brane
tension, and y is the inter-brane separation. For p < 7, the potential vanishes for large y.

At very short distances close to the string scale, there develops a tachyon in the spectrum,

2

tachyon = (y°/4m%a’) — 1/2, which leads to annihilation of the branes, and a graceful end

a'm
of branes driven inflation.

In a more realistic scenario, the branes have to be placed in a warped geometry. As a
consequence of flux compactification, any mass scale, M, in the bulk becomes h M, where
hs < 1, near the bottom of the warped throat. Thus the warping affects the overall
normalization of the potential. It is assumed that a D3 brane is slowly falling into the
attractive potential of an D3 brane placed at the bottom of the throat. The sum total
potential for a D3 — D3 brane potential is given by [48]:

V(gp) = 15H2¢2 + 2T3h? <1 — iﬁ) + ey (481)

2 Ny ¢*

where ¢ = /T3y, the value of warping depends on the throat geometry, typically hy ~ 1072,
N4 > 1 is the D3 charge on the throat, and g ~ O(1) arises due to the kahler potential,
which obtains contributions from the brane positions. The first term is reminiscent to the
SUGRA 7 problem, which plagues the brane inflation paradigm in general. A successful
inflation would require # < 1, the inflationary predictions are very similar to that of the
hybrid model of inflation.

There are some drawbacks of this scenario, the flatness of the potential is hard to obtain
naturally, one can try to modify the situation with dual formulation where instead of brane
separation, one uses branes at angles [881], assisted inflation [547, [548], or D3 brane falling
towards D7 branes [648, 662, 663, 882]. The issue of initial condition is crucial for the brane
inflation scenario to work, the position of a D3 brane has to be away from the bottom of
the throat, but there exists no stringy mechanism to do so. In a recent study [886-88§]
an argument has been provided where it is possible to realize a slow-roll motion for a D3
brane where D7 brane is also extended in the bottom of the throat. In all these examples
inflation happens near the point of inflection, which was first studied in the context of MSSM
inflation [86, 88, 89].

Another variant of brane inflation has been discussed in the context of DBI (Dirac Born-
Infeld) action [234, 889], where a D3 brane rolls fast with almost a relativistic velocity,

v = 16/27, for a particular case of KS-throat [890]. Inside a warped throat, the 4d metric is
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given by:
ds* = h*(y)(—dt* + a(t)*dz®) + h™*(y) g (y)dy™dy" , (482)
The DBI action for a D3 brane is given by the brane position, ¢(t), from the bottom of the
throat:
(2'52
T(¢)

where T'(¢) = T3h*(¢) and h(¢) is the warp factor depending on the brane position. For

S =— / d*za®(t) | T(o)4/1 — +Vi(p)—T(¢)]| , (483)

a slow-roll inflation, the action yields the standard kinetic term ~ ng /2. The potential is
given by a phenomenological mass term, and the coulomb potential between D3 and D3

brane:

42y ¢*
where Vy = 2T3h% is the brane tension at the bottom of the throat, where hy ~ 0.2 — 1073.

V(o) ~ 1 (1 . i) , (484)

The DBI inflation is quite similar to the K-inflation picture |[150], where inflation is driven
by a non-canonical kinetic term, a simple analogy can also be made with a fluid dynamical

picture, where an equation of state can be determined via:

p(6.K) = =T3h*(¢)\/1 = 2K/h(d)* + Tsh*(9) = V(). p(¢,K) =2Kpx —p, (485)

where K = (¢?/2T%). The speed of sound is given by:

2 Pk Pk 4
=Pk _ _PK_ 1 oppt= 486
P Dx+2Kp ik / 2 (486)

where I' is a relativistic factor. Besides matching the amplitude of the perturbations and
the scalar tilt, ny ~ 0.98, there is a possibility of generating large non-Gaussianity towards
the end of inflation. The value of fyn is determined by the relativistic motion of the brane,
when I' > 1, | fyr| & 0.32T2. For |fnz| < 300, gives I' < 32 234, 1891]. The tensor to scalar
ratio depends on the choice of initial conditions and it drops significantly as I' > 1 [892].

C. Reheating and thermalization

In stringy models of inflation, reheating and thermalization of the SM or MSSM degrees
of freedom are poorly understood. This is mainly due to the fact that inflation happens in

a hidden sector as far the MSSM sector is concerned. One problem for all these models is
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that they are bound to excite possibly light non-SM like degrees of freedom, which can pose
several challenges for a successful BBN 108,

There are also some observational virtues of stringy reheating. For instance, inflation
driven by D3 — D3 case has interesting consequences. Their annihilation leads to the pro-
duction of D1 branes and fundamental F'1 strings, which can be understood via tachyon
condensation [893-896]. The tachyon couples to U(1) x U(1) gauge theory associated with
each brane, as it develops a VEV it breaks the gauge group spontaneously, which results
in formation of D1 strings via Kibble mechanism and a confining flux tubes which become
the fundamental closed strings [897]. In Type IIB setup domain walls and monopoles are
not excited, which correspond to D0 and D2 branes. The cosmic string tension, pu, can be
within 107 < Gu < 107% [453, 1884]. Brane-anti-brane annihilation also excited gravity
waves, whose peak frequency is determined by the string scale [709]. A string scale greater
than TeV makes it impossible for such gravity waves to be detected in future.

Reheating in a warped geometry is a complicated process [854, 1855, [898]. Especially, in
a multiple throat picture, where inflation happens in one throat and the SM is in another,

there are many possibilities to reheat not only the SM throat, but also the other throats.

e Reheating various non-(MS)SM throats:
First of all, by no means it is guaranteed that the (MS)SM throat will be the only re-
cipient of the inflaton energy density, there are other throats with similar cosmological
constant, which are also reheated simultaneously depending on the relative warping

between the SM throat and the other throats.

e Stable KK modes and gravitons:
D3-D3 annihilation also excites massive KK modes and gravitons. The heavy KK
modes can decay into the lightest KK mode and gravitons. The lightest KK mode
can be absolutely stable at the bottom of the throat due to conserved angular mo-
mentum [855]. The self annihilation of these KK modes is gravitationally suppressed,
o~ (L/R)5(1/Mph?), where L is linear size of the 6d compactification volume and R
is the size of the throat, h is the relative warping [855, 856], therefore once produced

copiously during brane annihilation, these KK modes can overclose the universe.

108 One possibility would be to dilute all of them via late inflation, and create the MSSM degrees of freedom

afresh within an observable sector |279].
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e Breakdown of an effective description of a (MS)SM throat:
Due to the hierarchy between inflation and (MS)SM throat, during inflation the
(MS)SM throat will also be sensitive to inflation-induced vacuum fluctuations. The
curvature scalar of the (MS)SM throat will obtain corrections of order, R ~
12H?, je=245M  with e 2AsM ~ (Mp/Mgy;)? > 1 during inflation [854], which will ren-
der perturbative description of the (MS)SM throat ineffective. The (MS)SM throat
will now be uplifted by warping given by e4s™ ~ H;,;/Mp [854]. Once inflation ends,
the geometry of (MS)SM throat will start relaxing gradually before settling down to its
original value. The process of relaxation could give rise to a violent particle production

and excitations of open and closed strings [854].

e Reheating via tunneling:
The massive KK modes can decay into the (MS)SM throat via quantum tunneling [899,
900]. There is a large uncertainty in the tunneling rate, for a range of parameters given
by the RR flux, ng ~ 10—100, 6d compactified volume, /g, ~ 1—10% and g, ~ 1/10,
the rate is roughly given by: Ty ~ O(10 — 10'°)(H;,;/Mp)3/2H;,p [854]. With the
above tunneling rate the reheat temperature of the (MS)SM throat, T ~ /Ty Mp,
will exceed the fundamental scale Mg, This would lead to excitations of the KK
modes and gravitons in the (MS)SM throat. Again the universe would be dominated

a gas of non-relativistic KK particles.

In all the cases, the reheating temperature is very close to the string scale, Tg ~ Mgy, in
the (MS)SM throat. This gives rise to thermal excitations of long open, and closed strings,
a phase reminiscence to the Hagedorn phase [901]. Note, a very similar picture would unfold

in any neighboring throats, (MS)SM throat is not a unique one.

D. String theory landscape and a graceful exit
The vacuum energy in a string theory landscape can be written as:

7

V= MaA = MiAo+a™>) e} (487)

where ¢; S 1 are constants and n; are flux quantum numbers (note that A has dimension

mass? in our notation as it enters the Einstein equation as Ag,, ).
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All in all, string theory (from the landscape point of view) could have from 10°% to even
1009 vacua [44, 55-57], with the vast majority of those having large cosmological constants.
In addition, our knowledge of the distribution of gauge groups over the landscape suggests
that one out of 10'° vacua have the SM spectrum, at least in simple models [58-60]. Even if
this fraction is much smaller on the whole landscape, there are so many vacua that it seems
likely very many will have a SM-like spectrum. From statistical arguments, most vacua
should have badly broken SUSY, with large F-terms in the SUSY breaking sector.

In addition, there exist vacua with large cosmological constant that are “almost SUSY” in
the sense of |56, 902]. These vacua have vanishing (or nearly vanishing) F-terms, and their
cosmological constant and SUSY breaking are provided by a D-term, such as that created
by an anti-brane. Upon decay of the D-term, the remaining vacuum has small A and low
energy SUSY. The original model of [54] is almost SUSY in this sense because anti-D3-branes
provide both the cosmological constant and SUSY breaking. There are also examples of toy
“friendly landscape” models [903], in which the dynamics of N scalars create a landscape
of vacua. The landscape can also harbor negative A [904]. Also, [848] has discussed the
importance of negative A vacua in possibly separating parts of the landscape from each
other.

It is expected that small jumps in A with small bubble tension 7 to be the most com-
mon decays, which can in fact be quite rapid [279]. In Ref. [903] the authors have argued
that resonance can also play an important role in tunneling across a landscape of many
metastable vacua. Also, the fact that there are many possible decays, as emphasized by
[906], the whole landscape, including the MSSM-like vacua, will be populated eventually
almost independently of initial conditions.

One interesting way to exit the string landscape is through MSSM inflation. Note that,
when MSSM inflation starts, the “bare” cosmological constant (that not associated with the
MSSM inflaton) might still be considerably larger than the present value. This means that
further instanton decays should take place to reduce the bare cosmological constant, and
these decays should occur during MSSM inflation in order to percolate efficiently. Fortu-
nately, MSSM inflation naturally includes a self-reproduction (eternal inflation) regime prior

to slow-toll [86-88], see Sec. VI3l
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E. Other stringy paradigms

There are other interesting paradigms, such as string gas cosmology and bouncing cosmol-
ogy, for a review see [907]. The basic setup relies on stringy ingredients, such as statistical
properties of a gas of strings and branes, and some aspects of string field theory. Their pri-
mary aim is to explain the seed perturbations for CMB without invoking cosmic inflation,
see also [135, [136, 1908]. However, all these scenarios suffer from the same symptoms, they

require the universe to be exponentially large from the very beginning [909].

1. String gas cosmology

In [910], Brandenberger and Vafa (BV) proposed a seemingly very natural initial condition
for cosmology in string theory. In BV cosmology, all nine spatial dimensions are compact
(and toroidal in the simplest case) and initially at the string radius. The matter content of
the universe is provided by a Hagedorn temperature gas of strings. In addition to proposing
a very interesting initial condition and analyzing the thermodynamics of string at that point,
however, BV argued that string theory in such a background provides a natural mechanism
for decompactifying up to three spatial dimensions (that is, allowing three spatial dimensions
to become macroscopic). The BV mechanism works because winding strings provide a
negative pressure, which causes contraction of the scale factor, as was shown explicitly in
[911,1912]. BV then gives a classical argument that long winding strings can only cross each
other in three or fewer large spatial dimensions. Therefore, since winding strings freeze out
quickly in four or more large spatial dimensions, the winding strings would cause re-collapse
of those large dimensions.

The initial paper, [910], has inspired a broad literature. One important generalization has
been including branes in the gas of strings [913-916], and other space time topologies have
also been considered [917, 918]. In particular, [919] showed that interesting cosmological
dynamics happen when the expanding dimensions are still near the string scale.

Importantly, several tests have been made of the BV mechanism for determining the
number of macroscopic dimensionality of space, see [920-924]. These tests are all based on
the fact that the winding strings will be unable to annihilate efficiently if their interaction

rate, I', drops below the Hubble parameter for the expanding dimensions. Based on simple
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arguments from the low energy equations of motion and string thermodynamics it was
demonstrated that the interaction rates of strings are negligible, so the common assumption

of thermal equilibrium cannot be applicable [924, 925].

2. Seed perturbations from a string gas

Recently, a new structure formation scenario has been put forward in [139,1926] . It was
shown that string thermodynamic fluctuations in a quasi-static primordial Hagedorn phase
in 4d, during which the temperature hovers near its limiting value, namely the Hagedorn
temperature, Ty [901], can lead to a scale-invariant spectrum of metric fluctuations. The
crucial point of the mechanism is to note that provided three large spatial dimensions are
compact, the heat capacity Cy of a gas of strings in thermodynamical equilibrium scales are
r? with the radius of the box [927-932], then the heat capacity determines the root mean
square mass fluctuations, i.e. ((0M)?) = T?Cy. With the help of Poisson equation, V*® =
47Gdp, and the definition of power spectrum, Pg (k) = k3|®(k)|?, one obtains [139, [926]:

Po(k) = 16m2G2kop(k)|> = 16m2G2 k2 (6M)*(r(k))
19207%c G2 Ty (kr)?

(488)

Q

Tu(1-T/Tu)"
where c is the velocity of light, G' is the Newton’s constant and Ty is the Hagedorn tem-
perature. The mean squared mass fluctuation [§M|?(r) in a sphere of radius r(k) = k7! is
given by |dp(k)|> = k3|6M|*(r(k)). The tilt in the spectrum is scale invariant and the fine
tuning in temperature has to be AT /Ty ~ 1073 for Mg ~ 1071°Mp. The tensor mode also
requires similar level of fine tuning but with slight tendency towards a blue tilt, which could
be a distinguishing feature of this setup [139,1926].

To obtain this result, several criteria for the background cosmology need to be satisfied.
First of all, the background equations must indeed admit a quasi-static (loitering) solution.
Next, our three large spatial dimensions must be compact. It is under this condition that
1927, 1928] the heat capacity Cy as a function of radius r scales as r*. Thirdly, thermal
equilibrium must be present over a scale larger than 1mm during the stage of the early uni-
verse when the fluctuations are generated. Since the scale of thermal equilibrium is bounded
from above by the Hubble radius, it follows that in order to have thermal equilibrium on

the required scale, the background cosmology should have a quasi-static phase. Finally,
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the dilaton velocity needs to be negligible during the time interval when fluctuations are

generated [140,933] 109,

3. Ezample of a non-singular bouncing cosmology

In string theory, higher-derivative corrections to the Einstein-Hilbert action appear al-
ready classically (i.e at the tree level), but we do not preclude theories where such corrections
(or strings themselves) appear at the loop level or even non perturbatively. From string field
theory [935-941] (either light-cone or covariant) the form of the higher-derivative modi-
fications can be seen to be Gaussian, i.e. there are e” factors appearing in all vertices
(i.e. (e”¢)?). These modifications can be moved to kinetic terms by field redefinitions
(¢ — e "¢). The non perturbative gravity actions that we consider here will be inspired by
such stringy kinetic terms [942] 1.

It was realized that if we wish to have both a ghost free and an asymptotically free theory

of gravity !, one has little choice but to look into gravity actions that are non-polynomial

in derivatives, such as the ones suggested by string theory [942]:

5= / 4z =gF(R), (489)

where
Cn

F(R)=R+) S5 RO'R, (490)
n=0 " "*

and M, is the scale at which non-perturbative physics becomes important. ¢,’s are typically

109 Tt is not easy to satisfy all of the conditions required for the mechanism proposed in [139,926] to work. In
the context of a dilaton gravity background, the dynamics of the dilaton is important. If the dilaton has
not obtained a large mass and a fixed VEV at a high scale, then it will be rolling towards weak coupling
at early times. This will lead to [911,1934] a phase in which the string frame metric is static, and thus the

string frame Hubble radius will tend to infinity, i.e. H =~ 0.

110 There are various discussions on singular bouncing cosmology in 4d in the context of ‘ek-pyrotic’ and cyclic
universe [137, 138,943, 1944]. These models are interesting in their own right. However, constructing and
stabilizing a background with a singular bouncing cosmology is a non-trivial task, see for some related

discussions [945-950].
While perturbative unitarity requires the theory to be ghost free, in order to be able to address the

singularity problem in General Relativity, it may be desirable to make gravity weak at short distances,

perhaps even asymptotically free [951].
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assumed to be ~ O(1) coefficients. It is convenient to define a function,

['(\?) = (1 - 6§ci [J\Zr(m) : (491)

One can roughly think of p?T'(—p?) as the modified inverse propagator for gravity (see [942]

for details). It was shown that if I'(A?) does not have any zeroes, then the action is ghost-
free, thus free from any classical instabilities, i.e. Ostrogradski instabilities (see [952] for a
review).

For homogeneous and isotropic cosmologies, where a(t) is the scale factor, it is sufficient
to look at the analogue of the Hubble equation for the modified action (Z89490). Just as
in ordinary Einstein gravity, here also the Bianchi identities (conservation equation) ensure

that for FRW metrics, the field equation satisfies [942, 1953]

a F - n 3% ;- Z
Goo = FoRoo+§ — Fo, 00 — Bk —QZFnD R — §Z;Fn(|:| IR) = Tho, (492)

n=1

where we have defined

S n—m F
F,=) 0O =7 (493)

It was shown in [942] that Eq. (492) admits exact bouncing solutions of the form

a(t) = cosh [%] . (494)

in the presence of radiative matter sources and a non-zero cosmological constant.

A non-singular bouncing cosmology can also lead to a cyclic inflation [148,1954], where a
negative cosmological constant plays a dominant role. The evolution gives rise to every cycle
undergoing inflation on average [148]:

. fHdt o 1 Ani1 _Nn

where 7, is the time period of the nth cycle. Imagining 7,, = 7, every cycle leads to moderate
inflation with the scale factor increasing with every cycle; a,.1/a, ~ expN. On average
the Hubble expansion rate remains constant over many cycles. The exit of inflation happens
when the universe leaves the negative cosmological constant to the positive cosmological

constant via a dynamical scalar potential [148].
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