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Abstract

Supergravity is one of the theories beyond the standard model of particle physics and
solves some theoretical and phenomenological problems in the standard model. It is also
regarded as an effective theory of superstring, which is a possible candidate for quantum
gravity. It is known that, in effective theories of superstring, higher order derivative
couplings generically appear. Such couplings may be important for physics at very high
energy scale, especially in the early universe. From such perspectives, it is important
to understand higher-derivative terms in supergravity. In this thesis, we construct the
supergravity action including such terms via the superconformal tensor calculus, which
reduces the complexity of calculations and unifies the three formulations of Poincaré
supergravity. In particular, we construct supersymmetric higher-derivative terms of chiral
and vector multiplets. We also discuss the effects of higher-derivative terms on inflation
models in supergravity. As we will find, the supersymmetric higher-derivative terms
are in general associated with nontrivial lower-(no-)derivative terms as a consequence of
supersymmetry. We show that such nontrivial terms can play important roles during
inflation.
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Chapter 1

Introduction

1.1 Introduction and outline

The standard model of particle physics (SM) has been a successful model consistent with
the collider experiments. In particular, in 2013, the last piece of SM, Higgs particle, was
discovered and it also strongly supports the validity of SM. However, once we take our
attention to cosmology, we notice that this is not the final theory explaining our universe
completely. In other words, it is inconsistent with the standard cosmological model called
the A-CDM model. The problems are obvious: in SM, both A and CDM are absent. A
is the so-called cosmological constant, which is the most consistent source of the present
accelerated expansion of the universe. In usual, although SM predicts the cosmological
constant due to quantum corrections, it can be removed in the calculations. Therefore, it
is essentially absent in SM. CDM means Cold Dark Matter, which is a neutral and non-
relativistic massive particle. Such a particle is absent in SM, and this fact suggests that
we need to extend SM for explaining them. An interesting model of CDM is the weakly
interacting massive particle (WIMP) scenario, where CDM has a very weak coupling with
particles in SM.

In the above argument, we have missed a more important point: before discussing
the A and CDM, in the first place, SM does not include gravity. That is due to the
non-renormalizable nature of quantum gravity. One of the promising candidates for the
solution is provided by the superstring theory, where the fundamental material is a string.
From the string theoretical viewpoint, the “particle” physics can be seen as the low energy
effective theory.

The effective particle theory of superstring has greatly interesting features. For the
consistency of the superstring theory, the number of the spacetime dimension is deter-
mined to be 10 (one for the time and the others for the space). Then, the effective particle
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theory should also be defined as 10 dimensional (10D) one. The other important feature
is supersymmetry (SUSY) in spacetime. SUSY is one of the solutions for the stability of
the electroweak scale. In superstring, SUSY is a local symmetry, and then, the effective
theory becomes supergravity (SUGRA).

These facts imply that it is important to construct phenomenological and cosmolog-
ical models within SUGRA. Such models of various kinds have been investigated in the
literature so far. One way is to construct the model directly from the string theoreti-
cal side, that is, the top-down approach. Such an approach is better to clarify how the
models can be realized in superstring. However, some assumptions are required and it is
sometimes difficult to discuss the phenomenological and the cosmological consequences.
In this thesis, we take the other approach, the bottom-up one, where we investigate the
phenomenological and the cosmological models in SUGRA particle theory. In particular,
we will construct and discuss the SUGRA models with some extensions motivated by the
superstring theory.

In this thesis, we especially focus on the higher-derivative terms in the action, which
contain spacetime derivatives more than two, in 4D SUGRA. It is known that such terms
appear e.g. in the effective action of D-branes in type I superstring theory. One of the
problems associated with higher-derivative terms is the so-called Ostrogradski instabil-
ity [1, 2], which is equivalent to the appearance of ghost modes. The simplest way to avoid
ghosts is to impose a requirement that the equation of motion (E.O.M) of a system should
be the second order differential equation with respect to time. In non-SUSY theories, the
most general scalar-tensor system satisfying the requirement is known as the Horndeski
action [3, 4]. On the other hand, in SUSY case, such a general system has never been
known so far, and furthermore, ghost-free higher-derivative terms of matter multiplets are
less known [5, 6]. For example, known ghost-free SUSY higher-derivative terms of chiral
multiplets are classified into two types. We will focus on one of them and also develop a
special class of higher-derivative terms of a gauge multiplet called the Dirac-Born-Infeld
(DBI) action [7, 8.

We will construct such models via the superconformal formulation [9, 10, 11, 12],
where we consider a theory with superconformal symmetry. The symmetry includes the
physical Poincaré SUSY as its subgroup, and this means that there are some unphysical
symmetries in the superconformal theory. As we will see in some parts of this thesis, such
unphysical gauge degrees of freedom can be used as a tool for reducing some complexi-
ties of calculations. The other utility of superconformal formulation is the unification of
the Poincaré SUGRA formulations. Three different off-shell formulations of the Poincaré
SUGRA have been known, in which the sets of auxiliary fields in the gravity multiplet
are different from each other. It is known that the relation between one and the other
formulations can be understood from the superconformal viewpoint [12]. Our construc-
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tion of models with SUSY higher-derivative terms will be done in the superconformal
formulation, and therefore, we can completely understand how such models are realized
in all the formulations. This is one of the achievements of this thesis.

We will also discuss the cosmological consequences of our SUGRA models. Since the
higher-derivative terms are expected to be suppressed by some scale much larger than one
seeable in the collider experiments so far and near future, the effects on the phenomenology
seem less important. However, in the early universe where the typical energy scale is much
larger than that of the experiments today, effects of such terms may affect the dynamics
of the universe. The main focus of our discussion is on cosmic inflation [13, 14, 15, 16, 17].

Inflation was first proposed as solutions for the horizon, the flatness, the monopole
problems and so on. It solves such problems simultaneously, and so, it became one of
a paradigm of the early universe. A class of inflation called the slow-roll inflation [18]
predicts the primordial fluctuation of gravity field, whose almost scale independent spectra
are consistent with the cosmic microwave background (CMB) observation so far. The
primordial curvature fluctuation is the origin of the large-scale structure of our universe,
and therefore, an inflationary era in the early universe seems necessary for explaining
the universe observed today. The best way to explain the latest CMB data is a slow-roll
inflation driven by a single scalar field called an inflaton.

Models of inflation in 4D SUGRA have been studied so far and numbers of models
have been proposed. The models we will discuss are based on three classes among them
called the F-term chaotic inflation [19, 20|, the old and the new minimal Starobinsky
inflation [21, 22, 23], and the massive vector multiplet inflation [24, 25]. We study the
effects of the higher-derivative extension on those models.

The novel features of SUSY higher-derivative terms, which we will discuss, come from
the nature of SUSY. Even if we try to construct only a specific interaction term, it is, in
general, impossible in SUGRA because of the strong requirement of SUSY. The specific
interaction always brings another unexpected interaction to the system. Such things do
not occur in a non-SUSY system and the investigation of such a nontrivial interaction is
more important to understand the SUSY/SUGRA system. As we will see below, SUSY
higher-derivative terms lead to some nontrivial interactions other than higher-derivative
ones. Those nontrivial interactions show some interesting and cosmologically favored
features in each model.

This thesis consists of five chapters and appendices. In Chapter 2, we review the con-
struction of SUGRA action in the superconformal formulation, which makes the construc-
tion rather simple and universal than the formulations based on Poincaré SUSY. Certain
detailed advantages of the superconformal formulation are summarized in Sec. 2.1. Sec-
tions. 2.2, 2.3 and 2.4 are devoted to a review of some details about its structure and its
basic application.
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Models of inflation in SUGRA related to this thesis are summarized and reviewed in
Chapter 3. First, we overview structures of the scalar potential of chiral multiplets and
its consequences in inflation. After that, we review three models in SUGRA, the F-term
chaotic inflation, the Starobinsky inflation in the old and the new minimal SUGRA, and
the massive vector multiplet inflation.

In Chapter 4, we discuss one of the ghost-free higher-derivative terms of chiral multi-
plets. In Sec. 4.1, we introduce such a term in global SUSY. Then, we embed it into the
superconformal formulation and discuss some features in Sec. 4.2. Taking those features
into account, we construct an F-term chaotic inflation model with the higher-derivative
term in Sec. 4.3, and then, find that the model behaves in a drastically different way from
the original one. The reason for the behavior is clarified by a simplified model in Sec. 4.4.

We focus on the DBI action in SUGRA and its application to inflation in Chapter 5.
Our construction is based on Refs. [26, 27] in global SUSY, which is reviewed in Sec. 5.1.
Then, we promote the global SUSY expression to the superconformal one in Sec. 5.2, which
enables us to discuss e.g., the cosmological application. As an application to inflation, we
consider the DBI extension of the massive vector multiplet inflation model in Sec. 5.4. The
other application, the DBI-Starobinsky model in the new minimal SUGRA, is discussed
in Sec. 5.5.

Finally, we conclude in Chapter 6. The notation in this thesis is summarized in
Appendix A. We give transformation laws of a general superconformal multiplet in Ap-
pendix B, and a brief review of inflation is given in Appendix C. In Appendix D, we give
futher details of discussion in Sec. 4.3.



Chapter 2

Review of conformal SUGRA

2.1 Why conformal SUGRA?

In this section, we briefly introduce conformal SUGRA and overview its advantages.
In this thesis, we consider 4D SUSY with four supercharges, which is called N = 1.
In Poincaré SUGRA, the action of supermultiplets is invariant under the set of local
symmetries: the general coordinate transformation, the local Lorentz symmetry, and local
SUSY, collectively called Poincaré SUSY. Conformal SUGRA has a much larger set of local
symmetries: in addition to the above symmetries, dilatation, chiral U(1) symmetry, special
SUSY, and special conformal symmetry, collectively called superconformal symmetry.
In such a theory, supermultiplets should also be the representations of such additional
symmetries. Those additional symmetries should be broken in the physical system. By
setting gauge fixing conditions on the additional symmetries, as we will review in Sec. 2.4,
we can obtain the physical Poincaré SUGRA theory as the broken superconformal one.
We employ conformal SUGRA mainly by the following two reasons. One of the reasons
is that the conformal SUGRA can produce the Poincaré SUGRA theory in various frames
in a systematic and simple way. In most formalisms of Poincaré SUGRA, scalars ¢ and
graviton g, couple to each other through the non-minimal Ricci scalar term ~ f(¢")R,
which represents the kinetic mixings between ¢' and g,,,. To make graviton canonical, we
have to redefine the metric as g, — g = e~ 20(@) g, With an appropriate real function
o(x). We now discuss the SUSY theory, and therefore, the non-minimal kinetic mixing be-
tween the fermions x* and gravitino ¢, also appears as 3~ g;(¢")x/v** D¢, where g;(¢")
is a function of scalars, and D,, denotes the covariant derivative defined later. In contrast
to the case of the canonicalization of graviton, the procedure to make gravitino canonical
is much complicated in many cases.! Such a complexity is relaxed in the superconformal

For example, in Ref. [28], the redefinitions procedure for canonicalization of graviton and gravitino
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formulation.

Here, we show how the procedure is simplified in conformal SUGRA. Although we will
show the procedure precisely in the following sections, it is meaningful to demonstrate
it in a simplified example for understanding. As we mentioned above, to produce the
Poincaré SUGRA from conformal one, we need to set gauge fixing conditions on the
symmetries other than Poincaré SUSY. We focus especially on the dilatation and the
special SUSY gauge fixings. Dilatation and the special SUSY have a real bosonic and a
fermionic generators respectively. Therefore, we can put conditions on a real bosonic and
a fermionic quantities. Let us recall the mixing terms given by

Luix = [(0")R + g;(¢" )XV Db, (2.1)

To make the non-minimal Ricci scalar term canonical ~ fR — %R, we put the dilatation
gauge fixing condition f(¢") = % This condition eliminates one of the scalar degrees of
freedom and we assume ¢° is removed. We can solve the condition and then ¢° becomes
a function of the other scalars as ¢° = ®°(¢7°). The effects of the dilatation fixing on
the other terms appear through ¢° substituted by ®° in the action. As in the same way,
the second term in Eq. (2.1) can be removed by using the special SUSY fixing condition
>, 9i(¢")x’ = 0. The condition eliminates one of the fermionic degrees of freedom,
which we choose as x°. Then, Y becomes a linear combination of the other fermions
like X° = —g; ' > 40 g;x’. Thus, we can obtain canonical kinetic terms of graviton and
gravitino. As we find from the above discussion, the superconformal action should have
some degrees of freedom other than ones remaining in the gauge-fixed system, that is, in
the physical Poincaé SUSY theory. The fields such as ¢° and x° are called compensator
fields and the simplest choice of them is so that they form a superconformal multiplet,
called a compensator multiplet.

The second advantage of conformal SUGRA is that it unifies Poincaré SUGRA with
different types of gravity multiplet. It has been known that there are some possible sets
of auxiliary fields of gravity multiplet in Poincaré SUGRA. From the viewpoint of the
Poincaré SUGRA, it is difficult to find the relation between theories with such different
sets of auxiliary fields. However, in Ref. [12], it was found that those theories can be
understood as conformal SUGRA models with different compensator multiplets. Three
classes of different Poincaré SUGRA, which can be realized with irreducible superconfor-
mal compensator multiplets; a chiral, a real linear, and a complex linear multiplets, are
known as the old minimal, the new minimal, and the non-minimal formulations, respec-
tively. The relation between them was studied in Ref [29], and it was found that the new
and the non-minimal formulations are equivalent to special classes of the old minimal
formulation. It is also known, however, that the equivalence holds only if there are no

coupled to chiral multiplets are shown.
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SUSY higher-derivative terms of a compensator. In this sense, if higher-derivative terms
exist, the difference of formulations has physical meanings. Such examples include the
Starobinsky model in the old and the new minimal formulations, which will be discussed
in Sec. 3.3. In this thesis, we will discuss the action with higher-derivative terms in chap-
ters 4 and 5. To understand whether the behavior of such terms depends on the choice
of the formulations, the conformal SUGRA formalism is quite useful.

There are other utilities of conformal SUGRA for understanding phenomenological and
cosmological aspects of SUGRA systems although we just comment on them briefly. The
anomaly mediated SUSY breaking found in Refs. [30, 31] can be simply described in terms
of the compensator multiplet [32]. In Ref. [33], using gauge fixing conditions alternative to
the conventional one [34], the effective SUGRA action in a flat spacetime was simplified,
and expressed in terms of the flat superspace. The conformal SUGRA approach was
also applied to cosmology, especially for an understanding of inflation models [35]. In
Ref. [36], the general Jordan frame SUGRA has been constructed by using conformal
SUGRA, which is useful for constructing inflation models with non-minimal Ricci scalar
terms and for clarifying the underlying conformal symmetry. The author showed how
the SUSY breaking effects affects on SUGRA inflation models in view of the conformal
SUGRA structure [37].

2.2 Basics of conformal SUGRA

We review the construction of conformal SUGRA in this section on the basis of Refs. [12,
38]. For the construction, three formalisms are known. The first is the superconformal
tensor calculus which we will use below and is based on the gauge theory of superconformal
symmetry on the spacetime manifold. The second is conformal superspace approach [39],
which is very similar to the previous one, but the base space is superspace. The third
one is the group manifold approach [40]. For a practical application, the first method has
been used, and so we employ it.

In the superconformal tensor calculus, we consider the gauge theory of the supercon-
formal symmetry. The strategy is quite simple: From the superconformal algebra, we
can find representations of the algebra, which is a covariant quantity in the gauge the-
ory. Then, we can construct the action of representations, which is invariant under the
superconformal transformations.

First, we define the covariant quantities and the covariant derivative. Let us consider
a set of transformations

(5(6) = EATA, (2‘2>
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where A is a label of generators, € is a transformation parameter, and T4 is a generator.

We assume the algebra formed by T4 as
T4, 5] = fipTe, (2.3)

where [ , | denotes the commutator, and f{5 is the structure constant of the algebra,
which is antisymmetric with respect to the exchange of A and B.2 The algebra can also
be expressed with transformation parameters €' and € as

[0(er), (e2)] = (egei )T = d(es), (2.4)

where €§ = ePei! f{5. Under the transformation, a covariant quantity ® is defined so that
it transforms as

5(6)® = 'Ky (2.5)

where K, = T4®. The important point is that the transformation of the covariant
quantity does not have the differentiated e-terms like 9,¢”.

In gauge theory, the transformation parameter depends on the spacetime; e(z).
Therefore, the spacetime derivative of ® does not become a covariant quantity, which
transform as

5(€)0,® = 0,(e*Ka) = €10, K4 + 0, Ka. (2.6)

To construct the covariant derivative, gauge fields B;f are required, which transform under
the symmetry transformation as

5(e)B, = D, + echfgc. (2.7)

Then we can define a covariant derivative D,, on ® by

D,® = (0, — B)Ta)® = (0, — §(B,))®. (2.8)
Indeed, this is a covariant quantity, which transforms as

5(€)Du® =0, Ka + (0,6)Ka — (0(e)B)) K — B6(€) K o

:EAaMKA - EclgffchA - BZ‘(S(E)KA

=0, K4 — €' B [Ty, Tal® — Bl e T4 Tp®

= (0, K4 — B TpK »)

=eD, K 4, (2.9)

2Here, we assume the generators T are bosonic quantities. Even if the generators are fermionic, we
can use the final form of each expression given in the following discussion.
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where we have used the algebra (2.3) in the third equality.
From the gauge fields, we can construct the other covariant quantity called curvature.
The curvature Rf is defined by

R, = 20,8+ BJB. fre, (2.10)

where [- - -] is the antisymmetrization defined below Eq. (A.1). We can derive the trans-
formation rule of curvatures as

() Ry, =200, + 20, (“BL) fhe + ((0,€” + €°BY fip)BY fhe — (1< v))
250(28[u8ﬁf§c) + GDBEBEngfgc + EDstfngfgc
:50(28[#Bf]f§0) - ECBEB,?ngfgc
_CRB fA . (2.11)

where we have used a Jacobi identity >, f&pf4p + (cyclic with respect to C,D,E) = 0
in the third equality.

So far, we have discussed a general gauge theory. Next, let us focus on the supercon-
formal symmetry. We define the superconformal transformation d,. as

1
Osc = §"Pat €Q + A" Map + ApD + 0A + 1S + N K, (2.12)

In Eq. (2.12), P,, Q, My, D, A, S, and K, denote the generators of translation, SUSY,
Lorentz transformation, dilatation, chiral U(1) symmertry, conformal SUSY (S-SUSY),
and special conformal transformation, respectively. The subscripts a, b denote the local
Lorentz indices. The coefficients £%, €, A%, A\p, 0, n, and \% are corresponding transfor-
mation parameters, respectively. These generators form the superconformal algebra as
(other combinations are commutative)

[Pm Mbc] :277a[ch}a [Paa D] = _Paa Pm Sa] = ('YaQ)om

[
1 1

(Qu @) =~ (3P [QuMa) = (0@ [Qu D) = 1 Qu.
Qus 4] =5 (s {Qur 5} = —5CasD = (1% )asMas + 5 (1)
(Qu Tl = = () (Mg, Mar] = e Mgy, Mo, 2] = 5 (S
(Koo Mid =200K, (D8] = =380, (DK = Ko [4,8.] = 5(.5),
(80,5} = = 5(0")iKas [P K] = 2D + Ma), (2.13)



CHAPTER 2. REVIEW OF CONFORMAL SUGRA

where the subscripts o and 3 denote the spinor indices, and C,p is the charge conjugation
matrix defined below Eq. (A.4). {---} denotes the anti-commutator, and ~,, Yap, and .
are defined in Appendix A. We also define the set of gauge fields as

1 -
BTy = el P, +¥,Q + wabMab +buD + AyA+ ¢S + fiK,. (2.14)

From the algebra, we can read off the structure constants, and obtain the following set of
curvatures (2.10) for each generator,

R, (P) =2(0), + b)ey + 2w L €ub 1/1,ﬁ Yy, (2.15)
31 1
Bl@ =2 (0 + b = Sy + J %b>) i=Tds (10
RZZL(M) 28[Mw 2(,0[“0 V] —|— 8f[5 I;]] ¢[u7ab¢y], (2'17>
R,ul/(D) :28[;1, v] — 4f[,ueu la — w[u(bl/]’ (218)
RHV(A) :28[MAV] + i¢[,u'7*¢u]» (2.19)
1 31 1, a
RW(S) =2 <3[M — Qb[u + 514[”7* + Zw[i’yab) (ﬁ,,} — 2’7af[u¢y], (2.20)
a a a 1- a
Ruz/(K) :2(8[“ - b[u) v T ZW[SfV]b - §¢u7 Do (2.21)

In the above construction, we have defined the symmetry algebra and corresponding
gauge fields, as in the case of the gauge theory of “internal” symmetries. However, the
superconformal symmetry would be a “spacetime” symmetry, and therefore, we have to
relate the symmetry to the general coordinate transformation (GCT) of spacetime. For
such a purpose, we need to change the meaning of “translation” as follows: We define
translation P,, whose transformation is defined as

" Py =dao(€") = Y €' BTy

A£P
:é_'u‘(v# — Z BﬁTA)
A£P
Ef‘“DH, (2.22)

where dgc(€H) denotes GCT with a parameter £(x), £* = ej&", and V,, is a covariant
derivative with respect to GCT. Now the translation becomes the covariantized GCT with
respect to all the symmetries. This modification requires the replacement of P* to pe
in the algebra. Therefore, the covariant derivative D, in Eq. (2.8) does not appear in

10
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the following discussion but the deformed covariant derivative D, does. Then, we have
to know whether the deformed algebra requires some conditions or not for the closure of
the algebra. Indeed, it is known that three conditions on curvatures and the modification
of the transformation laws of three gauge fields are required. We do not discuss them in
detail, but show how those conditions and transformations are derived in the following.

In the algebra (2.13), we find that only the equation {Q.,Q"} = 3(v*)3F, contains
P, on the right-hand side without including it on the left-hand side. The modification
P, — P, especially affects such a relation. Let us discuss the original anti-commutation
relation of @ on e},

[6Q, &Qlel = £'(Pyel), (2.23)
where £ = %Eﬂbel. Before starting deformation, we note the following relation,

¢'P,B = ¢P,B + ¢'R, (2.24)
which can be derived from the definition of P, (2.22) straightforwardly. With this identity,
we obtain

[61Q, &Q]e;, = fb(ﬁb@Z) + &Ry, (P). (2.25)
To deform the algebra so that P, — ]5(1,

R, (P) =0 (2.26)

is required. This condition can be solved with respect to wzb. Thus, wzb becomes a

dependent field given as a function of ef,, b,,, ¥, (see the definition of R, (P?) in Eq. (2.15)).

We also notice that the condition Rj (P) = 0 is not SUSY invariant. Indeed,
€Q(R:,(P)) = 36v"R,,(Q) # 0 if we follow the original transformation rule. Such a
contradiction can be solved by taking into account the modification of the transformation
law of wzb. Now, it is a dependent field determined by Eq. (2.26), and so the SUSY trans-
formation of w/‘jb should be consistent with the constraint. Therefore, the transformation
law of w(” should be modified so that

€Q(R,(P)) = %WRW(Q) T 28 (e)wie,p = 0, (2.27)

where g, is the additional SUSY transformation other the original one. Equation (2.27)
can be solved, and we obtain
1

Sole)s? = 5 BIQ) ~ 1enR™(Q). (2.28)

11
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We need to perform the same procedure for v, b,, and A,, and find that the modifi-
cation can be completed with the following conditions,

PYMRMV(Q) = 07 (2'29)
R (M) + iRy (A) = 0, (2.30)

where RioV(M) = R (M)ebey,, and REY*(M) = R (M) — 5¢,7,R(Q). These
conditions can be solved with respect to ¢, and f, respectively. Then those fields become
dependent fields and their SUSY transformations have additional terms as w:

o,
G006 =57 (R (A) + R (A)e, (2.31)
Se)f =30 R (S) + 1B (S)), (232)

where RS (S) = Ry (S) + £77 (1R (A) + R,,(A))i,. Note that all the other transfor-
mations are the same with that determined by the original algebra.

Thus, the deformation of the algebra is completed, and the superconformal symmetry
becomes a “spacetime” symmetry.

2.3 Superconformal multiplet

2.3.1 General multiplet

In the previous section, we have discussed the basic structure of the superconformal
tensor calculus and seen the deformed superconformal algebra. Here, let us construct
the representations of the algebra. From a representation ®, we can construct finite
numbers of its SUSY descendants ~ Q®, Q®,- - -, QQQQ®P. We call such a set of fields a
supermultiplet. However, a supermultiplet may not be a superconformal multiplet, which
is a set of fields transformed under the superconformal transformations. The reason can
be understood by the following example: Let us consider the S-transformation of Q®.
From the algebra (2.13), S(Q®) = {S5,Q}® —Q(SP) ~ (M + D+ A)® — Q(SP). We find
that the transformation of Q® depends on the (-transformation of a new field S®. This
means that S® is also a “superpartner” of ®. This implies that a supermultiplet itself
can not determine the transformation law under the superconformal symmetry.

From the above argument, we define a superconformal multiplet as a supermultiplet
which satisfies the following condition: S® = 0, K® = 0. Let us construct a superconfor-
mal multiplet, more concretely.

12
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Let us consider a superconformal multiplet C, which has the lowest component C' and
transforms as

5oC = %E’y*(, 50;C =0, 6,0 =whpC, 64C = infC
3sC =0, 8xC =0, (2.33)

where we have used the notation §; = €T} (without a summation with respect to I).
In the D- and A-transformations of C', we have introduced two real parameter w and n
called the Weyl and the chiral weights, respectively. These weights are the most important
quantities for characterizing the superconformal multiplet C. ( is an arbitrary spinor
whose transformation law is uniquely determined by the algebra. Let us demonstrate
the procedure to determine the transformation law of (. As an example, we consider the
S-transformation of . From the algebra (2.13), we find

1 1 1
[05(n), 0q(€)] = dp (577€> + o (56777) + 04 (56%77) : (2.34)
We also know the transformation law of C', and then obtain

d5(n)dq(e)C =[ds(n), dg(€)]C + dq(e)ds(n)C

1 1 ]
= (5D (5776) + O (56’}/77> + 04 (%e%n)) C+0

1 .
=—newC + 0 +in (%e%n) C

2
:%E’y* (iwys + in)nC. (2.35)
The left-hand side can be rewritten as
b5(1)3o(e)C = 5e1.8s(n)C, (2.36)
and then, combining these equations, we obtain
ds(n)¢ = (iwv. +in)nC. (2.37)

From the above example, we can confirm that the transformation law of a descendant
field can be uniquely determined by that of the lower (ascendant) components.

Another important example is the Q-transformation of (. Following the (deformed)
algebra, we have

Faler) dale2)]C = —5(E7" ) DuC (239)

13
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To compute the left-hand side of this equation, we need to know the form of dg(€)¢, the
general form of which is

So(e)¢ = (P + PLy* + 2™ + 77 P] + 7. DY)e, (2.39)

where ® (I =0,--- ,4) are bosonic fields with (or without) Lorentz indices. This expres-
sion contains all possible fields as the SUSY descendants of { associated with the complete
set of y-matrices in 4D. Then, we can compute the left-hand side of Eq. (2.38) as

Saler), ()]0 =S ernda(er)C — (61 + ©)

i . .
=—(E7.61P" + &Y. P + &7y e D2))

2
1
+ 5(527*7a7*€1@2 + &61P") — (€1 ¢ €2)
=040+ igg’y*’yab€1q)zb + ?:El’)/aEQCI)i, (240)

where we have used the Majorana flip identities (A.6). Comparing this and the right-hand
side of Eq. (2.38), we find

P2, =0, (2.41)
o, = %DaC. (2.42)

The undetermined components ®°, ®! and ®* should be understood as SUSY descendants
of ¢. We conventionally define the new fields H, K, and B, as ®° = —%K, ol = —%Ba,
and ®* = %H . Thus we have determined the Q)-transformation as

S0(e)C = %@H% ~ K~ B— inBC)e. (2.43)

In this way, we can determine all the components of C and their transformation laws.
The components are summarized as

C=[C,¢,H,K,Bqg,\ D], (2.44)

and we will use this notation to express superconformal multiplets. The transformation
law of each component is summarized in Appendix B. Note that the Weyl and chiral
weights of each component of C are uniquely determined by those of the lowest component
C. Therefore, we caracterize the Weyl and the chiral weights of a superconformal multiplet
by those of its lowest component.

In this subsection, we have discussed a general multiplet whose lowest component is a
scalar. However, we can further consider a general multiplet with external Lorentz indices
defined in Ref. [41]. We do not use it directly in this thesis, and therefore, we do not
discuss it here.

14
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2.3.2 Irreducible multiplets

We have constructed a general multiplet in the previous subsection. Here, we introduce
some special multiplets, which are constrained by specific conditions.

First, we define a chiral multiplet. A chiral multiplet ® consists of three independent
fields:

¢ = [gba PLX: F]7 (245)
where P = 1?* is a left projection. Embedding a chiral multiplet into a general multi-

plet (2.44), we can express ¢ as

C(D) = [¢, —V2iPyx, —F,iF,iD,,0,0], (2.46)

where we have assumed that ¢ does not have any gauge charges of internal symmetries.
This multiplet cannot have arbitrary Weyl and chiral weights because of the following
consistency condition: We assume ¢ has its Weyl and chiral weights (w,n). Then, the
S-SUSY transformation of Ppy gives

ds(n)Prx = %(w% +n)ng. (2.47)

The left-hand side of this equation has the definite chirality projected by P, = 3(1 4 7).
However, the right-hand side can have a different one in general. Only the solution for
this contradiction is the choice w = n. Therefore, chiral multiplets should have the Weyl
and the chiral weights satisfying [w = n].* Chiral multiplets are important to describe
chiral fermions such as those in SM. Although a chiral multiplet here is a singlet for any
internal symmetries, gauged chiral multiplets, which are important for describing SUSY
SM, will be shown later.

From a specific multiplet which is not a chiral one, we can construct a chiral multiplet
by using the chiral projection. Let us consider a general multiplet (2.44) with its Weyl
and chiral weights (w,n) = (we, ne), which satisfy we — ne = 2. Then, the following
combination is S-inert:

pc = %(H —iK). (2.48)

Indeed,

Ssde = i(we —ne —2)(. ~ 1)¢
0, (2.49)

3We will give another definition of a chiral multiplet in Sec. 4.2.
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where we have used the transformation laws of H and K in Egs. (B.3) and (B.4). The
@-transformation of ¢¢ is

Sqve =SePu(A-+ 1O), (250

which is the same as that of a chiral multiplet (2.46) by the following identifications:
¢ = ¢c and Prx = \%PL(/\ + I)¢). The Weyl and the chiral weights of ¢¢ is determined
as (w,n) = (we+1,wc+1) from Egs. (B.3) and (B.4). Therefore, the multiplet ®¢, whose
lowest component is ¢¢, is a chiral multiplet. Therefore, we can define the projection X
on a superconformal multiplet C with we —ne = 2 as

1 1
Y(C)=Pc=|=(H—iK),—
(€)== |5(H —iK). =
We call ¥ the chiral projection.
We can define an irreducible superconformal multiplet L, whose Weyl and chiral
weights wy, and ny, satisfy wy, — ny, = 2, so that

PL(A+¢C),—%(D+DC+1D‘LB@) : (2.51)

S(L) = 0. (2.52)

Then, L is called a (complex) linear multiplet. In Sec. 3.3.2, we will focus on a real linear
multiplet L with (w,n) = (2,0). The components of L are given by

C(L) = [C*,¢*,0,0, BY, — D¢t —OCH), (2.53)
where CL is a real scalar, (¥ is a Majorana spinor, and BL is a real vector, which satisfies
D*BE = 0.

The other special multiplet is a gauge multiplet. For a real general multiplet (2.44)
with (w,n) = (0,0), let us consider the following combination:

~ 1-
B,=e¢e,B, — §¢MC' (2.54)
Its Q-transformation is given by
. 1_ 1. .
5QBH = _56711)\ - 5@(6() (255)

The last term looks like a U(1) transformation of a gauge field B, — B, — 9,0 where o
is a real scalar field. If we regard the last term as a U(1) transformation, the appearance
of ¢ is not physical. Then, we can construct the following superconformal multiplet:

VA= [(B)", () (D9, (2.56)
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where we have extended the U(1) gauge multiplet to that of general gauge symmetries, A
denotes the index of internal gauge symmetries, (A“)* is a Majorana spinor, and (D)%
is a real scalar. The transformation laws of V4 are as follows:

. A 1 .
(Bu)A 5Q(BM)A _§EVM(/\G>A7 5M(BM)A =0,
5D(B#)A =0, 5A(E#>A =0,
05(B)A =0, 0x(B,)* =0, (2.57)
1 - 1
(A9 80 = (DY + ™ EDH) e (0D = =X
509 = DA, 5209 = Doy (1)
6s(ANM =0, k(A1 =0, (2.58)
(D) : 6o(D)* = Sen (BN, (D) =0,
op(DYA =2X\p(DHA,  64(D9 =0,
65(DHYA =0, 0x(D9Y* =0, (2.59)

up to the gauge transformation of (BM)A, where
(FaGb)A = epey <26[M(Bu])A + féC(BM)B(BV)C + @Z[MVV]()‘G)A> ) (2.60)

and fAo is the structure constant of gauge symmetries.

Now we have a gauge multiplet, and therefore, we can discuss a general multiplet
which has a U(1) gauge charge. In such a case, the Q-transformation law of a general
multiplet (2.44) changes by the following reason: If the lowest component of a multiplet
transforms under internal gauge symmetries, its covariant derivative should include (éu)A.
Then, the Q-transformation of such a term has gaugino (A\“)# terms. More concretely,
we assume that C!) where I is a label of general multiplets, transforms as CT — k% (C')
under the internal gauge transformation, where k% (C) is the Killing vector of C. Then,
the covariant derivative of C7 includes a term like —(B,)*k%, which transforms under Q
as

b ((BKL) ~ (B, 0,kAC + 7,0 K, (2.61)

where 9; denotes the derivative with respect to C”/. The first term in the right-hand side
is a part of the covariant derivative of ¢/ but the second term is a new contribution due
to the internal gauge symmetry. Therefore, the transformation law of superconformal
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multiplets are different if they have charges under internal gauge symmetries. Note that
the transformation laws of symmetries other than ) are the same as the original ones
because E;f is inert under the other superconformal transformations. The extra terms in
Q-transformations of each component are summarized in Appendix B.

It is worth noting that the gauged chiral multiplet consists not only of the original
components but also of those of gauge multiplets. We show its components:

C(DEe) = [, —V/2i P x, —F,iF, Dy, —2i Pr(\9) ka(¢), —ika(D)1],  (2.62)

where k4(¢) is the Killing vector for gauge symmetries.

2.3.3 Multiplication law of supermultiplets

We have discussed irreducible superconformal multiplets, which satisfy some conditions.
Next, let us construct a multiplet from multiplications of superconformal multiplets. For
general multiplets C; and Cy with (wy,n;) and (wq, ny), the multiplication of their lowest
components C1Cy is obviously S- and K-inert and has (w,n) = (w; + wa,ny + no).
Therefore, that can be the lowest component of a superconformal multiplet denoted by
C1Cy. From this observation, we find that the function of the lowest components forms
a superconformal multiplet, as long as all the terms in it have the same Weyl and chiral
weights.

It is important to stress that the Weyl and the chiral weights are additive with respect
to the multiplication of superconformal multiplet. This rule is important to construct the
invariant action of superconformal multiplets.

With general multiplets C!, the function of them f(C’) is given by

FEY =\, 1y ful = 18 fu oK+ ST

fiBl+ iC[’Y*’Y&]fIJ, N, D', (2.63)
where
N =N+ S =i K 4 i B = POV fra = 1CO e, (264)
D' =f;D' + % frs(H'H” + K'K' — BIB’* — D,C'D*C”) — (' A\ f1,;
- iC_K(HI — iK'+ i’Y*BI)CJfIJK + 1_16fIJKL(C_ICJ>(EKCL)7 (2.65)

and the subscripts on f = f(CT) denote the derivatives with respect to C's (e.g., fr; =
010, 1).
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2.4 Invariant action and superconformal gauge fixing

In this section, we show invariant action formulae in conformal SUGRA and discuss the
superconformal gauge fixing to derive a physical action.

2.4.1 F- and D-term density formulae

With a chiral multiplet (2.45) with (w,n) = (3, 3), which is a singlet of any internal gauge
symmetry, the following action is invariant under the superconformal transformation:

[9]F = / d'ze {F + %&WMPLX - %@EW“"PR% +he.|, (2.66)
where e = det(ef,). This is the so-called F-term density formula. Although we do not
show the invariance of this action explicitly, we note that the only nontrivial part of the
proof is the Q-invariance.

We can construct the other useful action formula called D-term density formula. From
a real general multiplet C (2.44) with (w,n) = (2,0), we can construct a chiral multiplet
¥(C) (2.51). As we mentioned, 3(C) has (w,n) = (3,3), which can be applied to the F-
term density formula. By substituting it into the formula (2.66), we obtain the following
action after some partial integrals,

[qu/&m

+ }leadel/_)arquvbc(Bd - %&d()] ) (267>

1~ 1, - . i -
D — gCR + 6(01/}#7#@7 — ngypo’Y*)R;g(Q) - §¢#7“’Y*>\

where R = RZ(;V(M)QIW’ and R:LV(Q) = 2(8[u + %w$7ab + %b[u - %A[MW/*)I%A This action

is also superconformal invariant because it is an alternative form of the F-term formula.

2.4.2 Superconformal gauge fixing and compensators

Now we can construct the superconformal action and make it the Poincaré one by the
superconformal gauge fixing. Before discussing the procedure in a concrete example, we
have to know the general feature of the superconformal gauge fixing.

To obtain the Poincaré SUGRA action from conformal one, we have to break the
full superconformal symmetry to the Poincaré SUSY. To do so, we fix gauge degrees of
freedom other than that of Poincaré SUSY. As an exception of this argument, A can
remain because P, (), M and A can form a subalgebra. Then, the number of conditions
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we have to set equals to the number of generators corresponding to the “would-be” broken
symmetries, D, (A), S, and K. The total number of bosonic constraints is five (six) and
that of fermionic one is one. If we require that graviton and gravitino remain as the
physical degrees of freedom, we can not impose gauge conditions on them. The remaining
degrees of freedom are b, and A, because other fields are dependent fields. Therefore, we
need, at least, one superconformal multiplet other than the superconformal gauge fields.
Such an additional multiplet is the compensator.

The minimal choice of a compensator is to choose one irreducible multiplet. Note
that it cannot be a real multiplet with (w,n) = (2,0) as discussed in Ref. [42]. Therefore,
possible candidates are a chiral, a real linear, and a complex linear multiplets, and indeed,
they can be compensator multiplets. After superconformal gauge fixing, some of the
components in a compensator multiplet remain in the physical theory. With these three
types of compensators, we find that the remaining components of them do not have
kinetic terms, as long as we do not consider the higher-derivative couplings of compensator
multiplet, which are equivalent to the higher-derivative gravitational couplings. Therefore,
in the physical theory, the remaining compensator components behave as auxiliary fields.

As we discussed in the previous section, all the irreducible multiplets have different
components, which means that, with the different compensator, the auxiliary fields in
Poincaré SUGRA are different from each other. Historically, Poincaré SUGRA formula-
tions with different sets of auxiliary fields were known. The relation between them had
never been known before the appearance of Ref. [12], in which it was first clarified from the
conformal SUGRA viewpoint. As shown in Ref. [12], the old minimal formulation can be
realized with a chiral compensator, the new minimal one with a real linear compensator,
and the non-minimal one with a complex linear compensator.

In the most of remaining parts, we focus on the old minimal formulation, that is, the
superconformal action with a chiral compensator. That is because this formulation can
realize the broadest class of models as shown in Ref. [29]. However, as mentioned in the
above, the higher-derivative terms in conformal SUGRA may induce the kinetic terms of
compensator components. We will briefly discuss SUGRA with a real or a complex linear
compensator later.

2.4.3 Action of chiral multiplets

Here, we construct a simple action of a chiral multiplet to show the procedure of the
superconformal gauge fixing. We consider the following action,

S— BN] > (2.68)
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where

162

N = —330506_T. (269)

So, ¢ are a chiral compensator with (w,n) = (1,1) and a matter chiral multiplet with
(w,n) = (0,0), respectively.? N is a real multiplet with (w,n) = (2,0), and its compo-
nents are summarized as follows:

CN) = [N, (=V2iN; Pox! +hec.), ..., .., BY 2V, DV, (2.70)
where
BY =(iN7Dog" +h.c.) + i Pryva Prx Ny, (2.71)
= (\@@'(FJ + D7) P Ny + %NIJK(XIPLXJ)PRXK + h.c.) : (2.72)
DN =2(F'F’ — D, X'D*X” — {' P DX N7
+ <—)_CIPLXJFKN1JK - )ZKID¢IXJN1JF< + h~0-)7 (2.73)

and I is the index of chiral multiplets. Substituting this into the D-term formula (2.67),
we obtain a corresponding action of chiral multiplets. After some simplification, the action
becomes

1 _ _

S = /d4a:e lgN(—R(e, b) + ¥, R* + e 10, (eth, v ,) — Lsar)
+ Ny (FIF" — D¢’ D¢ — %—IPLJbXJ - %x" PRliI)
1 _ - - _
§<NIJR(_>_(JPLXIFK + X PpDo ™) 4+ h.c.)

1 Y. K L in
+ NREX Pox XS Prx” + L3y | (2.74)

4Hereafter, we refer to a superconformal multiplet by its lowest component.
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where
R(e,b) =R|y,—o, (2.75)

1
RH :’YWP (81/ - 3 A + 4wzb7ab) wpy (276)

Lsar = [ (¢u'7ﬂ/)p)(¢u “Yr) — 2(%171/7»00)@)“ YY) + 4(775;/7%/)”)2} ) (2.77)

N o
ﬁén/g <_?NIXIPL7abDa¢b + —=Na Dé7 " Prx!

V2

(Yawbe)NiDag' + h-C.) - %NIJ(@Z«;PLX])@&PRXJ)

i 6abcd

: _abcd

+ 1—61ﬁa7b¢cN1j(XjPR7dXI)~ (2.78)

I is the index of the multiplets (Sp, @), subscripts of A/ denote the derivative with respect
to I,J, and lA?# = Dy, —o-

On the first line of Eq. (2.74), we find a non-minimal coupling between the “Ricci
scalar” term and scalar fields,

lo®
3

_éNR<€’ b) = _50506 R(e,b). (2.79)

Let us construct SUGRA action in Einstein frame, where the coefficient of Ricci scalar is

%.5 To obtain the action in that frame, we use the D-gauge fixing condition given by
SoSpe™ % = 1. (2.80)
We also use the A-gauge fixing condition,
Sy = Sp. (2.81)

Combining these conditions, we can solve them in terms of Sy and Sy as

192

SO SO =€ 6 . (282)
As the K-gauge fixing condition, we require

b, = 0. (2.83)

SThroughout this thesis, we will use the Planck unit convention Mp; = 1 where Mp; is the Planck
mass (~ 2.4 x 10'® GeV).
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By the set of conditions, the “Ricci scalar” term takes the standard form %R. It is worth
noting that this procedure does not require any complicated Weyl rescaling processes
mentioned before. This is a benefit of the superconformal formulation.

We also have the S-gauge condition, which is useful to eliminate the following kinetic
mixing between matter and gravitino,

V2, in
=3 NiX' Py Dathy, (2.84)

the first term in Eg“/g (2.78). To eliminate this term, we set the following S-gauge condi-
tion,

NPy =0. (2.85)
This condition can be solved with respect to Prx*° and we obtain

2
Pry® = %e%ngLx‘b. (2.86)
We note that all the gauge fixing conditions should invariant under the remaining symme-
tries, that is, Poincaré SUSY. Obviously, they are invariant under the GCT and the local
Lorentz transformation but not under the Q-transformation. This implies that SUSY
transformation in a gauge-fixed system should be deformed so that all the conditions
are invariant in the sense of the deformed SUSY. We do not discuss it since it is not so
important for our later discussion.’
The remaining procedure to complete the construction is quite simple: We just sub-
stitute the solutions (2.82), (2.83) and (2.86) into the action (2.74). Then we obtain

S:/d4xe

SR~ G Ry + Lscr) = (1= 5161)0,606 — (60,0 + 60,07

4
— )_(PLID(P)X + <—é<5)_(PL¢¢X + h-C') - é(XPLX)(XPRX) (1 + %)
1, L 7
+ E (¢a¢¢’7aPLX + h.C.) — §(¢aPLX) (V" Prx)
+ %eade(waﬁ)/waXPR%)i( + %6ab0d¢a7bwc(¢ad¢ - ¢adq§) + /Caux ’ (287)

SIf one is interested in the deformation, see Ref. [12] for the review.
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where
Ry =Ryl a,-o, (2.88)
Lo = — 3¢5 [FO2 4 34,4 + e (BFOF 1 hic) —iA,(30"6 — 609)
+ (1 - %W) |F?? + %(;sz“x)Aa + 1—18(¢!¢\2>2PL><F5’ +he) (289
We find that A,, F'?, and F*° do not have the kinetic terms, and therefore, these are the

auxiliary fields. The E.O.M of them are easily solved, and then, we finally obtain the
following on-shell action,

S:/d4xe

1 — A _
5 (R =Ry + Lsar) = 9u00"6 — XPLD ()X

n (_}LQSXPLang + h.c.) - é(XPLX)(XPRX)

+ % ("lzaaéf)/aPLX —+ h.C.) — %(&aPLX) (&GPRX)

+ 1i6€ab6d(d—}a’7b¢c>>_(PR’YdX + éeabc%a%wc@&dgﬁ —eaud)|.  (2.90)

As we expected, in the final expression (2.90), the physical degrees of freedom are ¢,
Prx, their complex conjugates, graviton e, and 1,. The compensator components are
completely eliminated. In such a way, we can construct the Poincaré SUGRA action from

superconformal one even in a more general situation.
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Review of SUGRA inflation models

3.1 General properties of SUGRA inflation models

In this chapter, we review some SUGRA inflation models related to the models in Chap-
ters 4 and 5. Before discussing concrete models, we first overview difficulties and features
of SUGRA inflation models in this section. The brief review of inflation is given in Ap-
pendix C.

We will focus on the inflation models in which inflation is driven by a single scalar
field. In particular, we discuss the case that the scalar potential dominates the energy of
the universe during inflation. In such a case, it is important to understand the structure
of the scalar potential in SUGRA.

The generic SUGRA action of chiral and gauge multiplets,¢’ and V4, is given by

1. 1
S = 5[50509]]3 + [S2W ) — 1[ fapWAWE |, (3.1)

where ) is a real arbitrary function of ¢! and &', W and f are holomorphic functions
of ¢!, fapWAW5 is a chiral multiplet whose lowest component is fap(¢’)A*PLAE, and
M is the fermionic component of a gauge multiplet (2.56). I(J) and A denote the (anti-
)chiral multiplets” and gauge indices, respectively. Here we have chosen the weights of ¢!
as (w,n) = (0,0) and assumed the absence of any higher-derivative terms. Note that the
action corresponds to the one in the old minimal SUGRA formulation, which is the most
general in all the SUGRA formulations as long as higher-derivative terms are absent.
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In the following, we focus on the bosonic part of the action, which is given by

1 _ -
Sp = /d4a:e [ - 6|So|2QR(e, b) + QIF% |2 + (SoQ F'F + h.c.) +|So|*Q;F'F’

— Q|D,So|* = (S0 D,¢" DSy + h.c.) — |So[>Qy 7D, 0" D o7
— i So [Pk D + (3SgW F + S§W F! + h.c.)

?

(Refap)(F4F5* —2DADP) 4(ImfAB)F;},FBab : (3.2)

1
4

where D,,Sy = 0,80 — 14,0, Du¢' = 0,0" — kB and F§b = — ey .
This superconformal action includes a compensator Sy, which should be eliminated
by appropriate gauge fixing conditions. Even in the presence of Sy, we can read off a
property of SUGRA inflation models from this expression. Let us focus on the coefficient
of the Ricci scalar R(e, b). Since it should be positive, the function €2 should be negative
definite. Then, the scalar potential contribution from F*0 is also negative definite. It is a
nontrivial task to realize the “positive” energy during inflation because the F-term of the

compensator produces an opposite contribution. Indeed, the terms including F*% can be
rewritten as

L, =Q|F%)? + (SQ F F% 4 3S2W F* + h.c.)
=Q|F%0 + SoQrF! + 3S2W |2 — Q|So F + 352 2. (3.3)

The first term vanishes after solving the E.O.M of F*° and the second term gives the
negative definite scalar potential term for the negative definite (2. Thus, we find that, for
realizing inflation, it is important to pay attention to the contributions (3.3) from F*.

Next, we consider the action in the Einstein frame, which can be realized with the
following set of superconformal gauge conditions [34],

§ 3
So=5=1/—5 bu=0. (3.4)

In such a frame, it is useful to define the following quantity, which is the so-called Kahler
potential,

K = —3log (—%) . (3.5)
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With this quantity, the action can be rewritten as'

SB’E = /d4$€

1 o
§R — K ;D¢ D"¢? — Vi — Vi

1 i 5
— Z(Re fap)F4EP® — Z(Im fap)FAEP® ] (3.6)

where we have integrated out auxiliary fields; F%°, F'/| their complex conjugates, A, and
DA, The potential terms Vp and Vp, called F- and D-term potentials, respectively, are
given by

Ve =X (KD, WD;W — 3|[W|?), (3.7)
1
Vp=-— g(RefAB)‘l(kQKI)(kéKJ), (3.8)

where D;W = W; + K;W. Note that k4 K; should be pure imaginary from the gauge
invariance and the vacuum expectation value (VEV) of the gauge kinetic function fap
gives the inverse square of the gauge coupling constant. Therefore Vp is positive definite
since Ref4p should be positive definite.

For the F-term potential (3.7), we notice that it depends on the superpotential W,
which can contain mass parameters smaller than the Planck scale. Inflation scale is
typically required to be smaller than the Planck scale, and therefore, such a structure of
F-term potential is important.

We also notice that there is an overall factor e/ in Vp. Naively, due to this factor,
all the scalar fields obtain their mass term because, for a scalar ¢, the mass is given
by mi(; ~ 0p05Vp ~ KygVp + -0 ~ i’)Kd)ng2 + ---. The ellipses denote mass terms
coming from the other parts and H is the Hubble parameter during inflation. This mass
contribution is the so-called Hubble induced mass. Although the total effective mass also
depends on the ellipses parts, without any assumption, such a mass contribution appears
in the universal way. This is on the one side a good feature to realize the effectively single
field inflation model, because the Hubble induced masses stabilize all the scalar fields
during inflation.

On the other hand, although the F-term potential seems to be appropriate to inflation
models from the above aspect, there is a serious problem called the n-problem, which is
caused by the Hubble induced mass itself. As we find, all the scalar fields, including the
inflaton field, obtain masses of the order of H2. However, to realize the slow-roll inflation,
the mass of the inflaton should be much smaller than H. Therefore, the inflaton mass

!Detailed derivation of the F-term potential can be found, e.g., in Ref. [37].
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should be protected from the Hubble induced mass by some mechanisms. Although such
a situation may happen accidentally,? a reasonable mechanism is provided by a symmetry
for the inflaton multiplet. We will discuss it in the following sections.

Next, let us focus on the D-term potential (3.8). As mentioned above, VEV of gauge
kinetic function fap gives the inverse square of the gauge coupling constant. Therefore,
we can effectively rewrite the D-term potential as

<92)AB

Vp ~ =

(k4K1) (k5 Ky). (3.9)

As we see, this potential only depends on the Kahler potential, and therefore, the mass
scale of the potential typically becomes the Planck scale (~ 1). More precisely, the
potential scale is given by ¢*(~ ¢®>Mgj,), that is, we have to require a sufficiently small
gauge coupling to realize the inflation scale smaller than O(1).

The other feature of the D-term potential is the absence of the exponential factor
el in contrast to the F-term one. This is a good feature to achieve successful inflation
because the potential can have a plateau efficient to continue the inflationary era. On
the other hand, it may imply the absence of the Hubble induced mass during inflation. If
the inflaton couples to the other multiplets in the Kahler potential, their mass terms can
appear as in the case of the F-term potential. However, if it is absent, some directions may
also be flat, and then, such directions also produce the quantum fluctuation, which can
lead to the scalar curvature perturbation with a non-Gaussian spectrum. The situation is
constrained by the result from CMB observations. However, it is a highly model dependent
argument, and we need to investigate the detailed thermal history of the universe in each
model.

As a concluding remark of this section, we briefly comment on the SUSY breaking and
the late time universe. In inflation models with both the F- and the D-term potentials,
it is important to note that the inflation can happen if the positive energy is realized,
that is, if SUSY is broken. In models we will discuss, the inflaton (or the other field)
breaks SUSY only during inflation, and SUSY is restored at the vacuum. However, in
realistic models of our universe, SUSY should be broken also at the vacuum to explain the
dark energy and unobserved SUSY partners of the standard model particles. We will not
discuss in detail about thermal histories after inflation in this thesis, but in general we
have to take into account the decay of the inflaton after inflation. Especially, in models
with broken SUSY, the gravitino production by the thermal [52, 53, 54] and non-thermal
processes [55, 56, 57| is important since the light gravitino may become a dark matter
candidate, or decay at the time of the nucleosynthesis, which prevents the successful BBN

2Such an accidental inflation[43, 44, 45, 46] may be important to realize the TeV scale SUSY compatible
with the moduli stabilization in superstring theory [47, 48, 49, 50, 51].
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scenario [58]. It has been known that even if the inflaton does not break SUSY at the
vacuum, it can decay into gravitino due to the kinetic or mass mixings between SUSY
breaking sector and the inflaton [59, 60]. Also, the oscillation of the SUSY breaking sector
occurs after inflation which decays into gravitino. Such a problem was raised earlier in
Refs. [61, 62, 63] and reinvestigated in Refs. [64, 65, 66]. The simplest way to avoid such
a problem is to introduce a non-minimal Kéhler potential term [67, 68], and cosmological
constraints on such a model were discussed in Ref. [69].

3.2 Chaotic inflation with F-term potential

In this section, we review the chaotic inflation models with the F-term potential (3.7). The
chaotic inflation [18] is a class of inflation models which is free from the initial condition
problem that we will discuss below. The simplest version of it is realized in the following
System,

S = / d*ze BR — %@gb@”qﬁ — %qubQ , (3.10)

where ¢ is a real scalar field which is the inflaton and m is a real parameter corresponding
to the mass of ¢. During inflation, the spacetime becomes sufficiently homogeneous, and
then, ¢ = ¢(t). The slow-role parameters € (C.7) and n (C.10) in this model are given by

e=n= % (3.11)

From this expression, we notice that ¢ should be much larger than 1(= Mp)) to realize
the slow-roll, ¢,7 < 1. In other words, inflation happens in a very wide range of the
field space because the required condition is only ¢ > 1. That is an important feature
of this model by the following reason: Although we do not know the details of the very
early universe before inflation, we can estimate that the universe was so small and the
size of the universe was of the order of the Planck length. In such a case, the typical
energy scale is expected to be very high, and then, the potential energy of the inflaton
is negligibly small as long as ¢ < m™! in this case. Then, it is reasonable to assume
that there are in some particuler patches of the universe with different values of ¢ due
to the quantum fluctuation. If the inflaton potential is flat only around a specific value
¢p, inflation only happens some patches where ¢ ~ ¢o. This is the initial condition
problem in inflation models. For the sake of simplicity of the requirement ¢ > 1, in the
chaotic inflation scenario, inflation can occur in many patches satisfying it. Therefore, the
initial condition problems are absent in chaotic inflation models. Here, we have shown the
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simplest version of the chaotic inflation, but we can also use other forms of the potential.
As long as inflation can occur with a chaotic initial condition, we call the model the
chaotic inflation as in Ref. [70].

Let us consider the chaotic inflation in SUGRA with the F-term potential. It is known
that, in general, SUGRA realization of chaotic inflation models are quite difficult because
of two problems which we will discuss later. The chaotic inflation model in SUGRA was
first proposed in Ref. [71] with specific choices of Kdhler and super-potentials. However, a
simple way to avoid these two problems had not been known until Ref. [19] was proposed.

For the realization of the chaotic inflation, one of the requirement is the flatness of the
potential in the broad range of the field value of the inflaton. However, as we discussed in
the previous section, the n-problem in SUGRA exists. The solution proposed in Ref. [19] is
to impose a shift symmetry of the inflaton on the Kéahler potential. The simplest example
is the following term,

K=-(®+ ) (3.12)

where ® is the inflaton chiral multiplet. This Kahler potential is invariant under the
transformation ® — ® + ¢C, where C' is a real constant. Then, Im® direction is free
from the n-problem in SUGRA, because of the absence of the inflaton field in the Kahler
potential term. Therefore, Im® = ¢ can be a candidate for the inflaton. Recently, the
other type of the Kahler potential was proposed, which realizes the so-called a-attractor
model [72]. The Kéhler potential is given by

K= —%10g (M) , (3.13)

where « is a real constant. This is invariant under the following transformations, ® — a®,
® — b®~! where a and b are real constants [73]. The former corresponds to the shift

symmetry of the real scalar ¢ defined by & = exp (@ / %qﬁ) + 17X, where Y is a real scalar

field. Note that ¢ is a canonically normalized field. In Ref. [74], it was found that the
a-attractor type Kéhler potential (3.13) becomes a simple shift symmetric one (3.12) in
the limit @ — oo.

In both cases, Kéahler potential is flat with respect to the inflaton. However, super-
potential terms, in general, are not invariant under the shift of the inflaton, which is
necessary to produce the inflaton potential. As we mentioned in the previous section, the
superpotential term has parameters determining the scale of the inflaton potential, and
they should be smaller than 1 to realize the inflation scale consistent with the observa-
tion. In the 't Hooft’s sense, the requirement of the small parameter is technically natural
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because the superpotential terms break the shift symmetry, which can be restored when
the parameters become zero.

The other problem is the difficulty of the positive energy. To realize the single field
inflation, Re® should be stabilized at a specific point, which we assume as its origin. With
a simple Kahler potential K = %(@ + ®)? and a superpotential term W = W (®), the
scalar potential at & = 0 4 7¢ becomes

Ve = [W'(ig)[* = 3|W (i), (3.14)

where prime denotes the derivative with respect to ¢. As we find from this expression,
the scalar potential with a power type superpotential W = )" a,®" becomes negative if
¢ takes a sufficiently large value. For simplicity, we show the case where Re® is stabilized
at its origin but, even if we assume different VEVs of Re®, we also come across the
similar problem. Therefore, we can not realize the simple chaotic inflation with this kind
of simple setup.

Two solutions for these problems have been known. One of the solutions is introducing
an additional multiplet called the stabilizer, first proposed in Ref. [19]. Before discussing
models with the stabilizer, we briefly comment on the second solution: That solution
is provided by introducing the additional Kahler potential term, which stabilizes the
direction orthogonal to the inflaton, and also eliminates the negative contribution in the
F-term potential. Such an extension was pioneered in Refs [75, 76]. Recently, it was
found that such a situation can also be realized in the model with an a-attractor type
Kahler potential [74, 77]. In all the cases, the inflation can be realized with a single chiral
multiplet, which is good from the minimalistic viewpoint.?

Let us review the first solution, in which the additional multiplet called a stabilizer
couples to the inflaton multiplet. In Ref. [19], the following set of a Kéhler and a super-
potential is assumed,

1 _
K:§(®+<I>)2+ 1S|?, (3.15)
W =m®S9, (3.16)

where & = \%(g@ + i¢), S is the stabilizer multiplet, m is a real parameter. With this

setup, S has a mass term ~ m?|S|?, and (S) = 0 at the classical level. Then, the negative
contribution in the F-term potential —3|W|? vanishes. We also find that the mass of ¢
is of the order of H? ~ m?¢?, which stabilize ¢ at its origin during inflation. Then, the

3Recently, a new model with this kind of mechanisms was proposed in Ref. [78], where the inflaton is
the phase of a complex scalar field in the multiplet.

31



CHAPTER 3. REVIEW OF SUGRA INFLATION MODELS

inflaton potential becomes

Ve = %m2¢2, (3.17)
which is the same as in Eq. (3.10). Thus, the simplest chaotic inflation is effectively
realized by introducing a shift symmetric Kahler potential and a stabilizer multiplet S.

It is worth noting that we can understand why the negative contribution vanishes
from the conformal SUGRA viewpoint as follows: We mentioned that the F-term of the
compensator produces a negative definite contribution to the F-term potential. This is
the origin of —3|W 2. In the above model, the F-term of the compensator is given by

F% = — (¢ 6 K FT + 3¢5 W)
=— (e 5 pF® +e 5 SF% + 3¢t mdSs), (3.18)

where we have solved the E.O.M of F0 derived from Eq. (3.3). This vanishes on the
inflationary trajectory ¢ = S = 0. Therefore, the vanishing of [ is a solution to avoid
a negative potential. The vanishing of F*% also occurs with different mechanisms. In
Refs. [76, 79], it occurs because of the so-called no-scale structure of the Kéhler potential.

The stabilizer can solve the problem because it is stabilized around its origin. However,
does it generically occur? In the model discussed above, the mass of S is almost the same
with one of the inflaton. So, S is also light during inflation, and then, the quantum
fluctuation of it is produced during inflation. This becomes an isocurvature mode of the
scalar curvature perturbation, which becomes the adiabatic mode after S decays. If S
dominates the universe after inflation, the model may predict a large non-Gaussianity
of the scalar perturbation spectrum [80], which is constrained by the observation. More
dangerous case is that the stabilizer obtains a tachyonic mass during inflation. If it is the
case, the inflationary trajectory becomes unstable. Such situations can be circumvented if
the stabilizer S is strongly stabilized during inflation. It can be realized by introducing a
quartic Kéhler potential term —(|S|?*, where ( is a sufficiently large positive constant [19,
20, 81, 82]. In Ref. [20], a SUGRA inflation model with an arbitrary scalar potential was
constructed, in which the problems discussed so far are absent.

More recently, the nilpotent chiral multiplet [83, 84, 85, 86, 87, 88|, which we denote
as X has received much interests. It satisfies a superconformal condition X2 = = 0, which
is solved as

GG

where X, G, FX are the scalar, the fermion, and the auxiliary components of X , respec-
tively. Then, X does not have a scalar degree of freedom, and then, it plays the role of the
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stabilizer without the above problem [89, 90, 91, 92, 93, 94]. Technically, to obtain the
bosonic action, we calculate the SUGRA action in the standard way, and just set X =0
in the action.

Interestingly, it was found that, such a nilpotent multiplet appears as the effective
theory of a D-brane in superstring theory [95, 96, 97]. Under the constraint, SUSY
is non-linearly realized, which can be considered as a specific limit of linearly realized
SUSY [88, 98]. The full-component action of models with the nilpotent multiplet has
been investigated in Refs. [99, 100, 101, 102].

It is also important to note that, to describe the universe with the nilpotent multiplet,
(FX) should take a non-zero value, during and after inflation. This means that the
nilpotent multiplet should break SUSY otherwise it is ill-defined as found from Eq. (3.19).
Then, the SUSY breaking in the present universe can also be described by X, which is
interesting from the minimalistic viewpoint. Such an aspect of the nilpotent multiplet is
discussed in Ref. [90, 91, 94]

3.3 Starobinsky inflation in old and new minimal SUGRA

In this section, we review the SUSY version of the Starobinsky model [14] in which the
higher-derivative term of the gravity ~ R? exists. As we mentioned in Sec. 2.1, the system
including higher-derivative terms typically depends on the formulation of SUGRA, that
is, the choice of the compensator multiplet. In the following subsections, we will review
the old and the new minimal Starobinsky models, where any ghost modes do not appear.
The Starobinsky model in non-minimal SUGRA has also been studied at the linearized
level in Ref. [103]. It was found that such an extension leads to the appearance of the
ghost modes.

3.3.1 Old minimal SUGRA

To construct a higher curvature action in SUGRA, we need a multiplet containing cur-
vature terms in its components. In particular, the multiplet including R is important to
realize the R? term. Such a superconformal chiral multiplet denoted R is

%(.So)

R
So

(3.20)

where Sy is the chiral compensator with (w,n) = (1,1) [41]. Note that R has weights
(w,n) = (1,1). With this multiplet, the SUGRA Starobinsky model can be described by
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the following action,
3 - o -
S = {——SOSO + —RR} , (3.21)
2 2

where « is a positive constant. The components of the chiral multiplet R can be expressed
as

50 2|F%|2  O8
’R—|:_ ‘ ‘ _ SO_|_...:|7

.22

where ellipses denote the fermionic parts. With this expression, the bosonic part of the
action (3.21) can be written as

S|B:/d4me

— 3|F* % +3D,Sy DSy + a| F*|* — D, X*D*X™®

1 g _ Y yR2
+5 (SOSO - SIX™ >R(e, b, (3.23)
where
2|F%|2 8,

FR = — 3.24

FSo
XR=_ . 3.25
5 (3.25)

We take simple gauge fixing conditions Sy = Sy = 1, and b, = 0, and obtain the following
action,

— 1
S|El — /d4me [ — 3[XR[ + 34,4° = DXRD" X 4 (1 - %|XR|2> R

1 2
+ { (2|XR|2 +f - AaA“) + (DQA“)Q} : (3.26)

From the last term of the action, we find not only the higher curvature term R? but
also some other couplings between X®, A, and graviton. In contrast to the case without
higher curvature terms, the fields A, and F*° are no longer the auxiliary ones because
they have kinetic terms and (or) couplings to the Ricci scalar. Although there are some
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additional degrees of freedom, we can conclude that this is the SUGRA extension of the
Starobinsky model in the old minimal formulation.

It is known that the original (non-SUSY) Starobinsky model has a dual picture, where
the system consists of a scalar field coupled with Einstein gravity [104]. The scalar field
is sometimes referred to as a scalaron. Such a dual picture can be obtained via conformal
transformations, and the dual picture is useful to discuss e.g. the inflationary attractor in
the Starobinsky model [105]. More generally, the system including an arbitrary coupling
F(¢, R) can be rewritten as Einstein gravity with two scalar fields [106].

The superconformal version of such a transformation was shown by Ceccoti in Ref. [21].
It can be done as follows: First, with a Lagrange multiplier chiral multiplet T" with
(w,n) = (0,0), we rewrite the action (3.21) as

3 _ o _ 3 B R
Gdual _ [__soso 1——-S8 } + {—S“T (S — —)} , (3.27)
2 < 3 ) D 2 0 SO F

where S is a chiral multiplet with (w,n) = (0,0). The E.O.M of T" gives a superconformal
constraint S = SEO which reproduces the original action (3.21). On the other hand, we can
perform the following transformation,

[r(3)], -]

— [ggogo(T + T)} + (tot.div), (3.28)

D

where in the last equality, we have used the following identity*

[ADY(®)]F = [~ (A + A)DD]p + (tot.div). (3.29)
Using this transformation, we obtain the dual action
3., 5 -1
Gdual — [—55050(1 +T+T — 5SS)] + [SeMTS] . (3.30)
D

where we redefine multiplets as S — —\/iaS and T — —T, and M = %& This is the

standard SUGRA action (3.6) with

K:—Slog(1+T+T—%SS), (3.31)
W =MTS. (3.32)

4This identity is almost trivial if one recalls the construction of the D-term action from the F-term
one.
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From the above procedure, we can identify S as X® and T as the scalaron multiplet.

The scalaron plays the role of the inflaton in the non-SUSY case, and then, we
analogously expect that T plays the role of the inflaton multiplet in this case. In-
deed, the potential of ReT is the same as the one in non-SUSY Starobinsky model if
S = ImT = 0. However, once we calculate the scalar potential of this system, we notice
that, on the trajectory S = Im7 = 0, the mass of S during inflation (Re7" >> 1) becomes
mgs = K9Vgg ~ —2M?. Therefore, such an inflationary trajectory is unstable. This
problematic situation can be circumvented if one notices that S can play a role of the
stabilizer. As we discussed in Sec. 3.2, the instability of the stabilizer can be relaxed by
adding a quartic term like ¢|S|*, and then, the mass of the stabilizer can be made positive
and heavier than the Hubble scale. Note that such a modification is possible if one adds a
term (Sp50) | R|* to the original action (3.21). The term does not produce higher order
terms of the Ricci scalar like R* but yields terms like ¢|X|?R?, which is the addtional
term of S in the dual Kahler potential.

A simpler way to stabilize S is the nilpotency condition on R [89], which is equivalent
to a nilpotency of S, as in the case of X discussed in Sec. 3.2. In Ref. [89], the following
action is discussed;

3 - _
S = [_55050 n %RR} + [SoAR?p, (3.33)
D
where A is a chiral multiplet with (w,n) = (0,0). The E.O.M of A gives a constraint
R? = 0, which is the nilpotency condition. Through the similar procedure, we can obtain
the dual action of this one as,

Gual — [—25050(1 +T+T - %SS)] N + [SSMTS] . + [S§AS?] . (3.34)
Thus the nilpotency condition on R becomes exactly that of S in the dual action, by
which the instability problem can be solved. However, in this case, the VEV of F°
vanishes, which is inconsistent with the nilpotency condition (see Eq. (3.19)) [93]. One
of the possibilities of changing the situation is to use a different type of constraint. In
Ref. [107], the Starobinsky model with the following condition is discussed,

(SEO - )2 — 0, (3.35)

where 1 is a real constant. Under this condition, F*° becomes non-zero at the vacuum,
which is consistent with the solution (3.19). One can find that in such a model, SUSY
breaking is dominantly caused by 7', and |FT| > |F| in the case with u < 1. Interest-
ingly, when matters are included, the SUSY breaking effect is only mediated by S to such
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as the MSSM sector, which leads to the hierarchical mass splitting between the gravitino
and the MSSM superparticles. It is worth noting that under the constraint (3.35), the
pure SUGRA action [—SySp]p becomes equivalent to the SUGRA coupled to a nilpotent
multiplet X, as shown in Refs. [108, 109].

So far, we have discussed the SUSY Starobinsky model, which includes only R? term
as a higher-derivative term. However, more generically, one can consider the system with
R™ terms. In Ref. [21], such a system is also considered. Following the work, we can
construct a multiplet like $(R) whose lowest component includes R. Then, with the
multiplet, we can construct models with R™. However, it is also shown that such a model
generically has ghost modes whose kinetic coefficients are opposite to the ordinary matter
fields. Therefore, the system including R™ terms is generically unstable. Recently, in
Ref. [110], the authors discuss the situation where such ghost modes decouple.

A feature of the old minimal SUGRA Starobinsky model is the couplings of 7", which
are completely determined by its origin. For example, the allowed superpotential term of
T is only W = MTS, because T is introduced as a Lagrange multiplier. Can we modify
the terms of 7" as a modification of SUGRA action (3.21)? The answer to such a question
has been given in Ref. [111]. It is shown that, if 7" has a superpotential W = f(7T')S, the
model is not a dual of the pure SUGRA action (3.21) unless f(7") is a linear function of
T. Such a model is dual to the higher curvature action with an additional chiral multiplet
T other than the curvature multiplet.

3.3.2 New minimal SUGRA

Next, we discuss the Starobinsky model in the new minimal SUGRA. The structure of
the Starobinsky type action in new minimal SUGRA was studied in Ref. [112], and its
application to inflation was discussed in Ref. [23]. Let us review the model on the basis
of them.

As we mentioned, the new minimal SUGRA is the conformal SUGRA with a real
linear compensator Lg. In this case, the pure SUGRA action is given by

Suee = ELO In (%)] , (3.36)
D

where S is a chiral mutiplet with (w,n) = (1,1). Although one may think that there
is an extra degree of freedom &, it is not physical because of the following reason: The
action (3.36) is invariant under the transformation & — Se® where A is a chiral multiplet
with (w,n) = (0,0). This is because [Lo(A + A)]p = —[S(LoA)]r = —[AX(Lo)]r = 0,
where we have used the identity (3.29), and the last equality is due to the definition of
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Ly.% Thus, S can be fixed as an extra gauge degree of freedom. Then, by using the extra
gauge and superconformal gauge fixing conditions, we can eliminate Ly and S (other than
Ly’s auxiliary field) from the physical theory.

For later discussions, it is useful to see that the pure SUGRA action (3.36) is equivalent
to the old minimal one unless higher curvature terms exist. Let us review it on the basis
of Ref. [29]. The action (3.36) can be rewritten as

S = EUIH (%ﬂ . + [gU(cb + @)} " (3.37)

where U is a real general multiplet with (w,n) = (2,0) and ® is a chiral multiplet with
(w,n) = (0,0). Note that U becomes a real linear multiplet by the E.O.M of ®, because

[U(®+®)|p = —[®S(U)]r and ®’s E.O.M gives $(U) = 0. On the other hand, if we first
vary a general multiplet U, we obtain the following equation,

U _
In(—= 1+d+@=0. .
n(SS)—i- + @+ 0 (3.38)

We can solve this equation as
U =|e 25> = |S,/%, (3.39)

where we have defined Sy = 27 ®3. Then, the action can be rewritten as

S = {—%SOSO} , (3.40)

D

which is the same as the pure SUGRA action in the old minimal formulation. This is the
essence to prove the equivalence between SUGRA actions with different compensators,
shown in Ref. [29]. Even if the matter and other gauge multiplets are contained, this
duality transformation can be applied. The important point of this duality transformation
is the absence of the derivative terms of compensators. In other words, SUGRA with
different compensators are, in general, not the same with each other in the presence of
derivative operators on compensators.

Next, let us consider the action including the R? term in new minimal SUGRA. Before
that, we focus on an interesting feature of the combination Vi = log (%) Under the
transformation S — Se®, Vi transforms as Vz — Vg — A — A, which is the same with
the transformation of a gauge superfield in superspace. Indeed, Vi behaves as if it is a

®We can understand why the factor In (%) is required from this discussion. In the absence of it, the
action ~ [Lg|p vanishes.
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gauge multiplet because Vi has (w,n) = (0,0) and the gauge transformation under a
U(1) symmetry. It is also useful to consider the Ricci scalar term in the action (3.36) as
the Fayet-Tliopoulos (FT) term of a vector multiplet V5.5 Then, one can find that the field
strength superfield of Vg like [W?(Vg)|r gives the square of the FI term, that is, the R?
term. Thus, the Starobinsky model in new minimal SUGRA is described by

S = ELOVR] + [—RWVR(VR)] P, (3.41)

where h is a real constant, W?2(Vx) is a chiral multiplet whose lowest component is
ArPr AR, and Ag is the A-component of Vi. After fixing D- and K-gauges by Ly = 1
and b, = 0, respectively, the bosonic part of the action becomes

S|B:/d4xe

1 2h 2 R pRuv 3 R pp
gl R hELFM — CATB

, (3.42)

3 2h
+ (Z + ?R) B,B" + h(B,B")?

where Af and B, are vector components of Vz and Ly, respectively, and F’ ;ﬁ = 28[MAﬁ.
As we expected, the R? term appears, and there is a non-minimal coupling between R
and B, B* as in the old minimal case, which implies the appearance of new degrees of
freedom other than the scalaron.

Let us discuss the dual action to (3.41) [23]. The procedure is a little bit different
from that for the old minimal one. By using a real linear multiplier L, we can rewrite the
action (3.41) as

3

S = [QLOVR} + [=W*(V)]r + [L(V = VR)]p, (3.43)
D

where V' is a real multiplet with (w,n) = (0,0). The E.O.M of L gives Vg = V +

® + ® where ® is a chiral multiplet.” Obviously, we can reproduce the action (3{11) by

substituting the solution V. Instead, we can solve the equation Vg = V 4+ & + & with

respect to Ly as

Ly = 88e®+2+V (3.44)

6This understanding is useful for the following discussion, but more correctly saying, the Ricci scalar
term also comes from the D-term of Lg.

"The reason why ® appears is that the combination [L(V —Vg)]p is invariant under the shift V (Vz) —
V(Vg) + ® + ® due to a nature of L discussed below Eq. (3.36).
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where we have used Vi = log (%) Then, by substituting it into Eq. (3.43), we obtain
the following dual action,

Siual = [255(@ + o+ V)e‘“‘f’w} + [-RWA(V)]
D
1. - /1 _ L s 2j,
— [55050 (5@ + @+ gV)) 62(@””“"‘/)} - {—g—
D

7 Wz(V)] , (3.45)

F

where in the last equality we have redefined fields as & — %(I), V — %, and S — 3—% The
scalar field ® should be understood as a nonlinear realization of the U(1) symmetry, which
transforms & — ® + 7¢g under the symmetry. In terms of superfields, the combination
® + ¢ + ¢V is invariant under a set of gauge transformations ® — ® + gA, and V —

V — A — A, where A is a chiral multiplet. From this viewpoint, one can regard the
action (3.45) as the one in Eq. (3.1) with

1 3 _
Q0= (§(<I> + &+ gV)> e2(P+o+gV), (3.46)
and W = (0. The bosonic action of this system is given by

1 3 942 1)?

3¢ 1.\ 1
J (Aﬂ—ga#9> — CF, (3.47)

402 4

where we have taken h = g72, C = Re®, § = Im®, A, is the vector component of V,
and F),, = 20,,A,). The first term on the second line of this equation is the kinetic term
of # but also looks like a mass term of A,. Indeed, by the gauge condition on the U(1)
symmetry, we can set § = 0, and then, the term becomes exactly the mass of A,. This
is because ¢ is a nonlinear realization and 6 corresponds to the so-called Stueckelberg

field. For 6 = 0, the canonically normalized inflaton is ¢ = \/g log(—C') and the potential

2
becomes V = % (1 — e*\/gd’) , which is the same as the one in the Starobinsky model.

We notice that, in contrast to the old minimal case, there is no stabilizer and massless
fields since a massless field 6 can be removed by A,. Therefore, the inflation is exactly
driven by a single inflaton field in this model, and the instability problem is absent.®

8The energy of A, typically does not contribute to inflation.
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3.4 Massive vector multiplet inflation

As we discussed in the previous section, the Starobinsky model in new minimal SUGRA
is dual to the system with a chiral multiplet ® coupled to a gauge multiplet V. Taking
into account the gauge transformation ® — & + gA, we can rewrite the action (3.45), in
terms of a gauge invariant combination V =V + é(@ + @), as

Loa (1, o0\ 1p N
S = {—SOSO (—(gV)) ez@V)} + {——WQ(V)} : (3.48)
2 2 I 4 .

where in the second term we formally change V' — V because W2 is a gauge invariant
quantity. We find that the action can be written in terms of V. As we see in the
previous section, the vector field A, becomes massive. Therefore this combination is
called a massive vector multiplet [113, 114], which is equivalent to a real multiplet with
(w,n) = (0,0) without the gauge degree of freedom.

What we found in the previous section is that the massive vector multiplet has only
a single scalar component and the stabilizer field is not required. That is because the
inflaton potential comes from the D-term potential (3.8), which is definitely positive
unlike the F-term potential. We note that the D-term potential is free also from the n
problem appearing in the F-term inflation models.

From these observations, one expects that the massive vector multiplet can be a
promising candidate for an inflaton multiplet. Such a model was considered in Refs. [24,
25, 115]. We review it on the basis of Ref. [25]. The master action of the massive vector
multiplet in old minimal SUGRA is

S = {—28050 exp (—%J)} i + [—}LWQ(V)} K (3.49)

where J = J (3(®+ @+ gV)) = J(gV) is an arbitrary real function of the argument.
The corresponding bosonic action is given by

2
Sla = [ d'ae| 3R - 30(Cr0,COC - LI (C)P
1 g Lo\
L (@) (AM - Eaﬁ) ] ) (3.50)

where primes on J denote derivatives with respect to C'. The scalar potential of the
inflaton C' is given by

V= g;(J’(C))Q. (3.51)
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We can choose an arbitrary form of J, which means that the inflaton potential can take
almost arbitrary forms.

The minimum of the potential is given by the condition V'(C) = 0, i.e., J'(C) =0
or J'(C) =0, and the former leads to the vanishing cosmological constant. The latter is
singular because the kinetic coefficient of C' vanishes, and therefore, we always obtain the
former solution, which means that SUSY at the vacuum is not broken by this model itself
unless the other terms of C' come from the F-term potential. Indeed, because of SUSY at
the vacuum J' = 0, the mass of the inflaton becomes m%, = V" = ¢?(J")?, which is the
same as that of the superpartner A,.

Interestingly, such a nonlinear realization may appear in an effective theory of super-
string. In many superstring models, it is known that some anomalous U(1) symmetries
appear in the effective theory. Such anomalies can be cancelled by the so-called Green-
Schwarz mechanism [116]. In that case, the Green-Schwarz fields, which are nonlinear
realization of each anomalous U(1) symmetry, appear. The inflaton multiplet ® in the
massive vector multiplet inflation model may appear as a Green-Schwarz multiplet. We
note that, if it is the case, the Kahler potential term of ®, that is, the function J is
not arbitrary and determined by the string theoretical setup. This is a possibility of UV
completion of the massive vector multiplet inflation. Although it may be an interesting
scenario, the smallness of the gauge coupling ¢g should also be explained by some mecha-
nisms, in order the inflation scale characterized by g to be much smaller than 1(= M)
in the typical situation.
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Chapter 4

Higher derivative terms of chiral
multiplets

This chapter is based on Ref. [117].

4.1 Ghost free higher-derivative term of chiral mul-
tiplets

In this section, we discuss the higher-derivative couplings of chiral multiplets, which con-
tain derivatives of more than second order. It is known that if the E.O.M of a bosonic
field is a differential equation of more than third order with respect to time, the so-called
Ostrogradski instability appears [1] in general.! For example, the following types of the
higher-derivative terms of a scalar ¢ cause the instability,

Lyp = (06)* + 9,0,0,00"0 0. (4.1)

Each term gives a more than third-order time derivative term to the E.O.M of ¢, and
therefore, these terms make the system unstable. On the other hand, the following higher-
derivative terms do not lead to the instability,

£ = (9,60"6)", (4.2)

where n is a positive integer. The most general scalar-tensor Lagrangian, which produce
only the second order differential equations as E.O.M of a scalar and a graviton, has
been investigated by Horndeski in Ref. [3]. Recently, the Lagrangian was reformulated in

IFor a review, see, e.g., Ref. [2].
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Ref. [4]. Such an E.O.M has been extended to the bi-scalar case in Ref. [118], although the
corresponding action has not been known. Another recent development in this direction
is given in Ref. [119], where an extension of Horndeski action, which leads to the third
order equation but no ghost mode, is shown.

To construct the Horndeski action in SUGRA is interesting, but is difficult in the
manifestly SUSY construction, that is, superspace and superconformal tensor calculus by
the following reason: Horndeski constructed the most general ghost-free action in the way
that, from all possible terms, he reduced terms by requiring some condition for realizing
the second-order E.O.Ms of both graviton and a scalar [3]. Although, in principle, we can
take such a procedure also in SUGRA, the construction of all the possible SUSY terms
requires too many calculations. Even worse, a superfield contains at least 4 real scalar
fields.? Also, as we will see, the form of higher derivative terms depend on formulations
of SUGRA, of which we have three types. Therefore, the generic action has never been
known, although some ghost-free higher-derivative terms of superfields have been studied
and constructed.

We consider a specific SUSY higher-derivative term discussed in Ref. [5]. Before
discussing it in SUGRA, let us consider it in global SUSY [120]. In the notation of
Ref. [121], the term is given by

1 o
L= / d49WD<I>D<I>D<I>Dd>, (4.3)

where M is a real mass parameter, ® is a chiral multiplet, and D,, is the SUSY covariant
derivative. The bosonic components of this term are given by

£l = 1 (1,20°B — 2 F*P0, 00 + |7}, (1.4)
where F'? is the auxiliary component of ®. The higher-derivative term |0, ®9*®|* does not
give the ghost instability obviously. The important point for later discussions is that, due
to SUSY, some nontrivial terms |F?[?9,®0*® and |F®|* appear. Such terms contribute
to the kinetic and the scalar potential terms respectively. We expect that additional
contributions may affect the inflaton dynamics if M is smaller than the Planck scale.

This action can be generalized to the following form

L= / d'0T(®,0,9,®,0,9)DODPDI DD, (4.5)

2SUSY higher derivative terms often make “auxiliary fields” dynamical, and then, they are not “aux-
iliary” any more.
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where T is a real function of arguments. The bosonic components of this are given by
L|p = 16T(®,0,®,®,0,9)(|0,20"®> — 2|F*|?0,00"d + |F*[*). (4.6)

Note that these terms do not lead to the ghost instability: All the terms consist of
quantities containing at most the first derivative. The variation of differentiated parts
give a derivative to other terms through integration by parts. However, a derived E.O.M
of ® contains at most the second-order derivative terms, since £ originally consists of at
most the first-order terms. In the next section, we consider an embedding of this class of
term in SUGRA.

Interestingly, this class of higher-derivative terms may be related to superstring theory.
In Refs. [27, 122, 123], it is pointed out that the effective action of the D3-brane in 6
dimensional spacetime is partly described by the following action,

Lpp1 = / d*0 <<1><I> + é fD(I)D(I)DCT)Dci)) : (4.7)
where
fl=1+ %A +V1+A+B, (4.8)
A=—40,90"P — ED%D%, (4.9)
B =4(0,90"®) — 4/(9,90"®) . (4.10)

Such a nontrivial action is derived as a dual action of the N = 2 Goldstino linear mul-
tiplet [27, 122, 123]. If this describes an effective action of D-branes, also from the
string theoretical point of view, it may be important to understand the higher-derivative
term (4.5).

Before we close this section, we comment on another known higher-derivative term in
global SUSY. In Ref. [124], the following higher-derivative action was constructed,

_ 1 _ - .
L= / 40 ((M) - W<I>(DdaqugaDaap@)ewmagq)) , (4.11)

where M is a real mass parameter. This Lagrangian is invariant under the following
transformation of @,

S — O+ c+ by, (4.12)

where y* = x#4ifc”0. This is the Galilean symmetry [125] in superspace, which contains
the Galilean symmetry of the lowest component. The bosonic part of this Lagrangian is

_ 4 _ -
Ll = ~0,20"® — < 500,00, 8" 000" . (4.13)
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In the second term, all the derivatives on each of ® and ® are antisymmetrized, and
therefore, the third order derivative term can not appear in the E.O.M of & which
ensures the absence of ghosts.

4.2 Superconformal realization of SUSY higher-derivative
terms

In this section, we discuss the superconformal extension of the higher-derivative term (4.3).
In the previous section, we have discussed the higher-derivative interactions in global
SUSY. To promote them to that in SUGRA, we need the corresponding derivative oper-
ators in conformal SUGRA. Therefore, we first review the derivative operators on super-
conformal multiplets, on the basis of Ref. [41]. The operators which we need are D, and
0, on superconformal multiplets.

Let us recall the meaning of the operators. We consider a general superfield C =
C+60C+---, where C and ( are a complex scalar and a Weyl spinor respectively, and the
ellipses denote the other components. Then, the components of D,C are given by (,+- - -
where the ellipses denote higher order terms of # and 6. In this respect, the operator D,
on C can be understood as an operation to construct a new superfield D,C whose lowest
component is the -component of C.

Taking these observations into account, let us consider the operator corresponding
to D, in conformal SUGRA, which is denoted by D. In analogy with the global SUSY
case, we assume that a supermultiplet DC, where C is a general multiplet, has P.( as
the lowest component. However, such a multiplet can not be a superconformal one, in
general, because the lowest component of a superconformal multiplet should be S- and
K-inert. Indeed, although 0x Pr.( = 0, the S-transformation of Pr( is

dsPr¢ = —i(w + n)PrnC, (4.14)

which vanishes if and only if w 4+ n = 0. Therefore, we can define the spinor derivative
operator in conformal SUGRA on the superconformal multiplet satisfying the constraint
w+n = 0. This is enough to construct the superconformal version of the term in Eq. (4.5)
because the matter chiral multiplets have (w,n) = (0,0), which satisfies w +n = 0. Note
that we can also define D on superconformal multiplet with Lorentz indices [41]. However,
such multiplets are not required to construct the terms we will discuss below. We note
that, although chiral multiplets ®/ are defined so that their (-component is a Weyl fermion
in Sec. 2.3.2, we can define it also in the algebraic way, by using Dg, as Da®! = 0.

3More detailed analyses are given in Ref. [41].

46



CHAPTER 4. HIGHER DERIVATIVE TERMS OF CHIRAL MULTIPLETS

Next, we consider the superconformal version of J, on superconformal multiplets. As
in the case of D, we assume that the superconformal derivative D, is defined so that D,C
has its lowest component D,C. Then, we notice the same problem as the spinor derivative
case, that is, D,C' is not S- and K-inert. The S- and K-transformation of D,C are given
by

1
(55,KD“C == —QU))\K#O - 57_]’)/#’7*€ (415)

The first term can vanish if w = 0 but the second term can not in general. Therefore, it
seems that the superconformal operator corresponding to d, in global SUSY can not be
defined.

This situation can be relaxed by introducing a superconformal multiplet with w,n #
0 as follows: Instead of D,, we define the u-associated derivative D,Su), where u is a
superconformal multiplet with (w,n) = (wy,n,). D,C can not be S- and K-inert by
itself, and that is the reason why the derivative operator can not be a superconformal
operator. Such a problem can be relaxed if the terms of S- and K-transformation (4.15)
is subtracted. By using u, we find that the following combination is S- and K-inert,

7 n _
DuC = 20V, 5O+ Sx "l = XX C, (4.16)
where
1 — *— *—
VMK E4:’LUU (Cu 1DMCU + Cu 1DNCu 1)7
1. _ .
Xs =g 7 (C7 N+ C21¢E), (4.17)

C, and (, are C- and (-components of u respectively, and (¢ is the charge conjugation
of (. We have added VMK and xg so that the terms in Eq. (4.15) are canceled. To confirm
that the combination (4.16) is S- and K-inert, we need the S- and the K-transformations
of V,,, and x* given by

L
sV, =— Zlﬁ’YXS — Akps

S5 X =n. (4.18)

Then a supermultiplet D}IC, whose lowest component is given by Eq. (4.16), is a super-
conformal multiplet.

Thus, we find that the superconformal version of d,, on superconformal multiplet can
be defined as the so-called u-associated operation. Note that, unless w, # 0, u is an
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arbitrary superconformal multiplet, and in an ordinary case, a compensator multiplet
plays the role of u. It is important to notice that we do not require any constraints on C
in the above discussion, and therefore, the u-associated derivative operation can be defined
on any superconformal multiplets. We note that the superconformal derivative operators
D, and D} make the superconformal multiplets with (w,n) that with (w4 3,7 — 3) and
(w+1,n) respectively. In almost the same way, we can also define the u-associated spinor
derivative DY. However, it does not appear in the following discussion, and therefore, we
omit it here.*

With these superconformal derivative operators, we can construct the higher-derivative
term (4.5) in conformal SUGRA. In the old minimal SUGRA, that is, conformal SUGRA
with a chiral compensator, such a higher-derivative term of ® with (w,n) = (0,0) can be
written as

Sup = [T(®, B, |So| D@, |So| ' D D) DODD| p, (4.19)

where we have used Sy as u and |Sy| = V' S0Sy. T is a function of superconformal
multiplets with (w,n) = (0,0), and D®DP should be understood as a multiplet of which
the lowest component is —2Y Pp .

Obviously, the term (4.19) depends on the choice of a compensator. Moreover, we
can construct a similar action with u # S;.° Thus, we find that this kind of higher-
derivative terms in different SUGRA formalism behaves in different ways. However, if T’
only depends on ® and ®, the term (4.19) becomes independent of the compensator. In
the following, we focus on such a compensator-independent term given by

Sip = [T(®, @) DPDP|*p. (4.20)

As long as other higher-derivative terms including a compensator are absent, we can per-
form the duality transformation discussed in Sec. 3.3.2. For concreteness, let us consider
the following system in new minimal SUGRA,

S = ELO In (%‘qﬁﬂ i + [T(®, ®)|DPDP|?]p, (4.21)

where F is a real function. As in the same way with the case in Sec. 3.3.2, we can rewrite
the action to that in the old minimal SUGRA as,

Sum = |~ 3505051 + [T(@. 8)DEDBP]. (4.22)

“For details of the u-associated operators, see Ref. [41].
SFor instance, we can construct L associate derivatives in the old minimal SUGRA, where L is a real
linear multiplet. In this case, we regard L as not a compensator but a matter multiplet.
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As we expected, under the duality transformation between the old and the new minimal
SUGRA, the higher-derivative term is invariant.

It is also worth pointing out that the term (4.20) is manifestly invariant under the
redefinition of the compensator. In the old minimal SUGRA, the action (3.1) has an
ambiguity under the definition of the compensator. For example, under the change of
the compensator given by Sy — Sge%_A(q’I), where A is a holomorphic function of ®!, Q
and W are changed as 2 — Qes D) and W — Wel. The change of ) corresponds
to the one of Kihler potential (3.5) as K — K — A — A. This is called the Kdihler
transformation. Because of the absence of Sy in the term (4.20), it is invariant under the
Kéhler transformation.

The generalization of the term (4.20) to the multi-superfield case is straightforward.
It is given by

Sup = [T,z PP D' DEEDHE (4.23)

where Tz is a real function of @’ and @7, and its indices are symmetric under the
exchanges I <+ J and K <+ L. The properties discussed above are still true even for this
case. The bosonic part of this action is given by

Sup|p = /d4xe 32T, i (FTF/FEFY — 2F K9, 07 0r ot

+ 08,0017 0,K " D) | (4.24)

It is worth noting that the action does not have the Ricci scalar term. This is because we
only focus on the bosonic part, and actually, the higher-derivative term (4.23) includes
the Ricci scalar term like 47} ;71X Prx” X Prx*R. Although such a term is omitted in
the above, we have to take it into account if we construct the complete action including
fermionic parts. In such a case with the standard action (3.1), to construct the action in
the Einstein frame, we need to put the following D-gauge fixing condition

S50 — 4TIJREXIPLXJXRPRXL =1 (4.25)

Therefore, Sy after gauge fixings becomes the function of not only scalars but also fermions.
Such a structure may become important if the SUGRA corrections, that is, couplings
between Sy and matters are strong enough. In the low energy effective theory, such
couplings seem typically not so strong because they are suppressed by mass parameters
larger than the energy scale realized in collider experiments today.

49



CHAPTER 4. HIGHER DERIVATIVE TERMS OF CHIRAL MULTIPLETS

We also notice that there is the higher order terms of the auxiliary fields /. In the
ordinary case, the interactions of F-terms are at most quadratic order, and their E.O.Ms
are linear equations which uniquely determine their solutions. However, in the presence
of the higher order terms of F!, the E.O.Ms of them become cubic equations, which are
difficult to solve analytically in general and have three branches as solutions. As discussed
in Refs. [5, 126, 127, 128], the solutions can be classified according to the dependence on
the coupling T} ;z7. One solution is regular in the limit of 1} ;77 — 0, and the others are
singular in the same limit. As shown in Ref. [127], the solutions singular at 7" — 0 make
the kinetic term of the scalar field non-canonical in the sense that the quadratic derivative
terms of scalar vanish but quartic terms remain. Although that is an interesting solution
of SUGRA, we focus on the regular solution in the following.

As a final remark of this section, we comment on the other ghost-free higher-derivative
coupling discussed in Ref. [6]. The higher-derivative coupling ~ [M~2®E*DLod] 6 gives
a non-minimal coupling between ® and gravity like M _QG“”(?NCD&,&) where G, is the Ein-
stein tensor. It is known that this interaction gives an interesting contribution to the in-
flaton dynamics owing to the gravitationally enhanced friction mechanism [130, 131, 132].
The essence of the mechanism is that such a coupling behaves as ~ ﬁ—i@fb@“@ during
inflation that makes slow the inflaton dynamics if M < 1. Interestingly, such a higher-
derivative term is constructed only in the new minimal SUGRA. This term obviously
depends on the choice of the compensator. Therefore, the form of these couplings must
be varied under a duality transformation, even if it is possible. The construction of this
kind of couplings in the old minimal SUGRA is interesting, although it has never been
done so far.

4.3 Effects of SUSY higher-derivative terms on F-
term inflation models

In this section, we discuss the effect of higher-derivative term (4.20) on the F-term inflation
models based on Ref. [117]. The action we discuss here is

K

S = [_2505063} + [SW]p + [T1,5: D' DS DEX DO, (4.26)
D

8F, is a real multiplet whose lowest component is ~ C~'B, where C' and B, are components of a
real linear compensator, and we have omitted the fermionic part. The full definition of it is given, e.g.,
in Ref. [129].
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where
K =K(®,®) +|S]>=¢|S|", (4.27)
W =f(®)S, (4.28)
(4.29)

® and S are the inflaton and the stabilizer multiplet respectively,  is a positive constant,
f(®) is a holomorphic function of ®, and indices run over ® and S. We have to note
that the action (4.26) is not invariant under the duality transformation, nevertheless the
higher-derivative term is so. The reason is as follows: In the presence of superpotential
terms, we can not assume that all the matter multiplets have (w,n) = (0,0) in the new and
the non-minimal SUGRA. That is because, in those formalisms, compensators are a real
or a complex linear multiplets, which can not compensate weights in the F-term formula.
If one wants to maintain the duality invariance, some additional multiplet will be required,
which compensates the weights of terms in the superpotential part. By assuming that
such an additional multiplet is stabilized with its mass heavier than the inflation scale,
the following discussion and result hold. If we do not add such a compensator like field,
the following discussion is valid only in the old minimal SUGRA.

In the absence of the last term, the inflation is realized with the shift symmetric Kahler
potential K (®,®) = K(® + ®), and the inflaton is Im®. The inflationary trajectory in
such a case is summarized as follows.

e f(®) becomes non-zero, and then the masses of S and Re® of the order of H?
appear. Then, they are stabilized at the origin.

e Along S = Re® = 0, F® = —K®®DgW vanishes and F$ = —K55Wg = — K55 f(®) #
0.

e The effective potential along the inflationary trajectory is given by V = K55 | f(ig)|?
where ¢ = Im®.

e Inflation ends at f/'(i¢) = 0 or f(i¢) = 0, and the former solution can realize the
SUSY breaking by S at the vacuum.

In the presence of the higher-derivative term, the situation is quite different. With the
higher-derivative term, the off-shell bosonic action in Eq. (4.26) is given by

S| z/d4xe

4+ 32Ty (FTFYFRFY — 2FTFR 9,67 0" ¢" + 0,0'0%¢7 8,007 6") |, (4.30)

1 o s
5B~ K10,0'0"0" + K F'F/ + (e2 D;WFT +h.c.) + 3¢5 W2
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where we have used the D-, A- and K-gauge fixing conditions in Eq. (3.4).

As mentioned in the previous section, there are quartic couplings of F'Z, by which the
E.O.Ms of F-terms become cubic equations. Then, it is not easy to derive an on-shell
action, and therefore, we assume a particular inflationary trajectory with which we can
approximately solve the E.O.Ms of F-terms. What we assume is as follows:

e During inflation, as in the case of the ordinary chaotic inflation, S is stabilized at the
origin due to the mass term m%g ~ (H?. Then, DgW = f(®), W,DeW o S =0
and 0,5 = 0.

e We do not assume the shift symmetry of ® in the Kahler potential term, but assume
that the kinetic coefficient from Ké&hler potential is not so large Kgg ~ O(1) during
inflation.

e For simplicity, we require Tpssg, Tsos5, and their conjugates are zero.”

Note that though we require these assumptions to obtain an on-shell action, the following
discussion holds as long as |DgW| > |DeW/|. The assumption S ~ 0 and 9,5 = 0 are
consistent with the inflationary trajectory described below, and are automatically satisfied
once inflation starts.

Here, we solve the E.O.M of F-terms in Eq. (4.30) under the assumptions. The E.O.M
of F° is given by

1 p )
64 (6_4KSS + 2T<DS<T>S‘|F<D|2 — T¢5(§§|3MCD|2 + TSSSS’FSF) i +e2DgW =0. (4'31>
We can rewrite this equation as
1 p )
64 <aKs§ + 2T g538| F*|* — T3]0, )% + TSSgg|FS|2> A4 e2|DsW2 =0, (4.32)

where A = FSDgW. We notice that all the quantities in Eq. (4.32) other than A are
real, and therefore, A should also be real. In the parentheses of the above equation, we
assume that the second term is much smaller than the forth one, and it will be confirmed
below. By neglecting the former, the equation becomes a closed form with respect to A,
which is given by

1

Tss355 g
64 (6—41(55 — Tos35]0,®|* + WAQ A+ ez |DgW|* = 0. (4.33)

"More precisely speaking, even if Tgpps and its conjugate exist, they do not affect the inflationary
trajectory we will discuss. However, T'q555 and its conjugate do affect to the trajectory, and they may
cause the instability of the trajectory. Therefore, we require that Tgqg5 is sufficiently small as we will
require that on Tggs53.
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This can be algebraically solved as

. /B @ v [aNt ., [B @y [a)
_3\/;( 1+ 2\/;) 3@(‘/1+4ﬁ3 : 53) s

where
1728T55§§
— T o000 4.35
B =Kg5 — 64T5555]0,P|*, (4.36)
v =e | DsW 2. (4.37)

On the other hand, the E.O.M of F? is given by

64 (6%1}(@ — Top3a|0u®|” + 2Tp505| F°|* + TM@|F¢P) F®4e2DgW =0. (4.38)
As in the case of the above discussion, the last term in the parentheses of the above
equation is negligible. Then, this equation is approximated as a linear equation of F'®.
Thus, we can conclude that F'® oc |DgW| ~ 0, and this ensures the approximation
|F¥| > |F®|. Since the solution (4.34) is quite complicated, we expand it with respect to
v. Such an expansion is valid for v < 1, which is reasonable during inflation. Then, we
obtain

2 [ DgW |2
A~ —% - —% = —B5%Se5 | DsW, (4.39)

where B%5 = =1, Thus, we find the final expression,
FS = —e2 BSSDW. (4.40)
Using these, we obtain the following on-shell expression of F-terms;

FS ~— B%e2 DgWV, (4.41)
F® xDgW =0, (4.42)

where the expression of F'S is given by the leading order of |DgW|, BS5 = B;é, and

Bgs = Kgg — 64Tp5550,20"®. These solutions are not singular in the limit of 7 — 0.
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By substituting them into the action (4.30), we obtain
sty = [ dtae [—(Kw F 64Ty 505(B55)205| £ (@)[2)0, 0040
+ 32T 5|0, PO B> — (2B — Kgg(B%)?)el| f(@)[?
+ 32Tss§§(355)462K!f(¢)|4] - (4.43)

In the following, we assume that T} ;z; is constant, and then, from the dimensional
analysis, we can write T}z as M ~*C, ;g7 where M is a mass parameter and C) ;57 is a
dimensionless parameter.
Let us focus on the “kinetic term” of & given by
e |f(@)
M4
%

= — (Kq)q) + 64O<I>S<I>S(BS§>2W) 0N(I>8“(T>, (444)

— (K@ + 64Cp585(B°%) ) 9, D0+

where V' = ef|f(®)|?. In the case where 157 < 1 and Cpggs ~ O(1), the kinetic
coefficient is dominated by the first term in the parentheses, which is the standard kinetic
term in SUGRA.

However, for % > 1, the situation becomes quite different. Before discussing it, we
briefly summarize the scenario that will be considered below:

e We discuss the slow-roll inflation driven by ®, and the energy is dominated by the
“scalar potential” in the action (4.43) mixed with derivative terms through B*S.

e After the end of inflation, V' — 0, and then, the higher-order terms due to the

SUSY higher-derivative terms decrease. Finally, the action effectively becomes the
standard SUGRA one.

When % > 1, the kinetic term is effectively given by
I V4 B
—64C¢Sé5(355)2maﬂq>aﬂcp. (4.45)

In this case, the inflaton dynamics becomes far from the ordinary F-term inflation model
owing to the nontrivial kinetic coefficient. The “canonically” normalized inflaton ® is
related to @ as

5 - -(BS5)2
dd = 8\/ Casas(BEPV 4, (4.46)
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Therefore, we can rewrite Bgg as

64Cp505 _
&S:Kg——fﬁ§§@¢w¢

0,00 d
On the other hand, the “scalar potential” in the action (4.43) is given by
5 5 5 V
Vir = 2B% ~ Kas(B5P)V - 32CssssB%) (3 ) Vo (4)

We notice that the second term becomes negative for Cqgg5 > 0, and its absolute value
is larger than the first term for Cgg55 ~ O(1). Therefore, the potential becomes negative
in such a case. One may think that this can be avoided for Cgg55 < 0, but that is
not correct. The kinetic term of S omitted in the above is given by £ ~ —(Kg5 +
64C5555(B%%)?37)0,S0"S. Therefore, for Cyg55 < 0, S obtains the ghost-like kinetic
term, which is also problematic. Therefore, in order to retain a possibility to realize the
scenario, we have to require

4

[Cssss| < <7 (4.49)
and then, the above problem can be avoided. We assume this condition in the following
discussion, and neglect terms including Clgggs. Under the assumption, the slow-role in-
flation is driven by ® with the potential ~ V. In that case, the following relation holds;

8,}@8“515 ~ eH? ~ €V, where € and H are the first slow-roll and the Hubble parameters

02, < 1. We conclude that Bgg ~ Kgg from Eq. (4.47), and

respectively. Then, V(555

obtain

L~ — 0,00"D + 32Tp008]0,20"D|> — V
~— 0,50 —V, (4.50)

where we have neglected the second term on the first line because of the same consideration
as the above and assumed Kgg = 1 for simplicity.

It is important to notice that, the functional form of V(&) looks different in terms of the
canonically normalized inflaton ®. Because of the factor ]‘\//I—Z > 1, a large field variation
of ® becomes a small variation of ®, which means that factor effectively enlarges the field

space of ® around the region }\/4—2 > 1. Such an effect enables the large field inflation
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without a large field variation of ®. From this observation, we find that it is useful to
expand the potential around the point at which inflation ends. We denote the value of ¢
at such a point as ®y. Then, the scalar potential can be expanded around & as

V = V(®g) + (0 V (P)6® + huc.) + -+, (4.51)

where 0® = ® — & and ellipses denote the higher order terms. Due to the smallness
of the variation 0®, we can discuss the inflaton dynamics with only the leading term of
this expansion. This is an interesting feature of this model. The n-problem in SUGRA is
avoided in this setup even if ® realizes the large field inflation effectively.

Let us consider the case where the inflation is driven by ¢ = Red®, and the orthogonal
direction Imd® stays at its minimum.® In such a case, the effective Lagrangian becomes

£~ 64055 29,600 — V(0), (4.52)
where
V(o) = 3 Va(0)", (4.53)
n=1

Vo(0) = %8$V(0), and we have assumed that V(0) ~ 0. This condition is reasonble
because V' (0) becomes the cosmological constant which should be negligibly smaller than
the potential energy during inflation.

For the case in which the leading term of the potential is given by V,,¢™, the canoni-

cally normalized inflaton ¢ is related to ¢ as

8y Cas35Vim(0)
o= [ H Pl ot as

:16VTE§£WZﬁﬁ¢g+g (4.54)

(m +2)M?

The potential V' ~ V,,¢™ is represented as
~ 2m

V =V, (0)pm+2, (4.55)

where

2m

- B (m + 2)M? 2
V,(0) = V,,(0) (16 C’QS@ng(O)> . (4.56)

8This situation is not trivial, and therefore, we will discuss the related topic on this assumption at the
end of this section.
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Surprisingly, the effective potential in this model is always represented by a monomial
function with the fractional power ﬁ—Tg-g As a consequence, this model predicts the
cosmological parameters n, and r as

ny =1 — % (4.57)
r :(mi%’ (4.58)

where N, is the number of e-foldings at the horizon exit.

In the above discussion, we have set Imd® = 0. However, the mass of Imo® is almost
the same as that of the inflaton. Therefore, as in the case of Ref. [80], a light scalar field
may lead to the isocurvature perturbation which becomes an adiabatic mode after the field
decays. If the field dominates the universe and decays after the time when it dominates
the universe, the adiabatic mode leads to the non-Gaussianity of the scalar curvature
perturbation, which is constrained by the latest Planck data [133]. However, in many
cases, we can expect that such a situation does not occur due to the following reason:
The light mode has the same mass with the inflaton, and no symmetry is imposed on
the inflaton in our case. Then, we can naively expect that the inflaton and the light field
decay into the other particles simultaneously. Therefore, the light field can never dominate
the universe, and then, the non-Gaussianity predicted in this model may become small
consistent with the Planck data. Such a discussion highly depends on more concrete setup,
such as couplings between the inflaton and MSSM sector. And so, we do not continue to
discuss it and will address this issue elsewhere.

4.4 Simplified model: F-term inflation without Kahler
potential

We have discussed an F-term inflation model with SUSY higher-derivative terms (4.20)
in the previous section. To clarify the consequence of the model, let us consider a specific
limit of the model we have discussed, which corresponds to the one in Ref. [92].

As we discussed, the Kahler potential of the inflaton multiplet is not important for the
inflation. The important term is 777(Cas55/PPDS|?|p, which gives a nontrivial kinetic
term of ®. It is also important that S' is strongly stabilized at the origin, which is achieved
by the quartic term in Kahler potential K ~ —(|S|*. As we mentioned in Sec. 3.2, the

Goldstino multiplet can be described by the nilpotent multiplet in the decoupling limit

9This result is valid as long as |V,,| ~ |V, for all n > m because |¢| < 1.
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of the sGoldstino. In our case, SUSY is broken by S during inflation, and the sGoldstino
S becomes sufficiently heavy. Then S can be well described as the nilpotent multiplet.
Taking these facts into account, we can simplify the action (4.26) as

§ = 21508 ] + [S/(®)S]r + 75 (CIDIDS P, (4.59)

where C' is a real constant, and we have assumed that S satisfies the nilpotent condition
S? = 0. The first term corresponds to the Kéhler potential K = |S|?, and there is no
Kéhler potential term of ®. After superconformal gauge fixings, the bosonic part of the
action (4.59) becomes

1
Slp = /d4xe S+ |[F5)P = 3[F% ) + (f(®)F® +h.c.)
320

+M4

, 16C

|F®)°|F3| e

|F%)20,00" | (4.60)

where we have set S = 0 because it is a fermion bilinear due to the nilpotency condition.
We can easily solve the E.O.M of F-terms, and obtain
FS% =F* =, (4.61)
f(P
Fo¥=— u;fc( ) : (4.62)
1 — 370,000®

Substituting them into the action (4.60), we obtain

2
S|p = /d4;ce BR — 16];#8#@8“@) — (2B - BHV |, (4.63)
where B = (1 — gﬁ—ﬁa@aﬂé)‘l, and V = |f(®)|?>. This action precisely corresponds to
the effective action discussed in the previous section.

From this discussion, we find some features of the model in Sec. 4.3. First, as we
found, the n-problem is absent in the model. We can understand the reason as follows:
In the limit % > 1, the Kahler potential can be effectively negligible with respect to the
kinetic term. It is also important that in such a limit, the dominant part of the inflaton
dynamics is the SUSY higher-derivative part |[D®DS|®. The term has shift symmetry of
®. That is the reason why the n-problem is absent even without the shift symmetry of ®
in the Kahler potential.

Secondly, the shift symmetry which the SUSY higher-derivative term has is under
a complex shift & — & + Z where 7 is a complex constant, because of the derivative
operator D. Such a symmetry makes both Red® and Imd® light. That is the reason for
the light mass of Imd® discussed in the previous section.
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Chapter 5

Matter coupled DBI action in NV =1
4D conformal SUGRA

This chapter is based on Refs. [134, 135].

5.1 DBI action in N =1 4D global SUSY

DBI action [7, 8] is a possible extension of the Maxwell action including higher order
terms of a U(1) gauge field, which is given by

1
SDBI = /d4x (1 — \/—det <77ab + WFGZ))) s (51)

where 74, is the Minkowski metric, Fy, = 20,4y, Aq is a gauge field under the U(1)
symmetry, and M is a real parameter of mass dimension 1. This action is manifestly
gauge invariant because it is given by the function of the invariant quantity Fy,. It is also
important that the action does not produce the third order time derivative to the E.O.M
of A,, which means the absence of ghosts in spite of the higher order derivative couplings.

A natural question is how the SUSY DBI action can be written. The answer was
first derived in Ref. [136], where the authors constructed a SUSY Lagrangian having the
term (5.1) in its bosonic part. The authors of Ref. [136] also showed the superconformal
realization of the DBI action, which we will derive in a different way. After that, it was
shown that the Lagrangian in Ref. [136] is related to the partial breaking of 4D N = 2
SUSY in Refs. [26, 27]. The partial breaking of N' = 2 SUSY is done by requiring a
constraint on an N = 2 superfield. As shown in Ref. [27], the SUSY DBI action of
an N = 1 vector multiplet V' can be obtained as follows: We impose a constraint on
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W, which is an N = 2 superfield, given by W? = 0. W consists of two A/ = 1 chiral
superfields W, = D?D,V and X, and in terms of these A' = 1 superfields, the constraint
W2 = ( can be rewritten as !

|
X =XD*X + 1WaWa. (5.2)
Then the DBI Lagrangian is given by
. 1 1 o
L= /d29 <XD2X + ZW”‘WQ) + /d29A (ZWQWQ +XD*X — X) , (5.3)

where A is a Lagrange multiplier chiral multiplet, whose equation of motion provides the
constraint (5.2) on X and W*W,,. The first two terms correspond to the kinetic terms of
a vector and a chiral multiplet, V and X, of which an N/ = 2 vector multiplet consists.
By the field redefinition A — A — 1, the action can be rewritten as

1 o=
L= [/ d*0X + A (ZWQWQ + XD*X — X) + h.c.] : (5.4)
We can solve the constraint (5.2) with respect to X algebraically and obtain?

X =W? 1+1D2 w2

2o \1-la+/1-A+ip

where A = $(D*W?+ D*W?) and B = 1(D?*W? — D*W?). Then, one can compute the
Lagrangian and find its bosonic part

Llg=1—/—det(na + Fu). (5.6)

This gives exactly the action in Eq. (5.1) and one confirms that the Lagrangian (5.4) is
the SUSY extension of the DBI action.

It is important to notice that there is an underlying condition on X given by X% =0
because of the Grassmann nature of WW,. As we can find from the solution (5.5),
X oc W2, and therefore X2 oc W* = 0. Therefore, we find that X is a nilpotent superfield
discussed in Sec. 3.2. This nilpotency is quite important by the following reason: The
Lagrangian (5.4) can be rewritten as

(5.5)

1
2

1 - _
L= /d20X + /d20A <ZW“WQ + XD*X — X) + /d29AX2 + h.c., (5.7)

!We use the convention in Ref. [26].
2When we solve the constraint, we obtain two branches of solutions and the solution (5.5) corresponds
to one of them, with which the action (5.4) vanishes for F},,, — 0.
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where A is the second Lagrange multiplier chiral multiplet, whose E.O.M is X2 = 0.
The equation X? = ( is automatically satisfied after solving the first constraint (5.2),
as discussed above. Therefore, the second term does not change the system, but it is
important to show the nilpotentcy of X manifestly. By using the superspace identity
[d*o(---) =—3% [ d*0D?(---) + tot. div, we can rewrite the action (5.7) as

L= —i/d40(A+/_\)|X|2 + {/d29 <X+A (iwawa —X) +[\X2) +h.c.}. (5.8)

The first term can be regarded as the Kahler potential of A and X, and therefore, X and
A seem to obtain their kinetic term given by —K;;0,®70"®’. However, one notices that
the kinetic mixing matrix K;;7 has a negative eigenvalue because the determinant of it is
given by —1=|X|%. Therefore, it seems that there is a ghost in the bosonic sector of the
system, but this is not the case because of the nilpotency of X. As discussed in Sec. 3.2,
X is described by a fermion bilinear, and then, detK; 7|z = 0, which shows the absence
of bosonic ghosts. Indeed, one can confirm that the purely bosonic part of the kinetic
terms disappear by taking into account that X is a fermionic bilinear. Thus, one can show
the absence of ghosts in the bosonic sector, which we can also check from the resultant
Lagrangian (5.6). In this respect, the nilpotency condition on X is quite important, and
we will extend the SUSY DBI action in such a way that X satisfies the condition.

We will discuss the DBI action of a single U(1) vector multiplet in the following
although there are other types of DBI extensions in global SUSY. Let us briefly comment
on such extensions. In Refs. [27, 122, 123], the SUSY DBI action of a real linear (tensor)
multiplet is constructed. The strategy is almost the same as that discussed above, and the
authors pointed out that the action is dual to the DBI action of a chiral multiplet, which
would be the effective action of the position moduli of D3-brane in six dimension. In
Refs. [137, 138], the DBI type action with multiple U(1) gauge superfields are constructed
by extending the case with a single U(1) vector multiplet. The massive SUSY DBI action
of a gauge and a real linear multiplets is discussed in Ref. [139].

There are also the DBI actions in extended (AN > 2) global SUSY with the superspace
or the component formulations. In Refs. [140, 141, 142, 143, 144, 145], the DBI action in
N = 2 superspace is discussed although the complete form of it is unknown.

On the other hand, the SUSY Dp-brane action, which is a kind of the DBI type
actions, also has been constructed and developed within the component formalism in
Refs. [146, 147, 148, 149, 150, 151]. The relation between D-branes and the DBI action
is reviewed e.g. in Ref. [152].
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5.2 superconformal extension of DBI action

In this section, we discuss the superconformal realization of the DBI action as in the previ-
ous chapter. As we have found, the DBI action can be expressed in terms of a set of chiral
multiplets, which are related with each other by a nontrivial constraint. From this view-
point, to construct the DBI action in SUGRA, what we have to do is the superconformal
extension of the constraint (5.2). Then, we need to realize the superconformal version of
terms in Eq. (5.2). The second term on the right-hand side of Eq. (5.2) is trivial, and we
know the corresponding superconformal chiral multiplet W? with (w,n) = (3,3). In the
first term on the right-hand side of Eq. (5.2), we notice that D? makes X a chiral multi-
plet. We know such an operator, that is, the chiral projection X defined in Eq. (2.51). To
use the operator on a multiplet, it should satisfy the constraint w —n = 2, and therefore,
the Weyl and the chiral weights of an antichiral multiplet X are uniquely determined as
(w,n) = (1,—1). The chiral multiplet ¥(X) has the weights (w,n) = (2,2), and X3(X)
has the weights (w,n) = (3,3). Thus, we find that the superconformal extension of the
right-hand side of Eq. (5.2) consists of W? and X3(X) with the weights (w,n) = (3,3).
However, the left-hand side of Eq. (5.2) is given by X, and a naive extension is not ap-
plicable because of the difference of the weights between both sides. This means that the
superconformal extension of the constraint (5.2) is impossible without introducing other
multiplets.

A possible candidate for the multiplet introduced in the constraint is a compensator
multiplet. Here, let us consider the old minimal formulation, that is, the case with a
chiral compensator Sy with (w,n) = (1,1). Then, we find the following superconformal

constraint, which is expected to be an extension of Eq. (5.2),
S2X = W? — aXX(X), (5.9)

where a is a real constant parameter. For simplicity of the later discussion, we redefine X
as SoX, and then X has the weights (w,n) = (0,0) as the usual matter chiral multiplets,
and then the constraint becomes

S3X =W? — aSpX (S X). (5.10)

It is important to note that the solution of this constraint is also a nilpotent multiplet,
since we can formally express the constraint as
W2
X == —
SO + CLSUE(SOX)
which is proportional to W? as in the global SUSY case. Although we can solve this

equation in almost the same way as the global SUSY case, the calculation is rather
complicated.

(5.11)
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Instead, we use the superconformal version of the action (5.7). Such an action can be
written as

S = [bSEX]r + [AW? — aSeXZ(S0X) — S3X)]p + [SPAXZr + [cSoSolp,  (5.12)

where b and c are real parameters, and we have introduced Lagrange multiplier chiral
multiplets A and A with (w,n) = (0,0). The last term gives the kinetic term of the
gravity multiplet. In the following, we focus on the bosonic part of the action, and then,
we need to recall that the third term gives the nilpotency condition of X, which yields

X = %—@;ﬂx. Taking it into account, the bosonic part of the action (5.12) is given by

_ 1 -
S|5 :/d4xe [a\SOP(A + A FX)? +{S3(b— A)FX +hel} + 5(A + A)E,, F*

1 _ ~ _ _
—S(A=B)FL P — (A+8)D* + §]50|2R(e, b) — c(|F2 — D,SyD"S,) |,
(5.13)

where F),, = 20,5,), B, is a gauge field, Fro= —%e““p"Fpg, and D,Sy = 0,50 — b,5 —
1A,S0. We choose ¢ = %, and then, we can obtain the Einstein frame action by choosing
the superconformal gauge fixing conditions as Sy = Sy = 1 and b, = 0. Thus, the
action (5.13) becomes

S|5 :/d4xe

2a(ReM)|FX|? + {(b— A)F* + h.c.} + (ReA)F,, F*

 i(TmA) B — 2(ReA) D? + %R _ g(wsoy? _AAn|. (5.4)

The E.O.M of FX, F* D and A, can be algebraically solved as

b—A+1i¢

pX—-—_-_- "7 5.15
2a\ (5.15)
F% =D =0, (5.16)
A, =0, (5.17)

where A = ReA and ¢ = ImA. Then, we obtain the on-shell action

1 ~ b— \)? 2

S|5 = /d4:ce §R + \F, F" —ipF,, F" + % . (5.18)

a

63



CHAPTER 5. MATTER COUPLED DBI ACTION IN N =1 4D CONFORMAL

SUGRA
The E.O.M of the Lagrange multipliers are
O GiF,, " 5.19
= Ew (5.19)
b? .
SR 2aF,, F" + a*(F,, F"™)?. (5.20)

We can solve these equations with respect to ¢ and A, and then, by substituting the
solutions, we obtain

S|5 :/d4xe

:/d% EMR + g\/—det(gw +2VaF,,) - 2\/—_9] , (5.21)

1

b b .
PN v e

where we have substituted one of the solutions for Eq. (5.20) so that the second and the
third terms cancel with each other for F), = 0. This is the DBI action (5.6) coupled
to supergravity, for a = —b = }1. Thus, we confirm that the following action is the
superconformal extension of the DBI action,
L s g 1 % 3 3% v2 34 g
S = [_ZLSOX]F + {A (W - ZSOXE(SOX) — SOX>} + [SgAX =] p — {55050}

F D

(5.22)

Before discussing the matter couplings, let us consider the DBI action in the new and
the non-minimal SUGRA. We know the old minimal version (5.22) and it can be rewritten

as
1. XX .
AW -S| —=|-X
( 4 (<5050)2> )
where X = S3X, A = S;7°A, and we have used the identity SeXX(SoX) = Z(SDSOX)_{).
We notice that the action contains Sy and Sy in the form of a real combination SyS.
Therefore, we can replace the combination with a real linear multiplet Ly or a combination

of complex linear compensators LqL with an appropriate power of them. More concretely,
the DBI action with a real linear multiplet and with a complex linear multiplet are given

1 -~
SZHXL*

+[AX2]F—{§SOSO} . (5.23)

F D
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oo [15] 4 A(Wa_zz (E))ﬁ
L 4 1F 4 0

) (5.24)
NM_-_1~- _ 2_1 X)? _ X 21, _ § v
ST = _ 4X_F+ _A (W 42 ((L0L0)3> X) F+ [AXZ)F {Q(LOLO) }D,
(5.25)

where S is a chiral multiplet with (w,n) = (1, 1), the last term in each action denotes the
pure SUGRA action, and we have assumed that the weights of Ly are (w,n) = (w, w—2).
In the above expressions, one should consider X as a chiral multiplet with (w,n) = (3, 3).
Note that, the construction of the DBI action coupled to a chiral compensator or a real
linear compensator is discussed also in Refs. [153, 154].

5.3 DBI action coupled with chiral matter

We can also extend the DBI action (5.22) to that coupled with matter chiral multiplets.
Such a situation is more realistic than the pure DBI action discussed so far. As shown in
the previous section, the nilpotency condition on X is important for avoiding ghosts. A
possible generalization of the constraint (5.10) is

S3X = W? — 5, X D (w(®!, 87)5,X) (5.26)

where w(®!, ®7) is a real function of matter chiral multiplets ®' and its conjugates &7,
whose weights are (w,n) = (0,0). The matter couplings can be added also in the action
and the general matter coupled extension is given by

S == Z[SEF@)X]r + [AWV? = S X B(w(@, 87)SpX) - S§X)]r

1
4 ;S’AXQ] _ ; {soso exp (—%K(@I, @J))} HlSw@le (627

where K(®1, ®7) and W(®') are Kihler and super-potentials of chiral multiplets respec-
tively, and f(®') is a holomorphic function of chiral multiplets. The meaning of f(®7)
can be understood by considering the limit w — 0. In the limit, the constraint (5.26)
becomes S§X = W?, and then, the first term in Eq. (5.27) is —3[f(®')W?], which is the
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standard kinetic term of a gauge multiplet. Therefore, we find that f(®!) corresponds to
the gauge kinetic function.

Let us consider the component expression of the bosonic part of this action. That is
given by

Sla = [ dae [gysoeem,m +wlSoP (A + R)F]2 - {SS’ (g +A) F¥ +h.c.}

+ (ReA)F,, F* — i(ImA)F,,, F"” — 2(ReA)D?

+ie™ 5 [So|PK k' D + Lopdinary | (5.28)

where k! is the Killing vector for U(1) isometry on the manifold spanned by o1, Lordinary
is given by

Losaimary = N 5(FTF = D*® D& 4 (FIW; + hec.), (5.29)

where the indices I, J run over ® and Sy, I is an index of matter chiral multiplets ,
K 2 . . .
N = =3|So|?e” 3, W = S§W, and D, denotes the covariant derivative. Here we take the
standard superconformal gauge fixing conditions to obtain the Einstein frame action,
K
6

So=Sy=¢es, b,=0. (5.30)

Then, we obtain the following action,

1
S|5 :/d4xe Sh+ 2w(ReA)e™ |FX|? — {&5 G + A) F¥ 4 h.c.} + L finary
+ (ReA)E,, F*™ — i(TmA) F,,, F" — 2(ReA) D* + z’KIk:ID] , (5.31)
where Efrdmry is Lordinary under the superconformal gauge conditions (5.30). It is straight-

forward to solve the E.O.Ms of FX, F I , D and A,. After solving them, the action becomes

(kal)z + Eonf.shell
2\ ordinary

L { (}lp ; )\)2 n Gq n ¢)}] , (5.32)
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where A = ReA, ¢ = ImA, p = Ref(®!), ¢ = Imf(®?), and
Lol = —K 7D, %' D'’ — V. (5.33)

In the above equation, D,®' = 9,8’ — B, k' is a covariant derivative with respect to the
internal U(1) symmetry.

In the same way as in the case without matters, we can integrate A and ¢ out and
obtain the following solutions with respect to them,

K 1 2K *%
pes dw(KkH)2\? [es w .y
A=+ (o OF, F 4 -2 (F,, , 5.34
4\/(7) ( p2e% w + a * eTK< " ) ( )
AW ~
X =— g Hisg Rl (5.35)

We find that there are two branches in the solution of A\. We choose the one with negative
sign so that the DBI action should vanish when &’ = F},, = 0. Substituting the solutions
into Eq. (5.32), we obtain the final form of the action as

1 ' 2
Slfénal :/d41’6 §R+£0n—shell _ %(Imf)F}me/

ordinary

+ / d%m {\/—_g — \/ﬁ\/ —det(gy, +2¢ 5 \/JFW)} , (5.36)

4w
where
dw(Kkh)? 8
P=1- % S T S /A (5.37)
¢’ (Ref)? ¢’ (Ref)
By expanding the second line of the action with respect to w, we find
1 L1
/d4xe {—Z(Ref)FWF“ + @(Klkff + OWH | . (5.38)

The first and the second terms are the kinetic term of the gauge field and the D-term
potential in usual cases, respectively. This means that the couplings between the com-
pensator and the gauge multiplet only appear as the higher order terms, which can be
confirmed also by the discussion below Eq. (5.27). It is possible to remove the matter
coupling in the square root term by choosing w = ae%, where « is a real constant. This
choice is called Kéhler covariant form [136] because in this case the DBI action is invariant
under the Kahler transformation.
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The DBI action in Eq. (5.36) has an interesting feature. The scalar potential in the
action is obtained, by setting F),, = 0, as

_e%(Ref) 8w B
e (\/H—Jf(Ref)VD 1). (5.39)

This deformation of the scalar potential is due to the higher order corrections associated
with the DBI extension. We will discuss the effects of this deformation on an inflation
model in the next section.

Let us comment on the relation between our DBI type extension and superstring. In
the type II superstring theory, the D3-brane action is given by

S = /d4g\/—det(§/w + F,,+ B), (5.40)

o' (u=0---3) is the world volume coordinate, g, is the induced metric on the world
volume, F),, and B, are the field strength of a U(1) gauge field and an antisymmetric
tensor field called B-field, respectively. The induced metric is related to the 10 dimensional
metric Gy as G = 0, XM (0)Gynd, XV (), where XM (o) is the world volume scalar
field describing the position of the D3-brane in 10 dimensional spacetime. Note that
this action has the general coordinate transformation invariance on the world volume.
Comparing this action and that in Eq. (5.21), we find that the latter corresponds to the
former under the condition: X*(¢) = o* for p = 0,---,3, X™ =0 for M = 4,---,9,
G, = 9w, and B, = 0.

From this correspondence, we can expect that the D3-brane action takes the form (5.36)
if matter multiplet exists. Although such an action has never been known in the super-
string theory, it is rather natural to consider the case with matter couplings. We need
to investigate more about the D-brane action in the presence of matter multiplets, from
string theoretical side.

Let us close this section with some additional comments on N = 2 SUSY break-
ing. As we reviewed at the first of this chapter, the SUSY DBI action is related to
the partial breaking of N' = 2 SUSY, and then, the vector multiplet (or more precisely
W,) corresponds to the Goldstino multiplet for broken N' = 2 SUSY. Therefore, in the
SUGRA-extended case discussed above, W also seems to be a Goldstino multiplet, which
should be eaten by the super-Higgs mechanism. If it is the case, the action we have con-
structed should vanish in the unitary gauge of N'= 2 SUSY. Although such a possibility
exists, there is also another possibility that the “Goldstino” multiplet becomes physical.

68



CHAPTER 5. MATTER COUPLED DBI ACTION IN N =1 4D CONFORMAL
SUGRA

Such a situation realizes if there are other breaking sectors of A" = 2 SUSY. Since only
a linear combination of the N’ = 2 SUSY breaking multiplets can be eaten by the super-
Higgs mechanism, in the presence of multiple SUSY breaking N' = 1 superfields, the other
modes become physical massless N’ = 1 superfields. To prove this statement, we have to
realize our models from A = 2 SUGRA. However, this issue is beyond the scope of this
thesis.

5.4 Massive vector multiplet inflation with DBI ex-
tension

In this section, we discuss the DBI extension of the inflation model with a massive vector
multiplet. As we reviewed in Sec. 3.4, the massive vector multiplet is a reducible multi-
plet, which can be decomposed into a chiral multiplet and a gauge multiplet. From this
perspective, the DBI extension of a massive vector multiplet action can be realized with
the matter coupled DBI action (5.27). Let us recall the massive vector multiplet action

S = {—gsogo exp (-%J)L + {—EWQ(V)} : (5.41)

F

where J = J(5(®+ P+ gV)). We find that 2J(5(® + P+ gV)) corresponds to the Kahler
potential. Therefore, what we need for the extension is just extending the second term in
this action to the DBI type one. In the way shown in the previous section, we obtain the

DBI extension as
B 3 . = 2 1 5
o[t ( 3] [,
+ [AW? — SeXS(w(® + 0)Sp X) — S3X)]r, (5.42)

where we have chosen the function w in a U(1) gauge invariant way. This is the DBI
action of the massive vector multiplet since it reproduces the action (5.41) in the limit
w — 0.

This action corresponds to that in Eq. (5.27) with

f(@hH =1, K=2J (%(@ + é)) . W@ =o,

and k® = ig, which is the Killing vector of ® under the U(1) symmetry. Then, the bosonic
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part of the action (5.42) is easily derived as

S| :/d4xe {%R — %J/’(C)(‘?HC@“C - %J”(C)(@“@ - gA#)ﬂ

%:/d%%;{vcg—wﬁa/ﬂmﬂ%u+ﬁa?vgﬂwﬁm (5.43)

where C' = Re®, § = Im®. The function P in this case is given by
dwg(J'(C))°

P=14—7357—""—. (5.44)
e 3
For simplicity, we choose
I 4
W=t (5.45)
where M is a real parameter. Then, the action is simply given by
4 1 1 " 92 1" 1 2
Slp= [ d*ze §R — §J (C)o,Co"C — §J (C)(A, —-0.9)
g

+ [ d*aM*{ /=g — VP[] —det gV—I—LFV , 5.46
/ { \/ (5 M)} (5.46)

with P =1+ %—(5»2. Note that the mass term of A,, which is the third term on the
first line of Eq. (5.46), is not affected by the DBI extension. This is consistent with the
global SUSY result in Ref. [139].

Let us discuss the inflationary trajectory of the inflaton C'. The scalar potential is

given by
V=M'P-1)

=M* <\/1 + % - 1) . (5.47)

Of course, this potential reproduces the original potential V = %(J' (C))? in the limit
M — oo. In the case with M ~ 1, the higher order corrections propotional to ¢**
(n > 2) are negligible because ¢ characterizes the scale of the inflation and should be
much smaller than 1 to explain the amplitude of the scalar curvature perturbation. In
such a case, the higher order corrections which originate from the DBI extension do not
change the prediction of the model with V' = %(J’(C})z, as discussed in Ref. [155].
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From the consideration above, the higher order correction seems negligible in general.
However, it is not the case if M < 1. Let us consider such a case in the following.
The important quantity characterizing the deformation is § = 1\%' For g > 1, which
corresponds to the case with a sufficiently small M, the potential behaves as

2 2
v g g !
V==(/148(J(C))?—-1) ~ Z=|J(C)|. (5.48)
B VB

This effect obviously makes the potential flatter than the original one. To show this
analytically, let us compare the slow-roll parQameters in the original and this cases. In
the original case where the potential is V' = £ (J’ )2, the slow-roll parameters € and 7 are

given by

2\ V OE
_V_// B 2{(J//)2 + J/J///}
=y T gy

L (2)2 _ Ay (5.49)

(5.50)

On the other hand, in the case with the potential (5.48), the slow-roll parameters, denoted
by € and 7, are

~ 2
~ 1 V// 1 (JH)2 1
‘73 ( % > 2 (J)2 4% (5:51)
~ V// {(J//)2 + JIJ///} (J//)2 1 1
= = - =_n—- 52
n V (J/>2 Q(J,)Q 27] 467 (5 5 )

where € and 7 are the ones in the original case. Therefore, we find that the higher order
corrections in this specific case make potential flat rather than steep, whereas one naively
expects that they make it steeper. Note that it is not correct to think that the values
of cosmological parameters obey the above relation between those in the original and the
deformed cases. That is because the moment of which inflation ends is also affected by
the flatness of the potential.

The minimum of the potential is given by the point at J' = 0 as in the original case.
Therefore, even with the DBI extension, this model does not break SUSY at the minimum.

Here, let us discuss some concrete examples with specific choices of J(C'). First, we

consider a model with J(C') = %CQ, and then, the scalar potential becomes
2
V= %(\/1+602—1). (5.53)
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The kinetic term of C' is originally canonical in this case. The shapes of the potential with

different values of 3 are shown in Fig. 5.1. As expected, the original form V o< C? becomes

like V' ~ |C] when f = 10 (see Fig. 5.1). Owing to the deformation, the cosmological

parameters n, and r predicted in this model are also changed, and for comparison, we

show those values in the cases with 3 = 107° and 8 = 10:

—10-5
(1) = {(0.967,0.132) (B =1077), (554
(0.975,0.0666) (5 = 10),

where we have shown the values at N = 60, N being the number of e-foldings at the
horizon exit.

V(O
vV (10)

1.0¢
0.8

0.6-

Figure 5.1: The forms of the scalar potential (5.53) with different values of § are shown.
The potential is normalized at C' = 10.

The second example is the Starobinsky type model discussed in Sec. 3.3.2, where

J = —3[In(—3Ce”)]. In this case, the kinetic coefficient is J” = —525, and the canonically

normalized inflaton is ¢ = \/g In(—C). In terms of ¢, the scalar potential can be written

72



CHAPTER 5. MATTER COUPLED DBI ACTION IN N =1 4D CONFORMAL
SUGRA

as

92

o9

G
We have to be aware that this is not the DBI extension of the Starobinsky model in the new
minimal SUGRA. We will discuss it in the next section. As in the model with J = %02,
we show the form of the potential (5.55) in Fig. 5.2. The cosmological parameters in this

\/1 + %(1 e ViR 1|, (5.55)

V(¢)
V (6)
o ___
O-8j ,,,/’ _—— ﬁ:lo
:
0.6 e A0
i ,
/
: / - p=1072
/
\‘04* J -5
v / — p=10
Vool /
20
VoL
' /
\ ’
\‘ Y’

R S T S S K

Figure 5.2: The forms of the scalar potential (5.55) with different values of § are shown.
The potential is normalized at ¢ = 6.

model are also affected by the deformation. However, as read from the Fig. 5.2, the effect
is less significant than one in the previous case:

(no.r) = {(0.968,0.00296) (B=10-%)

(0.968,0.00280) (8 = 10), (5.56)

where these are the values at N = 60. This is because the leading terms of the potential

are almost the same in both cases, which take the form 1 — oce_\/g‘is with different values
of a.
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In this section, we have discussed the DBI extension of the massive vector super-
field inflation. With our specific choice of w (5.45), the action takes a relatively simple
form (5.46). Interestingly, the resultant potential of the inflaton always becomes flatter
than the original one, and then, it makes the predicted tensor to scalar ratio smaller. This
effect seems to be favored by the recent results of the CMB observation, such as Planck
2015 [133], since the smaller value of the tensor to scalar ratio looks better to fit into the
data.

5.5 DBI-Starobinsky model in new minimal SUGRA

In this section, we consider another application of the DBI extension developed so far,
that is, the DBI extension of the Starobinsky model in the new minimal SUGRA. We call
it the DBI-Starobinsky model here. As we discussed in Sec. 3.3.2, the Starobinsky model
in the new minimal SUGRA has the same structure as the massive vector inflation model.
Then, it is natural to extend the model as a possible generalization of the higher order
gravity action. It is worth recalling that any higher curvature extension R" (n > 3) in
old minimal SUGRA always has at least one ghost mode. However, as we discussed and
will revalidate, the DBI type extension does not lead to such a ghost instability in spite
of the presence of higher curvature terms.
Let us recall the R? action in the new minimal SUGRA

5= ELOVR} WA (V)] (5.57)

where h is a real constant. Since the second term looks like the field strength term of a
“gauge” multiplet Vg, we can find the following extension,

S = [%LOVR] . + [-hX]F + {WQ(VR) — KX (%) - X] K (5.58)

where X is a chiral multiplet with (w,n) = (3,3), and & is a real constant. We need to
remember that, with a real linear compensator, it is impossible to compensate the weights
of chiral multiplets in the F-term formula. Therefore, the action above is the general form
of the DBI-Starobinsky model without matter multiplets.

Under the superconformal gauge fixing conditions Ly = 1, b, = 0, the bosonic part of
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the action (5.58) becomes
4 1 3 I 3 (R) pu X2 2
Sls = [ d've| SR+ JBuB" = SAIIB 4+ 26| FY | — 20D,
+ AFD R iy P PEm (b + A)FX + he} |, (5.59)

where A = ReA, x = ImA, AELR) is a vector component of Vg, Digy = (R + $B,B") and

F ;55) = 2(‘3[“141(,?). We can eliminate auxiliary fields other than B, by solving their E.O.M
and obtain

S:/d4xe

Since D gy contains B, B*, it is difficult to solve the E.O.M of B,,, which is a complicated

equation with respect to B,. However, on the hypersurface A,(LR) = 0,> we can obtain
the simple solution B, = 0 for the E.O.M of B, since all the terms of B, become the
function of B, B* and the E.O.M of B, proportional to B,. Then, the action becomes a

purely gravitational action given by
1 h 4
S:/d4xe “R-201— 14+ 2R
2 K 9

This is a higher curvature action and it is known that this kind of action does not produce
any ghost modes (see e.g. Ref. [106]).

To discuss the inflationary trajectory in this model, we consider the duality trans-
formation of the action (5.58). Using a real linear Lagrange multiplier multiplet U, we
rewrite the action (5.58) as

13 3 h :
SR+ BB = SAP B - 21— VARD2y — det(na + VAEG)} .

(5.60)

. (5.61)

5= ELOVR} HnXle+ {A (WQ(V) - (%) N X)] F

+[U(V = V&)]bp, (5.62)

3We consider the hypersurface to integrate B,, out otherwise it is difficult to do the integration. On
the other hand, in the dual Lagrangian discussed below, such a difficulty does not exist and it is possible
to integrate out all auxiliary fields in the dual one.
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where V' is a gauge multiplet. The second and the third terms describe the DBI action of
V. The variation of U gives V = Vg up to chiral multiplets, and it reproduces the original
action (5.58). Here, we follow the procedure performed from Eq. (3.43) to Eq. (3.45). We
can rewrite the action (5.62) as

L (043 g*h
S = { SoSo(® + ® + gV)e2 q’”’*gv)] + [——X}
D 4 F

" [A (WQ(V) a 92922 ((sogo)iii;mgx/)) - X)} K (5.63)

where, in addition to the procedure, we have made the following redefinitions: A — ;%A

and X — %X . More familiar expression is derived by a further redefinition X — S3X,
and then, the action becomes
h

S = { SoS0(® + @ + gV)e 5‘”‘”9”] + {——53)(}
D 4 F

Okg? o
+lA (w2(v) SeX'¥ <46¢f—§+vsox)—sgx)] . (5.64)
F

We can regard this action as a special case of that in Eq. (5.27) with the following choices
of functions,

K(®' ®7) = -3In [ G(@+ Dt gV)es ‘“‘I’*W)} . f(@h) =g°h,

w(®!, &7) = _kg” W(®!') =0 (5.65)
’  e(@+24gV)’ o )

Taking them into account, we obtain the bosonic part of the action (5.64) in the unitary
gauge ImA = 0 as

lr— 2 g.comc - 39° A4

1
4
S—/dxe 107

27 4C
/d4x— (\/_g— \/_\/ det g,w - %FM)> : (5.66)

where C' = Re®, we have chosen parameters h and k as h = gig, K= ﬁ? and
9¢%C* 1\?
P=1+——-(14+—=] . 5.67
v 2 (14 ) (5.67)
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The canonically normalized inflaton ¢ is related to C' as C' = —e\/g‘b, and the potential
term is

2 2\/§¢ 5
V =Mie2V30 \/1 + QQGTSH - e_\/;b)z —1

:%26—2\/§¢ (\/1 + 9ﬁe2\/§¢(1 - e—@%? — 1) : (5.68)

where [ = 9 The forms of the potential are shown in Fig. 5.3.

M4
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Figure 5.3: The forms of the scalar potential (5.68) with different values of g are shown.
The potential is normalized at ¢ = 6. The red line shows the potential in the original
Starobinsky model.

From Fig. 5.3, we find that the potential is highly sensitive to the higher order cor-
rections. Although the DBI type correction makes the potential flatter in the previous
models, the flatness is spoiled by the corrections in this model. The reason can be un-
derstood as follows: The plateau potential in the Starobinsky model is understood as the
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consequence of the conformal symmetry of R? term. However, when xkR? > 1, the second
term in Eq. (5.61), behaves as %R, which does not have conformal symmetry. Therefore,
when [ becomes large, the potential with the DBI extension is not flat anymore.
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Chapter 6

Summary and conclusions

We have discussed two classes of SUGRA models with SUSY higher-derivative terms.
One is a model with chiral multiplets and the other with a massive vector multiplet. In
both cases, the higher-derivative interactions can be related to D-branes in superstring.

In Chapter 4, we have discussed the ghost-free higher-derivative action of chiral mul-
tiplets. As shown in Sec. 4.2, we have embedded the terms, which are known in global
SUSY and the old minimal SUGRA, into conformal SUGRA. We have found that if the
u-associated derivatives are absent, the ghost-free term takes a universal form given in
Eq. (4.20). In such a case, we can perform the duality transformation of compensators,
by which we can convert the action in one SUGRA formulation to another. The SUSY
higher-derivative term contains not only the higher-derivative interaction of the scalar but
also some other contributions, the quartic term of the F-term, and the F-term dependent
kinetic term of the scalar. In particular, we focus on the latter as a new contribution to
the inflaton dynamics.

In Sec. 4.3, we have proposed an inflation model with such SUSY higher-derivative
terms. The model is quite similar to the ordinary F-term chaotic inflation models. How-
ever, we have found that the shift symmetry of the inflaton superfield in Kahler potential
is not required to realize inflation. Usually, such a situation leads to the n-problem as dis-
cussed in Sec. 3.1. However, the large field inflation occurs in our model. That is because
the field variation of inflaton becomes small in view of the original field space, even if
the canonically normalized inflaton takes a large field variation. This difference between
the original and the normalized inflaton is caused by the F-term dependent kinetic term
from the SUSY higher-derivative term. Such a nontrivial kinetic term has an interesting
feature: The kinetic coefficient is proportional to the F-term potential and the effective
potential of the inflaton ¢ takes a form V' gon% where n is a positive integer. Therefore,
our model predicts a very narrow region in the n,r plane read from CMB data, and it
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can be confirmed or excluded by the near future experiments.

We have also discussed the reason why the n-problem is absent by using the simplified
action in Sec. 4.4. We have found that the action has a complex shift symmetry with
respect to the inflaton superfield, in the case where the kinetic term is dominated by
the SUSY higher-derivative term. In such a case, not only the inflaton but also its
scalar superpartner become light during inflation, which may lead to the isocurvature
perturbation or the non-Gaussianity of the primordial curvature perturbation. This is
an interesting feature of our model, and we need to construct a more concrete model to
discuss the thermal history of the universe after inflation.

We have developed the DBI action of gauge multiplets in Chapter 5. As we have
reviewed in Sec. 5.1, the DBI action can be derived as a result of the partial breaking
of N = 2 SUSY. It can be done by imposing the nonlinear constraint on two N = 1
superfields, of which an N = 2 superfield consists. We have found that the underlying
nilpotency of a superfield plays an important role to eliminate ghost modes. Then, the
constraint in superspace seems to provide a good guiding principle for constructing the
higher-derivative action. In Sec. 5.2, we have promoted the superspace constraint to that
in conformal SUGRA and confirmed the correspondence between them. The superconfor-
mal version of the constraint should contain the compensator superfield, which implies the
presence of the gravitational coupling between a gauge multiplet and the other multiplet
in the Einstein-frame action. Such couplings prominently appear in the case with matter
chiral multiplets. We have also discussed the other possible matter couplings by adding
some functions to the DBI action, the gravity action, and the constraint. Our modifica-
tions preserve the underlying nilpotency, which ensures the absence of ghost modes. The
resultant action takes nontrivial form and we have found that the D-term potential is also
deformed by the DBI extension.

For an investigation of the effect of DBI extension, we have constructed the DBI
extended massive vector multiplet action in Sec. 5.4. What we have found is that the scalar
component of the multiplet is affected by the extension only in its scalar potential term.
For a concrete discussion, we have chosen the simplest case where the DBI correction can
be characterized by one parameter M. When the effect of corrections becomes relatively
larger, the deformed scalar potential becomes flatter than the original one in general. It
leads to the smaller tensor-to-scalar ratio r, which is favored by the latest CMB data since
the upper bound of r is strongly constrained.

We have also constructed the DBI-Starobinsky model in the new minimal SUGRA in
Sec. 5.5. That is a possible higher-curvature action in SUGRA without ghost modes. Such
an extension has been done in the framework of the DBI extension since the Starobinsky
model in the new minimal SUGRA is dual to a model with a massive vector multiplet. We
have seen that the DBI-Starobinsky model action is uniquely determined and it is dual to
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the DBI extended action of a massive vector multiplet with a special choice of functions
w and K in Eq. (5.36). In the dual model, we have found that the inflaton potential
loses its plateau due to the DBI-corrections, and then, successful inflation in the original
case does not occur. The reason for it is related to the conformal symmetry of the term
R?. In the DBI-extended case, the higher curvature term appears in the form /1 + 3R2,
which does not have the conformal symmetry. The symmetry can be effectively restored
if § < 1 and such a limit corresponds to the original Strarobinsky model.

From the observations in this thesis, we have found that SUSY higher-derivative terms
can play important roles in the inflationary universe. Interestingly enough, the terms
discussed in this thesis have a possibility to appear in the low energy effective theory of
superstring. To make sure the possibility, we need to clarify the relation between our
models and their UV completion in superstring. In particular, the effective action of D-
branes seems to be the most important ingredient for it. Although a part of the action has
been understood, more realistic situation, where the system would be more complicated,
should be considered to construct models describing our universe. This requires further
investigations from both the SUGRA and the string theoretical sides.
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Appendix A

Notation and some formulae

We use the notation and the convention in Ref. [38], which are briefly summarized below.
We take the natural unit convention h = ¢ = 1 where A is the Dirac constant and c is
the speed of light. The Minkowski metric is 7,, = diag(—1,1,1,1).
The ~y-matrices satisfy the Clifford algebra {v,,v%} = 214 where {-,-} denotes the
anti-commutator. We sometimes use the higher-rank y-matrices defined by

i = Al ] (A1)

where [- - - | denote the antisymmetrization of the indices with total weight 1. For example,
Y = (9" — 4¥4*). The highest y-matrix in 4D is 7,,....,, with which we can define
Vi aS

(A.2)

Vprpa = V€1 ey Vs

where €,,...,,, is the Levi-Civita antisymmetric tensor satisfying epi23 = 1. Since 7, satisfies
72 =1, we can define the chirality projection operator P; and Py as

P, :%(1 ), (A.3)
Pr :%(1 — ). (A.4)

The charge conjugation matrix C' is defined so that CT = —C, ()T = —C~y*C~! and C
is a unitary matrix, where 1" denotes the transpose operation.
With C, we define the “Majorana” conjugation of a spinor ¢ as

Y =yTC. (A.5)
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Then, one can find the following property called “Majorana flip” for any two spinors 1,
and 1o,

%Elwlmm% = tr%%y--ur%a (A.6)

where t, takes values £1 depending on r, t, = 1 for r = 0,3 (mod4) and ¢, = —1 for
r=1,2 (mod4).

By using the set of y-matrices {TA} = {1, y#, yHH2 ypikzus ~yipzisial - we can derive
the Fierz identity given by

(1162) (Fitn) = — S (BT A4 (5T ), (A7)

where the set I'4 should be understood as {I'a = 1, Yy, Yoy s Vuspiopr s Viapispops § i which
each component has indices with the reverse ordered compared to that in {I'4}.
Although we do not use the spinor index practically, we can formally introduce it as
follows. For an index of a spinor 1, we use a subscript « and denote it as 1,. The
index can be raised by a charge conjugation (CT),s as ¢»* = (CT)*#1)5. Then the Lorentz

invariant combination 1) can be expressed as V1) = 1)*,. And also the y-matrix Yy 18
expressed as (7,)?. The index of y-matrices can also be lowered as (7,)as = (7,)2(C ™).
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Appendix B

Transformation law of a general
multiplet

In this appendix, we show the transformation law of a general multiplet C = [C, (, H, K, B,, A\, D].

]

C:0qC = Sens, ouC =0, 8pC=whpC, 34C = infC
5sC =0, 0xC =0, (B.1)

I . 1
G:0g¢ = 5(iHy — K — B —inpCe,  ou¢ = —1/\‘”’%;,(’,

¢ = (w3 ) vt Bac=i(n =33 ) 8¢

0sC = —i(wvy. +n)nC, ¢ =0, (B.2)
H:gH = %67*(/\ +Ip¢), 6yH =0,

SpH = (w+ )ApH, S.H = i6(nH — 3iK),

s H = %ﬁ{(w — Dy, +nlC, OxH =0, (B.3)

K 5QK - —%g(A—FwC), (SMK - O,

0K = —n{(w —2) + ny.}(, oK =0, (B.4)

1
2
1
Ba : 5QBa = _56(’7(1)\ + DaC)v 5MBa = _)\ZBby
5DBa = (w + 1)/\DBa; 5ABQ = in@Ba,

H{(w+1) + 1537, g Ba = —2iAganC, (B.5)
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. 1 ~ 1
A G\ = (%%D - Z—n“bFab> €, Oy\= —ZA“’)%Z,A,

(SD)\I (’LU—F;) )\D)\, 5A)\Ii9 (n—l—%w) )\,

OsA = %%(—iH% — K+ B+ i DC) (wy, 4+ n)n,

Ox A = Nig(w + 1n7.)7aC, (B.6)
D :égD = %emlDA, oD =0,

5pD = (w+2)ApD, 64D = inbD,

1
dsD = in(wy. + n) (/\ + §¢(> . OxD =2\ (wD,C + inB,), (B.7)

where
Fop = 2D By + € D°DC. (B.8)

In a more general case, a lowest component C’ transforms under an internal symmetry
as O — 04K%(C), where 64 is a gauge transformation parameter. Then, we have to add
the following terms to the above expressions:

;
5o B =§€%%(AG)A/€£(C), (B.9)
1

1 1, <
0A" = | =5 DRA(C) + L (A9) ") kv +

1 ) 1
5oD" =39, kh D" + %ev*EIAAaJkQ — SED(kRNY), (B.11)
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Appendix C

Brief review of inflationary
cosmology

In this appendix, we briefly review inflation in the early universe. The inflationary uni-
verse was proposed as a possible solution to the horizon, the flatness, and the monopole
problems [13, 14, 15, 16, 17].! Inflation is the accelerated expansion of the universe. In
particular, the slow-roll inflation models reviewed in the following predicts the scalar cur-
vature perturbation, whose spectrum is almost scale independent. Such a prediction is
nicely consistent with the CMB observation results today.

The slow-roll inflation models are realized with at least one bosonic field. In general,
multiple scalar and vector fields can contribute to the dynamics, however, we focus on
the model with a single scalar field. We consider the following system:

S = /d4a:\/—_g BR - %g‘“’ﬁugb@y —V(®)|, (C.1)

where ¢ is a real scalar field, and V' (¢) is a real function of ¢. We assume that the back-
ground metric is the flat Friedmann-Lemaitre-Robertson-Walker (FLRW) metric given
by

ds® = —dt* + a*(t)dx>, (C.2)

where a(t) is the so-called scale factor. At the leading order, we assume all the quantities
are homogeneous with respect to space, and then, ¢ = ¢(t). The Einstein equation in

"We do not address how such problems can be solved in the inflationary models. For reviews, see
e.g. [156].
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this system can be rewritten as

=5 (37 +70). (©3)
S (Vi) -¢), (C4)

where H = g and the dot denotes the time derivative. We notice that if (;52 is negligible
compared to V(¢), the acceleration rate of the scale factor & can be positive. Therefore,
with slowly varying ¢, we can realize the accelerated expansion of the universe.

It is also known that, to solve the problems in the Big-Bang model, the inflationary

era should be sufficiently long. Let us discuss the condition to achieve such a requirement.
The E.O.M of the inflaton is given by

b+ 3Ho+V'(¢) =0, (C.5)

where prime denotes the derivative with respect to ¢. gzﬁ should be small during the time
scale of the inflation, which is given by H~'. Equivalently, |¢ x H!| < |¢|, and under
the condition, Eq. (C.5) is approximately rewritten as

Then, the assumption q52 < V is equivalent to

1 /V\?

where € is called the first slow-roll parameter. This is because %2 ~ %e where we have

used the reduced E.O.M (C.6). We also find the following relation,
(C.8)

. . . L . . V'd
where we have differentiated both sides of Eq. (C.6). H is approximately given by 6—;’
from Eq. (C.3), and then, we find

— ~——+e (C.9)
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Therefore, the requirement |¢ x H~'| < |¢]| is equivalent to || < 1, where

V//
T
7 is called the second slow-roll parameter. We define the end of inflation by the conditions
e ~1ormn~ 1. If one of the conditions is satisfied, we can not use the approximated
dynamics, and the accelerated expansion ends soon after that.

The cosmological parameters, which we can observe by the cosmological observation
experiments, are expressed by the slow-roll parameters. We do not review the detailed
derivation of them, but the reason why the perturbation appears can be understood
intuitively as follows: The field value of the inflaton quantum-mechanically fluctuates
during inflation. Then, for each point in space, the value of the potential is also different
due to the fluctuation. Such a difference of the potential causes the perturbation of
spacetime metric. Detailed review of the cosmological perturbation can be found in
Ref. [157]. We just show the cosmological observables here. The power spectrum of the
scalar curvature perturbation Pc(k) is given by

U (C.10)

1V

To4n? ¢

Pe (k)

, (C.11)

k=aH

where |g—,g means that the value is evaluated when the corresponding mode k exits the

horizon. The scale dependence of the power spectrum n; is also important, which is given
by

|- dInP,
 dlnk

— (20 — 66)|ha. (C.12)
k=aH

Ng —

The other observable is the ratio between the power spectrum of the tensor and the scalar
modes, which is called the tensor-to-scalar ratio r given by

Pr
P

= 166|k:aH7 (Cl?))

where Py is the power spectrum of the tensor perturbation. There are other cosmological

. . o dns . . o da
observables, such as the runﬁu;)g spectral index o = =, its running § = 1%, and the
tensor spectral index ny = %= etc. We can also calculate them with the information

of the scalar action at the horizon exit scale, but we do not consider them in this thesis.
Such observables are expected to be important in future observations.

From the observables given above, we can read off the information of inflation at a
specific “time” during inflation. The “time” depends on the detail of the cosmological
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history after the end of inflation. However, under reasonable assumptions, we can estimate
the “time” as N, = 40 to N, = 60, where N, is the so called e-folding number defined by
N = ftte Hdt. t. denotes the time when inflation ends and ¢, denotes the time when the
observed perturbation mode exited the horizon. It is practically useful to express N by
the field value of ¢ at each time. That can be done by the following transformation,

te Pe dt foxs V
N:/ Hdt:/ dp—H = dp—, C.14
by (o ¢d¢ Pe ¢V, ( )

where we have used Eq. (C.6) in the third equality.
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Appendix D

Components of D,d!

D.1 Component expression of D,®

We give the components of a superconformal multiplet D,®. With a constant spinor
€, the multiplet 2D, P’ can be treated as a Lorentz scalar. Although, in Chapter
3, we consider the case where a chiral multiplet ® is a singlet under all the internal
gauge symmetries, we give here an expression in the case where ® has gauge charges, for
generality. We assume ® transforms as ®/ — 04k% under internal symmetries. Then,
the components of £¥D,®! are summarized as follows:

£ Do o =EPLY, (D.1)
2D, d! | = — V2(F' + D' Pre, (D.2)
EDa®" |y =V2EPL(A\9) K, (D.3)
ED, B i = — V2iEPL (AF) KL, (D.4)
Do P’ |5, =i€7a D (PLX") + V2i€ya Pr(NY) kY, (D.5)
DD |y =V2(PF! + 0P + 4D, Dy Pré + ——

V2

PLvabgﬁﬁ)kﬁla

+ V2P DAk — 2Py (EPL (M), kY, (D.6)
D! |p = — E0PL ' — i€y P! Rup(A) — V2EP DAL,
+ i€PLx! DAk, — V2FEP (N 0, KL, (D.7)

where |¢ stands for the C' component in terms of a general multiplet (2.44) and so on.

92



Bibliography

1]
2]
3]
[4]

[5]

M. Ostrogradski: Mem. Ac. St. Petersbourg VI 4, 385 (1850).
R. P. Woodard, Lect. Notes Phys. 720, 403 (2007) [astro-ph/0601672].
G. W. Horndeski, Int. J. Theor. Phys. 10, 363 (1974).

T. Kobayashi, M. Yamaguchi and J. Yokoyama, Prog. Theor. Phys. 126, 511 (2011)
d0i:10.1143/PTP.126.511 [arXiv:1105.5723 [hep-th]].

M. Koehn, J. L. Lehners and B. A. Ovrut, Phys. Rev. D 86, 085019 (2012)
d0i:10.1103/PhysRevD.86.085019 [arXiv:1207.3798 [hep-th]].

F. Farakos, C. Germani, A. Kehagias and E. N. Saridakis, JHEP 1205, 050 (2012)
doi:10.1007/JHEP05(2012)050 [arXiv:1202.3780 [hep-th]].

M. Born and L. Infeld, Proc. Roy. Soc. Lond. A 144, 425 (1934).

P. A. M. Dirac, Proc. Roy. Soc. Lond. A 268, 57 (1962).

M. Kaku, P. K. Townsend and P. van Nieuwenhuizen, Phys. Rev. D 17, 3179 (1978).
M. Kaku and P. K. Townsend, Phys. Lett. B 76, 54 (1978).

P. K. Townsend and P. van Nieuwenhuizen, Phys. Rev. D 19, 3166 (1979).

T. Kugo and S. Uchara, Nucl. Phys. B 226, 49 (1983).

A. H. Guth, Phys. Rev. D 23, 347 (1981).

A. A. Starobinsky, Phys. Lett. B 91, 99 (1980)

K. Sato, Mon. Not. Roy. Astron. Soc. 195, 467 (1981).

A. D. Linde, Phys. Lett. B 108, 389 (1982).

93



BIBLIOGRAPHY

[17] A. Albrecht and P. J. Steinhardt, Phys. Rev. Lett. 48, 1220 (1982).
[18] A. D. Linde, Phys. Lett. B 129, 177 (1983).

[19] M. Kawasaki, M. Yamaguchi and T. Yanagida, Phys. Rev. Lett. 85, 3572 (2000)
[hep-ph,/0004243].

[20] R. Kallosh, A. Linde and T. Rube, Phys. Rev. D 83, 043507 (2011) [arXiv:1011.5945
[hep-th]].

[21] S. Cecotti, Phys. Lett. B 190, 86 (1987).
[22] R. Kallosh and A. Linde, JCAP 1306, 028 (2013) [arXiv:1306.3214 [hep-th]].

[23] F. Farakos, A. Kehagias and A. Riotto, Nucl. Phys. B 876, 187 (2013)
[arXiv:1307.1137 [hep-th]].

[24] T. Kawano, Prog. Theor. Phys. 120, 793 (2008) [arXiv:0712.2351 [hep-th]].

[25] S. Ferrara, R. Kallosh, A. Linde and M. Porrati, Phys. Rev. D 88, no. 8, 085038
(2013) [arXiv:1307.7696 [hep-th]].

[26] J. Bagger and A. Galperin, Phys. Rev. D 55, 1091 (1997)
doi:10.1103/PhysRevD.55.1001 [hep-th/9608177].

[27] M. Rocek and A. A. Tseytlin, Phys. Rev. D 59, 106001 (1999)
doi:10.1103/PhysRevD.59.106001 [hep-th/9811232].

[28] E. Cremmer, S. Ferrara, L. Girardello and A. Van Proeyen, Nucl. Phys. B 212, 413
(1983).

[29] S. Ferrara, L. Girardello, T. Kugo and A. Van Proeyen, Nucl. Phys. B 223, 191
(1983).

[30] L. Randall and R. Sundrum, Nucl. Phys. B 557, 79 (1999) [hep-th/9810155].

. F. Giudice, M. A. Luty, H. Murayama and R. Rattazzi, 9812,
31] G. F. Giudice, M. A. L H M dR. R i, JHEP 027 (1998
[hep-ph/9810442].

[32] J. A. Bagger, T. Moroi and E. Poppitz, JHEP 0004, 009 (2000) [hep-th/9911029].

[33] C. Cheung, F. D’Eramo and J. Thaler, Phys. Rev. D 84, 085012 (2011)
[arXiv:1104.2598 [hep-ph]].

94



BIBLIOGRAPHY

[34] T. Kugo and S. Uehara, Nucl. Phys. B 222, 125 (1983).

[35] R. Kallosh, L. Kofman, A. D. Linde and A. Van Proeyen, Class. Quant. Grav. 17,
4269 (2000) [Class. Quant. Grav. 21, 5017 (2004)] [hep-th/0006179].

[36] S. Ferrara, R. Kallosh, A. Linde, A. Marrani and A. Van Proeyen, Phys. Rev. D
82, 045003 (2010) [arXiv:1004.0712 [hep-th]].

[37] H. Abe, S. Aoki, F. Hasegawa and Y. Yamada, JHEP 1501, 026 (2015)
[arXiv:1408.4875 [hep-th].

[38] D. Z. Freedman and A. Van Proeyen, 2012, “Supergravity”, Cambridge University
Press

[39] D. Butter, Annals Phys. 325, 1026 (2010) [arXiv:0906.4399 [hep-th]].

[40] L. Castellani, P. Fre and P. van Nieuwenhuizen, Annals Phys. 136, 398 (1981).
[41] T. Kugo and S. Uehara, Prog. Theor. Phys. 73, 235 (1985).

[42] A. Van Proeyen, CERN-TH-3579, C83-02-14.

[43] R. Holman, P. Ramond and G. G. Ross, Phys. Lett. B 137, 343 (1984).

[44] S. Kachru, R. Kallosh, A. D. Linde, J. M. Maldacena, L. P. McAllister and
S. P. Trivedi, JCAP 0310, 013 (2003) [hep-th/0308055).

[45] R. Allahverdi, K. Enqvist, J. Garcia-Bellido, A. Jokinen and A. Mazumdar, JCAP
0706, 019 (2007) [hep-ph/0610134].

[46] A. D. Linde and A. Westphal, JCAP 0803, 005 (2008) [arXiv:0712.1610 [hep-th]].
[47] M. Badziak and M. Olechowski, JCAP 0807, 021 (2008) [arXiv:0802.1014 [hep-th]].

[48] J. P. Conlon, R. Kallosh, A. D. Linde and F. Quevedo, JCAP 0809, 011 (2008)
[arXiv:0806.0809 [hep-th]].

[49] M. Badziak and M. Olechowski, JCAP 0902, 010 (2009) [arXiv:0810.4251 [hep-th]].
[50] Y. Yamada, JHEP 1307, 039 (2013) [arXiv:1211.1455 [hep-ph]].
[51] M. Cicoli, F. Muia and F. G. Pedro, arXiv:1509.07748 [hep-th].

[52] M. Bolz, A. Brandenburg and W. Buchmuller, Nucl. Phys. B 606, 518 (2001) [Nucl.
Phys. B 790, 336 (2008)] [hep-ph/0012052].

95



BIBLIOGRAPHY

[53] J. Pradler and F. D. Steffen, Phys. Rev. D 75, 023509 (2007) [hep-ph/0608344].
[54] J. Pradler and F. D. Steffen, Phys. Lett. B 648, 224 (2007) [hep-ph/0612291].

[55] M. Kawasaki, F. Takahashi and T. T. Yanagida, Phys. Lett. B 638, 8 (2006) [hep-
ph /0603265].

[56] M. Kawasaki, F. Takahashi and T. T. Yanagida, Phys. Rev. D 74, 043519 (2006)
[hep-ph/0605297].

[57] M. Endo, M. Kawasaki, F. Takahashi and T. T. Yanagida, Phys. Lett. B 642, 518
(2006) [hep-ph/0607170)].

[58] K. Kohri, T. Moroi and A. Yotsuyanagi, Phys. Rev. D 73, 123511 (2006) [hep-
ph /0507245].

[59] M. Endo, K. Hamaguchi and F. Takahashi, Phys. Rev. D 74, 023531 (2006) [hep-
ph/0605091].

[60] M. Endo, F. Takahashi and T. T. Yanagida, Phys. Rev. D 76, 083509 (2007)
[arXiv:0706.0986 [hep-ph]].

[61] G. D. Coughlan, W. Fischler, E. W. Kolb, S. Raby and G. G. Ross, Phys. Lett. B
131, 59 (1983).

[62] B. de Carlos, J. A. Casas, F. Quevedo and E. Roulet, Phys. Lett. B 318, 447 (1993)
[hep-ph/9308325].

[63] T. Banks, D. B. Kaplan and A. E. Nelson, Phys. Rev. D 49, 779 (1994) [hep-
ph/9308292].

[64] M. Endo, K. Hamaguchi and F. Takahashi, Phys. Rev. Lett. 96, 211301 (2006)
[hep-ph,/0602061].

[65] S. Nakamura and M. Yamaguchi, Phys. Lett. B 638, 389 (2006) [hep-ph/0602081].

[66] T. Asaka, S. Nakamura and M. Yamaguchi, Phys. Rev. D 74, 023520 (2006) [hep-
ph/0604132].

[67] M. Dine, R. Kitano, A. Morisse and Y. Shirman, Phys. Rev. D 73, 123518 (2006)
[hep-ph,/0604140].

[68] R. Kitano, Phys. Lett. B 641, 203 (2006) [hep-ph/0607090].

96



BIBLIOGRAPHY

[69] J. L. Evans, M. A. G. Garcia and K. A. Olive, JCAP 1403, 022 (2014)
[arXiv:1311.0052 [hep-ph]].

[70] R. Kallosh, A. Linde and A. Westphal, Phys. Rev. D 90, no. 2, 023534 (2014)
[arXiv:1405.0270 [hep-th]].

[71] A. B. Goncharov and A. D. Linde, Phys. Lett. B 139, 27 (1984).

[72] R. Kallosh, A. Linde and D. Roest, JHEP 1311, 198 (2013) [arXiv:1311.0472 [hep-
thl].

[73] J. J. M. Carrasco, R. Kallosh, A. Linde and D. Roest, Phys. Rev. D 92, no. 4,
041301 (2015) doi:10.1103/PhysRevD.92.041301 [arXiv:1504.05557 [hep-th]].

[74] D. Roest and M. Scalisi, Phys. Rev. D 92, no. 4, 043525 (2015) [arXiv:1503.07909
[hep-th]].

[75] S. V. Ketov and T. Terada, Phys. Lett. B 736, 272 (2014) [arXiv:1406.0252 [hep-th]].
[76] S. V. Ketov and T. Terada, JHEP 1412, 062 (2014) [arXiv:1408.6524 [hep-th]].
[77] A. Linde, JCAP 1505, no. 05, 003 (2015) [arXiv:1504.00663 [hep-th]].

[78] S. V. Ketov and T. Terada, arXiv:1509.00953 [hep-th].

[79] A. Hebecker, S. C. Kraus and L. T. Witkowski, Phys. Lett. B 737, 16 (2014)
[arXiv:1404.3711 [hep-th]].

[80] V. Demozzi, A. Linde and V. Mukhanov, JCAP 1104, 013 (2011) [arXiv:1012.0549
[hep-th]].

[81] H. M. Lee, JCAP 1008, 003 (2010) [arXiv:1005.2735 [hep-ph]].

[82] S. Ferrara, R. Kallosh, A. Linde, A. Marrani and A. Van Proeyen, Phys. Rev. D
83, 025008 (2011) [arXiv:1008.2942 [hep-th]].

[83] D. V. Volkov and V. P. Akulov, Phys. Lett. B 46, 109 (1973).
[84] S. Deser and B. Zumino, Phys. Rev. Lett. 38, 1433 (1977).

[85] E. A. Ivanov and A. A. Kapustnikov, J. Phys. A 11, 2375 (1978).
[86] M. Rocek, Phys. Rev. Lett. 41, 451 (1978).

97



BIBLIOGRAPHY

[87] U. Lindstrom and M. Rocek, Phys. Rev. D 19, 2300 (1979).
[88] Z. Komargodski and N. Seiberg, JHEP 0909, 066 (2009) [arXiv:0907.2441 [hep-th]].

[89] I. Antoniadis, E. Dudas, S. Ferrara and A. Sagnotti, Phys. Lett. B 733, 32 (2014)
[arXiv:1403.3269 [hep-th]].

[90] S. Ferrara, R. Kallosh and A. Linde, JHEP 1410, 143 (2014) [arXiv:1408.4096
[hep-th]].

[91] R. Kallosh and A. Linde, JCAP 1501, no. 01, 025 (2015) [arXiv:1408.5950 [hep-th]].

[92] S. Aoki and Y. Yamada, Phys. Rev. D 90, no. 12, 127701 (2014) [arXiv:1409.4183
[hep-th]].

93] G. Dall’Agata and F. Zwirner, JHEP 1412, 172 (2014) [arXiv:1411.2605 [hep-th]].

[94] R. Kallosh, A. Linde and M. Scalisi, JHEP 1503, 111 (2015) [arXiv:1411.5671 [hep-
thl].

[95] R. Kallosh and T. Wrase, JHEP 1412, 117 (2014) [arXiv:1411.1121 [hep-th]].

[96] E. A. Bergshoeff, K. Dasgupta, R. Kallosh, A. Van Proeyen and T. Wrase, JHEP
1505, 058 (2015) [arXiv:1502.07627 [hep-th]].

[97] R. Kallosh, F. Quevedo and A. M. Uranga, arXiv:1507.07556 [hep-th].

(98] F. Farakos and A. Kehagias, Phys. Lett. B 724, 322 (2013) [arXiv:1302.0866 [hep-
thl].

[99] E. A. Bergshoeff, D. Z. Freedman, R. Kallosh and A. Van Proeyen, arXiv:1507.08264
[hep-th].

[100] F. Hasegawa and Y. Yamada, arXiv:1507.08619 [hep-th].
[101] R. Kallosh, arXiv:1509.02136 [hep-th].
[102] R. Kallosh and T. Wrase, arXiv:1509.02137 [hep-th].

[103] F. Farakos, A. Kehagias and K. Koutrolikos, Nucl. Phys. B 894, 569 (2015)
[arXiv:1501.07562 [hep-th]].

[104] B. Whitt, Phys. Lett. B 145, 176 (1984).

98



BIBLIOGRAPHY

[105] K. i. Maeda, Phys. Rev. D 37, 858 (1988).
[106] K. i. Maeda, Phys. Rev. D 39, 3159 (1989).
[107] F. Hasegawa and Y. Yamada, arXiv:1509.04987 [hep-th].

[108] E. Dudas, S. Ferrara, A. Kehagias and A. Sagnotti, JHEP 1509, 217 (2015)
[arXiv:1507.07842 [hep-th]].

[109] 1. Antoniadis and C. Markou, arXiv:1508.06767 [hep-th].

[110] G. D. Diamandis, A. B. Lahanas and K. Tamvakis, arXiv:1509.01065 [hep-th].
[111] S. Cecotti and R. Kallosh, JHEP 1405, 114 (2014) [arXiv:1403.2932 [hep-th]].
[112] S. Cecotti, S. Ferrara, M. Porrati and S. Sabharwal, Nucl. Phys. B 306, 160 (1988).
[113] S. Mukhi, Phys. Rev. D 20, 1839 (1979).

[114] A. Van Proeyen, Nucl. Phys. B 162, 376 (1980).

[115] F. Farakos and R. von Unge, JHEP 1408, 168 (2014) [arXiv:1404.3739 [hep-th]].
[116] M. B. Green and J. H. Schwarz, Phys. Lett. B 149, 117 (1984).

[117] S. Aoki and Y. Yamada, JCAP 1507, no. 07, 020 (2015) [arXiv:1504.07023 [hep-th]].

[118] S. Ohashi, N. Tanahashi, T. Kobayashi and M. Yamaguchi, JHEP 1507, 008 (2015)
[arXiv:1505.06029 [gr-qc]].

[119] J. Gleyzes, D. Langlois, F. Piazza and F. Vernizzi, Phys. Rev. Lett. 114, no. 21,
211101 (2015) [arXiv:1404.6495 [hep-th]].

[120] J. Khoury, J. L. Lehners and B. Ovrut, Phys. Rev. D 83, 125031 (2011)
doi:10.1103/PhysRevD.83.125031 [arXiv:1012.3748 [hep-th]].

[121] J. Wess and J. Bagger. Supersymmetry and supergravity - 1992. Univ. Pr.. Prince-
ton, USA: r. 259 p.

[122] J. Bagger and A. Galperin, Phys. Lett. B 412, 296 (1997) [hep-th/9707061].

[123] F. Gonzalez-Rey, I. Y. Park and M. Rocek, Nucl. Phys. B 544, 243 (1999) [hep-
th/9811130].

99



BIBLIOGRAPHY

[124]

[125]

[126]

[127]
128
[129]
[130]

[131]

[132]

[133]
[134]

[135]

[136]
137]

[138]

139
140

F. Farakos, C. Germani and A. Kehagias, JHEP 1311, 045 (2013) [arXiv:1306.2961
[hep-th]].

A. Nicolis, R. Rattazzi and E. Trincherini, Phys. Rev. D 79, 064036 (2009)
[arXiv:0811.2197 [hep-th]].

M. Nitta and S. Sasaki, Phys. Rev. D 90, no. 10, 105001 (2014) [arXiv:1406.7647
[hep-th]].

M. Nitta and S. Sasaki, Phys. Rev. D 91, 125025 (2015) [arXiv:1504.08123 [hep-th]].
D. Ciupke, J. Louis and A. Westphal, arXiv:1505.03092 [hep-th].
A. Pasquinucci and S. Penati, Int. J. Mod. Phys. A 4, 1913 (1989).

C. Germani and A. Kehagias, Phys. Rev. Lett. 105, 011302 (2010) [arXiv:1003.2635
[hep-ph]].

C. Germani and A. Kehagias, Phys. Rev. Lett. 106, 161302 (2011) [arXiv:1012.0853
[hep-ph]].

C. Germani and Y. Watanabe, JCAP 1107, 031 (2011) [JCAP 1107, A01 (2011)]
[arXiv:1106.0502 [astro-ph.CO]].

P. A. R. Ade et al. [Planck Collaboration], arXiv:1502.02114 [astro-ph.CO].

H. Abe, Y. Sakamura and Y. Yamada, Phys. Rev. D 92, no. 2, 025017 (2015)
doi:10.1103/PhysRevD.92.025017 [arXiv:1504.01221 [hep-th]].

H. Abe, Y. Sakamura and Y. Yamada, Phys. Rev. D 91, no. 12, 125042 (2015)
doi:10.1103/PhysRevD.91.125042 [arXiv:1505.02235 [hep-th]].

S. Cecotti and S. Ferrara, Phys. Lett. B 187, 335 (1987).

S. Ferrara, M. Porrati and A. Sagnotti, JHEP 1412, 065 (2014) [arXiv:1411.4954
[hep-th]].

S. Ferrara, M. Porrati, A. Sagnotti, R. Stora and A. Yeranyan, Fortsch. Phys. 63,
189 (2015) [arXiv:1412.3337 [hep-th]].

S. Ferrara and A. Sagnotti, JHEP 1504, 032 (2015) [arXiv:1502.01650 [hep-th]].

S. V. Ketov, Mod. Phys. Lett. A 14, 501 (1999) [hep-th/9809121].

100



BIBLIOGRAPHY

[141] S. V. Ketov, Nucl. Phys. B 553, 250 (1999) [hep-th/9812051].
[142] S. V. Ketov, Class. Quant. Grav. 17, L91 (2000) [hep-th/0005126].

[143] S. Bellucci, E. Ivanov and S. Krivonos, Phys. Lett. B 502, 279 (2001) [hep-
th/0012236].

[144] S. Bellucci, E. Ivanov and S. Krivonos, Phys. Rev. D 64, 025014 (2001) [hep-
£1/0101195].

[145] S. Bellucci, S. Krivonos, A. Shcherbakov and A. Sutulin, Phys. Lett. B 721, 353
(2013) [arXiv:1212.1902 [hep-th]].

[146] A. Achucarro, J. M. Evans, P. K. Townsend and D. L. Wiltshire, Phys. Lett. B 198,
441 (1987).

[147] P. S. Howe and E. Sezgin, Phys. Lett. B 390, 133 (1997) [hep-th/9607227].

[148] M. Aganagic, C. Popescu and J. H. Schwarz, Phys. Lett. B 393, 311 (1997) [hep-
£1,/9610249].

[149] E. Bergshoeff and P. K. Townsend, Nucl. Phys. B 490, 145 (1997) [hep-th/9611173].

[150] M. Aganagic, C. Popescu and J. H. Schwarz, Nucl. Phys. B 495, 99 (1997) [hep-
th/9612080].

[151] E. Bergshoeff, F. Coomans, R. Kallosh, C. S. Shahbazi and A. Van Proeyen, JHEP
1308, 100 (2013) [arXiv:1303.5662 [hep-th]].

[152] A. A. Tseytlin, In *Shifman, M.A. (ed.): The many faces of the superworld* 417-452
[hep-th /9908105].

[153] S. M. Kuzenko and S. Theisen, JHEP 0003, 034 (2000) [hep-th/0001068].
[154] S. M. Kuzenko and S. A. McCarthy, JHEP 0505, 012 (2005) [hep-th/0501172].

[155] S. Ferrara, R. Kallosh, A. Linde and M. Porrati, JCAP 1311, 046 (2013)
[arXiv:1309.1085 [hep-th]].

[156] D. Baumann, arXiv:0907.5424 [hep-th].

[157] Y. Wang, Commun. Theor. Phys. 62, 109 (2014) doi:10.1088/0253-6102/62/1/19
[arXiv:1303.1523 |[hep-th]].

101



SN
(i1}

O 3L

O 3L

O 3

“Inflation in supergravity without Kahler potential” ,Physics Review D 90
127701, 2014 4~ 12 H, Shuntaro Aoki, Yusuke Yamada
i

of High Energy Physics 1501(2015) 026, 2015 4 1 H %47, Hiroyuki Abe, Shuntaro Aoki,
Yusuke Yamada
TS

Au\jl\ EI]

No.
;8 WTRERE
BN R - BITHRRGEEA .

BEfAXE L (B%) ZAH
K 4 LE &

O
e

(2016 4F 2 A
IR FBATHEAH .

BIAE)
AT (H
“SUSY flavor structure of generic 5D supergravity models” , European Physical
Sakamura,

BEET)
Journal C 72 (2012) 2018, 2012 4 5 H3&{T, Hiroyuki Abe, Hajime Otsuka, Yutaka
Yusuke Yamada
A
i

“Instant uplifted inflation: A solution for a tension between inflation and SUSY
Yusuke Yamada
A

N
AH

breaking scale” , Journal of High Energy Physics 1307(2013)039, 2013 4 7 H 34T,

“Impacts of non-geometric moduli on effective theory of 5D supergravity” , Journal
of High Energy Physics 1311(2013)090, Yutaka Sakamura, Yusuke Yamada

“Natural realization of a large extra dimension in 5D supergravity , Progress
Sakamura,
SN

i

of Theoretical and Experimental Physics 2014(2014)9 039B02, 2014 4 9 H, Yutaka
Yamada Yusuke

“Tllustrating SUSY breaking effects on various inflation mechanisms” , Journal
Fuminori Hasegawa,

“Reheating processes after Starobinsky inflation in old-minimal supergravity’ ,
Journal of High Energy Physics 1502 (2015) 105, 2015 4 2 H 3847, Takahiro Terada, Yuki
Watanabe, Yusuke Yamada, Jun’ ichi Yokoyama

“N=1 superfield description of vector—tensor couplings in six dimensions” ,
Sakamura,

Journal of High Energy Physics 1504 (2015) 035, 2015 4F 4 A 3817, Hiroyuki Abe, Yutaka
Yusuke Yamada

“Massive vector multiplet

Yamada

inflation with Dirac-Born—Infeld type action” |,
Physical Review D 91 125042, 2015 & 6 H %17, Hiroyuki Abe, Yutaka Sakamura, Yusuke

A7 A 384T, Shuntaro Aoki, Yusuke Yamada

“Impacts of supersymmetric higher deriveative terms on inflation models in
supergravity’ , Journal of Cosmology and Astroparticle Physics 1507 (2015) 020, 2015

Sakamura,

Yusuke Yamada

“Matter coupled Dirac—Born—Infeld action in four dimensional N=1 conformal
supergravity’ ,Physical Review D 92 025017, 2015 4F 7 A 3817, Hiroyuki Abe, Yutaka




No.

BEfEARE #HL (B%FE) ZAHRFE FREEE

Rl E4 AR - FATHEGE TR - FBATHEH WAE (HEEE ST

o) “N=1 superfield description of six—dimensional supergravity” , Journal of High
Energy Physics 1510(2015) 181, 2015 4E 11 H %47, Hiroyuki Abe, Yutaka Sakamura,
Yusuke Yamada

i) “Component action of nilpotent multiplet coupled to matter in 4 dimensional N=1
supergravity  , Journal of High Energy Physics 1510(2015) 106, 2015 4~ 10 H F&1T,
Fuminori Hasegawa, Yusuke Yamada

B “de Sitter vacuum from R™2 supergravity’ ,Physical Review D 92 105027, 2015 4=
11 H %17, Fuminori Hasegawa, Yusuke Yamada

T Yutaka Sakamura and Yusuke Yamada, “LARGE volume scenario in 5D SUGRA” , Summer
Tnstitute 2013, Jirisan National Park Hanhwa Resort, 08/2013

S Yutaka Sakamura and Yusuke Yamada, “LARGE volume scenario in 5D SUGRA models” ,
PASCOS 2013, GIS international Convention Center, 11/2013

R Hiroyuki Abe, Shuntaro Aoki, Fuminori Hasegawa and Yusuke Yamada, “Illustrating
SUSY breaking effects on various inflation models” , PASCOS 2014, Warsaw
university, 06/2014

AT Shuntaro Aoki and Yusuke Yamada, “Inflation in supergravity without Kaehler
potential” , B-mode cosmology, KEK, Japan, 02/2015

R{E LREE ., RIFERE, A8 (LE&S, “Effective theory of 5D SUGRA models with multi
moduli” , H ARMBE L 67 FIFER RS, BT RT, 03/2012

AT LGz, REE, RS, LHEKIS, “Inflation in 5D SUGRA models with
multi-moduli” , H ARWMELFLE 67 BIRKE R, AEREEE R, 09/2012

R iy, HFARE KM, UAEAKI, “Phenomenology after the instant uplifted
inflation in 5D SUGRA models” , H ARMEL 225 68 HIFFR KL, LR, 03/2013

a5 Gefiptliy, WA, UMM,  “LARGE volume scenario in 5D SUGRA” , A AMER 224
68 [IFkFERE, ®mEIR, 09/2013

At 27tz L EI&Ir,  “Matter coupled minimal supergravity inflation” , H A#H
2 69 MIFEROR S, MR, 03/2014

HiR ez, HEARBKE, B, LWEM&S, “Illustrating SUSY breaking effects

on various inflation models” , JEAFAfF%E e TR FMElFOER 2014, FAL KT,
07/2014




No.

BEfEARE #HL (B%FE) ZAHRFE FREEE

Rl 4 AR - FATHEGE TR - FBATHEH WAE (HEEE ST

S HAE KM, |J_[EE]4'5T)|, “Cosmological application of higher derivative conformal
supergravity’ , B AYPIZSE 69 MK RS, 2B K5, 09/2014

ST HFARE K, L&, “Inflation in supergravity without Kahler potential” ,
Workshop on geometry, extra dimensions and string phenomenology in Miyazaki, 7~
V74 A4 UV — FElE, 11/2014

ST ez BT E D&, “Matter coupled DBI action in 4 dimensional N=1 SUGRA

and its application to inflation” , HAMPFEE 70 MIKERE, KUK,
09/2015




