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1. Introduction

A fundamental theory of Nature, such as string theory, should be able to describe at the same
time particle physics and cosmology, which are phenomena that involve very different scales from
the microscopic four-dimensional (4d) quantum gravity length of 10733 cm to large macroscopic
distances of the size of the observable Universe ~ 10%® cm, spanned a region of about 60 orders
of magnitude. In particular, besides the 4d Planck mass, there are three very different scales with
very different physics corresponding to the electroweak scale, dark energy and inflation. An in-
teresting possibility is that these scales are related by the dynamics of an underlying fundamental
theory, such as string theory. A first step towards this goal is to study possible connections between
the electroweak scale of the Standard Model or its possible extension (such as the supersymmetry
breaking scale) with that of inflation. An additional constraint would be to impose at the elec-
troweak vacuum the presence of a tiny tuneable cosmological constant in order to accommodate
the observed dark energy, without necessarily trying to explain it. Indeed, despite the absence of
evidence of low-energy supersymmetry at colliders, it is likely theoretically that supersymmetry
plays a role at some more fundamental level. On the other hand, inflation is an attractive paradigm
for cosmology but the associated models provide a phenomenological description leaving several
unanswered questions, such as the origin of the inflaton field, its fundamental or composite nature
and its connection to the rest of particle physics.

Inflationary models in supergravity! suffer in general from several problems, such as fine-
tuning to satisfy the slow-roll conditions, large field initial conditions that break the validity of the
effective field theory, and stabilisation of the (pseudo) scalar companion of the inflaton arising from
the fact that bosonic components of superfields are always even. The simplest argument to see the
fine tuning of the potential is that a canonically normalised kinetic term of a complex scalar field X
corresponds to a quadratic Kihler potential K = XX that brings one unit contribution to the slow-
roll parameter ) = V" /V, arising from the eX proportionality factor in the expression of the scalar
potential V. This problem can be avoided in models with no-scale structure where cancellations
arise naturally due to non-canonical kinetic terms leading to potentials with flat directions (at the
classical level). However, such models require often trans-Planckian initial conditions that inval-
idate the effective supergravity description during inflation. A concrete example where all these
problems appear is the Starobinsky model of inflation [2], despite its phenomenological success.

All three problems above are solved when the inflaton is identified with the scalar component
of the goldstino superfield?, in the presence of a gauged R-symmetry [4]. Indeed, the superpo-
tential is in that case linear and the big contribution to 1] described above cancels exactly. Since
inflation arises at a plateau around the maximum of the scalar potential (hill-top) no large field
initial conditions are needed, while the pseudo-scalar companion of the inflaton is absorbed into
the R-gauge field that becomes massive, leading the inflaton as a single scalar field present in the
low-energy spectrum. This model provides therefore a minimal realisation of natural small-field
inflation in supergravity, compatible with present observations, as we show below. Moreover, it
allows the presence of a realistic minimum describing our present Universe with an infinitesimal
positive vacuum energy arising due to a cancellation between an F- and D-term contributions to

IFor reviews on supersymmetric models of inflation, see for example [1].
2See [3] for earlier work relating supersymmetry and inflation.
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the scalar potential, without affecting the properties of the inflationary plateau, along the lines of
Refs. [5, 6, 7].

In the above models the D-term has a constant FI contribution but plays no role during inflation
and can be neglected, while the pseudoscalar partner of the inflaton is absorbed by the U (1) gauge
field that becomes massive away from the origin. Recently, a new FI term was proposed [8] that has
three important properties: (1) it is manifestly gauge invariant already at the Lagrangian level; (2)
itis associated to a U (1) that should not gauge an R-symmetry and (3) supersymmetry is broken by
(at least) a D-auxiliary expectation value and the extra bosonic part of the action is reduced in the
unitary gauge to a constant FI contribution leading to a positive shift of the scalar potential, in the
absence of matter fields. In the presence of matter fields, the FI contribution to the D-term acquires

2K/3

a special field dependence e that violates invariance under Kihler transformations.

In a recent work [9], we studied the properties of the new FI term and explored its conse-
quences to the class of inflation models we introduced in [4].3 We first showed that matter fields
charged under the U (1) gauge symmetry can consistently be added in the presence of the new FI
term, as well as a non-trivial gauge kinetic function. We then observed that the new FI term is
not invariant under Kéhler transformations. On the other hand, a gauged R-symmetry in ordinary
Kihler invariant supergravity can always be reduced to an ordinary (non-R) U (1) by a Kihler trans-
formation. By then going to such a frame, we find that the two FI contributions to the U (1) D-term
can coexist, leading to a novel contribution to the scalar potential.

The resulting D-term scalar potential provides an alternative realisation of inflation from su-
persymmetry breaking, driven by a D- instead of an F-term. The inflaton is still a superpartner
of the goldstino which is now a gaugino within a massive vector multiplet, where again the pseu-
doscalar partner is absorbed by the gauge field away from the origin. For a particular choice of
the inflaton charge, the scalar potential has a maximum at the origin where inflation occurs and
a supersymmetric minimum at zero energy, in the limit of negligible F-term contribution (such
as in the absence of superpotential). The slow roll conditions are automatically satisfied near the
point where the new FI term cancels the charge of the inflaton, leading to higher than quadratic
contributions due to its non trivial field dependence.

The Kihler potential can be canonical, modulo the Kihler transformation that takes it to the
non R-symmetry frame. In the presence of a small superpotential, the inflation is practically un-
changed and driven by the D-term, as before. However, the maximum is now slightly shifted away
from the origin and the minimum has a small non-vanishing positive vacuum energy, where super-
symmetry is broken by both F- and D-auxiliary expectation values of similar magnitude. The model
predicts in general small primordial gravitational waves with a tensor-to-scaler ration » well below
the observability limit. However, when higher order terms are included in the K&hler potential, one
finds that r can increase to large values r ~ 0.015.

In the following, we will present the main features of these models, where inflation occurs near
the maximum of the scalar potential where R-symmetry is restored and supersymmetry breaking is
driven predominantly either by an F-term or by a D-term.

3This new FI term was also studied in [10] to remove an instability from inflation in Polonyi-Starobinsky super-
gravity.
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2. Inflation from supersymmetry breaking

2.1 Setup

Let us consider D =4, N = 1 supergravity with one chiral multiplet transforming under a
gauged R-symmetry with a corresponding abelian vector multiplet. We assume that the chiral
multiplet X transforms as:

X — e My, 2.1

where ¢ is the charge of X, and A is the gauge parameter. The Kéhler potential is therefore a
function of XX while the superpotential % is linear in X

H =H(XX), W =xfX, (2.2)

where f is a constant. Note that X is dimensionless and k' = 2.4 x 10'® GeV is the reduced
Planck mass. The gauge kinetic function is chosen to be 1. The scalar potential is given by

V ="+ 7D, (2.3)

where the F and D-term potential are

Vi = XK (—318%% + V&K ?,—(W') . o= %92. (2.4)

The Kihler covariant derivative is acting on % as
Vx W =oxW (z)+ K> (x )W . (2.5)
The moment map & is given by
P =i(kXoxH —r). (2.6)

where k¥ is the Killing vector for X under the U(1) R-symmetry, and r is defined by r = —k 2kX #x /W',
in the present setup, they become k¥ = —igX, r = ik~ 2q. As usual, subscripts stand for partial
derivatives: #x := x ¥ .

We are interested in the case where inflation starts near a local maximum of the potential at
X = 0, where R-symmetry is preserved. Let us expand the Kéhler potential in XX up to quadratic
order:

K = XX +AXX) + ... (2.7)

With this, the F-term potential becomes

S S 2
. o _ (14 XX +24(XX)?))
4 — ZeXX(l+AXX) —3XX ( _ 2.8
K=t * 1 +4AXX ! 5)
and the D-term potential is
7 . o272
K1 = 5 [1+xx +2A(XX)*]". (2.9)
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Under a change of field variables
X=pe X=pe ™ (p=>0), (2.10)

the scalar potential reads

1+pz+2‘4p4)2 7 2 4\2
o7 }+5(1+p +24p%)°. @2.11)

Gy — fzep2+Ap4 [—3p2+ (

Note that the scalar potential is only a function of the modulus p and the phase 8 will be “eaten”
by the U(1)r gauge field in a similar manner to the standard Brout-Englert-Higgs mechanism.

We now interpret the field p as the inflaton. In order to calculate the slow-roll parameters, one

needs to work with the canonically normalised field y satisfying

d
% = /2 Hrx. 2.12)
The slow-roll parameters are given in terms of the canonical field ) by
RN A Y el 2.13)
22 4 ’ S v ’

Since we assume inflation to start near p = 0, we expand

—4A+y*\°
e=4( e ) oo,

(At 2
n—2(2+ﬁ>+ﬁ@), @.14)

where we defined y = g/ f. The above equation implies € ~ n?p? < 7. For simplicity, we consider
the case where the F-term potential is dominant by setting y to be very small so that y can be
neglected. Taking this into account, let us find some constraints on the coefficient A of the quadratic
term of the Kihler potential. The condition that the scalar potential has a local maximum at p =0
requires A > 0. Furthermore, the slow-roll condition |n| < 1 gives an upper bound A < 0.25.
Therefore, the constraint on A is

0<A<0.25. (2.15)

In order to satisfy CMB observational data with 1 ~ —0.02, we choose A ~ 0.005. In the fol-
lowing sections we explore a microscopic model that can generate the coefficient A satisfying the
requirement (2.15).

3. Microscopic model

In this section, we introduce a “generalisation" of the Fayet-Iliopoulos (FI) model as an ex-
ample of the microscopic origin for the effective field theory of the inflation model described in
the previous section. We consider the regime where both gauge symmetry and supersymmetry are
spontaneously broken, leaving (in the decoupling limit) the goldstino as the only light mode in this
sector.
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3.1 The generalised Fayet-Iliopoulos model

Let us consider a supergravity model with two chiral multiplets . and one vector multiplet.
As we will show shortly, this theory has a vacuum in which only & is lighter than the other degrees
of freedom. We then integrate out the heavy degrees of freedom to find an effective supergravity
action in .. The UV supergravity action we consider is

1
S= Z/d4xd29 EF (D)WW +h.c.

+ K*3m/a’4xd29 EDP,P_+h.c.

—3x 2 / d*xd*@ Ee~ X' H0/3(as=a-)V /3 (3.1)

which is formulated in Poincaré superspace as in [11]. In the following, we will mostly work in
supergravity mass units K = 1, for notational simplicity. This theory is invariant under a gauged
U(1) transformation which acts only on matter superfields, which we call U(1), transformation.
The chiral superfields ®.. transform under U(1)y, as,*

D, > TP (3.2)
where A is chiral. The vector superfield V transforms under U(1)y, as
Vi V+i(A—A). (3.3)
The function % is the U(1)p-invariant Kéhler potential,
KAy =D VD, +D_e VD, (3.4)
and W, is the gaugino superfield, defined with the super-Poincaré covariant derivatives Zy, Z¢ as
Wo = —%QZ%CV. (3.5)

The function .% (®_) is the gauge kinetic function, given by

F(P_)=1+blnd_, b= xX=9q+/q-, (3.6)

in which the second term produces a Green-Schwarz action that cancels the chiral anomaly of
U(1)m. For more details see [4, 12].
The scalar potential of the UV theory (3.1) is given by
2
1, (o2~ lo_P+x—1)

4./ UV
K'YV =—q
4 2(1+Dblnv)

2 2
+ el THOE (Jo, P+ oo > — o4 Pl [?), 3.7)

4Strictly speaking, it involves a local rotation of the fermionic coordinates in addition to the overall phase rotation,
due to the non-invariance of the superpotential under U(1)y. In this sense, U(1)n, is a gauged R-transformation, which
is allowed only in supergravity.
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where @ = @ | is the lowest component of superfields ®,. The first line is the D-term contribu-
tion. Note that it contains the Fayet-Iliopoulos type contribution with FI parameter x — 1. Below, it
is natural to introduce the parameter A as

A=x—1—1% (3.8)
We are interested in a vacuum of the form

(@:) =0, (@) =, (3.9)

which spontaneously breaks U(1), and supersymmetry and around which the fields of V,®_ are
heavier than those of @, in the limit of small SUSY breaking scale. The extremisation condition
with respect to ¢_ reads

1 2 A 2 1., A ? 2.2 2\ V2
S Sl (e 1 =0, 3.10
vy T 16T <1+b1nv> Fmv(14vie (3.10)

This gives us a constraint among the parameters A, v, x and g_ which will be used in Section 3.4.
We consider first the approximation b = 0. In this case equation (3.10) has a unique solution

A_4m (1+1%)e” G.11)

It is also easy to see that Im ¢_ is the massless R-Goldstone boson while Re ¢_ gets a correction to
its mass-squared compared to the global SUSY case ¢> v* by 4m?v?(2 + vz)evz. The mass-squared
of @, also changes to m?(1 +x —|—xv2)ev2 and the integrating out condition is satisfied if this mass
is much smaller than the other masses.

For b # 0 eq. (3.10) gives two solutions A = A, where A are given by

2v2(1+bl1 4bm2(1+v2)ev
Ai::v(ﬂmv)(_li\/wlm(;zv)e). 612
b q-v

Notice that the existence of the two solutions originates from the anomaly coefficient b. The mass?

of the vector field A is g>v*. The mass matrices of ¢ are given by

Vg lvac =0, -
”1/UV . Jvac =m?e" +4xq_14f21nv o1
2
+‘1‘qu(l+lj‘lnv)2+ 116b2 2 (l_i_Ablnv)y as)
WUV e = me” (14302 +v4) + ‘1—1+vbzlnv_411q2—1+21nv
—I—lqu_ A | A? a6

—t+ —b¢ .
4 (1—|—blnv)2+ 16 q_v2(1+blnv)3
In the following, we assume that the integrating out procedure is justified, which we will show

explicitly in Section 3.4 with the analysis of the parameter space leading to models of realistic
inflation.
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3.2 Integrating out heavy fields

The UV action in conformal superspace which becomes the action (3.1) after fixing the con-
formal compensators as C = C = 1 is actually very easy to write down,

1
S=1 / d*xd*0 & F (®_)W*W 4 +h.c.
4k m / d*xd?0 ECD D +he,

_3K—2/d4xd49Ecée—K2'-7£/()/3—(11+_‘1—)V/3’ (317)

and takes exactly the same form as in the case with the super-Weyl compensators [13]. To explain
the notation, we need to introduce two important classes of superfields in conformal superspace:
chiral and primary. A chiral superfield ® is defined with respect to the superconformally covariant
spinor derivative V¢ by

Va® =0. (3.18)
A primary superfield ® of charges (8, w) (conformal and chiral weights) is defined by
DO =6®, Ad=ivd,  KyP=0, (3.19)

where D,A,I@; are the generators for the dilatation, chiral U(1) rotation, and special conformal
transformations [14].

We now explain the notation. For details, see [15]. An action integral with [d*xd*8 like the
third line of (3.17) is called the D-type action. Its integrand is required to be real primary of charge
(0,0) for gauge invariance. On the other hand, an action integral with [d*xd?0 like the first and
second lines of (3.17) is called the F-type action. Its integrand is required to be chiral primary of
charge (0,0) for gauge invariance.

The determinant E of the vierbein superfield is real primary of charges (—2,0), while the
determinant & of the “chiral” part of the vierbein superfield, called the chiral density, is chiral
primary of charges (—3,—2).

The chiral superfields & are primaries of charges (0,0), transforming under the matter U(1)p,
as @4 eT4+Ad, , where A is chiral primary of charges (0,0). The vector superfield V is primary
of charges (0,0), which transforms under U(1)y, as V + V 4+ i(A—A).

The compensators C,C are chiral primaries of charges (1,2/3), and anti-chiral primary of
charges (1,—2/3), respectively. To guarantee U(1),, invariance, we need to assign U(1)y, charges
to the compensators C,C as

C s 4= N3¢, C e a1 )AC, (3.20)

5The local Lorentz index A in K4 stands for the vector and the undotted and dotted spinor indices (a, ¢, ¢). There-

fore K4 denotes the generators (ka,ﬁa,sa), with S, S% the generators of the S-supersymmetry.
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J is the gauge-invariant Kihler potential defined in (3.4) and W, is the chiral primary gaugino

superfield of charges (3/2,1), defined here with the superconformally covariant derivatives V4, V

as6

1-
Wo = —szvav. (3.21)

We proceed to integrating out the heavy degrees of freedom. For this, we first fix the matter U(1)y,
degrees of freedom by the unitary gauge ®_ = v, in which the action reads

1
S=7 / d*xd*0 EWOW 4 +h.c.
+ K73mv/d4xd29 EC3P, +he.

3k 2 / d*xd*9 ECCe ¥4 3, (3.22)

where we rescaled V to absorb the factor 1 +blInv, and % is the gauge-fixed Kéhler potential with
the FI contribution,

KCH =@, VD, v eV +(x—1)q_V, (3.23)

and we recall x =g /q_.
We integrate out V at tree level by solving the equation of motion of V around its vacuum,
neglecting higher derivative contributions. The equation of motion of V reads

—KVOW o+ CCe 7 Py (xB,6 VD, —12e 4V +x—1) =0. (3.24)

To integrate out V around its vacuum, we first shift VW 4| to remove the tadpole [16], and then
neglect the derivative term. This gives the following low-energy effective equation of motion

Cfeikz]/ﬁq_ (xPy eV Dy — vie -V 4 x— 1) —g-A~0. (3.25)
Recall that A = x — 1 —v?. We now integrate out V in the following way:
1 1
i / d*xd*6 EW*Wy +h.c. = = / d*xd*0 EVVOW, (3.26)

and then eliminate V*W , by substituting the exact equation of motion (3.24). The first and third
terms of the action (3.22) then become

1 .
/ d*xd*0E <—2vvawa _3Kk"2CCe FH /3>
=Kk 2 / d*xd*9 ECCe ¥/ /3

1 _
X [— S4-V (1 Byt Dy =12V x—1) - 3} . (3.27)

Next, combining the (low-energy) equation of motion (3.25) with the second line of (3.27), we
obtain the low-energy effective action,

Seif[C: @] = Kk my / d*xd*6 £C3®, +h.c.
1 _
k2 / d4xd4eE(— EAq,V—3CCe—K2% /3), (3.28)

where V must be understood to be a function of @, determined by the equation of motion (3.25).

Note that V, has charges (1/2,—1) and V has charges (1/2,1).
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u(),, | vy
Py | +g+ q
d_ | —q- 0

Table 1: The chiral multiplet @, and ®_ are charged under U(1),, x U(1)'. Note that U(1) does not play
any role during the integrating out process and remains R-symmetry of the low-energy theory.

3.3 Effective Kéhler potential and superpotential

Let us now fix the compensators. We find #¢ such that the gauge fixing
C=C = el (3.29)

makes the effective action (3.28) into the integral in the K#hler superspace characterised by e
It is easy to see that this is realised by

|
K2 Hor = K24 +31n (1 - 8Aq,v), KW o = mv, | (3.30)

The second term in the effective Kéhler potential is the supergravity modification. The gauge fixing
(3.29) simplifies the effective equation of motion (3.25) into

1 _
(1 - 6Aq_V> (x®ie VD —v2e Y 4x—1)—A=0, (3.31)
which can be solved analytically for @, @, as a function of V,

O, P, =x eV (vzefq’v —x+1+ 7)
+*+ — éAq,V

—x eV (vze*qfv 2y éAlqu) . (3.32)
1—2Aq-V
The effective theory found in the this section does not have a gauged R symmetry. Therefore,
we need to add another gauged R symmetry to the low-energy theory, which we denote by U(1)’.
This can be achieved by extending the symmetry of the UV theory from U(1)y, to U(1)y, x U(1)".
We assume that U(1) acts as a spectator during the integrating out process and survives as the
gauged R-symmetry of the low-energy theory. As summarised in Table 1, &, transforms under
U(1),, x U(1)" with charge (¢+,q) while ®_ is singlet under U(1)'.
In what follows, we will analyse the behaviour of the effective Kihler potential around the
origin and identify the parameter regions in which the scalar potential has a local maximum at the
origin.

3.4 Inflation from the effective low-energy theory

For simplicity, we absorb ¢_ into the vector multiplet.” To obtain the behaviour around the
origin, we should first solve for V in terms of ®,®, from equation (3.31) perturbatively in the
form

V=Vo+V®, D +Vo(P D)+ V(D D) +... . (3.33)

"More precisely, we first rescale g_ as g_ — g-(1+ blnv)’l/2

g— in the unitary gauge action (3.22).

and then rescale V as ¢_V — V with the rescaled
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Substituting this into equation (3.31) we obtain an explicit expression for the coefficients,

6x
= V = ——

VO 07 1 A2 —6\/27
V= 6)‘2(—A3+6A2x—18v2(2x+1))

(A2 —612)° ’

6 3

Vim (A% 18ATx+ 64 (12 + 92%) + 36A%2(3x+-2)

(A2 —61v?)

—36A%v*(18x% 4 9x — 1) +216v* (18x +9x+2)). (3.34)

Substituting the perturbative solution (3.33) into the effective Kihler potential (3.30), we obtain the
effective Kéhler potential around the local maximum,

Ko Hegr =V + K@, @ + Ky (DD, ) + K3 (D, D) + .. (3.35)
where the first three coefficients read
A? + 3Ax — 6v?
Kj=——— — 3.36
3x2 (—A* — 12A%x + 30A%? +36Av? (2x + 1) — 72v*
P u Y 3V(x ) =7 (3.37)
2(A%2—61?)
3
K= xis{ — A7 — 18A%+ 6A7 (8% +27x%) — 18AMV*(12x - 7)
(A2 —612)
—36A% (V2 + 54x% 4 27x — 3) + 108A%* (24x +7)
+648AV* (927 4+ 9x+2) — 1296v°(3x+ 1) } (3.38)
We then define the canonically normalized chiral superfield & as
&= K P,. (3.39)

After absorbing the constant term v? in (3.35) by a Kihler transformation, the effective Kihler
potential in @ becomes

K2 Hifr = DD + A (BPD)? +A3(DPD) + ..., (3.40)
where the first two nontrivial coefficients A,, A3 read

37 (AT 124 — 30A% — 36Av (2x+ 1) +72v*)

2 , 3.41)
2 (A% —6v2) (A2 +3Ax — 62)°
x3
Ay = { — A7 — 18A%x + 643 (8v2 +27x°
(A2 — 612)% (A2 4 3Ax — 612)° ( )
+ 18AM2 (7 — 12x) — 36A%* (v* + 54x* +27x — 3)
+ 108A%* (24x 4 7) + 648Av* (18x% + 9x 4 2) — 1296v° (3x + 1)}. (3.42)

The condition for having a local maximum at the origin is A, > 0. In the two-dimensional param-
eter space (v,x), the domain in which A; is positive can be divided into four regions according to
the signs of A = x — 1 —v? and of the scalar component ¢ = V| in each region. They are

10
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20 L —— L —— T ] 3.0 L L S —— ]

[7] Excluded region
05+ - 1.5+ E

00— ey = e

() (b)

Figure 1: (a) Allowed parameter space (v,x) with 0 <v < 2.0 and 0 < x < 2.0. The colored regions
in which A, > 0 can be divided into 4 parts, namely I, II, IIl and IV. (b) Region I and part of Region
II are in the excluded area where v? — ix(x —1—v?) < 0 where the integrating out condition is not

satisfied.

Region I: with A >0, ¢ > 0,

Region II: with A >0, c <0,

Region III: with A < 0, ¢ <0,

Region IV: with A <0, ¢ > 0.

These four regions are shown in Fig. 1a. It turns out that a Minkowski minimum is allowed in the
presence of D-term in Region I and III, while Region II and I'V have only de Sitter minimum with
a large cosmological constant. The integrating out condition also excludes Region I. Therefore,
this leaves Region III as the only possible domain for slow-roll inflation with a nearby minimum
having a tuneable vacuum energy.

3.5 The effective scalar potential and slow-roll parameters

In order to study the global minimum of the potential and compare our predictions for inflation
with the observational data, we need the exact expression of the scalar potential. Using the analytic
solution (3.32) for @, @ as a function of V, we will express the scalar potential as a function of
¢ =V|instead of ¢, = D, |.

Combining the effective Kéhler potential (3.30) with the analytic solution (3.32), we express

11
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the effective Kahler potential as a function of the vector multiplet V,

1
KZ%ff(V):;[vz(l—i-x)e_v—l— V—x+1 +x=1)V

aoi—| B>
>

|
+3In [1 _ EAV}. (3.43)

Note that V must be understood as a function of @, ®_ . The effective superpotential is
K> Wetr = v (3.44)

Using the formula (2.4) and expressing it in the D-term potential in terms of ¢ = V| instead of
¢ = &, |, we find the low energy D-term potential given by

2,-2¢,2.2
K = yeg# [pvz(x—k 1 —xe)c’ —2ex

C

_ CrAl A2 2
XA(3—cA)  6epc’A }7 (3.45)

6—cA  (6—cA)?
where we introduced a new parameter y := g/mv. Recall also that A = x — 1 —v?. The new field
variable p is defined as p := (@} @5 ) 1/2 which stands for the inflaton. This can be written in terms
of ¢ with the help of (3.32) as

—XC

A
pP=S Vet x4 ———|. (3.46)
X 1— EAC

For any given value of the parameters v and x, we can choose the “physical domain" of ¢ in such a
way that p? > 0. We also introduced ¢’ = dc/dp, ¢’ = d*c/dp?, which can be expressed in terms
of ¢ with the help of (3.46) as

. 20x(6 — cA)ectHD) (3.47)
‘A2 —v2(6— (c+ec —1)A) — p2xec@t D) (6x — cAx — A)’ '
e V(6 —cA+2A) ()?

TN =2 (6— (c+ e — 1) A) — p2xecttD) (6x — cAx — A)
0t (pc! (pxc’ (x(6 — cA) —2A) +4(x(6 — cA) — A)) +2(6 — cA))
‘A2 —1v2(6— (c+e¢ — 1)A) — p2xettD) (6x — cAx — A) '
On the other hand, the effective F-term potential is given by

(3.48)

2
477 (c) ) (3.49)

bogr 2 2 K2 H(c )(_ 2
Vr = tt 3
K mve p-+ 2(c)
where we introduced two functions <7 (¢), %(c)

pc
2x(6 — cA)?

12 (—2A2 4 12¢A — 126°E +x(6 — cA) (cA+ 3¢° — 6) — 36) } , (3.50)

/

A(c)=1+ e 6" 4 €€ (¥ (A%~ 9cA+18) + 6¢)

3A(pc" +c)  E(pd+() (pc” -l-C)(( 6%A) e’cvz(x—i—l))
+
p(6—cA) p xp

N, 12A° 3A%(c')?
+(x)< V1) + (6—cA)3>_(6—(cA))2‘ 1)

HB(c)= —

12
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To compute the slow-roll parameters, we need the canonically normalised inflaton field
defined through x' := % = /285, @, » which can be written in terms of ¢ as

c " d ¢ 2 dz
7= K\/ <2p + 2) & () + (2; & (), (3.52)

The slow-roll parameters € and 1 are given in terms of ¢ by

1 (dv//dx)z_1<d7//dcc’>2 353

T2\ ¥ a2\ vy
_ idz”f//dxz
k2

1 (d*V/dc* (N d¥/ded"  d¥)dedy')de (¢ \?

The number of e-folds N during inflation can be expressed as

- Xend W . Pend ’V N _ Cx ’y x/ 2
v aﬂ/dx_/* Gyl =[ o5 (C, de, (3.55)

where we choose |1 (ceng)| = 1 and ¢ is the value of ¢ at the horizon exit. Now we can compare the

theoretical predictions of our model to the observational data, specifically the power spectrum of
primordial perturbations of the CMB, namely the amplitude of density fluctuations A, the spectral
index ng and the tensor-to-scalar ratio of primordial fluctuations r. They can be written in terms of
the slow-roll parameters:

K
Ay = Yarte. (3.56)
ng= 142n,—6¢& ~1+2n,, 3.57)
r=16g, (3.58)

evaluated using the field value c.. at the horizon exit.
We can choose for example

v=1.86945, x=0.08435, y=4.07, m=3.77x107%. (3.59)

For this choice, we have A = —4.41049.

The scalar potential for these parameters as a function of ¢ and p is plotted in Fig. 2a and
2b, respectively. The relation between ¢ and p coordinates is shown in Fig. 2¢ where the physical
domain is ¢ < 0. The slow-roll parameters in p coordinates are plotted in Fig. 2d.

Choosing the initial condition ¢, = —0.00017 and c.,q = —0.01192 (or equivalently, by using
(3.46), p. = 0.0225 and p, g = 0.1869), we obtain N = 59.48, ny = 0.9597, r = 4.15 x 10-¢ and
Ay = 2.2 x 1072, which are within the 20-region of Planck’18 data [17].

Using the constraint (3.10), we obtain g_ ~ 31.5413. From (3.14), (3.15) and (3.16), we find
that the mass ratios indeed satisfy the integrating out condition,

3 79 7Y,
S| 382253, ;T;" ~21.9463, 550~ ~9.8853. (3.60)
(Pj— O+ vac (Dj— P+ vac (pj— P+ vac
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Figure 2: Plots of the scalar potential in Region III of Fig. 1 with parameters (3.59) as a function
of the coordinate c in (a) and p in (b). The relation between p and c is plotted in (c). The slow-roll
parameters € and 1) are shown in (d).

4. Fayet-Iliopoulos (FI) D-terms in supergravity

In this section, we follow the notation in [14]. The chiral weight w’ in this section is related to
the chiral weight W of the previous section by w = %w’ .

4.1 Review

In [8] (see also in [18]), a new (constant) FI term was proposed of the form %5 = & D+
fermions, that can be coupled to supergravity without gauging the R-symmetry. It is non-singular
when the D-auxiliary filed has a non vanishing vacuum expectation value (VEV), and the corre-
sponding supergravity Lagrangian is:

= whiv?

L1=& |SoSo=7—-(V 4.1

FI 52 0 OT(WZ)T(WQ)( )D D7 ( )
where &, is a constant parameter. In the superconformal formalism, the chiral compensator field S,
with Weyl and chiral weights (8,w') = (1,1), has components Sy = (so, PLQo, Fo). The vector mul-
tiplet has vanishing Weyl and chiral weights, and its components are given by V = (v, §, vy, A, D) .
In the Wess-Zumino gauge, the first components are put to zero v = { = # = 0. The multiplet w?
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is of weights (1, 1), and given by

) 4.2
w 52 52 (4.2)
The components of AP, A are given by

- - 1 N = A~ A

APA=(APA : V2P(= 5y F+iD)A 5 2ARPA+F-F~—D?). 4.3)
The kinetic terms for the gauge multiplet are given by

1 -
Hin =7 [APA], +he.. (4.4)

The operator T (T) is defined in [19, 20], and leads to a chiral (antichiral) multiplet. For example,
the chiral multiplet T (4?) has weights (2,2). In global supersymmetry the operator T corresponds
to the usual chiral projection operator D>.3

From now on, we will drop the notation of h.c. and implicitly assume its presence for every
[ ] term in the Lagrangian. Finally, the multiplet (V)p is a linear multiplet with weights (2,0),
given by

(V)p = (D,%,o,@”ﬁa,,,—@%,—mcz)) . (4.5)

The definitions of #A and the covariant field strength E};, can be found in eq. (17.1) of [14], which
reduce for an abelian gauge field to

Fap=ef'e (29[ vt ‘T/m WL)
1 1 . 1

Here, e/ is the vierbein, with frame indices a, b and coordinate indices i, v. The fields Wi b, by, and
<7, are the gauge fields corresponding to Lorentz transformations, dilatations, and T symmetry of
the conformal algebra respectively, while y, is the gravitino. The conformal d’Alembertian is
given by (0 = n 9,9,

Let us consider first the case of pure supergravity coupled to a U(1) gauge multiplet with the
FI term in (4.1). The full Lagrangian is

_ 1 .=
& =-31[S0S0] ,+ [SoWo] - — 7 [APA]p+ L. 4.7)

Supersymmetry is broken via a non-vanishing VEV of the D-auxiliary component of the vector
multiplet driven by the linear term in D, with the Goldstino being the U(1) gaugino. After having
gauge fixed the compensator through So = 1, integrated the auxiliary fields, and in the unitary gauge
where the Goldstino vanishes, the Lagarangian in component form reads [8]:

1

_ _ 1 1
e L =5 (R= Gy Dyyp +my WV yy) — LM Fuy — (—3m§/2 + 25%) , (48

8The operator T indeed has the property that T(Z) = 0 for a chiral multiplet Z. Moreover, for a vector multiplet V
we have T(ZC) = ZT(C), and [C]p = %[T(C)]F.
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with m3, = Wy, a constant superpotential. In the absence of matter, any &, # 0 uplifts the vacuum
energy by a constant term ¥y = 522 /2 and breaks supersymetry. It is important to note that the FI
term given by eq. (4.1) does not require the gauging of an R-symmetry, but breaks invariance under
Kaéhler transformations.

Let us now couple the term Zgy given by eq. (4.1) to additional matter fields charged under
the U(1). For simplicity, we focus on a single chiral multiplet X. The extension to more chiral
multiplets is trivial. The Lagrangian is given by

2= 3 [5Se O] 4 [SW)], - FEORRA], + o 4.9)

with a Kihler potential K (X, X), a superpotential W (X ) and a gauge kinetic function f(X). The first
three terms in eq. (4.9) give the usual supergravity Lagrangian [14]. We assume that the multiplet
X transforms under the U(1),

V = V4iA—iA,
X — Xe—ih (4.10)

with gauge multiplet parameter A. We assume that the U (1) is not an R-symmetry. In other words,
we assume that the superpotential does not transform under the gauge symmetry. For a model with
a single chiral multiplet this implies that the superpotential is constant

W(X)=F. (4.11)

Gauge invariance fixes the Kihler potential to be a function of Xe?" X (for notational simplicity, in
the following we omit the eV factors).

Indeed, in this case the term £% can be consistently added to the theory, similar to [8], and
the resulting D-term contribution to the scalar potential acquires an extra term proportional to &,

1 2
Vb= 3Re(f(X))"" (ikxaxKJrége%K) , 4.12)
where the Killing vector is kx = —igX. The F-term contribution to the scalar potential remains the

usual and for a constant superpotential (4.11), it reduces to
Vi = |F[2eK®D) (—3 —|—gXX8XK8gK). (4.13)

From eq. (4.12) it can be seen that if the Kéhler potential includes a term proportional to
&1log(XX), the D-term contribution to the scalar potential acquires another constant contribution.
For example, if

K(X,X)=XX+& In(XX), (4.14)

the D-term contribution to the scalar potential becomes

Yo = 3Re(F(X) (XX + g8+ &et¥) " (4.15)
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We will argue below that the contribution proportional to &; is the usual FI term in a non R-
symmetric Kihler frame, which can be consistently added to the model including the new FI term
proportional to &;.

In the absence of the extra term, a Kéhler transformation

K(X,X) = K(X,X)+J(X)+J(X),

W(X) = W(X)e X, (4.16)
with J(X) = —&; InX allows one to recast the model in the form
K(X,X)=XX,
W (X) = ms X, 4.17)

where m3, = F. The two models result in the same Lagrangian, at least classically®. However, in
the Kihler frame of eqs. (4.17) the superpotential transforms nontrivially under the gauge symme-
try. As a consequence, the gauge symmetry becomes an R-symmetry.

Note that the extra term (4.1) violates the Kéhler invariance of the theory, and the two models
related by a Kéhler transformation are no longer equivalent. The model written in the Kidhler frame
where the gauge symmetry becomes an R-symmetry in eqs. (4.17) can not be consistently coupled
to Zf1. A generalized Kihler invariant FI term has been built in [21, 22].

4.2 The scalar potential in a Non R-symmetry frame

In this section, we work in the K#hler frame where the superpotential does not transform,
and take into account the two types of FI terms which were discussed in the last section. For
convenience, we repeat here the Kéhler potential in eq. (4.14) and restore the inverse reduced
Planck mass k = Mp,' = (2.4 x 10'8GeV)~!:

K=Kk2XX+& InxX). (4.18)
The superpotential and the gauge kinetic function are set to be constant'?:
wW=x3F  fX)=1. (4.19)

After performing a change of the field variable X = pe’® where p > 0 and setting &, = b, the full
scalar potential #" = ¥ + 7} is a function of p. The F-term contribution to the scalar potential is

given by ,
Vi = %er”zp”’ (b+p%)” J;’; ) 3] , (4.20)
and the D-term contribution is
7/D=2q;4(b+p2+§pza”eipz)2. 421)

9 At the quantum level, a Kéhler transformation also introduces a change in the gauge kinetic function f, see for
example [13].

10Strictly speaking, the gauge kinetic function gets a field-dependent correction proportional to ¢2 Inp, in order to
cancel the chiral anomalies [4]. However, the correction turns out to be very small and can be neglected below, since the
charge ¢ is chosen to be of order of 10~ or smaller.

17



Auttakit Chatrabhuti

Supersymmetric Cosmology

Note that we rescaled the second FI parameter by & = &,/¢q. We consider the case with § # 0
because we are interested in the role of the new FI-term in inflationary models driven by supersym-

metry breaking.
a supersymmetric minimum. Let us comment on supersymmetry (SUSY) breaking in the scalar

potential. Since the superpotential is zero, the SUSY breaking is measured by the D-term order
parameter, namely the Killing potential associated with the gauged U(1), which is defined by
. o—igX (OW S0 2 ¢ 2 )3
9 =ix? — K K P7/3, 4.22
i W<8X+ S W)+ agp%e 4.22)
This enters the scalar potential as ¥p = 22 /2. So, at the local maximum and during inflation 2 is
of order g and supersymmetry is broken. On the other hand, at the global minimum, supersymmetry
is preserved and the potential vanishes. Strictly speaking, the supersymetric minimum is not valid
because the new FI term becomes singular since the D-auxiliary vanishes. Therefore a small F is

For F = 0, one finds that for & < —1 and b = 3 the potential has a maximum at p = 0, and

required in any case.
For F # 0, the potential has still a local maximum at p =0 for b = 3 and £ < —1. For this
choice, the derivatives of the potential have the following properties,
(4.23)

Y'(0)=0, ¥"(0)=6Kk"*F(E+1).

By our choice & < —1, the extremum is a local maximum, as desired.
Let us comment on the global minimum after turning on the F-term contribution. As long as

we choose the parameters so that F2/¢* < 1, the change in the global minimum p, is very small,
of order O(F?/q?), because the extremisation condition depends only on the ratio F2/g*. So the
change in the value of the global minimum is of order ¢(F?). The plot of this change is given in

Fig. 3.
KV
Scalar potential
————— F=0
F=0
i
1
K* Vinax - ) !
T~ 1
e S ]
N 1
\\ 1
~ 1
N ]
K4 Vinin [ AN ]
\ ]
\\ 7
~ /
\\ /
~ ,/ 0

Figure 3: This plot shows the scalar potentials in F = 0 and F # 0 cases. When F = 0, we have a local
maximum at Pyax = 0 and a global minimum with zero cosmological constant. For ' # 0, the origin p =0

is still the maximum but the global minimum now has a positive cosmological constant.

In the present case F # 0, the order parameters of supersymetry breaking are both the Killing
(4.24)

potential & and the F-term contribution .#y, which read
P o q3+p2(1+EP)], Ty < Fp?(3+p2)ef /2,
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where the F-term order parameter %y is defined by

1 2\ "\ 0w ON
Ty — K J//Z 2 “7
7x ﬂe <8X 8X> < 0X Tt 0X ) ' (4.25)

Therefore, near the local maximum, Zx /% ~ % pz. On the other hand, at the global minimum,

both & and Fy are of the same order i.e. Fx /% ~ %, assuming that p at the minimum is of order
0'(1), which is true in our models below. This makes tuning of the vacuum energy between the F-
and D-contribution in principle possible, along the lines of [4, 7].

Let us consider the case b = 0 where only the new FI parameter  contributes to the potential.
In this case, the condition for the local maximum of the scalar potential at p = 0 can be satisfied
for —3 < & < 0. In the case where F is set to zero, the scalar potential (4.21) has a minimum at
pr%lin =3In (—%) In order to have ¥j,i, = 0, we can choose & = —%. However, we find that this
choice of parameter £ does not allow slow-roll inflation near the maximum of the scalar potential.
Similar to our previous models [4] it may be possible to achieve both the scalar potential satisfying
slow-roll conditions and a small cosmological constant at the minimum by adding correction terms
to the Kihler potential and turning on a parameter F. However, here we will focus on b = 3 case
where, as we will see shortly, less parameters are required to satisfy the observational constraints.

4.3 Example for slow-roll D-term inflation

In this section we focus on the case where b = 3 and derive the condition that leads to slow-
roll inflation scenarios, where the start of inflation (or, horizon crossing) is near the maximum of
the potential at p = 0. We also assume that the scalar potential is D-term dominated by choosing
F =0, for which the model has only two parameters, namely ¢ and &. The parameter ¢ controls
the overall scale of the potential and it will be fixed by the amplitude A, of the CMB data. The only
free-parameter left over is &, which can be tuned to satisfy the slow-roll condition.

In order to calculate the slow-roll parameters, we need to work with the canonically normalised
field x defined by

d
% — /28xx- (4.26)
The slow-roll parameters are given in terms of the canonical field ) by
1 [(adv/dx\* 1 d2?V /dy?
_ L (Vidxyt o, o L dV/de (4.27)
2K | K2V

Since we assume inflation to start near p = 0, the slow-roll parameters for small p can be expanded

as
e= &+ 102+ 0,
n= 2(1;&) +0(p?). (4.28)

Note also that 1 is negative when & < —1. We can therefore tune the parameter & to avoid the
n-problem. The observation is that at & = —1, the effective charge of X vanishes and thus the
p-dependence in the D-term contribution (4.21) becomes of quartic order.
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Note that we obtain the same relation between € and 1) as in the model of inflation from
supersymmetry breaking driven by an F-term from a linear superpotential and b =1 (see eq. (2.14))
[4]. Thus, there is a possibility to have flat plateau near the maximum that satisfies the slow-roll
condition and at the same time a small cosmological constant at the minimum nearby.

The number of e-folds N during inflation is determined by

) Xend % 2/’pend “/ d% 2
_ _ (%X 4.2
N=x / aﬂ/dx K o 9,7 \ap dp, (4.29)

where we choose |€(Xena)| = 1. Notice that the slow-roll parameters for small p? satisfy the simple
relation € = 17(0)?p2 + O(p*) by eq. (4.28). Therefore, the number of e-folds between p = p; and
p2 (p1 < p2) takes the following simple approximate form as in [4],

1 P2>_ 3 <P2>
N~—In| = | = In{ = |. 4.30
n00)] “(m 2E+1] "\ py (4-30)

as long as the expansions in (4.28) are valid in the region p; < p < p;. Here we also used the

approximation 17(0) ~ 1., which holds in this case.

We can compare the theoretical predictions of our model to the observational data via the
power spectrum of scalar perturbations of the CMB, namely the amplitude Ay, tilt ng and the tensor-
to-scalar ratio of primordial fluctuations r. From the relation of the spectral index above, one should
have 1, ~ —0.02, and thus eq. (4.30) gives approximately the desired number of e-folds when the
logarithm is of order one. Actually, using this formula, we can estimate the upper bound of the
tensor-to-scalar ratio r and the Hubble scale H, following the same argument given in [4]; the
upper bounds are given by computing the parameters r, H, assuming that the expansions (4.28)
hold until the end of inflation. We then get the bound

r <16(|1:penae ™ M)? ~107*,  H, <102 GeV, (4.31)
where we used |n.| = 0.02, N ~ 50 — 60 and pepg < 0.5, which are consistent with our models.

4.4 A small field inflation model from supergravity with observable tensor-to-scalar ratio

Supergravity models with higher r are of particular interest. In this section we show that our
model can get large r at the price of introducing some additional terms in the Kéhler potential. Let
us consider the previous model with additional quadratic and cubic terms in XX:

K=x?(XX+A(XX)*+B(XX)’ +bInXX), (4.32)

while the superpotential and the gauge kinetic function remain as in eq. (4.19). We now assume
that inflation is driven by the D-term, setting the parameter /' = 0. In terms of the field variable p,
we obtain the scalar potential:

1 4 2 2
¥ =g (b 4 p?+24p* £ 3BpS + Ep T o3 (40" HBA P )) . (4.33)

We now have two more parameters A and B. This does not affect the arguments of the choices
of b in the previous sections because these parameters appear in higher orders in p in the scalar
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potential. So, we consider the case b = 3. The simple formula (4.30) for the number of e-folds for
small p? also holds even when A, B are turned on because the new parameters appear at order p*
and higher. To obtain r ~ 0.01, we can choose for example

g=8.68x10° E=-1.101, A=0.176, B=0.091. (4.34)

By choosing the initial condition p, = 0.445 and pepg = 1.155, we obtain the results N = 58,
ng =0.96, r = 0.01 and A; = 2.2 x 10~ , which agree with Planck’15 data as shown in Fig. 4.

0.20 :
N ] —— 10 Planck15
‘% 0.15} —— 20 Planck15 ]
& i
© L
$ 0.10F 1
9 L
2 0.05/ ]
o L
[ i

0.00" : ; : ‘

094 095 09 097 098  0.99

Primordial tilt (ns)

Figure 4: A plot of the predictions for the scalar potential with F =0, b =3, A = 0.176, B = 0.091,
& =—1.101 and g = 8.68 x 1079 in the n; - r plane, versus Planck’15 results.

Note that an application of the new FI term in no-scale supergravity model for inflation can be
found for example in [22, 23].
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