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Abstract. We present two scale invariant models of inflation in which the addition of quadratic
in curvature terms in the usual Einstein-Hilbert action, in the context of Palatini formulation
of gravity, manages to reduce the value of the tensor-to-scalar ratio. In both models the Planck
scale is dynamically generated via the vacuum expectation value of the scalar fields.

1. Introduction

In physical cosmology, cosmic inflation [1-4] is a theory which describes a period of exponential
expansion of space in the early Universe. The theory of inflation manages to simultaneously solve
basic issues of the Big Bang cosmology like the horizon and flatness problems. The simplest
theory of inflation assumes the existence of one scalar field ¢ which is minimally coupled to
gravity and has a canonical kinetic term.

Concerning the cosmological observables, and assuming the slow-roll approximation, we start
by discussing the scalar and tensor power spectra which play a crucial role in inflationary
cosmology. The CMB observations considerably restrict the inflationary predictions as it is
shown in Fig 1. Choosing an arbitrary pivot scale k, that exited the horizon, the scalar (P;)
and tensor (Pr) power spectra can be written as

(kY 1 V(e L 2V(9.) (k)™
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where the scale-dependence of the power spectra is defined by the scalar (ng) and tensor (n;)
spectral indices given by
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Figure 1. Marginalized joint 68% and 95% CL regions for ng and r at k = 0.002 Mpc~! from
Planck alone and in combination with BK15 or BK154+BAO data, compared to the theoretical
predictions of selected inflationary models. This figure has been adapted from [5].

In these we have used the potential slow-roll parameters (note that in most formulas we use
ME, = 1 except when we want the dimensionality to be explicit)

_ L (V(9))? _ V(%)
VT2 <V<¢> ) nd =gy ®)
The tensor-to-scalar ratio is defined as
k
r= 7?;:2((@) = 16¢y. (4)

The Planck collaboration [5] has set the following bounds on the values of the observables:
Ag = (2.1040.03) x 1077, ns = 0.9649 £ 0.0042 (1o region), r <0.056. (5)

During inflation the variation of the scalar field is related to the so-called number of e-folds
N, which has to be between 50 and 60 for the horizon and flatness problems to be solved.
Following [5, 6] the number of e-folds is given by

1

N /¢* ¢ _, <w2>4 (90) T
~ =In||=— —

T s V2ev 30 V3 Hy
where the subscripts “0”, “reh” and “end” denote quantities at the present epoch, at the
reheating phase and at the end of inflation respectively. The energy density is denoted by p.
The entropy density degrees of freedom (DOF) have the values gs o = 43/11 and g5 yen = O(100)
for Ty, ~ 1TeV or higher. At the present epoch the CMB temperature and the Hubble

constant are Ty = 2.725K and Hy = 67.6km/s/Mpc respectively and we fix the pivot scale
to k, = 0.05 Mpc~! or k, = 0.002 Mpc~!.
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Starobinsky [7] and Higgs [8] inflation are two of the simplest and most successful models of
inflation. In the Starobinsky model a R? is added in the usual Einstein-Hilbert action which
after a Weyl rescaling of the metric and a field redefinition is converted to a scalar DOF. If
initially a scalar field is contained in the action, then two-field inflation takes place. In Higgs
inflation a nonminimal coupling between gravity and the Higgs field h is added in the action.
The actions in the Jordan frame (JF) read

MZR = R?
SLsfF = /d4x\’ _g( ;l + 12M2> ’ (7)

/d4x\/fg <(Mgl+5hhz)R _ 1(3;1)2 _ ﬁ(;ﬂ _ U}%)2) , (8)

SH
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while the corresponding EF inflationary potentials for the canonical normalized scalar fields are

2 -2
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(9)

The parameters M and &, are determined by the constraint on the amplitude of the scalar power
spectrum. The rest cosmological observables are well within the allowed region in Fig. 1 as for
both models ny =1 —2/N, and r = 12/N2.

2. Palatini formulation of gravity

In the context of Palatini gravity [9, 10], which is an interesting alternative to the usual metric
theory of gravity, the metric tensor and the connection are treated as independent variables and
one has to vary the action with respect to metric and the connection. In Palatini formulation
the addition of higher order in curvature terms will not generate a propagating scalar DOF
in the EF as in the metric case [11-21]. The differences between the formulations in the
cosmological predictions, as far as inflation is concerned, arise from the nonminimal couplings
of the scalars [22-58] or from higher order in curvature terms [59-82] and has attracted the
interest of many authors. Theories containing scale invariant quadratic terms in the context of
metric formulation has recently received a lot of attention as a possible realization of quantum
gravity [83-92]. We will consider similar theories but in the Palatini case.

Starting from the JF Palatini action

R « 1
Sir = [dov=g (665 + SR+ TR R - S0P - V() (10
and after a Weyl rescaling of the form g,, — Q%g,, with Q% = §¢¢2, we can pass to an

intermediate frame (IF)

1
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with U(¢) = V(¢)/Q* Note also that the Planck scale is dynamically generated via the
vacuum expectation value (VEV) of the scalar field as M3, = 54,1)3). This is usually achieved in
scale-invariant theories [45,75,76,82,87,91,93-118], where the running of the inflaton quartic
coupling induces symmetry breaking a la Coleman—Weinberg. Now, including an auxiliary field
and after a conformal (or a disformal transformation [119-122] in the 5 # 0 case), we obtain
the final EF action

R 1
SEF:/d4x\/jg<2— 3
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Figure 2. Left: Scalar potential U(s.) of Eq.(17) for the 1st order CW model (red line) with
x = A% and for the 2nd order CW model (blue line) with x = fé/ﬁ’ Right: Scalar potential

U(sc) of Eq.(13) for the 1st order CW model (red line) and for the 2nd order CW model (blue
line).

where & = 28 4 8« and s, is the canonical field in the IF. The EF inflationary potential reads

U(se) = Ulse) /(14 aU(sc)) - (13)

The potential U(s.) reaches a plateau 1/& for large field values. This flatness is quite capable
to reduce the tensor-to-scalar ratio.

3. Nonminimal Coleman-Weinberg inflation in Palatini quadratic gravity

In [75] we considered the nonmimimal Coleman-Weinberg (CW) model [123] with a R? term
(e # 0, 8 = 0) in the Palatini formulation. The scalar potential contains a running quartic
coupling A\(¢) and a cosmological constant A, that is

V(6) = TA@)6t + AL (14)

At the minimum we require that V'(vg) = 0, with vi = M3,/€s. The minimization condition
B(vg) + 4X(vy) = 0 implies that, a) B(vg) > 0, A(vg) <0 or b) B(vg) = A(vg) = 0, where B(vg)
is the beta-function of the quartic coupling. Expanding the quartic coupling around the VEV
and using the cases a) and b) we get that

¢

A(p) ~ A(vg) + B(vg) In ﬁ , )\b(g[)) ~ M In? k2 ,

y (15)

which after substituting in (14) give the 1st and 2nd order JF CW potentials
4 1
Vi(g) = A4 {1 + [41n (¢> - 1] ﬂ} L () = 1t <¢> ~ ()
V¢ U¢ 8 Vg
In the canonical normalized IF (11) the potentials (16) are of the form
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Figure 3. Left: The predictions for the tensor-to-scalar ratio (r) and the spectral index (nsg)
for the 1st order CW potential. Right: The predictions for the tensor-to-scalar ratio (r) and
the spectral index (ng) for the 2nd order CW potential.

The 1st order potential behaves like a linear potential Uj(s.) o s. for £, > 1 (and s. > 0)
and as a quadratic potential Uj(s.) o s2 for £, < 1. The 2nd order is completely quadratic
in the IF. Therefore the inflationary potential in the EF (12) after the effect of the R? term
is given by (13) with & = 8a.. In Fig. 2 are displayed the IF potentials (17) (left) and the EF
potentials (13) (right) for &, = 10, o = 10'°, 8/ = 107? and A = 0.0015. The normalized factor
isk=A"tork= fé /" depending on the case. As is obvious the final EF inflationary potentials
in the right panel are flat for large field values, approaching the plateau 1/8a.

Finally, in Fig. 3 we present the inflationary predictions for the 1st (left) and 2nd (right) order
potentials, for various values of the parameter . For each curve, in the 1st order potential, the
black dot corresponds to the {; — 0 limit. The parts of the curves in the left of the black dots
correspond to small field inflation (SFI), while the right ones to large field inflation (LFI). The
number of e-folds are predefined by Eq. (6) for k, = 0.05 Mpc™'.

4. Scale invariant inflation with a U(1)x extension of the Standard Model in
Palatini quadratic gravity

In [82] we considered a U(1)x extension of the Standard Model (SM) [124-131] in which the
extra particles are three right-handed (RH) neutrinos Ng, one gauge boson and one scalar field
®, which in the unitary gauge is given by ® = (¢ + vs)/v/2. The relevant Lagrangians of the
model are

o LU= VRl HNY - §y§\4®N§§N}% Y he.

scalar

1 1 1
o L= 50" 0ub000 — [ A" + T MghS?,

° Lsm with no Higgs mass term,

1 «a
4 Egravity = 5 (§¢¢2 + ghhz) gw/R,ul/ + §R2 + gR(uV)R(MV) . (18)

The mass of the Higgs and the electroweak scale is generated through a portal coupling of the
form )\h¢h2¢2. Thus, the addition of the extra scalar field ¢ is necessary to preserve the scale
invariance of our model since the known Higgs mass term contained in the SM Lagrangian is
not scale invariant. Also, the Planck scale is dynamically generated when ¢ and h develop their
VEVs, that is MFZ, = Ewé + §hU;2L-
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Figure 4. Left: The normalized tree-level potential U (¢, h)/ Ulg?izl and its flat direction (cyan
line). The red curve corresponds to the normalized one-loop corrected IF potential along the flat
direction U (s.)/Ue(0), while the green one to the normalized EF potential U(s.)/U(0). The
values of the parameters are & = 10°, & = 0.001, and M ~ 0.0357. For illustrative purposes
we have chosen the unrealistic value for the mixing angle w ~ 0.732. Right: The normalized

inflationary EF potential U(s.) for same &, M and various values of the parameter &.

The JF tree-level potential
1
VO, h) = £ (A" = Angh®6” + Aih) | (19)

will be studied with the help of the Gildener-Weinberg formalism [132]. In this approach
one first finds the flat direction (FD) of the tree-level potential and then computes the one-
loop corrections only along this flat direction, since this is where the corrections play the
dominant role. For reasons that will be clear later we will calculate the FD of the IF
potential U (¢, h) = VO (¢, h)/ (£4¢° +§hh2)2. The FD is determined by the conditions
U0 (¢, h) = 9,U) (¢, h) = 0, which give that along the FD

(402s = 23,) M
Ao€h + € (ngn + Anég)]

In order to move from the initial frame of fields (¢, h) to the FD frame (s, o), where the direction
of the so-called scalon field s is identified with the FD and o is the perpendicular direction, we
perform an orthogonal rotation described by the transformation

¢\ _ [cosw —sinw S
( h )  \sinw cosw c )’ (21)
where the mixing angle is given by w = arctan (v;/vg). Along the FD (o = 0) the only relevant
DOF is the scalon s which is related to ¢ and h via s? = ¢? + h?. As a consequence an effective

nonminimal coupling constant is defined as s = &4 cos?w + &, sin?w. Finally, we perform the
following field redefinition in order to render the kinetic term of s canonical:

(20)

min

Unin = U0 (wg,00) = [

s 1 ds 1 s
- C o m 2 22
LVE S VEMu (22)

The VEV vy of the scalon is related to the Planck mass with the familiar equation v? = MPQ, /E&s.

Sc — Ve
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Figure 5. Left: The predictions for the tensor-to-scalar ratio (r) and the spectral index (ng)
as & ranges from £ < 1 to & > 1 for various values of &. For each curve, the black dot
corresponds to the & — 0 limit. Right: The same as the left, but in logarithmic scale.

Along the flat direction the one-loop corrections for the canonical scalar field s. at the scale

A may be written as
2
SC

A2’

where in our model
1 M? 3 M2, 5 MZ 5

A = — M1 b 6ME (In =W 2 3ME(In =2 -
647721);1{ h(n 2>+ W(“ 2 T6) M2\ T

2
Th
v3
M2 5 ]\42 M2
3nd (vaX - 6) — oMk, (m Te 1] - 12n <1nv§ - 1) - (24)
5 S

S

UD(s) =As*+Bsiin (23)

M4
B = <5 M = My + 3Mx + 6Myy +3My — 6My, — 12M;' . (25)
S

The minimization of (23) gives that A = v, exp [% + ﬂ Then, the one-loop correction can be
expressed as

UM (s.) =

M 4[ sc 1]. (26)

A S
64m2vd | w2 2

In order the potential (26) to be bounded from below, the parameter M?* must be positive. This

is achieved if 3M3 — 6M]A§,R > (317 GeV)?*, where My is the mass of the extra U(1)x gauge
boson and My, are the RH neutrinos masses.

Requiring that the full one-loop effective potential is zero at vs, i.e. Ueg(vs) = Ur(r?i)n +
UM (vs) = 0 we obtain that

Uett (sc) M {84 (2 mig - 1> + 1} : (27)

12872 | vt v2

min > 0. Had we opted to consider the
one-loop corrections in the JF, and not in the IF, the extremization conditions for the tree-level
JF potential would fix its value to zero along the flat direction and in conjunction with the fact
that at the minimum the one-loop correction (26) is negative, the full one-loop effective potential
would correspond to an anti-de Sitter vacuum.

Note that we assume that 4A\pAy — )‘%uﬁ > 0, so that vl
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Figure 4 illustrates the various potentials in the different frames of the model. As it is shown
in the right panel, in the limit & > 1 the potential becomes symmetric around its VEV and
consequently the predictions for LFT and SFI are identical. This is also visible from Fig. 5, as the
upper parts of the curves (LFI) coincide to the lower parts (SFI) as the parameter & becomes
larger. In this figure the pivot scale k, = 0.002Mpc~! has been used in order to determine
the number of e-folds from Eq. (6), but the amplitude of the scalar power spectrum is fixed
to 2.1 x 1072 at the scale k, = 0.05Mpc~!. Finally, we have seen that for viable inflation
€, <4 x 1073, which in turn implies a lower cutoff, v, > 15 Mp.

~

5. Conclusions

In conclusion, in the Palatini formulation, the higher order in curvature terms provide us an
effective potential which is asymptotically flat for large field values, and as a consequence
the tensor-to-scalar ratio can be significantly reduced. The Planck scale can be dynamically
generated through the VEVs of the scalar fields, because of the terms &;¢? R containing in the
action. The Higgs mass and the electroweak scale is generated through a possible portal coupling
of the form )\h¢h2gb2.
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