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Minimal Inflation

@ Inflation solves the horizon and flatness problem:s.

@ When treated quantum-mechanically, it can also provide a mechanism
for the generation of the perturbations that have resulted in the
anisotropies observed in the CMB.
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Slow-roll Approximation (HSRPs)

Slow-roll approximation:
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First Hubble slow-roll parameter (HSRP)
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Inflation ends exactly when ey = 1.
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Friedmann and Klein-Gordon equations become
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Slow-roll Approximation (PSRPs)

The shape of the potential is encoded in the potential slow-roll parameters
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Number of e-folds and Inflationary Observables

The scalar curvature power spectrum is observed to have a power-law form
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Inflationary Observables up to 3rd Order in Slow Roll

PHYSICAL REVIEW D 96, 064036 (2017)

Frame-dependence of higher-order inflationary observables
in scalar-tensor theories

Alexandros Karam,” Thomas Puppusf and Kyriakos Tamvakis*
Department of Physics, University of loannina, GR—45110 loannina, Greece
(Received 13 July 2017; published 21 September 2017)

In the context of scalar-tensor theories of gravity we compute the third-order corrected spectral indices in
the slow-roll approximation. The calculation is carried out by employing the Green’s function method for
scalar and tensor perturbations in both the Einstein and Jordan frames. Then, using the interrelations
between the Hubble slow-roll parameters in the two frames we find that the frames are equivalent up to
third order. Since the Hubble slow-roll parameters are related to the potential slow-roll parameters, we
express the observables in terms of the latter which are manifestly invariant. Nevertheless, the same inflaton
excursion leads to different predictions in the two frames since the definition of the number of e-folds
differs. To illustrate this effect we consider a nonminimal inflationary model and find that the difference in
the predictions grows with the nonminimal coupling, and it can actually be larger than the difference
between the first and third order results for the observables. Finally, we demonstrate the effect of various
end-of-inflation conditions on the observables. These effects will become important for the analyses of
inflationary models in view of the improved sensitivity of future experiments.

DOI: 10.1103/PhysRevD.96.064036
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Inflationary Observables up to 3rd Order in the PSRPs

Scalar spectral index:
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Chaotic Inflation

The potential is given by

V() = Ang".
The first two PSRPs are easily computed to be
woL(VY L Vo
VIo\v) Ta2e MT Y T P2

In the Tst order SR approximation, inflation ends when ez >~ €y = 1, ergo ¢end = n / \/5
Number of e-folds

o do 9 n 2 n’
N *x) — =1t — g * — 2 N* + —
(¢-) /%d V2ev 2 4 %4 =12n 2
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Then
ns =
1
Let us now consider V.. = 60 and take the quadratic potential V' = §m2¢2. We find
ns ~ 0.97, r~0.13.
1
Similarly, for the quartic potential V' = Z)\¢4 we find

ns~0.95, r=~026.
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Starobinsky Inflation

A simple extension of the Einstein-Hilbert action (Starobinsky, 1980):
SStar. = %/d%’\/jg (R+aR®), Mp=1,
which belongs to the general class of F'(R) theories
Sr= [dov=gF(®) = Sl = [d'av=g [FOO(R =)+ FQ)]

After a Weyl rescaling of the metric g, and a field redefinition

1 1 ..
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where V' = 5 FI(x)?
2
1 2 )
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For the (R + aR?) model, V() = % 3
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Planck 2018 Results

0.20

0.15

Tensor-to-scalar ratio (70.002)
0.10

0.05

o |11 11!

TT,TE,EE+lowE+lensing

TT,TE,EE+lowE+lensing
+BK14

TT,TE,EE+lowE+lensing
+BK14+BAO

Natural inflation
Hilltop quartic model
« attractors
Power-law inflation
R? inflation

V x ¢?

Voo ¢/3

Vxo

V x ¢2/3

Low scale SB SUSY
N,=50

N.=60

0.00

0.94 0.96 0.98 1.00
Primordial tilt (ns)

1807.06211,2110.00483: ng = 0.9649 + 0.0042 and r < 0.036

Alexandros Karam (NICPB) Implications of Palatini Gravity for Inflation

Rijeka, July 12 2023




Metric vs. Palatini

@ In metric formulation, the metric is the only dynamical degree of freedom
and the connection is always the Levi-Civita

2
5= [[atev=g (F 0 By (0.00.0%) - 309,690~ V(0))

@ In Palatini formulation, both the metric and the connection are
independent dynamical degrees of freedom

2
5= [dtav=g (”f(z’gWRW (,0T) — 2" V6V, - V<¢>>
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Scalar-Tensor Gravity: Metric vs. Palatini

51 = [ atev=g (JA@" Rus (1) = JB@OST,u0¥.0 - V(o) )
Variation with respect to I gives
s = {5} + (1= ) [02050(9) + 530a0(9) — gapd*w(9)] , w (@) =In VA{)
where k = 1 in metric and k = 0 in Palatini. Performing a Weyl fransformation
G = A(D)gy — V—g=A"/"G, R=A (1 kX 6A1/2WWA—1/2) R,

the action becomes

1(B 3(Ag)° v
Sk /d%ﬁ( R—i(A—&—nxi(AQ)) \RAY (¢))
Field redefinition ¢ = ¢(x) to make it canonical
do _ a2
dx  \AB+rx2(A4)2°
Final action
— [ ttey=a(tr - to, oy - _ Vie))
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Higgs Inflation: Metric vs. Palatini

We consider the Higgs-like inflationary potential

Vo) =36, A@)=1+68, B(6)=1

Canonical field redefinition gives

o(x) ~ \/LE exp (\/gx> (Metric), o¢(x) = % sinh(y/€x)  (Palatini)

The Einstein-frame potential in terms of x can be expressed as

U(x) ~ 4—22 (1 — exp (—\/g)()) ,  (Metric)

Ux) = 4—§2taunh4 (\fx) (Palatini)
The observables are calculated to be
2 3 12 AN2 .
nsfl—N*—l—m, TZNE’ Asgm (Metric) ,
2 3 2 ANZ .
ne~1— N SEND ro~ EN?’ Ag ~ 1272 (Palatini) .
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When Metric = Palatini

For £ < 0.0047 metric and Palatini are experimentally indistinguishable.
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Abstract. Attractor inflation is a partic work for developing inflation-
ary models that are insensitive to the details of the potential. Such models are most often
considered in the metric formulation of gravity. However, non. models may not nec-
ir attractor nature in the Palatini formalism where the connection is
independent of the metric. In this work, we employ the 3-function formalism to classify the
strong coupling limit of inflationary models in both the metric and the
Furthermore, we determine the range of values for the non-minimal coupling that
ories being obserwationally indistinguishable in metric and Palatini within current
Finally, we reconstruct the Jordan frame potential for ¢-attractors by imposing
form for the §-function, demonstrating the effect that the choice of metric or P:
the inflationary observables of the theory.
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PHYSICAL REVIEW D 102, 044029 (2020)

When Metric and Palatini yield the same observables

Equivalence of inflationary models between the metric and Palatini
formulation of scalar-tensor theories

Laur Jirv®,"" Alexandros Karam®,>" Aleksander Kozak®>* Angelos Lykkas 48
Antonio Racioppi 2 and Margus Saal
'Institute of Physics, University of Tartu, W. Ostwaldi 1, 50411 Tartu, Estonia
National Institute of Chemical Physics and Biophysics, Ravala 10, 10143 Tallinn, Estonia
Snstitute of Theoretical Physics, University of Wroclaw, plac Maxa Borna 9, 50-206 Wroclaw, Poland
*Physics Department, University of loannina, GR—45110 loannina, Greece

® | (Received 22 June 2020; accepted 31 July 2020; published 17 August 2020)
With a scalar field nonminimally coupled to curvature, the underlying geometry and variational principle
of gravity—metric or Palatini—becomes important and makes a difference, as the field dynamics and
observational predictions generally depend on this choice. In the present paper, we describe a classification
principle which encompasses both metric and Palatini models of inflation, employing the fact that
inflationary observables can be neatly expressed in terms of certain quantities which remain invariant under
conformal transformations and scalar field redefinitions. This allows us to elucidate the specific conditions
when a model yields equivalent phenomenolog;
method how to systematically construct di
observables.

/ in the metric and Palatini formalisms and also to outline a
ent models in both formulations that produce the same

DOI: 10.1103/PhysRevD.102.044029
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Palatini Inflation in Models with an 7° Term
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Abstract. The Starcbinsky model, considered in the framework of the Palatini formalism,
in contrast to the metric formulation, does not provide us with a model for inflation, due to
the absence of a propagating scalar degree of freedom that can play the role of the inflaton.
In the present article we study the Palatini formulation of the Starobinsky model coupled,
in general nonminimally, to scalar fields and analy

s inflationary behavior. We consi
scalars, minimally or nonminimally coupled to the Starobinsky model, such as a quadratic
model, the induced gravity model or the standard Higgs-like inflation model and analyze
the corresponding modifications favorable to inflation. In addition we examine the case of a

le-invariant model driven by the Coleman-Weinberg mechanism. In the slow-
roll approximation, we analyze the inflationary predictions of these models and compare them
to the latest constraints from the Planck collaboration. n all cases, we find that the effect
of the R? term is to lower the value of the tensor-to-scalar ratio.
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Abstract. When considered in the Palatini formalis
vide us with a mechanism for inflation due to the
freedom. By (non)-minimally

formalism we c;

minimally e

n, the Starobinsky model does not pro-
ence of a propagating scalar degree of
apling scalar fields to the Starobinsky model in the Palatini
poch. In this article, we focus on the
Both theories are excluded in their
they predict values for the inflationary observables that are outside
t by the Planck data. However, with the addition of the B2
the Palatini formalism, we show that these models can be rendered viable

n and the use of
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Palatini inflation in models with an R2 term

In 1810.10418, 1812.00847 & 2006.09124 we considered (see also Enckell et al.: 1810.05536)
5= [atev=g | §R 4 JA@R - 10" 0.00.0 - V()] . R =" RS (T.0)

Introducing an auxiliary scalar x = 2aR and Weyl rescaling g, — 929;“/ =[x+ A(9)]|guw

S = /d4ac\/ [ R— %%g“”maqﬁ - V(o, x)} :
with ) )
A B X
Vg, x) = FAQ) {V(Cﬁ) + @] .

@ No kinetic term has been generated for the field x (scalaron in metric formalism)
@ EOM of x reduces to a constraint

@ ¢ is the only propagating scalar DOF — inflaton
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Palatini inflation in models with an R2 term

Varying the action with respect to x:

5.5 =0 s x = 32V(9) +20A(9) (99)°
! A(@) —2a(99)°

Substituting back

5= [dev=g [sr- LK@ 007 + 110) 00 - 5] U= 1O
with
K(‘b)zm’ L(ab):m-
Using <i?>2 = A(1 + 8aU), we arive at
5= [aev=g ER (007 + 2 (1+8a01(0)) (90)" - U(O} , U= H%

@ Regardless of the shape of V, the R2 term decreases the height of the effective potential
@ For large values of ¢ tends to a plateau Mp /8

@ The rate of change of the field is also modified
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In a flat FRW background

3H? = %[1 +3a(1+8alU)¢?)E* +U

0= [1 4 60(1 + 8al)C?)E 4 3[1 + 2a(1 4 82U HE 4+ 1228 T + U’

Inflation takes place when
_ " _ o 22
en = =155 = 53 [1+2a (1+8a0) &) < 1.

First order expressions for observables:

247T2AS:£=£, ne=1—6ey +2ny =1 — 6eg + 25,
€U €
Tensor-to-scalar ratio _ _
r=16ey = —— = !
1+ 8aU 1+ 1272A,7c

Sensitivity of PICO will be approximately §,- ~ 1074,

Requiring near-future detectability means v < 4 x 100,
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Example: Quadratic Inflation

1
Consider the minimal quadratic potential V' (¢) = §m2¢2 with A(¢) = 0, (2102.02712)
The field redefinition and effective Einstein potential become

_ sinh™! (2m+/ag) U— tanh?(2m+/ax)

2me/o ’ 8a
and the observables
8 2 m2N2
"= N. + 16am2N2’ Nng >~ 1-— , As ~ 5
N, + 16am?2N? N =
—_— a=3x10°
---- a=2x107
""""" a=1x10] 1072
emmmTTIITIITTTT 4 10—4
T
1078
1078
-------- 10 10* 107 10° 10®
(0] a
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Tachyonic Preheating
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Abstract. We study preheating in the Palatin formalism with a quadratic inflaton potential

1 an added aR? term. In such mod g inflaton field repeatedly returns
to the plateau of the Einstein framo potential, on which the tachyonic nstablity fragments
the inflaton condensate within less than an e-fold. We find that tachyonic preheating takes
place when @ z 10" and that the energy density of the fragmented field grows with the rate
T'/H = 0.011xa** . The model extends the family of plateau models with similar preheating
non-canonical quartic kinetic terms in the Einstein frame,

behaviour. Although it contai
we show that, in the first approzimation, these can be neglected during both preheating
and inflation.

Keywords: nflation, modified gravity, cosmological perturbation theory, particle phys
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Tachyonic Preheating

@ Fora 2 10™® the infiaton retums to the plateau repeatedly during preheating.
@ The tachyonic instability fragments the inflaton condensate within less than an e-fold.
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Cosmic Energy Budget (Credit

ordinary matter
5%

dark métter) .
2%

dark energy
69%

Alexandros Karam (NICPB) Implications of Palatini Gravity for Inflation Rijeka, July 12 2023



Quintessential Inflation Potential (Credit: 2112.11948)
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Equation of State Parameter (Credit: 2112.11948)
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Energy Density (Credit: 2112.11948)
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Palatini R2 Quintessential Inflation
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onstruct a model of quintessential inflation in Palatini 1 gravity employing
nd coupled to gravity with a running
s the inflaton, while Inter on it becomes
the current Combining the scalar sector with an ideal fluid, we study the
cosmological evolution of the model from inflation all the w. domination.
We interpret the results in the Einstein frame, where a coupling emerges between the fluid
and the field, feeding energy from the former to the latter during the matter-dominated
era. We perform @ numeric the parameter space and find points that align with
observations for both the inflationary CMB data and the late-time behaviour. The final dark
energy density emerges from an interplay between the model parameters, without requiring
the extreme fine-tuning of the cosmological constant in AC!

non-min

Keywords: dark encrgy theory, Gauss-Bonnet-Lovelock- Horndeski-Palatini etc gravity
theories, inflation, modified gravity
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Palatini R2 Quintessential Inflation

Consider the action in the Palatini formalism
4 Ml%l 1 nv
S= [ dav=g | F(p,R) = 59" 0updvp = V(¢)| + Smlgpw, ¥].

The function F'(¢, R) takes the form

§ o o 2 s02
Pl i) = (14 150 Rt i B e = [1eom (5]

with & > 0 and 8 < 0 constants, and p an arbitrary reference scale.
The real scalar field ¢ is governed by an exponential potential

V(p) = Mie—re/Mpr
In the Einstein frame it becomes

U M, Me=re(9)/Mpi
(@)= (M2, + £0(4)2)? 4+ daMie—re(@)/n
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Constraints to be satisfied

The scalar spectral index is equal to the central value obtained by Planck, ns = 0.9649.
The tensor-to-scalar ratio is within the latest observational bounds, i.e., r < 0.036.

The value of the running of the scalar spectral index is within the 20 bounds obtained by
Planck, i.e., —0.0179 < as < 0.0089.

The initial energy density of radiatfion at the end of inflation, amounts o a small
perturbation of the system, i.e., Q" < 0.1.

The initial energy density of radiation at the end of inflation is larger than the energy density
corresponding to gravitational reheating, i.e.. p(tena) > 2.25 x 1072 (H*™)*,

The energy density ratio of the field, corresponding now to dark energy, is equal to the
central value obtained by Planck of its value today, i.e., Qg = 0.6889.

The temperature of the universe at the onset of radiation domination is above

Teen ~ 0.1MeV.

The barotropic parameter of the field is within the latest bounds, wg < —0.95.

The running of the barotropic parameter of the field in the CPL parametrization is within the
latest bounds, i.e., —0.55 < wl < 0.03.

The energy density of the field at present is within one order of magnitude from the central
value obtained by Planck, gae™™ = 7.26 x 10~ ' M.

We finally take info account the bound on the density parameter of gravitational waves
coming from BBN constraints, 20 Q5 < Q5.
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Successful parameter space
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Hyperkination

Observable Gravitational Waves from Hyperkination

in Pala

i Gravity and Beyond
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ABsTRACT: We consider cosmology with an inflaton scalar field with an additional quar-
tic kinetic term. Such a theory can be motivated by Palatini R 4+ R modified gravity.
As e to become dominated by
the kinetic energy density of the scalar field after inflation. Initially, the leading kinetic
term is quartic and we call the corresponding period hyperkination. Subsequently, the
usual quadratic kinetic term takes over and we have regular kination, until reheating. We

uming a rumaway inflaton potential, we take the Univ

study, both analytically and numerically, the spectrum of primordial gravitational waves
generated during inflation and re-entering the horizon during the subsequent eras. We

demonstrate that the spectrum is flat for modes re-entering during radiation domina

1
and hyperkination and linear in frequency for modes re-entering during kination: kinetie
domination boosts the spectrum, but hyperkination truncates its peak. As a result, the
effects of the kinetic period can be extended to ol

vable frequencies without generating

excessive gravitational waves, which could otherwise destabilise the proc

of Big Bang

Nucleosynthesis. We show that there is ample parameter space for the primordial gravita-
tional waves to be observable in the near future. If observed, the amplitude and ‘knee’ of

the spectrum will provide valuable insights into the background theory.
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Hyperkination

S = /d%\/fg [%R - %(8@2 +200)' U

Once inflation ends, the potential drops to zero and the field’s velocity increases as the
potential energy is fransformed into kinetic energy.

In our models of interest, the post-inflationary potential is of the runaway type--—-that is, flat
and low---and the field keeps rolling onward under kinetic domination.

If the quartic kinetic terms dominate, this phase starts with hyperkination, transitioning into
standard kination later.

To reheat the Universe, we assume a small amount of radiation is produced at the end of
inflation e.g. through Ricci reheating.

During hyperkination, the radiation energy density dilutes as fast as that of the field,
Pr,p X a™*, so radiation stays subdominant.

However, when standard kination starts, the field energy density dilutes faster, pg, o aiG,
and the radiation fraction grows until it overtakes the field. The Universe reheats and
radiation domination starts.

Afterwards, the Universe follows the standard ACDM expansion history
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Gravitational Wave Spectrum
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Observability of Gravitational Waves
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Summary and Conclusions

V(¢) + aR? in metric leads to two-field inflation
V(¢) + aR? in Palatini leads to single-field inflation

The effective potential is asymptotically flat and has a lower value

For large « the value of r becomes much smaller
@ The values of Az and n, are unaffected (Enckell et al.: 1810.05536)

@ Flattening of potential can be used to construct successful models of
quintessential inflation

@ Quartic kinetic term leads to a phase of hyperkination

@ Hyperkination produces a flat spectrum which truncates the linear
spectrum arising from kination

@ We obtain a boosted primordial GW signal with unique characteristics.
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Thank you! ©
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