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Abstract. The cosmic microwave background (CMB) temperature and polarization
anisotropies, as observed by independent astronomical missions such as WMAP, Planck,
and most recently the Atacama Cosmology Telescope and the South Pole Telescope have
played a vital role in accurately constraining cosmological theories and models, establishing
cosmic inflation as the most widely accepted theory for describing the physics of the early
Universe. However, the absence of a definitive detection of B-mode polarization and the
emerging discrepancies among different CMB experiments present a challenge in determining
which inflationary models best explain the observed data. In this work, we further explore
this difficulty and conduct a case study by analyzing four well-known inflationary potentials
in light of the latest CMB temperature and polarization anisotropy measurements and lensing
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data released by the Planck satellite and the Atacama Cosmology Telescope. Additionally,
we incorporate B-modes polarization data from the BICEP/Keck Collaboration, as well
as Baryon Acoustic Oscillations and Redshift Space Distortions measurements from BOSS
DR12 and eBOSS DR16. We show that the most typical models such as Starobinsky and
a-attractors are in disagreement with the Atacama Cosmology Telescope small-scale CMB
measurements, particularly when combined with B-modes polarization data. On the other
hand, these potentials are in perfect agreement with the Planck measurements at larger
angular scales. This dichotomy makes it challenging to identify a single model or a group
of models that can be universally considered as the preferred choice based on all available
CMB observations.

Keywords: inflation, Inflation and CMBR theory, physics of the early universe

ArXiv ePrint: 2305.15378
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1 Introduction

The theory of cosmic inflation [1-3] was proposed as a heuristic solution to the shortcomings
of big bang cosmology, such as the flatness problem, horizon problem, monopole problem, and
the origin of large-scale structure in the Universe.! Over the past few decades, inflation has
garnered significant support thanks to its ability to elegantly explain the tiny anisotropies
observed in the cosmic microwave background (CMB) radiation, which have been measured
with increasingly precision by various astronomical missions such as the COBE satellite [6, 7],
the WMAP satellite [8-10] and, more recently, the Planck satellite [11-15], the Atacama
Cosmology Telescope [16-18] and the South Pole Telescope [19-21]. Although the inflationary
paradigm remains strong and in very good health, it is important to emphasize that a wide
range of inflationary models can emerge from very different fundamental mechanisms or be
motivated by various phenomenological considerations ranging from modified gravity theories,
high-energy particle physics, and supersymmetric frameworks.? As a result, the nature of the
inflation field (or fields) still remains elusive, leaving the integration of inflation into a more
fundamental theory an active field of research with interesting ongoing debates.

In this regard, over the last several years, numerous inflationary models and theories
have been tested against a wide range of available data, including CMB, Big Bang Nucle-
osynthesis (BBN), and Gravitational Wave measurement, see e.g. [26-99] and the references
therein. As the observational data are becoming increasingly sensitive, the constraints on the
inflationary models have improved, leading to reduced uncertainties. This progress is evident

Tt is worth noting that a specific inflationary model known as the R? inflation (where R represents the
Ricci scalar) was proposed by Starobinsky in 1980 [4], a year earlier of [1, 2]. However, unlike Guth’s paper [1],
the salient features of inflation and its motivation were not directly pointed out in [4]. It is anyway worth
nothing that effects of a Higgs field and the exponential expansion were also discussed earlier in [5].

2See, e.g., refs. [22-25] and references therein for reviews and discussions.



in the constraints on inflationary parameters derived from the CMB by Planck 2018 final
release [15] compared to the constraints obtained from Planck 2015 [14]. Moreover, we have
now access to CMB temperature and polarization anisotropies data from different independent
CMB experiments such as the Atacama Cosmology Telescope [16, 18] and the South Pole
Telescope [20, 21]. This availability of multipole CMB measurements presents an exciting
opportunity to comprehensively test the results obtained for different inflationary scenarios by
multiple independent CMB experiments, enabling us to better understand which inflationary
models can be favored or disfavored in light of a wide range of observations probing different
angular scales.

However, and despite the best efforts, determining the definitive inflationary model still
remains an open question [32]. The absence of detection of B-mode polarization in the cosmic
microwave background [100], which would represent a smoking-gun evidence for inflation,
offering valuable information on its underlying micro-physics, presents a major challenge. In
addition, the emerging disagreements among independent CMB observations [101-108] often
involve inflationary parameters [41, 105, 106], contributing to the ongoing uncertainty. Thus,
with inflation, one of the important cornerstones of modern cosmology, we find ourselves
between the known and unknown.

In this article we delve deeper into this difficulty. As a case study, we consider four
inflationary models and constrain them in light of the latest CMB anisotropies and lensing
data released by two independent experiments: the Planck satellite and the Atacama Cos-
mology Telescopen (ACTPol). We consider these experiments in conjunction with B-modes
polarization data from the BICEP /Keck Collaboration, and Baryon Acoustic Oscillations
(BAO) and Redshift Space Distortions (RSD) measurements from BOSS DR12 and eBOSS
DR16. Our primary goal is to gain insight into how the emerging disagreements between
distinct CMB observations can be reflected in the constraints on inflationary models and
study their implications for model selection. Additionally, we actively pursue an answer to
the question of whether there exists an inflationary model (or a class of models) that broadly
aligns with all available CMB measurements. The article is structured as follows. In section 2
we introduce the inflationary models that we wish to study in this work. Section 3 describes
the statistical methods and the observational data used to constrain the models. Then in
section 4, we discuss the main results extracted out of the present inflationary models. Finally,
we close the article by presenting a brief summary of the entire work in section 5.

2 Inflationary models

In this section we present some inflationary models that we have confronted with the ob-
servational data. For each model, we provide a concise overview of physical properties and
derive relationships between observables. These relationships will be subsequently assumed
in the data analysis, as explained in the following section. As for the mathematical set-up,
we consider a homogeneous and isotropic Universe described by the spatially flat Friedmann-
Lemaitre-Robertson-Walker (FLRW) line element ds? = dt? + a%(t)(dx? + dy? + dz?) where
(t,x,y, z) are the co-moving coordinates and a(t) is the expansion scale factor of the Universe.

2.1 Starobinsky inflation

One of the most successful inflationary proposals is the Starobinsky model [4], which comes
from the modified f(R)-gravity, being R the Ricci scalar. Choosing f(R) = R+ R?/m?, where
the parameter m has the unit of mass, one can see that the model contains an inflationary



period at early times and ends in an oscillating phase producing particles named by Starobinsky
scalarons which thermalize the Universe in a matter domination era [109]. Effectively, for this
model, the modified Friedmann equation is given by

12

2—_7
H* = -

. .1
<3HH2 +HH — 2H2> : (2.1)

and during the slow-roll phase, H < H?2, will become

.. . m2H
H=-3HH — 2.2
) (22)
which, for t < tenq have the following solution
204 1 — ¢t _18H2(¢)
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where the subindex ”"end” denotes the end of the inflation. Thus, denoting by ” * ” the scale
of inflation, in order to solve the Big Bang shortcomings such as the horizon and flatness
problems, one needs around 60 e-folds, which imposes H, ~ m, see also appendix A for a
more detailed discussion.

On the other hand, at late times one can show that the scale factor evolve as [4] (see
also [109] for an explicit deduction)

a(t) = 2/ (1 + 2%) >~ 12/3, (2.4)

So far we are working in the Jordan frame, and to pass to the Einstein one, we have to
use the following transformation

_RIAR)- IR
S @y 29

where My, denotes the reduced Planck’s mass. In the particular case of the Starobinsky
f(R)-gravity model, the potential becomes

M2m? 2 2
Vip) = pém (1—6\/@/%1) . (2.6)

o= Emr @, V)

To achieve a relation among the number of last e-folds N (from the horizon crossing to
the end of inflation), the spectral index of the scalar perturbations (ns), its running (a,) and
the tensor-to-scalar ratio (r), we define the slow roll parameters:

M2 V' 2 v Vv
) _ A2 _ A
€ = T (V) s n = Mplv and § == Mpl (‘/2> . (27)

Regardless of the specific model assumed, these measureable parameters can be written in
terms of the slow roll parameters at the horizon crossing as:

r=166,, 1—ng=06¢e —2n, and «az= —2& + 16€,m, — 2463. (2.8)



Assuming the Starobinsky potential, eq. (2.6), at the horizon crossing we get
€y 36*2\/290*/]\/[1)17 = _% *\/%%*/Mpl and & X 1566*2\/?»0*/1\/[1317 (2_9)

and we can see that, for this model, 1 — ng = —2n, and as = —2£,. On the other hand, the
number of last e-folds can be computed as

1 Pend
N:—/ L —f\f%"*/ 2.10
My L, Ve (2.10)
By combining the previous relations, we can immediately obtain a set of equations linking
together the inflationary parameter and the last e-folds of expansion N:

. N 2 12
—ng = — g = —— T
./\/’?

NZ N2

1

(2.11)

2.2 o-attractors

The a-Attractors were introduced for the first time in ref. [110], obtaining models which gen-
eralize the Starobinsky model (see also [111] for a detailed revision of the Starobinsky model).

Here, we consider an a-Attractor in the context of Quintessential Inflation [112]. For this
reason we deal with the following Lagrangian motivated by supergravity and corresponding
to a non-trivial Kéhler manifold (see for instance [113] and the references therein), combined
with a standard exponential potential,

1 ¢
c=1 9 e, (2.12)

2(1_%)2 pl p

where ¢ is a dimensionless scalar field; «;, k and A are positive dimensionless constants.
In order that the kinetic term has the canonical form, one can redefine the scalar field
as follows,

¢ = V6a tanh (2.13)
V6aMy, Mp1
obtaining the following potential [114],
—ntanh( —2
V() = )\Méle nta h(\/@MpJ, (2.14)

where we have introduced the dimensionless parameter n = kv/6a.
The asymptotic values of the potential are Vi = AM. lexp( n), and the slow-roll param-

eters evaluated at the horizon crossing, which will happen for large values of cosh ( \/ﬁ ),
6a M,

are
n2 1 n 1 n2 1
= , M == EYP IRy VA &2 ———-———— (2.15)
12a 4 [ ox/Mp 3o 2 ((p«/M 902 4 (s /My
cosh <7mp> cosh ( NG ) cosh ( \/@p)

with ¢, < 0. Next, we calculate the number of last e-folds from the horizon crossing to the
end of inflation, which for small values of « is given by

1 Pend ] 3a
N=— = (2.16)
My Jo. Nord

so we get the standard form of the spectral index, its running and the tensor/scalar ratio for

an a-Attractor as follows

2 2 12
1—-ns = — s = —— 7”2166*273.

e (2.17)



2.3 Polynomial inflation

We start postulating the following dynamics [115]:

) _3f2 _H \“ .
b {( 3HZ + A) (Hkm) for H > Hyp (2.18)

—3H?>+ A for H < Hyin,

where Hyi, is the value of the Hubble rate at the beginning of kination (a regime where all
the energy is kinetic), A < Hyjy, is a cosmological constant and « € [0, 1] is the parameter
which defines the family of models under consideration. Note that the value of Hyj, can be
calculated from the value of the slow-roll parameter € at the horizon crossing, whose value is

Hkin>2a 1- Ux
L =3 == = , 2.19
¢ ( H, 4— ( )
and the power spectrum of scalar perturbations (A.1), obtaining
1 o
—n 22—«
Hygn ~ 7 x 1074 ) M, 2.20
kin X <3(4 — Oé) pl ( )
which for the central value of the spectral index and 0 < a < 1, leads to
107" My < Hyn S 2 x 10700, (2.21)
On the other hand, the corresponding effective Equation of State (EoS) parameter
Weg = —1 — 32% is given by

a—2
142 <1— SHAQ) (Hf) for H > Hyin

(2.22)
<1 — 24 > for H < Hyy,

Weff =

which shows that for H > Hy, one has weg = —1 (early slow-roll phase). When H = Hyy,

the EoS parameter satisfies weg = 1 (kination stage), and finally, for H = \/§ one also has
wegg = —1 (late quasi de Sitter period).
The corresponding potential can be reconstructed from the Raychaudhuri equation

. [—2
Y= Mpl/ —2Hdt = _Mpl/ EdH, (2.23)

what leads the relation between the inflaton field and the Hubble rate, and once one has this
relationship, we can use the formula

V(p) = (3H(p) + H(p)) M3, (2.24)

to obtain

2

Hygin M1 \ 2 7-a
3 ( lzpkin pl) (ﬁ) ’ |:802 - @ﬁln (1 - 31—%in>:| SO S ()Okln
Vip) = (2.25)

o= 2\/5 Hyin M) ~ 2\/5
Where (pkln = \/5(2705) \/H2 f% - \/5(2704) Mpl

kin




Notice that for a = 0, the potential is quadratic; a = % a cubic potential is recovered
and for a = 1, it represents a quartic potential. Lastly, note that for a polynomial potential

2n
of the form V(p) = A (MLPJ , one has

M2 M2 M4
e =222 g =2m2n - 1B ¢ =8n(n—1)(2m - 1)—2, (2.26)
and thus,
M2 M2 M4
L—ng=dn(n+1)—2, r=32>—B o =-16n>(n+1) 90}4’1. (2.27)

On the other hand, taking into account that peng = ﬂnMpl, the number of last e-folds

is
_ ¢ n
471M§1 2

(2.28)

and consequently, we find

2(n+1)  4n+1) 16n

1— = f— —_— = —:
T oN (2N +n)?’ "ToN+n

(2.29)

2.4 SUSY inflation

Here we consider an Exponential SUSY Inflation-type potential, coming from a Kélher
potential (see [22] and the references therein) given by

V(g) =AMy (1= e#/Mn) (2.30)

where the parameter A ~ 2 x 10 is obtained using the power spectrum of scalar perturbations
in equation (A.1). For this model one has

€r = %ez‘P*/MPI, ne 2 —ePe/Mpl g o 20 /My (2.31)

and thus
1—ng ™ —2n, & —2eP/Me o 2 _2¢, > _9e2¢+/ M (2.32)

On the other hand, the number of last e-folds is given by

o~ e_W*/M;ﬂ’ (233)
which leads to the following relations
o 2 o 2 . 8
1—nszﬁ7 asz—m, T:m. (234)

Therefore, the Starobinsky, a-Attractor and exponential SUSY models lead to the same
relationship between the number of last e-folds, the spectral index and its running while
differing for the amplitude of primordial tensor modes.



3 Methods and data

A typical approach used when constraining inflationary parameters with cosmological and
astrophysical observations is to remain agnostic about the specific shape of the inflationary
potential and adopt a generic power-law form for the power spectrum of primordial adiabatic
components, given by:

log Ps(k) = log As + (ns — 1) log (k> + 1ozs log? <k> (3.1)
ky 2 ky
where k, is the pivot scale (in this work fixed to k, = 0.05 Mpc~!), while the amplitude
of the spectrum Ag, the spectral index ng, and eventually the running o, are regarded as
independent free parameters to be constrained by data. Similarly, primordial gravitational
waves are usually characterized by a power-law spectrum

log Pr(k) = log(At) + nrlog (:) +... (3.2)
*

whose amplitude is parametrized in terms of the so-called tensor-to-scalar ratio r =

Pr(ks)/Ps(k,) and whose tilt np = —r/8 is fixed by the slow-roll consistency relation,

leaving only one free degree of freedom. Once the free parameters are constrained by data,

the model comparison is subsequently performed by studying how well the predictions of

generic inflationary potentials align with such model-independent constraints.

The former approach is clearly motivated by the fact that in single-field slow-roll
inflation, the spectra of scalar and tensor perturbations can be well approximated by the
above mentioned power-law forms, regardless of the specific model assumed. However, when
assuming a specific inflationary potential, the parameters appearing in these power-laws are
no longer independent of each other and additional relations linking together the spectral
index ng, its running s, the tensor amplitude 7 and the number of last e-folds (N') can
be derived, thereby reducing the number of free degrees of freedom and facilitating a more
accurate analysis. Hence, an alternative approach is to start with a specific inflationary model
and impose the theoretical relations within the cosmological framework to conduct a more
focused investigation of its properties.

To analyze the four potentials studied in this work and explore the observational
constraints achievable with current CMB and large-scale structure probes, we follow this
latter approach. We adopt the conventional power-law parametrizations (equation (3.1) and
equation (3.2) for the scalar and tensor spectrum, respectively) and, for each model, we
establish relationships among the inflationary parameters (ns, as, and r) by imposing the
corresponding relations derived in section 2. Specifically, we use equation (2.11) for the
Starobinsky model, equation (2.17) for a-Attractors, equation (2.29) for polynomial inflation,
and equation (2.34) for the SUSY potential. By assuming these relations, all inflationary
parameters become interconnected, and be computed as functions of N" and any other free
parameters of the potential that will be varied in our exploration of the parameter space.

We compute the theoretical model using the Boltzmann integrator code CAMB [116, 117]
while in order to explore the parameter space of our models, we employ the publicly available
sampler COBAYA [118]. The code explores the posterior distributions of a given parameter
space using the Monte Carlo Markov Chain (MCMC) sampler developed for CosmoMC [119]
and tailored for parameter spaces with speed hierarchy implementing the “fast dragging”
procedure developed in [120]. Together with the usual ACDM parameters, (i.e., As, Qph?,Qch?,



Parameter ACDM Starobinsky « - Attractor Polynomial inflation SUSY

Qph? [0.005, 0.1] [0.005, 0.1] [0.005, 0.1] [0.005, 0.1] [0.005, 0.1]
Qch? [0.001, 0.99]  [0.001, 0.99)] [0.001, 0.99] [0.001, 0.99] [0.001, 0.99]
1006y (0.5, 10] [0.5, 10] [0.5, 10] [0.5, 10] [0.5, 10]
T [0, 0.8] [0, 0.8] [0, 0.8] [0, 0.8] [0, 0.8]
log (1010 Ay) (1.6, 3.9] (1.6, 3.9] [1.6, 3.9] (1.6, 3.9] [1.6, 3.9]
ng [0.8, 1.2] — — — —

— 10, 300] [10, 300] [10, 300] [10, 300]
a — — [0, 100] [0, 1] —

Table 1. List of uniform prior distributions for cosmological parameters adopted for the different models.
When considering the combinations of data involving the ACTPol CMB and lensing measurements,
we introduce an additional Gaussian prior of 7 = 0.065 & 0.015 for the optical depth at reionization.

Onic and 1), for the different inflationary models we sample over the number of last e-folds N
between the horizon crossing and the end of inflation A/. For the a-Attractor and Polynomial
inflation we also include the additional free degree of freedom denoted as a (where, for
Polynomial inflation, @« = 2(1 — 1/n)). In table 1 we summarize the prior distributions
for the all the sampled parameters involved in our analysis that are chosen to be uniform
across the range of variation, with the only exception of the optical depth (7) for which the
prior distribution is chosen accordingly to the CMB datasets. The convergence of the chains
obtained with this procedure is tested using the Gelman-Rubin criterion [121] and we choose
as a threshold for chain convergence of R — 1 < 0.02.

Concerning CMB and large-scale structure probes, our baseline data-sets consist com-
bined with:

o The full Planck 2018 temperature and polarization (TT TE EE) likelihoods [11, 12, 122]
in combination with the Planck 2018 lensing likelihood [123], reconstructed from the
temperature 4-point correlation function. We combine this dataset with the 2018 B-
modes polarization likelihood from the BICEP /Keck Collaboration [100] and the Baryon
Acoustic Oscillations (BAO) and Redshift Space Distortions (RSD) measurements
from BOSS DR12 [124] and eBOSS DR16 [125]. We denote the final combination as
Planck+BK18+BAO+RSD.

o The Atacama Cosmology Telescope temperature and polarization (TT TE EE) ACTPol-
DR4 likelihood [16], in combination with the recent ACTPol-DR6 lensing likelihood [18].
In this case we also assume a conservative Gaussian prior 7 = 0.065 4= 0.015. As for
Planck, we combine this dataset with the 2018 B-modes polarization likelihood from
the BICEP/Keck Collaboration [100] and the Baryon Acoustic Oscillations (BAO)
and Redshift Space Distortions (RSD) measurements from BOSS DR12 [124] and
eBOSS DR16 [125]. Similarly to the previous case, we denote the final combination as
ACTPol+BK18+BAO+RSD.

Finally, to conduct a model comparison, we first calculate the Bayesian evidence of each
model and then estimate the corresponding Bayes factors (normalized for each dataset to the
model which provides the best evidence). To do so, we utilize the publicly available package



MCEvidence [126, 127],% that has been suitably modified to be compatible with COBAYA. To
determine the level of preference for the optimal model, we exploit a revised version of the
Jeffreys’ scale derived from ref. [128]. In particular, we consider the evidence to be inconclusive
if [In Byj| < 0.1, weak if 0.1 < |In B;;| < 1, moderate if 1 < |In B;j| < 2.5, and strong if
2.5 < HnBij] < 5.

4 Results

In table 2 and table 3, we present the observational constraints on various inflationary
potentials described in section 2 for the combination of datasets involving the Planck and the
Atacama Cosmology Telescope measurements, respectively.

It is worth noting again that when assuming an inflationary potential, parameters such
as ng, r, and ay are derived through consistency relations that vary from case to case.*
Consequently, different inflationary models yield distinct predictions. Therefore, in table 2
and table 3, we directly compare our model-dependent results with those obtained for the
same combination of data within a baseline ACDM model of cosmology where the inflationary
parameters are constrained independently of each other, which amounts in remaining agnostic
about the inflationary potential. This comparison is useful to understand how adopting a
specific inflationary theory alters the fit to data; how the discrepancies between data-sets
affect the results for model selection; and eventually identifying a model or a set of models
that broadly align with all these CMB observations spanning different angular scales. Let
us also point out that, from the constraints obtained for the various models in the following
subsections, we can derive any other quantity of interest for the models or potentials and
have complete information. Interested readers can find an example in appendix A, where we
study the implications of the discussed constraints for the determination of the energy scale
that suppresses modifications of gravity in the Starobinsky model.

4.1 Planck+BK184+BAO-+RSD

We start focusing on the analysis conducted using the dataset including the Planck CMB
measurements, as summarized in table 2. It becomes evident that, apart from the Polynomial
inflation case, the Starobinsky model, a-Attractor, and SUSY, exhibit similar behavior in
terms of the cosmological parameters. For example, the spectral index of the primordial
scalar spectrum ng obtained in the Starobinsky model, a-Attractors, and SUSY are in
perfect agreement with the results derived assuming a baseline ACDM model and remaining
blind on the specific model of Inflation. On the other hand, for the Polynomial inflation
model, the spectral index ng (= 0.9826 + 0.0031 at 68% CL) is sensibly higher compared
to ACDM.

The consistency relations among inflationary parameters allow us to derive accurate
predictions, specific to each model, regarding additional quantities listed in table 2, such as
the running of the spectral index and tensor amplitude. It is important to emphasize that

3The package is accessible at github.com/yabebalFantaye/MCEvidence.

4Notice that in our analysis of the inflationary potentials, we always include the running of the spectral
index in the parameterization of the scalar spectrum. We tested for a few models (Starobinsky and a-Attractor)
that including or excluding the running does not lead to any dramatic differences in the constraints on the last
e-folds V. Thus, it does not alter the main conclusions derived in this work. This is primarily attributed to
the fact that in these models the running is theoretically constrained to be very small, as o< (1 — ns)g, thus
producing subdominant effects on the spectrum. Despite this, we present the results including the running, as
they provide useful predictions of its expected magnitude.



Parameter ACDM Starobinsky a - Attractor Polynomial inflation SUSY

Qyh? 0.02245 + 0.00013 0.02246 + 0.00013 0.02248 + 0.00013 0.02261 + 0.00014 0.02246 + 0.00013
Qch? 0.11908 = 0.00090 0.11894 + 0.00090 0.11873 = 0.00090 0.11682 + 0.00084 0.11897 + 0.00091
1000yc 1.04104 =+ 0.00029 1.04105 = 0.00029 1.04108 = 0.00029 1.04127 4 0.00029 1.04106 = 0.00029
T 0.0593 + 0.0073 0.0607 =+ 0.0066 0.0607 + 0.0066 0.0663 + 0.0073 0.0605 + 0.0067
Hy 67.78 % 0.41 67.85 + 0.41 67.95 +0.41 68.80 % 0.39 67.84 % 0.41
log(101°4,)  3.054+0.014 3.056 % 0.013 3.055 +0.013 3.060 + 0.014 3.056 + 0.013

ng 0.9675 + 0.0037 0.9682 + 0.0037 0.9696 + 0.0037 0.9826 + 0.0031 0.9683 + 0.0037
N — 645 (64729) 675, (6729) 127 4 30 (127%79) 645 (64729)

o — — < 7.44(< 14.7) < 0.287 (< 0.645) —

r — 0.00307 £ 0.00071 (0.0031+3:9019)  0.01629313 (0.016+3:923)  0.074 + 0.013 (0.0747922) 000204 + 0.00047 (0.00204733559)
s — —0.00051 =+ 0.00012 —0.00047 + 0.00011 (714,8t§;3) 1078 ~0.00051 + 0.00012
Ax? 0 —-2.38 —-2.58 26.0 —~1.48

In By — 0.11 0 14.34 0.64

Table 2. The 68% and 95% CL constraints on various free and derived parameters obtained in a variety
of inflationary potentials for the combined dataset Planck+BK18+BAO+RSD. The horizontal line
divides the constraints on the parameters from the corresponding predictions for a; and 7. Additionally
we present the Ayx? defined as Ax? = x? (for the inflationary model) — x? (for ACDM) and the

logarithm of the Bayes factors In B;;.

Parameter ACDM Starobinsky « - Attractor Polynomial inflation SUSY
Qph? 0.02164 £ 0.00029 0.02176 = 0.00026 0.02174 = 0.00026 0.02176 £ 0.00025 0.02175 £ 0.00026
Q.h? 0.1180 + 0.0014 0.1187 £ 0.0012 0.1186 £ 0.0012 0.1186 + 0.0012 0.1187 = 0.0012
1006pic 1.04214 + 0.00062 1.04216 + 0.00062 1.04214 + 0.00063 1.04213 + 0.00061 1.04215 + 0.00062
T 0.083 £ 0.016 0.071 £ 0.011 0.071 £ 0.010 0.071 £ 0.010 0.071 £ 0.011
Hy 67.87 £ 0.57 67.74 +0.52 67.74 £ 0.52 67.76 £ 0.50 67.73 £ 0.52
log (1010 Ay) 3.094 £ 0.027 3.080 £ 0.020 3.078 £ 0.020 3.076 £ 0.019 3.080 £ 0.020
ns 0.9999 + 0.012 0.988970:00%¢ 0.990475:5058 0.9917+0:0018 0.989070:0057
N — > 168 (> 100) > 202 (> 127) > 253 (> 206) > 172 (> 100)
a — — unconstrained < 0.320 (< 0.652) —

r 0.0004370:50028 (< 0.00120)  0.0114F99%L (< 0.030)  0.035775:9055 (0.03670013)  0.00028T 0 000as (< 0.000799)
as — (-71439) 1079 (-51447) 1073 (-3.26131;) - 107° (-7.0431) 1075
Ax? 0 0.26 0.20 2.04 0.74

In B;; — 3.13 0 7.78 2.78

Table 3. The 68% and 95% CL constraints on various free and derived parameters obtained from a
variety of inflationary potentials for the combined dataset ACTPol+BK18+BAO+RSD. The horizontal
line divides the constraints on the parameters from the corresponding predictions for as and 7.
Additionally we present the Ax? defined as Ax? = x? (for the inflationary model) — x? (for ACDM)
and the logarithm of the Bayes factors In B;;.

these results should be considered as specific model-dependent predictions, rather than actual
detections.® As concerns the predictions for «a; in these inflationary models, we have at 68%
CL a5 = —0.00051 4+ 0.00012 (Starobinsky model), ay = —0.00047 £+ 0.00011 (a-Attractor),
and a; = —0.00051 £ 0.00012 (SUSY), i.e., negatives values ruling out the null value at more
than 3¢. Similarly, in the case of Polynomial inflation, there is still a prediction for the running
of the scalar spectral index not zero, even if an order of magnitude smaller than the previous

5In other words, the interpretation of the results provided for as and r is as follows: given the constraints on
the other measured inflationary parameters, we expect that, within each specific model, the tensor amplitude
and the running of the spectral index will fall within the reported ranges at a 68% or 95% CL.
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three cases. Comparing these results with those reported in table 3 of [15], where instead « is
treated as an independent free parameter, reveals a notable decrease in the average values of
a along with its uncertainties. The same consideration applies to the tensor-to-scalar ratio, r,
where our findings suggest it to be significantly smaller than the values obtained from Planck
2018 [15] for Starobinsky, a-Attractor, and SUSY while in Polynomial inflation it is found
one order of magnitude higher than in the other inflationary scenarios, yet it is consistently
predicted to be non-zero for all the inflationary models. All these results present testable
predictions for the upcoming stage-4 CMB experiments [129-136], which are anticipated to
achieve a sensitivity on the amplitude of primordial tensor perturbations and the running of
the spectral index comparable to our findings.

As concerns the additional free parameters of the different inflationary potentials, it is
important to note that for this particular dataset, the parameter « in the a-Attractor model
can be constrained to a < 14.7 while for Polynomial inflation the additional free parameter «
has an upper limit of o < 0.645 (both at 95% CL).

When considering the number of last e-folds of expansion, the constraints on various
inflationary potentials indicate similar values of N in the range of 50 to 70 for models such as
the Starobinsky, a-Attractor, and SUSY inflation. This range of e-folds is in agreement with
our expectations for good inflationary models that can generate a sufficiently long period of
exponential almost-de Sitter expansion able to account for the observed large-scale flatness
and homogeneity in the Universe [137-139]. However, it is important for this range not to
be excessively long in order to remain also consistent with the upper bounds derived in the
literature, typically ranging between 60 and 70 e-folds of expansion® [138]. Considering the
polynomial inflation potential, the number of last e-folds is found to be N'= 127 + 30 at a
68% CL (N = 132770 at a 95% CL). These result suggests that we are approaching a range
of e-folds that might exceed the upper limit. However, due to the large error-bars, we cannot
definitively dismiss this potential, as it still falls within an acceptable range at the 95% CL.

Finally, when considering a specific model for the early Universe, the subsequent cos-
mological evolution is determined by the initial conditions set by the inflationary potential.
Interestingly, various studies have suggested that the inflationary sector of the theory may play
a significant role in addressing (part of) the tension between the expansion rate of the Universe
measured through direct local distance ladder measurements and the value inferred from CMB
observations [140-150]. Therefore it is worth examining the estimated values of the Hubble
constant, Hy, in these four models. In the Starobinsky model, a-Attractor, and SUSY, we
observe that they closely resemble the values obtained from Planck [122] assuming a ACDM
scenario. Consequently, the 5o tension between these values and the measurements from the
SHOES collaboration [151] remains unresolved [152-155]. Interestingly, in the Polynomial
inflation case, the Hubble constant assumes a slightly higher value compared to the Planck
2018 value for a ACDM model, thus mildly alleviating the Hubble tension at a significance
level of 3.90, further emphasizing the importance of determining precise predictions for the
inflationary potential when evaluating current cosmological and astrophysical observations.

SNotice that these bounds are based on the relationship between the number of e-folds A and other
inflationary observables, such as the reheating temperature and the energy scale of inflation. For more details,
refer to equation (4.1) or refs. [137-139]. It is also worth noting that it is theoretically possible to achieve a
greater number of e-folds of expansion by reducing the energy density during inflation, thereby significantly
lowering the energy scale at the end of inflation. However, such an evolution is not viable on observable
scales where perturbations are observed because it would lead to a spectrum that deviates significantly from
scale-invariance. Nevertheless, in principle, it could occur at the later stages, resulting in an extreme upper
bound of N < 100, see ref. [138].
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Moving forward, our focus turns to model selection. The main goal we would like to
address is to assess which inflationary model(s) can offer a more consistent explanation of
the observed CMB data released by the Planck collaboration and understand to what extent
these interpretations agree with measurements obtained from various CMB and large scale
structure surveys. To do so we compare the results obtained for the different potentials. An
inspection of table 2 reveals that the inclusion of Starobinsky inflation leads to a modest
improvement of Ay? = —2.38 in fitting the combined Planck dataset, when compared to
the baseline ACDM cosmology. However, in the model comparison undertaken in this study,
Starobinsky inflation is not identified as the best-performing model for Planck. Notably, the
adoption of an a-Attractor potential yields a slightly larger improvement of Ax? = —2.58,
resulting as the most favorable model also in the Bayesian model comparison. The SUSY
potential also exhibits good performance, with an improvement in the fit of Ax? = —1.48
compared to ACDM. On the other hand, the main difference of the Polynomial inflation
from the other three potentials is evident in the Ax? (= 26.0) which takes the larger value
for this model. This overall deterioration in the x? is further emphasized during the model
comparison, as strong evidence emerges indicating that the Polynomial inflation model is
highly disfavored when compared to the other models.

4.2 ACTPol+BK184+BAO+RSD

We now shift our focus to the analysis of the same models but for the dataset combination
involving the ACTPol measurements of the CMB at small scales. The results are shown in
table 3. It is worth noting that the replacement of CMB data from Planck 2018 with ACTPol
is a crucial step to study the very same inflationary potential under different angular scales in
the cosmic microwave background. Indeed, comparing the results from these two independent
probes, we can assess their consistency and understand the impact of the differences in the
most recent CMB observations on model selection.

Replacing Planck with ACTPol (DR44+DR6) leads to distinct results for the inflationary
parameters. Indeed, this dataset combination predicts a higher spectral index, ng, compared
to Planck 2018 results, as is already the case for the ACDM model, see also refs. [17, 106].
Moreover, in most models, the indication for a non-zero running of the spectral index is
reduced to slightly more than 1o. The tensor-to-scalar ratio exhibits a further reduction
when using the ACTPol dataset combination compared to Planck. Specifically, we predict
mean values that are up to one order of magnitude lower for the Starobinsky and SUSY cases
and a factor of 2 for the Polynomial inflation scenario. Regarding the free parameters of the
inflationary potentials, the « in the a-Attractor case remains unconstrained despite the large
prior used in the MCMC analysis (refer to table 1). This lack of constraint can be attributed
to the following: in this model, the quantity r is proportional to a/N?2. When replacing
Planck with ACTpol, only a lower limit can be obtained on the number of e-folds between
the horizon exit and the end of inflation. Consequently, a strong degeneracy arises between
N and a: in the absence of a two-tail limit on the former, higher values of o can be always
compensated by increasing N'. This prevents us from achieving an upper bound, unlike with
the previous combination of data. Conversely, for Polynomial inflation we do not find any
significant changes in terms of the constraints on « whose upper limit reads a < 0.652 (at a
95% CL). As concerns the values obtained for the Hubble constant in all four models are
compatible with the Planck value within the ACDM paradigm [122]. Consequently, they are
in disagreement with the measurement from the SHOES collaboration [151].
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However, a notable discrepancy arises when comparing the number of last e-folds before
the end of inflation obtained by ACTPol with those derived by the Planck measurements
at larger angular scale. Examining table 3, for ACTPol we find the following values for the
number of e-folds at 68% (95%) CL:

N > 168 (N > 100) for the Starobinsky model;

o N >202 (N > 127) for a-Attractor models;
o N > 253 (N > 206) for Polynomial inflation;
e N > 172 (N > 100) for the SUSY potential.

These very large lower limits for the e-folds of expansion reflect the preference of ACTPol
data for higher values of the spectral index of inflationary perturbations: as ng is pushed to
higher values in the direction of unity, the number of e-folds also increases as clearly shown
in figure 1 in the case of the Starobinsky model. However, such large values of N raise
concerns for different inflationary mechanisms, spanning from the most common Starobisnky
and a-attractor potentials to quintessential models of inflation. For instance, it is well-known
that the number of last e-folds in standard inflation is smaller than in Quintessential Inflation.
As a matter of fact, the latter features a kination phase between the end of inflation and the
onset of radiation domination. During such a phase, the effective equation-of-state parameter
of the cosmological fluid w is equal to one.” As a consequence, the number of last e-folds can
be related to the reheating temperature (Tien) as [139]:

N~ 5447+ Slne, + 21 My (4.1)
=~ H4. —Ine,+=-In| ——— |, .
2 3 TrehHend

where Hg,q represents the value of the Hubble rate at the end of inflation. To establish
a reasonable upper limit on the number of folds applicable to the most typical single-
field inflationary models, we made the robust assumption that e, < 1072. This limit
can be considered very conservative given the current constraint on the tensor amplitude
r = 166, < 0.035 [100].® Regarding Henq, we previously noticed that extremely low values
could lead to significantly higher numbers of e-folds. However, the vast majority of inflationary
models predict an inflationary energy scale Henqa ~ 107%M,,). Therefore, also in this case
we maintain a conservative approach by assuming Hepq 2 10_8Mp17 thus leaving aside the
exploration of controversial scenarios with a significant evolution of the inflationary energy
density, typically hard to realize within single field potentials such as those of analyzed in
this work. Under this working assumptions, we can obtain:

M,

Tr:) . (4.2)

1
N§58.3+3ln<

N reaches its maximum value when considering the minimum viable reheating temperature
of Tyen ~ 1 MeV (~ 5 x 10722 M), resulting in the upper bound:

Niax < 75 (4.3)

"Notice that in Quintessential Inflation, there is a short transition period from the end of inflation (w = —1/3)
to the beginning of kination phase (w = 1). While this transition is dependent on the specific potential,
it has minimal impact on the number of e-folds (typically no more than 1 e-fold) and we can confidently
assume w = 1.

8We should note that a stricter upper limit on € would result in tighter upper bound on N.
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Figure 1. 2D contours at 68%, 95%, and 99% CL and 1D posteriors in the (ng, ') plane for the
Starobinsky model. The grey vertical band refers to the typical range of folds expansion N € [50, Mpax],
expected in standard inflation. The upper limit, Mpnax < 75, estimated by equation (4.3), is represented
by the black dashed line. Very similar results are obtained for all the potentials analyzed in this study.

which is very consistent with previous findings in the literature [137-139]. On the other
hand, for the Starobinsky, a-Attractor, and exponential SUSY models, we have observed that
the number of e-folds can be approximated as N =~ %ns Thus, the minimum value of the
spectral index corresponds to the minimum value of e-folds for these three potential models.

Using the ACTPol’s results at the 20 level from table 3, we find:
Nuin 2, 100, (4.4)

which clearly indicates that these inflationary models are all disregarded by the ACTPol data
at ~ 30, as shown in figure 1 for the Starobinsky case.

This result may come as a very surprising finding since these models of inflation are
typically regarded as well-established benchmark scenarios for testing the inflationary paradigm
in the first place. Consequently, most of the current planned next-generation CMB experiments
are specifically designed to probe their predictions. However, the general inadequacy of these
models to provide a satisfactory fit to the ACTPol measurements of the damping tail is
also reflected in the model comparison. In the case of Starobinsky inflation, the fit to the
ACTPol dataset worsens with an increase in Ax? = 0.26 compared to ACDM. Similar
results are observed for all the other models: a-Attractors (Ax? = 0.20), Polynomial inflation
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(Ax? = 2.04) and the SUSY potential (Ax? = 0.74). In this model comparison, the a-
Attractor potential emerges again as the best-performing option, despite its significant ~ 3o
tension with regard to the number of last e-folds.

5 Summary and conclusions

The theory of inflation has proven to be highly successful in describing early Universe physics.
In this regard, precise observations of the CMB from missions like WMAP, Planck and most
recently ACTPol, have played a crucial role, providing stringent constraints on inflationary
models which do not always agree. Therefore, given the absence of detection of B-mode
polarization and the emerging differences among independent CMB observations, identifying
a universally preferred model (or group of models) based on all available CMB data remains
an open issue and a large number of competing inflationary potentials can be regarded as
equally plausible based on current records.

In this paper, we further explore this difficulty. As a case study, we examine four well-
known inflationary potentials using independent CMB and lensing data at different angular
scales released by Planck and ACTPol, in combination with the 2018 B-modes polarization
likelihood from the BICEP /Keck Collaboration and the Baryon Acoustic Oscillations (BAO)
and Redshift Space Distortions (RSD) measurements from BOSS DR12 and eBOSS DR16.
The constraints on the inflationary models are summarized in table 2 and table 3, for the
datasets involving Planck and ACTPol, respectively.

Our results clearly show that the discrepancy between the CMB observations at larger
angular scales from Planck and the highly precise measurements of the damping tail provided
by ACTPol leads to significant differences when the same inflationary potentials are assumed
in the cosmological model and analyzed. These discrepancies have a substantial impact on
the predictions of various models for essential quantities such as the tensor amplitude and the
running of the scalar spectral index, whose values dictate the theoretical, phenomenological,
and experimental perspectives of the field. Moreover, our analysis proves that these differences
also yield discordant conclusions regarding the preferred model. In this regard, a significant
finding is that while commonly known inflationary potentials such as Starobinsky and a-
attractor inflation are consistent with Planck and BICEP /Keck temperature and polarization
data, they fail to adequately explain the small-scale CMB observations provided by ACTPol.
It is well known that this dataset indicates a preference for higher values of the spectral index
of primordial inflationary perturbations, which would require a significantly longer number of
e-folds between horizon exit and the end of inflation. As a result, if we set aside observational
systematics and consider the differences between ACTPol and the Planck satellite as genuine,
inflationary potentials where ny o< 1 — n/N with n > 2, become inadequate in addressing
these measurements, contributing to the existing uncertainty in the field. Potential solutions
to address this issue could involve considering more elaborate inflationary models as well as
making adjustments to the broader cosmological framework.

Regarding the first possibility, a few intriguing avenues have recently emerged in the
literature. While not aiming for exhaustive coverage, we spotlight models similar to the
a-attractor generalization of the hybrid inflation scenario introduced in ref. [156]. In this
model, the predictions for the inflationary observables are gauged by an additional uplift
parameter, and, based on its value, the model’s predictions can gradually shift from the most
typical Starobinsky and a-attractor scenarios preferred by Planck to the higher values of
ngs favored by ACTPol, eventually converging to a secondary attractor point at ng = 1 in
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the large uplift limit. Notably, these models are suitable for describing both regimes and
can accommodate values of ng ~ 1 without exceeding N' ~ 50 — 60 e-folds of expansion.
However, further analyses are needed to assess their ability to reconcile the differences between
experiments, especially when they are assumed from the outset of the analysis. Alternatively,
given the different scales probed by the two experiments, the discrepancy in the value of the
spectral index might be alleviated by inflationary models with satiable scale-dependence of
the primordial spectrum. For instance, in ref. [106] it was argued that a positive running o
could help mitigate the differences between the two probes.

In a broader context, while it remains plausible that the disparity between two indepen-
dent yet conflicting measurements of the same parameter could be mitigated within certain
inflationary models, it is worth considering the exiting possibility that these differences recast
the presence of new physics manifesting itself at different scales. The values of cosmological
parameters inferred from CMB observations rely on the underlying cosmological model as-
sumed in the analysis, and ns is no exception. Therefore, we cannot disregard the possibility
that the tension is simply rooted in the limitations of the standard cosmological model and
an argument supporting this avenue comes from refs. [104, 106], where it has been pointed
out how the difference concerning the value of ng between Planck and ACTPolt is entirely
absent in extended cosmological models with additional parameters. Hence, one could entail
introducing new physics whose impact might counterbalance the disparities causing the shift
in ng when a ACDM cosmology is assumed. To round out the picture, we shall mention two
promising (albeit opposite) mechanisms that may help restore the agreement in the inflation-
ary sector of the theory, while leaving more accurate analyses of these scenarios suitable for
future studies. On one side, models where the radiation energy density in the early Universe
is significantly lower than expected in the Standard Model of particle physics have proved
effective in reducing the global tension between the two experiments producing a shift in the
value of ng measured by ACTPol and bringing it back in agreement with Planck [104, 106].
On the other hand, as extensively documented in the literature [142, 157-166], cosmological
models featuring additional scalar degrees of freedom in the early Universe, such as Early
Dark Energy [167-169], often exhibit a preference for a slightly larger spectral index, possibly
shifting the value inferred by Planck in the direction favored by ACTPol (which in turn shows
a ~ 30 preference for such scenarios [168]).

Therefore, we conclude that, despite significant efforts to explore various inflationary
scenarios, further investigations and refinements may be needed to achieve a more complete
understanding of both the inflationary dynamics and the early Universe.
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A Implications for the inflationary potentials and fundamental physics

In this work, by considering well-established relationships among the number of last e-folds
N and other observable quantities, such as the spectral index of scalar perturbations and
the tensor-to-scalar ratio, we have demonstrated that CMB observations at different angular
scales result in disparate predictions for benchmark inflationary models.

In this appendix, our primary goal is to demonstrate that all other parameters of the
potential, not explicitly appearing in these equations, can still be derived when the men-
tioned quantities are constrained. Moreover, we will explore how these variations introduce
uncertainty, especially in quantities related to fundamental physics. This additional layer of
uncertainty extends beyond the model itself and influences its implications for fundamen-
tal physics.

As a case study, we consider again the Starobinsky model and derive constraints on
the parameter m that appears in the modified f(R)-gravity relation f(R) = R + R?/m?.
This parameter holds particular significance as it represents the energy scale associated with
corrections in modified gravity. Hence, any predictions for m may serve as a compass to gauge
the expected energy-scale of deviations from General Relativity.

To infer constrain on m, one can use the amplitude of the primordial spectrum of the
scalar perturbations [170],

H2
As = Pelky) = ——— Al
M2 m? 2
Since at the horizon crossing for the Starobinsky model we have Vi, 2 —2— — H 2 = o

and €, = 13—6(1 — ng)2, the parameter m can be expressed in terms of the aforementioned

quantities as

2
m
) ~ 36724, (1 —n,)? A2
(Mp1> A (1= ny) (4.2)

Focusing on the analysis conducted using the dataset including the Planck CMB mea-
surements, we obtain a 68% CL constraint on m which, in units of Planck mass, reads:

(m/Mp) = (2.76 £0.32) x 10° for Planck+BK18+BAO-+RSD (A.3)

On the other hand, considering the dataset including the small-scale CMB measurements
provided by ACT, the results for the same parameter are as follows:

(m/Mp) = (0.98032) x 10° for ACTPol+BK18+BAO+RSD (A.4)

These results demonstrate, first and foremost, that by following the approach adopted in
this study, where inflation models are assumed from the outset in the analysis, all parameters
of the model can be constrained by the data quite accurately. Additionally, it is worth noting
the differences in the predicted energy scale that suppresses modified gravity terms by the
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Figure 2. 2D contours at 68% and 95% CL in the plane (m, N') where m denotes the mass scale
present in the modified f(R)-gravity relation f(R) = R+ R?*/m?. The mismatch in the number of last
e-folds leads to different predictions for the energy scale associated with modified gravity corrections.

two datasets. As observed from figure 2, such differences primarily arise from the mismatch in
the number of e-folds predicted by the two datasets within this inflationary model, ultimately
originating in the discrepant values of the spectral index as measured by the Planck satellite
data and the Atacama Cosmology Telescope. This leads us to consider the importance of
obtaining precise predictions from cosmological observables to achieve reliable predictions
for fundamental physics. Indeed, we would like to emphasize that even mild-to-moderate
disagreements in the values of cosmological parameters may introduce some uncertainty when
data are used for constraining fundamental physics.

These findings highlight the importance of accurately characterizing cosmological ob-
servables to improve the robustness and accuracy of our conclusions in the realm of funda-
mental physics.
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