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Inflation, the Hubble tension, and early dark energy:
An alternative overview

William Giare
School of Mathematics and Statistics, University of Sheffield, Hounsfield Road,
Sheffield S3 7RH, United Kingdom

® (Received 28 April 2024; accepted 5 June 2024; published 27 June 2024)

I review and discuss the possible implications for inflation resulting from considering new physics in
light of the Hubble tension. My study is motivated by a simple argument that the constraints on inflationary
parameters, most typically the spectral index n,, depend to some extent on the cosmological framework. To
avoid broadening the uncertainties resulting from marginalizing over additional parameters (typical in
many alternative models), I first adopt the same alternative viewpoint of previous studies and analyze what
happens if a physical theory can fix extra parameters to nonstandard values. Focusing on the dark energy
equation of state w and the effective number of relativistic species N, I confirm that physical theories able
to fix wa —1.2 or N ~ 3.9 produce values of H, from Cosmic Microwave Background and Baryon
Acoustic Oscillations in line with the local distance ladder estimate. While in the former case I do not find
any relevant implications for inflation, in the latter scenarios, I observe a shift toward n; ~ 1. From a model-
selection perspective, both cases are strongly disfavored compared to A cold dark matter. However, models
with N = 3.3-3.4 could bring the H, tension down to ~3¢ while being moderately disfavored. Yet, this is
enough to change the constraints on inflation so that the most accredited models (e.g., Starobinsky
inflation) would no longer be favored by data. I then focus on Early Dark Energy (EDE), arguing that an
EDE fraction fgpg ~ 0.04-0.06 (only able to mildly reduce the H, tension down to ~3¢) could already
require a similar change in perspective on inflation. In fact, performing a full joint analysis of EDE and

Starobinsky inflation, I find that the two models can hardly coexist for fgpg 2 0.06.

DOI: 10.1103/PhysRevD.109.123545

I. INTRODUCTION

Cosmological inflation, a phase of rapid accelerated
expansion of space-time in a nearly de Sitter background
geometry, is widely recognized as the leading theory to set
the initial conditions in the very early Universe. While it
was originally proposed to account for various observa-
tional issues, including spatial flatness, the horizon and
entropy problems, and the apparent lack of topological
defects [1-4], inflation also offers an elegant framework to
explain the physical origin of the first fluctuations in the
Universe which eventually gave rise to observed structures
such as galaxies and clusters of galaxies [5-8].

The significant advancements in observational astrophys-
ics and cosmology, culminating in a vast array of experi-
ments probing different cosmic epochs and scales [9—40],
have allowed for precise constraints on the inflationary
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Universe and its related observables. Over the last few
decades, several inflationary models and theories have been
tested against a wide range of available data, including
Cosmic Microwave Background (CMB), Big Bang Nucleo-
synthesis (BBN), and Gravitational Wave measurements.’
Although embedding inflation within a more fundamental
theory remains an open problem [47,124—126] and a large
plethora of proposed models and mechanisms can be
deemed equally viable in describing current observations
[47,127], a few general guidelines can be drawn from
existing data.

For instance, while multifield models remain theoreti-
cally appealing,2 the absence of evidence for isocurvature
modes in the CMB and the high level of Gaussianity
observed in primordial perturbations [127,184] suggest that

'With no claim to be exhaustive, for works in this direction see,
e.g., Refs. [41-122] and references therein. See also the recent
Ref. [123] for a detailed Bayesian model comparison involving
nearly 300 models of single-field slow-roll inflation.

2Low—energy effective field theories inspired by theories of
particle physics beyond the Standard Model or quantum gravity,
often incorporate multiple scalar degrees of freedom and suggest
that inflation could be driven by multiple fields, potentially
featuring nonminimal couplings; see, e.g., Refs. [109,128-183].

Published by the American Physical Society
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inflation might be well described in terms of a single
scalar field undergoing slow-roll evolution on its potential.
Within this framework, the physical properties of primor-
dial (scalar and tensor) perturbations are captured by
the two-point correlation functions or primordial power
spectra.’

Since the spectrum of the quantum fluctuations of a
(massless) scalar field in a de Sitter background is flat, a
broadly expected outcome of single-field models is that the
power spectra of scalar and tensor perturbations in a quasi
de Sitter geometry should be nearly, but not precisely, flat.
The residual scale dependence can be quantified by the
so-called scalar and tensor tilts, n, and n,, respectively. For
scalar perturbations, the most recent observations of the
CMB temperature and polarization anisotropies—echoes
of the big bang—provided by the Planck satellite [11,12],
measure 71, = 0.9649 + 0.0044, ruling out a scale-invariant
Harrison-Zel’dovich spectrum [185-187] (corresponding
to ng = 1) at approximately 8 standard deviations. This is
universally recognized as one of the (if not the) most
important indirect observational evidence supporting infla-
tion as the favored early Universe theory.

Concerning tensor modes, within single-field slow-roll
inflation minimally coupled to gravity, the tensor amplitude
and tilt can be linked by the well-known slow-roll con-
sistency relation [81,188] r = —8n, (where r = A;/A; is
the tensor-to-scalar ratio). While other physical mecha-
nisms beyond inflation have been proposed, predicting
similar scale dependence for the scalar spectrum, this
relation remains a unique testable prediction of single-field
models. For this reason, the detection of primordial
gravitational waves is widely regarded as another necessary
step to provide direct smoking-gun evidence for inflation
and eliminate any competing models. However, despite the
best efforts, detection of primordial tensor modes remains
elusive, and the combined analysis of current Planck and
BICEP/Keck array (BK18) data only sets an upper bound
r < 0.037 at a 95% confidence level on the amplitude of
primordial gravitational waves [189].*

The absence of direct detection of B-mode polarization
remains a clear and important limitation for inflation.
However, at the model selection level, current constraints
on the amplitude of primordial gravitational waves and
the spectral index of scalar modes derived from the
analysis of Planck satellite data and B-mode polarization
measurements released by the Bicep/Keck Collaboration
impose significant limitations on the category of models

*For a generic Gaussian random field y;, the power spectrum
is defined in terms of its two-point correlation function as
(W) = (27)°8) P, (k). A dimensionless version of the
power spectrum can be defined as P, (k) = (k*/27%)P,, (k).

4Upcoming CMB experiments [190-195] are expected to
reach a sensitivity r ~0.01 — 0.001, potentially leading to the
first detection of tensor modes for sufficiently high-scale in-
flation.

able to explain CMB observations at large angular scales.
Notably, the model proposed by Starobinsky [196] (where
inflation is obtained by including an additional R? term in
the Einstein-Hilbert action) or its q-attractor extension
[197,198] represent benchmark scenarios, being well moti-
vated from a theoretical standpoint and among the best-fit
options for current large-scale CMB observations [127,199].

Given the remarkable success and overall good health of
the inflationary paradigm, there is a widespread sense in the
cosmological community that a solid understanding of the
inflationary Universe and its related properties has been
attained. While this is of course true, I wish to emphasize
that, as often happens in cosmology, much of our knowl-
edge is based on indirect evidence. We rely on results
obtained from the analysis of specific datasets under certain
precise theoretical frameworks. For instance, the prevailing
narrative thus far relies solely on the analysis of Planck
(and BK18) data, assuming a standard A cold dark matter
(ACDM) cosmology. On one side, while this model offers a
robust description of our observable Universe supported by a
wide range of cosmological and astrophysical experiments,
several discrepancies between various observations have
emerged in recent decades, questioning its validity across
all possible cosmological epochs and scales [200-202]. On
the other side, when looking at CMB experiments other than
Planck, the situation becomes somewhat confusing, with
several emerging discrepancies among different experiments
being reported by several independent groups [56,203-210].

In this context, with no claim of disputing our under-
standing of the inflationary Universe or diminishing the
efforts that have enabled such knowledge, I would like
to draw attention to some aspects that, when considered
together, might inspire reflections on the present state of
inflationary cosmology.

Firstly, the aforementioned discrepancies among differ-
ent CMB experiments primarily involve inflationary para-
meters [56,207,208,211]. Unexpectedly, small-scale CMB
measurements provided by the Data Release 4 of the
Atacama Cosmology Telescope (ACT) show an agreement
with a scale invariant Harrison-Zel’dovich spectrum
(ny, = 1.009 £ 0.015), introducing a tension with a signifi-
cance of 99.3% confidence level with the results from the
Planck satellite [208]. If we set aside observational sys-
tematics and consider the differences between ACT and
Planck as genuine, the analysis of small-scale CMB data
leads to different predictions for inflationary models [199].

Secondly, and most importantly, as suggested by several
scattered studies [212-221], the well-known Hubble ten-
sion [222-225]—i.e., a ~50¢ discrepancy between the
values of the Hubble constant measured by the SHOES
Collaboration using the luminosity distances of Type Ia
supernovae [226] (Hy = 73 + 1 km/s/Mpc) and the value
derived from the Planck satellite [12] (Hy = 67.4+
0.5 km/s/Mpc)—can represent another layer of uncer-
tainty in our understanding of inflation.

123545-2
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As many have argued, resolving the Hubble tension
might require a paradigm shift in cosmology, introducing
new physics into the standard cosmological model.
Although it seems unlikely that the new physics needed
to resolve the Hubble tension would come entirely from the
inflationary sector of the theory, in general, considering
new physics within the cosmological model could lead to
changes in the values of cosmological parameters inferred
from data. In this regard, I would like to highlight one more
time that, just like with H, the results concerning infla-
tionary parameters discussed so far (most typically ny)
are derived from the analysis of CMB data within the
standard cosmological model. Considering different mod-
els may affect—although indirectly—our understanding of
the inflationary Universe. A striking example supporting
this claim comes from Early Dark Energy (EDE), a highly
studied theoretical extension representing a possible sol-
ution to the Hubble tension [214,224,227-259]. No matter
whether analyzed in light of Planck or ACT data, this
model consistently yields a higher fitting value for the
scalar spectral index [212-216,221,258-261]. This sug-
gests that, in EDE cosmology, resolving the Hubble
tension requires moving toward the same direction favored
by small-scale CMB experiments (i.e., toward larger
values of ns).5

Although some aspects have already been discussed in
the literature regarding the preference for higher values of
n, in theoretical models aimed at resolving the Hubble
tension, I feel that certain points remain partially unan-
swered or not entirely clear. For example, I should note
that in many of these theoretical solutions involving new
physics beyond the standard cosmological model (includ-
ing EDE), additional parameters are also introduced com-
pared to ACDM. On the one hand, marginalizing over
additional parameters has the effect of broadening the
uncertainties within which we can extrapolate their values.
On the other hand, we introduce additional degeneracy
lines among the parameters themselves. That is, very often,
simultaneously varying different parameters can lead to
very similar effects on cosmological observables (such as
the CMB angular power spectra), thus resulting in corre-
lations along which the total effects cancel out. This raises
the question of whether the shift observed in the infla-
tionary parameter is a genuine consequence of introducing
new physics in the cosmological model or more an artifact
of the enlarged parameter space producing additional corre-
lations. Additionally, very often, when taking the results on
the inflationary parameters inferred in alternative cosmo-
logical models at face value, we remain in agreement
with the theoretical predictions of benchmark scenarios of
inflation just because of the larger uncertainties, despite

5Notably, evidence at a 3 standard deviation level in favor of
EDE is obtained precisely from such experiments, reflecting,
among other things, this preference for a higher n, [243].

observing significant shifts in their central values. This
makes it somewhat unclear to what extent the Hubble
tension represents an additional layer of uncertainty for
inflationary cosmology.

To the best of my knowledge, in Ref. [262] similar
concerns were raised against extended cosmological mod-
els with many parameters proposed as solutions of the H,,
tension. In that work, this problem was studied by adopting
a somewhat different perspective, namely considering
theoretical scenarios able to introduce new physics by
fixing cosmological parameters to nonstandard values. In
practice, it was analyzed what happens to the Hubble
tension if a physical theory is able to fix (or approximately
fix) the dark energy equation of state (w) or the effective
number of relativistic species (N.) to a specific set of
nonstandard values, embodying phantom dark energy
(w < —1) or extra relativistic particles before recombina-
tion (Ngg > 3.046). It was argued that models able to
predict N ~3.45 are able to reduce the tension down
to 20 while only being weakly disfavored with respect to
ACDM from a model comparison point of view. However,
nothing was said about the possible implications for other
cosmological parameters, nor were the implications for
inflation discussed altogether.

More recently, a similar approach has been proposed in
Ref. [263] as an empirical method to visualize and
investigate the relations between the H tension and the
more controversial tensions surrounding matter clustering
parameters [264], most notably og. The method consists of
comparing the values extrapolated for H, and og from
parameter inference analyses concerning different theoreti-
cal models beyond ACDM where one or more of the new-
physics parameters (that represent the ACDM extension)
are fixed to reference values (see, for example, Figs. 1-3
in Ref. [263]).

Following the very same alternative way of thinking
proposed in these two works, in this paper I first extend the
analysis performed in Ref. [262] to closely focus on the
implications for inflation. The first part of my analysis is
aimed at clarifying if the shift toward larger values of the
spectral index is found by also keeping a constraining
power and number of parameters identical to the standard
case. I will quantify the implications for single-field slow-
roll inflation by examining constraints on the slow-roll
parameters in these alternative scenarios and investigate the
implications for Starobinsky inflation. My results indicate
that the mild deviation proposed in Ref. [262] (i.e.,
Nggr = 3.45) would fundamentally alter our understanding
of the inflationary Universe. When this value is assumed in
the cosmological model, current data no longer support the
most accredited models of inflation, such as Starobinsky
inflation. Conversely, considering a phantom w barely
alters the results on inflationary parameters. This under-
scores how the presence of the Hubble tension represents
a source of uncertainty, particularly in the context of

123545-3
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theoretical attempts to introduce new physics at early times.
Motivated by these findings, I shift my focus to specific
realizations of early-time new physics. Focusing on EDE, I
demonstrate that even a small fraction of the total energy-
density of the Universe in EDE—ranging between 4% and
6% (which could only mildly reduce the H tension down
to ~30)—could already necessitate a similar shift in
perspective regarding favored inflationary models based
on current data. Additionally, through a traditional full joint
analysis of EDE and Starobinsky inflation (i.e., by perform-
ing a canonical Markov Chain Monte Carlo analysis where
all model parameters are left free to vary), I conclusively
prove that the two models can hardly coexist when the EDE
fraction exceeds ~6%.

Before proceeding further, I would like to outline some
important do’s and don’ts of the present work, aimed at

preventing any potential misunderstanding of my intentions
in this article:

(1) T do not attempt to avoid additional degrees of
freedom. I do not propose solving the Hubble
tension by fixing alternative parameters to nonstand-
ard values. I do not suggest specific models that can
fix parameters to nonstandard values (although they
do exist, as discussed in Sec. IV. D of Ref. [262] and
Ref. [263], as well). I do not delve deeper into how
well these nonstandard scenarios may be physically
motivated (although many of them do have solid
theoretical backgrounds [262,263]).

In the first part of the analysis, I do use this approach
to parametrize the effects left by early-time and
late-time new physics without additional parameters.
I do use this approach to extend results already

2
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nation, whose effects are parametrized in terms of corrections to
the effective number of relativistic degrees of freedom.

documented in the literature, thereby exploring the
implications for inflation in the presence of new
physics that can potentially adjust H,, while main-
taining a level of constraining power similar to the
standard model. I do use this approach to gain
insight into how sensitive our constraints on infla-
tion are to the cosmological model. I do extend my
major findings obtained within this (maybe nonca-
nonical) alternative thinking to more acceptable
scenarios such as EDE. For EDE I do follow also
a canonical approach leaving all parameters free to
vary. [ do ensure that my main results do not depend
on the alternative perspective adopted.

The manuscript is organized as follows. In Sec. II 1
review the theoretical framework 1 adopt to parametrize
the effects of new physics in the cosmological model. In
Sec. III I outline the methodology and the data underlying
my study. In Sec. IV and Sec. V I discuss the implications
of early-time and late-time new physics for inflation,
respectively. In Sec. VI I focus on EDE and discuss
inflation in EDE cosmology. Finally, in Sec. VII, I
summarize my main conclusions.

II. THEORY

Inferring the value of the present-day expansion rate of
the Universe from the measured spectra of temperature and
polarization anisotropies in the cosmic photon background
requires assuming a theoretical model to describe the
evolution of the baryon-photon fluid at early times (i.e.,
prior to recombination) as well as the evolution of the

Universe at later times (i.e., postrecombination). Therefore,
the value of H|, estimated via CMB observations relies on
the standard ACDM model, and several potential theoreti-
cal alternatives have been proposed to obtain a higher
value of H consistent with local distance ladder measure-
ments [202,265]. Without claiming to be exhaustive, we
can categorize these efforts into two main categories: early-
time solutions and late-time solutions. In the first case, the
general idea is to introduce new physical components that
act prior to recombination. Solutions of this kind often aim
to reduce the value of the sound horizon by increasing the
energy-density of the primordial Universe. Conversely,
late-time solutions seek to modify physics after recombi-
nation, thereby affecting the value of H, derived from the
angular distance from the CMB. Both of these approaches
have their advantages and disadvantages. While late-
time solutions typically find good room in CMB measure-
ments (also due to a strong geometrical degeneracy of
parameters), precise measurements of Baryon Acoustic
Oscillations (BAO) [23] and Type Ia supernovae [37]
impose significant constraints on the possibility of intro-
ducing new physics at late times. Consequently, it appears
unlikely that a definitive solution can be solely based on
late-time modifications [266,267].6 On the other hand,
early-time solutions typically need to operate during the
matter-dominated era, specifically near recombination
when photons begin to decouple from the baryon-photon
fluid. This requires a moderate level of fine-tuning and
introduces significant implications for the anisotropies
in the CMB and the growth of primordial density
perturbations.

Here, I set aside the issues that have been fairly discussed
in the literature and briefly review the two possible ways of
addressing the H tension that I adopt in this work. In
particular I discuss how and why the presence of extra
relativistic species in the early Universe (Sec. I1 A) or a
phantom dark energy component at late times (Sec. Il B)
moves us in the right direction toward resolving the H
tension.

A. Early-time new physics

I start from early-time (new) physics, namely physical
theories that can act before recombination (i.e., before
photons decoupled from the primordial plasma). During
this period, physics is largely governed by the gravitational
forces experienced by the baryon-photon fluid. The inter-
play between gravity and radiation pressure gives raise
to sound waves, commonly known as Baryon Acoustic
Oscillations. These sound waves, propagating within the
baryon-photon plasma, left characteristic imprints in the
Cosmic Microwave Background radiation, predicting a

6Recently, in Ref. [268], seven hints were proposed, sug-
gesting that a compelling definitive solution might involve
combining early- and late-time solutions together.
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series of (damped) acoustic peaks in the spectrum of
temperature anisotropies, which have been accurately
measured by several CMB experiments and most precisely
by the Planck satellite.

Particularly relevant physical information is captured by
the angular scale associated to the position of the first
acoustic peak in the spectrum of temperature anisotropies.
This peak corresponds to the oscillation mode that had just
enough time to complete one full compression cycle before
the photons decoupled shortly after recombination. When
photons decoupled, they essentially “froze” in place,
preserving the pattern of sound waves that were traveling
through the early Universe. In practice, by measuring the
multipole corresponding to the position of the first acoustic
peak (Zpeux), one can determine the angular size of the
sound horizon 6, =~ /¢,y Which is related to the comov-
ing sound horizon r(z,)

and the angular diameter distance D (z,)

D) = o jz* / - dzﬁ 2)

(both evaluated at redshift corresponding to the last
scattering surface z,) by very simple trigonometric con-
siderations:

_ry(z)

Given its strong geometric interpretation, the value of 8,
shows weak dependence on the specific cosmological
model and stands as the most precisely measured parameter
from Planck. Consequently, any attempt to introduce new
physics into the cosmological model typically should
conserve this quantity. To preserve 6, while simultaneously
increasing the value of H, our focus remains on the two
model-dependent quantities r,(z,) and D4(z,). Looking at
Eq. (2), it is easy to see that D4(z,) contains information
about the expansion history of the Universe from z, (i.e.,
from recombination) to the present day (z = 0). Therefore,
solutions aiming to modify the angular diameter distance
are commonly referred to as late-time solutions and will be
discussed in the next subsections. Instead, here I focus on
the value of the sound horizon.

ry(z,) is determined by the expansion history before
recombination, from the big bang singularity (z — oo0) all
the way up to z,. For this reason solutions aiming to
increase H, by reducing the value of r((z,) are referred to
as early-time solutions. My goal is to parametrize such
early-time solutions without introducing specific model
dependencies. Looking at Eq. (1), I am left with only
two possibilities: working on the sound speed of the

photon-baryon fluid ¢,(z), or changing the rate of expan-
sion H(z). Before undergoing a rapid drop when matter
begins to dominate, for most of the expansion history
before recombination ¢2(z) ~ 1/3. Therefore, to follow the
first possibility, one would need to develop a model which
is not my goal here. On the other hand, the expansion rate
before recombination can be expressed as

(52) = @+ e+

+Q,(1 4+ 0.23Ng)(1 + 2)*, (4)

where N is the effective number of relativistic particles,
while Q,., Q,, and Qy are the cold dark matter, baryons, and
photons energy densities, respectively. The energy-density
of various species can be accurately measured within a
narrow margin of error, both through the effects in the
CMB and through independent observations such as the
BBN (for ;) or BAO measurements (for €.). Therefore,
as also highlighted in Ref. [262], a simple (yet physically
motivated) method to parametrize new physics able to
increase the rate of expansion of the Universe before re-
combination consists of increasing the value of the effective
number of relativistic particles, N . Within the standard
cosmological model, this parameter takes the reference value
of N = 3.044 [269-272], accounting for three different
families of relativistic neutrinos along with an additional
contribution arising from noninstantaneous neutrino decou-
pling. However, given its flexibility in quantifying each
relativistic component in the early Universe, this value can
be changed by a wide range of phenomenological extensions
spanning from modifications to the standard model of par-
ticle physics that involve new relativistic degrees of freedom
active in the early Universe, to models that incorporate
additional scalar degrees of freedom or significant graviton
cosmic background; see, e.g., Refs. [75,273-277].

B. Late-time new physics

The second option is considering late-time solutions,
namely physical theories that can change the expansion
history of the Universe after recombination. Notice that
such mechanisms, leaving the early-time expansion rate
unchanged, typically do not change the value of the sound
horizon. In addition, as I pointed out in the previous
subsection, €, should also remain fixed given its strong
geometrical interpretation and weak model dependence. If
we take a look at Eq. (3), we see that this implies that
D, (z,) must also remain unchanged. Therefore, in practice,
a successful late-time solution should increase H while
maintaining D4 (z,) unchanged to preserve 6,.

To take a step forward, I write down the equation that
describes the expansion rate of the Universe at late times for
a generic model of cosmology described by a nonflat
Friedmann—Robertson—Walker metric,

123545-6
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<$>2 2 Q,, (14 2)° + Q1 + 2)? 4+ Qqe(1 + 7)),
0
(5)

where Q,, = Q, + Q. + Q, represents the matter energy
density (encompassing baryons, cold dark matter, and
neutrinos), €; denotes the curvature density parameter,
and Qpg describes the energy-density component associ-
ated with Dark Energy (DE). Notice that I assume the DE
equation of state w = Ppg/ppg (i.€., the ratio between the
pressure Ppg and energy-density ppg of DE) to be constant.
Within the standard ACDM model of cosmology, this
parameter is fixed to w = —1, corresponding to a cosmo-
logical constant case Qpg = Q4. Within ACDM the spatial
background geometry is assumed to be flat, Q; = 0.
Therefore, if we aim to use the simple Eq. (5) to para-
metrize the effects of new physics beyond the standard
cosmological model, we are left with only two possibilities:
working on the background geometry or on the DE
equation of state.” Both of these parameters can be well
constrained by a multitude of observational data and have
been the subject of intense attention and debate for a variety
of reasons.® Again, I will not take part in the debate as my
goal is to parametrize new physics able to alleviate the
Hubble tension and study its implications for inflation.
Since one of the most typical predictions of inflation is that
the observable Universe should be locally flat, I fix the
background geometry to €2, = 0, focusing on the potential
realizations of new theories capable of predicting non-
standard values for w.

1. METHODOLOGY

A. Early-time solutions

I study a class of models described by seven free
parameters (one more than in ACDM) namely the baryon
w, = Qph? and cold dark matter o, = Q.h® energy den-
sities, the angular size of the horizon at the last scattering
surface 6., the optical depth 7, the amplitude of primordial
scalar perturbation log(10'°A,), the scalar spectral index 7
and the tensor amplitude r. Notice that I am considering the

"Notice that many other attempts to solve the Hubble tension
in the context of late-time new physics have been discussed in the
literature, introducing modifications to the background dynamics
parametrized by Eq. (5). Just to mention a few concrete examples,
a nonexhaustive list of possibilities involves considering modi-
fied gravity theories and or exotic/phenomenological theoretical
frameworks such as Interacting Dark Energy or sign-switching
cosmology. With no claim of covering all possibilities, for works
in this direction, the interested reader can refer to, e.g.,
Refs. [278-304] and references therein.

8See, e.g., Refs. [292,305-324] for discussions surrounding
the curvature parameter and Refs. [12,23,31,34,36,37,291,312,
325-340] for recent constraints on the DE equation of state from
a multitude of astrophysical and cosmological probes.

tensor amplitude r as a free parameter because my goal here
is to study the implications for inflationary models that can
be well described in terms of their joint predictions for 7
and r. Following Ref. [262], I assume that a physical theory
can set N to nonstandard values, such that N > 3.044.
Specifically, I consider 11 different cases where ANy =
Neir — 3.044 ranges from O (corresponding to ACDM) to 1
(corresponding to N =~ 4) in steps of AN s = 0.1. For
each of these steps, I perform a full Markov Chains
Monte Carlo (MCMC) analysis using the publicly available
code cobaya [341] and computing the cosmological
model using the publicly available Boltzmann integrator
code CAMB [342,343]. Within each MCMC run, I keep N
fixed while varying all the other seven cosmological
parameters.

B. Late-time solutions

I study a class of models with seven free parameters (the
same listed above), assuming now that a physical theory
can fix w to nonstandard values. Specifically, just like
Ref. [262], to raise H, I consider five different cases where
w ranges from —1 (i.e., the cosmological constant value)
up to —1.2 in steps of Aw = —0.05. Therefore w remains
confined in the phantom regime where w < —1. Following
the same methodology outlined when I studied early-time
solutions, for each of these steps, I perform a full MCMC
analysis. Within each run, I keep w fixed while varying all
the other seven cosmological parameters.

C. Datasets

The datasets involved in my analysis are’

(1) Measurements of the Planck CMB temperature
anisotropy and polarization power spectra, their
cross spectra, and the lensing power spectrum. All
the Planck CMB likelihoods employed in this work
are listed below:

(a) Measurements of the power spectra of temper-
ature and polarization anisotropies, CL7, CTE,
and CEE, at small scales (¢ > 30), obtained by
the Planck plik likelihood [12,344];

(b) Measurements of the spectrum of temperature
anisotropies, CL7, at large scales (2 < # < 30),
obtained by the Planck Commander likeli-
hood [12,344];

(c) Measurements of the spectrum of E-mode
polarization, CEE, at large scales (2 < # < 30),
obtained by the Planck Simall likeli-
hood [12,344];

’Concerning the choice of likelihoods employed in my study, I
conservatively used the very same combinations of observables
analyzed in the Planck 2018 paper on inflation [127]. Namely
the same Planck 2018 CMB likelihoods (including the lensing
potential), B-mode polarization measurements, and baryon
acoustic oscillations.
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(d) Reconstruction of the spectrum of the lensing
potential, obtained by the Planck plik like-
lihood [345].

(2) B-mode CMB polarization data released by the
BICEP/Keck Collaboration [189].

(3) BAO and Redshift-Space Distortion measurements
from the completed SDSS-IV eBOSS survey. These
include isotropic and anisotropic distance and ex-
pansion rate measurements and are summarized in
Table 3 of Ref. [23].

I refer to the full combinations of these datasets as
Planck + BK18 + BAO.

IV.EARLY-TIME NEW PHYSICS AND INFLATION

In this section, I study the implications for inflation
resulting from early-time new physics parametrized by
imposing N.g > 3.044. I divide the section into two sub-
sections: in Sec. IV A, I discuss the implications for generic
single-field models of inflation where the inflationary
potential is parametrized in terms of the slow-roll para-
meters. Conversely, in Sec. IV B, T will focus on the
implications of one particular benchmark scenario: the
model proposed by Starobinsky [196].

A. Implications for single-field inflation

I start studying the implications resulting from intro-
ducing early-time new physics, considering generic single-
field models of inflation. Specifically, I assume inflation to
be driven by a scalar field ¢» minimally coupled to gravity.
The action reads as

M2, 1
~ZR+-¢"0,40,0 —V($)|. (6)

S= [ d*x/=g
/x 917 2

with My, =1/v872G =24 x 10" GeV the reduced
Planck mass in the natural units (c = A4 = 1) and R the
Ricci scalar. For the moment, I do not assume any specific
inflationary potentials and parametrize the spectra of
primordial scalar and tensor perturbations by adopting
the usual power-law form

log Ps(k) =logAs + (ns - 1) log (k/k*) (7)
log Pr(k) = log (rA) + (nt)log (k/k.), (8)

where k, denotes an arbitrary pivot scale that 1 fix to
k, = 0.05 Mpc~!. However, I express the scalar and tensor
tilts in terms of slow-roll parameters

M2 V2 1%
- pl ¢ - 2 P9

that quantifies the derivatives of the inflationary potentials
with respect to the filed (V). In particular, I assume the
well-known (consistency) relations [188]

ng — 1 =25 — 6e, n,=-2¢=-r/8, (10)
where, as usual, the slow-roll parameters ¢ and 7 are
calculated for specific field values ¢, corresponding to
when perturbations cross the horizon during inflation.

The most significant result of this analysis is visually
represented in Fig. 1. The figure shows the two-dimen-
sional correlations among different parameters relevant to
the discussion. In particular, the first panel on the left
depicts the correlation between the value of the sound
horizon at the drag recombination epoch (rdrag)10 and the
present-day rate of expansion of the Universe for
all 11 different scenarios considered. The results dis-
tinctly indicate that incorporating new physics able to
increase the energy budget in the early Universe con-
cerning the standard cosmological model, diminishes the
value of the sound horizon, thereby leading to a higher
expansion rate of the Universe in the current epoch. This
is an acknowledged mechanism that has spurred the
development of several models, eventually proposed
as potential resolutions for the Hubble tension. More
precisely, to achieve values of H, consistent with the
SHOES result, one needs to reduce the value of the
sound horizon by approximately 5%, transitioning from
Tarag ~ 147 Mpc  (value obtained within the ACDM
model) to rgre ~ 140 — 138 Mpc. Within the parametri-
zation employed in this section, achieving such a shift
requires considering corrections ANy = 0.7 as it has
been already documented in the literature (see, for
instance, the discussion in Ref. [262]).

In the second and third panels of Fig. 1, I focus on the
correlation between rg4,, and ng; (second panel) and
between rg,, and r (third panel). Concerning the spectral
index, we see that increasing AN results in a significant
shift toward n,; ~ 1. Reducing the sound horizon value by
about 5% to resolve the Hubble tension imposes constraints
on the spectral index n; = 0.99. On the other hand, the
constraints on the tensor amplitude remain substantially
unchanged.

In the context of single-field slow-roll inflation, the
values of the spectral index and tensor amplitude can be
directly correlated to the values of derivatives of the
inflationary potential through the relationships indicated
in Eq. (10). Therefore, another point I would like to briefly

%It is worth noting that BAO measurements are sensitive to the
sound horizon evaluated at the baryon drag epoch, typically
denoted by ryy,, [346], while, as explained in Sec. II, the scale
relevant for the acoustic peaks in the CMB is the sound horizon
evaluated at recombination, typically denoted by r, [347]. The
two epochs are separated in redshift by Az = zge — 2. ~ 30, s0
the difference between the two sound horizons is important. Since
the results in the literature are commonly given in terms of gy,
in this work I will adhere to the most commonly used practice for
direct comparison.
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discuss concerns the possible implications of the Hubble
tension for inflationary models. Keeping the discussion as
general as possible, in Fig. 2, I depict the constraints on
the two slow-roll parameters, ¢ and #, as well as their
correlation with the value of rg,,. As highlighted in the
figure, the parameter ¢ is not sensitive to the value of
the sound horizon. This parameter is directly related to the
amplitude of tensor perturbations by the slow-roll relation
r = 16¢. B-mode polarization measurements from the
BICEP/Keck likelihood set very stringent constraints on
the tensor amplitude r, and these constraints are essentially
unchanged with the cosmological model.'" As a result, for
all cases considered, I obtain a very tight limit of ¢ < 0.002,
making its contribution in Eq. (10) subdominant compared
to ;7.]2 Therefore, the significant shift in the value of n; is
recast into a variation in the inferred value for the second
slow-roll parameter, 7. Within the standard cosmological
model, ; is measured to be = —0.013010059, namely
n < 0 and such that 1> || > ¢. Being linked to deriv-
atives of the inflationary potential, such a hierarchy poses a
minor fine-tuning problem since there exists no funda-
mental reason or symmetry in nature that can justify it. In
fact, it simply stands as a prediction of current data
imposing strong constraints on the inflationary models
that can be deemed suitable to explain current observa-
tions. As a matter of fact, a few well-motivated inflation
models that are able to predict such a hierarchy have
become along the years benchmark scenarios to gauge
future CMB experiments. This is, for instance, the case of
the model proposed by Starobinsky in Ref. [196], which is
able to naturally explain such a hierarchy between the
inflationary slow-roll parameters. That said, observing
Fig. 2 again, we can notice how this hierarchy is called
into question when considering the possibility of intro-
ducing new physical mechanisms that could resolve the
Hubble tension. As soon as the value of the sound horizon
gets smaller (and H higher), the parameter # shifts toward
n — 0, allowing in some cases values close to 0 or even
crossing the positive region.13 While this could reduce the
fine-tuning between the two slow-roll parameters, it has

""The limit on the tensor amplitude is primarily due to
measurements of the BB angular power spectrum at large angular
scales (¢ < 100), where the lensing contribution in the BB
spectrum is subdominant compared to the primordial tensor
counterpart. In this range of the spectrum, the only significant
parameter to gauge the amplitude of the signal is the tensor-to-
scalar ratio r, significantly reducing the dependence of the
constraints on the background cosmology.

"I note that in the minimal theoretical setup described by
single field slow-roll inflation, it must be € > 0 to preserve the
Null Energy Condition. Therefore, this parameter is bounded in
the range e € [0,0.002].

“To provide concrete numbers quantifying this shift, I observe
that within the ACDM model, # = 0 is ruled out at 5.4¢, whereas
for AN 2 0.6, it is well allowed within the 68% confidence
level contours.

important implications in terms of model selection.
Referring back to Eq. (9) we see that determining whether
n is positive or negative is equivalent to determining the
sign of the second derivative of the inflationary potential
V"(¢), and thus whether the inflationary potential is
concave or convex. Maintaining a standard cosmological
model, the various datasets analyzed in this study produce
probability contours in the concave region (7 < 0), while
altering the cosmological model the results gradually shift
toward the region of convex potentials (7 > 0), thereby
challenging some well-established benchmark models, as
discussed in the next section.

B. Implications for Starobinsky inflation

To further clarify the implications resulting from early-
time new physics in the cosmological model, now I
explicitly consider the benchmark scenario proposed by
Starobinsky [196] where the inflationary sector of the
theory is described by the following action:

M?> R2
S:Tﬂ/d4x./_—g<R+W). (11)

In this model, inflation is achieved by considering f(R)
gravity with f(R) = R + R?/6m? (m is a constant with the
unit of mass). However, one can switch from the Jordan to
the Einstein frame where Starobinsky inflation is equiv-
alently described in terms of a scalar field (@) whose
potential reads as

V(p) = Vo(1 — emVioiMa?, (12)

Plugging Eq. (12) into the relations for the slow-roll
parameter € and 5 given by Eq. (9), one gets

e Eie_z\/%(/’X/Mpl, n o _ie_\/glﬂ*/Mp]’ (13)

3 3

where the field is evaluated at a given time ¢,, correspond-
ing to when perturbations cross the horizon during
inflation. For the following discussion, it is useful to
work in terms of the number of e-folds A/ between the

horizon crossing and the end of inflation, which can be
expressed as

N = i/%"d Ld(p NERVLN (14)

Using this result, one can derive a set of well-known
relations that link the number of e-folds A to the spectral
index of the scalar perturbations n; and the tensor-to-
scalar ratio r. Namely,

re—. (15)
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Notice that, in general, modes with frequency f = k/2x
will cross the horizon A e-folds before the end of inflation
given by the following relation [188]:
N:—ln( k ) —|—ln< , ) —%1n<®> —|—1n<TRH>
aoH 0 H end 3 A Teq
+11n<g*S(TRH)> —|—ll’l<aequq), (16)
3 g*S(Teq) agH,
where agH ~ 2.248 x 10~ Mpc~! represents the inverse
of the comoving horizon size in the current Universe,
H, is the value of the Hubble parameter at the horizon
exit, H,,q is the Hubble parameter at the end of inflation,
A is the energy scale of inflation and the subscript “eq”
denotes quantities evaluated at matter-radiation equality.
Approximating H.,qg ~ H, and recalling that in single-
field models of inflation the energy scale can be related to
the amplitude of tensor perturbations by A ~ 3.3 x r!/4 x
10'¢ GeV, one can get a rough idea of the value of A at
k =k, = 0.05 Mpc~!. In particular, fixing a ACDM-
like history after inflation, the typical range allowed
for N within single-field models falls in the range
N €[55,65] [348]. Plugging these values into Eq. (15)
makes it easy to see that the value obtained for the
inflationary parameters perfectly aligns with those mea-
sured by the Planck Collaboration (as well as with the
upper bound on r obtained by BK18 data) when a ACDM
model of cosmology is assumed.

To study the possible effects of nonstandard models as a
proxy for new physics in the early Universe, I repeat the
same exercise of considering 11 different cases where
AN ranges from O to 1 in steps of AN = 0.1. However
in this case, the inflationary sector of the theory is fixed to
the Starobinsky model that I incorporate from the onset into
the cosmological framework and the data analysis process.
Specifically, I still use conventional power-law parametri-
zations for the scalar and tensor spectrum given by Eqgs. (7)
and (8). However, I impose the theoretical relationships
between the inflationary parameters 7, and r as defined in
Eq. (15). It is worth noting that these equations reduce the
number of free degrees of freedom in the model from 7 to 6
(i.e., the same number of free parameters as the standard
picture). Among other benefits, this facilitates a more
precise analysis. For each of these steps, I perform a full
MCMC analysis using the same methodology and datasets
described in Sec. IIL

The results I want to highlight are depicted in Fig. 3
where one can see the correlation between ryy,, and N.
From the figure, it is evident that assuming a standard
cosmology (i.e., AN ~ 0), Starobinsky inflation remark-
ably describes current data, and that A" = 63.8737 aligns
well with the theoretically expected value for this param-

eter. However, when different prerecombination expansion
histories of the Universe are considered, the constraints on

N undergo significant shifts. Simulating the phenomenol-
ogy needed to alleviate the Hubble tension, the number of
e-folds required to achieve a good fit with the current data
becomes excessively high, unequivocally confirming that
this model may no longer be well supported by observa-
tions in these alternative scenarios. Interestingly, I note here
that a contribution AN ~ 0.3-0.4 would be already
enough for this model to become somewhat unsupported
by current CMB and BAO data, postponing the discussion
of whether such values of AN are actually allowed to the
next subsection.

C. Discussions and concluding remarks

To conclude this section, I want to address one last, but
not least, aspect. In light of all the extensively discussed
effects regarding the consequences of introducing new
physics at early times, it is worth asking to what extent
models that fix ANy to nonstandard values are able to
provide a good explanation of the CMB and BAO data and
simultaneously offer a good description of the SHOES
measurement of the current expansion rate of the Universe
(and eventually quantify the implications for inflation
further).

To begin with, we can certainly make a list of features
that we believe need to be preserved along with the
appropriate statistical metrics introduced and used to
quantitatively test whether and to what extent such con-
ditions are effectively satisfied.

(1) Firstly, we would like to solve or at least reduce the
Hubble tension. To quantify the level of agreement
between the Hubble parameter value obtained from
CMB data within models introducing new physics
at early times (H§MB) and the value of the same
parameter measured by the SHOES Collaboration
(HSHOES) T use the simplest and most intuitive
measure of the degree of tension in terms of the
number of standard deviations (#o) defined as

‘HSMB _ HgHOES|

2 2
VOcmB T OSHoES

(2) The introduction of new physics in the early Uni-
verse produces a series of almost inevitable conse-
quences in the spectra of CMB temperature and
polarization anisotropies. Therefore, a second re-
quirement we need to impose is that the model of
new physics under consideration should not exces-
sively degrade the fit to CMB data. In nonstandard
models, I compute the total Ay? resulting from the
three likelihoods considered in this study against
(Planck + BK18 + BAO) with respect to ACDM. 1
define Ay?> in such a way that negative values
indicate an improvement in the fit over ACDM,
while positive values indicate a worsening of the fit
compared to ACDM.

#o =

(17)
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(3) As a third requirement I ensure that the model of
new physics is not too much disfavored from a
statistical perspective compared to the standard
cosmological model. To quantify this, I calculate
the Bayesian evidence (with respect to ACDM).
Particularly, when provided with a dataset D and two
models, M; and M, characterized by the para-
meters 0; and @; respectively, the logarithm of the
Bayes factor for model M; with respect to model
M is calculated as follows:

J d0;x(0;|M;)L(D|6;, M)

lnBij:ln (18)

where 7(0;|M;) is the prior for the parameters 0;
while £(D|6;, M,) is the likelihood of the data D
given the model parameters ;. Notice also that
I am assuming equal prior probabilities for the two
models. In practice, to evaluate InB;; o I employ
the MCEvidence package, which is publicly
available [349,350]. 4T use the convention that a
negative value of In B;; means a preference for the
nonstandard model(s) against ACDM while positive
values of InB;; mean a preference for ACDM
against nonstandard model(s). I refer to the revised
Jeffrey’s scale [351,352], to interpret the results
and will say that the evidence is inconclusive if
0<|InB;| <1, weak if I <|InB;;| < 2.5, moder-
ate if 2.5 < |InB;;| < 5, strong if 5 < |In B;;| < 10,
and very strong if |In B;;| > 10.

(4) Finally, even when limiting ourselves to mecha-
nisms that can move toward the SHOES value
without significantly worsening the fit to the CMB,
we need to quantify the changes that might be
needed to consider to get an inflation model able
to provide an explanation for the observed high
values of ny, while maintaining a tensor amplitude in
agreement with the latest BK18 measurements of
B-mode polarization. Since, as demonstrated in the
last subsection, when considering early-time new
physics, Starobinsky inflation somewhat struggles to
provide a good description of the data, here I explore
a purely phenomenological extension where
ny =1-(2n/N). It is noteworthy that for n = 1,
Eq. (15) is recovered. However, introducing a new
parameter n can offer the benefit of providing us
with more flexibility to maintain an acceptable
number of last e-folds of inflation A" when n; shifts
toward larger values. This would entail considering
values of n less than 1 and quantify the extent to
which one needs to deviate from Starobinsky,

"The MCEvidence package can be accessed at the following
link: https://github.com/yabebalFantaye/MCEvidence.

In Bj
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FIG. 4. Each point of different color represents predictions in
the plane (ny, rg,g) along with corresponding error bars for the
two parameters from models that parametrize the effects of new
physics at early times in terms of corrections to the effective
number of relativistic degrees of freedom, AN = {0.1, ..., 1}.
On the y axis, on the right side of the figure, for each point, the
Hubble tension is quantified using Eq. (17). Conversely, on the
x axis at the top of the figure, the Bayes factors compared to
the standard cosmological model, In B;; are obtained by Eq. (18).
The Ay? is also shown at the top of the figure. The gray dashed
vertical lines represent the number of e-folds A required for
models where n, ~1— (2n/N).

gauging inflationary models for early-time new
physics.

To assess the extent to which we can simultaneously
satisfy these requirements, one can refer to the graphical
representation that illustrates all these metrics simultane-
ously given in Fig. 4. In particular, each point of a different
color represents predictions in the plane ny-ry,, along with
corresponding error bars for the two parameters for the ten
models considered in this section. These models para-
metrize the effects of new physics at primordial times in
terms of corrections to the effective number of relativistic
degrees of freedom, AN = {0.1, ..., 1}. On the right-side
y axis in the figure, for each point, I quantify the Hubble
tension with respect to the value measured by SHOES
(H3H9ES = 73 + 1 km/s/Mpc) using Eq. (17). Conversely,
on the x axis at the top of the figure, I show In B;; obtained
by Eq. (18) where each model is compared to the standard
cosmological model (AN ; = 0). As extensively discussed
in the previous section, increasing the expansion rate before
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recombination shifts us in the direction of reducing the
sound horizon and, consequently, decreasing the Hubble
tension. However, moving in this direction leads to a
significant deterioration in the fit to the CMB data.
Models that are able to reduce the Hubble tension corre-
spond to increasingly larger and positive values of In B;;,
indicating that these scenarios are significantly penalized
compared to the standard cosmological model. To these
two effects, we add the shift toward scale invariance
(ng — 1), which, in terms of implications for inflationary
models, is quantified by the number of e-folds N obtained
for models where ng~1— (2n/N'). These values are
shown in the figure by gray dashed vertical lines.

From the results depicted in the figure, it may seem like
we are ensnared in a typical “short blanket” scenario, where
covering one aspect exposes another, underscoring a
challenge of balance and compromise. For instance, as
also highlighted in Ref. [262], models with AN.; ~
0.3-0.4 can reduce the Hubble tension from approximately
56 to <30. These models are moderately disfavored
compared to ACDM (In B;; < 2.5) but nevertheless show
a worsening in the fit to CMB and BAO data, leading
to Ay? ~3-5. Conversely, models with AN > 0.6 are
effective in alleviating the Hubble tension but are strongly
or very strongly disfavored from the Bayesian evidence
point of view, leading to a significant worsening in the y?,
as well (see also Fig. 4). Nevertheless, when considering
the implications for inflationary models, scenarios with
AN ~ 0.3 would require a number of e-folds A = 100n.
Setting n = 1 (i.e., Starobinsky and a-attractor inflation)
would lead to a number of e-folds clearly too large.
Therefore, one important conclusion, extending the results
of Ref. [262] to inflation, is that models predicting
AN ~0.3-0.4 can indeed reduce the tension to ~3¢
while only being moderately disfavored compared to
ACDM. However, this is already enough to make most
typical inflationary models, such as Starobinsky inflation,
or more broadly any potential model predicting a relation
ny « 1 —(2n/N') with n > 1, inadequate for describing the
data, implying reconsidering scenarios in which n < 1,
which are in turn significantly disfavored within the
standard ACDM framework. This is direct evidence that
even in very simple models with a number of degrees of
freedom and a parameter constraining power similar to the
standard case, mild deviations from an early-time ACDM
cosmology (partially supported by current data) could lead
to very significant differences in our understanding of the
inflationary Universe, potentially to a greater degree than
commonly realized.

V. LATE-TIME NEW PHYSICS AND INFLATION

In this section, I study the implications for inflation
resulting from models able to fix w < —1. As usual, I divide
the section into two subsections: in Sec. VA, I discuss

the implications for generic single-field models while in
Sec. VB, I focus on Starobinsky inflation.

A. Implications for single-field inflation

In this case, the main results and correlations between
various parameters of interest are displayed in Fig. 5, which
corroborate findings already extensively documented in the
literature. Namely, a shift in the equation of state toward the
phantom regime can alleviate the Hubble tension. Without
delving into the debate of whether such physical realiza-
tions could occur in nature, I assume this parametrization
as an effective representation of a late-time solution and
explore its effects on inflation. Unlike when considering
parametrizations of new physics at early times, in this case,
the implications for inflationary parameters are much more
modest. The bottom panels in Fig. 5 show the correlation
between H, the spectral index n,, and the tensor tilt 7.
Moving toward higher values of H, the two-dimensional
contours for n,; remain almost unchanged, albeit with a
slight shift. A remarkable thing is that, contrary to early-
time solutions, here the shift occurs toward lower values
of n,. On the other hand, focusing on the second panel (the
bottom right one) of the same figure, we note that the
constraints on the tensor amplitude remain unchanged in
this scenario as well. When interpreting these results in
relation to the slow-roll parameters € and # (depicted in the
top panels of Fig. 5), it becomes evident that the upper limit
on € (which proportionally reflects the upper limit on the
amplitude of tensor perturbations) is not sensitive to the
introduction of new physics in the cosmological model.
However, in the case of the parameter 5, akin to the
behavior observed in ng, we note a modest shift resulting
from the inclusion of new physics at later times. Notably,
with ng shifting toward smaller values, # now moves toward
more negative values. Therefore, although the overall effect
is very modest, I observe that the hierarchy between the
slow-roll parameters 1>> || > ¢ seems further favored
based on these results."

B. Implications for Starobinsky inflation

For the sake of completeness, I now turn to briefly study
the implications for Starobinsky inflation. I consider five
different cases where w ranges from w = -1 up to
w = —1.2 in steps of Aw = —0.05 adopting the theoretical
relationships between n; and r as defined in Eq. (15)
from the beginning of the analysis. Consequently, the
cosmological model retains six free parameters. I always
examine the same combination of data, namely Planck+
BK18 + BAO.

S Although I do not discuss it in detail (not being relevant for
inflation), it is worth noting that, just like Ref. [262], I find that
models with w ~ —1.2 are strongly disfavored from a statistical
point of view compared to ACDM.
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Bottom panels: two-dimensional correlations between H(, and the inflationary parameters n, (left) and r (right). Top panels:

two-dimensional correlations between the slow-roll parameters 7 (left) and e (right). The different contours are obtained by considering
various realizations of late-time (new) physics altering the expansion history of the Universe after recombination, whose effects are
parametrized in terms of a phantom Dark Energy component w < —1.

The most interesting results I want to discuss are depicted
in Fig. 6. The figure shows the correlation between H, and
the number of e-folds N in Starobinsky inflation across
the aforementioned five cases. The shift in the value of n;
produces a minor shift of N toward lower values compared
to those obtained by fixing a standard background cosmol-
ogy. However, contrary to what occurs within parametriza-
tions of early-time new physics (where for sufficiently large
corrections to AN, the model becomes inadequate in
providing an optimal description of data), the model remains
in good agreement with the observations. The value of N is
consistent with the expected value based on theoretical
arguments for this parameter.

VI. EARLY DARK ENERGY AND INFLATION

Up until now, I have been studying the implications of
(early-time and late-time) new physics, whether for generic
inflationary models or for Starobinsky inflation. The
peculiarity of the approach I have taken lies in hypoth-
esizing that a generic theory of new physics could set
the values of parameters describing the expansion of the

Universe (either at early or late times) to nonstandard
values beyond those set in ACDM.

The advantage of this approach—apart from remaining
blind to the specific model of new physics—is given by the
limited number of free parameters involved in the analysis.
In fact, in all cases discussed thus far, I considered models
with either seven or six free parameters: the same number
or one more than in the standard cosmological model. This
has allowed me to explore the implications of the Hubble
tension for inflation following within a level of constraining
power similar to ACDM.

While I believe this analysis has potentially clarified
and highlighted how the Hubble tension can represent an
element of uncertainty surrounding our knowledge of
cosmological inflation, the results rely in part on assump-
tions: primarily, the existence of a theory able to fix
parameters to nonstandard values without introducing
additional degrees of freedom. An interesting difference
compared to Ref. [262] (a work upon which the analysis
conducted so far was largely inspired), is that these minimal
scenarios seem to be somewhat “more disfavored” in light
of updated data. Therefore, I believe it is imperative to
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FIG. 6. Two-dimensional correlations between H, and the
number of e-folds N in Starobinsky inflation. The different
contours are obtained by considering various realizations of late-
time (new) physics altering the expansion history of the Universe
post-to recombination, whose effects are parametrized in terms of
a phantom Dark Energy component.

extend further the analysis to more realistic potential
solutions of the Hubble tension.

Here I take an additional step forward and extend the
discussion of inflation to axion EDE. After briefly describ-
ing the theoretical and numerical implementation of EDE
(Sec. VI A), following an approach very similar to what I
have been doing so far, I point out the effects resulting from
assuming the existence of a nonvanishing fraction of EDE
(Sec. VIB). Since my analysis confirms that EDE might
bring non-negligible implications for inflation, in Sec. VIC
I adopt a more traditional approach and discuss how the
constraints on generic single-field models change in
EDE cosmology allowing all parameters to freely vary.
Finally, another aspect that I would like to clarify is the
following one: several scattered studies have suggested
that Starobinsky inflation appears to be disfavored in the
presence of EDE. However, none of the analyses in the
literature have accounted for both paradigms simultane-
ously. In other words, an analysis that incorporates EDE
in the early Universe while assuming Starobinsky inflation
is lacking. This gap, to the best of my knowledge, remains
unaddressed in the literature to date. Therefore, in
Sec. VID, I examine what current data can reveal about
EDE and Starobinsky inflation, aiming to answer the
fundamental question: can Starobinsky inflation coexist
within the framework of EDE cosmology?

A. Axion early dark energy

I adopt the same EDE implementation detailed in
Ref. [243]. In this model, a light scalar field ¢gpg behaves

as an effective cosmological constant that dynamically
decays by oscillating in its potential V(¢gpg). To employ
such a mechanism to reduce the value of the sound
horizon and alleviate the Hubble tension, the field must
begin to oscillate roughly around recombination, requiring
some fine-tuning. For instance, around recombination,
the Hubble parameter is H « T%/M,; ~ 10727 eV. Conse-
quently, the scalar field must be extremely light to remain
frozen for such a long time. From a particle physics
standpoint, the only known example is the axion. For this
reason, this model is usually referred to as axion EDE. In
order to avoid spoiling late-time cosmology, the vacuum
energy associated with the field must redshift away faster
than matter (i.e., faster than ¢~3), and the field should
behave as a subdominant component of the Universe. This
requires significant restrictions on the potential. I adopt the
same potential studied in Ref. [243]:

V(epe) o [1 — cos(depe/ )] (19)

(which can arise from instanton actions, although requiring
a certain level of fine-tuning) by fixing y = 3.

From the numerical point of view, the EDE model is
implemented within the Boltzmann solver code CLASS,
making the necessary modifications so that the code solves
for the evolution of the scalar field perturbations directly
using the perturbed Klein—Gordon equation as described
in Sec. III of Ref. [243]. The set of parameters used to
describe EDE consists of the fractional contribution to
the total energy density of the Universe, fgpg(z) =
PepE(2)/prot(2) evaluated at the critical redshift z, at which
it reaches the maximum value, and 6;, which is the
parameter that usually describes the initial field displace-
ment. Along with the free EDE parameters, the other free
parameters of the cosmological model always involve the
baryon @y, = Q,h* and cold dark matter w, = Q.h? energy
densities, the angular size of the horizon at the last
scattering surface 0,, the optical depth 7z, and the amplitude
of primordial scalar perturbation log(10'°A;). Instead, as
concerns other inflationary parameters such as the scalar
spectral index n, and the tensor amplitude r, the para-
metrization adopted in this case depends on the different
scenarios considered in the following subsections where
different models of inflation are examined. The datasets
involved in my analysis are the same as described in Sec. 11
with the additional inclusion of a prior on Hy =73 £
1 km/s/Mpc that for every case I include and exclude from
the analysis.

B. Preliminary observations

A non-negligible contribution from an EDE component
in the early Universe implies a larger amount of energy
density just prior to recombination. As a result this
mechanism leads to a reduction of the sound horizon
and, consequently, to a larger value of the Hubble constant
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FIG. 7. Each point of different color represents predictions in

the plane (n;, ry,,) along with corresponding error bars for these
two parameters from EDE models where fyp is fixed to different
values fppp = {0.02, ...,0.14} displayed on the top x axis. On
the y axis, on the right side of the figure, for each point, the
Hubble tension is quantified using Eq. (17). The gray dashed
vertical lines represent the number of e-folds N required for
models where ng,~ 1 — (2n/N).

inferred by CMB observations. For this reason, EDE gained
significant research attention due to its potential role in
addressing the Hubble tension [202,224,234].

This is very clear from Fig. 7. To produce this figure, I
followed an approach somewhat similar to what was done
in the previous sections. Namely, I am fixing by hand the
total fraction of EDE at values fgpg € [0,0.14] at steps of
Afepe = 0.02. For each of these steps, I vary all the other
nine cosmological parameters listed in Sec. VIA and
perform a full MCMC analysis (following the usual
methodology). From the figure, we can clearly see how
increasing the fraction of EDE (top x axis) decreases the
value of the sound horizon (left y axis) and the Hubble
tension (right y axis). Nevertheless, when we consider
increasingly higher fgpg, we also move toward n, — 1
(bottom x axis). As usual, the merit of this approach, on the
one hand, is to obtain constraints with a precision compa-
rable to the baseline cosmological model, thereby limiting
the effects of degeneracy among different parameters (most
notably between n; and fgpg). On the other hand, it spots
the effects of considering a nonvanishing fraction of EDE
in the cosmological model and how it can (indirectly)
change our constraints on inflationary parameters and
possibly our understanding of cosmic inflation.

In this regard, I note that the analysis confirms the overall
hints derived in the previous sections. New physics in the
early Universe (potentially needed to solve the Hubble
tension) might bring non-negligible implications for

inflation, to a degree possibly larger than expected. In
Fig. 7 I quantify this effect in terms of the number of e-folds
required for models where n,~1— (2n/N). I find that
an EDE fraction fgpg ~ 0.4-0.6 (that could only mildly
reduce the H, tension down to ~3¢) would already require
a number of e-folds N ~ 100n. This value would be too
large for Starobinsky-like models of inflation (where I
recall n > 1), pointing instead toward models with n < 1
(largely disfavored within a minimal ACDM cosmology).

Motivated by these preliminary findings, I will now
focus on EDE and inflation and, following a more tradi-
tional approach where all parameters are left free to vary, I
will comprehensively review the constraints on inflationary
parameters that we can obtain in the context of EDE
cosmology. Following the same narrative thread adopted
previously in this study, I will first consider the implications
for generic single-field models, pointing out the implica-
tions for the inflationary parameters ¢ and #. Then I will
focus on Starobinsky inflation, answering the question of
whether one of our best benchmark models of inflation is or
is not in agreement with one of our best theoretical attempts
to solve the Hubble tension.

C. Early dark energy and single-field inflation

I start by considering generic single-field inflation
described by Eq. (6), allowing all cosmological parameters
to freely vary. As a result, the model I consider in this
subsection has a total number of ten parameters (listed in
Sec. VIA). I perform a full MCMC analysis using the
following two datasets: Planck + BKI18 +BAO and
Planck 4+ BK18 + BAO + H,,. The first one contains all
the different likelihoods listed in Sec. III. The second one
includes also a Gaussian prior Hy = 73 £+ 1 km/s/Mpc
coming from the SHOES Collaboration [226].

The main point I want to address in this subsection is to
discuss what happens to the slow-roll parameters € and 7 in
EDE cosmology. The most interesting findings are shown
in Fig. 8, where I display the two-dimensional contours and
correlations between ¢ and 7 for three different cases:

(I) ACDM: In the context of the ACDM model, the

results of the slow-roll parameters derived within
a standard cosmological model for Planck +
BK18 + BAO are represented by the green contours
in the figure. These results were already presented in
the earlier Sec. IV A and are reiterated here. Despite
having been extensively discussed before, I recall
that within the standard cosmological model € <
0.002 while 7 is measured to be n = —0.01307)0039»
namely negative and such that 1> || > e.

(2) EDE: The results obtained from the analysis of the
same dataset, Planck + BK18 + BAO, considering
an evolutionary history of the primordial Universe
that incorporates a fraction of Early Dark Energy
(free to vary in the model), are represented by the
dashed black contours in Fig. 8. As evident from the
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FIG. 8. Two-dimensional correlations and one-dimensional
posterior distributions for the slow-roll parameters ¢ and 7 as
obtained within ACDM and EDE (including and not including a
SHOES prior on Hy).

plot, there is a noticeable broadening of uncertainties
for the parameter n = —0.0098f8’88255 . On the other
hand, the results for the parameter e remain mostly
stable. This increase in the uncertainty of # is partly
attributable to the correlation between this parameter
and those characteristics of EDE. The most signifi-
cant correlation is undoubtedly between 7 and fgpg.
Therefore, the constraints on the slow-roll para-
meters leave a wider margin to accommodate many
inflationary models ruled out by the same data
assuming a standard cosmological model. On a side
note, I would like to stress that this broadening of
uncertainties observed when all parameters are left
to vary is precisely the reason for which I considered
alternative approaches so far in the analysis.

(3) EDE + H,: While EDE has received considerable
attention for its potential to mitigate or resolve the
Hubble tension, it is important to note that upon
analysis with Planck + BK18 + BAO data, this
model, although allowing for slightly higher values
of H, compared to the standard cosmological model,
does not inherently favor the value measured by the
SHOES Collaboration. While this has raised doubts
about the genuine effectiveness of this model in
resolving the Hubble tension, an argument fre-
quently advocated by the EDE community is that
by incorporating a prior on H in the data analysis,
EDE notably enhances its fit over ACDM. Con-
sequently, an alternative viewpoint is to acknowl-
edge that when considering all the data collectively,

EDE provides a better explanation than ACDM.
While I am not delving deeper into this (somewhat
tricky) debate (for more details, see, e.g., the dis-
cussion on page 25 of Ref. [234]), I would like to
note that the introduction of a prior on H leads to
significant changes in the constraints on slow-roll
parameters. The orange contours in Fig. 8 depict the
results obtained for Planck + BK18 + BAO + H,,.
As one can see, the parameter ¢ remains somehow
unchanged while the parameter n = —0.0028 +
0.0037 notably shifts. Values of || ~0 are now
well within 1 standard deviation, indicating that
hierarchies 1> || ~ € (severely ruled out within
ACDM) in this case are fully supported by data.

D. Early dark energy and Starobinsky inflation

Based on previous efforts, I would like to examine a
specific cosmological model that combines the Starobinsky
action, Eq. (11), to describe the inflationary Universe and
simultaneously proposes EDE as a possible mechanism to
mitigate the Hubble tension. My question is whether these
two models can coexist based on current observations. In
other words, is it feasible to resolve or at least alleviate the
Hubble tension within the context of Early Dark Energy
while maintaining agreement with Starobinsky inflation?.

Before proceeding further, I would like to emphasize that
this question has been already partially discussed in the
literature, although with different levels of detail. In
particular, in Refs. [213,215,259,353], it has been argued
that reducing the Hubble constant discrepancy within EDE
requires a significant change in n; that is in overall
disagreement with the theoretical predictions of the afore-
mentioned inflation model. That being said, it is important
to note that these results were obtained without assuming
any specific inflation model, but only comparing the results
of inflationary parameters with those predicted by Egs. (15)
afterward. Here, 1 want to follow a different approach
and consider both these models together from the begin-
ning of the analysis. In other words, the theoretical relations
between nyg, r, and N predicted by the Starobinsky model
are implemented from scratch, thereby reducing the num-
ber of free parameters. For EDE, I consider the same
numerical implementation discussed in Sec. VIA. As a
result, the cosmological model I am considering in this
subsection has nine free parameters: {w, = Qph?, w.=
Q.h2,0,,7,10g(10'°A), N, fepe(ze), 2c,0;}. 1 analyze
this model in light of observations from Planck +
BK18 4+ BAO and Planck + BK18 + BAO + H,,.

The two-dimensional marginalized contours for the para-
meters of interest are illustrated in Fig. 9. The color map in
the figure represents the correlation between the value of n;
and the other parameters as obtained by considering
exclusively the combination of data Planck 4+ BKI18 +
BAO. The black contours in the figure show the results
in the parameter space for the same model, assuming an
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FIG.9. Two-dimensional marginalized contours for the number of e-folds ', the EDE fraction fxpg, the Hubble parameter H,, and the
sound horizon rgy,, in a cosmological model where the inflationary sector of the theory is described by Starobinsky inflation. The color
map in the figure represents the correlation between the value of n, and the other parameters as obtained by considering exclusively
the combination of data Planck + BK18 4+ BAO in EDE cosmology. The black contours in the figure show the results in the para-
meter space for the same model, assuming an additional prior on H, from local distance ladder measurements (referred to as
Starobinsky-EDE + H|, in the legend). To highlight the effects of EDE, I show in olive green the results obtained assuming Starobinsky

inflation in a standard ACDM cosmology.

additional prior on H|, from local distance ladder measure-
ments (referred to in the legend as Starobinsky-EDE + Hy).
Furthermore, to highlight the effects of EDE, I show in
olive green the results obtained assuming Starobinsky
inflation in a standard ACDM cosmology.

Concerning the only free parameter in the inflationary
sector of the theory—the number of e-folds N'—I find that
in EDE cosmology, I can get values that are compatible
with those expected on the basis of theoretical arguments.
So, Starobinsky inflation is not necessarily ruled out in
EDE cosmology. This is shown clearly in Fig. 10, where I
compare the 1D posterior of N for the three cases described
earlier (i.e., ACDM, EDE, and EDE + H,)). I note that the
substantial difference of assuming EDE or ACDM is that
the 1D posterior distribution in the case of EDE has a much
broader right tail compared to what is observed assuming
the standard cosmological model. Returning to Fig. 9, it is

easy to see that this probability tail is due to the correlation
between fepg, Tarag» Ho, and ng. In particular, a significant
fraction of EDE leads to a reduction in the sound horizon
value, thereby increasing H,. As extensively discussed in
the previous section, this results in higher values of n, and,
consequently, larger values of A/. Therefore, from the
same figure, it is clear that maintaining consistency with
Starobinsky inflation would require having only a very tiny
fraction of EDE fypg < 0.06, in line with what I discussed
at the beginning of this section.

When considering a prior on H, from SHOES, one
expects the contribution of models with larger fgpg to
become much more significant, as these models can
increase H, and better explain data. This is what I observe
in Fig. 9: assuming a prior on Hy = 73 £ 1 km/s/Mpc, the
black contours shift significantly in the direction of a non-
negligible fraction of Early Dark Energy and a lower value
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FIG. 10. One-dimensional posterior distributions for the number
of e-folds AV in Starobinsky inflation as obtained within ACDM
and EDE (including and not including a SHOES prior on Hy).

of the sound horizon. This implies higher values of n; and,
within the Starobinsky model, higher values of . Indeed,
as evident from Fig. 10, values of the number of e-folds in
the range NV €[50, 70] are now excluded at more than 3
standard deviations. In this regard, it is worth noting that
the exact number of e-folds of inflation A/, generally
depends on the model itself and the details of the sub-
sequent postinflationary evolution through the reheating
temperature [348,354]. Although under some circumstan-
ces it is theoretically possible to achieve models with a
greater number of e-folds,'® these realizations are typically
not applicable to the minimal R? inflation considered in this
work. In realistic realizations of reheating in Starobinsky
inflation [355,356], the inflaton coupling to all fields is
Planck scale suppressed, and reheating mainly occurs via
its decays into the Standard Model Higgs bosons (which
immediately rescatter into Standard Model particles) since
the inflaton couplings to all other fields are further sup-
pressed due to conformal symmetry [196,357]. Conse-
quently, the reheating temperature in Starobinsky inflation
is usually lower than in other benchmark scenarios and
can be estimated to be of the order of T, ~ 10° GeV.
Therefore even in the most optimistic—yet realistic—
setup, one gets a number of e-folds not greater than
N ~55-60; see, e.g., Ref. [356] (or Ref. [127]). This
unequivocally confirms that the fraction of Early Dark
Energy allowed to maintain agreement with the theoretical
predictions of the Starobinsky model cannot be as large
as required to resolve the Hubble tension. Therefore, the
conclusion I draw is that resolving the Hubble tension in

°In general, to achieve a greater number of e-folds of
expansion, one needs to reduce the energy density during
inflation or significantly lower the energy scale at the end of
inflation. In these nonstandard scenarios, it is possible to achieve
an extreme upper bound of N < 100; see Ref. [348].

the context of Early Dark Energy excludes Starobinsky
inflation at more than 3¢ as the mechanism describing
inflation.

VII. CONCLUSIONS

The Hubble constant tension could be pointing toward
new physics beyond the standard ACDM model of cos-
mology. In this paper, I reviewed and discussed the possible
implications for inflationary cosmology resulting from
considering new physics in the cosmological framework.
My study is motivated by a simple argument that the
constraints on inflationary parameters (most typically
the scalar spectral index n,) depend to some extent on
the cosmological model adopted. Despite a few scattered
studies having argued that considering new physics in light
of the Hubble tension could shift the constraints on
inflation, many alternative theoretical models introduce
extra degrees of freedom beyond the standard 6, typical of
ACDM. Marginalizing over additional parameters has the
effect of broadening the uncertainties. Therefore, taking the
results on the inflationary parameters inferred in alternative
cosmological models at face value, very often we remain in
agreement with the theoretical predictions of benchmark
scenarios just because of the larger uncertainties, while
observing significant shifts in their central values. This
makes it somewhat unclear to what extent the shift itself is
resulting from correlations among (many) free parameters
and more broadly to what extent the Hubble tension
represents an actual additional layer of uncertainty for
inflationary cosmology.

To clarify this matter, following Ref. [262], T first
adopted an alternative viewpoint answering the following
question: what happens to our best understanding of
inflation in the presence of a physical theory able to fix
extra parameters to a specific set of nonstandard values? In
this case, the degrees of freedom of the alternative models
are reduced compared to the most typically proposed
solutions, remaining comparable to the degrees of freedom
of the baseline case. Similarly to Ref. [262], I focused
on the dark energy equation of state w and the effective
number of relativistic species Ng. I found that physical
theories able to fix w=a —1.2 or N4 ~ 3.9 would lead to
an estimate of H, from CMB and BAO data in agreement
with the local distance ladder measurements from the
SHOES Collaboration. However, I showed that the latter
also requires a shift toward a scale-invariant spectrum of
primordial perturbations n, — 1, while the former does
not have any particular implications for inflation. From a
model-selection perspective, these two nonstandard sce-
narios are strongly disfavored compared to ACDM.
However, models that predict N ~ 3.3-3.4 would be
able to bring the tension down to 3-2¢ while “only” being
moderately disfavored over ACDM. Nevertheless, my
analysis suggests that considering scenarios with Ny =
3.3 is already enough to change the constraints inferred for
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inflationary parameters in such a way that the most
accredited models (most notably Starobinsky inflation)
would no longer be supported by CMB and BAO data.
More broadly, the first part of my analysis suggests that
early-time new physics can have the larger impact on
inflation, essentially calling into question the hierarchy
between the slow-roll parameters ¢ and #. For all the cases
considered, I obtain a limit € < 0.002. Conversely, the
constraints on the slow-roll parameter # are significantly
more model dependent. Within the standard cosmological
model, # is measured to be 1 = —0.0130‘_L8.'88§3, namely
negative and such that 1> |n| > e. This hierarchy might
change when considering new physical mechanisms that
could resolve the Hubble tension for instance increasing the
expansion rate of the Universe prior to recombination.
Motivated by these findings, I studied more likely
proposed solutions to the H, tension and provide a
comprehensive overview of the constraints on inflation
in EDE cosmology. In particular, I initially adopted a
similar perspective and explore how the constraints on
inflation are influenced by assuming a nonvanishing
fraction of EDE in the early Universe. My analysis reveals
that even a relatively modest EDE component—of the
order of ~4%—-6% of the total energy density of the early
Universe, fgpg ~ 0.04-0.06—could already require a
change in perspective in terms of which inflationary models
are favored or disfavored based on current data while only
moderately alleviating the H, tension to around ~3.5¢. In
Fig. 7, I quantify these effects in terms of the number of
e-folds required for models where n, ~ 1 — (2n/N'). For
FrpE ~ 0.04-0.06, I find a number of e-folds N = 100n.
This value would be too large within Starobinsky-like
models (where n > 1), pointing instead toward models with
n <1 (largely disfavored within a minimal ACDM cos-
mology). I confirm my findings by performing a full joint
analysis of EDE and Starobinsky inflation where the two

models are simultaneously assumed in the cosmological
framework and all model parameters are left free to vary. In
this case, I conclusively demonstrate that the two para-
digms can hardly coexist if fgpg = 0.06. Such values of
frpe would in fact demand an excessively high number of
e-folds before the end of inflation in Starobinsky inflation.
Therefore, the conclusion I draw is that addressing the
Hubble tension in the context of EDE could exclude
Starobinsky-like models at more than 3¢ as the mechanism
describing inflation.

Overall, based on the results obtained in this work, there
is solid ground to conclude that the presence of the Hubble
tension could indeed represent a non-negligible source of
uncertainty for inflation. In this regard, I wish to emphasize
that within scenarios in which we maintain a constraining
power comparable to the standard cosmological model
even mild deviations from an early-time ACDM cosmology
(potentially supported by current data) could have signifi-
cant implications for inflation. This highlights how con-
straints on inflation may be influenced by the cosmological
model, potentially to a greater degree than commonly
realized.
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