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With the entrance of cosmology in its new era of high precision experiments, low- and high-redshift
observations set off tensions in the measurements of both the present-day expansion rate (H,) and the
clustering of matter (Sg). We provide a simultaneous explanation of these tensions using the Parker-Raval
vacuum metamorphosis (VM) model with the neutrino sector extended beyond the three massless Standard
Model flavors and the curvature of the universe considered as a model parameter. To estimate the effect on
cosmological observables we implement various extensions of the VM model in the standard cosMmomc
pipeline and establish which regions of parameter space are empirically viable to resolve the H, and Sg
tensions. We constrain the parameter space employing the following datasets: (i) the cosmic microwave
temperature and polarization data from the Planck mission, (ii) baryon acoustic oscillations (BAO)
measurements, and (iii) the Pantheon sample of Supernovae type Ia. We find that the likelihood analyses of
the physically motivated VM model, which has the same number of free parameters as in the spatially flat
ACDM model, always gives H in agreement with the local measurements (even when BAO or Pantheon
data are included) at the price of much larger y* than ACDM. The inclusion of massive neutrinos and extra
relativistic species quantified through two well-known parameters Y m, and N, does not modify this
result, and in some cases improves the goodness of the fit. In particular, for the original VM + > m, + N
and the Planck+BAO+Pantheon dataset combination, we find evidence for >_ m, = 0.8010,5 eV at more
than 36, no indication for extra neutrino species, Hy = 71.0 = 1.2 km/s/Mpc in agreement with local
measurements, and Sg = 0.755 £ 0.032 that solves the tension with the weak lensing measurements.
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I. INTRODUCTION

The interval between the end of the twentieth century
and the beginning of the twenty-first century is the golden
period in cosmology. Some pioneering discoveries in this
period, such as the observation of late time cosmic
acceleration, the measurement of neutrino oscillations,
and the detection gravitational waves abruptly changed
the traditional concept of our universe and opened new
windows in front of the scientific community. Mostly, the
observational data has been the key ingredient for such
great discoveries, and the cosmology, we are currently
witnessing today, has become more informative and pre-
cise. The concept of dark energy is the most exotic
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introduction in this period which is truly needed to under-
stand the late time accelerating expansion of the universe
and this contributes around 68% of the total energy budget
of the universe. The need for some cosmological constant
was revived to explain this dark energy fluid and the A-cold
dark matter (ACDM hereafter) cosmology was found to
accurately fit all the available observational datasets. The
ACDM cosmology, however, carries with it new serious
questions. Apart from the fundamental and the long stand-
ing cosmological constant issue that is still unaddressed,
the tension in the Hubble constant, H, is one of the greatest
issues at present time within this paradigm. The estimated
value of H| from the early measurements by the Planck
team (within the ACDM picture) and the local distance
ladders (in a model independent approach) are differing at
many standard deviations. For instance, the value of H
using the early time measurements by the Planck team
gives Hy, = 67.27 £0.60 km/s/Mpc at 68% CL for
Planck TTTEEE + lowE [1] (within the minimal A-cold
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dark matter paradigm), while the estimated values of H,,
using the local distance ladders in a model independent
approach are Hy = 74.03 &+ 1.42 km/s/Mpc at 68% CL
[2], and recently, Hy = 73.2 £+ 1.3 km/s/Mpc at 68% CL
[3]. This is really intriguing because the measurement of a
key cosmological parameter cannot be much different from
two separate measurements unless there are some potential
systematic errors associated with the measurements, and
this does not seem to be the case. Moreover, the H, tension
has proved exceedingly challenging to understand theo-
retically, without fine-tuning.

There is also evidence of a growing tension between the
Planck-preferred value and the local determination of oy,
which gauges the amplitude of mass density fluctuations
when smoothed with a top-hat filter of radius 84~' Mpc,
where # is the dimensionless Hubble constant [4]. More
concretely, it is the combination Sg = 0g(€2,,/0.3)% that is
constrained by large-scale structure data, where Q,, is the
present day value of the nonrelativistic matter density
parameter. On the assumption of ACDM the Planck
Collaboration reported Sg = 0.830 4+ 0.013 [1], which is
in 3¢ tension with the result reported by KiDS-1000: Sg =
0.76670:92 [5]. The tension becomes 3.4 if we consider a
combination of BOSS and KV450: Sg = 0.728 4 0.026
[6]. However, some datasets point to higher values of Sg,
e.g., KiDS-450+GAMA for which Sg = 0.8007992 [7] or
HSC SSP finding Sg = 0.804705 [8]. All in all, it seems
of current interest to explore how to extend the ACDM
concordance model of cosmology.

Inspired by the H, tension, various alternative
approaches either modifying the matter sector or the
gravitational sector of the universe, have been explored
in the literature. The list is heavy for different variants of the
cosmological models, for instance, the early dark energy
[9-14], phantom dark energy [15-18], interacting dark
energy [19-33], emergent dark energy [34-39], modified
gravity [40-43], decaying dark matter [44—48], and some
others (see Refs. [49,50] and references therein for a
comprehensive discussion in this direction). Usually, in
most of the cases the alleviation of the H| tension is
realized through the introduction of extra free parameters
due to which the goodness of the model in fitting the data is
worsened compared to the ACDM. We recall that the
ACDM shows an excellent fit to most of the observational
probes. So, this naturally raises an additional question
regarding the goodness of the alternative cosmological
models to fit the observational data even if the H, tension is
alleviated. Generally speaking, this problem can be mini-
mized for models with the smallest number of free
parameters beyond the 6-parameter based ACDM, and it
would become awesome if a cosmological model having
only six parameters can really solve the H, tension. This
inspired some investigators to look for alternative cosmo-
logical models mimicking the ACDM model in the number
of free parameters. The construction of a 6-parameter

model is not so difficult if we adopt the phenomenological
route, but a cosmological model with the same degrees of
freedom as in ACDM while originated from some solid
theoretical ground demands justification.

With this line of thinking, unlike other cosmological
models with same number of degrees of freedom as in
ACDM, the vacuum metamorphosis (VM) model could be
the one having a solid quantum gravitational origin,
featuring a phase transition in the nature of the vacuum
[51-57]. This model has been investigated elsewhere
leading to a solution of the H, tension [58,59]. Herein,
we proceed toward a complete investigation of this inter-
esting H, solution by considering the impact of the
neutrino sector in the evolution of VM cosmology.

The Standard Model (SM) of electroweak interactions
includes three neutrino fields (v,, v,, v;), which are left-
handed partners of the three families of charged leptons (e, u,
7). Because SM neutrinos only interact via weak interactions
the off duty right-handed fields are absent in the SM by
construction, and thereby SM neutrinos are massless.
However, the phenomenon of neutrino oscillations observed
in astrophysical and laboratory data implies that neutrinos
have a finite mass, albeit very small [60]. The presence of
extra (sterile) neutrino species to accommodate neutrino
masses must play an important role in the dynamics of our
universe, since these neutrinos would modify the radiation
energy density and as a result the determination of the
cosmological parameters can equally be modified [61-71].
It is therefore expected that the addition of sterile neutrinos
into the VM framework will allow us to understand the
cosmological behavior of the model in a more comprehen-
sive way. What is more, further understanding of some
cosmological parameters could help elucidate the origin of
the H, tension—one of the main foci of this article. The
standard parameters quantifying the neutrino sector in the
universe are the total neutrino mass scale, Z m,, and
the effective number of neutrino species, Nz [72]. In fact,
since both > m,, and N are model dependent, one could
equally assess their bounds and compare them to the same in
other models. This is another motivation of this article where
along with the behavior of the Hubble constant, we inves-
tigate the bounds on Y m,, and N. Finally, we consider a
one step further generalization of the VM model by adopting
the curvature of the universe as a free parameter.

The paper is structured as follows. In Sec. II we briefly
review the generalities of the VM model and present the
basic equations. In Sec. III we discuss the observational
datasets and the methodology that we use to constrain the
various extensions of the VM model. Section IV elaborately
describes the results and analyses of the models. Finally, in
Sec. V we close the present work with a short summary.

II. VACUUM METAMORPHOSIS REVISITED

In the VM paradigm, the universe undergoes a rapid
transition from a standard Friedman-Lemaitre-Robetson-
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Walker (FLRW) spacetime dominated by cold dark matter
to one containing significant contributions of vacuum
energy and pressure [51-57]. The vacuum pressure and
energy density are both regulated by quantum effects of an
ultralight, minimally coupled scalar field. The negative
vacuum pressure is responsible for the observed acceler-
ation of the late-time universe, where the Ricci scalar R
remains constant. De facto, the scalar curvature plays the
role of an order parameter steering a gravitational phase
transition. Actually, Einstein’s equations produce a back
reaction on the metric which prevents R from dropping
below its critical value, yielding a kind of gravitational
Lenz’s law that keeps R = m?, where at a microscopic level
m is proportional to the mass of the free quantized scalar
field [56]. For redshifts beyond the phase transition, the
vacuum stress energy is negligible because R > m?>. In the
local universe, however, we can distinguish two different
regimes: (i) R > m? in the vicinity of galaxies today, and so
we observe no vacuum energy nearby; (ii) R — m? on large
scales and accelerates the cosmic expansion of space.

The spacetime geometry is well described by the
maximally symmetric FLRW line element

dr?

1 — kr?

ds> = dt* — a*(1) + r2(d0? + sinpdg?) |, (1)
where (¢, r, 0, ¢) are the comoving coordinates, a(¢) is the
cosmic scale factor, and k(= —1,0,1) parametrizes the
curvature of homogeneous and isotropic spatial sections
[73]. By matching a matter dominated scale parameter a(t)
and its first and second derivatives to the scale factor a(t) of
a constant R universe at the transition redshift z,, we
uniquely determine the scale parameter a(¢) for z < z,. For
z > z,, the evolution of the universe is driven by the
Friedmann equation for the Hubble parameter H,

H(a) ZS”TG{ZPM} =3 @)

where G is the gravitational constant and the sum runs over
the energy densities p; of the various components of the
cosmic fluid: CDM (c¢), baryons (b), and radiation (r). Note
that the density of the dark energy pg4. has been set to zero.
The phase transition criticality condition is found to be

R = 6(H 4 2H?* + ka™2) = m?, (3)

where dot denotes the derivative with respect to cosmic
time." Note that the Ricci scalar is a function of a single

'"The functional form of the criticality condition could be
modified by adopting the Ricci invariant R, R, Riemmann
invariant R, ,,R"?°, or Gauss-Bonnet invariant Q =
R> — 4R, R" + R,,,,R*’? as the order parameter in place of
R [74]. Throughout this paper we only consider variants of the
standard VM model with criticality condition given by (3).

parameter, m, and so the scale factor for z < z; is fully
determined by m. The values of m and z, can thereby be
expressed in terms of present-day observables:

30
— 1 i 4
“ - M-0 -9 “)
with
4 311/4
Q, = 1M1 M- -0 ) (3)

where Q,, and Q, are respectively the densities (relative to
the closure density) of matter and radiation, Q; = —k/H3 is
the curvature parameter, and M = m?/(12H3). The
expansion rate above and below the phase transition is

described by
H?/Hg=Q,(1+2)° +Q.(1+2)* + @ (1 +2)°

+M{1 - [3 <3gn>4M(1—M—Qk—Qr)3} _1},
7>z | (6)

H?*/H = (1 —M —Q)(1 + 2)*

+Q(1+2)?*+M, z<z,. (7)
The equation of state parameter of the effective dark
energy accelerating the present-day cosmic expansion is
found to be

_13Q,(1+2)-4(1-M-Q,-Q,)(1+2)*
SM+(1-M—-Q,—Q,)(1+2)*-Q,,(1+2)*

(8)

whereas w(z) = 0 for z > z,. The cosmic acceleration is
driven by a phantom (i.e., w < —1) dark energy component
[75], which asymptotically approaches a de Sitter phase
G.e., w=—1).

In (2) we have assumed that pg. = pg. = 0 to avoid
introducing more than one parameter in the description of
the gravitational phase transition. We can now drop this
supposition and in the spirit of [58,59] extend the model
assuming the massive scalar field has a vacuum expectation
value (VEV), which manifests as a cosmological constant
at high redshift. A point worth noting at this juncture is that
under such assumption the cosmological model at high
redshift (z > z,) is purely ACDM, while it is not at low
redshift (z < z,). The VEV, which is the magnitude of the
high redshift cosmological constant, is a free parameter of
this extended model. Hereafter, we denote the models as:
original VM (if w = O for z > z,) and VM-VEV (if w = —1
for z > z,). In the VM-VEV model Eq. (5) no longer
describes the behavior of ,,. For the VM-VEV model, we

w(z)=-1
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need to impose two extra conditions z, >0 and
Qq4.(z > z,) = 0, which translate in a lower and upper
bound on Q,,;:

(1-M-9,-9)

W &

4
<Q, < 3 BM(1—M—-Q, —Q,)3"4 (9)

for details see [58,59]. In what follows we investigate the
constraints of the data on both the original VM and VM-
VEV models.

III. OBSERVATIONAL DATASETS

In order to constrain the underlying cosmological sce-
narios, we have used various observational datasets. In the
following we provide a succinct description of these data.

(i) CMB: We consider the cosmic microwave back-
ground (CMB) temperature and polarization
power spectra from the final release of Planck 2018
pUKTTTEEE+lowl+lowE [1,76].

(il) CMB lensing: We consider the CMB lensing
reconstruction power spectrum data obtained with
a CMB trispectrum analysis [77].

(iii) BAO: We have also considered baryon acoustic
oscillation (BAO) distance measurements from vari-
ous astronomical missions such as 6dFGS [78],
SDSS MGS [79], and BOSS DR12 [80] as used
by the Planck collaboration [1].

(iv) Pantheon: Pantheon sample [81] of the type Ila
supernovae consisting of 1048 data points are also
considered in the analysis.

(v) R19: Finally, we have considered the measurement
of the Hubble constant provided by the SHOES
collaboration in a model independent approach [2].
The Hubble constant value is Hy = 74.03 +
1.42 km/s/Mpc at 68% CL and differs significantly
from the Planck’s estimation (assuming the ACDM
background) [1]. We do not expect a significant
variation in the measured value of H, when the
luminosity distance is modified [82] to accommo-
date 0 < || < 1 [83].

The baseline of the vacuum metamorphosis model consists
of six parameters, namely, Q,4> (baryon energy density),
Oy c (the ratio of sound horizon at decoupling to the angular
diameter distance to last scattering), 7 (the optical depth to
reionization), the amplitude of the primordial scalar per-
turbations (A,) and their spectral index (n,), and M (the
vacuum metamorphosis parameter M defined in Sec. II).
We note that the parameter M is related to the matter
density Q,, through Eq. (5) in the original VM case, while it
is a free parameter in the VM-VEV scenario. We then
consider various extensions of this six parameter space
model by including neutrinos and also the curvature of our
universe. As noted in the Introduction, we describe the

TABLE I.  Flat priors imposed on various free parameters of the
underlying cosmological scenarios for the statistical analyses.
Parameter Prior
Q,h? [0.005, 0.1]
Q h? [0.001, 0.99]
T [0.01, 0.8]
g [0.8, 1.2]
In(10'°4;) [1.6, 3.9]
1000y, [0.5, 10]
M [0.5, 1]
Q [-0.3,0.3]
> om, [0.06, 5]
Negr [0.05, 10]

neutrino sector using the sum of three active neutrino
masses y  m, and the effective number of neutrino species
Ng;. The latter can be viewed as a convenient parametri-
zation of the relativistic energy density of the Universe
beyond that of photons, in units of the density of a single
Weyl neutrino in the instantaneous decoupling limit.
Therefore, we consider the following models assuming
the spatially flat and nonflat background: X + > m,,
X+chf’ X+ va +Neff9 X+ Zmy +Neff +Qk9 for
both the cases, i.e., the original X = VM and the extended
X = VM-VEV. We use in the analysis the flat uniform
priors on the parameters reported in Table I.

Now, finally, to constrain all the scenarios described
above, we have modified the Monte-Carlo Markov Chain
code cosMoMC [84] a publicly free cosmological package
(available from Ref. [85]). The package supports the Planck
2018 likelihood [76] having a precise convergence diag-
nostic based on the Gelman and Rubin statistics [86].
Additionally, this package appliances an efficient sampling
of the posterior distribution which uses the fast/slow
parameter decorrelations [87].

IV. COSMOLOGICAL CONSTRAINTS

We describe the observational constraints on various
extensions of the VM model in a systematic way. Our
baseline data is the CMB from the Planck 2018 release, and
then we include other observational datasets in order to
derive the constraints on the neutrino sector. For complete-
ness, we have considered both spatially flat and nonflat
geometries of the Universe. In what follows we describe the
observational constraints of the cosmological scenarios
considered in this work, and we present a few selected
cases in the triangular plots, to show the main correlations
between the parameters.

Before proceeding, we pause to note one caveat of the
VM and VM-VEV extensions discussed in this paper.
Estimates of the sound horizon at the end of the bar-
yonic-drag epoch, rg,,, have been reported in [88]. These
estimates are based on data from low-redshift probes and a
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set of polynomial parametrizations which are almost
independent of the underlying cosmology. None of the
VM nor VM-VEYV extensions can accommodate the 7y,
estimates of [88] at the 1o level.

A. Original VM

In this section we will present the results obtained for
extensions of the original VM scenario.

1. VM + > " m,

We first investigate a simple extension of the VM model
considering the total neutrino mass Y  m, along with the
original 6-parameters of the model. Thus, the free param-
eters of this scenario are seven. We explore several
combinations of the cosmological probes, and we show
the results in Table II.

We start investigating the constraints from CMB data
alone, which are shown in the second column of Table II.
We first observe that H, takes a significantly larger value
Hy = 79.1559 km/s/Mpc (68% CL) than the minimal
ACDM model using the same Planck dataset, where H, ~
67.4 + 0.5 km/s/Mpc (68% CL), but 1o lower than the
original. VM model without Y m, free to vary using
Planck data (Table II of [59]). This estimation is also
larger than the R19 value [2] (Hy=74.03+1.42km/s/Mpc
at 68% CL), but can solve the tension within 1.5¢.
The scenario also indicates a relaxed bound on the
total neutrino mass (}_m, < 0.419 eV, 95% CL upper
limit) than the one obtained in a ACDM + > m, model
O-m, <0.257 eV, 95% CL upper limit) using Planck
data. The same observations can be applied to the CMB +
lensing dataset combination. Since CMB and R19 are
consistent on the Hubble constant estimate, we can com-
bine them together, obtaining the agreement on H,, at the
price of a neutrino mass scale different from zero
at 95% CL.

A similar interesting result is given when considering
CMB + BAO. In fact, for this dataset combination H, =
74.44 + 0.78 km/s/Mpc (at 68% CL) is fully consistent
with R19 within 1o. In this case, a total neutrino mass
different from zero is preferred at more than 99% CL
- m, = 0387017 eV at 68% CL), and both o5 and Sg are
lowered with respect to the original VM without ) m,, free
to vary [59], improving the agreement with the weak
lensing data. Therefore, the addition of R19 in this case,
ie. CMB + BAO + R19, reduces considerably the error
bars, leaving unaltered the same features: solution of the
Hubble constant and total neutrino mass at more than 3
standard deviations.

A completely different result is instead observed for the
CMB + Pantheon dataset combination, which prefers a
much larger value for > m, and a much lower value
for H, in disagreement with the other cases. In particular,
we have > m,=1.117020 eV at 68% CL and

Hy=61.84+ 1.4 km/s/Mpc at 68% CL. However, the
inclusion of the BAO data, i.e., the CMB + BAO +
Pantheon case, provides a striking result: the solution of
both the H, and Sg tensions within 1o, and a total neutrino
mass above 5¢0. In particular, we find the following
constraints at 68% CL on key parameters: H, =
72.57 £0.79 km/s/Mpc, S3=0.7774+0.029, and > m, =
0.637017 eV.

2. VM+Neff

Second, we examine another simple extension of the VM
model considering the effective number of neutrino species
N4 free to vary along with the original 6-parameters of the
model. The results for different observational datasets are
shown in Table III.

Duplicating the procedure adopted in the previous
section, we start investigating the constraints from CMB
data alone. These are shown in the second column of
Table III. We find that H, takes a very high value when
compared to the value obtained in a ACDM model using
Planck data, but slightly lower than in the original VM
model if N is not allowed to vary in the fit [59].
Moreover, the Hubble constant is also larger than the local
measurements at about 2.3¢. This scenario also yields a 1o
shift higher value of Ny = 3.18 £0.19 (68% CL) when
compared to the result from Planck (N = 2.921’8;;76 at
68% CL) in a ACDM + N ; model. On the contrary, the
CMB + lensing dataset combination gives Ny almost
identical to the standard value, so the constraints on the
parameters are indistinguishable from those obtained in the
original VM with N fixed to the SM value 3.046 [89]. In
this scenario it is safe to combine CMB and R19 together,
and the agreement on H is obtained at the price of a lo
indication for AN.g = N — 3.046 > 0.

In addition, for this extension of the VM model, the
results from the CMB + R19 dataset combination are very
similar to those obtained when considering CMB + BAO.
In fact, for the CMB + BAO dataset combination Hy =
76.61 £+ 0.93 km/s/Mpc at 68% CL, consistent with R19
at about 1.5¢. In this case, a neutrino effective number
different from the standard value is preferred at more than
95% CL (Neg = 3.32 £ 0.14 at 68% CL). The addition of
R19,i.e., CMB + BAO + R19, decreases considerably the
error bars on the H|, determination, and also the indication
for AN > 0 which is now just lo.

An intriguing different result is instead observed for
the CMB + Pantheon dataset combination, which prefers a
much larger value for Ny and Sg, and a much lower
for Hy, in strong disagreement with predictions from the
other dataset combinations. In particular, we have: N ; =
3.79 £0.19 at 68% CL, in disagreement at 3.9¢ with the
standard value and in agreement with N 4 = 4, and Hy =
67478 km/s/Mpc at 68% CL, in disagreement at 3.1
with R19. Finally, the inclusion of the BAO data to this
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FIG. 1. 68% and 95% CL constraints on the original VM + N + > m,, case.

combination, i.e., the CMB + BAO -+ Pantheon case, pro-
vides a solution of the H tension within 1o, and N is in
agreement with the SM value of 3.046. We find the
following constraints at 68% CL on key parameters: H, =
74.80 £+ 0.86 km/s/Mpc and N = 3.18 £ 0.14.

3. VM+Neff+ va

In this section we study the original VM model along
with the total neutrino mass »_ m,, and the effective number
of neutrino species N varying as free parameters of the
model at the same time. The results for different observa-
tional datasets are given in Table IV, and the 1D posterior
distributions and the 2D contour plots are shown in Fig. 1.

Considering the CMB data alone (second column of
Table IV) we can see that H, lowers significantly with
respect to the previous cases. In particular now H, =
78.073% km/s/Mpc (68% CL), helping in solving the
tension with R19 at 1.3¢. This scenario also indicates a
slightly relaxed bound on the total neutrino mass
O-m, < 0.468 eV, 95% CL upper limit), and an unaltered
constraint on Ng = 3.18 2 0.19 at 68% CL. In fact, these
two parameters do not show a significant correlation in
Fig. 1. The same observations can be applied to the CMB +
lensing dataset combination. Because of the agreement of
the CMB and R19, we can combine them together,
obtaining the agreement on H|, at the price of both a total
neutrino mass and a AN different from zero at 68% CL.
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As happened with the previous VM extensions, the
CMB+R19 dataset gives an interesting result, which is
similar to the one obtained for the CMB + BAO combi-
nation. In fact, for CMB + BAO we have Hy = 75.1 &+
1.3 km/s/Mpc at 68% CL, fully consistent with R19
within 1lo. In addition, for the CMB + BAO datasets,
we have a total neutrino mass different from zero at more
than 68% CL (3" m, = 0.311)10 eV at 68% CL), and an
effective number of neutrino species in agreement with
the SM value. The addition of R19, i.e., the CMB +
BAO + R19 combination, improves considerably the con-
straints, with preference for a total neutrino mass at 2¢
and AN eff — 0.

Finally, also in this extended scenario, the CMB +
Pantheon dataset is in disagreement with the other dataset
combinations, as it prefers a much larger value for both
> m, and AN > 0 at more than 95% CL, and a much
lower value for H,. This is possible because the well-
known strong correlation between N and H|, is absent in
this extended VM model (see Fig. 1). In particular, we have
at 68% CL > m, = 1.01 £0.19 eV, N = 3.42 +0.19,
and Hy = 61.8J_r11"g1 km/s/Mpc. For this VM extension, the
inclusion of the BAO data in the CMB+BAO+Pantheon
combination changes completely all the constraints.
Both the H( and Sg tensions are solved within 1o, a total
neutrino mass above 99% CL appears, and the effective
number of equivalent neutrinos shifts toward lower values
(more than 1o below the expected value). In particular, we
find the following constraints at 68% CL on key param-
eters: Hy =71.0+ 1.2 km/s/Mpc, Sg = 0.755 £ 0.032,
S m, = 0.8070,3 eV, and Ny = 2.77 +0.16.

4. VM+Neff+ Zm,,+Qk

For completeness, in this last section we consider an
extension of the original VM model where, together with
the 6-parameters of the original VM model, the total
neutrino mass »_ m,, the effective number of neutrinos
N1, and the curvature energy density €, are considered as
free parameters. The results for the different observational
dataset combinations are given in Table V, and in Fig. 2 it is
shown a triangular plot with the key parameters.

Regarding the CMB data alone we can notice that H,,
lowers significantly with respect to the previous cases, but
with very large error bars. In particular we find Hy =
53 + 8 km/s/Mpc (68% CL), in tension with R19 at 2¢. In
this scenario, because of the ) m, — €, correlation (see
Fig. 2) we have lo indication for a total neutrino mass
O-m, =0.547028 eV at 68% CL), N.x = 3.05705% at
68% CL completely in agreement with the SM 3.046, and
Q= -0.0771055) at 68% CL, preferring a closed
Universe at more than 95% CL. Different, in this case,
is the result obtained with the CMB + lensing dataset
combination. In fact, the lensing dataset contributes to
break the geometrical degeneracy of the parameters, giving

H, in agreement with R19 within lo (Hy, = 70.0%+
6.4 km/s/Mpc at 68% CL). However, even in this case,
there is 1o indication for a total neutrino mass, N in
agreement with the standard value, and the preference for a
closed Universe at 68% CL.

Since the CMB is not in strong tension with R19, we can
combine them together, obtaining the agreement on H, at
the price of a closed Universe at 3 standard deviations
(Q; = —0.0130 4+ 0.0052 at 68% CL), while both a total
neutrino mass and a AN.; agree with zero within the
68% CL. Similar interesting results are obtained for the
CMB + BAO combination. In fact, for CMB + BAO we
have H, = 73.4 + 1.5 km/s/Mpc at 68% CL, fully con-
sistent with both R19 and CMB + R19, within 1 standard
deviation. Also in this case, we have both a total neutrino
mass and a ANy in agreement with zero within the
68% CL, and a preference for a closed Universe at 2
standard deviations (; = —0.0124 £ 0.0063 at 68% CL).
The inclusion of the Hubble constant prior R19 for the
CMB + BAO + R19 combination, gives the same result,
but with smaller error bars.

In this VM extension, for CMB + Pantheon we have a
complete agreement with the CMB alone data sample. In
fact, because of the Y m, — Q, correlation (see Fig. 2), we
have evidence at more than 3¢ for a total neutrino mass
O-m, = 0471014 eV at 68% CL), N = 3.02 £ 0.20 at
68% CL completely consistent with the SM value, and
Q, = -0.0587001% at 68% CL, preferring a closed
Universe at more than 99% CL. For the CMB +
Pantheon dataset combination, the Hubble constant value
is much lower than R19, several standard deviations away,
and equal to Hy = 55.4 + 1.8 km/s/Mpc at 68% CL. For
this VM extension, the BAO data are in disagreement with
CMB + Pantheon, therefore the CMB+BAO+Pantheon
combination is not reliable.

B. VM-VEV

In this section we will present the results obtained for
extensions of the VM-VEV scenario.

1. VM-VEV+ Y m,

We first consider the simple extension of the VM-
VEV model where the total neutrino mass »_ m, has
been considered free to vary along with 7-parameters of
the VM-VEV model. We analyzed several combinations
of the cosmological probes listed in this paper, we show
the results in Table VI. As already observed in
Ref. [59], in the VM-VEV scenario the additional
degree of freedom lowers the Hubble constant value,
improving the agreement with R19. Additionally, the
well known > m, — H, negative correlation lowers still
more the H, value with respect to the case in which
> m, is fixed to the arbitrary value of 0.06 eV of the
standard ACDM scenario.
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FIG. 2. 68% and 95% CL constraints on the original VM + Ng + > m, + € case.

If we look at the constraints for CMB alone (second
column of Table VI), we see that now Hy=
76.073% km/s/Mpc at 68% CL, much larger than the
estimate obtained by Planck within the minimal ACDM
model, and in 1o agreement with R19. The CMB only case
presents also a relaxed bound on the total neutrino mass
O-om, <0.358 eV, 95% upper limit) than Planck in a
ACDM + > m, model, but stronger than the original
VM + > m, of Table II). The very same cosmological
parameters can be inferred from the CMB + lensing dataset

combination. Combining CMB and R19 in this case
does not give any indication for a total neutrino mass
different from zero, and slightly relaxes its upper bound
O-om, <0.399 eV, 95% upper limit).

In this minimal VM-VEV extension, the CMB + BAO
dataset combination lowers significantly the central value
of Hubble constant and reduces drastically its error bars
when compared to the CMB alone case. The CMB + BAO
dataset leads to Hy = 73.19 £ 0.59 km/s/Mpc at 68% CL,
still fully consistent with R19 within 1o. In this case, we
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FIG. 3. 68% and 95% CL constraints on the VM-VEV + N + > m, case.

have almost the same upper limit of the CMB alone case:
> m, < 0.354 eV at 95% CL. If to this dataset combina-
tion we now add R19, the fit favors a further reduction of
the H| error bars and strengthens the total neutrino mass
upper limit.

Contrary to what happens in the original VM
extension, the CMB + Pantheon dataset combination is
now completely in agreement with the other cases. In
particular, we have Y m, < 0.579 eV at 95% CL, slightly
relaxed with respect to the CMB only case, and H, =

7250+ km/s/Mpc at 68% CL, now perfectly consistent
with R19. The inclusion of the BAO data for the CMB
+BAO+Pantheon case, confirms completely these findings,
solving H, and making stronger the upper »_ m, limit. In

particular we find H, = 72.73*0-33 km/s/Mpc at 68% CL
and > m, < 0.352 eV at 95% CL.

2. VM-VEV +Neff

In this section we discuss another minimal extension of
the VM-VEV model where the effective number of
neutrinos N has been considered along with 7-parameters
of the VM-VEV model. The results for different observa-
tional datasets are shown in Table VII for some cosmo-
logical parameters of interest. As already noticed in the
previous section, in the VM-VEV extension the Hubble
constant takes a lower value than the original VM model,
more in agreement with R19.
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If we look at the constraints for CMB alone, shown
in the second column of Table VII, we see that H, =
75 .9;%21:%1 km/s/Mpc at 68% CL, with smaller error bars but
the same mean value of the VM-VEV + " m, model of
Table VI. The addition of the BAO and Pantheon mea-
surements, instead, contributes to an additional lowering of
the Hubble constant, but impressively in agreement with
R19 in all the cases.

Moreover, for this VM-VEV extension, the N bounds
are exactly in agreement with 3.046 for all the dataset
combinations, but when the R19 prior is included. For the
latter, because of the correlation between Hy and N, we
find a larger value for N, showing an indication for a
extra radiation at recombination at more than 1o, for both
CMB + R19 and CMB + BAO + R19.

3. VM-VEV+N + Sm,

In this section we discuss the VM-VEV extension for
which the total neutrino mass ) m, and the effective
number of neutrino species Ny are varying at the same
time of the 7-parameters characterizing the VM-VEV
model. The results for the different dataset combinations
are listed in Table VIII, and the 1D posterior distributions
together with the 2D contour plots are shown in Fig. 3.

The constraints we obtain for the cosmological param-
eters of interest in this scenario, are very similar to those of
the previous two sections. Here, for all the dataset combi-
nations, the Hubble constant is always in agreement with
R19 within 1o, we have only an upper limit for the total
neutrino mass, and the effective number of relativistic
neutrinos is always in agreement with 3.046 at 68% CL. In
addition, it is noteworthy that BAO, Pantheon, as well as
their combination, are preferring H(, consistent with R19.

In Fig. 3 we can see that in this VM-VEV extension, all
the dataset combinations are in agreement and overlap,
solving the disagreement visible in Fig. 1 for the corre-
sponding original VM extension with the Pantheon dataset.
Moreover, in Fig. 3 we see that there is a smaller second
peak appearing in the CMB only case for H, and M
vacuum, which disappears when more datasets are included
in the analysis.

4. VM-VEV+Neff+ Zm,,+Qk

Finally, we analyze the full extension of the VM-VEV
model where the total neutrino mass »  m,, the effective
number of neutrinos N, and the curvature energy density
Q, are varying freely at the same time of the 7-parameters
of the VM-VEV model. All the results of the analysis are
shown in Table IX. For this model extension, the cosmo-
logical parameters have a similar behavior to that described
in Sec. IVA4 for the original VM + N + > m, +
Q, case.

In fact, regarding the CMB data only, we have a
much lower Hy = 50 + 6 km/s/Mpc (68% CL), in 3.9¢
tension with R19. Here there is a 1o indication for a total

neutrino mass different from zero (3" m, = 0.45103¢ eV at
68% CL), and more than 3¢ evidence for a closed Universe
(Q = —0.07373913 at 68% CL).

We find that, in this scenario, the dataset combinations
involving R19 and BAO are not reliable, but shown for
completeness. CMB + lensing and CMB + Pantheon can
be safely analyzed, instead, showing only an upper limit for
the total neutrino mass, a neutrino effective number always
in agreement with 3.046 at 68% CL, and an indication for a
closed universe at more than lo.

V. DISCUSSION AND CONCLUSIONS

We have studied the impact of extending the neutrino
sector beyond the 3 massless SM neutrinos of ACDM in the
cosmological evolution of the VM model. This model is
known to ameliorate the tension between the observed and
ACDM predicted values of the Hubble constant [58,59].

We have shown that for the 8-parameter (VM + > m,+
Ngr) spatially flat model and the Planck+BAO+Pantheon
dataset combination, there is more than 3¢ evidence
for > m, =0.807013 eV and no indication for extra
neutrino species. This combination leads to Hy, = 71.0 +
1.2 km/s/Mpc, which roughly saturates the lo range
lower-boundary of the R19 measurement [2]. The 1D
posterior distribution of H, is compatible with the result
of the 6-parameter fit reported in [59], but the goodness of
the fit is actually slightly improved in the 8-parameter fit
when compared to the 6-parameter fit, with Ayg, = 77.21
and Ay2,=95.83, respectively. The 8-parameter model
when confronted to the Planck + BAO + Pantheon dataset
combination also yields a best fit-value Sg = 0.755=+
0.032, addressing the tension with the weak lensing
measurements. A statistically significant improvement is
observed in the best-fit value of the Sg parameter when
compared to the 6-parameter fit, which yields Sg =
0.880 £ 0.010 [59]. However, when consideration is given
to the CMB -+ Pantheon datasets alone, the best fit H,
value of the 8-parameter model is inconsistent at more than
40 with the R19 measurement. This is not the case for the
6-parameter model, which remains consistent with
R19 at the lo level when considering the CMB +
Pantheon dataset.

We have also shown (see Tables VI, VII, and VIII) that
the three combinations of spatially flat VM-VEV models
studied herein (i.e., VM-VEV + " m,, VM-VEV + N,
VM-VEV + > m, + N) can resolve the H, tension at
the 1o level, independently of the combination of the
selected data samples. Here, the 1o significance is defined
with respect to R19 observations [2]. However, as shown in
Fig. 3, the 1D posterior distributions of H, for CMB and
CMB + lensing datasets are multipeaked.. The goodness of
the fits for the VM-VEV + Y m, + Ny 9-parameter
model are comparable to those obtained in [59] for the
7-parameter VM-VEV model. However, the spatially flat
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VM-VEYV model endowed with neutrino physics provides a
small but statistically significant improvement with
respect to the plain VM-VEV model studied in [59], for
which the fit to CMB + lensing data is only consistent
with R19 results at the 2¢ level. All of the 3 VM-VEV-
neutrino models provide a solution to the Sg tension
with weak lensing measurements. For Sg, all the 1D
posterior distributions are single-peaked and for the
VM-VEV + 3 m, + Nz model the 68% CL regions
overlap in a range consistent with local measurements.
For the 9-parameter model, there is no indication of extra
neutrino species. The 95% CL limits on the neutrino mass
scale ) m,, are slightly less restrictive than those reported
by the Planck Collaboration [1].

We have also considered the 9- and 10-parameter model
extensions in which the curvature of space € is allowed to
float as a free parameter in the fit. For the Planck + BAO +
Pantheon dataset, both the 9-parameter (VM+)» m,+
N +€) and 10-parameter (VM-VEV + 3" m, + N +
Q,) models provide a solution to the H tension in which
the curvature parameter is consistent with that of a spatially
flat universe. Indeed, there is an unnoticeable variation in
the rest of the cosmological parameters with respect to the
model in which €, is manually fixed to zero in the fit. In
general the datasets favoring a close universe lead to
smaller values of H,. The exception is the CMB + BAO
data sample which predicts a comparable value of H, but at
the expense of increasing the Sg tension.

It is important to note that while, in general, the total fit
of Planck 4+ BAO + Pantheon is worsening with respect to
the ACDM model when the R19 prior is not accounted for,
the y? from Planck alone is improved for all of the VM and
VM-VEV extensions. This is indicating that the models
explored in our paper always provide a better fit of the
CMB data. Therefore, even if the joint combination gives a
worse y?, one should taken into consideration that together

with the breaking of the parameters correlation due to the
inclusion of additional datasets, each dataset can bring its
own systematic errors. Moreover, it should be noticed here
that the VM models are not nested with the ACDM one, so
there is not a combination of the parameters that can mimic
ACDM and its fit. Therefore, in principle, the robustness of
the additional datasets from BAO and Pantheon should be
tested for these exotic cosmologies, before combining them
with Planck data.

In summary, we have demonstrated that the inclusion
of beyond SM neutrino physics into the VM + VEV model
provides a promising framework to tackle the tensions on
both the expansion rate and the clustering of matter. In
particular, for all possible combinations of the datasets
considered in this paper, the 9-parameter (VM-VEV+
> m,+N.) model provides a simultaneous resolution
of the Hy, and Sg tensions at the lo level. The future
CMB-S4 experiment, with a 95% CL sensitivity to con-
strain AN < 0.06 [90], will be able to test the touch of
neutrinos on the vacuum metamorphosis.
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