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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 (H0) and
the clustering of matter (S8). 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 flavours 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 CosmoMC pipeline and establish which regions of parameter space are
empirically viable to resolve the H0 and S8 tensions. We constrain the parameter space employing
the following data sets: (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 ΛCDM model, always gives
H0 in agreement with the local measurements (even when BAO or Pantheon data are included) at
the price of much larger χ2 than ΛCDM. The inclusion of massive neutrinos and extra relativistic
species quantified through two well known parameters

∑
mν and Neff , does not modify this result,

and in some cases improves the goodness of the fit. In particular, for the original VM+
∑
mν+Neff

and the Planck+BAO+Pantheon dataset combination, we find evidence for
∑
mν = 0.80+0.18

−0.22 eV
at more than 3σ, no indication for extra neutrino species, H0 = 71.0 ± 1.2 km/s/Mpc in agreement
with local measurements, and S8 = 0.755 ± 0.032 that solves the tension with the weak lensing
measurements.

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 ac-
celeration, the measurement of neutrino oscillations, and
the detection gravitational waves abruptly changed the
traditional concept of our universe and opened new win-
dows 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 in-
troduction in this period which is truly needed to un-
derstand the late time accelerating expansion of the uni-
verse 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 Λ-Cold Dark Matter (ΛCDM hereafter) cosmol-
ogy was found to accurately fit all the available obser-
vational datasets. The ΛCDM cosmology, however, car-
ries with it new serious questions. Apart from the fun-
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damental and the long standing cosmological constant
issue that is still unaddressed, the tension in the Hub-
ble constant, H0 is one of the greatest issues at present
time within this paradigm. The estimated value of H0

from the early measurements by the Planck team (within
the ΛCDM picture) and the local distance ladders (in a
model independent approach) are differing at many stan-
dard deviations. For instance, the value of H0 using
the early time measurements by the Planck team gives
H0 = 67.27± 0.60 km/s/Mpc at 68% CL for Planck TT-
TEEE + lowE [1] (within the minimal Λ-Cold Dark Mat-
ter paradigm), while the estimated values of H0 using the
local distance ladders in a model independent approach
are H0 = 74.03± 1.42 km/s/Mpc at 68% CL [2], and re-
cently, H0 = 73.2±1.3 km/s/Mpc at 68% CL [3]. This is
really intriguing because the measurement of a key cos-
mological 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 H0 ten-
sion has proved exceedingly challenging to understand
theoretically, without fine-tuning.

There is also evidence of a growing tension between the
Planck-preferred value and the local determination of σ8,
which gauges the amplitude of mass density fluctuations
when smoothed with a top-hat filter of radius 8h−1 Mpc,
where h is the dimensionless Hubble constant [4]. More
concretely, it is the combination S8 = σ8(Ωm/0.3)0.5 that
is constrained by large-scale structure data, where Ωm is
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the present day value of the nonrelativistic matter den-
sity parameter. On the assumption of ΛCDM the Planck
Collaboration reported S8 = 0.830±0.013 [1], which is in
3σ tension with the result reported by KiDS-1000: S8 =
0.766+0.020

−0.014 [5]. The tension becomes 3.4σ if we consider a
combination of BOSS and KV450: S8 = 0.728±0.026 [6].
However, some datasets point to higher values of S8, e.g.
KiDS-450+GAMA for which S8 = 0.800+0.029

−0.027 [7] or HSC
SSP finding S8 = 0.804+0.032

−0.029 [8]. All in all, it seems of
current interest to explore how to extend the ΛCDM con-
cordance model of cosmology.

Inspired by the H0 tension, various alternative ap-
proaches either modifying the matter sector or the grav-
itational 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], mod-
ified 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 H0 tension is
realized through the introduction of extra free parame-
ters due to which the goodness of the model in fitting
the data is worsened compared to the ΛCDM. We recall
that the ΛCDM shows an excellent fit to most of the
observational probes. So, this naturally raises an addi-
tional question regarding the goodness of the alternative
cosmological models to fit the observational data even
if the H0 tension is alleviated. Generally speaking, this
problem can be minimized for models with the small-
est number of free parameters beyond the 6-parameter
based ΛCDM, and it would become awesome if a cos-
mological model having only six parameters can really
solve the H0 tension. This inspired some investigators to
look for alternative cosmological models mimicking the
ΛCDM 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 cosmologi-
cal model with the same degrees of freedom as in ΛCDM
while originated from some solid theoretical ground de-
mands justification.

With this line of thinking, unlike other cosmological
models with same number of degrees of freedom as in
ΛCDM, the Vacuum Metamorphosis (VM) model could
be the one having a solid quantum gravitational origin,
featuring a phase transition in the nature of the vac-
uum [51–57]. This model has been investigated elsewhere
leading to a solution of the H0 tension [58, 59]. Herein,
we proceed towards a complete investigation of this in-
teresting H0 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 (νe, νµ, ντ ), which are left-
handed partners of the three families of charged leptons
(e, µ, τ). 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 os-
cillations 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 neutri-
nos would modify the radiation energy density and as
a result the determination of the cosmological parame-
ters can equally be modified [61–71]. It is therefore ex-
pected that the addition of sterile neutrinos into the VM
framework will allow us to understand the cosmological
behaviour of the model in a more comprehensive way.
What’s more, further understanding of some cosmologi-
cal parameters could help elucidate the origin of the H0

tension – one of the main foci of this article. The stan-
dard parameters quantifying the neutrino sector in the
universe are the total neutrino mass scale,

∑
mν , and

the effective number of neutrino species, Neff [72]. In
fact, since both

∑
mν and Neff 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 behaviour of the Hubble
constant, we investigate the bounds on

∑
mν and Neff .

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 elab-
orately 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-Lemaître-
Robetson-Walker (FLRW) spacetime dominated by cold
dark matter to one containing significant contributions of
vacuum energy and pressure [51–57]. The vacuum pres-
sure and energy density are both regulated by quantum
effects of an ultra-light, minimally-coupled scalar field.
The negative vacuum pressure is responsible for the ob-
served acceleration 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 equa-
tions produce a back reaction on the metric which pre-
vents R from dropping below its critical value, yielding
a kind of gravitational Lenz’s law that keeps R = m2,
where at a microscopic level m is proportional to the
mass of the free quantized scalar field [56]. For red-
shifts beyond the phase transition, the vacuum stress
energy is negligible because R > m2. In the local uni-
verse, however, we can distinguish two different regimes:
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(i) R > m2 in the vicinity of galaxies today, and so we
observe no vacuum energy nearby; (ii) R→ m2 on large
scales and accelerates the cosmic expansion of space.

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

ds2 = dt2 − a2(t)

[
dr2

1− kr2
+ r2 (dθ2 + sin2 φ dφ2)

]
,

(1)
where (t, r, θ, φ) are the comoving coordinates, a(t) is
the cosmic scale factor, and k (= −1, 0, 1) parametrizes
the curvature of homogeneous and isotropic spatial sec-
tions [73]. By matching a matter dominated scale param-
eter a(t) and its first and second derivatives to the scale
factor a(t) of a constant R universe at the transition red-
shift zt, we uniquely determine the scale parameter a(t)
for z < zt. For z > zt, the evolution of the universe is
driven by the Friedmann equation for the Hubble param-
eter H,

H2(a) =
8πG

3

{∑
i

ρi(a)

}
− k

a2
, (2)

where G is the gravitational constant and the sum runs

over the energy densities ρi of the various components
of the cosmic fluid: CDM (c), baryons (b), and radiation
(r). Note that the density of the dark energy ρde has been
set to zero. The phase transition criticality condition is
found to be

R = 6(Ḣ + 2H2 + ka−2) = m2 , (3)

where dot denotes the derivative with respect to cosmic
time.1 Note that the Ricci scalar is a function of a single
parameter, m, and so the scale factor for z < zt is fully
determined by m. The values of m and zt can thereby
be expressed in terms of present-day observables:

zt = −1 +
3Ωm

4(1−M − Ωk − Ωr)
, (4)

with

Ωm =
4

3

[
3M(1−M − Ωk − Ωr)

3
]1/4

, (5)

where Ωm and Ωr are respectively the densities (rel-
ative to the closure density) of matter and radiation,
Ωk = −k/H2

0 is the curvature parameter, and M =
m2/(12H2

0 ). The expansion rate above and below the
phase transition is described by

H2/H2
0 = Ωm(1 + z)3 + Ωr(1 + z)4 + Ωk(1 + z)2 +M

1−

[
3

(
4

3Ωm

)4

M(1−M − Ωk − Ωr)
3

]−1
 , z > zt (6)

H2/H2
0 = (1−M − Ωk)(1 + z)4 + Ωk(1 + z)2 +M , z ≤ zt . (7)

The equation of state parameter of the effective dark energy accelerating the present-day cosmic expansion is found
to be

w(z) = −1− 1

3

3Ωm(1 + z)3 − 4(1−M − Ωk − Ωr)(1 + z)4

M + (1−M − Ωk − Ωr)(1 + z)4 − Ωm(1 + z)3
, (8)

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

In (2) we have assumed that ρde = pde = 0 to avoid in-
troducing 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 expec-

1 The functional form of the criticality condition could be modified
by adopting the Ricci invariant RµνRµν , Riemmann invariant
RµνρσRµνρσ , or Gauss-Bonnet invariant Q = R2 − 4RµνRµν +
RµνρσRµνρσ as the order parameter in place of R [74]. Through-
out this paper we only consider variants of the standard VM
model with criticality condition given by (3).

tation 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 > zt) is purely ΛCDM, while
it is not at low redshift (z < zt). 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 = 0 for z > zt)
and VM-VEV (if w = −1 for z > zt). In the VM-VEV
model Eq. (5) no longer describes the behavior of Ωm.
For the VM-VEV model, we need to impose two extra
conditions zt ≥ 0 and Ωde(z > zt) ≥ 0, which translate
in a lower and upper bound on Ωm:
4

3
(1−M−Ωk−Ωr) ≤ Ωm ≤

4

3

[
3M(1−M − Ωk − Ωr)

3
]1/4

;

(9)
for details see [58, 59]. In what follows we investigate
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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.

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

• CMB lensing: We consider the CMB lensing re-
construction power spectrum data obtained with a
CMB trispectrum analysis [77].

• BAO: We have also considered Baryon Acous-
tic Oscillation (BAO) distance measurements from
various astronomical missions such as 6dFGS [78],
SDSS MGS [79], and BOSS DR12 [80] as used by
the Planck collaboration [1].

• Pantheon: Pantheon sample [81] of the Type Ia
Supernovae consisting of 1048 data points are also
considered in the analysis.

• R19: Finally, we have considered the measurement
of the Hubble constant provided by the SH0ES col-
laboration in a model independent approach [2].
The Hubble constant value is H0 = 74.03 ± 1.42
km/s/Mpc at 68% CL and differs significantly
from the Planck’s estimation (assuming the ΛCDM
background) [1]. We do not expect a significant
variation in the measured value of H0 when the lu-
minosity distance is modified [82] to accommodate
0 < |Ωk| � 1 [83].

The baseline of the vacuum metamorphosis model con-
sists of six parameters, namely, Ωbh

2 (baryon energy den-
sity), θMC (the ratio of sound horizon at decoupling to
the angular diameter distance to last scattering), τ (the
optical depth to reionization), the amplitude of the pri-
mordial scalar perturbations (As) and their spectral in-
dex (ns), and M (the vacuum metamorphosis parameter
M defined in Sec. II). We note that the parameter M
is related to the matter density Ωm 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 neutrino sector using the
sum of three active neutrino masses

∑
mν and the effec-

tive number of neutrino species Neff . The latter can be
viewed as a convenient parametrization of the relativistic
energy density of the Universe beyond that of photons,
in units of the density of a single Weyl neutrino in the

Parameter Prior
Ωbh

2 [0.005, 0.1]
Ωch

2 [0.001, 0.99]
τ [0.01, 0.8]
ns [0.8, 1.2]

ln(1010As) [1.6, 3.9]
100θMC [0.5, 10]
M [0.5, 1]
Ωk [−0.3, 0.3]∑
mν [0.06, 5]

Neff [0.05, 10]

Table I. Flat priors imposed on various free parameters of the
underlying cosmological scenarios for the statistical analyses.

instantaneous decoupling limit. Therefore, we consider
the following models assuming the spatially flat and non
flat background: X +

∑
mν , X +Neff , X +

∑
mν +Neff ,

X +
∑
mν +Neff + Ωk, for both the cases, i.e. the orig-

inal 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 http://cosmologist.info/cosmomc/).
The package supports the Planck 2018 likelihood [76]
having a precise convergence diagnostic based on the Gel-
man and Rubin statistics [85]. Additionally, this pack-
age appliances an efficient sampling of the posterior dis-
tribution which uses the fast/slow parameter decorrela-
tions [86].

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 or-
der to derive the constraints on the neutrino sector. For
completeness, we have considered both spatially flat and
non flat 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. Es-
timates of the sound horizon at the end of the baryonic-
drag epoch, rdrag, have been reported in [87]. These esti-
mates are based on data from low-redshift probes and a
set of polynomial parametrizations which are almost in-
dependent of the underlying cosmology. None of the VM
nor VM-VEV extensions can accommodate the rdrag es-
timates of [87] at the 1σ level.

http://cosmologist.info/cosmomc/
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Table II. 68% CL constraints and 95% CL upper limits on the cosmological parameters of the original VM+
∑
mν scenario

using different dataset combinations explored in this work. The ∆χ2
bf (best fit) is relative to the corresponding data best fits

within ΛCDM.

Parameters CMB CMB+lensing CMB+BAO CMB+Pantheon CMB+R19 CMB+BAO+Pantheon CMB+BAO+R19
Ωbh

2 0.02232 ± 0.00015 0.02232+0.00016
−0.00014 0.02219 ± 0.00012 0.02181 ± 0.00012 0.02219 ± 0.00012 0.02213 ± 0.00012 0.02219 ± 0.00012

100θMC 1.04080+0.00032
−0.00029 1.04081 ± 0.00032 1.04056 ± 0.00030 1.04004 ± 0.00029 1.04058 ± 0.00029 1.04051 ± 0.00028 1.04056 ± 0.00028

τ 0.0534 ± 0.0078 0.0513+0.0082
−0.0073 0.0517 ± 0.0079 0.0480 ± 0.0071 0.0510 ± 0.0076 0.0535+0.0070

−0.0080 0.0515 ± 0.0078
M 0.9304+0.0093

−0.0051 0.931+0.011
−0.005 0.9159 ± 0.0030 0.844+0.013

−0.011 0.9173+0.0054
−0.0045 0.9081+0.0037

−0.0032 0.9156 ± 0.0027
ln(1010As) 3.044 ± 0.016 3.038 ± 0.016 3.043 ± 0.016 3.039 ± 0.015 3.042 ± 0.016 3.044+0.015

−0.017 3.043 ± 0.016
ns 0.9631 ± 0.0041 0.9642+0.0044

−0.0039 0.9594 ± 0.0033 0.9467 ± 0.0036 0.9594 ± 0.0033 0.9588 ± 0.0031 0.9594 ± 0.0032∑
mν [eV ] < 0.419 < 0.485 0.38+0.12

−0.14 1.11+0.17
−0.20 0.33+0.11

−0.15 0.63+0.14
−0.17 0.39+0.13

−0.15

H0[km/s/Mpc] 79.1+3.0
−2.3 79.4+3.8

−2.4 74.44 ± 0.78 61.8 ± 1.4 74.8 ± 1.4 72.57 ± 0.79 74.34 ± 0.69
σ8 0.914+0.036

−0.012 0.900+0.041
−0.018 0.863 ± 0.034 0.702 ± 0.033 0.876+0.038

−0.032 0.801 ± 0.038 0.859 ± 0.036
S8 0.802 ± 0.023 0.788 ± 0.015 0.809 ± 0.025 0.813 ± 0.028 0.816+0.026

−0.023 0.777 ± 0.029 0.807 ± 0.027
Ωm 0.232+0.011

−0.021 0.231+0.012
−0.026 0.2641 ± 0.0072 0.404 ± 0.022 0.261+0.010

−0.012 0.2829+0.0077
−0.0089 0.2650 ± 0.0066

rdrag [Mpc] 146.91 ± 0.28 147.01+0.28
−0.25 146.64 ± 0.19 145.74 ± 0.20 146.63 ± 0.21 143.97 ± 0.15 146.65 ± 0.20

χ2
bf 2768.85 2779.008 2803.17 3831.966 2772.228 3894.196 2803.11

∆χ2
bf −3.80 −3.03 +23.46 +24.47 −19.61 +80.02 +6.06

A. Original VM

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

1. VM+
∑
mν

We first investigate a simple extension of the VM
model considering the total neutrino mass

∑
mν along

with the original 6-parameters of the model. Thus, the
free parameters 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 Ta-
ble II. We first observe thatH0 takes a significantly larger
value H0 = 79.1+3.0

−2.3 km/s/Mpc (68% CL) than the mini-
mal ΛCDM model using the same Planck dataset, where
H0 ∼ 67.4±0.5 km/s/Mpc (68% CL), but 1σ lower than
the original VM model without

∑
mν free to vary us-

ing Planck data (Table II of [59]). This estimation is
also larger than the R19 value [2] (H0 = 74.03 ± 1.42
km/s/Mpc at 68% CL), but can solve the tension within
1.5σ. The scenario also indicates a relaxed bound on
the total neutrino mass (

∑
mν < 0.419 eV, 95% CL

upper limit) than the one obtained in a ΛCDM+
∑
mν

model (
∑
mν < 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 combine them together, obtaining the agreement on
H0 at the price of a neutrino mass scale different from
zero at 95% CL.

A similar interesting result is given when consider-
ing CMB+BAO. In fact, for this dataset combination
H0 = 74.44 ± 0.78 km/s/Mpc (at 68% CL) is fully con-
sistent with R19 within 1σ. In this case, a total neutrino
mass different from zero is preferred at more than 99%

CL (
∑
mν = 0.38+0.12

−0.14eV at 68% CL), and both σ8 and
S8 are lowered with respect to the original VM without∑
mν free to vary [59], improving the agreement with

the weak lensing data. Therefore, the addition of R19
in this case, i.e. CMB+BAO+R19, reduces considerably
the error bars, leaving unaltered the same features: so-
lution 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

∑
mν and a much lower value for

H0, in disagreement with the other cases. In particular,
we have

∑
mν = 1.11+0.17

−0.20eV at 68% CL andH0 = 61.8±
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 H0 and S8

tensions within 1σ, and a total neutrino mass above 5σ.
In particular, we find the following constraints at 68%
CL on key parameters: H0 = 72.57 ± 0.79 km/s/Mpc,
S8 = 0.777± 0.029, and

∑
mν = 0.63+0.14

−0.17eV.

2. VM+Neff

Secondly, we examine another simple extension of
the VM model considering the effective number of neu-
trino species Neff free to vary along with the original
6-parameters of the model. The results for different ob-
servational datasets are shown in Table III.

Duplicating the procedure adopted in the previous sec-
tion, we start investigating the constraints from CMB
data alone. These are shown in the second column of
Table III. We find that H0 takes a very high value when
compared to the value obtained in a ΛCDM model using
Planck data, but slightly lower than in the original VM
model if Neff is not allowed to vary in the fit [59]. More-
over, the Hubble constant is also larger than the local
measurements at about 2.3σ. This scenario also yields a
1σ shift higher value of Neff = 3.18±0.19 (68% CL) when
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Table III. 68% CL constraints and 95% CL upper limits on the cosmological parameters of the scenario original VM+Neff for
different dataset combinations explored in this work. The ∆χ2

bf (best fit) is relative to the corresponding data best fits within
ΛCDM.

Parameters CMB CMB+lensing CMB+BAO CMB+Pantheon CMB+R19 CMB+BAO+Pantheon CMB+BAO+R19
Ωbh

2 0.02251 ± 0.00025 0.02239 ± 0.00023 0.02256 ± 0.00023 0.02283 ± 0.00024 0.02255 ± 0.00024 0.02232 ± 0.00022 0.02244 ± 0.00021
100θMC 1.04073 ± 0.00039 1.04101 ± 0.00036 1.04039 ± 0.00031 1.03958 ± 0.00034 1.04034 ± 0.00034 1.04043 ± 0.00031 1.04041 ± 0.00029

τ 0.0529 ± 0.0081 0.0514 ± 0.0078 0.0496 ± 0.0077 0.039+0.011
−0.007 0.0486 ± 0.0077 0.0455+0.0083

−0.0069 0.0481 ± 0.0075
M 0.9336+0.0076

−0.0058 0.9411+0.0040
−0.0034 0.9222 ± 0.0024 0.879 ± 0.010 0.9190+0.0049

−0.0042 0.9173 ± 0.0024 0.9205 ± 0.0021
ln(1010As) 3.046 ± 0.018 3.035 ± 0.016 3.048 ± 0.017 3.045+0.024

−0.016 3.047 ± 0.017 3.038+0.018
−0.015 3.044 ± 0.016

ns 0.9698 ± 0.0093 0.9649 ± 0.0090 0.9724 ± 0.0083 0.9842 ± 0.0091 0.9721 ± 0.0089 0.9633 ± 0.0082 0.9682 ± 0.0075
Neff 3.18 ± 0.19 3.02 ± 0.16 3.32 ± 0.14 3.79 ± 0.19 3.34 ± 0.18 3.18 ± 0.14 3.25 ± 0.13

H0[km/s/Mpc] 80.4 ± 2.4 83.0 ± 1.6 76.61 ± 0.93 67.4+1.6
−1.8 75.7 ± 1.2 74.80 ± 0.86 75.91 ± 0.76

σ8 0.9477 ± 0.0099 0.9384 ± 0.0075 0.9525 ± 0.0084 0.949+0.012
−0.008 0.9525 ± 0.0087 0.9480+0.0088

−0.0077 0.9505 ± 0.0080
S8 0.815 ± 0.028 0.781 ± 0.016 0.859 ± 0.011 0.973 ± 0.023 0.869 ± 0.017 0.875 ± 0.011 0.8648 ± 0.0096
Ωm 0.222+0.012

−0.014 0.2078+0.0072
−0.0084 0.2441 ± 0.0057 0.316 ± 0.016 0.2500+0.0076

−0.0085 0.2556 ± 0.0056 0.2484 ± 0.0048
rdrag [Mpc] 145.8 ± 1.8 147.5 ± 1.5 144.2 ± 1.1 139.6 ± 1.5 143.9 ± 1.5 145.2 ± 1.1 144.7 ± 1.0

χ2
bf 2769.384 2777.736 2803.466 3861.32 2774.95 3906.844 2806.202

∆χ2
bf −3.27 −4.30 +23.76 +53.82 −16.89 +92.66 +9.15

compared to the result from Planck (Neff = 2.92+0.36
−0.37

at 68% CL) in a ΛCDM+Neff model. On the con-
trary, the CMB+lensing dataset combination gives Neff

almost identical to the standard value, so the constraints
on the parameters are indistinguishable from those ob-
tained in the original VM with Neff fixed to the SM value
3.046 [88]. In this scenario it is safe to combine CMB and
R19 together, and the agreement onH0 is obtained at the
price of a 1σ indication for ∆Neff = Neff − 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 H0 =
76.61±0.93 km/s/Mpc at 68% CL, consistent with R19 at
about 1.5σ. In this case, a neutrino effective number dif-
ferent from the standard value is preferred at more than
95% CL (Neff = 3.32± 0.14 at 68% CL). The addition of
R19, i.e. CMB+BAO+R19, decreases considerably the
error bars on the H0 determination, and also the indica-
tion for ∆Neff > 0 which is now just 1σ.

An intriguing different result is instead observed for
the CMB+Pantheon dataset combination, which prefers
a much larger value for Neff and S8, and a much lower
for H0, in strong disagreement with predictions from
the other dataset combinations. In particular, we have:
Neff = 3.79 ± 0.19 at 68% CL, in disagreement at 3.9σ
with the standard value and in agreement with Neff = 4,
and H0 = 67.4+1.6

−1.8 km/s/Mpc at 68% CL, in disagree-
ment at 3.1σ with R19. Finally, the inclusion of the BAO
data to this combination, i.e. the CMB+BAO+Pantheon
case, provides a solution of the H0 tension within 1σ, and
Neff is in agreement with the SM value of 3.046. We find
the following constraints at 68% CL on key parameters:
H0 = 74.80± 0.86 km/s/Mpc and Neff = 3.18± 0.14.

3. VM+Neff+
∑
mν

In this section we study the original VM model along
with the total neutrino mass

∑
mν and the effective num-

ber of neutrino species Neff varying as free parameters
of the model at the same time. The results for differ-
ent observational 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 H0 lowers significantly with
respect to the previous cases. In particular now H0 =
78.0+3.8

−2.6 km/s/Mpc (68% CL), helping in solving the
tension with R19 at 1.3σ. This scenario also indicates
a slightly relaxed bound on the total neutrino mass
(
∑
mν < 0.468 eV, 95% CL upper limit), and an unal-

tered constraint on Neff = 3.18±0.19 at 68% CL. In fact,
these two parameters do not show a significant correla-
tion 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 H0 at the price of
both a total neutrino mass and a ∆Neff different from
zero at 68% CL.

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 H0 = 75.1± 1.3
km/s/Mpc at 68% CL, fully consistent with R19 within
1σ. In addition, for the CMB+BAO datasets, we have a
total neutrino mass different from zero at more than 68%
CL (

∑
mν = 0.31+0.10

−0.19eV 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 constraints, with
preference for a total neutrino mass at 2σ and ∆Neff = 0.

Finally, also in this extended scenario, the
CMB+Pantheon dataset is in disagreement with
the other dataset combinations, as it prefers a much
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Figure 1. 68% and 95% CL constraints on the original VM+Neff+
∑
mν case.

larger value for both
∑
mν and ∆Neff > 0 at more than

95% CL, and a much lower value for H0. This is possible
because the well-known strong correlation between Neff

and H0 is absent in this extended VM model (see Fig. 1).
In particular, we have at 68% CL

∑
mν = 1.01±0.19eV,

Neff = 3.42 ± 0.19, and H0 = 61.8+1.4
−1.6 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 H0 and S8 tensions are
solved within 1σ, a total neutrino mass above 99%
CL appears, and the effective number of equivalent
neutrinos shifts towards lower values (more than 1σ
below the expected value). In particular, we find the
following constraints at 68% CL on key parameters:
H0 = 71.0 ± 1.2 km/s/Mpc, S8 = 0.755 ± 0.032,∑
mν = 0.80+0.18

−0.22eV, and Neff = 2.77± 0.16.

4. VM+Neff+
∑
mν+Ωk

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 neu-
trino mass

∑
mν , the effective number of neutrinos Neff ,

and the curvature energy density Ωk are considered as
free parameters. The results for the different observa-
tional dataset combinations are given in Table V, and in
Fig. 2 it is shown a triangular plot with the key param-
eters.

Regarding the CMB data alone we can notice that H0

lowers significantly with respect to the previous cases,
but with very large error bars. In particular we find
H0 = 53 ± 8 km/s/Mpc (68% CL), in tension with R19
at 2σ. In this scenario, because of the

∑
mν-Ωk correla-

tion (see Fig. 2) we have 1σ indication for a total neutrino
mass (

∑
mν = 0.54+0.24

−0.30 eV at 68% CL), Neff = 3.05+0.18
−0.23

at 68% CL completely in agreement with the SM 3.046,
and Ωk = −0.077+0.050

−0.022 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, giv-
ing H0 in agreement with R19 within 1σ (H0 = 70.0±6.4
km/s/Mpc at 68% CL). However, even in this case, there
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Table IV. 68% CL constraints and 95% CL upper limits on the cosmological parameters of the scenario original VM+Neff+
∑
mν

for different dataset combinations explored in this work. The ∆χ2
bf (best fit) is relative to the corresponding data best fits

within ΛCDM.

Parameters CMB CMB+lensing CMB+BAO CMB+Pantheon CMB+R19 CMB+BAO+Pantheon CMB+BAO+R19
Ωbh

2 0.02245 ± 0.00025 0.02236 ± 0.00023 0.02234 ± 0.00026 0.02225 ± 0.00026 0.02245 ± 0.00025 0.02174 ± 0.00026 0.02226 ± 0.00013
100θMC 1.04060 ± 0.00041 1.04079 ± 0.00039 1.04049 ± 0.00032 1.03971 ± 0.00034 1.04037 ± 0.00034 1.04075 ± 0.00033 1.04051 ± 0.00031

τ 0.0530 ± 0.0077 0.0519 ± 0.0075 0.0520 ± 0.0077 0.0498 ± 0.0075 0.0513 ± 0.0077 0.0518 ± 0.0074 0.0517 ± 0.0078
M 0.926+0.013

−0.006 0.930+0.013
−0.005 0.9176+0.0041

−0.0034 0.839 ± 0.013 0.9150+0.0058
−0.0050 0.9034+0.0048

−0.0043 0.9161+0.0032
−0.0028

ln(1010As) 3.047 ± 0.017 3.040 ± 0.016 3.046 ± 0.017 3.053 ± 0.017 3.048 ± 0.017 3.032 ± 0.017 3.044 ± 0.017
ns 0.9686 ± 0.0089 0.9653 ± 0.0086 0.9652 ± 0.0096 0.9651 ± 0.0099 0.9692 ± 0.0093 0.9429 ± 0.0097 0.9622 ± 0.0084∑
mν [eV ] < 0.468 < 0.520 0.31+0.10

−0.19 1.01 ± 0.19 0.28+0.10
−0.16 0.80+0.18

−0.22 0.36+0.13
−0.17

Neff 3.18 ± 0.19 3.07 ± 0.17 3.16 ± 0.17 3.42 ± 0.19 3.26 ± 0.19 2.77 ± 0.16 3.11 ± 0.15

H0[km/s/Mpc] 78.0+3.8
−2.6 79.2+4.1

−2.4 75.1 ± 1.3 61.8+1.4
−1.6 74.6 ± 1.4 71.0 ± 1.2 74.60 ± 0.97

σ8 0.913+0.040
−0.014 0.898+0.043

−0.018 0.883+0.051
−0.034 0.729 ± 0.037 0.893+0.042

−0.030 0.757 ± 0.045 0.869+0.044
−0.038

S8 0.813+0.027
−0.030 0.788 ± 0.016 0.819+0.032

−0.022 0.843 ± 0.034 0.834+0.031
−0.025 0.755 ± 0.032 0.813+0.031

−0.026

Ωm 0.239+0.013
−0.027 0.233+0.012

−0.028 0.258+0.009
−0.012 0.402 ± 0.022 0.262+0.010

−0.012 0.299 ± 0.013 0.2627+0.0081
−0.0092

rdrag [Mpc] 145.7 ± 1.8 146.8 ± 1.5 145.7 ± 1.5 142.6 ± 1.5 144.7 ± 1.6 149.1 ± 1.4 146.1 ± 1.3
χ2

bf 2769.976 2778.582 2803.986 3828.246 2773.55 3891.388 2802.988
∆χ2

bf −2.67 −3.46 +24.28 +20.75 −18.29 +77.21 +5.94

Table V. 68% CL constraints and 95% CL upper limits on the cosmological parameters of the scenario original
VM+Neff+

∑
mν+Ωk for different dataset combinations explored in this work. The ∆χ2

bf (best fit) is relative to the cor-
responding data best fits within ΛCDM.

Parameters CMB CMB+lensing CMB+BAO CMB+Pantheon CMB+R19 CMB+BAO+Pantheon CMB+BAO+R19
Ωbh

2 0.02251 ± 0.00027 0.02230 ± 0.00024 0.02232 ± 0.00025 0.02249 ± 0.00027 0.02250 ± 0.00025 0.02174+0.00050
−0.00049 0.02236 ± 0.00022

100θMC 1.04100 ± 0.00047 1.04108 ± 0.00046 1.04111 ± 0.00045 1.04098 ± 0.00045 1.04100 ± 0.00044 1.04095+0.00091
−0.00087 1.04107 ± 0.00041

τ 0.0471 ± 0.0088 0.0485 ± 0.0081 0.0517 ± 0.0078 0.0472 ± 0.0080 0.0522 ± 0.0078 0.051 ± 0.015 0.0517 ± 0.0078
M 0.830+0.096

−0.034 0.919+0.023
−0.010 0.9300+0.0072

−0.0061 0.875 ± 0.014 0.9302+0.0078
−0.0065 0.908+0.019

−0.021 0.9301+0.0070
−0.0059

ln(1010As) 3.024 ± 0.022 3.023 ± 0.019 3.033 ± 0.018 3.023 ± 0.020 3.037 ± 0.018 3.027 ± 0.035 3.034 ± 0.018
ns 0.968 ± 0.010 0.9618 ± 0.0090 0.9618 ± 0.0091 0.9675 ± 0.0097 0.9683 ± 0.0092 0.942 ± 0.018 0.9630 ± 0.0078∑
mν [eV ] 0.54+0.24

−0.30 0.39+0.14
−0.26 < 0.446 0.47+0.14

−0.16 < 0.323 0.72+0.50
−0.47 < 0.397

Neff 3.05+0.18
−0.23 2.92 ± 0.19 2.93 ± 0.20 3.02 ± 0.20 3.05 ± 0.20 2.71+0.36

−0.34 2.96 ± 0.16
Ωk −0.077+0.050

−0.022 −0.019+0.015
−0.009 −0.0124 ± 0.0063 −0.058+0.014

−0.013 −0.0130 ± 0.0052 −0.005 ± 0.015 −0.0117 ± 0.0055

H0[km/s/Mpc] 53 ± 8 70.0 ± 6.4 73.4 ± 1.5 55.4 ± 1.8 73.4 ± 1.4 70.5 ± 2.6 73.7 ± 1.0
σ8 0.737 ± 0.085 0.828+0.068

−0.054 0.887+0.038
−0.020 0.766 ± 0.032 0.902+0.027

−0.016 0.766+0.098
−0.094 0.892+0.032

−0.019

S8 0.990+0.060
−0.067 0.828+0.027

−0.030 0.839+0.027
−0.015 0.970 ± 0.039 0.852+0.023

−0.019 0.767+0.077
−0.078 0.840+0.025

−0.015

Ωm 0.58+0.12
−0.23 0.308+0.041

−0.075 0.269+0.010
−0.012 0.482 ± 0.031 0.268±0.011 0.301+0.026

−0.025 0.2663 ± 0.0077
rdrag [Mpc] 147.2+2.2

−1.9 148.4 ± 1.9 148.3 ± 2.0 147.5 ± 1.9 147.2 ± 1.9 149.9+3.7
−3.6 148.0 ± 1.5

χ2
bf 2765.572 2777.134 2795.998 3801.384 2764.186 3891.750 2795.730

∆χ2
bf −7.08 −4.91 +16.29 −6.12 −27.65 +77.57 −1.32

is 1σ indication for a total neutrino mass, Neff in agree-
ment 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
H0 at the price of a closed Universe at 3 standard devia-
tions (Ωk = −0.0130± 0.0052 at 68% CL), while both a
total neutrino mass and a ∆Neff agree with zero within
the 68% CL. Similar interesting results are obtained for
the CMB+BAO combination. In fact, for CMB+BAO
we have H0 = 73.4 ± 1.5 km/s/Mpc at 68% CL, fully
consistent with both R19 and CMB+R19, within 1 stan-
dard deviation. Also in this case, we have both a total
neutrino mass and a ∆Neff in agreement with zero within
the 68% CL, and a preference for a closed Universe at
2 standard deviations (Ωk = −0.0124 ± 0.0063 at 68%
CL). The inclusion of the Hubble constant prior R19 for
the CMB+BAO+R19 combination, gives the same re-

sult, 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

∑
mν-Ωk correlation (see Fig. 2), we

have evidence at more than 3σ for a total neutrino mass
(
∑
mν = 0.47+0.14

−0.16 eV at 68% CL), Neff = 3.02 ± 0.20
at 68% CL completely consistent with the the SM value,
and Ωk = −0.058+0.014

−0.013 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 H0 = 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.
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Figure 2. 68% and 95% CL constraints on the original VM+Neff+
∑
mν+Ωk case.

B. VM-VEV

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

1. VM-VEV+
∑
mν

We first consider the simple extension of the VM-VEV
model where the total neutrino mass

∑
mν has been con-

sidered free to vary along with 7-parameters of the VM-
VEV model. We analysed several combinations of the
cosmological probes listed in this paper, we show the re-
sults 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 agree-
ment with R19. Additionally, the well known

∑
mν-H0

negative correlation lowers still more the H0 value with
respect to the case in which

∑
mν is fixed to the arbitrary

value of 0.06 eV of the standard ΛCDM scenario.
If we look at the constraints for CMB alone (second

column of Table VI), we see that now H0 = 76.0+4.4
−2.3

km/s/Mpc at 68% CL, much larger than the estimate
obtained by Planck within the minimal ΛCDM model,
and in 1σ agreement with R19. The CMB only case
presents also a relaxed bound on the total neutrino mass
(
∑
mν < 0.358 eV, 95% upper limit) than Planck in

a ΛCDM+
∑
mν model, but stronger than the original

VM+
∑
mν of Table II). The very same cosmological pa-

rameters 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 dif-
ferent from zero, and slightly relaxes its upper bound
(
∑
mν < 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 H0 = 73.19±0.59 km/s/Mpc at 68% CL,
still fully consistent with R19 within 1σ. In this case,
we have almost the same upper limit of the CMB alone
case:

∑
mν < 0.354eV at 95% CL. If to this dataset

combination we now add R19, the fit favors a further
reduction of the H0 error bars and strengthens the total
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Table VI. 68% CL constraints and 95% CL upper limits on the cosmological parameters of the scenario VM-VEV+
∑
mν for

different dataset combinations explored in this work. The ∆χ2
bf (best fit) is relative to the corresponding data best fits within

ΛCDM.

Parameters CMB CMB+lensing CMB+BAO CMB+Pantheon CMB+R19 CMB+BAO+Pantheon CMB+BAO+R19
Ωbh

2 0.02235 ± 0.00016 0.02237 ± 0.00015 0.02228 ± 0.00014 0.02226 ± 0.00016 0.02232 ± 0.00015 0.02227 ± 0.00014 0.02230 ± 0.00014
Ωch

2 0.1202 ± 0.0014 0.1200 ± 0.0013 0.1210 ± 0.0012 0.1213 ± 0.0014 0.1204 ± 0.0014 0.1213 ± 0.0012 0.1209 ± 0.0012
100θMC 1.04084 ± 0.00033 1.04087 ± 0.00032 1.04074 ± 0.00030 1.04071 ± 0.00033 1.04080 ± 0.00033 1.04075 ± 0.00029 1.04077 ± 0.00031

τ 0.0545 ± 0.0080 0.0538 ± 0.0076 0.0537 ± 0.0077 0.0536 ± 0.0076 0.0545 ± 0.0075 0.0539 ± 0.0077 0.0539 ± 0.0076
M 0.912+0.022

−0.009 0.918+0.017
−0.008 0.8954+0.0017

−0.0043 0.8924+0.0021
−0.0025 0.9040+0.0061

−0.0085 0.8922+0.0011
−0.0017 0.8958+0.0017

−0.0043

ln(1010As) 3.045 ± 0.016 3.043 ± 0.015 3.045 ± 0.016 3.045 ± 0.016 3.045 ± 0.015 3.046 ± 0.016 3.046 ± 0.016
ns 0.9644 ± 0.0044 0.9649 ± 0.0043 0.9625 ± 0.0040 0.9616 ± 0.0045 0.9594 ± 0.0033 0.9618 ± 0.0039 0.9628 ± 0.0041∑
mν [eV ] < 0.358 < 0.319 < 0.354 < 0.579 < 0.399 < 0.352 < 0.321

H0[km/s/Mpc] 76.0+4.4
−2.3 77.1+2.9

−2.3 73.19 ± 0.59 72.5+1.2
−0.6 74.5+1.0

−1.2 72.73+0.54
−0.43 73.33+0.48

−0.55

σ8 0.877 ± 0.029 0.884+0.027
−0.022 0.854+0.024

−0.016 0.840+0.037
−0.015 0.863+0.025

−0.016 0.851+0.024
−0.016 0.856+0.021

−0.015

S8 0.800 ± 0.018 0.795 ± 0.014 0.812+0.019
−0.016 0.809+0.021

−0.017 0.804+0.019
−0.016 0.815+0.019

−0.016 0.812 ± 0.017
Ωm 0.250+0.017

−0.029 0.243+0.014
−0.020 0.2713+0.0054

−0.0065 0.278+0.007
−0.014 0.2606 ± 0.0093 0.2753+0.0052

−0.0065 0.2697 ± 0.0054
rdrag [Mpc] 147.04 ± 0.30 147.09 ± 0.28 146.89 ± 0.27 146.83 ± 0.30 147.01 ± 0.30 146.83 ± 0.26 146.92 ± 0.27

χ2
bf 2767.962 2778.142 2791.026 3840.314 2772.594 3854.916 2792.516

∆χ2
bf −4.69 −3.90 +11.32 +32.81 −19.25 +40.74 −4.53

neutrino mass upper limit.
Contrary to what happens in the original VM exten-

sion, the CMB+Pantheon dataset combination is now
completely in agreement with the other cases. In par-
ticular, we have

∑
mν < 0.579eV at 95% CL, slightly

relaxed with respect to the CMB only case, and H0 =
72.5+1.2

0.6 km/s/Mpc at 68% CL, now perfectly consis-
tent with R19. The inclusion of the BAO data for the
CMB+BAO+Pantheon case, confirms completely these
findings, solving H0 and making stronger the upper∑
mν limit. In particular we find H0 = 72.73+0.54

−0.43

km/s/Mpc at 68% CL and
∑
mν < 0.352eV 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 neu-
trinos Neff 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.

If we look at the constraints for CMB alone, shown
in the second column of Table VII, we see that H0 =
75.9+1.4

−2.6 km/s/Mpc at 68% CL, with smaller error bars
but the same mean value of the VM-VEV+

∑
mν 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, theNeff 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 H0 and
Neff , we find a larger value for Neff , showing an indication

for a extra radiation at recombination at more than 1σ,
for both CMB+R19 and CMB+BAO+R19.

3. VM-VEV+Neff+
∑
mν

In this section we discuss the VM-VEV extension for
which the total neutrino mass

∑
mν and the effective

number of neutrino species Neff 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 distribu-
tions 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
combinations, the Hubble constant is always in agree-
ment with R19 within 1σ, 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, Pan-
theon, as well as their combination, are preferring H0

consistent with R19.
In Fig. 3 we can see that in this VM-VEV extension,

all the dataset combinations are in agreement and over-
lap, solving the disagreement visible in Fig. 1 for the
corresponding 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 H0 and
M vacuum, which disappears when more datasets are
included in the analysis.

4. VM-VEV+Neff+
∑
mν+Ωk

Finally, we analyse the full extension of the VM-VEV
model where the total neutrino mass

∑
mν , the effec-
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Table VII. 68% CL constraints and 95% CL upper limits on the cosmological parameters of the scenario VM-VEV+Neff for
different dataset combinations explored in this work. The ∆χ2

bf (best fit) is relative to the corresponding data best fits within
ΛCDM.

Parameters CMB CMB+lensing CMB+BAO CMB+Pantheon CMB+R19 CMB+BAO+Pantheon CMB+BAO+R19
Ωbh

2 0.02228 ± 0.00022 0.02229 ± 0.00021 0.02223 ± 0.00021 0.02239 ± 0.00022 0.02255 ± 0.00024 0.02232 ± 0.00022 0.02244 ± 0.00021
Ωch

2 0.1181 ± 0.0030 0.1175 ± 0.0028 0.1201 ± 0.0029 0.1219 ± 0.0030 0.1204 ± 0.0014 0.1213 ± 0.0012 0.1209 ± 0.0012
100θMC 1.04117 ± 0.00046 1.04121 ± 0.00043 1.04092 ± 0.00042 1.04075 ± 0.00042 1.04034 ± 0.00034 1.04043 ± 0.00031 1.04041 ± 0.00029

τ 0.0537 ± 0.0079 0.0519 ± 0.0073 0.0522 ± 0.0076 0.0535 ± 0.0080 0.0486 ± 0.0077 0.0455+0.0083
−0.0069 0.0481 ± 0.0075

M 0.914+0.009
−0.013 0.919+0.017

−0.008 0.8958+0.0027
−0.0038 0.8933+0.0025

−0.0031 0.9190+0.0049
−0.0042 0.9173 ± 0.0024 0.9205 ± 0.0021

ln(1010As) 3.038 ± 0.019 3.032 ± 0.017 3.040 ± 0.018 3.047 ± 0.018 3.047 ± 0.017 3.038+0.018
−0.015 3.044 ± 0.016

ns 0.9603 ± 0.0088 0.9611 ± 0.0080 0.9592 ± 0.0080 0.9657 ± 0.0083 0.9721 ± 0.0089 0.9633 ± 0.0082 0.9682 ± 0.0075
Neff 2.92 ± 0.19 2.91 ± 0.18 2.97 ± 0.18 3.11 ± 0.19 3.34 ± 0.18 3.18 ± 0.14 3.25 ± 0.13

H0[km/s/Mpc] 75.9+1.4
−2.6 77.0 ± 2.6 73.23 ± 0.90 73.8+0.9

−1.0 75.7 ± 1.2 74.80 ± 0.86 75.91 ± 0.76
σ8 0.890+0.015

−0.024 0.895 ± 0.021 0.874 ± 0.011 0.874 ± 0.011 0.9525 ± 0.0087 0.9480+0.0088
−0.0077 0.9505 ± 0.0080

S8 0.804 ± 0.016 0.795 ± 0.014 0.824 ± 0.014 0.822 ± 0.015 0.869 ± 0.017 0.875 ± 0.011 0.8648 ± 0.0096
Ωm 0.245+0.016

−0.009 0.238+0.014
−0.019 0.2667 ± 0.0045 0.2657 ± 0.0051 0.2500+0.0076

−0.0085 0.2556 ± 0.0056 0.2484 ± 0.0048
rdrag [Mpc] 148.4 ± 2.0 148.6 ± 1.8 147.6 ± 1.8 146.3 ± 1.8 143.9 ± 1.5 145.2 ± 1.1 144.7 ± 1.0

χ2
bf 2770.330 2778.124 2789.842 3839.774 2770.876 3856.336 2790.254

∆χ2
bf −2.32 −3.92 +10.13 +32.27 −20.96 +42.16 −6.80

Table VIII. 68% CL constraints and 95% CL upper limits on the cosmological parameters of the scenario VM-VEV+Neff+
∑
mν

for different dataset combinations explored in this work. The ∆χ2
bf (best fit) is relative to the corresponding data best fits

within ΛCDM.

Parameters CMB CMB+lensing CMB+BAO CMB+Pantheon CMB+R19 CMB+BAO+Pantheon CMB+BAO+R19
Ωbh

2 0.02222 ± 0.00023 0.02225 ± 0.00022 0.02222 ± 0.00021 0.02230 ± 0.00023 0.02219 ± 0.00020 0.02237 ± 0.00021 0.02227 ± 0.00019
Ωch

2 0.1181 ± 0.0030 0.1179 ± 0.0029 0.1199 ± 0.0031 0.1219 ± 0.0030 0.1180 ± 0.0029 0.1231 ± 0.0029 0.1205 ± 0.0028
100θMC 1.04110 ± 0.00045 1.04111 ± 0.00044 1.04089 ± 0.000344 1.04066 ± 0.00043 1.04110 ± 0.00044 1.04056 ± 0.00041 1.04083 ± 0.00041

τ 0.0534 ± 0.0079 0.0531 ± 0.0076 0.0532 ± 0.0076 0.0542+0.0072
−0.0081 0.0535 ± 0.0081 0.0541 ± 0.0078 0.0537 ± 0.0077

M 0.912+0.010
−0.012 0.917+0.016

−0.009 0.8963+0.0030
−0.0047 0.8920+0.0029

−0.0033 0.9081+0.0093
−0.0081 0.8910 ± 0.0027 0.8961+0.0031

−0.0051

ln(1010As) 3.037 ± 0.019 3.036 ± 0.017 3.041 ± 0.018 3.048 ± 0.018 3.037 ± 0.019 3.051 ± 0.018 3.044 ± 0.018
ns 0.9588 ± 0.0089 0.9595 ± 0.0083 0.9594 ± 0.0082 0.9632 ± 0.0086 0.9575 ± 0.0079 0.9661 ± 0.0081 0.9617 ± 0.0075∑
mν [eV ] < 0.365 < 0.330 < 0.341 < 0.565 < 0.346 < 0.341 < 0.352
Neff 2.90 ± 0.19 2.91 ± 0.18 2.97 ± 0.17 3.09 ± 0.19 2.88 ± 0.18 3.17 ± 0.19 3.02 ± 0.17

H0[km/s/Mpc] 75.2+1.6
−2.4 76.2 ± 2.6 72.9 ± 1.0 72.7+1.5

−1.2 74.2 ± 1.2 73.28 ± 0.95 73.19 ± 0.85
σ8 0.871+0.029

−0.025 0.878 ± 0.025 0.853+0.023
−0.016 0.842+0.037

−0.016 0.865+0.022
−0.017 0.854+0.024

−0.016 0.854+0.023
−0.016

S8 0.797 ± 0.018 0.793 ± 0.014 0.811+0.018
−0.016 0.809+0.022

−0.017 0.801 ± 0.017 0.817+0.018
−0.016 0.810+0.018

−0.016

Ωm 0.252+0.016
−0.012 0.246 ± 0.016 0.2714+0.0054

−0.0064 0.278+0.007
−0.014 0.2576 ± 0.0095 0.2745+0.0050

−0.0062 0.2701+0.0053
−0.0060

rdrag [Mpc] 148.5 ± 1.9 148.5 ± 1.9 147.7 ± 1.9 146.5 ± 1.8 148.7 ± 1.8 145.7 ± 1.8 147.2 ± 1.7
χ2

bf 2770.556 2778.044 2791.324 3840.180 2769.750 3857.398 2791.562
∆χ2

bf −2.09 −4.00 +11.61 +32.68 −22.09 +43.22 −5.49

tive number of neutrinos Neff , and the curvature energy
density Ωk 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 ex-
tension, the cosmological parameters have a similar be-
haviour to that described in Sec. IVA4 for the original
VM+Neff+

∑
mν+Ωk case.

In fact, regarding the CMB data only, we have a much
lower H0 = 50± 6 km/s/Mpc (68% CL), in 3.9σ tension
with R19. Here there is a 1σ indication for a total neu-
trino mass different from zero (

∑
mν = 0.45+0.14

−0.36 eV at
68% CL), and more than 3σ evidence for a closed Uni-
verse (Ωk = −0.073+0.043

−0.019 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 analysed, 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 indi-

cation for a closed universe at more than 1σ.

V. DISCUSSION AND CONCLUSIONS

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

We have shown that for the 8-parameter
(VM+

∑
mν+Neff) spatially-flat model and the

Planck+BAO+Pantheon dataset combination, there is
more than 3σ evidence for

∑
mν = 0.80+0.18

−0.22 eV and no
indication for extra neutrino species. This combination
leads to H0 = 71.0 ± 1.2 km/s/Mpc, which roughly
saturates the 1σ range lower-boundary of the R19
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Figure 3. 68% and 95% CL constraints on the VM-VEV+Neff+
∑
mν case.

measurement [2]. The 1D posterior distribution of H0 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 ∆χ2

bf = 77.21 and ∆χ2
bf = 95.83,

respectively. The 8-parameter model when confronted
to the Planck+BAO+Pantheon data set combina-
tion also yields a best fit-value S8 = 0.755 ± 0.032,
addressing the tension with the weak lensing mea-
surements. A statistically significant improvement
is observed in the best-fit value of the S8 parameter
when compared to the 6-parameter fit, which yields
S8 = 0.880± 0.010 [59]. However, when consideration is
given to the CMB+Pantheon data sets alone, the best
fit H0 value of the 8-parameter model is inconsistent
at more than 4σ with the R19 measurement. This is
not the case for the 6-parameter model, which remains
consistent with R19 at the 1σ level when considering the
CMB+Pantheon data set.

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 +

∑
mν , VM-VEV

+Neff , VM-VEV +
∑
mν + Neff) can resolve the H0

tension at the 1σ level, independently of the combina-
tion of the selected data samples. Here, the 1σ signif-
icance is defined with respect to R19 observations [2].
However, as shown in Fig. 3, the 1D posterior distri-
butions of H0 for CMB and CMB + lensing data sets
are multi-peaked. The goodness of the fits for the VM-
VEV +

∑
mν + Neff 9-parameter model are comparable

to those obtained in [59] for the 7-parameter VM-VEV
model. However, the spatially-flat VM-VEV model en-
dowed with neutrino physics provides a small but statis-
tically 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
2σ level. All of the 3 VM-VEV-neutrino models pro-
vide a solution to the S8 tension with weak lensing mea-
surements. For S8, all the 1D posterior distributions are
single-peaked and for the VM-VEV +

∑
mν+Neff model

the 68% CL regions overlap in a range consistent with lo-
cal measurements. For the 9-parameter model, there is
no indication of extra neutrino species. The 95% CL
limits on the neutrino mass scale

∑
mν are slightly less
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Table IX. 68% CL constraints and 95% CL upper limits on the cosmological parameters of the scenario VM-
VEV+Neff+

∑
mν+Ωk for different dataset combinations explored in this work. The ∆χ2

bf (best fit) is relative to the cor-
responding data best fits within ΛCDM.

Parameters CMB CMB+lensing CMB+BAO CMB+Pantheon CMB+R19 CMB+BAO+Pantheon CMB+BAO+R19
Ωbh

2 0.02254 ± 0.00026 0.02233 ± 0.00023 0.02236 ± 0.00023 0.02253 ± 0.00026 0.02249 ± 0.00024 0.02241 ± 0.00025 0.02241 ± 0.00022
Ωch

2 0.1185 ± 0.0030 0.1176 ± 0.0029 0.1193 ± 0.0030 0.1213+0.0038
−0.0033 0.1193 ± 0.0030 0.1229 ± 0.0031 0.1201 ± 0.0028

100θMC 1.04096 ± 0.00045 1.04103 ± 0.00046 1.04097 ± 0.00043 1.04072 ± 0.00049 1.04097 ± 0.00043 1.04057 ± 0.00042 1.04088 ± 0.00042
τ 0.0471 ± 0.0080 0.0480 ± 0.0086 0.0532 ± 0.0078 0.0514 ± 0.0081 0.0529 ± 0.0077 0.0543+0.0073

−0.0082 0.0538 ± 0.0079
M 0.75+0.12

−0.07 0.869+0.064
−0.054 0.9032+0.0048

−0.0098 0.893+0.024
−0.001 0.9203+0.0099

−0.0045 0.8920+0.0046
−0.0040 0.9034+0.005

−0.011

ln(1010As) 3.024 ± 0.019 3.023 ± 0.020 3.040 ± 0.018 3.041 ± 0.020 3.039 ± 0.018 3.051 ± 0.019 3.044 ± 0.018
ns 0.9695 ± 0.0094 0.9639 ± 0.0088 0.9638 ± 0.0088 0.9705 ± 0.0094 0.9681 ± 0.0089 0.9676 ± 0.0091 0.9662 ± 0.0082∑
mν [eV ] 0.45+0.14

−0.36 < 0.804 < 0.304 < 0.559 < 0.294 < 0.421 < 0.280
Neff 3.06 ± 0.20 2.96 ± 0.19 3.01 ± 0.19 3.16 ± 0.21 3.06 ± 0.19 3.18 ± 0.20 3.07 ± 0.17
Ωk −0.073+0.043

−0.019 −0.021+0.020
−0.013 −0.0035+0.0029

−0.0024 −0.022+0.018
−0.005 −0.0090+0.0040

−0.0046 −0.0009+0.0022
−0.0028 −0.0034+0.0031

−0.0024

H0[km/s/Mpc] 50 ± 6 65+10
−9 72.8+1.0

−1.1 66.2+5.3
−8.5 73.2 ± 1.4 73.14 ± 0.98 73.19 ± 0.88

σ8 0.715 ± 0.069 0.79+0.11
−0.09 0.864+0.022

−0.018 0.839+0.054
−0.031 0.890+0.025

−0.019 0.853+0.030
−0.014 0.868+0.021

−0.018

S8 1.002 ± 0.055 0.846+0.048
−0.054 0.820+0.020

−0.017 0.890+0.041
−0.059 0.840 ± 0.026 0.817+0.025

−0.016 0.822 ± 0.018
Ωm 0.61+0.11

−0.21 0.366+0.10
−0.13 0.2705 ± 0.0062 0.342+0.008

−0.061 0.267±0.012 0.2755+0.0051
−0.0064 0.2690 ± 0.0058

rdrag [Mpc] 147.1 ± 1.9 148.1 ± 1.9 147.53 ± 1.9 146.0+1.9
−2.2 147.1 ± 1.9 145.6 ± 1.9 146.9 ± 1.7

χ2
bf 2762.914 2776.592 2789.434 3802.992 2765.23 3856.728 2787.794

∆χ2
bf −9.74 −5.45 +9.72 −4.51 −26.61 +42.55 −9.26

restrictive than those reported by the Planck Collabora-
tion [1].

We have also considered the 9- and 10-parameter
model extensions in which the curvature of space Ωk is
allowed to float as a free parameter in the fit. For the
Planck+BAO+Pantheon dataset, both the 9-parameter
(VM +

∑
mν +Neff + Ωk) and 10-parameter (VM-VEV

+
∑
mν + Neff + Ωk) models provide a solution to the

H0 tension in which the curvature parameter is consis-
tent with that of a spatially-flat universe. Indeed, there
is an unnoticeable variation in the rest of the cosmologi-
cal parameters with respect to the model in which Ωk is
manually fixed to zero in the fit. In general the datasets
favoring a close universe lead to smaller values of H0.
The exception is the CMB + BAO data sample which
predicts a comparable value of H0, but at the expense of
increasing the S8 tension.

It is important to note that while, in general, the total
fit of Planck+BAO+Pantheon is worsening with respect
to the ΛCDM model when the R19 prior is not accounted
for, the χ2 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 combina-
tion gives a worse χ2, one should taken into consideration
that together with the breaking of the parameters corre-
lation 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 ΛCDM one, so there is not a combina-
tion of the parameters that can mimic ΛCDM and its
fit. Therefore, in principle, the robustness of the addi-

tional 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 mat-
ter. In particular, for all possible combinations of the
datasets considered in this paper, the 9-parameter (VM-
VEV +

∑
mν +Neff) model provides a simultaneous res-

olution of the H0 and S8 tensions at the 1σ level. The
future CMB-S4 experiment, with a 95% CL sensitivity
to constrain ∆Neff ≤ 0.06 [89], will be able to test the
touch of neutrinos on the vacuum metamorphosis.
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