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Minimal dark energy: Key to sterile neutrino and Hubble constant tensions?
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Minimal dark energy models, described by the same number of free parameters of the standard
cosmological model with cold dark matter plus a cosmological constant to parametrize the dark energy
component, constitute very appealing scenarios which may solve long-standing, pending tensions. On the
one hand, they alleviate significantly the tension between cosmological observations and the presence of
one sterile neutrino motivated by the short-baseline anomalies: we obtain a 95% CL cosmological bound on
the mass of a fully thermalized fourth sterile neutrino (N = 4) equal to m < 0.65(1.3) eV within the
Phenomenologically Emergent Dark Energy (PEDE) and Vacuum Metamorphosis (VM) scenarios under
consideration. Interestingly, these limits are in agreement with the observations at short-baseline
experiments, and the PEDE scenario is favored with respect to the ACDM case when the full data
combination is considered. On the other hand, the Hubble tension is satisfactorily solved in almost all the
minimal dark energy schemes explored here. These phenomenological scenarios may therefore shed light
on differences arising from near and far Universe probes, and also on discrepancies between cosmological

and laboratory sterile neutrino searches.
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I. INTRODUCTION

The standard cosmological model describes surprisingly
well the present Universe, which contains mostly dark
matter (the ingredient responsible for the growth of the
structures we observe today) and dark energy (the largely
unknown engine for the current cosmic acceleration). The
most economical nature of the dark energy component
relies on the introduction of a Cosmological Constant (CC)
in Einstein’s equations, which has a constant equation-of-
state w with a value w = —1. This assumption leads to the
so-called ACDM model [1], which is the basis of most
cosmological analyses. Nevertheless, when computing the
vacuum energy density of dark energy from a quantum field
theory approach, the expected value for the CC exceeds the
measured one by more than 120 orders of magnitude,
leading to the so-called Cosmological Constant Problem
[2]. In the absence of a fundamental symmetry which sets
the vacuum energy to very small values, it is appropriate
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to look for alternative physical mechanisms, such as
quintessence [3—10], modified gravity [11-34], and other
exotic scenarios [35-51]. On the other hand, any extension
of the A-cosmology in terms of extra degrees freedom may
increase the reduced y? of the best fit in the extended
cosmological scenario compared to the minimal A-cosmol-
ogy, and, thereby, a question mark is still left in terms of the
observational fittings. Therefore, the construction of a
different minimal cosmological model, alternative to the
standard one with a CC, is very important. Keeping in mind
the idea of a minimal cosmology, the authors of Ref. [52]
proposed a possible alternative framework based on phe-
nomenological grounds, namely, the Phenomenologically
Emergent Dark Energy (PEDE) model. On the other hand,
the Vacuum Metamorphosis (VM) model, relying on a late-
time gravitational phase transition, is also a possible
minimal alternative based on the first principles [53-55].
These scenarios have exactly the same number of free
parameters as the spatially flat ACDM cosmology and they
have been shown to provide an excellent solution to the
well-known H, tension; see recent reviews in this direction
in Refs. [56-59].

On another note, in the Standard Model (SM) of
elementary particles, from the invisible Z-boson width at
the Large Electron Positron collider (LEP) at CERN [60],

© 2022 American Physical Society
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we know that there are three active neutrinos (and anti-
neutrinos) sensitive to weak interactions: v, (Z,), v, (¥,),
and v, (). However, as in the cosmological constant case
aforementioned, in which there is no known fundamental
symmetry imposing a very small vacuum energy, there is
also no known fundamental reason in nature establishing
the number of sterile neutrino species, i.e., right-handed
fermions which do not participate in weak interactions.

Short Baseline (SBL) oscillation experiments [61-63],
corresponding to a small ratio of the propagation distance
between source and detector and the neutrino energy [e.g.,
distances of ~O(10) m for energies of a few MeV], have led
to observational anomalies [64—70] that can be explained in
a satisfactory way in terms of neutrino oscillations with
Am? > 1 eV?. This mass splitting is much larger than the
solar and atmospheric ones that emerge from three-neutrino
oscillation observations (the atmospheric squared-mass
difference being |Am3,| ~2.55 x 107 eV? and the solar
one being Am3, ~ 7.5 x 1073 eV? [71-73]), which require
at least two massive neutrino eigenstates. Since the sign of
the largest mass splitting remains unknown, two mass
orderings are possible, called normal (m; < ms) and
inverted (msz < my). In the normal ordering, the sum of
the neutrino masses must satisfy » ~ m,, = 0.06 eV, while in
the inverted ordering, > m, = 0.10 eV, with > m, repre-
senting the sum of the three light neutrino masses.

In order to explain SBL neutrino oscillation data, one
possibility is to invoke the existence of a fourth sterile
neutrino state with a mass m, ~ 1 eV [74-76], therefore
heavier than the active neutrino states.' Short-baseline data
hint towards eV sterile neutrino masses and relatively large
mixing angles with the active neutrinos [61,62,75,76,84-92].
These large mixing angles would ensure the thermalization
of sterile neutrinos in the early Universe, and since they
were relativistic before CMB decoupling, sterile neutrinos
contribute to dark radiation, parametrized by N, which
encodes the number of relativistic degrees of freedom in the
early Universe. Within the standard models of both particle
physics and cosmology, N.s = 3.044; see the recent
Refs. [93-95] and references therein. If the light sterile
neutrino needed to explain the short baseline anomalies
existed in nature, it would be copiously produced in the
very early Universe via mixing with the active neutrinos,
leading to a value of N ~4 [96,97]. Cosmology can
therefore provide an independent test to weigh and bound
the sterile neutrino masses and abundances, respectively.
Current cosmological bounds on sterile massive species

lFur“[hermore, a sterile neutrino with even higher mass, at the
keV scale, has been invoked to explain other (in this case,
astrophysical and cosmological) potential anomalies. Such a
sterile state could significantly contribute to the dark matter
content of the Universe in the form of a warm dark matter
particle, whose velocity dispersion is neither negligible nor as
large as that of neutrinos with energies at the eV scale; see
Refs. [77-83].

provide Ny < 3.29 and mgp gerile < 0.65 €V (assuming
mg < 10 eV, from Planck TT, TE, EE + lowE + lensing +
BAO at 95% CL) [1]* (see also Refs. [84,87,91,98-104]),
leaving a little room for the interpretation of the SBL results
in terms of a fourth sterile neutrino.” While this tension can
be reduced in extensions of the minimal ACDM model
including extra interactions and other exotic physics, it is
mandatory to test if minimal dark energy models can
alleviate this controversy.

The question we would like to address here is whether
these minimal cosmological scenarios, containing the very
same number of degrees of freedom of the canonical
ACDM, can alleviate the SBL—cosmology sterile neutrino
tension along with a resolution to the Hubble constant
tension at the same time. We shall explore two possible
minimal schemes, the Phenomenologically Emergent Dark
Energy (PEDE) and the Vacuum Metamorphosis (VM)
models, that modify only late-time physics, leaving
unchanged the standard cosmological history at the infla-
tionary, radiation domination, recombination, CMB decou-
pling, and structure formation periods. We recall that the
aforementioned minimal cosmological scenarios have
provided an excellent solution to the Hubble constant
tension even in presence of the active neutrinos; see
Refs. [52,106,107] for PEDE alone and its extension with
neutrinos and Refs. [108-110] for VM and its various
extensions with neutrinos. The inclusion of the sterile
neutrino into these minimal cosmological scenarios, how-
ever, is a new ingredient in this article, which significantly
differs from their earlier investigations. To constrain
these cosmological scenarios, we have made use of a series
of observational probes such as Cosmic Microwave
Background (CMB) temperature and polarization angular
power spectra [111,112] and CMB lensing [113] from
Planck 2018, Baryon acoustic oscillations (BAOs) from
different astronomical surveys, namely from 6dFGS [114],
SDSS-MGS [115], and BOSS DR12 [116], Pantheon
sample [117] of the Supernovae Type la, a measurement
of the Hubble constant from the SHOES (Supernovae, H,,
for the Equation of State) collaboration [118] and finally
SBL neutrino oscillations data; see Sec. III for details.

*Notice that the Planck collaboration reports the constraints
on the effective sterile neutrino mass, while in this paper we
consider its physical mass instead. In case of a nonresonant
sterile neutrino production, such as in the case of active-sterile
neutrino oscillations [97], the two quantities are related by
Mgt serile = MsANegr, Where ANy is the contribution to N
from the sterile neutrino.

*Notice that the limits above assume that the total mass of the
active neutrinos is fixed to Y m, = 0.06 eV, that is, the mini-
mum mass allowed by oscillation experiments in normal order-
ing. In this work, we shall vary the lightest active neutrino mass
and compute the limits on that quantity, together with the limits
on the sterile neutrino parameters. The most stringent and recent
95% CL limits of these parameters are myjg < 0.025 eV, my <
0.26 eV and N < 3.38 [105].
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The structure of the paper is as follows. Section II
contains a brief description of the two minimal dark energy
scenarios considered here. Section III is devoted to explain
the cosmological and neutrino oscillation measurements
exploited to obtain the results presented and discussed in
Sec. IV. We summarize the main findings in Sec. V.

II. MINIMAL DARK ENERGY MODELS

According to the observational evidence, our Universe is
almost homogeneous and isotropic at the largest scales.
This geometric configuration is well described by the
Friedmann-Lemaitre-Robertson-Walker metric:

dr?
1-k

ds* = —dr* + a*(t) 5+ 2 (d6? +sin’0dg?) | (1)
r

expressed in terms of the comoving coordinates (¢, r, 0, ¢),
where a(t) (hereafter we shall use ) is the expansion scale
factor of the Universe. Here, k is a constant representing the
curvature of the Universe. For k = +1,0, —1, we respec-
tively have a closed, flat, and open Universe. We assume
that the gravitational interaction follows Einstein’s general
relativity and the matter distribution within the Universe is
minimally coupled to gravity. Along with the normal
baryons and relativistic radiation, pressureless dark matter,
a dark energy component, we also assume that sterile
neutrinos are also present. Further, we restrict ourselves to
the simplest cosmological scenario in which none of the
components in the matter sector interacts with any other
component. Under these assumptions, and considering a
flat Universe (i.e., k =0), one can write down the
Friedmann equations as follows:

87G
H? = 3 Zﬂi; (2)

2H +3H? = -82G» p;. (3)

where p;, p; are respectively the energy density and
pressure of the i-th fluid component. Under the
assumption of no interactions between any two fluids,
all the components enjoy the usual conservation equation,
pi+3H(1 4+ w;)p; =0, where w; = p,/p;. For the dark
energy fluid, the conservation equation takes the form
poE + 3H(1 + wpg)ppg = 0, where wpg = ppg/ppg is the
equation-of-state parameter of dark energy. Solving the
conservation equation for dark energy, one gets

21 +wpg(d
PDE = PDE,0 €XP {3 / ﬂdz’], (4)
0 1+z

where ppg o 1S the present value of the dark energy density.
In the following subsections we describe two minimal dark

energy models, in which both are described by the same
number of free parameters as the ACDM framework.

A. Phenomenologically Emergent
Dark Energy (PEDE)

The PEDE model was originally introduced in Ref. [52] as
an alternative to the standard ACDM model. Although it has
exactly the same number of free parameters as the ACDM
model, interestingly, in this scenario the DE equation-of-
state has a dynamical character, contrary to the ACDM
scenario in which the cosmological constant acting as the DE
candidate has a constant equation-of-state. Within this
model, the Hubble constant value can be increased without
any extra degrees of freedom with respect to the cosmo-
logical constant case (see also [106]). In this new cosmo-
logical model, the dark energy density with respect to the
current critical energy density is parametrized as

PPE. — Qe (2) = Qoro[l ~ tanh(logyy(1+ )], (5)

Perit,0
where Qpgo is the present value of the dark energy
density parameter Qpg. By construction, this dark energy
model has a dynamical evolution, contrary to the time-
independent cosmological constant A in the context of the
ACDM model. Consequently, the cosmological scenario
described by this PEDE model has exactly the same
number of free parameters as the standard ACDM model,
but a different phenomenology. Making use of the con-
servation equation for the dark energy component, one
could derive the dark energy equation-of-state as

1 din Qpi(2)
14z dz
which, for the model in Eq. (5), takes the form:

WDE(Z) =-1+

(6)

wpg(z) = — x [1 + tanh(log,o(1 + 2))]. (7)

1
] ——
3In10
Notice that wpg asymptotically converges to —1 in the
far future, while it currently has a phantom nature:

B. The Vacuum Metamorphosis model

The Vacuum Metamorphosis (VM) model, inspired by
quantum gravitational effects, is based on a late-time gravi-
tational phase transition [53-55]. This phase transition will
take place when the Ricci scalar curvature R is of the order of
the squared mass of the scalar field, m?, which determines the
matter density today, €2,,. As a consequence, the VM model
should be regarded as minimal, since it has the same number
of free parameters as the flat ACDM scenario. A further
motivation in favor of this model is that it provides a possible
solution to the H tension [108—110]. The expansion rate
before and after the phase transition reads as [109]:
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= =
Hy l-M-Q)(1+2*+(1+2?2+M

where M = m?/(12H3) and & = —k/Hj}. The phase tran-
sition occurs at the redshift

3Q,
40-M-Q-Q))°

2 =—1+

©)

Notice that in the original Vacuum Metamorphosis scenario
described above, the mass m of the field, and, consequently
M, are not completely free parameters, but they are related to
the matter energy density as follows:

4
0, =SBM(I-M -0 Q)" (10

obtained assuming that there is not a cosmological constant at
high redshifts. In other words, before the phase transition, the
Universe behaves as one with matter, radiation, and spatial
curvature, while after the phase transition it effectively has a
radiation component that rapidly redshifts away leaving the
Universe in a de Sitter phase. This first principle is therefore
not nested with the ACDM scenario.

It is also possible to extend this VM scheme into a more
general one, in which M is not further constrained by any
relationship and a cosmological constant appears at high
redshifts, as the vacuum expectation value of the massive
scalar field. This model is dubbed as Elaborated Vacuum
Metamorphosis (EVM) [108,109] and it is not minimal
anymore. In this case we have to impose the additional

conditions " >0 and Qpg(z > ") > 0. In this EVM
case the effective equation-of-state of DE is [109]:

wymbE (2)
1 3Q,(1+2°=4(1-M-Q,—Q,)(1+2)*
3SM+(1-M—-9,—Q,)(1+2)*—Q,,(1 +2)*

(11)

after the phase transition, and wyypg(z) = —1 before the
phase transition. Let us remind the reader here that in the
case without the cosmological constant, i.e., in the original
minimal VM described above, instead, there is no dark
energy before the phase transition.

III. OBSERVATIONAL DATASETS
AND METHODOLOGY

In this section we describe the cosmological probes and
the statistical methodology used to extract the constraints
from present cosmological observations, starting from the
cosmological and neutrino oscillation datasets considered
in our analyses.

e {QA%HP+@U+AM4MLHV—MH—Wﬁ%MU—M—m—QMPL for 2 > 2"

h
for z < 2",

(1) Cosmic Microwave Background (CMB): The
latest Cosmic microwave background (CMB) tem-
perature and polarization angular power spectra
plikTTTEEE + lowl + lowE from Planck 2018
have been used [111,112].

(2) Lensing: The CMB lensing reconstruction likeli-
hood from Planck 2018 [113] has also been used.

(3) Baryon acoustic oscillation (BAO) distance mea-
surements: We include Baryon acoustic oscillations
(BAOs) from different astronomical surveys, namely
from 6dFGS [114], SDSS-MGS [115], and BOSS
DRI12 [116].

(4) Pantheon sample: The Pantheon [117] sample of
the Supernovae Type Ia has been included in the
analyses.

(5) Hubble constant, H,, (R20): A gaussian prior on the
Hubble constant from the Supernovae, H, for the
Equation-of-State (SHOES) collaboration yielding
Hy=732+1.3 km/sec/Mpc at 68% CL [118]
has also been incorporated.

(6) SBL neutrino oscillations: We consider the pos-
terior probability on m, obtained with a combined
Bayesian analysis of the data of the v, — v, appear-
ance experiments LSND [64], MiniBooNE [119],
BNL-E776 [120], KARMEN [121], NOMAD [122],
ICARUS [123], and OPERA [124]. We consider
only SBL v, — v, appearance data® because the
positive indication in favor of light sterile neutrinos
given by the LSND and MiniBooNE® data is
currently the strongest one and has not been directly
excluded by other experiments. The data of the other
SBL v, — v, appearance experiments constrain the
mass and mixings of the sterile neutrino, leaving an
allowed interval of masses around 1 eV (see Fig. 4(a)
of Ref. [62]).

Cosmological observables are computed with a modified
version of cAMB [129]. To derive bounds on the proposed
scenarios, we modify the efficient and well-known cos-
mological package CosmoMC [130], publicly available at
http://cosmologist.info/cosmomc/, which we use to con-
strain the cosmological parameters by means of Markov
Chain Monte Carlo sampling. This cosmological package

*The current global fit of SBL neutrino oscillation data does
not give reliable results because of a strong tension between the
neutrino oscillation interpretations of appearance and disappear-
ance data (see the reviews in Refs. [62,63,90,125]).

>The recent results of the MicroBooNE experiment [126]
disfavor the interpretation of the MiniBooNE low-energy excess
[119] as a photon background [127,128] and strengthen the
neutrino oscillation interpretation.
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TABLE I.  Flat priors on various free parameters of the different

cosmological scenarios explored here.
Parameter Prior
Q,h? [0.005, 0.1]
Q h? [0.001, 0.99]
T [0.01, 0.8]
ng [0.8, 1.2]
log[10'94 ] [1.61, 3.91]
1000y [0.5, 10]
Ngr [0.05, 10]
Myigh; [€V] [0, 5]
my [eV] [0.1, 10]
Mvacuum [05, 1]

is equipped with a convergence diagnostic following the
Gelman and Rubin prescription [131]. Additionally, the
CosmoMC package supports the Planck 2018 likelihood
[112]. In Table I we show the flat priors on the free
parameters that we use in the statistical simulations.
Concerning the sterile neutrino sector, we describe it by
means of the two usual and well-known parameters, the
sterile neutrino mass m, and the contribution of sterile
neutrinos to the effective number of relativistic species,
AN . Assuming a sterile neutrino produced in a nonreso-
nant scenario [77], as it is the case when considering
neutrino oscillations [97], these two parameters can be
combined to define the effective sterile neutrino mass
met = AN m,, which is a measure of the sterile neutrino
energy density. Notice that, in addition to the sterile
neutrino parameters m, and ANy, we also consider the
mass of the active neutrinos to be a free parameter. Instead
of using > m, as a direct parameter in our analyses, we

exploit the my;gy parameter, which, assuming the normal
neutrino mass ordering, is related to > m,, via the solar and
atmospheric mass splittings as:

va = Myjght + \/mlzight+Am%1 + \/mlzight—'_Am%l‘ (12)

IV. RESULTS AND ANALYSIS

We start here discussing the results within the PEDE
scenario and comparing them to those in other possible
cosmologies. In Tables II and III we have summarized the
constraints obtained from all possible datasets and their
combinations. From the results depicted in Table II, we
note that the limits on the sterile neutrino mass and also on
the lightest active neutrino mass are mildly relaxed com-
pared to the ACDM constraints shown in Table IV. This is a
consequence of the negative value adopted by the dark
energy equation-of-state within the PEDE framework,
which is wpg < —1 at very low redshifts [see Eq. (6)],
and of the well-known strong degeneracy between the dark
energy equation-of-state and the neutrino mass [132]. If
wpg 1s allowed to vary, Q,,, can take very high values, as
required when either the active or the sterile neutrino
masses are increased. For all the data combinations shown
in Table II, the sterile neutrino mass is unconstrained at
95% CL: therefore, the strong existing tension between
cosmological bounds and the SBL fits is robustly allevi-
ated. From the results shown in Table II, one notes that not
only the cosmological sterile neutrino mass bounds are
weakened in the context of minimal dark energy models
such as the PEDE one, but also the bounds on the active
neutrino masses are considerably relaxed with respect to
the ones obtained in the ACDM scheme. The combination

TABLE II. Constraints on various free and derived parameters within the PEDE scenario. We report 68% and 95% CL limits. When
the upper limit coincides with the upper prior range (see Table I), as in the case of m,, we mark the parameter as “unconstrained”.
Parameters CMB CMB + BAO CMB + Lensing CMB + Pantheon CMB + R20
Q.h? 01202205015 0037 0120605016 005 01202700017 00ss 0121620001 000i0  0-119620:0010 00055
Q,h? 0.0223920 0016000051 0-02236200016- 000028 0-02240% 000012 0onnso 0:02227 20016 o001 0-022462050013- 4000025
1006yc 104078 20003 00065 1-04073 2550030 0o0061 104078 X003 0oones 104051 2060035 0 one 1040900600310 onee
4 0.0547 500800015 0:0543X0000t001s  0.0547 5072001 0.053815000 001 0.055855060 0014
& 0.9648 000500006 09637 Gonsa-nooss 09647 5o0io o0 0960615006 oonss 09670155035 0ouss
In(101°4;) 3.0471 0013 0051 3.04815017 051 3.048 50160059 3.0495017 0050 3.0480015-0:030
Qo 02870017 007 0289650003 gons 02860016 01055 0318200, 0oss 02766205001 01017
o 0.822550¢ 0050 0.821057 oioas 0.82220 0160040 0.777 205380073 0.8331 0001007
Ho [kn/sMpe] - 71355473 710450855 713555537 68.671 3757 7225107643
Mijghe [€V] <0.039 < 0.096 <0.042 < 0.077 <0.040 < 0.086 0.09 fg;ggj, <0.179 <0.022 < 0.050
Negr <3.11 <3.23 <3.12 <3.24 <3.11 <3.23 <3.15 <3.31 <3.11 <3.25

my [eV] <4.68, unconstr. <4.73, unconstr. <4.69, unconstr. <4.26, unconstr. <4.97, unconstr.
54 0803 PIEON  OBOTOEIONE  0S03QUNN 079900000 0s00°p0m0ns

r drag [MPC]
r dragh [MPC]

~0.019-0.042
+0.80+1.2
146.43_0‘25:‘1_5
+2.4+4.0
104.47767,4

~0.018-0.045
+0.76+1.
146.30_?_%2_211'5
+12+2.
103.97,1555

146.43f§;§j_:1;'52
443,
104.51773

145.9%%_*2;53‘
100.1%557%

146.59j§’;§3_}15_g
105.975%55
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TABLEIII. Constraints on various free and derived parameters within the PEDE scenario, considering the combined datasets CMB +
Lensing + BAO + Pantheon and CMB + Lensing + BAO + Pantheon + SBL. We present the cases where N is either freely varying
(second and third columns), or fixed to N = 4 (fourth and fifth columns).

CMB + Lensing + BAO + CMB + Lensing + BAO + CMB + Lensing + BAO + CMB + Lensing + BAO +

Parameters Pantheon (N free) Pantheon + SBL (N free) Pantheon (N = 4) Pantheon + SBL (N = 4)
2 0.0017+0.0031 0.0012+0.0031 0.0013+0.0024 0.001140.0021
Qch 0.121025 001500037 0.1226 0 0015-0.0038 0.1353) 001500035 0.1337X0011-0.0022
0 ooy ity ooms Bl ooney il oones ity
1000yc 104066550059 0.00059 1.040564/60030-0.00064 103934566050 0.00056 1039497030055 0 00055
: 00538 {7 i 00543 0001 0 0628 800 0.06873201 301
ool ool osmsgEiUly ooy
104, soas 0 s050740 0 00 iU s02: e e
Qo 0.29762 00073 0015 0.29722 000840016 0.2965250085-0,016 0.306200004-0.013
I 0.8090075 0042 0.82120516 0050 0.8152505 0045 0.77515011-0.005
Hy [km/s/Mpc] 70.32: 02854 70.52: 08013 74291072416 73301034
Mgty [€V] 0.04740925 ' <0.002 0.051%0027 20,096 <0.045 < 0.123 <0.015 < 0.033
N <3.13 < 3.23 <3.17 < 3.33 [4] [4]
m [eV] <4.44 unconstr. 0,75j8:?g_+8'|177 <0.47 < 0.65 0,678j8'8226_+&121
Ss 0.806 55750038 081720013 0026 0.80975017 0054 0.7831001 002
Fans IMpe] 146160751 145,831 14 138.19/02108 138.18:021102

Faragh [Mpc] 102.81 1721 102.81- 15/ 102.75] 335 101.295087+ 17

TABLE IV. Constraints on various free and derived parameters within the ACDM scenario. We report 68% and 95% CL limits. When
the upper limit coincides with the upper prior range (see Table I), as in the case of m,, we mark the parameter as “unconstrained”.

Parameters CMB CMB + BAO CMB + Lensing CMB + Pantheon CMB + R20
QUF 0.0 ON0RIEE 0.0 HBTEES o070 012190
Qe oom iy oomas itk oo i oo ST oo iR
tooue  1oa077 {GRERAG 10aosn SRS oaors ST RS Lowose SR 1oaons bt e
: oosss SIEMET oosss BRERET oossT I oosse BEBTT  osoo tE AL
oo IR 0o YRITIRD  oosa R  oonss BB ooma el
m(0°a) o R ol oo BEAET sos B son IS
% ox0i Bl osiaxibeile oo oam il oson di iy
o omsohhl  omn iR omsafilE  omslil osofiill
Hy 66441132 67,6705 6654 14) 67.0°38 1 94 {1113
Miight <0.038 < 0.094 <0.018 < 0.041 <0.035 < 0.079 <0.027 < 0.060 <0.014 < 0.032
Negr <3.11 < 3.21 <3.09 < 3.17 <3.11 <3.23 <3.10 < 3.18 <340 < 3.61

my [eV] <4.82, uncons. UNcons. <5.01, uncons. <5.07, uncons. <0.38 < 1.11

Ss 0.8180075 01045 08115615 0055 0.82020615 0057 0.816200r8 0041 0807001620051
Tdrag 14647108514 1468915077 14641155342 146.661)9, 7 1449533735
Fargh [Mpe] 97351354 99.250% 16 97451357 98211155 10064143,

with a significance of 26 (3 m, =0.21717 eV) was

found, always in the context of the PEDE scenario.’
Within the PEDE model, the values of N, are not

shifted to larger values, as the 95% CL upper bounds on the

effective number of relativistic degrees of freedom are very

of CMB and BAO observations provides a 95% CL limit of
Myigh < 0.077 €V, while within the standard cosmological
picture the corresponding bound is mg, < 0.041 eV for
the very same data combination. Interestingly, in one case,
there is a (very) mild indication of a nonzero value for the
lightest neutrino mass (g = 0.090f8"8§2 eV at 68% CL
when combining CMB plus SNIa Pantheon data). These
findings agree with previous results in the literature; see
e.g., [107], where an indication for a nonzero neutrino mass

®This bound results from the combination of CMB + BAO +
Pantheon + Lensing data plus a prior on the Hubble constant plus
Dark Energy Survey (DES) measurements.
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close to those computed within the canonical ACDM
picture. For instance, N < 3.24 eV at 95% CL for the
CMB plus BAO data analyses. Therefore, one should still
advocate some mechanism to suppress the thermalization
of the sterile neutrino state in the early Universe and its
contribution to N.y; see e.g., [101]. Among the large
number of possible scenarios proposed in the literature, an
incomplete list of possibilities includes exotic sterile
neutrino interactions [99,133-139], a dark energy model
with a redshift dependent equation-of-state [140], low
reheating temperature scenarios [141], and lepton asym-
metries [142-144].

In addition to the relief provided on the sterile neutrino
tension, the PEDE scenario also offers a dark energy solution
that alleviates the H( tension [56]. Notice that within
the PEDE minimal cosmology the value of H for Planck
2018 CMB + Lensing (Hy = 71.337}4f kms™ Mpc™! at
68% CL) is much larger than the one obtained within the
ACDM framework (H, = 66.5")9 kms™ Mpc~' at also
68% CL); see previous findings in Refs. [52,106,107,145]. It
is crucial to stress that the larger value of the Hubble constant
obtained in PEDE models is robust against different data
combinations.

Still referring to the results obtained within the
PEDE framework, Table III reports the constraints for
the combined datasets, namely, CMB + Lensing + BAO +
Pantheon and CMB + Lensing + BAO + Pantheon +
SBL for both a free value of N and for the N = 4
case. The latter case (i.e., N = 4) refers to a fourth, fully
thermalized, sterile neutrino state. These bounds can be
compared to those resulting within the canonical ACDM
picture, shown in Table V. Notice that the results we obtain

for the case of a freely varying N are almost similar to
those discussed above, being the sterile neutrino mass
unconstrained at 95% CL for the dataset CMB + Lensing +
BAO + Pantheon. When combining this set of cosmologi-
cal measurements with appearance SBL data, the limit on
the sterile neutrino mass m, becomes tighter (m; =
0.7579% eV at 68% CL for CMB + Lensing + BAO +
Pantheon + SBL) and coincides with the region favored by
appearance SBL neutrino oscillation experiments, i.e.,
close to Am2, ~ 0.6 eV? [76,92]; see the blue solid curve
in Fig. 3. In such a case, the tension between SBL and
cosmological estimates of the sterile neutrino mass is
significantly alleviated.

Furthermore, we also notice that the value of the
Hubble constant is considerably larger in the PEDE scheme
than in the ACDM case: for CMB + Lensing + BAO +
Pantheon dataset, we have Hy = 70.3270:78 kms™' Mpc™!

for PEDE versus Hy = 67.60704" kms™ Mpc™' for
ACDM, both at 68% CL, while for the CMB + Lensing +
BAO + Pantheon 4+ SBL.  dataset, we obtain Hj, =
70.52708 kms™' Mpc~™!  for PEDE versus H, =

67.69742 kms~' Mpc~! for ACDM, both at 68% CL.
The large value of the Hubble constant obtained within the
PEDE minimal dark energy scenario is depicted in Fig. 1.
The upper panel shows in red and blue lines the 68% and
95% CL contours in the m; — H, plane arising from the
analyses of CMB + Lensing + BAO + Pantheon data in
the ACDM and PEDE frameworks, respectively.

When the fourth sterile neutrino is assumed to be fully
thermal, we notice significant changes in the constraints
with respect to the case of a free V. For instance, one can

TABLE V. Constraints on various free and derived parameters within the ACDM scenario, the combined datasets CMB + Lensing +
BAO + Pantheon and CMB + Lensing + BAO + Pantheon + SBL. We present the cases where N is either freely varying (second

and third columns), or fixed to Ny = 4 (fourth and fifth columns).

CMB + Lensing + BAO + CMB + Lensing + BAO + CMB + Lensing + BAO +

CMB + Lensing + BAO +

Parameters Pantheon (N free) Pantheon + SBL (N free) Pantheon (N = 4) Pantheon + SBL (N = 4)
o R T YESCt o B ETT R T
Q2 00247 BEITRE  oosTNTOME  ooxirdEieE  ooxioiamien
1000yc  L0409OTGUIONNE 104003 NN 10s0se 0NN 1 03077 e ot
4 0.05852 000850015 0.0584 750083 01015 0.0656200007- 01017 0.0805:010- 01
OICTETMAE  0seEMIMAN  ososspmnuMl  oesapeie
In(10'°4) 3.05225017 0058 3.053 200160055 3.09710013200%3 312150015 0056
Qo 0.31352 006701012 0.31340008 0011 0.30515 00680015 0.3281 5 0001-001
o 0.7965 000900021 0.80072 05077 01 0.819470 0004 025 0.746 2510-0:0200
Ho 676204 036 6771048 050 72250500 7017038 0%
Mg [€V] <0.016 < 0.036 <0.016 < 0.034 <0.021 < 0.044 <0.010 < 0.022
Negr <3.088 < 3.12 <3.11 < 3.20 [4] [4]

. [eV] <5.11, uncons. 0.7750068+0.190 <0.167. < 0.255 0.621004810.104

s 081453813 087 081873818 0826138121005 0780748110
Firag 146.9106+09 146.7705109 138.67 02104 138.61031 1
Fargh [Mpe] 993208713 99.3%0513 100.1595%)7 972103513
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FIG. 1. Upper panel: Samples from CMB + Lensing + BAO +
Pantheon chains in the m; — H, plane, color-coded by
within the ACDM picture. The red (blue) solid contours show the
68% and 95% CL constraints from CMB + Lensing + BAO +
Pantheon data in the ACDM (PEDE) scenario. The parameter
Negr has been assumed to be a free parameter. Lower panel:
Samples from CMB + Lensing + BAO + Pantheon chains in the
mg — Hy plane, color-coded by Q,,, within the ACDM picture.
The red (green) solid contours show the 68% and 95% CL
constraints from CMB + Lensing + BAO + Pantheon data in the
ACDM (PEDE) scenario. In this case, N4 = 4.

see that for CMB + Lensing + BAO + Pantheon, we have
a 95% CL bound on mg; in the PEDE scenario
(mg < 0.65 eV while it is unconstrained with free N.)
which is still less tight than within the ACDM
case (my < 0.255 eV). For CMB + Lensing + BAO +
Pantheon 4 SBL, we get a tight constraint on m, leading
to m, = 0.6787 9% eV (at 68% CL), slightly higher than
the ACDM prediction m, = 0.62170% eV (68% CL).
Such results are shown in Fig. 2, which can be compared
directly with Fig. 1 to see the effect of SBL data on the two-
dimensional contours, and Fig. 3, which shows the m
posteriors for different models and datasets. When SBL
data are added into the analyses, the limit barely changes.

734 ACDM+sterile: CMB+Lensing+BAO+Pantheon+SBL
PEDE+sterile: CMB+Lensing+BAO+Pantheon+SBL
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ACDM-+sterile+Ny=4: CMB+Lensing+BAO+Pantheon+SBL
PEDE+sterile+ N =4, CMB+Lensing+BAO+Pantheon+SBL
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FIG. 2. Upper panel: Samples from CMB + Lensing + BAO +
Pantheon + SBL chains in the m; — H, plane, color-coded by
Q,,0 within the ACDM picture. The red (blue) solid contours
show the 68% and 95% CL constraints from CMB + Lensing +
BAO + Pantheon + SBL data in the ACDM (PEDE) scenario.
The parameter N has been assumed to be a free parameter.
Lower panel: Samples from CMB + Lensing +BAO +
Pantheon + SBL chains in the m; — H, plane, color-coded by
Q,,0 within the ACDM picture. The red (green) solid contours
show the 68% and 95% CL constraints from CMB + Lensing +
BAO + Pantheon + SBL data in the ACDM (PEDE) scenario. In
this case, Ny = 4.

691 A 0.310

Interestingly, the cosmological limit of m; < 0.65 eV lies
very close to the best fit from SBL appearance data, which
points to Am3, ~ 0.55 eV?[76,92]. As in the case of a freely
varying N, the addition of SBL measurements fixes a
lower bound for m, of ~0.5 eV. In this N = 4 scenario,
the H, tension is strongly lifted, as the value obtained for the
Hubble constant within the PEDE cosmology is Hy =
74297072 kms~! Mpc~! at 68% CL (for CMB + Lensing+
BAO + Pantheon) and H,, = 73.307)3% kms™' Mpc~! at
68% CL (for CMB + Lensing + BAO + Pantheon + SBL).
The effect of both a larger value of m, and H, obtained
within the PEDE cosmology with respect to the canonical
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FIG. 3. Posterior probability distribution of m, obtained from

SBL appearance experiments (dashed), cosmological analyses
(dotted), and their combination (solid) for a variety of cosmo-
logical models: PEDE with free N (blue), PEDE with N = 4
(red), VM with free N (green), and VM with N = 4 (cyan).

ACDM picture in the fully thermalized case is depicted in
the lower panel of Fig. 1, where one can clearly notice that
the green contours, corresponding to the PEDE minimal
dark energy scenario, are shifted towards larger values of
both m, and H,,.

Table VI shows the constraints for the Vacuum
Metamorphosis (VM) model described in the previous
section for several data combinations. Notice that, as in
the case of the PEDE scenario, the bounds on both the sterile
neutrino and the active neutrino masses are significantly
relaxed. Again, this is due to the large negative value adopted
by the effective dark energy equation-of-state within the VM
framework, wyypg, especially at low redshifts; see Eq. (11)
and Refs. [108—110]. These findings agree with previous
results in the literature; see e.g., Ref. [110], in which the

authors found a 3¢ evidence for a nonzero neutrino mass for
the Planck + BAO + Pantheon dataset combination,
always in the context of the VM scenario. Similarly also
to the PEDE model, the values of N are barely changed
with respect to the ACDM scheme, so that also in this case a
suppression mechanism to avoid a complete sterile neutrino
thermalization in the early Universe would be required. As
an example, Ny < 3.36 eV at 95% CL for the CMB plus
BAO data analyses. The tension on the Hubble constant is
notably reduced for almost all the data combinations shown
in Table VI: for Planck 2018 CMB + Lensing, Hy =
79.373% kms™! Mpc~! at 68% CL. This resolution of the
Hubble constant tension was also present in the PEDE
model. However, the error bars now are much larger, due to
the strong degeneracy between H( and the parameter M,
which also depends on the H, value, as we discussed in
Sec. I B.

Instead, for the CMB + Pantheon data combination,
we find a very low value of H, and a relatively low,
nonzero preferred value for the sterile neutrino mass
(my, = 1.09J_r8:6299 eV at 68% CL). These results agree with
those of Ref. [110] and are due to the fact that the addition
of SNIa no longer allows wyypg to adopt very larger
negative values at low redshifts. The overall effect is
translated into both a smaller Hubble constant and a smaller
sterile neutrino mass.

Table VII shows the results within the VM minimal
cosmology for the combined datasets, i.e., CMB +
Lensing + BAO + Pantheon and CMB + Lensing +
BAO + Pantheon + SBL, considering the two possible
scenarios, i.e., when N is treated as a free parameter
and when N = 4, referring to the case with a fourth, fully
thermalized, sterile neutrino state. For both the choices of

TABLE VI. Constraints on various free and derived parameters within the VM scenario. We report 68% and 95% CL limits. When the
upper limit coincides with the upper prior range (see Table 1), as in the case of m,, we mark the parameter as “unconstrained”.
Parameters CMB CMB + BAO CMB + Lensing CMB + Pantheon CMB + R20
Q,h? 0.02242 55001 0003s 0-02234 5550030 Goonsa 002242560017 Goonss 0-02229 560036 Gonis 002238 060025000030
1000nc 1040622050037 "oo007s  1-040502050635 oop0ss 104072205063 gionoss 1039732050034 0io00sr 1040382050635 0100065
4 0.0527 500750015 005215500 0is  0.0518%50070 01 0.0494Z5007¢ 001 0.0516255077 %0015
& 0.9658 00060013 09633000k ooii  0.96580505 onlg  0.96340500e 00l 0.964810G05 001
In(101°4,) 3.046 0016 0051 3.047 00160003 3.041 50016 0051 3.05250017 0055 3.04850 016 00

M acuum 0.92550007 00 0916910008 Coves  0-93025505 0102 0.84150013 00 0911250038 0017
Qo 0.2431000 005 02608200060 0ors 023415056 0055 0.401 5063 0043 0.2715615 0030
% 0.88820051 01079 0.8610533 07 0.8842005 0071 0.72015037 0065 0.858 %003 "0i07
Ho [km/sMpe] - 77.813547 7514505355 79313358 62.1515% 73753505
Mijghe [eV] <0.0594 < 0.141  0.085:0%7 <0.181  <0.0680 < 0.144 0242700855010 0.080700¢7. < 0.170
Neg <3.19 <341 <3.21 <3.36 <3.15 < 3.31 3.44;%'22% < 3.78 <329 <349

my [eV] <2.54, unconstr. <2.20 < 6.62 <3.26 < 8.21 1_09j8:§;’_+0‘.-91 <1.78 < 5.95

Ss 0.797 5050 0055 0.80215033 0057 0.77820015 0057 0.83120034- 0065 0.8165 050 0055
Farag [Mpc] 145755551 145555557 14625315 14235753 144850357
Faragh [Mpc] 113.4554+ 1 109.3 112123 1159184750 88.413250 106.81371 42
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TABLE VII. Constraints on various free and derived parameters within the VM scenario, the combined datasets CMB + Lensing +
BAO + Pantheon and CMB + Lensing + BAO + Pantheon + SBL. We present the cases where N is either freely varying (second
and third columns), or fixed to Ny = 4 (fourth and fifth columns).

CMB + Lensing + BAO + CMB + Lensing + BAO + CMB + Lensing + BAO + CMB + Lensing + BAO +

Parameters Pantheon (N free) Pantheon + SBL (N free) Pantheon (N = 4) Pantheon + SBL (N = 4)
Q,n 0.02219550016-0.00028 0.02223%)50015 20,0020 0.023382000013-0.00025 0.02338%000013 000024
1006yc 1040432556050 0.00057 1040447556050 000055 10399320 00028-0.00056 10399625 60055000055
4 0.05282 000760015 0.05322 0070 0ol 0.0604 00095 01017 0.0636200005 01017
ny 0.9593 504300084 0.9625250051-0.0086 1006100035 0015 10054250637 0007
In(10"°4,) 3.0460013100% 3,046 001000 307350015700 3.079°0010500%
Mo 0.9090 62195660 0.9097 8039650 0.9170: 802 0507 0.91551 02010662
o 0.2801 500710018 0.2774: 0007210411 025151080 0451 0.2557: 0007010412
oy 0,809 052008 0.8227030°00% 0.846700 7007 0.823 705000
Hy [km/s/Mpc] 73,037 0804 L0 731020854 7718108048 76.86 63114
Myghe [€V] 0.166 3039+ 0070 0.1627 5052960 <0.0417 < 0.0854 <0.0259 < 0.0771
Negt <3.12 <3.24 <3.14 < 3.25 [4] [4]

m, [eV] <42<853 0.7910074%0 04970 < 130 0.64°002°028

S 0.78210012 0052 0.791 5014 08 0.7741 0080 007 0.759 00 005
Farag [Mpc] 146.0159757 145.991570+02 139161024108 139.125- 74055

Faragh [Mpc] 106.61 122 1067411422 1074715423 106.971:9+22

Pantheon. For CMB + Lensing+ BAO+ Pantheon+ SBL,
m is constrained to m, = 0.7970], eV (at 68% CL). The
case of N4 = 4, instead, has the 95% CL upper cosmo-
logical bound on m equal to 1.3 eV. This value is in perfect
agreement with the bounds obtained from SBL appearance
experiments; see the dotted cyan lines in Fig. 3 and
compare them with the dashed black line. Notice that
within the VM dark energy framework with N4 = 4, the
combination with SBL data tightens the cosmological
upper limit; see the solid cyan line in Fig. 3. The value

Negr, the results on mg for cosmological data only and for
the combined cosmological plus SBL data analyses are
depicted in Fig. 3; see the dotted and solid green lines,
respectively. The results for the case of a freely varying N
are almost identical to the PEDE case, except for the active
neutrino mass and the Hubble constant, whose bounds and
mean values are less constraining and higher than within
the PEDE scheme, respectively. Notice again that the sterile
neutrino mass is unconstrained at 95% CL when N is
free and considering the case CMB + Lensing + BAO +

TABLE VIII.  Constraints on various free and derived parameters within the EVM scenario. We report 68% and 95% CL limits. When
the upper limit coincides with the upper prior range (see Table I), as in the case of m,, we mark the parameter as “unconstrained”.
Parameters CMB CMB + BAO CMB + Lensing CMB + Pantheon CMB + R20
o 001 BMERED  0.07 SR URT 01199 MR 0.1217 008000 01205 B e
Q002239 000 s 002236 4IRS B 002241 FORMORO0 0,02235 AU A 0,005 Bl s
1000c  LOATTISETAS 104070 NS 104081 BRTAGS 10d0ss BT O 1 04071 Y ke
i 0.0545 50ms ‘oqus  0.0539 ¢mologs  0.0541 0 0o 0.0542 a0 gors  0.0544 5007 oons
09647IARTAGY 09630 NN 0060 0RT N 0527 SNEBT 09631 i B
m(10%4)  Soaeeent oty soss iRl sosollitRlt  sosiftied
Macuum 09105501 g0ty 0-8948 06047 ‘gooes 0917 0gns "oy 08903750053 ggees 09001 gm0y
Qo 025455012 005 0272250 0ei ooz 02455000 gy 028310510 02672 50009 0015
7 08587007 00s 08345000y 086750 %gns 0812505 togy 0839 06a 0ger
Ho [km/siMpe] - 75.91,5133 342G 77150505 72,6175 74100
Mijghe [€V] <0.0410 < 0.105 <0.0479 < 0.0964 <0.0435 < 0.0965 <0.0738 < 0.170 <0.0542 < 0.123
Nt <3.11 <3.24 <3.13 <3.25 <3.11 <321 <3.19 <3.39 <3.11 <3.24

my [eV] <5.05, unconstr. <4.70, unconstr. <4.72, unconstr. <3.52 < 8.01 <4.97, unconstr.
s 0788 Gor ooms 07955500 00 078340016500 0787Igimalaoss  0.792%501 s

r drag [MPC]
r dragh [MPC]

0.79+1.2
146'44%‘(3) 1:;17_5
L1735

0.81+1.1
146.17%)'33%32‘50
107.325590" 15

146.48i§;27§_:1;;3
112.9556767

145.63%%%_ 12
105.71)3753

146.3Of§’;§12_:112_'62
108.411¢155
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TABLE IX. Constraints on various free and derived parameters within the EVM scenario, considering the combined datasets CMB +
Lensing + BAO + Pantheon and CMB + Lensing + BAO + Pantheon + SBL. We present the cases where N is either freely varying
(second and third columns), or fixed to N = 4 (fourth and fifth columns).

CMB + Lensing + BAO + CMB + Lensing + BAO + CMB + Lensing + BAO + CMB + Lensing + BAO +

Parameters Pantheon (N free) Pantheon + SBL (N free) Pantheon (N = 4) Pantheon + SBL (N = 4)
. DISRENERT oIS olMsEEEORR 015370 g
2, ooxss bl oonarifibedie  oonorgiivi  oonsudlartke
1000, LowossTUTMY LoaosI BT Lososiii ey Losao el
; 0054472 0018 0.0553 00070 001 00629 01 0.0687 1 00
oo ] oswstBTAN ool oo
In(10"4,) s050:405 80 054700 B 094 00 00 s.0370le e
M oROUEILRE  osoXfBEUMS omwod@a ossoomlte
%o 02TOMBSA  oaeoiRN:  oomadieenil ocois e
o o828 8 B0 o800 Bl osaa B0 07807802 B
Ho lkmisMpel 7303855 732687710 762783610 751288
Mijgne [€V] <0.0475 < 0.0877 <0.0457 < 0.0863 <0.0313 < 0.0647 <0.0157 < 0.0341
Negr <3.18 < 3.34 <3.26 < 3.42 [4] [4]

my [eV] <3.62 < 8.50 0.749- 30641017 0.251004 < 0.467 0.66970 51113

Ss 0.795 15075 003 0.8072001> 01054 0.81220013 01050 0.7782001>- 01054
Farag [Mpc] 145825545 145255353 138331051045 138205033705

Faragh [Mpc] 106447083+ 1.6

106397053

0.82+1.5 0.63+1.4
105‘50t082j16 103'81‘—%.72:13

of the Hubble constant for the VM scenario with N = 4 is
Hy,=77.18 +0.80 kms~' Mpc~! at 68% CL.

Even if it is not among the main focus of this study, as it is
not a minimal dark energy scenario, however, we shall
briefly comment on the constraints within the extended VM
model, i.e., within the Elaborated Vacuum Metamorphosis
(EVM), where a cosmological constant at high redshifts is
included as the vacuum expectation value of the massive
scalar field. Table VIII shows the equivalent to Table VI but
within this EVM model. While the results concerning the
sterile neutrino parameters and the Hubble constant are very
similar to those previously shown in the original VM case,
the CMB + Pantheon data analyses are very different,
as in this case they offer the same relief to both the
SBL-cosmological sterile neutrino and H, tensions, which
are also visible in the remaining data combinations
explored here. This is due to the fact that the dark energy
equation-of-state after the phase transition is now effectively
a free parameter and therefore the addition of the Pantheon
sample of the SNIa data no longer fixes this parameter.
Finally, Table IX shows the constraints for the full data
combination for both a freely varying value of N and for
N = 4. For the latter case, m; < 0.467 eV and my;g <

0.0647 both at 95% CL and Hy = 76.27152° kms™' Mpc™!
at 68% CL.

We close this section by reporting the results of a
Bayesian model comparison analysis on the minimal dark
energy scenarios considered here versus the ACDM case,
considering both the freely varying N and the N4 = 4
cases, for the complete dataset, namely, CMB + Lensing +
BAO + Pantheon 4 SBL. This is shown in Table X (see the

last column), where we present the Bayes factors In B;; to
estimate the strength of the preference for any cosmological
model M; (PEDE, VM, EVM) with respect to the base
ACDM model. Notice that positive values favor the
considered model, while negative ones prefer the ACDM
case. For the scenarios with N = 4, only PEDE offers an
improvement with respect to the ACDM case when SBL
appearance data are included together with the CMB +
Lensing + BAO + Pantheon cosmological data. This is a
consequence of the very similar results on m, between the
PEDE fit without SBL data and the SBL constraints alone.
In all the other cases, the ACDM model is favored with
respect to the nonstandard case. Notice that, according to
Table X, both the VM and EVM models are decisively
disfavored by the considered data combinations, for
both with free or fixed N.4. Therefore, the PEDE phe-
nomenological dark energy model may provide a better
description of a number of cosmological, astrophysical,

TABLE X. Natural logarithm of the Bayes factors between the
PEDE, VM, EVM minimal dark energy cosmologies and the
ACDM case, considering the CMB + Lensing + BAO +
Pantheon + SBL and either a free Nz or fixed N = 4.
Negative values prefer the ACDM scenario.

CMB + Lensing +
BAO + Pantheon +

CMB + Lensing +
BAO ~+ Pantheon +

Models SBL (N, free) SBL (N¢i = 4)
PEDE -3.7 +5.2
VM -99.2 -92.0
EVM -38.1 -19.3
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and, eventually, particle physics observations than the
standard ACDM model.

V. CONCLUDING REMARKS

Tensions in the cosmological and neutrino oscillation
measurements may have a common explanation. On the
one hand, there is the well-known Hubble constant tension,
a 4— 60 discrepancy between high and low redshift
measurements of the Hubble constant. On the other hand,
Short Baseline (SBL) neutrino oscillation experiments
require the existence of a fourth sterile neutrino with a
~eV mass. However, this preferred value for the sterile
neutrino mass is at odds with cosmological bounds, unless
some unknown mechanism suppresses the thermalization
of the new neutrino in the early Universe and consequently
reduces its contribution to Nyg. A sterile neutrino mass at
the eV scale is indeed allowed when the thermalization
leads to values of N very close to the standard value with
three neutrinos, 3.044.

The assumption of an underlying cosmological scenario
may bias the results on the different parameters, even if the
scenario is the canonical and minimal ACDM picture,
which nevertheless provides an excellent fit to almost all
available current cosmological observations. It is therefore
timely to investigate if there are alternative cosmological
scenarios, as minimal as the ACDM one, which not only
provide a very good fit to observations, but also alleviate
current tensions. In this regard, we have explored here two
possible minimal dark energy models, that do not involve
additional parameters with respect to the simple ACDM
scenario. One of them is constructed from a phenomeno-
logical ground while the other one emerges from first
principles. We focused on the Phenomenologically
Emergent Dark Energy (PEDE) and the Vacuum
Metamorphosis (VM) models, which both modify only
late-time physics, and we have shown that such models can
alleviate the current existing tensions in a significant way.
After dedicated analyses and fits to cosmological and SBL
appearance measurements, we have found that in the two
scenarios when we assume Ny ~ 4, the sterile neutrino
mass bound is significantly relaxed, due to the large
negative value that the effective dark energy equation-of-
state is allowed to adopt in these minimal cosmologies. We
have found that m, < 0.65(1.3) eV at 95% CL for the
PEDE (VM) minimal dark energy scenario with N = 4,
respectively, when considering the most complete dataset
combination. Notice, moreover, that the PEDE minimal
scenario with N = 4 is the only case that is favored with
respect to the ACDM model when the CMB + Lensing +

BAO + Pantheon + SBL dataset is considered, while the
VM and EVM models are strongly disfavored by data.
When N is free to vary, the sterile neutrino mass is
basically unconstrained. In such case, however, the low
value of N close to 3 cannot be explained by the preferred
active-sterile neutrino oscillation parameters, and some
new mechanism or extra interaction is required to avoid
the complete thermalization of the sterile neutrino state in
the early Universe. Last, but not least, the Hubble constant
tension is strongly relieved also in both minimal dark
energy scenarios.

With the growing sensitivity of the observational surveys
that we witnessed over the past years, we are quite hopeful
that future terrestrial searches for sterile neutrinos via
oscillation experiments, and cosmological probes, testing
the dark energy/radiation components and improving the
current uncertainties on the Hubble parameter, will shed
light on these tensions and also on the most favored
description of our Universe.
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