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This paper introduces the class of omnipotent dark energy (DE) models characterized by nonmonotonic
energy densities that are capable of attaining negative values with corresponding equation of state
parameters featuring phantom divide line (PDL) crossings and singularities. These nontrivial features are
phenomenologically motivated by findings of previous studies that reconstruct cosmological functions
from observations, and the success of extensions of ACDM, whose actual or effective DE density is
omnipotent, in alleviating the observational discordance within ACDM. As an example, we focus on one
embodiment of omnipotent DE, viz. the DE parametrization introduced in Di Valentino et al. [Dark energy
with phantom crossing and the Hy tension, Entropy 23, 404 (2021)] (DMS20). By updating and extending
the datasets used in the original paper where it was introduced, we confirm the effectiveness of DMS20 in
alleviating the observational discrepancies. Additionally, we uncover that its negative DE density feature,
importance of which was not previously investigated, plays a crucial role in alleviating the tensions, along
with the PDL crossing feature that the parametrization presupposes. In particular, we find that there is a
positive correlation between the H parameter and the scale (a,) at which DE density transitions from
negative to positive, in agreement with previous studies that incorporate this transition feature. For our full
dataset, the model yields H, = 70.05 + 0.64 (68% CL) relaxing the H, tension with a preference of

crossing to negative DE densities (a, > 0 at 99% CL), along with the constraint a,, = 0.9221’8"83‘51 on the

scale of the presupposed PDL crossing.
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I. INTRODUCTION

The lambda cold dark matter (ACDM) scenario has
emerged as the agreed cosmological model, widely
accepted for its simplicity and remarkable ability to provide
a coherent explanation for a wide array of astrophysical and
cosmological observations. Nonetheless, despite its accom-
plishments, ACDM confronts various lingering challenges
that hinder its capacity to comprehensively elucidate
fundamental aspects regarding the structure and evolution
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of the Universe. These challenges revolve around three
enigmatic components, of which we do not have a complete
understanding: inflation, dark matter (DM), and dark
energy (DE).

With the advancement of precise observations [1], it is
expected that deviations from the baseline ACDM model will
be revealed. In fact, discrepancies in the estimate of cosmo-
logical parameters have already surfaced in diverse obser-
vations, displaying varying degrees of statistical significance
[2-6]. The most prominent and statistically significant
discrepancy is in the Hubble constant (H ;) between its value
inferred from cosmic microwave background (CMB) data
[7-10] assuming the ACDM model, and its direct measure-
ments that rely on different methods and astrophysical
observations [11-27] (see also Refs. [2,5,6,28-33] for
reviews). Its statistical significance reaches more than 5o
for certain analyses [34—36] and this discrepancy, known as
the H, tension, is widely considered to be a crisis. A less
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statistically significant but still intriguing discrepancy related
to the amount of matter clustering is the Sy tension [2,3].
Assuming the ACDM model, the CMB based constraints on
the Sg parameter are higher compared to those from late time
measurements such as the weak-lensing estimates [37-42].
While these tensions and some further anomalies of ACDM
[1-6,43,44] may arise from systematic errors, the fact that the
above mentioned tensions have recurred across a multitude
of investigations and the variety of the anomalies has
increased over the years, when combined with the already
ambiguous nature of DE and DM, points to flaws within the
established cosmological framework and suggests the neces-
sity for new physics to tackle these observational challenges
and refine our understanding of the Universe.

A plethora of scenarios have been put forth in the
literature with the aim of alleviating the cosmological
tensions. However, to date, none of them have managed
to convincingly and comprehensively resolve these issues
(see for example Refs. [2,5,6,31] and references therein). In
particular, the failure of canonical/simple extensions of
ACDM in satisfactorily addressing the observational ten-
sions, indicate that the deviations from the standard ACDM
model necessary for the resolution of its challenges may be
highly nontrivial from the point of view of fundamental
physics. For a deviation from the cosmological constant in
the form of an actual or effective dynamical DE source,
some examples of the studied nontrivial features are a
density that attains negative values in the past accompanied
by a singular equation of state (EoS) parameter [45-80],
and/or an oscillatory EoS parameter that can even cross the
phantom divide line (PDL) [80-96], and/or an oscillatory
density [52,61,80,82,91,97-101]. In this paper, we intro-
duce and focus on a class of DE models that can exhibit
very rich phenomena by incorporating all of the above
mentioned behaviors to a single expansion history; they
will be dubbed omnipotent dark energy models due to their
immense phenomenological capabilities. We will demon-
strate their capacity to effectively alleviate the cosmological
tensions by considering the Di Valentino-Mukherjee-Sen
(DMS20) DE parametrization introduced in Ref. [73] as an
example.

The structure of the paper is as follows: In Sec. II the
family of omnipotent dark energy models is motivated and
introduced; in Sec. III the DMS20 parametrization and its
preliminary analysis are presented; in Sec. IV, the datasets
used and the results obtained are described; and in Sec. V
the conclusions we derived are presented.

II. OMNIPOTENT DARK ENERGY

There is a consensus, based on plethora of observational
results [7,9,37,38,102-105], that the present-day energy
budget of the Universe is dominated by the so-called dark
energy with a positive density (ppg > 0) and an EoS
parameter that is about minus unity (wpg ~ —1). Due to
the remarkable accuracy of ACDM in explaining a variety

of observations, if a DE model is to dethrone the positive
cosmological constant (i.e., the DE component of ACDM
satisfying ppg > 0 and wpg = —1), we expect the devia-
tions between the two to either be small, be short-lived,
happen in the early Universe when the DE is negligible, or
be a combination of these three possibilities. With that said,
these conditions are barely restrictive and allow a diverse
set of alternative scenarios to remedy the shortcomings of
the cosmological constant. In this section, we motivate and
introduce a phenomenologically very capable class of DE
models whose energy densities can transition between
negative and positive values and incorporate oscillatory/
nonmonotonic evolution, and whose EoS parameters can
attain any value and feature singularities and PDL cross-
ings; we dub them ommnipotent dark energy models. Of
course, an omnipotent DE does not submit to the conven-
tional bounds on its energy density or EoS parameter such
as the energy conditions; hence the naming “omnipotent”
that stands for unlimited power and authority. However,
even without debating the validity of these bounds/
conditions, their violation is not alarming when the
omnipotent DE is treated as an effective source in the
Friedmann equations rather than a physical component of
the energy-momentum tensor.

The first major feature of omnipotent DE models that
we will discuss is their capability to attain negative energy
densities. DE densities that attain negative values in the
past, appeared repeatedly in nonparametric observational
reconstructions [46,47,50,52,67,80,82], and in parametric
reconstructions and models that allow negative DE
densities, this feature has proved to be very effective in
addressing the major tensions (H, Mg, Sg) and anomalies
[baryon acoustic oscillations (BAO) Ly-a, age of the
Universe, baryon density anomalies] of ACDM
[47,53,54,59,60,65,73,74,77,96,106-108]. It is informa-
tive to focus on the H, tension to demonstrate how such a
DE is able to alleviate certain tensions. Let us first
establish that we assume a spatially flat and uniform
(isotropic and homogeneous) universe described by the
spatially flat Robertson-Walker spacetime metric whose
spatial sections scale with a(t) where 7 is cosmic time;
and, we choose the scaling a; =1 and define the
cosmological redshift z = —1+ 1/a where the subscript
“0,” here and henceforth, denotes the present-day value of
any parameter it is attached to. Now, for a given value of
the comoving sound horizon at last scattering, measure-
ments of the CMB temperature anisotropy provide
strict and almost model-independent constraints on the
comoving angular diameter distance to last scattering,
Dy(z.) =c [§* H'(z)dz, where H(z) is the Hubble
parameter, ¢ = 1 is the speed of light, and z, ~ 1100 is
the redshift of last scattering. These constraints, along
with CMB-based constraints on the physical matter
densities, result in an H, prediction within ACDM
[7,9,10] that is significantly lower than the local
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measurements  [12,15,34] (cf. the H, tension
[2,5,6,28,31,33,109,110]); also, they allow us to asses
how the qualitative behavior of a dynamical DE model
would impact the CMB-based H, prediction of the model.
Let H(z) describe a model whose DE density is ppg(z),
and H ycpwm(z) describe the ACDM model whose effective
DE density originating from the cosmological constant is
pcc- If AH =H(z) — Hycpum(z) is negative for large
redshifts, strict constraints on Dy(z,) imply AH >0
must be satisfied at some lower redshifts so that the result
of the integration does not substantially change (see
Ref. [108] for in-depth discussions); this can be straight-
forwardly translated to AH, > 0, i.e., a higher H value
more in line with local measurements. Due to the solid
constraints also on the physical matter densities, the sign
of Appg = ppe(2) — pcc is highly correlated with the sign
of AH, and a higher H, value can be achieved by means of
a DE density that decreases towards the past (correspond-
ing to AH < 0 at high redshifts). Phantom DE models as
defined in Ref. [111], which are characterized by ppg > 0
and wpg < —1, are the epitome of such models with a
density that monotonically decreases towards the past, and
can solve the H tension' [90,114—-119]. Due to this
unambiguous and promising connection between higher
H, values and the scaling of phantom DE densities with
time, one may look for approaches that further this
characteristic of the phantom models. From a purely
phenomenological perspective on the background dynam-
ics of the universe, a DE density that monotonically
decreases to achieve negative values in the past (unlike
a phantom DE which is bound to have ppg > 0) constitute
a natural extension of the phantom models. Indeed, such
models with negative DE densities amplify the character-
istics of the background dynamics of phantom DE models
and can achieve equivalently high H values with even
milder/slower density scaling compared to their phantom
counterparts. Despite being a natural extension of phan-
tom models in the above sense, models with negative
densities are not very frequent in the cosmology literature.
The ppg(z~0) >0 requirement of the present-day
acceleration,” and the singular behavior (discussed below)
of wpg for a DE that crosses to negative densities, render
these models elusive and easy to miss, particularly in
studies relying on parametrization or reconstruction
of WDE(Z).

The similarities between phantom DE and its negative
density extensions only go so far; the inequality wpg < —1

lUnfor“[unately, they are known to be in disagreement with a
combination of BAO and Type Ia Supernovae (SNla) data, i.e.,
they suffer from the so called “sound horizon problem”
[29,112,113].

Strictly speaking, it is possible to have accelerated present-
day expansion with ppgg < 0 and wpgy > 0 (discussed further in
the main text), however, this case is rendered irrelevant by
observations.

TABLE I.  An omnipotent DE is any DE model that is capable
of incorporating all six behaviors in this table into a single
expansion scenario for at least one point in its parameter space. In
the table, we drop the DE subscript in ppg and wpg for brevity.

Density  EoS  Scaling in z Scaling in a Naming

p>0 w>-1 dp/dz>0 dp/da <0 p-quintessence
w=-1 dp/dz=0 dp/da=0  positive-CC
w<-1 dp/dz<0 dp/da>0 p-phantom

p<0 w>-1 dp/dz<0 dp/da >0 n-quintessence
w=-1 dp/dz=0 dp/da=0 negative-CC
w<-1 dp/dz>0 dp/da <0 n-phantom

that is the embodiment of phantom DE models, cannot hold
everywhere for DE models that dynamically attain negative
densities in the past. For the framework of this paper where
only minimally interacting DE models within GR are
considered,’ the continuity equation in the redshift form
reads, as usual,

dpoe() _ 31 woel@) oy (1)

dz 14z

It is clear from Eq. (1) that when ppg < 0 is satisfied, a DE

density that decreases towards the past, i.e., dﬁ% <0,
requires a quintessencelike EoS parameter, wpg > —1, in
contrast with phantom DE models with a positive density
that also decreases towards the past. Summary of all six
potential scenarios with respect to the sign of ppg and how
wpg compares to the PDL is presented in Table I. We name
these scenarios in the last column of the table; “p-” and
“positive-" stand for ppg > 0; “n-"" and “negative-" stand
for ppg < 0; “CC” stands for wpg = —1; phantom stands
for wpg < —1; and quintessence stands for wpg > —1.

A DE whose density is positive today (ppgo > 0) and is
monotonically decreasing towards the past must show the
usual p-phantom behavior at late times. However, if its
density is to cross to negative values in the past, it should
also show n-quintessence behavior at earlier times. This
requires a discontinuous EoS parameter (even for a
smoothly evolving ppg), because, as the DE density passes
to negative values with increasing redshift, its EoS param-
eter needs to shift from wpg < —1 to the disjoint region
wpg > —1 in a particular way. Let z, be the redshift at
which DE crosses to negative densities, wpg diverges to
negative infinity for z — z; and to positive infinity for z —
7y (compare the energy densities of the blue and yellow
curves in the top panel of Fig. 1 with their EoS parameters

3This is not very restrictive since modifications to the physics
underlying ACDM, including those from alternative theories of
gravity, can be exactly mimicked at the background level with an
effective DE source within GR that replaces the cosmological
constant. Note however, in general, they can be distinguished
with sufficiently precise tests beyond the background level [120].
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in the bottom panel, and see Ref. [75] for a detailed
discussion). Note that, strictly speaking, wpg crosses
between w > —1 and w < —1 around z,; however, we
use the term PDL crossing in its established sense in the
literature so far, that is, only to refer to continuous crossings
and not the above mentioned singular types.

The second major feature of omnipotent DE models
that we discuss, other than being able to attain negative
energy densities, is the ability to incorporate a nonmono-
tonic and even oscillatory energy density evolution. Such
behaviors are suggested by parametric and nonparametric
reconstructions of both ppg and wpg [52,80,82,91,97-
100]; also, they naturally arise when D,(z) to a redshift is
strictly constrained and these behaviors can be favored by
the latest BAO measurements [108]. Oscillatory or just
nonmonotonic evolution of a DE density that is also
continuous in time (for discontinuous examples, see, e.g.,
Refs. [55,74,77,121,122]), implies the existence of a
redshift, z;, around which the scaling of the DE density
with the expansion is reversed. The continuity of the
density requires that the sign of ppg does not change
around gz, i.e., the reversal corresponds either to a
transition between p-quintessence and p-phantom, or
n-quintessence and n-phantom. Moreover, if the DE
density is also differentiable at z,, dppg/dz|,_, =0
should be satisfied, which, if ppg does not vanish at z,,
implies wpg(z;) = —1 corresponding to negative-CC for a
n-quintessence to n-phantom transition, and to positive-
CC for a p-quintessence to p-phantom transition. In either
case, under the above mentioned assumptions related to
differentiability, existence of z. is necessary for an
oscillating DE density, and it is a redshift of PDL crossing.

We are now in a position to precisely define omnipotent
DE models. Motivated by the above discussions on the
phenomenology of DE based on observations, we define a
class of DE models that can simultaneously capture in its
parameter space both, transitions between negative and
positive energy densities, and nonmonotonic behaviors in
its evolution. An omnipotent DE is any DE model that is
capable of incorporating all six combinations of ppg < 0
and ppg > 0 with wpg < —1, wpg = —1, and wpg > —1
into a single expansion scenario for at least one point in its
parameter space. These six combinations are summarized
in Table I.

Finally, we briefly discuss the acceleration of an expand-
ing (a > 0) universe in relevance with omnipotent DE. The
Friedmann equations in the presence of only dust (p,, > 0
with w,, =0) and DE read 3H? = p,, + ppg and 4=
—2[pm + (1 4 3wpg)ppe), where we use 827G =1 and a
dot denotes d/ds. From the first Friedmann equation, a
dynamical universe (a # 0) requires that p,, > —ppg. From
the contribution of the term relevant to the DE in the second
Friedmann equation, we see that, p-quintessence with
wpg < —1/3 or any p-phantom contributes positively to
the acceleration as familiar to all, but, there is an extra

scenario within our framework extended to negative DE
densities, that is, n-quintessence with wpg > —1/3 also
contribute positively to acceleration. However, recalling
that p,, > —ppg, While n-quintessence can contribute pos-
itively to acceleration with wpg > —1/3, it can result in
a>0 only if 1< —/%"E < 1+ 3wpg which requires
wpg > 0. It is important to note that this last scenario is
not relevant to the present-day accelerated expansion4 since
it would imply pey < pmo (Where py = 3H3 is the present-
day critical energy density of the Universe) and result in an
extremely small H, value, also it goes against the wpg ~ —1
consensus (although the validity of this assumption is
dubious for negative energy densities). Thus, it is essential
that if the DE density attains negative values in the past, it
should also transit to the positive regime to drive the
present-day accelerated expansion. In the next section we
investigate a particular omnipotent DE model previously
introduced by Di Valentino et al. in Ref. [73], and dubbed
phantom crossing or DMS20.

II1. DMS20 PARAMETRIZATION

In this section we first give a mathematical construction
of an omnipotent DE model, namely, the DMS20 model,
as it is introduced in Ref. [73], and then explore its
dynamical properties in detail. DMS20 parametrizes ppg,
such that it ensures an extremum at scale a,, that satisfies
dppg/dal,_,, =0, and it proposes the following expres-
sion for the DE density:

1 +a(a-a,)+pla-a,)
l+a(l —a,)?+p(1-a,)’

(2)

poe(a) = poro

where a and f are constants associated with the poly-
nomials of degree two and three—see Ref. [73] for details.
Notice the absence of polynomial of degree one as it
vanishes (the associated coefficient is null). It is important
to note the physical significance of a,,. The continuity
equation, ngE = —3 (14 wpg)ppg, implies wpg(a,,) =
—1 provided that ppg does not vanish at the extremum
a = a,,. Generically, a,, corresponds to a crossing of the
PDL and particularly for a > 0, it is a crossing from
wpg > —1 to wpg < —1 as the universe expands (for
a < 0, it crosses in the opposite direction). More gen-
erally, the EoS parameter corresponding to the DE
described in Eq. (2) reads, by virtue of the continuity
equation,

a[za(a - am) + 3ﬂ(a - am)z]
3[1 +ala—a,)?+ pla-a,)’]’

wpg(a) = -1 — (3)

which yields wpg(a = 0) = —1 and wpg(a - ) = =2.

“Still, an acceleration sourced by a negative DE density at
earlier times might be worthy of consideration.
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FIG. 1. The evolution of DMS20 DE densities divided by p.q
for various values of the free parameters «,,, @, and f; and, their
corresponding EoS parameters. The filled disks correspond to
solutions of a,, squares to a,,, and diamonds to a, of the plots
with matching colors. The dashed line in the top panel shows a
constant energy density, hence, its EoS parameter describes the
PDL. The vertical dotted line marks the present day, and on its
right, we briefly extend the plots to the future. For all the plots in
the figure, we use ppgo/peo = 0.7.

The DMS20 DE introduces three extra free parameters
on top of A, say, {a,,a,p}; and, some features of
omnipotent DE may remain dormant for the DMS20 DE
depending on the values of these parameters in two
different ways. First, it may be the case that some features
are completely absent; a trivial example is ¢ = f =0 in
which case the DE reduces to A. Second, it may happen that
these features are mathematically present in Egs. (2) and (3)
but they are physically less relevant since they happen at
a > 1, i.e., in the future, or they are physically irrelevant
since they “happen” at a < 0, “before the big bang”; two
examples are a,, > 1 and a,, < 0 which may correspond
to, respectively, a PDL crossing that has not happened yet
and a virtual PDL crossing that never happens. Figure 1
presents a nonexhaustive collection of qualitative scenarios
sketching the potential behaviors the DMS20 DE can
describe.

Let us be more precise with the characteristics of the
DMS20 DE. The DE density in Eq. (2), being a cubic

function, has at least one and at most three distinct real
solutions to ppg(a) = 0—it is possible that no real sol-
utions exist when f = 0 in which case the density is no
more a cubic function. While it is possible that the DE
density tangentially touches zero from one side at these
roots for certain values of the parameters, generically they
correspond to crossings between negative and positive
energy densities; see the yellow plot in the top panel of
Fig. 1 for which three distinct crossings exist in the interval
0 < a < 1. The number of real roots depends on the sign of
the discriminant, A = —4a® — 274%; if it is positive, there
are three distinct real roots, if it is negative, there is only one
real root, and if it is zero, there are two distinct real roots
one of which has multiplicity of two and corresponds to an
extremum point at which the DE density touches zero
tangentially. Notice that, for a > 0, there cannot be more
than one real root. One real solution, a,, to ppg(a) = 0 is
given by

1 27 3 1/3
a, = ay, ~3 <a3 —|—7ﬂ2 =3V 12a°p% + 81ﬂ4>

az

(¢ +35 -3 Vi2aF +8157)

+a+

(4)

and, other real solutions, if they exist, can be found by
multiplying both cubic roots in the right-hand side of
Eq. (4) with e?7/3 or ¢**/3. Comparing the numerator in
Eq. (2) with the denominator in Eq. (3), one can observe
that wpg is singular at the points ppg(a) = 0 is satisfied,
whether the DE density crosses or tangentially touches
zero; see, e.g., Fig. 1 where the roots are shown with filled
disks. These singularities, are exactly of the same kind with
those mentioned in Sec. II and has the characteristic
property of diverging to opposite infinities around the
points ppg vanishes, i.c., lim,_, . wpg(a) =F oo.

Further focusing on the EoS parameter given in Eq. (3), it
can easily be shown that wpg(a) = —1 admits up to three
distinct solutions, namely, a = a,,, a = a,, —2a/3p, and
a = 0. From this, we define the second scale of PDL
crossing

2a

3 (5)

a,=a, —

complementary to the previously defined a,,—for the
examples in Fig. 1, a,, are indicated with filled squares,
and a,, with filled diamonds. While both a,, and a,, are PDL
crossings, the direction of their crossings depend on « and f3.
For a,,, the direction depends only on sgn(a) = |a|/a; as the
scale factor passes a,, with the expansion, wpg crosses from
the region (wpg + 1)sgn(a) < 0 to (wpg + 1)sgn(a) > 0.
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TABLE II.

Summary of different qualitative behaviors of the DMS20 model for different regions of its {a, f}

parameter space. We show the number of real roots for ppg(a) = 0 with the #a, column. PDL—”— denotes a PDL
crossing from wpg < —1 to wpg > —1 as the Universe expands and PDL—x— denotes the other direction; the
respective columns show the scales that correspond to the associated direction of PDL crossing. The “order” column
indicates which of the scale factors a,, and a,, is greater. Empty cells indicate that these cases are not applicable.

Discriminant a p #a, PDL—~ PDL—n Order
sz>—a3(A<O) a>0 p>0 1 a, a, a, > a,
p<0 1 a, a, a, > a,
a<0 p>0 1 a, a,, a, > a,
p<0 1 a, a,, a, > a,
¥<—a3(A>O) a>0 p=>0
p<0
a<0 p>0 3 a,, a, a, > a,
p<0 3 a,,, d, a,, > a,

Whena > 0,1i.e.,sgn(a) = 1, the direction of crossing for a,,
is opposite to that of a,,, i.e., the EoS parameter crosses from
wpg < —1 towpg > —1 around a,, as the Universe expands.
On the other hand, when a < 0, the direction of crossing for
a, depends also on f?; if 2742 /4 < —a?, i.e., A > 0, the
crossing is now from wpg > —1towpg < —1, otherwise itis
the same as the a > 0 case.” Note that the sign of a/p
determines which one of a,, and a,, is greater, hence the sign
of f is also of great importance to determine the qualitative
behavior of the DMS20 DE model. We also mention the two
special cases; a = 0, for which «a,, and a, coincide as the
inflection point of the DE density with no crossing of the
PDL, and p =0, for which a, does not exist. These
behaviors are summarized in Table II, where, for different
regions of the parameter space of {a,f}, we show the
number of real roots of a,, the direction of the PDL crossing
for a,, and a,,, and also the order of these PDL crossings. The
blue and green plots in Fig. 1 correspond to the first row of
the table, the yellow plot corresponds to the last row, and the
orange plot corresponds to the second row.

The last root satisfying wpg(a) = —1 is a =0, i.e., for
early times (¢ — 0, z —» o), the DE EoS parameter
approaches to that of the cosmological constant’
(wpg = —1). The EoS parameter should satisty this prop-
erty for any DE density that attains a finite nonvanishing
value as a — 0, an example of which is of course DMS20;

otherwise, the integral in the right-hand side of
lppe(a = 0)| = |ppe(a;)|exp[3 [ da 2] would not

a
converge for a typical scale a,—this equation can be

SAll of the described directions in this paragraph are correct
only when these PDL crossings exist, i.e., when their corre-
sponding scale factors are greater than zero.

®Note that, even though DMS20 DE satisfies wpg (a=0)=—1,

svati dppe _ _ poro(3pay—2aa,,) :
the derivative “2%[,_ = ; Tallea, P Tp(ia T does not vanish

(unlike it would for the cosmological constant) except for special
values of the free parameters. Nevertheless, the corresponding
derivative dppg/dz|,_,, = O still vanishes by virtue of the scaling
between «a and z which results in da/dz|,_, = 0.

obtained by integrating the continuity equation. This last
point is interesting because a parametrization of ppg with
the scale factor would generically lead to a finite and
nonzero ppg(a = 0) implying wpg(a = 0) = —1; thus, a
broad class of models need to exhibit cosmological con-
stantlike behavior in the far past.

A. Decomposition into negative cosmological constant
and a non-negative dynamical DE

Any ppg/(a) can phenomenologically be decomposed into
an arbitrarily valued A (with an effective energy density p,)
and a new DE source whose density is ppg(a) — pa. Such a
decomposition is particularly meaningful in the presence of
negative DE densities; because, while a physical fluid with a
negative energy density is eccentric to say the least, anti—de
Sitter (AdS) vacua (provided by A < 0) is welcome due to
the celebrated AdS/CFT correspondence and is preferred by
string theory and string-theory-motivated supergravities, and
a geometric A term with a negative value in the EFE or a
quantum field whose potential has a negative minimum are
completely viable [123,124]. For works that consider the
possibility of the existence of a DE with a positive definite
energy density combined with a negative cosmological
constant, we refer readers to Refs. [54,59,65,106,125] (see
also Refs. [46,60,74,77]).

The DMS20 DE density is bounded from below for
a €0, 1]; thus, it is always possible to decompose it as
described above into a A whose effective energy density, p,,
corresponds to the minimum of ppg (not necessarily neg-
ative) for a €10, 1], and a non-negative dynamical DE
denoted DE™, i.e., ppg = pa + ppg+(a). Thus, if the mini-
mum of ppg(a €0, 1]) is at a = ay;,, we have ppg(dmin) =
pan and ppgy(@min) = 0. Pleasantly, the minimum of
ppe(a €0, 1]) happens to be ppg(a = 0) (ie., dp, = 0)
for a large section of its observationally allowed parameter
space based on the analyses in Ref. [73]. For this special case,
the effective energy density of the cosmological constant
reads
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1 + aa2, — pa’,
1 —|—0(<1 _am)2 +ﬁ(1 _am)3 ’

(6)

PA = PDE0

and the newly defined DE* density, ppg+ = ppg — pa reads

a(a* - 2aa,,) + p(a’® - 3a*a,, + 3aa?)

b= , (7
PDE* = PDE0 1 +a(l—a,?+p(1-a,) (7)
which corresponds to the EoS parameter

2a(a —a,,) +3p(a—a,)?
wpgt (a) = —1 - ( ) 2 ( ) 23]’
3la(a - 2a,,) + p(a* — 3aa,, + 3a;,)]
(8)
that yields wpg+ (@ = o0) = =2 just like wpy, itself but with
wpg+(a = 0) = —4/3 instead, cf. Eq. (3). Notice that, in this
framework, a,, and a,, are solutions to wpg+(a) = —1, i.e.,

they still correspond to scale factors of PDL crossing for the
non-negative DE in this decomposition approach.

IV. OBSERVATIONAL CONSTRAINTS

The Friedmann equation of the model we reach by
replacing A of the standard cosmological model with the
DMS20 DE parametrization is given by

H2
i Quoa™> + Qoa™ + Qpgof(a), )
0
where
fla) = 1Tz an) Fhlaza,)

_am)z +ﬂ(1 _am)3 ’

and the subscript “m” denotes all matter (baryonic and cold
dark matter), and “r” denotes radiation (photons and other
relativistic relics). Here Q;y = p;o/3H3 are the present-day
values of the density parameters and we work in the units
872G =c =1 with Hy=H(z=0) being the Hubble
constant.

Cl4a(l

A. Data and methodology

In order to derive constraints on the model baseline, we

use the following datasets:

(i) CMB: From the Planck 2018 legacy data release, we
use the CMB measurements, viz. high-£ P1ik TT
likelihood (in the multipole range 30 < Z < 2508),
TE and EE (in the multipole range 30 < Z < 1996),
low-£TT-only (2 <¢ <29), the low-/EE-only
(2 £ ¢ <£29) likelihood [126], in addition to the
CMB lensing power spectrum measurements [127].
We refer to this dataset as Planck.

(i) BAO: From the latest compilation of BAO distance
and expansion rate measurements from the SDSS

TABLE III. We use the same flat priors in all the analyses.
Parameter Prior
Q,h? [0.005, 0.1]
Q h? [0.005, 0.1]
T [0.01, 0.8]
ng [0.8, 1.2]
log[10'°A,] [1.6, 3.9]
1000y, [0.5, 10]
a [0, 30]
p [0, 30]
a, [0, 1]

Collaboration, we use 14 BAO measurements, Viz.
the isotropic BAO measurements of Dy (z)/r,
[where Dy (z) and r, are the spherically averaged
volume distance, and sound horizon at baryon drag,
respectively] and anisotropic BAO measurements
of Dy(z)/ry and Dy(z)/ry [where Dy (z) and
Dy(z) = ¢/H(z) are the comoving angular diam-
eter distance and the Hubble distance, respectively],
as compiled in Table 3 of [128]. We refer to this
dataset as BAO.

(iii) Type la supernovae and Cepheids: We use the
SNe Ia distance moduli measurements from the
Pantheon + sample [129], which consists of 1701
light curves of 1550 distinct SNe Ia ranging in the
redshift interval z €[0.001,2.26]. We refer to this
dataset as PantheonPlus. We also consider the
SHOES Cepheid host distance anchors, which facili-
tate constraints on both Mg and H,. When utilizing
SHOES Cepheid host distances, the SNe Ia distance
residuals are modified following the relationship
Eq. (14) of Ref. [129]. We refer to this dataset as
PantheonPlus&SHOES.

In our analyses, we allow the parameters to follow the
flat uniform priors described in Table III. We study an
extended cosmological model that in addition to the six
parameters of the standard ACDM model, i.e., the baryon
and cold dark matter densities Q4> and Q_h?, the optical
depth 7, the amplitude and spectral index of the scalar
fluctuations log[10'°A,] and n,, and the angular size of the
horizon at the last scattering surface 6yc, is considering the
three parameters of the DMS20 DE parametrization in
Eq. (2), ie., a, B, and a,,. Following the analyses in
Ref. [73], we choose the same priors for all nine free
parameters; in particular, we restrict @ and f to be non-
negative, and assume «a,, is a physical scale that existed in
the expansion history of the Universe. With these choice of
priors, we restrict the model behavior to the first row of
Table 11, i.e., a,, is a PDL crossing from wpg > —1 to
wpg < —1 (as the Universe expands) and a,, from wpg <—1
to wpg > —1; note that a, < a,, should be satisfied for
these priors but @, might not exist physically (i.e., in the
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TABLE IV. 68% CL constraints on the cosmological parameters for the different Planck dataset combinations explored in this work,
for the DMS20 DE model. In the last three rows, the relative best fit (A2, =2 bvs20 — X ainacom)» Akaike information criterion
(AAIC = AICppso9 — AIC s,cpm), and log-Bayesian evidence (Aln Z =1n Z scpy — In Zpysa) are also displayed; negative values are in
favor of the DMS20 DE model against the standard ACDM scenario.

Planck +BAO+
Parameters Planck +BAO Planck + PantheonPlus Planck + Pantheon Plus&SHOES PantheonPlus &SHOES
Q.h? 0.1196£0.0011 0.1193+0.0013 0.1176 £0.0011 0.1198+£0.0011
102Q, 12 2.241£0.014 2.243+0.015 2.25740.014 2.2434+0.014
1006, 1.04191 +£0.00029 1.04193 £0.00029 1.04207 £ 0.00029 1.04191 +0.00029
T 0.0517 +0.0076 0.0516+0.0077 0.0490 0005 0.0502 +0.0076
n 0.9662 0.0038 0.9669 +0.0043 0.9714£0.0041 0.9659 +0.0038
In(101°4,) 3.038£0.015 3.037+0.015 3.027%5014 3.035+0.015
ap 0.84170053 0.95270012 0.957-301¢ 0.9227 304
a 72755 3412 7.038 <2.77
) >11.1 7.3+30 16,5734 6.553%
H, [km/s/Mpc] 721732 68.9°14 73.49+0.98 70.05+£0.64
Q, 0.277£0.029 030170018 0.26100.0077 0.2912£0.0057
o3 0.8481003 0.82310913 0.861£0.012 0.835£0.010
Ss 0.812£0.017 0.823+0.013 0.803£0.011 0.823+£0.011
Farmg IMpc] 147.154£0.25 147.2040.28 147.50+0.26 147.07+0.25
to [Gyr] 13.740+0.036 13.691047 13.454+0.056 13.679+0.031
Ay, -3.74 -2.80 —38.64 ~11.74
AAIC 226 3.20 —32.64 —5.74
AlnZ 234 6.39 -10.44 0.95

range [0,1]) as it is unbounded from below. Moreover, only
a single real root exists for the derived parameter a,, and it is
also unbounded from below—see Sec. III for more details
on how the choice of a and S affects the physical meaning
and existence of other parameters. We ran our modified
version of the publicly available CLASS+MontePython code
[130-132] that implements the model described in Eq. (2),
using Metropolis-Hastings mode to derive constraints on
cosmological parameters. All of our runs reached a
Gelman-Rubin convergence criterion of R — 1 < 1072,

In order to compare the goodness of the statistical fits of
the DMS20 DE with respect to the standard ACDM scenario,
we make use of Akaike information criterion (AIC) and log-
Bayesian evidence along with y2. = —21In L, with £
being the likelihood, see Table I'V. In particular, we first give
the relative best fit (AyZi = ¥minpMs20 — Xminacom) and
then the relative AIC (AAIC = AICDMS20 - AICACDM)’
where

AIC = 42, +2K (11)

with y2. being the term which incorporates the goodness-of-
fit through the likelihood £ and 2K being the term which is
interpreted as the penalization factor given by two times the
number of parameters (K) of the model. The preferred model
is the one with the smaller AIC value, and therefore negative
values of AAIC imply support for DMS20 DE against the

ACDM scenario, and the lower (more negative) the AAIC
value, the stronger support there is.

We then investigate the relative log-Bayesian evidence
used to perform model comparison via the Jeffreys’ scale; we
compute it using the publicly accessible MCEvidence package
[133] ([134,135]). In general, for a dataset D and a given
model M; with a set of parameters ®, Bayes’ theorem
results in

L(D|®, M;)(6| M)

POID.M;) === o

(12)

where P(®|D, M,) is the posterior probability distribution
function of the parameters, z(®|M;) is the prior for the
parameters, £(D|©, M;) is the likelihood function, and
E(DIM;) = [y, L(D]®, M;)7(B|M;)d® is the Bayesian
evidence. To make a comparison of the model M; with some
other model M;, we compute the ratio of the posterior
probabilities of the models, given by

where B;; is the Bayes’ factor given by
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-
Accordingly, we define the relative log-Bayesian evidence

for the DMS20 DE with respect to the ACDM scenario as
follows:

Aln Z =1InBpysyoacom = In Zpmsao —In Zycpum. (15)

Asthe model with smaller value of | In Z| is the preferred one,
like in the case of AAIC, the negative values of A In Z imply
support for DMS20 DE against the ACDM scenario, and the
lower (more negative) the A In Z value, the stronger support
there is. The rule of thumb in the literature for interpreting
| In Z| with reference to the revised Jeffreys’ scale given in
Ref. [136] is that the evidence is inconclusive if
0<[InB;| <1, weak if 1 <[InB;;| < 2.5, moderate if
25 <|InB;;| <5, strong if 5<|InB;| < 10, and very
strong if 10 < |In B;;|, in favor of the preferred model.

B. Results

In this section we discuss the constraints we obtain on
the DMS20 DE parametrization [73] using a collection of
recent cosmological data, as described in the previous
section. We report in Table IV the constraints at 68% con-
fidence level (CL) for the free parameters of the model
(above the horizontal line) and the derived ones (below the
horizontal line) that are of interest to discuss the cosmo-
logical tensions. We remind that the DMS20 parametriza-
tion is just one example of omnipotent DE and the results
obtained in this section do not apply to all omnipotent
models; rather, the results hint at how the negativity and
nonmonotonicity features of a DE density could interact
with the data while being robust only for the DMS20
parametrization specifically.

It would be most convenient to begin our discussion on
the results by making the discussion over the free parameter
a,,, viz. the scale factor at which the usual PDL crossing
(i.e., p-quintessence—p-phantom crossing) occurs; the
results for this parameter are particularly important since
in Ref. [73], the paper in which DMS20 DE parametriza-
tion was originally proposed and confronted with obser-
vational data, discussions over the results were based on
this parameter. As already noticed in Ref. [73] the Planck +
BAO combination favors a crossing of the PDL in a,, =
0.8417005) at 68% CL and, because of their negative
correlation, a value of the Hubble constant Hy =
72.13;52 km/s/Mpc at 68% CL, perfectly in agreement
with the SHOES measurement [34]. Moreover, thanks to the
strong anticorrelation between H(, and the Sg parameter we
can see in Fig. 2, a higher Hubble constant value corre-
sponds to a lower Sg value, helping also with the tension
with the weak-lensing experiments. This result with
updated and extended BAO data significantly improves

the findings of Ref. [73]. However, for this dataset
combination, the DMS20 DE parametrization is moder-
ately disfavored with respect to the ACDM scenario by the
Bayesian Evidence, because it is penalized by the Occam’s
razor principle with three additional parameters. The fact
that some of the model parameters are unconstrained as
evident from Table IV, also affects the Bayesian evidence of
the DMS20 model.

On the other hand, when Planck is combined with
PantheonPlus we see instead that a,, = O.952f8_’8?§ at
68% CL, and given that they are not correlated anymore,
H, shifts down to H, = 68.97) km/s/Mpc at 68% CL
(Hy = 68.973% at 95% CL), at about 26 tension with the
SHOES value. This result increases the tension with respect
to the one obtained in Ref. [73] for the previous Pantheon
release, but given the moderate agreement with the local
measurement, we can still safely add the SHOES calibration
and evaluate the effects on the model. Also for this dataset
combination, the DMS20 DE parametrization is disfavored
by the model comparison.

In the third column of Table IV, we can see that the
combination Planck+PantheonPlus&SHOES, by fixing the
H, value in agreement with the local measurements,
strengthen the 1o indication of the previous case, now giving
a,, = 0.9577 091 at 68% CL, i.e., different from 1 at more
than 1o, but in agreement with 1 within 26 (a,, > 0.929 at
95% CL). In this case the Sg parameter goes significantly
down, possibly reducing also the Sy tension. Also, for this
data combination resulting in an almost perfect agreement
with the SHOES H|, value better than all our other analyses,
the constraints on #; as well are in excellent agreement with
the estimation from GCs, t, = 13.50 £ 0.27 [137], again
better than rest of our data combinations—although, note that
none of our analyses yield a significant discrepancy com-
pared to this #; estimation. For this dataset combination, the
DMS20 DE parametrization is instead very strongly favored
with respect to the ACDM scenario by the Bayesian
evidence, with a value In B;; = —10.44.

However, the most interesting result is given by the
full combination Planck + BAO + PantheonPlus&SHOES,
reported in the last column of Table IV. In this case,
contrarily to what expected, the final contours, such as Sg
and H, in Fig. 2, do not resemble the combination of
Planck + PantheonPlus &SHOES and Planck + BAO, but
rather the combination of Planck + PantheonPlus and
Planck + BAO. This can be explained because Planck +
BAO and Planck + PantheonPlus have different directions
of correlation in the parameter space, and once we combine
them together the final result will coincide with their
combination. In other words, the SHOES prior is not
powerful enough to shift this result more in agreement
with it, and we find H, = 70.05 & 0.64 km/s/Mpc at
68% CL for Planck+BAO-+PantheonPlus&SHOES. This
can also clarify why some parameters have larger errors
than the same combination without BAO data, such as
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FIG. 2.

a,, = 09227091 at 68% CL, because of the SHOES prior
attempting to pull the Hubble constant in its direction. For
this full data combination, we also show the constraints on
the Hubble function of DMS20 in Fig. 4 and the Planck
best fit result from Ref. [7] for comparison. We see that,
higher values of H(z < 1) compared to the Planck best-fit
are unsurprisingly compensated by lower values of H(z =
1) so that the strict constraints of the CMB data on D ,(z,)
are satisfied (see Sec. II). Note that, this seesaw behavior
around the Planck best-fit as a consequence of the DMS20

! ! ! ! ! ! ! !
5 10 15 5 10 15 20 25 0.76 0.80 0.84

« B Ss

1D posterior distribution and 2D contour plots for a few parameters of interest.

DE density that decreases towards the past not only results
in a higher H value, but also an arguably better description
of the H(z) data from BAO. For the full dataset combi-
nation, the evidence for the DMS20 DE parametrization is
inconclusive with respect to the ACDM scenario. In other
words, it fits the data as well as the standard cosmological
scenario while simultaneously reducing the Hubble
tension.

We have carried out our discussion so far over the
usual PDL crossing, i.e., the constraints on the parameter
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Two-dimensional (at 68% and 95% CL) marginalized posterior distributions of H, vs the free parameter «,,, and the derived

parameters a, and a,,. The blue band shows the ACDM value H, = 67.27 £ 0.60 km s~ Mpc~! (68% CL) [7] inferred from Planck
2018 with 16 and 26 errors, and the gray band shows the SHOES measurement H, = 73.04 & 1.04 kms™' Mpc~! (68% CL) [34].

a,, (p-quintessence—p-phantom crossing), whereas the
DMS20 DE parametrization has two more free parameters,
a and p. The constraints on the a and f parameters can be
seen in Table IV and their correlations with some other
parameters on Fig. 2. However, these two free parameters do
not have obvious physical meanings on their own, hence we
do not discuss them any further. Rather, we will focus on two
physically meaningful derived parameters obtained from

T S A A H

B Planck+BAO-+PantheonPlus&SHOES

®
&S

3 = @
=) o =)
T T T

H(2)/(1+ z)[kms 'Mpc™]

60

FIG. 4. Posterior distributions (68% and 95% CL) of
H(z)/(1+ z) for the Planck + PantheonPlus&SHOES (shown
in red) and Planck + BAO + PantheonPlus&SHOES (shown in
violet) data combinations. For comparison, we show the ACDM
P1lik best fit result from Ref. [7] with a dashed gray line. The
vertical bars show various data with 68% errors. The blue bars are
the TRGB H, = 69.8 & 0.8 kms~! Mpc™' measurement [138]
and the SHOES H,, = 73.04 + 1.04 kms~! Mpc~! measurement
[34]. The rest are BAO data that can be found in Ref. [104] and
references therein: the red bars are the BOSS DR12 consensus
Galaxy (from z.; = 0.38, 0.51) measurements; the black bar is
the eBOSS DR16 LRG (from z.; = 0.70) measruement; the
green bar is the eBOSS DR16 Quasar (from z.; = 1.48); the
purple bars are the eBOSS DR16 Ly-a-Ly-a (from z.4 = 2.33)
and eBOSS DR16 Ly-a-quasar (from z.; = 2.33 but shifted to
z = 2.35 in the figures for visual clarity) measurements.

combinations of a,,, a, and f, viz. a, (n-quintessence—p-
phantom crossing), a, (n-quintessence—p-phantom cross-
ing), as well as p (viz., minimum of ppg), with a focus on the
sign changing energy density feature of the DMS20 DE—for
the definitions of these parameters see Sec. I1I.

To discuss the features of DMS20 DE related to negative
energy densities, we present Figs. 3, 5, and 6 showing
constraints on some relevant functions and parameters for
our most extensive data combination, viz. Planck + BAO +
PantheonPlus&SHOES, and also for the Planck +
PantheonPlus&SHOES data combination in which case the
features related to negative DE density are most emphasized
within DMS20 DE.

We present the two-dimensional marginalized con-
straints of H versus a, in Fig. 3 to show the correlation
between the Hubble constant and the scale of the Universe
at which n-quintessence—p-phantom crossing occurs, along
with those of H{ versus a, and a,,. In the Planck +
PantheonPlus&SHOES case, we see a positive correlation
between H and a,, while no correlation is present with the
other two parameters a,, and a,,. On the other hand, once
BAQO data are included, the correlation between H, and a,,
becomes weak,’ and a slight negative correlation appears
between H, and a,, with still no correlation between H,,

and a,,. We also note the constraints a, = 0.67570¢5 and

"This weakening of the correlation between H,, and the time of
crossing to negative densities, accompanying the lesser con-
straints on a, with the addition of the BAO data, was also found
within the A;CDM model [74,77] which has other parallelisms
with DMS20 DE as noted further below in the main text; compare
the leftmost panel of Fig. 3 with the bottom leftmost panel of
Fig. 2 in Ref. [77] and Fig. 8 in Ref. [74]. Within A;CDM, the
strict CMB-based constraints on Dy, (z,) enforces a nonlinear
degeneracy between the time of crossing and H y; the shape of this
degeneracy (see also Fig. 2 in Ref. [74] and relevant discussions
therein), which implies a weakened linear correlation if the
crossing happens at earlier times, explains these findings for
A,CDM, and it is conceivable that the situation is similar for
DMS20 DE but its two more extra parameters compared to
A,CDM complicates laying out an analog argumentation.
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FIG. 5. The figure shows the posteriors of ppg(z)/peo (top
panels) and wpg(z) (bottom panels); the more frequent the lines,
the more probable. Violet is for the analysis with the Planck
+PantheonPlus&SHOES dataset, and red is for Planck + BAO+
PantheonPlus&SHOES. The bolder solid lines correspond to the
best-fit sample of their corresponding dataset. The horizontal gray
dashed line in the top panels show the P11k best fit value in Ref. [7]
for comparison, and the horizontal black dashed line in the bottom
panels is the PDL. The vertical dashed lines in the bottom panels
show the redshifts DE crosses to negative values for the best fit
samples of the same color, i.e., they show the best fit Zp; these
dashed lines also correspond to the asymptotes of wpg(z) for the
best-fit plots. The inset plots show the same posteriors but with a
linear scale on the horizontal axes.

a, =0957109% at 68% CL for the Planck+
PantheonPlus&SHOES  case, that become a, =
0.7137093% and a, = 09227001 when BAO data are
included.

An a, value less than zero would imply ppg never takes
negative values, whereas the constraints are a, =
0.35710018 at 68% CL for Planck + PantheonPlus&
SHOES and a, = 0.230X0% at 68% CL when the BAO
data are also included; even for the Planck + BAO +
PantheonPlus& SHOES case, a, > 0 at 99% CL. For both

data combinations, the n-quintessence—p-phantom crossing
is clear in Fig. 5 where we show the posteriors for the
evolution of ppg(z)/p.o and the corresponding EoS param-
eters, wpg(z). We do not show the CL contours due to the
singular behavior of wpg(z); rather, the panels are produced
by drawing plots of randomly selected samples from
our Markov chain Monte Carlo chains with the FGIVENX
package [139], i.e., the more frequent the lines, the more
probable. In terms of redshift, the constraints on the time of
n-quintessence—p-phantom crossing are z, = 1.803f8.‘?29 at
68% CL for Planck + PantheonPlus&SHOES and z, =

3.7107 at 68% CL when the BAO data are also included;
the singularities of wpg(z) are at redshifts satisfying
ppe(z) =0, ie., the redshifts of the n-quintessence—p-
phantom crossings. Such singulan'ties8 mentioned in
Secs. II and III are required from a minimally interacting
(i.e., conserved) DE that changes the sign of its energy
density, and are known to exist as expected within DMS20
DE [75].

It is worth noting here the striking consistence of the
constraints on the redshift of crossing to negative energy
densities between DMS20 DE and another model with this
feature dubbed A;CDM that extends ACDM with one extra
free parameter by replacing the usual cosmological con-
stant with a sign-switching one [74,77]. In Ref. [77],
A,CDM was analysed with a data combination referred
as CMB + Pan + M and yielded a constraint on the
crossing redshift (denoted with z; in there) z; =
178701 along with Hy = 72.38)18 km/s/Mpc and Sy =
0.785 £+ 0.012 at 68% CL; these results are to be compared
with the constraints z, = 1.803107%0, H, =73.49 +
0.98 km/s/Mpc and Sg = 0.803 £ 0.011 for our Planck+
PantheonPlus&SHOES case due to the parallelisms of the
datasets used in both papers explained below. The data
combination CMB + Pan + M in Ref. [77] consists of the
Pantheon sample of SNe la [147] along with Cepheid
calibrated SNe Ia absolute magnitude measurement of
SHOES [148] and the same Planck CMB data used in this
work. The part of this data combination related to SNe Ia
can be considered as an earlier version of the
PantheonPlus&SHOES dataset used in the present work,
and since the CMB data is the same for both papers, the
CMB + Pan + My data combination of Ref. [77] contains
very similar information with the Planck + PantheonPlus&
SHOES here. Moreover, when the same BAO data used here
was added to their data combination CMB + Pan 4+ My
(referred as CMB + Pan + BAO + M), the constraints on
the redshift of crossing shifts to higher values, i.e., z: =
2.36 £ 0.28 accompanied by worsened values of H, =

69.4810:2% km/s/Mpc and Sg = 0.813 & 0.010 parallel to
the Planck + BAO + PantheonPlus&SHOES case in here

¥For some examples of these types of singularities in the EoS
parameter, see Refs. [47,48,52,53,60,77,82,96,107,108,140-146].
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FIG. 6. The figure shows the posteriors of ppg+(z)/pe and
Pa/peo on the top panels, and wpg-(z) on the bottom panel; the
more frequent the lines, the more probable. Violet is for the
analysis with the Planck 4 PantheonPlus&SHOES dataset, and
red is for Planck + BAO + PantheonPlus&SHOES. The bolder
solid lines correspond to the best fit sample of their corresponding
dataset. For comparison, the horizontal gray dashed line in the top
panels show the P1ik best fit value of p, in Ref. [7]. In the
bottom panels, the horizontal black dashed line is the PDL and
the horizontal black dotted line shows the limit wpg+(a = 0) =
—4/3 that holds by construction (see Sec. IIT A).

which yields z, = 3.7{7, Hy = 70.05 + 0.64 km/s/Mpc
and Sg = 0.823 +0.011.

Finally, we decompose the DE density into a cosmo-
logical constant and non-negative DE™ density as described
in Sec. Il A, viz. we write ppg(a) = p + ppe-+ (a), where
the minimum of the DMS20 DE density, po = ppg(@min)-
can attain negative values and ppg+ > 0. The top panels of
Fig. 5 show that we can safely assume a,,;, = 0 in line with
the results of Ref. [73]; this yields pp/peo = —5.1f11"8
(along with ppg+/peo = 5.8710) at 68% CL for Planck +
PantheonPlus&SHOES and p, /po = —1.570% (along with
poE+ /P = 2.227089) at 68% CL when the BAO data is

also included. In both cases, p, < 0 at 95% CL indicating
AdS vacua is preferred within DMS20 DE by our CMB and
SNe Ia based datasets albeit the weakening of this pref-
erence with the inclusion of the BAO data. In Fig. 6, we
present the posteriors for p, along with the corresponding
DE" densities and EoS parameters; we use line plots
instead of showing CL contours for visual homogeneity
with Fig. 5. We notice the DE*, on top of the negative
cosmological constant (viz. p, < 0), starts as a p-phantom
DE with an EoS parameter equal to —4/3 in the early
Universe by construction and then evolves as the universe
expands transforming into a DE that exhibits a positive
cosmological constantlike behavior [viz. ppg+(a) remains
almost constant] in the late Universe, namely, for z < 1. Itis
very interesting that ppg+ (@) achieves its almost constant
behavior for z < 1 by a slightly oscillatory behavior of its
corresponding EoS parameter around PDL in the late
Universe (z < 1); i.e., it is above PDL (p-quintessence)
for a, < a < a,, and remains p-phantom everywhere else.
We also note that, the future phantom behavior of DMS20,
i.e., wpg+(a—o0)=wpg(a—o0)=-2, implies a future
singularity for the Universe by means of a “big rip”
[149,150] for the choice of our priors. However, for some
regions in the full parameter space of DMS20, a singularity
by means of a “big crunch” is also possible after an
accelerated era due to a DE density that attains negative
values in the future, e.g., see the dark orange plot in Fig. 1.

V. CONCLUSION

In this paper, we introduce omnipotent DE models: the
family of DE models whose nonmonotonically evolving
energy densities can cross between negative and positive
values and correspond to EoS parameters that feature PDL
crossings (at the times their density manifests nonmono-
tonicity) and even evolve to attain all values by means of
singularities (at the times their densities changes sign).
These features characterizing omnipotent DE, if they were
to be confirmed, would have far reaching consequences for
fundamental physics; however, they may be more benign
then one may initially think. The usual energy conditions
they obviously violate, do not have a priori justifications
[151-154]. Although an individual component like the
omnipotent DE apparently violates some of the energy
conditions, the total energy density of the Universe always
satisfies the energy conditions except the strong energy
condition, which is needed for the accelerating Universe.
Also the phenomenological omnipotent DE characteristics
can possibly be modelled in modified theories of gravity,
for instance, in a massive Brans-Dicke (BD) theory
[146,155—157] all behaviors in Table I are present except
the negative-CC which can also be modelled with the BD
scalar field potential having an AdS minimum. Moreover,
from the point of view of observational tensions that
cannot be satisfactorily addressed by the canonical/simple
extensions of ACDM, these energy condition violating
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features are strongly motivated; they have been repeatedly
found in studies reconstructing cosmological functions
[46,47,50,52,67,80,82], and models whose parameter
space allow them, have shown promising success in
alleviating the observational discordance within ACDM
by occupying parts of their parameter space that exhibit
these features [47,53,54,59,60,65,73,74,77,96,106—-108]—
one such model is DMS20.

DMS20 parametrization of the DE density introduced in
Ref. [73] can be obtained by Taylor expanding the DE
density to third order around a presupposed PDL crossing;
it is an embodiment of omnipotent DE. While DMS20 was
proposed as a means of investigating the existence of a PDL
crossing in the DE EoS parameter, and its observational
success when confronted with various combinations of
CMB, SNe Ia, and BAO data was attributed to a PDL
crossing being favored by these observations, it was also
found that the constrained parameter space of DMS20
yields a DE density that attains negative values in the past.
In this paper, we reanalyze DMS20, in the context of
omnipotent DE, with an enhanced focus on its negative
density feature. We first give a preliminary analysis of the
model to present the background phenomena correspond-
ing to different regions of its parameter space; and, we put
forth an interpretation of the DMS20 DE as a combination
of a negative valued A and a non-negative dynamical DE.
Then, we confront the model with observational data
updating and extending those of Ref. [73]. With regard
to the tensions of ACDM, the DMS20 model relaxes the H,,
tension for all of our data combinations with a promising
negative correlation between H, and Sg parameters; and,
for our Planck + PantheonPlus&SHOES data combination,
its excellent agreement with the SHOES H, measurement is
accompanied by an excellent agreement with the f,
estimation from GCs. In comparison, the widely popular
EDE models that are proposed to address the cosmological
tensions, while able to alleviate the H|, tension, exacerbate
the Sg discrepancy and tend to predict lower #, values
compared to the estimation from GCs [158]. Our results
indicate that DMS20 DE alleviates observational discrep-
ancies of ACDM by means of a coalition between its
negative density and PDL crossing features; in particular,
the scale factor that energy density changes sign, a,, is
positively correlated with H,, a finding directly parallel
with the results of the A;CDM model’s analyses in
Refs. [74,77]. Moreover, when DMS20 is decomposed
to a non-negative dynamical DE on top of a cosmological
constant, our data combinations that include the SHOES
calibration of SNe Ia suggest a negative cosmological
constant at 95% CL. It is worth noting the agreement of
this result with the recent claim that PantheonPlus dataset
itself demands negative DE density at high redshifts [79].
Of course, the results discussed in this paragraph are

specific to the DMS20 parametrization rather than general
omnipotent DE models, and hint that omnipotent features
(negative and nonmonotonic energy density) might be
necessary to address the cosmological tensions
satisfactorily.

We motivate the omnipotent DE family based
on the observational success of DE models that incorpo-
rate some or all of its phenomenological features
and the fact that observational reconstructions have
consistently found these behaviors [46,47,50,52—
54,59,60,65,67,73,74,77,80,82,96,106—-108 ]—although,
these findings may just be artifacts of methodology, and it
is not yet clear if some of the data that indicate deviations
from ACDM are results of systematic errors or statistical
flukes. Also, a negative DE in the past, a major component
of omnipotent DE, has theoretical motivation due to the
better compatibility of a negative A (compared to a
positive one) with string theory and string-theory-moti-
vated supergravities [123,124]. The high number of
features of omnipotent DE, while allows a good descrip-
tion of the available cosmological data, could be chal-
lenging to achieve without introducing a high number of
extra free parameters on top of ACDM, e.g., the DMS20
parametrization introduces three. However, it is encour-
aging that, for instance, massive Brans-Dicke theory
extensions of the ACDM model [155-157], which has
only one extra free parameter (viz. the Brans-Dicke
parameter ), incorporates all behaviors of omnipotent
DE except negative-CC. While the motivation behind the
omnipotent DE family is mostly phenomenological, its
current success in alleviating the tensions, especially if it
is to be clinched by future probes, motivates looking for
underlying mechanisms of its quirky features.
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