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ABSTRACT: We critically examine the state of current constraints on the dark energy (DE)
equation of state (EoS) w. Our study is motivated by the observation that, while broadly
consistent with the cosmological constant value w = —1, several independent probes appear to
point towards a slightly phantom EoS (w ~ —1.03) which, if confirmed, could have important
implications for the Hubble tension. We pay attention to the apparent preference for phantom
DE from Planck Cosmic Microwave Background (CMB) data alone, whose origin we study
in detail and attribute to a wide range of (physical and geometrical) effects. We deem the
combination of Planck CMB, Baryon Acoustic Oscillations, Type Ia Supernovae, and Cosmic
Chronometers data to be particularly trustworthy, inferring from this final consensus dataset
w = —1.01315:0%8 " in excellent agreement with the cosmological constant value. Overall,
despite a few scattered hints, we find no compelling evidence forcing us away from the
cosmological constant (yet).
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1 Introduction

One of the most remarkable discoveries of the past decades, originally determined via
observations of distant Type Ia Supernovae (SNela) [1, 2] and now (indirectly or directly)
corroborated by a wide variety of probes [3—12], is the fact that the current expansion of the
Universe is accelerating.! This effect is usually ascribed to a dark energy (DE) component,
which adds up to about 70% of the energy budget of the Universe [25]. Within the ACDM
cosmological model, the role of DE is played by a cosmological constant A associated to
the zero-point vacuum energy density of quantum fields [26], whose value expected from
theoretical considerations is however in enormous disagreement with observational inferences.
Possibly one of the worst fine-tuning problems in theoretical physics, this puzzle goes under
the name of “cosmological constant problem” [27-29]. This and other considerations have
led to the development of a diverse zoo of models for cosmic acceleration which go beyond
A, including new (ultra)light fields and modifications to gravity, just to name a few (with
no claims as to completeness, see e.g. refs. [30-92]).

The final word on which DE model(s) best describe our Universe ultimately rests with
observational (cosmological) data. Besides the intrinsic value in understanding what 70% of
the Universe is made of, the importance of this quest is reinforced by the growing “Hubble
tension” [93-97], i.e. the disagreement between a number of independent probes of the Hubble
rate Hy, which could ultimately have important implications for the nature of (late) DE (see
e.g. refs. [98-136]).2 One of the key properties of DE is its equation of state (EoS) w = Py/p.,
i.e. the ratio between the DE pressure P, and energy density p,, which takes the value w = —1
for A. Unsurprisingly, a sub-percent level determination of w is among the key scientific goals

'For important caveats and discussions surrounding this conclusion, see e.g. refs. [13-24].

2The qualifier “late” is helpful to distinguish the DE component we will be interested in throughout the
rest of this paper, from a more speculative “early” DE component, operative mostly around recombination
and invoked to solve the Hubble tension [137-141].



of a number of upcoming and recently ongoing cosmological surveys [142-151], whereas the
question of what cosmological data has to say about w is one which has been tackled in a
several earlier works, albeit not always reaching definitive conclusions [152-181] — in passing,
we note that our title is inspired by the earlier seminal ref. [182], written over two decades ago.

Aside from being the EoS of A, w = —1 plays a very important demarcation role, as
it separates two widely different physical regimes. In fact, a component with w < —1 and
positive energy density p, > 0 would violate the null energy condition (and therefore all other
energy conditions), which stipulates that 7),,k*k" > 0, where T}, is the stress-energy tensor of
the component and k* is an arbitrary future-pointing null vector. A component with w < —1
is usually referred to as “phantom”, and from the point of view of the cosmological evolution
it is well-known that an Universe dominated by phantom DE would terminate its existence in
a so-called Big Rip, i.e. the dissociation of bound systems due to the phantom energy density
becoming infinite in a finite amount of time [183] (see also refs. [184-188]). On the other hand,
a component with w > —1 (and w < —1/3 to ensure cosmic acceleration) is sometimes referred
to as lying in the “quintessence-like” regime, a reference to the simplest quintessence models of
DE [189-193].3 Clearly, a high-precision determination of the value of w would have tremen-
dous implications in terms of understanding the ultimate fate of the Universe, but the ramifica-
tions for fundamental physics and model-building would also be momentous — it is no exagger-
ation to say that a compelling confirmation of DE’s nature being phantom would force a large
fraction of the particle physics and cosmology communities back to the blackboard [199-213].

The recent launch of a number of so-called “Stage IV” surveys, and the planned (imminent)
launch of a number of others, all of whom share among their goals a precise determination of
w and thereby of the nature of DE, motivates us to provide a re-appraisal of the status of
current (at the time of writing, mid-2023) cosmological inferences of w. It is often stated that
current data is remarkably consistent with the cosmological constant picture, where w = —1.
This is true in a broad sense, yet it is undeniable that there are a number of indications that
things might not be so simple. Digging a bit deeper, one can indeed find hints for deviations
from w = —1 inferred from current data (particularly in the phantom direction, pointing
towards w ~ —1.03), which we feel may have somewhat been brushed under the carpet or
not given sufficient attention. It is our goal in this paper to look in more detail into the latest
constraints on w, understand whether the hints mentioned earlier are indeed present and
what is driving them, and provide a complete picture of the current state of the DE EoS.

The rest of this paper is then organized as follows. In section 2 we briefly review how
the DE EoS enters into the main equations used to describe the evolution of the background
expansion and cosmological perturbations, and even more briefly present the aforementioned
hints for potential deviations from w = —1 in current data. In section 3 we discuss the datasets
and analysis methodology which will be used in the remainder of our paper. The results of
our analysis and a thorough physical interpretation thereof are presented in section 4. Finally,
in section 5 we draw concluding remarks. Note that throughout our paper, we consider a
barotropic DE component with EoS constant in time, i.e. w(z) = w.

3Note, however, that the simplest quintessence models featuring a single scalar field with a canonical kinetic
term, minimally coupled to gravity, and without higher derivative operators, are at face value disfavored
observationally, as they worsen the Hubble tension [194-198].



2 The dark energy equation of state

We begin by briefly reviewing how the DE EoS enters the basic equations relevant for
computing the cosmological observables considered here. At the background level, the DE
energy density p;(z) evolves as a function of redshift as:

p(2) = pao(1+ 2)*0H), (2.1)

where p, ¢ indicates the present-time DE energy density. Clearly, if w = —1 as in the case
of a cosmological constant, p;(z) is indeed a constant. This in turn affects the expansion
rate of the Universe via the Friedmann equation:

8tG kc?

— R (2.2)
where H(a) is the Hubble Parameter as a function of scale factor, G is Newton’s constant, p
is the energy-density (which includes the DE energy density p,), and k is the curvature. It is
straightforward to see that by modifying w, one modifies p, and consequently H(a).

Besides altering the evolution of the cosmological background, a DE EoS w # —1 also

affects the evolution of perturbations. To study these, we work in synchronous gauge [214, 215],
where the perturbed Friedmann-Lemaitre-Robertson-Walker line element is given by:

ds® = a2(17) {d?]g + (5¢j + h,’j)} , (2.3)

with a and 1 denoting the scale factor and conformal time respectively, whereas we denote
by h = h;; the trace of the synchronous gauge metric perturbation h;;. Moving to Fourier
space, we further denote by J, and 6, the DE density contrast and velocity perturbation
respectively. At linear order in perturbations, and further assuming that the DE sound speed
squared cgyx (given by the ratio between the DE pressure and density perturbations in the
DE rest frame) is cix =1, as expected for the simplest DE models based on a single light,
minimally coupled scalar field, with a canonical kinetic term, and in the absence of higher
order operators, the evolution of §, and 6, is governed by the following equations:

. ' 1 z
bp=—(1+w) <9x+g>—3ﬂ(1—w) [@+W : (2.4)
. k2

= 2HO, + —— 5, 2.
O = 2HO; + 70 (2.5)

where we have also set the DE adiabatic sound speed squared cax = w, as expected for a
non-interacting DE component whose EoS is constant in time.*

Note that, although at first glance egs. (2.4), (2.5) diverge in the cosmological constant
limit w — —1, what actually happens is that the perturbation equations become irrelevant,
as A is perfectly smooth and cannot support perturbations. Moreover, as we are considering
a DE EoS w which is constant in time, always either in the quintessence-like regime (w > —1)

or in the phantom regime (w < —1), but which cannot cross from one to another, we

“See e.g. section 2.1 of ref. [216] for a recent more detailed discussion on the range of validity of these
assumptions.



do not need to make use of the parameterized post-Friedmann approach [217-219] when
treating DE perturbations.

The value of w can be inferred through a variety of cosmological probes, including those
which are (directly or indirectly) sensitive to its effect on the background expansion and
thereby on distances, as well as others more sensitive to its effect on the growth of structure.
Intriguingly, a diverse range of recent, independent probes, taken at face value, all seem to
point towards a slightly phantom DE component, with w ~ —1.03. One such probe are Cosmic
Microwave Background (CMB) measurements from the Planck satellite. However, due to the
so-called geometrical degeneracy, various combinations of these parameters can be arranged so
as to keep the acoustic angular scale 8, fixed. This is given by the ratio of the comoving sound
horizon at recombination to the comoving distance to last-scattering — if both change by the
same amount, the acoustic angular scale remains unchanged. As a result, these measurements
alone cannot, by construction, provide a strong constraint on w, unless perturbation-level
effects are included. Nevertheless, they appear to point towards a ~ 20 preference for phantom
DE [7], whose origin we shall attempt to investigate (among other things) in this paper.’

The earlier weak indication for phantom DE persists when Planck data are combined
with other external datasets which are able to break the geometrical degeneracy, such as
Baryon Acoustic Oscillation (BAO) measurements, which once combined with Planck indicate
a central value of w ~ —1.04 (see table 4 of ref. [12]).5 Combining Planck with full-shape
(FS) galaxy power spectrum measurements (which of course also include BAO information)
leads to even stronger hints for w < —1, with varying strength depending on the underlying
analysis assumption and additional external datasets included (see e.g. tables 1 and 7 of
ref. [220]; table I of ref. [221]; table of ref. [222]; tables 3 and 5 of ref. [223]; and table 2
of ref. [224], for examples of recent analyses in these directions, all inferring w < —1, with
central values ranging between —1.17 and —1.03).

Other slight (< 20) hints for phantom DE have been observed when combining Planck
with weak lensing (WL) data. In ref. [225] the wow, parametrization for the DE EoS
[w(a) = wo + (1 — a)w,] was used to infer wy = —0.967952 and w, = —0.3179E (therefore a
component evolving towards the phantom regime in the past) using DES data, as shown in
table TIT of ref. [225]; in ref. [226] using the wCDM parametrization, a value of w = —1.057028
was obtained from KiDS data, although due to the large uncertainties this is largely in
agreement with ACDM. Finally, using the wow, parametrization, ref. [227] finds best-fit
values wg = —0.941508 and w, = —0.45703% (therefore a component evolving towards the
phantom regime in the past), as reported in table IV of ref. [227]. However, it is important
to exercise caution as some of these results are based on so-called 3 x 2pt analyses and
therefore also use galaxy clustering data, so the results are not completely independent from
those involving BAO data reported earlier.

5Tt is important to mention that the preference for phantom DE found in ref. [7] is slightly below 20 for
certain dataset combinations, e.g. for TT+TE+EE+lowE, TT4+TE+EE+lowE+lensing, and when BAO data
are included. Nevertheless, the preference for w < —1 persists even in these cases.

SAn interesting point, which yet has not been discussed in depth in the literature, can be seen in table 4 of
ref. [12]: when inferring w from BAO data alone, one finds w = —0.69 £ 0.15, deep in the quintessence-like
regime. Upon closer inspection it is apparent that, despite BAO data alone favoring the quintessence-like
regime, Hy is completely unconstrained. For this reason, we refrain from further interpreting this result.



Parameter Prior

Qph? [0.005, 0.1]
Q.h? [0.005, 0.99]
T [0.01,0.8]
10064 [0.5, 10]
log (109 Ag) [1.61, 3.91]
Ns (0.8, 1.2]
w -3, 1]

Table 1. Ranges for the flat prior distributions imposed on cosmological parameters in our analyses.

Similar hints were also present when combining Planck data with the Pantheon SNela
sample (tables 12, 13 and 14 of ref. [228]), although with the PantheonPlus sample such a hint
has disappeared, with w > —1 preferred (table 3 of ref. [229]). While the error bars are larger
than all the previously mentioned cases, combinations of Planck and cosmic chronometers
data, which we will discuss in more detail later, also prefer phantom DE (tables 1 and 3 of
ref. [230] and table 4 of ref. [231]). Unsurprisingly, such a preference is obviously obtained
when combining Planck data with a local prior on the Hubble constant Hy, given the ongoing
Hubble tension and the direction of the Hg-w degeneracy at the level of the Friedmann
equation, which tends to push w to lower values when Hj is increased: see table 5-8 of
ref. [232] and tables II-VT in ref. [233] for concrete examples in the context of analyses of
varying degree of conservativeness.

Finally, hints for phantom DE with varying degree of robustness have been obtained
when considering a number of late-time so-called “emerging probes” beyond the standard
BAO, SNela, and WL ones, many of which have been recently presented in detail in the
review of ref. [234]. For instance, preferences for phantom DE have been reported using
quasar data [235] (table 2), both alone and in combination with BAO and SNela, gamma-ray
bursts (see table 5 of ref. [234]), cluster strong lensing cosmography (figure 7 of ref. [236]),
HII starburst galaxies (tables 1 and 2 of ref. [237]), and so on. Although all these probes
come with varying degree of credibility and associated uncertainties, when looking at the big
picture there appears to be an overall slight preference for phantom DE. When combining
Planck measurements with the most credible low-redshift measurements, one appears to
be drawn to the conclusion that DE is slightly phantom, with w just slightly below —1
(indicatively, between —1.05 and —1.03). While such a component is only very weakly in the
phantom regime, if correct and confirmed, such a result would nonetheless have very important
repercussions for fundamental physics: for this reason, it is our goal in this paper to look in
more detail into the latest constraints on w, with an eye to these hints for phantom DE.

3 Datasets and methodology

In order to determine constraints on the dark energy equation of state w we will perform,
from scratch, a parameter inference analysis within the wCDM model using a number of



different datasets, both alone and in various combinations. Specifically, we consider:

e Measurements of CMB temperature anisotropy and polarization power spectra, their

cross-spectra, and the lensing power spectrum reconstructed from the temperature 4-
point correlation function, all from the Planck 2018 legacy data release, using the official
Planck likelihoods (to be more specific the plik TTTEEE+1owE+lensing) [238]. We
refer to this dataset combination as CMB, and the official likelihood and data products
can be obtained in the public repository [239], with the particular file being [240]. One
of our aims in this work will be to identify the physical origin of constraints from CMB
data, and more precisely which scales/multipole ranges are driving our constraints
and preference for phantom DE. In order to address this issue, we will also perform
multipole splits, i.e. only looking at data within a certain ¢ range (an approach followed
earlier, among others, in ref. [241]). These choices of range may or may not entail the
use of the low-¢ EE-only (2 < ¢ < 29) SimA11 likelihood, which we refer to as lowE.
When performing such multipole splits, we will be explicit about the ¢ range which is
being used, and whether or not 1lowE data is included.

Baryon Acoustic Oscillation (BAO) and Redshift-Space Distortions (RSD) measurements
from the completed SDSS-IV eBOSS survey. These include isotropic and anisotropic dis-
tance and expansion rate measurements, and measurements of fog, and are summarized
in table 3 of ref. [12], whereas the datasets can be found in the public repository [242]
(for the CosmoMC implementation of the likelihoods refer to the public repository [243]).
We collectively denote this set of measurements as BAO.

The PantheonPlus SNela sample [244], consisting of 1701 light curves for 1550 distinct
SNela in the redshift range 0.001 < z < 2.26. In all but one case we will consider
the uncalibrated PantheonPlus SNela sample, whereas in the remaining case we will
also consider SHOES Cepheid host distances, which can be used to calibrate the SNela
sample [245]. We refer to the uncalibrated sample as SN, whereas the SHOES calibration
(when included) is referred to as SHOES. The corresponding likelihood can be found in
the public repository [246].

Measurements of the expansion rate H(z) from the relative ages of massive, early-time,
passively-evolving galaxies, known as cosmic chronometers (CC) [247]. We use 15 CC
measurements in the range 0.179 < z < 1.965, compiled in refs. [4, 248, 249]. Although
in principle more than 30 CC measurements are available, we choose to restrict our
analysis to this subset, for which a full estimate of non-diagonal terms in the covariance
matrix, and systematics contributions to the latter, is available, and obtained following
refs. [250, 251]. We also choose to exclude some of the earlier measurements due to the
concerns expressed in ref. [252], against which our sample is instead safe. Finally, we note
that including the additional available CC measurements is not expected to drastically
alter our conclusions, as our sample already contains some of the measurements with
the smallest (and at the same time most reliable) uncertainties. We refer to the set of
15 measurements we adopted as C'C, and the corresponding data is available in the
public repository [253].



o Full-shape galaxy power spectrum measurements from the BOSS DR12 galaxy sample.
In particular, the dataset we use includes measurements of the lowest-order galaxy power
spectrum multipoles (P0,P2,P4) [254, 255], the real-space power spectrum proxy statistic
Qo [256] and the bispectrum monopole [257]. The modelling of these observables is
based on the so-called Effective Field Theory of Large-Scale Structure (EFTofLSS) [258—
260], a symmetry-driven model for the mildly non-linear clustering of biased tracers
of the large-scale structure such as galaxies, which integrates out the complex and
poorly-known details of short-scale (UV) physics. We refer to this dataset as F'S, and
the likelihood is available in the public repository [261].

Given the large number of datasets used in our analysis, and their being unavailable in a single
repository, we employed two public Markov Chain Monte Carlo (MCMC) samplers to perform
the parameter inference: Cobaya [262] in conjunction with the Boltzmann solver CAMB [263]
for almost every run, and Montepython [264, 265] in conjunction with the Boltzmann solver
CLASS-PT [266], itself a modified version of CLASS [267], for the runs involving the FS dataset.

We assess the convergence of our chains using the Gelman-Rubin parameter R — 1 [268],
setting the threshold R — 1 < 0.02 for our chains to be deemed converged. Model-wise, we
consider the 7-parameter wCDM model. Specifically, the first six parameter we consider are
the standard ACDM ones: the physical baryon density 2,2, the physical dark matter density
parameter (2.h2, the optical depth 7, the angular size of the sound horizon at recombination
05, the amplitude of primordial scalar perturbations log (101°Ay), and the scalar spectral index
ns. The seventh parameter is the DE EoS w. We set a wide flat priors on w € [—3; 1], which
allows it to enter both the quintessence-like and phantom regimes, and verify a posteriori
that our results are not affected by the choice of lower and upper prior boundaries.” Besides
the cosmological parameters discussed above, we explicitly vary and marginalize over all the
nuisance parameters required to analyze the datasets in question (we refer the reader to the
original papers for detailed discussions on these nuisance parameters and their treatment).
The prior ranges we adopted for the seven cosmological parameters are summarized in table 1.
In this study, rather than conducting an extensive model comparison analysis of wCDM versus
ACDM, our goal is to examine the behavior of the wCDM model, and more specifically the
DE EoS parameter w, when confronted against the targeted dataset combinations. Therefore,
Bayesian evidences will not be computed.

4 Results and discussion

4.1 CMB analysis

We begin by examining the constraints derived exclusively using Planck CMB data. All the
results presented in this subsection are summarized in table 2.

First and foremost, it is important to highlight that when considering the full CMB
dataset, we can find 68% and 95% confidence level (CL) constraint on the DE EoS of
w=—1.57"01% and w = —1.5715:90 respectively, together with a 95% CL lower limit on the

present-day expansion rate of the Universe, Hy > 69.3km/s/Mpc. As a result, we confirm

"Note that in any case w < —1/3 is required in order for the Universe to undergo accelerated expansion.



Linax (With 1owE) w H, [km/s/Mpc] | €max (without lowE) w H, [km/s/Mpc]
2500 —1.5710 08 (—1.575053 > 82.1(> 69.3) 2500 —1.477020 (1471057 > 78.7(> 65.9)
2200 —1.5810 3% (—1.5810 53 > 82.4(> 69.3) 2200 —1.481035 (—1.481035 > 79.1(> 66.4)
2000 —157F0 38 (—1.577053) > 82.0(> 69.0) 2000 —1.487035 (—1.4810%9 > 79.2(> 65.8)
1800 —157F0 3% (—1.577053) > 82.3(> 69.3) 1800 —1.477529 (—1.477057) > 79.4(> 66.1)
1600 —1.5310:2% (—1.537058 > 80.3(> 67.3) 1600 —1.4675:3% (—1.467059) > 78.8(> 64.9)
1400 —1.46753% (—1.467030) > 78.0(> 64.6) 1400 —1.397032 (139705 > 75.1(> 62.8)
1200 —1.45%030 (~1.4570%) > 78.0(> 64.4) 1200 —1.417052 (—1.417052 > 76.5(> 62.9)
1000 —1.387021 (~1.3870%) > 75.0(> 61.2) 1000 —1.38703% (—-1.3870%%) > 75.7(> 61.5)
800 —1.447022 (—1.4470°%8 > 77.1(> 62.5) 800 —1.47F030 (—1.4770 %2 > 78.8(> 65.0)
Limin (With lowE) w H, [km/s/Mpc] | €min (Without lowE) w H, [km/s/Mpc]
30 —1.55F02 (~1.55705T) > 80.6(> 67.3) 30 —1.287022 (—1.281058 78720(> 57.4)
200 —1.55%03% (1557057 > 81.0(> 67.5) 200 —1.0270%8 (—-1.0210%5 70730 (> 48.4)
400 —1.567538 (~1.557055) > 81.9(> 68.3) 400 —1.08703) (—1.081052 73730 (> 49.6)
600 —1.56T03% (—1.567052) > 8L.4(> 67.4) 600 —1.07F58 (—1.077080) 72730 (> 49.7)
800 —1.45T03 (=1.45107T) > 72.9(> 58.4) 800 —1.07 +0.54 (—1.07195%) 70730 (> 47.3)

Table 2. Constraints on the DE EoS w at 68% (95%) CL, together with the corresponding 68% (95%)
CL lower limits or constraints on the Hubble parameter Hy. The results are obtained by splitting the
complete Planck dataset into different subsets containing various multipole bins within the multipole
range £ € [lmin, fmax). When reducing £y, we fix i, = 2. Conversely, when cutting low multipoles
by increasing fiin, we keep £max = 2500 fixed. We repeat the same analysis, including and excluding
the 1owE likelihood for the EE spectrum at 2 < ¢ < 30.

consistent findings documented in the literature [7], indicating a very mild preference in favor
of a phantom EoS at a statistical level slightly exceeding two standard deviations.

The main purpose of this subsection is then to try to better comprehend the nature of
this preference in Planck data and evaluate its resilience. To take a first step forward in this
direction, in figure 1 we present a comparison between the best-fit to the Planck temperature
anisotropy power spectra obtained within the wCDM model (green curve) and the standard
ACDM model (red curve). As one clearly sees from the figure, both models appear nearly
indistinguishable, which suggests from the outset that the degeneracy between w and Hy plays
an important role in the interpretation of this result. In fact, parameters such as €,,, Hg, w,
and potentially others (such as the curvature parameter Q, not varied here), are affected
by the geometrical degeneracy, [269—271]. In this context, the effects on the spectrum of
temperature anisotropies caused by highly negative values of w can always be compensated by
the opposite effect induced by an increase in Hy, leading to a significant degeneracy between
these two parameters. This degeneracy, itself connected to the geometrical degeneracy, is
the ultimate reason why Hy remains unconstrained within wCDM.

However, upon closer inspection of figure 1, one can also note discernible differences
between the two models at large angular scales (low multipoles), where the best-fit wCDM
temperature anisotropy power spectrum exhibits a deficit of power at £ < 30 compared to the
baseline ACDM case. Intriguingly, this goes in the direction of the long-standing and well-
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Figure 1. Upper panel: comparison between the ACDM (red curve) and wCDM (green curve) theo-
retical predictions for the temperature anisotropy power spectrum, fixing all cosmological parameters
to their respective best-fit values based on the Planck TTTEEE+1lowE likelihoods. The error bars
associated with the datapoints represent +1o uncertainties. Lower panel: relative deviation between
the wCDM and ACDM theoretical predictions. Note that at ¢ = 30, for both panels the x-axis
switches from logarithmic to linear scale.

documented lack of power anomaly on large angular scales [272]. At the lowest multipoles for
the temperature spectrum, the amplitude of so-called Integrated Sachs-Wolfe (ISW) plateau
is primarily controlled by the amplitude of the primordial scalar power spectrum Ag, the
value of the spectral index ng, and contributions resulting from the late-time ISW effect,
which is instead sensitive to the DE dynamics. While the inferred values of both A, and ng
remain nearly identical when moving from ACDM to wCDM, introducing a different DE
EoS alters the late-time evolution of the Universe and thereby the decay of gravitational
potentials which source the late ISW effect, in turn potentially altering the latter. We have
explicitly verified that the observed differences between ACDM and wCDM in the fit at
large angular scales are entirely due to the late ISW effect: we have switched off the ISW
contribution to temperature anisotropies in CAMB, re-plotted figure 1, and noted that the two
models become indistinguishable also at ¢ < 30. This confirms our physical interpretation
of the differences in fit between ACDM and wCDM at large angular scales being entirely
attributable to the late ISW effect, which in the case of phantom DE is suppressed, as
phantom DE opposes the decay of gravitational potentials, hence decreasing the late ISW



source term.® Therefore, while the geometrical degeneracy between Hy and w appears to
play a significant role in our inference of w, we cannot overlook the possibility that physical
differences arising from a different EoS and potentially related to large-angle CMB anomalies
may underlie (part of) this preference for w < —1.

To continue our investigation, we have decided to maintain an agnostic approach and
investigate how (if at all) our results are altered upon splitting the complete dataset into
different subsets containing various multipole bins, and gradually subtracting information.
Specifically, we consider CMB temperature and polarization anisotropy power spectra mea-
sured by Planck within the multipole range ¢ € [{in, fmax], thus introducing two multipole
cut-offs: fn, representing the minimum multipole considered in our analysis, and f.x,
which representing the maximum multipole analyzed.

We begin by setting £, = 2, thus including both the temperature (LowT) and polarization
(LowE) Planck likelihoods at ¢ < 30. On the other hand, we truncate the spectra at high
multipoles, considering progressively smaller values of f,.x, starting from #,,x = 2200 and
reducing it by 200 at each step until reaching the minimum value ¢,,x = 800. The results
presented in table 2 and summarized in figure 2 (focus for the moment only on the black
points) demonstrate that by cutting off information from high multipoles, the preference for
phantom DE is gradually diminished, but remains well above the one standard deviation
level in all cases. This gradual reduction in the preference for w < —1 can be attributed to
both the gradual increase in uncertainties (which is inevitable when considering only a subset
of the full dataset), as well as a slight shift in the mean value of w towards the cosmological
constant value w = —1. Therefore, this test reveals the somewhat unexpected importance of
precise measurements of the damping tail in order to accurately determine the DE EoS,? and
supports our initial caution with regards to attributing the Planck preference for w < —1
solely to effects arising from the geometrical degeneracy.

In the same spirit, we now fix £y, = 2500 and progressively reduce the cut off at low
multipoles. Starting with £.,;, = 30, we exclude ranges of multipoles in bins of 200 until
we reach the extreme value of fn;,, = 800. This gradual exclusion of information at low
multipoles eventually leads to the removal of data covering the first two acoustic peaks,
thereby somewhat reducing the impact of the geometrical degeneracy. However, at this
point it is worth noting that two different Planck likelihoods cover information at multipoles
2 < £ < 30, namely the 1owT likelihood for TT power spectrum measurements and the Simall
lowE-likelihood for EE power spectrum measurements. As is well-known, measurements of
E-mode polarization at large angular scales are crucial in order to infer the optical depth to
reionization,'? 7 [285-289]. This is due to the distinctive polarization bump produced by the

8This conclusion could be further strenghtened by explicitly varying a late ISW “fudge factor” amplitude,
analogously to what was done in similar contexts in refs. [273-279].

9This conclusion is further supported by recent Planck-independent CMB measurements released by
ground-based telescopes, such as the Atacama Cosmology Telescope (ACT) [280, 281]. This experiment covers
multipoles ¢ = 650 for temperature anisotropies and ¢ 2 350 for polarization, thus collecting highly precise
data in the damping tail, but exhibiting a lack of datapoints at low multipoles, particularly in the ISW plateau
and around the first two acoustic peaks. Nevertheless, despite these limitations, it is still possible to derive a
constraint on the DE EoS w = —1.187522 from ACT data, see e.g. table 2 of ref. [282] or figure 1 of ref. [283].

Despite this conclusion remaining essentially true, some of us in ref. [284] pointed out that it is indeed
possible to derive constraints on 7 independent of large-scale E-modes polarization with a relative precision
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Figure 2. 68% CL constraints on the dark energy equation of state w obtained by fixing £y, = 2
and cutting information at high multipoles by considering different values of ¢,,x ranging from 700 up
to 2500 (which corresponds to the full datasets) The black (red) points represent the results obtained
when including (excluding) the lowE likelihood for the EE polarization spectrum at 2 < £ < 30. An
artificial small shift in the z-axis between red and black points is introduced solely for visualization
purposes to prevent overlap.

epoch of reionization, which clearly manifests itself in the EE spectrum. Therefore, when
it comes to reducing information at low multipoles, a choice needs to be made regarding
whether or not to include the lowE likelihood, which has an important impact on constraints
on 7. We adopt a conservative approach and follow both paths.

In the first case, we consistently include the lowE likelihood in the analysis to ensure
that 7 is well constrained by the data. Consequently, in this scenario, we consider EE
data in the range ¢ € [2,30] for low multipoles and ¢ € [liin, 2500] for higher multipoles.
Conversely, TT and TE spectra are always considered in the range ¢ € [l1iy, 2500], meaning
that the 1owT likelihood is never included. By cutting off the information at low multipoles,
we reach conclusions similar to those mentioned earlier. Specifically, the preference for a
phantom EoS is gradually reduced, but always remains significantly above one standard
deviation, as can be seen in figure 3 (black points). This reduction is once more to be
primarily attributed to increased uncertainties, with no noticeable shift observed in the
central value, except for the most extreme case when £.,;, = 800, in which case the shift
in the central value is nevertheless small.

In the second case, we also exclude the 1owE likelihood, resulting in a loss of constraining
power for what concerns 7, which now takes very large and unrealistic values 0.10 < 7 < 0.15,
as evident from figure 4 (lower panel). Interestingly, in this scenario, we observe a noticeable
shift of w towards the cosmological constant value w = —1, with no preference for a phantom
EoS, as shown in figure 3 (red points). This suggests that the exclusion of the 1owE likelihood

comparable to the results obtained by 1owE. As argued in the same work, temperature and polarization CMB
data at £ > 30 and local Universe probes seem to prefer slightly higher values of 7, possibly contributing to
mitigating the anomalies observed in the Planck data.
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Figure 3. 68% CL constraints on the dark energy equation of state w obtained by fixing £, = 2500
and cutting information at low multipoles by considering different values of ¢,,i, ranging from 2 (which
corresponds to the full datasets) up to 800. The black (red) points represent the results obtained
when including (excluding) the lowE likelihood for the EE polarization spectrum at 2 < £ < 30. An
artificial small shift in the z-axis between red and black points is introduced solely for visualization
purposes to prevent overlap.

and, in general, relaxing constraints on the reionization epoch, may greatly influence the
Planck preference for phantom DE models, at the expense of unrealistically high values of
7. This is due to the positive correlation between 7 and the DE EoS: higher values of the
former act to push w towards the cosmological constant value.

Motivated by this intriguing finding, we repeat the previous analysis where we changed
limax, this time excluding the lowE likelihood. Surprisingly, we observe different outcomes
when cutting off high multipoles. The preference for phantom DE remains at above one
standard deviation, as shown in figure 2 (red points).

Overall, we conclude that constraints on the DE EoS from CMB data are influenced by
a combination of effects originating from both low and high multipoles. These include the
geometrical degeneracy (and thereby Hy), the late ISW effect and potentially low-¢ anomalies,
the lensing anomaly (see discussion in appendix A), high-¢ measurements of the damping
tail, and constraints on 7 mainly coming from low-¢ E-mode polarization measurements. Our
conclusions are therefore twofold. Firstly, we have found it hard to isolate exactly where in the
Planck data the preference for phantom DE is arising from, but we have found that the latter
is relatively resilient. Finally, and perhaps most importantly, given the role of the geometrical
degeneracy, it is essential to include additional late-time cosmological probes to reach reliable
conclusions concerning the apparent preference for phantom DE in Planck data [7].

4.2 Joint CMB and late-time probes analysis

Based on the previous analysis of CMB observations alone, this subsection focuses on studying
late-time cosmological probes, both alone and in combination with CMB data, in order to
assess the robustness of the apparent preference for phantom DE from Planck data alone. Our
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Figure 4. Upper panel: 68% CL constraints on 7 obtained by fixing £;,;, = 2 and cutting information
at high multipoles by considering different values of £1,,,x. Lower panel: as above, but fixing ¢, = 2500
and cutting information at low multipoles by considering different values of /1. The black (red)
points represent the results obtained when including (excluding) the lowE likelihood for the EE
polarization spectrum at 2 < ¢ < 30. An artificial small shift in the z-axis between red and black
points is introduced solely for visualization purposes to avoid overlap.

aim here is to investigate whether such a preference remains when the geometrical degeneracy
involving w is broken by including additional late-time observations. We consider a wide
range of late-time probes, as discussed earlier in section 3, and our results are summarized in
table 3. We proceed by scrutinizing the impact of adding these datasets (one at a time) to
CMB data. Subsequently, we discuss the results obtained by combining multiple late-time
datasets, before finally obtaining constraints using only late-time probes.

4.2.1 Baryon Acoustic Oscillations (BAO)

We now consider the CMB+BAO dataset combination. The parameter inference performed
in this subsection is similar to that of ref. [12], with the main distinction being the sampler
(Cobaya instead of CosmoMC). We infer w = —1.039 + 0.059, consistent with the cosmological
constant value w = —1 within one standard deviation. From the same dataset, we infer
Hy = (68.6 £1.5) km/s/Mpc. As we saw earlier in figure 1, the difference between the best-fit
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Dataset combination w H, [km/s/Mpc]

CMB —1.577038 (—1.5710:3%) > 824 (> 69.3)
CMB+BAO —1.039 £ 0.059 (—1.04711) 68.6+1.5 (68.6731)
CMB+SN —0.976 £0.029 (—0.9761302%)  66.54 £ 0.81 (66.5717)
CMB+CC —1.21+0.19 (—1.2115%) 73.8+£5.9 (74110)
CMB+BAO+SN —0.985 £ 0.029 (—0.9857355%)  67.40799° (67.4729)

CMB+BAO+SN+CC  —1.013700%8 (_1,013109%%)  68.6117 (68.675°

—0.098

CMB+BAO+SN-+SHOES  —1.048 4 0.027 (—1.0487004%)  69.4340.66 (69.47}3)

CMB+FS —0.991 +0.043 (—0.99173070)  67.2+1.1 (67.272%)

BAO+SN —0.95T911 (—0.95102%) 672733 (67.2771)
BAO+SN+CC —0.948751% (—0.95733%) 67.07%9  (6773)

BAO+CC —0.86 £ 0.12 (—0.867923) 64.0£3.3 (64.079:7)

Table 3. 68% (95%) CL constraints on the dark energy equation of state w, together with the
corresponding 68% (95%) CL lower limits or constraints on the Hubble parameter Hy obtained by
considering different combinations of late-time probes, either in combination with Planck CMB data or
alone. When CMB data is not included in the analysis, the following parameters are fixed to their Planck
TTTEEE + lowE best-fit values: Q,h? = 0.022377, log(10*° A,) = 3.0447, ny = 0.9659, and 7 = 0.0543.
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Figure 5. Best-fit predictions for (rescaled) distance-redshift relations from a wCDM fit to Planck
CMB data alone (dashed curves) and the CMB+BAO dataset (solid curves). These predictions are
presented for the three different types of distances probed by BAO measurements (rescaled as per the y
label), each indicated by the colors reported in the legend. The error bars represent +1¢ uncertainties.
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Figure 6. Upper panel: best-fit predictions for (rescaled) distance-redshift relations from ACDM (solid
curves) and wCDM (dashed curves) to the CMB+BAO dataset. These predictions are presented for the
three different types of distances probed by BAO measurements, each indicated by the colors reported
in the legend. The error bars represent +1o0 uncertainties. Lower panel: difference between the model
prediction and datapoint for each BAO measurement, normalized by the observational uncertainties.
The ACDM predictions are represented by ‘o’-shaped points, while the wCDM predictions are
represented by ‘x’-shaped points.

ACDM and wCDM CMB temperature power spectra were negligible (if not for small changes
due to the late ISW effect, anyhow completely swamped by cosmic variance): this is a direct
reflection of the geometrical degeneracy. On the other hand, late-time distance and expansion
rate measurements are very effective at breaking this degeneracy. To show this, in figure 5
we plot the best-fit predictions for (rescaled) distance-redshift relations from a wCDM fit
to Planck CMB data alone (dashed curves), and the CMB+BAO dataset (solid curves), for
the three different types of distances probed by BAO measurements. These distances are:
the comoving angular diameter distance Dys(z) = Da(z)(1 + z), which measures the spatial
distance between two objects in the direction perpendicular to the line-of-sight; the line-of-
sight distance Dy (z) = ¢/H (%), which measures the distance along the line-of-sight between
an observer and an object; and the volume-averaged distance Dy (z) = [zDg(2)D3,(2)]Y/?,
which is the quantity to which isotropic BAO measurements are sensitive. We clearly see
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that the predicted distances vary enormously within the two models, well outside of the
uncertainty range of BAO measurements. Therefore, it should not come as a surprise that
the CMB+BAO dataset combination rules out the deep phantom model preferred by CMB
data alone at high statistical significance.

Intriguingly, although the value of the DE EoS inferred from the CMB+BAO combination
is consistent with the cosmological constant value within one standard deviation, the central
value is slightly in the phantom region, w ~ —1.04, in the same ballpark discussed towards the
end of section 2. To further understand this constraint, in the upper panel of figure 6 we plot
the best-fit predictions for (rescaled) distance-redshift relations from wCDM (dashed curves)
and ACDM fits (solid curves) to the CMB+BAO dataset. The difference in goodness-of-fits
between the two models is hard to distinguish by the naked eye, even when considering the
uncertainty-normalized residuals (data minus model) in the lower panel of the same figure.

By inspecting the lower panel of figure 6, we see that there is no single datapoint for
which the wCDM fit is noticeably better than the ACDM one, and which could therefore
drive the central value of w towards the very mild phantom region (w ~ —1.04). The only
datapoint which could be marginally interesting this sense is the left-most maroon (Djs/rq)
datapoint, corresponding to the lowest redshift (0.2 < z < 0.5) BOSS galaxy sample [12].
It has long been known that the three maroon points, corresponding to two BOSS galaxy
and one eBOSS galaxy samples (in the redshift ranges 0.2 < z < 0.5, 0.4 < z < 0.6, and
0.6 < z < 1.0 respectively), exhibit a “linear” trend which appears to make them slightly
deviate from the ACDM predictions (precisely in the direction predicted by phantom DE),
albeit at a very weak (2 lo) statistical significance: this trend can be seen quite clearly
when considering the three maroon points in figure 6 (both the upper and lower panels).
One could argue that wCDM fits these three points ever slightly better than ACDM, and
therefore that it is these points that drive the central value of w towards the very mild
phantom region. However, given the extremely weak statistical significance of the latter
(< 0.70), we choose to not delve on this aspect further.

4.2.2 Type Ia Supernovae (SN)

We now consider the CMB+SN dataset combination. The parameter inference performed
in this subsection, much like the previous case, is similar to that of ref. [229], with the only
difference being the sampler used. As BAO measurements, distance moduli measurements
(and therefore effectively uncalibrated luminosity distance measurements) are very efficient at
breaking the geometrical degeneracy and thereby increase the fidelity of the inferred value of
w. From this combination we infer w = —0.976£0.029, again consistent with the cosmological
constant value within one standard deviation, although this time with central value slightly
in the quintessence-like region, unlike what we obtained from the CMB+BAO combination.
For what concerns the Hubble constant, we instead infer Hy = (66.54 £+ 0.81) km/s/Mpc. We
stress that the value of Hy inferred is low as we have not used the SHOES calibration. Had
we used it (see later discussion in subsubsection 4.2.5), we can expect the inferred value of
w to move towards the phantom regime, given the inverse correlation between w and Hy,
extensively documented in the literature [98, 102, 194, 197, 290].
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Figure 7. Upper panel: best-fit predictions for the distance-moduli from ACDM (red curve) and
wCDM (green curve) fits to the CMB+SN dataset. Middle panel: residuals for the two different
models. Lower panel: difference between the model prediction and datapoint for each SN measurement,
normalized by the observational uncertainties. The ACDM predictions are represented by ‘o’-shaped
points, while the wCDM predictions are represented by ‘x’-shaped points.

As in the previous subsection, in figure 7 we plot the best-fit predictions for the distance
moduli-redshift relation from wCDM (green curve) and ACDM (maroon curve) fits to the
CMB+SN dataset. As in the CMB+4+BAO case, the difference in goodness-of-fits between the
two models is virtually impossible to distinguish by the naked eye, even when plotting the
residuals (in the middle and lower panels of the same figure, in one case uncertainty-normalized
and in the other one not). In particular, there is no obvious set of datapoints/redshift range
for which a quintessence-like DE component appears to fit the data significantly better
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Figure 8. Upper panel: best-fit predictions for the redshift evolution of the Hubble parameter H(z)
for the ACDM (red curve) and wCDM (green curve) fits to the CMB+CC dataset. Bottom panel:
difference between the model prediction and the datapoint for each CC measurement, normalized by
the observational uncertainties. The ACDM predictions are represented by ‘o’-shaped points, while
the wCDM predictions are represented by ‘x’-shaped points.

than ACDM. Given the extremely weak statistical significance of the indication for w # —1
(< 0.80), we do not explore this aspect further.

4.2.3 Cosmic Chronometers (CC)

We now move on to consider the CMB+CC dataset combination. The parameter inference
performed here is substantially different from that of ref. [231], which focused on the role
of spatial curvature but also reported, in passing, wCDM-based constraints. The two key
differences are that we only take a subset (15 points) of the 31 points used in ref. [231],
i.e. only those with full covariance matrix available; and for analyzing these points we of
course make use of the full non-diagonal covariance matrix, as opposed to the diagonal
covariance matrix used in ref. [231])

As previously with distance measurements, we note that expansion rate measurements
are also extremely effective in breaking the geometrical degeneracy, as also stated in [231], and
improving the fidelity of the inferred value of the DE EoS. From the CMB+CC combination
we infer w = —1.21 4+ 0.19, exhibiting a very weak (2 1.10) indication for phantom DE,
albeit overall broadly consistent with a cosmological constant in light of the relatively large
uncertainties, despite the central value being quite deep in the phantom regime. The inferred
Hubble constant is instead Hy = (73.8 £+ 5.9) km/s/Mpc.

In figure 8 we repeat the same analysis of the residuals performed in the previous
subsections, plotting the best-fit predictions for the expansion rate as a function of redshift
for wCDM (blue curve) and ACDM (red curve) fits to the CMB+CC dataset. In this case,
especially given the significantly smaller number of datapoints compared to the SN dataset,
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the difference between the ACDM and wCDM predictions is more easily discernible by
eye. Nevertheless, even when considering the uncertainty-normalized residuals in the lower
panel of figure 8, it remains difficult to tell which datapoints/redshift range is driving the
inference of w towards the phantom region. The only datapoints which could be marginally
interesting in this sense are the two measurements around z = 0.75: specifically, these are two
datapoints at z = 0.68 and z = 0.78 respectively, both compiled in ref. [248]. In particular,
the ACDM prediction for the expansion rate at z = 0.68 is ~ 1.50 off from the measured
value, whereas the wCDM prediction is consistent within ~ 0.5¢0. Nevertheless, given the
very weak statistical significance of the indication for w # —1, we do not delve any further
on the question of which parts of the data are driving the fit towards phantom DE.

4.2.4 Full-shape galaxy power spectrum (FS)

The next dataset combination we consider is the CMB+FS one, which of course includes (at
least in part) the geometrical information already contained in the CMB+BAO combination.
From the CMB+FS combination we infer w = —0.991 £ 0.043, in excellent agreement with

the cosmological constant value w = —1, even at the level of central value. Moreover,
we note that this inference is in very good agreement, within < 0.70, with the value

obtained from the CMB+BAO combination. For the Hubble constant was instead obtained
Hyp = (67.2 £ 1.1) km/s/Mpc.

Two comments are in order regarding this dataset combination. Firstly, we choose not to
perform an analysis of residuals analogous to the ones summarized in the previous subsections
in figure 6, figure 7, and figure 8. The first reason is simply that the value of w inferred
from CMB+4FS is in so good agreement with the cosmological constant value, that making
such an analysis is somewhat unwarranted.

The second reason why we choose not to perform such an analysis is more subtle, and
has to do with the treatment of nuisance parameters in the FS likelihood. In short, the
EFTofLSS approach introduces a large number of nuisance parameters.!! Most of these
nuisance parameters, such as the third-order tidal bias term, the £ = 0,2, 4 counterterms, the
Fingers-of-God counterterm, and various (scale-independent and scale-dependent) shot noise
parameters, are analytically marginalized over in the FS likelihood [254-257, 266, 291, 292]. In
order to make MCMC analyses feasible, the default version of the FS likelihood only explicitly
varies a handful of nuisance parameters per galaxy sample, e.g. (for the power spectrum) the
linear bias, quadratic bias, and quadratic tidal bias terms. If all the nuisance parameters were
explicitly varied, for a power spectrum and bispectrum joint analysis the number of nuisance
parameters would easily exceed 100, resulting in an extremely long convergence time for
MCMC runs, which would become highly impractical. However, the fact that most nuisance
parameters are marginalized over makes a “fair” comparison of residuals (data minus model)
across different models impossible. One could envisage keeping the analytically marginalized
EFTofLSS nuisance parameters fixed to a reference value when moving across two (or more)
models. But this would not be representative of the true situation, as one expects nuisance

' Most of these are basically coefficients of a series of operators composed of long-wavelength fields, whose
functional form is fixed, and which model short-scale physics without the need for a detailed description of the
latter but simply resort to symmetry arguments.
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parameters to shift and partially (re-)absorb the differences between theoretical predictions
for the observables: this point was explicitly discussed in a number of recent works, e.g.
refs. [293-295]. In light of these two reasons, we opted for not comparing the ACDM vs
wCDM residuals for the CMB+FS combination.

The second comment pertains to comparison against earlier results obtained using similar
dataset combinations. A number of works have recently examined constraints on w in light
of FS measurements, with the specific constraints varying across different works (depending
on the underlying assumptions), but all falling within the phantom regime. For the sake
of concreteness, we quote the following recent results:

o ref. [220]: w = —1.05700% from a fit to BOSS FS and Pantheon SNela data, alongside a
BBN prior on the physical baryon density, within the wCDM model, using the PyBird
code [220]. Without the inclusion of SNela data the result moves slightly more into the

phantom regime, w = —1.107311.

o ref. [221]: w = —1.03£0.05 from a fit to BOSS FS and Pantheon SNela data, alongside
a BBN prior on the physical baryon density, within the wCDM model, using the
CLASS-PT code [266]. Without the inclusion of SNela data the result moves slightly

more into the phantom regime, w = —1.04i8jé§.

o ref. [222]: w = —1.09 £ 0.05 from a fit to Planck CMB data, as well as BOSS and
eBOSS galaxy clustering data, and a BBN prior on the physical baryon density, within
the wCDM model, adopting the ShapeFit one-parameter extension of the standard
approach, as discussed in refs. [296, 297]. When CMB data is not included, the inference

changes to w = —1.00f8:8?.

o ref. [223]: w = —1.17£0.12 from a fit to BOSS FS data alone within the wCDM model.
However, this inference was argued to be affected by prior volume effects, as the best-fit
w = —1.09 is slightly less phantom, although both values remain quite deep in the
phantom regime.

o ref. [224): w = —1.07730¢ from a fit to Planck CMB data, as well as BOSS and eBOSS
galaxy clustering data within the wCDM model. When the curvature parameter is

varied as well, w moves deeper into the phantom regime, w = —1.1OJ_F8:8§.

Other constraints on w have been obtained from analyses of FS datasets in the literature,
but here we choose to just report these five representative results by way of example.

It is interesting to note that virtually all of the above analyses inferred a value of w
within the phantom regime when using F'S data. This is in contrast to our results, where
we find a value of w perfectly consistent with the cosmological constant, and a central value
actually slightly within the quintessence-like regime. With the caveat that we cannot perform
a residuals analysis for the reason discussed previously, here we simply note that a direct
comparison to all the above results is in principle very tricky. For instance, none of the
above analyses made use of bispectrum data (which, to the best of our knowledge, is being
used for the first time here to constrain w). Furthermore, some of the above made different
assumptions concerning the theoretical modelling (e.g. full EFTofLLSS analysis vs ShapeFit
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three-parameter compression). Finally, different codes were used in some of the above analyses
compared to ours. Therefore, we believe that a comparison to the above results, if at all,
should be performed with considerable caution.

4.2.5 Joint analyses

Having examined various combinations of CMB data and other external datasets, one at a
time, we now consider joint analyses of dataset combinations other than the ones studied
earlier. We begin by considering the CMB4+BAO+SN dataset combination (for which a
similar analysis can be found in ref. [229]), from which we infer w = —0.985 £ 0.029, which
agrees within ~ 0.5¢ with the cosmological constant value. If we additionally include the
SHOES calibration to the PantheonPlus sample, i.e. considering the CMB+BAO+SN+SHOES
dataset combination (which can be compared to the analysis performed in ref. [229]), we find
w = —1.048 + 0.027. Unsurprisingly, w moves into the phantom regime, again due to the
inverse correlation between w and Hy [98, 102, 194, 197, 290], and easily understandable by
the effects of w and Hy on the expansion rate and therefore cosmic distances.

We then consider the CMB+BAO+SN+CC dataset combination. Overall, given the
effectiveness of this combination breaking the geometrical degeneracy, as well as the overall
trustworthiness of the dataset (recall that we use only those CC datapoints for which the full
covariance matrix, including the effects of systematics, is available), we select this dataset
combination as being the one from which we quote our final consensus results. In particular, we
infer w = —1.013f8:82§, in excellent agreement (within &~ 0.30") with the cosmological constant
value, even though the central value still falls within the phantom regime, and we observe a
slight uptick in the error-bars, which could suggest some minor challenges when attempting
to accommodate all the datasets within the same fit simultaneously. From the same dataset
combination, we also infer a value of the Hubble constant Hy = 68.61%:; km/s/Mpc, in good
agreement with the model-dependent ACDM-based determination.

Finally, for completeness, we also consider three CMB-free dataset combination, from
which constraints on w are therefore obtained purely based on geometrical information. For
these three combinations, we fix the values of Qyh?, log(10'°Ay), ng, and 7 to their Planck
TTTEEE+1owE best-fit values, i.e. k% = 0.022377, log(10'9A,) = 3.0447, ny = 0.9659,
and 7 = 0.0543. The first combination we consider is the BAO+SN one (a similar analysis
was conducted in ref. [298] but with the older Pantheon dataset, for a more recent one
making use of the PantheonPlus dataset the reader can refer to ref. [299]), from which we
infer w = —0.95T) 11, in excellent agreement with the cosmological constant value. Similar
considerations hold for the BAO+SN+CC dataset combination (for a similar analysis albeit
with the older Pantheon dataset please refer to refs. [300, 301], and to ref. [299] for one
with PantheonPlus), from which we infer w = —0.9481513. Finally, for completeness we also
consider the BAO+CC combination (for a similar analysis please refer to ref. [299]), finding
w = —0.86 £ 0.12. Here the agreement with the cosmological constant value is still very good
(within better than 1.50), although less so than for the other two cases. The final take-away
point we note is that for all three CMB-free dataset combinations, the central value of w lies
within the quintessence-like regime: we take this as a good indication that the overall very
weak indication for phantom DE found in all other combinations was mostly driven by the
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Figure 9. Whisker plot summarizing our main results, reporting 68% CL intervals on the dark
energy equation of state w, inferred from a wide variety of dataset combinations assuming the wCDM
model. Results obtained including Planck CMB data are indicated by blue bars (except for the
results from our final consensus dataset combination CMB+BAO+SN+CC, indicated by a green bar).
whereas results obtained without this dataset are indicated by red bars. The green band denotes
the 68% CL interval obtained from our final consensus dataset combination CMB+BAO+SN+CC,

from which we infer w = —1.013750%. Finally, the grey vertical dashed line corresponds to the
cosmological constant value, w = —1.

Planck CMB dataset, for the reasons discussed in section 4.1 and appendix A, including the
geometrical degeneracy (and thereby Hy), the late ISW effect and potentially low-¢ anomalies,
the lensing anomaly, high-¢ measurements of the damping tail, and constraints on 7 mainly
coming from low-¢ E-mode polarization measurements. However, given the extremely weak
preference for quintessence-like DE in the CMB-free cases, we have been unable to pinpoint
the origin of such a feature (for the same reason that we have found it very challenging to
identify the origin of the stronger preference for phantom DE in the cases involving the CMB,
even though the significance was indeed stronger).

5 Conclusions

The overarching goal of this paper has been that of critically examining the state of current
constraints on the dark energy equation of state (DE EoS) w. We have pursued this task in
light of the recent and planned imminent launch of a number of “Stage IV” surveys, all of
whom share among their main goals that of a precise determination of w. Our work has also
been partially motivated by the fact that, while broadly consistent with the cosmological
constant value w = —1, a diverse range of current, independent cosmological probes appear at
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face value to point towards a slightly phantom DE EoS, w ~ —1.03 (see the discussion towards
the end of section 2). With this in mind, our analysis has considered several combinations of
state-of-the-art cosmological datasets. Our main results are summarized in table 3, as well as
the whisker plot of figure 9, but can be summarized in one sentence: despite a few scattered
hints, we find no compelling evidence forcing us away from the cosmological constant. .. yet!.

We noted (as one can clearly see from figure 9) that the central values of w inferred from
most dataset combinations involving Planck Cosmic Microwave Background (CMB) data
tend to fall very slightly within the phantom regime. We have investigated this apparent
weak indication for phantom DE in detail, finding no compelling evidence for there being a
particular set of datapoints in a particular redshift range driving this result, which we instead
have reason to attribute to the CMB dataset itself. When examining the latter, we have not
been able to pinpoint any single underlying physical effect driving the apparent preference
for phantom DE from CMB data alone (see the uppermost whisker in figure 9), which we
instead attribute to a combination of effects including the geometrical degeneracy (which in
itself is indication that constraints on w from CMB data alone should not be trusted), the
late ISW effect and potentially low-£ anomalies, the lensing anomaly, high-¢ measurements
of the damping tail, and constraints on 7 mainly coming from low-¢ E-mode polarization
measurements. This interpretation is further supported by the values of w inferred from our
CMB-free analyses (see the three red whiskers in figure 9). Given the importance of breaking
the geometrical degeneracy when deriving constraints on w from combinations involving
CMB data, this is the ultimate reason why we have chosen not to accentuate the apparent
preference for phantom DE from Planck CMB data alone, while emphasizing the importance
of combining the latter with late-time datasets.

Overall, we have judged the combination of CMB, Baryon Acoustic Oscillation, Type Ia
Supernovae, and cosmic chronometers data to be particularly trustworthy for what concerns
inferences of w (recall in fact that we have used only those cosmic chronometers datapoints
for which the full covariance matrix, including the effects of systematics, is available). For this
consensus dataset, we find w = —1.013f8:82§, in excellent agreement with the cosmological

constant value. This is indicated by the green whisker and corresponding green band in figure 9.

Where to from here? Despite the overall broad agreement with the cosmological constant
picture, our opinion is that the community should keep an open mind when deriving constraints
on w, particularly in the era of tension cosmology. Above all, we believe that the results
involving full-shape galaxy clustering measurements, which we touched upon in section 4.2.4,
deserve further investigation, as they all consistently point towards loosely the same region
of phantom DE. We remark once more that if DE were truly phantom, even just slightly
phantom (say, w ~ —1.03), this would force us to rethink a great deal of things from the
theory point of view. We plan to investigate these and other related points in future work.

In closing, we note that several of the questions we have left open will hopefully be
clarified with data from Stage IV cosmological surveys, some of which have recently launched,
whereas others are scheduled for launch soon. Should the uncertainties on w shrink even
just by a factor of a few, several of the hints we have reported on throughout the paper
could turn into clear evidence for a deviation from the cosmological constant picture, or
conversely a resounding confirmation of the latter. We therefore await with excitement these
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upcoming cosmological observations, which will provide crucial information in the quest
towards determining what makes up 70% of our Universe.
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A TImpact of the lensing anomaly

In recent years, CMB data released by the Planck Collaboration have unveiled a few mild
anomalies that have become the subject of intense study and debate. One of the most notable
issues is the higher lensing amplitude observed in the data, which can be quantified by the
phenomenological parameter Ajeys, first introduced in ref. [302]. This parameter captures
deviations from the lensing amplitude expected within ACDM (corresponding to Ajeps = 1).

When Ajeys is treated as a free parameter of the cosmological model to be inferred by
data, the final analysis of the Planck temperature and polarization anisotropies yields the
constraint Ajeps = 1.180 & 0.065, which deviates from the baseline value by about 2.80 [7].
This anomaly has been well studied and documented in the literature (see e.g. refs. [303-305]).

The presence of the lensing anomaly may hold significant implications when constraining
other cosmological parameters beyond the standard ACDM model. One notable example
pertains to the curvature parameter: since more lensing is expected with a higher abundance
of dark matter, the observed lensing anomaly can be recast into a preference for a closed
Universe, well documented and discussed in several recent works [231, 300, 306-324].

In the spirit of testing the potential implications of the lensing anomaly problem for
the DE EoS, here we extend our cosmological model, specifically considering the case
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Figure 10. One-dimensional posterior probability distributions and two-dimensional 68% and 95% CL
contours for some parameters of interest derived from Planck CMB data within the wCDM+4 Ajeps
cosmological model.

wCDM+Ajens. We perform a MCMC analysis using the same techniques and methods
described in section 3, while additionally introducing the parameter Aje,s which is varied
within a flat prior range Ajens € [0,5]. The joint constraints on w and Ajeps obtained solely
using Planck 2018 CMB data read at 68% (95%) CL w = —1.21 + 0.41(w = —1.2170%3)
and Ajens = 118170984 (A = 1.187520) respectively.

In figure 10, we show the 1D and 2D marginalized contours for various parameters of
interest in the analysis, namely w, Ajens, 7, Hp and €,,,. A few important observations deserve
mention: first and foremost, we note that the point (Ajens = 1, w = —1), corresponding to
ACDM, falls outside the 95% CL contours. This deviation from the expected values confirms
both the mild Planck preference for a larger lensing amplitude and a phantom DE EoS.
Furthermore, a clear correlation between Ajens and w is evident in the figure 10 and values
of the DE EoS close to the cosmological constant w = —1 tend to lead to larger values
of Ajens > 1. The correlation between these two parameters is, in turn, dependent on the
degeneracy among Ajens, w, Hp, and €,,,. Finally, regarding the optical depth at reionization,
we observe that when varying Ajens, 7 shows minimal correlation with both the DE EoS and
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Ajens itself. This finding aligns with the results obtained for wCDM when considering the

full Planck dataset and suggests that the correlations observed in the main part of our work

when dividing the Planck likelihoods into different bins primarily result from cutting low

multipoles and are unlikely to be influenced significantly by the lensing anomaly. Based on

these findings, we confidently conclude that the lensing anomaly does not appear to play

a predominant role in the interpretation of our results.
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