The Sixteenth Marcel Grossmann Meeting Downloaded from www.worl dscientific.com

by GERMAN ELECTRON SYNCHROTRON @ HAMBURG on 01/30/23. Re-use and distribution is strictly not permitted, except for Open Access articles.

1713

Early and not so early dark energy. What do cosmological observations
tell us about them?

Adriad Gémez-Valent!:* Ziyang Zheng!, Luca Amendola®, Valeria Pettorino?
and Christof Wetterich!

L Institut fiir Theoretische Physik, Ruprecht-Karls-Universitit Heidelberg,
Philosophenweg 16, D-69120 Heidelberg, Germany

2AIM, CEA, CNRS, Université Paris-Saclay, Université Paris Diderot, Sorbonne Paris Cité
F-91191 Gif-sur-Yvette, France

Cosmological data still allow for the presence of a non-negligible amount of dark energy
at very high redshifts, namely during the matter- and radiation-dominated epochs. This
is the so-called early dark energy (EDE), which could help to mitigate the tensions that
affect the standard model of cosmology since (i) it reduces the sound horizon at the
baryon-drag epoch, hence giving room to higher values of Hp than those found in the
ACDM; and (ii) it could potentially decrease the number of large-scale structures in the
Universe due its negative pressure and its inability to cluster efficiently for large enough
values of its sound speed. Here we put constraints on the fraction of EDE using two
methods: first, we use a perfect fluid parameterization that produces plateaux in Qg (2)
during the relativistic and non-relativistic matter-dominated eras. Second, we apply a
tomographic approach to constrain the EDE density in redshift bins, which allows us
to reconstruct the evolution of the EDE fraction before and after the decoupling of the
Cosmic Microwave Background (CMB) photons. We have employed Planck data 2018,
the Pantheon compilation of supernovae of Type Ia (SNIa), data on galaxy clustering,
the prior on the absolute magnitude of SNIa by SHOES, and weak lensing data from
KiDS+VIKING-450 and DES-Y'1. Using our minimal parameterization we find that EDE
is not able to loosen the cosmological tensions, and show that the constraints on the EDE
fraction weaken considerably when its sound speed takes lower values. Thanks to our
binned analysis we are able to put tight constraints on the EDE fraction around the CMB
decoupling time, < 0.4% at 20 c.l. We confirm previous results that a significant EDE
fraction in the radiation-dominated epoch loosens the Hq tension, but tends to worsen
the tension for og. A subsequent presence of EDE in the matter-dominated era helps to
alleviate this problem. When both the SHOES prior and weak lensing data are considered
in the fitting analysis in combination with data from CMB, SNIa and baryon acoustic
oscillations, the EDE fractions are constrained to be < 2.6% in the radiation-dominated
epoch and < 1.5% in the redshift range z € (100, 1000) at 20 c.l. The two tensions remain
with a statistical significance of ~ 2 — 30 c.l. This contribution to the proceedings of the
CM3 parallel session of the MG16 Marcel Grossmann virtual Conference: “Status of the
Hp and og tensions: theoretical models and model-independent constraints” is based on
the paper arXiv:2107.11065,1 which appeared in the arXiv shortly after my talk of July
6th 2021.
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1. Introduction

The cosmological constant, A, is (together with other assumptions as the Cosmolog-
ical Principle, the existence of cold dark matter (CDM) and an inflationary period
prior to the radiation-dominated era) a key building block of the standard model
of Cosmology. By adding this very simple term in Einstein’s field equations it is
possible to produce the late-time acceleration of the Universe®?3 and help to ex-
plain a large variety of cosmological observations* ® without increasing excessively
the mathematical complexity of the equations. However, the model is not free from
extremely intricate theoretical conundrums, as the famous old cosmological con-
stant”® and coincidence problems, see e.g.!? The former might be strongly inter-
twined with the latter, which should not be considered as a “why now” problem,'!
but as a matter of why the energy density associated to A, i.e. pp = A/87G, takes
the value py ~ O(107%7) GeV* in natural units, hence being of the same order of
magnitude of the non-relativistic matter energy density p,,(z) when z < 1. This is
pivotal for the model to exhibit an excellent phenomenological performance. We can
soften the coincidence problem if we depart from the ACDM by allowing some sort
of dynamical dark energy (DE) density instead of considering a rigid p.'? 14 This
is a more appealing framework, since it is actually hard to believe in an immutable
entity like the cosmological constant. Why should the component in charge of the
current acceleration of the Cosmos be insensitive e.g. to the Universe’s evolution
and energy content? Such dynamics could lead to the presence of a non-negligible
fraction of early dark energy (EDE) in the Universe during the radiation-dominated
epoch (RDE) and/or the matter-dominated era (MDE). Of particular relevance con-
cerning the coincidence problem are the quintessence models with scaling solutions,
as the one with an exponential potential originally proposed by C. Wetterich in
the late 80’s,'* in which the EDE fraction follows the dominant component in the
Universe in both, the RDE and MDE,'® making more natural the scenario with
Pde ~ O(pm) at low redshifts.

Apart from the aforementioned theoretical problems there are also some observa-
tional tensions affecting the ACDM, making the concordance model less concordant
than it was thought to be ten years ago. At least, if these tensions are not induced by
systematic errors in the data. The cosmic microwave background (CMB) tempera-
ture, polarization and lensing data from Planck 2018 leads to a value of the Hubble
parameter Hy = (67.36 & 0.54) km/s/Mpc when analyzed under the assumption
of the ACDM,* and a similar result is obtained from measurements of the baryon
acoustic oscillations (BAO) and the deuterium abundance, again in the standard
model.'® These values are at odds with the one measured by the SHOES team,
Hy = (73.2 & 1.3) km/s/Mpc,'” which is obtained with the cosmic distance ladder
method and does not rely on the assumption of any cosmological model. There exists
a ~ 4.10 tension between them, which has been persistently and consistently in-

18,19

creasing in the last years, see also the reviews.?% 2! On the other hand, galaxy

clustering (through redshift-space distortions, RSD), direct peculiar velocity and
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weak lensing (WL) measurements suggest that the Universe is less clumpy than
preferred by the CMB data under the ACDM, see e.g.?2 25 The tension is usually
formulated in terms of the root-mean-square (rms) of mass fluctuations at scales of
8h~! Mpc, og, and related composite quantities like Sg = 08(952)/0.3)0‘5, with Q%
the current matter energy fraction in the Universe. The first indication of its exis-
tence appeared already almost a decade ago?® and it is still there.2”2° The tension
is in this case less significant from a statistical point of view than the aforesaid one
of Hy, of about 2 — 30 depending on the data source and the large-scale structure
(LSS) estimator employed to quantify the tension. For instance, by combining the
KiDS-1000 WL results with BOSS and 2dFLenS data the authors of?® have shown
that it is possible to reduce by a factor ~ 2 the uncertainty on Sg, and also to write
the tension only in terms of og, since BOSS puts tight constraints on Qﬁ,?) and the
degeneracy in the og — IS plane can be broken. They find Sg = 0.7667052% and
og = 0.7607052L which are in 3.1¢ and 2.20 tension with Planck, respectively.
Whether the Hy and Sg/og tensions are to some degree physical or not is still

unclear and under intense debate.?0732

Hopefully this question will be resolved in
the near future. In the meanwhile, theoreticians have worked very hard to find
ways of loosening the tensions, taking for granted that they are real, see the re-

21,33,34 and the complete lists of references therein. It is important to remark,

views
though, that it is very difficult to find models in the literature capable of relieving
both tensions at a time in a significant way. There are only some few exceptions
that offer better perspectives, as e.g. the running vacuum model of type-II studied
in?” or the Brans-Dicke ACDM model explored in.?*36 The latter, though, might
encounter some problems when trying to match the cosmological and local values
of the gravitational coupling through an appropriate screening mechanism,3” and
the effect of the Planck 2018 CMB polarization data might also hinder its overall
fitting performance. Other models are only able to loosen one of the tensions, while
worsening the other. This is the case e.g. of the class of new EDE models based on
38-40 yltra-light axions*™42 or alike.*? In practice, all these
models fight against the Hy tension in a very similar way. There is a new component
in the energy budget of the Universe that acts as a cosmological constant deep in
the RDE and has an associated (constant) density which is of about 5 — 10% the
radiation energy density around the matter-radiation equality time, when the EDE
fraction reaches its maximum. This excess of energy with respect to the standard
model decreases the sound horizon at the baryon-drag epoch, and this forces the
Hubble parameter to be larger in order to decrease the angular diameter distance
to the last-scattering surface and keep in this way intact the location of the first
peak of the temperature CMB anisotropies. The latter is very well constrained by
Planck. After that moment, the energy density dilutes typically faster than radi-
ation, leaving no imprint in the late-time universe, where a cosmological constant
is still assumed to produce the current positive acceleration, as in the standard
ACDM. Although it is possible to obtain posterior values of the Hubble parameter

early phase transitions,
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much closer to the SHOES measurement!” in the context of these new EDE models,

they require larger values of the current matter energy density in order to com-
pensate the early Sachs-Wolfe effect introduced by EDE in the pre-recombination
epoch, and this enhances the LSS formation processes in the late-time Universe,
which in turn exacerbates the Sg/osg tension.44746

Here we first explore EDE models with scaling solutions in the MDE and RDE,
or just in the MDE. As already discussed above, they can alleviate in some sense the
coincidence problem. They could in principle have an impact on the cosmological
tensions as well, depending on how strong are the constraints on the EDE fraction
imposed by the the cosmological data. In these models, EDE might not be negligible
after the recombination era, and this could lead to a softening of the Sg/cg tension.
Moreover, the shape of Qege(2) = pede(2)/pe(2), With p.(2) = 3H?(2)/87G the
critical energy density in the Universe, is very different from the one encountered
in the new EDE models mentioned in the previous paragraph, since in this case the
EDE fraction is constant during the epochs at which the scaling behavior comes
into play. Hence, it is clearly worth to study these EDE models and to determine
to what extent they can alleviate the tensions, if they do at all. In view of the
existing tensions, there is a clear interest of revisiting these models, whose seeds
where already present more than thirty years ago.'* In addition, we also perform a
more model-independent analysis, applying a tomographic method to reconstruct
the shape of Q¢4e(2) that is preferred by different combinations of cosmological data
sets. We will see that this is very useful to extract more general information about
how is EDE constrained in the various epochs of the cosmic expansion.

2. Early dark energy

EDE affects observables in several ways. The presence of EDE at decoupling can

B47749

change the position and height of the peaks in the CM and can also impact

it through the early integrated Sachs-Wolfe effect. Furthermore, EDE suppresses

50-52 4 smaller number of clusters can form with respect to

the growth of structure:
the ACDM?®3 because of the negative pressure of EDE and also because of its large
sound speed, which does not allow it to cluster; the lensing potential is also weaker,
with an impact on weak lensing and the CMB peaks at large multipoles. Thus, EDE
can potentially have a direct impact on the cosmological tensions. In the following
we first design a general parameterization able to mimic the background dominant

component, and then proceed with a tomographic analysis in different redshift bins.

2.1. Parametric EDE

We build now a simple parameterization of the DE density that allows us to re-
produce the behavior of uncoupled quintessence models with scaling solutions. For
this reason, we want our parameterization to be able to generate two plateaux in
Qge(z). The first plateau occurs in the RDE, and the second one in the MDE,
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Fig. 1. Functions Qg (2z) (left plot) and wge(2) = pae(2)/pae(z) (right plot) obtained using the

parametrizations described in Sec. 2.1, for some illustrative values of the parameters.

and can have different heights in principle. This is what happens for instance in
quintessence models with a single exponential potential V' (¢) = Vbe_mm, where
the fractions of EDE in the RDE and MDE depend only on one parameter, A.'4:1?
By introducing a second exponential potential it is possible to control the height of
the two plateaux independently.?*

With this aim in mind, we generalize the parameterizations proposed earlier
in?®4% and we consider here a DE density with the following form,

pae(2) = pr(1+2)" + pa(1 4 2)° + ps (1 + 2)20F) (1)

parameterized by the constant energy densities p;, p2 and p3 and by a constant
equation of state parameter (EoS) w. We call this parameterization EDEp, where
the “p” reminds us of the ‘plateaux’ that characterise it. The last term of (1) is
able to mimic the behavior of a late-time dynamical DE with the wCDM form,>®
whereas the first two terms produce the plateaux in the RDE and MDE. It is useful
to write the constants p; and ps in terms of dimensionless parameters, as follows

pr =128 py = x2 Q0 pO) | (2)

where 97("02 and 952)* are the current density parameters of radiation and matter,

respectively, computed considering three massless neutrinos, and pgo) = pc(z =0).
We consider standard General Relativity and a flat Friedmann-Lemaitre-Robertson-
Walker universe. x1, X2, 03 > 0 in order the DE density to be positive during the
expansion. Deep in the RDE and MDE the EDE fractions are constant,

ORD _ X1 MD _ X2 (3)

ede_1+X1; ede_1+X2'

The present dark energy density, p((i?, can be directly computed from the Hubble

parameter, Hy = 100h km/s/Mpc, and the reduced CDM and baryon density pa-
rameters, Wedm = Qgg)mh2 and wp = ng)h2. Thus, one of the three p;’s appearing
in (1) can be expressed in terms of the other two, e.g. p3s = pgi) — p1 — p2, SO in
this EDE parametrization we deal with three additional parameters with respect

to the ACDM. We have nine cosmological parameters in total, namely the spectral
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index ns and amplitude A, of the primordial power spectrum, Hy, wp, Weam, the

optical depth to reionization, 7, together with w, x1 and x» (or, equivalently, Qg}g

and QMP). We consider a massive neutrino of 0.06 eV and two massless neutrinos.
The DE fluid is covariantly conserved so its associated pressure reads,

%1(1 o) b awpy (14 2)30+w) (g

where the dot refers to a derivative with respect to the cosmic time. The corre-
sponding equation of state parameter can be obtained from the ratio of (4) and
(1), ie. wae(2) = Pae(2)/pae(z). It is clear that wge = 1/3 and wge = 0 in the
RDE and MDE, respectively, and wg. ~ w at present for low values of yo. For the
perturbations, in our main analyses we take the sound speed of the DE fluid to be
equal to the speed of light in the DE rest frame,?® i.e. é; = 1, so in our model the
DE does not cluster efficiently. We will study also what happens when ¢ < 1.

If we set p; = 0 (Q}P = 0) in (1) EDE is completely negligible during the RDE,

ede

pae(z) = pa(1+2)* + p3(1 + 2)> ). ()

pdet3H (pde + pde) = 0 — pae(2) =

We denote this particular case of EDEp as EDEpMP, to remind us that the plateau
is in this case following the matter component. If we turn the first term on in (5)
at a particular ‘threshold’ redshift zy,,, in the MDE we obtain,

pac(2) = pa(1 4 2)°0(zune — 2) + ps(1 4 2)°0H) (6)

with 6 the Heaviside step function. This is what we call EDEpMP:"" For 2y, — oo
we recover the pure EDEpMP parametrization (5). We show typical shapes of the
functions Q4. (z) and wge(z) obtained with EDEp, EDEpMP and EDEpMP:"" in
Fig. 1.

2.2. Tomographic EDFE

We further consider the possibility of binning the amount of Q4.(z) in 11 bins to
perform a tomographic analysis using the data sets described in Sec. 3. Here, again,
pfig) can be directly determined from Hy, wp and wegm; the other constant densities
pi, with i = A, ..., J (see Table 1 in! for details), are left free in our Monte Carlo
(MC) runs, together with w and the six usual ACDM parameters. We keep é; = 1.
Our main aim is to see how much EDE we can have in each bin, and therefore
which shape of Qg.(z) is preferred by the data, regardless of its complexity. The
corresponding fitting results and reconstructed shapes of Q4.(z) are shown and

discussed in Sec. 4.2.

3. Methodology and data

We have implemented the various parametrizations of Sec. 2.1 and also the binned
Pde (%) described in Sec. 2.2 in our own modified version of the Einstein-Boltzmann
code CLASS.?” We have constrained the parameters of our models through a Bayesian
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exploration of the parameter space, employing the MC sampler MontePython.?® We
have used flat priors for the cosmological parameters in common with the ACDM
model, with widths that fully respect the Planck 2018 uncertainties.* Regarding the
priors on the EDE fractions, previous studies in the literature showed that they are
always lower than ~ 10%,%849 so we have used 0 < x; < 0.12 in the MC analyses of
the parametrizations of Sec. 2.1, and similar priors for each bin of the tomographic
study of Sec. 2.2.
Now we list the various data sets used in this study:

e CMB: We consider the full Planck 2018 TTTEEE+lowE and TT-
TEEE+lowE+lensing likelihoods.* We denote these data sets as CMBpol
and CMBpolens, respectively.

e Supernovae of Type Ia (SNIa): We use the observed SNIa apparent magni-
tude and redshifts of the Pantheon compilation.® The absolute magnitude
of these SNIa, M, is left free in the fitting analysis, and we impose a prior
on it. See the next item of the list for details.

e Prior on M: We use in some of our fitting analyses the SHOES effective
calibration prior on the absolute magnitude of the SNIa as provided in,>°
Msnors = —19.2191 4+ 0.0405. It is obtained from the calibration of nearby
SNIa (at z < 0.01) with Cepheids.® It is better to use this prior rather than
the one on Hy,'" %! especially when it is combined with data from SNIa
compilations that include the same SNIa in the Hubble flow considered by
the SHOES team (as in the Pantheon compilation®) because in this way
we avoid double-counting issues. In some of our Tables we also provide
the best-fit values of M. This allows us to quantity the ‘M tension’, i.e.
the tension between the latter and Mgyors. We show in Sec. 4.2 that the
statistical level of the SHOES-Planck tension can be in some cases quite

different when formulated in terms of Hy and M.

e BAO: We have employed the data reported in.5 22,6265

e WL: In some of our fitting analyses we employ the KiDS +VIKING-
4504+ DESY1 prior Sg = 0.7627092%.56 The author of®” has raised some
concerns about the use of og and derived quantities as Sg. He suggests the
use of 012, defined as the rms linear theory variance at the fixed scale of 12
Mpc, and Si5 = 012(wm/0.14)0'4. We provide the values of these parameters
in some of our Tables, together with the usual og and Sg.

e RSD: Data on anisotropic clustering of galaxies in redshift space, and from
the direct measurement of peculiar velocities.® 22-98-75 We call this data set
RSD in short because most of these points are obtained from the analysis
of redshift-space distortions.

The corresponding fitting results are presented and discussed in Sec. 4. In order
to quantify the impact of the SHOES prior on the fitting results and on the ability of
the models to loosen the Hy/M tension we study and compare the constraints on our
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Table 1. The mean fit values and 68.3% confidence limits for the ACDM, the wCDM, EDEp (1)
and EDEpMP (5), using the CMBpol+SNIa and CMBpolens+SNIa+M data sets (cf. Sec. 3). For

Qljdz and Qle\gg we also show the 20 limits inside the parentheses. Constraints on 7 are provided
in.! See the comments in Sec. 4.1.
CMBpol+SNIa
Parameter ACDM wCDM EDEp EDEpMP
wp 0.0223970:59012 1 0.0223770:00015 | 0.0223875-05017 | 0.0223475-06015
Wedm 0.119915:0013 | 0.1204 £0.0014 | 0.121879:001 | 0.1208F5051%
ns 0.9659 & 0.0044 | 0.964670-0993 | 0.9642F0-904% | 0.964279-007%
Hy [km/s/Mpc] | 67.6070-2 68.557 118 68.71 £ 1.16 68.6171°92
s 0.81170-997 | 0.823+0.014 | 081775012 0.81870-01%
ra [Mpc] 147.0270-3% | 146.92+0.30 | 146.181555 146.751030
w -1 ~1.03975:03% | —1.050T00% | —1.05370-0%8
QRD (%) 0 0 < 0.91 (< 2.08) 0
QMP (%) 0 0 <0.27(< 0.69) | < 0.29(< 0.69)
CMBpolens+SNIa+M
Parameter ACDM wCDM EDEp EDEpMP
wp 0.02257 1500012 1 0.0224110-50612 1 0.022450-09015 1 0.02239 + 0.00015
Wedm 0.1179 + 0.0012 | 0.1200 + 0.0015 | 0.1212 = 0.0016 | 0.1206 + 0.0012
ns 0.9709 + 0.0044 | 0.965815-0542 | 0.965970°5035 | 0.96567050%%
Ho [km/s/Mpc] | 68.5615-30 70.557089 70.637055 70.2070 52
os 0.81110-907 | 0.838+£0.014 | 0.83070013 0.835 + 0.010
rq [Mpc] 147.3670-33 146987033 146.2170-73 146.79 + 0.29
w ~1 —~1.098T0535 | —1.00970-03% | —1.09975-030
QRD (%) 0 0 < 1.14(2.44) 0
QMP (%) 0 0 < 0.22(0.52) < 0.22(0.54)

EDE models obtained: (i) with a minimal data set composed by CMBpol+SNIa; and
(ii) adding on top of the latter the SHOES prior on M, i.e. using CMBpol4+SNIa+ M.
The SNIa data help to break the strong degeneracies found in the w-Hy plane when
only CMB data are used in the analysis.”

The properties and limitations of the EDEp and EDEpMP parametrizations
are already grasped with the aforementioned minimal data sets (cf. Table 1). For
EDEpMP*"" we study also the effect of the CMB lensing and BAO+RSD data
when combined with CMBpol+SNIa. We provide the corresponding constraints in
figures 2 and 3. For the analyses of the binned pg.(z) described in Sec. 2.2 we report
our results in Table 2, where we explicitly test the impact of BAO and the weak
lensing data, by considering not only the minimal data sets described in the previous
paragraph, but also adding the information on BAO and BAO+WL. In addition,
we redo the fitting analyses considering also the CMB lensing in order to quantify
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its impact. For further explanations on the data we refer the reader to our work!
and the original data sources.

4. Results and discussion

We present and discuss now the results obtained from the fitting analyses of the
EDE parametrizations and the tomographic EDE described in Secs. 2.1 and 2.2,
respectively, using the methodology and data sets of the previous section.

4.1. Results for the parametric analysis

The mean fit values and corresponding uncertainties for the various cosmological
parameters in the EDEp and EDEpMP parametrizations obtained with the baseline
CMBpol+SNIa dataset are reported in Table 1. The constraints on the fraction
of early dark energy in the EDEp parametrization in the radiation- and matter-
dominated epochs, QS(E and Qg/fia are very strong. They lie below ~ 2% and ~ 0.7%,
respectively, at the 20 c.l. It is interesting to observe that the upper limit of Qlevcllg in
the EDEpMP parametrization coincides with the one obtained in the more general
EDEp. The constraints on Q%E and di]g in EDEp are quite independent. Actually,
we have checked that the correlation coefficient between these two parameters is
pretty small, ~ 5.6%. As already noticed in,*® the low upper limits on Q?d[; and

OMD are due to the very tight constraint on the fraction of EDE around the CMB

MD
ede

in the last scattering surface the matter energy density is already ~ 3 times larger

decoupling time. The latter acts as an anchor for Q}2 and even more for {2 since
than the radiation one.

Another result from Table 1 to remark is that EDEp cannot alleviate significantly
the Hy and og tensions. The shape of the early dark energy density seems to be too
restricted in these parametrization. There is a slight increase of Hy in EDEp and
EDEpMP with respect to the ACDM, but it is mainly due to the dynamics of the
late-time DE, and this is why the major part of the effect is already found with the
wCDM parametrization.®®

When we include the SHOES prior in our fitting analysis we increase, of course,
the value of the Hubble parameter, see Table 1. The tension with the distance
ladder determination is now only of ~ 1.70, but this is again mainly thanks to
the lowering of w, which now lies more in the phantom region (30 away below
w = —1). The values of w and Hy are almost identical to those found in the wCDM
parametrization, and EDE does not have any important impact on the Hy tension
in the context of the EDEp parametrization. The loosening of the Hy tension is
accompanied by a slight worsening of the og one due to the positive correlation
between Hj and og. Phantom dark energy leads to lower values of the DE density in
the past and this produces, in turn, an increase of the structure formation processes
in the Universe. It seems that the EDE density has a too restricted form in the
parameterizations under study here. They allow for plateaux and generalize previous
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Fig. 2. Constraints on Qg/gg at 95% c.l. obtained from the fitting analyses of the EDEpMD:thr
parametrization (6), and under the data sets shown in the legend.

studies, but still seem to be quite constrained and unable to resolve the tensions. In
the next section we then investigate the binned tomographic approach described in
Sec. 2.2. Before moving on, however, we discuss briefly two options to weaken the
constraints on the fraction of EDE.

Much weaker constraints on the fraction of EDE can be obtained by allowing
for values of ¢2 < 1. The only difference between our EDE and cold dark matter
during the MDE is found at the perturbations level. Both are pressureless fluids at
the background level, but have different ¢;. The latter is equal to 1 for EDE and
0 for the dark matter. Hence, we expect the constraints on QMP
decrease the value of é; of EDE, and even obtain a full degeneracy between the
fraction of EDE and CDM during the MDE in the limit ¢, — 0. This is actually
what happens, as we explicitly show in Fig. 2 of.! We have to say, though, that
the change in the sound speed does not help to alleviate the cosmological tensions,
neither. For instance, under the CMBPol+SNIa data set the Hubble parameter
remains close to ~ 67.5 kim/s/Mpc, and the lo uncertainty is lower than ~ 0.8
km/s/Mpc regardless of the value of ¢, under consideration when the late-time DE
dynamics is switched off.

One can also get weaker constraints on EDE in the MDE by activating EDE at
lower redshifts. In order to study this effect we explore the EDEpMP:*"" parametriza-
tion (6). In Fig. 2 we provide the 20 c.1. bounds on QMP obtained with the baseline
data set CMBpol+SNIa with and without late-time dark energy dynamics, and also
adding the CMB lensing and the BAO4+RSD data sets. When z;,, — 0o we recover
the constraints obtained in the EDEpMP model, of course, but when we allow for
lower values of the threshold redshift (below the CMB decoupling one) we get larger
upper bounds on Qg/fia which depend on the concrete data set under consideration
and also on zy,. We report the results obtained with z,, = 10, 50, 200, 500, co. The

addition of the Planck 2018 CMB lensing to the CMBpol+SNIa baseline data set

MD
ede *

to loosen if we

leads to stronger constraints on 2 Its value decreases by a ~ 25% Vzi,,. When
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Fig. 3. Constraints for Hp, og and w at lo and 20 c.l. obtained with the EDEpMDthr
parametrization (6) for different values of the threshold redshift z;, and using the same com-
bined data sets as in Fig. 2.

we also include the BAO+RSD data the decrease is even bigger, ~ 75%. If we turn
off the late-time dynamics of DE we also obtain tighter bounds on QMP . just be-
cause in this case we remove the degeneracy between this parameter and w. Our
Fig. 2 can be compared with Figs. 6-7 of*® and Fig. 11 of,*’ which were obviously
obtained with older data sets. In*® the authors employed CMB data from WMAP9
combined with small scale measurements from the South Pole Telescope (SPT),
whereas in* the authors employed the Planck 2015 CMB likelihood and studied
the impact of some other background and weak lensing data sets, as described in
Sec. 4 in that reference. The results presented in this section constitute a signifi-
cant update obtained with the Planck 2018 likelihood and also other more recent
background and LSS data (cf. Sec. 3 for details).

In Fig. 3 we provide the corresponding constraints on Hy, og and w at 1o and
20 c.l. in the EDEpMP:thr parameterization for the same scenarios explored in Fig.
2. They support some of the comments made in the previous paragraphs of this
section, e.g. (i) the values of og and Hy remain close to those found in the ACDM
model. In other words, the tensions are not significantly alleviated in this class of
scaling early dark energy models; (ii) phantom values of w < —1 allow us to decrease
the Hy tension very slightly; and (iii) larger values of w lead to lower values of og
due to the presence of a larger fraction of dark energy at low redshifts. This is why
we get w ~ —1 when we include the BAO+RSD data set.

The dedicated analysis presented in this section updated and generalized previ-
ous constraints on this class of early dark energy models, and motivated the study of
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Table 2. The mean fit values and 68.3% confidence limits for the most important cosmological
(main+derived) parameters, obtained under different data sets (with and without CMB lens-
ing) for the binned pg.(z) described in Sec. 2.2. See Fig. 4 for the constraints on Qg(z), and
Sec. 4.2 for a thorough discussion on these results. Here we have employed the following notation:
Base=CMBpol+SNIa and BaseL=CMBpolens+SNIa.

Parameter Base Base+M Base+M+BAO | Base+ M+BAO+WL
wp 0.022571 500022 10.02277 70 5005 | 0.022827000022 | 0.02259 + 0.00021
Wedm 0.122270-09%9 1 0.1221 + 0.0022 | 0.122373:9520 0.120070-0513
ns 0.9727 00073 | 0975205080 | 0-9760 0507y 0.97405 6067
Hyo [km/s/Mpc] ||  68.297]:25 70.867 159 , 70.3870 55 69.851578
M —19.405 +0.032 | —19.34270-92% | _19.35010-0%0 ~19.36510518
o 087907 | oss0touz | ostrgo 083375 010
Ss 0.86970525 | 0.863 + 0.029 0.86615-526 0.81970-1%
o12 0.84019515 0.843 +0.022 0.843195%9 0.80670 512
S1z 085101035 | 085470057 | 0.85570058 08107516
rq [Mpc] 145.6675-20 145.22715-55 145.065-37 146.5175-%1
w —1.0377054% | —1.070 4 0.038 | —1.04879-5%7 —1.03710:552
Parameter BaseL BaseL+M BaseL+M+BAO | BaseL+M+BAO+WL
wp 0.02257 5 0003 | 0-022745 50055 | 0-0227775:06055 | 0-02266 7065030
Wedm 0.1215 + 0.0016 | 0.1211 & 0.0017 | 0.1214 + 0.0016 0.119370-0013
ns 09721700077 | 0.974870057T | 0.974615 5065 0.9727% 5065
Hy [km/s/Mpc] 68.25ﬂ:§; 70.847157 70.21%959 70.0070 78
M —19.40770-030 1 —19.343%5922 1 _19.355 4 0.018 —19.362 £ 0.016
o8 0815700 | 08687008 | 0s6aTg0r 0.839 0013
g g
S 08I0 | 0sasTOU | 0587000 082000
T R N A I 08107008
Sia 0.84170-618 0.84070-9%7 0.843 4 0.018 0.8157051%
rq [Mpc] 145.9475-%9 145.6575-52 145.5175:33 146.4675-3¢
w —1.035705%0 | —1.06775-93% ~1.05010-952 —1.045 + 0.032

the next section, in which we will reconstruct the shape of Qg (z) without sticking
to a restricted family of parametrizations.

4.2. Results for tomographic dark energy

Now we provide the results obtained in the tomographic model described in Sec.
2.2 in order to see whether more general shapes of Q4.(z) can loosen the cosmo-
logical tensions. This is in fact suggested by previous analyses in the literature, see
0.g.38743,77

Our results are presented in Table 2 and Fig. 4. They confirm that a significant
(and non-constant) fraction of EDE in the RDE can alleviate the Hy tension if
it can be kept below ~ 0.6% at 20 c.l. around the CMB decoupling time, i.e. at
z ~ 1000 — 2000. For instance, from the analysis of the CMBpolens+SNIa and
CMBpolens+SNTa+M+BAO data sets we obtain Hy = (68.25713¢) km/s/Mpc
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and Hy = (70.217089) km/s/Mpc, respectively. They are 2.77¢ and 1.950 below the
SHOES measurement, and the central value is significantly lower when the SHOES
prior is not considered. The authors of4* reported similar results in the context of
the ultra-light axion model. Nevertheless, if we compare the values of M obtained
from these data sets with Mgpors we still obtain a tension of 3.80c and 3.070,
respectively. This means that in terms of M, the tension is bigger than when it is
formulated in terms of Hyp, and the capability of EDE of alleviating the tension is
much lower, at least in the EDE framework we are considering here.

We also see that the large fraction of 4.(z) required in the RDE to loosen the
H, tension, which can be of about ~ 4 — 5% at 20 c.l. according to some data sets
that include the SHOES prior on M but no LSS information, leads to higher values of
Wedm and, to a lesser extent, also of ng, which in turn exacerbates the og/Sg tension.
The former is needed to reduce the early integrated Sachs-Wolfe effect introduced
by the EDE. This is aligned with previous works that also consider EDE in the pre-
recombination epoch, see e.g.*446:78:79 Table 2 shows that the tension decreases
~ 1o when it is analyzed through the LSS estimators 12 and S12.57 Nevertheless,
it does not disappear. Under the CMBpolens+SNIa+M data set the og tension is
of 3.630, whereas for the o125 parameter it is of 2.640, and a similar decrease is
observed when other data combinations are employed in the fitting analysis.

When the SHOES prior on M is taken into account in absence of LSS data, we get
a ~ 20 evidence for the presence of a non-null EDE fraction during the RDE, similar
to.*! Nevertheless, the inclusion of the weak lensing data from KiDS-+VIKING-450
and DES-Y1 (cf. Sec. 3) forces the EDE fraction in the RDE to be again compatible
at 1o with 0 in order to allow w.q,, to take values closer to the ACDM ones and
not to worsen the og/Ss tension. Notice that, as expected, the upper bound on
the fraction of EDE in the MDE that we obtain in our binned analysis is larger
than the one found with EDEp and its variants, even when the prior on Sg is not
included (see Table 1 and Fig. 4). Indeed, higher fractions of EDE in the MDE (see
again Fig. 4) also allow to keep the amount of LSS more under control. With the
CMBpolens+SNIa+M-+BAO+WL we obtain Hy = (70.0070:7%) km/s/Mpc and
M = —19.362 £ 0.016. They are in 2.13¢0 and 3.28¢ tension with the SHOES values,
respectively. Again, the tension in M is larger than in Hy by ~ lo. Regarding the
LSS estimators, we obtain Sg = 0.82470512 and oy, = 0.8107001). The former is
in 2.250 tension with the KiDS+VIKING-450+DESY1 value, whereas the latter is
compatible at 1o with the value obtained in the ACDM. The tensions in Hy and
Sg can be kept at ~ 2¢ c.l. under this concrete data set, as advocated in.”®

The effect of the CMB lensing from Planck 2018 on the EDE fraction can be
appreciated by direct comparison of the plots in the left and right columns of Fig. 4.
When the CMB lensing is included, the upper bound on Qg (z) is reduced by ~ 1%
for z 2 5000, by a ~ 0.5% for 3000 < z < 5000 and by a smaller fraction at lower
redshifts. Some differences are found, though, depending on the other data sets
employed in the fitting analyses. The preferred matter densities decrease, although
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Fig. 4. Left plots: Reconstructed shapes of Q4. (2) obtained from the fitting analyses without the
Planck 2018 CMB lensing data (cf. Sec. 3). In the first and second rows we show the constraints
in the region z € [0,2-10] at 1o and 20 c.l., respectively. In the last row we zoom in the redshift
range z € [0,3000] to better appreciate the details in the MDE. The tightest upper bound on
Qqe(2) is obtained around the CMB decoupling time, i.e. at z ~ 1000 — 2000, where the data force
Qge(z) < 0.6% at 20 c.l.; Right plots: The same, but including the CMB lensing data. See the
comments in Sec. 4.2.

they are still compatible at 1o with the ones inferred without including the CMB
lensing. This leads also to a slight decrease on the LSS estimators when the weak
lensing prior is not considered. When the latter is included, the values of 12 and
S12 (and also og and Sg) remain stable under the addition of the CMB lensing
likelihood.

We would like to remark the very low upper bounds that we obtain for the EDE
fraction in the redshift range z € (1000,2000), cf. Fig. 4. The exact value for these
upper bounds depend on the specific data set, e.g. the constraints are a little bit
weaker when the WL prior is used in the fitting analysis, but the EDE fraction when
¢s = 1 is, in any case, very strongly constrained in that epoch and lies always below
~ 0.6% regardless of the data set under consideration. Under the full data set, the
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EDE fractions are constrained to be below 2.6% in the RDE and < 1—1.5% in the
redshift range z € (100, 1000) at 20 c.l. This limits strongly the possible impact of
EDE on the value of the Hubble parameter or the present amount of structure.

5. Conclusions

In this work we have studied the phenomenological performance of a family of
flexible parametrizations for the dark energy density that are able to mimic the
scaling behavior that is encountered in a wide variety of quintessence models. DE
has been treated as a perfect fluid with two plateaus in Q4¢(2), one in the matter-
dominated epoch and another one in the radiation-dominated era. We have put very
tight constraints on the fraction of EDE in the radiation- and matter-dominated
epochs in the context of these models. The CMBpol+SNIa data set already forces
these two quantities to lie below 2.44% and 0.52% at 20 c.l., respectively. These
strong constraints are necessary to respect the upper bound on the amount of EDE
at the last scattering surface, as we have explicitly checked in our tomographic
analysis. We have found that this class of scaling EDE models does not lead to a
significant alleviation of the Hy and og tensions. Larger EDE fractions are allowed
by the data if: (i) the sound speed for DE is fixed at values ¢2 < 1, since in this
limit dark energy behaves as dark matter during the matter-dominated epoch at
the background and perturbations levels and, hence, there is a huge degeneracy
between these two components. If we would assume a vanishing sound speed for
dark energy there would be no way to distinguish it from dark matter. We find
indeed no bounds on the dark energy fraction in this case. This changes drastically
already for a rather small sound speed of EDE of the order 10~%; and (ii) if EDE is
switched on at later times, already in the matter-dominated era. Nevertheless, the
cosmological tensions remain also in these cases.

EDE can only have a larger impact on the cosmological tensions if Qg4.(z) takes
more flexible shapes that allow to respect the very strict constraints found around
the CMB decoupling time (Qge(zdec) S 0.4% at 20 c.l.), while still leading to a
significant EDE fraction in other epochs of the cosmic expansion. The strong bound
on EDE for redshift 200 < z < 1000 (Q4e(2) < 1% at 20 c.l.) is rather impressive
since it is entirely based on the different clustering properties of dark energy and
dark matter.

In general, when the SHOES prior is not included in the fitting analysis there
is no significant shift in the value of the Hubble parameter when compared to the
ACDM, although the uncertainties clearly grow by a factor 2 — 3. This allows to
decrease the Hj tension to the 2.660 c.l. under the minimal CMBpol+SNIa data
set. The addition of the CMB lensing has a very mild effect, increasing the tension
up to the 2.730 level.

When the BAO data and the SHOES prior are also considered, the Hy tension is
reduced to the ~ 20 level by increasing the EDE fraction at the radiation-dominated
epoch. A 20 preference for a non-null EDE density in that epoch is obtained,
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Dge(z) < 4% at 95% c.l. Our reconstructed Q4.(z) allows for non-peaked shapes,
in contrast to what one finds e.g. in models based on ultra-light axions.*’8° The
model needs, though, values of the current dark matter density much larger than
the ones typically encountered in the concordance model. This is to lower the early
integrated Sachs-Wolfe effect down, which is enhanced by the presence of EDE in
the pre-recombination epoch. This automatically leads to an increase of og and Sg
that worsens the LSS tension, which lies now at the 3 — 3.50 c.l. In terms of o9,
the tension is somewhat lower, but still remains at the ~ 2.7¢ level, as when the M
prior is not used in the analysis. It is also to be noted that the H tension still stays
at the 30 level when formulated in terms of the absolute magnitude of SNIa M.

Finally, when we use the most complete data set, taking also the weak lensing
data into account, we find that the model can keep the Hy and Sg tensions at
the ~ 20 c.l., thanks also to a slight increase of the EDE fraction in the matter-
dominated epoch, although, again, the M tension remains at = 3o.

In view of our results, it seems unlikely that EDE alone can provide a satis-
factory resolution of the cosmological tensions. Whether the latter have or not a
physical origin, or whether their statistical significance is as high as claimed by
some sectors of the cosmological community, is still a matter of discussion and is
certainly not a closed subject. Here we conclude that, in any case, if the data sets
employed in this study do not suffer from any important systematic errors, uncou-
pled EDE is not able to relieve completely the tensions. Under our full data set
CMBpolens+SNIa+M+BAO+WL they remain at 2 — 30 c.L

Nothing prevents, though, the solution to the cosmological tensions to be multi-
sided, rather than due to a single new physics component. EDE could still play a
significant role in this story. Some interesting directions to explore in the future are:
(i) a possible coupling of EDE to dark matter, (ii) the impact of more complicated
behavior of the EDE sound speed, parameterizing its time dependence, or perform-
ing a tomographic analysis similar to the one we have carried out in this work
for the EDE density; and (iii) the potential degeneracy between EDE and other
cosmological parameters, as the neutrino masses, which could in principle help to
soften the Sy tension while keeping the needed amount of non-relativistic matter
at the CMB decoupling time. The latter would be needed, together with a higher
EDE fraction in the radiation-dominated epoch, in order to increase the value of
the Hubble parameter. We leave these investigations for a future work.
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